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Preface to the Second Edition

As opined in the preface to the first edition of this book, microbiological matters
continue to exercise considerable influence on product quality. In this second edition,
we have tried to follow technological and regulatory change by introducing new
chapters. The Guide to Microbiological Control in Pharmaceuticals and Medical
Devices (the Guide) now includes additional material on  biotechnological products,
medical devices, package integrity testing, and the evaluation of contamination risks
in clean rooms. The book also has an amended title, recognizing that similar micro-
biological considerations apply to the production of pharmaceuticals and of medical
devices. It retains its international perspective with contributions from the United
Kingdom, Europe, and the United States.

During the period between the first and second editions, we have introduced a
companion text, the Handbook of Microbiological Quality Control in Pharmaceu-
ticals and Medical Devices (the Handbook), edited by R.M. Baird, N.A. Hodges,
and S.P. Denyer. This new edition of the Guide is intended to be used in partnership
with the Handbook, offering together a complete theoretical and practical treatment
of microbiological control. 

ACKNOWLEDGMENTS

Grateful thanks are due to all our contributors, who have been very patient during
the gestation period for this second edition. One of us (SPD) would like to make
special mention of the hard work of, and support received from, his coeditor (RMB).

Stephen P. Denyer
Rosamund M. Baird

© 2007 by Stephen P. Denyer and Rosamund M. Baird



Preface to the First Edition

In the past, consideration of microbiological problems and their means of control
occurred only late in pharmaceutical product design; this has led to inevitable
compromises in product quality at all stages of development, manufacture, and use.
Increasingly sophisticated drug delivery systems are likely to compound further the
problems of microbiological integrity, and this coupled with the hardening of regu-
latory attitudes and increasing consumer awareness means that microbiological prob-
lems will assume a new importance. Our current level of understanding does allow
us to address many of these problems in advance and thereby to design suitable
strategies for their control; to be successful, such strategies must be introduced at
the earliest stage of product conception. Recent advances in technology, particularly
in clean room design and manufacturing equipment, have provided the means to
limit product challenge during manufacture to a minimum. In order to exploit these
opportunities to the full, a clear appreciation of all aspects of pharmaceutical micro-
biology is required. Unfortunately relevant information is often concealed within
the literature of several disciplines including those of the engineering, food, cosmetic,
and toiletry industries; in this text, we have sought to draw this together in a single
volume considering both practical and theoretical aspects.

In recognition of the diverse disciplines involved in pharmaceutical production,
a brief introduction to microbiology is presented for the nonmicrobiologist. We
have then brought together those principal aspects of microbiology that are relevant
to the preformulation, formulation, manufacturing, and licence application stages
of pharmaceutical production. Even though attention has been largely focused on
the industrial situation much is also of direct relevance to the hospital manufac-
turing pharmacist. Additionally, we anticipate that this guide will have a wider
appeal: scientists from other disciplines frequently have to address similar micro-
biological problems.

Inevitably in a text such as this, there are areas of common ground between
individual chapters. Where these exist, we have attempted to direct the reader’s
attention through extensive cross-referencing, but without compromising the integ-
rity of individual chapters. Finally, the universal nature of microbiological problems
is reflected in the international contributions presented, and although necessarily
limited in its size and scope, we hope the text has international appeal.

ACKNOWLEDGEMENTS

The editors would like to record their grateful appreciation to the many contributors
who found time in their busy schedules to provide the chapters on which this book
is built and to Mrs. J. Woodhouse for her much valued secretarial assistance
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throughout its preparation. Our thanks and gratitude go also to our families, whose
support and encouragement greatly assisted us in the book’s final construction;
without their patient understanding no publication would have emerged.

S. P. Denyer
R. M. Baird
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1.1 INTRODUCTION

Certain manufactured goods, of which foodstuffs, cosmetics, and pharmaceutical
products are the prime examples, can be contaminated with microorganisms during
manufacture; this contamination can, at the best, cause spoilage and consequent
rejection of the contaminated material and, at the worst, harm or even bring death
to the consumer. The culprits are usually bacteria or fungi; they differ fundamentally
in subcellular anatomy.

Of contaminants, fungi or molds will be familiar to all as often colored, growth
on jams, discarded bread and fruit, and even on the leather of boots stored wet in a
garden shed. Bacterial contamination may manifest itself as colonies on foodstuffs
but generally is not as visually familiar as molds. A red bacterium, however, later
to be named Chromobacterium prodigiosum and now Serratia marcescens, growing
on bread gave rise to many reports of miracles or portents dating back from the third
century B.C. The amateur wine maker will also be familiar with the ravages wreaked
by bacterial contamination of his product.

1.2 THE GENERAL STRUCTURE OF A BACTERIAL
AND FUNGAL CELL

Bacteria are unicellular and can exist as a discrete entity. In the fungi, whereas yeasts
are unicellular organisms typically 10 µm in diameter, almost all, if not all, the
contaminant molds grow as filaments or hyphae that may be cross-walled (septate)
or a continuous tube (coenocytic). Both bacterial and fungal cells possess a cell wall
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Introduction to Microbiology 3

that is a rigid structure but with differing chemical constitutions. Here any formal
anatomical similarity ends.

1.2.1 THE BACTERIAL CELL

Bacteria are small, generally between 0.75 and 4 µm in length. They are character-
istically shaped, and those responsible for spoilage come from groups that are either
short cylinders with rounded ends (bacilli) or spherical (cocci). Figure 1.1 shows the
main features. On, or toward, the outside there is a rigid cell wall that confers the
characteristic shape. Chemically this is a complex polymer of sugars, amino sugars,
and amino acids. Within that lies a nonrigid structure known as the cytoplasmic
membrane. This consists of a raft of phospholipid molecules, which are fatty material
containing a phosphate group. In this raft float protein molecules that have structural
or enzymic functions (Figure 1.2). The rest of the cell is known as the cytoplasm. It
consists of a viscous fluid in which are embedded (a) the nucleus, made up of nucleic
acids and responsible for directing enzymic and structural protein synthesis and thus
controlling the basic characters of the cell, and (b) ribosomes, which are the sites of
the nucleic acid–directed protein synthesis. In addition, enzymes and metabolic
reserves (often in polymeric form) are found in the cytoplasm.

Bacterial cells occur in two structural types known as Gram-positive and Gram-
negative (Figures 1.1A and 1.1B, respectively), and no one reading a book on

FIGURE 1.1 Diagram of the main features of the bacterial cell. (A) Gram-positive cell;
(B) Gram-negative cell.
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4 Guide to Microbiological Control in Pharmaceuticals and Medical Devices

bacteriology will fail to find these terms. The terms positive and negative refer to a
staining reaction and the word Gram refers to the discoverer of the method—
Christian Gram. The simplified diagram (Figure 1.1) shows that Gram-negative cells
have an additional structure, the outer membrane, which is linked to the outside of
the rigid cell wall by divalent cations; this is lacking in Gram-positive cells. This
outer membrane confers the differential staining property and in many cases contains
toxic material responsible, if ingested or injected, for disease and elevated temper-
ature (pyrogen). It may also contribute to the resistance of some Gram-negative
bacteria toward certain antibacterial agents.

1.2.2 THE FUNGAL CELL

Whether unicellular (yeasts) or filamentous with or without cross-walls (molds), both
types of spoilage fungi have a rigid cell wall of cellulose and another polymeric material
called chitin, chemically related to the shells of crustaceans. Within this rigid wall lies
the cell membrane consisting of phospholipids and proteins. In addition, and here is
a fundamental difference from bacteria, the fungal membrane contains sterols. Typical
sterols found in fungal membranes are ergosterol and zymosterol.

Lying within this membrane is the cytoplasm. This contains the nuclear material
surrounded, unlike bacteria, by a pore-containing nuclear membrane. It directs pro-
tein synthesis as in the bacterial cell. Also within the cytoplasm are found the
ribosomes, as before, sites of the directed protein synthesis. These ribosomes differ
in size and structure from those in bacterial cells.

1.2.3 PROKARYOTE AND EUKARYOTE

This very brief outline of the structure of a bacterial and fungal cell has drawn
attention to fundamental differences between these cell types. These differences,
detected by the techniques of subcellular biology, have enabled biologists to suggest
a fundamental division in the living world. Bacteria were named prokaryotic organ-
isms or prokaryotes, a name derived from their unenclosed nucleus, and fungi (and,
in fact, all other living plants and animals) were called eukaryotic or eukaryotes;
they possessed a nuclear membrane. Some of these differences have been summa-
rized in Table 1.1.

FIGURE 1.2 Phospholipid bilayer with inserted protein molecules: the structure of many
biological cytoplasmic membranes.
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Introduction to Microbiology 5

1.2.4 THE BACTERIAL AND FUNGAL SPORE

Spore is a word common to both bacterial and fungal morphology, but it is in the
spore that the largest difference in function between the two groups can be seen. In
brief, bacterial spore formation, which is limited to two genera important in con-
tamination, constitutes a survival package that is formed under adverse conditions
and from which, when conditions are again suitable, vegetative bacteria arise. Fungal
spores, however, are part of the normal life cycle of these organisms.

1.2.4.1 Bacterial Spores

Spore, or endospore, formation in Bacillus and Clostridium species (the two spore-
forming bacterial genera of significance in contamination) is a complicated biochem-
ical and morphological process but the result is a structure (Figure 1.3) that is signif-
icantly more resistant to adverse conditions, for example, heat, chemicals, desiccation,
and radiation, than the vegetative cell. In fact, it is the heat resistance of spores that
dictates the time–temperature relationships of sterilization processes (see Chapter 10)
and disinfection regimens. Whatever the factor committing bacteria to sporulation, the
stages in the process appear to be the same for all spore-forming bacteria.

An asymmetric cross-wall develops in the bacterial cell and the nuclear material
appears in the smaller compartment called the forespore. This becomes the spore
protoplast that then forms the cortical membrane, which is followed by the cortex
and spore coats. With the formation of the cortex and spore coats is seen the onset
of radiation resistance and the onset of resistance to heat and chemicals.

Parallel with the emergence of resistance, complex biochemical changes occur
that include synthesis of spore-specific proteins, cysteine-rich structures and dipi-
colinic acid, and an incorporation of calcium. At the commencement of cortex
formation, the cells appear more refractile when viewed under the microscope.

Finally the original cell (mother cell as it is called) lyses and the mature spore is
released. This is shown diagrammatically in Figure 1.4. The site and position of spores

TABLE 1.1
Some Differences between Bacterial (Prokaryotic) Cells and Fungal 
(Eukaryotic) Cells

Feature Prokaryote Eukaryote

Nucleus No enclosing membrane Enclosed by a membrane
Flagella Simple Complex
Cell wall Peptidoglycan Cellulose, chitin, and other polymers
Cytoplasmic membrane Generally does not contain sterols Contains sterols
Ribosome 70Sa 80Sa

Oxidative phosphorylation In cytoplasmic membrane In mitochondria
Mitochondria Absent Present

a S is a measure of ribosome size (calculated from sedimentation in a centrifuge); 80S ribosomes are
larger than 70S.
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6 Guide to Microbiological Control in Pharmaceuticals and Medical Devices

in relation to the mother cell vary from species to species of bacteria. Some are terminal
to give a drumstick-like appearance, others are median, and still others are subterminal;
the developing spore may be larger than or equal in size to the original mother cell.

The reverse process to spore formation is termed germination. Some divide the
process and call it germination and outgrowth. Germination may be initiated by a
general improvement in the nutritional environment with a more favorable ambient
temperature. It may also be triggered by the presence of a specific chemical such as
glucose or L-alanine or by sublethal heating (i.e., at 60°C for 60 min). Germination
is accompanied by (a) loss of heat resistance and resistance to chemicals, (b) a loss
of refractivity (under the microscope), and (c) a release of dipicolinic acid into the
surrounding medium. Finally the vegetative cell so formed grows out from the
spore—the outgrowth phenomenon (Figure 1.5).

The biochemistry of bacterial spore formation and regermination and the mech-
anism of resistance have been the subject of intensive study and publication. For a
comprehensive account, see Russell (1982) and Lambert (2004).

1.2.4.2 Fungal Spores

Two types of fungal spores are produced, some originating asexually (arthrospores,
chlamydospores, conidiospores, and sporangiospores) and some sexually (ascospores,

FIGURE 1.3 Cross-section of a bacterial spore.

FIGURE 1.4 Changes occurring during spore formation.
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basidiospores, and zygospores). These are often colored; furthermore they are resis-
tant to environmental stress and may be carried on air currents in the environment,
hence giving rise to further contamination when they alight in favorable situations
and germinate. The microscopic structure of fungal fruiting (spore-bearing) bodies
is an aid to identification (Figure 1.6).

1.3 BACTERIAL AND FUNGAL GROWTH

It is important to realize from the outset that a large number of bacteria and fungi,
including many of those associated with contamination, can grow in what may appear
to be nutritionally very simple systems and often at quite low temperatures. Cold is
not lethal, although growth is slowed at low temperatures. The notion that bacteria
and, to a lesser extent, molds require a rich and often exotic nutritional environment
and careful and controlled incubation at 37°C (bacteria) or 25°C (molds) arose
because of the dominance of medical bacteriology and mycology where such con-
ditions were almost invariably mandatory.

Process water is an acceptable culture medium for many bacteria and, to a lesser
extent, molds and can be a dangerous commodity in the pharmaceutical, food, and
cosmetic industries unless carefully handled (see Chapters 2 and 3). The causal
organism of Legionnaire’s disease grows in water-cooled heat-exchangers (Anony-
mous 1989).

FIGURE 1.5 Stages of spore germination and outgrowth.

FIGURE 1.6 Fungal conidiophores bearing asexual reproductive spores of Penicillium spp.
(A) and Aspergillus spp. (B).
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8 Guide to Microbiological Control in Pharmaceuticals and Medical Devices

For each bacterial and fungal species, a set of conditions is necessary for opti-
mum growth and, if correctly balanced, will give maximum yields. It should be
realized that although laboratory studies often seek to optimize growth, in the case
of contamination, conditions may not be optimal but nevertheless may allow growth
to proceed, giving rise to spoilage.

1.3.1 REQUIREMENTS FOR GROWTH

These can be divided conceptually into two categories: first, the range of substrates,
the consumables needed; and second, the nature of the environment, that is, temper-
ature, pH, osmotic pressure.

1.3.1.1 Consumables

It would perhaps be salutary and illustrative of the point made in the opening
paragraphs of this section to quote a formula that will support the growth of many
bacterial and fungal contaminants. It consists of an aqueous solution containing
(g.L–1): (NH4)2HPO4, 0.6; KH2PO4, 0.4; glucose, 10.0. Growth will be slow and can
be enhanced by the presence of trace elements (in addition to those present in the
laboratory reagents) and carbohydrates, fats, proteinaceous material, amino acids,
sugars, and vitamins such as nicotinic acid, riboflavin, and thiamine. Notwithstanding
the simple nutritional requirements of some organisms, others exhibit specific needs
that form the basis of selective and diagnostic media (see Section 5.1). For a fuller
treatment of media design, see Baird (2000).

1.3.1.2 Environmental Factors

Water—The presence of water is essential and dry products or intrinsically
anhydrous material are not liable to spoilage. From very early in history, man has
exploited the drying of foods to preserve them.

The requirement of a microorganism (bacterial or fungal) for water can be
quantified by determining a factor that measures available water in a system and is
called its water activity. If the water vapor pressure (P) of the system—a solution
or moist semisolid—is measured and compared with that of pure water under the
same conditions (P0) then

(1.1)

When culture media are adjusted by means of solutes to known values of aw, it is
possible to determine, in general terms, the ability of various groups of organisms to
grow at these values (Table 1.2). The use of syrups, strong solutions of (usually) sucrose,
where the water activity is low, has proved valuable in preservation (Corry 1975).

Gaseous nutrients—Some microorganisms grow in the absence of oxygen and
are termed anaerobic; most, however, require oxygen and are called aerobic. Some

water activity a
P
P

w= =
0
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bacteria possess the facility to grow in either the absence or presence of oxygen and
are termed facultative organisms. In general terms, this means that the exclusion of
oxygen (air) may not prevent some spoilage organisms from growing.

pH—There is an optimum pH range over which microorganisms can grow
(Figure 1.7A). In particular, bacteria grow best around pH 7 but many molds can
tolerate more acid conditions, pH 5 to 6. Some microorganisms are surprisingly
tolerant of hostile pH environments and contamination can occur in products where
pH is outside the optimum growth value although the growth may be slower.

Temperature—As with pH, there is an optimum temperature range. Low tem-
peratures will slow growth and rising temperatures will increase growth rate. As the
temperature rises above optimum, however, growth is inhibited and microorganisms
are killed, a phenomenon exploited in heat sterilization (see Chapter 10). The effect
of temperature on growth is shown in Figure 1.7B.

It is very important to realize that whereas higher temperatures are lethal as
pointed out above, low temperatures are not, and very slow growth may in certain
cases occur in refrigerators and even deep-freeze cabinets. Although most human
pathogenic bacteria, those of interest in medicine, grow best at the temperature of
the human body (37°C), surveys (Skinner 1968) have shown a wide variety of
optimum temperature ranges to exist for bacteria. Thus to summarize, bacteria are
usually grouped as follows:

• Psychrophilic bacteria or psychrophiles; grow best at 15 to 20°C, can
grow at 0 to 5°C, and do not grow above 30°C.

• Mesophilic bacteria or mesophiles; grow best at 25 to 40°C, do not grow
above 45°C or below 5°C.

• Thermophilic bacteria or thermophiles; grow best at 55°C, some will grow
at 80°C or above; little growth occurs below 25°C.

Many fungi grow best over temperature ranges of 15 to 25°C, although they can
grow at refrigeration temperatures and human pathogens will grow well at 37°C.

TABLE 1.2
Limiting Water Activity (aw) Values for a Range 
of Microorganisms

Organism Limiting aw for Growth

Bacteria in general 0.95–0.92
Micrococci, lactobacilli 0.90
Staphylococcus aureus 0.86
Halophilic bacteria 0.75
Yeasts 0.94–0.88
Molds 0.93–0.70
Osmophilic yeasts 0.73
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1.3.2 MEASUREMENT OF MICROBIAL GROWTH

Bacterial and yeast growth under the differing environmental conditions outlined
above may be put on a numerical basis by carrying out counts or by other methods
of quantifying growth.

1.3.2.1 Total Counts

The microbial cells are placed on a counting chamber slide that is engraved with
squares of known area and a coverslip is supported over the grid to give sections of
known volume. By counting cells in these sections, a calculation can be made of
the total cell count. This method cannot distinguish between live and dead cells. It
is similar to the hemocytometric method of counting red cells in a sample of blood.

1.3.2.2 Viable Counts

Microorganism-containing material, diluted if necessary, is placed in a solid culture
medium and the organisms are allowed to grow into visible colonies. The count

FIGURE 1.7 Effect of pH (A) and temperature (B) on bacterial growth.
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represents the number of colony-forming units (CFU) in the (diluted) sample. The
actual count in the original sample is obtained by multiplying the CFU by the
dilution factor.

1.3.2.3 Spectrophotometric Method

A suspension of bacteria or yeasts scatters light. If light is passed through a suspension,
it is possible to obtain a measure of the cell numbers present by referring to calibration
curves in which optical densities are compared to either total or viable counts.

1.3.2.4 Total Biomass Determinations

In the laboratory situation, microbial growth can be followed by wet or dry weight
determinations on samples removed from suspension or by chemical determination
of microbial components, for example, protein content. These approaches find the
greatest value in measuring growth of filamentous fungi, as these organisms do not
form discrete units as do bacterial or yeast cells.

1.3.3 THE PATTERN OF GROWTH

When bacteria enter a new environment, either deliberately in experimental situations
or as a contaminant, the relationship of bacterial growth against time shows a very
characteristic pattern (Figure 1.8).

At first there is no apparent growth and this is called the lag phase. During this
phase, it is thought that bacteria are adapting to their environment. Bacterial numbers
remain constant and equal to the inoculum number although a few may die. After this
period of lag and adaptation, growth proceeds quickly and, in highly favorable cir-
cumstances, bacterial cell numbers may double in 20 to 40 min. Here, the relationship

FIGURE 1.8 Phases of microbial growth.
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between the log of bacterial numbers and time is linear; this phase of growth is
called the logarithmic (log) or exponential phase. If nutrients are limited, or are not
renewed, growth eventually ceases due to food exhaustion and possible accumulation
of inhibitory waste products. Again, there is a period when bacterial numbers do not
change. This period is called the stationary phase. Finally, numbers of viable organ-
isms are found to fall. This is thought to be due to an exacerbation of the forces that
induce the stationary phase. This part of the growth curve is referred to as the phase
of decline or, sometimes, the death phase.

Fungal growth follows a similar pattern. For filamentous fungi, the increase of
total cell dry weight is usually used as a measurement of growth.

It should be remembered that fungal hyphae will make their way through their
substrate, environment, or a contaminated product. These hyphae, when they reach
the surface of the material in which they are growing, will form fruiting bodies that
are often colored and that give rise to the familiar visual sign of mold or fungal
growth. It is from these aerial bodies that spores can be disseminated to colonize
fresh areas (see Section 1.2.4.2).

Over their growth phase, and following changes in their environment, microor-
ganisms exhibit considerable plasticity that may influence significantly their adapt-
ability and sensitivity to antimicrobial effects.

1.3.4 BACTERIAL REPRODUCTION

Bacteria grow best if all the conditions—water, nutrients, temperature, pH, and
osmotic pressure—are optimal. Growth will be inhibited if any of these factors varies
from the maximum or if growth inhibitors are present. The process of preservation
depends on using suitable growth inhibitors.

Bacteria reproduce by what is called binary fission, that is, one cell becomes
two, two become four, four become eight, and so on. This reproductive pattern does
not involve the exchange of genetic material and each cell is a copy or clone of the
parent. It is possible to calculate the mean time for the bacterial cells in a culture
to duplicate by the pattern of binary fission. If the bacterial numbers at the start are
N0 and, after a given time t are determined to be N, then the mean generation time
(MGT) is given by the formula

(1.2)

It is possible to quantify the various factors affecting growth by calculating the MGT
for each parameter being investigated.

1.3.4.1 Genetic Exchange

Originally, binary fission was thought to be the only method by which bacteria were
able to reproduce genetic information, but now three methods of reproduction involv-
ing genetic exchange are known. In 1928, before the role of deoxyribonucleic acid
(DNA) and the genetic code were elucidated, genetic exchange was found to occur

MGT
t
N N

= ×
−
0 301

0

.
log log
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in a culture of an organism called Diplococcus pneumoniae; this process was called
transformation. Subsequently, an active transfer of genetic material (plasmids) via
special appendages was discovered and called conjugation. Later, it was discovered
that bacterial viruses, known as bacteriophages, could promote genetic exchange;
this process was called transduction. These techniques of genetic exchange are
responsible for much of the development of antibiotic-resistant microorganisms
faced in clinical practice today.

However, from the point of view of growth of contaminants, binary fission can
be considered the method of bacterial reproduction.

1.3.5 FUNGAL REPRODUCTION

Most filamentous fungi reproduce by both asexual and sexual processes. The most
common method of asexual reproduction is by means of spores (see Section 1.2.4.2),
contained in saclike structures called sporangia or borne on hyphal offshoots known
as conidiophores (Figure 1.6). Fragmented hyphae may also play a role in propaga-
tion. Sexual reproduction requires the union of two compatible nuclei, brought about
by the successful elaboration of, and contact between, specialized sex organ struc-
tures (gametangia).

Yeast cells commonly reproduce by budding, where a small outgrowth (daughter
cell) arises from the parent and, following mitosis, continues to grow until it separates
from the parent cell. Occasionally, yeast cells may also reproduce by binary fission
as described earlier for bacteria (see Section 1.3.4).

1.3.6 CHEMICAL INHIBITION AND DESTRUCTION

OF MICROORGANISMS

Microbial growth can be inhibited by adverse conditions other than a shift from the
optimum growth environment. Thus chemical preservatives and sterilization processes,
for example, heat, reactive gas, or irradiation, can also affect growth and survival and
are exploited in the pharmaceutical, food, environmental, and medical fields (see
Chapters 10, 11, 13, and 14). Table 1.3 indicates the regions in the microbial cell that
may be targets for growth inhibitory or lethal action. The majority of mechanism of
action studies have been performed on bacterial systems.

The difference in the structures of the Gram-negative and Gram-positive bacteria,
insofar that the former have an outer membrane (Figure 1.1), has an interesting
bearing on the resistance of these two groups to biocides (antiseptics, disinfectants,
and preservatives). Generally, Gram-negative bacteria often show a greater resistance
to biocides than do the Gram-positive cells, and this is thought to be due to the
protective nature of the Gram-negative outer membrane, which acts as an exclusion
barrier to biocidal agents. In this respect, Pseudomonas aeruginosa presents a par-
ticular challenge to biocidal agents. In much the same manner, the bacterial spore
is considered to be more resistant than its corresponding vegetative cell through the
presence of its spore coats (see Section 1.2.4.1). We now also recognize that bacterial
growth on surfaces, termed a biofilm, results in the elaboration of extracellular
material that may act as a barrier to harmful agents.
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1.4 METABOLIC ACTIVITY

Bacteria and fungi possess a remarkable ability to metabolize a very wide range of
substances. This metabolic versatility is of paramount importance to microbial sur-
vival in, and subsequent spoilage of, contaminated products. Spoilage is discussed
in detail in Chapter 2. Many of the metabolic pathways are similar to those found
in higher animals; some generalized metabolic reactions of bacteria and fungi are
given in Figure 1.9. These reactions are catalyzed by enzymes.

1.4.1 CARBOHYDRATES

Starches and celluloses are converted to glucose, which is then metabolized to
substances such as organic acids, aldehydes, or alcohols or, in the presence of
adequate levels of oxygen, to carbon dioxide and water. The Embden–Meyerhof and
Krebs cycles are two well-documented cycles in which living organisms metabolize
carbohydrates. Some of the by-products of carbohydrate metabolism during spoilage
may acidify or taint the product.

TABLE 1.3
The Site of Action of Selected Chemical and Physical Antimicrobial Agents

Antimicrobial Agent Possible Target(s)

Alcohols Cytoplasmic membrane permeability
Bronopol Enzymes with thiol groups
Chlorhexidine Cytoplasmic membrane permeability; general cytoplasm 

coagulation
Chlorine, chlorine releasers Bacterial cell wall structure; enzyme thiol groups; amino 

groups of proteins
Ethylene oxide Enzyme thiol groups; amino and other groups of proteins
Formaldehyde, formaldehyde releasers Bacterial cell wall (low concentrations); amino and thiol 

groups
Glutaraldehyde Bacterial cell wall; thiol, amino and other reactive groups; 

general cytoplasm coagulation
Heat

Dry Oxidation
Moist Enzyme denaturation and cytoplasm coagulation

Hydrogen peroxide Enzyme thiol groups
Irradiation DNA
Mercury (II) salts, organic mercurials Bacterial cell wall (low concentrations); enzyme thiol 

groups; general cytoplasm coagulation
Parabens (p-hydroxybenzoic acid esters) Cytoplasmic membrane permeability; DNA and RNA 

synthesis
Phenols, halogenated phenols Bacterial cell wall (low concentrations); cytoplasmic 

membrane permeability
Quaternary ammonium compounds Cytoplasmic membrane permeability
Sorbic acid, other lipophilic weak acids Cytoplasmic membrane permeability
Sulfur dioxide, sulphites Enzymes with thiol groups; amino groups of proteins
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1.4.2 FATS

Fats will be converted to glycerol and fatty acids. The latter acidify and taint products
containing fatty material when contaminated with lipolytic (fat-splitting) organisms.

1.4.3 PROTEINS AND AMINO ACIDS

Proteins may be cleaved to amino acids and these are then decarboxylated to yield
evil-smelling amines that will also tend to alkalinize the mixture. Some of the very
bad odors of contaminated products are due to this sequence of reactions.

1.4.4 PRESERVATIVES

The antimicrobial agents included to preserve products are not immune from met-
abolic attack and if their concentration falls, due to instability in storage, for instance,
they may be metabolized, especially if bacteria of the genus Pseudomonas form the
contaminating organism (see Chapter 2).

1.5 PRINCIPLES OF MICROBIAL IDENTIFICATION

Although bacteria are small, when growing in aggregate (colonies), they are readily
visible and as such are seen when they are contaminating solid material or growing
on solidified culture media. Similarly, molds just visible with the naked eye are
readily seen if growing in colonies, especially if pigmented spores are present.

Direct observations may be made with the microscope and experts will quickly
be able to tell whether bacteria are present as rods or spheres, and if molds are being
examined, a good idea of the nature of the mold (fungus) will be obtained from the
characteristic shape of hyphae and spore-bearing structures. Ultimate identification,
often not necessary in contamination studies, falls within the ambit of the specialist
mycologist. With bacteria, the performance of special staining techniques, especially

FIGURE 1.9 Some examples of generalized metabolic reactions of bacteria and fungi.
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the Gram stain, before microscopic examination will allow bacteria to be classified
as Gram-positive or Gram-negative.

The metabolic ability of microorganisms can be exploited in identification.
Special culture conditions are devised by which bacteria, and to a lesser extent fungi,
can be distinguished by the variance in their response to these conditions. In partic-
ular, the differing ability of microorganisms to utilize carbohydrates (sugars), that
is, their ability to metabolize them via the Embden–Meyerhof or Krebs cycle path-
ways, can be used in their identification.

In recent years, newer and more rapid methods of identification involving spe-
cialist immunological techniques, monoclonal antibodies, bioluminescence, and
nucleic acid probes have been exploited (Newby 2000).

1.5.1 SELECTIVE AND DIAGNOSTIC CULTURE MEDIA

As the foregoing account indicates, (a) bacterial growth may be inhibited by adverse
conditions including the presence of toxic chemicals, and (b) bacteria, by virtue of
their biochemical activities, can effect chemical transformations. Both these factors
are exploited in the construction of selective and diagnostic media. Examples of
both approaches will be given here.

Whole texts have been devoted to culture media, and Cowan and Steel’s Manual
(see Further Reading) contains some relevant sections. In addition, the catalogs of
media manufacturers are very informative. For a detailed account of culture media
used in pharmaceutical microbiology, the reader is referred to the companion Hand-
book (Baird 2000).

1.5.1.1 Selective Media

So-called selective media exploit the selective toxicity of added ingredients and also
contain agents that aid further identification. A good example of this type of medium
is MacConkey’s agar. First described in 1905, this medium evolved to detect organ-
isms in drinking water that might be of fecal origin. It was also designed to distin-
guish bacteria that could, and could not, ferment lactose. The latter property might
indicate the presence of salmonellae: dangerous intestinal pathogens that could
cause, among other things, outbreaks of food poisoning. The medium consisted of
a nutrient base with the addition of bile salts, lactose, and a red dye called neutral
red. The bile salts were included to suppress organisms other than those of gut origin,
the argument being that bacteria from the gut could survive in the presence of bile.

Those organisms that could ferment lactose acidified the medium and this acid-
ification caused a precipitation of red dye on the colony, which then appeared red.
Organisms such as the salmonellae did not ferment lactose and the colonies remained
translucent.

1.5.1.2 Diagnostic Media

Bacteria vary in their ability to metabolize a large variety of carbohydrates, typically
sugars, but also certain alcohols and glycosides. Diagnostic schemes for bacteria
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were thus evolved, based on differential metabolic behavior on a range of these
substances. It was then necessary to differentiate between those organisms that could
utilize the various substrates as shown by their conversion to acid products with the
possible production of gas.

The routine method used consisted of a container with a growth medium incor-
porating the substrate concerned and a dye pH indicator; bromocresol purple has
been widely used. In order to detect gas production, a very small inverted test tube
(Durham tube) was included in the medium and manipulated to ensure it was full
of that medium. Any gas produced would collect in the tube and could be seen easily.
Current developments in biochemical tests for identification still utilize these basic
principles, while presenting the media in more convenient and miniaturized forms.

A color atlas of pharmaceutically relevant microorganisms is provided in the
companion Handbook (Hodges 2000) showing their behavior on selective and diag-
nostic media.

1.6 PATHOGENICITY

Historically, microorganisms have been grouped into pathogenic or nonpathogenic
types, according to their ability to cause disease. In recent years, increasing interest
has also been shown in the so-called opportunist pathogens, which are capable of
causing disease when given the opportunity to do so. These include the free-living
Gram-negative bacteria such as pseudomonads and members of the Enterobacteri-
aceae, for example, Klebsiella and Serratia spp., all of which have simple nutritional
requirements, thus enabling them to survive in some unlikely environments, includ-
ing disinfectant and antiseptic solutions. Opportunist pathogens pose a particular
threat to certain groups of patients at risk, especially neonates, the elderly, and those
compromised by trauma, burns, or immunosuppressant therapy.

True pathogens, such as Clostridium tetani and Salmonella spp., rarely occur in
pharmaceutical products but inevitably cause serious problems when present. Oppor-
tunist pathogens are more common contaminants in these products, particularly in
aqueous preparations where total viable counts may well exceed 106 CFU.mL–1. For
a more detailed discussion of this topic, the reader is referred to Chapter 2 and
Gilbert (2004).

1.7 GENERAL PROPERTIES OF SELECTED 
MICROORGANISMS

The foregoing sections in this chapter have treated the subject of microbiology in a
general way, and little mention has been made of specific microorganisms. The
summary below considers some of the microorganisms of particular interest in the
field of pharmaceutical microbiology. It includes not only common spoilage or
challenge organisms but also some organisms considered to be hazardous if present
in pharmaceutical products. This list is not exhaustive. Interested readers should
consult the standard microbiological texts identified in the further reading list at the
end of the chapter.
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1.7.1 GRAM-NEGATIVE ORGANISMS

1.7.1.1 Pseudomonas aeruginosa

Pseudomonas aeruginosa has acquired some notoriety as a contaminant of pharma-
ceutical products, especially eye preparations (because of its ocular pathogenicity),
and above all because of its peculiar resistance to biocides, some of which it is able
to metabolize. Widely distributed in the environment, it is a free-living opportunist
pathogen and can cause particular problems in susceptible groups of patients, espe-
cially neonates, the elderly, and the immunocompromised. It is a flagellated rod-
shaped organism that does not form spores and grows aerobically. It does not ferment
carbohydrates and thus will not produce gaseous products when growing in the
presence of carbohydrates. Under appropriate conditions of growth, it may produce
a blue or green fluorescent pigment. Pseudomonas aeruginosa grows readily on
standard laboratory media, but will grow even in distilled water provided trace
amounts of organic matter are present. As a mesophile, P. aeruginosa will grow over
a temperature range from 20 to 42°C, with optimal growth occurring at 37°C. It is
commonly found in biofilm growth.

1.7.1.2 Burkholderia cepacia

Formerly known as Pseudomonas cepacia, Burkholderia cepacia is an aerobic, rod-
shaped, motile, free-living organism that can form biofilms in aqueous systems. It
causes particular problems for patients with cystic fibrosis. The organism is known
to survive in improperly prepared quaternary ammonium disinfectant solutions.

1.7.1.3 Escherichia coli

Escherichia coli is a motile, nonsporing rod typically of dimensions 1 µm × 4 µm
and is a member of the Enterobacteriaceae. It differs from P. aeruginosa in that it
is able also to grow anaerobically. When it grows on carbohydrates, it does so by
fermentation, producing gaseous products. Media with only a single carbon source
are sufficient for promoting E. coli growth. It can grow at low temperatures and also
at temperatures as high as 40°C. Optimal growth occurs at 37°C. It forms part of
the gut flora of man; its presence in products is therefore indicative of fecal con-
tamination and gross defects in hygiene. It has gained particular notoriety through
the verotoxigenic strain E. coli 0157:H7.

1.7.1.4 Salmonellae

Salmonellae are a large group of Gram-negative rods, closely related to E. coli, and
may be present in the fecal material of animals or of human carriers. Salmonella
typhimurium and S. enteritidis are both causes of poisoning, and if present in oral
pharmaceutical products or foods, they can give rise to nausea, vomiting, and diarrhea
through endotoxin release.
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1.7.1.5 Klebsiella

A member of the Enterobacteriaceae, this genus is represented by Klebsiella pneu-
moniae, subsp. aerogenes, a short (1 to 2 µm long by 0.5 to 0.8 µm wide), nonmotile
rod, frequently encapsulated with carbohydrate material. The Klebsiella are aerobic
and usually ferment carbohydrates with the production of acid and gas. The optimum
temperature for growth is 37°C with limits of 12°C and 43°C. The natural habitat
for this genus is the bowel and respiratory tract of humans and animals, and in the
environment they are found in soil and water. Klebsiella may be a cause of bacteremia
or urinary and respiratory tract infections in humans, especially in hospitalized and
immunocompromised patients, and K. pneumoniae is responsible for a variety of
diseases in animals.

1.7.1.6 Serratia

Also a member of the Enterobacteriaceae, the genus Serratia consists of short (0.5 to
1.0 µm), motile rods. They are typically found in soil and water. Generally, the optimum
temperature for growth is between 30 and 37°C, but some strains will show growth at
temperatures as low as 1°C. Certain strains produce a red pigment (prodigiosin), the
production of which is oxygen-dependent and encouraged at suboptimal growth tem-
peratures. S. marcescens may cause bacteremia and localized infections in the urinary
and respiratory tracts and in wounds; most infections occur in hospitalized patients.

1.7.2 GRAM-POSITIVE ORGANISMS

1.7.2.1 Staphylococcus aureus

This is a spherical organism of approximately 1 µm in diameter. It is nonmotile and
does not form spores. It is able to grow aerobically and anaerobically and will grow
readily in a chemically defined medium containing glucose, essential salts, selected
amino acids, thiamine, and nicotinic acid. It is relatively resistant to antimicrobial
preservatives such as phenol, can remain alive at temperatures as cold as 4°C and
as warm as 60°C, and will grow in media containing up to 10% sodium chloride.

If present in pharmaceutical products, S. aureus and the closely related S. epi-
dermidis may indicate contamination from a human source, for example, from the
hands, skin, or hair. In particular, S. epidermidis is frequently implicated in medical-
device-related infection. Staphylococcus aureus is a common cause of boils, middle
ear infection, pneumonias, and osteomyelitis. It can proliferate in foods, secreting
an exotoxin that can give rise to food poisoning.

1.7.2.2 Bacillus

These are spore-forming, rod-shaped organisms, usually motile. Bacillus cereus can
grow anaerobically but B. subtilis cannot. These organisms, if present in pharmaceutical
products, are indicative of dust contamination. Therefore, any structural alterations
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to buildings or uncontrolled sweeping may give rise to these contaminants appearing
in pharmaceutical formulations. Bacillus cereus can cause intestinal poisoning.
Bacillus stearothermophilus produces particularly heat-resistant spores and these are
exploited in the biological monitoring of heat sterilization processes.

1.7.2.3 Clostridia

The clostridia are rod-shaped bacteria that produce spores. They are strict anaerobes;
although a few species will tolerate the presence of oxygen, most will ferment
carbohydrates. They are found widely distributed in nature, in the soil, and in the
alimentary tract of man and animals. Clostridium perfringens (welchii), C. tetani,
and C. botulinum are pathogens causing gas-gangrene wound infection, tetanus, and
botulism food poisoning, respectively. Owing to their ubiquitous presence in the
environment, clostridia, and in particular clostridial spores, can be found as contam-
inants in pharmaceutical products.

1.7.3. FUNGI

1.7.3.1 Aspergillus niger

This organism grows only in the filamentous (mycelial) form and is familiar to most
people as a white, turning to black, disk of growth on jams and other exposed
foodstuffs. Colonies grow over a wide temperature range, up to 50°C, although
optimal temperature for growth is 24°C. The characteristic fruiting bodies (Figure
1.6), which when formed are responsible for the color change from white to black,
may be seen under the microscope.

Spores of Aspergillus are commonly present in air and can infest and germinate
in pharmaceutical and cosmetic products, causing discoloration and spoilage. They
are generally not as resistant to antimicrobial agents as are bacterial spores. Some
Aspergillus strains produce characteristic carcinogens, the aflatoxins.

1.7.3.2 Candida albicans

This is a commensal yeast, which may cause oral and vaginal thrush. It has been
occasionally implicated in infusion-related infections. It grows readily on conven-
tional mycological media at room temperature (optimal growth at 25°C) or at 37°C.
It is dimorphic, growing first as yeast cells, but with aging will form chlamydospores,
which are more difficult to destroy. There are no temperature tolerance differences
between the two forms. Viewed microscopically, it appears to possess septate hyphae,
known as pseudomycelia, among the yeastlike cells. It is unpigmented and colonies
have a creamy white appearance.

1.7.3.3 Zygosaccharomyces rouxii

This is another species of yeast that is able to grow in liquids and gels of high
osmotic pressure. It is nonpathogenic but can cause spoilage if it infests pharma-
ceutical and toilet products.
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2.1 INTRODUCTION

Any pharmaceutical product, whether manufactured in the hospital or industrial
environment, has the potential to be contaminated with microorganisms, which may
include bacteria, yeasts, or molds. Microbial contamination may originate from the
raw materials or may be introduced during manufacture. Products may also become
contaminated during storage and use.

Microbial contamination in pharmaceutical products represents a potential haz-
ard for two reasons. First, it may cause product spoilage; the metabolic versatility
of microorganisms is such that any formulation ingredient from simple sugars to
complex aromatic molecules may undergo chemical modification in the presence of
a suitable organism. Spoilage will not only affect therapeutic properties but may
also discourage patient compliance. Second, product contamination represents a
health hazard to the patient, although the extent of the hazard will vary from product
to product and patient to patient, depending on the types and numbers of organisms
present, the route of administration, and the resistance of the patient to infection.

The most logical approach to minimizing the microbial hazard would be to
specify that all products are manufactured as sterile products in single-dose packs.
Although products introduced into sterile areas of the body, or those coming into
contact with the eye or products applied to broken skin and mucous membrane, are
manufactured in a sterile form, sterility is deemed neither appropriate nor commer-
cially viable for oral or other topical products at the present time. Thus an acceptable
level of microbial quality assurance needs to be established for such products.

Similar problems are encountered with medical devices. As these products are
intended for use on or in areas of the body where defenses against infection are most
likely to be impaired, microbial quality assurance represents a crucial issue.

In attempting to set suitable microbial limits or standards for both pharmaceu-
ticals and medical devices, however, we are faced with the problem that, because of
the multiple and varied factors involved, we cannot define precisely what level and
types of contamination represent a hazard and what is safe—nor are we ever likely
to. Thus by limiting microbial contamination, we are merely reducing the risks of
infection and spoilage to a level dictated by our current knowledge and the financial
resources available.

This chapter reviews current knowledge of microbial contamination of pharma-
ceutical products and medical devices and the associated hazards. Earlier reviews
on this subject are given by Smart and Spooner (1972), Beveridge (1975, 1987),
Baird (1988, 2004), and Spooner (1988).

2.2 CONTAMINATION OF PHARMACEUTICAL 
PRODUCTS

During the 1960s, mainly due to concern over the growing number of reported
outbreaks of infection attributed to contaminated pharmaceuticals and cosmetics, a
number of studies were initiated to assess the extent of the problem and to make
recommendations. In the United Kingdom, two studies were initiated, one by the
Public Health Laboratory Service (PHLS) to investigate hospital medicaments, and
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the other by the Pharmaceutical Society of Great Britain (PSGB) to study both
products and raw materials (Anonymous 1971a, 1971b). The object of these studies
was to assess the general microbial quality of manufactured products and to identify
the sources of product contamination. Extensive investigations were also undertaken
in other European countries (most notably Sweden) and the United States. The
overall results of these studies are summarized in Table 2.1. Of the 6700 samples
examined, about 27% were found to contain detectable contamination, although
contamination rates varied from 2 to 80% according to product type. Contamination
levels for individual samples ranged from less than 10 organisms per sample up to
105 to 106 organisms g–1 or mL–1. Typical results from the PHLS survey (Table 2.2)
showed that, although the overall contamination rate was similar for aqueous, gel,
oily, and dry products, the frequency of heavy contamination was related to water
availability in the product.

For the 6000 or more samples where isolates were identified, the majority were
found to be Gram-positive bacilli and micrococci; these organisms are generally
regarded as nonpathogenic. Yeasts and molds were also commonly found, mainly
in creams and ointments. Of the species regarded as potentially pathogenic (Table
2.3) Pseudomonas aeruginosa and other pseudomonads were most frequently iso-
lated. Other reported contaminants included species of Alcaligenes, Flavobacterium,
Acinetobacter, Achromobacter, Serratia, and Citrobacter.

TABLE 2.1
Survey of Microbial Quality of Pharmaceuticals, Toiletries, and Cosmetics

Reference Type of Product
Number

Investigated
Number

Contaminated

Baker (1959) Toiletries 5 2 (40%)
Kallings et al. (1966) Pharmaceuticals 134 91 (68%)
Ulrich (1968) Pharmaceuticals 696 535 (76%)
Hirsch et al. (1969) Pharmaceuticals 57 47 (82%)
Wolven and Levenstein (1969) Cosmetics 250 61 (24%)
Dunnigan and Evans (1970) Cosmetics 169 33 (20%)
Anonymous (1971a) Pharmaceuticals 1220 390 (31%)
Beveridge and Hope (1971) Pharmaceuticals 138 58 (42%)
Robinson (1971) Pharmaceuticals 279 85 (30%)
Wolven and Levenstein (1972) Cosmetics 228 8 (3%)
Ahearn et al. (1973) Cosmetics 200 3 (2%)
Baird et al. (1976) Pharmaceuticals 499 46 (9%)
Awad (1977) Pharmaceuticals 911 109 (13%)
Awad (1977) Pharmaceuticals 247 79 (32%)
Awad (1977) Pharmaceuticals 110 31 (28%)
Awad (1977) Pharmaceuticals 1462 184 (13%)
Baird (1977) Cosmetics 147 48 (32%)
Wallhaeusser (1978) Pharmaceuticals 17 12 (70%)

Total 6764 1814 (27%)
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2.3 SOURCES OF MICROBIAL CONTAMINATION
IN PHARMACEUTICAL PRODUCTS

In order to optimize methods for controlling microbial contamination of pharmaceuticals,
it is necessary to understand the sources and routes from which contamination may
originate. Microbial contamination from raw materials will invariably be transferred to
the product, and further contamination may be introduced from the manufacturing equip-
ment and environment, from the process operators, and from packaging materials.

In general, dry powders of synthetic origin used as raw materials in pharmaceu-
ticals yield low bacterial counts, the organisms present being mainly aerobic spore
bearers. In contrast, dry powders of natural origin may be heavily contaminated,
often with Gram-positive spore-formers and molds, but on occasions with coliforms
and Gram-negative species (Westwood and Pin Lim 1971; Anonymous 1971a,

TABLE 2.2
Contamination Rates for Manufactured Pharmaceutical Products

Product Type
Total Percentage
Contaminated

Percentage Contaminated
with > 105 g–1 or mL–1

Aqueous 35% 22%
Gels 34% 15%
Oily 26% 10%
Dry 33% 7%
Spirits 3% 3%
Total 32% 18%

Source: PHLS survey. Anonymous (1971a). Pharm. J., 207, 96–99. With permission.

TABLE 2.3
Contaminants Isolated from 6008 Pharmaceutical, 
Cosmetic, and Toiletry Products during Surveys Carried 
Out from 1959 to 1978

Contaminant Number of Isolates

Pseudomonas aeruginosa 46
Other pseudomonads 36
Escherichia coli 6
Staphylococcus aureus 2
Salmonella spp. 0
Enterobacter spp. 5
Klebsiella spp. 6
Proteus spp. 1

Note: As described in Table 2.1.
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1971b). By far the most common source of spoilage or pathogenic organisms is
water or unpreserved stock solutions; for example, solutions such as peppermint
water may become heavily contaminated with Gram-negative organisms if not prop-
erly prepared or if incorrectly stored. Typical Gram-negative waterborne genera that
may grow even in distilled water include Acinetobacter, Achromobacter, Entero-
bacter, Flavobacterium, and Pseudomonas; species of enteric origin such as Escher-
ichia coli and Salmonella spp., although not free-living, may survive for substantial
periods in polluted water. Microbial contamination of raw materials including water
is discussed in more detail in Chapter 3.

Contamination arising from a manufacturing and filling plant, which comes into
direct contact with the product, must also be carefully controlled. Growth of con-
taminants, most particularly Gram-negative bacteria, readily occurs in dead spaces
(e.g., joints and valves) where water and product residues accumulate; once estab-
lished this contamination can be very persistent and difficult to eliminate.

Although contamination from the manufacturing environment is considered less
important, because it is not in direct contact with the product, there is clear evidence
that transfer can occur where control is not properly implemented. In a study of a
hospital manufacturing unit (Baird et al. 1976), P. aeruginosa was isolated from
products manufactured in the pharmacy. Isolation of the same strain of this organism
from environmental sites within the pharmacy indicated that this was the source of
contamination in many products. When strict environmental control procedures were
implemented, the product isolation rate for P. aeruginosa fell to 2 to 3%.

Environmental contamination of dry surfaces such as floors and walls comprise
mainly Gram-positive rods, cocci, and fungal spores. Gram-negative bacteria are
more susceptible to the lethal effects of drying, but small numbers may persist on
dry surfaces for substantial periods (Scott and Bloomfield 1990). In wet areas such
as sinks and drains, particularly where stagnant water accumulates, typical water-
borne species of Pseudomonas and Acinetobacter can readily survive and grow.
Airborne contamination is mainly associated with dust and skin scales and is again
mostly mold and bacterial spores and skin cocci. The reader is referred to Chapter
3 for a more detailed discussion of environmental contamination.

Contamination from process operators must be considered a significant hazard.
During normal activity, loss of skin scales by shedding is about 104 min–1; a large
proportion of these skin scales will be contaminated with species of the normal skin
flora. These are mainly nonpathogenic micrococci, diphtheroids, and staphylococci
but may also include Staphylococcus aureus as part of the normal skin flora. Other
organisms (e.g., Salmonella and Escherichia coli), not part of the resident skin flora,
may also be carried transiently on the skin surface where poor hygienic practices
exist among operators, and may be shed into the product via skin scales or direct
contact. Control of manufacturing contamination is further discussed in Chapters 3
through 5.

Product containers and closures must be bacteriologically clean. They should be
adequately designed and constructed to protect the product. This is of particular
importance with sterile fluids. Felts et al. (1972) reported contamination of intrave-
nous fluids with species of Erwinia, Enterobacter, and Pseudomonas genera. It was
subsequently found that the space between the infusion bottle cap and neck had
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become contaminated when bottles were spray-cooled with tap water following
sterilization. In another reported incident (Phillips et al. 1972), contamination of
infusion fluids was traced to spray-cooling water contaminated with P. thomasii
gaining ingress to infusion bottles. Further experiments demonstrated that small
amounts of water became trapped above the rubber bung and in the screw threads
of the bottlenecks (Coles and Tredree 1972). Robertson (1970) reported contamina-
tion of glucose saline infusion with Trichoderma and Penicillium spp. caused by use
of cracked infusion bottles. Similar problems were also reported by Sack (1970) and
Daisy et al. (1979).

In addition to contamination arising from raw materials and during manufacture,
products may become contaminated during storage and use. Types and levels of “in-
use” contamination are almost impossible to predict and only limited published data
are available. Topical products, especially those packed in pots, are at particular risk;
Baird et al. (1979a) carried out a study of “in-use” contamination of topical medi-
caments used for treatment of pressure sores. In samples taken from two hospitals,
20 to 25% were found to be contaminated with Pseudomonas aeruginosa (counts
ranging from 102 to 106 CFU.g–1) and 21 to 59% with S. aureus (counts ranging
from 102 to 104 CFU.g–1). In a third hospital, these organisms were not isolated from
any products. On further investigation, it was found that, in the former hospitals,
nurses removed creams from containers with their bare hands, and in the third
hospital, medicaments were removed from pots with spatulae and applied with
gloved hands. Introduction of this procedure into the other hospitals caused isolation
rates to fall to 0.4 and 5% for P. aeruginosa and S. aureus, respectively. In a similar
study of topical medicaments used by patients in a skin diseases hospital, it was
found that 73% of 41 samples of emulsifying ointment were contaminated with
P. aeruginosa, with counts ranging from 104 to 106 CFU.g–1 (Baird et al. 1980).
Proteus spp. and S. aureus were also isolated from some samples. Savin (1967)
reported a study of 194 pots of creams and ointments of which 6 were found to
contain skin flora and 3 contained coliforms that were not present in samples from
the pharmacy.

“In-use” contamination of ophthalmic ointments was studied by comparing open
and unused tubes. Only 1 out of 24 unused tubes was contaminated, but 18 of the
50 used tubes contained organisms that included S. epidermidis, S. aureus, and fungi
(Lehrfeld and Donnelly 1948).

Contamination of oral medicaments in use in the hospital environment was
studied by Baird and Petrie (1981). Of 445 products sampled, 25.6% were found to
be contaminated, mainly with aerobic Gram-positive rods, although Gram-positive
cocci and Gram-negative rods were found in 2.9 and 3.1% of samples, respectively.
Most of the Gram-negative isolates were identified as Pseudomonas spp. but in this
survey P. aeruginosa was not found. Viable counts varied between 102 to more than
106 CFU.mL–1. A survey of microbial contamination of pharmaceutical products in
the home was reported by Baird et al. (1979b). Viable organisms were recovered
from 14% of 1977 samples examined. One problem encountered in these two latter
surveys was the lack of information on microbial quality of samples at the time of
issue but it was generally concluded that medicines used in the home were less
vulnerable to contamination than those used in hospitals.
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Whereas contamination of sterile products during manufacture is now rarely a
problem, contamination of intravenous (IV) fluids and apparatus during clinical use
is still known to occur. From a literature survey (1971–1983), Denyer (1984) con-
cluded that “in-use” contamination of IV fluids from bottled containers and collaps-
ible plastic containers was of the order of 4.3 and 2.6%, respectively; in general,
the organisms were present in low numbers. Where a breakdown in asepsis occurred,
the growth-supporting character of the product had a significant influence on the
infectious and endotoxin risk (Arduino et al. 1991).

In evaluating the results of surveys of “in-use” microbial contamination, it must
be borne in mind that contamination levels in used products reflect not only the
bioburden introduced by the patient but also the survival characteristics of the
contaminant in the product. More recently (Koerner et al. 1997), an outbreak of
septicemia was reported in an acute cardiology ward. The outbreak was attributed
to Enterobacter cloacae contamination of heparin infusions that were compounded
in a nonclinical area adjoining the ward from bags of IV fluids, which remained
open for 24 h or more at room temperature, and multiple-use heparin vials.

2.4 FACTORS THAT AFFECT SURVIVAL AND GROWTH 
OF ORGANISMS IN PRODUCTS

The microbial quality of pharmaceuticals is determined not only by the types and
levels of organisms introduced during manufacture, storage, and use, but also by
their subsequent behavior within the product. Whereas small numbers of organisms
introduced into a product during manufacture or use may be of little consequence
to the patient, where these organisms undergo subsequent multiplication within the
product the infection hazard will be significantly increased. Guyne (1973) and Felts
et al. (1972) demonstrated that when small numbers of species such as E. coli,
P. aeruginosa, Klebsiella pneumoniae, S. aureus, and S. epidermidis were introduced
into IV solutions of saline, Ringer lactate, and 5% dextrose, Gram-negative bacilli
increased in population over 24 h, whereas Gram-positive cocci remained stationary
or died off. In all cases, bacterial counts of 106 CFU.mL–1 were recorded although
the solutions showed no visible turbidity.

Many physicochemical factors can affect the fate of microorganisms entering a
product; in practice many products are self-preserving such that residual contami-
nation is reduced to undetectably low levels during storage. Furthermore, such
contamination may comprise “stressed” cells, requiring specialized recovery condi-
tions. For a more detailed account of this, the reader is referred to the companion
Handbook (Baird 2000).

As microorganisms have an absolute requirement for water, water activity and
water availability have a profound effect on survival and growth. Although dry
products are less susceptible than aqueous products, contamination and spoilage of
solid dosage forms have been reported in the literature on a number of occasions
(Kallings et al. 1966, Lang et al. 1967, Komarmy et al. 1967, Eikhoff 1967, Beveridge
1975). Factors affecting survival and growth of microbial contamination in solid oral
dosage forms have been studied by Blair (1989).
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As microorganisms grow optimally at neutral or near neutral pH, formulations
that are acid or alkaline in character are obviously less prone to spoilage. Other
factors to be considered are nutrient availability, osmotic pressure, surface tension,
and oxygen availability (see Chapter 1). The potential for exploitation of the self-
preserving properties of pharmaceutical formulations is illustrated by the results of
the PHLS survey (Anonymous 1971b); in general, it was found that low microbial
counts were associated with products of low water availability, low pH, and high
sucrose content.

2.5 MICROBIAL SPOILAGE OF PHARMACEUTICAL 
PRODUCTS

The ability of microorganisms to produce degradative spoilage in products depends
on their ability to synthesize appropriate enzymes. Pharmaceuticals, cosmetics,
foods, and other products are so much at risk because microorganisms are extremely
versatile and adaptive in their ability to synthesize degradative enzymes. It should
be noted, however, that within the whole range of organisms (bacteria, yeasts, and
molds), degradative ability varies considerably such that certain species are fre-
quently involved and others only rarely so. Degradative half-lives for individual
formulation constituents can vary from a few hours up to several months or even
years depending on the nature of the molecule, the product environment, the numbers
and types of organisms present, and whether initially produced metabolites support
further growth.

Low-molecular-weight substrates such as sugars, amino acids, organic acids, and
glycerol are broken down by primary catabolic pathways. The enzymes for these
pathways are constitutive in a wide range of organisms. Most compounds of phar-
maceutical interest, however, are high-molecular-weight or aromatic molecules and
are more resistant to degradation such that the enzymes responsible are produced
by a smaller range of organisms.

Breakdown of proteins, polysaccharides, and lipids is brought about by protein-
ases and peptidases, polysaccharidases, and lipases, respectively (see Chapter 1).
Many of these enzymes have low substrate specificity and will attack a wide range
of compounds within the group. Polysaccharidases capable of hydrolyzing starch,
agar, and cellulose are produced by a range of organisms including Bacillus,
Pseudomonas, and Clostridia. Production of α-amylase is particularly prevalent in
Bacillus spp. These species, together with Aspergillus and Penicillium spp., are the
most common source of proteinase and peptidase enzymes causing breakdown of
compounds such as gelatin. Production of lipase is less widely distributed and occurs
most commonly among molds—hence the reason that spoilage of creams and emul-
sions is generally due to mold growth.

The ability of certain organisms to degrade aromatic compounds and long-chain
hydrocarbons is remarkable because these types of molecules are stable to attack by
many chemically active agents. This property, however, is restricted to a limited
group of bacteria and some fungi, the most notable being the pseudomonads and
related Gram-negative species. The capacity to degrade aromatic compounds is due
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to the synthesis of oxygenase enzymes that catalyze direct incorporation of oxygen
into the substrate molecule. For aromatic molecules, introduction of hydroxyl groups,
catalyzed by oxygenase enzymes, affects the stable resonance of the benzene ring,
thus making it more susceptible to attack by further oxygenase enzymes that catalyze
the ring opening. The ring fission products are then further metabolized, producing
intermediates of the tricarboxylic cycle, which are in turn metabolized via that cycle.
The probable pathway for degradation of acetylsalicylic acid by Acinetobacter lwoffi,
as elucidated by Grant et al. (1970), is illustrated in Figure 2.1.

Product spoilage arising from enzymatic degradation can manifest itself in a
number of ways. Breakdown of the active ingredient will cause a loss of potency.
Alternatively, degradation of formulation components may occur that may be asso-
ciated with inefficient dosage delivery and reduced bioavailability. Observable for-
mulation breakdown, such as the production of pigments and noxious odors, will
make the product unacceptable to the patient. Microbial activity in the product can
also result in production of potentially harmful toxins or the degradation of preser-
vatives allowing the growth of other contaminant species.

2.5.1 BREAKDOWN OF ACTIVE INGREDIENTS

Laboratory experiments demonstrate the range of therapeutic agents that may be
degraded by microbial enzymes. Degradation of antibiotics, particularly the degra-
dation of penicillin by β-lactamase, has been extensively studied, as reviewed by
Franklin and Snow (1989). Microbial enzymes that degrade chloramphenicol have
been known since 1949 (Smith and Worrel 1949). Laboratory studies of microbial
degradation of compounds such as aspirin, phenacetin, and paracetamol (Grant et
al. 1970, Grant 1971, Hart and Orr 1974), alkaloids (Bucherer 1965, Grant and
Wilson 1973, Kedzia et al. 1961), thalidomide (Mitvedt and Lindstedt 1970), and
steroid esters (Cox and Sewell 1968, Brookes et al. 1982) have been reported in the
literature. In some cases, the degradative pathways have been elucidated. Reports

FIGURE 2.1 Probable pathway for breakdown of acetylsalicylic acid by Acinetobacter lwoffi.
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of microbial transformations of biologically active molecules in formulated products
were reviewed by Denyer (1988), as shown in Table 2.4.

2.5.2 PRODUCTION OF TOXINS

Some species of microorganisms are capable of releasing toxic metabolites that may
render the product dangerous to the patient. Probably the most important of these
in relation to pharmaceutical products are pyrogens. These are mainly lipopolysac-
charide components of Gram-negative bacterial cell walls, which can cause acute
febrile reactions if introduced directly into the bloodstream. These toxins are heat
stable and may be present even when viable organisms are no longer detectable.
They are, however, only poorly adsorbed via the gastrointestinal tract and are there-
fore of little importance in oral preparations. Bacterial toxins that are associated
with acute food-poisoning outbreaks have not been reported in pharmaceuticals,
although the presence of toxin-producing Bacillus cereus (Arribas et al. 1988) and
aflatoxin-producing Aspergillus flavus has been detected (Hikoto et al. 1978). It has

TABLE 2.4
Microbial Transformations of Biologically Active Compounds in Formulated 
Products

Product Transformation Organisms Reference

Syrup of Tolu Cinnamic acid → 
toluene-like product

Penicillium spp. Wills (1958)

Atropine eye drops Loss of atropine Corynebacterium spp.
Pseudomonas spp.

Kedzia et al. (1961)
Beveridge (1975)

Belladonna and 
ipecacuanha paediatric 
mixture BPC 

Loss of atropine Mixed flora Beveridge (1975)

Aspirin mixture Aspirin hydrolysis — Beveridge 
(unpublished)

Paracetamol mixture Paracetamol degradation — Beveridge 
(unpublished)

Aspirin and codeine 
tablets BP

Aspirin hydrolysis — Denyer 
(unpublished)

Prednisolone tablets Localized steroid 
transformation

Aspergillus spp. Beveridge (1987, 
and unpublished)

Hydrocortisone cream Hydrocortisone androst-
4-ene-11-ol-3:17 dione

Cladosporium herbarum Cox and Sewell 
(1968)

Rose-hip preparation Destruction of vitamin C Anaerobic bacteria Beveridge 
(unpublished)

Note: BPC = British Pharmaceutical Codex; BP = British Pharmacopoeia. Dashes indicate no organisms
identified.

Source: From Denyer, S.P. (1988). In Biodeterioration 7. Elsevier Applied Science, London, pp. 146–151.
With permission.
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been shown experimentally that pharmaceutical starches can support the formation
of mycotoxins when artificially inoculated with toxigenic strains of Aspergillus
(Fernandez and Genis 1979). Toxin production in pharmaceuticals is further dis-
cussed by Wallhaeusser (1977).

2.5.3 GENERAL FORMULATION BREAKDOWN

Spoilage is usually observed as the result of a general breakdown of the formulation.
Complex formulations are particularly prone to this type of spoilage, which may
involve phenomena such as cracking or creaming of emulsions, viscosity changes,
or separation of suspended material. Practical observations of formulation break-
down, as reviewed by Denyer (1988), are shown in Table 2.5. These changes will
not only make the product aesthetically unacceptable but can also affect dosage
delivery through separation of suspended particles or an emulsified oily phase, or
the alteration of drug release characteristics from surface-damaged tablets. Physic-
ochemical changes may in turn be the effect of many different degradative events
within the product.

2.5.3.1 Degradation of Surfactants

Many of the surfactants used in pharmaceutical emulsions are subject to microbial
degradation, particularly the nonionic surfactants. Ability to degrade surfactant
molecules is again limited to a small range of organisms, particularly the
pseudomonads. Susceptibility to biodegradation depends on the chemical structure,
biodegradability decreasing as the length of the hydrocarbon chain and the degree
of chain branching increases.

Formulations containing anionic surfactants are normally quite well protected
because of the alkaline nature of the formulation. Nevertheless, alkyl and alkylbenzene
sulphate and sulphonate esters can be hydrolyzed to the corresponding alcohol, which
is then converted to a fatty acid. ω-Oxidation of the terminal methyl group is then
followed by β-oxidation of the hydrocarbon chain and fission of aromatic rings.

Many nonionic surfactants are found to be biodegradable; although degradation
pathways may not have been elucidated, these generally involve hydrolytic and oxi-
dative pathways. Biodegradation of surfactants has been reviewed by Swisher (1987).

2.5.3.2 Degradation of Thickening and Suspending Agents

A wide variety of materials are used in pharmaceuticals for this purpose, many of
which are biodegradable by extracellular enzymes. Degradation of these polymeric
molecules yields monomers such as sugars, which serve as substrates for growth
and further spoilage effects. Starch, acacia, sodium carboxymethylcelluloses, and
dextran are all biodegradable. Agar is resistant to attack although agar-degrading
organisms do exist. Polyethylene glycols except those of high molecular weight are
degraded although polymers used in packaging are generally resistant. Gelatin is
hydrolyzed by a wide range of commonly occurring microorganisms.
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TABLE 2.5
Products Suffering Observable Degradative Changes Following Microbial Contamination

Type of Product Examples Observed Change Spoilage Organisms Reference

Solutions and mixtures Simple aqueous solutions Turbidity Algae, molds, bacteria, yeasts Smart and Spooner (1972)
Concentrated dill water Visible growth Penicillium roqueforti Parker and Barnes (1967)
Indigestion mixtures Color change (white to black) Sulphate reducers Spooner (1988)
Magnesium hydroxide antacids Ammoniacal odors Coliforms Robinson (1971)

Suspending/thickening agents Carboxymethyl-cellulose gels/lubricants Loss of viscosity Trichoderma spp. Beveridge (1975)
Starch, tragacanth, acacia mucilages Loss of viscosity Unknown Beveridge (1975)
Tragacanth mucilage Fermentation (alcohol and gas) Yeasts Denyer (unpublished)

Syrups Syrup BP Fermentation Osmotolerant yeasts Westwood and Pin-Lim
(1971)

Syrup-containing cough remedies Microbial deposits Osmotolerant molds Smart and Spooner (1972)
Emulsions Oil-water olive oil emulsions Separation of phases, 

discoloration, unpleasant taste 
and smell

Trichoderma viride, 
Pseudomonas aeruginosa, 
Aspergillus flavus,
Aspergillus niger

Beveridge (1975)

Creams Calamine Visible growth Mold Smart and Spooner (1972)
Cosmetic Visible surface growth Penicillium spp. Parker and Barnes (1967)

Tablets Aspirin and codeine BP Surface discoloration and acetic 
acid smell

Unknown Denyer (unpublished)

Nitrazepam Discoloration, strange smell Mold Anonymous (1983)
Prednisolone Surface discoloration Aspergillus spp. Beveridge (unpublished)
Sugar-coated tablets Disintegration and “pitting”

of coating
Penicillium spp.
Aspergillus spp.

Parker and Barnes (1967)

Source: From Denyer, S.P. (1988). In Biodeterioration 7. Elsevier Applied Science, London, pp. 146–151. With permission.
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2.5.3.3 Utilization of Humectants and Cosolvents

Glycerol and sorbitol support microbial growth at low concentrations. At low con-
centrations alcohol can serve as a substrate for growth.

2.5.3.4 Degradation of Sweetening, Flavoring, and Coloring 
Agents

Sugars and other sweetening agents can act as substrates for microbial attack,
particularly by the osmophilic yeasts. Oral suspensions or emulsions containing
sugars are liable to ferment with production of gas and acid, which may be sufficient
to alter the stability of the formulation. Stock solutions of flavoring and coloring
agents, and even simple salt solutions such as potassium citrate and calcium glu-
conate, will support growth of nutritionally nonexacting bacteria and yeasts.

2.5.3.5 Degradation of Oils and Emulsions

Microorganisms do not grow in a nonaqueous environment, but in an emulsified
system, they may grow in the aqueous phase producing lipolytic enzymes that attack
the triglyceride oil component at the oil–water interface liberating glycerol and fatty
acids. Fatty acids may be further metabolized by β-oxidation of the alkyl chain with
the production of ketones. Glycerol is a utilizable substrate for many organisms.
Some insight into spoilage of emulsified systems has been gained from studies of
the breakdown of engineering cutting oils (Guyne and Bennett 1959).

Ointments and oils are less prone to attack but spoilage may occur where these
products contain traces of condensed water or are stored in a humid atmosphere.
Spoilage of arachis oil and liquid paraffin has been reported (Rivers and Walters 1966).

2.5.4 CHANGES IN ACCEPTABILITY OF THE PRODUCT

Changes in product formulation may not only affect therapeutic potency but may
also make the product unacceptable to the patient. In addition, other changes involv-
ing microbial degradation with the production of metabolic waste materials may
make the product aesthetically unacceptable. Examples of such compounds include
hydrogen sulphide, amines, ketones, fatty acids, alcohols, or ammonia, which impart
a noxious odor or unpleasant taste to the product. Products may become discolored
by various microbial pigments; organisms most frequently implicated are the
pseudomonads, which produce pigments varying from blue to brown.

The most obvious sign of spoilage is visible growth either as colonies or a pellicle
on the surface of a product. Alternatively, polymerization of sugar or surfactant
molecules in syrups or shampoos produces a viscous slimy mass within the product,
while aggregation of material can produce sediment in a liquid product or a gritty
texture in a cream.

2.5.5 DEGRADATION OF PRESERVATIVES

Although antimicrobial agents are used in pharmaceutical products to prevent spoil-
age, many commonly used preservatives are themselves degraded by microorganisms,
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most notably the pseudomonads but also species of Acinetobacter, Moraxella, and
Nocardia. Preservatives known to be susceptible to degradation include chlorhexi-
dine, cetrimide, phenolics, phenylethylalcohol, benzoic acid, benzalkonium chloride,
and the p-hydroxybenzoates (Beveridge and Hugo 1964a, Beveridge and Hugo
1964b, Hugo and Foster 1964, Beveridge and Tall 1969, Beveridge and Hart 1970,
Grant 1970, Hart 1970, Kido et al. 1988).

2.6 INFECTION HAZARDS FROM MICROBIAL 
CONTAMINATION OF PHARMACEUTICALS

Experience has shown that products may show no sensory evidence of contamination
but may still contain a growing microbial population. In the normal healthy adult
this represents little problem unless the organism is a primary pathogen; but if the
user is immunocompromised in any way, or the product is introduced into a normally
sterile area of the body or applied to damaged skin, mucous membrane, or the eye,
infection may occur. The clinical significance of microorganisms in pharmaceuticals
was reviewed by Parker (1972) and Ringertz and Ringertz (1982). Overall, the
infection risk depends on four factors: type of organism, infective dose, host resis-
tance to infection, and route of administration.

2.6.1 TYPE OF ORGANISM

Of the organisms that have been isolated from pharmaceutical products, Salmonella
is the only one that must be regarded as a primary pathogen, i.e., an organism that
produces disease even when unintentionally administered by the normal (in this case
oral) route. The majority of primary pathogens do not survive well outside the human
or animal body. By contrast, organisms regarded as potential or conditional pathogens
have been quite frequently reported as contaminants of pharmaceuticals. These are
not generally harmful to the normal healthy adult, but readily become infectious
where resistance mechanisms are impaired. Such opportunist pathogens include
pseudomonads and enterobacteria and species of Flavobacterium and Staphylococcus.

Of the Enterobacteriacae, it is the free-living genera (Enterobacter, Klebsiella,
and Serratia) that most usually occur in pharmaceuticals; although they may cause
disease, these species are not found as part of the normal body flora. By contrast,
species such as Escherichia coli, Proteus spp., and perhaps also some species of
Klebsiella are commonly found as part of the normal body flora; although harmless
in the bowel, they readily cause disease if transferred to other areas. These organisms
have only a limited ability to survive outside the body and are less frequently found
as contaminants of pharmaceuticals.

Pseudomonas aeruginosa is a free-living organism. Although it is present as part
of the normal bowel flora in only about 4 to 6% of the normal population, it will
readily cause infection of wounds or burns. Burkholderia cepacia (previously known
as Pseudomonas cepacia) is another free-living species that has caused infection on
a number of occasions (Levey and Guinness 1981, Berkelman et al. 1984). Fla-
vobacterium meningosepticum is a pigmented waterborne species that can cause
severe generalized sepsis in infants (Parker 1972). Up to 30% of the population may
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be either persistent or intermittent carriers of S. aureus (Armstrong-Esther and Smith
1976); although this organism does not thrive outside the body, it is quite resistant
to drying and can persist in products for substantial periods of time.

Other species most frequently implicated in opportunistic nosocomial infections
include Acinetobacter anitratus, S. epidermidis, and Streptococcus pyogenes. How-
ever, none of these organisms has yet been definitely implicated in outbreaks of
infection due to contaminated pharmaceuticals.

2.6.2 INFECTIVE DOSE

Observations recorded in the literature indicate that the “infective dose” of an
organism may vary considerably and may depend on several factors. Administered
orally, quite large doses may be required; experiments with healthy adults suggest
that the infective dose of Salmonella or E. coli may be as high as 106 to 107 organisms
but may be as low as 102 to 103 (McCullough and Eisele 1951, Ferguson and June
1952). Outbreaks involving chocolate and Cheddar cheese suggest that the infective
dose for some species of Salmonella may be as little as 50 to 100 organisms, and
less than 10 organisms, respectively (Gill et al. 1983, Greenwood and Hooper 1983,
D’Aoust 1985). In very small children, the infective dose for Salmonella may be as
low as 200. Buck and Cooke (1969) found that ingestion of at least 106 P. aeruginosa
may be necessary for intestinal colonization of normal persons. As far as topical
preparations are concerned, experiments with healthy volunteers showed that an
inoculum up to 106 Staphylococcus aureus may be required to produce pus, but as
little as 102 may be sufficient where the skin is traumatized or occluded (Marples
1976). According to Crompton et al. (1962), intraocular injection of as little as 60
cells of P. aeruginosa was sufficient to cause infection in rabbits. Even relatively
trivial abrasions of the eye can substantially increase the risk of infection.

2.6.3 HOST RESISTANCE TO INFECTION

Although, in most situations, the normal healthy adult has adequate resistance to
infection, pharmaceutical products are frequently administered to people whose body
defenses to infection are impaired. This situation may arise in patients with preex-
isting disease such as leukemia or diabetes. It may also be associated with immun-
osuppressive drug therapy, which may include steroid treatment or chemotherapy.
Impaired local resistance is associated with surgical and accident wounds, burns,
and pressure sores. It is also frequently associated with insertion of catheters or other
surgical devices. Geriatric patients and babies, particularly during the first few days
of life, show increased susceptibility to infection.

2.6.4 ROUTE OF ADMINISTRATION

Infection risks associated with contaminated pharmaceuticals will depend largely on
their intended use. In general, the risk of infection will be much reduced for a drug
given orally or applied to intact skin compared with a formulation used for treatment
of abraded skin or mucous membrane, or a damaged eye.
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For products that are introduced into normally sterile areas of the body, the
potential risks are considerable. A review of microbial contamination of IV fluids
during use suggested that the small numbers of mainly nonpathogenic organisms
were generally well tolerated and that infection was a rare occurrence (Denyer 1984).

As reviewed earlier in this chapter, although some controlled studies with healthy
adult volunteers have been used to assess infection risks, most of our knowledge
regarding the clinical significance of contamination in medicinal products in fact
comes from published reports of infection outbreaks resulting from use of such
products. These are reviewed in the following sections.

2.6.4.1 Oral Medicines

The literature contains several reports of outbreaks of Salmonella infection resulting
from contaminated oral products. In 1966, Kallings et al. (1966) reported 202 patients
in Sweden who became infected. The infection was subsequently traced to thyroid
tablets that were found to contain Salmonella bareilly, S. muenchen, and other fecal
organisms in excess of 106 CFU.g–1 (Kallings 1973). In 1967, a number of cases of
gastrointestinal tract infection in the United States were traced to carmine capsules
contaminated with S. cubana (Lang et al. 1967, Komarmy et al. 1967, Eikhoff 1967).
Infection from S. agona associated with contaminated pancreatin was reported in
two children (Glencross 1972). Salmonella schwarzengrund and S. eimsbuettel were
also found in batches of pancreatin causing infection in two children with cystic
fibrosis (Rowe and Hall 1975).

Shooter et al. (1969) reported bowel colonization (although not infection) of a
number of hospital patients following inadvertent administration of peppermint water
containing 106 CFU.mL–1 P. aeruginosa.

An outbreak of septicemia caused by use of a thymol mouthwash contaminated
with P. aeruginosa was recorded by Stephenson et al. (1984). Millership et al. (1986)
also reported colonization of patients from communal ward use of mouthwashes and
feeds that were heavily contaminated with coliforms.

2.6.4.2 Topical Administration

Although intact skin presents an efficient barrier against infection, for damaged skin
the infection risks are substantially increased. Multidose containers, particularly
those used by more than one person, are prone to contamination, especially in the
hospital situation, and there are reports of infection outbreaks from the application
of such products.

One of the earliest reports was a fatal outbreak of Clostridium tetani infection
in babies caused by contaminated talcum powder (Tremewan 1946, Hills 1946). In
1966, Noble and Savin reported a number of cases of skin lesions that were traced
to betamethasone cream contaminated with P. aeruginosa (Morse et al. 1967).
McCormack and Kunin (1966) attributed an outbreak of umbilical sepsis to Serratia
marcescens in the saline solution used to moisten the cord stump. In 1967, hand
cream contaminated with K. pneumoniae was implicated in an outbreak of septicemia
in an intensive therapy unit (Morse et al. 1967). Bassett et al. (1970) isolated
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P. multivorans from infected operation wounds in nine hospital patients; the source
of infection was subsequently traced to a diluted chlorhexidine-cetrimide disinfectant
found to be contaminated with 106 pseudomonads per milliliter. Colonization and
infection with P. aeruginosa arising from contaminated detergents, disinfectants, and
topical medicaments including zinc-based barrier creams and emulsifying ointment
were also reported by Victorin (1967), Cooke et al. (1970), Baird and Shooter (1976),
Baird et al. (1979a), and Baird et al. (1980). Salveson and Bergan (1981) reported
contamination from a range of organisms in a chlorhexidine hand cream used to
prevent infection in catheterized patients; use of the contaminated cream was asso-
ciated with urinary tract infection in a number of these patients. Clinical infection
following application of an iodophor antiseptic solution contaminated with P. aerug-
inosa and Burkholderia cepacia was also reported by Parrot et al. (1982) and
Berkelman et al. (1984).

2.6.4.3 Respiratory Preparations

Nosocomial respiratory tract infections involving Gram-negative bacteria have been
reported quite frequently and in some instances this has been traced to nebulizers
and humidifiers used in inhalation therapy (Favero et al. 1971, Pierce and Sanford
1973, Petersen et al. 1978). In two instances, aerosol solutions contaminated with
Klebsiella spp. and Serratia marcescens (Sanders et al. 1970) have been implicated
as the cause of pulmonary infection. An outbreak of respiratory infection was also
traced to endotracheal tubes lubricated with contaminated lignocaine jelly (Kallings
et al. 1966).

2.6.4.4 Disinfectants

Although disinfectants are used to kill microorganisms, some Gram-negative species,
most notably the pseudomonads, can acquire resistance and grow in disinfectant
solutions, utilizing the antimicrobial agent as a carbon source. Investigations associated
with the use of contaminated disinfectants have been reviewed by Bloomfield (1988).
Of the 42 incidents investigated, 24 were reported to be associated with, or implicated
in, colonization of patients or outbreaks of infection. The majority of reports related
to phenolics, quaternary ammonium, or chlorhexidine formulations. The contaminants
were mainly pseudomonads, particularly P. aeruginosa and Burkholderia (formerly
Pseudomonas) cepacia. Other Gram-negative species included Alcaligenes faecalis,
Enterobacter cloacae, E. agglomerans, Escherichia coli, Serratia marcescens, and
Flavobacterium meningosepticum. Gram-positive isolates were not recorded, but were
reported in a later study of hospital-prepared disinfectants (Nkibiasala et al. 1989).

2.6.4.5 Ophthalmic Preparations

Although sterility has been a pharmacopoeial requirement for ophthalmic drops and
lotions since 1966, there are a number of reports in the literature, particularly prior
to 1966, of infections resulting from the use of contaminated eye preparations. The
organism of major concern was again P. aeruginosa, which produces corneal ulcer-
ation and can cause blindness.
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In 1952, Theodore and Feinstein published a paper indicating strong correlation
between Pseudomonas infections in clinical practice and contaminated eye prepa-
rations. Allen (1959) estimated that in the United States at least 200 people each
year were suffering loss of eyesight from use of contaminated eye drops. Crompton
et al. (1964) reported evidence of eye infections from use of eye drops contaminated
with a species of Aerobacter. Ringertz and Ernerfeldt (1965) and Kallings et al.
(1966) reported P. aeruginosa infections arising from contaminated batches of neo-
mycin and cortisone eye ointments, respectively. Ayliffe et al. (1966) reported infec-
tions causing blindness from the use of saline contaminated with P. aeruginosa
during intraocular operations. More recently, a number of cases of keratitis were
traced to eye drops contaminated with S. marcescens, although the organisms
appeared to have originated from the dropper caps (Templeton et al. 1982).

A number of serious infections from the use of contaminated eye cosmetics have
also been reported (Wilson et al. 1971, Ahearn et al. 1973, Wilson et al. 1975, Wilson
and Ahearn 1977, Reid and Wood 1979). Infecting organisms included not only
bacterial species but also various yeasts and fungi such as Candida albicans, Fusar-
ium, and Penicillium spp.

2.6.4.6 Irrigating Fluids and Dialysis Fluids

The literature contains several reports of urinary tract infections caused by contam-
inated irrigating fluids (Last et al. 1966, Mitchell and Hayward 1966). An outbreak
of Pseudomonas infection from a contaminated urinary catheter kit was traced to
the germicidal cleansing solution, which was contaminated with 103 bacteria per
milliliter (Hardy et al. 1970).

Hemodialysis represents a particular problem. Favero et al. (1974) reported two
cases of septicemia from dialysis fluid contaminated with P. aeruginosa. Curtis et
al. (1967) described an outbreak of bacteremia due to Bacillus cereus contamination
of the dialysis fluid.

2.6.4.7 Injections and Infusions

Undoubtedly the most serious infection outbreaks are those associated with contam-
inated injection fluids where bacteremic shock and, in some cases, death of the
patient may result. In 1970, Robertson reported two cases of infection arising from
glucose-saline solution contaminated with Trichoderma and Penicillium spp. A num-
ber of cases of sepsis following the administration of fluids were reported by Felts
et al. (1972). Species of Erwinia, Enterobacter cloacae, and Pseudomonas stutzeri
were isolated from the fluids. Phillips et al. (1972) reported an outbreak of infection
involving 40 hospital patients following administration of infusions contaminated
with P. thomasii. The most notorious outbreak in the United Kingdom resulted in
the death of six hospital patients following the administration of contaminated
dextrose solution (Meers et al. 1973). The contents of 155 bottles of the suspect
batch were examined, of which approximately one third were cloudy. Klebsiella
aerogenes, E. cloacae, Erwinia herbicola, P. thomasii, coryneforms, and other spe-
cies of Enterobacteriacae were isolated from the fluids. Lapage et al. (1973) identified
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80 bacterial strains, chiefly enterobacteria, pseudomonads, and coryneforms associ-
ated with two outbreaks of infection from contaminated IV fluids.

At the present time, the preparation of total parenteral nutrition (TPN) solutions
probably represents the area of greatest concern (Freund and Rimon 1990). In 1994,
contaminated TPN solutions prepared in a hospital pharmacy caused the death of
two children (Anonymous 1994). The contaminating organism was E. cloacae. DNA
typing showed that the organism isolated from the children was the same as an
organism isolated from the disposable tubing used during the compounding process.
During the same year, an outbreak of Serratia odorifera septicemia associated with
contaminated parenteral nutrition fluids was reported in South Africa (Frean et al.
1994). The organism was recovered from surfaces inside the flexible film isolator
system in which the solution had been prepared, despite routine decontamination
procedures having been performed shortly before use.

Even during use, lipid-based medications carry significant microbiological risk.
For instance, during the early 1990s, a series of bacteremic episodes was traced to
the administration of propofol (2,6 di-isopropylphenol) anesthetic formulated in a
soybean oil emulsion (Bennett et al. 1995, Kuehnert et al. 1997). This sterile product
was unpreserved and proved a vehicle for bacterial growth in circumstances of poor
asepsis and delayed administration (Arduino et al. 1991, Farrington et al. 1994,
Crowther et al. 1996).

2.7 CONTAMINATION OF MEDICAL DEVICES

As stated previously, because medical devices by definition are intended for use on
or in areas of the body where defenses against infection are most likely to be
impaired, microbial quality assurance for these items represents a crucial issue. The
high-risk nature of medical devices suggests that use of sterile single-use items is
preferable in all cases, but in many situations, most particularly for highly sophis-
ticated endoscope equipment, this is not an option. For many of these items, the
issues of “in-use” contamination represent the greatest problem; the 1981 survey of
the prevalence of nosocomial infection (Meers et al. 1981) indicated that 9.2% of
all hospital patients acquire some sort of infection and that 30.3% of these infections
are urinary tract infections, mainly associated with indwelling catheters.

The factors that determine the likelihood of either colonization or clinical infec-
tion following contact with contaminated devices are the same as those for pharma-
ceutical products—namely the type and number of organisms, the health of the
patient, and the route of administration or introduction. These factors have already
been considered in Sections 2.6.1 through 2.6.4. As with pharmaceutical products,
however, most knowledge regarding the clinical significance of contaminated med-
ical devices comes from published reports of infection outbreaks from the use of
such products.

Flexible endoscopy is now a common clinical procedure. However, because
endoscopy procedures carry a high risk of cross-infection and because these fragile
heat-sensitive items can only be decontaminated by disinfection rather than steril-
ization procedures, outbreaks of infection associated with contaminated endoscopes
are relatively more frequent than those associated with medical devices where heat
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or irradiation sterilization is routinely applied. Transmission of infection by gas-
trointestinal endoscopy and bronchoscopy was reviewed by Spach et al. (1993). This
review covered 281 infections transmitted by gastrointestinal endoscopy and 96
infections transmitted by bronchoscopy. The infections ranged from asymptomatic
colonization to serious disease and fatality. Agents most usually identified with
transmission of infection included Salmonella spp. and P. aeruginosa in gastrointes-
tinal endoscopy, and Mycobacterium tuberculosis, atypical mycobacteria, and
Pseudomonas spp. in bronchoscopy. In general, M. tuberculosis and Salmonella spp.
tended to contaminate endoscopes from an infected patient, whereas Pseudomonas
spp. and atypical mycobacteria originated from aqueous reservoirs such as those
used in cleaning and disinfection. Single incidents of infection associated with
Serratia marcescens, Staphylococcus epidermidis, Citrobacter freundii, Entero-
bacter aerogenes, Helicobacter pylori, Trichosporon beigelli, and Strongyloides
stercoralis were also reported. The reviewers reported little evidence of viral agents
transmitted by endoscopy apart from a single case of hepatitus B virus (HBV) (Birnie
et al. 1983). Two studies, however, showed the potential for endoscope transmission
of HBV. In one study, iodophor alcohol was ineffective in removing the virus from
cytology brushes and biopsy forceps (Bond and Moncada 1978), and in the other,
contaminated biopsy forceps exposed to chlorhexidine and cetrimide were found to
be positive for HBV (McClelland et al. 1978). A further case of hepatitis associated
with endomyocardial biopsy was subsequently reported (Drescher et al. 1994).

Contact lens wear is often associated with a range of corneal infections (Schein
et al. 1989, Dart et al. 1991, Stapleton et al. 1993). Gram-negative bacteria, particularly
P. aeruginosa, have been frequently implicated as causative agents in up to 70% of
contact lens–associated microbial keratitis as compared with non-contact lens–related
infections where Gram-positive organisms are most usually involved (Galentine et al.
1984). In addition, Gram-negative species in large numbers including P. aeruginosa,
Serratia marcescens, and Haemophilus influenzae have been recovered from the con-
tact lenses of wearers with acute corneal inflammatory response (Holden et al. 1996).
By contrast, high numbers of Gram-negative bacteria have rarely been isolated from
contact lenses of asymptomatic wearers. Contamination normally appears to be infre-
quent and typically involves less than 30 CFU per lens (Mowrey-McKee et al. 1992,
Hart et al. 1993). Coagulase-negative staphylococci are most usually isolated from
lenses following wear although isolation of Staphylococcus aureus, streptococci, and
Gram-negative bacteria are occasionally reported (Fleiszig and Efron 1992, Gopinathan
et al. 1997). Contact lens contamination is usually attributed to lens handling but may
also be derived from contaminated storage cases (Mowrey-McKee et al. 1992). Where
lenses have been sampled following storage, higher rates of contamination with Gram-
negative bacteria are reported (Lipener et al. 1995). Acanthamoeba contamination of
contact lenses was reviewed by Larkin et al. (1990).

For medical devices such as catheters, which are supplied to the patient in a
sterile condition, the main hazard is contamination in use, which is largely then a
clinical problem. Clinical studies suggest that infections associated with catheter-
ization can include a broad range of Gram-negative and Gram-positive species, but
there is general agreement that there is a close correlation between infection and the
duration of catheterization. Studies and reviews of intravenous catheter-associated
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infections given by Knudsen et al. (1993), Raad et al. (1993), and Egebo et al. (1994)
indicated that reported colonization rates for catheters varied from 3.8 to 47%, with
estimated incidence of septicemia between 2.5 and 25%. The major route of con-
tamination is not fully established. Although some studies suggest that infections
mainly originate from the insertion site, other studies implicate catheter-administra-
tion set junctions as the most important source. Other studies of infections associated
with urinary drainage catheters and epidural catheters have been done by Wille et
al. (1993), Stickler and Zimakoff (1994), and Holt et al. (1995).

2.8 OVERVIEW

Substantial improvements in the microbial quality of manufactured products have
been seen in the last 30 or so years. For pharmaceutical products, this can be
illustrated by comparing the results of the 1971 PHLS survey (Anonymous 1971a)
with the results of a more recent survey of hospital-manufactured products carried
out over the period 1975–1983 by Baird (1985). Whereas the PHLS survey indicated
that 2.7% of 1220 product samples were contaminated with P. aeruginosa and 15%
with other Gram-negative rods, the more recent survey (13,000 samples) showed
only two isolates of P. aeruginosa with only 0.24% of samples containing Gram-
negative rods. Despite these improvements, however, there is no room for compla-
cency because outbreaks of infection continue to be reported from time to time
(Baird et al. 1980, Salveson and Bergen 1981, Stephenson et al. 1984, Millership et
al. 1986, Anonymous 1994).
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3.1 INTRODUCTION

It is necessary to understand the ecology of the total production process in order
to be in control of the microbiological quality of the finished pharmaceutical
product. It is not sufficient to know only the quality of the finished product, because,
particularly in the case of a preserved or sterile product, this gives no information
on the bioburden inflicted on that product at its earlier stages of manufacture, and
therefore, the safety margin afforded by any preservative or sterilizing process
cannot be assessed.

Furthermore, it is essential not only to be aware of the microbial quality of the
raw materials, but also of the packaging materials and the production environment
itself. The relative importance of the raw materials and the environment will depend
largely on the type and quantity of raw material used and on the type of finished
product. The microbiology of the environment will thus be of little significance for
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a tablet or dry powder product whose major constituent is heavily contaminated; at
the opposite extreme, an aseptically prepared product, made from sterile ingredients
and packaged into sterile containers, will be highly susceptible to the environment
quality. There are thus three major areas contributing to the ecology of the production
process, namely the raw materials, the primary packaging, and the environment.

3.2 RAW MATERIALS

Untreated raw materials derived from natural sources may be expected to be heavily
contaminated, whereas those of an essentially synthetic nature are usually free from
all but incidental microbial contamination. In 1976, Grigo reviewed the reports of
contamination in 282 raw materials and was able to group them into five categories
based on their total count (Table 3.1).

Category 1 raw materials were principally chemically synthesized or highly
purified extracts of natural materials. Category 2 contained synthetic and naturally
derived materials and category 3 contained predominantly plant extracts. Category
4 and category 5 were exclusively animal and plant products that had little or no
processing. Of the 282 raw materials, 188 had details of the organisms isolated
(Table 3.2). Bacillus species, Enterobacteriaceae, Staphylococcus aureus, and molds
occurred in all categories, and the Enterobacteriaceae predominated in categories 3
through 5, i.e., those with raw materials of natural origin.

Bonomi and Negretti, in 1977, surveyed 100 types of raw material in Italy with
similar results. Substances of either animal or plant origin were most heavily con-
taminated, often with counts exceeding 104 CFU.g–1, but inorganic chemicals, such
as sodium bicarbonate, had counts of less than 10 CFU.g–1. Undesirable or patho-
genic bacteria were isolated from 34 of the 100 raw materials tested, all 34 being
of natural origin. Of the 1038 samples tested from these 34 types of raw material,
1.2% contained sulphate-reducing Clostridia, 2.9% Pseudomonas aeruginosa, 2.6%
S. aureus, 3.1% Streptococcus faecalis, 8.5% Escherichia coli, 0.48% salmonellae,
and 4.0% other Enterobacteriaceae comprising Proteus (23 samples), Citrobacter
(11 samples), Klebsiella (3 samples), Enterobacter (1 sample), Erwina (1 sample),
Providencia (1 sample), and Yersinia (1 sample).

Favet (1992), examining 20 drugs of plant origin, found total aerobic counts to
range from 101 to 107 CFU.g–1 with 52% in excess of 105 CFU.g–1. Aerobic spores
and facultatively anaerobic bacteria often represented more than 50% of the aerobic
count. Fungal counts were generally a factor of 10 lower than the bacterial count.
Enterobacteriacae (but never salmonellae) were often present and in some cases at
levels in excess of 104 CFU.g–1.

Baggerman and Kannegieter (1984) examined the inorganic salts sodium chlo-
ride, potassium chloride, calcium chloride, and sodium bicarbonate, together with
glucose, fructose, sorbitol, mannitol, and glycine, all used in large-volume parenteral
production, and found all to have minimal contamination, with total counts ranging
from 0.1 to 10 CFU.g–1.

Crude herbal drugs such as powdered coptis may contain fungi at levels up to
104 CFU.g–1, and bacteria at levels up to 105 CFU.g–1 (Hitokoto et al. 1978, Yokoyama
et al. 1981). Aspergillus and Penicillium are the main components of the mycoflora
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of herbal drugs, with Aspergillus niger, A. glaucus, and A. flavus being the most
prevalent species among the Aspergillus. Mucor, Rhizopus, Cladosporium, and Aure-
obasidium may also be isolated. The bacteria isolated are predominantly sporing
Bacillus with micrococci and staphylococci also being present in some instances.

Ku et al. (1994) reported crude Chinese drugs such as Ginseng Radix, Glycyr-
rhizae Radix, and Zingiber Rhizome to be seriously contaminated. In a survey of

TABLE 3.1
Quality Categories of Raw Materials Based on Total Counts

Category
Maximum Average Total Count (CFU.g–1

or CFU.mL–1) for Each Category

1 10
2 103

3 104

4 105

5 106

Source: From Grigo, J. (1976). Zentbl. Bakt. Hyg. Abt. I. Orig. B., 162, 233–287.
With permission.

TABLE 3.2
Organisms Isolated from Raw Materials

Percentages of Raw Materials Containing the
Specified Organisms in Each Indicated Category

Microorganism 1 2 3 4 5

Sterile (no organisms detected) 34 0 0 0 0
Bacillus spp. 42 67 55 55 33
Molds 20 50 30 36 50
Staphylococcus aureus 4 18 15 18 33
Sarcina spp. 0 5 5 9 16
Streptococcus spp. 0 1 0 27 0
Escherichia coli 9 30 55 27 66
Salmonellae 0 4 10 18 83
Enterobacteriaceae (excluding Escherichia 
coli and salmonellae)

1 16 65 73 33

Pseudomonads 0 3 20 0 50
Flavobacterium spp. 0 1 0 0 0
Achromobacter spp. 1 1 5 0 0
Alcaligenes spp. 0 4 10 0 16
Clostridia 0 1 0 9 0

Note: See Table 3.1 for total count in category.

Source: Adapted from Grigo, J. (1976). Zentbl. Bakt. Hyg. Abt. I. Orig. B., 162, 233–287. With permission.
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19 crude drugs analyzing a total of 119 samples, Ku et al. showed 47% to have total
counts in excess of 104 CFU.g–1 with 23% having yeast and mold counts in excess
of 104 CFU.g–1. In addition, 66% of samples contained coliforms, 59% Bacillus
cereus, 1% Salmonella spp., and 3% Staphylococcus aureus.

Data from our own surveys over the period 1984–1996 (Table 3.3) is in agree-
ment with that of earlier published information. Untreated plant material such as
senna pods and ispaghula husk may contain up to 106 CFU.g–1 of bacteria and 104

CFU.g–1 of molds with Enterobacteriaceae and pseudomonads present; whereas the
chemically synthesized or highly refined materials are essentially free of contami-
nation. As in earlier surveys, spore-forming Bacillus spp. are the predominant organ-
isms in almost all raw materials.

3.3 WATER

Water is often the major component of pharmaceutical preparations and can be a
very significant source of contamination. Product contamination may arise directly
from the process water, indirectly from cleaning operations, or by cross-contamina-
tion from the wet areas of floors, sinks, and drains to the processing equipment.

3.3.1 METHODS OF WATER PREPARATION

3.3.1.1 Distillation

Distilled water, immediately after condensation, is sterile and with proper aseptic
collection and storage precautions may be kept so. In the parenteral industry, distilled
water is often maintained at 80°C and circulated around a ring system. This practice
maintains the quality of the water by destroying any vegetative organisms that gain
access to the system at outlet points, thereby preventing the generation of pyrogens.
It is, therefore, important in the construction of circulating ring systems that no dead
legs are created and that outlets are as close as possible to the ring to minimize local
areas of lower temperature, where adventitious contamination can survive and grow,
giving rise to pyrogens in the final product. Although proving effective for the
parenteral industry, the maintenance of 80°C throughout the water system is prohib-
itively expensive for large-scale use in nonsterile pharmaceutical production.

3.3.1.2 Reverse Osmosis

Reverse osmosis (RO) involves forcing water, at a pressure in excess of its natural
osmotic pressure, across the surface of a semipermeable membrane. Pure water is
driven from the more concentrated upstream feed water side to the downstream
permeate side. By configuring the latest generation of spirally wound RO membranes
so that the product water passes through two consecutive stages (twin pass), virtually
all the microorganisms, endotoxins, and other organic macromolecules can be
removed from the feed water, together with up to 98% of the inorganic ions (Cross
1994). Microorganisms can nevertheless be recovered downstream of RO membranes,
usually as a result of their subsequent ingress into the storage vessel or distribution
system. RO membranes may be sanitized and depyrogenated with various chemicals,
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TABLE 3.3
Microbiological Contamination of 34 Raw Material Types Representing 1527 
Deliveries over the Period 1984–1996

Substance

Number of Deliveries with Total Counts (CFU.g–1 or CFU.mL–1)
in the Indicated Ranges

<10 101–102 102–103 103–104 104–105 105–106 >106

Gum acacia powder — — 1 8 — — —
Alginic acid — 99 5 3 — — —
Aluminium hydroxide 28 3 — — — — —
Banana flavor 5 — — — — — —
Carotene — 3 — — — — —
Calcium carbonate 10 6 — — — — —
Calcium phosphate 11 — — — — — —
Caramel flavor 6 1 — — — — —
Carmoisine soluble 2 2 2 — — — —
Cocoa powder — 7 17 14 — — —
Dextrose anhydrous 32 4 — — — — —
Ginger powdera — — — — — — 9
Grapefruit flavor 5 5 1 3 — — —
Hydrolyzed gelatin 9 — — — — — —
Hydrogenated glucose 
syrup

15 32 1 — — — —

Ispaghula huskb — — — 6 50 33 —
Lactose 24 1 — — — — —
Light kaolin — 2 — — — — —
Locust bean gum — 1 6 1 — — —
Lime flavor 1 2 1 — — — —
Magnesium stearate — 2 — — — — —
Magnesium trisilicate 16 27 5 — — — —
Maize starch 6 36 26 — — — —
Malt extract 1 6 13 1 — — —
Mannitol 62 26 4 — — — —
Orange flavor 5 — — — — — —
Paracetamol/polyvinyl
pyrrolidone

36 2 — — — — —

Raspberry flavor 3 — — — — — —
Senna pods — — — — 4 11 5
Sodium alginate — 59 83 39 4 — —
Sodium bicarbonate 3 2 — — — — —
Sugar 95 262 164 6 — — —
Sunset yellow 6 — — — — — —
Sterilized talc 45 2 — — — — —

Note: Dashes indicate zero deliveries.

a Salmonella spp. in one delivery.
b Escherichia coli, one delivery; pseudomonads, two deliveries.
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depending on the polymer formulation of the membrane. RO is accepted by both
the European Pharmacopoeia (2004) and the United States Pharmacopeia 29 (2005)
as a method of preparing purified water but not by the European Pharmaopoeia for
water for injection (WFI). It is quite common in purified water systems to operate
a RO unit upstream of a final deionization unit.

3.3.1.3 Deionization

Purified water prepared by deionization is the most common form of process water
used for nonsterile pharmaceuticals, yet this has perhaps the highest potential for
contamination. The source water for the production of purified water is normally
town water of potable quality. Water suppliers chlorinate the water as it leaves the
treatment works to maintain its microbiological quality throughout the distribution
network. However, manufacturing plants at the extremities of the distribution net-
work may receive water with little or no residual chlorine; under these circumstances,
the potable water may be contaminated with pseudomonads and other Gram-negative
waterborne organisms (Rhodes, personal communication). In this case, on-site chlo-
rination or ozonization of the water supplied to the storage tanks may be necessary.
Water authority regulations do not allow water to be connected to other equipment
directly from a rising main and insist on a break tank. This should be as small as
possible as it will tend to remain static at night, weekends, and during plant shut-
downs, leading to proliferation of microorganisms in the tank and thus present a
high loading to the deionizer of the purified water plant.

Deionized water systems may involve some combination of the following, all
of which can harbor microorganisms: carbon filter, water softeners, cation- and
anion-exchangers as either twin or mixed beds, and a storage and distribution system
(Chapman et al. 1983a).

Carbon filters—Carbon filters are effective in removing chlorine and lower-
molecular-weight hydrocarbons, but are less effective in removing high-molecular-
weight organic materials, such as humic acid, which are common to surface water
supplies. These filters are often used to minimize irreversible fouling of deionizing
resins. Microbial growth is supported by organic molecules absorbed onto, and
retained within, the activated carbon particles. The highest numbers of microor-
ganisms occur toward the bottom of the bed because the residual chlorine is
removed in the top portion. Organisms leave the filter on particle fines or when
they are sloughed off by the local flow conditions and shear forces. Coliform
organisms together with Arthrobacter, Alcaligenes, Acinetobacter, Micrococcus,
Corynebacterium, and Pseudomonas species may be recovered from carbon filters
(Camper et al. 1986).

Water softeners—Softeners, which are required when the source water has a
high mineral content (especially Ca2+ and Mg2+) are generally more susceptible to
microbial contamination than cation- or anion-exchange resins, because the latter
are generated with acid and alkali, which have a bactericidal effect (Chapman et al.
1983b). Sodium chloride regeneration solutions for softeners do not provide the
necessary periodic bactericidal effect. Consequently, situations can develop in which
the microbial population steadily increases over the course of the softener’s operating
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life. Some bacteria will be removed or reduced during a backwash operation, but
many softeners are designed with minimal headspace and there is insufficient back-
wash flow (Chapman et al. 1983b).

The brine makeup tanks associated with softeners can allow proliferation of
halophiles and other salt-tolerant microorganisms unless adequate precautions are
taken. These include agitation or recirculation of the tank contents to prevent strat-
ification, which leads to high levels of microorganisms in the lower salt concentra-
tions at the top of the tank. Maintaining saturated solutions, minimizing the brine
holding time, and providing a clean closed system are worthwhile precautions to
reduce the risk of microbial contamination and proliferation.

Ion-exchange resins—The cation or anion deionizers themselves, if correctly
sized, may well present less of a problem than the other major elements of the
system. Even though the deionizers will be inoculated repeatedly with bacteria from
upstream in the system, the frequent regeneration by strong acid and alkali usually
sanitizes them. Problems may arise with deionizers when either physical pockets of
stagnation occur or after prolonged periods of inactivity, for example, when a standby
unit comes into operation during regeneration of the primary unit. If regeneration is
infrequent, the standby unit may be seriously contaminated by the time it is called
into duty. The adhesive interactions between the microorganisms and the ion-
exchange resins have been classified by Wood (1980) as nonspecific, pH-dependent,
and salt-dependent.

High-molecular-weight organic molecules and their chlorine-oxidized degrada-
tion products will be concentrated onto the resin bed from the supply water. This
occurs partly due to molecular absorption onto the bead surface and partly due to
the migration of the organics into the matrix of the resin beads. Insoluble organic
material will also be retained in the bed due to simple physical filtration. The resin
beads do not, of themselves, support the growth of microorganisms; however, micro-
bial proliferation on and between the resin beads is encouraged by the retained
organic material (Dudderidge 1988). As the biofilm increases throughout the resin
bed, so the chemical and microbiological quality of the water gradually declines. In
addition, sudden surges through the bed, caused by shutdowns or start-ups, can lead
to sloughing off of portions of the biofilm from the bead surfaces into the stream.

The extent to which microbial growth will occur within an ion-exchange bed
will be a function of the type and level of organic material in the input water, the
temperature of the bed, and the operating characteristics of the plant. Typically,
viable counts made at 22°C can be expected to be 103 CFU.mL–1 from a deionizer
prior to regeneration, if that regeneration is undertaken approximately every 24 h.
If the system is so oversized as to need regenerating only weekly, then counts of
105 to 106 CFU.mL–1 are not uncommon. The organisms most often associated with
deionizers are Acinetobacter spp., the Alcaligenes group, and Pseudomonas spp.,
although Gram-positive rods and cocci may also be found. The organisms originate
mainly from the supply water, but may also be present in the resin beds as they are
supplied. Karavanskaya et al. (1980) found ion-exchange columns to be heavily
contaminated with Moraxella and Acinetobacter species, and Stamm et al. (1969)
isolated and identified 44 different bacterial and fungal genera, including pathogens,
from the effluent of cation exchangers. Schubert and Esanu (1972) reported
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P. fluorescens, putida, lemoignei, acidovorans, cepacia (now Burkholderia cepacia),
maltophilia, and carophylii, together with Alcaligenes group and Gram-positive rods
and cocci, as being present in ion exchangers.

Continuous electrodeionization (CDI) combines alternating anion and cation ion
exchange membranes with mixed ion exchange resin to remove ions from water
under the influence of a direct electric field applied via two large electrodes. The
applied DC current causes ions to migrate from the feed water in the resin filled
area through the cationic or anionic membrane and away to waste thereby flushing
the membranes. When the electrical potential that builds up between the cation and
anion beads reaches 0.8 V, it discharges causing water to dissociate into hydrogen
(H+) and hydroxyl (OH–) ions, which then act to regenerate the resin continuously.
Water dissociation occurs to a much larger extent when the CDI unit is sited
downstream of an RO unit because the water is already substantially depleted of
ions by the RO before it is fed to the CDI (Ganzi and Parise 1990). The outer surface
of most bacteria being electronegative (Mittleman and Geesey 1987), they are
attracted to the anion exchange surfaces where the greatest degree of ionization
occurs. These surfaces appear to be bactericidal and result in an environment that
reduces the rate of bacterial proliferation. Ganzi and Parise (1990) reported operating
a RO-CDI system for at least 10 weeks without sanitization continuing to produce
water bacterial counts of <0.1 CFU.mL–1 and endotoxin levels of <0.25 IU.mL–1.
When required, effective cleaning or sanitization of the CDI can be achieved with
1% sodium percarbonate applied for 60 min (Ganzi and Parise 1990).

Once microorganisms are in the distribution system, a proportion will attach
themselves to the surface of pipework, filters, storage tanks, and general fittings.
Flow rates of 1 to 2 m.s–1 are normally recommended for water systems to minimize
adhesion. In general, the slower the flow rate and the rougher the internal surfaces,
the faster adhesion will occur. The rate of adhesion and subsequent growth will be
system specific, but such biofilms can be difficult to remove and the system may
require thorough cleaning followed by disinfection.

If stagnant water is allowed to occur in dead legs within a distribution system,
counts of 106 CFU.mL–1 are quite easily attained, and this culture can effectively
seed the main body of recirculating water. Ingress of environmental contaminants
will occur if tank vents are not properly protected by bacterial filters and takeoff
points are poorly handled. The practice of leaving flexible hoses connected to takeoff
points is a particular example where stagnant water in the hose may contaminate
the main ring via the valve or meter. Hoses need to be removed and drained
immediately after use.

Distribution system—Deionizers may be situated between the raw or pretreated
input water and the main storage tank, that is, outside the distribution ring, or within
the distribution ring. In either case, accepting that contamination from the deionizers
is almost inevitable, there must be some system of controlling the microbial load in
the circulating ring. Two main approaches are used:

1. Ultraviolet (UV) light—UV lamps operating at a wavelength of 254 nm
are most often used in the circulating ring main, but there may be occasions
where they are better sited at the point of use. UV lamps are effective at
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controlling the microbial load provided they are correctly sized to cope
with the flow rate, optical clarity, and expected bioburden of the water.
Correct maintenance of UV “sterilizers,” particularly in the regular clean-
ing of the quartz sleeves covering the UV lamp, is essential if effective
light penetration is to be maintained. Lamps need to be changed at the
end of their rated hours as the UV output of a lamp decays with time to
an ineffective level.

2. Filtration—Filtering water through 0.45- or 0.2-µm pore size membrane
filters is a method widely used in the pharmaceutical industry for reducing
the microbial burden. Prefiltration may be necessary to protect the expen-
sive bacterial filters from fouling with larger particles or colloids in the
source water and fines shed from the ion exchangers. Some waterborne
bacteria will pass through a 0.45-µm pore size filter, and for microbio-
logically pure water, a maximum pore size of 0.2 µm should be used. The
correct installation of filters within the housings is crucial if the microbi-
ological quality of the water is to be maintained. Poorly seated filters
allow bacteria to pass around the seal and contaminate the rest of the
distribution system. Wherever possible, it is advisable to test the integrity
of a filter in its housing immediately after installation by, for example, a
bubble point or forward flow pressure hold test (see Chapter 11).

3.3.2 MICROBIOLOGICAL QUALITY

The microbiological purity required from a water system depends largely on its
usage. The alert levels normally used are 100 CFU.mL for purified water and 10
CFU per 100 ml for water used for injection. An endotoxin limit of <0.25 IU.mL–1

also applies to water for injection. For further information on water sampling and
water testing methods, including testing for endotoxins, the reader is referred to the
companion Handbook (Baines 2000, Baird 2000, Millar 2000).

3.4 PACKAGING

Primary packaging should not be ignored in the total quality equation. It has a dual
role in containing the product and in preventing contamination with microorganisms
and the ingress of moisture that may lead to subsequent spoilage (see Chapter 16).
The packaging can also act as a source of microbial contamination. In practice, when
used for nonsterile dry products or preserved liquids, the packaging seldom contrib-
utes significantly to the total bioburden of the product. However, in the case of sterile
products, particularly those aseptically prepared, any contamination in the container
becomes significant and sterilization of the container is essential.

At the time of manufacture, glass containers are sterile and molded plastic
containers are likely to contain only very low levels of contamination. Incidental
contamination may arise during packing, storage, and shipment, particularly when
cardboard or paperboard is used between the layers of stored bottles or unlined
cardboard boxes are employed. Contamination is predominantly with spores of
Penicillium spp., Aspergillus spp., and Bacillus spp. Laminates, metal foils, and
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blister-pack materials all have smooth impervious surfaces with a high-temperature
stage employed in their manufacture and, therefore, have low surface microbial
counts. Because they are stored and transported as wound reels, incidental contam-
ination is restricted to the outer surface of the reel.

Negretti (1981) examined 4200 samples of pharmaceutical packaging materials
and accessories (glass and plastic bottles, flexible metal tube, droppers, blisters, and
cap liners). The samples most often contaminated were cap liners (96.4%), plastic
bottles (94.8%), droppers (93.6%), and flexible metal tubes (89.7%); less frequently
contaminated were the glass bottles (54.6%) and blisters (33.5%). All those contam-
inated had low microbial counts (only 2.54% in excess of 50 CFU per container)
consisting mainly of sporing bacilli (42.4%) and molds (25%), but pathogenic or
hygienically undesirable organisms were occasionally found (Table 3.4).

3.5 ENVIRONMENT

3.5.1 WAREHOUSE

Having obtained good quality raw materials and packaging components, it is impor-
tant to maintain that quality throughout storage. Although most dry raw materials
are nowadays supplied in polythene-lined sacks or kegs, possibly with pallet covers,
there is still a potential for contamination if the standard of warehousing is inade-
quate. Warehouses with racking to hold individual pallets are ideal; air can then
circulate around the pallets, allowing the outer packaging to dry out if it has become
damp in transit. In unracked warehousing, the close proximity of uncovered pallets
to each other may result in damp areas persisting, thereby allowing mold spores
present on the outer paper sacks or the cardboard packaging components to germinate
and grow. Pallets stored in contact with outer walls may become damp if the wall
is at all porous, a situation particularly prevalent in older buildings, with the result
that mold growth may occur. The contamination of the outer packaging can be
transferred in the dispensaries to the raw material itself as the bags are handled.
Small pockets of macroscopic mold on the outer bags can easily be missed by the
operators in a busy dispensary. Care needs to be exercised if pallet covers are added
at the receiving warehouse because goods must be dry before covers are applied.
Conditions ideal for mold growth may be provided if polythene covers are used to
overwrap damp materials.

It is essential that pest control measures, against rodents and insects for instance,
are maintained, as droppings will be heavily contaminated with enteric pathogens.
Strip curtaining or automatic doors should be used at all entrances to warehousing
to reduce the risk of birds entering, perching, and nesting within the warehouse.
Bird droppings, which are not only unsightly, are heavily contaminated.

Liquid raw materials preserved by virtue of their high osmotic pressure, for
example, sugar solutions and malt extract, can be susceptible to mold growth if
condensation forms on the inner surfaces of the storage vessels and falls back into
the liquid, thereby causing surface areas of reduced osmotic pressure. Trace heating
of tanks to prevent condensation or continuous stirring to mix in any condensation
can prevent the problem in large tanks, but small tubs (25 kg) can sometimes be a
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TABLE 3.4
Microflora Present on Containers

Number of Containers Contaminated with

Type of
Container

Number
Examined

Number
Contaminated Bacilli Mold

Staphylococcus
aureus

Pseudomonas
aeruginosa

Streptococcus
faecalis Enterobacteriaceae spp.

Glass bottle 1,000 546 308 103 25 4 0 K. pneumoniae 8, Escherichia coli 6
Plastic bottle 1,000 948 466 353 40 0 2 Escherichia coli 19, K. pneumoniae 7, 

Serratia 6, Enterobacter 5, Yersinia 5, 
Citrobacter 3

Metal tubes 1,000 897 521 248 64 0 5 Escherichia coli 11, Proteus 7, K. 
pneumoniae 4, Citrobacter 3, 
Enterobacter 2, Hafnia 2

Droppers 500 468 187 189 11 0 0 Escherichia coli 10, Proteus 8, K. 
pneumoniae 5, Enterobacter 5

Cap liners 500 482 257 151 14 0 0 K. pneumoniae 9, Escherichia coli 8, 
Proteus 7, Serratia 6

Blister 200 67 42 9 4 0 0 0

Source: Adapted from Negretti, F. (1981). Boll. Chim.-Farm., 120, 193–201.
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problem. In our experience, malt extract delivered in the summer and stored in a
cool warehouse developed condensation on the lids and surface of the malt, allowing
the mold spores present to germinate and grow.

3.5.2 MANUFACTURE OF NONSTERILE DRY PRODUCTS 

In a manufacturing facility dealing with only dry powder mixing, granulation and
drying, and final sacheting or tabletting, contamination of the product from the
environment is minimal. The contamination that does occur will be predominantly
Bacillus and mold spores from the environment dust, together with micrococci and
staphylococci from skin scales shed by the operators. The major source of contam-
ination is cross-contamination from the outer packaging to the raw materials during
dispensing. However, in practice, with good handling procedures and suitable ven-
tilation for dust control, cross-contamination is minimal and normally undetectable.
Blending and mixing operations are now largely enclosed and ingress of airborne
contamination is minimal.

Fluid bed driers and mixer granulator driers pass large quantities of air through
the product during the drying and granulation stage and can potentially be a source
of contamination depending on the siting of the input air duct. However, in practice,
coarse filtration of the input air appears to be all that is required, and submicron
filtration is rarely necessary to prevent large increases in microbial numbers during
the drying stage. Bed temperatures of 80 to 100°C achieved in fluid bed driers and
granulator driers cannot be relied upon to destroy vegetative organisms such as the
Enterobacteriaceae that may, for instance, be present in a raw material of natural
origin because the heat is essentially dry heat.

Aqueous granulation and drying can become a problem if drying is not carried
out immediately or if temperature tray drying is carried out over an extended time.
Proliferation of the flora originating from the raw materials may occur during the
tray drying stage, which then dies out as the water activity is reduced. High spore
counts may be all that remain in the finished product to indicate such a problem.

Tabletting machines exert some antimicrobial effects. The shearing forces and
localized heat involved in pressing tablets is sufficient to destroy many mold spores
and vegetative organisms, although Bacillus spores appear to survive. Reductions of
67 to 93% in total viable counts of a dry blended product have been reported to be
produced by tabletting (Chesworth et al. 1977). Increasing compression pressures
and tabletting speeds increase the antimicrobial effect (Fassihi and Parker 1987).
Generally tablets produced by direct compression give lower microbial levels than
those of the wet granulation method (Ibraham and Olurinola 1991).

Sachet or tablet filling operations have no effect on the microbiological quality
of the product. The accumulation of product dust in vacuum transfer lines, hoppers,
tabletting, and filling machines is largely a problem of good manufacturing practices
(see Chapter 6), and does not pose a microbiological hazard due to the low water
activity of the powder preventing growth from occurring.

The method used for cleaning equipment often has a major influence on the
potential for microbial proliferation. Dry vacuuming is the best method as this does
not produce conditions conducive to growth, but it may not always be appropriate
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for product changeovers. On occasions, washing with water may be the only
effective form of cleaning, but carries with it the risk of presenting conditions ideal
for microbial proliferation. Unless equipment is thoroughly cleaned and dried,
growth is almost inevitable. Poorly cleaned equipment can result in small pockets
of product, dried on the outside, but remaining damp in the center, where growth
can occur. Subsequent use of the equipment results in sporadic incidences of
contamination, which may include Gram-negative organisms originating from the
cleaning water supply or molds from the previous product. Any areas of the plant
that are not dry at the end of the cleaning operation must be regarded as potential
areas for microbial growth. In addition, cleaning solutions themselves require
careful attention. Dilute solutions of detergents may well support growth (see
Chapter 2). Dilute citric acid solutions, used to return stainless steel equipment to
a polished appearance, can become heavily contaminated with mold if not freshly
prepared (unpublished observations).

3.5.3 PRODUCTION OF NONSTERILE LIQUIDS, CREAMS,
AND OINTMENTS

Cross-contamination from the outer packaging of raw materials is possible in the
dispensary, although in practice, with good air handling and dust extraction, it is
minimal. Bacillus spp., mold spores from environmental dust, and micrococci and
staphylococci from skin scales are the commonest contaminants at this stage.

Because water is involved in the production of liquids, creams, and ointment
products and in the cleaning of the plants, there is a potential for microbiological
contamination of the production environment. The greatest danger lies in cross-
contamination from the manufacturing environment to the product. Water on the
floor, in the drains and gullys of the manufacturing environment, and the wash areas,
enables P. aeruginosa, other Pseudomonas spp., Enterobacter spp., and other Gram-
negative bacteria to grow profusely. Counts of 106 to 107 CFU.mL–1 are easily
attained in the wet areas if regular disinfection and drying is not carried out. However,
the total elimination of contamination can never be effected, as there is always a
reservoir of contamination in the drains. In addition, the feet of the operators and
the wheels of pallet trucks are probably a major vector for transferring contamination
from one area to another and it is, therefore, important to keep the floors and surfaces
as dry as possible.

Similar situations were described in a study of environmental contamination
in hospital manufacturing pharmacies, where P. aeruginosa was isolated from a
variety of wet sites, including sinks, drains, taps, draining boards, tank water
supplies, label dampers, and cleaning equipment (Baird et al. 1976). The same
strains of P. aeruginosa were invariably isolated from contaminated products made
in these pharmacies and subsequently from patients who used the products (Baird
and Shooter 1976).

Good manufacturing practices are particularly important in preventing cross-
contamination from the plant environment to the product (see Chapter 6). Particularly
at risk are those operations that may have to be carried out in close proximity to the
floor, such as hose connections.
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Cleaning equipment can also be a significant source of contamination. Mops,
buckets, cloths, scrubbing machines, and other items, particularly when stored wet,
may provide suitable conditions for the proliferation of Gram-negative bacteria,
especially Pseudomonas spp. The use of contaminated cleaning equipment has
contributed to the spread of infections in hospitals (Maurer 1985) and there is no
doubt that contamination in pharmaceutical factories has occurred in the same way.

Cleaning the processing equipment, storage tanks, pipelines, and filling machines
creates its own potential for contamination because it inevitably has a water rinse
as its final stage. If the plant remains moist, then growth of Gram-negative organisms
is to be expected. Ideal equipment is crevice free, smooth surfaced, easily drained
or dried, and is readily accessible. Vessels, mixers, and homogenizers with their
associated shafts may easily create obstacles to cleaning lances leaving shadows of
unclean equipment areas. Inspection ports and inlets for probes, often recessed into
the sides of the vessel, can be particularly difficult to clean and dry. Pumps, especially
those with pressure release valves, need careful attention. Pipelines, with minimal
dead legs that are self-draining, are essential if cleaning is to be achieved without
extensive dismantling. Complex filling machines, although having smooth inner
surfaces and being easily cleaned in place, can be difficult to dry without dismantling.
Those areas of the plant that are difficult to clean have the potential for creating
areas of dilute product, where organisms may become adapted to preservative levels
present in that product.

Compressed air coming into contact with product or primary packing, for exam-
ple, bottle blowers, unless sterilized by filtration, can be expected to be a source of
contamination. Gram-negative organisms may colonize the condensate in the air
reservoir tanks.

In a well-maintained manufacturing facility operating with good manufacturing
procedures, environmental air is not a significant source of contamination during
processing or filling of preserved products. Covered mixing vessels prevent signif-
icant ingress of air during the mixing stage and air turbulence created both within
and around container openings appears, in practice, to be insufficient to cause
significant numbers of microorganism-laden particles to enter the container.

Chemical disinfectants used throughout the plant must be prepared to the correct
use concentration. Overdilute solutions may become contaminated and thereby rep-
resent a source of contamination for the environment to be cleaned (see Chapter 2).
Most chemical disinfectants, in particular the halogens, some phenolics, and qua-
ternary ammonium compounds, are inactivated in the presence of organic matter
and it is essential that all cleaning materials such as buckets are kept clean. Biofilms
may arise on the surfaces of dirty containers in which organisms, normally sensitive
to the disinfectant solution, may survive and grow. The practice of storing bulk
concentrated disinfectant, and preparing use concentrations daily in clean containers,
significantly reduces the chances of contamination. The rotation of disinfecting
agents is a wise precaution against the development of resistant strains.

For a more detailed discussion of cleaning practices, their validation and role in
contamination control programs, the reader is referred to Hodges and Baird (2000)
in the companion Handbook.
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3.5.4 STERILE PRODUCTS

Many precautions need to be taken in the design and operation of a sterile product-
manufacturing facility to minimize both particulate and microbial contamination (see
Chapters 6 and 7). The production suite needs to be of a high standard of construction,
having impervious smooth walls, floor and ceiling covering, and all dust traps
eliminated. All surfaces and equipment should be easy to clean and constructed in
materials capable of withstanding repeated chemical disinfection. High efficiency
particulate absorbing (HEPA)-filtered air supplies either to provide conventional
airflow in the room space or localized laminar flow at the critical sites of operation
are normal in the pharmaceutical industry (see Chapter 7). Regular chemical disin-
fection of the surfaces, walls, and floors, together with maintenance of the air filter
integrity and air change rates, can produce areas well within the standards in the
unmanned state. Fumigation of areas with formaldehyde is commonly carried out,
but provided chemical surface disinfection is thorough, this is probably necessary
only after the integrity of the area has been broken during maintenance. Microbial
burdens of 0 to 3 CFU per 24-cm2 contact plate immediately after cleaning are easily
attained and counts of <10 CFU per 24 cm2 can be expected even during operation.
The level of microorganisms present in the air is dependent on the type of operation
carried out, the number of operators, and the size of the room. The greater the
complexity of operation and number of operators, the higher the level of contami-
nation to be expected in a given space.

The quality of gowning and level of awareness and training of operators is very
important in determining the levels of environmental contamination in clean aseptic
areas. Full coveralls with boots, hood, face mask, and sterile gloves afford the
maximum protection to the environment. Close-weave fabrics that prevent skin scales
from escaping yet allow a degree of air movement give operator comfort and,
therefore, high procedure compliance rates. Air-impervious garments are extremely
uncomfortable and become counterproductive, as the only areas from which air can
escape are the cuffs and collar. Thus, each time a movement is made there is a
tendency to puff skin scales and organisms out into the environment. In addition,
hot, uncomfortable, and irritable operators are less likely to comply strictly with
procedures.

3.6 OVERVIEW

An understanding of the microbial ecology of production processes and environ-
ments enable the industrial microbiologist to appreciate the critical control points,
set sensible quality limits and quickly identify reasons for changes in quality.
Extended treatments of environment standards and good manufacturing practices
that contribute to good microbiological control are given in Chapters 6 and 7.
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4.1 INTRODUCTION

4.1.1 DEVELOPMENT OF ENVIRONMENTAL CONTROL

The early development of cleanrooms during World War II resulted from the
identification of a need to improve the quality and reliability of the instruments of
war. The relationship between dirty work environments and the failure of equipment
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during battle was quickly noted, and manufacturers started to consider methods
they could use to clean up their working environments to improve the quality control
of their products. Included among their developments was the high efficiency
particulate air (HEPA) filter, which allowed air to be “filter cleaned” so that con-
tamination from both microorganisms and particles could be removed, thus provid-
ing the mechanism by which very clean working environments could be established.
In 1962, the Sandia Laboratories’ development of the “unidirectional” airflow
system heralded a major landmark in cleanroom technology, providing a mechanism
and series of methodologies that future “clean” manufacturing industries would
rapidly follow (Whyte 1999).

As a result of the developments during the early 1960s, a need for standardization
across those industries utilizing cleanroom technology was realized. In the United
States, the development and release of Federal Standard 209 (FS209) A, B, C, D,
and E (1962, 1976, 1987, 1988, 1992) heralded the provision of documentation that
could be used to classify both conventional and unidirectional cleanrooms, as well
as detailing cleanroom design principles, appropriate mechanisms of working within
the clean environments, requirements for the cleaning of the rooms, information on
restriction of certain types of equipment, and details of personnel clothing. Although
this and many other country-specific standards [e.g., British Standard 5295 (BS5295)
1976, 1989] have now been superseded by the International Organization for Stan-
dardization’s (ISO) document ISO 14644–1 (1999), the basic concepts and thoughts
outlined still very much hold true today.

4.1.2 CLEANROOM CLASSIFICATION

Different manufacturing industries and processes require different levels of cleanli-
ness within their manufacturing environment. The original Federal Standard 209A
(1962) introduced the concept of room classification, by which particulate levels of
contamination were restricted at different size levels and numbers, depending upon
the room’s purpose. Today the current harmonized ISO definition of “classification”
is as follows:

Level (or process of specifying or determining level) of airborne particulate cleanliness
applicable to a cleanroom or clean zone, expressed in terms of an ISO Class N, which
represents maximum allowable concentrations (in particles per cubic metre of air) for
considered sizes of particles.

Importantly, the use of the term classification is now related to one or more of
three occupancy states: “as-built,” “at-rest,” and “operational.” As-built occurs only
once and thereafter the other two states are tested and defined. When designating
the classification of a cleanroom or clean zone, the ISO classification number,
occupancy state, and particle size(s) and concentration(s) must all be used to provide
the user with full knowledge of the appropriateness of the classification.

In order to determine the classification number of a cleanroom or clean zone
and, hence, the particle size and concentration the room or zone should achieve, the
ISO standard uses the following equation:
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Cn = 10N × (0.1/D)2.08

where Cn is the maximum permitted concentration (in particles per cubic meter of
air) of airborne particles that are equal to or larger than the considered particle size.
Cn is rounded to the nearest whole number, using no more than three significant
figures. N is the ISO classification number, which shall not exceed a value of 9.
Intermediate ISO classification numbers may be specified, with 0.1 the smallest
permitted increment of N. D is the considered particle size, in micrometers; 0.1 is
a constant, measured in micrometers.

Using the ISO classification equation, selected airborne particulate cleanliness
classes for cleanrooms and clean zones can be determined (see Table 4.1).

Although cleanroom classifications are required to be used in the pharmaceutical
industry, they only specify the requirements of the maximum level of particulate
contamination, with no consideration of the presence and level of microorganisms.
Specifications regarding microbial contamination detection and limits can be found
in the European Community’s “Guide to Good Manufacturing Practice for Medicinal
Products” (EC GGMP) (Eudralex 2004) or the U.S. Food and Drug Administration’s
(FDA’s) “Guidance for Industry Sterile Drug Products Produced by Aseptic Process-
ing—Current Good Manufacturing Practice” (FDA 2004). These guides define the
grades of environmental quality in terms of both the particulate concentration and
the microbiological contamination levels acceptable for pharmaceutical manufacture
of medicinal products.

The design of cleanroom pharmaceutical manufacturing facilities is very much
dependent upon the manufacturing processes that are to be performed during the
production of a medicinal product. The major critical determining factor is the
requirement of aseptic manipulation steps as opposed to the terminal sterilization of
the finished product. EC GGMP defines four grades of cleanliness. Grade A is the

TABLE 4.1
ISO Classification of Cleanroom Particulate Limits

ISO
Classification
Number (N)

Maximum Concentration Limits (Particles.m–3 of Air) for Particles
Equal to and Larger Than the Considered Sizes Shown Below

0.1 µµµµm 0.2 µµµµm 0.3 µµµµm 0.5 µµµµm 1 µµµµm 5 µµµµm

ISO class 1 10 2 — — — —
ISO class 2 100 24 10 4 — —
ISO class 3 1,000 237 102 35 8 —
ISO class 4 10,000 2,370 1,020 352 83 —
ISO class 5 100,000 23,700 10,200 3,520 832 29
ISO class 6 1,000,000 237,000 102,000 35,200 8,320 293
ISO class 7 — — — 352,000 83,200 2,930
ISO class 8 — — — 3,520,000 832,000 29,300
ISO class 9 — — — 35,200,000 8,320,000 293,000

Note: Dashes indicate not applicable.
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cleanest with regard to both particulate and microbiological contamination. For
appropriate conditions for aseptic manufacture, the level of “clean zone” should be
achieved both “at rest” and “in operation” (see Table 4.2 and Table 4.3).

The ISO standards and the FDA and EC GGMP guidelines have allowed the
continued development of pharmaceutical medicinal products even though some of
today’s newer pharmaceutical technologies (e.g., nanotechnology and gene therapy)
require extremely stringent manufacturing conditions that 30 to 40 years ago would
not have been attainable.

4.2 SOURCES OF ENVIRONMENTAL 
CONTAMINATION

Environmental contaminants are typically referred to either as viable, resulting from
particles that harbor culturable microorganisms, or nonviable, resulting from inanimate

TABLE 4.2
Cleanroom Classification According to the EC GGMP

Grade

At Rest In Operation

Maximum Permitted Number of Particles.m–3 Equal to or Above

0.5 µµµµm 5 µµµµm 0.5 µµµµm 5 µµµµm

A 3,500 1 3,500 1
B 3,500 1 350,000 2,000
C 350,000 2,000 3,500,000 20,000
D 3,500,000 20,000 not defined not defined

TABLE 4.3
Recommended Limits for Microbial Contamination According to EC 
GGMP Cleanroom Classification

Grade

Recommended Limits for Microbial Contamination

Air Sample
CFU/m3

Settle Plates
CFU/4 h

Contact Plates
CFU/plate

Glove Print
CFU/glove

A <1 <1 <1 <1
B 10 5 5 5
C 100 50 25 —
D 200 100 50 —

Note: CFU are colony-forming units. Dashes indicate no limit specified.

Source: From Eudralex. (2004). Volume 4—Medicinal Products for Human and Veterinary
Use: Good Manufacturing Practice. Office for Official Publications of the European Com-
munities, Luxembourg. With permission.
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particles. The ratio of viable to nonviable particles has been variously estimated at
between 1:500 and 1:20,000, in a total concentration of approximately 108 to 1013 m–3,
with the particle size distribution of a typical atmospheric air sample shown in Table
4.4. It can be seen that particles up to 1 µm constitute almost 99% of the numerical
particulate load, but account for only 2% of the total contaminant load weight. This
factor has important implications for the filtration systems employed in reducing
airborne particulate contamination (De Vecchi 1986). It should also be noted that the
levels of contamination are very dependent upon the environment location (e.g., highly
populated or industrial environments being high in background levels of contamina-
tion), as well as being influenced by prevailing climatic conditions.

Within the cleanroom environments the pharmaceutical industry has available
for manufacture, the major source of particulate contamination arises from the
operator because the equipment and work surfaces generate very few particles, and
the extremely clean air supplies now used provide very few particles to the total
room particulate contamination load. The human body sheds approximately 109 skin
cells per day (Heuring 1970, Whyte 2001), as well as aerosolizing particles from
the nose and mouth during exhalation. Humans also generate particles from under-
garments and from specialist cleanroom clothing. The concentration of particles
released by the first two sources is very much dependent upon the level of operator
activity, and the type and quality of garment material control the level of release of
particles from the latter two sources. Typically, as operators increase their levels of
activity within the cleanroom, the release of particulate contamination into the
surrounding work environment is increased, with a close association between viable
and nonviable particles (1:4 average) (MacIntosh et al. 1978). The use of synthetic
undergarments will help reduce the level of released particles by retaining the shed
skin cells and by not releasing any contaminating particles themselves (Whyte 2001).
The level of particulate retention effectiveness of cleanroom garments is related to
their air permeability, their ability to retain particles, and the pore size of the fabric;
all of these can be assessed using “air-shower/body box” devices, allowing pharma-
ceutical manufacturers to determine the extent of operator particle release protection
they need to provide for each manufacturing activity (Institute of Environmental
Sciences and Technology’s RP-CC003; IEST 2003).

TABLE 4.4
Size Distribution of a Typical Atmospheric Dust Sample

Particle Size Range 
(µm)

Proportionate 
Particle Count

Percent by Particle 
Count Percent by Weight

10–30 1,000 0.005 28
5–10 35,000 0.175 52
3–5 50,000 0.25 11
1–3 214,000 1.07 6

0.5–1 1,352,000 6.78 2
0–0.5 18,280,000 91.72 1
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4.3 CLEANROOM TECHNOLOGY

4.3.1 AIR QUALITY

The development of the HEPA filtration systems allowed high quality air to be
supplied to pharmaceutical facilities. Since their mechanism of operation (filtration)
results in the removal of significant numbers of large particles, that is, an absence
of 5-µm particles and extremely low concentration of 0.5-µm particles, then for
practical purposes, the resulting air stream will be free from viable contamination
because microorganisms are almost invariably associated with larger inanimate par-
ticles that protect them from desiccation in the air stream.

4.3.1.1 Mechanisms of Filtration

In HEPA filtration systems, the overall filtration mechanism is the combined effect
of several different filtration processes, whose relative contributions vary markedly
with particle size and the velocity of air passing through the filter medium. For large
particles, a “sieving effect” by coarse prefilters would normally remove all or most
of these particles; an additional three mechanisms are responsible for retaining
smaller particles on the glass fibers that make up the HEPA filter medium, as shown
diagrammatically in Figure 4.1.

Besides the three filter mechanisms described below, the minimum efficiency of
a filter will depend upon a number of variables, including:

• Particle density
• Particle velocity and mean free path through the filter media
• The depth of the filter medium
• The environmental conditions of the carrier gas (i.e., velocity, pressure,

and temperature)
• The size and distribution of the fibers within the filter media

FIGURE 4.1 Schematic representation of mechanisms of filtration.
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4.3.1.1.1 Inertial Impaction
As air flows around the randomly orientated fibers, the inertia of suspended particles
precludes rapid changes of direction and they become embedded on the fibers. This
mechanism is of major significance for particles of >1 µm and becomes more
effective as air velocity increases through the filter medium.

4.3.1.1.2 Electrostatic Retention or Interception
Historically, particles of 0.5 to 1.0 µm, which have very low mass, were thought to
become trapped by electrostatic attraction to those fibers with which they come into
close proximity. It is now thought that, most commonly, these particles strike the
filter fibers or previously trapped particles as they pass (i.e., tangentially) and are
thus retained against the surface, a mechanism referred to as “interception.”

4.3.1.1.3 Diffusive Retention
Particles of <0.5 µm are principally retained by impaction resulting from randomized
particle movement (i.e., Brownian motion), and this mechanism operates most effi-
ciently at lower flow velocities and very small particle sizes.

4.3.1.2 HEPA Filters

New air filtration technology available today has allowed nonpharmaceutical indus-
tries to benefit from the use of ultra-low particulate air (ULPA) filters, which are
99.99996% efficient against 0.12-µm particles. For even the most stringent pharma-
ceutical purposes, however, filters that are 99.97% efficient against 0.3-µm particles
are entirely adequate for final filtration of air entering controlled areas (Whyte 2001).

HEPA filters have traditionally been made from a nonflammable, water-repellent
microglass material with individual fiber diameters of around 0.1 µm. A pleated
construction system (see Figure 4.2) provides a large surface area over which par-
ticulate filtration can take place. In order to support each pleat, a corrugated separator
(usually crinkled aluminium foil) is used to maintain even packing across the surface
that results in optimum and consistent airflow off the surface. The filter material and
separators are normally bonded to a rigid frame using low-solvent adhesive to
minimize shrinkage. More recent HEPA filters have used a “minipleat” design where
construction dispenses entirely with separators and uses bonded glass threads, rib-
bons, or molded media to maintain close, regular packing of the pleated filter
material. The minipleat construction method provides a considerably greater volume
flow capacity, more uniform face velocities, and a significant reduction in weight in
comparison to the traditional construction method.

The modern minipleat HEPA filter has now evolved into an extremely dependable
component, providing consistently high performance and good durability, and being
virtually free from “pinhole” leaks. The typical final HEPA filter for pharmaceutical
aseptic zones would have a flow-rate face velocity of 0.45 m.s–1; however, because
any filter material subjected to a particulate load will eventually become clogged,
prefilters are used to remove the gross contamination found in untreated air in order
to extend the useful life of the expensive final filters and minimize cleanroom
downtime. For all pharmaceutical manufacturing units, the cleanroom design process
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must include the appropriate level of prefilters for the particular manufacturing unit
because the rate of filter clogging will be dependent upon the extent of the particulate
challenge, which, as previously noted, will vary with environmental location and
prevailing weather conditions.

4.3.1.3 HEPA Filter Installation

The only air system component downstream from a final HEPA filter should be a
diffuser grill, if required, or a simple protective grill or splash guard. The frame
housing in which the filter panels are mounted must be securely fixed and sealed to
their apertures in the ceiling or walls of the cleanroom or clean zone equipment.
The joint between the filter housing frame and the ducting system that feeds air to
the filter is particularly critical, as the contaminated, high-pressure air zone built
behind the filter media surface has the capability of forcing extremely large numbers
of particles into the room or zone through the smallest of cracks or leaks.

Wherever considerations of space and access permit, the filter housing should
be designed for rearward replacement of the filter panels. This arrangement results

FIGURE 4.2 Construction of conventional HEPA filter panel.
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in a neater, easily cleanable installation, as shown in Figure 4.3; it also allows the
cleanroom to be protected from the dirty interior of the ductwork during filter
replacement. Furthermore, the detection and diagnosis of edge leaks become more
straightforward due to the absence of air turbulence, and in situ sealing of minor
leaks is more likely to be successful.

4.3.2 AIRFLOW MANAGEMENT

The basic aim of any cleanroom design process is to provide the manufactured product
with protection from airborne contamination. In the most simplistic terms, this is
achieved by continuously sweeping away any operator-derived particulates from the
immediate work zone, thereby reducing the surrounding particulate challenge to the
protected work zone to the lowest achievable level. Overall the ability of a well-designed
aseptic suite to maintain low equilibrium levels of particulates (operator-generated vs.
room cleaning) under fully operational conditions is a direct measure of the suite’s
contribution to sterility assurance for the manufactured product. In practice, particulate
contamination removal is usually achieved by one of two mechanisms, conventional or
unidirectional “laminar” airflow, although more commonly by a combination of both
processes. These mechanisms, together with room pressurization, which is achieved by

FIGURE 4.3 HEPA filter installation.
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supplying more air into the room than is released, allow the high cleanliness classifi-
cations required for pharmaceutical aseptic manufacturing to be achieved.

4.3.2.1 Conventional (Turbulent) Flow

The mechanisms of particle removal in a conventional cleanroom are those of mixing
and dilution of the contaminated air. The greater the amount and the better the quality
of air supplied to the room, combined with a high efficiency of mixing of the fresh
air within the room, the better the cleanliness achieved. The level of cleanliness of a
conventional cleanroom can be approximately determined by the following equation:

Even though a conventional flow room can reduce the particulate load within the
cleanroom, in order to achieve suitable levels of cleanliness in the zone of operation
unidirectional airflow [or laminar airflow (LAF)] cabinets or workstations have tradi-
tionally been utilized, although increasingly manufacturing facilities are using isolator
technology. These items of LAF equipment are usually self-contained and constructed
to provide a high quality of clean air from a HEPA filter, which may be installed either
vertically or horizontally, as shown schematically in Figure 4.4. The operator performs
the critical manufacturing steps directly in front of, or beneath, the HEPA filter, within
an envelope of controlled airflow. As well as rigidly constructed workstations, aseptic
areas may be provided with LAF modules for local protection of equipment such as
filling lines. Down-flow modules may employ flexible plastic sheeting or even periph-
eral high-velocity air curtains to contain the LAF over the working area.

FIGURE 4.4 Schematic diagram of horizontal and vertical LAF workstations and interaction
with room air inlets.
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When considering cleanroom airflow options, the appropriate choice between
vertical or horizontal airflow protection should always be made to ensure that an
undistorted, uncontaminated airstream flows over critical points, such as the open
necks of vials, and operatives’ hands should ideally be downstream, or at least to
one side of the vulnerable components. Regardless of airflow direction, mechanical
or human movement within the working area should be slow, deliberate, and as
infrequent as possible to minimize the generation of vortices and eddy currents.

In the conventional airflow room, supplied air should be directed to induce
turbulent conditions throughout the room, thereby attempting to sweep away the
particulate contamination. In order to achieve this, the clean air supply is normally
via a small number of wall or ceiling inlet diffusers with appropriately positioned
air outlets or leakage points optimizing the air’s flushing potential and attempting
to prevent “dead space” effects.

Significantly, a potential problem when designing aseptic suites, which consist
of a conventional room with sited LAF units, is the possibility of interference
between the room’s air supplies and the protective airflow within LAF workstations.
Typically, air input velocities to the room are significantly above the LAF unit’s
output velocity (0.45 m.s–1) and, as shown in Figure 4.4, contamination can poten-
tially be transported off the operator directly into the critical working zone of a
poorly sited workstation.

4.3.2.2 Unidirectional (Laminar) Flow

Unidirectional flow or laminar flow is the description given to mechanisms of
particulate contamination removal where appropriate levels of air moving at a veloc-
ity in the range 0.3 to 0.45 m.s–1 in a horizontal or vertical direction remove large
particles by preventing them from settling onto any surface, thereby systematically
flushing them away from the working area.

Any physical obstruction (e.g., equipment, operator’s hand) to the laminar airflow
will create downstream turbulence, which may compromise the manufactured prod-
uct’s protection. However, at laminar flow velocity there is little tendency for tur-
bulent flow to develop upstream of an obstruction, and uniform flow is usually
reestablished downstream at a distance equivalent to 3 to 6 times the cross-stream
dimension of the obstruction (Figure 4.5). Historically, the selection of a horizontal
or vertical protective airstream has been partly dependent upon the product’s physical
and chemical characteristics; for example, where operator protection is as equally
important as protection of product from contamination, as in the case of parenteral
cytotoxic drug powder reconstitution, then a down-flow setup would have been
utilized. Today the use of an isolator unit has to some degree reduced the choice of
laminar flow device to one of strict operator protection (isolator) vs. product pro-
tection (traditional LAF unit).

4.3.2.3 Unidirectional Flow Rooms (UFRs)

The design objective for a UFR is to move filtered air evenly and uniformly through
the entire volume of the room, so that the air displaces any particulate matter from
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the room in a continuous manner. In practice, a UFR will have one complete wall
or entire ceiling made from a bank of HEPA filters, producing horizontal or vertical
flow rooms, as shown in Figure 4.6.

FIGURE 4.5 Effect of obstruction on airflow patterns.

FIGURE 4.6 Schematic representation of unidirectional flow rooms.
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Any critical work surface must be designed to be positioned directly in front of
or beneath the filter bank, where the particulate challenge to the critical zone is much
reduced because the airflow is essentially uniform throughout the entire room and,
therefore, stagnant areas and high-velocity turbulence are eliminated.

As with conventional cleanrooms, the appropriate selection of horizontal or
vertical airflow very much depends upon the work tasks to be performed; however,
the relative work positions of the operators assume increased importance. For large
aseptic facilities, with critical locations distributed throughout the floor plan, down
flow may be the only realistic option because this arrangement should provide good
environmental control at any point within the room, regardless of adjacent personnel.
The degree of protection offered to products on an open bench within a vertical-
flow room may not be entirely comparable with that afforded by a LAF cabinet sited
in a conventional cleanroom, due to the absence of a physical barrier to exhaled
particles and debris shed from the operator’s upper body. Various studies (Whyte et
al. 1979, Howorth 1987) have demonstrated that partial vertical-flow rooms are
unsatisfactory, as entrainment of contamination into the critical area is inevitable as
personnel move into or out of the protected zone.

For smaller facilities, horizontal flow provides outstanding product protection,
with no cross-contamination between adjacent operatives working in front of the
filter wall. However, debris shed from each individual forms a well-defined “wake”
of contaminated air, rendering the downstream environment unsuitable for unpro-
tected aseptic work. In contrast to down-flow rooms, partial horizontal-flow rooms,
as shown in Figure 4.7, can provide excellent contamination control in a very cost-
effective manner.

Another important consideration when deciding on whether to utilize UFR
technology is the running cost of the unit. Because the air supply to the UFR must

FIGURE 4.7 Partial horizontal-flow room.
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maintain the laminar flow air velocity target, then the volumetric flow rate of air
entering the room will consequently depend on the dimensions of the wall or ceiling
HEPA filter bank. The financial implications of single-pass temperature or humidity
control and filtration system for a UFR has led to most facilities being designed with
recirculation of exhaust air together with about 10% fresh air to maintain adequate
ventilation requirements for the operators.

4.3.2.4 Validation and Monitoring of Cleanrooms

Once a cleanroom has been built, the commissioning involves a series of compre-
hensive checks to confirm that the quality and quantity of air supplied to each area
is appropriate and that the cleanroom achieves the standards laid down in ISO
14644–1. These initial checks on compliance with the standards also confirm that
the design specification and characteristics for the room are appropriate; these
become the benchmark for subsequent tests demonstrating that the suite continues
to perform satisfactorily. For the pharmaceutical industry, tests on the facilities would
also include detailed analysis of the level of microbiological contamination that may
be present prior to and, if appropriate, during production runs. For a more detailed
discussion on monitoring microbiological contamination, the reader is referred to
Chapter 8 and also Bill (2000) in the companion Handbook.

For continued compliance with ISO 14644 classifications (see Table 4.1), par-
ticulate counts are performed in accordance with annex B of ISO 14644-1 (1999)
at a maximum time interval of 6 months for ISO classes ≤5 and of 12 months for
ISO classes >5. In addition, for all classes, airflow velocity tests (ISO 14644-3,
clause B.4) and air pressure differences (ISO 14644-3, clause B.5) must be under-
taken at a maximum time interval of 12 months. Further optional tests, upon agree-
ment with the customer and supplier, are usually undertaken within a maximum
period of 24 months; these include installation filter leakage, airflow visualization,
recovery of working environment, and containment leakage.

By undertaking these tests, the cleanroom is monitored for continued compliance
with the international standards throughout its working life. Furthermore, the tests
are proving in simple terms that the basic principles of cleanliness are being achieved,
that is, sufficient quantity of high-quality air is being supplied in such a way that
air movement should prevent high concentrations of contamination occurring within
a room and that the overall movement of air within the suite is from clean to less-
clean areas. Besides particulate tests, good manufacturing practice guidelines indi-
cate that appropriate microbiological testing is undertaken; in terms of the European
Community’s guidelines (Eudralex 2004), this involves several methods of testing,
including air sampling, the use of settle and contact plates, and operator glove prints
(“finger dabs”) (see Table 4.3).

4.3.3 DESIGN PRINCIPLES

In practice, the cleanroom design will develop a suite of connecting rooms of various
cleanliness classifications to accommodate the different parts of the manufacturing
processes. For example, the EC GGMP guidelines (Eudralex 2004) indicate that the
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requirements for aseptic and terminally sterilized parenteral products are different
in terms of the classification of the environmental cleanliness in the area surrounding
the critical zone of work (grade C around a grade A zone for terminally sterilized
products compared with grade B around a grade A zone for aseptically produced
parenteral products).

In order to achieve the appropriate level of cleanliness in a cost-efficient method,
the design objectives must attempt to ensure:

• The exclusion of the surrounding environment
• The removal or dilution of contamination generated during the manufac-

turing processes (including that from operators)
• A mechanism by which operators are protected from the product and the

product protected against environmental hazards
• The operators have optimum working conditions
• That effective monitoring of room conditions can be achieved at pre-

defined time intervals

In order to ensure these objectives, the control and management of the flow of
product material throughout the manufacturing process is determined by means of
layout and configuration diagrams that define the exact number of steps required for
the particular products to be made. Alongside this flow design, reviews of the control
and management of operator movement within the rooms are performed and then
optimized; thus the arrangement and connections to the individual rooms and zones
within the suite, and the control of the entry and exit of operators and materials,
provides security to the overall processes and prevents cross-contamination from
occurring.

4.3.3.1 Design Features

The overriding requirement of all types of cleanrooms is the ability to clean the
equipment and critical work surfaces easily. In order to achieve this, every effort is
made to have smooth, flat, impervious surfaces, with all equipment and fixtures flush
fitting wherever possible to prevent potential contamination traps from developing.
All junctions between floors, walls, and ceilings should be seamless and coved, and,
whenever practicable, major items of equipment should either be movable for clean-
ing, or be built into the structure of the room to present smooth, cleanable surfaces
and eliminate inaccessible gaps and recesses.

Careful consideration must be given to the design of windows and communica-
tion mechanisms; appropriately sealed and implanted window units and “speech
panels” provide suitable approaches for integrating these objects. Light fittings, as
with all other cleanroom objects, should be flush fitting, in permanently sealed units
with access for lamp replacement gained from a service void above the cleanroom;
maintenance can then be achieved without the need to enter the cleanroom suite
itself. Internal doors should be positioned and hinged such that their opening pro-
duces minimum airflow disturbance at critical locations within the cleanroom, and
that air flows smoothly out into the lower classification areas. Doors should normally
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open into the more stringently controlled area to allow personnel to back through
the doorway without contaminating gloved hands and to ensure that room overpres-
sure will assist prompt door closure. It is vital that, in order to reestablish environ-
mental control in the critical areas as quickly as possible, doors are set to self-close
efficiently. In addition, all doors communicating with a changing area, technically
the dirtiest area of the cleanroom suite, should be interlocked to prevent more than
one door being open simultaneously, thereby preserving overall pressure differentials
as personnel enter or leave the critical areas.

4.3.3.2 Construction Materials and Surface Finishes

Cleanroom construction has typically developed in one of two ways. The first means
is adaptation of traditional building techniques, finishing interior surfaces with plas-
terboard, which is then sprayed with epoxy-based paints to different thicknesses,
which provide a good impact-resistant surface finish. The alternate, and now more
common, form of construction involves the use of modular components; here either
a studless wall system (wall panels made from laminated cleanroom–compatible
material are mounted in anodized aluminium tracks) or a framed wall system (where
similar wall panels are attached to joined aluminum extrusions that form the stud
and cross members of the room) is employed.

All interior construction surfaces should provide smooth, nonshedding, washable
surfaces, free from cracks, crevices, or unsealed joints. Over the years, various
polymeric paints have been developed that possess enhanced elasticity, which the-
oretically should accommodate any relative movement in their substrate. Addition-
ally, some of these purpose-developed paints also incorporate fungicides and “cob-
webbing agents” that allow the applied paint layer to bridge across junctions between
dissimilar materials.

The importance attached to ease of cleaning throughout a facility’s service life
has led to the adoption of durable constructional materials and surface finishes.
Floors are usually constructed of a concrete base on which a smooth, durable, and
nonpenetrable material (e.g., epoxy resin) is added to provide a surface that is slip-
resistant to the operator and also withstands disinfectant cleaning solutions.

For all materials used within the cleanroom, a design consideration based on
cost vs. effectiveness is required. This needs to be achieved while also following the
guidelines provided by the authorities, for example, the EC GGMP and the ISO
standards, which provide informative documentation on suitable materials and how
they should be used (ISO 14664-4: Annex E).

4.4 ISOLATOR TECHNOLOGY

Isolation technology provides the manufacturer with the ability to have close
control of the environmental zone immediately surrounding a manufacturing pro-
cess, thus avoiding operator-derived product contamination and protecting the
operator from hazardous materials. Isolation technology has been used for many
years in certain areas of the pharmaceutical industry; however, only in the last
decade have the potential financial and operational advantages of the technique
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been widely recognized, particularly within the hospital sector. The ability to have
isolator units ranging from small glove boxes, through single free-standing work-
stations with multiple glove access, to fully integrated industrial units where a
series of stations are interlinked to form the production line for a product, means
flexibility in process design can now be more readily achieved than with traditional
LAF workstations or zones.

The availability of reasonably priced flexible-film or rigid-walled units with
options on internal sterilization with gas sterilants or validated disinfection tech-
niques means manufacturers can now select the most appropriate isolator specifica-
tion for their needs. That choice depends upon the nature, extent, and predictability
of manufacturing work to be undertaken, the quality of the environment in which
the equipment will be installed, and the degree of confidence required in the micro-
bial integrity of the final products. As an example, for radiopharmaceutical produc-
tion work, only the use of rigidly constructed isolators with lead glass panels would
be appropriate because operator protection would be of paramount consideration.

The manufacturing tasks that operators are to perform must also be considered
because this may determine the type of operator access to the isolator. The two
principal methods of gaining manipulative access to the interior of an isolator are
through two or more sleeves or by means of a half-suit. For sensitive glove-access
work, the use of multicomponent sleeves that allow the use of conventional latex
gloves, together with sleeves fabricated from material such as nylon-lined polyvinyl
chloride (PVC), offer the operator comfort while presenting an impervious, wipeable
surface within the work zone. However, continual movement by the operator within
the gloves increases the potential risk for leakage at many points within the glove,
sleeve, and fixtures and so routine testing of the system must take place.

Half-suits are fabricated from the same material as sleeves and use the same
cuff rings for glove attachment. A transparent helmet is sealed to the neck of the
suit, which is normally ventilated by its own pressurized air supply, maintaining
operator comfort over prolonged work sessions. The advantage of a half-suit is that
the operator has around 80% greater reach radius, and can also maneuver larger or
heavier items. Half-suit isolators are generally flexible film types and are usually
employed as dedicated production equipment or for commercial aseptic compound-
ing of products such as parenteral nutrition formulations.

As with all cleanroom manufacturing processes, workflow-related planning dia-
grams must determine the appropriate mechanisms by which the operator can manip-
ulate the product under manufacture safely and without risk to that product or
operator. Recent increases in incidences of repetitive stress injuries have been linked
to the increased use of gloved isolators where the operator’s working position is
greatly influenced by the size of the unit and the tasks to be performed inside the
isolator. Strict time limits on staff working in the isolators and rotation of operational
staff through other manufacturing processes normally can reduce these problems
(Abbot and Johnson 2002).

Within the cleanroom facility, validation of working practices, including equip-
ment usage, must be undertaken. Isolator environmental integrity must be routinely
checked, and besides checking the glove or suit access points, additional testing of
the walls of the unit must also be undertaken. This task may be performed either by
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using traceable gases and chemical sniffer units or by releasing a mixture of ammonia
and air into the isolator’s internal environment and then testing the surface of the
unit by passing a cloth impregnated with a pH indicator over the surface and
observing color changes; this latter method has found favor with users of flexible-
film isolator units (Burnett 2001).

USEFUL SOURCES OF CLEANROOM INFORMATION 
ON THE INTERNET

EU Guide to Good Manufacturing Practice, available at http://pharmacos.eudra.org/F2/
eudralex/vol-4/home.htm.

FDA Guidance for Industry on Sterile Drug Products Produced by Aseptic Processing—
Current Good Manufacturing Practice, available at http://www.fda.gov/cder/guidance/
5882fnl.htm.

Institute of Environmental Sciences and Technology—Guides and Recommended Practices,
available at http://www.iest.org/.

International Confederation of Contamination Control Societies, available at http://www
.icccs.net.

International Organization for Standardization—Standards ISO 14644—“Cleanrooms and Asso-
ciated Controlled Environments” and ISO 14698—“Cleanrooms and Associated Con-
trolled Environments—Biocontamination Control,” available at http://www.iso.org.
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5A.1 INTRODUCTION

Biotechnological products differ from conventional pharmaceuticals in that biolog-
ical processes and materials are employed in their production. The biological basis
of these processes is inherently variable; thus, in comparison to conventional phar-
maceutical production, there is greater potential for variation in the quantity and
quality of the resultant product.

Biotechnology exploits a variety of host organisms to manufacture therapeutic
products and these can be broadly classified into prokaryotic cell-derived and eukaryotic
(often mammalian) cell-derived. The range of therapeutic products from these processes
includes both recombinant and nonrecombinant proteins (e.g., antibodies, hormones,
enzymes, and receptors), viral and bacterial vaccines, and viral vectors for gene therapy
(Birch 1997). Potential therapeutic products from eukaryotic cell biotechnology include
hematopoietic progenitor cells for bone marrow transplantation (Meissner et al. 1998),
in vitro cultured skin cells for grafting (Kolokoltsova et al. 1998), islet cell cultures for
bioartificial pancreases (Handa-Corrigan et al. 1998), hepatocytes for artificial livers
(Bratch et al. 1998), and transgenic plants and animals (Cartwright 1997).

The general microbiological considerations required for the production of ther-
apeutic products using biotechnological processes are broadly similar, irrespective
of the host organism. However, mammalian cell biotechnology processes present
some additional peculiar issues, which are not found in microbial processes. The
most important of these is that the production cells themselves may contain adven-
titious agents, such as mycoplasmas and viruses, or they may contain potentially
oncogenic material or may produce undesirable proteins. The use of a number of
animal-derived raw materials in the production process also presents a potential
source of product contamination with adventitious agents. All these represent quality
and safety issues and, therefore, potential hazards for the patient. Thus, this chapter
discusses therapeutic protein production using mammalian cell biotechnology as the
most exacting process to illustrate the range of microbiological considerations for
biotechnological products.

Historically, biological products, including certain vaccines, hormones, and clot-
ting factors from human blood have been implicated in the transmission of infectious
diseases (Minor 1994). In order to prevent the possibility of contamination, biotech-
nology processes used for the production of therapeutic products are highly con-
trolled and regulated. This is particularly evident for products derived from mam-
malian, as opposed to microbial, cell culture resulting from the additional perceived
risks associated with the culture process for these cell lines. To date, and as a measure
of success, there has been no reported transmission of viruses from more than 30
recombinant proteins and monoclonal antibodies approved in the United States and
Europe since 1982.

5A.2 PRODUCTION OF THERAPEUTIC PROTEINS 
FROM CELL CULTURE

The production of a typical therapeutic protein from mammalian cell culture is
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illustrated in Figure 5A.1. The cell lines are created using either hybridoma or
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recombinant deoxyribonucleic acid (DNA) technology. Following a screening of the
cell lines created, one or more rounds of cloning may be performed to obtain clonal
cell lines. In hybridoma and recombinant DNA technologies, the clones are then
screened with respect to growth and productivity and a production cell line is
selected. The next stage is the preparation of a master cell bank (MCB) of typically
50 to 400 ampoules and a working cell bank [(WCB), sometimes called a manufac-
turer’s working cell bank (MWCB)] of typically 100 to 400 ampoules prepared in
a similar procedure from an ampoule of the MCB (Froud 1999). For the manufacture
of the product, an ampoule of the WCB is expanded to provide enough cells to seed
the production bioreactor. Following a successful fermentation, the cells and cell
debris are separated from the culture supernatant by filtration, centrifugation, or
both. When the product is in the supernatant fluid, the cells are discarded and the
supernatant material may be concentrated by ultrafiltration. The product is then
purified by multistep column chromatography. Depending on the product, chromato-
graphic methods available include affinity, ion exchange, hydrophobic interaction,
and size exclusion chromatography (Racher et al. 1999). The bulk purified product
is the outcome of a successful purification process; this may then be formulated to
produce the final drug product for clinical use.

5A.3 CONSEQUENCES OF CONTAMINATION

From the previous discussion, it is evident that the manufacture of a therapeutic
protein by mammalian cell culture is a complex multistep process and hence there
is a potential risk of contamination at every stage. Consequences of contamination
include the introduction of pathogens into the product and the introduction of toxins
(e.g., endotoxins) or enzymes (e.g., proteases which may degrade the product).
Ultimately, all these may lead to the loss of the product batch, as product safety or
efficacy may be compromised.

FIGURE 5A.1 Development and production of a therapeutic protein from cell culture.
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Furthermore, in contrast to traditional pharmaceuticals, therapeutic biotechnol-
ogy products do not generally involve “harsh” downstream processes, which make
in-process monitoring and prevention of microbial contamination essential. It is,
therefore, important that in addition to the testing of the final bulk purified product,
the production process is monitored at every stage to ensure that adventitious agents
are not introduced from the raw materials (including the production cells), the
environment, or the process operators.

5A.4 SOURCES OF CONTAMINATION

Everything that interfaces with the production process for a biopharmaceutical prod-
uct can potentially contaminate that product. This includes the raw materials, the
process equipment, water, air, the production cells, and the process operators.

5A.4.1 PROCESS MATERIALS

It is important to ensure that all raw materials used in the manufacture of biophar-
maceutical products are evaluated by established laboratory procedures and that
they meet stringent quality specifications for current good manufacturing practice
(CFR21 2000).

The use of disposable plasticware (e.g., cell culture flasks, centrifuge tubes,
pipettes, filter units, and storage bags) is commonplace in cell culture and is effective
in reducing the potential for contamination. Once packaged, these plasticware items
are usually sterilized by the manufacturers using a gamma or ionizing radiation

if the sterilization procedure is performed properly, care should be taken when
opening or resealing the packaging to maintain the integrity of these items and to
avoid contaminating the contents.

Although the majority of materials can be obtained as disposable plastic items,
some operations require reuseable glassware. These may be sterilized by autoclaving
or dry heat (see Chapter 10). It is important that the sterilizing process is validated
and the equipment is properly maintained and operated. For example, the sterilizing
chamber must not be overloaded and the appropriate validated sterilization cycle
and sterilizing time must be used to ensure sterility is achieved (Allwood 1999).
Prior to sterilization, the glassware must be packaged in such a way that all the
exposed orifices are covered. After sterilization, the glassware must be stored appro-
priately to avoid contamination.

Most cell culture media, sera, and supplements are heat labile and, therefore,
cannot be sterilized by autoclaving; these are usually filter-sterilized to remove con-
taminating microbiological agents. High-temperature, short-time treatment strategies
have been developed to inactivate adventitious agents (e.g., bacteria and viruses) while
sparing small solutes (e.g., vitamins and amino acids). This is possible due to differ-
ences in heat inactivation rates between the larger biological agents and the small
solutes (Foreman et al. 1995). When obtained from commercial sources, these prod-
ucts are routinely sterility-tested by the manufacturer. When media are prepared in
house using nonsterile materials and components, they should be sterile-filtered and
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source (see Chapter 10). Even though the sterility of the product can be guaranteed
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then tested for sterility before use. Although filtration through a 0.22-µm pore size
filter removes most microbiological contaminants, the removal of mycoplasmas,
nanobacteria, and viruses cannot be guaranteed, especially from sera (McGarrity et
al. 1985, Roche and Levy 1992). Manufacturers use 0.1-µm membrane filtration (or
smaller pore size), gamma, or ultraviolet irradiation to remove or inactivate adventi-
tious agents from sera (Wyatt et al. 1994, Hodgson 1995).

5A.4.2 PROCESS EQUIPMENT

The design of process equipment such as bioreactors, centrifuges, filters and hous-
ings, purification equipment, medium and buffer tanks must allow for their cleaning,
sterilization, aseptic additions, and removal of in-process samples (Vranch 1992).
Where possible, the equipment design should include automation to minimize human
intervention. Efficient cleaning regimes should be developed and validated to ensure
that residual materials from a previous process are removed from the equipment
(Sherwood et al. 1996). In addition, each piece of equipment and associated pipework
should either be sterilized or treated to minimize potential bioburden. Due to the
size of some of these items, a steam-in-place method (for pressure vessels) or
“sanitization” (for nonpressure vessels) may be appropriate. Where steam steriliza-
tion is used, the procedure must be validated for the equipment to ensure that sterility
is achieved (Hodges and Baird 2000).

Nonpressure vessels, such as ultrafiltration rigs and chromatographic columns,
which are not steam sterilizable, are chemically disinfected (or sanitized) with solutions
of sodium hydroxide, sodium hypochlorite, hydrochloric acid, peracetic acid, or guani-
dine hydrochloride. However, the sanitization process is not a sterilization process and
not all microorganisms will be killed. Validation of the sanitization process for each
item of equipment is important to ensure adequate bioburden reduction.

5A.4.3 WATER

The microbiological quality of process water has been discussed elsewhere in this

control of purified water systems are presented in the United States Pharmacopeia

that can be isolated from industrial water systems include, among others, Pseudomo-
nas vesicularis, P. mesophilica, Moraxella phenylpyruvica, Flavobacterium menin-
gosepticum, Burkholderia pickettii, Sphingomonas paucimobilis, Bacillus licheni-
formis, and Xanthomons maltophilia (Wills et al. 1998).

The regulatory authorities recommend that water meeting pharmacopoeial stan-
dards is used and its quality is monitored routinely (e.g., USP 2004). No single
microbiological test method is capable of detecting all potential microbial contami-
nants. Classical methods such as membrane filtration and most probable number rely
on the growth of the microorganisms and results may not be available for up to 7 days,
by which time the water may have been used. Rapid microbiological test methods
have been developed based on bioluminescence and fluorescent labeling (Wills et al.
1998, Jones et al. 1999). These methods provide results faster than the traditional
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(USP) chapter “Water for Pharmaceutical Purposes” (USP 2005). Microorganisms

book (see Chapter 3). The microbiological requirements for the monitoring and
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method and, as they approach real-time monitoring, they offer the potential for remedial
actions to be taken when specifications are not met. These methods are gaining accep-
tance in the pharmaceutical industry and it is anticipated that in due course they will
be accepted by the regulatory authorities as valid alternative methods for detecting

For a more detailed discussion on the use of rapid methods for enumeration and
identification, the reader is referred to the companion Handbook (Newby 2000).

5A.4.4 AIR

The amount of airborne contamination found in pharmaceuticals has been shown to
be proportional to the concentration of microorganisms in the air (Bradley et al.
1991) and the probability that microbes will gain access into the container (Whyte
1986, 1996). During the production of biopharmaceuticals, some stages are at a
higher risk from airborne contamination than others. Airborne contaminants are
mainly spore-formers including the Bacillus spp. and fungi. However, organisms
shed by individuals and from dried liquid spills can also be found in the air. Therefore,
guidelines exist for the air classification of different areas of biological manufactur-
ing facilities based on the activities being performed and the risk to the product
[CFR21 2000, European Commission (EC) 1991]. In general, the highest grade of

environmental air may be of a lower classification. Unclassified air may be used in
areas that are not critical, such as nonsterile solution preparation rooms and storage
areas for raw materials kept in closed containers (Kaplan 1995).

Regulatory authorities request the monitoring of all manufacturing areas to
control viable and nonviable particles. Where aseptic operations are performed,
monitoring should be frequent, using a variety of methods such as settle plates,
volumetric air sampling, and contact plates (for work surfaces and personnel mon-
itoring), especially before and after critical operations (Agalloco 1999). The results
should be reviewed and assessed prior to product release. It is important to analyze
trends, set appropriate alert and action limits for the monitoring results, and, where

Consideration must also be given to the gas inlets and outlets from the bioreactors
and other process equipment. Appropriate air vents and gas filters should be used

handling units for the facility should be validated and the integrity of the filters
should be tested at regular intervals.

5A.4.5 PERSONNEL

As microbe-carrying particles originate mainly from human skin scales (Delattin
1998), it is important to reduce the shedding of microorganisms into the manufacturing
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microorganisms and sterility testing of materials and processes (see also Chapter 9).

these limits are exceeded, establish a plan of corrective measures (see also Chapter

and their integrity tested before and after use (Denyer and Hodges 2004). The air-

cultures can also be isolated from the air in the production environment.
8). It is worth noting that the majority of organisms isolated from contaminated

4). In production areas where the product is contained (e.g., in bioreactors) the

air supply is required in critical operations such as inoculum preparation and aseptic
filling. Thus, these operations are performed in laminar flow cabinets (see Chapter
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environment by appropriate gowning. A typical gowning regime includes the
removal of outdoor clothing, wearing non-particle-shedding clothing, gloves, and
dedicated footwear, with hair, beards, and moustaches suitably covered. As addi-
tional safeguards, the wearing of cosmetics, watches, and jewelry should be pro-
hibited within the facility. Personnel suffering from any infectious illnesses (e.g.,
respiratory tract infections) which could result in the shedding of abnormally high
numbers of contaminating agents should be discouraged from entering the man-
ufacturing facility.

5A.4.6 CELLS

The cells used in the production of a biopharmaceutical product must be free from
contamination with adventitious agents that may cause harm to humans, the product,
or the environment. The manufacturing process starts from an ampoule of a cell
bank, which should be prepared and stored according to current good manufacturing
practice (cGMP) as described in guidelines issued by the regulatory authorities
(Center for Biologics Evaluation and Research (CBER) 1993, EC 1994, International
Conference on Harmonisation 1997, World Health Organization 1997). It is impor-
tant that cells are obtained from a reliable source (e.g., cell culture collections). The
source of the cells and the materials used for their cultivation must be well docu-
mented. These measures will reduce the risk of cellular contamination (e.g., with
HeLa cells) previously observed (Stulburg et al. 1976, Nelson-Rees et al. 1981).
Where cells are obtained from sources outside the facility, they should be quarantined
and tested for bacteria, fungi, mycoplasma, and specified viruses.

5A.4.7 SUMMARY

In summary, all items that come into contact with the product or the manufacturing
process represent potential sources of contamination. Sources of bacterial and fungal
contamination include air, raw materials, water, process equipment, and the opera-
tors. Mycoplasma and viruses can be introduced into the process and the product
from raw materials, other cell lines, or the process operators.

5A.5 POTENTIAL BIOLOGICAL CONTAMINANTS

5A.5.1 BACTERIA AND FUNGI

In the absence of antibiotics in a cell culture, it is usually easy to detect contamination
by bacteria and fungi. Cultures may become unusually turbid, pH changes may be
observed, poor cell growth or even cell death may occur, and the contaminating
organisms may be visible by direct microscopy. In bioreactors, contamination may
also be accompanied by an increase in the observed oxygen uptake rate of the culture.
However, bacteria and fungi can be more difficult to detect when antibiotics have been
routinely used during cell culture or if the microorganisms are slow growing or
intracellular. In these cases, the contamination may persist without obvious evidence,
resulting in subtle but significant changes to the cell cultures. Some bacteria and fungi
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commonly isolated from contaminated cell cultures are listed in Table 5A.1.
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The procedures for testing cell cultures for bacteria and fungi include the inoc-
ulation of soya bean–casein digest (tryptone soya broth) for the detection of aerobes,
facultative anaerobes and fungi, and fluid thioglycolate for the detection of aerobic,

as blood agar, may be included for the detection of more fastidious microorganisms
(Hay and Cour 1995). The inclusion of blood agar and other media have been found
to be useful for the detection of low-level, slow-growing bacteria that were unde-
tected using the media recommended in the pharmacopoeias.

5A.5.2 ENDOTOXINS

Bacterial contamination can introduce endotoxins and other pyrogens. An endotoxin
is a complex lipopolysaccharide that is a major component of the outer membrane
of many Gram-negative bacteria, shed by both living and dead organisms (Raetz
1990, Morrison et al. 1994). Endotoxins can be found in water and some raw
materials, such as sera. Endotoxins are exceptionally potent and cause pyrogenic
responses ranging from fever and chills to irreversible and fatal septic shock if
administered to patients in injected products. In cell cultures, endotoxin concentra-
tions of 10 to 20 ng/ml have been shown to affect the growth and productivity of
cells and higher concentrations may result in experimental variability (Sibley et al.
1988, Epstein et al. 1990, Wille et al. 1992).

Endotoxins are detected and quantified using the very sensitive Limulus amoe-
bocyte lysate (LAL) assay. The LAL gel clot assay detects down to 0.03 endotoxin
units (EUs) mL–1, while the LAL kinetic turbidimetric or chromogenic assays are
more sensitive, with sensitivities down to 0.005 EU.mL–1.

TABLE 5A.1
Bacteria and Fungi Commonly Isolated from Contaminated 
Cell Cultures

Organism Source

Corynebacterium spp. Usually of human origin
Lactobacillus spp.
Micrococcus spp.
Staphylococcus spp.
Streptococcus spp.

Comamonas spp. Usually liquid-borne
Flavobacterium spp.
Pseudomonas spp.
Sphingomonas spp.

Bacillus spp. Usually airborne, associated with dust and dirt particles
Candida spp.
Aspergillus spp.
Penicillium spp.
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microaerophilic, and anaerobic microorganisms (see Chapter 8). Other media, such
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Endotoxins, and pyrogens in general, may be very difficult to remove. They are
not destroyed by autoclaving; however, exposure of glassware to 250°C for more
than 30 min or 180°C for 3 h will destroy endotoxins (Weary and Pearson 1988).
It is also known that electron beam or gamma irradiation will not destroy all
endotoxins (Roslansky et al. 1991). Endotoxins may be introduced in unclosed
systems (e.g., during purification). Environmental monitoring and sterilization (or
sanitization) of the equipment will monitor and control the bioburden to which the
product may be exposed and, in turn, will reduce the potential for contamination of
the product with endotoxins. Some purification process steps (e.g., ion exchange
chromatography) may remove endotoxins.

5A.5.3 MYCOPLASMAS

Mycoplasmas are small Gram-negative prokaryotes (0.3 to 0.5 µm in diameter),
which form minute colonies (10 to 100 µm in diameter) on appropriate agar with a
characteristic “fried egg” morphology. Mycoplasmas lack cell walls, are highly
pleomorphic, and may be difficult to remove by filtration. They grow in aerobic or
anaerobic conditions with optimum growth at 37°C and pH 7.0, that is, the same
conditions required for mammalian cell culture.

Mycoplasmas deserve special consideration due to their ability to infect cultures
to high densities without showing visible signs of their presence. They cannot be
detected by the naked eye, usually show no macroscopic alteration of the cells or
culture media, grow slowly, and do not destroy the host cells. They may induce
chromosome aberrations (Aula and Nichols 1967), morphological alterations, cyto-
pathology (Butler and Leach 1964), changes in cell growth rate (McGarrity et al.
1980), and cell metabolism (Stanbridge et al. 1971). Signs of chronic infection
include reduced cell growth rate, reduced cell concentration, and increased clumping
in suspension culture. They are very difficult to eradicate from cell cultures and for
these reasons, mycoplasmas are, possibly, the most serious and devastating contam-
inants of cell culture. Mowles and Doyle (1995) reported that 12% of cultures sent
to a testing laboratory were infected with mycoplasmas. Regulatory authorities
recommend that cell cultures used for the production of biologicals are free from
infection with mycoplasma (e.g., CBER 1993).

Five species of mycoplasma commonly implicated in the infection of cell cultures
are Acholeplasma laidlawii (bovine origin), Mycoplasma arginini (bovine origin), M.
orale (human origin), M. fermentans (human origin), and M. hyorhinis (porcine origin).
Sources of mycoplasma contamination include other contaminated cell lines, animal-
derived raw materials (including bovine serum and porcine trypsin), and humans.

A variety of techniques are available for the detection of mycoplasma contam-
ination. These include DNA staining, culture, DNA probes, polymerase chain reac-
tion (PCR), and cocultivation. It is advisable to use two different methods in the
detection of mycoplasmas to allow the differentiation between false-positive and
false-negative results. The methods commonly used are direct culture (with enrich-
ment broth and mycoplasma agar medium), PCR, and the Hoechst 33258 DNA

shows an uninfected and a mycoplasma-infected culture stained with Hoechst 33258.
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staining technique (Doyle and Bolton 1994, Mowles and Doyle 1995). Figure 5A.2
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5A.5.4 CROSS-CONTAMINATION

Cell lines can potentially be contaminated by other cell lines (Fogh et al. 1971). A
survey by Nelson-Rees et al. in 1981 showed that more than 90 human cell lines
examined were contaminated by HeLa cells (a human tumor cell line), 16 other
human cell lines were contaminated with non-HeLa cells, and 13 cases of interspecies

FIGURE 5A.2 Hoechst 33258–stained DNA of Vero cells (top) uninfected culture and (bot-
tom) mycoplasma-infected culture. (Reproduced with permission of BioReliance Ltd.)
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contamination were also found. Cross-contamination may be very difficult to detect,
especially in suspension culture, because the cells look similar by microscopy. Cross-
contamination results mainly from human error, such as incorrect labeling or using
medium contaminated with one cell line for other cell lines. The ramifications of
cross-contamination in the production of biologicals would be catastrophic, espe-
cially for a multiproduct manufacturing facility.

Tests for detecting intra- and interspecies contamination include chromosome
analysis, isoenzyme analysis, detection of species-specific antigens, and DNA fin-
gerprinting (Doyle and Griffiths 1998). However, for a facility with many recombi-
nant products from the same host and similar vectors, a product-specific identity test
will be more appropriate.

5A.5.5 TRANSMISSIBLE SPONGIFORM ENCEPHALOPATHIES

Transmissible spongiform encephalopathies (TSEs) are fatal neurodegenerative dis-
eases that have prolonged incubation periods. They are thought to result from the
deposition of the prion protein (PrP) in the brain of infected individuals. Agents
have been identified that infect cattle [bovine spongiform encephalopathy (BSE)],
sheep (scrapie), and humans [Creutzfeldt-Jakob disease (CJD), variant CJD and
Kuru]. Other species are also affected. These transmissible agents have extreme
resistance to physicochemical inactivation including routine sterilization procedures.
Suggested procedures for inactivation of TSEs include prolonged exposure to 1 M
sodium hydroxide, porous load autoclaving at 134 to 138°C for 18 min, exposure
to a solution of sodium hypochlorite containing 2% available chlorine and exposure
to guanidine thiocyanate (Manuelidis 1997, Garland 1999). BSE has been reported
to be transmissible to a range of animals including pigs and humans (Olson 1998).
The infective agent, which can be found in blood, lymphoid, and other tissues, has
been shown to be transmissible via blood (Manuelidis et al. 1985, Dealler 1996).
The risk of transmission of TSEs through animal-derived raw materials such as fetal
calf serum (FCS), bovine serum albumin (BSA), porcine trypsin, bovine transferrin,
and human transferrin must, therefore, be considered. Such products are widely used
in cell culture media.

The detection of TSE contamination involves direct intracranial injection of PrP
transgenic mice with the test material, followed by prolonged incubation periods
(usually many months) to allow the disease to develop. An alternative method of
detection of prions is by Western blot (Beekes et al. 1995). At present, such tests
are not performed routinely. Sourcing animal-derived materials from BSE-free
regions is currently used to avoid contamination with TSEs.

5A.5.6 VIRUSES

Viral contamination of cell lines used for the production of biopharmaceuticals
presents potential hazards to the process operators as well as the patient. Viral
contamination may originate from the cell line, the raw materials, or the process
operators. The cell line may contain endogenous viruses; for example, infectious
mouse retroviruses are present in all cell lines derived from mouse myelomas (Froud
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et al. 1997). Cells also may be contaminated with viruses from other infected cultures
handled in the same laboratory. The raw materials that may introduce viruses include
FCS (bovine viruses), porcine trypsin (porcine viruses), and cell feeder layers. Garnik
(1996) reported a series of contaminations of fermenter cultures of Chinese hamster
ovary cells with minute virus of mice (MVM). MVM was not detected in the MCB
and as the fermentation processes used large quantities of raw materials, the actual
source of the contamination was not traceable. The investigation concluded that the
available evidence was consistent with the virus being introduced into the manufac-
turing process through a contaminated raw material. This has led to the request for
more rigorous screening for MVM by the regulatory authorities.

In order to test a cell line adequately, its detailed history must be examined to
determine the viruses with which it could potentially be infected. For rodent cell
lines (mouse, rat, and hamster) commonly used in the production of biopharmaceu-
tical products, the viruses of concern include, among others, viruses from the host
species and viruses from the media components used (Doyle and Bolton 1994, Lees
and Darling 1995). Some of these viruses are listed in Table 5A.2.

The detection of viruses in cell lines and their products is performed using a
variety of methods. Specific in vitro viral assays use detector cell lines to detect
viruses of interest by cytopathic effect, morphological changes, hemadsorption and
hemagglutination. The detector cells usually include human, primate, and cells from
the same species. The MAP, RAP, and HAP (mouse, rat, and hamster antibody
production assays, respectively) tests are species-specific tests for rodent cell lines
that involve injection of the test material into mice, rats, or hamsters. The serum
from the inoculated animal is then tested for the presence of a range of viruses. Up
to 16 different murine viruses can be detected using the MAP test. Other viruses
that may not be detectable using in vitro assays can be detected using in vivo assays
performed by inoculating the test materials into embryonated chicken eggs, suckling

TABLE 5A.2
Viruses of Concern for Products from Rodent Cell Lines

Virus Source

Lymphocytic choriomeningitis virus (LCMV) Host species
Hantaan virus
Sendai virus
Reovirus-3
Rat rotaviruses

Bovine viral diarrhea virus (BVDV) Bovine serum 
Bovine rhinotracheitis virus
Bovine polyoma virus
Bovine rotaviruses
Parainfluenza
Bovine retroviruses

Porcine viruses (e.g., porcine parvoviruses) Porcine trypsin
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mice, guinea pigs, or rabbits, which are subsequently examined for signs of detri-
mental effects. The reverse transcriptase assay detects retroviruses based on the
presence of the retroviral enzyme reverse transcriptase. However, this assay does
not distinguish between infectious and noninfectious retroviruses. Transmission elec-
tron microscopy (TEM) is a quantitative assay that can detect and identify a broad
range of viruses. However, TEM cannot differentiate between infectious and defec-
tive viruses and is relatively insensitive. TEM is also capable of detecting myco-
plasma, bacteria, and fungi. Figure 5A.3 shows electron micrographs of rodent
retroviruses. The cocultivation assays are used to test for viral infectivity. In these
assays, the test cell line is incubated with one or more cell lines susceptible to a
variety of viruses. The cocultivation is maintained by passage for a number of weeks,
during which the presence of viruses is detected, for example, by cytopathic effects,
hemadsorption, or reverse transcriptase assays.

Other assays include PCR assays for viruses such as bovine viral diarrhea virus,
rat XC cell plaque assays for the detection of ecotropic mouse leukemia viruses
(which multiply in mouse or rat cells), S+L– (sarcoma positive, leukemogenic neg-
ative) focus forming assay for the detection of xenotropic mouse leukemia viruses
(which can multiply in cells of other species), and the Mus dunni–immunofluores-
cence assay (a sensitive assay for the detection of murine retroviruses). Cell lines
of human or primate origin should be exhaustively tested for known human and
primate retroviruses and adventitious viruses. The recommended tests have been
summarized by Froud (1999).

5A.5.7 AVOIDANCE OF BIOLOGICAL CONTAMINATION

No single approach will necessarily ensure the safety of a biopharmaceutical product.
Therefore, the following combined approaches are required to minimize the risk of
contamination.

FIGURE 5A.3 Electron micrographs of retroviruses. (A) C-type retrovirus (arrowed) (total
magnification × 101,600); (B) intracisternal A-particles (arrowed) (total magnification × 76,800);
(C) negatively stained C-type retrovirus particle (arrowed) (total magnification × 280,000).
(Reproduced with permission of BioReliance Ltd.)
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It is most strongly recommended that cell lines are obtained from well-charac-
terized cell banks prepared at reputable cell culture collections. Where this is not
possible or verifiable, the cells should be quarantined until properly tested for
contaminants before being used routinely. In addition, cell cultures in use should be
regularly tested for mycoplasma contamination. All cell banks prepared should be
tested following the detailed protocols provided by the regulatory authorities (e.g.,
CBER 1993). It may be necessary to include other media to detect fastidious and
slow-growing contaminants. The identification of a contaminating organism can help
trace its source.

The use of good aseptic techniques in the handling of cell cultures cannot be
overemphasized (Freshney 1987). The use of antibiotics should be avoided as much
as possible to prevent the maintenance of a low-level contaminant and to reduce the
risk of selecting resistant strains. It is important to ensure sterility of media (e.g.,
by filtration) and all equipment to be used (the method employed will depend on
scale). It is good practice to test media routinely before use by incubating a sample
for up to 14 days in various broths and agars at 30 and 37°C (McGarrity 1979).
There is no substitute for regular visual examination of the cell cultures.

As animal- and human-derived raw materials contribute to the risk of viral and
mycoplasma contamination, many manufacturers of biopharmaceutical products are
moving toward using media free of animal- and human-derived components. If non-
animal-derived replacements are not available, the appropriate certification should
be provided to confirm the origin and the health of the animals before slaughter. In
general, animal-derived materials should be obtained from certified herds from areas
known to be free of BSE, such as New Zealand. All animal-derived raw materials
(especially serum and trypsin) should be tested for mycoplasma and the relevant
viruses of concern. Sera and trypsin should be treated to remove or inactivate
potential contaminants. Sera may be heat inactivated at 56°C for 30 min or filtered
through 0.1-µm pore size filters. Trypsin should be filtered through a 0.1-µm filter.
Some manufacturers and users of bovine sera and porcine trypsin use gamma irra-
diation for the inactivation of viruses. Although reports suggest that prions can be
removed using high-molecular-weight exclusion limit cross-flow ultrafiltration
(Michaels et al. 1995, Olson 1996) and monoclonal antibodies to PrP27-30 (Gabizon
et al. 1989), the procurement of animal-derived materials from areas free of BSE is
presently used to avoid contamination with TSEs. Currently, validation studies for
the removal or inactivation of TSE agents are not generally required because of the
difficulty in performing in vivo studies with these agents. However, Bailey (1998)
has reported the development of strategies for validating the removal of TSEs in
biopharmaceutical processes.

In addition to using cell lines obtained from a reliable source, cross-contamina-
tion can be avoided by adequate segregation of cell lines, by using good aseptic
techniques and by segregating media, reagents, and supplements for each cell line.
It is advisable to check cultures regularly and to treat as suspicious any sudden
change in culture characteristics (e.g., in morphology or growth rate). Procedures
such as physical separation, storage, and standard methods for labeling that are
understood and accepted by everyone in the facility should be adopted for solutions,
cultures, cryopreserved cells, and other components to avoid cross-contamination.
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Regular disinfection of the laboratory and the work area is strongly recom-
mended (Smith 2000). All contaminated cell cultures must be discarded immediately
to prevent the spread of infection. Irreplaceable stocks may be “rescued” using
antibiotics for eradicating the contamination as described by Mowles (1995). These
eradication methods vary in their degrees of success. The cell line may be considered
contaminant free after extended maintenance in antibiotic-free culture and rigorous
testing. An alternative approach is to use molecular biology techniques to re-express
the product in a noninfected host cell line.

Cell banks should be tested for endogenous viruses, viruses that may be derived
from the raw materials used, and other adventitious agents using a scheme similar
to that in Table 5A.3. Broad viral screens, such as the general in vitro assays and
retroviral assays, can be used for in-process detection of viruses.

Due to the limits of detection of these assays, the nondetection of viruses in a
cell line does not prove that the cell line is virus free. Therefore, additional safeguards
are required to minimize the potential risk of infection of the patient who receives
a product derived from the cell line contaminated with an undetected virus. The
regulatory authorities expect to see data showing virus removal during the purifica-
tion process (virus clearance studies) and the introduction of specific virus removal
or virus inactivation steps in the process (e.g., low pH inactivation, use of solvents,
detergents, or virus filters).

5A.5.7.1 Virus Clearance Validation

The demonstration of virus clearance combines the following five steps:

1. Scaling down the purification process by considering various methods of
virus inactivation.

TABLE 5A.3
A Testing Strategy for a Rodent Cell Bank and In-Process Samples

Master
Cell Bank

Working
Cell Bank

End of
Production

Cells
Bulk

Harvest
Purified

Bulk

Sterility + + + +
Mycoplasma + + + +
In vitro virus assays + + + +
In vivo virus assays + +
MAP/RAP/HAP + +
Retrovirus assays + + + +
Electron microscopy + +
Cocultivation + +

Note: The “+” indicates which tests should be performed. All test results should be reported. If an
adventitious agent is detected in any of the tests with the shaded boxes, the cell line (or the product
batch) may not be suitable for the production of a biopharmaceutical product.
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2. Selecting appropriate model viruses (Table 5A.4).
3. Spiking selected steps of the process with high titers of the viruses.
4. Calculating the virus reduction factors for each step.
5. Adding the separate virus reduction factors to obtain an overall clearance

factor for the whole of the purification process

The limitations of virus validation studies include the use of model viruses that
may not behave exactly as contaminating viruses and the inability to scale down
completely while maintaining the exact equipment and conditions of the full-scale
manufacturing process. Table 5A.5 shows data obtained from the virus validation
studies of a murine monoclonal antibody purification process. The overall clearance
factor gives an indication of the capacity of the purification process to remove and
inactivate viruses. However, to ascertain whether this clearance factor is sufficient,
it is essential to relate this figure to the estimated virus load derived from the starting
material (e.g., by electron microscopy) and to take account of the proposed use of
the product.

TABLE 5A.4
Some Viruses Selected for Virus Clearance Validation Studies

Virus Size (nm) Envelope Nucleic Acid

Murine leukemia virus 80–120 Yes RNA
Poliovirus 20–30 No RNA
Herpes simplex virus type 1 120–150 Yes DNA
Adenovirus 70–90 No DNA
Bovine viral diarrhea virus 50–70 Yes RNA
Bovine parvovirus 18–24 No DNA

TABLE 5A.5
Retrovirus Clearance for a Monoclonal Antibody 
Purification Process

Purification step Log Reduction

Protein A affinity chromatography 4.7 to > 6.2
Low pH inactivation 4.4 to > 5.9
Ion exchange chromatography 5.4 to 7.2
Size exclusion (gel permeation) chromatography 1.5
Virus filtration > 6.6

Cumulative reduction > 21.1

Note: The cumulative reduction does not include the value obtained
from size exclusion chromatography, because the value was very low
in comparison to the other reductions.
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5A.6 OVERVIEW

Bacteria, fungi, mycoplasmas, other cell lines, and viruses from various sources can
contaminate cell lines, the production process, and the biopharmaceutical products
obtained from them. There is also a potential risk of contamination with prion
proteins. The sources of contamination include raw materials of animal origin, air,
water, equipment, the cells themselves, and the process operators.

A variety of techniques exist for the detection of the various biological contam-
inants in the culture raw materials, the cell lines, and their products. In general,
bacteria and fungi can be detected by microscopy and culturing in appropriate media,
and mycoplasma can be detected using PCR, the Hoechst 33258 DNA stain, and
culturing in selective media. Chromosome analysis, isoenzyme analysis, detection
of species-specific antigens, genetic fingerprinting, and detection of specific proteins
can be used to detect cross-contamination with other cell lines. Testing for prions
is rarely done, but they can be detected by Western blot analysis and prolonged
incubation in mice. Electron microscopy, various cell culture tests, and in vivo assays
are used to detect the presence of a variety of viruses. The test regime will vary
depending on the history of the cell line and the proposed use of the product.

In order to avoid contamination of cell culture processes in the production of
therapeutic biotechnological products, it is very important to use cell lines from
well-characterized cell banks. If it is unavoidable to receive cell lines from other
laboratories, it is essential to quarantine these cell lines until they are tested for the
absence of mycoplasma, bacterial, and fungal contamination. Segregating cell lines
in time and space is also essential to avoid cross-contamination between cell lines.
The use of good aseptic techniques cannot be overemphasized. The use of antibiotics
is not a substitute for good aseptic technique and should be avoided where possible:
it is better to know of the presence of a contaminant than to suppress it with
antibiotics. All raw materials and equipment should be adequately tested and ster-
ilized before use. As much as possible, the design of the production equipment
should ensure aseptic operation and where possible include automation to minimize
human intervention. The environmental and process bioburden should be monitored
to ensure they are both within acceptable limits. Finally, where known risks are
apparent, specific process steps should be included to reduce these potential risks
to a level consistent with the treatment required for the patient.

This chapter has concentrated on mammalian cell biotechnology because it
captures most of the microbial quality issues encountered in biopharmaceutical
production. Where recombinant prokaryotes are employed, good fermentation prac-
tices must be applied to ensure production integrity (Primrose 1998). Here, the
special problem of identifying in-process microbial contamination against a high-
level recombinant background demands novel solutions (Delaney et al. 1996).
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5B.1 INTRODUCTION

Given the complex nature of medical device production processes and the consid-
erable range of medical device types, it is not surprising that significant effort is
required to assess and control microbial contamination. In this context, it is impor-
tant to recognize that the microbial ecology of medical devices concerns not only
the raw materials used but also the influence of the wider production program. This
includes an appreciation of processes at the principal manufacturer’s site, the
characteristics of subcontracted operations, and the quality of the total production
environment.

5B.2 THE NATURE OF MEDICAL DEVICES

Medical devices are often of complex construction reflecting their medical or surgical
role. Although not exhaustive, Table 5B.1 describes many of the raw materials used
in the construction of medical devices.
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The use of these very different materials determines the production process, with
a concomitant influence on the production environment and microbial ecology.

The microbial flora associated with medical device production does not appear
to show uniformity in the quantity or type of microorganism recovered. Although
this may reflect population nonhomogeneity, it is more probably related to the nature
of sampling for microbiological attributes (Clontz 1998). Sampling presents two
difficulties:

1. The relatively small sample sizes used.
2. The lack of uniformity in the distribution of contaminants.

The distribution and type of microbial contaminants are partly related to the raw
material being converted into a medical device (see Chapter 8), but subsequently
they are also influenced considerably by the production process. The data presented
in Table 5B.2, collected from 48 manufacturers of medical devices as a snapshot of
their production operations, illustrate the inherent variation in contamination for the
material types used. The range of device complexity, production operations, and
manufacturing environment are reflected in the very wide infra-material type distri-
bution of microbial loading. As all the sampling, cultivation, and enumeration were
performed according to the same methodology, variation in organism count reflects
true product differences.

Bioburden data reveal a predictable tendency for increasing contamination
from low levels on metallic items to high burden on fibrous devices such as cotton
wool swabs. Most of the microorganisms constituting contaminants of metal
products are introduced onto the device by the production process. This contrasts
with natural organic materials in which the microbial contamination is indigenous.

TABLE 5B.1
Selected Materials Used in the Construction of Medical Devices

Material Typical Device Use

Plastics, polymers, and elastomers Infusion devices (administration sets, blood bags), urinary 
catheters, fluid collection devices, hemodialysis tubing sets, 
bulking agents

Ceramics Orthopedic implants, dental restorative products, cements 
Metals External orthopedic fixation devices, internal orthopedic fixative 

devices and other orthopedic implants, intravascular guide wires, 
peripheral and coronary stents, other coronary implants

Biological and chemical coatings Device surface lubrication, reduction of thrombus deposition, 
improved biological tolerance by the body

Animal tissues Reconstruction; urethral devices, heart valves
Human tissues Reconstruction
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TABLE 5B.2
Bioburden Data Taken from a Number of Anonymous United Kingdom 
Customers and Grouped by Product Type

Bioburden* by Product Type

Tubing Steel Items Catheter/Guidewire Swabs

22 304 7 5 4 16
20 8 9 24 5 37
21 5 4 22 12 68

2 6 5 0 0 97
5 4 10 0 0 13

11 1 4 37 2 250.+
11 1 1 11 1 13

2 0 8 34 2 250.+
62 0 0 3 4 250.+
37 2 2 1 3 250.+
19 2 3 3 0 250.+

8 5 5 3 2 250.+
2 2 3 1 1 —

62 11 1 3 2 —
37 172 0 3 5 —
19 20 1 4 2 —

8 0 2 1 2 —
2 108 1 2 0 —

29 1 0 2 1 —
20 2 0 0 0 —
15 56 0 1 1 —

5 112 0 36 5 —
7 0 0 0 3 —

12 0 0 3 2 —
7 0 0 3 1 —

14 0 0 5 1 —
14 1 0 3 7 —
60 6 — 3 5 —
16 11 — 10 1 —

9 4 — 10 1 —
40 4 — 11 3 —
27 4 — 11 2 —

2 4 — 14 4 —
7 1 — 14 1 —

22 0 — 2 27 —
47 2 — 1 3 —
10 3 — 0 1 —

5 3 — 1 5 —
14 0 — 0 2 —

(continued)
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Production processes are also known to be a major contributory factor for con-
tamination of medical devices made from plastic polymers (Figure 5B.1).

An understanding of the sources and anticipated distribution of microbial con-
taminants is crucial in developing an effective microbiological control programme.
Measures for control have been reflected in sterile medical device regulation since
the 1960s, culminating in a variety of recognized standards for environmental mon-
itoring. Most of the standards have avoided specifying microbial contamination in
terms of the identify of the microorganisms. Instead, they remain confined to the
determination of inanimate particulate contamination (Anonymous. 1976, 1989) or
simply as to how microorganisms can be detected through the use of screening tests.

Overtly pathogenic microorganisms are rarely found on non-organic materials;
microorganisms found in the medical device production environment are mainly
Gram-positive bacilli and cocci. The presence of Gram-negative bacilli is almost
invariably associated with water in the production process. It is important to under-
stand the production processes adequately in order to implement an effective micro-
biological control program.

TABLE 5B.2 (continued)
Bioburden Data Taken from a Number of Anonymous United Kingdom 
Customers and Grouped by Product Type

Bioburden* by Product Type

Tubing Steel Items Catheter/Guidewire Swabs

5 10 — 0 2 —
15 28 — 0 1 —
56 27 — 2 1 —

3 13 — 17 0 —
38 5 — 3 8 —
42 6 — 2 1 —

2 3 — 11 1 —
33 2 — 5 3 —
75 31 — 2 0 —

Average
21 2 5 N/A

Minimum
0 0 0 13

Maximum
304 10 37 250.+

* Note: All data are expressed as colony forming units (CFUs) per product except swabs at CFU.g–1.
Dashes indicate no data. N/A indicates not applicable.

Source: From Sterigenics UK, personal communication. With permission.
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5B.3 FACTORS INFLUENCING THE MICROBIAL 
ECOLOGY

Factors influencing the microbial ecology of medical devices may be grouped into
four main areas:

1. Raw materials
2. Production processes
3. Extent of exposure
4. Scale of production

Although the influence of both the raw materials and the production processes
may be obvious as sources of contamination, the extent of exposure is often over-
looked. For devices made on a small batch basis, the intensity of handling by
production workers and repeated handling are the most prolific sources of contam-
ination. For this reason, the environmental microbiological control program requires
a clear appreciation of how the production process affects the distribution of con-
tamination at each step in the process. End-stage monitoring of microbial contami-
nation of the finished device (traditionally termed “bioburden”) is insufficient for

FIGURE 5B.1 Factors influencing the microbial ecology and nature of medical devices.
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characterizing contamination and does not permit the detection of “hot spots” in the
production process. Comprehensive profiling is implied through process control
requirements of recognized quality management systems applicable to the production
of medical devices. In these situations, manufacturers are obliged to know the
capability of their processes; specific operations are qualified to yield a consistently
manufactured product conforming to the specified requirement for that product (or
to established specifications given by appropriate standards).

The features of such process qualification must naturally take into account the
following:

• Materials
• Processing fluids or agents with which the materials will come into contact
• Exposure of the materials to air in the production environment
• Exposure of materials to surfaces
• Handling

The logical corollary of process qualification is the implementation of appropri-
ate storage areas such as receiving or inspection, intermediate storage during the
production of the device, and finished goods storage and distribution to the primary
user. Controls to minimize the introduction of contamination due to incoming raw
material as well as equipment should then be developed. Typical controls include
placing consignments of raw materials in double plastic bags to facilitate transfer
from storage into the production environment in the case of devices manufactured
partly or fully in a controlled environment.

5B.4 SUITABILITY OF MICROBIAL METHODS
FOR MONITORING CONTAMINATION

The absence of statutory or regulatory specifications for the level of microbial
contamination has led to the emergence of industry norms. For example, products
such as blood contact medical devices tend to be produced in clean rooms (areas of
higher specified cleanliness; see Chapter 4). Hence, the microbiological control
program should be commensurate with the anticipated level of contamination to be
controlled (Pendlebury and Pickard 1997).

Since the importance of correct methods is crucial, appropriately detailed doc-
umented procedures are needed. These should cover the methodologies and tech-
niques to be used for each test, together with the frequency of testing. Corrections
for the efficiency of the techniques to recover microorganisms from the test devices
should be included. These may be supplemented by control measures such as indi-
cator strains to be used for comparisons or other reference measures.

Detailed guidance on bioburden estimation in medical devices is given in BS EN
1174 (1994) (BS EN are European standards accepted by British Standards Institution).
Five distinct stages are involved: sample selection, removal of microorganisms from
sample, transfer of microorganisms to recovery conditions, enumeration of microorgan-
isms with specific characteristics, and interpretation of data, involving application of
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appropriate correction factors determined during validation studies. Considerable sig-
nificance is attached to bioburden testing; it is regarded as a critical step in the manu-
facturing process of sterile devices. An under-estimation of the bioburden population
could result in a miscalculation of the sterilizing requirements for a given product; in
contrast, an overestimation could result in excessive exposure to the sterilizing agent,
which in turn could affect the function of the device. For a more detailed discussion on
sampling and testing of medical devices and on the recovery conditions used, the reader
is referred to Baird (2000) and Millar (2000) in the companion Handbook.

5B.5 USE OF INFORMATION FROM 
MICROBIOLOGICAL MONITORING

The most frequent use of information from microbiological monitoring of medical
device production is for determination or confirmation of the achievement of the
specified quality of the product. Information gained from microbiological monitoring
may also be required as part of the regulatory scrutiny needed for obtaining marketing
approval or clearance from government organizations responsible for safety.

Further uses of information may be in the compilation of quality profiles of the
production process. In this regard, characterization of the microbiological contami-
nation allows determination and identification of potential deleterious sources that
could compromise quality.

In certain situations, such as devices to be labeled “sterile,” manufacturers are
obliged by convention to prepare a documented programme for accomplishing the
performance qualification requirements specified in standards or monographs. It is
noteworthy that the use of many of the applicable standards is voluntary. Neverthe-
less, convention and regulatory pressure have led to the emergence of certain norms,
which has conferred a technological status to such references (Table 5B.3).

The status of the various standards currently available creates confusion for
manufacturers. For example, convention requires the use of standard methods, yet
manufacturers intending to place product on the market within the European Union
conceivably achieve the necessary approvals through the use of non-harmonized
European Standards. Although this may at first appear attractive, the emphasis on

TABLE 5B.3
Typical Uses of Microbiological Monitoring Information

Determination of contamination distribution (profile)
Control of routine production quality
Investigation of excursions from set limits
Remedy of contamination problems
Demonstration of achievement of specified quality
Accomplishment of applicable standards for performance qualification (validation)
Regulatory approval
Investigation of postproduction events
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good quality management becomes paramount: equivalent controls would be needed
within the manufacturers’ quality management system.

Confusion also arises because of the different geographical expectations for
microbiological control. A particularly revealing example concerns the U.S. expec-
tation for bacteriostasis and fungistasis tests. Manufacturers of medical devices
supplying the U.S. market are required to perform such tests, even though the quality
of the methods used is not necessarily microbiologically defensible. In Europe,
however, their use would be optional, with the manufacturer obliged only to deter-
mine whether to test and to determine the suitability of the test method accordingly.
There is a tendency in certain medical markets to rely increasingly on microbiolog-
ical test methods originally devised for control of pharmaceutical products.

In terms of the routine control of medical device production, by far the most
important concern for the manufacturer is whether the batch in question can be
released to the market. There remains no universal consensus on the best method to
use and so it is important to determine both the local and national requirements.
Despite any such variation, the process for release of products remains uniform:

• Confirmation that the sterility assurance level specified for the medical
device has been achieved according to qualified (validated) methods

• Confirmation that all assembly steps have written specifications
• Confirmation that microbiological contamination levels are within speci-

fications
• Demonstration or confirmation that sterilization process cycle conditions

are within specification

In certain situations, manufacturers may need to perform additional testing prior
to release. These include detection of endotoxins on devices that come into contact
with water during production and tests for sterility. Typically, however, such tests
do not add weight to the demonstration of microbiological quality, as they tend not
to be required for regulatory clearance without good justification.

5B.6 DYNAMIC MICROBIOLOGICAL QUALITY 
ASSURANCE FOR MEDICAL DEVICE PRODUCTION

Manufacturers of medical devices could easily be forgiven for wondering how to
respond to the bewildering array of voluntary and statutory requirements that may
determine how to effect microbiological control of production. Clearly, these stan-
dards, particularly in the Western world, can be expected to increase in the future.
This, along with the continued appeal of formal, recognized quality management
systems demonstrating good manufacturing practice, suggest that the development
of dynamic assurance for microbiological contamination control should constitute
an essential part of the quality system (Table 5B.4).

A clear understanding of the contamination sources, influence of each production
step, and the regulatory requirements are obviously crucial but so too is the purpose
of any testing that is integrated within the quality system.
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Fully documented policies, procedures, and practices are implied by the recognized
quality management system standards, notably EN ISO 13485:2000 and EN ISO
13488:2000 (Anonymous. 2000a, 2000b). This is further supported by the continued
drive towards international harmonization of requirements, in which the prevailing
regulations and standards all require some level of documentary evidence for achieve-
ment of specified requirements, including those concerning microbiological contami-
nation. The message for the industry is clear: the structure and purpose of any micro-
biological control program not only must be good microbiology, reflecting in-depth
theoretical academic knowledge and empirical evidence, but must permit the achieve-
ment of consistent production quality to be communicable to regulatory authorities.
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6.1 INTRODUCTION

Good manufacturing practice (GMP) enshrines the principle that products are con-
sistently manufactured to a quality appropriate to their intended use. GMP is thus
an all-embracing philosophy that covers premises, services, equipment, processes,
documentation, purchasing, distribution, and staff. The control of microbiological
contamination is an important aspect of GMP and should form an integral part of it.

Traditionally, microbiological control has been associated particularly with the
manufacture of sterile products. However, experience has shown that microbiological
contamination can also cause problems with a wide range of nonsterile products,
such as tablets, creams, ointments, and oral liquids. The traditional response to this
problem has been the addition of preservatives, but there is now increasing consumer
and medical pressure to remove or reduce the levels of preservatives in products. In
turn, the pharmaceutical manufacturer has had to respond by increasing the level of
microbiological monitoring and control. One of the main consequences of this has
been the introduction of microbiological control of existing premises and practices
in a piecemeal fashion that is often expensive and ineffective. An alternative and
preferred course of action involves a thorough review of all aspects of the operation
with a team consisting of representatives from the microbiology, engineering, man-
ufacturing, and training departments. This should ensure that there is a consistent
approach throughout the factory and that no important aspects are missed. The food
industry is aware of the need for an integrated approach and has developed a system
called hazard analysis of critical control points (HACCP). This system ensures that
the proper amounts of resources, monitoring, and control are in place at the points
where microbiological control is required. This is not only cost effective but also
gives a high degree of assurance that the finished product will be suitable for its
intended use. A possible HACCP system for cleanroom contamination control has
been proposed for pharmaceutical manufacturing (Whyte 2002).

GMP has been interpreted in many different ways. The most succinct definition
is “getting it right first time, every time.” One of the best ways of achieving this is to
prevent mistakes from occurring at the source. Most companies are good at identifying
possible hazards for which they then introduce checks or tests at subsequent manu-
facturing stages to determine whether the hazard has occurred. This is not good
manufacturing practice. The correct approach is to identify the hazard and prevent it
from occurring in the first place. In the long term, this is also probably the most cost-
effective approach, but it may take time and effort on the part of the people involved
in solving the problem. It is recognized that going from one crisis to another is a
common problem in manufacturing industries and that lack of time and resources often
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prevents the ideal problem-solving approach from being taken. Indeed, there can be
considerable commercial pressure to maintain the status quo rather than develop better,
more secure systems or working practices. In such a situation, a cost-benefit analysis
may be necessary to demonstrate that the benefits from an initial investment of staff
and resources can often be significant in terms of longer shelf life (especially in warmer
climates), lower rejection rate, and fewer customer complaints. It is important, there-
fore, that scientific and manufacturing personnel are able to present their requirements
in such a way that they are readily understandable to the commercial arm of the
company. GMP must evolve from, and involve, senior management. Without their
commitment, resources may be unduly limited.

6.2 PRINCIPLES OF FACTORY OR HOSPITAL HYGIENE

6.2.1 ZONING CONCEPT

A factory will naturally be divided into specific areas for different activities. Each
activity will have different requirements in terms of air handling and filtration,
temperature and humidity control, cleaning and protective clothing. By taking this
natural segregation of activities one stage further, the zoning concept is achieved.
When designing a new factory or renovating an existing one, it is relatively easy to
zone activities according to cleanliness requirements and to ensure that these zones
are different colors. Access would be restricted to those people who were correctly
clothed, trained, and authorized to be in that zone.

Although this practice is common in cleanroom suites, its extension to cover the
whole factory is now becoming more widespread as the need to manufacture non-
sterile products to a high microbiological quality is recognized. Traditionally, zones
have been classified as black, gray, and white. However, with the numerous activities
that occur in nonsterile manufacture, a more varied classification is needed. The
zoning concept enables the correct number of resources to be allocated to an area.
For example, an oral liquid manufacturing area may require a more frequent and
thorough sanitization program than a nonaqueous ointment manufacturing area. In
the same way, clothing, air handling, and air filtration should reflect the necessary
degree of protection that the products require.

6.2.2 CLEANROOM CLASSIFICATION

Whyte et al. (1982) have demonstrated that virtually all contamination occurring
during aseptic manufacturing results from poor operator technique or airborne viable
particles; however, the crucial factor for achieving low contamination levels with a
trained workforce will be viable particles in the air. It might therefore seem logical
to define environmental standards on the basis of colony-forming units (CFUs) per
unit air volume; however, the relatively low levels of airborne microbial contamina-
tion would render measurements imprecise and inconsistent. Instead, the quality of
cleanroom air is defined by total particulate counts that can be continually or
periodically monitored. Thus sterility assurance relies upon the exclusion from the
work zone of all particles that could be viable, rather than attempting to define an
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acceptable limit for viable particle concentration. A cleanroom therefore can be
classified by the quality of air supplied to the facility. Some unification of standard
has been achieved through the global International Organisation for Standardisation
(ISO) classification system; this is compared to national standards in Table 6.1. For
a more detailed discussion on the design of cleanrooms and controlled environments,

6.2.3 CLOTHING

Ideally, all personnel entering or working in pharmaceutical manufacturing areas should
be clothed in dedicated factory clothing. This should consist of white shirt, white
trousers, and appropriate footwear. The clothes should be freshly laundered. It is not
unusual to find that people are issued with insufficient changes of clothing, perhaps
having to wear the same shirt and trousers for up to 1 week in the interest of economy.
For products that are prone to adventitious microbiological contamination, for example,
oral liquids and creams, and are not manufactured in closed systems, this can prove to
be an expensive economy. It is absurd to invest money and time on performing bioburden
tests on raw materials when the manufacturing staff is not suitably clothed.

Much has been written on the design of, and the textiles used for, cleanroom
clothing (Redlin and Neale 1987, Anonymous 1987a, Miller 1987, Clemens 1988,
Goodwin 1988, Dixon 1989, Clayton 2002) to which the reader is referred. The
purpose of cleanroom clothing is to reduce the shedding by personnel of microor-
ganisms and nonviable particulate matter into the environment. If cleanroom clothing
is to be effective, therefore, it should be demonstrated to be so, prior to its being
worn in the cleanroom. In this respect, the laundering and sterilization (or sanitiza-
tion) of clothing can damage it to the extent that it is no longer suitable for its
intended use. There are a number of methods available for testing cleanroom cloth-
ing, and one of these methods or a suitable alternative should be used (Anonymous
1968, Australian Standard AS 2013 1977a, Australian Standard AS 2014 1977b,

TABLE 6.1
Cleanroom Classifications Based on Airborne Particulates

Classification System
Federal Standard 209E Class 1 10 100 1,000 10,000 100,000
EU GMP Class — — A/B — C D
ISO 14644–1 Class 3 4 5 6 7 8

Performance specifications 
for the control of airborne 
particulates defined as 
limits on the number of 
particles of given size (µµµµm) 
which may be present in a 
cubic foot of air

0.1 µm 35 350 — — — —

0.2 µm 7.5 75 750 — — —

0.3 µm 3 30 300 — — —

0.5 µm 1 10 100 1,000 10,000 100,000

5.0 µm — — — 7 70 700

Note: Dashes indicate no standard requirement.
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British Standard 3211 1986). The approximate life of the garments can then be
determined so that they can be replaced before becoming defective. This will require
stability testing whereby a garment will undergo successive laundering and steril-
ization cycles until it fails. The rationale behind this is that it is extremely difficult
for cleanroom monitoring programs to detect defective garments in a timely manner.
A defective garment may be worn only once or twice a month and it may be many
months before the monitoring program will pinpoint the problem. It helps, of course,
if all garments are identified and logged so that high microbial counts in the clean-
room can be correlated to the specific garments worn. Apart from the standard
cleanroom clothing worn by the regular personnel, there is usually a requirement
for clothing for people who are infrequent visitors, for instance, maintenance or
engineering personnel and self-inspection audit teams. Disposable cleanroom cloth-
ing is a popular choice in these circumstances, but this clothing also needs to be
vigorously tested for adequacy before a particular make is used; in particular, some
types do not have sealed seams over the stitching.

6.2.4 CLEANING AND DISINFECTION

The Rules and Guidance for Pharmaceutical Manufacturers and Distributors (Anon-
ymous 2002) contains some general advice with regard to cleaning and disinfection
(see sections 3.36, 3.9–3.11, 5.19, A1.37–A1.39). Disinfection and sanitization of
specific manufacturing areas will be examined in greater detail in subsequent sections
of this chapter. Some problems associated with cleaning of equipment are illustrated

and sterilizing-in-place.
A cleaning and disinfection policy should be prepared that covers the whole

factory or hospital manufacturing suite. This should be drawn up in conjunction with
a microbiologist and manufacturing and janitorial staff. The cleaning and disinfection
policy should cover written cleaning schedules and procedures including the name
of cleaning or disinfection agent, concentration of agent, quality of water to be used
in preparation of use-dilutions, and shelf life of the diluted agent. The procedures
should also include details of how the disinfectant is measured and diluted. For
instance, it is not uncommon to find small volumes being measured in large mea-
suring cylinders, a bad practice that arises particularly when disinfectants are
changed, especially to ones that are used at concentrations of 0.5% or below. Both
above and below certain concentrations, biocidal activity may decrease dramatically.

Validation of disinfectant activity is an area that has been somewhat ignored in
the past. Retrospective validation can no longer be accepted, especially where prod-
ucts that are susceptible to microbial contamination are involved. A validation pro-
tocol should be prepared and used whenever a new disinfectant is proposed; this

If the results of this initial survey and prospective validation are satisfactory,
then the next stage is to consider the current operating procedures. Procedures may
need to be rewritten to incorporate such changes as the name of the new disinfectant,
its concentration and frequency of use, rotation with other agents, and so forth.
Dilutions may well be different, requiring new measures or containers for diluting
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and storing the new disinfectant. Another important factor to take into account is
user acceptance. If the disinfectant causes irritation of the eyes and throat in sensitive
individuals, strict compliance with the disinfection regime may prove difficult.
Therefore, user acceptance trials may be of benefit at this stage.

The next stage is the most difficult one: a decision has to be made to accept or
reject the new disinfectant. It is important that the rationale for accepting or rejecting
the agent is well documented. If problems are encountered in the future, the docu-
mentation could prove to be very useful, especially if there has been a change in
staff. When the new disinfectant is brought into use, the level of environmental
monitoring must be increased. The extent of this will depend upon the results
obtained during the prospective validation study. Once the relevant amount of his-
torical data has been obtained and found to be satisfactory, then environmental
monitoring can revert to its previous frequency.

Disinfectants can become contaminated with microorganisms and special pre-
cautions need to be taken to prevent this problem arising (Anonymous 1958, Burdon
and Whitby 1967, Ayliffe et al. 1969, Bassett et al. 1970, Berkelman et al. 1984;

microbial contamination. Dilutions should be kept in previously cleaned containers
and should not be stored unless sterilized. Part-empty containers should not be
refilled (Whyte and Donaldson 1989). For a more detailed discussion on the role of
disinfection and cleaning in a contamination control program, the reader is referred
to the companion Handbook (Hodges and Baird, 2000).

The type and condition of mops and buckets used are a frequent source of
embarrassment to companies during audits. It is not unusual to find dirty, dilapidated
mops stored in a damp condition in a cupboard with inadequate ventilation. This
presents a microbiological hazard and generates an excessive challenge for disin-
fectants. This situation can arise when cleaning and disinfection are performed
outside of business hours and also when outside contractors are used. The exami-
nation of cleaning equipment should be part of the self-inspection program and also
one of the area supervisor’s routine checks.

TABLE 6.2
Disinfectant Validation Protocol

Review manufacturer’s data sheet. Determine whether work was performed in-house or independently. 
Obtain copies of references.

Literature search. Determine whether further information is available.
Determine minimum contact time.
Determine compatibility of disinfectants or cleaning agents in use.
Determine compatibility of disinfectant with surface finishes in manufacturing areas, for example, 

stainless steel, glass, plastics, vinyl.
Determine in-use concentration range.
Determine compatibility with any product residues to ensure neutralization does not occur.
Determine spectrum of activity.
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6.2.5 TRAINING

Training of personnel is an area to which little practical attention in both time and
financial terms is paid, although this would form an integral part of any microbiological

they do not reflect real-life situations. Commercially available programs may have a
professional finish to them but it can be difficult to relate their content to actual work
situations. Training programs produced in house may not provide a highly polished
presentation but, if well constructed, they will at least be relevant to the participants.
Initial GMP induction programs usually have an audience willing and eager to learn;
ongoing GMP programs are much more difficult to produce.

Fortunately, microbiological control is one area in which the theory and practice
can be both educational and entertaining. The effects of the operator and the envi-
ronment on product quality can easily be demonstrated by use of settle plates, swabs,
bioburden plates, and particle counters. It is important to remember that people need
to see bacterial colonies growing on nutrient agar plates in order to appreciate the
significance of the training. The theory of microbiological control can be presented
in an interesting manner because it can be related to both home and work situations.
For example, disinfection of work surfaces in the cleanroom to prevent microbial
contamination of the product can be linked with disinfection of work surfaces in the
kitchen to prevent food poisoning. It is essential that personnel understand why they
are performing a particular task and what the significance to the end user of the
product may be if that task is not performed correctly. All staff should be encouraged
to attend relevant meetings, perhaps in conjunction with managerial staff in order
to promote discussion of current working practices.

Training programs should be documented and each person should have a training
manual that details what training has been undertaken, and by whom, and the skills
or knowledge attained. Ongoing training and reinforcement are important aspects
with regard to microbial control. Periodic assessment of the effectiveness of training
programs should be made. All too frequently, the outcome of an investigation into
defective medicinal products that have reached the marketplace reveals that human
error was involved.

6.2.6 MOTIVATION

Motivation of staff is an integral part of GMP and is the mainstay of microbial
control. No matter how modern the facility, there will always be human interaction.
A well-motivated and knowledgeable workforce will be alert to possible contami-
nation risks to the product and will inform the relevant people. If the workforce is
not motivated, there may be some telltale signs such as water filters not being changed
according to schedule, equipment not being thoroughly cleaned, damage to fabric
not being reported, and many other small, but important, items being overlooked.

Disillusionment soon sets in if the principles of GMP learned in training courses
are overridden for commercial reasons. It is important to explain to staff if a change
is to be made that might appear to be in conflict with their idea of GMP. For instance,
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audit (see Chapter 21). Training programs tend to be unimaginative and ineffective as
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the environmental monitoring program might show that one area is historically well
within limits and hence the monitoring is to be decreased, thus releasing staff to work
elsewhere. The resource realized by this action might be put into an area that is not
so well within limits. The staff in the good area might believe that the decreased
monitoring is part of a cost-cutting exercise rather than a fine-tuning of the monitoring
program if they are not told the rationale behind it. Communication between the
people involved in monitoring microbial contamination and the manufacturing staff
is essential if demotivation is not to occur. A typical example of demotivating action
is to report only out-of-limit results to the manufacturing department. Even worse is
to name individuals associated with these results. This not only creates bad feeling
but also could ultimately lead to obstructive practices developing between manufac-
turing and monitoring departments. A feedback system should be developed so that
the manufacturing department receives the good news as well as the bad news. If a
problem should arise with certain groups or individuals, retraining or reinforcement
of GMP principles should be the first step rather than disciplinary action.

6.2.7 SELF-INSPECTION

A self-inspection or audit team can be a most powerful tool in microbiological

of eyes and to ensure a regular unannounced visit to all manufacturing areas by
management. It is a good idea to include on the team someone who has little
knowledge of manufacturing or of the area. It is usually this person who asks the
most questions and can prove to be an effective challenge to current practices and
systems. Regular visits by managerial staff demonstrate that they are interested in
the day-to-day life of a manufacturing unit and this helps reinforce training and
increases motivation. Much care needs to be taken with the reporting and feedback
of audit results so that they are presented in a positive and constructive manner. For
a more detailed discussion of microbiological auditing in practice, the reader is
referred to the companion Handbook (Lush 2000).

6.2.8 PROCEDURES

Written procedures have two main functions: they allow all activities to be performed
in a reproducible way and to the same standard every time. They can also encourage
the person who writes them to examine current working practices and, perhaps, to
improve them.

Written procedures should be kept as simple as possible, should be in easily
followed steps, and should be written in the imperative. The use of diagrammatic
flowchart procedures should be considered for complex operations as these can be
very effective. All too frequently, working practice does not reflect the written
procedure because the person performing the task did not write it. Furthermore,
the procedures may be held inaccessible in the supervisor’s office and not available
for use in practice. Indeed, the operator may not have seen the procedures because
they may have been prepared for presentation to regulatory authorities or certifying
bodies only.
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control (see Chapter 21). The team has two main functions: to provide a fresh pair
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There is a simple rule of thumb to determine whether written procedures are
satisfactory: if an experienced person who does not work in that department can
follow the procedure without having to ask questions, the procedure works. If
questions have to be asked, this indicates that important steps are missing from the
procedure.

6.2.9 MONITORING

Monitoring is the assessment or measurement of a number of parameters to estimate
the condition of an area, product, or process. The purpose is to confirm that the
chosen parameters are within defined limits or whether the limits have been exceeded
and corrective action is required. Table 6.3 summarizes the features required in a
microbiological monitoring program.

It is important that the results of the monitoring program are documented in
such a way that trends are discernible at the earliest possible moment. Any unusual
results should be investigated immediately and not assumed to arise from contami-
nated plates or operator error.

6.2.10 DOCUMENTATION

All too frequently, work is performed but not adequately documented. This is
particularly true for microbiological investigations of contamination problems. Much
work may be done to identify and solve the problem but it may not be written up
at the time. Subsequently, it can be very difficult to reconstruct the work performed
and hence convince an outside person that the problem has been adequately resolved.
Furthermore, should a similar problem arise, it may again need to be tackled from
first principles in the absence of adequate documentation from the first occasion.

It is now common practice to enter environmental monitoring results into a
computer to aid trend analysis. However, in certain instances it has been found that
actual results are converted to averages or means in this process. Although this
practice may be satisfactory for the purpose of trend analysis, the raw data must be
kept, and any reviewer of the data must be informed about software manipulation
of the raw information.

TABLE 6.3
Essential Features of a Microbiological Monitoring Program

Reflects the risk to the product
Provides meaningful results (e.g., “no colony-forming units on a settle plate” does not provide meaningful 
information)

Initially be all-embracing before concentrating on those areas that show highest risk
Has both warning and action limits 
Is flexible, allowing on-the-spot decisions to be taken by monitoring staff
Has a known percentage recovery rate so that results can be converted to actual levels (particularly 
important for swabs)
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6.3 INFLUENCE OF PRODUCTION ENVIRONMENT 
DESIGN

The environment of the manufacturing and storage areas may have an impact on the
microbial quality of the finished product. The extent of this impact will be mainly
dependent upon equipment design, operating practices, and the process. If closed
systems are used, then the environmental standards may not be required to be as
stringent as those for open systems. However, for this relaxation in standards to be
acceptable, the operating procedures and practices must also be appropriate. Two
different companies manufacturing the same products, using identical equipment,
might have to operate to different levels of environmental standards to achieve the
same product quality because of differences in operating procedures and practices.
This might at first seem to be unwarranted, but it is important to remember that it
is not possible to validate bad manufacturing practices.

A number of key areas need to be addressed when examining the effect of the
environment in manufacturing and storage areas on product quality. These are surface
finishes; heating, ventilation, and air conditioning (HVAC) systems; drains; equip-
ment; operating procedures; and clothing. All should be carefully reviewed when
designing a new, or developing an existing, production environment (Paley 2002).

Each of the above points will have a different significance in different manufac-

for typical production processes; further details are given in the following sections.

6.3.1 DRY PRODUCTS

There is no doubt that tablets, capsules, and powders are, on occasion, susceptible
to microbial contamination and this can result in spoilage of the product and, in
some cases, harm to the patient (Flatau et al. 1996). Although it is accepted that
the main source of contamination is usually the raw material, once an undesirable
microorganism enters a dry products area there are usually a number of places
where it can become established to form a reservoir. Subsequent batches of the
same or different products may then become contaminated. The correct design,
construction, and cleaning of manufacturing areas will diminish the risk of microbial
contamination. The reader’s attention is drawn to the many papers, articles, and
monographs that have been written on this subject (e.g., Anonymous 1987b, 1989,
1997, 2002; British Standard 5295 1989); some of the more important aspects will
be examined here.

Drains, if present, should be regularly monitored and sanitized. Floors should
slope toward the drain and there should be no dead areas where water can accumulate.
Wash bays should be designed with proper drainage and an adequate air supply and
extraction system. Inadequate air extraction often arises because the amount of steam
used in cleaning manufacturing equipment is frequently underestimated at the outset.
Surface finishes must be robust because of the aggressive nature of steam and some
cleaning agents. All too often, insufficient time, effort, and expertise are put into
designing wash bays because they are perceived not to be directly involved in
manufacturing the product.
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turing areas. As a general guide, Table 6.4 summarizes the environmental standards
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Water may be used as an ingredient, such as in granulation and coating solutions,
and as a cleaning agent. The microbial quality of the water may be poor because of
the storage conditions or because of unsuitable pipework and valves. Flexible hoses

Some water systems are designed to have point-of-use filters. Unless these filters
are changed and sterilized on a frequent basis, they can be a source of microbial
contamination. It is usually better practice to design a system that does not require
point-of-use filtration to obtain water of good microbial quality.

Manufacturing staff can also be a source of undesirable microorganisms. In
particular, fungal spores carried on clothing during the summer months may cause
a problem with certain dry products, such as paracetamol tablets. Adequate changing
facilities should be provided to enable staff to change quickly at the end of working
sessions and without contaminating their factory clothing. Another source of fungal
spores can be the HVAC system. The air supply to a dry products area should be
adequately filtered to prevent the ingress of spores. The system should be so designed
that it is easy to examine and replace filters. When filters become blocked there is
an increased risk of air bypassing the filters and hence unfiltered air entering the
manufacturing areas. Where air extraction systems are used, for example, to remove
local heat, the source of makeup air must be considered.

6.3.2 LIQUIDS, CREAMS, AND OINTMENTS

This section refers to nonsterile products only. Many of the comments made in
Section 6.3.1 regarding dry product manufacturing areas are also applicable to areas
devoted to the manufacture of liquids, creams, and ointments. However, these prod-
ucts may be more prone to microbial contamination as discussed in detail in

TABLE 6.4
Environmental Standards for Typical Production Activities

Environmental Standard Production Activity

Containment workstation Sterile radiopharmaceuticals
Class A/B Aseptic preparation and filling of vials, ampoules, and aerosol containers

Solution preparation before aseptic fill
Handling or filling of aseptically prepared products
Filling product into open vials, ampoules, or aerosol containers before 
terminal sterilization

Manufacture of implanted medical devices
Class C Solution preparation before sterile filtration

Open solution preparation and filling prior to terminal sterilization
Preparation of containers and parts for transitory indwelling devices

Class D Handling of cleaned components for use in aseptic products
Closed solution and component preparation prior to filling of terminally 

sterilized products
Dispensing, blending, and preparation of tablets, oral liquids, and powders
Open preparation of nonsterile liquids, creams, and ointments
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should be removed, drained after use, and stored vertically (see also Chapter 3).
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ufacturing systems are not used, then a grade D room (Anonymous 2002) should be
considered for manufacturing these types of products. This approach has two advan-
tages: staff members are constantly aware that the products are at risk from microbial
contamination, and the products are protected to some degree. These preventative
measures may seem extreme but the time and cost involved in eliminating a con-
tamination problem in a manufacturing environment and equipment can be consid-
erable, as can the cost of a product recall.

6.3.3 TERMINALLY STERILIZED PRODUCTS

The manufacturing environment for the bulk solution for this type of product should
meet at least a grade C standard (Anonymous 2002). However, if the solution is
sterile filtered via a closed system and then collected in sterile receiving vessels, or
filled into the final containers and terminally sterilized within a specified short time
period, then a grade D environment may be acceptable. The solution should, however,
be filled in a room that meets grade C.

The main source of microbial contamination in these manufacturing areas will
be water. It is essential that the area be so designed and built to prevent the accu-
mulation of water on floors. Any flexible hoses used should have quick-release
fittings to encourage their removal and suitable hose storage facilities should be
available. Water outlets should not have dead legs exceeding six pipe diameters in
length. Where large volumes of solutions are prepared, the environment may become
extremely humid, especially if the solutions are heated. This can cause structural
damage and allow molds to become established. Adequate dehumidification systems
should be installed in the air-handling units to cope with this problem.

6.3.4 ASEPTIC MANUFACTURE

The manufacture of aseptically prepared products is one of the most challenging
areas within the pharmaceutical industry. The production of a sterile product by this
means requires a total quality system. The failure of just one part of the system may
result in a batch of product not having a sufficient level of sterility assurance and
thus causing its rejection. The sterility test cannot be used as an alternative to the

assurance is parametric rejection, that is, if a critical parameter is not met during
the manufacturing, sterile filtration, or filling process then the batch may have to be
rejected or reprocessed.

Sterility assurance is highly dependent upon the manufacturing environment.
Solutions should be prepared in rooms designed and built to grade C (Anonymous
2002) and it should be demonstrated that they meet this classification on a regular

Section 6.3.3.
Aseptic filling rooms should be designed and built to meet a grade B standard

(Anonymous 2002). They should not just meet the particulate count requirements
but should be well within those limits. In addition, where products are exposed, the
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Chapter 3, and require more stringent manufacturing environments. If closed man-

concept of sterility assurance (see Chapter 12). An important aspect of sterility

basis (see also Chapter 7). The main sources of contamination are as described in
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zone around the product should meet grade A and the room grade B standards
(Anonymous 2002). It is important to note that the filling zone must meet a grade
A in the manned state. In order to achieve the necessary environmental standards,
much thought and care must be put into the design, construction, and operation of
the area. The advent of computer-aided design can take much of the guesswork out
of the design of air-handling systems. The number and locations of air inlets and
extracts in relation to the proposed layout can be predicted to achieve the most

Whyte (2001) for more detailed discussions on cleanroom design, including the
location of services and equipment.

Components and equipment should be sterilized during passage into the aseptic
area via a double-door autoclave or oven. It is no longer acceptable to build an
aseptic area without a suitable double-door sterilizer. Certain components such as
plastic eye-drop bottles will not withstand heat sterilization; in these cases, it is
acceptable to transfer presterilized components into the aseptic area. These compo-
nents should be triple wrapped prior to sterilization so that the first layer can be
removed in the air lock for entry into the grade C area and the second layer removed
in the air lock of the aseptic area. It is standard practice to spray or wipe small items
with 70% alcohol as they pass into cleanrooms. The alcohol used for this must be
sterile and the minimum contact time determined. As alcohol is not sporicidal, there
are inherent risks in this practice. Large items of equipment cannot always be readily
sterilized during passage into the area. This problem can be overcome by the use of
fumigating air locks. The equipment is fumigated within the air lock with formal-
dehyde or similar agents. Although this system is expensive to fit, it does provide
an effective means of transferring equipment into and out of aseptic areas. It can be
justified on the basis of reduced downtime of the area.

Maintaining differential air pressures between areas of different risk plays an
important role in the design and operation of cleanrooms (see Chapter 7). Pressures
are usually monitored with manometers, which should be identifiable and easily
read. The limits should be indicated on them. It is recommended that all manometers
be in a central bank and be located in ascending or descending order so that it is
immediately obvious that the suite is satisfactory. The practice of referencing
between rooms and not to ambient can cause confusion and requires a considerable
amount of time to calculate actual and total air pressure differentials. Manometers
should be zeroed regularly. Errors in zeroing are frequently found during inspections
or audits.

6.3.5 FORM-FILL-SEAL

The design of form-fill-seal equipment can be so varied that it is difficult to determine
the influence of production environment design on the product without knowing the
exact specification of the equipment. The production environment will have an effect
on product quality as form-fill-seal machines are not closed systems and operators
will be in close contact with the filling zone especially at start-up and also during
filling to some extent. If the machine is used for aseptic filling, then it should have
HEPA-filtered air blown over the filling zone. However, the quality of the environ-
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effective air flow (see also Chapter 7). The reader is referred to Denyer (1998) and
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ment will influence the amount of contamination on the operator and hence the filling
zone. For terminally sterilized products, form-fill-seal machines should be located
in at least a grade D cleanroom. If form-fill-seal machines are to be used for aseptic
manufacture, they should be located in grade C cleanrooms with the operators in
grade A/B cleanroom clothing. In this way, the risk of the operator contaminating
the product during start-up and during filling is minimized. Location of machines
in lower classes of environment may still yield product with a contamination rate
that complies with the Parenteral Drug Association guideline of 0.1% for aseptically
filled products (Anonymous 1980a). Nevertheless, because modern high-speed con-
ventional filling lines can achieve significantly lower contamination rates, it seems
to be a backward step to accept a lower standard when it is not absolutely necessary.
It should be remembered that a terminally sterilized product is expected to achieve
a contamination rate of less than 1 in 106 units.

6.3.6 ISOLATORS

Isolators can be classified into two main types: those where goods are sterilized in
situ or are transferred into the unit within special transfer containers without sterility
being broken, and those where sterile goods are transferred into the unit double
wrapped. In the first case, the production environment can contaminate the goods
and therefore the interior of the isolator. If the isolator is used for aseptic processing,
it should be located in at least a grade D cleanroom. Microbiological monitoring
should be carried out routinely and there should be frequent leak testing of the
isolator and glove-sleeve system.

6.4 MANUFACTURING PROCESSES AND THEIR 
INFLUENCE ON CONTROL OF CONTAMINATION

Manufacturing processes can either increase or decrease the level of microbial
contamination of the product. It is important to identify which stages of manufacture
may cause a significant change and to ensure adequate control at these stages.

6.4.1 CHEMICAL RAW MATERIALS

Chemical raw materials have to be sampled and tested prior to their use in manu-
facture. Sampling should be performed in a dedicated room that is easily cleanable.
It is a common misunderstanding that the rationale behind this is solely to prevent
cross-contamination of stored materials. Even if there is no risk or hazard of cross-
contamination, sampling should not be undertaken in an open warehouse. Extraneous
contamination of the material may occur; flies, other insects and even birds may be
found in warehouses.

The next stage of the manufacturing process is the dispensing of chemical raw
materials. As this process is carried out in the manufacturing area, the environment
is controlled and so the area of risk lies in the scoops and containers used in the
dispensary. All equipment which comes into direct contact with the chemical raw
materials should be adequately washed, dried, and stored. Inadequate drying of
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containers and unsuitable storage conditions, for example, in the wash bay, are items
frequently missed in self-inspection audits.

6.4.2 DRY PRODUCTS

The manufacturing process for dry products will usually start with a dry blending
process of the active ingredient and the excipients. This process will not usually result
in a significant change to the bioburden. The total microbial bioburden of the product
will usually consist of the sum of the individual bioburdens of the ingredients used.

The wet granulation process used in the manufacture of some tablets can result

the quality of the water used is important. Also, the storage conditions of the
granulation solution and the granules, prior to and after drying, should be controlled
to minimize adventitious contamination. The drying process, whether by tray drying
or fluid bed drying, can alter the bioburden depending upon the conditions used
(Flatau et al. 1996). Drying at low temperatures, for example, 45°C, may cause an
increase in bioburden in certain susceptible products. Drying at high temperatures
may result in the bioburden decreasing. Unfortunately, there is no general rule
regarding the effect on bioburden during the granulation process and so individual
studies on each product and process need to be performed.

The effect of tablet compression on bioburden is also variable (Flatau et al.
1996). Only individual studies can ascertain what the effect of compression will be.
If tablets are sugar-coated or film-coated, the coating solution should be monitored
microbiologically and expiry dates determined.

Whatever the effect of the manufacturing process on the bioburden, the process
should not be relied upon to exercise control over it.

6.4.3 LIQUIDS, CREAMS, AND OINTMENTS

These products may be manufactured in open or closed systems. The use of closed
systems for manufacture and transfer, together with the use of microbiologically
clean raw materials, will help prevent microbiological problems. However, it should
be remembered that such systems can be difficult to monitor, for instance, with
swabs and contact plates, and so extensive validation of the sanitization process is
required (Sieberling 1986, Berman et al. 1986, Myers et al. 1987, McClure 1988).
Valves and pipework joints should be of the sanitary type as it is important that there
should be no sites of attachment available for microorganisms. With open systems,
there are a number of common problems. In particular, the product may remain
exposed during stirring, inadequately sloped pipework may impede drainage, and
leaking valves and joints may deposit product on the floor. All of these situations
can cause unnecessary microbial contamination of the product.

The manufacturing process for many creams, ointments, and some liquids
includes a heating step that may decrease the bioburden. However, care must be
taken during cooling to minimize the ingress of air and prevent excessive conden-
sation on vessel walls and lids, for example, by ensuring that batch sizes are suitable
for the vessel used. If the manufacturing vessels are jacketed, they can be sanitized
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in a significant change to the bioburden (see also Chapter 3). For aqueous granulation,
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by using the jacket to heat water in the vessels to 100°C. The filling process for
these products needs to be monitored and controlled. Hoppers for creams and
ointments should have close-fitting lids. Break tanks for liquids may require bacterial
air vent filters to be fitted, particularly for extended filling runs. This is necessary
because the quality of air in the packing hall may be of a substantially lower standard
than that in the manufacturing areas. Filling equipment in contact with the product,
such as hoses, nozzles, pumps, and so forth, should ideally be sterilized before use;
failing that, a validated sanitization program should be used.

Final containers should be cleaned prior to being filled unless the containers are
manufactured, delivered, and stored under an approved quality management system.
Upon delivery, containers may be contaminated with insects, dust, glass, swarf, and
numerous other items; supplier audits are therefore desirable. Ideally, glass contain-
ers should be washed before use. Plastic containers should be subject to a vacuum
and blowing cycle. Aluminium and laminate tubes usually cannot be cleaned in this
way and so supplier audits should be performed in these cases. A number of man-
ufacturers are now manufacturing containers under controlled conditions in clean-
rooms and are seeking registration to ISO 9000 (British Standard 5750 1987). All
suppliers should be encouraged to achieve registration to this standard.

6.4.4 STERILE PRODUCTS

One of the main aims of sterile product manufacture is to maintain as low a bioburden
as possible during preliminary stages to present a minimal challenge to the sterilizing
process. This can be achieved by the use of manufacturing vessels and equipment
specifically designed for that purpose. Improvisation and modification of basically
unsuitable equipment is unacceptable. This is not to say that manufacturers of sterile
products need to have state-of-the-art equipment, but the processes and equipment
used should be capable of consistently producing a product of the required quality.

Process validation is an area of utmost importance. However, there is still
evidence that “validation” is being misapplied. It is impossible to validate equipment
or processes that are inherently unsuitable for their purpose. As it is not possible to
prove that a product is sterile, then much reliance is placed on the concept of sterility
assurance. This implies that if one or more parts of the process break down or deviate
significantly from the norm, then there is an increased possibility that the product
may not be sterile. It is sobering to realize that if only a small percentage of a batch
of product is not sterile, there is little likelihood of it ever being detected and removed
from the marketplace (Ringertz and Ringertz 1982).

6.4.4.1 Water for Injection

One of the processes that is regularly highlighted as causing problems is the man-
ufacture of water for injection for use as an ingredient. In the European Pharmaco-
poeia (2004), this water must be prepared by distillation, although some non-Euro-
pean countries do allow the use of reverse osmosis for its preparation. Whatever the
means of preparation, most problems are caused by inadequate storage and distri-
bution. The more satisfactory systems maintain the water at about 80°C, recirculate,
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and use only sanitary-type valves and fittings (Artiss 1982, Anonymous 1983, Jack-
man 1988). Other types of systems, for example where water is freshly prepared
daily and used within a short time, are acceptable but require more stringent control.

6.4.4.2 Vessels

Manufacturing, holding, and filling vessels can cause problems. Lids need to be
examined routinely for damage. A warped lid may form an inadequate seal and allow
ingress of air during the transfer to other vessels or to the filling line. Damaged or
missing O rings from vessels is another common problem. These rings have a finite
life and should be replaced on a regular basis and not upon gross failure as they
may let air pass for a long period of time before detection. Records should be kept
of O ring replacement; alternatively, they should be included in a planned preven-
tative maintenance program.

Bacterial air-vent filters should be used wherever possible on vessels. Integrity
testing of these filters can be difficult and time-consuming but they do provide an
effective means of protecting the product in vessels.

6.4.4.3 Filtration

Most sterile solutions undergo a filtration step. Terminally sterilized products may
be filtered through a 5-µm pore size filter to remove particulates and then through
a 0.45- or 0.2-µm pore size filter to yield a solution with a low bioburden. The
second filtration stage may be performed to enable a longer holding time before the
terminal sterilization process provided that the pipework and receiving vessels have
been sterilized or sanitized. Aseptic filtration is a very demanding process, especially
the making of the aseptic connection to the receiving vessel. Operator training and
equipment maintenance play vital roles in successful aseptic filtration. It is not
unusual for two sterilizing filters to be used in line such that if one filter fails the
integrity test then adequate sterility assurance is still guaranteed.

The number and type of filters available can be confusing, especially as different
terminology and test methods for pore size distribution are used. Users should be
aware of the difference between absolute and nominal ratings of filters (Denyer and
Hodges 2004). Filters should be integrity tested before and after filtration. There are
three main test methods available: bubble point, pressure hold, and flow volume

disadvantages and these should be considered in detail and the limitations of the
chosen method understood. Limits should be based upon the solutions being filtered
and not based upon water. The bubble point is sometimes incorrectly performed as
the compressed air line is regulated to a maximum pressure below the bubble point.

If cartridge filters are used, the style of cartridge and holder is important. A
straight, single O ring push fit with a spring to hold the center is not satisfactory, as
under moderate pulsing, the filter will bounce or flex in the housing causing random
bypass from the nonsterile to the sterile side. A bayonet lock with two O rings, or
similar, is a more secure system.
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Microbiological aspects of water are discussed in Chapters 2 and 3.

(forward flow or diffusion rate; see Chapter 12). Each method has advantages and
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6.4.4.4 Bioburden

Bioburden studies are very useful in determining the effect that the manufacturing
equipment and processes have on the microbial content of the product. These studies
should initially be performed at each stage of the manufacturing process so that
potential problem areas can be identified, rectified, or monitored. These studies
should then be repeated at regular intervals to ensure that no significant changes
have occurred. When sufficient data have been collected, bioburden limits may then
be set. For a more detailed discussion on bioburden testing studies, the reader is
referred to the companion Handbook (Bill 2000).

6.4.4.5 Filling

The wide variety of filling equipment available ranges from fully automated, micro-
processor-controlled lines to simple hand-filling lines. Contamination during the
filling process ranges from as high as 1 in 1,000 for hand-filling to better than 1 in
10,000 for automated-filling lines. Consequently, hand-filling should only be per-
formed when absolutely necessary, that is, when the benefit outweighs the risk. The
level of sterility assurance of aseptic filling is commonly determined by running
broth fills (media fills, system suitability tests). This particular test can provide much
useful information if run correctly. The test should challenge both the aseptic filtra-
tion and the filling process. The filling of previously autoclaved broth provides little
useful information on the sterility assurance of the total manufacturing process.
Again, the broth fill cannot be used to validate inadequate or unsuitable manufac-
turing equipment or processes. Detailed guidance on broth fills and powder fills is
provided in Parenteral Drug Association monographs (Anonymous 1980a, 1984b)
and the U.K. Parenteral Society monograph (1993).

6.4.4.6 Sterilization Methods

There are four main methods of sterilizing components and finished product: auto-

texts available on the validation and operation of these processes (Anonymous 1980b,

Double-ended sterilizers should be used for components entering aseptic areas and
for terminally sterilized products leaving the filling area. If double-ended sterilizers
are not used, there is an increased risk of product mix-up between sterilized and
nonsterilized product. The use of indicator tape on its own does not provide sufficient
evidence that a product has undergone a sterilization cycle. In one particular instance,
rolls of indicator tape were subject to a sterilizing cycle to obtain the color change and
pieces of this tape were then attached to the product after it had completed its steril-
ization cycle. The rationale for this was that if the tape was attached to bottles before
sterilization, then it was very difficult to remove the tape afterward. This one example
illustrates just how easy it is for a system to be made inherently unsafe.

The cooling media in autoclaves can be sources of microbial contamination.
Cooling water should be sterile and air should be filtered through a sterilizing-grade
filter during the cooling cycle. One hundred percent leak testing of containers should
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claving, hot air, ethylene oxide, and irradiation (see Chapter 11). There are many

1981, 1984a, 1988a, 1988b; see also Chapters 11 and 12).
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detect any leakers but this is a check system, not a prevention system. There have
been instances of sterility failure owing to the necks of vials becoming contaminated
during the cooling process. The dye solution used for leak testing should be moni-
tored microbiologically and appropriate limits set. It is important that the sensitivity
of detection be determined. It should be remembered that some products will decol-
orize certain dyes.

Sterilizers play such an important role in the manufacture of sterile products that
it is surprising to find that their maintenance and upkeep is sometimes left to
unqualified and untrained personnel. Unless the person understands the theory and
practice of sterilization and has adequate knowledge of the sterilizer, potentially
hazardous alterations to the equipment may unwittingly be made. Any work per-
formed on a sterilizer should only be done by authorized personnel. It is not unusual
to find that sterilizers have been modified over the years; these modifications should
be well documented and engineering drawings prepared to illustrate the total system
and highlight modifications.

6.5 OVERVIEW

In both hospital and industrial pharmaceutical environments, microbiological control
is an area that requires a total understanding of the manufacturing systems, constant
vigilance, and an inquiring mind. One company’s problem may be another company’s
problem in the future and so a regular review of specialist journals is recommended.
In this way, it is possible to recognize potential problems and prevent them from
occurring. Lack of time is no excuse for ignorance.

The cost of monitoring and checking is an ongoing expense. The cost of pre-
vention is usually one-off. Application of modern rapid microbiological detection

spective nature of traditional microbiological culture methods. Historical information
could lead to difficult decisions having to be made.
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7.1 INTRODUCTION

Environmental microbiological control is aided by good production environment

manufacture, is the integrated development of cleanroom facilities, air-handling
systems, and process methodologies. Ideally, air movements must be controlled
to eliminate or minimize particulate, and hence microbial, presence in critical
product exposure areas. In particular, airborne contaminants must be dispersed in
such a way as to limit risks of deposition leading to product microbial contami-
nation. This chapter provides a mathematical basis by which contamination risks
may be established.

7.2 GENERAL MATHEMATICAL PRINCIPLES

Air may move in two different ways. One is characterized by a smooth flow, free
of any disturbances such as small and temporary vortices or eddies. This is known
as laminar flow. The other type of flow is characterized by small and temporary
fluctuations caused by instabilities. The flow velocity is no longer constant but

© 2007 by Stephen P. Denyer and Rosamund M. Baird

design (see Chapter 6). An important feature of this design, especially in aseptic
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fluctuates around an average value. This is known as turbulent flow and the distur-
bances are often interpreted as small, temporary eddies.

An organized air flow pattern implies that directional flow can be characterized
by means of streamlines, that is, the paths taken by assumed weightless particles in
the room as they follow the air stream if turbulent fluctuations are ignored. The
transport of contaminants due to streamline flow is often described as “convective
transport.”

The simplest system for an analysis of the transport of contaminants by venti-
lation is, therefore, convective transport along streamlines. The disturbances caused
by turbulence (turbulent diffusion) are superimposed on this. Obviously, if there is
no turbulence, turbulent diffusion is replaced by molecular diffusion or Brownian
motion. It can generally be assumed, in regions with well-defined air flow fields,
that the settling velocity of contaminants is negligible, which implies that gravitation
plays a minor role.

With the assumption of a constant value for the diffusion coefficient, the diffusion
equation in a velocity field in rectangular coordinates becomes

(7.1)

where c = concentration (for particles, number.m–3; for a gas, m3.m–3 or ppm); vx, vy,
vz = air flow velocities in x, y, and z directions (m.s–1); D = diffusion coefficient (m2.s–1).

In still air, the diffusion coefficient for gases (molecular diffusion coefficient)
and for particles (particle diffusion coefficient) can be calculated theoretically, see

depends, among other things, on temperature, pressure, and molecular weight and,
under ambient conditions, has a value of about 2 × 10–5 m2.s–1. The particle diffusion
coefficient increases with temperature and is inversely proportional to particle size.
For example, a 1.0-µm particle has a diffusion coefficient that is about six orders of
magnitude smaller than that for molecular diffusion in air.

In laminar air flow, the diffusion coefficients have similar values to those in still
air. This means that in laminar air flow, the dispersion of gases is faster than that of
particles. However, in turbulent air flow, gases and particles have similar values for
their diffusion coefficient and it increases with higher air velocities. Values for the
turbulent diffusion coefficient are mostly determined experimentally. The particular
case of isotropic-turbulent parallel air flow has been investigated experimentally,
using gas and particles (5.5-µm mean diameter), by Ljungqvist (1979) for a room
with a cross section of 1.7 m × 1.7 m at two air velocities of 0.20 m.s–1 and 0.45 m.s–1.
The diffusion coefficients obtained for the two velocities were approximately
1.4 × 10–4 m2.s–1 and 2.4 × 10–4 m2.s–1, respectively. Thus, in a turbulent unidirec-
tional air flow, the diffusion coefficient is about 10 times higher than that for gases
in a laminar unidirectional air flow.

Equation 7.1 gives the simplest possible mathematical model to describe the
concentration of contaminants in a velocity field, when those contaminants are
emitted from a source at an arbitrary position.
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for instance Bird et al. (1960) and Hinds (1982). The molecular diffusion coefficient
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However, the risk of contamination does not only depend on the concentration
of airborne contaminants, which is of critical importance, but also on the motion of
those contaminants. If particulates are being considered, then it is the rate of inci-
dence (impact) of the particles on the pharmaceutical product that characterizes the
risk to that product. When considered mathematically, this incidence is of vector
character and the term flux vector or impact vector is used (see, for instance,

The risk will to a great extent, but not entirely, be dependent on the vector (K)

(7.2)

where c = particle concentration (number.m–3), v = velocity vector (m.s–1).
In principle, the numerical value of K indicates, per unit time, the number of

particles passing a supposed unit area, placed perpendicular to the direction of
particle flow.

In a one-dimensional case, for example, in the x direction, the expression of
particle impact is

(7.3)

For a more thorough description of the interaction between air movements and

(1997).
Air supplied to a cleanroom is filtered and therefore does not usually contribute

to airborne contamination. The cleanroom is additionally pressurized to prevent
contamination from adjacent areas and, in order to maintain air quality, a sufficient
air flow of at least 20 air changes per hour is normally required (controlled areas).
In the controlled area, the concept of mixing air is used, whereby complete mixing
of air is considered to be achieved. Therefore, the sources of airborne particles within
the room are people and machinery. People are the main source of airborne bacteria.
The fact that the airborne microbial contaminants are transported on particles means
that the same conditions of airborne dispersion are valid for particles with and
without microorganisms.

In order to avoid particulate and microbiological contamination of critical pro-
cess regions (critical areas), unidirectional air flow with high efficiency particulate
air (HEPA)-filtered air (0.45 ± 0.1 m.s–1) is used as protection from ambient air. In
the following sections, contamination risk in still air, mixing air, and unidirectional
air flow will be discussed.

7.3 STILL AIR AND COMPLETELY TURBULENT MIXING AIR

Consider a chamber of height H containing, at time zero, a specified initial concen-
tration c0 of uniformly distributed monodisperse particles. If there is no motion of

K v= − + ⋅D c cgrad

K D
c

x
v cx x= − ∂

∂
+ ⋅
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Friedlander 1977, Ljungqvist 1979).

dispersion of contaminants and contamination risks, see Ljungqvist and Reinmüller
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the air and diffusion is ignored, all the particles will be settling with the same constant
settling velocity vs and the particle impact becomes vs · c0. The concentration
becomes zero everywhere in the chamber after a time equal to H/vs has elapsed.

At the other extreme, with completely turbulent mixing air, it is assumed that
the concentration is uniform throughout the chamber at all times. Diffusion and
deposition on the walls are assumed to be negligible. The particle settling velocity
is superimposed on the vertical components of convective velocity. Because the up
and down components of convective velocity are equal, every particle will have an
average net velocity equal to vs. The concentration of particles decays exponentially
with time and as such never reaches zero. The concentration reaches 1/e (∼37%) of
the original concentration in the same time (H/vs) that is required for complete
removal in the previous case where there is no air motion (Fuchs 1964, Hinds 1982).

The expression, in this case, for the particle impact (Ks) at the time t from a
monodisperse aerosol is

(7.4)

where c0 = initial concentration (number.m–3), vs = settling velocity (m.s–1), H = height
of chamber (m).

The number of particles of a monodisperse aerosol settling in a time t on the
unit area of the bottom of the chamber becomes

(7.5)

As mentioned earlier, the expression of particle impact for the case with still air at
the bottom of the chamber is

Ks = vs · c0, when t < H/vs

and

Ks = 0, when t ≥ H/vs (7.6)

situations.
When diffusion is neglected and the velocity vector depends only on the settling

velocity, a one-dimensional special case of Equation 7.2 applies. When an equivalent
mean diameter of bacteria-carrying particles can be established, the settling velocity
becomes a constant value. If the concentration of bacteria-carrying particles in the
air, the area of exposed surface, and the exposure time are all known, the number
of bacteria-carrying particles deposited can be calculated. When the concentration
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Figure 7.1 shows schematically the particle impact for the two idealized
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of bacteria-carrying particles is uniformly distributed and constant during exposure
time, the expression for the number of particles deposited (Nd) is

(7.7)

where cb = concentration of bacteria-carrying particles in the air (number.m–3), Ae =
area of exposed surface (m2), te = exposure time (s).

Airborne particles carrying microorganisms are shed from people, and the particle
size is mainly in the range of 4 to 20 µm. An equivalent mean diameter of between
12 and 14 µm (spherical particle with the unit density of 1 g.cm–3) has been established
(Noble et al. 1963, Clark et al. 1985, Whyte 1986). Assuming the average size of
bacteria-carrying particles is 12 µm, and hence the settling rate is 4.62 × 10–3 m.s–1,
the contamination risk will be equivalent to the contamination rate given by Whyte
(1986).

With a settle plate of 90 mm diameter and 4 h exposure time, the concentration
in Equation 7.7 expressed in colony-forming units (CFU) per cubic meter becomes

(7.8)

In the EU GMP Annex, Manufacture of Sterile Medicinal Products (1997,
revised 2003) and the Medicines Control Agency (MCA) Rules and Guidance for
Pharmaceutical Manufacturers and Distributors (2002), guidance values for micro-

values for settle plates (Nd) have been used to calculate cb from Equation 7.8 for
comparison with the air sample guidance values. In view of the intrinsic experi-
mental variation in all sampling, this theoretical approach can give a good approx-
imation to the actual situation.

FIGURE 7.1 Particle impact for monodisperse particles in still air and completely turbulent
mixing air.
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biological monitoring of cleanrooms in operation are given, as in Table 7.1. The
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Equation 7.7 and Equation 7.8 can be used to estimate airborne contamination
when there is no air motion (still air), for completely mixing air (fully turbulent air),
and in the vertical direction of horizontal unidirectional air flow where there is little
influence of turbulent fluctuations (laminar air flow). Because Equation 7.4 through
Equation 7.8 require uniformly distributed particles in the air, a fact not always
fulfilled in real case situations, alternative theoretical or experimental methods must
be taken into consideration when estimating the contamination risk. An experimental
method for microbiological assessment of potential risks in cleanrooms is described
in Section 7.6.

7.4 UNIDIRECTIONAL AIR FLOW

Dispersion from a fixed source in a uniform parallel flow has been described theo-
retically and experimentally by Bird et al. (1960), Fuchs (1964), Hinze (1975),
Ljungqvist (1979), and Ljungqvist and Reinmüller (1997). For a continuous point
source situated at the origin in a parallel flow with a constant velocity v0 in the x
direction, the solution of the diffusion equation in a velocity field (Equation 7.1)
when ∂ c /∂ t = 0 and after simplification becomes

(7.9)

where q = outward particle flow from the point source (number.s–1), v0 = constant
velocity in the x direction (m.s–1).

TABLE 7.1
Guidance Values for Microbiological Monitoring of Cleanrooms

Cleanroom 
Classification

Maximum Number of Viable Organisms

Air Sample
(CFU.m–3)

Settle Plate (90 mm)
CFU in 4 h

Airborne Concentration (cb) 
Calculated from Equation 7.8

(CFU.m–3)

A <1 <1 —
B 10 5 12
C 100 50 118
D 200 100 236

Note: Dash indicates not applicable.

Source: From EU GMP. (1997). The Rules Governing Medicinal Products in the European Community.
Vol. IV—Guide to Good Manufacturing Practice. Annex 1—Manufacture of Sterile Medicinal Products.
Rev. Ed. European Commission, Brussels. With permission.
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The dispersion pattern in the x, y plane (z = 0) is schematically shown in Figure 7.2.
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The solution for a continuous line source situated along the z axis with a strength,
ql per unit of length can, in a simplified form, be expressed as

(7.10)

where ql = outward particle flow per unit of length from the line source (number.s–1.m–1).
The derivations of particle impact for the case with the point source in a unidi-

rectional air flow are described by Ljungqvist and Reinmüller (1997). It is shown
that the expressions for particle impact are proportional to air velocity and concen-
tration at a certain distance from the source.

In a horizontal unidirectional air flow, the settling velocities of bacteria-carrying
particles cannot always be neglected, and the particle impact due to gravitation will
be proportional to the settling velocity and concentration (vs · c). According to Whyte
(1986), the average size of bacteria-carrying particles is 12 µm, which gives a settling
velocity of 4.62 × 10–3 m.s–1. This value is close to 1% of the air velocity in the
unidirectional flow, that is, the particle impact due to gravitation will be about 1%
of the value of the particle impact in the main flow direction.

In conclusion, in a horizontal turbulent unidirectional air flow with particles of
an average size of 12 µm, the particle impact caused by diffusion will be in approx-
imately the same range as the particle impact due to gravitation, but much less than
the particle impact in the main air flow direction.

7.5 FACTUAL SITUATIONS

In a vortex, Ljungqvist (1979) has shown that the mean value of the particle con-
centration over the entire region inside the streamline, where the point of emission

FIGURE 7.2 A schematic of the particle dispersion pattern caused by a continuous point
source situated in a unidirectional flow with constant velocity in the x direction, where conc.
is particle concentration and c(x,y) is the concentration at the coordinates x, y.
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is situated, is considerably higher than that of the outside. This allows us to use the
concept of contamination accumulation in the context of vortices. It has also been
shown that accumulation can occur in the wake created by people or objects placed
in a parallel flow provided that the contaminants are emitted in the wake region.
Special consideration must be taken with instabilities and vortices generated by the
working person.

Personal vortices are of two kinds: relatively stable and stationary wakes
created by the body or unstable and nonstationary vortices that arise as a conse-
quence of body movements. In this latter respect, it is obvious that the movements
of the hands and arms play a significant part in creating unstable situations. With
visual illustrative methods, it is easy to demonstrate that each of these two kinds
of vortices is capable of destroying the intended beneficial effect of the ventilation
system (Ljungqvist 1979, 1987; Flynn and Ljungqvist 1995; Ljungqvist and Rein-
müller 1997).

In a unidirectional airflow, wakes and vortex streets are easily created behind
obstacles and in these regions an increased contamination risk will occur (Ljungqvist
and Reinmüller 1997). The length of the reversed region of a wake can be estimated
to be two to three times the characteristic length of the obstacle, and can be double
this when the obstacle is situated just beside a side wall. Parallel flow often leads
to stagnation regions in front of machinery and working surfaces situated perpen-
dicular to the main flow direction. The air movements in this case are mostly irregular,
and in real case situations, air movements are not easy to predict. These regions can
have an impact on the contamination risk, and in regions with increased turbulence,
the diffusion component of Equation 7.2 becomes important.

Side walls are used as restricted access barriers around the critical zone and as
physical barriers for the protection of operators as well as product. These side walls
can be either rigid or flexible. From the standpoint of controlled air movements,
rigid walls are always preferred. In order to allow necessary access, there can be
specially designed openings. The length of the side walls should be chosen with
regard to necessary product safety, protection from moving parts, necessary access,
and correct air movements.

The velocity of the air flow out from the critical zone should be high enough
to give protection from ingress of room air during operating production conditions.
The velocity depends on the area of the outlet opening created by the side walls.
Higher protection will be obtained with higher outflow velocity, that is, smaller
outlet openings. However, if the openings are too small, stagnation regions will
occur in the critical zone. In these stagnation regions, the air movements will be

of escaped air depends on the total resistance of air flow over the critical zone
within the side walls. This arrangement will usually produce less well-defined air
movements in the critical zone, and contaminants might not be directly transported
out from this zone.
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highly unpredictable and uncontrolled with accompanying contamination risks (Fig-

be a certain air flow escaping from the clean zone into the cleanroom. The amount
ure 7.3). If the side walls are not directly connected to the HEPA filters, there will
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7.6 LIMITATION OF RISKS

Environmental monitoring in critical zones is used as an indirect method for assessing
the sterility of the product during aseptic production. With present microbiological
methods, it is difficult to measure and evaluate how the performance of single
operations or interventions affects the microbiological risks. The limitation of risks
method (LR method), described in detail by Ljungqvist and Reinmüller (1995, 1997)
presents a reliable method for evaluation of microbial safety and is a useful tool in
the hazard analysis critical control points (HACCP) approach. The concept incor-
porating visualization of air movements, particle challenge tests, and calculation of
risk factors presents an effective method for limitation of risk and is a valuable
complement to standard microbiological methods for monitoring and evaluation. It
can be used for tracing the dispersion routes of airborne contamination, for evaluation
of single process steps or interventions, for detection and assessment of potential
risks, and for evaluating the efficacy of sampling sites in critical regions.

The LR method is performed in three steps. The first step is to visualize the
main air movements and identify critical vortex or turbulent regions by using the
smoke technique. The second step, the challenge test, is to place the probe for particle
counting in the critical area, and during measurements to generate particles (by using
air current test tubes) in the vicinity of the critical work areas to a challenge level

FIGURE 7.3 An example of the observed stagnation region in a unit with vertical unidirec-
tional flow of HEPA-filtered air.

© 2007 by Stephen P. Denyer and Rosamund M. Baird



152 Guide to Microbiological Control in Pharmaceuticals and Medical Devices

of more than 107 particles per m3 equal to, and larger than, 0.5 µm (300,000
particles.ft–3). These measurements should be carried out during simulated produc-
tion activity. This simulation should, to some extent, exaggerate the human interfer-
ence and interventions during the measuring period. The third step is to calculate
the risk factor that is defined as the ratio between measured particle concentration
in the critical region and the challenge level in the surrounding air. Owing to
limitations in measuring accuracy at high particle concentrations, a value of 107

particles (0.5 µm) per cubic meter (300,000 particles.ft–3) is used as the challenge
level at all calculations of risk factors. According to the authors’ experience, when
the risk factor is less than 10–4 (0.01%) during the challenge test, there should be
no microbiological contamination from the air to the process during normal opera-
tional conditions.

Microbiological problems in the production cleanroom often depend on the
interaction between air movements and dispersion of contaminants. In the following
examples, risk evaluation at in-feeding tables, stopper bowls, and out-feeding stations
will be discussed.

According to the experience of the authors, rotating container feeding tables,
due to their large horizontal surface perpendicular to the main air flow, cause wake
regions that under certain conditions allow passage of ambient air into critical zones.
Furthermore, the rotating movements of the table surface can increase the risk. When
linear feeding tables with smaller horizontal surfaces are used, the contamination
risk can be reduced. If the process requires that the product vials are only partly
closed when passing from the filling line to the out-feeding station or accumulation
table, it is critical that the microbiological safety is not endangered. Here again,
knowledge regarding wake regions and their accumulation of contaminants plays an
important role in the evaluation of microbiological risk.

that the linear feeding table has satisfactory values. This is in agreement with results
from media fills and other microbiological tests. The high risk factor value below
the rotating table depends on the accumulating effect of a large wake vortex.

Different risk factor values for stopper bowls (container closure hoppers) are
also presented in Table 7.2. The differences mainly depend on the shape of the bowl
(slanting sides or straight), the size of the table surface on which the bowl is located,
and whether the side of the bowl is perforated to allow air flow through.

Each of the different shapes has its advantages and disadvantages. The shape of
the bowl, the location in combination with the filling line, the movements of the
ambient air, and the procedure for transferring stoppers into the bowl, are all factors
that must be evaluated separately.

The risks associated with the out-feeding station are low and show no potential
entrainment of surrounding ambient air (IQ values), when the permitted interference
region is limited to a distance of 0.15 m from the device (PQ values). This limitation
arises because of a wake region close to the feeding device.

In conclusion, the LR method gives valuable information regarding the proba-
bility of contamination, but does not take into account the exposure time. For
example, open vials on a feeding table, or stoppers in a stopper bowl with long
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Table 7.2 shows that the risk factors for the rotating table are not acceptable but
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exposure time can, even if the risk factor is low, have the same or higher total risk
than a process stage with a short exposure time and higher risk factor.

The LR method gives fast information about potential risks and can be used as
an engineering tool during design and development of aseptic processes as well as
during preliminary surveys and performance qualifications. The LR method does
not replace the final microbiological evaluation of an aseptic process and must be
complemented with media stimulation runs.

REFERENCES

Bird, R.B., Steward, W.E., and Lightfoot, E.N. (1960). Transport Phenomena. John Wiley
and Sons, Inc., New York.

Clark, R.P., Reed, P.J., Seal, D.V., and Stephenson, M.L. (1985). Ventilation conditions and
air-borne bacteria and particles in operating theatres; proposed safe economies, J.
Hyg. Camb., 95, 325–335.

EU GMP. (1997). The Rules Governing Medicinal Products in the European Community. Vol.
IV—Guide to Good Manufacturing Practice. Annex 1—Manufacture of Sterile Medic-
inal Products. Rev. ed. 2003. European Commission, Brussels.

Flynn, M. and Ljungqvist, B. (1995). A review of wake effects on workers exposure. Ann.
Occup. Hyg., 39, 211–221.

Friedlander, S.K. (1977). Smoke, Dust and Haze, Fundamentals of Aerosol Behaviour. John
Wiley & Sons, Inc., New York.

Fuchs, N.A. (1964). The Mechanics of Aerosols. Pergamon Press, Oxford.
Hinds, W.C. (1982). Aerosol Technology. John Wiley & Sons, Inc., New York.
Hinze, J.O. (1975). Turbulence. McGraw-Hill, Inc., New York.

TABLE 7.2
Calculated Risk Factor Values during Installation Qualification (IQ) and 
Performance Qualification (PQ)

Equipment Location of Particle Sensor

Risk Factor

IQ PQ

Media Fill Result
Contamination

Rate (%)

Circular rotating
in-feeding table

Above the table
Below the table

6 × 10–1

1.6
—
—

>>0.1
—

Linear in-feeding table Above the table <10–4 <10–4 <0.1
Stopper bowl Along the edge; slanting shape,

large table
∼10–3 — —

Along the edge; slanting shape,
smaller table

<10–4 <10–4 <0.1

Along the edge; straight shape,
perforated bowl

<10–4 <10–4 <0.1

Out-feeding table Along the edge, 5 cm below <10–5 ∼10–3 —
5 cm below and 15 cm away 
from the edge

<10–5 <10–4 <0.1

Note: A challenge exceeding 107 particles.m–3 of ≥0.5 µm diameter was generated in ambient air (see text).

© 2007 by Stephen P. Denyer and Rosamund M. Baird



154 Guide to Microbiological Control in Pharmaceuticals and Medical Devices

Ljungqvist, B. (1979). Some observations on the interaction between air movements and the
dispersion of pollution. Document D8: 1979, Swedish Council for Building Research,
Stockholm.

Ljungqvist, B. (1987). Air movements—the dispersion of pollutants: studies with visual
illustrative methods. ASHRAE Trans., 93(1), 1304–1317.

Ljungqvist, B. and Reinmüller, B. (1995). Hazard analyses of airborne contamination in clean
rooms—application of a method for limitation of risks. PDA J. Pharm. Sci. Tech.,
49, 239–243.

Ljunqvist, B. and Reinmüller, B. (1997). Clean Room Design. Minimizing Contamination
through Proper Design. Interpharm/CRC, Boca Raton.

MCA (2002). Rules and Guidance for Pharmaceutical Manufacturers and Distributors. The
Stationery Office, London.

Noble, W.C., Lidwell, O.M., and Kingston, D. (1963). The size distribution of airborne
particles carrying microorganisms, J. Hyg. Camb., 61, 385–391.

Whyte, W. (1986). Sterility assurance and models for assessing airborne bacterial contami-
nation. J. Parenter. Sci. Technol., 40, 188–197.

© 2007 by Stephen P. Denyer and Rosamund M. Baird



155

8 Monitoring 
Microbiological Quality: 
Conventional Testing 
Methods

Rosamund M. Baird

CONTENTS

8.1 Introduction .................................................................................................. 156
8.2 Sampling....................................................................................................... 156

8.2.1 Sampling Techniques ....................................................................... 157
8.2.2 Sampling Schemes ........................................................................... 158

8.2.2.1 Single Sampling................................................................ 158
8.2.2.2 Attribute Sampling............................................................ 158

8.3 Culture Media .............................................................................................. 159
8.3.1 Preparation and Use of Culture Media............................................ 160
8.3.2 Culture Methods............................................................................... 161

8.4 Microbiological Tests................................................................................... 162
8.4.1 Control of Raw Materials ................................................................ 162
8.4.2 Control of Sterile Products .............................................................. 164

8.4.2.1 Sterility Test...................................................................... 164
8.4.2.2 Testing for Pyrogens......................................................... 167

8.4.3 Microbiological Tests on Nonsterile Products ................................ 168
8.4.3.1 Enumeration Methods....................................................... 169
8.4.3.2 Tests for Specified Microorganisms................................. 170

8.4.4 Bioburden Testing of Medical Devices ........................................... 171
8.4.5 Environmental Monitoring............................................................... 173

8.4.5.1 Frequency and Extent of Sampling.................................. 174
8.4.5.2 Microbiological Limits ..................................................... 174
8.4.5.3 Methodology..................................................................... 176
8.4.5.4 Environmental Monitoring in Advanced

Aseptic Processing............................................................ 177
8.5 Auditing Microbiological Activities ............................................................ 178

8.5.1 Premises ........................................................................................... 178
8.5.2 Equipment ........................................................................................ 178

© 2007 by Stephen P. Denyer and Rosamund M. Baird



156 Guide to Microbiological Control in Pharmaceuticals and Medical Devices

8.5.3 Activities .......................................................................................... 178
8.5.4 Staff .................................................................................................. 179

References.............................................................................................................. 179

8.1 INTRODUCTION

Microbiological control begins with the design of plant and premises and ends with
testing of the finished product for microbial contamination. As in any production
chain, the quality of that finished product hinges upon the weakest link in the chain.
Quality must therefore be built in at every production stage; by definition it cannot

Microbiological control is applied at several key points during the manufacture

the required specifications before being approved for use. In-process monitoring will
indicate whether product quality has been compromised during manufacture, abnor-
mal results often providing the first indication of an earlier problem in processing.
Finished product tests will demonstrate whether release specifications have been
met. These results, combined with other accumulated data, provide the vital docu-
mentary evidence that the product is fit for its intended use.

Regardless of whether the product under examination is a raw material or a
sterile or a nonsterile product, all samples withdrawn for testing should be selected
on a statistical basis, with the sampling method taking account of the individual
product type. Similarly the test method, whether quantitative or qualitative, should
be adapted to the product characteristics. Various contributory factors are known
to influence the outcome of the test, including the choice and sensitivity of the
test method itself, the effectiveness of antimicrobial neutralization techniques and
the choice of resuscitation and enrichment media. Test methods used in pharma-
ceutical microbiology have traditionally been based upon the techniques developed
for use in food, water, and dairy microbiology; newer techniques involving rapid
methods have also been introduced in recent years with some success, as discussed

As with other control laboratories, the quality of service provided by the phar-
maceutical microbiology laboratory should be monitored by a process of continuous
self-inspection and regular external audit. Factors such as the choice, standardization,
and validation of test methods will clearly need to be reviewed.

8.2 SAMPLING

In any sampling scheme, the quality of a given batch is assessed on the basis of
test results of samples drawn from that batch. Any sampling process therefore
involves the selection of appropriate indicators of quality, known as attributes, which
are assumed to be homogeneously distributed throughout the batch. In microbio-
logical sampling, however, contaminants may not always be randomly distributed
within a product. In the case of heat-sterilized products, samples selected for sterility
testing are normally taken from the coolest part of the autoclave, where the risk of
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of both sterile and nonsterile products. Raw materials, including water, must meet

be inspected into the final product (see Chapter 6).

in Chapter 9.
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sterilization failure is deemed to be higher. Likewise nonaqueous products may not
always be homogeneously contaminated because pockets of contaminants may occur.
For example, surface contamination of an antibiotic eye ointment was reported to
have occurred through the condensation of water onto the ointment surface, thereby
enabling local proliferation of Pseudomonas aeruginosa in an otherwise hostile
environment (Kallings et al. 1966). Similarly, aerobic contaminants may grow pref-
erentially on the surface of topical products. In such cases, sampling schemes should
take account of this difference in distribution. Aqueous products are assumed to be
homogeneously contaminated; nevertheless, the contents of individual containers
should be mixed thoroughly before samples are withdrawn. Sampling schemes
should also be adapted to reflect the nature of the product. For a more detailed
discussion, the reader is referred to Baird (2000a).

8.2.1 SAMPLING TECHNIQUES

The likelihood of accidental contamination occurring while taking samples should
clearly be minimized. Personnel involved in sampling will not necessarily be micro-
biologists but they should have been properly trained in the use of aseptic techniques
and should be conversant with relevant microbiological principles.

Samples taken should obviously be representative of the batch as a whole.
Sampling procedures should document the method of sampling, the equipment and
type of sample container to be used, the quantity of sample to be taken, and how it
should be treated thereafter. Equipment should be properly cleaned after use and
reserved only for sampling purposes.

Microbiological sampling of products should precede other quality control tests.
Previously unopened packs should be sampled and each pack should be suitably
marked so that it can be identified in the case of a failure. The interval between
sampling and examination should be kept to a minimum, particularly when sampling
water supplies. Contaminants may multiply during this time, leading to erroneously
high counts. If necessary, samples should be refrigerated.

In the case of aseptically prepared products, both random and nonrandom sam-
pling is required; one-quarter of the required samples should be taken from the
beginning of the filling run and similarly from the end of the run, the remaining half
being randomly selected from the finished batch. As mentioned before, for heat-
sterilized products, samples should be taken from specified sites in the load, previ-
ously identified as the slowest to reach sterilizing temperatures. Samples for pyrogen
testing should be collected from among the last filled containers. Oily products,
creams, and ointments frequently present sampling problems. This may be overcome
to some extent by homogenizing the product with a suitable emulsifying agent, such
as polysorbate (Tween 80). The British Pharmacopoeia (BP 2005) and the United
States Pharmacopeia (USP) 27 (2005) then recommend warming the resulting homo-
genate to not more than 40°C and 45°C, respectively, for an unspecified period of
time. By so doing, however, misleading information on product quality may be
generated; preservative action is temperature dependent and so the microbial count
may well be reduced by such heating.
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8.2.2 SAMPLING SCHEMES

In formulating any sampling scheme, a decision must first be made as to the level
of assurance required. This in turn will determine the size of the sample and the
number required. Sampling rates can then be found in British Standard (BS) 6001
(1972). Clearly, for greater assurance, the number of samples must increase accord-
ingly. In those instances where test results indicate a deterioration in product quality,
sampling plans can be switched from a normal inspection to a tightened inspection,
as stated in BS 6000 (1972) and BS 6002 (1979). Sampling will then remain at this
level until test results show that normal inspection levels are again warranted.

8.2.2.1 Single Sampling

Conventional sampling plans are usually based upon the examination of single
samples taken from a predetermined number of containers in a batch. Traditionally
this number has been √n + 2, where n is the number of containers in the batch. Such
samples are mixed together and a further sample from this is then analyzed, resulting
in the acceptance or rejection of the batch concerned. Results on individual products
may be examined for trends over a period of time.

An alternative but somewhat time-consuming approach involves the plotting of
results using cumulative sum (CUSUM) charts, whereby trends in microbiological
quality can easily be observed. Such a system can provide an early warning that
product quality is not being maintained. It has also been successfully used in mon-

monitoring programs (Russell et al. 1984, Russell 1996).

8.2.2.2 Attribute Sampling

An alternative approach to sampling has utilized two- and three-class attribute
sampling schemes. As before, several samples are taken but these are then analyzed
separately. Although more costly in terms of staff resources, such schemes are
considered to offer a greater degree of assurance and to provide rather more useful
information on the batch concerned. By definition, such schemes incorporate so-
called tolerances, allowing a small proportion of samples to show slight deficiencies;
clearly, however, they are unsuitable for the testing of sterile products.

Two-class attribute plan—In this plan, both the number of samples to be taken
and the maximum permitted number of positive results are stated. Such a scheme
is used in the examination of water supplies where Escherichia coli is not allowed
in any sample and only two out of five samples may contain Enterobacteriaceae
(Anonymous 1982). Thus two quality levels are defined by the required absence of
E. coli and by the limited number of samples that may contain Enterobacteriaceae.

Three-class attribute plan—Here three levels of quality are acknowledged: the
fully acceptable, often known as the acceptable quality level (AQL); the marginally
acceptable; and the unacceptable. Such schemes are closely associated with the
establishment and use of microbiological reference values and have been used
successfully in food and cosmetic microbiology for many years (Mossel 1982,
Anonymous 1996a). In pharmaceutical microbiology, their use has in the past been
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itoring the quality of water supplies as shown in Figure 8.1 and in environmental
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largely restricted to the in-house testing of raw materials and nonsterile products,
although reference is now made to their use in the BP (2005). When used, they are
considered to provide invaluable, detailed information on the batch concerned and
can also forewarn of any potential problems at an earlier stage. Additional informa-
tion can then be obtained by comparing data amassed from different batches.

8.3 CULTURE MEDIA

Over the years, a wide range of culture media has been developed for the isolation
and identification of microorganisms from different ecological niches. The range of
available media has expanded considerably through the introduction of new selective
agents and the adaptation of existing formulae, particularly in the field of food
microbiology. Both nonselective media, rich in nutrients, and highly selective, spe-
cific media are used for the detection of the increasingly large number of recognized
microbial types.

In contrast, the range of media used in pharmaceutical microbiology is compar-
atively narrow and has altered very little in recent times. Media used in the phar-
macopoeial tests are required to recover a relatively small number of microbial types
or to demonstrate that contaminants cannot be recovered from the product in question
(Hodges 2000). In-house tests on pharmaceutical products, however, frequently
employ a less restricted range of culture media.

Culture media used in the identification and isolation of microbial contaminants
may be in a liquid or solid form. They are generally formulated to contain a source
of carbon, nitrogen, buffers, sulphur, phosphorous, inorganic salts, and a significant
proportion of water. In addition, nutritional supplements such as serum, blood,
carbohydrates, vitamins, and certain salts (calcium, magnesium, manganese, sodium,
and potassium, for example) may be added. Selective agents (antibiotics and dyes)

FIGURE 8.1 Variations in bacterial counts of deionized water over a period of time (A)
plotted traditionally and (B) depicted as a cusum chart, where upward trends indicate a loss
of control and vice versa. In the case of the latter, trends are more easily discernible, thus
enabling corrective action to be taken at an early stage, if required. From Russell, M. (1996)
In Microbiological Quality Assurance in Cosmetics, Toiletries and Pharmaceuticals. Baird,
R.M. and Bloomfield, S.F., Eds. Taylor & Francis, New York, pp. 31–47. With permission.)
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may also be included to inhibit unwanted organisms, thereby increasing the selective
properties of a given medium. Media are usually formulated with a pH close to
neutral, thereby providing optimum conditions for growth.

In the past, a wide range of culture media would have been prepared and stocked
for identification purposes. The often laborious task of identifying microbial isolates
has nowadays become much simpler through the introduction of commercially
available kits; these contain dehydrated reagents to which suspensions of individual
bacterial cultures are added. Following incubation, the biochemical reactions are
recorded according to observed color changes and these are then converted to a score
that corresponds to a certain bacterial type and species.

8.3.1 PREPARATION AND USE OF CULTURE MEDIA

Culture media may be purchased in a ready-to-use form with a limited shelf life or
in a more stable dehydrated form to which water is added. Less commonly, culture
media may be prepared from the component raw materials. Good laboratory practice
requires that culture media are prepared to pharmaceutical and not “cook-book”
standards. Thus culture media and their components should be purchased from
approved suppliers and dated on receipt; media should be prepared according to
master formulae and written procedures; sterilization methods should be carefully
followed so that the resulting product is sufficiently processed, but not overheated,
thereby affecting its nutritive properties; the finished product should be given a batch
number and an expiry date. Culture media and their component raw materials should
be stored in appropriate conditions, as recommended by the manufacturer.

Quality control tests on the final product should include not only tests on sterility
and pH but also performance tests on the medium’s selectivity, productivity, and
ability to produce distinctive colonies. Significant differences in productivity may
occur between brands of media and even between different batches of the same brand.

With the exception of fertility tests carried out on sterility test media, the
importance of performance tests has been largely overlooked in pharmaceutical
microbiology. In food microbiology, however, their importance has been recognized
through the publication of an international pharmacopoeia, detailing test methods,
test strains, and monographs on the most commonly used media (Baird et al. 1985,
Baird et al. 1987, Corry et al. 1995, Corry et al. 2003).

The performance of a given culture medium is known to be affected by three
factors (Mossel et al. 1980). The so-called “intrinsic” factors are of primary impor-
tance because they include not only the available nutrients, the water activity (aw),
the redox potential (eh), and pH of the medium at the time of inoculation and during
incubation, but also any antimicrobial agents that may be present. “External” factors
such as the temperature and gaseous environment can also markedly affect the
performance of media during the incubation period. Other “implicit” factors may be
significant during this period, depending upon the vitality of the inoculum itself and
the likelihood of synergism or antagonism between competing cells. For a more
detailed discussion on culture media, the reader is referred to Baird (2000b).
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8.3.2 CULTURE METHODS

Recovery of microbial contaminants from pharmaceutical products involves both an
isolation and identification stage. Additionally, an initial resuscitation stage may be
required to recover sublethally injured cells. Such cells may result from exposure
to preservatives, antimicrobial compounds or other toxic components, extremes of
osmotic pressure or pH, or from the injurious effects of processing generally, includ-
ing freezing, heating, and dehydration. Microorganisms surviving such conditions
carry sublethal lesions that inhibit their development on selective media, although
quite suitable for nonstressed cells of the same species. The use of selective media
for counting purposes may therefore result in a gross underestimation of the number
of cells present.

Food microbiologists have long recognized the damaging consequences of expo-
sure to sublethal effects (Hurst 1977, Ray 1979). There is no universal resuscitation
medium, although complex, rather than simple media are more likely to provide
suitable substrates for alternative metabolic pathways to aid the recovery of damaged
organisms (Mossel and Corry 1977). Recovery methods frequently therefore incor-
porate a resuscitation step when cell repair can take place. This may take the form
of recovery in a liquid medium at room temperature for a period of 2 h. In other
cases, a longer period may be required, for example, up to 6 h. In such cases, liquid
medium repair is inappropriate because it would allow multiplication of both unin-
jured and repaired cells, leading to erroneously high counts. In these instances, a
solid medium repair technique is used, where dilutions of the product are spread
onto a rich nonselective agar and held at room temperature for 4 to 6 h. Subsequently,
a suitable selective agar at 44°C is overlayered, allowed to set, and then incubated
at an appropriate temperature.

Apart from the recommended techniques used to recover specified organisms

been largely overlooked in pharmaceutical microbiology. This clearly illustrated the
need for closer cooperation between microbiologists of different disciplines. In recent
times, however, the significance of these stressed cells has become apparent to
pharmaceutical microbiologists and increasing attention has been paid to the
attempted recovery of these so-called viable nonculturable cells (Barer et al. 1993,
Barer 1997, Newby 2001).

An additional stage in the examination of pharmaceutical products is a neutral-

microbial activity may simply be diluted out. The success of this method depends

dilution will result in a decrease of activity of 36-fold. Where dilution is inappropriate,
a filtration and rinsing technique may be used or, alternatively, various inactivating
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agents may be added to the culture media, as shown in Table 8.1. Where a specific

resuscitation is made. In some cases, for example, alcohols and phenols, the anti-

upon the product having a high dilution coefficient (concentration exponent, see

ization step to inactivate any antimicrobial agents that may be present (see Chapter
17). This should take place at an early stage of culture and before any attempt at

Chapter 14). In the case of phenol, with a dilution coefficient of six, a threefold

from nonsterile products (see BP 2005), resuscitation techniques have in the past
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inactivator is not available, a multipurpose neutralizing agent, such as 3% Tween 80
or 4% Lubrol W, may be used. In sampling pharmaceutical products of unknown
origin, a nonspecific neutralization method should be used. An all-purpose neutral-
izing medium is now commercially available. Neutralization methods are further

8.4 MICROBIOLOGICAL TESTS

8.4.1 CONTROL OF RAW MATERIALS

Raw materials, including water, used in the manufacture of both sterile and nonsterile
pharmaceuticals may contain a variety of microbial contaminants. During processing,
these may be reduced in number or conversely they may be given a suitable oppor-
tunity to multiply. Hence, the purpose of microbiological quality control tests is,
first, to establish whether contaminants are present and in what sort of numbers and,
second, to determine which organisms are present and whether they represent a
potential hazard either from a health or from a spoilage point of view.

The microbiological quality of the final product is determined by the quality of
the starting materials; materials with a known low bioburden should be purchased
whenever possible. Poor-quality raw materials will not only compromise the quality
and life of the final product but also contribute to the overall level of background
contamination in the manufacturing plant. Particularly in the case of free-living
opportunist organisms, reservoirs of contamination may be established in the man-
ufacturing environment, thus providing a potential source of contamination to suc-
cessive products. Gram-negative bacilli found in water supplies have often caused

TABLE 8.1
Methods of Inactivating Antimicrobial Compounds

Antimicrobial Compound Method/Addition of

Alcohols Dilution (plus Tween 80)
Ampicillin, benzylpenicillin β-Lactamase from Bacillus cereus
Antibiotics, other Membrane filtration
Bronopol Cysteine hydrochloride
Chlorhexidine Lecithin plus Tween 80 or Lubrol W
Cresols Dilution plus Tween 80
Halogens Sodium thiosulphate
Hexachlorophane Tween 80
Mercurials Sodium thioglycollate or cysteine
Parabens Dilution plus Tween 80
Phenolics Dilution plus Tween 80
Quaternary ammonium compounds Lecithin plus Tween 80 or Lubrol W
Sorbic acid Dilution plus Tween 80
Sulphonamides p-Aminobenzoic acid
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discussed in Chapter 14.

notable problems in the past (see also Chapters 2 and 3).
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Microbiological standards for raw materials will vary according to the type of
product and its susceptibility to contamination. Table 8.2 summarizes the microbi-
ological test requirements for selected raw materials of the BP (2005) and the USP
27 (2004). Although a wide range of raw materials is used in pharmaceutical
production, it is not necessary to monitor the microbiological quality of all starting
materials. Sampling regimens should therefore be adapted accordingly by manu-
facturers, based on the likely bioburden of a given product. Susceptible products,
such as tragacanth powder, should be examined at every delivery; less susceptible
products may be sampled at defined intervals, for instance, 1 in 5 or 1 in 10 batches,
others may not need to be sampled routinely. When testing indicates a decline in
microbial quality, sampling should be switched from a normal level to a tightened
regimen and remain at this level until there is evidence that the product quality has
improved sufficiently.

Products of natural origin, whether plant, mineral, or animal, are likely to be
heavily contaminated and may well contain pathogenic organisms, for example,
talcum powder may contain Clostridium spp. and pancreatin extracts may contain
Salmonella spp. and E. coli. Microbiological control of such products may rest with

TABLE 8.2
Comparison of BP (2005) and USP 27 (2004) Microbiological Test 
Requirements for Selected Raw Materials

Raw Material BP Requires Absence of USP requires Absence of 

Acacia E. colia Salmonellae
Agar E. coli, salmonellaea Salmonellae
Alginic acid E. coli, salmonellaea E. coli, salmonellaeb

Aluminum hydroxide E. coli, enterobacteria, certain 
Gram-negative bacteriaa

E. colib

Bentonite a E. coli
Cochineal E. coli, salmonellae
Digitalis, powdered Salmonellae
Gelatin E. coli, salmonellaea E. coli, salmonellaeb

Kaolin a E. coli
Lactose E. colia E. colib

Pancreatin E. coli, salmonellae Salmonellae, E. coli
Starch E. colia E. coli, salmonellae
Sterculia E. coli
Talc, purified a b

Tragacanth E. coli, salmonellaea E. coli, salmonellae

a EP requirement in some member states for total viable count (TVC) (see individual monographs in BP).
b USP requirement for TVC (see individual monographs).

Source: Based on British Pharmacopoeia. (2005). British Pharmacopoeia. Vol. IV, Appendix XVIB. The
Stationery Office, London; and United States Pharmacopeia. (2004). United States Pharmacopeia 27—
National Formulary 22. U.S. Pharmacopeial Convention, Rockville, MD. With permission.
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the supplier, who must provide materials of an agreed specification, detailed on an
accompanying certificate of analysis. In contrast, synthetic materials are rarely con-
taminated and generally provide contaminants with poor growth opportunities. In
other instances, the manufacturing process itself may have a profound effect on the
microbiological quality of the raw material concerned. For example, extremes of pH
employed in an extraction process will significantly reduce the natural bioburden.
For other materials that do not meet the required microbiological standard, some
form of in-house treatment may, however, be required.

8.4.2 CONTROL OF STERILE PRODUCTS

8.4.2.1 Sterility Test

Much has been written about the deficiencies of the sterility test, as described in BP

assessment of its value, it is necessary to understand not only the microbiological
problems involved in carrying out the test, but also the difficulties which may be
encountered in obtaining representative samples from a given batch. Although essen-
tially a qualitative test, the sterility test can be adapted to provide quantitative
information on the numbers and types of contaminants present. Such data can be
invaluable when investigating potential sources of contamination.

Statistical considerations—By its nature, the test is destructive and clearly
cannot be applied to the entire batch. The test therefore relies heavily on a statistical
method of withdrawing random samples; results are determined both by the number
of samples taken and the incidence of contamination in the batch. In mathematical
terms, this may be written as

The probability of rejection 1 – (1 – p)n (8.1)

where p is the proportion of contaminated containers and n is the number of containers
tested. The number of containers to be tested in a given batch is determined by the
size of the batch and the type of product. Table 8.3 summarizes these requirements
as stated in the BP (2005) and the European Pharmacopoeia (EP) (2004). Clearly,
as the sample size increases, so the probability of approving a defective consignment
decreases. Conversely, the probability of approving a defective consignment increases

TABLE 8.3
Sample Requirements of the BP (2005) and EP (2004) for Sterility Testing

Product Batch Size Minimum Number of Samples Required

Parenterals Not more than 100 10% or 4, whichever is the greater
101–500 10
>500 2% or 20, whichever is the lesser

Ophthalmics Not more than 200 5% or 2, whichever is the greater
>200 10
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(2005) and USP 27 (2004) (see also Chapter 12). In order to make an objective
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as the incidence of contamination decreases. Based on the result of a single test
and taking no account of possible microbiological problems, the probability of
rejecting single batches of different sizes and varying frequencies of contamination
is shown in Table 8.4.

In the event of a positive sterility test result, the test may only be considered
invalid if the following conditions have been fulfilled: a fault is shown in the sterility
testing facility, test procedure materials, or technique used by the operator; or
microbial growth is found in the negative controls. In such cases, a retest is permitted
with the same number of units as in the original test. From a statistical point of view,
the probability of approving a defective batch increases with a retest. In mathematical
terms, the probability of passing a defective batch at a retest is

(1 – p)n [2 – (1 – p)n] (8.2)

The practice of retesting batches is therefore at best of questionable value. A
further complication may be introduced when the sample size itself is reduced. BP
(2005) states that the minimum quantity to be tested per container may vary according
to the container size. For parenteral products of less than 1 ml volume, the entire
contents must be sampled, whereas for those containing 1 ml or more, half the contents
are required. On the other hand, the USP 27 (2004) requires the entire contents of
parenteral products of less than 1 ml to be tested; for other volumes, a proportionate
sample is allowed (1 to 40 ml, half the contents; >40 ml, 20 ml to be tested; >100
ml, 10% of contents, but not less than 20 ml). Clearly, such testing schemes can have
a profound effect on the results of samples with low levels of contamination.

Microbiological considerations—There are a number of inherent problems in
devising a test to demonstrate the sterility of a product. As potential contaminants
are of unknown identity, a compromise on the choice of media is inevitably required.
In practice, only two media, soya bean casein digest and fluid thioglycollate broths,
are recommended in the most recent editions of the BP, EP, and USP. It is worth
noting that fluid thioglycollate is known to be toxic to damaged cells. Compromises
on incubation temperatures and times are also required.

TABLE 8.4
Probability of Rejecting a Batch of Parenteral Product as Nonsterile According 
to Sample Size (Based on One EP Sterility Test)

Batch
Size

Sample
Size

Probability of Rejection According to Frequency (%)
of Contamination in Batch

0.1 1.0 5.0 10 50

40 4 0.004 0.039 0.185 0.344 0.937
101–500 10 0.010 0.096 0.401 0.653 0.999

1,000 20 0.020 0.180 0.640 0.878 0.999

Source: Adapted from Brown, M.R.W. and Gilbert, P. (1977). J. Pharm. Pharmacol., 29, 517–523. With
permission.
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The nature of the product under test may pose problems from a sampling point
of view. In the case of oily products, such as eye ointments, microbial cells may
well be embedded within the matrix of the product, thus requiring extraction with
a suitable solvent, for example, sterile isopropyl myristate. Likewise the product
itself or its components (including preservatives) may possess antimicrobial activity
and these will need inactivating either by a dilution technique or by the addition of

specific inactivators may not be available, in which case, a multipurpose neutralizing
agent such as Lubrol W or Tween 80 may be used. A third method involves the
physical separation of microbial cells from the antimicrobial components of the
product using a membrane filtration technique. A hydrophobic-edged membrane
filter is used for such purposes and this is then washed with a sterile diluent, such
as peptone saline or quarter-strength Ringer’s solution. Antibiotic preparations have
traditionally been sampled in this way.

Microbial cells exposed to the effects of such antimicrobial compounds are likely
to be sublethally damaged, as are cells exposed to a heating process, as discussed
earlier. It is noteworthy that the current sterility test method fails to incorporate a
resuscitation step to recover such cells.

As far as the test itself is concerned, appropriate precautions should be taken to
avoid accidental contamination of the sample under test. In practice, the test is carried
out in a laminar airflow cabinet or positive pressure isolator using sterile equipment
and sterile diluents. Personnel responsible for sterility testing should be appropriately
clad, that is, wearing cleanroom clothing, and should be properly trained in aseptic
manipulations. Rotational staffs are considered unsuitable for such work.

Accidental contamination of test material will inevitably occur from time to
time. In some circumstances, the test then may be considered invalid and a retest

retesting actually increases the probability of passing a defective batch and must
therefore be considered of dubious value.

Test methods—BP (2005) recommends the use of two test methods: membrane
filtration and direct inoculation, the former being the method of choice. Two culture
media are recommended: fluid thioglycollate medium, incubated at 30 to 35°C for
not less than 14 days, is used primarily for isolating anaerobic bacteria, but will also
sustain the growth of aerobic bacteria; soya bean casein digest medium, incubated
at 20 to 25°C for not less than 14 days, is intended mainly to support the growth of
fungi. Where a direct inoculation method replaces a membrane filtration technique,
the incubation period is at least 14 days.

Quality control tests on all batches of culture media should include the following:
a sterility test; a productivity test to demonstrate the growth of small numbers of
organisms (approximately 10 to 100 cells), including where appropriate an aerobe
such as Staphylococcus aureus and Pseudomonas aeruginosa, a spore-forming aer-
obe such as Bacillus subtilis, an anaerobe such as Clostridium sporogenes and a
fungus such as Candida albicans and Aspergillus niger; and a similar test in the
presence of the product to demonstrate effective neutralization of antimicrobial
activity in the test sample.
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a specific inactivating agent to the culture medium (see Table 8.1). In some instances,

submitted (see BP 2005, Appendix XVIA). As mentioned earlier, the practice of
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1. Membrane filtration—This is the method of choice for aqueous and alco-
holic preparations that can be filtered and for preparations miscible with
or soluble in aqueous or oily solvents. Fluids are filtered through a sterile
cellulose nitrate or cellulose acetate membrane filter, pore size not greater
than 0.45 µm. Cells retained on the surface of the filter will then multiply
when placed in appropriate growth media. In practice, the filter may be
divided into two portions after filtration or the sample itself may be filtered
through two separate filters. Suitable filtration equipment includes both
traditional glass, metal or polycarbonate filter holders, and a number of
dual-purpose, commercially available enclosed filter units. In the case of
the latter, appropriate media may be introduced and incubated directly,
thereby reducing the risk of operator contamination.

2. Direct inoculation—Using this technique, any antimicrobial agents must
first be inactivated before the sample is added directly to the culture
medium. The sample should be diluted by approximately tenfold. Where
large volumes of liquid are concerned, the growth medium may be added
directly to the sample in a concentrated form.

Overview—In summary, the time-honored sterility test, first described in the
1932 BP and the 1936 USP, has in recent years lost some of its former standing.
Nowadays it is regarded by most industrialists as a rather poor indicator of product
quality. In the case of terminally sterilized products, alternative methods are now
available for assessing the probability of sterility. In such cases, confidence can be
justifiably placed in the proper control of the manufacturing and sterilizing processes

case of aseptic preparations, heat-labile and filter-sterilized products, the sterility
test must still be regarded as an essential quality control test. It should not be
forgotten, however, that the sterility test can only provide information on the sample
tested under the conditions specified.

8.4.2.2 Testing for Pyrogens

The traditional way of detecting pyrogens has involved the injection of test material

Appendix XIVD). The test originated from the observation that man and rabbits
exhibit a comparable degree of sensitivity to pyrogenic material on a weight-for-
weight basis. The test has a number of drawbacks, mainly relating to its biological
nature. Over a number of years, the Limulus amoebocyte lysate (LAL) test has been
used as a promising alternative in vitro method for the detection of Gram-negative
bacterial lipopolysaccharides, known as endotoxins; the test will not, however, detect
other pyrogens, and in such cases, the rabbit test remains the method of choice. The
LAL test is based on the highly specific interaction of microbial endotoxin with
amoebocyte lysate of the horseshoe crab Limulus polyphemus, producing turbidity,
precipitation, or gelation of the mixture. This relatively simple, sensitive, and inex-
pensive test provides rapid results, the rate of reaction being dependent on the
concentration of endotoxin, the pH, and the temperature. Some therapeutic products
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and in the associated use of biovalidation data (see Chapter 12). However, in the

into rabbits and the measurement of any subsequent febrile response (see BP 2005,
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are known, however, to interfere with the test reaction and it must therefore be shown
that a valid test can be carried out on the product under test, by demonstrating that
any interfering factors have first been neutralized or removed.

The original LAL test for bacterial endotoxins was a limit test based on the
presence or absence of a firm gel, visible to the naked eye. The product under test
was therefore shown to have an endotoxin concentration above or below the defined
threshold endotoxin concentration, known to bring about the gelation reaction. The
BP (2005) lists six methods for determining endotoxin concentration in a product:
the original gelation limit test; a semiquantitative gelation method; two kinetic
methods, the turbidimetric kinetic method and the chromogenic peptide kinetic
method, both of which utilize the linear regression of the log of the response on the
log of the endotoxin concentration; a turbidimetric endpoint test; and a chromogenic
peptide endpoint method that measures the intensity of dye color liberated from a
suitable chromogenic peptide as it complexes with the endotoxin in the presence of
lysate (Friberger 1987). These four quantitative methods, although requiring more
instrumentation, provide for easier automation of regular testing of large sample
numbers of product.

In recent times, considerable experience has been gained in both the performance
of the LAL test through collaborative studies and also in refinement of the test to
improve its sensitivity. The test continues to gain acceptance among the pharmaco-
poeial bodies, the licensing authorities, and individual manufacturers; it is now the
preferred test method for bacterial endotoxin detection not only when screening raw
materials and in monitoring production processes but also when releasing selected
sterile products. It is also the specified test method for water for injections (EP). For
a more detailed discussion of the test, the reader is referred to the companion
Handbook (Baines 2000) and the BP (2005, Appendix XIVC).

8.4.3 MICROBIOLOGICAL TESTS ON NONSTERILE PRODUCTS

Microbiological control of pharmaceuticals has become increasingly important in
the past three decades. Three factors in particular have contributed to this develop-
ment: the occurrence of microbial contamination in medicines has been widely
reported; the origins and avoidance of such contamination have been well docu-
mented; at the same time, there is now a better understanding of the health risks
presented to patients from the inadvertent exposure to contaminated medicines.
Microbiological quality-control tests will establish whether the finished product
meets its release specification. Where appropriate, the pharmacopoeial standard is

cation may be used alone or in combination with the pharmacopoeial standard. In-
house specifications are generally more detailed, reflecting the known inherent
microbiological problems associated with the product itself or its manufacture.
Essentially, microbiological quality control tests comprise both quantitative tech-
niques for counting microorganisms and qualitative tests to show the absence of
specified organisms. Both sets of tests are recognized by the current pharmacopoeias,
although the emphasis placed on such tests may differ. The tests may be carried out
on raw materials, in process samples, or on finished products. Techniques commonly
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used (see current edition of BP, USP, and EP). In other cases, an in-house specifi-
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used are described below. For further details, the reader is referred to the companion
Handbook (Millar 2000).

8.4.3.1 Enumeration Methods

Pour plate—In this method, the sample is mixed with molten agar at not more
than 45°C in Petri dishes and allowed to set. Following incubation, colonies are
counted and a total viable count per milliliter or gram can then be calculated. The
method is more sensitive for counting small numbers of colonies than the spread
plate technique, because a larger sample volume (up to 5 ml) can be examined.
However, in preparing the plates, it is important not to exceed the holding temperature
of the molten agar, as this may affect the count. Colonies held within the matrix of
the agar will require an increased period of incubation (usually an extra 24 h) before
they can be seen. Colonies should not be confused with undissolved particles of the
test sample, nor with air bubbles, introduced through vigorous mixing of the plate
contents.

Spread plate—Aliquots (usually 0.1 ml) of the prepared sample are spread in
duplicate over the plate surface and incubated. Colonies are counted and results may
then be converted to total viable counts using the appropriate dilution factor. Non-
selective media, such as nutrient agar or tryptone soya agar, are usually employed
for counting purposes.

Drop count—Less commonly used, the drop count method may be useful as a
screening test when relatively high viable counts are suspected. The technique is a
variation of the surface count method developed by Miles et al. (1938). Aliquots
(0.002 ml) of the diluted sample are deposited from a special dropper onto previously
dried plates. Following incubation, individual colonies are counted; the total viable
count can then be calculated using the appropriate dilution factor.

Most probable number (MPN)—This technique uses liquid culture media and
depends upon the observation of certain growth characteristics, such as turbidity,
acid, or gas production. Decimal dilutions of the sample are first prepared from
which aliquots are inoculated into the broth concerned. Following incubation, the
number of tubes showing the required growth characteristics are counted. Through
the use of reference tables (Meynell and Meynell 1970), the most probable number
of organisms in the original sample can then be calculated. In using the tables it is
assumed first that microorganisms are randomly distributed in the sample and second
that a positive reaction is obtained if, and only if, the aliquot of sample tested contains
one or more microorganisms.

Although the MPN technique has been widely used for counting coliforms in
the water industry, it is regarded as somewhat cumbersome for routine pharmaceu-
tical purposes. It has, however, been recommended for counting microorganisms in
USP 27 (2004) and BP (2005) and is also considered to be useful when counting
small numbers of microorganisms (van Doorne et al. 1981).

Filtration—Membrane filtration techniques, as described earlier, are commonly
used to examine water and other liquid samples. Following filtration, membranes
(0.45-µm pore size) are transferred to solid media for incubation. Resulting colonies
are counted and a total viable count per sample volume may be calculated.
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An enhanced recovery of microorganisms from water has been shown on a “low
nutrient” medium when incubated for longer periods at a lower temperature. The
use of the R2A medium incubated at 28°C for 5 days or 22°C for 7 days has provided
a more accurate assessment of waterborne organisms, often stressed through starva-
tion or as a result of processing, than standard examination methods (Reasoner and
Geldreich 1985, Gibbs and Hayes 1988).

8.4.3.2 Tests for Specified Microorganisms

Individual methods vary according to the particular organism sought. In most
instances, a broth enrichment step precedes the isolation stage on solid media which
is then followed by confirmatory tests to establish the identity of isolates. The latter
are generally based upon the growth characteristics of pure cultures on selective
media and on their biochemical reactions to selected tests. A detailed discussion of
identification schemes is outside the scope of this chapter, but appropriate reference
sources should be consulted (e.g., Cowan 1993, Hodges 2000).

As discussed previously, those organisms considered to be hazardous from a
health point of view are reflected in the various pharmacopoeial requirements. The
BP (2005) details tests for the absence of Enterobacteria, E. coli, salmonellae, P.
aeruginosa, Staphylococcus aureus, and clostridia. While recognizing why these
particular organisms have been selected for pharmacopoeial standards, the presence
of other organisms in pharmaceuticals cannot be overlooked. Nowadays it is well
known that the presence of many other Gram-negative organisms, and particularly
Pseudomonas and Burkholderia spp., cannot be condoned. Such contaminants often
have simple nutritional requirements and are able to multiply to appreciable numbers
within a product. Furthermore, the presence of such opportunist pathogens can be
particularly hazardous for certain patients, for example, the very young, the elderly,

Nowadays many in-house specifications for nonsterile pharmaceuticals include
a requirement to test for the presence of additional organisms other than those
detailed in the various pharmacopoeias. An upper limit on the number of so-called
undesirable organisms is often specified.

The BP (2005) lists methods for the isolation and identification of Enterobacteria

stage (nonselective in the case of casein digest, but selective in the case of EEB-
Mossel), followed by an isolation stage on solid media. Confirmation of isolates is
then based upon suggested biochemical tests and observed growth characteristics on
selective media. The reader is referred to the companion Handbook (Hodges, 2000)
for a detailed discussion of these methods.

Although such tests will provide the required microbiological evidence that
specified organisms are indeed absent, the methods may be considered to be time-
consuming and somewhat cumbersome in practice, particularly when large numbers
of samples must be examined. In-house specifications for both raw materials and
nonsterile products are often therefore based on more generalized screening methods
combining counting techniques with isolation techniques for specific microbial types.
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immunosuppressed patients, or those with burns (see Chapter 2).

E. coli, salmonellae, P. aeruginosa, S. aureus, and clostridia as summarized in Table
8.5. In all cases, the methods incorporate an initial recovery step, a broth enrichment
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The latter have also been widely used in a number of surveys comparing the incidence
of microbial contamination in different types of pharmaceutical products (Anony-
mous 1971, Baird 1985).

8.4.4 BIOBURDEN TESTING OF MEDICAL DEVICES

In the manufacture of sterile medical devices, the sterilization operation is itself
recognized as a special process under the EN 46001/EN 46002 (1993) and EN 724
(1994) series of European standards, because sterility assurance cannot be verified

TABLE 8.5
Isolation and Identification Tests for Specified Microorganisms

Organism Enrichment Primary Test Secondary Test Confirmation

Enterobacteriaceae Lactose broth, 
35–37°C for
2–5 h

EEB-Mossel, 
35–37°C for 
18–48 h

VRBGLA, 
35–37°C for 
18–24 h

Growth of Gram-
negatives

E. coli CSB, 35–37°C
for 18–48 h

MacConkey 
broth, 43–45°C
for 18–24 h

MacConkey agar,
35–37°C for 
18–72 h

Indole at 
43.5–44.5°C/
biochemical

Salmonella As above for 
18–24 h

TBBG broth, 
41–43°C for 
18–24 h then 
subculture on 
DCA, XLDA, or 
BGA at 35–37°C 
for 18–72 h

TSI agar, 
35–37°C for 
18–72 h

Biochemical/
serological

P. aeruginosa Saline peptone, 
35–37°C for
2–5 h

CSB, 35–37°C
for 18–48 h

Cetrimide agar,
35–37°C for 
18–72 h

Growth of Gram-
negatives at 
41–43°C for 
18–24 h

S. aureus As above As above Baird-Parker, 
35–37°C for 
18–72 h

Coagulase, 
DNase tests

Clostridia RMC, 35–37°C
for 48 h anaerobic

Columbia agar 
with gentamicin,
35–37°C for 48 h 
anaerobic

Columbia agar,
35–37°C for 48 h
aerobic/anaerobic

Catalase test

Note: EEB-Mossel — Enterobacteriaceae enrichment broth-Mossel; VRBGLA—violet red bile agar with
glucose and lactose; TBBG—tetrathionate bile brilliant green broth; DCA—deoxycholate citrate agar;
XLDA—xylose lysine deoxycholate agar; BGA—brilliant green agar; TSI—triple sugar iron agar; CSB—
casein soya bean digest broth; DNase—deoxyribonuclease test; RMC—reinforced medium for clostridia,
anaerobic incubation.

Source: From British Pharmacopoeia. (2005). British Pharmacopoeia. Vol. IV, Appendix XVIB. The
Stationery Office, London. With permission.
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by inspection and testing of the product; for this reason, sterilization processes need
to be validated before use, the performance of each process must be monitored
routinely, and the equipment must be properly maintained. In addition, it is also
necessary to know the nature of the microbiological challenge to the sterilization
process, not only in terms of numbers and identification of contaminants but also
their characteristics.

The presterilization bioburden on a device comprises the viable microorganisms
derived from the component raw materials, their subsequent storage, and the envi-
ronment in which the product is manufactured, assembled, and packaged. For a more
detailed discussion of how the microbial ecology of the manufacturing process can

a bioburden estimate by the application of a correction factor. Bioburden estimations
can thus be used as part of the validation and revalidation of a sterilization process
and also in the routine control of the manufacturing process. Furthermore, they may
form part of the overall quality system: as an integral part of the environmental
monitoring program; as an indicator of the efficacy of a cleaning process in removing
contaminants; as a process monitor for products supplied as nonsterile, but for which
the microbiological cleanliness is specified; and also for monitoring raw materials,
components or packaging.

In estimating the bioburden of a medical device, four stages are involved: removal
of microbial isolates from the device, their transfer to culture conditions, their
subsequent enumeration and identification, and lastly, the application of the previ-
ously determined correction factor to the presterilization count in order to calculate
the bioburden estimate (Anonymous 1996b, 1997a). Owing to the wide variety of
materials used in the manufacture of medical devices, there is no single technique
that can be universally applied; equally, the precise selection of culture conditions
may be influenced by contaminants, expected on the basis of historical data. The

the device and selection of an appropriate technique for removing contaminants are
clearly important issues. Microbial adhesion to some surfaces may cause problems,
particularly where biofilms have been formed; a variety of removal techniques may
be used including stomaching, ultrasonication, shaking, vortexing, flushing, blend-
ing, swabbing, agar overlaying, or contact plating. Account must also be taken of
the physical and chemical nature of the product and the likelihood of inhibitory
substances being released and how these might be counteracted. The resulting sus-
pension of microorganisms can then be examined for the presence of viable micro-
organisms by a variety of methods, including membrane filtration, pour plates, spread
plates, a MPN method using serial dilutions, or spiral plating. In selecting appropriate
media and incubation conditions, some guidance is available in the references men-
tioned above; however, this may need to be adapted in the light of likely contaminants
and their known characteristics.

Considerable emphasis is placed on the importance of validation of bioburden
techniques (Hoxey 1993, Anonymous 1997b). First, the technique must be validated
for its efficiency of removal of microorganisms: either a repetitive treatment method
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number of contaminants can vary considerably as shown in Figure 8.2. Sampling of

affect the microbial quality of a medical device, the reader is referred to Chapter 3,

count using a defined technique is determined in practice and this is then related to
Chapter 4, and Chapter 5B. As the exact bioburden cannot be determined, a viable
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is used to demonstrate that the method can be repeatedly applied until there is no
significant increase in the accumulated number of microorganisms recovered or the
recovery efficiency can be established by inoculating the product with a known
artificial bioburden. By establishing the recovery efficiency of the method concerned,
the correction factor to be applied can be calculated. Second, the ability of the
counting techniques and culture conditions to enumerate any removed microorgan-
isms must be validated; the chosen culture conditions cannot be expected to detect
all potential contaminants, hence, in practice, the bioburden inevitably will be under-
estimated. By comparing a preselected range of media and incubation conditions,
the optimum recovery conditions can be assessed. Third, the ability of the chosen
technique to recover low numbers of potentially fragile microorganisms requires
validation; there should be no significant difference between the number artificially
inoculated and those recovered. If inhibitory substances are thought to be present,
these should be neutralized or filtered before testing proceeds.

8.4.5 ENVIRONMENTAL MONITORING

Significant advances in cleanroom design and construction in recent years have had
a considerable impact on the overall microbiological quality of manufacturing
environments for both sterile and nonsterile products. In addition, the development

environmental conditions required for the manufacture of both sterile and nonsterile
products.

Microbiological monitoring programs are carried out routinely in cleanrooms
and other controlled environments to assess the effectiveness of cleaning and sani-
tization practices on bioburden levels in those environments. Such programs are not
intended to enumerate or identify every microbial contaminant, but should provide
sufficient information to confirm that the environment is operating within its required

FIGURE 8.2 Magnitude of bioburden on devices, expressed as number of CFUs. (Repro-
duced by kind permission of E. Hoxey, personal communication.)
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of cleanroom standards (see Chapters 4, 6, and 7) have, in turn, identified the
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limits of control. Sampling should occur during normal operating conditions, that
is, while production is in progress, and with the usual complement of operating staff.

The purpose of the monitoring program is, then, to collect representative data
on the environmental bioburden that cannot only be evaluated and reviewed per se
by trained staff, but also can be scrutinized for any trends over extended sampling
periods. Any suggested deterioration in environmental quality over a period of time
should initiate a thorough documentary review of, at least, the current status of area
maintenance, environmental parameters (for example, temperature, relative humidity,
differential air pressures, number of air changes, and status of HEPA filters), cleaning
and sanitization, and operator training records, followed by a documented plan for
corrective action.

In essence, a microbiological monitoring program sets out to establish the envi-
ronmental bioburden contributed collectively by the air, the surfaces, equipment, and
personnel, either shed directly or dispersed from their garments. The program should
be tailored to specific facilities and conditions. Sampling sites should be identified
and evaluated for their appropriateness at the time of commissioning but may need
to be adjusted from time to time based on accumulated results.

8.4.5.1 Frequency and Extent of Sampling

The frequency of microbiological sampling will depend on the nature of the manu-
facturing environment and the work undertaken there. Clearly the potential for
product contamination  depends on the extent of normal intervention and personnel
contact. Thus environmental monitoring has a higher profile in processes involving
aseptic rather than terminally sterilized manufacture. BS 5295 (1989) and the most
recent Medicines Control Agency [(MCA) 2002] guide to pharmaceutical manufac-
ture give no firm indication of the frequency of sampling for aseptic products,
although other published guidance (Parenteral Society 2002) suggests daily or batch-
wise sampling for aseptic products and weekly sampling for terminally sterilized
products. The most recent USP guidance (USP NF 22 2004) suggests that aseptic
and adjacent supporting areas should be sampled at each operating shift, whereas
other support areas should be sampled twice a week or once a week in the case of
nonproduct contact areas.

8.4.5.2 Microbiological Limits

Recommended limits for microbial monitoring of clean areas in operation have been

published guidelines on the maximum acceptable number of colony forming units
(CFUs) with regard to air cleanliness, surface cleanliness of equipment and facilities,
and also with regard to operating personnel garments in controlled environments, as

of airborne contaminants and contamination risks in cleanrooms.
In practice, it is recommended that maximum microbial limits for individual

manufacturing units are drawn up on the basis of what can be achieved under
optimum operating conditions, based on historical data. Additionally, a definitive
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published (MCA 2002), as detailed in Table 8.6. The USP NF 22 (2004) has also

summarized in Table 8.7. The reader is referred to Chapter 7 for a detailed discussion
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course of action should be established should such limits be exceeded. Many man-
ufacturers adopt a three-class attribute plan for implementing environmental limits

three categories: an acceptable level; an “alert” level indicating a potential drift from
normal operating conditions; or finally, an “action” level requiring immediate follow-
up and potentially corrective action. From time to time these limits should be
reviewed for their relevance and appropriateness; if necessary, they should be mod-
ified to reflect current conditions. As mentioned above, where analysis of environ-
mental trends suggests deteriorating quality, the cause of this should be thoroughly
investigated and appropriate corrective action taken.

TABLE 8.6
Recommended Limits for Microbiological Monitoring of Clean Areas in 
Operation

Recommended Limits for Microbial Contaminationa

Environmental 
Classification

Air Sample
CFU.m–3

Settle Platesb

(diam. 90 mm),
CFU/4 h 

Contact Plates
(diam. 55 mm),

CFU/plate

Glove Print
5 Fingers,
CFU/glove

A <1 <1 <1 <1
B 10 5 5 5
C 100 50 25 —
D 200 100 50 —

Note: Dashes indicate no recommended data.
a These are average values.
b Individual settle plates may be exposed for less than 4 h.

Source: Abstracted from U.S. Pharmacopeia. (2004). National Formulary 22. U.S. Pharmacopeial Con-
vention, Rockville, MD. With permission.

TABLE 8.7
USP NF 22 (2004) Guidelines on Microbiological Cleanliness 
in Controlled Environments

Environmental 
Classification CFU.m–3 of Aira

CFU/Surface
Contact Plate

CFU/Clothing 
Contact Plateb

100 <3 3 (including floor) 3/5
10,000 <20 5

10 floor
10/20

a Using a slit-to-agar sampler or equivalent and taking a sufficient volume of air
to detect excursions above the limits specified.
b The first figure is a limit for gloves, the second a limit for gowns.

Source: Abstracted from U.S. Pharmacopeia. (2004). National Formulary 22. U.S.
Pharmacopeial Convention, Rockville, MD. With permission.
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(see Section 8.2.2.2). Here environmental limits are defined as falling into one of
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8.4.5.3 Methodology

Methods for assessing the microbial bioburden in the air, on surfaces, on equipment,
and on garments are discussed below. All methods should be validated for their
appropriateness before being used routinely.

Air sampling—The traditional method of monitoring air quality has involved
the use of settle plates. Petri dishes, usually containing a nonselective agar, are
exposed to the atmosphere for defined periods during which time particles carrying
microorganisms (>12 µm) will settle onto the agar surface. Following incubation,
microbial colonies are counted and results from different exposure areas may then
be compared. However, this “passive” method is of limited quantitative value because
the results are affected by air currents in the immediate area, the particle settling

detect those organisms that remain suspended in air currents and hence fail to settle
onto the agar surface.

Air quality can also be usefully monitored using “active” techniques, such as slit
samplers, sieve impactors, surface air system (SAS) samplers, centrifugal samplers,
and those using gelatin filtration. The essential features of these techniques are sum-
marized in Table 8.8. All provide a quantitative evaluation of the number of organisms
per volume of air sampled, although the estimate itself may be affected by the instru-
ment; thus where alternative methods are used to those recommended, general equiv-
alence must first be demonstrated (Ljungqvist and Reinmüller 1998). These devices
should be regularly calibrated and used according to the manufacturer’s instructions.

TABLE 8.8
Techniques for Monitoring Airborne Contamination

Sampler
Sampling Rate

(L.min–1)
Collection
Method Advantages Limitations

Centrifugal 40–50 Centrifugation Portable, speed, 
convenient, no 
subculture

Sampling rate may 
vary with particle 
size, detection limit

Gelatin filter 130 Impaction High capture efficiency Fragile filter, extra 
handling

Sieve impactor 28 Impaction Separates particles into 
size range, no 
subculture

Unsuitable for high 
levels of 
contamination 
because particles may 
be superimposed

Slit sampler 50–700 Impaction Time–concentration 
relationship gives 
high capture 
efficiency, no 
subculture

Unsuitable for high 
levels of 
contamination, 
cumbersome

Surface air
sampler

180 Impaction High capture 
efficiency, portable

Cell viability
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rate, and the time of exposure (see Chapter 7). Moreover, the technique will not
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Successful use of these samplers is dependent on the statistics of sampling. Sample
volumes of air should therefore be adjusted according to expected contamination
levels; for example, in a critical (filling) area, larger volumes of air will be required
to provide statistically valid results than in a less clean environment where high
levels of contamination might reasonably be expected.

Surface sampling of equipment and facilities—Surface sampling will indicate
the effectiveness of cleaning and disinfection policies. Rodac or contact plates
containing nonselective media can be pressed lightly onto flat surfaces. Following
incubation, numbers of colonies can be counted, thus providing a quantitative esti-
mate of contamination levels. If disinfectants or antibiotics have been used in the
controlled area, the medium should include a suitable and appropriately validated
inactivating agar. Other less accessible surfaces (drains, taps, ledges, etc.) are best
sampled using a nonquantitative technique with moistened swabs. These can be
cultured directly onto solid media or first incubated in nutrient broth and then
subcultured onto solid media.

Surface sampling of garments—Clothing, including gloves, can be sampled
using a contact plate technique. The technique can also be adapted for training
purposes to demonstrate the effectiveness of various hand-washing techniques. Fin-
ger dabs, whereby the finger tips are pressed lightly on the surface of nutrient agar
plates, can demonstrate the value of different hand-washing routines and are also
widely used to monitor whether gloved hands have indeed offered the required level
of product protection in practice.

Broth filling or process simulation—In an aseptic manufacturing process, the
microbiological status of the process must be qualified through broth filling runs,
whereby the filling process itself is simulated using nutrient media in place of
product. In all other respects (including routine processing, planned interventions,
and the normal complement of staff), the run should be identical to product filling.
Any lapse in the aseptic manufacturing process would be indicated by visible growth
(turbidity) in the nutrient broth following incubation. In validating a new aseptic
process, at least three successful consecutive media fill runs are required and these
should cover all product shifts for all line/product/container combinations (Anony-
mous 1987). Before establishing such a program, a number of issues must first be
addressed: the filling method, fill volume, choice of media, incubation conditions,
inspection procedures, documentation, interpretation of results, and possible correc-
tive action (Anonymous 2004). Additional critical issues include the number of units
to be filled. Traditionally a minimum of 3000 units have been required to demonstrate
a contamination rate of 0.1%, but nowadays many pharmaceutical companies are
filling well in excess of this in a single media–fill run and can demonstrate that
contamination rates are well below this level. Smaller media fills are acceptable for
pilot plant facilities used for manufacturing clinical trial material. For a more detailed
discussion, the reader is referred to Parenteral Society (1993).

8.4.5.4 Environmental Monitoring in Advanced Aseptic Processing

The past decade has witnessed the emergence of a number of new techniques,
including barrier, blow-fill-seal, and isolator systems, all of which incorporate the
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principle of removing human intervention, and hence contamination, from the critical
manufacturing zones. It therefore follows that where personnel have been excluded
from the critical zone, the necessity for microbial and particulate monitoring can be
significantly reduced.

8.5 AUDITING MICROBIOLOGICAL ACTIVITIES

As in other areas of pharmaceutical production, the activities of the microbiology

nature of the work undertaken there, this will require a critical appraisal of the
following aspects: the use and suitability of existing premises; the use and mainte-
nance of equipment; the type and range of activities in relation to the changing
demands of production activities; staffing levels and staff ability, particularly with
regard to individual training needs. For a more detailed discussion, the reader is
referred to Chapter 21 and the companion Handbook (Lush 2000).

8.5.1 PREMISES

Sufficient working space should be available to segregate the various activities of
the laboratory and to provide a streamlined direction of workflow. Separate areas
should be designated for the following activities: sample receipt; sample preparation
and testing, including a separate area for sterility testing with adjacent changing
facilities; sample incubation; the preparation of culture media; decontamination and
wash-up; the reading of results, documentation, and office work. The workflow
through these areas should be such that the opportunity for crossover of samples is
kept to a minimum.

8.5.2 EQUIPMENT

A wide range of equipment may be found in the microbiology laboratory, all of
which requires regular maintenance. Separate log books should be kept for each
item of equipment. Good laboratory practice requires that detailed records are kept
on the operation of equipment including, for example, daily fluctuations of temper-
ature within incubators and the temperature, pressure, and time readings monitored
during autoclave cycles.

8.5.3 ACTIVITIES

The quality of the microbiological service provided by the laboratory is clearly an
important issue. Details of accreditation for microbiological testing are available
through the National Measurement Accreditation Service [(NAMAS) 1992]. The
suitability, reproducibility, and precision of methods for isolating, counting, and
identifying microbial contaminants should be reviewed from time to time and mod-
ified if necessary. In the past, the quality control of culture media has been sadly
neglected in pharmaceutical microbiology laboratories. All batches of media should
meet release specifications, as discussed earlier. Technical skills of individual mem-
bers of staff need to be examined periodically.
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laboratory should be audited on a regular basis (see Chapter 21). Depending on the
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As in other areas of quality control, the microbiologist’s involvement in labora-
tory-based activities, particularly in end-product analysis, has in recent years been
overtaken by a more open approach to quality assurance activities generally. Now-
adays, he may well be expected to advise on the microbiological aspects of building
and equipment design, equipment cleaning, and sanitization methods, as well as
cleaning and disinfection policies. Staff training may also form an important part of
his job, involving both the teaching of basic microbiology and the education of
production personnel in aspects of cleanliness and hygiene. In addition, the micro-
biology laboratory has an important function in monitoring whether acceptable
conditions are being maintained, particularly in the testing of environmental and
water samples. This involves not only the setting of appropriate standards with
warning and action levels, but also close monitoring of test results against such limits.

Some laboratories will clearly be unable to meet all these requirements and some
work may well be contracted out to a specialist microbiology laboratory. The work
of such laboratories should be carried out to an agreed specification and audited on
a regular basis. Certain aspects of the work, including environmental testing, are,
however, best carried out in-house so that corrective action may be taken at an early
stage, if required.

8.5.4 STAFF

Demands on staff time change constantly as new problems arise within the laboratory.
Sufficient trained staff should be available to cope with these demands, which may
range from time-consuming challenge testing or stability testing of new formulations
to the simple examination of in-process samples. Additionally, there should be
sufficient flexibility in staff time to meet the increasing demands of the production
department, whether such input is required in the form of training, or in an advisory
or monitoring capacity.
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9.1 INTRODUCTION

Traditional microbiological methods of detection, enumeration, and identification are
generally time-consuming and labor-intensive. These practical considerations often limit
the extent to which microbiological tests are routinely applied both at the formulation
development stage (i.e., preservative screening) and for microbiological quality assur-
ance (MQA). In the latter instance, the inevitable time delay associated with incubation
often determines that MQA data are only of retrospective value. Modern pharmaceutical
production and economic pressures can no longer accommodate this delay (Newby
2000). Considerable benefit would therefore be gained from the introduction of suitable,
more rapid methods of microbiological analysis to the pharmaceutical sector. The typical
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requirements for such rapid methods are summarized in Table 9.1.
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9.2 RAPID METHODS AVAILABLE

The development of rapid methods has been largely fed by the food, dairy, water,
and medical diagnostics industries and has resulted in a diverse range of methods

detection may be direct, in which individual microorganisms or populations of
organisms are directly observed, or indirect, whereby microbial metabolism, metab-
olites, or components are monitored. Some methods may be highly developed with
extensive equipment and information support, and others can still be considered to
be at relatively early stages of research or currently developed for only a narrow
application range. Only a few appear able to meet the challenges of pharmaceutical

that the term “rapid” is variously applied to techniques of 5 min to 24 h duration,
the definition often reflecting the expectations of the user. Furthermore, a method
that may be deemed rapid in applications with high bioburden may require an
extended enrichment period in situations of lower contamination.

Useful discussion and comparison of the principal methods can be found in the
following works: general aspects (Jarvis and Easter 1987, Balows et al. 1989,
Stannard et al. 1989, Blackburn 1993, Watling and Leech 1996, Stewart 1997, Geis
2006); adenosine triphosphate (ATP) bioluminescence (Jago et al. 1989, Stanley et
al. 1989, Stewart et al. 1989, Stewart 1990, Stewart 1997); fluorescent labeling
(Pettipher 1983, Hutcheson et al. 1988, Rodrigues and Kroll 1988, Rodrigues and
Kroll 1990, Diaper and Edwards 1994, Nebe-von Caron et al. 1998, Newby 2000);
electrical resistance (Baynes et al. 1983, Firstenberg-Eden and Eden 1984, Owens
and Wacher-Viveros 1986, Silley and Forsythe 1996, Newby 2000); enzyme moni-
toring (Kroll and Rodrigues 1986, Watling and Leech 1996, Newby 2000); Limulus
amoebocyte lysate (Jorgensen and Alexander 1981, Bussey and Tsuji 1984, Baines
2000); nucleic acid probes (Jordan 2000, Newby 2000, Dunsmoor et al. 2001);
phage-interaction technology (Wolber and Green 1990, Turpin et al. 1993, Stewart
et al. 1996, Stewart et al. 1998, Mole et al. 1999, Wu et al. 2001); and carbon dioxide
radiometry (Cutler et al. 1989). In addition to the methods summarized in Table 9.2,

TABLE 9.1
Features of an Ideal Rapid Method for Application
to Pharmaceutical Production

Rapid
Sensitive
Broad spectrum detection
Potential for specificity (identification)
Viability assessment
Simple
Potential for automation
Compatible with sample matrices
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(Table 9.2) not all necessarily suited to pharmaceutical application. Their means of

microbiology (Newby 2000; see also Section 9.3). It is also important to remember
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other techniques have been investigated but have received only modest development.
These include electrochemical methods (Patchett et al. 1989); electronic particle
counting (Kubitschek 1969); microcalorimetry (Forrest 1972, Beezer 1980, Watling
and Leech 1996); and biophotometry (Thomas et al. 1985). For practical details of

TABLE 9.2
A Selection of Rapid Microbiological Methods

Method Detection Principle

Level of
Development
for Detection/
Identification

Direct

Fluorescent labeling
(chemiluminescence )

Stain microorganisms using a viability-indicating 
fluorophore; direct enumeration, usually after filter 
capture, by light excitation (epifluorescent microscopy or 
laser scanning) and image analysis.

+/–

Indirect

ATP bioluminescence Light emission from microbial ATP by luciferin/luciferase 
reaction. Amenable to amplification by intracellular 
adenylate kinase.

+/–

Carbon dioxide
detection

Monitoring of microbial metabolism using 14C-radiolabeled 
substrate to produce 14C-labeled carbon dioxide. Infrared 
CO2 detection offers a more acceptable substitute.

(+)/–

Chromatography and
spectrophotometry

Detection of microbial metabolites and cellular 
components; gas chromatographic analysis of microbial 
fatty acid has been employed in identification.

–/(+)

Dye reduction Monitoring microbial metabolism of specified substrates 
by color changes in redox dyes; can form the basis of 
identification profiles.

–/+

Electrical resistance Measurement of electrical changes (conductance, impedance) 
in specialized media due to microbial growth; enumeration 
based on time to exceed a specified detection level.

–/+

Enzyme monitoring Detection of microbial enzymes. By using appropriate 
substrates can form the basis of identification profiles.

(+)/+

Limulus amoebocyte
lysate

Detection of (principally) Gram-negative bacterial 
lipopolysaccharide by gelation or colorimetric reaction

+/–

Nucleic acid probes Labeled DNA or RNA probe hybridization to specific 
target sequences. Amplification of target by the 
polymerase chain reaction (PCR) increases sensitivity; 
competitive quantitative PCR offers enumeration.

(+)/(+)

Phage-interaction
technology

Host-specific bacteriophage infects target cells leading to 
phage DNA replication. Detection by expression of new 
protein (using recombinant phage) or cell lysis.

(+)/(+)

+, highly developed; (+), moderate level of development; –, early stages of development or development
limited to a narrow range of applications.
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methods potentially applicable to the examination of microorganisms attached to
medical devices, Denyer et al. (1993) should be consulted.

We now recognize that many different types of bacteria, while remaining physio-
logically active, can enter periods of nonculturability: in this form they are termed viable
but nonculturable [(VNC) Colwell 1987, Kell et al. 1998, McDougald et al. 1998]. This
may be an adaptive response to inimical environments; there is even evidence that this
characteristic may be the dominant form in some environmental niches (Bloomfield et
al. 1998). VNC organisms are theoretically capable of product spoilage and may be a
potential infectious threat (Colwell et al. 1996, Rahman et al. 1996). It is perhaps
reassuring therefore to discover that direct fluorescent staining (labeling) techniques
offer a suitable approach to the detection of VNC organisms (Kawai et al. 1999). The
ChemScan® process (laser scanning cytometry, section 9.3) routinely shows water
bioburdens in excess of those determined by conventional culture, indicative of an
otherwise undisclosed VNC population (e.g., Wallner et al. 1997).

9.3 USE OF RAPID METHODS IN PHARMACEUTICALS

From a pharmaceutical perspective, the principal areas in which rapid methods may
find application are given in Table 9.3. A method may be required to provide
quantitative or qualitative evidence of microbial presence (survival), some mecha-
nism of contamination tracking, or to offer rapid confirmation of the absence of
microorganisms. Few methods show complete promise in their range and relevance

are considered by Newby (2000) in the companion Handbook.

9.3.1 PRODUCT QUALITY ASSESSMENT

The pharmaceutical industry has tended to be conservative in its approach to rapid
methods for assessment of product quality, largely because of the regulatory constraints

TABLE 9.3
Principal Areas of Application for Rapid Microbiological Methods in 
Pharmaceuticals

Area Application

Product quality assessment Microbial limit tests for raw materials and final nonsterile products 
(includes total viable count and detection of pathogens)

Sterility tests
Process hygiene In-process samples

Site hygiene
Air quality

Preservative efficacy Screening potential preservatives
Examining the influence of formulation on preservative behavior
Challenge testing

Sterilizer testing Biological indicators

© 2007 by Stephen P. Denyer and Rosamund M. Baird

of reported applications (Table 9.4); some of the practical implications of their use
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TABLE 9.4
Some Examples of Rapid Methods Applied to the Detection of Microorganisms in Pharmaceuticals and Related Environments

Method Sensitivity (CFU) Limitations Applications References

ATP bioluminescence >102 yeasts.
>102–103 bacteria, reduced to 
1–10 range with enrichment 
or an MPN-based approach.

Presence of high levels of 
nonmicrobial ATP.

Interfering factors quenching 
light or adversely affecting 
luciferase reaction.

Cosmetics/toiletries Neilsen and van Dellen (1989), Watling and 
Leech (1996), Anonymous (1996)

Intravenous fluids Bopp and Wachsmith (1981), Anderson et al. 
(1986)

Medical devices Wassall et al. (1997)
Packaging materials Senior et al. (1989)
Sterility testing Bussey and Tsuji (1986)
Surface hygiene Blackburn et al. (1989), Anonymous (2001)
Water Webster (1986), Woolridge (1989), Tanaka et al. 

(1997), Newby (2000)
Electrical resistance Threshold for detection

∼106 mL–1.
Narrow spectrum of detectable 
organisms without careful 
media selection; may be 
overcome with indirect 
impedance method.

Cosmetics Kahn and Firstenberg-Eden (1984), Kaiserman 
et al. (1989)

Preservative testing Connolly et al. (1983, 1994)
Sterility testing Dal Maso (1998)
Toiletries Watling and Leech (1996)
Water Wilkins et al. (1980)

Fluorescent labeling:
DE(F)T

Air, >105; liquid, generally 
103–104 mL–1 but down to 
25 mL–1; liquid (+ enrichment), 
6 organisms irrespective of 
sample volume.

Cannot be applied to highly 
viscous or particulate 
materials. Direct correlation 
with viable count not always 
possible.

Air Palmgren et al. (1986)
Intravenous fluids Denyer and Ward (1983), Denyer and Lynn 

(1987), Denyer et al. (1989)
Medical devices Ladd et al. (1985), Bridgett et al. (1993)
Preservative testing Connolly et al. (1993)
Surface hygiene Holah et al. (1988)
Water Mittelman et al. (1983, 1985), Newby (1991), 

Kawai et al. (1999)
(continued)

© 2007 by Stephen P. Denyer and Rosamund M. Baird



188
G

u
id

e to
 M

icro
b

io
lo

gical C
o

n
tro

l in
 Ph

arm
aceu

ticals an
d

 M
ed

ical D
evices

TABLE 9.4 (continued)
Some Examples of Rapid Methods Applied to the Detection of Microorganisms in Pharmaceuticals and Related Environments

Method Sensitivity (CFU) Limitations Applications References

Laser scanning 
cytometry

Liquid, to single organism 
level; in flow cytometry,
∼50 mL–1.

Spores must be germinated. 
Viable nonculturable (VNC) 
organisms may be detected 
requiring reappraisal of limits. 
Nonfilterable products need to 
be tested by flow cytometry.

Cosmetics/toiletries Newby (2000)
Sterility testing Anonymous (1995)
Water Wallner et al. (1997), Gapp et al. (1999), 

Reynolds and Fricker (1999), Newby (2000)

Nucleic acid probes Better than 0.1 using PCR 
amplification

Interference from formulation 
excipients. Nonviable 
organisms are also detected 
limiting utility. Current 
development focused on 
specific organisms.

Air Alvarez et al. (1994)
Blood products Jordan (2000)
Contamination tracing Newby (2000)
Water Atlas (1991), Maiwald et al. (1994)

Note: DE(F)T— direct epifluorescent (filtration) technique.
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imposed upon these products. For this reason, much of the information accumulated

environments. This table clearly demonstrates the current low probability that any
single method will satisfy the requirements for all types of pharmaceutical applica-
tion, although some manufacturers are now seeking a collection of related products
to achieve this (Newby 2000). It is unlikely that any rapid method can be immediately
applied in a wide range of situations without first undertaking extensive protocol
development. The sensitivity of all methods can be enhanced by sample enrichment
but this will lead to an inevitable increase in analysis time; additionally, contaminants
grow at different rates and this may result in a substantially different microbial flora
from the original sampled product. In sterility testing, where the bioburden (if any)
is likely to be low, rapid methods generally require sample enrichment or extended
incubation to reach the microbial levels required for detection.

9.3.2 PROCESS HYGIENE

In general, examination of in-process product samples can utilize the same methods
of rapid analysis as raw materials and final product (see Table 9.4). Surface hygiene
assessment, using appropriate swabbing or surface sampling techniques, may require
an enrichment period if low counts are expected; similarly, large volumes of process
water or air may need to be sampled and concentrated by filtration to ensure a
sufficient microbial burden before examination.

9.3.3 PRESERVATIVE EFFICACY

periods of up to 28 days and the introduction of rapid methods in this situation
would confer no meaningful benefit. Where rapid methodology can have an impor-
tant role to play is in the rapid examination of several candidate preservative systems
(and their possible permutations of concentration and combination) for use in new
or developing formulations. Here, kinetic data from D-value determinations (see

a useful indication of preservative or formulation incompatibilities and can be used
to compare the relative merits of potential preservative systems. Rapid methods have

et al. 1993, 1994). It is important to distinguish between those methods used prima-
rily to explore bacteriostatic behavior and those able to examine bactericidal activity.
In the latter instance, enrichment or extended incubation times may be necessary to
detect low numbers of survivors, thereby extending the overall detection time.

In a product challenge designed to explore the capacity of a preservative system
to withstand repeated microbial insults or to study the ability of spoilage organisms
to survive and grow, kinetic information is of less importance and the detection
methods summarized in Table 9.4 are potentially applicable.

9.3.4 STERILIZER TESTING

Sterilization protocols require regular microbiological validation; for some pro-
cesses, continual efficacy monitoring with biological indicators is necessary (see

© 2007 by Stephen P. Denyer and Rosamund M. Baird

in Table 9.4 is drawn from related industries, but using comparable products and

The official preservative efficacy test methods (see Chapter 17) require challenge

Chapter 18) or estimation of growth-inhibitory concentrations can quickly provide

been applied to preservative evaluation (see, for example, Denyer 1990; Connolly
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of stressed indicator spores, a long incubation period, often in excess of one week,
is allowed before assurance of sterilizer efficacy can be given; this provides little
opportunity for early detection of partial sterilizer failure. A commercial detection
system in which a spore enzyme, α-glucosidase (reflective of spore viability), con-
verts a nonfluorescent substrate into a fluorescent product within an hour offers one
solution. Other approaches examined include ATP bioluminescence to detect spores
surviving suboptimal sterilization processes (Webster et al. 1988) and in vivo biolu-
minescence as a reporter of recombinant spore viability (Stewart et al. 1989).

9.4 OVERVIEW

There are several well-developed rapid microbiological methods now becoming
available that may have useful applications in pharmaceuticals; of these, ATP biolu-
minescence, fluorescent labeling, electrical resistance, and nucleic acid probes appear
among the most promising (Table 9.5). Inevitably, no single method will satisfy
easily all requirements, and further development will be needed to adapt them to
the specific demands of the pharmaceutical situation. In this context, it is encouraging
to see the developments in ATP bioluminescence offering increased sensitivity [ade-
nylate kinase amplification (Corbitt et al. 2000)], potential specificity [phage lysins
(Stewart 1997), phage lysis (Wu et al. 2001)], and internal calibration against excip-
ient effects [caged ATP (Calvert et al. 2000)], while proposed developments using
fluorescently labeled antibodies may offer specificity to laser scanning cytometry
(Reynolds and Fricker 1999). It is particularly pleasing to see that in the reference

TABLE 9.5
Current Performance of Selected Rapid Methods against the Ideal Features 

Assay Feature

Performance of Rapid Method

ATP FL ER NAP

Rapidity 30 min–24 h ∼ 2 h 1–24 h 4–5 h
(with PCR)

Sensitivity (CFU)  100–1  1–200  106–10 0.1
Broad spectrum + + + –
Specificity – – (+) +
Viability assessment + + + –
Simplicity + + + (+)
Automation + (+) + (+)
Sample compatibility (+) (+) + (+)

Note: ATP—ATP bioluminescence; FL— fluorescent labeling; ER—electrical resistance; NAP—nucleic
acid probe.

+, good; (+), moderate performance or potential; –, currently limited performance or potential.
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Listed in Table 9.1

Chapter 10). To ensure that every reasonable opportunity is given for the recovery
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of Wu et al. (2001), two technologies—phage interaction and ATP biolumines-
cence—come together in one application. The revolution in applied DNA technol-
ogies, particularly driven by medical diagnostics, offers major promise in the future
for miniaturized nucleic acid–based detection systems; the recognition of gene
families associated with particular microbial characteristics (Stewart 1997) offers a
route to the detection of specific deteriogens and pathogens.

In choosing to employ rapid methods, the pharmaceutical microbiologist should
examine their prospective performances against the specific requirements for that
sector. Useful guidance is available in the PDA Technical Report 33 (PDA 2000)
and the European Pharmacopoeia (2005). Some methods may require expensive
equipment and offer full automation, and others represent only a small investment.
The regulatory view of these methods is changing (Newby 2000), but it will still
be up to the microbiologist to demonstrate that the method chosen is fit for the
purpose intended.
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10.1 INTRODUCTION

When the use of a medicinal product or a medical device breaches the body’s natural
defense against infection, it is necessary to ensure that the product is not contami-
nated by microorganisms; this is achieved by using a sterile product. Sterility is
appropriate for medicinal products that are administered parenterally, for devices
that are used to administer such products, and for invasive medical devices.

Sterility is defined as the absence of all viable life forms. The term is an absolute
one and descriptions implying degrees of sterility are not only confusing, but erro-
neous. Sterilization is the process by which sterility is achieved, that is, the process
of destroying or removing all viable life forms. In practice, this is achieved by either
exposure to an inimical physical or chemical agent for a predetermined period or
the physical removal of organisms. The inimical agents used are elevated tempera-
ture, ionizing radiation, or chemicals either as a gas, a gas plasma, or a liquid.
Physical removal involves passing solutions or gases through a filter capable of
retaining microorganisms. In all cases, it is necessary to prevent the product being
recontaminated before it is used.

In order to discuss sterilization processes, it is necessary to define death as it
applies to microorganisms. In practice, a microorganism is considered dead when it
cannot be detected in culture media in which it previously has been shown to
proliferate. Detection requires the production of a colony on the surface of solid
medium or turbidity in liquid medium. A single organism must be able to proliferate
through many generations to be detected and an organism that cannot reproduce or
can only reproduce through a few generations would be classified as dead by this
criterion. We do not have media capable of culturing all known organisms. Further-
more, organisms that have survived a potentially lethal process may have specific
metabolic requirements, and if these are not known, it will not be possible to recover
them in standard culture media. The absence of all viable life forms is therefore a
negative state that can never be practically proved; the recognition of viable but
nonculturable forms (see Chapter 9) adds further weight to the position.

A further problem in achieving sterility is that microorganisms exposed to a
lethal agent do not all die at the same time. To a first approximation, the number of
microorganisms decreases exponentially with the time of exposure; therefore, the
absence of all viable organisms can only be guaranteed after infinite exposure to the
agent. After a particular exposure time, even when viable organisms can no longer
be detected, there will always be a finite probability of finding a viable organism.
This probability decreases as the exposure time is increased, but never in real terms
reaches zero. Sterility, the absence of all viable life forms, is therefore an absolute
state, the achievement of which cannot be guaranteed absolutely. Nevertheless, the
careful design of sterilization processes enables sterility in the absolute sense to be
approached with a predicted probability of success.

The problems associated with the strict definition of sterility have led to the
development of an approach that allows an acceptable sterilization process to be
defined. In practical terms, sterility is expressed as a mathematical probability of a
product item remaining contaminated with a microorganism after a defined steril-
ization process. This probability is often referred to as the sterility assurance level
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(SAL). For medicinal products and medical devices, the designation “sterile” is
generally applied to products that have been treated in such a manner that, on
completion of the process, individual items have a probability of being contaminated
with a single viable microorganism equal to or better than one in a million. This
equates to having a SAL of 10–6.

Inactivation of microorganisms by sterilizing agents involves the irreversible
damage of essential molecules in the cell. Exposure to these agents is also likely to
produce deleterious effects in the material to be sterilized. It is of particular impor-
tance that the sterilization process should not produce unacceptable changes in safety,
quality, efficacy (for medicinal products), or performance (for medical devices). As
a consequence, in some circumstances, it may be necessary to reach a compromise
between achieving a desired SAL and not producing unacceptable effects upon the
material to be sterilized.

10.2 MICROBIAL INACTIVATION

10.2.1 MICROBIAL INACTIVATION KINETICS

Our knowledge of microbial inactivation is derived from experiments in which pure
cultures of microorganisms are exposed to lethal agents with the extent of treatment
increasing incrementally. A population of a single microbial species is prepared and
divided into a number of test pieces, called biological indicators, each containing an
equal number of organisms. The biological indicator may be an ampoule containing
a volume of microorganisms in suspension or a solid object onto which the micro-
organisms are deposited in suspension and then dried. One biological indicator
remains unexposed to allow the initial number of microorganisms in each biological
indicator to be determined. The remaining biological indicators are exposed to increas-
ing extents of treatment with the lethal agent and, following treatment, the number
of microorganisms surviving is determined. When plotted graphically, the data
obtained from such an experiment typically take the form illustrated in Figure 10.1.

Figure 10.1 shows that not all the microorganisms die instantaneously and that
the number of surviving microorganisms decreases with increasing exposure to the
lethal agent. Furthermore, the curve is asymptotic to the x axis, making it impossible
to predict the extent of treatment necessary to achieve sterility.

Alternatively, the data can be presented as a graph of either number of surviving
microorganisms on a logarithmic scale or the logarithm of the number of surviving
microorganisms against the extent of treatment on an arithmetic scale. This is illus-
trated in Figure 10.2. This type of “semilog” plot is referred to as a survivor curve.

The linear relationship of Figure 10.2 can be used to predict the number of
survivors for any given treatment. When less than one surviving microorganism is
predicted, this is considered as the region in which there is a defined probability of
a microorganism surviving; thus, at the extent of treatment giving 10–1 survivors, a
1 in 10 chance of a microorganism surviving is predicted. Put another way, if 10
similar batches of organisms were treated to the same extent, then, on average, a
single survivor in one batch would be found.
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FIGURE 10.1 Graph of number of surviving microorganisms against extent of treatment
with a sterilizing agent.

FIGURE 10.2 Graph of number of surviving microorganisms on a logarithmic scale against
extent of treatment with a sterilizing agent.
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The data represented in Figure 10.1 and Figure 10.2 may also be plotted as the
surviving fraction of microorganisms at a given extent of treatment, that is, express-
ing the number of organisms surviving as a fraction of the initial number. This
approach normalizes the data and allows separate experiments with different initial
numbers of microorganisms to be directly compared. In all other respects, the
survivor curves produced are identical.

The design of a sterilization process that will achieve a predetermined probability
of occurrence of survivors depends upon a knowledge of the initial population of
microorganisms in the product (the bioburden) and the kinetics of inactivation of
such contaminating microorganisms when exposed to the lethal agent. As indicated
earlier, in sterilization technology, the probability of a microorganism surviving a
defined treatment has been termed the SAL and a value of 10–6 is generally accepted
as the maximal value taken as the target for a sterilization process.*

A number of mathematical terms have been derived to describe microbial inac-
tivation and to aid prediction of the SAL.

10.2.2 MICROBIAL INACTIVATION RATE CONSTANT (k)

Mathematically the inactivation process can be described in the same way as a first-
order chemical reaction. A process where microbial inactivation is related to the
time of exposure to a lethal agent can be described by the equation

(10.1)

where Nt is the number of surviving organisms after time t, N0 is the number of
organisms at time zero, t is the exposure time, and k is the microbial inactivation
rate constant. If the logarithm of the fraction of survivors (Nt/N0) is plotted against
exposure time, the resulting curve (survivor curve) will be linear with a negative
slope (Figure 10.3). The slope of the line is k/2.303, from which the microbial
inactivation rate constant k can be calculated.

The value taken by k is a measure of the resistance of an organism to the particular
inactivation process; the larger the value of k, the more sensitive is the organism.

10.2.3 D VALUE

In sterilization microbiology, the D value is frequently used instead of k as a
measure of the rate of microbial inactivation. The D value is the exposure time
required for the number of survivors to change by a factor of 10 or the time taken
for the microbial population to be reduced by 90%, in other words, the exposure
time required to achieve a decrease of one logarithmic cycle in the survivor curve.

* Descriptors “higher” and “lower” are frequently used incorrectly in relation to SAL. Assurance of
sterility (or sterility assurance) is a qualitative concept and one can discuss greater or lesser assurance
of sterility. SAL, however, has a quantitative value and a SAL of 10–6 is a lower value than, for example,
a SAL of 10–4. Hence, one has a greater assurance of sterility associated with a lower SAL and a specified
value for a SAL is taken to be a maximal value.

N N et
kt= −

0

© 2007 by Stephen P. Denyer and Rosamund M. Baird



202 Guide to Microbiological Control in Pharmaceuticals and Medical Devices

The D value may be estimated graphically (Figure 10.3) or mathematically from
the equation

(10.2)

The relationship between the D value and k for an exponential response is given by
the equation

(10.3)

The D value and k are specific for a particular inactivation process and when
quoted, the conditions under which they are determined must be stipulated. Thus,
with data for the heat inactivation of microorganisms, the temperature is shown as

FIGURE 10.3 Microbial survivor curve: isothermal conditions.
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a subscript to the symbol, for example, D121 is the D value at 121°C. For radiation,
the D value is stated in terms of absorbed dose (kGy). The D value is a measure of
the resistance of an organism to the particular inactivation process; the smaller the
D value, the more sensitive is the organism.

In the design of sterilization protocols, the microbial inactivation required of the
system may be expressed in terms of the D value. An example is the use of the 12D
endpoint, which defines that the sterilization process is required to produce 12
decimal reductions in the number of viable organisms or a decrease of 12 logarithmic
cycles in the survivor curve.

10.2.4 INACTIVATION FACTOR 

The total microbial inactivation of a sterilization process can also be described by
the inactivation factor (IF), which is defined as the reduction in the number of viable
organisms brought about by the process. The inactivation factor is expressed in terms
of the D value as

(10.4)

where t is the exposure time and D is the D value for the organism under the exposure
conditions. A sterilization process that achieves 12D will therefore have an IF of 1012.

10.2.5 NONLINEAR SURVIVOR CURVES

Although linear survivor curves have been determined experimentally, there are many
examples in the literature of survivor curves that show significant deviations from
linearity. Figure 10.4 illustrates the most common survivor curve shapes observed with
the inactivation of microorganisms. Curve A is linear over the entire exposure time
range, that is, it shows true logarithmic inactivation. Curve B is concave downward,
having a low but increasing rate of inactivation during the initial exposure times, that
is, an initial shoulder, followed by logarithmic inactivation at longer exposures. Curve
C is concave upward, having a very high but decreasing rate of inactivation during the
initial exposure times followed by logarithmic inactivation at longer exposures. A
fourth type of survivor curve, Curve D, shows an initial sharp increase in the number
of viable organisms prior to inactivation at a logarithmic rate. Survivor curves that are
entirely curvilinear or sigmoid in shape also occur occasionally.

Type B curves have been explained as indicating the necessity for several critical
events to occur in the organism before death occurs. Technical factors such as
clumping of cells or a lag before the heat reaches the sensitive part of the organism
could also result in this type of curve. It would also result if heat activation and
inactivation occur concurrently, where the resulting number of viable organisms
would never, unlike the type D curve, be greater than N0. The initial shoulder of the
type B curve may also be a measure of the capacity of the organism to repair heat-
induced damage. The type C curve is usually attributed to differences in susceptibility
of individual organisms, either as part of the natural distribution of resistance or as
a result of cells being of different ages, or to the protective effect of the presence

IF t D= 10 /
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of dead cells. The nonlinearity of survivor curves may also be attributed to the effects
of components in the environment during heating, a factor to be considered when
organisms are heated in complex pharmaceutical dosage forms. Type D curves are
frequently observed with exposure to moist heat of bacterial spores of low growth
index; the initial sharp increase in the number of viable organisms is due to heat
activation of dormant spores prior to heat inactivation at a logarithmic rate.

Deviations from linearity of survivor curves can present a particular problem if
the D value is used as a measure of microbial resistance because the value is derived
from logarithmic inactivation kinetics. It should be noted that D value determinations
based on quantal data (see Section 10.3.1.2) take no account of survivor curve shape.
If direct enumeration is used, corrections can be made if the D value is calculated
using regression analysis on data from the logarithmic region of the survivor curve.
The y intercept of the regression line fitted to the survivor data, log Ni, or the intercept

FIGURE 10.4 Heat survivor curve.
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ratio (IR), log Ni /log N0, can then be used in conjunction with the D value to describe
the survivor curve.

A number of theoretical equations have been derived to describe nonlinear
survivor curves but these are inevitably complex and have not found favor in ster-
ilization microbiology. Historically, sterilization protocols were designed using a
reference organism, usually a bacterial spore, which has known resistance to the
lethal agent and shows reproducible logarithmic inactivation. The reference organism
for sterilization by moist heat and low temperature steam and formaldehyde (LTSF)
is spores of Bacillus stearothermophilus and for sterilization by dry heat and ethylene
oxide spores of Bacillus subtiltis var. niger are used (see Chapter 12).

10.3 MEASURES OF MICROBIAL SENSITIVITY

10.3.1 EXPERIMENTAL DETERMINATION OF D VALUE

Because the D value is used extensively in the design of sterilization protocols, it
is necessary to understand the methods that are used to determine it. These utilize
direct enumeration and quantal data approaches. There may be considerable differ-
ence between a D value estimated from the regression line fitted to directly enumer-
ated survivor data that extends over several logarithmic cycles and the D value
estimated from quantal data where the value is calculated from N0 and a point in
the quantal region. For this reason, D values obtained by the different methods must
not be used in combination, as, for example, in the calculation of z values (see
Section 10.3.2.1).

10.3.1.1 Direct Enumeration

In this method, the experiment described in Section 10.2.1 is performed. Aliquots
of a suspension of the surviving microorganisms are plated onto a suitable recovery
medium and the number of colonies formed after incubation counted to determine
the number of survivors. The data are used to generate a survivor curve and regression
analysis can be used to determine the slope and its confidence limits. The D value
can be calculated from the slope using Equation 10.3.

10.3.1.2 Quantal Data

In this approach, replicate test pieces containing a known population of microorganisms
are exposed to different levels of inactivation. Each test piece is then recovered indi-
vidually and incubated under suitable recovery conditions and each unit is assessed as
showing growth or no growth. Exposure times or absorbed doses are selected so that
at the first level all replicates show growth and at the last level all replicates show no
growth. The intermediate levels of exposure then yield test pieces with zero to low
numbers of surviving microorganisms, distributed about the mean according to a
Poisson distribution. Inevitably, this will lead to some units showing no growth,
yielding “quantal” or “fraction positive” (conversely, “fraction negative”) data.
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For a Poisson distribution, the probability (P) of occurrence of an integer (n)
for a given mean (µ) is described by

(10.5)

The fraction of test pieces showing no growth establishes experimentally the prob-
ability (P) of zero survivors; hence the mean number of surviving microorganisms
(µ) can be estimated from the fraction negative results by substituting in Equation
10.5 above, as follows

(10.6)

or

(10.7)

If a total of n replicates are exposed and of these, r units show no growth, the
probability of zero organisms occurring on a test piece is determined as

(10.8)

Substituting in Equation 10.7, it follows that

(10.9)

or rearranging Equation 10.9, that

(10.10)

When 20 or more replicate test pieces are used, the quantal range extends from an
average of 5 survivors per test piece to 0.01 survivors per test piece.

There are two methods that use this approach to calculate the D value: the
Stumbo–Murphy–Cochran method and the Spearman–Karber method. Both use
the principles outlined above to estimate the number of microorganisms surviving
at a predetermined extent of treatment and thereby calculate the D value by
substitution of the initial number of microorganisms, the calculated number of
survivors, and the extent of treatment into the equations described in Sections
10.3.1.3 and 10.3.1.4.
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10.3.1.3 The Stumbo–Murphy–Cochran Method

The Stumbo–Murphy–Cochran method uses Equation 10.10 to estimate the number
of survivors at the respective inactivation level.

The D value is estimated from the equation

(10.11)

where Nu is the number of surviving microorganisms (calculated from Equation
10.10) after an exposure time or absorbed dose U, and N0 is the initial number of
viable organisms per replicate unit.

10.3.1.4 The Spearman–Karber Method

The Spearman–Karber method calculates the mean exposure time or dose until no
survivors are obtained, µ, using the equation

(10.12)

where Ui is the ith exposure time or absorbed dose, ri is the number of replicate
units showing no growth out of ni after an exposure time or absorbed dose Ui, and
k is the first exposure time or absorbed dose that results in all replicate units showing
no growth. If the initial number of viable organisms per replicate unit is N0, the D
value can be calculated from the equation

(10.13)

The Spearman–Karber method is more resource intensive to perform than the
Stumbo–Murphy–Cochran method but offers the advantage of permitting statistical
analysis to be undertaken and allowing confidence intervals about the D value to be
calculated.

10.3.2 EFFECT OF TEMPERATURE ON MICROBIAL RESISTANCE

Microbial resistance measurements and D value determinations are carried out under
isothermal conditions. The resistance of the organism will change with alteration in
temperature. The change in the rate of microbial inactivation with a change in
temperature is the temperature coefficient for the lethal process. There are two
measures of the effect of temperature on microbial resistance: z values are generally
quoted for thermal processes and Q10 values for chemical processes.
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10.3.2.1 z Value

If the logarithm of the D value is plotted against temperature a linear relationship
results (Figure 10.5). The plot is called a thermal resistance curve. The negative
reciprocal of the slope of this line is the z value and represents the increase in
temperature required to reduce the D value of an organism by 90% or to produce a
decrease of one logarithmic cycle in the thermal resistance plot. The units of the z
value are degrees of temperature. The z value can be estimated graphically (Figure
10.5) or mathematically using the equation

(10.14)

where D1 and D2 are the D values at temperatures Tl and T2, respectively.

FIGURE 10.5 Thermal resistance curve.
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The precision with which the z value can be estimated is dependent upon the
precision with which the individual D values can be experimentally determined. If the
data at the different temperatures are for different test conditions, they cannot be com-
bined to yield a meaningful z value. Although the z value is a fundamental characteristic
of an organism, it is not truly independent of temperature and is constant only for small
temperature differences of the order of 20 to 25°C. However, because heat sterilization
processes are usually carried out within a small temperature range, for example, 110 to
135°C for autoclaving, the z value is considered constant for all practical purposes.

10.3.2.2 Q10 Value

The Q10 value is also a measure of the change of microbial inactivation rate with
temperature and is defined as the ratio of the microbial inactivation rate constants
at two temperatures, 10°C apart. Thus

(10.15)

where k1 and k2 are the microbial inactivation rate constants (see Section 10.2.2) at
temperatures T°C and T + 10°C, respectively. The relationship of the z value to Q10

may be expressed as

(10.16)

10.3.2.3 Activation Energy for Microbial Inactivation

In nearly every known case, the rate of a chemical reaction increases with temper-
ature. This increase in rate is reflected in a rise in the reaction rate constant.

The same applies to microbial inactivation where an increase in temperature
results in an increase in the microbial inactivation rate constant. The Arrhenius rate
theory used in chemical reaction kinetics can also be utilized to estimate the acti-
vation energy for the microbial inactivation (E). The relationship between the micro-
bial inactivation rate constant (k) and absolute temperature (T K) is stated by

(10.17)

where A is termed the frequency factor, R is the universal gas constant and E is the
activation energy for the microbial inactivation. When the logarithm of k is plotted
against the reciprocal of absolute temperature, a linear relationship is obtained where
the slope is equal to E/2.303R. The activation energy for microbial inactivation can
also be calculated from the equation

(10.18)
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where k1 and k2 are the microbial inactivation rate constants at temperatures T1 K
and T2 K, respectively. The precision with which E can be estimated will depend
upon the quality of the survivor curve data and the precision with which the values
of k can be experimentally determined.

The relationship between the z value and the activation energy for microbial
inactivation is represented by the equation

(10.19)

If microbial inactivation were a single chemical reaction or the result of a single
event, the Arrhenius equation should hold for all temperature ranges. In practice,
the plot of log k against 1/T over a wide temperature range often shows two straight
portions of different slopes joined by a curved section, indicating a change from one
lethal reaction to another as the temperature changes. In sterilization microbiology,
this can have important significance if data obtained at low temperatures are used
to predict the microbial inactivation at high process temperatures. However, over the
temperature range normally used for moist heat sterilization (110 to 135°C), there
is general obedience to the Arrhenius relationship, with bacterial spores having
activation energies in the range 270 to 300 kJ per bacterium.

10.4 RESISTANCE OF MICROORGANISMS
TO INACTIVATION

In sterilization processes, the agents that are used to inactivate microorganisms are
elevated temperature, ionizing radiation, toxic gases and gas plasmas, and liquid
sterilants. Although there is considerable variation in the resistance of microorganisms
to inactivation, there is a general pattern in the degrees of resistance observed. Bacterial
endospores are generally considered to be the most resistant forms, although there is
a considerable range of resistance to individual agents within these spores. There is
evidence that some of the causative agents of transmissible spongiform encephalopa-
thies (TSEs), such as Creutzfeldt-Jakob disease (CJD), bovine spongiform encephal-
opathy (BSE), or scrapie, may be considerably more resistant to certain lethal agents
than bacterial spores and may not be completely inactivated by traditional sterilization
protocols. Nonsporing bacteria are the most sensitive to inactivation, along with the
vegetative forms of yeasts and molds. The larger viruses show similar resistance to
vegetative bacteria. Spores formed by molds and yeasts are generally more sensitive
to inactivation than bacterial spores. In particular, the sexual spores of molds are usually
only marginally more resistant than the vegetative cells from which they are derived.
In contrast, asexual spores, for example, chlamydospores produced by molds, and the
sexual ascospores formed by many yeasts, often show enhanced resistance, interme-
diate between that of vegetative cells and bacterial spores. Small viruses such as polio
virus and hepatitis B virus also show enhanced resistance to inactivation.
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Resistance to inactivation by a particular agent is a genetically determined
characteristic of an organism and within the general pattern of microbial resistance
there will often be considerable variation in the response of an organism to different
agents. This is not surprising because the mechanisms by which each agent inacti-
vates microorganisms may be different. It should be noted that there may be con-
siderable genetic variation in the resistance to a specific agent between different
strains of the same species, and the development and selection of resistant mutants
may present a particular problem. For this reason, sterilization processes have tra-
ditionally been designed using, as the reference organism, isolates that are more
resistant than the microorganisms that comprise the bioburden of the particular
product. More recently, however, the determination of product-specific sterilization
processes based on the resistance of the bioburden to the sterilizing agent has been
applied more widely, particularly with radiation sterilization (see Chapter 12).

Microbial resistance to inactivation by a particular agent is affected by environ-
mental influences during the formation and growth of the organism and during its
exposure to the agent. Environmental influences during culture of the organism
include its growth phase and age, the growth temperature and conditions, and the
nutrient composition of the growth medium (see Chapter 1). These influences become
especially apparent when resistant strains isolated from a product bioburden are
cultivated in laboratory media, whereupon they invariably show reduced resistance
to the inactivating agent. Environmental influences during exposure of the organism
to the lethal agent include pH; ionic strength; carbohydrate, protein, and fat content
of the menstruum; and the presence of soluble organic and inorganic compounds.
Microbial water content and gaseous atmosphere may also be important, for example,
with respect to inactivation by dry heat or radiation. In pharmaceutical dosage forms,
the components may have considerable influence on the resistance of an organism
to inactivation and it is necessary in the design of sterilization protocols to establish
the resistance of the reference organism in the product to be sterilized or a menstruum
similar to it.

The apparent response of an organism to a lethal agent will depend upon the
success to which survivors can be recovered.

For these reasons, it is usual to design sterilization protocols using, as the
reference organism, a well-characterized resistant laboratory strain, usually a bacte-
rial spore, which is maintained, grown, and harvested under carefully controlled and
defined conditions. Furthermore, the environmental conditions have to be carefully
controlled, and standard, ideally optimal, recovery conditions, that is, temperature,
duration of incubation, and medium composition are stipulated.

10.5 SELECTION OF A STERILIZATION METHOD

The selection of a method of sterilization requires balancing the advantages of the
available methods against their disadvantages. There are no regulatory requirements
that specify the method that is to be applied in a particular situation, but there are
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a number of basic principles that guide the selection of a sterilization method. These
principles include:

• Terminal sterilization of the product in its final container is preferred to
the use of aseptic manufacturing.

• Sterilization methods with process variables that can be directly controlled
and monitored are preferred. Hence, the order of preference for the estab-
lished technologies is moist or dry heat, irradiation, gaseous sterilants,
and liquid sterilants.

• Sterilization methods that present the fewest hazards to operators or the
environment and do not leave toxic residues within products are preferred.

• There are significant advantages in employing established sterilization
methods with defined regulatory requirements. Gaining regulatory
approval for novel processes and equipment can be expensive and time
consuming.

• The choice of sterilization method has to be based on the characteristics
of the product to be sterilized, not the limitations of a packaging material.
If a product will withstand a sterilization method but the proposed package
will not, the packaging material should be changed, not the sterilization
method.

• Compatibility with established methods of sterilization can often be
designed into products by the initial selection of appropriate materials.
Incompatibility of materials with a sterilization method may be due to
direct chemical or physical effects. Some incompatibilities may be due to
the choice of combinations of materials; for example, two materials sep-
arately may withstand exposure to high temperatures but have different
rates of expansion on heating, making the combination unable to withstand
steam sterilization.

• The sterilizing agent has to come into contact with all parts of the product.
Product configuration may present difficulties in the penetration of gas-
eous agents, including steam, or shield portions of the product from
radiation. If temperature is a variable within the sterilization process,
sufficient time needs to be allowed within the process for heat transfer.

Having selected a method of sterilization, the precise process specification needs
to be established. There are two broad approaches to process development leading
either to the use of established, compendial cycles (sometimes inappropriately referred
to as the “overkill” approach) or to the development of product-specific processes.

Compendial cycles, such as moist heat at 121°C for 15 min, have generalized
applications and were developed based on reference microorganisms considered to
have high resistance to the sterilizing agent. In recent years, however, there has been
a greater emphasis on “product-specific” processes. This is a rational approach based
on a knowledge of the resistance to the sterilizing agent of the microorganisms asso-
ciated with the product items. This approach may permit shorter sterilization processes
to be employed, but can be significantly more demanding to validate and undertake.
An extension to this position has been discussed by Gilbert and Allison (1996).
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10.6 MECHANISMS AND CHARACTERISTICS
OF MICROBIAL INACTIVATION

10.6.1 HEAT STERILIZATION

Heat is the most reliable and widely employed method of sterilization. The efficiency
with which heat is able to inactivate microorganisms depends upon the degree of
heat, the exposure time, and the presence of water. Heat comprises a basic form of
energy produced by the vibratory motion or activity of molecules. It is nonquantized
and will act on every molecule in an organism. It would be unlikely, therefore, that
any one factor or event would be responsible for heat-induced microbial inactivation.
Provided that enough heat is supplied, every site in the organism is likely to be
damaged and death is probably due to an accumulation of irreparable damage to all
metabolic functions.

The action of heat is due to the induction of lethal chemical events mediated
through the action of water or oxygen. In the presence of water, much lower tem-
perature–time exposures are needed to kill microorganisms than in its absence;
coagulation of proteins also occurs at a lower temperature and in a shorter time in
the presence of water. This observation has led to the hypothesis that, with moist
heat, death results from denaturation and coagulation of essential proteinaceous sites,
such as enzymes and structural proteins, within the organism. With dry heat, micro-
bial inactivation is primarily the result of oxidative processes that require higher
temperatures and longer exposure times.

Although sensitive vegetative organisms show significant inactivation by moist
heat at 60 to 70°C, resistant bacterial spores require temperatures in excess of 100°C.
Moist heat sterilization is therefore carried out using saturated steam under pressure
and is the method of choice for aqueous preparations and surgical materials. Dry
heat sterilization employs temperatures between 150 and 250°C and is used for
nonaqueous preparations, powders, and glassware (see Chapter 11).

Because heat-induced microbial inactivation probably results from irreversible
damage to metabolic functions, it would be expected that these reactions, like a
number of other chemical processes, would follow apparent first-order kinetics and
result in linear survivor curves when the logarithm of the fraction of surviving
organisms is plotted against exposure time.

10.6.1.1 Measures of Heat Sterilization Efficiency

Compendial heat sterilization protocols have evolved from custom and practice and
a long history of use rather than being carefully designed on the basis of scientific
principle and equivalence of lethality (see Chapter 11). The modern approach to the
design of sterilization protocols is based on a quantitative approach using reliable
microbial inactivation data. To be effective, this requires a basis on which the
equivalence of different sterilization processes can be established. The key terms for
this are described below.

F value—The F value is a “unit of lethality” devised by the food industry and
is a measure of the total lethality of a heat sterilization process with respect to a
particular organism. It is defined as the equivalent in minutes at 250°F (121.1°C) of
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all heat considered with respect to its capacity to destroy spores or vegetative cells
of a particular organism. Because the F value compares lethal effects at different
temperatures, the z value of the organism should always be stated when an F value
is quoted. For the reference temperature of 121°C and a z value of 10°C, the F value
is referred to as F0 , the “reference unit of lethality,” and can be determined from the
equation

(10.20)

where D121 is the D value at 121°C for the reference spores and N0 and N are the
initial and final numbers of viable spores, respectively. In pharmaceutical applica-
tions, B. stearothermophilus spores are usually used as the reference organism and
z and D values of 10°C and 1.5 min, respectively, are generally assumed for aqueous
solutions. For quantitative work, however, these values must be accurately deter-
mined in the particular product to be sterilized.

F0 can also be expressed in terms of the inactivation factor as

(10.21)

Any process that is stated to have an F0 of x will have the same lethality on the
reference spore as x minutes at 121°C; a worked example is given in Chapter 12.
In practical terms, the F0 value of a sterilization process is the lethality delivered by
that process to the product in its final container. If used to describe the lethal effect
upon reference spores at the coolest location in the sterilizer, the F0 value represents
the most conservative estimate of lethality and thus the safest conditions for deter-
mining cycle times.

The reader is referred to the companion Handbook (Hodges 2000) where the
relationship between inactivation factor, sterility assurance level, and F0 value are
shown in a worked example.

Lethality factor (Fi)—This is the time at any other temperature equivalent, in
terms of lethality to a particular organism, to 1 min at 121°C. This value will also
be dependent on the z value of the organism. For a reference organism with a z value
of 10°C, Fi is equal to the reciprocal of F0.

Lethal rate (L)—The lethal rate L, at a temperature T, can be calculated as a
fraction of that at a reference temperature Tref from the equation

(10.22)

If the reference temperature is 121°C and the z value of the reference organism is
10°C

(10.23)
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where FT is the F value at temperature T. Tables of lethal rates for the reference
temperature 121°C and a z value of 10°C are available (see, for example, Pflug 1973).

10.6.1.2 Integrated Lethality Determination

The compendial moist heat sterilization protocols specify a preferred combination
of temperature and time, for example, 121°C for 15 min. The measurement of time
begins when the temperature of the material being sterilized reaches the defined
temperature. It ignores the heating-up and cooling-down stages of the cycle, which
could be prolonged if the load has a large thermal capacity. The rate of heating and
cooling of a product in a container is a function of container size, viscosity of the
liquid, and the size of the load. The resultant heating and cooling curves are usually
exponential with respect to time.

It is usually considered that moist heat has very little lethal effect on bacterial
spores at temperatures below 90°C. However, the heat imparted to the load during
the heating-up stage from 90°C to the holding temperature and during the cooling-
down stage from the holding temperature to 90°C can make a considerable contri-
bution to the total lethality of the sterilization cycle. Reduction in energy consump-
tion, processing time, and product degradation can be achieved if this contribution
is taken into account. The F0 concept and the use of lethal rates facilitate integration
of the lethality of the total heat process, including the heating and cooling stages.
The requirement is for accurate time–temperature data during the whole of the
process, from that part of the product where heating is slowest. With these data,
the F0 for the heating and cooling stages of the process can be determined and the
holding time can then be reduced to that necessary to ensure that the predetermined
F0 for the process is attained. Two methods are commonly used to analyze
time–temperature data.

Graphical method—This method involves plotting the time–temperature data
on lethal rate or F reference paper, where the distance between each successive
temperature line on the y (logarithmic) axis is a function of the lethality of that
temperature compared to the lethality of the reference temperature. On the x axis,
time is plotted on a linear scale. The area under the curve is a measure of the F
value. This value can be calculated by multiplying the area by the appropriate scale
factor. If the reference temperature is 121°C and the z value is 10°C, this gives the
F0 for the process.

An alternative method calculates the lethal rate for each temperature T as a
function of that at the reference temperature Tref , that is, minutes at Tref per minute
at T. The lethal rates are then plotted on a linear scale against time in minutes at T,
and the area under the curve is the F value for the process.

Summation methods—These methods eliminate the plotting of lethal rate graphs
and the measuring of the area under the curve. One such method is based on the
trapezoidal rule for evaluating the area under the lethal rate curve. This is written as

 (10.24)
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where ∆t is the constant time between measurements of T, and L is the lethal rate
at temperature T. If the time–temperature data for the total process are analyzed, the
data included in the analysis may be simplified so that the values of the first and
last points, LTo and LTn, respectively, are zero. This simplifies the equation to

(10.25)

Interactive computer programs are available that evaluate the integral

(10.26)

according to the trapezoidal rule, directly from time–temperature data. These enable
the F0 value to be determined continuously and the process to be terminated when
the predetermined F0 for the process is attained. These form the basis of micropro-
cessor controllers (temperature-integrating time controllers) for autoclaves.

10.6.1.3 Design of Optimum Autoclaving Protocols

Knowledge of the activation energy both for the killing of bacteria and for inducing
damage to the product to be sterilized together with use of the F0 concept can lead
to the design of an optimum time-temperature combination for particular applications.

The British Pharmacopoeia (BP) (2005) prefers an autoclaving process for
aqueous preparations consisting of a holding time of 15 min at 121°C together with
the heating-up and cooling-down periods. It also accepts other time–temperature
combinations and suggests an F0 value of at least eight if that concept is used. The
two processes are likely to differ in lethal efficiency by at least a factor of two and
it is difficult to see the logic of recommending two such different processes. However,
if, for example, a decision to use an F0 of 12 is made, which is approximately halfway
between the two BP methods, then the times necessary for achieving this at different
temperatures can be calculated and are shown in Table 10.1.

TABLE 10.1
Different Time–Temperature Combinations 
Calculated to Give an F0 of 12 for Reference 
B. stearothermophilus Spores with a D121 of 1.5 
min and z Value of 10°C

Temperature (oC) Time (min)

115 48
118 24
121 12
124  6
127  3
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The activation energy for killing spores is of the order 270 to 300 kJ per
bacterium, while for inducing chemical change (hydrolytic or oxidative) in aqueous
solution it is generally of the order of 70 to 100 kJ.mol–1 for drugs that pose a
stability problem to manufacturers. When such solutions need to be sterilized, in
order to minimize the amount of chemical change, it is always preferable to use a
combination of the highest temperature possible with the shortest time, rather than
to use a low temperature–longer time combination with the same lethal efficiency.

This is illustrated in Figure 10.6, which shows the Arrhenius plots for the killing
of B. stearothermophilus spores, with an E of 285 kJ per bacterium and the hydrolysis
of procaine hydrochloride at a pH of 6.2 with an E of 68 kJ.mol–1. The times
necessary to achieve an F0 of 12 at different temperatures are first calculated from
the inactivation data for B. stearothermophilus spores, resulting in the data shown
in Table 10.1. By substituting these values for t together with values for k for procaine
hydrochloride hydrolysis, obtained from Figure 10.6 for the 1/T values corresponding
to the different required temperatures, into the equation

(10.27)

the percentage procaine hydrochloride remaining (Ct) when the initial concentration
C0 = 100% can be calculated for each temperature (inset in Figure 10.6).

10.6.2 RADIATION STERILIZATION

Radiation sterilization is a low-temperature method that can be used in certain
situations where heat sterilization would produce an unacceptable amount of damage
to the product. However, because of the difficulties and costs of producing the
radiations, the method is only suitable for large-scale use. Radiations may be clas-
sified into two types: particulate, for example, alpha rays, beta rays, protons, and
neutrons; and electromagnetic, such as, X-rays, gamma rays, and ultraviolet (UV)
light. In general, particulate radiations have less penetrative power than electromag-
netic radiations. Alternatively, radiations can be classified as ionizing and nonioniz-
ing; with ionizing radiations, the principal means of energy dissipation during their
passage through matter is the ejection of an electron with production of a positively
charged ion. In addition, ions produce free radicals and activated molecules in cells,
some of which are lethal.

In practice, ionizing radiations are used for sterilization in the form of gamma
rays or accelerated electrons (beta rays). Gamma radiation is the result of a transition
of an atomic nucleus from an excited state to a ground state in radioactive materials
such as cobalt-60 (60Co) and caesium-137 (137Ce); hence, it has the disadvantage of
requiring a radioactive source. Accelerated electrons are generated from a machine
source but have the disadvantage of a lower penetrative power. Advances in tech-
nology over the last few years, however, have led to an increase in the use of electron
beams of high energy [around 107 eV (10 MeV)].

X-rays have the potential to be a practical form of radiation for sterilization. X-
rays are emitted from an atom when there is a transition of an electron from an outer
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shell to a vacancy further within an inner shell. They are produced as secondary
radiation by the bombardment of a heavy metal target with a beam of fast electrons
in an accelerator. Power utilization in this process is low; X-ray production is
consequently expensive and, to date, has only recently been employed on a com-
mercial scale.

UV radiation has not been employed as a sterilizing agent but has found appli-
cations for disinfection of water and air. UV radiation comprises that portion of the
electromagnetic spectrum with wavelengths from about 190 to 390 nm. The high-
emission wavelength of mercury (254 nm) is most frequently used, being the wave-
length closest to the absorption peak for DNA, the supposed chromophore and target.
The quantum energies for UV are around 102 eV compared to values ranging from
106 to 109 eV for X-rays and gamma rays. As a consequence, UV has very low
penetrating power and produces only increased excitation and not ionization of
molecules that absorb it. Furthermore, most organisms possess enzymatic processes

FIGURE 10.6 Arrhenius plots for moist heat inactivation of reference B. stearothermophilus
spores (●) and hydrolysis of procaine hydrochloride solution (▲).
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that are capable of repairing UV-induced damage, resulting in the recovery of UV-
irradiated cells under certain conditions.

When a population of microorganisms is exposed to increasing doses of radia-
tion, the plot of the logarithm of the surviving fraction against absorbed dose on a
linear scale assumes one of three basic shapes (types A, B, and C as illustrated in
Figure 10.4). The type A curve is represented by the equation

(10.28)

where Nt /N0 is the surviving fraction after an absorbed dose D, and k is the microbial
inactivation rate constant. This equation is comparable to that used to describe the
linear survivor curve (Equation 10.1 and Section 10.2.2), but is derived on the basis
that it represents the probability of a single randomly distributed radiation-induced
lethal event or “hit” occurring in a single “target” within the cell, rather than on the
basis of unimolecular chemical reaction kinetics. Although ionizing radiations can
cause a wide variety of physical and biochemical effects in microorganisms, it is
likely that DNA is the primary cell target and that unrepaired strand breakage or
cross-linkage caused by ionization of a molecule in the DNA is the lethal event.

The equation for the type B curve is derived on the basis that a single hit is
necessary on more than one target to cause cell death. The equation is

(10.29)

where n is the number of targets. Below a surviving fraction of 0.1 this closely
approximates to the equation:

(10.30)

which on log transformation is

(10.31)

where n is the intercept with the log Nt /N0 axis of the extrapolated linear portion of
the survivor curve. Equations representing type B curves have also been derived on
the basis that for cell death more than one hit is necessary on a single target. With
radiation, as with heat, the type C curve cannot be readily explained and is often
interpreted as being the result of nonhomogeneous resistance in the microbial pop-
ulation. Most radiation sterilization protocols have been derived on the assumption
that the type C curve is rare and atypical.

As with resistance to heat, unicellular organisms are more resistant to radiation
than multicellular organisms. Bacterial spores are the most resistant to radiation,
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vegetative bacteria, particularly Gram-negative rods, the most sensitive, and yeasts
and fungi of intermediate resistance. There are exceptions; for example, the Gram-
positive Deinococcus radiodurans and the Gram-negative Moraxella osloensis are
both extremely resistant to radiation. In general, viruses, particularly small viruses,
are more resistant to radiation than bacteria. Resistance to one agent does not
necessarily imply resistance to another. Spores of B. stearothermophilus and B.
subtilis, which exhibit considerable heat resistance, are not especially resistant to
radiation and thus B. pumilus spores, with a D value of 3 kGy, were originally used
as the reference organism for radiation sterilization.

Anoxic bacterial spores are more sensitive to radiation in the fully hydrated state
than in the dry state due to the additional lethality induced by the radiolysis products
of water. Resistance is also reduced when the organisms are irradiated in oxygen,
particularly in the dry state. Radiation-induced degradation of materials is also
greatest in the presence of water and this precludes the use of radiation as a method
of sterilization for aqueous solutions of drugs. However, under dry anoxic conditions,
radiation induces less damage than heat with the same lethal efficiency and is the
method of choice for some pharmaceuticals in the dry state and for medical devices.

The presence of protective or sensitizing agents in the environment will have a
considerable influence on the radiation resistance of microorganisms and ideally the
resistance of organisms on and in the product to be sterilized should be taken into
account when the radiation dose necessary for sterilization is being determined.

10.6.3 GASEOUS STERILIZATION

A wide variety of liquid chemicals are toxic to microorganisms and are useful as
disinfectants, though very few are toxic to spores and are therefore of little use as
sterilizing agents. This, together with the preference for terminal sterilization of
items in their final packaging, often precludes the use of liquid antimicrobial chem-
icals for sterilization except in specialized applications such as the sterilization of
particular medical devices containing tissues of animal origin.

Certain chemicals in their gaseous states and gas plasmas, however, are effective
sterilants and are used for the sterilization of containers and delivery systems for
parenteral medicines, for sterilization-in-place of equipment for aseptic manufacture,
and for medical devices that cannot be subjected to heat or radiation sterilization.
Such items are generally constructed of plastic materials.

Gaseous sterilizing agents can be categorized into alkylating agents and oxidiz-
ing agents based on their mechanism of microbicidal action.

10.6.3.1 Alkylating Agents

Alkylating agents such as beta-propiolactone, propylene oxide, and methyl bromide
have been used for specialized sterilization purposes but only ethylene oxide and
formaldehyde have been extensively employed in the gaseous sterilization of medical
devices and pharmaceutical products.

Both ethylene oxide and formaldehyde are potent alkylating agents and are
considered to exert their lethal effect on microorganisms by the alkylation of a
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number of cellular constituents. Possible reaction sites include amino, sulphydryl,
and hydroxyl groups of proteins and purine nucleosides of nucleic acids. Formalde-
hyde reacts irreversibly with nucleic acids and this causes inhibition of spore ger-
mination. However, the revival of spores treated with aqueous formaldehyde and
low temperature steam formaldehyde (LTSF) by postprocessing heat treatment, and
of spores treated with glutaraldehyde solutions with postprocessing application of
sodium hydroxide, suggests that the mechanism of action of alkylating agents is
complex, and the precise mode of action remains unexplained.

Comparison of the sensitivities of various microorganisms to ethylene oxide and
formaldehyde on the basis of published data is difficult due to the variations in
exposure conditions and experimental methods employed. In general, bacterial
spores show the greatest resistance to these sterilizing agents, being 5 to 10 times
more resistant than vegetative bacteria. Molds and yeasts show intermediate resis-
tance to gaseous alkylating agents. Both ethylene oxide and formaldehyde have
marked antiviral activity. In contrast to many antimicrobial chemicals, genetically
determined resistance to alkylating agents has not been a practical problem to date.
Most antimicrobial chemicals induce nonlinear inactivation kinetics in microorgan-
isms, resulting in sigmoid-shaped survivor curves, and ethylene oxide and formal-
dehyde are no exception. However, under carefully controlled conditions and in the
high concentrations used in sterilization practice, the survivor curves approximate
to type A curves, enabling the realistic estimation of SALs (see Section 10.2).

The activity of both gaseous ethylene oxide and gaseous formaldehyde is mark-
edly influenced by the concentration of the gas, the temperature, the water content
of the microorganisms, and the duration of exposure, and there is a complex inter-
relationship between these factors. Because the chemical must come into direct
contact with the organism, the physical nature and penetrability of the material being
treated are also of paramount importance when these chemicals are used as sterilizing
agents. A particular problem with formaldehyde gas is its low penetrability neces-
sitating preevacuation of the sterilizer chamber and operation of the LTSF cycles at
pressures between 100 mbar (10 kPa) and 400 mbar (40 kPa).

Table 10.2 summarizes the effect of the temperature, concentration, and relative
humidity (RH) on gaseous ethylene oxide and formaldehyde.

The interaction of all the above factors in defining an efficient gaseous steriliza-
tion process is described in Chapter 11.

10.6.3.2 Oxidizing Agents

Oxidizing agents used in the gaseous state include hydrogen peroxide, chlorine
dioxide, ozone, and peracetic acid. In addition, gas plasmas have potent oxidizing
action. Gas plasmas are considered as a fourth state of matter distinct from solids,
liquids, and gases; they consist of a mixture of free radicals, electrons, ions, and
excited radicals. Such gas plasmas occur naturally, such as in the Northern Lights,
can be generated at low temperatures, such as in fluorescent lighting, and can be
created in a sealed chamber under vacuum by a strong electric or magnetic field
generated by radio frequency or microwave energy. Practical sterilizing systems use

© 2007 by Stephen P. Denyer and Rosamund M. Baird



222 Guide to Microbiological Control in Pharmaceuticals and Medical Devices

TABLE 10.2
Factors Affecting the Microbiocidal Activity of Gaseous Sterilants

Alkylating Agents—Ethylene Oxide

Temperature Concentration Relative Humidity (RH)

Activity increases with increase 
in temperature. Temperature 
coefficients (Q10 values) vary 
with concentration and with the 
temperature range. For the 
temperature range usually 
employed in sterilization 
cycles (40 to 60°C) and 
ethylene oxide concentrations 
above 400 mg.L–1, the 
temperature coefficient for 
sporicidal activity is in the 
range of 2 to 3, that is, a 
temperature increase of 10°C 
approximately doubles the rate 
of inactivation and a decrease 
of 10°C will approximately 
halve the rate. Consequently, a 
spread of temperature of 10°C 
across a sterilization load will 
lead to a 100% difference in the 
rate of inactivation between the 
hottest and coldest locations.

Increasing the concentration 
increases the rate of microbial 
inactivation, reaching a plateau 
concentration above which 
further increases do not lead to 
greater effectiveness. The 
plateau concentration depends 
upon the temperature 
employed. At 30 to 50% RH, 
plateau concentrations have 
been reported as 800 mg.L–1 at 
30°C and 500 mg.L–1 at 54°C. 
Doubling the gas concentration 
over the range of 50 to 
800 mg.L–1 reduces the 
exposure time required to attain 
a given SAL by a factor of 
approximately 2, but increasing 
the concentration above 
1000 mg.L–1 does not 
appreciably affect the
exposure time.

Presence of water is critical for 
the alkylation reaction. 
Organisms in the dehydrated 
state are much more resistant 
than when preconditioned in an 
atmosphere of high RH. 
Similarly, organisms on 
hygroscopic carrier materials, 
such as paper or fabric, exhibit 
a marked decrease in resistance 
compared to organisms on 
nonhygroscopic materials such 
as metal or glass. RH levels of 
20 to 40% are necessary for 
optimal sporicidal activity and 
reduced activity occurs at 
levels below 10% and above 
65% RH. In practice, most 
processes operate between 40 
and 80% RH because of the 
significant amount of moisture-
absorbing material, such as 
packaging, included in a load. 
However, the presence of 
excess free water can lead to 
the formation of inactive 
ethylene glycol or ethylene 
oxide dissolving in the free 
water, reducing the gaseous 
ethylene oxide concentration.

Alkylating Agents—Formaldehyde

Inactivation rate of 
microorganisms increases with 
increasing temperature over the 
range of 10 to 80°C but no clear 
temperature coefficient has 
been established. 
Investigations with gaseous 
formaldehyde over the range of 
0 to 30°C showed little 
difference in inactivation rate 
with increasing temperature. 
With LTSF, increasing

With gaseous formaldehyde, 
activity increases with 
increasing concentration, with 
a significant increase in activity 
when increasing concentration 
from 0.1 to 1.3 mg.L–1. A linear 
relationship has been shown 
between concentration and rate 
of inactivation between 0.04 
and 0.31 mg.L–1 and for the 
concentration range 1.1 to 10.6 
mg.L–1. Concentrations of gas of

The microbiocidal effect of 
gaseous formaldehyde 
increases with increasing 
humidity up to 50% RH, with 
little further increase up to 
95%. An RH in excess of 50% 
is essential and levels between 
75 and 100% are generally 
considered to be desirable for 
rapid microbial inactivation. 
LTSF cycles effectively operate 
at 100% RH.

(continued)
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TABLE 10.2 (continued)
Factors Affecting the Microbiocidal Activity of Gaseous Sterilants

temperature between 63 and 
83°C only increased the rate of 
inactivation slightly.

the order of 3.5 mg.L–1 have 
been shown to be sporicidal at 
25°C if the RH is above 50%.

Concentrations of formaldehyde 
gas between 3.3 mg.L–1 and 
100 mg.L–1 have been used in 
LTSF. Increasing concentration 
over the range 6 to 20 mg.L–1 
increases the rate of 
inactivation, but a threshold 
around this concentration has 
been reported and further 
increases have little effect.

Oxidizing Agents

Sterilant Concentration Relative Humidity (RH) Other

Chlorine dioxide Sporicidal activity is 
concentration dependent. 
Activity against spores of 
B.  subtilis var. niger at 
ambient relative 
humidity (20 to 40%) 
and at room temperature 
(23°C) is greater at a 
higher gas concentration.

Prehumidification is 
important for sporicidal 
activity and a RH of 70 
to 75% greatly enhances 
the effectiveness. 

Ozone No published data. An increase in RH from 
45 to 60 or 80% 
increases the biocidal 
effect. Desiccated spores 
and bacteria have been 
reported to be highly 
resistant to ozone.

Activity increases in 
combination with UV 
radiation, due to the 
formation of reactive 
hydroxyl radicals (see 
gas plasma below).

Gas plasma Plasma produced from 
hydrogen peroxide has 
good sporicidal activity 
due to the lower energy 
required to create 
hydroxyl radicals and 
the fact that the species 
generated from 
hydrogen peroxide are 
among the most reactive.

Increasing the 
concentration of 
precursor increases 
sporicidal activity.

Not applicable. Sporicidal activity 
decreases as the distance 
from the generation 
source increases.

Sporicidal activity 
increases with radio 
frequency power.

Sporicidal activity 
increases with increasing 
temperature but no 
temperature coefficient 
has been quoted.
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precursors such as hydrogen peroxide or peracetic acid to “seed” the gas plasma
with reactive radicals to increase the sporicidal activity.

Reports of the microbiocidal properties of these oxidizing agents have been
available for some time, but their use for sterilization in the pharmaceutical and
medical device industries, and for the resterilization of reuseable medical devices in
healthcare facilities, is relatively recent. There is a limited body of data on the
effectiveness of these agents in the peer-reviewed literature.

Oxidizing agents used as gaseous sterilants are highly reactive and may interact
with a number of cellular constituents, although as with alkylating agents, the precise
mechanism of action has not been identified. Hydrogen peroxide in the liquid phase
is probably the oxidizing agent that has been studied in greatest detail, although
studies of its use in the vapor phase are less extensive. Its action has been reported
as being due to the production of the hydroxyl radical, which reacts with membrane
lipids, nucleic acids, and other cellular components. Bacterial destruction by ozone
has been attributed to action at the cell surface, leading to disintegration of the
bacterial cell wall. Ozone attacks glycoproteins, glycolipids, and certain amino acids
within the bacterial membrane. Ozone also disrupts cellular enzymatic activity by
reacting with sulfhydryl groups and acts on nucleic acids within the cell by modifying
the purine and pyrimidine bases. Free radicals produced within gas plasma interact
with essential cellular components, such as enzymes, nucleic acids, and the cell
membrane, to inactivate microorganisms.

Table 10.2 summarizes those factors affecting the microbiocidal activity of
chlorine dioxide, ozone, and gas plasmas.

10.6.4 FILTRATION STERILIZATION

Moist heat sterilization is the method of choice for liquid products such as parenteral
and ophthalmic solutions. For thermolabile solutions, where even the use of high-
temperature or short-exposure-time protocols imparts unacceptable levels of product
degradation, filtration provides an alternative sterilization method. Filtration is also
used to remove microorganisms and other particulate materials from gases as, for
example, in the production of air with low particulate levels in aseptic production
areas and operating theaters. This method differs from other sterilization methods
in that microorganisms are physically removed from the product and not inactivated.

The requirement that the filter should not shed fibers or leach undesired mate-
rials into the solution being filtered has restricted the types of filter medium that
can be used for sterile filtration of pharmaceutical products to those made of sintered
glass, metal, or polymers. The polymeric membrane filters are almost universally
used. Removal of particles by membrane filters is by a combination of sieving out
of particles larger than the rated pore size and by adsorption within the filter matrix.
Sieving is a function of the pore size of the surface pores of the membrane and
adsorption is influenced by the thickness of the filter. Membrane filters most com-
monly used to effect sterilization are described as having a pore diameter of 0.2 to
0.22 µm. Although the filter will have either a “nominal” or an “absolute” pore
size rating, the pores in the membrane consist of a range of sizes characterized by
its pore size distribution. There is always the probability, although very remote,
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that a microorganism can pass through one of the few pores at the larger extreme
of the pore size distribution. The absorption process in filtration also involves a
degree of probability of retention. For these reasons, sterile filtration is a probability
function and cannot be regarded as absolute. Aseptic precautions during the process
are essential to avoid excessive bioburdens or recontamination and validation of
sterile filtration must include stringent tests for sterility. With sterile filtration, as
with all sterilization methods, attainment of a predetermined SAL depends upon
good manufacturing practice and an initial low number of microorganisms in the
product (see Chapter 12).

10.7 COMPARISON OF THE EFFICACY
OF STERILIZATION METHODS

Because there is no microorganism that shows universal high resistance to all avail-
able sterilization methods, it is difficult to obtain a direct comparison of sterilization
processes. An indication of the expected antimicrobial effectiveness of each process
can be obtained by examining the effect of the process on the relevant biological
indicator reference organism (see Chapter 11). In Table 10.3, the exposure time or
absorbed dose required to achieve an inactivation factor of 10–8 is calculated for
each sterilization method based on the highest acceptable D value for the reference
organism. An IF of 108 would allow the attainment of a SAL of 10–6 or better with
a bioburden of 100 microorganisms of resistance less than or equal to the reference
microorganism. The time per absorbed dose recommended for sterilization by each
method is also recorded. It should be noted that for moist heat, the D values for the
reference B. stearothermophilus strain at 115, 126, and 134°C are calculated on the
basis of a D121 of 1.5 min and a z value of 10°C, and for dry heat, the D values for
the reference B. subtilis var. niger strain are calculated on the basis of a D160 of 10
min and a z value of 20°C.

It is apparent from Table 10.3 that, with the exception of moist heat at 115°C, the
recommended sterilization protocols offer margins of safety if the process specification
is an inactivation factor of 108. It is worthy of note, however, that an F0 of 8 would
only achieve an inactivation factor of 105.3 against the reference organism for moist
heat sterilization, and hence such a process could only be applied in the absence of
organisms of resistance equal to or greater than the reference microorganism.

It must be remembered that these calculations are based on the response of care-
fully standardized organisms on selected carriers exposed to the sterilizing agent under
ideal conditions. In practice, the contaminating microorganisms are not standardized
and they are often exposed to the sterilizing agent under far from ideal conditions. To
compensate for this, the exposure times or absorbed doses are often extended and this
is particularly the case in gaseous sterilization where the situation is further complicated
by the multiplicity of factors that are involved in the lethal process.

It seems clear, however, that even if the product to be sterilized is contaminated
with an appreciable number of resistant spores, a high probability of achieving
sterility can be ensured by the choice of an efficient sterilizing protocol. In reality,
in industry and hospitals, far better levels of sterility assurance will be sought by
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TABLE 10.3
Comparison of Microbial Inactivation Effectiveness of Sterilization Methods

Method
Biological Indicator
Reference Organism D Value

Time per Dose
to Achieve an IF

of 108

Recommended
Sterilizing Time

per Dose

Moist heat B. stearothermophilus
NCIMB 8157
(ATCC 7953, NCTC 10007)

115°C 6. min 48. min 30. min
121°C 1.5 min 12. min 15. mina

126°C 0.47 min 3.76 min 10. min
134°C (z = 10°C) 0.075 min 0.6 min 3. min

Dry heat B. subtilis var. niger
NCIMB 8058 (ATCC 9372)160°C 10. min 80. min 120. min

170°C 3.2 min 25.6 min 60. min
180°C (z = 20°C) 1. min 8. min 30. min

Radiation B. pumilus NCIMB 8982
(ATCC 14884, NCTC 8241)

3. kGy 24. kGy 25. kGy

Ethylene oxide
600 mg.L–1, 54°C, 60% RH

B. subtilis var. niger
NCIMB 8058 (ATCC 9372)

5.8 min 46.4 min 2 to 4 h +

Low temperature steam
and formaldehyde

12 mg.L–1, 73°C

B. stearothermophilus
NCIMB 8224

5. min 40. min 1 to 2 h +

a 8 min if an F0 of 8 is used.
Bacillus stearothermophilus renamed Geobacillus stearothermophilus.
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applying good manufacturing practices. It is particularly important in this regard to
recognize that the sterilization procedure is merely the last stage in a carefully
planned and controlled manufacturing process and that all stages of manufacture
must be controlled and monitored. It is particularly important that the microbial
contamination levels be controlled at all stages, from the new materials at acquisition
to the final product (see Chapters 3 and 4). The manufacturing environment must
also be controlled and personnel adequately trained and their performance monitored
(see Chapters 6 and 21). Only if all these aspects are carefully regulated can the
health of the user be protected.
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11.1 INTRODUCTION

Sterilization processes may be applied in the pharmaceutical and medical devices
industries for three distinct activities:

1. Sterilization of products in their final containers.
2. Sterilization of components for subsequent aseptic assembly.
3. Sterilization of equipment to be used in aseptic manufacturing operations.

Such sterilization may be carried out in situ or require disassembly, trans-
fer to a sterilizer, and subsequent reassembly.

The effectiveness of sterilization cannot be demonstrated by testing a sample of product
items drawn from a batch that has been exposed to the process. This is a consequence
of the nature of microbial inactivation (see Chapter 10) and the limitations of the test
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for sterility (Brown and Gilbert 1977). Therefore, assurance of sterility is provided
by (1) the initial validation of the process (see Chapter 12), (2) its periodic revali-
dation, and (3) the implementation of effective procedures for control and monitor-
ing, demonstrating that the validated process has been delivered.

The validation and routine control of a sterilization process requires a number of
interrelated activities to be carried out effectively. For this reason, sterilization pro-
cesses are undertaken within a defined quality management system as defined by the
requirements for good pharmaceutical manufacturing practice (GPMP) (Commission
of the European Communities 2004) or in the international standards for quality
management systems for medical devices [International Organisation for Standardis-
ation (ISO) 2003a]. These quality management principles provide the structure for the
effective control of general aspects such as:

• Calibration of instrumentation
• Planned, preventative maintenance of equipment
• Appointment of appropriately trained and qualified personnel to undertake

designated activities
• Provision of appropriate, documented procedures together with the system

of document control to ensure that these are available where required
• Safe retention of records, including batch records, calibration records, and

maintenance records

In addition, GPMP (Commission of the European Communities 2004) and the
quality management system requirements for medical devices (ISO 2003a) specify
that, for the manufacture of sterile products, controls are established on:

• The manufacturing environment
• The health, cleanliness, and attire of personnel
• The raw materials, intermediate products, and manufacturing equipment

Specifying a sterilization process requires knowledge of the critical variables
within the process, an understanding of the manner in which these variables interact,
and an appreciation of the kinetics of microbial inactivation. For a given process,
if the kinetics of microbial inactivation are understood and the critical variables
can be measured directly, sterility can be ensured by monitoring the physical (and,
if appropriate, chemical) conditions during sterilization. A system of this type is
termed “parametric release” and has been defined as “release of sterile product
based on process compliance to its specification” (Hoxey 1989, see also Chapter
12). For sterilization processes such as steam, dry heat, or irradiation, the physical
conditions required are understood and can be directly monitored; therefore, a
system of parametric release has been accepted (Hurrell 1986, British Pharmaco-
poeia 2001). Detailed requirements for the parametric release of terminally steril-
ized product are contained in Annex 17 to the European Union’s Guide to Good
Manufacturing Practice (Commission of the European Communities 2002). Stan-
dards for ethylene oxide sterilization (ISO 2006a) accepted the use of parametric
release provided that a knowledge of the microbial inactivation kinetics was
obtained during validation and all the process variables were directly monitored
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routinely. In general, however, for other gaseous sterilization processes and steril-
ization by liquid chemicals, parametric release is not yet accepted because the
physical conditions cannot be readily and accurately measured. If parametric release
is not accepted, biological indicators are incorporated into each sterilization batch.
These indicators are removed after processing and cultured for surviving organisms,
the growth of which is taken to indicate a failure to sterilize (see Chapter 12).

All sterilization methods have a finite capacity for destroying microorganisms
(see Chapter 10). It is therefore necessary to control materials and processing prior
to sterilization in order to reduce the presterilization microbial level (bioburden) and
hence reduce the challenge to the process (ISO 2000a). Although determination of
bioburden is outside the scope of this chapter (see Chapters 8 and 10), it should be
emphasized that the frequency of bioburden determinations will vary for different
processes and should be related to the capacity of the process for inactivation of
microorganisms (ISO 2006b). The selection of a process with a low inactivation
factor based on a low product bioburden will require extensive validation and mon-
itoring of that bioburden (see Chapters 10 and 12). Such testing is invariably labor
intensive and expensive. For a more detailed discussion on the practical issues, the
reader is referred to the companion Handbook (Bill 2000).

For each method of sterilization, this chapter will consider the critical process
variables and the manner in which these variables are routinely controlled and
monitored, drawing on the established standards for the processes and equipment,
and regulatory requirements. A number of references to standards is given in the
text; standards are subject to continual review, amendment, and revision. Readers
are advised to check for the latest version of any standard cited.

11.2 STERILIZATION METHODS: GENERAL ASPECTS

The properties of the ideal sterilization method would include:

• Absence of hazard to operators or to the environment
• High bactericidal, virucidal, and fungicidal activity producing a high

assurance of sterility
• Fully understood physical conditions necessary for microbial inactivation

that are easily controllable and measurable
• Permitting terminal sterilization in final packaging
• Compatibility with the range of materials to be sterilized
• Absence of toxic chemical residues in products
• Short processing time
• Low cost

The selection of a method of sterilization, therefore, depends on balancing the
advantages of the available methods against their disadvantages. Table 11.1 summa-
rizes these advantages and disadvantages and indicates the suitability or otherwise
of these sterilization methods for a range of products and packaging materials.

The methods of sterilization have been presented in what is considered by the
authors to be their order of preference. There are considerable advantages in utilizing
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TABLE 11.1
Summary of Advantages and Disadvantages of the Various Sterilization Processes Together with Examples of Materials Suitable 
and Unsuitable for Processing

Method of
Sterilization Advantages Materials Suitable for Processing

Materials Unsuitable
for Processing

Disadvantages
and Special Requirements

Steam
Porous

Rapid cycle.
Conditions required for sterilization 
known and documented.

No requirement for biological 
indicators.

Wrapped goods processed and 
suitable for storage.

Automated equipment available.

Heat-stable materials, such as 
surgical instruments, dressing 
gowns and drapes, filters.

Temperature-resistant plastics, such 
as high-density polypropylene.

Packaging materials permeable to 
steam and air.

Temperature-, pressure-, or moisture-
sensitive materials. Material 
combinations that will expand 
differentially and fracture on heating.

Packaging materials impermeable to 
air or steam.

Bottled fluids. Materials that are a 
barrier to air removal.

Will not depyrogenate.

Instrument
and utensil

Rapid cycle.
Conditions required for sterilization 
known and documented.

Automated equipment available 
including small portable models.

No requirement for biological 
indicators.

Heat-stable materials, such as 
unwrapped surgical instruments 
and utensils.

Wrapped goods.
Bottled fluids.
Temperature- or moisture-sensitive 
materials or combinations.

Porous loads or devices with a 
narrow lumen from which air 
cannot be removed.

Products must be used immediately 
as they are unwrapped.

Will not depyrogenate.

Bottled fluids Conditions required for sterilization 
accepted and documented.

Biological indicators not required.
Automated equipment available.

Thermostable aqueous fluids.
Packaging in rigid polymer, glass, or 
flexible polymer containers.

Nonaqueous fluids.
Wrapped goods or porous loads.
Temperature-sensitive products.

Cycle times may be long.
Heat-up times require determination 
for each load and configuration.

Explosion risk if containers overfilled.
Will not depyrogenate. Need to control 
period between filling and steriliza-
tion to minimize microbial growth.

(continued)
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TABLE 11.1 (continued)
Summary of Advantages and Disadvantages of the Various Sterilization Processes Together with Examples of Materials Suitable 
and Unsuitable for Processing

Method of
Sterilization Advantages Materials Suitable for Processing

Materials Unsuitable
for Processing

Disadvantages
and Special Requirements

Dry Heat Higher temperatures will 
depyrogenate.

Sterilizers available with simple 
design and installation 
requirements.

Sterilization conditions known and 
documented.

No requirement for biological 
indicators.

Moisture-sensitive or steam-
impermeable materials, for 
example, powders, nonaqueous 
fluids, some surgical instruments, 
such as sharps and powered drills.

Aluminum foil preferred for 
packaging but glass or metal 
possible.

Aqueous fluids.
Thermolabile materials.

Long cycle times.
Heat-up times require determination 
for each load and configuration.

Irradiation Product packaged in outer transit 
containers.

No need for biological indicators.
Gamma irradiation:
highly penetrating, large-capacity 
sterilizers.

Electron beam:
no radioactive source, less 
degradation to plastic materials, 
rapid progress.

Range of plastic materials such as 
certain grades of polypropylene, 
styrene, acrylonitryl, polyethylene, 
and natural materials such as latex.

Metallic products, subject to limits 
on density (e.g., orthopedic 
implants, scalpels).

Some plastics and glass undergo 
cross-linking leading to 
discoloration and embrittlement.

Limited application to 
pharmaceutical products because 
of chemical alteration and 
breakdown products.

Effect of radiation on packaging 
needs to be established.

High capital cost.
Equipment requirements complex.
Will not depyrogenate.
Localized temperature increases.
Gamma irradiators: control of 
radioactive material, slow process.

Electron beam: low penetrating 
power, product thickness crucial, 
complex to control.
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TABLE 11.1 (continued)
Summary of Advantages and Disadvantages of the Various Sterilization Processes Together with Examples of Materials Suitable 
and Unsuitable for Processing

Method of
Sterilization Advantages Materials Suitable for Processing

Materials Unsuitable
for Processing

Disadvantages
and Special Requirements

Gaseous 
Sterilization

Ethylene
oxide

Cycle can be developed for 
particular products.

Can process product packaged in 
transit containers.

Automatic sterilizers available in 
variety of sizes from 1 to 30 m3 
chamber capacity.

Polymeric materials such as low-
density polypropylene, polyvinyl 
chloride, polymethyl-
methacrylate, and polyurethane. 
Packaging materials must be 
permeable to air, water vapor, and 
gas, for example, sterilization-
grade paper and spun-bonded 
polyolefin (Tyvek, Dupont). 

External surfaces of ampoules or 
vials because of ingress of gas via 
microfractures. Impermeable 
packaging, such as glass, metal.

Products sensitive to high humidity 
present special problems.

Products that are not clean because 
gas may not penetrate organic or 
inorganic soil.

Biological indicators required.
No standard sterilization cycle 
available.

Toxicity of gas.
Residuals and explositivity in 
processed goods.

Specialist expertise required.
Prechamber humidification usually 
required.

Will not depyrogenate.
Low 
temperature 
steam and 
formaldehyde 
(LTSF)

Automated sterilizers available.
Can process some thermolabile 
materials.

Materials that will withstand 
temperatures up to 80°C.

Packaging materials permeable to 
air, steam, and formaldehyde.

As ethylene oxide sterilization 
above.

Biological indicators required.
Toxicity of gas.
Residuals in processed goods.
Specialist expertise required.
Will not depyrogenate.

Gas plasma Automated sterilizers available. Thermolabile materials.
Packaging materials permeable to 
air and gas.

As ethylene oxide sterilization 
above.

Unsuitable for devices with a narrow 
lumen unless special adaptors 
used.

No cellulosic products or packaging 
materials.

Expensive.
Biological indicators required.
Will not depyrogenate.

(continued)
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TABLE 11.1 (continued)
Summary of Advantages and Disadvantages of the Various Sterilization Processes Together with Examples of Materials Suitable 
and Unsuitable for Processing

Method of
Sterilization Advantages Materials Suitable for Processing

Materials Unsuitable
for Processing

Disadvantages
and Special Requirements

Filtration Operates at ambient temperature.
Large volumes on continuous basis.
Also removes particles.
Pyrogens not formed by processing.
Choice of filter materials available 
which are compatible with even 
aggressive products.

Fluids that cannot be terminally 
sterilized.

Nonfluid products. Aseptic processing after sterilization 
required.

May not remove virus or mycoplasma.
May not remove pyrogens from fluid 
stream.

Sorption of some drugs, 
preservatives, and so on.

Leaching of filter components.
Integrity testing required.

Liquid 
Chemicals

Only method available for certain 
products.

Products that cannot be sterilized by 
other means, for example, 
materials of animal origin (heart 
valves, vascular prosthesis, tissue 
patches) and complex medical 
equipment, such as endoscopes.

Products that can be sterilized by 
other methods.

Aseptic processing usually required 
after sterilization.

Control of production of sterilizing 
solution required, including 
filtration sterilization of sterilant.

Solution must contact all parts of 
product.

Biological monitoring and sterility 
testing required.

Residual chemicals in product.
Processing times extended.
Will not depyrogenate.

Emerging 
Sterilization 
Technologies

May be less hazardous to operators.
May not leave residues in products.
Processing times may be short.

May be compatible with items that 
cannot be processed in another 
way.

Will depend upon method. Regulatory requirements not 
established.

Need to demonstrate effectiveness.
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processes with established technology and regulatory requirements. It can be extremely
expensive and time-consuming to perform research and development into novel
processes and to break new ground with regulatory authorities.

11.2.1 STERILIZING EQUIPMENT

Each method of sterilization places constraints and requirements on the design of the
equipment used for the process. The majority of these requirements are special to the
particular process but one feature is common to all sterilization methods. Each sterilizer
is designed to control sterilization conditions within established limits, and a recording
of the actual conditions produced during the process is required. The control and system
of recording must be independent of each other, using the output of separate sensors
to confirm that the required conditions have been achieved and maintained.

11.2.2 PACKAGING FOR STERILE PRODUCTS

Sterile products are presented in sealed packages to maintain sterility up to the point
of use. The principal requirements for such packaging have been presented in
European and International standards (ISO 2006c; see also Chapter 16). The principal
requirements are that the packaging:

• Is compatible with the product contained within it
• Is compatible with the sterilization system employed
• Is compatible with the labeling system used
• Provides physical, chemical, and microbiological protection to the product
• Meets the requirements of the user at the point of use, for example, by

permitting aseptic presentation of the product

11.2.3 STERILIZATION SUBCONTRACTORS

Manufacturers may have sterilization processes carried out on their behalf by sub-
contractors. This may be for a number of reasons, including lack of appropriate
facilities, shortage of capacity for sterilization, or limited expertise in sterilization.
The most common sterilization processes to be performed by subcontractors are
radiation and ethylene oxide. Specialist subcontractors for both these processes are
located throughout the world.

When sterilization is undertaken by a subcontractor, the manufacturer of the
product retains overall responsibility. There should be a formal contract defining the
limits of responsibility of both parties and detailing the technical requirements of
the processing. The subcontractor should be subject to formal audit (ISO 2003a,
Commission of the European Communities 2004).

11.2.4 PRODUCT RELEASE FROM STERILIZATION

There are some essential requirements for product release following sterilization that
are common to all the available sterilization methods. These general points include
evidence that:

© 2007 by Stephen P. Denyer and Rosamund M. Baird



238 Guide to Microbiological Control in Pharmaceuticals and Medical Devices

• The sterilization facility had been appropriately maintained, the process
validated, and routine equipment tests performed in accordance with doc-
umented procedures.

• The documented procedures relating to product handling have been fol-
lowed.

• The process conformed to specification.
• The automatic sterilization process performed satisfactorily.
• Sterilizer cycles were correctly and completely documented.
• The load and its packaging were not damaged during transport or pro-

cessing.
• Any chemical indicators used to differentiate between processed and

unprocessed products were satisfactory.

11.3 STEAM STERILIZATION

Steam is the method of choice for sterilization because it provides the majority of
features of the ideal sterilization method. It is used either as a direct contact sterilant,
such as in a porous load and “instrument and utensil” sterilizer, and for sterilization-
in-place systems for manufacturing equipment, or as a heat transfer medium to raise
the temperature of the contents of containers, for example, in a bottled fluids ster-
ilizer. Standards for the validation and routine control of moist heat sterilization
define requirements for use of steam in both applications (ISO 2006d). A standard
for sterilization-in-place in aseptic processing is in preparation (ISO in preparation).
Heat transfer is achieved in steam sterilizers by the release of the latent heat from
steam as it condenses.

A series of time–temperature relationships are accepted as providing satisfactory
sterilizing conditions [National Health Service (NHS) Estates Agency 1995a]. These
conditions are illustrated in Table 11.2 but are not equipotent (see Table 11.4 and
Chapter 10). The British Pharmacopoeia (2005) references a temperature of 121°C
for 15 min and requires that any other time-temperature combination should result
in a maximum sterility assurance level of 10–6.

It is generally agreed that the highest temperature compatible with the product
to be sterilized should be used as this combines the advantages of highest assurance

TABLE 11.2
Time–Temperature Relationships
for Steam Sterilization

Temperature Range
(°C)

Minimum Holding Time
at Temperature (min)

134–137 3
126–129 10
121–124 15
115–118 30
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of sterility with shortest cycle time. Steam sterilization can be monitored by physical
measurement of the conditions because the kinetics of microbial inactivation by
steam has been extensively studied (reviewed by Russell 1982). The routine addition
of biological indicators to steam sterilizers offers no advantages and does not increase
the assurance of sterility (Anonymous 1959). Biological indicators may be of value
in validation of sterilization of difficult loads such as filter cartridges. Some regula-
tory authorities require the use of biological indicators in validation studies.

11.3.1 POROUS LOAD STERILIZER

Steam sterilizers used to process wrapped goods and porous materials are commonly
referred to as “porous load,” “high vacuum,” or “prevacuum” sterilizers. To ensure
that the cycle achieves sterilizing conditions, it is important that all the air is removed,
permitting contact between product and steam (Anonymous 1959). This can be
achieved by a combination of evacuation and steam injection as a series of pulses
that dilute and remove the air. Porous load sterilizers usually operate at the highest
temperatures given in Table 11.2 (134 to 137°C) although sterilizers operating at
126 to 129°C and 121 to 124°C are in use.

11.3.1.1 Equipment

European standard EN 285 (CEN 1997a) details the requirements for porous load
sterilizers and the major aspects are summarized in Table 11.3.

One of the most important factors for the correct operation of porous load sterilizers
is the quality of the steam, the ideal quality being represented by dry saturated steam
(NHS Estates Agency 1995a, 1997). If the steam is too dry, superheat may be created,

TABLE 11.3
Principal Features of Porous Load Steam Sterilizers

Feature Rationale

Steam supply of suitable quality and quantity. To ensure correct functioning of sterilizer.
Air removal system. To ensure rapid and even steam penetration throughout 

chamber and load.
Air detector. To ensure adequate air removal is achieved.
Automatic cycle controller. For reproducible cycle control.
Time, temperature, and pressure recorder. To provide batch or process record.
Sterilization hold time initiated by drain 
temperature using separate sensor from 
that supplying recorder.

To ensure coolest point of chamber (drain) reaches 
temperature prior to timing of hold period. Temperature 
record provides independent confirmation of attainment 
of correct conditions.

Cycle counter. For maintenance and batch records.
Door interlock and noninterruptable cycle. Operator safety and to prevent underprocessing.
Fault indication. To indicate incorrect function of sterilizer.
Leak test gauge of suitable scale range. For routine chamber integrity test when small changes in 

chamber pressure must be measured.
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but overly wet steam can produce a wet load at the end of the sterilization cycle and
wet packaging is not an effective microbial barrier (Placencia et al. 1986).

Noncondensable gases in the steam supply, caused, for example, by incorrect boiler
feed water treatment, may affect sterilizer performance, influence effectiveness of the
process, hinder steam penetration (see Section 11.3.1.3), cause chamber overheating,
or result in inconsistent air detector performance (NHS Estates Agency 1995a).

Superheated steam is unsuitable for steam sterilization; it can be considered
equivalent to a dry gas and therefore dry heat sterilization time–temperature com-
binations would be required (see Section 11.4). Superheat can be due to adiabatic
expansion as a result of excessive reduction in pressure through a throttling device
such as a reducing valve. The rehydration of exceptionally dry hygroscopic material
is an exothermic reaction that can also cause superheating; this may persist for the
entire sterilization hold time. For this reason, textiles, particularly those containing
cotton, should be allowed to equilibrate in air after laundering before they are
sterilized (NHS Estates Agency 1995c).

Wet steam supply to the sterilizer is one cause of wet loads at the end of the
sterilization process. This may be due to inadequate design or maintenance of the steam
main, such as inadequate sloping and draining of the main, poor thermal insulation,
incorrect installation of separators and steam traps, or “priming” in the boiler leading
to carryover of boiler water with the steam (NHS Estates Agency 1995a, 1997).

For these reasons, the importance of correct installation and maintenance of
steam boilers and distribution systems, together with the determination of the quality
of steam provided at the sterilizer location, cannot be overemphasized (NHS Estates
Agency 1997).

Incomplete air removal can cause a failure to sterilize (Anonymous 1959). Air
remaining in packages prior to the sterilization hold period will occur in random
locations and may unpredictably delay or prevent steam from contacting surfaces
over which air is present. Air removal is achieved by drawing a vacuum to between
40 and 60 mbar (4 to 6 kPa) absolute followed by dilution and removal of residual
air by a series of steam injections and evacuations (see Figure 11.1). The correct
function of the air removal portion of the sterilization cycle is monitored by the
Bowie–Dick test on a daily basis and by the air detector for each sterilization cycle
(see Section 11.3.1.3).

11.3.1.2 The Process

The essential features of a porous load steam sterilization cycle are illustrated in
Figure 11.1. The variables that can affect the efficacy of the process are time,
temperature, and pressure (because of its direct relationship with the temperature of
dry saturated steam). Factors such as steam quality (see Section 11.3.1.1) and loading
pattern will affect air removal and load dryness on cycle completion.

11.3.1.3 Routine Tests of Performance

The Bowie–Dick test (Bowie et al. 1963) is the standard test for steam penetration
that should be performed on porous load sterilizers each day of operation. The test
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consists of operating the cycle with a test pack containing a temperature-sensitive
indicator as the only load. On completion of the cycle, the indicator is removed from
the pack and examined for a uniform color change. The basis of the test is that
inadequate air removal will leave a pocket of air in the center of the pack that will
then act as a barrier to even steam penetration and result in an uneven color change
in the indicator. Traditionally, this test was performed with a pack of “Huckaback”
linen towels and a test sheet with a cross of autoclave indicator tape. However, other
materials for this test have been developed and performance requirements for mate-
rials used in the Bowie–Dick test have been detailed in published specifications (ISO
2000b,c, ISO 2001).

The Bowie–Dick test is a test of air removal based on detecting rapid and even
steam penetration into the pack. Steam penetration may be affected by the steam
quality and, in particular, by superheat and the presence of noncondensable gas in
the steam supply. Failed Bowie–Dick tests therefore require careful analysis of
sterilizer performance.

Each porous load sterilization cycle should be monitored by an air detector (NHS
Estates Agency 1995a). This device is part of the sterilizer control system and should
be set to indicate a fault if there is sufficient air in the sterilizer to compromise the
sterilization cycle (Pickerill et al. 1971). If the correct conditions are not established,
this device should indicate a failure and the load be treated as nonsterile. The correct
functioning of this device needs to be established at the commissioning of the
sterilizer and should be routinely confirmed by an air detector performance test (NHS
Estates Agency 1995b).

The integrity of the sterilizer chamber should be routinely checked by performing
a leak test (NHS Estates Agency 1995b). A vacuum is drawn in the chamber and
the subsequent pressure rise monitored over a timed period.

FIGURE 11.1 Schematic diagram of the stages of a steam sterilization cycle for porous loads.

°
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11.3.1.4 Product Release

The general points described earlier (see Section 11.2.4) for product release apply.
A complete sterilization cycle record comprises time, temperature, and pressure.

11.3.2 “INSTRUMENT AND UTENSIL” STEAM STERILIZERS

“Instrument and utensil” steam sterilizers are also referred to as “bowl and instru-
ment,” “dropped instrument,” “gravity displacement,” or “downward displace-
ment.” The descriptions “gravity displacement” and “downward displacement” are,
in fact, often incorrect as many sterilizers of this type generate steam within the
sterilizer chamber and rely on upward displacement of air by steam. Like porous
load sterilizers, their effectiveness relies on direct contact between steam and the
surface to be sterilized. However, in these machines, air is directly displaced by
steam, either admitted from a separate steam source or generated within the
chamber; there is no evacuation either to aid air removal or to help dry the load
at the end of the cycle. These machines are therefore unsuitable for sterilizing
wrapped goods or porous loads (NHS Estates Agency 1994, Medical Devices
Agency 1996a). Requirements for small sterilizers of this type are given in a
European standard (CEN 2004).

Sterilizers of this type include the common portable machines that require a
simple connection to an electrical power supply. They often operate at the highest
temperatures given in Table 11.2, although machines operating over the range of
conditions specified are available.

11.3.2.1 Equipment

Most machines are portable and are not equipped with temperature recorders. A
monitoring sensor, separate from the control sensor, should be incorporated into the
automatic control system to indicate a failed cycle should the required temperature
not be maintained for the designated time. Temperature and pressure gauges should
be provided to allow the operation of the equipment to be checked.

11.3.2.2 The Process

The essential features of an instrument and utensil sterilization cycle are air dis-
placement, sterilization, and cooling. These are summarized in Figure 11.2.

11.3.2.3 Product Release

In addition to the general points described earlier (see Section 11.2.4), a complete
sterilization cycle record of time and temperature is required when a temperature
recorder is installed with the sterilizer. If a temperature recorder is not fitted, the
operator should confirm the attainment of the correct conditions by checking the
temperature and pressure indicated by the sterilizer instrumentation during the ster-
ilization stage and entering these values in the sterilizer logbook.
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11.3.3 BOTTLED FLUIDS STERILIZER

Unlike porous load and instrument and utensil steam sterilizers, bottled fluids machines
do not rely on contact between the steam and the product to effect sterilization. The
steam is a transfer medium that heats the container; the actual sterilization occurs in
the product fluid. Steam is used because it is an efficient heat transfer medium and the
pressure associated with steam will help to counteract the pressure rise within a heated
sealed container. It should be noted that the fluid to be sterilized must be aqueous. The
presence of water is a critical factor in microbial inactivation leading to denaturation
of proteinaceous materials. In nonaqueous fluids such as oils the microbial inactivation
is by dry heat resulting in oxidative processes that require much higher temperatures
and longer times to achieve sterilization (see Section 11.5 and Chapter 10).

The lower temperature treatments quoted in Table 11.2 are used for fluids loads
because of the lower associated pressure employed, that is, 121 to 124°C for 15
min or 115 to 118°C for 30 min. The F0 value may be used as an alternative to
defining the sterilization process as a minimum hold time at a given temperature
(see Chapter 12). The lethality of a process includes the effects of the heating and
cooling periods as well as the sterilization hold time. In a large fluids load, the
heat-up and cool-down times may be long and have a considerable microbiocidal
effect. The F0 value expresses the lethality of the whole process as an equivalent
hold time at 121°C and its calculation has been extensively reviewed (Deindoerfer
and Humphrey 1959, De Santis and Rudo 1986). It is generally accepted that an
appropriate F0 value should be delivered to every container in the load. For heat-
labile products, F0 values of less than 8 may be acceptable if the level and heat
resistance of the product bioburden are known and are closely monitored; however,
a sterility assurance level of 10–6 must be demonstrated (British Pharmacopoeia
2005; see also Chapter 12).

FIGURE 11.2 Schematic diagram of the stages of a steam sterilization cycle for instruments
and utensils.

°
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It should be noted that lower temperature processes impart significantly less
lethal effect than those operating at higher temperatures. This is demonstrated in
Table 11.4 where the lethal effects of the sterilization hold periods (as measured by
the F0 value) of accepted standard conditions are compared.

11.3.3.1 Equipment

The basic requirements for bottled fluids sterilizers are outlined in Table 11.5. The
British Standard 3970 Part 2 (British Standards Institution 1991) refers to this type
of equipment.

TABLE 11.4
F0 of the Holding Period of Standard Sterilizing Cycles 
Previously Specified in Table 11.2

Nominal Temperature
(°°°°C)

Sterilization
Holding Time (min)

F0

Value

134 3 59
126 10 31
121 15 15
115 30 8

TABLE 11.5
Features of Bottled Fluids Steam Sterilizers

Feature Rationale

Steam supply of suitable quality and quantity. To ensure correct functioning of the sterilizer.
Automatic cycle controller. For reproducible cycle control.
Time, temperature, and pressure recorder. To provide batch or process records.
Sterilization hold period time, or F0 integration, 
taken from load simulator using separate 
sensor from that supplying the recorder.

To ensure that coolest point of load controls the cycle 
and that the temperature record is an independent 
confirmation of the attainment of correct conditions.

Temperature control from a drain sensor during 
sterilization hold period.

More sensitive to temperature fluctuations in the 
chamber than a load simulator.

Cycle counter. For maintenance and batch records.
If temperature is monitored or controlled from 
a load bottle this must not control door 
opening.

If the load bottle breaks, the probe will cool more 
rapidly than the load bottles and door opening may 
lead to explosion.

Chamber overpressure (air ballasting). To prevent bottle breakage or distortion of flexible 
containers especially during cooling cycle.

Assisted cooling either by fan circulation of air 
or spraying load with recycled condensate.

To reduce the time for load to cool to below 80°C.

Door interlock and noninterruptable cycle. 
Door must not open until entire load is below 
80°C.

Operator safety. Serious accidents have occurred due 
to load explosion when sterilizer door opened with 
load above 80°C.
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As shown in Table 11.5, the design of a bottled fluids sterilizer has to consider
many factors; certain special features merit detailed consideration.

Heating a sealed container—The heating of a sealed container of aqueous fluid
will raise the pressure within that container. The steam pressure in the sterilizer chamber
and the strength of the container itself will each counteract this pressure rise to some
degree. However, the sterilizer chamber pressure is often increased with the addition of
sterile air to above that associated with dry saturated steam at the sterilizing temperature;
this prevents bottle breakage or deformation of polymeric containers and is known as
air ballasting. Additional pressurization with air could introduce problems of temperature
variations within the sterilizer chamber unless the air–steam mixture is homogeneous.
Forced circulation of the air-steam mixture is usually employed to provide this homo-
geneity. Operation of forced circulation systems should be monitored during each cycle.

Cooling times—The cooling times for large loads may be extremely long. In
order to decrease the total cycle time, a cooling system may be employed in which
the load temperature is reduced by spraying with water. Contamination of the
contents of containers with spray-cooling water has occurred and therefore water
used for this purpose must be sterile. If the cooling water is derived from a water
or steam service, it must itself be sterilized by exposure to sufficient heat to give an
F0 of 8. Where heat exchangers are used as part of the cooling system, they should
be designed to fail-safe conditions and prevent cross-contamination from the primary
circuit to the secondary circuit (NHS Estates Agency 1995).

Explosions—Serious explosions have resulted from the transfer of loads of hot
fluids from the sterilizer into rooms at ambient temperature. Therefore, a door
interlock must be installed to prevent removal of the load until the contents of all
containers are below 80°C for glass or rigid polymer or 90°C for flexible polymer
containers (NHS Estates Agency 1994). This interlock should operate through a load
simulator, rather than a temperature sensor in an actual load container, in case the
latter breaks during the process.

11.3.3.2 The Process

The essential features of a bottled fluids steam sterilization cycle are heat up combined
with air displacement, sterilization, and cooling; these are illustrated in Figure 11.3.

The effectiveness of the process is determined by the time at sterilizing temper-
ature. The size of the load and the size of the individual containers within the load
will significantly affect heat-up and cool-down times and hence total cycle time.

11.3.3.3 Product Release

In addition to the general points described earlier (see Section 11.2.4), and to support
product release following a bottled fluids steam sterilization cycle, the sterilization
cycle temperature–time records or confirmation of attainment of required F0 value
are required. Where appropriate, a sterility test result will also be required.

11.3.4 STERILIZATION IN PLACE

Steam sterilization is becoming widespread for the sterilization of preassembled
manufacturing and filling systems. Such sterilization-in-place (SIP) processes can

© 2007 by Stephen P. Denyer and Rosamund M. Baird



246 Guide to Microbiological Control in Pharmaceuticals and Medical Devices

cover applications ranging from simple vessel-filter-filler systems up to complete
biotechnology facilities.

The basic principles of porous load sterilization apply. For the steam to contact
all surfaces, effective air removal and condensate removal are vital. The system must
also be clean to ensure that organisms are not protected from steam contact by
organic matter or product residues. A section on sterilization in place is in preparation
as part of an International Standard on aseptic processing (ISO in preparation).

11.3.4.1 Equipment

It is critical that the system to be sterilized is designed and constructed to allow
cleaning in place (CIP) (ISO 2003b) and SIP. Details of the engineering design
criteria for CIP and SIP systems have been reviewed by Seiberling and Ratz (1995).
The main points are summarized here.

The system design must withstand the pressures required for sterilization (dry
saturated steam at 15 psi gives a temperature of 121°C). It must be adequately vented
through microbial retentive filters to allow air removal, and condensate must be
trapped off from all the low points.

Because the steam comes into contact with product-contact surfaces, it is gen-
erally necessary to carry out the sterilization using clean steam (NHS Estates Agency
1997). The steam should also meet the required criteria for dryness and noncon-
densable gases (see Section 11.3.1.1).

Many systems require the use of sterile air for cooling after sterilization and
maintenance of overpressure to prevent recontamination of the system after steril-
ization. Temperature monitoring is required at multiple points within the system to
demonstrate that sterilization temperatures have been achieved.

FIGURE 11.3 Schematic diagram of the stages of a steam sterilization cycle for fluids in
sealed containers.

(°C)

Cycle end, load below 80°C
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11.3.4.2 The Process

Although each process is unique, the following basic principles apply in most cases.
Following cleaning, steam is introduced into the system with all vent filter valves

open and bypass valves on steam traps open. As air is displaced from the system,
the temperature on the temperature sensors located at the traps rises and reaches a
steady state equivalent to dry saturated steam at the pressure achieved in the system
with the vents open. At this point, the vents are closed and the pressure is allowed
to build to achieve sterilizing temperature. In systems with more than one steam
entry point, great care must be taken to ensure that air is not trapped between two
moving faces of steam.

Because sterilization of filters within the system occurs by passage of steam
through the filter, care must be taken not to exceed the maximum pressure differential
of the filter during introduction of the steam into the system.

11.3.4.3 Product Release

As with other steam sterilization applications, a complete cycle record comprising
time, temperature, and pressure is required to support the release of the system for
use (see also Section 11.2.4).

11.4 DRY HEAT STERILIZATION

Dry heat sterilization is the method of choice for heat-stable but moisture-sensitive
items. The British Pharmacopoeia specifies a time–temperature combination of
160°C for 120 min (BP 2005). Other recognized time–temperature combinations for
dry heat sterilization are 180°C for 30 min and 170°C for 60 min. It should be noted
that the temperatures and times required for dry heat sterilization are significantly
greater than for steam sterilization (see Section 11.3) and, as with time–temperature
combinations for moist heat, the various dry heat combinations are not equipotent.

Dry heat at higher temperatures than those specified for sterilization may also
be used for depyrogenation of some materials. The BP specifies a temperature of
220°C (BP 2005). The application of temperatures in excess of 250°C has been
recommended (Halls 1994). An international standard covering the requirements for
development, validation, and routine control of dry heat sterilization is in develop-
ment (ISO in preparation).

11.4.1 EQUIPMENT

Details on the specification and installation of dry heat sterilizers are given in Health
Technical Memorandum 2010 (NHS Estates Agency 1995a). An international stan-
dard describing safety requirements for dry heat sterilizers is available [International
Electrotechnical Commission (IEC) 2005]. There are two main types of dry heat
sterilizers: batch sterilizers that are basically hot air ovens, and tunnel sterilizers that
can operate continuously as product is passed through a heated tunnel (Halls 1994).
Table 11.6 illustrates the features of a hot air sterilizing oven.
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11.4.2 THE PROCESS

The essential features of a hot air sterilization cycle, heating, sterilizing, and cooling
are illustrated in Figure 11.4.

The heating of the contents of a hot air sterilizer, batch, or tunnel process relies
on sensible heat transfer. In a batch sterilizer, an even temperature distribution
throughout the load is essential and design features are incorporated into the sterilizer
to minimize temperature variations (see Table 11.6). However, the distribution of
the load within the chamber can also dramatically affect the performance of the
sterilizer. Variation from the established loading pattern may seriously affect the heat
distribution and sterilization conditions may not be attained throughout the load
(NHS Estates Agency 1995c). The loading pattern must therefore be controlled and
hot air sterilizers must not be overfilled.

TABLE 11.6
Features of Hot Air Sterilizing Ovens

Feature Rationale

Open-mesh shelving and adequate circulating fan To allow even heat distribution and maximum 
heating

Temperature recorder with no control function To provide independent batch or process history
Overheat cutout Safety and product protection
Thermally insulated chamber
Cycle counter Maintenance records (batch recording)
Forced cooling and filtered air Increased turn-around or shortened cycle
Thermocouple inlet Validation purposes
Door interlock and automatic noninterruptable cycle Prevent inadvertent underprocessing
Sterilization hold period timer initiated by chamber 
temperature (separate sensor from chart recorder)

Timing of sterilization period

Fault indication To indicate incorrect function of sterilizer

FIGURE 11.4 Schematic diagram of the stages of a dry heat sterilization process.

(°C)
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Tunnel sterilizers rely on passage of the load at a fixed speed on a conveyor
through a heated tunnel. Failure of one or more heating elements within the tunnel
or variation in conveyor speed can compromise the process. Where tunnels feed into
classified areas, the effects of pressure differentials and the resulting airflows into
the tunnel must be considered.

11.4.3 PRODUCT RELEASE

Product release following a dry heat sterilization process in a batch sterilizer requires
complete sterilization records of time and temperature, and evidence that any forced
air circulation systems were fully operational throughout the cycle, in addition to
the general points outlined earlier (see Section 11.2.4).

For tunnel sterilizers, records of temperature, belt speed, and processing times
are required.

11.5 RADIATION STERILIZATION

The use of ionizing radiation is the method of choice for the sterilization of heat-labile
materials that will withstand the high levels of radiation involved. The two methods
currently available use either gamma rays from a radioactive source or accelerated
electrons (beta particles) from an electron beam sterilizer (see Chapter 10). The use
of machine-generated X-rays has been under investigation for sterilization (Saylor
1991) but is now becoming economical for sterilization on a commercial scale.

International and European standards are available that give the requirements
for validation and routine control of sterilization by irradiation (ISO 2006e). These
standards accept two approaches to establishing the dose of radiation that is required
to achieve the preselected sterility assurance level (SAL): selection of a product-
specific dose based on a knowledge of the numbers and resistance to radiation of
the bioburden on product items, and use of a sterilizing dose of 25 kGy with evidence
that this dose will achieve the preselected SAL (Kowalski and Tallentire 1999, 2003:
Kowalski et al. 1999). Methods for establishing product-specific doses are described
in the International Standard ISO 11137-2 (ISO 2006f).

11.5.1 EQUIPMENT

There are two types of plant used for gamma irradiation, batch or continuous; both
have similar source arrangements. Within the irradiation cell an array of cobalt-
60 rods (or caesium-137) is contained in a deep pit filled with water to a depth of
about four m. In a continuous process, the cobalt source is raised from the water
and product passes into the cell along a conveyor that tracks a zigzag path around
the cell to ensure all sides of the load receive equal exposure. The dose delivered
to the load is dependent on source strength and exposure time. A typical dwell
time may be up to 12 h. In a batch process, the load is manually placed in a static
position in the cell before the source is raised. In this batch approach, some
variation will exist in the dose absorbed by product items in different locations
within the load.
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The basic principle of an electron beam sterilizer is that electrons from a hot
filament or cathode source are emitted into a vacuum, accelerated by passage
through high-voltage electrodes, and concentrated into a beam. The maximum
energy for sterilizing is around 10 MeV although some machines operate at 3 to 4
MeV. The product passes on a conveyor under the beam, which scans from side to
side across the product. The dose delivered to the product is determined by the
energy of the electrons, the speed of the conveyor, the width of beam, and the speed
at which it sweeps across the conveyor. As penetrating power is low, particularly
at electron energies of 3 to 4 MeV, the dose received by the product at the bottom
of the container is influenced by its thickness and density. In contrast to gamma
irradiation, the dwell time of product in an electron beam sterilizer is usually only
a few seconds or minutes.

11.5.2 THE PROCESS

For cobalt-60 and a fixed path through the irradiator, the only process variable is
the source exposure time. For a load of given density and a source of given activity,
the time of exposure to the source (dwell time) is adjusted to ensure the minimum
required dose at the lowest dose point. The dose received at any point can be
measured by the use of dosimeters. National standard traceable “red perspex” dosim-
eters such as those prepared by the U.K. Atomic Energy Authority at Harwell give
a reproducible change in absorbance for a given dose of radiation. A calibration
curve of change in absorbance at various irradiation doses is prepared for each batch
of dosimeters. Thereafter the dose delivered to product containers can be determined
after irradiation. Each batch of product should routinely contain at least two dosim-
eters in the first and last container in the batch located at a point which can be related
to the minimum dose position by the validation data.

Routine control of a gamma irradiator is relatively straightforward. A chart record
should show the position of the source (up or down) and the product dwell time.

Electron beam sterilizers are more difficult to control, as several factors affect
the dose received by the product. These factors are electron voltage, beam current,
width of the beam scan, conveyor speed, and product density. Dose to product is
monitored with dosimeters, usually in the form of radiochromic dye film, and
delivered dose is determined using a colorimeter. Routine controls on an electron
beam sterilizer consist of continuous measurement of the characteristics of the beam
and the conveyor speed (ISO 2006e).

The dose delivered to each batch of product must be determined by whichever
method of irradiation is used. Color change monitors are attached to each container
of product to indicate that it has been processed and products arriving at the irradi-
ation facility are physically segregated from processed goods. For products sterilized
by a contractor, all the above will be carried out by the contractor, who provides
documentary evidence of the dose delivered to the product. The manufacturer may
supply product boxes containing dosimeters to be returned with the load but such
monitoring is problematical because it introduces a number of variables, particularly
the temperature and times under which the dosimeters are stored and transported
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between irradiation and assessment. These will influence the dosimetric system; such
monitoring, therefore, is of little value in practice (ISO 2006g).

11.5.3 PRODUCT RELEASE

Following an irradiation sterilization process, evidence that the required dose has
been delivered to the product must be available in addition to the general points for
product release discussed earlier (see Section 11.2.4). Evidence of dose delivered
may be the actual dosimeter results or a certificate giving the dose delivered.

11.6 GASEOUS STERILIZATION

Many chemicals that can be generated in a gaseous phase have microbicidal activity
including ethylene oxide (Phillips and Kaye 1949), formaldehyde (Nordgren 1939),
propylene oxide (Bruch 1961), methyl bromide (Kolb and Schneiter 1950), betapropi-
olactone (Allen and Murphy 1960), peracetic acid (Portner and Hoffman 1968), chlo-
rine dioxide (Knapp et al. 1986), and ozone (Hoffman 1971) (see Chapter 10). The
use of all these agents as sterilants or disinfectants has been proposed at some time
but ethylene oxide is the most widely used gaseous sterilant in the medical device and
pharmaceutical industry (Hoxey 1989). Formaldehyde gas has been used for fumiga-
tion in a number of areas (Ackland et al. 1980), and gaseous formaldehyde has been
combined with steam at subatmospheric pressure in the low temperature steam and
formaldehyde (LTSF) sterilization process used in hospitals in Northern Europe for
processing multiple-use, heat-sensitive items (Hoxey 1991). More recently, sterilization
methods employing oxidizing agents have been available. The most widespread of
these methods has been the use of gas plasma (see Chapter 10 and Section 11.6.3).

This section will consider only ethylene oxide, LTSF, and gas plasma. Other
methods will be discussed in the later section on emerging sterilization technologies
(see Section 11.9).

11.6.1 ETHYLENE OXIDE

Ethylene oxide gas is used to sterilize heat-sensitive materials, principally plastics, that
will not withstand irradiation. There is no standard set of conditions for ethylene oxide
sterilization. Each cycle in use is individually developed and microbiologically vali-
dated for the particular product to be sterilized (ISO 2006h,i). These standards are in
the process of being revised. The effectiveness of the process is affected by a number
of variables including time of exposure, temperature, humidity, gas concentration and
pressure, gas penetration and distribution, and all must be carefully controlled (Hoxey
1989). The range of conditions in use is illustrated in Table 11.7.

Ethylene oxide sterilization cycles in current use vary enormously because each
product presents distinct problems for cycle development. Although the interrela-
tionship of factors that affect microbial inactivation by ethylene oxide have been
extensively studied (reviewed by Hoffman 1971, Russell 1982), the product charac-
teristics constrain the choice of conditions used such that an optimum cycle suitable
for any product does not exist.
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Ethylene oxide is flammable and toxic and its use is controlled to protect the
health and safety of workers. For example, the Health and Safety Executive has set
the maximum exposure level to ethylene oxide in the United Kingdom at a time-
weighted average over 8 h of 5 ppm (Health and Safety Executive 1996). The
operation of an ethylene oxide sterilization process requires specialist knowledge
and preferably microbiological facilities at the site of the operation.

11.6.1.1 Equipment

A European Standard specification for ethylene oxide sterilizers, EN 1422, has been
published (CEN 1997b). A basic summary of equipment features for a sterilizer
utilizing ethylene oxide is given in Table 11.8.

Ethylene oxide gas may be supplied to a sterilizer either as the pure gas or
mixed with an inert diluent such as a hydrochlorofluorocarbon, carbon dioxide, or
nitrogen. Chlorofluorocarbons (CFCs) were employed as a diluent for many years
but have been removed because of their adverse effects on the environment
(Jorkasky 1993). Hydrochlorofluorocarbons (HCFCs) have been introduced as a
short-term replacement but these will have to be phased out in turn by 2020
(Commission of the European Communities 1994, UNEP 2002).

Supplies of ethylene oxide should be purchased to comply with a formal spec-
ification agreed with an appropriate supplier. Ethylene oxide should be treated as
any other raw material and undergo documented incoming inspection. A certificate
of analysis, which may be provided by the gas supplier, should be available for each
batch of sterilant and this should demonstrate conformance with the purchasing
specification.

11.6.1.2 The Process

The principal stages of an ethylene oxide sterilization cycle are illustrated in Figure 11.5.
The development of an ethylene oxide sterilization cycle allows selection of a

suitable combination of factors including ethylene oxide gas supply (pure or mixed
with an inert carrier gas), ethylene oxide concentration, temperature, pressure

TABLE 11.7
The Range of Conditions Used for Ethylene Oxide 
Sterilization

Factor Conditions

Concentration of ethylene oxide 250–1500 mg.L–1

Temperature 30–65°C
Exposure time 1–30 h
Humidity 30–95%

Source: From Hoxey, E.V. (1989). In Proceedings of the Eucomed Confer-
ence on Ethylene Oxide Sterilization. April 21–22, 1989, Paris. Eucomed,
Brussels, pp. 25–32. With permission.
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TABLE 11.8
Features of Ethylene Oxide Sterilizers

Feature Rationale

Prechamber humidification with temperature 
control and steam injection

To increase efficacy of process and reduce cycle time in the 
chamber

Automatically controlled sterilization process To avoid variations between cycles inherent in manual 
control

Evacuation cycle To remove air and ensure penetration of ethylene oxide
In-chamber humidification by steam injection To replace moisture removed by evacuation stage of cycle
Jacketed chamber To control cycle temperature
Time–temperature, pressure, and humidity 
recorders, separate to sterilizer controller

To provide independent batch process history

Over temperature cutout To protect product
Heated gas vaporizer To prevent admission of liquid ethylene oxide to sterilizer 

chamber
Cycle counter Maintenance records (batch records)
Forced gas circulation in chamber To minimize variations in conditions throughout sterilizer 

chamber
Thermocouple inlet Validation purposes
Door lock and noninterruptable cycle Product and operator protection
Ethylene oxide concentration in chamber con-
trolled by pressure rise; independent monitor 
system such as weight loss from gas cylinder 
for in-chamber concentration measurement

Check of in-chamber concentration

Fault indication system To indicate incorrect functioning of sterilizer
Degassing area with forced circulation and 
exhaust to safe place

To reduce sterilant residues in product and increase operator 
safety

FIGURE 11.5 Schematic diagram of the stages of an ethylene oxide sterilization cycle, using
100% ethylene oxide.
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(dependent on required gas concentration and type of gas mixture used), humidity,
exposure time, preconditioning, and degassing conditions. Once the process has been
selected and validated, the variables within the cycle that have to be controlled and
monitored are temperature, pressure, relative humidity, gas concentration, exposure
time, load configuration, and load density.

Each sterilization cycle may be monitored by including biological indicators in
each sterilizer load (ISO 1996a; see also Chapter 12). These are generally spores of
Bacillus subtilis var. niger deposited onto a suitable carrier material (Dadd et al.
1983). Specifications for these monitors are available (ISO 2006h,i). Biological
indicators should be distributed throughout the sterilizer load prior to any prehumid-
ification and removed as soon as possible after the sterilization process. Positioning
of biological indicators should be determined on the basis of the validation studies
and include those sites found most difficult to sterilize. The recommended number
of biological indicators per sterilizer load is a minimum of ten indicators for steril-
izers with a capacity up to 5000 l, with additional indicators added for larger
chambers (ISO 2006b).

Alternatively, a system of parametric release is accepted provided that all the
parameters of the process are monitored directly, and that the validation has generated
knowledge of the microbial inactivation kinetics of the set of conditions being
employed (CEN 1994a, ISO 1994b).

11.6.1.3 Product Release

In addition to the general points described earlier (Section 11.2.4), the following
release data are required for a product sterilized by an ethylene oxide process:

• Preconditioning records (time, temperature, relative humidity)
• Time elapsed between preconditioning and sterilization
• Sterilization cycle records (time, temperature, pressure, relative humidity,

measure of gas concentration, e.g., weight of gas used)
• Incoming inspection records of ethylene oxide supply
• Results of biological indicator incubation
• Degassing records (time, temperature)

11.6.2 LOW TEMPERATURE STEAM AND FORMALDEHYDE 

The LTSF process generally operates in the temperature range between 70 and
80°C with a formaldehyde concentration of approximately 14 mg.L–1 of chamber
volume. Like ethylene oxide, formaldehyde is a toxic gas and maximum exposure
levels in air have been established in the United Kingdom by the Health and Safety
Executive at a time-weighted average over 8 h of 2 ppm (Health and Safety
Executive 1996).

11.6.2.1 Equipment

An LTSF sterilizer can, in some ways, be considered as similar to a porous load steam
sterilizer but operating at subatmospheric pressure with injection of formaldehyde gas.
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A European Standard specification (CEN 2003) and an international standard spec-
ifying safety requirements for sterilizers using toxic gases is also applicable to these
sterilizers (IEC 2005). A steam supply of suitable quality is important to the satis-
factory operation of a LTSF sterilizer for the same reasons as it is critical in porous
load sterilizers (see Section 11.3.1.1).

11.6.2.2 The Process

The features of an LTSF sterilization cycle are illustrated in Figure 11.6. The cycle
consists of a series of pulses in which formaldehyde is admitted to the evacuated
chamber and allowed to diffuse through the load for approximately 2 min. This is
followed by an injection of steam to the operating temperature and reevacuation.
These stages are repeated to produce up to 20 pulses, which may be followed by a
hold period (Hoxey 1991). The value of the hold period has been questioned as the
chamber formaldehyde concentration decreases rapidly in static conditions due to
polymerization and dissolution (Marcos and Wiseman 1979). Aeration prior to cycle
completion is achieved by a series of pulses in which air admission through a
bacteria-retentive filter is alternated with evacuation of the chamber.

The variables within an LTSF cycle are the same as the variables within an
ethylene oxide sterilization cycle (Hoxey et al. 1984). Temperature, formaldehyde
concentration and pressure, and sterilant penetration and distribution all affect the
efficacy of the process. Humidity also affects the rate of microbial inactivation by
gaseous formaldehyde (Nordgren 1939) but in the LTSF process a constant high
humidity is provided by the steam injection.

The physical conditions in each sterilization cycle should be monitored and
recorded. In addition, each sterilizer load should contain a biological indicator. To
test gas penetration, this is placed in a Line-Pickerill helix (Line and Pickerill 1973):
a stainless steel tube in a helical configuration attached to a small chamber into

FIGURE 11.6 Schematic diagram of the stages of a low temperature steam and formaldehyde
sterilization cycle.
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which the biological indicator is placed. The length-bore ratio of the tube makes the
helix a rigorous challenge to the process. The biological indicator generally com-
prises spores of Bacillus stearothermophilus deposited onto a suitable carrier mate-
rial. These should comply with the general requirements for biological indicators
(ISO 2006h,j).

11.6.2.3 Product Release

In addition to the general points described earlier (see Section 11.2.4), the release
of product following LTSF sterilization requires the following:

• Sterilization cycle records (time, temperature, pressure)
• Results of biological indicator incubation
• Records to confirm that validated degassing procedures have been fol-

lowed

11.6.3 GAS PLASMA

Gas plasmas are a mixture of ions, free radicals, electrons, and neutral species (see
Chapter 10). For sterilization processes, gas plasmas are created in a sealed chamber
under vacuum using radio frequency or microwave energy to generate an electric or
magnetic field to cause ionization and accelerate the resultant particles.

A gas plasma sterilization system was first patented for the sterilization of vials
in 1968 (Menashi 1968). A later patent introduced the idea of “seeded plasma”
employing a combination of gas plasma and aldehydes (Gut Boucher 1980). Two
systems are available for the sterilization of instruments in a health-care setting; the
more widely used system employs hydrogen peroxide to seed gas plasma in a
chamber (Addy 1991). The other commercially available system uses secondary
plasma seeded with peracetic acid that flows into an evacuated sterilization chamber
(Caputo et al. 1993). Gas plasmas are suitable for sterilizing items that will not
withstand elevated temperatures and are seen as alternatives to ethylene oxide, LTSF,
and liquid chemical sterilants. The process is not compatible with cellulosic mate-
rials, including cellulose packaging materials.

11.6.3.1 Equipment

There are no standards available specifically for gas plasma sterilizers but there is
a general standard specifying safety requirements for sterilizers using toxic gases
that would be applicable to this type of sterilizer (IEC 2005).

11.6.3.2 The Process

Figure 11.7 illustrates a typical sterilization cycle for a gas plasma system seeded
with hydrogen peroxide. The cycle comprises air removal, hydrogen peroxide injec-
tion, diffusion, gas plasma, and aeration.

The process operates at a deep vacuum, being evacuated to 0.3 mbar (30 Pa)
initially. The initial evacuation can be prolonged, up to 20 min, and depends upon
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the level of moisture in the chamber and load. Excessive amounts of moisture can
prevent the required vacuum being achieved and cause the cycle to abort. Following
evacuation, hydrogen peroxide is admitted through a vaporizer into the sterilization
chamber and allowed to diffuse throughout the chamber and load. Plasma is unable
to penetrate long, narrow lumens and adaptors are available that inject the hydrogen
peroxide directly into such lumens. Radio frequency energy is applied to generate
the plasma within the chamber and load. Following the plasma stage, the chamber is
flushed with air and returned to atmospheric pressure by the introduction of filtered air.

There are no standards for the validation or for routine control of gas plasma
sterilization; therefore, a routine control protocol would have to be established for
a particular application based on first principles. There is a general standard that can
be applied to all processes for which particular standards are not available (ISO in
preparation). The physical parameters of the process should be monitored: pressure,
temperature, admission of the specified quantity of seed gas, plasma initiation, and
the duration of each stage of the cycle. Additionally, monitoring of the process should
include the use of biological indicators complying with the general requirements
(ISO 1994d, CEN 1997j) but there is no particular standard laying down specific
requirements for biological indicators for gas plasma sterilization.

11.6.3.3 Product Release

In addition to the general points described earlier (see Section 11.2.4), the release
of product following gas plasma sterilization requires the following:

• Sterilization cycle records (time, temperature, pressure)
• Evidence of admission of seed gas

FIGURE 11.7 Schematic diagram of the stages of a hydrogen peroxide gas plasma steriliza-
tion cycle.
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• Evidence of plasma initiation
• Results of biological indicator incubation

11.7 FILTRATION STERILIZATION

Filtration has a number of fundamental differences when compared to other steril-
ization processes. Unlike the other methods described in this chapter, filtration
physically removes organisms from the process stream rather than inactivating them
in situ. Thus the process cannot take place in the final container and is therefore not
a terminal sterilization step, meaning that further aseptic processing has to take place.
This can potentially compromise product sterility. Very high levels of microbial
retention can be demonstrated during filtration, but final product sterility is dependent
on subsequent aseptic processing, which is variable and difficult to quantify. Care
must be taken when using such terms as “sterility assurance level” for filter-sterilized
products (ISO 2003c, Chapters 10 and 12).

Filter sterilization remains the method of choice only for products that cannot
be terminally sterilized (British Pharmacopoeia 2004). The selection of an aseptic
filling process, when the solution can be terminally sterilized, is not readily accept-
able to regulatory authorities [Committee for Proprietary Medicinal Products
(CPMP) 1996, 1998]. However, there has been much debate about consideration of
the whole product design. A solution that itself can withstand terminal sterilization
and be developed into a pack that confers significant clinical advantage may be a
case for filter sterilization and aseptic processing.

The requirements for aseptic filling of pharmaceuticals are beyond the scope
of this chapter, which will concentrate only on the use of filters to sterilize liquids
and gases. Much has been published on the mechanisms of filtration sterilization
and has been reviewed by Meltzer (1986) and Johnston (1992). Details of the
validation requirements for sterilization by filtration are covered in Errico (1986),
and Olson (1987).

It is currently generally accepted that filters for the sterilization of pharmaceutical
products should have a nominal rated pore size of 0.22 µm or less, or have at least
equivalent microorganism retaining properties (Commission of the European Com-
munities 2004). It should be noted, however, that some organisms naturally occurring
in water supplies or cultured under specific conditions have been reported to pass
through 0.2-µm filters over extended time periods (Wallhaeusser 1979, Howard and
Duberstein 1980, Leo et al. 1997). Filters with pore size ratings of 0.1 µm are
commercially available but there is no universally recognized performance standard
for these filters (Lindenblatt et al. 2002).

Unlike sterilization by steam, dry heat, or irradiation, there are no specific stan-
dards for sterilization by filtration. The current universally adopted requirement for
a sterilizing filter is that a minimum challenge of 107 Brevundimonas diminuta (for-
merly Pseudomonas diminuta) per square centimeter of filter surface should be
retained with no passage into the effluent (Health Industry Manufacturers Association
1982, U.S. Food and Drug Administration 2004, British Pharmacopoeia 2005). A
challenge methodology is given in ASTM F838-83 (American Society for Testing
and Materials 1983). The Parenteral Drug Association (1998) has prepared a technical
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report on sterilizing filtration of liquids, which covers operation, selection, validation,
bacterial retention, integrity testing, and sterilization of filters.

If the process stream has a low bioburden there is a very low probability that a
filter will pass organisms because of the level of challenge. Nevertheless, current
European Communities guidance (Commission of the European Communities 2004)
is that the same filter should not be used for more than one working day unless such
use has been validated, presumably due to the risk of microbial passage either by
overchallenge or grow-through. Additionally this guidance suggests that a second filter,
placed as close as possible to the point of fill, may be advisable to increase protection.

11.7.1 EQUIPMENT

A range of types of filter materials and configurations are available for liquids and
gases (Denyer and Hodges 2004). Most of the major filter manufacturers offer
technical services and prospective users are advised to discuss particular process
requirements with them.

The essential features of the filter medium and filtration equipment are given in
Table 11.9. Filtration equipment and downstream systems must be readily steriliz-
able, preferably in place, and must be designed so that they may be maintained in
a clean condition.

11.7.2 THE PROCESS

The rate of filtration is dependent upon the viscosity of the fluid being filtered, the
pore size of the filter medium, the surface area of the filter, and the pressure differential

TABLE 11.9
Features of Filter Media and Equipment used for Filtration Sterilization

Feature Rationale

Filter Medium
Acceptable flow rate Product must flow through the filter at an acceptable rate within pressure 

drop limitations.
Biological capacity Filter must retain a challenge of 107 Brevundimonas diminuta per square 

centimeter of filter surface area under simulated use conditions.
Strength Filter must be capable of steam sterilization without exceeding the 

specified differential pressure.
Inertness Filter must not shed particles or leach substances into the process flow.
Sorption Filter must not sorb substances from the product.

Filtration Equipment
Steam sterilizable in place This avoids the need for aseptic assembly or presterilized equipment.
In situ integrity testing Filters must be tested after sterilization and before use, and after use. This 

prevents expensive processing through incorrectly fitted or damaged filters 
and confirms that filter integrity was maintained throughout the process.

Equipment can be easily
and effectively cleaned

As product contact occurs, all process equipment must be cleanable.
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across the filter. It is therefore vitally important that these aspects are considered
during process development and scale-up procedure.

In order to limit microbial growth prior to filtration, a maximum time should be
specified between solution preparation and filtration. Ideally product should be filled
into final containers and sealed immediately following filtration.

Filtration processes should be reproducible, and therefore, pressure differentials
across the filter and the time taken to complete the filtration should be measured
against values determined at validation. GPMP requires that these values be recorded
in the batch record (Commission of the European Communities 2004).

The integrity of the filter should be checked before and after use. Postuse
checking alone is not considered sufficient because, in theory, a filter that was
originally passing organisms may become sufficiently blocked to pass a subsequent
test. The filter system with the filter cartridge in situ must be tested and not the filter
cartridge in isolation, as most problems occur with incorrect fitting in the housing.
A number of different integrity testing methods are available including bubble point,
diffusive flow, and pressure hold (Errico 1986, Meltzer 1986, Johnston 1992,
Parenteral Drug Association 1998). Most major manufacturers produce automatic
integrity testing equipment for their filters and provide technical support in validation
of specific applications. This validation leads to an integrity test value specific to
each product–filter combination. In situ integrity testing of hydrophobic filters for
gas sterilization may be carried out by water intrusion testing (Jaenchen et al. 1997).

11.7.3 PRODUCT RELEASE

In addition to the general requirements for compliance with documented procedures
(see Section 11.2.4), the following are required for product release following ster-
ilization by filtration:

• Identification of the filter used (filter manufacturer’s batch and serial
number must be traceable)

• Sterilization details for the filtration system
• Pre- and postfiltration integrity test details
• Pressure differential and filtration time records
• Prefiltration bioburden data
• Record of acceptable holding time for the bulk solution presterilization

These details refer only to the filtration process; the additional requirements for
aseptic processing are outside the scope of this section (see Chapter 6).

11.8 LIQUID CHEMICAL STERILANTS

Liquid chemicals, predominantly alkylating agents such as glutaraldehyde or form-
aldehyde solutions, are used as a last resort to sterilize items that cannot be processed
in any other way. For example, prostheses made from material of animal origin
(heart valves, vascular prostheses and tissue patches) (Bruch 1991) and complex
items of medical equipment such as flexible fiber-optic endoscopes may be sterilized
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in this way. For processing endoscopes, 2% glutaraldehyde solution is the most
commonly used sterilant, but other chemicals such as formaldehyde or succinalde-
hyde alone or in combination with phenates or alcohols may also be employed
(Medical Devices Agency 1996b). The effectiveness of the process will be affected
by chemical concentration and temperature (Russell 1982) and these factors should
be controlled.

Because these chemicals are toxic, their use must be carefully regulated. Max-
imum atmospheric exposure limits for formaldehyde have been set in the United
Kingdom at a time-weighted average over 8 h of 2 ppm (Health and Safety Executive
1996). The approved occupational exposure standard for atmospheric glutaraldehyde
over the same period is 0.2 ppm (Health and Safety Executive 1996). Incidents of
allergic responses in personnel exposed to liquid chemical sterilants and their vapors
have been reported (Ballantyne and Berman 1984, Corrado et al. 1986).

The use of liquid chemical sterilants for reprocessing medical equipment in
clinical areas is not considered further in this chapter. For further information see,
for example, Ayliffe and Babb (1999), Medical Devices Agency (1996b).

11.8.1 EQUIPMENT

The equipment requirements for liquid chemical sterilization are essentially simple:
a closed container to hold the solution and product and a means to control and
monitor the temperature of exposure.

11.8.2 THE PROCESS

The main variables in a liquid chemical sterilization process that must be controlled
and monitored are time, concentration, and temperature. In addition, the pH of
glutaraldehyde solutions affects their microbicidal efficacy (reviewed by Russell
1982). The sterilant solution must be carefully prepared and the concentration of
active ingredient is generally determined by assay, as is the pH. Solutions are often
sterilized by filtration prior to use to reduce the microbial challenge. Additionally,
liquid chemical sterilization processes are generally monitored using biological
indicators. However, these indicators are not exposed to the sterilant alongside the
device being processed, but are used instead to test the solution after the device has
been removed. Furthermore, a sterility test is often performed on samples of product
or on some simulator that has been exposed to treatment identical to the product
(ISO 1998).

11.8.3 PRODUCT RELEASE

In addition to the general requirements (see Section 11.2.4), the following informa-
tion is required to release a product as sterile following a liquid sterilization process:

• Records of manufacture and test of sterilant solution (including records
of preparation of the solution, assay results, pH, records of sterilant fil-
tration)

• Records of sterilization conditions (temperature, time)
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• Details of sterilization of packaging components
• Environmental monitoring data of area used for aseptic packaging
• Sterility test results

11.9 EMERGING STERILIZATION TECHNOLOGIES

Consideration of Table 11.1 shows that no single sterilization method satisfies all
the criteria of an ideal process. Although steam sterilization is accepted as the method
of choice because it comes closest to meeting the ideal criteria, investigations into
alternatives continue, particularly alternatives to chemical sterilants (either gaseous
or liquid). Current interest centers on materials that can be used in the vapor phase
but which will break down to form nontoxic residues. Such developments are
academically interesting but present many problems in routine use. The regulatory
requirements for novel sterilization methods are not determined and use of estab-
lished technologies remains the most straightforward route to product acceptance.

A potential user of a new method for sterilization would be expected to dem-
onstrate the following (ISO 2000a):

• That established methods of sterilization are not practicable or that the
new method demonstrates a clear advantage over established methods

• The effectiveness of the proposed method against a range of micro-
organisms

• The range and number of microorganisms likely to contaminate the product
and activity of the proposed sterilization method against these organisms

• The critical variables of the process and their means of control
• Reproducibility of effectiveness for the proposed sterilization method
• The critical variables attained with physical records
• An appropriate standard organism for biological monitoring

11.9.1 CHLORINE DIOXIDE

The microbicidal properties of chlorine dioxide have long been recognized in use
for the treatment of water supplies in Europe from the 1850s (Jeng and Woodworth
1990) but the sporicidal activity of chlorine dioxide in gaseous form was demon-
strated only relatively recently (Orcutt et al. 1981).

A system for sterilizing medical devices using gaseous chlorine dioxide has been
developed. Typically, it operates at ambient temperature (25 to 30°C) and a relative
humidity of 70 to 90%. Chlorine dioxide is generated in situ from sodium chlorite
and chlorine gas in a nitrogen carrier. Gaseous chlorine dioxide is then drawn into
an evacuated chamber to the pressure required to achieve the required concentration
of sterilant (in the range 10 to 50 mg.L–1). The conditions are maintained for the
required time (between 3 min and 2 h) with additions of further chlorine dioxide to
maintain the concentration. The cycle is concluded by evacuation of the chamber
and the exhaust gas is passed through a chemical column to absorb chlorine dioxide
(Sintim-Damoa 1993).
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There are no standards specifying requirements for chlorine dioxide sterilization
at present but a general standard that can be applied to all processes has been prepared
(ISO 2000a). Additionally, monitoring of the process should include the use of
biological indicators complying with the general requirements for such indicators
(ISO 2006h), but there is no particular standard laying down requirements specifi-
cally for biological indicators for chlorine dioxide sterilization (Allison 1998).
Spores of Bacillus subtilis var. niger have been used as biological indicators for
process monitoring.

11.9.2 OZONE

Like chlorine dioxide (see Section 11.9.1), ozone has been used extensively for the
treatment of domestic water supplies (Symonds 1980). Ozone is used in the phar-
maceutical industry for the treatment of deionized water systems and two types of
sterilizers for use in health-care facilities have been reported (Karlson 1989, Stod-
dart 1989).

In the first system (Karlson 1989), ozone is generated from oxygen and used to
displace air from the sterilizer chamber. Ozone is then passed continuously through
the chamber for a defined period, after which the generation of ozone is terminated
and oxygen admitted to flush the chamber.

The second system (Stoddart 1989) delivers ozone at a concentration of 10 to
12%. The sterilization cycle operates under vacuum and has a total cycle time of 30
to 60 min.

There are no standards specifying requirements for ozone sterilization at present
but a general standard that can be applied to all processes has been prepared (ISO
2000a). Additionally, monitoring of the process should include the use of biological
indicators complying with the general requirements for such indicators (ISO 2006h),
but there is no particular standard laying down requirements specifically for biolog-
ical indicators for ozone sterilization (Allison 1998).

11.9.3 PERACETIC ACID

Peracetic acid is formed by the reaction between hydrogen peroxide and acetic acid
and exists as an equilibrium mixture of peracetic acid, acetic acid, hydrogen peroxide,
and water. Hence systems using peracetic acid inevitably also have hydrogen per-
oxide present as well. Peracetic acid has been applied as a sterilizing agent in solution
(Malchesky 1993) and in the vapor phase, either as a seed gas for a gas plasma (see
Section 11.6.3) or used to sterilize isolators and other enclosed spaces (Davenport
1989). The practical application of peracetic acid has been limited by its corrosive
nature (Portner and Hoffman 1968, Malchesky 1993).

There are no standards specifying requirements for peracetic acid sterilization
at present but a general standard that can be applied to all processes has been prepared
(ISO 2000a). Additionally, monitoring of the process should include the use of
biological indicators complying with the general requirements for such indicators
(ISO 2006h), but there is no particular standard laying down requirements specifi-
cally for biological indicators for peracetic acid sterilization (Allison 1998). Spores
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of Bacillus subtilis var. niger have been used as biological indicators for process
monitoring.

11.9.4 VAPOR PHASE HYDROGEN PEROXIDE

The microbicidal properties of hydrogen peroxide have long been recognized and it
has been employed in the food industry since 1915 (Schlumb et al. 1955). Synergistic
effects between hydrogen peroxide and UV light have been reported and attributed
to the formation of reactive hydroxyl radicals (Bayliss and Waites 1979a, 1979b).

More recent applications for sterilization in the pharmaceutical and medical
devices industries have been as a seed gas for gas plasma systems (see section 11.6.3)
and in the vapor phase hydrogen peroxide (VPHP) process (Klapes and Vesley 1990).

VPHP has been developed in three modes: (1) a “deep vacuum” system using
an evacuated chamber, (2) a “flow-through” system in which the hydrogen peroxide
is delivered in a stream of filtered air acting as a carrier gas, and (3) a combination
of these two for items of equipment that can act as their own chambers, such as
freeze-driers and isolators.

The VPHP deep vacuum process employs a vacuum to pull a 30% solution of
hydrogen peroxide through a heated vaporizer into the sterilizer chamber. The pro-
cess operates at 55 to 60°C and the cycle time is approximately 90 min. Both the
flow-through and combined approaches use a portable generator to vaporize a 30%
hydrogen peroxide solution. In the flow-through approach, a continuous stream of
hydrogen peroxide in a carrier gas, usually filtered air, is admitted into the enclosed
space to be sterilized. In the combined approach, the equipment to be sterilized is
evacuated, vaporized hydrogen peroxide admitted, followed by controlled admission
of a small volume of air; further admissions of hydrogen peroxide and air are made
at defined intervals.

VPHP has been proposed for the sterilization of medical devices, such as endo-
scopes, for decontaminating equipment for aseptic processing (e.g., isolators, pipe-
work, freeze-driers) and for the decontamination of contaminated equipment, such
as centrifuges and safety cabinets (Rickloff and Graham 1989). However, it cannot
be used with cellulosic materials, including paper-based packaging, and some dam-
age has been reported with nylon, certain anodized aluminum surfaces, and some
epoxides (Rutala and Weber 1996).

There are no standards specifying requirements for VPHP sterilization at present
but a general standard that can be applied to all processes has been prepared (ISO
2000a). Additionally, monitoring of the process should include the use of biological
indicators complying with the general requirements for such indicators (ISO 2006h),
but there is no particular standard laying down requirements specifically for biolog-
ical indicators for VPHP sterilization (Allison 1998). Spores of Bacillus stearother-
mophilus have been used as biological indicators for process monitoring.

11.9.5 PULSED LIGHT

Broad spectrum white light in very high intensity short duration pulses is being
developed as a means of sterilizing solutions in their final containers (Dunn et al.
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1997). The technology is being developed specifically for the in-line sterilization of
solutions in polyethylene containers produced by the blow-fill-seal (BFS) process.

The process generates pulses of light of nonionizing wavelengths from the
ultraviolet through the visible to the infrared that are approximately 20,000 times
more intense than sunlight. The antimicrobial properties are attributed to the high
percentage of UV output (∼20%) and the very high intensity. A small number of
pulses, approximately 10 to 20, have been demonstrated to give high levels of kill
against Bacillus pumilus, B. stearothermophilus, B. subtilis endospores, and
Aspergillus niger conidiospores, when inoculated into water for injection in BFS
containers (Dunn et al. 1997).

The advantage of this technology is that the temperature of the product is not
significantly affected during sterilization. The pulsed light obviously requires access
to the bioburden to be effective, and therefore, translucent containers and clear
solutions are required although the technology may also be applicable to air, water,
and surface sterilization.

There are no standards specifying requirements for pulsed light sterilization at
present but a general standard that can be applied to all processes has been prepared
(ISO 2000a). Additionally, monitoring of the process should include the use of
biological indicators complying with the general requirements for such indicators
(ISO 2006h), but there is no particular standard laying down requirements specifically
for biological indicators for pulsed light sterilization (Allison 1998).

11.9.6 MICROWAVES

The use of microwave heating has been proposed for the sterilization of empty vials
(Lohmann and Manique 1986) and hydrophilic contact lenses (Rohrer et al. 1986).
The perceived advantage in microwave sterilization is that there may be a more
intensive heating of organic materials such as microorganisms than the product to
be sterilized, dependent upon the construction materials of the product (Lohmann
and Manique 1986).

Microwaves have been reported as being used in equipment for in-line steriliza-
tion of solutions in glass ampoules (Sasaki et al. 1996). The process uses microwaves
to generate heat within the solution. The effect of microwaves is to polarize the
dielectric in the solution. When polarized, all the electron pairs align in the direction
of the electric field produced by the microwave. By reversing the field, the alignment
is also reversed and polar molecules can be made to oscillate. This molecular
oscillation causes friction, thus generating heat. The major advantage of this process
is that it can be used in-line rather than the traditional batch processing of steam
sterilization and, because high temperatures are achieved extremely rapidly, this
technology may also be applicable to heat-labile products where a short sterilization
time could be employed.

It should be noted that in this process, each ampoule is sterilized separately. The
validation approach that has been taken is therefore more akin to aseptic processing
using a large number of media-filled ampoules inoculated with B. stearothermophilus
spores. The ampoules are processed and incubated to demonstrate the effectiveness
of the process (Sasaki et al. 1996).
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There are no standards specifying requirements for microwave sterilization at
present but a general standard that can be applied to all processes has been prepared
(ISO 2000a). Additionally, monitoring of the process should include the use of
biological indicators complying with the general requirements for such indicators
(ISO 2006h), but there is no particular standard laying down requirements specifically
for biological indicators for microwave sterilization (Allison 1998). Spores of B.
stearothermophilus have been used as biological indicators for process monitoring.

11.10 CONCLUSION

During the 1970s and 1980s, the focus in sterilization technology was on the opti-
mization of established processes and the preparation of agreed standards for vali-
dation and routine control of these established processes. In the 1990s, further
sterilization technologies began to emerge. Developments have been driven by con-
cerns over sterilant residues in products, environmental and operator safety legisla-
tion, the use of more complex materials, and the increasing application of aseptic
processing, particularly BFS technology. These emerging technologies will require
extensive investigation to establish confidence in their effectiveness and permit the
drafting of standards for their validation and routine control.
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12.1 STERILITY AND ASSURANCE OF STERILITY

Sterility, the absence of any microorganism capable of reproduction, is an absolute
requirement that cannot be compromised. For the purpose of sterility assurance,
however, a maximum acceptable number of unsterile units is usually defined to
describe the required safety of the sterilization process. For pharmaceuticals steril-
ized within their final container, the following definition is given by major pharma-
copoeias, “The procedures and precautions employed are such as to give a sterility
assurance level (SAL) of 10–6 or better” [European Pharmacopoeia (EP) 2006]. The
SAL of a sterilizing process is the degree of assurance with which the process in
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question renders a population of items sterile. “It is generally accepted that terminally
sterilized injectables or critical devices purporting to be sterile, when processed in
the autoclave, attain at least a 10–6 microbial survivor probability” [United States
Pharmacopoeia (USP) 2004].

Such a level of sterility assurance can only be derived from theoretical calculations.
The test for sterility cannot, for statistical reasons, contribute in any significant way to
the assurance of sterility at the required safety level (Spicher and Peters 1975). Three
million units of an article would theoretically have to be tested without any positive
result to demonstrate sterility in 1 × 106 units with 95% confidence (Figure 12.1).

Furthermore, the test for sterility in itself constitutes an added source of error (see
Chapter 8). For testing sterile articles, the protective sealed container has to be penetrated
with the inherent risk of introducing contamination. Retesting procedures are no longer
accepted as a means of determining whether a contaminant detected during a sterility
test resulted from a true lack of sterility or was introduced during the test. Today, any
growth in a sterility test must lead to a full investigation into the possible origin of the
contaminant. The product can only be released if such investigations conclusively show
that the contamination was introduced during the sterility testing procedure.

The reader is referred to the companion Handbook or Bill (2000) for a more
detailed discussion on the practical implications of the sterility test in support of the
sterility assurance system.

In consequence, sterility assurance must be based on validation of the process
rather than on testing of the product. This was stated clearly in the EP (1997):

FIGURE 12.1 Theoretical number of samples required to detect one unsterile unit per 106

units purporting to be sterile. The figure is based on the expression p = 1 – (1 – q)n, where p
is the probability of detection, q is the relative frequency of contaminated units (10–6), and n
is the number of samples used in the test.
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. . . the sterility of a product cannot be guaranteed by testing; it has to be assured by
the application of a suitably validated production process; [. . .] when a fully validated
terminal sterilisation method by steam, dry heat or ionising radiation is used, parametric
release, that is the release of a batch of sterilised items based on process data rather
than on the basis of submitting a sample of the items to sterility testing, may be carried
out, subject to the approval of the competent authority.

A proposal on how to proceed with parametric release, in view of the minimal
contribution of the sterility test to the safety of the released product, was given by
the Parenteral Drug Association (PDA) (1999). This proposal concentrated mainly
on the validation requirements for the sterilization process itself. The European
authorities subsequently clarified their position in that approval of parametric
release by the competent authority was based not only on the sterilization process,
but on the complete manufacturing process [European Commission 2001, European
Agency for the Evaluation of Medicinal Products (EMEA) 2001]. The necessary
preapproval inspection was, therefore, to include not only the sterilization process,
but also environmental monitoring and bioburden testing of the presterilization
intermediate, and in addition, the general good manufacturing practice (GMP)
procedures and the GMP attitude of the applying company [Pharmaceutical Inspec-
tion Cooperation Scheme (PIC/S) 2001a]. In other words, approval of parametric
release in Europe is a procedure that involves the GMP inspectorates (European
Commission 2001), as well as the authorities assessing pharmaceutical registration
dossiers (EMEA 2001).

Although the European rules for parametric release have been clear now for
several years, there have been only limited applications to the competent authorities.
Additional GMP requirements, for example, on the manufacturing environment or
on the control of the presterilization bioburden, are seen by many manufacturers as
an unnecessary and irrational burden on the process of manufacturing sterile products
that are terminally sterilized by an overkill procedure. It remains unclear on the other
hand as to why a manufacturer should be permitted to produce a sterile product by
a procedure that is deficient in GMP, only because the product is tested with the
sterility test. For risk-based consideration of sterile product manufacture and para-
metric release, see Haberer (2004).

12.2 REGULATORY REQUIREMENTS

Validation of sterilization methods today is an absolute requirement in numerous
official texts: “It is essential that the effect of the chosen sterilisation procedure on
the product (including its final container or package) is investigated to ensure effec-
tiveness and the integrity of the product and that the procedure is validated before
being applied in practice” (EP 2006). The current view of the U.S. Food and Drug
Adminstration (FDA) on sterilization process validation and the documentation
thereof was published by the FDA (1994). Submission of data based on this document
is mandatory in drug applications for the U.S. market.

The approach taken toward validation of sterilization processes is significantly
different in Europe, compared with the United States. The EP relies on reference
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overkill conditions as summarized in Table 12.1. Although it is accepted that refer-
ence conditions are effective sterilization conditions, the use of a reference method
does not exempt a pharmaceutical manufacturer from validation of the process.

The expectation of the European authorities is clearly and comprehensively
summarized in the British Pharmacopoeia (2005):

For terminal sterilization it is essential to take into account the non-uniformity of the
physical and, where relevant, chemical conditions within the sterilising chamber. The
location within the sterilising chamber that is least accessible to the sterilising agent
is determined for each loading configuration of each type and size of container or
package (for example the coolest location in an autoclave). The minimum lethality
delivered by the sterilising cycle and the reproducibility of the cycle are also determined
in order to ensure that all loads will consistently receive the specified treatment.

Having established a process, knowledge of its performance in routine use should,
wherever possible, be gained by monitoring and suitably recording the physical and,
where relevant, chemical conditions achieved within the load in the chamber throughout
each sterilising cycle.

European authorities expect that the product should be designed wherever pos-
sible to withstand the application of pharmacopoeial standard sterilization conditions.
This is specifically addressed in the Committee for Proprietary Medicinal Products
(CPMP) note for guidance for development pharmaceutics: “wherever possible all
such products should be terminally sterilised in their final container, using a fully
validated terminal sterilisation method using steam, dry heat or ionising radiation
as described in the European Pharmacopoeia” (EMEA 1998). In a decision tree
published as an annex for this note for guidance (EMEA 1999), this same attitude
was expressed even more strongly. However, with the increased introduction of
sensitive biological pharmaceuticals into the market, this classical approach will not
be so tenable in the future. Since 1997, the EP has included a chapter on the
application of the F0 concept, which allows more flexibility than the simplistic EMEA
decision tree.

TABLE 12.1
European Pharmacopoeia (2006) Sterilization Reference 
Conditions

Procedure Minimum Reference Conditions

Steam sterilization Saturated steam 121°C, 15 min
Dry heat sterilization 160°C, 2 h
Ionizing radiation sterilization 25 kGy

Note: For gaseous sterilization, no standard conditions are defined.

Source: Compiled from European Pharmacopoeia. (2006). European Phar-
macopoeia. 5th ed. Council of Europe, Strasbourg.
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A different position is adopted in the United States. Priority is not only given
to the sterilizing efficacy of a standardized process but also to the minimum destruc-
tion delivered by the sterilization procedure to the product. Hence, far greater weight
is given to product-specific development of sterilization cycles and reference con-
ditions are not a generally accepted approach. Typically, detailed studies on product
compatibility and on the presterilization bioburden in the product are expected. The
microbiological efficacy of the sterilization cycle must be demonstrated in relation
to the bioburden found.

Even though the priorities are different, wherever validation requirements are
given in regulatory texts, the same goals are to be met:

Suitability of the process
• The items must be designed to withstand the process and to maintain the

desired quality.
• The process must be compatible with the items to be sterilized.
• The process must be effective in inactivating or removing all microorgan-

isms to the required safety level.
Uniformity of the process
• All parts of the item to be sterilized must receive the specified minimum

treatment.
• No part must receive a treatment destructive to the item.
Reproducibility of the process
• Measurements and recordings of suitable parameters must fully document

the reproducibility of the process.
• Any conditions rendering the process ineffective must be recognized and

procedures established to prevent the release of product so affected.

12.3 GENERAL PRINCIPLES OF STERILIZATION 
PROCESS VALIDATION

12.3.1 STERILIZATION CYCLE DEVELOPMENT

12.3.1.1 Sterilizing Principle

During the development of a new product intended to be sterile, it is critical that an
optimized sterilization concept is chosen for the product. First it must be decided
which sterilizing principle (steam, dry heat, gas, or ionizing radiation) is best toler-
ated by all components of the intended product, including active ingredients, excip-
ients, and container closure or other primary packaging material. If it can be shown
that none of these principles is tolerated by the product, sterilization by membrane
filtration and subsequent aseptic processing or filling may be considered.

Once the sterilizing principle has been decided upon, the approach toward a
sterilization cycle must be defined. The European authorities expect that first con-
sideration should be given to application of a standard overkill cycle as defined in
the EP (2006). Where feasible, products in development should be designed taking
account of their ability to be sterilized. Where a newly developed sterile product
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formulation cannot tolerate a standard sterilization cycle, reformulation should be
considered.

Standard overkill methods are designed to kill highly resistant test organisms
by at least eight to ten orders of magnitude. For example, Geobacillus stearother-
mophilus (previously Bacillus stearothermophilus) spores in aqueous suspension are
used as an indicator organism. A logarithmic reduction time (D value) of about 1.5
min at 121°C in saturated steam has been experimentally demonstrated. In this case,
after application of standard autoclave conditions of 15 min at 121°C, a reduction
of G. stearothermophilus spores of ten orders of magnitude should be achieved.
Once it has been shown that such conditions are reached in every position of the
load and that the lethality delivered within the product corresponds to the expected
D value, no further biological validation would be required.

The U.S. definition of an overkill cycle was given in the PDA Technical Report
no. 1 (1978) as follows: a cycle that provides more than a 12-log reduction of a
resistant biological indicator with a known D value of not less than a minute. This
approach ensures substantially greater than a 12-log reduction of the bioburden, and
therefore, no further information on the bioburden is required. (PDA Technical
Report No. 1 has been under revision for some time, and there will probably be
more than one definition in the revised document.)

It is confusing that this definition is tied to bioindicators in general but not to a
specific reference preparation. If the U.S. definition is applied, the European refer-
ence condition for steam sterilization would be considered an overkill procedure for
a bioindicator with a D value of 1 min (15-log reduction), but not for a bioindicator
preparation of G. stearothermophilus with a D value of 1.5 min (10-log reduction).
This does not make sense, as neither presterilization bioburden nor cycle effective-
ness is influenced in any way by the choice of bioindicator. G. stearothermophilus
spores with a D121 value of more than 2.5 min are known to exist, and an overkill
process for such a bioindicator would take at least 30 min at 121°C. As the bioburden
of the product has nothing to do with the bioindicator chosen, it would be much
more reasonable to define a standard D0

121 value as a D121 value of 1 min and define
an overkill cycle as any cycle equivalent to inactivate at least 12 logs of the theoretical
D0

121 bioindicator in or on the product to be sterilized. An alternative way of stating
this is that an overkill sterilization process should have a F0 of at least 12 min. In
order to verify cycle effectiveness, any biological indicator can be used that has a
sufficiently high D121 value to allow an equivalence calculation.

12.3.1.2 Equivalent Overkill Cycles

An alternative to reformulation of the product may be to choose other time–temper-
ature combinations than the pharmacopoeial standard cycle. Short exposure to a
higher temperature or longer exposure to a lower temperature may deliver equivalent
lethality to microorganisms while being better tolerated by the product. Equivalent
sterilization conditions can only be calculated for a given microorganism with known
D and z values (defined in Chapter 10). Usually, Equation 12.1 is used for equivalence
calculations:
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(12.1)

where F = effectiveness, T = process temperature, z = temperature difference leading
to a tenfold change in the D value.

A range of D and z values have been described for resistant spores of G.
stearothermophilus (e.g., Pflug 1995, Russell 1999). For resistant spores in aqueous
solution, usually a z value of 10°C is assumed for equivalence calculations. For G.
stearothermophilus with a z value of 10°C and an inactivation of 10-log orders within
15 min at 121°C (D value of 1.5 min), an equivalence calculation for 116°C would
be as follows:

(12.2)

12.3.1.3 Bioburden-Based Cycles

Bioburden-based cycles can either be designated bioindicator cycles where the
bioburden is represented by a specifically selected bioindicator, or straight bioburden-
based cycles, where the effectiveness of the sterilization process has to be verified
by actual bioburden determinations for each individual cycle.

12.3.1.3.1 Designated Bioindicator Cycles
For a designated bioindicator, the organism chosen should form endospores that are
at least as resistant as the most resistant forms encountered in the bioburden of the
product to be sterilized. This could be the most resistant organism ever isolated from
the well-characterized bioburden of the product, or another organism that can be
obtained from an official strain collection. During validation studies, it must be
shown that appropriate bioindicator preparations of this organism are inactivated
within the product at the positions most difficult to access by the sterilizing agent.
By assuming that the bioburden found in the product comprises the most resistant
variety, sterility assurance based on a maximum accepted number of bioburden
organisms can be calculated as shown in Table 12.2.

The actual dwell time needed under validated sterilization conditions could be
even shorter, if the effective sterilization time is calculated by summing the sterilizing
effect of the temperatures achieved during heating and cooling of the product. This
is especially important for heat-sensitive liquids sterilized in large volumes. The
mathematical expression used for such calculations is given in Equation 12.3 (see
also Chapter 10).

(12.3)

where t = 0 is the beginning of the sterilization time, and t = x is the end of the
sterilization time.
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Calculations can be based on temperature readouts taken every minute as
described by Patashnik (1953) or else automatic F0 calculators can be used to do
the integration.

Where a designated bioindicator cycle is employed, assurance of sterility must
rely on batch by batch confirmation that the bioburden limit is not exceeded. At
scheduled intervals it should be confirmed that no organisms with higher resistance
than the designated bioindicator are found in the bioburden.

12.3.1.3.2 Direct Bioburden-Based Cycles
If by design of the manufacturing process the presterilization bioburden is kept
consistently and reliably at very low numbers, a direct bioburden-based cycle may
be a possible approach. Prefiltration of a solution to be aseptically filled immediately
prior to steam sterilization would be a typical example. In such a solution, the
bioburden can be reliably kept well below 10 CFU in 100 mL, with a maximum
number of heat-resistant spores well below 1 in 100 mL. For 10 mL units only five
decimal reductions would be required to reach the necessary safety level.

For a direct bioburden-based cycle, the number of viable organisms and the
absence of heat-resistant forms in a predefined volume must be determined for every
batch as essential information for release of the product.

12.4 VALIDATION OF SPECIFIC STERILIZATION 
CYCLES

12.4.1 STERILIZATION BY MOIST HEAT UNDER PRESSURE

Sterilization in an autoclave is generally based upon highly efficient heat transfer
from saturated steam to autoclave load, combined in some cases with a hydrating
effect caused by the condensate that is formed during the process. Heat transfer is
maximum if steam is kept along the phase separation line of the water–steam phase
diagram. Neither unsaturated steam–air mixtures nor overheated steam exhibit the
same favorable conditions (see Chapter 11).

For porous loads where the sterilization effect is achieved by direct steam contact,
steam penetration into every part of the load must be ensured. Validation procedures
to achieve this are described in detail in European Standards EN 554 (1994) and

TABLE 12.2
Sterilization Time for a Design Bioindicator Sterilization Cycle

Bioburden limit in presterilization solution 102 CFU.mL–1

Volume per unit of finished product 10 mL
(= 103 CFU per unit)

Logarithmic inactivation factor needed to achieve a sterility assurance level 
of 106 per unit

9

D value of design bioindicator under the validated sterilization conditions 0.8 min
Sterilization time needed under the validated sterilization conditions 9D = 7.2 min
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EN 285 (1997). The validation in these standards is based upon hospital sterilization
cycles, where stacks of garments have to be reliably sterilized.

It is important, however, to understand that the principle of saturated steam is
deliberately set aside in many autoclaves used in the pharmaceutical industry to
sterilize closed containers such as ampoules, vials, and even prefilled syringes. These
containers usually contain a headspace filled with air or a protective gas. During
sterilization, saturated steam conditions cannot always be reached within the con-
tainers; instead the steam pressure developing from the solution plus the headspace
gas pressure will contribute to an increased internal container pressure. It may,
therefore, be preferable to operate at suboptimal heat transfer capacity and instead
to compensate for the increased container pressure by adding air to the autoclave
(overpressure steam–air mixture) or even to fill the autoclave with water at sterilizing
temperature (see Sections 12.4.2.3 and 12.4.2.4).

The important issue during validation of this type of autoclave cycle is the level
of lethality delivered to resistant microorganisms within the containers. Neither the
degree of steam saturation within the chamber, nor the pressure developed within
the chamber, nor the heat transferred to the containers can give the complete picture
during validation of the cycle. Bioindicator studies are needed to correlate the
physically measured parameters to the delivered lethality. Once this correlation has
been fully established, recording of the temperature transferred to containers in the
established cold spot of the load would theoretically be sufficient to monitor routinely
the correct (and effective) performance of the sterilizer. The actual monitoring
requirements will, however, depend on the type of sterilization cycle chosen.

12.4.2 TYPES OF STEAM STERILIZATION CYCLES

Validation must generally be based on a thorough understanding of the process used.
There are many types of autoclaves and to choose the correct cycle for the intended
product is a critical step during validation. The experiments to be performed during
process validation and the monitoring data required for routine process control will
depend on the chosen type of cycle. If the wrong type of cycle is chosen, it may not
be possible reliably to achieve sterility of the product.

12.4.2.1 Gravity Displacement Cycles

For autoclave loads with nonporous materials of simple geometry, the classical
gravity displacement principle may be used. Steam enters at the top of the chamber
and displaces the cold air that, due to its heavier specific weight, remains at the
bottom of the chamber and exits through a trap.

The steam injection rate is critical in this type of process because turbulence may
lead to trapped air pockets within the load. Conversely, if displacement is too slow,
the air will be heated and, by losing specific weight, will then diffuse into the steam,
leading to less efficient air–steam mixtures. Steam admission permits the gradual
heating of product in advance of the required sterilization conditions being met.

For loads with complicated geometry or porous surfaces where air can easily be
trapped, complete air displacement is very difficult or even impossible to achieve.

© 2007 by Stephen P. Denyer and Rosamund M. Baird



Assurance of Sterility by Process Validation 283

Validation must rely on a large number of individual measurements distributed within
the load. Material and geometry for every type of autoclave load must be stated in
written procedures and strictly adhered to in order to ensure reproducible conditions
between validation runs and during routine operation.

Parameters to be routinely monitored during each cycle will depend on the type
of load. Temperature in the chamber and at several positions in the load, chamber
pressure, saturation of steam leaving the autoclave at the condensate outlet, and
verification of steam penetration into porous loads are generally critical parameters.

12.4.2.2 Prevacuum Cycles

Penetration of the load by saturated steam can be more effectively secured by
prevacuum or fractionated prevacuum cycles. Before saturated steam is injected into
the chamber, air is removed by a vacuum pump. A vacuum as low as 55 mbar (5.5
kPa) is usually applied to remove air from the chamber (Wallhaeusser 1995). Frac-
tionated vacuum cycles have therefore been developed to remove air more effectively
by successive vacuum cycles and steam pulses.

Prevacuum cycles are especially suited for porous material and loads of com-
plicated geometry, which are not sensitive to vacuum treatment (e.g., surgical dress-
ings). Liquids (except when sealed in closed containers) may evaporate during the
vacuum cycles and are therefore less suited or even unsuited for treatment in pre-
vacuum cycles.

During validation, the suitability of the cycle to remove air effectively from the
load must be established. This can be difficult for fabrics or porous materials, which
release trapped gas slowly. For such critical loads, fractionated prevacuum cycles
are most suited and typically used. The number of prevacuum cycles necessary and
the depth of vacuum to be drawn must be established. Steam penetration and bio-
indicator studies are critical experiments during validation.

Another typical application for prevacuum cycles is the sterilization of equipment
(e.g., filter assemblies) to be used for aseptic processing. Air may be rather difficult
to remove from tubing and the housing of such equipment. Bioindicators must be
placed within the equipment in positions that are least accessible to steam. The
arrangement and setup of the equipment within an autoclave must be established,
documented, and strictly adhered to in routine sterilization. These principles will
also apply to certain medical devices where they may present similar complications.

For typical loads of pharmaceutical products in their final closed containers,
removal of air presents less of a problem. Where prevacuum cycles are used, this
generally serves to achieve homogeneous heat transfer conditions within the load.

Parameters to be routinely monitored during each cycle will depend on the type
of load. Temperature should be measured in the chamber and at several positions in
the load, and chamber pressure should be measured in all cases. Saturation of steam
leaving the autoclave at the condensate outlet and verification of steam penetration
are critical information for porous loads. For equipment, it should be decided case
by case what data are needed to ensure that steam penetration and efficient steril-
ization were achieved.
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12.4.2.3 Air–Steam Mixture Cycles

Whenever liquids sealed in their final container are to be sterilized, a situation quite
different from other autoclave cycles arises. The headspace within every unit forms
a gas pocket, which cannot be displaced or otherwise removed. If the autoclave is
operated with saturated steam, a differential pressure between the outside and inside
of the individual containers is generated with a risk of bursting containers. Therefore,
for sterilizing a liquid in sealed containers, steam–air mixtures are often used to
generate a higher chamber pressure, a technique known as air ballasting. For the
purpose of sterilization, the autoclave chamber merely serves as a steam jacket.

For the validation of such sterilization cycles, the consideration of steam satu-
ration is meaningless. Temperature recordings have to be taken from reference
containers of the same size and configuration as the actual containers of the load.
Such reference containers should be distributed throughout the load to check for
temperature differences, which can easily arise if the air–steam mixture in the
chamber is not sufficiently mixed. The cold spot of the load (coldest container)
should be established in temperature mapping studies. Effectiveness of the sterilizing
conditions at the cold spot should be established by use of bioindicator studies within
the actual product.

For routine control, temperature profiles should be recorded within a sufficient
number of reference containers of the same configuration as the product containers.
One of the containers should represent the cold spot of the load. Alternatively, the
correlation of the reference container to the cold spot must be established during
validation, and this correlation is then used to extrapolate exposure at the cold spot.

12.4.2.4 Hot Water Shower and Hot Water Submerged Cycles

In order to achieve better temperature homogeneity for products in sealed containers,
in some sterilizers, the load is showered with hot water. Alternatively, the chamber
may be fully flooded with water, which is kept precisely at sterilizing temperature
by circulation through a heat exchanger. Although temperature distribution is usually
better controlled in such chambers, the questions to be asked during validation are
the same as for steam–air mixture cycles.

For routine control, temperature recording in an adequate number of reference
containers will be sufficient.

12.4.3 STERILIZATION BY DRY HEAT

Sterilization by dry heat must overcome the poor heat transfer capacity and conduc-
tivity of air. Therefore, higher temperatures or longer sterilization times are required
as compared to the more efficient autoclave processes. For heat-resistant articles
sensitive to or impenetrable by moisture, dry heat is nevertheless the method of
choice. If the dry-heat sterilizer is operated at temperatures above 250°C, bacterial
lipopolysaccharides (endotoxins) are destroyed under highly effective sterilization
conditions (Wegel 1973). Dry heat is typically used to sterilize and simultaneously
remove endotoxins from ampoules or glass vials.
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Several types of sterilizers are used in the pharmaceutical industry; these require
different considerations for validation.

12.4.3.1 Forced-Convection Batch Sterilizers

For batch sterilizers, homogeneous heat distribution within the chamber is difficult
to achieve. Heated air should be blown through a high-efficiency particulate air
(HEPA) filter to minimize particle contamination and distributed into the chamber
via a baffle system. For validation studies, a large number of thermal sensors has to
be distributed within the chamber and throughout the load to identify cold points.
Usually several patterns of thermal sensor distribution should be used during vali-
dation to characterize heat distribution in a load as precisely as possible. For the
sterilization of large items (e.g., parts of equipment), the positioning of sensors in
contact with the surface or where feasible within the item is critical. For goods to
be sterilized in containers, thermal sensors must be placed within each type of
container to be sterilized to demonstrate sufficient heat penetration under all circum-
stances. Rearrangement of the load may alter convection patterns of the air consid-
erably. Therefore exact loading patterns must be established, validated, and adhered
to strictly.

For routine control, temperature profiles should be recorded at a sufficient num-
ber of positions, preferably in the established cold spots of the load. Alternatively,
the correlation of the reference measuring positions to the cold spot must be estab-
lished during validation, and this correlation is used to extrapolate exposure at the
cold spot.

12.4.3.2 Dry Heat Sterilizing Tunnels

Dry heat sterilizing tunnels usually operate at temperatures well above 250°C. Items
to be sterilized are placed on a conveyor belt. During passage through the heating
zone, high temperatures of usually more than 300°C are reached for a few minutes
in every item. Heat transfer is achieved by radiation in infrared tunnels or by forced
convection in HEPA-filtered laminar-flow tunnels (Wegel 1973). Ventilation with
HEPA-filtered air is employed in most sterilizers to cool the sterilized goods.

In addition to temperature probes, which should be placed all across the conveyor
belt, reproducibility of belt speed and integrity of HEPA filters are considered critical
parameters for validation.

For routine control, continuous temperature recording and recording of the belt
speed are needed.

12.4.4 GASEOUS STERILIZATION

The use of toxic gases to sterilize heat-sensitive goods is an attractive concept from
a technological point of view, although there are concerns over their safety in use.
In Europe, the use of ethylene oxide is no longer accepted for sterilization of
pharmaceutical products. It is still widely used, however, for the sterilization of
medical devices. The situation is different in the United States and Japan, where
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ethylene oxide is considered a viable alternative in spite of its toxic characteristics
and the carcinogenic nature of its degradation products.

Gassing of rooms with formaldehyde is an effective disinfection method that
can reach otherwise inaccessible positions. However, due to the carcinogenic and
sensitizing properties of the gas, the associated health hazard to the personnel is
considered too high and it is considered an obsolete practice today. In Europe, where
formaldehyde gassing is still used as an exceptional method, for example, as a
corrective measure after a major contamination event or where a basic state of
cleanliness is to be achieved after construction work, a specifically trained respon-
sible person for gassing must be registered with the authorities.

Surface sterilization by gaseous or vaporized hydrogen peroxide has not only
gained widespread acceptance for isolator and room decontamination, but also as a
means to surface sterilize tools, equipment, and other materials. For example, Sterrad®

sterilizers, which use a cycle of hydrogen peroxide sterilization in conjunction with a
plasma phase, are available on the market, but have been mainly used in the hospital
environment and less so in the production of pharmaceuticals.

Gas sterilization is a complex process, where the concentration of the sterilant
in the air, the condensation of the sterilant on surfaces, the sterilant distribution in
the chamber, the temperature, relative humidity, and time of exposure are interacting
in a complex way to achieve the sterilizing effect (Sigwart and Moirandat 2000).
For example, sterilant concentration cannot be expected to remain constant over time
in the gas or condensate phase. Development and characterization of such processes
strongly depend on the use of suitable bioindicators, which must be of appropriate
quality to give reliable indication of the gassing effect (Sigwart 2004).

During validation of gaseous sterilization, sterilizer loading patterns have to be
established and strictly adhered to. Temperature and relative humidity should be
measured at various geometrical positions within the load. For the validation of gas
sterilizers, bioindicators are still the most effective and widely used method and their
use is mandatory in the EP (2006) not only during cycle development and validation,
but also for monitoring of the gas sterilization process.

Routine control measures comprise determination of gas concentration, temper-
ature, and humidity, as well as the use of suitable bioindicator preparations.

12.4.5 STERILIZATION BY IONIZING RADIATION

Radiation is a highly effective means of sterilization and is used with increasing
frequency. However, chemical changes are caused in many products by reaction with
free radicals generated by ionizing radiation. In order to avoid such radiation damage,
radiation sterilization can only be used if all parts of the product have been demon-
strated to be compatible with this kind of treatment at the required energy level. The
EP gives a standard sterilizing dose of 25 kGy (2.5 Mrad), which has been widely
accepted in Europe.

For operational qualification, loading patterns have to be established and radia-
tion penetration determined by the use of dosimeters distributed within the articles.
Configuration of the load should be such that a minimal dose of 25 kGy (or another
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suitable dose established by bioburden studies) is delivered to every point in the
load, and the maximum dose is still compatible with the product to be sterilized.

Bioindicators should only be used to determine inactivation characteristics in a
product newly validated for radiation sterilization. For operational validation or
revalidation, dosimetry is a much more reliable method.

12.4.6 STERILIZATION BY MEMBRANE FILTRATION

Sterilization by passage through a microorganism-retentive filter is a commonly used
sterilization method for heat-sensitive fluids. In contrast to all other sterilization
methods that inactivate living microorganisms within their environment, filtration is
a physical process, removing contaminating particles from a fluid. Removal of
particles is effected by sieving in combination with adsorptive properties of the filter
surface. In most types of filters, the pores are in fact channels of irregular shape
leading in a tortuous pathway through a spongiform matrix. The nominal pore size
is a figure deduced by the filter manufacturers as a rating from the retentive capacity
of the filter. It is clear that contaminating particles of smaller size than the normal
pore size rating may pass through the filter. Hence, very small or pleomorphic forms
of bacteria (e.g., mycoplasmas) or viruses are not fully retained by the usual steril-
izing grade filters. Where such forms are to be expected in a solution, either a smaller
nominal pore size has to be employed or else filtration may not be a feasible
sterilization method for the product.

Validation of filtration is separated into several clearly distinct phases that should
not be confused.

12.4.6.1 Filter Development

Filter development validation consists of basic filter characterization by the filter
manufacturer. In this phase, chemical and physical compatibility of the filter and filter
assembly is established. Toxicity of filter extractables in water is determined. The
characteristics of gas flow across the filter membrane (diffusive flow and transition
to capillary flow) and their correlation with the retentive capacity of the filter toward
model organisms in aqueous suspension (ASTM 1988) are established as a basis for
classification as a sterilizing filter and as a basis for physical integrity testing.

Quality assurance during filter production and assembly is the responsibility of
the filter manufacturer. It must be ensured that the characteristics of each filter disk
or assembly shipped to the filter user are fully in compliance with the requirements
for the filter type as established during filter development validation.

12.4.6.2 Development of the Filtration Process

Development of the filtration process is the responsibility of the filter user. Retentive
capacity of the filter, the accuracy of pore size during all conditions employed in the
process, and integrity of the filter assembly are among the key factors with respect to
sterilization (Wallhaeusser 1979, 1982). Other important factors are, for example,
interactions between product to be filtered and the filter, the influence of product on
the size and shape of microorganisms, the influence of product on filter retentivity,
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and parameters of the filtration process, that is, differential pressure across the filter,
flow rate, processing time, and temperature (Jornitz and Meltzer 1998, Jornitz 2004).
The considerations required of the filter user are compiled in ISO 13408-2 (2003).

Compatibility of the filter with the product to be filtered and with the filtration
process to be applied has to be established. This includes physical and chemical
compatibility studies and should comprise product-specific bacterial challenge test-
ing to determine whether the product affects retentive properties of the filter (Carter
and Levy 1998). As the product may also alter the properties of the microflora,
microbial challenge testing should be performed where feasible on the product
solution or under conditions simulating the influence of product on the challenge
organisms. Considerations for the design of such studies are given in Technical
Report no. 26 of the PDA (1998).

Frequently, such studies are offered by the filter manufacturers as a contract
service to their customers. This makes sense, as the projection and extrapolation of
filter behavior under process conditions is greatly facilitated by the in-depth knowl-
edge of filter characteristics as established during filter development. Also, filter
manufacturers have amassed a wealth of experience during collaboration with their
clients, which can be used to facilitate the development of filtration processes.

A compilation of important activities required for membrane filtration validation
is shown in Table 12.3.

12.5 METHODS USED FOR VALIDATION

In order to demonstrate the correct performance of sterilization processes, two
concepts are used in combination, which yield different types of information:

• Observation of the effect exhibited by a chosen sterilization cycle on
indicator organisms or indicator substances.

• Measurement and recording of the required physical or chemical conditions
reached throughout the sterilization cycle within every part of the load.

Whereas the functional approach yields direct information on the effect of the
process, the metrological approach yields data that are to be obtained and must be
controlled during the sterilization process. The correlation between measured process
data and the effect exhibited on the microorganisms to be eliminated should be
established as the primary goal of validation.

This section reviews methods for characterization of the main pharmacopoeial
sterilization methods and highlights those features that need to be considered in a
validation program.

12.5.1 PHYSICAL METHODS FOR VALIDATION

12.5.1.1 Measuring Devices for Heat

For heat sterilizers, including autoclaves and dry heat sterilizers, determination and
recording of heat distribution within the chamber are of prime importance. The most
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TABLE 12.3
Validation of Membrane Filtration

Validation Aspects Responsibility

Membrane Characterization
Physicochemical characteristics:

Particle shedding at various flow rates
Extractables in standard solvents
Chemical compatibility toward standard solvents
Thermal stress resistance
Hydraulic stress resistance

Filter manufacturer

Biological characteristic:
Toxicity test

Filter manufacturer

Retention characteristics:
Characterization of flow characteristics in water or standard solvent and 
correlation to microbial retentive characteristics (Brevundimonas diminuta
in water)

Establishment of physical integrity test conditions and test values

Filter manufacturer

Membrane manufacturing quality assurance Filter manufacturer

Process Development
Compatibility of product and filter material:

Extractables in product solution
Chemical compatibility toward product solution
Thermal stress resistance in product solution (where resterilization is
intended)

Filter user

Filter-process qualification:
Required pore size rating
Filter sizing and configuration
Filtration rate and clogging
Filtration system design
Hydraulic stress resistance under process conditions
Maximum time for filter use

Filter user

Microbial challenge testing:
In product (where possible), in surrogate product, or on filters preconditioned 

with product; challenge organism B. diminuta or appropriate bioburden isolate
Definition of maximum tolerable presterilization bioburden

Filter user

Integrity Test Procedure
Qualification of integrity test equipment Manufacturer
Establishment of integrity test procedure and parameters in product Filter user

Routine Procedure
Establishment of standard operating parameters
Specification and individual batch determination of presterilization
bioburden

Validation of aseptic processing and filling
Final product sterility testing (each batch)
Documentation and release procedures

Filter user
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commonly used equipment consists of resistance temperature detectors (RTDs) or
thermocouple measuring systems.

RTDs are most commonly used as temperature standards for calibration studies,
and thermocouple systems connected to multichannel electronic recording instru-
ments are best suited for heat penetration studies. With thermocouple elements,
care should be taken to use only high-grade thermocouple wire, if possible from
the same production lot, to avoid errors due to noninterchangeable elements.
Kemper (1986) has given a detailed description of thermocouple installation and
calibration. The entire system should be calibrated before each run to ensure a
measurement accuracy of at least ±0.1°C at 120°C, ±0.2°C at 200°C, and ±0.4°C
at 300°C. Calibration should be repeated at the process temperature after each use
to verify proper operation during the validation.

Data loggers are a modern alternative to thermocouples suitable for temperature
distribution studies. These units consist of a temperature sensor and an integrated
data recorder. They are designed to withstand autoclave temperature and pressure
and can be distributed within the chamber of load. Temperature profiles are individ-
ually recorded in each such device and can be recalled via an interface to a personal
computer after the run. This obviates the need to penetrate the autoclave chamber
with wires through a validation port. The same calibration requirements apply as for
thermocouples.

12.5.1.2 Measuring Devices for Pressure

Pressure sensors should be chosen to fit the purpose of the instrument. For autoclaves,
precision requirements are specified; pressure gauges should show zero pressure at
atmospheric pressure with a meter range between 1 and +5 bar (100 and +500 kPa),
the scale being not wider than 0.2 bar (20 kPa). The precision of recording should
be better than ±1.6% over the range of 0 to 5 bar according to ISO 11134 (1994).

12.5.1.3 Physical Methods for Determining Filter Integrity

Filter integrity is usually determined by suitable methods such as bubble point,
pressure hold, or diffusion rate procedures, or for hydrophobic filters by a membrane
intrusion test (Jornitz et al. 1998). Measurement of bubble point determines at which
differential pressure the liquid contained in the weakest point (i.e., largest pore) of
the matrix of a wetted filter is driven out. Besides the nominal pore size, the bubble
point is also dependent on the filter material, the wetting fluid, and temperature.
Diffusional flow measurements determine the flow of a test gas through a wetted
filter at lower differential pressure than in the bubble point test. Results are dependent
on the thickness and structure of the filter, the temperature, and interaction between
test gas and test fluid (Meltzer 1987). Pressure decay testing can be considered a
variation of diffusional flow testing with the advantage that the sterile system down-
stream of the filter is not broached during measurement (Denyer and Hodges 2004b).

For integrity testing, filters can either be wetted with a test fluid (e.g., water) or
with the product solution to be filtered. If the filters are tested in product, correlation
of the product-specific diffusive flow or bubble point data with the data given by
the filter manufacturers for water must be established.

© 2007 by Stephen P. Denyer and Rosamund M. Baird



Assurance of Sterility by Process Validation 291

Integrity data should be obtained for every filter assembly before and after a
filtration process is performed (Wallhaeusser 1982). If the results conform to the
known characteristics of the filter type used, the filter assembly can be assumed to
be integral and correctly assembled. Integrity testing is usually performed today with
automated integrity test equipment. Care should be taken that these systems are
appropriately validated (Docksey et al. 1999, Jornitz et al. 1998).

12.5.1.4 Dosimeters for Radiation Sterilization

Perspex (polymethacrylate) strips 1 to 3 mm thick are most frequently used as
dosimeters. Perspex shows dose-dependent coloration when exposed to gamma
radiation. The dose can then be deduced from photometric determination of the color.

Dosimetry for radiation processing was discussed in detail by McLaughlin et al.
(1989).

12.5.2 BIOINDICATORS FOR THE VALIDATION OF STERILIZERS

12.5.2.1 Bioindicator Preparations

Bioindicators are available as ready-to-use preparations of microorganisms inoculated
into the product, adsorbed onto carriers (e.g., paper strips or glass beads), or suspended
in liquid medium and sealed in ampoules for steam sterilization. The bacteria chosen
are specifically selected for their high resistance against particular sterilization prin-
ciples (Table 12.4). Whereas these marketed preparations are characterized by their

TABLE 12.4
Bioindicators for Sterilization Procedures

Procedure Species Strain Proposed by

Steam Bacillus 
stearothermophilus

ATCC 7953
ATCC 12980
NCTC 10007, NCIMB 8157, 
CIP 52.81

USP 2004, EP 2006
USP 2004
EP 2006

Dry heat B. subtilis var. niger ATCC 9372
NCIMB 8058, CIP 77.18

USP 2004, EP 2006
EP 2006

Gas (EO) B. subtilis var. niger ATCC 9372 USP 2004, EP 2006
Radiation B. pumilus ATCC 27.124, NCTC 10327, 

NCIMB 10692, CIP 77.52
EP 2006

Membrane 
filtration

Pseudomonas diminuta ATCC 19146
NCIMB 11091, CIP 103020

USP 2004, EP 2006
EP 2006

Notes: ATCC—American Type Culture Collection, Rockville, MD; CIP—Collection de l’Institut Pasteur,
Paris; NCTC—National Collection of Type Cultures, London; NCIMB—National Collection of Indus-
trial and Marine Bacteria, Aberdeen, United Kingdom; EP 2006—European Pharmacopoeia (2006); USP
2004—United States Pharmacopeia (2004); EO—Ethylene oxide; Bacillus stearothermophilus renamed
Geobacillus stearothermophilus; Pseudomonas diminuta renamed Brevundimonas diminuta.
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manufacturer with regard to viable cell number and resistance properties, their
suitability to reflect conditions delivered to microorganisms in a given product must
be critically evaluated during process validation. For instance, microorganisms fixed
on a paper strip may react differently from microorganisms in suspension, and
bioindicators in ampoules are unsuitable where steam saturation is a critical factor.

Customized biological indicators can be prepared from suspensions of resistant
microorganisms by direct inoculation into the product or onto the surface of compo-
nents or equipment parts to be sterilized. In this way, it is possible to investigate the
effects of a sterilization process much more accurately. It is also possible to inoculate
specific remote positions in the product and to map the effect achieved during the
sterilization process. The difficulty is, however, that these customized biological indi-
cator preparations must be characterized under defined conditions to ensure that the
results achieved during validation are indeed reliable. For such characterization exper-
iments, biological evaluation resistometers (BIER) have been described (ANSI/ASTM
1992, Comité Européen de Normalisation 1997). Characterization of bioindicator
preparations in the BIER is offered as a service by specialized laboratories.

If a specified high concentration of these organisms is inactivated or eliminated,
the sterilization process has been demonstrated to be effective. Although this pro-
cedure initially may seem convincing, many questions arise if the approach is
scrutinized in detail as discussed below.

12.5.2.2 Inactivation Kinetics of Bioindicators and Process Control

Inactivation of bioindicators is usually evaluated either by a fraction negative method
as described by Stumbo et al. (1950) (most probable number approach) or by
following the Spearmann–Karber (Holcomb and Pflug 1979) (mean time to survival)
approach. Full evaluation of the inactivation kinetics by regression analysis is a more
precise but tedious and time-consuming method.

In the United States, the efficacy evaluation of a sterilization process is often
linked to the inactivation of bioindicators by a specified logarithmic factor, as
evaluated by the fraction negative method. Bioindicators are, however, derived from
cultivated strains of living organisms and as such are subject to change. Unless the
D value of the bioindicators is always maintained at the same standardized value,
this method leads to fluctuating estimation of the cycle effectiveness. An unusually
resistant bioindicator preparation may even lead to the conclusion that the cycle is
no longer valid. For this reason, cycle effectiveness should be evaluated during cycle
development by use of a bioindicator with a well-characterized D value in the
standard preparation and where possible in the product. The cycle effectiveness
should then be expressed in terms of the standard inactivation conditions, such as
those expressed as F0 values.

12.5.2.3 Use of Biological Indicators in the Determination
of Homogeneous Conditions in an Autoclave

Inactivation of spores by heat is considered to follow first-order kinetics. Thus for a
bioindicator containing 106 reference G. stearothermophilus spores (D121 = 1.5 min),
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after 9 min of treatment at 121°C, the average indicator would be assumed to contain
100 = 1 surviving organisms. If a statistical distribution of survivors is assumed,
according to Poisson’s distribution (Equation 12.4), 37% of all indicators are
expected to be sterile, 37% to contain just 1 survivor, 18% to contain 2 survivors,
and 8% to contain more than 2 survivors. After 10.5 min of treatment, the respective
expectations are 90% sterile and 10% nonsterile, containing 1 or more survivors
(Lorenz 1988).

(12.4)

where e = base of natural logarithm, k = expected value, µ = median value, and
P(x = k) = probability of occurrence of units containing the expected number of x = k
viable cells.

The distribution of survivors within the autoclave is expected to be random if
homogeneous conditions exist within the chamber. In order to demonstrate homo-
geneous conditions within the autoclave, at least ten indicators would have to be
located at each measuring point to ensure that statistical distribution could be dif-
ferentiated from true deviations.

12.5.2.4 Value of Bioindicator Use in Routine Sterilization 
Processes

In theory, for G. stearothermophilus with a z value of 6°C, a 1°C drop of temperature
to 120°C would lead to a D value of 2.2 min (from 1.5 min). Thus 9 min of
autoclaving of a bioindicator with a viable spore count of 106 would result in a
median survivor probability of 101.9 within every indicator. The probability of detect-
ing a bioindicator without surviving spores would be highly unlikely, whereas 37%
negatives would be expected for the theoretical process. At 10.5 min, 100.8 survivors
would be expected with a probability of still only about 2% to detect a negative one.
These figures clearly show that even a small deviation in sterilization temperature
could theoretically be detectable with bioindicators. However, it should be kept in
mind that bioindicators are not precision instruments. Actual spore numbers and D
values as well as z values vary with pretreatment or storage conditions of the
indicators. For G. stearothermophilus, D120/D121 values have been reported to vary
between 1 and 5.8 (Russell 1999). As determination of these values is only possible
by destructive treatment for any individual indicator, the uniformity of these critical
parameters can only be determined by statistical studies to be conducted on every
lot of indicators and for every validation experiment.

For these reasons, it is far easier and at least as reliable to determine the routine
performance of a sterilizer by carefully designed and recorded physical measure-
ments, compared with bioindicator studies. Bioindicators may be used to determine
autoclave performance where physical measurements are not feasible, for example,
in equipment not designed to allow access to thermal sensors. When bioindicators
are employed in routine monitoring, data should not be overemphasized.
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12.5.2.5 Bioindicators Used in Process Development

D values of bioindicators are strongly influenced by the environment in which they
are sterilized. Valuable information for establishing a suitable sterilization cycle can
be gained with bioindicators by comparing inactivation rates of the indicator organ-
isms in a product with those in water. If the D value in the product is different from
the D value found in water, the sterilization time would have to be adjusted. In this
situation, either longer or shorter sterilization times may be required when compared
to standard recommendations. Requalification of the efficacy of a standard steriliza-
tion procedure characterized in this way would only become necessary should the
product formulation be subject to change.

In such studies, other factors that may influence the D value of spores must also
be carefully considered, for example, preconditioning and storage of the bioindicator
microorganisms or the type of suspending medium.

12.5.2.6 Bioindicators for Steam Sterilization

Recommended bioindicators for steam sterilization in the European Pharmacopoeia
(2006) are spores of G. stearothermophilus with a D121 value of at least 1.5 min. It is,
however, misleading that only a lower limit for the D value is given. Although for these
spores, a decimal reduction time at 121°C (D121 value) of about 1.5 min is usually given
in textbooks, commercially available bioindicator preparations frequently have a D121

value of 2 or even higher. Such bioindicators are in compliance with the European
Pharmacopoeia, but their use in combination with the European standard sterilization
cycle of 15 min at 121°C may lead to the recovery of positive units after sterilization.
If biological indicators survive after a sterilization cycle where correct physical process
parameters were achieved, investigation should always include verification of the D
value of the bioindicator in addition to verification of the sterilization process.

The temperature difference leading to a tenfold change in the D value (z value)
(Pflug 1973) is usually found to be between 6 and 10°C. Where bioindicators are
used to develop or monitor sterilization processes at other than the standard temper-
ature, the z value in the product would have to be evaluated in each individual case.*

12.5.2.7 Bioindicators for Dry Heat Sterilization

The use of bioindicators for validation of dry heat sterilizers is limited to forced
convection batch sterilizers. Continuous dry heat tunnel sterilizers usually operate
at such high temperatures that bacterial inactivation kinetics become practically
impossible to follow due to the very fast inactivation of bioindicators. Also, these
tunnels are generally used to sterilize primary packaging materials and at the same
time to destroy bacterial lipopolysaccharides (bacterial endotoxins) that are inacti-
vated by dry heat at temperatures above 200°C (Wegel 1973). The dry heat inacti-
vation kinetics for endotoxins have been described by Tsuji and Harrison (1978).

* A range of D and z values have been described for B. stearothermophilus (G. stearothermophilus) (e.g.,
Russell 1999), the values being dependent upon the strain and status of the organism, its environment,
and the temperature range employed.
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Glassware can be impregnated with endotoxins and their inactivation rate used as a
measure of the correct performance of a dry heat sterilizer. It is important, however,
to standardize carefully both the amount of endotoxin adsorbed as well as the
procedures for desorption and recovery (Jensch et al. 1987).

For forced-convection batch sterilizers operating at 160 to 200°C, bioindicators
can be applied (Table 12.4). The same general factors as for steam sterilization
should be taken into consideration.

12.5.2.8 Bioindicators for Gaseous Sterilization

For gaseous sterilization, physical measurements of gas concentrations and all other
relevant parameters within a given load are difficult or impossible to perform. The use
of bioindicators (Table 12.4) is a mandatory requirement for every cycle (EP 2004).
The USP (2004) states that bioindicators may be employed in monitoring of routine
runs. Their use should be regarded more favorably than in the more easily and precisely
monitored heat sterilizers. It is clear, however, that the same statistical considerations
apply as in all other cases. As the concentration of the sterilant does not normally remain
constant over the sterilization time, and as condensation on or interaction of the sterilant
with the surface of the materials to be sterilized may alter the sterilization effectiveness,
evaluation of the suitability of the bioindicator for process monitoring is a mandatory
part of sterilization process development. The quality of the spore preparation for each
lot is also critical, because clumping of spores or embedding in a matrix of debris from
the spore preparation may have a strong shielding effect, which can alter the sensitivity
of the bioindicator. Mapping of the exact conditions in the sterilizer is difficult by means
of bioindicator exposure, and hence, the most difficult to penetrate (worst case) positions
in the load to be sterilized should be selected by theoretical considerations or from
experience with previously validated gas sterilization processes.

12.5.2.9 Bioindicator Validation of Isolator Sterilization 
(Decontamination)

In the past few years, it has become widespread practice to use bioindicators for
validation of gassing cycles for isolator cabinets. It remains controversial at this point
whether sterilization in the sense of the pharmacopoeial definition [including a sterility
assurance level (SAL) of 10–6] is really needed to treat surfaces, which are not intended
to come into contact with a product. Hence, it is internationally disputed what level
of inactivation is required. Frequently, the term decontamination is used to indicate a
less rigorous inactivation procedure applied in isolators. The FDA aseptic processing
guide (FDA 2004) asks for a SAL of 10–6 on product contact surfaces (which would
be equivalent to a surface sterilization), but concedes that a SAL of 10–4 to 10–6 can
be justified on less critical surfaces. Bioindicators should be exposed in worst case
positions, which are selected depending on the decontamination procedure. Where
isolator decontamination by H2O2 is used at the same time to surface sterilize materials
that are then used for sterility testing or processing in the closed chamber, the same
considerations apply as for a gas sterilizer. Where decontamination is strictly a measure
to control the surfaces of the enclosed manufacturing environment, the relevance of a
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position for maintenance of product sterility (e.g., proximity to critical product contact
surfaces) would also be a relevant consideration besides gas penetration.

Internationally, H2O2 has become the agent of choice for isolator decontamina-
tion. Peracetic acid has practically disappeared as an alternative today. Consequently,
G. stearothermophilus is used as the indicator organism of choice for gas sterilization
processes.

12.5.2.10 Bioindicators for Radiation Sterilization

Radiation is easily and precisely monitored by exposure of dosimeters within the
load. Bioindicator validation should only be used for initial characterization of
inactivation rates within a given product.

12.5.2.11 Biological Indicators for Microorganism-Retentive Filters

Although the common definition of bioindicators is restricted to resistant spore
preparations for characterization of other sterilization procedures, preparations of
small microorganisms used to characterize membrane filters can also be considered
a form of bioindicator. The microorganism-retentive capacity of a filter can only be
determined by destructive testing. Brevundimonas (formerly Pseudomonas)
diminuta, a Gram-negative rod-shaped bacterium, is commonly employed as a test
organism for filters with a nominal pore size of 0.22 µm or less (Table 12.4). It has
been chosen because of its relatively small dimensions of 0.5 × 1.0 to 4.0 µm
(Palleroni 1984). The dimensions of bacteria are, however, strongly dependent on
their growth conditions (Wallhaeusser 1979, 1982); fast-growing forms differ in
appearance from slower-growing or starved forms. When validating filters, it is
necessary to verify by microscopy or passage through a 0.45 µm rated filter that the
challenge used predominantly consists of single cells with dimensions at the lower
end of those given above. Less easily measured are the surface physiochemical
properties of the organisms that might influence their sorption to filter media.

ASTM describes a detailed arrangement for a bacterial challenge test. In prin-
ciple, filters are challenged with about 107 organisms per square centimeter of
effective filter area. The filtrate is then analyzed for bacteria passing through the
filter (Wallhaeusser 1982). Once a filter is loaded with 107 organisms per square
centimeter of effective filter area, the test is usually considered complete. This level
is considered a minimum requirement for sterilizing filters (FDA 2004) and is
intended to exceed by a wide margin the challenge expected during the production
process. This is based upon the observation of Bowman et al. (1967) that B. diminuta
at that level can penetrate filters with a 0.45 µm nominal pore size rating.

The challenge organisms should be directly inoculated into the product to be
filtered. This is seen as an assessment of any effects that the product may have on
the filter matrix or on the challenge organisms (FDA 2004). Where this challenge
method cannot be used (e.g., because the product has inherent antimicrobial properties
that would lead to inactivation of the challenge organisms), the application of an
alternative method must be sufficiently justified. Use of membranes that were retrieved
from a simulated worst case production process and subsequently challenged by
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microorganisms suspended in a modified product without antimicrobial properties
is an example of recommended alternative validation procedures (PDA 1998). In
media fill simulations, the use of production filters to validate membrane filter
sterilization as part of aseptic processing, as recommended by PIC/S (2001b), is not
an acceptable procedure according to the U.S. authorities.

12.5.3 CHEMICAL METHODS FOR MONITORING STERILIZERS

Chemical monitoring of sterilization processes is based on the ability of heat, steam,
sterilizing gases, and ionizing radiation to alter the chemical or physical character-
istics of a variety of chemical substances (Denyer and Hodges 2004a). Ideally this
change should not occur until the sterilization cycle has been satisfactorily com-
pleted, but in practice this condition is rarely met. Thus, with the exception of a
radiation dosimeter, these devices should never be used as sole monitors of a ster-
ilization process although they may be used in conjunction with other physical or
biological methods. Again with the exception of radiation dosimeters, such devices
would not be used for the validation of sterilizer efficacy because the changes
recorded do not necessarily correspond to microbiocidal activity. Nevertheless, they
do serve as useful indicators of the conditions prevailing at the coolest or most
inaccessible points of a sterilizer or load and also offer a mechanism to differentiate
between processed and unprocessed products.

For steam sterilization, thermochemical indicators that qualitatively show that the
product has been exposed to a sterilization cycle are differentiated from thermochem-
ical integrators, which yield a quantitative record of the sterilizing conditions achieved.
In the United States, evaluation of thermochemical integrators is seen as a laboratory
test to monitor sterilization processes. Such a test is deemed necessary to remain in
compliance with current good manufacturing practice (cGMP) should the test for
sterility be replaced by parametric release of products sterilized in their final container.

12.6 VALIDATION PLANS FOR STERILIZERS

For all sterilization procedures, a coherent validation plan should be developed. This
plan should include:

Cycle development:
• Development of the product suitable for sterilization in the final container

where possible
• Compatibility of the sterilization process with a given product
• Development of the sterilization cycle
Qualification of the sterilizer:
• Installation qualification
• Operational qualification
• Performance qualification
Process validation:
• Specification of data to be routinely collected and evaluated
• Revalidation, maintenance, and change control
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12.6.1 CYCLE DEVELOPMENT

12.6.1.1 Development of the Product

In development of sterile products, the European authorities expect that preference
should be given to formulations that can be sterilized in the final container by
application of standard methods. Where this is not feasible, a scientific rationale
should be given.

12.6.1.2 Compatibility of the Sterilization Process with a 
Given Product in Development

Once a sterilization method has been decided upon, compatibility of the product
with the sterilizing principle should be investigated. It must be confirmed that all
parts of the product including the container are equally resistant to sterilizing con-
ditions. The maximum acceptable exposure of the product (e.g., maximum temper-
ature or radiation dose) should be evaluated and defined. Product stability must also
be taken into consideration during such studies. Where a pharmacopoeial standard
is not applicable, alternative conditions should be evaluated, where the product may
be compatible. For heat sterilization, not only lower temperatures but also higher
temperatures, applied for a very short time, should be considered.

In radiation sterilization, possible radiolysis products caused by reactions with
highly reactive free radicals have to be carefully investigated. Although some radi-
olysis products themselves may present a risk to the consumer, others, like those
causing discoloration, may be merely aesthetic in nature, but may still lead to the
decision that the sterilization method cannot be used.

For the highly reactive sterilizing gases, careful consideration should be given
to possible damage to the product due to reactions with the sterilant. Another concern
lies in the retention of the toxic gases or degradation products thereof within the
product. Degassing procedures must be validated and carefully adhered to.

For membrane filtration, consideration should be given to possible effects of the
filters on the product (e.g., retention of product on filters), but also to effects of the
product on the filters (e.g., marginal compatibility of product solvent with the filter
matrix or masking of filter surface charge where applicable).

12.6.1.3 Development of the Sterilization Procedure

Dependent on the product compatibility, the sterilization procedure should be devel-
oped. The most suitable sterilization approach for the product, including the type of
autoclave cycle, should be chosen. These experiments should also include inactiva-
tion studies of bioindicators in the product itself to elucidate possible influences
(positive or negative) of the product on inactivation rates. During this phase, the
relevant criteria for process control should be established. Where a pharmacopoeial
standard sterilization procedure cannot be applied, bioburden specifications should
be established.

The main consideration with filtration processes will be one of practicality, with
flow rates, filter fouling rates, and longevity being the main issues.
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12.6.2 QUALIFICATION OF STERILIZERS

Before any sterilizer is taken into routine use in a production process, correct
functioning of the equipment has to be verified.

12.6.2.1 Installation Qualification

Installation qualification (IQ) is performed to verify that the sterilizer has been
correctly built and installed according to the specifications of the manufacturer or
the specifications agreed upon when equipment was ordered. It also includes a check
of completeness of all parts and documents supplied. This is usually done by the
supplier in collaboration with the user of the equipment.

12.6.2.2 Operational Qualification

Operational qualification (OQ) serves to verify the reliable performance of the
equipment. Calibration of all measuring instruments has to be performed. Qualifi-
cation of computer systems and data gathering systems should be verified and
documented. The functionality of all control systems and mechanical parts in oper-
ation in compliance with equipment specifications should be demonstrated in at least
three consecutive runs. OQ is the responsibility of the user of the equipment, but it
is frequently performed in collaboration with the supplier.

For autoclaves and other heat sterilizers, an important part of OQ consists of
heat distribution studies with thermocouples placed at suitable positions within the
empty chamber. The number and position of the thermocouples are determined by
the size of the chamber as well as by the type of instrument and sterilization cycle
used. Another part may consist of the qualification of the venting filter and venting
filter integrity testing system.

For gas sterilizers, relative humidity and temperature should be measured by
physical sensors distributed at suitable positions within the chamber.

Operational qualification has to be repeated, in part at least, whenever significant
technical manipulations occur during maintenance or modification of the equipment.

12.6.2.3 Performance Qualification and Performance 
Validation

Performance qualification (PQ) consists of verification of the process-specific per-
formance of the sterilizer. For any given type of load and sterilization cycle per-
formed, it must be shown that the expected sterilizing activity is reached within
every part of the load, and that conditions are always compatible with the article to
be sterilized. As these studies are product-specific as well as equipment-specific, a
sharp differentiation between performance qualification and validation cannot be
drawn at this point. Studies should be done at least in triplicate and should use
physical determinations as well as bioindicator studies as appropriate for the steril-
ization approach chosen. They are part of product-specific process development done
by users of the equipment.
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For heat sterilizers, loaded chamber heat distribution and heat penetration
studies should be performed. Computerized multichannel recording systems are
capable of handling a wealth of data and, using these systems, it is possible to map
exactly the development of relevant conditions at various locations within the
sterilizer. Usually thermocouples are placed at the positions within the load that
are most difficult to heat up. Type and configuration of the load determine the
number and position of the thermocouples as well as the type of instrument and
the sterilization cycle used. Such validation systems must themselves be fully
validated and carefully calibrated.

In porous loads, saturation of steam and steam penetration may be critical factors
to determine in autoclaves, depending on the cycle used.

For gas sterilizers, relative humidity and temperature should be measured by
physical sensors distributed at suitable positions within the load. Bioindicators dis-
tributed in the load must be used to verify sterilizing conditions at all positions
within the load (EP 2006).

Penetration of ionizing radiation within a load is most reliably validated and
monitored by the distribution of sufficient dosimeters within the load. Bioindicators
may be used as an additional means of verification.

PQ of sterilizing filters is usually based on integrity testing, pressure differential,
and flow rate measurements (Wallhaeusser 1982). It should be noted that fluids
sterilized by passing through a membrane filter are usually exposed to the environ-
ment during further processing. In such cases, environmental control and proper
validation of the aseptic handling area should be considered as an integral part of
the sterile filtration process. Requirements for aseptic processing are given in the
European GMP-Guide (European Commission 1996), the MCA Guide (Anonymous
2002), and also are described by ISO (1998).

12.6.3 PROCESS VALIDATION

12.6.3.1 Specification of Data to Be Routinely Collected
and Evaluated

Validation of a sterilization cycle should not be seen as an isolated exercise but
always as an integral part of a general validation program. Based on process devel-
opment and PQ studies, a comprehensive plan should be established for each product,
taking into account all parameters that contribute to the quality of the final product.
Critical parameters and their limits to be met during the process should be noted.
The documentation required should be clearly specified. A review and evaluation
procedure should be established to ensure that documentation is adequately evaluated
by the responsible person before the product is released.

A program, which is developed to the specific requirements of the product, is
thus to be recommended as the basis of a validated production process. An example
of such a program for a standard product (steam-sterilizable aqueous solution in 10-
mL ampoules) is given in Table 12.5.
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TABLE 12.5
General Validation Plan for a Sterilization Process

Item Parameter Requirements Frequency
QUALIFICATION

Raw Materials Bioburden <103 CFU.g–1 or CFU.mL–1

<102 CFU.g–1 or CFU.mL–1 (in some countries)
Absence of specific pathogens

5 lots initially, then random samples

First cycle rinsing water Bioburden <102 CFU.mL–1

Absence of specific pathogens
Weekly

Process water and final cycle 
rinsing water

Bioburden <10 CFU per 100 mL–1

Bacterial endotoxins
<0.25 EU.mL–1

Weekly

Production Area
Setup Air locks Separate area for preparation and filling

Entry of personnel only via air locks
Entry of goods via air locks or sterilizers

Air supply Ventilation Enough air changes to provide short clean-up phase Every 6 months
Filters All air passed through HEPA filters

Filters integrity tested
Air quality at rest Air particle count >5 µm diameter, <2000 m–3

>0.5 µm diameter, 
<350,000 m–3

Every 6 months

Air viable microorganisms <100 m–3

Maintenance Maintenance plan Maintenance plan containing scope, frequency of 
cleaning and disinfection, required measures, 
responsibilities

Effectiveness of measures validated Yearly
(continued)
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TABLE 12.5 (continued)
General Validation Plan for a Sterilization Process

Item Parameter Requirements Frequency

Construction Floor Even, smooth surface, resistant toward specified 
disinfectants, seams sealed, edges rounded and sealed

Walls Smooth surface, washable, resistant toward specified 
disinfectants

Sewers, sinks, water taps No open sewers, sinks, or water taps present
Ampoule washer and sterilizer 
qualification

Calibration of measuring 
equipment

Correct values indicated with predetermined accuracy Yearly

Belt speed Conform with specification
Temperature distribution Required temperature reached for specified time at each 

point across the belt
Filter integrity No leaks detected
Particle count >5 µm diameter, <3500 particles
Endotoxin inactivation (only in 
high-temperature sterilizers 
>220°C

>3 log-cycle inactivation of endotoxins adsorbed on
20-mL ampoules

Autoclave qualification Calibration of measuring 
equipment for temperature and 
pressure

Correct values indicated with predetermined accuracy, 
± 2°C and ±10 kPa

2 to 4 times a year

Temperature distribution, empty 
chamber

Correct temperature distribution with predetermined 
accuracy

After major modifications

Cycle time Correct cycle time with predetermined accuracy Yearly
Air filter Passed integrity test Twice a year
Direct cooling water <1 CFU.mL–1 Monthly
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Personnel Hygiene training Passed training program with detailed instruction in 

basic hygiene, correct behavior in clean room, correct 
wear of garments, correct use of disinfectants

Every 6 months

Cleanroom garments Hair and, where appropriate, beard cover; single- or two-
piece trouser suit, gathered at wrists and with high 
neck; gloves permanently covering the sleeves, mask; 
goggles; appropriate shoes or overshoes

VALIDATION

Preparation of solution Raw material Integrity and orderly appearance of individual containers Every container
Process time Specified process times, minimized waiting time 

between preparation, filling, and sterilization
Process development

Presterilization bioburden <102 CFU.mL–1

Bacterial endotoxins <15 EU.mL–1

3 lots initially, then random samples

Production hygiene Air viable microorganisms <100 m–3 during work Monthly active sampling
Surface viable microorganisms <40 per 100 cm2 Monthly
Gloves of personnel, viable 
microorganisms (contact plates)

<10 CFU per plate Weekly

Sterilization cycle Temperature sensitivity of 
product

No deterioration at 121°C for 15 min detectable Cycle development

Sterilization efficacy Bioindicators as effectively inactivated as in water Cycle development
Autoclave loading pattern Written description of autoclave loading pattern Cycle development
Temperature distribution within 
load

Determination of hot and cold points within the load
Fixation of measuring points to measurement during 
routine run

Cycle development

Methylene blue bath Bioburden <1 CFU.mL–1 Weekly
Test on final product Sterility test area Grade A (GMP) environment validated

Sterility test Complies with pharmacopoeial requirement Every lot unless parametrical release 
agreed by authorities

(continued)
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TABLE 12.5 (continued)
General Validation Plan for a Sterilization Process

Item Parameter Requirements Frequency

Pyrogen test Negative on 3 rabbits Every lot unless endotoxin test 
permissible

Endotoxin test Bacterial endotoxins per hourly human dose <5 EU.kg–1 Every lot
Documentation Bioburden of raw materials, water 

intermediate
Trends recognizable Continuously recorded

Production hygiene Trends recognizable Continuously recorded
Hygiene training Frequency, subjects, and attending personnel 

documented
Sterilizers: temperature and 
pressure recordings

Available for every lot Every lot

Test for sterility Performance: retest rate <0.5% Continuously monitored

Product: aqueous solution, ampoules 10 ml, sterile; sterilization: steam 121°C. CFU—colony-forming unit; USP—United States Pharmacopeia; EU—endotoxin unit;
HEPA—high-efficiency particulate air; Pa—Pascal; FDA—U.S. Food and Drug Administration.

Source: This table is based on current requirements put forward by EEC authorities (European Commission, 1996, 2001), FDA (2004), the European Pharmacopoeia
(2006), and United States Pharamacopeia (2004), also in part on industrial standards. The example applies only for the production of the stated product. Aseptic preparations
would require different standards.
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12.6.3.2 Revalidation, Maintenance, and Change Control

There should be a formal revalidation program, specifying frequency and types of
qualification or validation studies to be repeated at scheduled intervals. Responsi-
bilities should be clearly defined. A scheduled maintenance program for all equip-
ment and premises should be established indicating responsibilities, routine calibra-
tion and maintenance measures, and the documentation required. There should be
an action plan, linking marginal revalidation results to maintenance measures on
occasion, as well as linking major maintenance measures to requalification or reval-
idation studies on occasion.

There should also be an action plan to specify the measures taken in case of
outlying results in critical process parameters during routine production.
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13.1 INTRODUCTION

Pharmaceutical products are subject to microbiological contamination and spoilage.
Preservatives are defined in the sixth amendment to the Cosmetics Directive as
substances added to products for the primary purpose of inhibiting microorganisms
from growing (Cosmetics Directive 1993). Antimicrobial preservatives are used to
reduce the likelihood of microbial growth in aqueous products and to reduce the
chance of microbial survival in anhydrous products that may be contaminated or
moistened during use. Sterile products, including parenterals, irrigating, and oph-
thalmic solutions, must remain sterile until they are used by the consumer. If products
become contaminated before use, they are adulterated and are in violation of the EC
Directive and U.S. Food, Drug and Cosmetic Act, as amended (Federal Food, Drug
and Cosmetic Act 1976, Cosmetics Directive 1993).

Sterile drugs in multiple-dose containers must have a preservative system that
is capable of self-sterilizing these products should contamination occur. Nonsterile
aqueous products need preservative systems that are capable of reducing the micro-
bial bioburden to an acceptable level in a reasonable time (Orth 1979, 1999a; Orth
et al. 1998).
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The objective of pharmaceutical product preservation is to ensure that the product
is microbiologically safe and stable. Preservative efficacy testing is performed to
determine the type and minimum effective concentration of preservatives required to
preserve the product during manufacture and throughout its use by the consumer. This
testing is an essential part of documenting the safety and stability of these products.

13.2 OBJECTIVES OF PRESERVATION

13.2.1 THE NEED FOR PRESERVATION OF PHARMACEUTICAL 
PRODUCTS

Bacteria, yeasts, and molds have diverse metabolic requirements and are able to
grow in aqueous pharmaceutical products when nutrients are available and when
environmental conditions are suitable. The regulation of microbial growth by phys-
ical and chemical agents was presented by Moat and Foster (1988). An understanding
of how these factors control microbial growth is necessary to determine the most
suitable preservative system needed in any product (refer to Chapter 1, where these
factors are considered in detail).

Growth of bacteria, yeasts, or molds on, or in, products may make those products
unsafe and unacceptable for use. The hazards of using contaminated products are
due to the effect of microbial infections or harmful microbial by-products on human
health. Several surveys conducted between 1969 and 1977 revealed contamination
of cosmetic, toiletry, and pharmaceutical products (Dunnigan and Evans 1970, Bruch
1971, Baird 1977). McCarthy (1980) reported that similar patterns of contamination
for nonsterile products were observed in both the pharmaceutical and cosmetic
industries. Although most manufacturers have identified the critical control points
in their processes and have implemented [validated] procedures to prevent microbial
contamination, occasional contamination problems occur and have resulted in prod-
uct recalls (Orth 1999b).

In the 1960s and 1970s, there were several reports of infections due to use of
contaminated products (see Chapter 2). Hand lotions and creams were identified
as sources of nosocomial infections that resulted in septicemia due to Gram-negative
bacteria, particularly Escherichia coli, Klebsiella pneumoniae, Enterobacter spp.,
and Serratia spp. (Morse et al. 1967, Morse and Schonbeck 1968). Noble and Savin
(1966) reported Pseudomonas aeruginosa contamination of a steroid cream pre-
served with chlorocresol, following modification of that cream by the addition of
cetomacrogol emulsifying wax, paraffins, chlorocresol, and water. Although the
final concentration of chlorocresol was 0.1% w/v, which should have been sufficient
to inactivate contaminating P. aeruginosa, this microorganism persisted in the
product. (Note: Noble and Savin reported that 0.01% w/v chlorocresol was sufficient
to inhibit several strains of P. aeruginosa on nutrient agar.) The cause of contam-
ination was traced to a decrease in preservative level in the aqueous phase of the
product, due to partitioning of the preservative into the oil phase. Contamination
of the product (possibly with adapted organisms) was facilitated by the practice of
refilling used containers. It had been assumed that use of the same preservative
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system in the modified product would be satisfactory but, unfortunately, it was not.
This demonstrates why a preservative system must be tailored to a specific product
(Cowen and Steiger 1977).

Several studies have implicated inadequately preserved mascaras as the cause
of eye injuries (Ahearn et al. 1974, Wilson et al. 1975, Wilson and Ahearn 1977).
Although new mascaras were rarely contaminated, used mascaras often were con-
taminated with a variety of organisms (Ahearn et al. 1974). Bhadauria and Ahearn
(1980) reported that the preservative systems in unused mascaras deteriorated with
time. Similarly, Orth et al. (1987) followed the decrease in preservative efficacy in
a protein-containing shampoo during stability testing at different temperatures. Pre-
servatives have been reported to adsorb to packaging and to particulate materials in
formulations (talc, iron oxides, and colors), and to be inactivated by surfactants (Orth
1997, and see Chapter 15).

The relative hazard created by microbiological contamination of cosmetic or
pharmaceutical products may be related to the severity of infection or disease it
causes. Dunnigan classified Pseudomonas, Proteus, Staphylococcus, Serratia, Strep-
tococcus, Penicillium, Aspergillus, and Candida genera as health hazards (Dunnigan
1968). Bruch (1972) refined the classification of objectionable microorganisms
according to product type. With input from Madden (personal communication 1990),
Orth (1993) updated the list of objectionable microorganisms based on product type.
The classification appearing in Table 13.1 has been further updated by inclusion of
Burkholderia spp.

TABLE 13.1
Classification of Objectionable Microorganisms by Product Type

Sterile drugs Any organism or pyrogen in a sterile product is objectionable.
Eye products Pseudomonas aeruginosa is always objectionable. Other Pseudomonas spp., 

Burkholderia spp., Staphylococcus aureus, Serratia marcescens, and S. 
liquifaciens are usually objectionable.

Nonsterile oral 
products

Any enteric pathogen (i.e., Salmonella spp., Yersinia spp., Campylobacter spp.) 
and Escherichia coli are always objectionable. Other enteric organisms, such as 
Enterobacter spp., Citrobacter spp., Pseudomonas spp., Burkholderia spp., 
proteolytic Clostridium spp., enterotoxigenic Staphylococcus aureus, pathogenic 
yeasts (Candida albicans), and mycotoxin-producing fungi are usually 
objectionable.

Nonsterile topical 
products

Pseudomonas aeruginosa, Klebsiella spp., Staphylococcus aureus, Serratia 
marcescens, and S. liquifaciens are always objectionable; whereas Pseudomonas 
putida, P. multivorans, Burkholderia cepacia, Clostridium perfringens, C. tetani, 
and C. novyi are usually objectionable.

Genitourinary tract 
products

Escherichia coli, Proteus spp., Serratia marcescens, Pseudomonas aeruginosa, 
and P. multivorans are always objectionable; whereas Klebsiella spp., 
Acinetobacter anitratus, and A. calcoaceticus are usually objectionable.

Source: Adapted from Orth, D.S. (1993). Handbook of Cosmetic Microbiology. Marcel Dekker, New
York. Used with permission.
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Although the direct effects of microorganisms in infections and disease have been
appreciated for many years, the insidious role they play in inflammation, immuno-
modulation, and altering human physiology is only beginning to be appreciated.

Products intended for use on, or in, the body must be safe. Even though the
aerobic plate count and total viable counts of the finished product may reveal the
presence of <10 colony-forming units (CFU) mL–1, residual microbial by-products
may produce undesirable reactions. The problems created by microbial contamina-
tion can be minimized by use of raw materials that do not have a history of
unacceptable microbial load (see Chapter 3), by adherence to validated manufactur-
ing practices to reduce the risk of microbial contamination during processing (see
Chapter 6), and by sterilizing products or using effective preservative systems in
aqueous formulations.

13.2.2 PRESERVATION OF THE PRODUCT DURING USE

In 1970, Halleck published the recommendations of the Preservation Subcommittee
of the Toiletry Goods Association (TGA) Microbiology Committee (Halleck 1970).
These recommendations stated that preservation studies should consider product
formulation, manufacturing conditions, packaging, product stability, and continued
effectiveness of the preservative system during the intended use by the consumer.

In 1984, Eiermann noted that data obtained from surveys and during U.S. Food
and Drug Administration (FDA) inspections of cosmetic manufacturers suggested
that microbiological contamination of cosmetics during manufacturing was no longer
a major regulatory issue (Eiermann 1984). He indicated that the question of whether
these products remain uncontaminated when used by consumers had not been
resolved. This is addressed in the tentative final order regulating over-the-counter
(OTC) antimicrobial drug products, in which the FDA used the phrase “effectively
preserved” to include preservation during use by the consumer (Eiermann 1984).

It is believed that normal use of some products by consumers repeatedly subjects
these products to contamination. For example, hair care products (shampoos, con-
ditioners, antidandruff products) are used while showering, which exposes these
products to dilution with water and contamination with microorganisms. Repeated
use of creams, which requires dipping a finger into a jar to obtain the product, may
expose the cream to contamination and dilution with soil, microorganisms, and
moisture on fingers. Also, adaptation may occur in product residues present on the
threads of the cap or neck of the container if the residues become diluted with
water or contaminated with body fluids (blood, urine, tissue fluids). These micro-
organisms may become adapted to the product and may be introduced into that
product when the cap is next removed, resulting in microbial contamination of the
remaining product.

13.2.3 MICROBIAL ADAPTATION

Microorganisms have diverse metabolic capabilities and are able to utilize virtually
any organic and some inorganic compounds as substrates for growth. The modulation
of bacterial metabolism in response to substrates in the environment and the problem
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of microbial adaptation have been recognized by several works (Orth and Lutes
1985, Levy 1987, Orth 1993). Preservatives may be utilized as substrates. Close and
Nielsen (1976) reported the isolation of a strain of Burkholderia cepacia from oil-
in-water (O/W) emulsions preserved with methylparaben and propylparaben. This
isolate could hydrolyze both paraben esters and it could use propylparaben as the
sole source of carbon and energy in minimal media. Orth (1981) reported the growth
of Burk. cepacia in an apparently adequately preserved hand and body lotion.

Yablonski (1978) reported the importance of equipment cleaning and sanitization
in preventing microbial contamination in manufacturing plants. Improperly cleaned
and sanitized equipment provides dilute product residues that enable microorganisms
to adapt to the product and become “house organisms” (Orth 1981, Orth et al. 1996,
Orth 1999a).

Levy (1987) stated that preservative efficacy testing should be performed using
test organisms that exhibit the highest level of resistance toward a preserved product.
Strains selected for such tests should be at least as difficult to inactivate as micro-
organisms that may contaminate the product, either during manufacturing or use by
the consumer. The use of specifically adapted microorganisms is not, however,
recommended for routine testing because it is believed that many organisms of
importance to the cosmetic and pharmaceutical industries may be adapted to survive
and grow in adequately preserved products (Orth 1981, 1984, 1999a). Thus, use of
adapted organisms in preservative efficacy testing may make the tests impossible to
perform because these organisms may not die when introduced into products to
which they are adapted.

The proper solution to the problem of microbial adaptation does not rest with
increasing the potency of preservative systems in all products, because they may
lead to the use of preservative levels well in excess of those normally required.
Instead, alternative types of packaging or product reformulation may be indicated
to eliminate conditions that assist the adaptation process. Also, it may be possible
to select a preservative that has an adaptation index (AI) close to unity (Orth and
Lutes 1985) or a preservative with low dilution coefficient (η, also known as the
concentration exponent) (Russell et al. 1979, Hugo and Denyer 1987, Hurwitz and
McCarthy 1985, see also Chapter 14). This may help to minimize the risk of
adaptative contamination arising through product abuse because preservatives of
this type are less affected by dilution than are preservatives with larger AI or η
values, and should, therefore, exercise more effective control against contaminating
microorganisms.

Orth et al. (1996) observed that house organisms may contaminate a manufac-
turing plant because of inadequate preservative systems, inadequate cleaning and
sanitization procedures (failure to comply with validated procedures or good man-
ufacturing practices), contaminated raw materials, inadequate test methods, micro-
bial limits set higher than <10 CFU.g–1 for aqueous products, and lack of adequate
follow-up when contamination is detected. These works (Orth 1993, Orth et al. 1996)
reported that regrowth (i.e., the phoenix phenomenon) is an artifact due to the failure
of test procedures to detect injured microorganisms. Orth (1999b) cautioned that
procedures intended to detect viable microorganisms from product samples or stress-
ful environments should not use conditions that are normally considered optimal for
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growth [rich culture media, optimum growth temperatures for mesophiles (e.g., 35
to 37°C), and shaking or aeration] because there is ample evidence to show that
these conditions may result in decreased recoveries of microorganisms, irrespective
of whether we call it the viable but nonculturable state or the phoenix phenomenon.

13.3 RECOGNITION OF THE PRESERVATIVE SYSTEM 
CONCEPT

The preservative action of a formulation often is considered to be due solely to the
preservatives used. In practice, however, the preservative system of a product involves
both specific preservative chemicals and the physicochemical constitution of the
product (Orth et al. 1987, Orth et al. 1989). Preservative chemicals do not act
independently of the product. Thus, factors such as pH, water activity (aw), nutrient
availability, surfactant concentration, sequestering agents, nonaqueous components,
insoluble ingredients, and interfering materials (i.e., antibiotics, antioxidants) will
influence the preservative action of any given formulation (see Chapter 15).

There are many formula components that may contribute to the preservative
system of a product (Table 13.2). In some formulations, it is possible to use these
factors, or hurdles to reduce or eliminate the use of preservatives (Kabara and Orth
1997, Orth and Kabara 1998). For example, it is possible to use hurdle technology
(principles of preservation) to eliminate the use of preservatives in an alpha hydroxy
acid lotion at pH 3.5 with sufficient glycerin to reduce the aw to 0.85. Another
example of a self-preserving product might be a hair conditioner with quaternary
ammonium compounds at pH <4. In all cases, preservative efficacy testing is needed
to demonstrate that the formulation is adequately preserved.

TABLE 13.2
Formula Components That May Contribute to the Preservative System
of a Product

Preservatives, antibiotics
Acids, alkalis
Alcohols (e.g., ethyl, isopropyl, benzyl)
Cationic surfactants (e.g., cetyl pyridinium chloride)
Anionic surfactants (e.g., soap, sodium lauryl sulphate)
Esters (e.g., glyceryl monolaurate, glyceryl caprylate, sucrose hexadecanoate)
Humectants (e.g., glycerol, propylene glycol, butylene glycol, sorbitol)
Aqueous solutes (e.g., sugars, dextrins, salts)
Phenolic antioxidants [e.g., t-butylhydroxytoluene (BHT); t-butylhydroquinone (TBHQ)]
Chelating agents (e.g., tetrasodium ethylenediaminetetraacetic acid, citric acid)
Glycols (e.g., propylene glycol, butylene glycol, pentylene glycol)
Colors
Fragrances and flavors

Source: Adapted from Orth, D.S. and Milstein, S.R. (1989). Cosmet. Toiletr., 104(10), 91, 92, 94–100,
102, 103. Used with permission.
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The choice of preservative depends on the formulation (Cowen and Steiger
1977). Thus, preservatives may be unnecessary in an ointment base because of the
absence of water. Also, the presence of antibiotics in a formula may make the use
of specific preservatives unnecessary; however, the type and concentration of anti-
biotic will determine whether additional antimicrobial agents are required.

Microorganisms may be metabolically injured or “stressed” by exposure to
various physical or chemical conditions, such as heating to sublethal temperatures,
freezing, drying, hydrogen peroxide, acid pH, and disinfectants. Stressed microor-
ganisms generally are more susceptible to secondary stresses created by adverse
physicochemical conditions found in preservative systems than uninjured microor-
ganisms (Denyer and Stewart 1998, Orth 1999a).

13.4 THE IDEAL PRESERVATIVE

Understanding the characteristics of an ideal preservative helps to provide the basis
for rational selection of the most suitable agent(s) for a given formulation. The
desired characteristics of an ideal preservative have been discussed by many authors
and include the following:

• It should have a broad spectrum of activity. Ideally, a single preservative
should be used as this will reduce costs and possibly may reduce the
irritation or potential toxicity of the formula.

• It should be effective and stable over the range of pH values encountered
in cosmetic and pharmaceutical products. Ideally, the preservative should
be able to function effectively at any pH compatible with any product
applied topically or taken internally. In addition, it should be chemically
stable so that there is no loss of preservative efficacy during the expected
shelf life of the product.

• It should be compatible with other ingredients in the formulation and with
packaging materials. This attribute would prevent loss of preservative
potency as a result of interactions with formula components or packaging
materials. It should not alter the therapeutic properties of a drug (i.e., loss
of potency of active ingredients or alteration in the pharmacokinetic
behavior of the active ingredients), a phenomenon that may occur if the
preservative reacted with formulation components.

• It should not affect the physical properties of the product (i.e., color,
clarity, odor, flavor, viscosity, texture). Ideally, it should not produce any
interactions with formulation components that may alter the appearance,
texture, aroma, or performance of the formulation.

• It should have a suitable O/W partition coefficient to ensure an effective
concentration of the preservative in the aqueous phase of the product.
Biological reactions take place in aqueous systems or at the interface of
O/W systems; consequently, it is necessary to have sufficient preservative
in the water phase to ensure adequate preservation of the product.

• It should inactivate microorganisms quickly enough to prevent microbial
adaptation to the preservative system. Preservatives are used in aqueous
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products to make them bactericidal and fungicidal in a short enough time
to meet acceptance criteria, prevent adaptation and growth (Orth 1997,
1999b), and to reduce the likelihood of microbial persistence in anhydrous
products that may be contaminated and moistened during use. It is believed
that contaminating microorganisms may be able to develop resistance to
a product if the preservative system does not inactivate them quickly
enough to prevent genetic or biochemical modifications (i.e., enzyme
induction, modification of metabolic pathways, detoxification mediated
by hydroperoxidases and oxygenases) that enable microorganisms to adapt
to the product.

• It should be safe to use. Safety includes handling of pure or concentrated
materials in the manufacturing plant as well as the effect of preservatives
in the finished formulation on the consumer. Ideally, the product should
be nontoxic by oral ingestion, nonirritating, and nonsensitizing.

• It should comply with governmental regulations and manufacturers of
preservative chemicals should be registered. The preservative should be
used in accordance with permissible levels, where applicable.

• It should be cost-effective to use. From a commercial perspective, an
effective concentration should add little to the cost of the formulated
product.

The parabens have been used more often than any other preservative in cosmetic
products (Steinberg 2004); however, no single preservative meets all the above
characteristics of the ideal preservative for all formulations. A more detailed discus-
sion of some of these points can be found in Chapters 14, 15, 17, and 18.

13.5 SELECTION OF TYPE AND CONCENTRATION
OF PRESERVATIVE

Having established candidate preservatives based on their individual characteristics
and the nature of the formulation, the final selection and concentrations required for
satisfactory preservation of products are ascertained by preservative efficacy testing
(Chapter 17). The determination of preservative efficacy by the linear regression
method (Orth 1979) is described in Chapter 18. The reader is directed to publications
by Orth (1981, 1984, 1991, 1993, 1999a), Hodges and Denyer (1996), and Sutton
et al. (1997) for comparisons of the linear regression method with official tests.

13.6 RATIONAL DEVELOPMENT OF A PRODUCT 
PRESERVATIVE SYSTEM

The steps required for the rational development of a product preservative have been
discussed (Orth and Milstein 1989). The first step is to review the product formula
and type to determine what are the most likely challenge organisms, then to decide
which preservatives are indicated, and finally which preservative test method is the
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most appropriate. Samples of the product may then be prepared, with at least one
sample containing an inadequate preservative system, one or two samples with the
preservative level close to the expected target concentration, and at least one sample
with excess preservative. This provides samples with a range of concentrations of the
preservative under investigation and which may now be tested for preservative efficacy.

As mentioned earlier, several preservative efficacy test methods may be used
(Lorenzetti 1984, Orth 1984, Parker 1984). The reader is referred to the companion
Handbook for a discussion of the traditional methods of testing for preservative
efficacy (Hodges and Hanlon 2000). However, it is important to employ a test method
that is reliable and is capable of indicating the concentration of preservative required
for the preservative system of the product to meet acceptance criteria. The linear
regression method (Chapter 18) is recommended because it provides quantitative
data on the kinetics of inactivation. Thus, the D value for each concentration of the
preservative used may be determined with each test organism. If the preservative
concentrations were selected correctly, a family of curves will be obtained. It is
necessary to select the concentration of preservative required to achieve the desired
rate of death so that microorganisms are killed too quickly to allow them to adapt
and grow. Orth et al. (1998) reported that Gram-negative bacteria may survive and
grow if initial rates of killing are too slow, when D values were about 30 h or greater.
This suggests that formulations that kill Gram-negative bacteria at rates approaching
the maximum allowable limits of the United States Pharmacopoeia and Cosmetic,
Toiletry, and Fragrance Association methods should be used only with special man-
ufacturing precautions (aseptic filling) or with packaging that prevents water or
microbial intrusion into the product.

13.7 CROSS-RESISTANCE OF PRESERVATIVES
WITH OTHER ANTIMICROBIAL AGENTS

Antibiotic resistance is increasing and is a serious global problem. Whereas antibi-
otics are known to have specific targets in microbial cells, biocides (including
preservative agents) are believed to have multiple actions on the cell, including
altering membrane permeability, inactivating enzymes, and interfering with nucleic
acids. It has been assumed that bacteria cannot develop resistance to biocides because
they do not have specific targets. This belief is being challenged by findings in recent
years, and it has been demonstrated that bacteria have developed resistance to
triclosan, chlorhexidine, quaternary ammonium compounds, and other biocides
(Levy 1998, McMurry et al. 1998, Russell et al. 1998, McDonnell and Russell 1999).
Increased resistance to antibiotics and disinfectants may be due to mutation or the
acquisition of genetic material by horizontal gene transfer or plasmids (Orth 2000).
Growth conditions may affect resistance to antimicrobial agents. Exposure to aerobic
conditions enables cells to develop tolerance to oxidative stress (i.e., the SOS
response, which includes production of enzymes to detoxify reactive oxygen species
and repair DNA lesions). Exposure of cells to subinhibitory doses of hydrogen
peroxide was reported to increase resistance of Escherichia coli and Salmonella spp.
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to that agent (Demple and Halbrook 1983, Winquist et al. 1984). Starvation or low
aw resulted in slower rates of death (larger D values) for P. aeruginosa during
preservative efficacy testing (Orth et al. 1998). Although these workers did not
demonstrate the presence of different levels of heat shock proteins, their findings
showed that exposure to one stress helps prepare a population to survive another
type of stress.

Pine oil disinfectant, salicylate, and other weak acids (benzoate) may induce
multiple antibiotic resistance in a number of organisms (Cohen et al. 1993, Lambert
et al. 1997, Moken et al. 1997, Gustafson et al. 1999, McDonnell and Russell 1999).
McDonnell and Russell (1999) reported increased cross-resistance to heat, ethanol,
and hypochlorous acid. These reports suggest that exposure to sublethal concentra-
tions of biocides may foster the development of microorganisms with increased
tolerance to biocides and other antimicrobial agents (Orth 2000). At this time, we
do not have sufficient data to state that development of antibiotic resistance caused
by antimicrobials or biocides in laboratory studies occurs under actual product-use
conditions. However, manufacturers of cosmetics and drugs should consider pro-
grams to ensure that their products will not encourage the development of drug-
resistant microorganisms (Orth 2000).

13.8 OVERVIEW

The goal of a preservative system is to satisfactorily preserve a product against
microbial challenge while it is in trade channels and in the hands of consumers. In
order to successfully achieve this, full consideration must be given to all the factors
that may influence preservative activity and to select for testing those preservative
systems that come closest to the ideal. A preservative efficacy test may then be used
to determine the type and minimum effective concentration of preservative(s) required
to preserve a product satisfactorily to meet the recommended acceptance level.

In order to meet the objective of pharmaceutical product preservation, which is
to ensure that the product is microbiologically safe and stable, it may be appropriate
to perform a risk assessment. In this, it will be necessary to determine whether
applying hurdle technology or increasing the potency of the preservative system (i.e.,
by use of higher concentrations of preservatives, by use of additional preservatives,
or both) offers the best practical solution to the problem of product preservation, or
whether reformulating the product or using alternative modes of packaging (i.e.,
unit-dose packages or contamination-resistant packages) should also be considered.
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14.1 INTRODUCTION

Choosing a suitable antimicrobial preservative agent for a pharmaceutical product
requires careful consideration of the product type, its usage, formulation character-
istics, and likely microbial challenge (see Chapter 13). Selection is then made largely
from a common pool of agents used in food, cosmetic, toiletry, and pharmaceutical
products, and experience has identified a limited range most generally suited to the
pharmaceutical situation (Wallhaeusser 1974, Chapman 1987, Matthews 2003,
English 2006; Table 14.1). This chapter focuses on this limited list of preservative
agents in order to illustrate the varied properties and qualities of this diverse group
of pharmaceutical excipients. On occasion, however, none of the agents described
may be suited to a particular application, in which case, a wider range of monographs
compiled, for example, by Wallhaeusser (1984, 1988) and Paulus (1993), is recom-
mended for consultation. In the final analysis, the ultimate selection of a preservative
agent may be a compromise between registration acceptability (Chapter 19), anti-
microbial efficacy (Chapters 17 and 18), and product compatibility (Chapter 15).

14.2 FACTORS AFFECTING PRESERVATIVE ACTIVITY

Preservative efficacy is influenced by factors both intrinsic and extrinsic to the target
organisms. Intrinsic factors include the nature, structure and composition, and con-
dition of the microorganism together with its capacity to resist, degrade, or inactivate
the preservative agent. Detailed treatment of these factors is given in Gilbert and
Wright (1987), Gilbert (1988), Hugo (1988), Chopra (1990), Denyer and Maillard
(2002), and Russell (2004).

To the formulator, the extrinsic factors that reflect the external environment in
which the preservative acts are probably of the most immediate relevance and are
undoubtedly of a more controllable nature. Changes in preservative concentration,
product pH, storage temperature, and product composition can all significantly
influence antimicrobial activity. To some extent, these influences are predictable
provided the properties of preservative agents are fully recognized. The following
sections consider the potential influence of such parameters on the performance of
preservative agents.
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14.2.1 CONCENTRATION

Investigations at the beginning of the last century (reviewed in Hugo and Denyer 1987)
clearly demonstrated the exponential relationship between rate of microbial death and
concentration of antimicrobial agent. This can be described by the equation:

(14.1)

where C1 and C2 represent two concentrations of the antimicrobial agent and t1 and
t2, their respective times to achieve the same level of reduction in viable count. The

TABLE 14.1
Principal Antimicrobially Active Preservative Agents Used in Pharmaceuticals 
and Their Major Potential Areas of Application

Preservative Agent

Pharmaceutical Products

Injectable Ophthalmic Topical Oral

Benzalkonium chloride + + +
Benzethonium chloride + + +
Benzoic acid (+ salts) + + +
Benzyl alcohol + + +
Bronopol +
Butylated hydroxyanisole + + +
Cetrimide + +
Chlorbutanol + +
Chlorhexidine + +
Chlorocresol + +
Cresol + +
Diazolidinyl urea +
Edetic acid (+ salts) + + + +
Ethanol +
Imidurea +
Parabens (methyl, ethyl, butyl, 
propyl, benzyl + salts)

(+) (+) + +

Phenol + +
Phenoxyethanol +
Phenylethanol + +
Propionic acid (+ salts) + +
Propylene glycol + +
Sorbic acid (+ salts) + +
Sulphites, inorganic +
Thiomersal + + +

Note: Regulatory approval may not exist for all applications in all countries. Current approved lists must
be consulted to allow for changed status.

(+) Now generally regarded as unsuitable for these preparations.

C t C t1 1 2 2
η η=
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exponent η is a measure of the effect of changes in concentration (or dilution level)
on microbial death rate and is termed the concentration exponent or dilution coef-
ficient (Russell and McDonnell 2000).

Information derived from such kinetic studies can be used to calculate the
concentration exponent of a microbiocidal preservative agent from a mathematical
rearrangement of Equation 14.1 (see Equation 14.2 below) or by a graphical method
(Denyer and Wallhaeusser 1990).

(14.2)

Thus, any change in activity arising from a change in preservative concentration is
exponential in accordance with the specific concentration exponent for that agent.

In practical terms, the activity of a compound with a high concentration exponent
will be markedly decreased by dilution, whereas that of an agent with low η value
will be less severely affected (Table 14.2). Conversely, an increase in concentration
will be of much greater benefit to a compound of high η value than to a compound
with a low concentration exponent. Example concentration exponents are given for
a range of preservatives in Table 14.3.

It is likely that the concentration exponent in some way reflects the nature of
the interaction between preservative agent and microbial target (Hugo and Denyer
1987). Indeed, variations in concentration exponent are reported and these appear
to reflect differences in both experimental design (i.e., antimicrobial endpoint) and
target organism. Some indication of this variation between organism type is seen in
the average values of Table 14.3, and more detailed examples of this variation are
given in the papers of Beveridge et al. (1980), Karabit et al. (1985, 1986, 1988),
and Mackie et al. (1986). Clearly, experimentation is necessary if a precise value
for the concentration exponent is required for a particular situation.

TABLE 14.2
The Influence of Concentration Exponent on Residual Antimicrobial Activity 
of a Preservative Following Its Depletion in a Product

Concentration Exponent

Residual Antimicrobial Activity of Preservative (%)

At Three-Quarters (75%)
of Original Concentration

At One-Half (50%)
of Original Concentration

1 75 50
2 56 25
3 42 12.5
4 32 6
5 24 3
6 18 1.6
7 13 0.8
8 10 0.4
9 7.5 0.2

η = −
−

log log
log log

t t
C C

2 1

1 2
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In summary, the activity of a preservative system can be substantially influenced
by changes in concentration and this may lead to its failure. Although this change
may arise by simple dilution (i.e., in the mixing of two differently preserved creams)
(Hugo et al. 1984) it will also occur by any mechanism that leads to a reduction in
the active agent. This could include complexation of preservative with product ingre-
dients (see Chapter 15), partitioning of antimicrobial agent into a nonaqueous phase
(Orth 1997) or container material, or through pH influences on ionization and activity.

14.2.2 EFFECT OF PH

The antimicrobial activity of many preservative agents is strongly influenced by
environmental pH, variously through changes in ionic status, altered interaction with
target groups on the microbial cell, and variable partitioning between product and

TABLE 14.3
Preservative Characteristics

Preservative Agent Concentration Exponenta Optimal pH Range

Benzalkonium chloride 3.5, 1.8 (y), 9 (m) Broad; 4–10
Benzethonium chloride 1–2b Broad; 4–10
Benzoic acid (+ salts) 3.5 (y) Acidic; 2–5
Benzyl alcohol 6.6, 4 (y), 2 (m) Acidic; <5
Bronopol 0.9 Weakly acid; 5–7
Butylated hydroxyanisole 2–4b Acidic
Cetrimide 1 Broad; 4–10
Chlorbutanol 2 Acidic; 4
Chlorhexidine 1.9 Neutral; 5–8
Chlorocresol 8.3 Acidic; <8.5
Cresol 8 Acidic; 9
Diazolidinyl urea 1–2b Broad; 3–9
Edetic acid (+ salts)  Broad, but dependent on salt
Ethanol 4.5, 5.7 (y), 3 (m) Acidic
Imidurea 1–2b Broad; 3–9
Parabens (methyl, ethyl, butyl, propyl,
benzyl + salts)

2.5 Broad; 3–9.5

Phenol 5.8, 4 (y), 4.3 (m) Acidic; <9
Phenoxyethanol 9 Broad
Phenylethanol 5.6 Acidic; 7
Phenylmercuric salts 1 Neutral; 6–8
Propionic acid 2–4b Acidic; S5
Propylene glycol 4–6b Broad
Sorbic acid 3.1 Acidic; <6.5
Sulphites, inorganic 1.3, 1.6 (y), 1.8 (m) Acidic; 4
Thiomersal 1 Neutral; 7–8

a Determined against bacteria unless indicated (m) for mold or (y) for yeast. 
b Anticipated range.
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microorganism. In general, a negatively charged microbial cell will interact most
strongly with a cationic agent at high pH while effectively repelling anionic agents.
Furthermore, a compound that exerts its activity by partitioning into the target cell
is likely to do so most efficiently in its unionized rather than its ionized form. For
instance, the activity of weak acid preservatives such as benzoic and sorbic acids
resides principally in the unionized (undissociated) form and greatest activity is
therefore evident at pHs at or below their pKa (4.2 and 4.76, respectively) where the
fraction undissociated will be 50% or greater. With knowledge of preservative pKa

it is possible to determine the extent of ionization (dissociation) from Equation 14.3
and thereby predict the likely influence of pH on activity:

(14.3)

The influence of pH may extend beyond the confines of activity alone, influenc-
ing preservative stability (Moore and Stretton 1981, Chapman 1987), interactions
with pharmaceutical excipients (see Chapter 15), and partitioning behavior in mul-
tiple-phase systems (Section 14.2.4). Optimal pH ranges are given for selected
preservative agents in Table 14.3.

14.2.3 EFFECT OF TEMPERATURE

As with many chemical reactions, the activity of preservative agents usually increases
with an increase in temperature although the effects are often complicated by the
temperature dependency of the target organism (Kostenbauder 1983). Over a narrow
temperature range, which may extend from refrigeration temperatures to body heat,
and in a limited concentration range, it is possible to describe the effect of temper-
ature on preservative activity using Equation 14.4:

(14.4)

where t(T) represents the death time at temperature T°C and t(T + 10) the death time at
(T + 10)°C. It is usual to report temperature sensitivity over a 10°C temperature
difference (Q10 value), but a temperature coefficient (θ) for a 1°C temperature change
can be similarly calculated; θ values are generally in the order of 1 to 1.5 as a
consequence of the apparent geometric nature of the temperature-activity relationship
(Berry and Michaels 1950).

Some temperature coefficients (Q10 values) for selected agents are given in Table
14.4. From these values, it can be seen that preservative agents respond differently
to temperature variations and this may be important in extrapolating preservative
efficacy test data from the usual room temperature to the recommended range of
product storage temperatures (see also Chapter 15). In particular, this may have
important implications in products which are recommended for refrigerated storage
between periods of usage (Allwood 1982).

+ −
Undissociated fraction

of weak acid preservative pH pKa

= 1
1 antilog( )

( )

t
t

T

T 10

Q change in activity per
10°C change in temperature)

10( ( )=
+
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14.2.4 EFFECT OF PARTITIONING IN MULTIPLE-PHASE SYSTEMS

It has long been recognized (Bean et al. 1962, 1965; Bean 1972) that antimicrobial
activity primarily resides in the aqueous phase of a preserved two-phase system and
is therefore dependent upon the equilibrium concentration of the preservative in this
phase. Preservatives will partition between oil and water phases in accordance with
their partition coefficients (Table 14.5) and the relative ratio of oil and water present
in the system. This partitioning behavior and its influence on the aqueous concen-
tration of preservative agent (Cw) can be described by Equation 14.5:

(14.5)

where C represents the overall concentration of preservative, Ko
w the oil-water par-

tition coefficient, and θ the oil:water ratio. It follows that if Ko
w is high, then it

becomes extremely difficult to maintain adequate preservative levels in the aqueous
phase without an excessive total preservative concentration. This formula can be
applied to follow the behavior of a preservative in a simple two-phase system and
a worked example for chlorocresol is given by McCarthy (1984).

The oily phase can generally be considered to represent any water-immiscible
material, but it must be remembered that the Ko

w of a preservative may vary consid-
erably depending upon the type of oil present. Indeed, it is generally recognized that
partitioning from water into vegetable oils is more efficient than into mineral oils
(Bean 1972, McCarthy 1984); furthermore, water solubility is not necessarily a
predictor of partitioning behavior (Table 14.5). Additionally, the pH of the system
may substantially affect partitioning, as may also the droplet size, and hence surface
interfacial area, of the oil phase during mixing.

The above mathematical method describes a simple system that would rarely be
found in emulsion and cream formulations. In these situations, a stable formulation
would usually be maintained by the addition of an emulgent, usually a nonionic

TABLE 14.4
Influence of Temperature on Preservative Activity

Preservative Agent
Temperature Coefficient

(Q10)

Benzalkonium chloride 2.9–5.8
Benzyl alcohol 2.3–7.2
Bronopol 2.9
Chlorhexidine 3–16
Chlorocresol 3–5
Cresol 3–5
Ethanol 45
Phenol 5
Sorbic acid 2.3

C
C
K

w
w
o= +

+
( )θ

θ
1
1
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surface-active agent. In order to account for this third component, Bean et al. (1969)
extended their equation to accommodate the possible partitioning of preservative
into the micellized emulgent or their complexation:

TABLE 14.5
Examples of Solubility and Partition Characteristics for Preservative Agents

Preservative Agent

Water
Solubility
(20–25°C)

Vegetable Oil:
Water Partition

(Ko
w)

Emulgent:
Water Partition

(R)

Benzalkonium chloride High <1.0 High
Benzethonium chloride High <1.0 High
Benzoic acid Slighta 3.6, 1.9e Medium
Benzyl alcohol Moderate 1.3 Low
Bronopol High 0.11 Low
Butylated hydroxyanisole Poor Highf  
Cetrimide Moderate <1.0 High
Chlorbutanol Slight Highf Medium
Chlorhexidine Slight to highb 0.04 (diacetate) High
Chlorocresol Slight 117 High
Cresol Moderate Highf Medium or low
Diazolidinyl urea High Poorf  
Edetic acid Slighta Poorf  
Ethanol Miscible
Imidurea High Poorf  
Parabens (methyl, ethyl,
butyl, propyl, benzyl)

Slight to poora 
(decrease with 

increasing chain 
length) 

4 (methyl), 16 (ethyl), 
52 (propyl), 280 

(butyl)

High

Phenol Moderate Highf Low
Phenoxyethanol Moderate 2.6 Low
Phenylethanol Moderate 21.5e Low
Phenylmercuric salts Slight 0.4 Low
Propionic acid Misciblec 0.33e  
Propylene glycol Miscible  
Sorbic acid Slightd 3.5
Sulphites, inorganic High Poorf

Thiomersal High Poorf Low

Solubility limits: high, > 25%; moderate, > 1%; slight, > 0.05%; poor, < 0.05%.

a Sodium salts moderate to high solubility.
b Digluconate (high), diacetate (moderate), dihydrochloride (slight).
c Sodium salt (high).
d Potassium salt (high), calcium salt (moderate).
e Octanol: water partition.
f Oil solubility.
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(14.6)

In this equation, C, θ, and Ko
w have the same meanings as before, Cw is now the

free concentration in the water, and a new term R, the ratio of total preservative in
the aqueous phase to the free (unbound) preservative in that phase, is introduced.
The relative order of magnitude of R for selected preservative agents is given in
Table 14.5. In relatively simple systems, with a single nonionic emulgent and pre-
servative, a clear linear relationship exists between R and surfactant concentration
(Bean 1972, Kostenbauder 1983); relationships also dependent upon preservative
concentration have been described (Dempsey 1996). More complex models have
been developed along the above lines (Garrett 1966) to include multiple preservative
agents or mixed emulgent systems (Kazmi and Mitchell 1976, 1978a, 1978b).

Within the literature there are examples of potentiation of antimicrobial activity
associated with the presence of low concentrations of nonionic surfactants (Allwood
1973, Lehmann 1988; see also Chapter 15). This can be attributed to a surfactant-
based permeabilization of the bacterial cell to the antimicrobial agent, but this
phenomenon occurs only over a narrow concentration range of emulgent and above
the critical micelle concentration preservative is displaced into the micellar system.

The effective preservation of multiple-phase systems is thus a complex task, and
due consideration must be given to the partitioning properties of the preservative
agent(s), the nature and amount of the oil phase, and the properties of the emulgent
system. At the very best, partitioning of the preservative into the oil phase can be
said to provide a reservoir of the active agent to replenish declining aqueous levels;
more likely, unrecognized and unaccounted for partitioning will lead to loss of
preservative capability.

14.2.5 PREDICTION OF PRESERVATIVE BEHAVIOR

The mathematical treatments described in earlier sections (14.2.1 through 14.2.3) can
be employed to predict the consequences of formulation changes or other external
influences on the antimicrobial activity of a preservative system. Indeed, Bean (1972)
has shown, from a theoretical perspective, how changes in more than one factor can
be accommodated in a combined mathematical approach. It is likely, however, that a
more complex range of influences will arise in practice and the predictive capability
of these formulae may then be only qualitative at best. Under these circumstances,
experimentation will be required to discover the precise significance of every relevant
variable. To this end, application of factorial design to the evaluation of preservative
efficacy in pharmaceutical systems is highly relevant (Karabit et al. 1989).

14.3 ANTIMICROBIAL ACTIVITY

14.3.1 SPECTRUM OF ACTIVITY

In general, a preservative agent should offer a microbicidal capability although
clearly the ability to hold contaminating organisms in stasis will be satisfactory in

C
C
K R

w
w
o= +

+
( )θ
θ

1
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most instances. In this respect, the sporicidal activity of many preservatives at room
temperature is often extremely limited, but good activity against the vegetative form
of the organism should be sufficient. The capacity of a preservative system should
also be sufficient to withstand the anticipated microbial challenge levels, especially
in situations where multiple contamination episodes may arise.

An ideal preservative should possess broad-spectrum activity against both Gram-
positive and Gram-negative bacteria, molds, and yeasts. In practice, few preservatives
have this capability (Table 14.6) and this, combined with the constraints imposed
by formulation design and product type, place further limitations on the spectrum
that can be achieved by use of a single agent in a formulation. Great care must
therefore be taken to ensure that a perceived gap in activity does not lead to the
selection of insensitive organisms or the creation of conditions favorable for a less
adaptable spoilage organism by the growth of the primary insensitive contaminant.

TABLE 14.6
Range of Antimicrobial Activities at Typical Use Concentrations

Preservative Agent

Bacteria

Yeasts MoldsGram-Positive Gram-Negative

Benzalkonium chloride ++ (++)* (++) +
Benzethonium chloride ++ (++)* (++) +
Benzoic acid (+ salts) ++ + + +
Benzyl alcohol ++ + + +
Bronopol (++) ++ + +
Butylated hydroxyanisole (++) +* (++) (++)
Cetrimide ++ (++)* (++) +
Chlorbutanol ++ ++ (++) +
Chlorhexidine ++ (++)* (++) +
Chlorocresol ++ (++) + +
Cresol (++) + + +
Diazolidinyl urea ++ (++) + +
Edetic acid (+ salts) + + +
Ethanol ++ ++ (++) (++)
Imidurea (++) (++) + +
Parabens (methyl, ethyl, 
propyl, butyl, benzyl + salts)

(++) +* (++) (++)

Phenol (++) + + +
Phenoxyethanol (++) ++ + +
Phenylethanol (++) ++ + +
Phenylmercuric salts ++ ++* (++) +
Propionic acid (+ salts) + + ++
Propylene glycol ++ ++ (++) +
Sorbic acid (+ salts) + + ++ (++)
Sulphites, inorganic + + (++) (++)
Thiomersal ++ (++) (++) +

++, Active; (++), moderately active; +, weakly active; *, poorly active against Pseudomonas spp.
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In these respects, considerable concern has been raised regarding the recognized
Pseudomonas gap of certain preservative agents (Croshaw 1977), because this genus
represents a major, and potentially pathogenic, contaminant of many pharmaceutical
preparations (see Chapter 2). This has led to the widespread use of preservative
combinations, not necessarily to achieve potentiation or synergy (Section 14.4), but
simply to combat the likely range of contaminants. Such combinations include
mixtures of parabens in place of single esters (this has the principal benefit of
increasing the total paraben level that can be held in solution), parabens with phe-
noxyethanol, bronopol and parabens (particularly useful in alkaline preparations
where the rapid “knock-down” effect of the alkali-labile bronopol can be supple-
mented by the long-term activity of the parabens), and benzalkonium chloride with
chlorhexidine gluconate (Croshaw 1977).

14.3.2 RESISTANCE TO PRESERVATIVES

At in-use levels few preservatives show selectivity in their target site and activity is
often associated with compound lesions (Denyer and Stewart 1998). Resistance,
where it can be discovered, has normally been associated with cellular imperme-
ability, efflux mechanisms and, rarely, metabolic inactivation (Denyer and Maillard
2002, Poole 2004, Russell 2004, Stickler 2004); occasionally these resistance pro-
cesses are shown to be shared with antibiotic resistance mechanisms (Russell 1997,
Poole 2004). Fueled by studies involving triclosan (Heath et al. 1998, Heath and
Rock 2000), however, there is now an emerging concern that some preservatives or
biocides may, at appropriate concentrations, share specific targets with antibiotics
(McBain and Gilbert 2001). Although only poorly evidenced at present, the possi-
bility of cross-resistance with antibiotics requires the formulator to review constantly
the choice of preservative agents for pharmaceutical application.

14.4 POTENTIATION AND SYNERGY

An occasional benefit from the use of preservative agents in combination is an
enhancement in activity which, if to a sufficiently marked degree, can be considered
to represent true synergy. This phenomenon, although elusive, has been widely
reported (see, for example, Lehmann 1988 and Denyer 1996). Synergy is rarely a
property deliberately sought for in preservative combinations, and it should not be
confused with the broadening of antimicrobial spectrum described in Section 14.3.1.
If achieved, it is often by serendipity although the basis for its prediction has been
described (Denyer et al. 1985; Denyer 1990, 1996).

The extent of synergy between preservative agents is dependent upon their
relative ratios; this will be controlled not only by their initial concentrations within
the formulation, but also by those factors that influence their availability in active
form (Section 14.2). Thus, if attempts are made to select synergistic combinations
of preservatives, due attention must be given to their individual physicochemical
properties in order to predict their likely behavior in a formulated system. Complex
preservative dose-response relationships can mislead in the interpretation of synergy
(Gilliland et al. 1992) but this may be predicted from knowledge of concentration
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exponents (Lambert et al. 2003). The extent of synergy can be tested in simple
solution or in more complex formulations and some of the methodological
approaches to this have been described (Denyer et al. 1985, Hodges and Hanlon
1990, McCarthy and Ferreira 1990, Denyer 1996, but see also Lambert and Lambert
2003). The laboratory examination of preservative combinations will also eliminate
those with the potential for antagonism and the methods can be adapted to study
excipient interactions (Pons et al. 1992).

An additional phenomenon to synergy, also known to arise in the presence of
preservatives, is one of potentiation. Here the activity of an antimicrobial agent is
enhanced by the inclusion of a microbiologically inactive or only weakly active com-
ponent that presumably sensitizes the microbial target to preservative action. The classic
example of potentiation is that involving edetic acid [ethylenediaminetetracetic acid
(EDTA)], which has been clearly shown to enhance the activity of a range of preservative
agents (Table 14.7), especially against Pseudomonas aeruginosa where its chelating
power affects the stability of the protective outer membrane (Hart 1984, Lambert et al.
2004). Recently, a similar mechanism of potentiation has been attributed to the beneficial
effect of polyacrylic acid polymers on paraben activity (Scalzo et al. 1996). A further
example has already been considered in Section 14.2.4 where low concentrations of
nonionic surfactants assist the antimicrobial action of preservative agents.

With the existing limitations in our current list of preservative agents, it is likely
that the use of preservatives in combination will continue to increase. In order to
maximize their potential, and to avoid unfortunate mismatches, their properties must
be fully understood and exploited. In this respect, the potential benefits of synergy and
the potentiating effects of formulation ingredients (see Chapter 15) as part of a “systems
approach” (hurdle technology, Kabara 2006) should be exploited to advantage.

14.5 TOXICITY

While seeking to achieve maximum antimicrobial activity from preservative agents,
we need also to minimize adverse reaction in the user. Thus preservative agents are

TABLE 14.7
A Selection of Preservatives Whose Action Is 
Potentiated by Edetic Acid

Benzalkonium chloride
Bronopol
Cetrimide
Chlorhexidine
Ethanol
Parabens
Phenol
Phenylethanol
Sorbic acid
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required to be selectively toxic and acceptable in all aspects of toxicity including
acute, subacute, and chronic exposure, local reactions, reproductive toxicity,
mutagenicity, and carcinogenicity (Schneider 1984, Hayden 1996). These
demands have resulted in a reduction in the range of preservatives considered
acceptable for pharmaceutical use, limited the application of others, and imposed
considerable restrictions upon novel biocidal agents (Allwood 1978, Bloomfield
1986, Matthews 2003). A useful classification scheme for toxigenic potential can
be found in the Blue List (a collection of information on cosmetic ingredients)
(Kemper et al. 2000). A further treatment of preservative toxicities can be found
in Bronaugh and Maibach (1984), Lautier (1984), Wallhaeusser (1984, 1988),
Rowe et al. (2004), and Goon et al. (2006).

Current opinion would suggest that a satisfactory balance between antimicro-
bial effect and toxicity may be achieved by careful selection of preservative
concentration. In some instances, it may be acceptable to achieve only a growth
inhibitory or weak killing effect in order to avoid the toxicological consequences
that may arise from high levels of preservative agent. The need to exercise proper
control over recalcitrant organisms is still, of course, a prerequisite to effective
preservation.

One further approach taken in an attempt to minimize the toxicological potential
of preservative systems is to use combinations where submaximal levels of the
component agents can be employed; in this regard, the potential benefit of com-
bining agents that demonstrate antimicrobial potentiation or synergy is obvious. It
must be remembered, however, that the toxicological behavior of individual agents
may also be modified in combination, as may also be the case when specific
formulation ingredients are present.

14.6 PRESERVATIVE MONOGRAPHS

In this section, brief monographs are presented for the preservative agents summa-
rized in Table 14.1 (see Section 14.1). The information given is designed to be read
in conjunction with data given elsewhere in this chapter. The tolerance of challenge
organisms to the inactivators suggested for use in the preservative efficacy test
(PET) must be confirmed by preliminary experimentation and, if found unsuitable,
membrane filtration should be considered as an alternative approach. Dilution will
always be a useful adjunct to the use of specific inactivators, especially with those
preservatives known to possess a high concentration exponent. Typical in-use pre-
servative concentrations are given for guidance only, as the actual concentration
employed will depend upon the product type. A further appreciation of preservative
behavior in formulated products can be gained by consulting Chapter 13 and
Chapter 15. Additional reference information is available in Wallhaeusser (1984,
1988), Paulus (1993), Martindale (2002), Rowe et al. (2004), and English (2006).

For a detailed discussion on the antimicrobial preservative efficacy test, the
reader is referred to the companion Handbook (Hodges and Hanlon 2000).

© 2007 by Stephen P. Denyer and Rosamund M. Baird



336 Guide to Microbiological Control in Pharmaceuticals and Medical Devices

14.6.1 BENZALKONIUM CHLORIDE

Synonym(s)—Mixture of alkyldimethylbenzylammonium chlorides (alky-
ldimethyl (phenylmethyl) ammonium chlorides); BKC

CAS number—800 1-54-5
Class of compound—Cationic quaternary ammonium
Empirical formula—General formula [C6H5·CH2·N(CH3)2·R]Cl, where R rep-

resents a mixture of the alkyls from C8H17 to C18H37 with the principal
components represented by C12H25,C14H29, and C16H33 (average molecular
weight 360)

Stability—Solutions are stable at room temperature for prolonged periods;
stable to autoclaving conditions

Compatibility—Incompatible with anionic surfactants, soaps, citrates,
nitrates, iodides, heavy metals (including silver salts), alkalis, some oxi-
dants, some commercial rubber mixes, proteins; sorbed by some plastic and
filter materials

PET inactivator—Lecithin and a nonionic surfactant such as Lubrol W or
Tween 80 (Letheen broth)

Typical in-use concentration—0.002 to 0.02%

14.6.2 BENZETHONIUM CHLORIDE

Synonym(s)—N,N-Dimethyl-N-[2-[2-4-(1,1,3,3-tetramethyl-butyl) phenoxy]
ethoxy]ethyl] benzene-methanaminium chloride; BZT

CAS number—121-54-0
Class of compound—Cationic quaternary ammonium
Empirical formula—C27H42 ClNO2, molecular weight 448.1
Stability—Good, aqueous solutions stable to autoclaving
Compatibility—Incompatible with soaps and anionic surfactants; may be

precipitated in some salt solutions
PET inactivator—Lecithin and a nonionic surfactant such as Lubrol W or

Tween 80 (Letheen broth)
Typical in-use concentration—0.01 to 0.5%

14.6.3 BENZOIC ACID (AND SALTS)

Synonym(s)—Benzene carboxylic acid; phenylcarboxylic acid; sodium ben-
zoate salt

CAS number: 65-85-0
Class of compound—Organic weak acid (or salt)
Empirical formula—C6H5·CO2H; molecular weight 122.1, sodium benzoate 162
Stability—Stable at low pH; stable to autoclaving
Compatibility—Incompatible with ferric salts and salts of heavy metals, non-

ionic surfactants, quaternary compounds and gelatin; loss of activity in
presence of proteins, glycerol, and kaolin

PET inactivator—Dilution and nonionic surfactant such as Tween 80
Typical in-use concentration—0.1 to 0.5%
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14.6.4 BENZYL ALCOHOL

Synonym(s)—Benzenemethanol; phenylcarbinol; phenylmethanol; α-hydrox-
ytoluene

CAS number: 100-51-6
Class of compound—Alcohol
Empirical formula—C6H5·CH2OH, molecular weight 108.1
Stability—Stable to autoclaving conditions; slowly oxidizes to benzaldehyde

and benzoic acid in air, reduced by saturating solutions with nitrogen;
dehydrates at low pH

Compatibility—Incompatible with oxidizing agents; activity reduced by non-
ionic surfactants; incompatible with some packaging materials and methyl
cellulose

PET inactivator—Dilution and nonionic surfactant such as Tween 80
Typical in-use concentration—1 to 3%

14.6.5 BRONOPOL

Synonym(s)—2-bromo-2-nitropropane-1,3-diol; 2-bromo-2-nitro-1,3-pro-
panediol; BNPD

CAS number—52-52-7
Class of compound—Aliphatic halogenonitro diol
Empirical formula—C3H6BrNO4, molecular weight 200
Stability—Stable in aqueous solution at low pH (<5) and can be stored at

room temperature for up to 2 years with no decomposition or for at least
1 month at 50°C; decomposition increases in the light, at elevated temper-
atures and in alkaline pH; decomposition accelerated in presence of iron
and aluminum; unstable in anhydrous solutions of glycerol

Compatibility—Little or no inactivation by anionic, cationic, or nonionic
surfactants, proteins, or serum; sulphydryl compounds (cysteine, thiogly-
collate), thiosulphate, and metabisulphite are markedly antagonistic

PET inactivator—Sulphydryl compounds such as cysteine or thioglycollate
Typical in-use concentration—0.01 to 0.1%

14.6.6 BUTYLATED HYDROXYANISOLE

Synonym(s)—2-tert-butyl-4-methoxyphenol; 1,1-dimethylethyl-4-methox-
yphenol; BHA; E320

CAS number—25013-16-5
Class of compound—Phenolic
Empirical formula—C11H16·O2, molecular weight 180.3
Stability—Trace quantities of metals and exposure to light causes discolora-

tion and loss of activity 
Compatibility—Incompatible with oxidizing agents and ferric salts
PET inactivator—Dilution and nonionic surfactant such as Tween 80
Typical in-use concentration—0.005 to 0.02%
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14.6.7 CETRIMIDE

Synonym(s)—Alkyltrimethylammonium bromide; tetradecyltrimethylammo-
nium bromide; cetyltrimethylammonium bromide (CTAB); cetrimonium
bromide and CTAB were formerly applied to cetrimide as the hexadecylt-
rimethylammonium bromide preparation

CAS number—Cetrimide, 8044-71-1; tetradecyltrimethylammonium bro-
mide, 1119-97-71; hexadecylammonium bromide, 57-09-0

Class of compound—Cationic quaternary ammonium
Empirical formula—Chiefly tetradecyltrimethylammonium bromide with

small amounts of dodecyl- and hexadecyltrimethylammonium bromides;
contains not less than 96% of alkyltrimethylammonium bromides calcu-
lated as C17H38BrN, molecular weight 336.4; the main component was
formerly C19H42BrN (hexadecyltrimethylammonium bromide) (British
Pharmacopoeia 1953)

Stability—Stable in solution and to autoclaving conditions
Compatibility—Incompatible with soaps and other anionic surfactants, high

concentrations of nonionic surfactants, nitrates (including phenylmercuric
nitrate), heavy metals, some oxidants, some alkalis, bentonite, some rub-
bers, and proteins

PET inactivator—Lecithin and a nonionic surfactant such as Lubrol W or
Tween 80 (Letheen broth) 

Typical in-use concentration—0.0 1 to 0.1%

14.6.8 CHLORBUTANOL

Synonym(s)—1,1,1-trichloro-2-methylpropan-2-ol; chlorbutol; chlorobutanol;
acetonechloroform

CAS number: 57-15-8
Class of compound—Alcohol
Empirical formula—C4H7Cl3O, molecular weight 177.5
Stability—Decomposes in aqueous solutions when heated, especially under

alkaline conditions; losses from solution due to volatility
Compatibility—Incompatible with nonionic surfactants and alkalis; sorbed

by polyethylene and polypropylene containers, bentonite, and magnesium
trisilicate

PET inactivator—Dilution and nonionic surfactant such as Tween 80
Typical in-use concentration—0.3 to 0.5%

14.6.9 CHLORHEXIDINE

Synonym(s)—1,1-hexamethylenebis[5-(4-chlorophenyl) biguanide]; 1,6-
bis(5-p-chlorophenylbiguanido)hexane, as (di)acetate, (di)gluconate, and 
(di)hydrochloride salts

CAS number: 55-56-1 (chlorhexidine base)
Class of compound—Cationic bisbiguanide
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Empirical formula—Base formula C22H30Cl2N10; diacetate (2C2H402), molec-
ular weight 625.6; digluconate (2C6H1207), molecular weight 897.9; dihy-
drochloride (2HCl), molecular weight 578.4 

Stability—Generally unstable at high temperatures, decomposing to give trace
amounts of 4-chloroaniline, but, under appropriate conditions, salts can be
sterilized by autoclaving at 115°C for 30 min; alkaline pH promotes decom-
position

Compatibility—Incompatible with soaps and other anionic agents, various
gums and sodium alginate; forms insoluble salts with, for example, borates,
bicarbonates, carbonates, chlorides, citrates, phosphates, and sulphates at
concentrations of 0.05%

PET inactivator—Lecithin and a nonionic surfactant such as Lubrol W or
Tween 80 (Letheen broth) 

Typical in-use concentration—0.01 to 0.1%

14.6.10 CHLOROCRESOL

Synonym(s)—4-chloro-3-methylphenol; p-chloro-m-cresol; 2-chloro-5-
hydroxytoluene; PCMC

CAS number—59-50-7
Class of compound—Halogenated phenolic
Empirical formula—C7H7ClO, molecular weight 142.6
Stability—Aqueous solutions turn yellow in light and air; solutions in water

are stable to autoclaving and those in oil or glycerol to 160°C exposure for 1 h
Compatibility—Reduction in activity in the presence of nonionic surfactants;

discoloration with iron salts; sorption to some plastics
PET inactivator—Dilution and nonionic surfactant such as Tween 80
Typical in-use concentration—0.1%

14.6.11 CRESOL

Synonym(s)—Methyl phenol; 3-cresol; m-cresol; cresylic acid; hydroxytoluene
CAS number—1319-77-3
Class of compound—Phenolic
Empirical formula—CH3·C6H4·OH, a mixture of ortho, meta and para iso-

mers but predominantly the meta isomer, molecular weight 108.1
Stability—Aqueous solutions turn yellow in light and air; not suitable for

freeze-dried preparations
Compatibility—Reduced activity in the presence of nonionic surfactants
PET inactivator—Dilution and nonionic surfactant such as Tween 80
Typical in-use concentration—0.15 to 0.3%

14.6.12 DIAZOLIDINYL UREA

Synonym(s)—N-(hydroxymethyl)-N-(1,3-dihydroxymethyl-2,5-dioxo-4-imi-
dazolidinyl)-N ′-(hydroxymethyl) urea

CAS number: 78491-02-8
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Class of compound—Heterocyclic urea derivative
Empirical formula—C8H14N4O7, molecular weight 278.2
Stability—Hygroscopic; very stable, with slow release of formaldehyde in

water-based formulations
Compatibility—Compatible with many excipients including proteins, non-

ionic surfactants and lecithin
PET inactivator—Dilution, possibly with lecithin–Tween 80–thioglycolate

medium
Typical in-use concentration—0.1 to 0.5%

14.6.13 EDETIC ACID (AND SALTS)

Synonym(s)—N,N-1,2-ethanediylbis[N-(carboxymethyl)glycine]; ethylenedia-
minetetraacetic acid; EDTA; potassium, sodium, and calcium salts

CAS number—60-00-4
Class of compound—Polycarboxylic acid chelating agent
Empirical formula—C10H16N2O8, molecular weight 292.2
Stability—Aqueous solutions are stable to autoclaving
Compatibility—Incompatible with strong oxidizing agents, strong bases, and

polyvalent metal ions; activity reduced in presence of divalent metal ions
PET inactivator—Dilution, with possible addition of calcium or magnesium

salts
Typical in-use concentration—0.01 to 0.1%

14.6.14 ETHANOL

Synonym(s)—Ethyl alcohol; dehydrated alcohol; absolute alcohol; alcohol
(95% ethanol)

CAS number—64-17-5
Class of compound—Alcohol
Empirical formula—C2H5OH, molecular weight 46.1
Stability—Aqueous solutions stable to autoclaving in closed containers, but

special conditions are required
Compatibility—Used as a solvent or cosolvent in pharmaceutical preparations

and as a basis for the production of tinctures; reduced antimicrobial activity
in presence of nonionic surfactants

PET inactivator—Dilution
Typical in-use concentration—Rarely used solely for its preservative capa-

bility, which is only satisfactory at concentrations above 15 to 20% and is
optimally bactericidal at 60 to 70%

14.6.15 IMIDUREA

Synonym(s)—N,N-methylenebis{N-(hydroxymethy)-2,5-dioxo-4-imidazo-
lidinyl urea}; imidazolidinyl urea

CAS number—39236-46-9
Class of compound—Heterocyclic urea derivative
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Empirical formula—C11H16N8O8, molecular weight 388.3
Stability—Hygroscopic; stable, but does release formaldehyde in water-based

formulations
Compatibility—Compatible with many excipients including proteins, non-

ionic surfactants, and lecithin
PET inactivator: Dilution, possibly with lecithin–Tween 80–thioglycolate

medium or glycine
Typical in-use concentration—0.03 to 0.5%

14.6.16 PARABENS

Synonym(s)—Esters of p-hydroxybenzoic (PHB) acid [methyl, ethyl, propyl,
butyl, and benzyl (NIPA)], and their sodium salts; PHB esters; NIPA esters

CAS number—Methyl (99-76-3), ethyl (120-47-8), propyl (94-13-3), butyl
(94-26-8), benzyl (94-18-8) 

Class of compound—Benzoic acid ester
Empirical formula—HO·C6H5CO2·R, where R represents CH3 (methyl ester,

molecular weight 152.1), C2H5 (ethyl ester, molecular weight 166.2), C3H7

(propyl ester, molecular weight 180.2), C4H9 (butyl ester, molecular weight
194.2), or CH2·C6H5 (benzyl ester, molecular weight 228.2); the general
formula for the sodium salt is Na·O·C6H5CO2·R with a molecular weight
increase of 22 over each respective ester

Stability—Stable; chemical stability decreases as pH increases, with signifi-
cant hydrolysis taking place at strongly alkaline pH and elevated tempera-
tures; acidic solutions can generally withstand autoclaving conditions; sen-
sitive to excessive light exposure

Compatibility—Some reduction in activity seen with anionic agents, nonionic
surfactants, methylcellulose, gelatin, povidone, and proteins; incompatible with
alkalis and iron salts; some pigments adsorb parabens reducing their activity

PET inactivator—Dilution and nonionic surfactants such as Tween 80
Typical in-use concentration—Up to 0.4% single ester or 0.8% for a mixture

of esters; generally 0.2% methyl paraben, 0.15% ethylparaben, 0.02% pro-
pyl- and butylparaben, and 0.006% benzylparaben

14.6.17 PHENOL

Synonym(s)—Carbolic acid; hydroxybenzene
CAS number—108-95-2
Class of compound—Phenolic
Empirical formula—C6H5·OH, molecular weight 94.1
Stability—Excessive light exposure in air will catalyze oxidation and lead to

discoloration of solution; aqueous solutions are autoclavable, and oily solu-
tions can be sterilized by 150°C dry heat treatment for 1 h 

Compatibility—Incompatible with alkali salts, iron salts, and certain drugs;
activity reduced by nonionic surfactants

PET inactivator—Dilution and nonionic surfactant such as Tween 80
Typical in-use concentration—0.25–0.5%
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14.6.18 PHENOXYETHANOL

Synonym(s)—2-phenoxyethanol; phenoxetol; ethylene glycol monophenyl
ether; β-phenoxyethyl alcohol

CAS number—122-99-6
Class of compound—Alcohol
Empirical formula—C8H10O2, molecular weight 138.2
Stability—Stable; aqueous solutions sterilized by autoclaving
Compatibility—Compatible with anionic and cationic surfactants; reduced

activity in presence of some nonionic agents
PET inactivator—Dilution and nonionic surfactant such as Tween 80
Typical in-use concentration—1.0%

14.6.19 PHENYLETHANOL

Synonym(s)—2-phenylethanol; β-phenylethyl alcohol; phenethyl alcohol;
benzyl carbinol

CAS number—60-12-8
Class of compound—Alcohol
Empirical formula—C6H5·CH2·CH2OH, molecular weight 122.2
Stability—Poor stability with oxidants
Compatibility—Partially inactivated by nonionic surfactants
PET inactivator—Dilution and nonionic surfactant such as Tween 80
Typical in-use concentration—0.3 to 0.5%

14.6.20 PHENYLMERCURIC SALTS

Synonym(s)—As phenylmercuric acetate (PMA, acetoxyphenylmercury),
phenylmercuric borate (PMB), and phenylmercuric nitrate (PMN) salts

CAS number—Acetate (62-38-4), borate (8017-88-7), nitrate (55-68-5)
Class of compound—Cationic organic mercurial
Empirical formula—C6H5HgO·CO·CH3 (acetate salt, molecular weight 336.7),

C6H5Hg·O·B(OH)2 and C6H5Hg·OH (basic borate salt, molecular weight
633.2), C6H5·Hg·NO3 and C6H5·Hg·OH (basic nitrate salt, molecular weight
634.4)

Stability—Sensitive to excessive light and air exposure
Compatibility—Incompatible with halides, aluminium and other metals,

ammonia and ammonium salts, sulphides, and thioglycollates; activity may
be reduced in presence of anionic emulsifying and suspending agents; can
adsorb to polyethylene and certain rubber components; compatible with
some nonionic surfactants

PET inactivator—Sulphydryl compounds such as cysteine or thioglycollate
Typical in-use concentration—0.001 to 0.002%

14.6.21 PROPIONIC ACID (AND SALTS)

Synonym(s)—Ethylformic acid; methylacetic acid; propanoic acid
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CAS number—79-09-4; 6700-17-0 (sodium salt)
Class of compound—Organic weak acid (or salt)
Empirical formula—C3H6O2, molecular weight 74.1; C3H5NaO2⋅xH2O (hydrated

sodium salt), molecular weight of monohydrate 114.1
Stability—Deliquescent
Compatibility—Similar to benzoic acid. Incompatible with alkalis, ammonia,

amines, and halogens; can be salted out from aqueous solution by addition
of calcium chloride and some other salts

PET inactivator—Dilution and nonionic surfactant such as Tween 80
Typical in-use concentration—0.3%, up to 5% as an antifungal agent

14.6.22 PROPYLENE GLYCOL

Synonym(s)—1,2-dihydroxypropane; 2-hydroxypropanol; propane-1,2-diol;
methyl glycol

CAS number—57-55-6
Class of compound—Alcohol
Empirical formula—C3H8O2, molecular weight 76.1
Stability—Oxidizes in air at high temperatures; aqueous solutions may be

sterilized by autoclaving; hygroscopic
Compatibility—Incompatible with oxidizing agents
PET inactivator—Dilution, possibly including a nonionic surfactant such as

Tween 80
Typical in-use concentration—15 to 30%

14.6.23 SORBIC ACID

Synonym(s)—2,4-hexadienoic acid; 2-propenylacrylic acid; calcium or potas-
sium sorbate salts

CAS number—22500-92-1
Class of compound—Organic weak acid
Empirical formula—C6H8O2, molecular weight 112.1; potassium sorbate

C6H7KO2, molecular weight 150.2
Stability—Sensitive to light and air exposure; oxidation occurring most

readily in aqueous solution; unstable in a variety of containers except when
stored at refrigeration temperatures or in the presence of an antioxidant

Compatibility—Appears compatible with vegetable gums, proteins, and gel-
atin; only slightly incompatible with nonionic surfactants; incompatible
with bases, oxidizing and reducing agents

PET inactivator—Dilution and nonionic surfactant such as Tween 80
Typical in-use concentration—0.05 to 0.2%

14.6.24 SULPHITES, INORGANIC

Synonym(s)—Inorganic sulphites, including sodium/potassium sulphite, and
sodium-potassium metabisulphite (pyrosulphite)
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CAS number: Sodium sulphite (7757-83-7), sodium metabisulphite (7681-
57-4)

Class of compound—Inorganic acid
Empirical formula—Na2SO3 and K2SO3 (sodium and potassium sulphites,

anhydrous molecular weights 126.1 and 158.3, respectively); NaS2O5 and
K2S2O5 (sodium and potassium metabisulphites, molecular weights 190.1
and 222.3, respectively)

Stability—Unstable in solution, decomposing in air especially on heating;
autoclaving requires removal of air; dextrose reduces stability of the met-
abisulphite

Compatibility—Sodium metabisulphite usually employed in acid conditions
where antimicrobial activity is encouraged by liberation of sulphur dioxide
and sulphurous acid; sodium sulphite is incompatible with strong acids and
is usually preferred for use in alkali preparations; inorganic sulphites are
incompatible with oxidizing agents; sodium metabisulphite may interact
with rubber

PET inactivator—Sulphydryl compounds such as cysteine and thioglycollate
Typical in-use concentration—0.1%

14.6.25 THIOMERSAL

Synonym(s)—Sodium (2-carboxyphenylthio)ethylmercury; sodium o-(eth-
ylmercurithio)benzoate; sodium ethyl mercurithiosalicylate; thiomersalate;
thimerosal; mercurothiolate

CAS number: 54-64-8
Class of compound—Anionic organic mercurial
Empirical formula—C9H9HgNaO2S, molecular weight 404.8
Stability—Aqueous solutions are fairly stable to heat and can be sterilized

by autoclaving, but are labile to light and less stable in alkaline conditions;
traces of copper, iron, and zinc ions increase heat lability; stability reduced
in sodium chloride solutions

Compatibility—Incompatible with strong acids and bases, iodine, heavy
metal salts (including phenylmercuric compounds), quaternary ammonium
compounds, lecithin, thioglycollate, and proteins; can adsorb to various
types of rubbers and plastics, especially polyethylene; edetic acid and
sodium metabisulphite may reduce preservative efficacy

PET inactivator—Sulphydryl compounds such as cysteine and thioglycollate
or lecithin–Tween 80–thioglycollate medium

Typical in-use concentration—0.002 to 0.01%
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15.1 INTRODUCTION

Throughout their shelf life and use, pharmaceutical preparations must comply with
compendial microbiological requirements with respect to microbiological quality
and efficacy of antimicrobial preservation.
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The conditions of manufacture and the microbiological quality of raw materials
are responsible for the initial level of contamination (Fels et al. 1987). However,
growth of contaminants may occur during storage, possibly leading to unacceptably
high numbers of microorganisms. As water is an essential prerequisite for growth,
water-containing products are especially susceptible to microbial multiplication.

Administration of drugs in the hospital is undertaken by health care professionals
and it may be expected that hygienic precautions are observed. Nevertheless, micro-
bial contamination has occurred, mainly due to poor hygienic practices (Patchell et
al. 1994, Hamill et al. 1995, Reboli et al. 1996, Bach et al. 1997). For highly critical
products, such as enteral nutrition solutions, observed levels of contamination up to
108 CFU.mL–1 have been ascribed to failing hygiene, lack of preservative capacity,
and to unsuitable storage conditions (Fagerman et al. 1984, Patchell et al. 1994). At
home, medicines are usually administered by untrained people, frequently the
patient. The majority of the drugs will be nonsterile products, such as tablets and
creams. However, there has been an increase in the use of parenteral medication at
home; examples are epidural administration of opioids, intravenous antibiotic admin-
istration, and peritoneal dialysis. Here, too, there is always a risk of contamination,
even of sterile products such as eye drops (Baird et al. 1979, Anders and Wiedemann
1985, Livingstone et al. 1998).

In-use contamination, either in the hospital or at home, can be significantly
reduced by means of a properly designed primary package and through hygienic
precautions during administration. New and better systems for drug administration
have been introduced, such as tubes for creams, spray bottles for nasal preparations,
and single-dose packages for ophthalmic preparations produced in form-fill-seal
equipment. However, the mode of administration or the cost prevent the universal
introduction of contamination-proof packaging for all nonsterile products, and the
use of preservatives continues to play an important part in preventing high levels of
contamination. New developments in pharmaceutical and medical technology may
present new specific preservation challenges, including problems associated with the
use of particular types of dosage forms. Examples are the relatively frequent infec-
tions with Acanthamoeba spp. observed in contact lens wearers (Bacon et al. 1993,
Illingworth 1998, Schaumberg et al. 1998), the problems associated with the use of
nebulizers (Barnes et al. 1987, Hamill et al. 1995, Reboli et al. 1996, Cobben et al.
1996), and long-term intrathecal infusion (Nitescu et al. 1992). New formulations
such as liposomal products (Komatsu et al. 1986) or products with new excipients,
such as cyclodextrins (see Section 15.2.6), may be difficult to preserve.

The choice of preservative and its concentration for a given pharmaceutical
preparation are based on a number of factors. The type of preparation, the route of
administration, and the required efficacy of the preservative system are the primary
criteria on which such a choice is based (see also Chapter 13). Other aspects to be
considered during formulation are:

• Allergic reactions and other unwanted side effects—Owing to the wide-
spread use of preservatives in pharmaceuticals, foodstuffs, and cosmetics,
such reactions are frequently observed
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• Resistance—The emergence of microorganisms resistant to common pre-
servatives is a serious problem to all involved in the formulation of
pharmaceuticals

Despite many apparent drawbacks, the use of chemical preservatives remains
for the time being the only efficient way to guarantee the microbiological quality of
pharmaceutical preparations throughout shelf life and use. It is, therefore, important
to understand the factors that affect the activity of antimicrobial agents (see also
Chapter 14) and to know the possible interactions between preservatives and other
components of pharmaceutical formulations. In this chapter, the most important
interactions will be discussed.

15.2 PHYSICOCHEMICAL EFFECTS

15.2.1 THE EFFECT OF CONCENTRATION

The activity of a preservative depends on the free concentration of the active form
of the molecule in the aqueous phase. Partitioning between water and oil phase,
micellar solubilization, and dissociation may all decrease the efficacy of a preserva-
tive. Much work has been done on the preservation of emulsified systems and various
mathematical approaches have been proposed to predict the total amount required
to give a known concentration of free preservative in the aqueous phase. One
frequently used formula is:

(15.1)

where Cw is the concentration of free preservative in the aqueous phase, C is the
total concentration of preservative in the emulsion, θ is the volume ratio of oil to
water, R is the ratio of total to free preservative in the aqueous phase (influenced by
the emulsifier-preservative interaction), and Ko

w is the oil-water partition coefficient
of the preservative. Equation 15.1, which was derived for simple emulsions contain-
ing only one oil and one emulsifier, was found also to be applicable to modern
emulsions comprising more than one oil and surfactant (Kurup et al. 1991a).

The effect of concentration on the antimicrobial activity of a preservative is
given by the following formula:

Cηt = k (15.2)

where C is the concentration, η is the concentration exponent, t is the time to achieve
a certain effect (e.g., one decimal reduction), and k is a constant.

The concentration exponent depends on the type of preservative and sometimes
on the type of organism (Beveridge et al. 1980; Karabit et al. 1985, 1986, 1988;
Mackie et al. 1986; Hugo and Denyer 1987). Observed values range from 1 for
phenylmercuric salts and cetrimide to 2.5 for the parabens and up to 9 for

C
C

K Rw
w
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+
(θ + 1)
θ
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phenoxyethanol (see also Chapter 14). Benzalkonium chloride is an example of a
compound that shows different concentration exponents for bacteria (3.5), yeasts
(1.8), and molds (9).

When discussing interactions between preservatives and other excipients, the
importance of the concentration exponent should be acknowledged. A low concen-
tration exponent of 1 means that the activity changes linearly with the concentration;
however, a high concentration exponent of 9 means that a twofold decrease in available
concentration (perhaps due to interaction with a different component of the product)
will invoke an approximately 500-fold decrease in activity (see Chapter 14).

Numerous combinations of preservatives are claimed to be synergistic (see
Section 15.2.7); however, the observed increase in activity sometimes may be
attributable to an increase in the overall preservative concentration of compounds
with similar modes of action having high concentration exponents (McCarthy and
Ferreira 1990). Gilliland et al. (1992b) observed that combinations of methyl- and
propylparaben were bactericidal, whereas only a bacteriostatic action was noted
when the agents were used singly. This synergistic effect was attributed to a
sigmoidal dose–response relationship.

15.2.2 THE EFFECT OF PH

The choice of pH of a preparation is based not only on solubility and stability of
the therapeutically active components but also on the tolerance of body tissues that
come into contact with the preparation. The pH of the formulation may affect the
efficacy of the preservative system in a number of ways:

• pH affects the activity of preservatives, for example, sorbic acid is only
active as the undissociated molecule (van Doorne and Dubois 1980,
Eklund 1983).

• pH affects the oil–water partition coefficient of the preservative, the micel-
lar solubilization, and the interaction with cyclodextrins, because the
undissociated form is more hydrophobic than the dissociated form.

• Some preservative-component interactions may be pH-dependent because
of ionization effects on components.

A more detailed discussion of the effect of pH on preservative activity is given
in Chapter 14; it is evident that the free aqueous concentration of the preservative,
and thereby the activity, may be affected by the pH.

15.2.3 ADSORPTION BY SOLIDS

Liquid or semisolid pharmaceutical preparations may contain varying amounts of
solids, ranging from less than 1 to 50%. In addition to solid material, suspensions
contain thickening agents such as natural clays (veegum, bentonite) or semisynthetic
compounds such as modified celluloses, or polyvinylpyrrolidone (PVP). Solids in
suspensions are used as therapeutically active components (e.g., suspensions of
antibiotics or corticosteroids), suspending agents (e.g., bentonite and veegum), or
coloring agents (e.g., calamine).
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It is difficult to protect solid–liquid dispersions against microbial attack. A survey
(Vanhaecke et al. 1987) has shown that 8 out of 12 marketed antacid suspensions
failed to meet the United States Pharmacopeia (USP) 21 (1985) criteria for preser-
vative activity. Although the main cause of the failures was the incompatibility of
pH with the chosen preservative, interaction with the solid components could not
be excluded. In a draft revision for the preservative efficacy test, the microbiology
subcommittee of the USP suggested a special category for antacids with less stringent
requirements than for other oral preparations (Anonymous 1995). Although the
suggestion was never adopted, it illustrates the problems frequently encountered
with this type of preparation.

The binding of preservatives by solid particles has been studied by many workers.
Pioneer investigations were conducted by Batuyios and Brecht (1957), who studied
the adsorption of quaternary ammonium compounds by talc and kaolin. In the years
that followed, numerous papers were published (McCarthy 1969; Bean and Dempsey
1971; Yousef et al. 1973a, 1973b; Myburgh and McCarthy 1980a, 1980b). For a
review of the early literature, the reader is referred to McCarthy and Myburgh (1977).

The available information clearly shows that binding almost invariably results
in a decreased concentration of free preservative and hence a decrease in activity of
the preservative. As a general rule, the ionic preservatives (e.g., quaternary ammo-
nium compounds, chlorhexidine) are strongly bound, whereas the nonionic com-
pounds such as the parabens are usually not.

15.2.4 INTERACTION WITH GEL-FORMING AND SUSPENDING 
AGENTS

Suspending agents are natural clays and hydrocolloids, such as bentonite, veegum,
gelatine, and tragacanth, or semisynthetic thickeners, such as modified celluloses.
Their main effect is to increase viscosity, thereby reducing settling velocities of
particles.

McCarthy and Myburgh (1974) studied the interaction between tragacanth and
eight different preservatives. Only chlorhexidine was found to be absorbed to any
extent (33%). The interaction between benzalkonium chloride and some suspending
agents including tragacanth, bentonite, veegum, and sodium alginate was studied by
Yousef et al. (1973b). In general, a decrease in preservative activity was observed.
According to the extent of the antagonism, they classified the materials into four
categories:

1. Highly antagonistic (attapulgite, bentonite, veegum, and magnesium tri-
silicate)

2. Moderately antagonistic (kaolin, tragacanth, and sodium alginate)
3. Slightly antagonistic (talc, acacia, starch, calamine, sodium carboxyme-

thylcellulose, and methylcellulose)
4. Nonantagonistic (polyethylene glycols)

Kurup et al. (1992) studied the interaction of methylparaben with varying con-
centrations of natural hydrocolloids, such as acacia, tragacanth, sodium alginate,
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guar gum, and carrageenan. Tragacanth and guar gum inhibited the activity to a
greater extent than the other three excipients. Reduction in the availability of the
preservative appeared to be the predominant mechanism by which tragacanth and
guar gum reduced the activity of methylparaben. Acacia, sodium alginate, and
carrageenan apparently acted by offering physical protection to the microbial cell.
Miyawaki et al. (1959), using an equilibrium dialysis method, did not observe a
significant interaction between methyl- or propylparaben and tragacanth.

The effect of starch on the efficacy of preservatives has also been investigated.
Mansour and Guth (1968) studied the complexation of benzoic acid and sorbic acid
by starch. They concluded that the amylose portion of the molecule, rather than the
amylopectin part, was involved in complexation with the preservatives. McCarthy
(1969) observed that sorbic acid was adsorbed only to a limited extent, whereas,
chlorhexidine was almost completely (97%) adsorbed.

Semisynthetic thickeners, such as the modified celluloses, may also decrease the
free aqueous concentration of preservatives. The nature of the interaction has not
been studied in detail and conflicting results have been reported. Thus, DeLuca and
Kostenbauder (1960) reported that benzalkonium chloride was not antagonized by
methylcellulose, whereas Yousef et al. (1973a) observed a marked antagonism.
Tromp et al. (1976) reported a 7% loss of benzalkonium chloride in the presence of
hydroxypropylmethyl cellulose (HPMC) and Myburgh and McCarthy (1980b)
observed a decreased activity of cetylpyridinium chloride in the presence of
hypromellose. Richards (1976) pointed out that the reaction between HPMC and
benzalkonium chloride occurred during sterilization. More recently, the activity of
chlorocresol, methylparaben, and phenoxyethanol against P. aeruginosa in the pres-
ence of cellulose derivatives was studied by Kurup et al. (1995). Methylcellulose,
sodium carboxymethylcellulose, and HPMC reduced the activities of the preserva-
tives to varying degrees. Dependent on the preservative–cellulose derivative combi-
nation, interaction between preservative and cellulose derivative or physical shielding
was the predominant mechanism for the reduction in activity. However, earlier
Miyawaki et al. (1959) concluded from their studies that there was no evidence for
a significant degree of interaction between parabens and carboxymethylcellulose.
Scalzo et al. (1996) studied the interaction between polyacrylic acid polymers (Car-
bopol 940) and methylparaben using four test organisms. For the Gram-negative
bacteria P. aeruginosa and Escherichia coli, a synergistic effect was observed. This
effect was attributed to the chelation of Ca2+ ions in the outer membrane of the cell.
The synergy could be partially reversed by the addition of calcium chloride. For
Staphylococcus aureus and Candida albicans, an antagonism was noted. This was
attributed to an interaction between the preservative and the polymer and the absence
of an outer membrane with Ca2+ ions in these organisms. These authors confirmed
results obtained earlier by Orth et al. (1989), who reported a synergism between
methylparaben and three other acrylic acid polymers.

15.2.5 INTERACTION WITH EMULSIFIERS

Many chemical preservatives are lipophilic compounds (e.g., parabens), or com-
pounds containing a substantial lipophilic part in the molecule (e.g., quaternary
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ammonium compounds). Exceptions are bronopol and phenylmercuric compounds.
The lipophilic nature of such compounds makes them liable to micellar solubilization
by emulsifiers. Interaction between antimicrobials and nonionic emulsifiers was first
reported by Bolle and Mirimanof (1950). The interaction between parahydroxyben-
zoic acid esters and Tween 80 was studied by Patel and Kostenbauder (1958) and
Pisano and Kostenbauder (1959). These authors studied the binding of the parabens
by Tween 80 by means of an equilibrium dialysis method and were able to correlate
the binding data to preservative efficacy. Brown and Richards (1964) reported that
the activity of benzalkonium chloride, and to a lesser extent of chlorhexidine, was
increased by a low (0.02%) concentration of Tween 80, but that a higher concentra-
tion (0.5%) completely eliminated the inhibitory effect of both preservatives. Similar
results were claimed by Kurup et al. (1991b), who studied the effect of different
concentrations of Tween 80 on methylparaben, phenoxyethanol, and chlorocresol
against P. aeruginosa. At concentrations below the critical micelle concentration,
the bactericidal effect of these preservatives increased with decreasing surface ten-
sion. However, the effects were only small. Methylparaben can be solubilized by
sodium lauryl sulphate when the latter compound is present in a concentration above
the critical micelle concentration (0.2%) (van Doorne 1977). Sodium lauryl sulphate
itself has an antimicrobial effect, particularly against Gram-positive microorganisms
(Birkeland and Steinhause 1939), which might explain the potentiation of the activity
of some preservatives (including methylparaben), particularly against S. aureus,
observed by Jund and Carrère (1971).

Kazmi and Mitchell (1978a) investigated mathematical models for the distri-
bution and antimicrobial activity of chlorocresol in solubilized and emulsified
systems, stabilized with a nonionic emulsifier. The models could predict adequately
the free aqueous concentration of preservative. It was confirmed that the antimi-
crobial effect was related to the free aqueous concentration, and that the preservative
solubilized in the surfactant or partitioned into the oil phase did not contribute to
the antimicrobial effect (see Section 15.2.1). However, the micelles and the oil
containing the preservative can act as a reservoir for the antimicrobial agent when
the aqueous concentration has decreased through chemical or physical instability
(Kazmi and Mitchell 1987b).

In conclusion, the interaction between a preservative and emulsifying agents
may cause an increase in activity at concentrations below the critical micelle con-
centration of the emulsifier. Above the critical micelle concentration, there is a
decrease in the free aqueous concentration of the preservative and hence a decrease
in antimicrobial activity.

15.2.6 INTERACTION WITH MISCELLANEOUS COMPOUNDS

Cyclodextrins, a group of compounds that were introduced recently as excipients
for pharmaceutical preparations, interfere with the activity of preservatives by a well-
understood mechanism. The doughnut-shaped molecules have a hydrophobic cavity,
and thus can form inclusion complexes with numerous pharmaceutically relevant
compounds. Complexation of preservatives and antibiotics results in a (partial) loss
of antimicrobial activity (Loftsson et al. 1992, van Doorne 1993, Lehner et al. 1994).
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Another compound that interacts with preservatives by means of a well-under-
stood mechanism is ethylenediaminetetraacetic acid (EDTA). EDTA enhances the
activity of preservatives such as chlorhexidine (Richards and McBride 1972) and
quaternary ammonium compounds (Richards 1971, Clausen 1973). The Gram-neg-
ative bacterial outer membrane-peptidoglycan complex is stabilized by divalent
action (Ca2+ and Mg2+) bridges. Owing to the chelating action of EDTA, the divalent
ions are removed from the complex, which causes destabilization of the outer
membrane and loss of lipopolysaccharides. This results in an easier access to the
inner part of the cell (e.g., cytoplasmic membrane) of molecules that are otherwise
excluded (Gilbert and Das 1996). Combinations of EDTA with preservatives such
as the quaternary ammonium compounds are frequently used in ophthalmic prepa-
rations and contact lens solutions.

Propylene glycol is particularly useful in creams. In addition to its synergistic
activity (see Section 15.2.7), propylene glycol increases the aqueous solubility of
lipophilic preservatives such as the parabens; as a consequence the oil–water coef-
ficient is reduced, leading to an increased concentration in the aqueous phase (van
Doorne and Dubois 1980).

15.2.7 INTERACTION BETWEEN PRESERVATIVES

When satisfactory preservation cannot be achieved by means of a single compound,
a combination of two or more preservatives is necessary. If the effect of the combi-
nation is greater than the sum of the effects of the individual compounds, the com-
bination is said to be synergistic. However, as explained in Section 15.2.1, if the two
preservatives have similar modes of action and their concentration exponents are
relatively high, the apparent increase in concentration may fully account for the
observed increase in activity. Advantages of the use of synergistic combinations are
the wider antimicrobial spectrum and fewer undesired side effects because the indi-
vidual compounds may be used at lower concentrations. Denyer et al. (1985) listed
45 synergistic combinations, many of which have been used in commercial products.

15.3 THE EFFECT OF TEMPERATURE ON PRESERVATIVE 
EFFICACY AND AVAILABILITY

The microbiological stability of pharmaceuticals is influenced by temperature
through at least three different, unrelated mechanisms:

1. Temperature affects the metabolic state of microorganisms.
2. An increase in temperature enhances the activity of a preservative.
3. Temperature affects the interaction of preservatives with other formulation

ingredients.

15.3.1 METABOLIC STATE

Growth of microorganisms in any medium, including pharmaceutical or cosmetic
preparations, depends on temperature. The optimum temperature of most pathogenic
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species is about 37°C. Incubation temperatures used for environmental monitoring
and nonselective microbiological examination are usually lower (about 30°C)
because at this temperature higher recoveries are obtained. Pharmaceutical prepara-
tions are usually stored at room temperature (about 20°C) or in a refrigerator (about
4°C). Only preparations containing extremely unstable compounds are stored in a
freezer at 20°C. During their shelf life, therefore, most products are kept at temper-
atures that, although possibly selective toward certain types of microorganism, do
not preclude microbial growth.

15.3.2 PRESERVATIVE ACTIVITY

The activity of a preservative generally increases with increasing temperature. The
temperature dependence is frequently expressed by means of the Q10 value, which
is defined as:

(15.3)

The Q10 value gives an indication of the extent to which the activity of a preservative
is changed by a 10°C change in temperature (see Chapter 14 for some examples).
It is of limited predictive use, however, because the values are only constant over a
limited range of temperatures (Karabit et al. 1985) and even for one compound they
may be different for different microorganisms (Karabit et al. 1986). Gilliland et al.
(1992b) demonstrated that the Arrhenius equation provided a good mathematical
model to describe the relationship between temperature and the antimicrobial activity
of methyl- and propylparaben.

15.3.3 INTERACTION WITH INGREDIENTS

All the interactions discussed in the previous sections are dependent on temper-
ature, thus:

• Adsorption of preservatives by solid ingredients decreases with increasing
temperature.

• Micellar solubilization is dependent on temperature. As compared to a
true molecular dispersion, the solubilized system is thermodynamically
less favorable. Therefore an increase in temperature will result in a
decrease in the extent of solubilization.

• The oil–water partition coefficient, Ko
w, is dependent on temperature.

Between 20°C and 70°C, an increase in the Ko
w of methylparaben between

water and Cetiol V (a semisynthetic oil) was observed (van Doorne and
Dubois 1980).

Owing to the complexity of these effects, it is impossible to predict how the
activity of a preservative in a specific preparation will change with changing temper-
ature. The test for preservative efficacy as described in the European Pharmacopoeia

Activity at Temperature (T + 10)
Activity at Temperature T

Q10 =
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(2005) is carried out at ambient temperature. For products that are to be stored under
refrigeration conditions (such as some injection solutions or eye drops), it is therefore
advisable to run additional tests under the intended storage conditions.

15.4 EFFECT OF WATER ON PRESERVATIVE EFFICACY 
AND AVAILABILITY

15.4.1 WATER AS AN INTRINSIC FACTOR

Lowering the water content has always been a convenient method of protecting foods
from microbial spoilage. In the late 1930s, it was recognized that the water content
per se was not the governing factor in this context. The concept of water activity
allowed a more quantitative approach to the influence of water on microbial prolif-
eration. The water activity (Aw value) is defined as the ratio between water vapor
pressure of a preparation and the vapor pressure of pure water at the same temper-
ature. Protection against microbial spoilage can thus be obtained by the addition of
high concentrations of sugars or polyalcohols, which lower Aw values. Although
microorganisms cannot develop resistance against reduced water activity (Curry
1985), its application as a means of preserving pharmaceutical preparations is only
limited. Even syrups, which contain high concentrations of saccharose (>60%), are
frequently preserved with methylparaben. The reason is that during production a
layer of condensed water sometimes forms on the surface. In this film, growth of
microorganisms can occur, and this is inhibited by methylparaben. Shihab et al.
(1988) reported that the solubility of sorbic acid was reduced in the presence of high
concentrations of different sugars. In the presence of 75% w/v sucrose, glucose, or
sorbitol, the solubility of the preservative was reduced from 1.5 mg.mL–1 to about
0.5 mg.mL–1 but the effect on antimicrobial activity was not studied. The addition
of 20% w/v sorbitol had no detectable effect on an oral caffeine formulation pre-
served with sorbic acid (Barnes et al. 1994).

15.4.2 WATER AS AN EXTRINSIC FACTOR

Although dry oral preparations do not rank high as microbial hazards, an outbreak
of infection reported by Kallings et al. (1966) illustrated that tablets may contain
dangerously high levels of bacteria. The presence of these organisms was ascribed
to the use of contaminated raw materials, rather than to growth during storage. Raw
materials, particularly those of natural origin, may contain high numbers of bacteria,
including Enterobacteriaceae (see Chapter 3). In a recent survey on the microbio-
logical quality of herbal products (Kabelitz 1997), it was reported that more than
95% of the investigated senna fruit samples contained more than 104 Enterobacte-
riaceae per gram. Even dry products may thus contain relatively high numbers of
Gram-negative bacteria, which are generally considered to be sensitive to drying.
As long as tablets are stored under dry conditions, spoilage due to growth is unlikely
to occur (Flatan et al. 1996). However, in tropical regions with a hot and humid
climate [31°C and 75 to 100% relative humidity (RH)], growth of microorganisms
cannot be excluded, particularly when the products are stored and dispensed in a
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nonprotective packaging or even without any packaging. Only a few studies have
been published on the microbiological stability of tablets (Blair et al. 1987). Parker
(1984) suggested that the addition of preservatives to tablets could be effective. The
effect of added preservatives on the microbiological stability of tablets stored under
different conditions has been studied (Bos et al. 1989). No microbial growth was
found on tablets stored at 75% RH, and the addition of preservatives (methylparaben
or sorbic acid) yielded no measurable effect on the viability of the test organisms.
However, when tablets were stored at 95% RH, visible growth of fungi was observed
after four weeks of storage on tablets without preservative. Sorbic acid (1% w/w)
and methylparaben (1% w/w) added to the tablet formulations were found to be
fungicidal under these conditions of storage.

The need to add preservatives to ointments has been discussed (Anonymous
1996, Anonymous 1998). Even though USP 28 (2005) requires the antimicrobial
effectiveness of all products including nonaqueous preparations to be tested, the
European Pharmacopoeia (2005) considers such a test relevant for aqueous products
only. The current test has not been developed for nonaqueous products and its
application may lead to erratic results. Van Doorne et al. (1998) described a test to
demonstrate whether a product blocked the penetration of microorganisms and was
thus protected against microbial attack. Such a test could be used as an alternative
to the classical preservative effectiveness test. The reader is referred to the companion
Handbook (Hodges and Hanlon 2000) for a more detailed discussion of preservative
efficacy testing.

15.5 INTRINSIC EFFECTS

A number of components of pharmaceutical preparations exert measurable antimi-
crobial effects, although they are used for reasons other than their antimicrobial
activity. Some well-known examples are discussed briefly because they may form
part of a complete preservative system (see Chapter 13).

15.5.1 REDUCING AGENTS

Lowering the redox potential reduces the growth rate of aerobic and facultatively
anaerobic microorganisms. In pharmaceuticals, packaging under oxygen-free con-
ditions or the addition of reducing compounds is routinely undertaken to protect the
active compounds against oxidative degradation, but not to inhibit growth. Sodium
metabisulphite, which is used in ophthalmic preparations and some injections, has
a weak bactericidal effect on P. aeruginosa and S. aureus (Richards and Reary 1972).
Butylated hydroxyanisole is added to fats in order to prevent rancidity. It has been
shown to have some antimicrobial activity (Lamikanra 1982). Ascorbic acid, another
well-known antioxidant, has only a very weak antimicrobial effect.

15.5.2 ESSENTIAL OILS

The essential oils of many plants such as lemon grass, thyme, marjoram, nutmeg,
and bergamot have significant antimicrobial activity against bacteria, yeasts, and
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molds, and their possible use as preservatives has been reviewed by Kabara (1984).
Essential oils are, however, unsuitable as preservatives for pharmaceutical products
for the following reasons:

• They are mixtures of different compounds and their composition may
change with the source of the oil.

• Many of the components are unsaturated compounds, which easily form
peroxides. These peroxides may cause deterioration of other components
of the product to be preserved.

• Essential oils are used in aromatherapy because of their alleged pharma-
cological effect (Lis-Balchin 1997); against this background, therefore,
they may have undesired side effects.

15.5.3 CHELATING AGENTS

As mentioned in Section 15.2.6, EDTA is frequently employed in antimicrobial
combinations to enhance the activity of preservatives such as the quaternary ammo-
nium compounds. In addition to this potentiating effect, EDTA has weak antimicro-
bial activity itself.

15.5.4 ANTIBIOTICS

The presence of antibiotics and related compounds in pharmaceutical preparations
will certainly affect the contaminant’s ability to survive and grow. Antibiotics should
not be used as preservatives, because of the danger of (cross-) resistance. Owing to
their limited spectrum of activity, many antibiotic preparations such as eye drops
contain a preservative. During formulation studies, it must be remembered that
occasionally antagonism between an antibiotic and a preservative may be observed.

15.5.5 ALCOHOLS

Some alcohols, such as benzyl alcohol and phenylethanol, are used as preservatives.
Alcohols such as ethanol and propylene glycol are also used as solvents or cosolvents.
Homeopathic and phytotherapeutic preparations, in addition to many cosmetics,
frequently contain high levels of ethanol. Any product containing more than 20%
ethanol can be considered to be adequately preserved. Propylene glycol is an alcohol
that is frequently used in creams and ointments. It is known to enhance the activity
of the parabens (Prickett et al. 1961) by increasing their aqueous solubility, thereby
reducing the oil–water partition coefficient; in a concentration over 15%, it has a
significant antimicrobial activity (van Doorne and Dubois 1980).

15.5.6 MISCELLANEOUS COMPOUNDS

Systematic studies on the antimicrobial activity of pharmaceutical compounds have
not been performed, and only some incidentally observed effects have been reported.

The antimicrobial activity of sodium lauryl sulphate has already been discussed
in Section 15.2.5. Local anaesthetics such as tetracaine, benoxinate, and cocaine
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were found to be lethal for C. albicans, P. aeruginosa, and S. epidermidis (Kleinfeld
and Ellis 1967). Unpreserved commercial preparations of methohexital sodium and
sodium thiopental were found to be toxic for different strains of microorganisms
(Highsmith et al. 1982). It is, however, uncertain whether the observed effects should
be ascribed to toxic action of the compounds per se or whether the high pH (10.5)
of the preparation was responsible. Chakrabarty et al. (1989) reported that the
antihistamine compound promethazine possessed antimicrobial activity against many
aerobic and anaerobic Gram-positive and Gram-negative bacteria.

Many antineoplastic drugs such as doxorubicin are, in fact, antibiotics, but are
never used in antimicrobial therapy. Radiopharmaceuticals also have an antimicrobial
effect. Stathis et al. (1983), studying the survival of S. epidermidis in solutions con-
taining various levels of 99m Tc, concluded than an inoculum of 100 CFU.mL–1 was
killed after having received an estimated dose of about 10 Gy. The bactericidal effect
could be ascribed to radiation damage and not to toxic effects of the pertechnate itself.

15.6 OVERVIEW

In the previous sections, many physicochemical effects and interactions between
preservatives and components of pharmaceutical preparations have been discussed.
The physicochemical (sorption, partition, or solubilization) or biological (complex-
ation of Ca2+ in the outer membrane) basis of these effects is often quite well
understood. These theoretical considerations, however, allow only a qualitative inter-
pretation of observed phenomena and are usually not sufficient to predict whether
any product will be adequately preserved. Moreover, occasionally unexpected and
unpredictable phenomena may occur, because of a unique characteristic (resistance)
of a certain microorganism. The current pharmacopoeial preservative efficacy tests
are designed to establish preservative effectiveness specifications for the formulation
at the development stage of the product (Cooper 1996). Even if such tests are
performed under conditions that guarantee maximum reproducibility, a marked
degree of variation in microbial inactivation may be observed (Hodges et al. 1996).
Interlaboratory variations have not been published, but may well be significant. These
limitations do not make such tests redundant. Their results must be used in combi-
nation with the results of microbiological examination of used preparations. Ade-
quate preservation in combination with well-designed packaging and clear instruc-
tions for use will guarantee the microbiological purity of pharmaceutical preparations
at the point of administration.
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16.1 INTRODUCTION

In the past, the packaging of pharmaceutical products often took little account of
the microbiological aspects of maintaining product integrity. This was especially
true of nonsterile products, where minimal consideration was given to microbiolog-
ical risks during storage and patient use. Similarly, the lack of such considerations
also applied to many traditional forms of packaging for sterile products. For instance,
glass bottles with rubber closures were implicated in contamination episodes through
a failure to maintain seal integrity during autoclaving and few were designed to
avoid contamination during use (see Chapter 2). Consequently, in recent years there
has been a rapid change to all-plastic containers with integral seals. This type of
material offers major design and manufacturing benefits leading to improvements
in systems to maintain the microbiological safety of products (Table 16.1).

Microbiological considerations are now an essential element of the product
design brief. This is clearly evident in developments in both nonsterile and sterile
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TABLE 16.1
Container Types, Construction Materials, and Their Applications

Pharmaceutical 
Product

Container System
and Materials Employed

Potential Microbiological 
Problems in Use

Nonsterile Product Packaging

Liquids Glass bottles largely superseded by 
plastic containers; bottle lip 
designed to minimize backflow and 
nonsurface wetting plastic to stop 
product accumulation

Exposure to airborne microorganisms 
during use; accumulation of product 
around container lip (minimized by 
lip design)

Creams/semisolid 
formulations

Wide-necked jars largely replaced by 
collapsible aluminum-lined or 
plastic tubes

Repeated exposure to user’s skin, 
minimized by reduced contact area 
of tube nozzle

Solid oral dosage 
forms

Strip-foil unit-dose packaging now 
predominates over stock bottles

Minor risk of cross-contamination 
from handling doses

Sterile Product Packaging

Large-volume 
parenterals

Collapsible plastic (PVC) bags or 
blow-mold systems (polyethylene, 
polypropylene) have largely 
eliminated need for glass containers

Minor risk from manipulations in 
complex assemblies

Small-volume 
parenterals

Glass ampoules and (multidose) vials 
increasingly substituted by single-
dose blow-molded (polyethylene) 
units; reconstitution systems 
employing diluent transfer devices 
associated with small (<100 ml) 
collapsible bags; multidose pen 
injectors with delivery mechanisms 
and replaceable prefilled cartridges

Touch contamination risks associated 
particularly with glass ampoules 
largely eliminated by plastic 
ampoules and purpose-built syringe 
connectors, transfer devices, and 
automatic injectors

Single-dose injections Prefilled syringes, sometimes 
employing dual compartments, of 
glass or plastic construction

Largely eliminated

Eye-drop preparations Traditional glass dropper bottles 
almost obsolete, replaced by 
multidose plastic eye-drop containers 
and increasingly single-dose (often 
polycarbonate) disposable units

Manipulation and exposure risks 
largely eliminated in plastic systems 
although the container materials 
may constrain the sterilization 
method used

Ophthalmic ointments Limited size semirigid aluminum or 
plastic tubes with narrow nozzles

Virtually no risks except from 
contamination of container tip

Nebulizer solutions Generally provided as single-dose, 
preservative-free solutions in blow-
molded (polyethylene) ampoules

Minimal risk during transfer of 
contents to nebulizer

Aerosol sprays Pump action or pressurized systems 
designed with one-way delivery of 
contents

Negligible risk of ingress through 
delivery valve
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pharmaceuticals where factors influencing product microbiological security during
storage and use are well recognized. The major aspects relating to container design
are summarized in Table 16.2.

Major steps have been taken in container design to improve functionality and
minimize extrinsic microbiological contamination. Such microbiological protection
can only be guaranteed, however, by appropriate design validation studies and
suitable quality assurance processes. Package integrity testing is therefore an intrinsic
part of any product development and quality assurance program.

16.2 PACKAGE INTEGRITY QUALITY ASSURANCE

Pharmaceutical quality reflects the ability of a product to perform its intended
functions despite the stresses associated with its manufacturing, distribution, storage,
and use. Quality assurance depends on the measurement of product attributes that
relate to performance and the comparison of these measurements to meaningful
criteria. For pharmaceutical packaging, performance may involve protection from
light, oxygen, and moisture; prevention of microbial ingress; tamper evidence; poison
prevention; and ease of use. Package integrity is typically associated with maintain-
ing product stability or sterility by excluding microorganisms or reactive gases (e.g.,
water or oxygen), maintaining a vacuum usually to facilitate product use or to prevent
mass loss or product leakage.

Package integrity quality assurance involves the selection of an appropriate
method of measurement, qualification of the measurement method by demonstrating
that it directly or indirectly measures the desired package performance attribute, and
validation of the test method.

TABLE 16.2
Design Features of Containers That Influence Microbiological Security of the 
Product

The container system should:
Provide resistance to contamination through good design (e.g., cap seal efficiency, minimal product 
accumulation at container mouth)

Allow sterilization by the optimum method (in the case of sterile products); this requires features such 
as resistance to the sterilizing agents, maintenance of seals under stress, and complete access by 
sterilizing agent

Not interact with the formulation by sorption of active components or excipients, especially preservatives, 
so as not to compromise the preservative system

Not release materials into the product (e.g., alkali leach from glass, antioxidants from polyethylene, 
plasticizers from PVC) or alter product characteristics that may adversely affect preservative efficacy

Provide ready access for microbiological testing
Not offer opportunities for microbial adhesion
Provide light protection for photosensitive preservatives
Be size-limited to reduce in-use shelf life and minimize evaporative headspace

Source: Adapted from Allwood 1990.
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16.3 LEAKAGE THEORY

A leak is an unintended portal in a package capable of passing matter from one side
of the enclosure to the other. Leaks relate to both egress and ingress. Leakage is the
movement of mass (gas, liquid, or solid; viable or not) through the leak. Thus a leak
may be present whether leakage occurs or not. Leaks are typically of unknown
morphology; therefore, it is useful to define them, often in terms of mass or volume
flow. Typical quantitative leakage rate units are pressure-volume per unit time (e.g.,
pascal-m3.s–1), mass per unit time (e.g., mol.s–1) or volume per unit time at a reference
pressure (e.g., standard cm3.s–1, where “standard cm3” indicates the quantity of gas
contained in one milliliter at sea level atmospheric pressure). The international
standard (IS) unit is Pa-m3.s–1, which is equivalent to 0.001 bar-m3.s–1 or 10 sccs
(standard cubic centimeters per second) (McMaster 1982). Alternatively, leakage
can be defined functionally, for example, the probability that a microorganism will
penetrate a package under well-defined conditions or the extent of vacuum loss that
will affect a product’s performance. The ability to compare and evaluate methods
of leak detection may center on the relationship between functional and quantitative
descriptions of leakage rate.

How quickly mass moves through a leak depends on the dimensions of the leak,
the properties of the mass, the conditions inside and outside the package, and the
composition of the leaking material. The latter is sometimes important for liquids
and suspended solids but is not usually critical for gases. Moreover, under low pressure
conditions, ideal gas law behavior can be applied to leaking gases. Thus, leakage
theory is most readily understandable through a discussion of the gas flow through
a simple leak such as a rigid short circular tube present in the wall of a container.

For gases, mass transfer will occur by convection flux when the total pressure
difference across the leak is sufficient to support bulk flow or by diffusion if there
exists a concentration gradient across the leak. Both convective and diffusional flux
can occur simultaneously, but convective flow will predominate when the pressure
difference is large enough to support it. Diffusive flow will be predominant when
there is no pressure gradient across the leak but a partial pressure gradient exists for
specific gases, for example, the ingress of oxygen into a poorly sealed vial with a
nitrogen headspace. However, the leakage rate determined under specific measure-
ment conditions where convective flux predominates (e.g., under a nearly complete
vacuum) will not be equivalent to leakage under ambient conditions where only
diffusive flux occurs.

In the presence of a pressure differential across the leak, the leak size will affect
the mode of gas flux. Molecular flow occurs when the mean free path length of the
escaping gas is greater than the cross-sectional diameter of the leak. Viscous flow
occurs if the diameter is about 100-fold larger than the mean free path length. Three
types of viscous flow are typical: laminar, turbulent, or choked (sonic) flow. In
laminar flow, a parabolic function describes the distribution of fluid velocity across
the diameter of the leak tube, whereas the eddies and swirls associated with turbulent
flow cause random fluid velocity fluctuations and a nonparabolic distribution func-
tion. The difference between turbulent and laminar flow frequently correlates to a
critical value of the Reynold’s number, which is the ratio of inertial to viscous force
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(McMaster 1982). The relationship between leak size and leakage rates for various
modes of mass flow are illustrated in the simulation depicted in Figure 16.1. Choked
flow is a special case wherein the flow velocity approximates to the speed of sound
in the gas. This is typically relevant only for large leaks.

The measured leakage rate depends on characteristics of the leak (e.g., size and
length), the conditions of measurement (e.g., the total pressure difference across the
package and the temperature), and the properties of the leaking gas (e.g., concen-
tration-partial pressure and viscosity or molecular weight). When critical leakage
rates that reportedly correspond to microbial barrier properties, product stability, or
other product performance criteria are referenced, it is important to also refer to
conditions of the leak rate measurements and to recognize that the critical value may
vary with measurement methods and conditions.

The measured leakage rate may also reflect other sources of variation. Permeation
is a diffusional process that describes the movement of mass through integral package
material in response to a concentration gradient and the solubility of the escaping
mass in the package material. The total measured leak rate will be the sum of
permeation and leakage (Figure 16.1). Permeation may limit the sensitivity of a

FIGURE 16.1 Simulated helium leak rates (mass flux, Q) as a function of leak diameter
where the total leak rate is the sum of molecular and laminar flux through a 10-µm-long pore
into a vacuum at 25°C and permeation through a 13-mm butyl rubber stopper. Flux equations
used in the simulation were:

where η = 17.8x10–6 Pas), P1 = 1 atmosphere, P2 = 0, M = molecular weight, l = leak length.
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leakage measurement method. For example, in Figure 16.1, leakage rates through
holes with diameters less than approximately 0.1 µm are significantly less than the
permeation rate through the rubber stopper under the conditions and assumptions
used in this simulation. If the critical hole size is less than the minimum detectable
hole size, then it cannot be measured (Kirsch et al. 1997a).

Another potentially important source of variation is mass adsorbed to the package
surface, which may desorb during leak rate measurements. This is typically a time-
dependent source of variation that is avoided by outgassing the package prior to
measurement.

16.3.1 ESTABLISHING A CRITICAL LEAKAGE RATE

An important principle of leakage theory is that everything leaks. Thus quality
assurance depends on quantitatively defining acceptable leakage rates in either a
deterministic or probabilistic manner.

For some product performance characteristics, the establishment of quantitative,
deterministic criteria is relatively straightforward. As an example, consider a product
that contains a drug that is subject to oxygen-mediated instability. If the degradation
rate is a function of the headspace oxygen content, then the total degradation over
the product’s shelf life can be predicted as a function of the rate of oxygen ingress.
The simulations depicted in Figure 16.2A and Figure 16.2B illustrate the process of

FIGURE 16.2 Simulated evaluation of the effect of oxygen ingress on product stability. (A)
The relationship between oxygen headspace content and the degradation rate of a hypothetical,
oxygen-sensitive product wherein degradation is assumed to occur in a zero-order fashion at
ambient temperature. (B) The predicted total degradation in 2 years as a function of the
diffusive flux of oxygen in the product headspace (5 mL).
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estimating the total drug degradation in 2 years that would occur as a function of
the increasing headspace oxygen content. In this simulation, at high ingress rates
(>10–5 sccs) the headspace quickly contains atmospheric levels of oxygen that cor-
respond to the maximum degradation rate and therefore a maximum amount of
degradation in 2 years. At low oxygen ingress rates (<10–8 sccs), the concentration
of headspace oxygen does not increase sufficiently in 2 years to cause significant
oxidation, and the total degradation is minimal. Suppose the maximum allowable
degradation in this product is <5%, then the oxygen ingress specification should be
≤10–7 sccs. Ideally, the package integrity specification should include a substantial
margin of safety. For the measurement of gas leakage rates, the margin should be
≥10-fold, that is, if a product tolerable leakage rate is 10–7 sccs then the leakage rate
specification should be 10–8 sccs.

Criteria for ensuring the microbial barrier properties of a package are probabilistic
because microbial ingress involves a series of stochastic events. The invading micro-
organisms must find the leak. This depends on the external medium, the organisms’
mobility, the concentration of organisms, how long the package is in the presence of
the organisms, and environmental conditions. Then the microorganisms must be able
to traverse the leak. This event depends on the organisms’ mobility, the leak size and
morphology, the composition of the leak (i.e., whether or not the organism adsorbs
onto the leak walls), and the presence of a fluid path in the leak. Detection of microbial
ingress may also depend on the ability of the microorganism to maintain its viability
or to grow once it has entered the package (Kirsch et al. 1997b).

Historically, the ability of a pharmaceutical package to act as a microbial barrier
has been demonstrated by microbial immersion or aerosol challenge testing (the
details of which are discussed below). The practice of using routine sterility testing
to demonstrate package integrity is not condoned by regulatory agencies [U.S. Food
and Drug Administration (FDA) 1993, 1998; European Union (EU) 1996]. In the
case of immersion testing, the presence of an airlock in the leak (that is, the absence
of a fluid path through the leak by which microorganisms can travel into the package)
will bias the results. In a study conducted using pin hole leaks (0.1 to 10 µm
diameters) in standard pharmaceutical glass vials, it was found that no microbial
ingress was observed in vials that failed to demonstrate liquid penetration (as mea-
sured by magnesium ion passage) regardless of leak size. In contrast, for vials that
demonstrated liquid penetration, the probability of microbial ingress varied with leak
size (Kirsch et al. 1997b).

The use of physical leak test methods in lieu of microbial challenges is a concept
supported by many regulatory agencies (FDA 1993, 1998; EU 1996). The problem
is that physical methods do not measure microbial ingress, but rather, they measure
some physical property of the leak that may or may not relate to microbial failure.
Thus the development of a physical method to characterize a microbial product
quality issue requires the development of a relationship between microbial ingress
and the physical method (FDA 1998).

A reasonable approach to establish a direct correlation between physical test
method and microbial ingress is to (1) devise a representative test system containing
minute leaks, (2) demonstrate the usefulness of the physical methods by measuring
leakage rates as a function of leak size, (3) develop a reliable microbial challenge
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method, (4) establish the quantitative correlation between the probability of microbial
failure and the measured leakage rate, and (5) demonstrate the utility of the physical
method by comparing it to the microbial challenge testing on a significant scale.
Ideally, the result of this process would be a quantitative relationship between the
physical leakage rate method and the probability of microbial ingress. An example
of this type of relationship is illustrated in Figure 16.3 wherein the frequency of
microbial ingress is correlated to a helium leakage rate measurement. The test system
was a standard 10-mL glass vial sealed with a butyl rubber stopper and aluminum
crimp. It was modified to contain a leak composed of a borosilicate glass micropipette
that was inserted through a 2-mm hole in the vial side wall and affixed there with
an epoxy seal. For helium leakage rate measurements, helium gas was introduced
into the vial headspace by enclosing the vials in a sealed helium-inflated glove bag.
For microbial challenges, Brevundimonas diminuta and Escherichia coli were chosen
as challenge organisms (Kirsch et al. 1997b).

The results of these studies indicated that the probability of microbial ingress
increased dramatically for test units that contained leaks with helium leakage rates
in the range 10–4.4 to 10–3.8 sccs (Figure 16.3). The microbial ingress cutoff was
about 10–5.2 sccs.

The method of correlation will be test dependent. For example, microbial ingress
into a single test unit is a discrete phenomenon; it either occurs or it does not. Helium
leakage is a continuous measurement of leakage rate. Therefore, the probability of
microbial ingress can be correlated to this quantitative measurement of leakage by

FIGURE 16.3 The direct correlation between the probability of microbial ingress and helium
leakage rate for rubber-stoppered glass vials with glass micropipettes embedded in the vial
side wall. Microbial challenge was conducted for 24 h at 37°C using 108 to 1010 organisms.
Test units were incubated at 35°C for 13 days.
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logistical regression methods (Kirsch et al. 1997b). Dye ingress is frequently used as
a discrete measure of leakage: the presence or absence of detectable dye inside the
container after an immersion challenge. In order for the dye test to be considered
discriminatory in terms of microbial ingress, the correlation must demonstrate that dye
ingress is present in all test units that show microbial ingress and preferably also in
some test units in which microbial ingress was not possible. Most importantly, no test
units that fail to show dye ingress can be the subject of microbial ingress (FDA 1998).

A validation study that demonstrates the rigor of the physical test method is also
desirable. For example, a study was conducted to confirm the ability of the helium
leak rate method to identify packages with defective microbial barrier properties
(Kirsch et al. 1997c). In this study, a series of 11 batches of 90 broth-filled vials
were seeded with 10% defective vials. Half of the defective vials contained leaks
that were predicted to have a probability of microbial ingress greater than 0.1.

The broth-filled, sealed vials were charged with a tracer by placing them into a
pressurized vessel filled with helium. The vials were removed and tested by deter-
mining whether the helium leakage rate was above a critical rate value based on the
data presented in Figure 16.3. The vials were then subject to microbial immersion
testing. For all batches, the helium leakage rate method was demonstrated to be
more effective than microbial challenge testing in identifying defective test units.
Thus the physical test method was shown to be as good or better than rigorous
biological testing (Kirsch et al. 1997c).

Another reasonable approach for establishing a relationship between microbial
barrier properties and a physical leakage rate method is to use an indirect correlation
in which a physical test method is evaluated against an established standard. For
example, a correlation between an alternative physical test method and the helium
leakage rate method described above can be used to demonstrate the utility of the
alternative method with respect to evaluating microbial barrier properties. As a case
study, the vacuum decay test method has been evaluated (Nguyen and Kirsch 1998)
and is outlined below.

The general approach involved development of a quantitative correlation between
helium leakage rate and vacuum decay testing by subjecting a group of test vials,
modified to contain glass micropipette leaks, to leak testing by both methods. The
quantitative correlation between helium leakage rate and microbial ingress was used
to relate the vacuum decay method to the probability of microbial ingress. The results
are shown in Figure 16.4 and indicate that the maximum sensitivity for the vacuum
decay method corresponded to a probability of microbial ingress > 0.5, whereas the
helium leakage rate method was able to measure leakage rates corresponding to
microbial ingress probabilities of less than 0.01. It can be reasonably concluded that
the vacuum decay method was not suitable for microbial barrier quality assurance
(Nguyen and Kirsch 1998).

16.4 INTEGRITY TESTING METHOD SELECTION

Package integrity testing method selection may depend on the desired product
performance criteria, the type of product, and the type of package seal (FDA 1998).
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Product performance criteria include microbial barrier characteristics in which
the method needs to demonstrate that the packaging system is an effective barrier
against the incursion of microorganisms. Appropriate test methods are either direct
(microbial challenge) or indirect (physical methods correlated to microbial chal-
lenge; see Section 16.3.1). The maintenance of a vacuum, dry, or oxygen-free
headspace may be the most rigorous product performance criteria. A variety of
physical-chemical testing techniques have been used including chemical headspace
analysis, vacuum or pressure decay, tracer gas or liquid analysis, residual gas ion-
ization, and high-voltage leak detection.

The composition of product packaging or contents may affect the choice of an
appropriate leak detection method. Some methods require specific physiochemical
characteristics of the packaging materials or the contents. For example, high-voltage
leak detection requires an electrical conductivity difference between the packaging
materials and contents and that the more conductive product contents are present in
or near the leak. Spark testing (residual gas ionization) is only applicable to pack-
aging with headspace vacuums. The potential interaction between package contents
and some liquid tracers (dyes) may significantly limit sensitivity. Gas permeability
through packaging materials (e.g., rubber or plastic) may preclude the use of some
gas tracer techniques.

Package seals include fusion seals in packages made of a single material that
are typically formed by thermal treatment, e.g. plastic or glass ampoules, compres-
sion or friction fit closures such as rubber-stoppered glass vials, thermal or adhesive
bonded closures made of different materials, and tortuous path closures such as

FIGURE 16.4 An indirect correlation between vacuum decay leak testing (increase in cham-
ber pressure, Pa) and the probability of microbial ingress derived from the direct correlations
between helium leakage rate versus the probability of microbial ingress and helium leakage
rate versus vacuum decay testing. The left-hand vertical axis (pressure change in Pa) corre-
sponds to the dashed line representing the vacuum decay method and demonstrates that the
measurable leak detection range for this method, in terms of the probability of microbial
ingress, is from 0.5 to 1. The right-hand vertical axis (log leakage rate in sccs) corresponds
to the helium leakage rate method and shows that the useful range for this method, in terms
of the probability of microbial ingress, is from <0.01 to 1.
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screw threads. Tortuous path or porous seals preclude the use of package integrity
methods that are based on liquid or gas tracer ingress or egress, although airborne
particulate transmission or microbial aerosols have some usefulness (FDA 1998).

16.4.1 PHARMACEUTICAL PACKAGE INTEGRITY METHODS

16.4.1.1 Microbial Aerosol Challenge

Microbial aerosol challenge testing is accomplished by placing a nutrient medium-
filled package into an aerosolization chamber that is charged with nebulized bacterial
spores (usually Bacillus subtilis) under carefully controlled humidity, temperature,
and air circulation conditions. The packaging may be subjected to pressure fluctu-
ations to facilitate atmospheric ingress. Typically the packaging is exposed for a few
hours and may be removed and incubated for a few weeks to allow invading organ-
isms to multiply for detection. In addition to leak size and morphology, sources of
test method variation occur including chamber temperature, humidity, and pressure;
spore concentration, dimensions, and electrostatic condition; exposure time; and
chamber air flow patterns. In general, this method is labor-intensive, expensive, and
difficult to replicate (Korczynski 1987).

16.4.1.2 Microbial Immersion Challenge

Microbial immersion challenge testing involves immersing packages containing a
sterile culture medium into a liquid suspension of viable microorganisms. An attempt
is generally made to facilitate liquid penetration of the packaging. This is a critical
aspect of the test because the absence of liquid in the leak path will preclude
microbial ingress. Liquid penetration may be assisted by mild thermal stress of a
liquid-filled package that is then allowed to cool to ambient conditions prior to
inoculation of the challenge medium with viable microorganisms (Kirsch et al.
1997b); pressure fluctuations are occasionally used (FDA 1998).

After immersion for a specified duration (from a few minutes to 24 h), the
packages are rinsed, incubated (1 to 2 weeks), and examined for microbial growth.
Sources of variation include leak size, composition, and morphology; challenge
medium formulation and surface tension; challenge organism dimensions, motility,
concentration, and viability; package medium composition; and incubation and chal-
lenge duration and temperature.

Microbial immersion challenge testing is widely used and appears to be accept-
able by regulatory agencies, but again it is labor-intensive, destructive, and difficult
to replicate without careful design and the inclusion of large numbers of control test
units (Korczynski 1987, Morton et al. 1989, Parenteral Society 1992). Especially
difficult is the development of a meaningful positive control that will reliably dem-
onstrate microbial ingress.

16.4.1.3 Liquid Tracer Immersion

Liquid tracer immersion challenges are frequently used in pharmaceutical package
integrity testing (Morton et al. 1989, Parenteral Society 1992, Guazzo 1996, FDA
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1998). The tracer may be a dye, metal ion, or other detectable solute. Migration of
a tracer through a leak is determined visually or spectrophotometrically. The facil-
itation of liquid penetration is again critical in this method. If the immersion medium
fails to wet the package surface due to packaging material porosity retaining air
pockets, then a significant leak may be undetected; a vacuum is sometimes used to
help degas package surfaces. Moreover, if diffusive rather than convective flux is
relied upon for tracer ingress, the rate of ingress may be too slow for a sensitive
test. Pressurization of the immersion bath may assist in creating a pressure gradient
across the leak. Immersion medium should be particulate free to avoid clogging
minute leaks.

The following are potentially critical sources of variation (FDA 1998): leak size,
composition, and morphology; packaging surface conditions and immersion medium
surface tension; duration of exposure; pressure differentials; stability of the tracer
and its interaction with the product contents or packaging; and tracer concentration.

Visual detection of tracer ingress will be subject to sources of variation associated
with visual inspection such as lighting, magnification, time of inspection, and inspec-
tor training and experience.

Liquid tracer methods can be quantitative when utilizing spectrophotometric
detection techniques but are most frequently conducted in a qualitative, pass–fail
mode.

16.4.1.4 High-Voltage Leak Detection

In high-voltage leak detection, critical packaging regions can be subjected to a high-
frequency, high-voltage electrical current. If the packaging is nonconductive, and
the product contents are conductive and are in or very near a leak, then a high current
flow is detected. This method is very rapid and especially conducive to in-line, 100%
package testing. It is widely used for blow-fill-seal packaging. It is a qualitative test.
Sources of methodological variation include voltage setting and gain; probe posi-
tioning; product content composition; and package cleanliness, geometry, and con-
ductivity (Guazzo 1996, Mull et al. 1998).

16.4.1.5 Vacuum Decay Testing

Vacuum decay testing is a nondestructive physical test method that involves the
application of a differential pressure to a package and measurement of the relative
change in vacuum of the test chamber containing the sealed package (Stauffer 1988,
Chrai et al. 1994). The change in pressure is determined by an absolute pressure
measurement. The method is fast and simple. Its sensitivity depends on the pressure
differential applied across the leak and the ability of the vacuum gauge to detect the
time-dependent chamber pressure change. Sensitivity is influenced by the test cham-
ber geometry and volume, instrument sensor capabilities, differential pressure con-
ditions, duration of test time, and environmental conditions such as temperature,
relative humidity, and atmospheric pressure. Hence, with a smaller chamber volume
and increasing length of test time, there is an increase in leak detection sensitivity
(Nguyen and Kirsch 1998).
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Vacuum decay leak detection is limited to pharmaceutical packages that do not
rely on tortuous path or barrier seal types as the primary mechanism of container
integrity. In addition, the package must tolerate the application of a differential
pressure (maximum of 1 atm) to the seal region. A variation of this technique is
based on the flash evaporation of liquid package contents that may be present in
leaks in liquid-filled products. This results in a method sensitivity increase of greater
than 10-fold.

16.4.1.6 Headspace Analysis

Changes in the chemical composition of packaging headspace can be used as a
quantitative leakage rate measure (Wang et al. 1997, FDA 1998). Headspace sam-
pling and analysis by gas chromatography or electrochemical detection have been
used. The method typically requires sampling and is destructive. Sources of variation
include analytical instrument sensitivity and sampling technique.

16.4.1.7 Spark Testing

Spark testing or residual gas ionization is used to determine the maintenance of a
headspace vacuum (Guazzo 1996). This is performed by applying a high-voltage, high-
frequency field to a sealed package. A conducting plate located near the package detects
the ionization current. This is a fast, qualitative leak test method for evacuated packaging.

The measured leakage rate is a function of the size and morphology of the leak,
the concentration and properties of the tracer, and the measurement conditions.

16.4.1.8 Helium Leakage Rate Testing

Helium leakage rate methods involve filling, or partially filling, the test units with
a tracer gas and placing them into the leak detector sample chamber. The chamber
is directly connected to a series of vacuum pumps. The chamber is evacuated and
as headspace gases leak from the test unit, the tracer is separated from the other
gases, ionized, and measured by mass spectrometry (Guazzo 1996).

Helium as a tracer gas is a good choice for leak detection applications because
it is inert, inexpensive, and nontoxic (Varian 1995). Additionally it has a low atmo-
spheric background and permeates easily through very tiny leaks. Unfortunately it
also readily diffuses through plastics and rubbers and therefore may be less than
ideal for some pharmaceutical applications. A tracer can be introduced into packag-
ing by sealing in a helium-enriched environment or by charging. The latter involves
placing a sealed container in a helium-pressurized chamber and allowing the tracer
to enter the package through minute leaks (Kirsch et al. 1997c). Leakage rate
measurements are relatively fast (<1 min) but sample charging can take hours.

One type of detector that is used is a counterflow instrument in which the separation
of helium and other headspace gases is facilitated by a diffusion pump. There are three
pumps in the detector: a roughing pump that quickly evacuates the sample chamber,
a fore pump that continues to pull vacuum, and a diffusion pump that acts as a sample
gas filter. At the diffusion pump outlet, helium diffuses into the diffusion pump against
its flow. Other heavier gases are held back due to their higher compression ratio.

© 2007 by Stephen P. Denyer and Rosamund M. Baird



380 Guide to Microbiological Control in Pharmaceuticals and Medical Devices

Sensitivity is not compromised, and the diffusion pump protects the spectrometer tube
from contamination by water vapor and silicone (Kirsch et al. 1997a).

The spectrometer measures helium by ionizing the tracer (and any other gases
that come through the diffusion pump) and accelerating the ionized gas into a
magnetic field wherein the trajectory of the ions depends on their mass to charge
ratio. The detector is positioned such that only helium ions are collected. The
leakage rate is typically calculated by the use of an internal standardized leak
(Kirsch et al. 1997a).

Ideally, the critical source of leakage rate variation is the leak size. For rubber-
stoppered glass vials modified to contain a glass micropipette in the vial side wall,
the logarithm of the “absolute” leakage rate increased with the squared leak diameter
in the size range 0.5 to 10 µm. The “absolute leak rate” is the measured leakage
rate when the headspace contained only helium (Kirsch et al. 1997a).

Other potential sources of measurement variation include the pressure differen-
tial across the container barrier, tracer concentration, and extraneous tracer sources
such as permeation and surface adsorbed tracer (Morton 1987). Theoretically, the
method is sensitive to leakage rates as low as 10–11 sccs, but permeation tends to
determine the maximum sensitivity (Figure 16.1). Thus for helium-filled, rubber-
stoppered glass vials, the minimal baseline leakage rate was found to be 2 × 10–7

sccs, which represents permeation of helium through the butyl rubber stoppers.

16.5 CONCLUSION

There is growing interest in packaging design and its influence on the safe use of
medicines. Although primarily designed to offer significant safety advantages, this
is often accomplished through increased complexity in the pack design, especially
for injectables. This may introduce hidden microbiological risks. In particular, dead
spaces may be introduced into packs in which product may become trapped, allowing
microbial survival and proliferation. Further, unit-dose packs may require delivery
devices, such as aerosol generators, which may become a reservoir for contamination
and are difficult to clean adequately; moisture traps in nebulizer delivery equipment
and noncleanable dead ends in delivery pumps for liquids must be avoided. The
problems introduced by novel packaging design for parenterals require special
thought. A major reason for introducing such packs is to reduce or eliminate chances
of extrinsic contamination during reconstitution or administration. This is a laudable
aim, but it is imperative to ensure that the pack itself does not compromise sterility
by the presence of compartments not accessible to the sterilizing agent. Examples
of packs that require such careful consideration are the prefilled syringe and double-
chamber infusion system.

Careful scrutiny of novel packaging by the microbiologist and pharmacist is
very necessary to ensure that potential microbial risks are identified and overcome.
Suitable tests are available to integrity test new package designs and to quality assure
microbiological integrity in manufactured products.
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17.1 INTRODUCTION

Antimicrobial preservative agents are formulated in pharmaceutical products to assist
in protecting the product from adventitious microbial contamination during manu-
facture, storage, and use. Such agents are chemicals that themselves are subject to
the same environmental stress factors leading to degradation or inactivation as those
experienced by the active ingredients they are attempting to protect. To assure the
producer, regulatory assessor, and user of preserved products that antimicrobial
preservative agents are active, valid scientific appraisal of antimicrobial activity in
the finished product under a range of conditions must be carried out. This chapter
focuses on testing procedures used to evaluate antimicrobial preservative effective-
ness in pharmaceutical dosage forms. Such tests can be applied both to preserved
sterile and nonsterile products and can be used to test formulations at the beginning,
end, or anytime during their shelf life.

From a compendial standpoint, preservative efficacy testing was not a requirement
of finished dosage forms until 1970 [United States Pharmacopeia (USP) 18, Chapter
51]. The USP method was derived from the work of several industrial scientists,
including Eisman et al. (1963) and Kenney et al. (1964). The USP preservative efficacy
test procedures have evolved little over the past 32 years, as seen in Table 17.1
comparing the procedures of the USP 18 (1970) with those of USP 29 (2006). The
preservative efficacy test requires that inocula of given species of test microorganisms
should be individually introduced into samples of the preserved product. This challenge
should include representatives of the Gram-positive and Gram-negative bacterial spe-
cies, molds, and yeasts and should be inoculated in sufficient numbers to enable kinetic
information to be obtained. Compendial tests have been designed to ensure reproduc-
ible results across all laboratories. Even though the preservative efficacy test has
survived scrutiny and criticism from many scientists over the years (Hodges and Denyer
1996), it still has several limitations that will be addressed in this chapter. The reader
is also referred to the companion Handbook (Hodges and Hanlon 2000).

17.2 MATHEMATICAL APPROACH TO PRESERVATIVE 
EVALUATION

There are several references available explaining the growth and death kinetics of
microorganisms (Han et al. 1976, Akers 1979, Davis et al. 1980, Avis and Akers
1986). In conducting a preservative efficacy test, growth of organisms is not as
relevant as their death due to the antimicrobial activity of the formulation. Death
kinetics generally are logarithmic and so the initial concentration of challenge
microorganisms should be sufficient to evaluate microbial loss over several log-
cycles. In this respect, therefore, it is far easier to measure a 103 or greater reduction
in a microbial population if the initial population is high (105 to 106) than if it is
low (103 to 104).

If microbial death were both logarithmic and linear, then simple decimal reduction
time (D value) calculations probably would be acceptable for measuring preservative
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efficacy. However, in many cases, the death of microorganisms is nonlinear; such
death curves are a result either of multiple bacterial cell sites that must be inactivated
or the selection of more resistant survivors that may, in fact, cause “regrowth”
(“grow-back”) of the microorganism in the product (see Chapter 13). In the preser-
vative efficacy test, Pseudomonas aeruginosa particularly demonstrates a propensity
to regrow in pharmaceutical solutions.

Some manufacturers and researchers have advocated the use of D value calcu-
lations as rapid procedures for determining effectiveness of antimicrobial preserva-
tives in pharmaceutical and cosmetic products (see Chapter 18). Such rapid methods
are acceptable to screen and estimate antimicrobial activity of preservative agents
alone and in combination (Moore 1978, Akers et al. 1984). However, as pointed out
by Cooper (1989), these methods are limited in their ability to predict activity
primarily due to the loss of exponential (logarithmic) activity for some preservatives
over a 28-day period.

TABLE 17.1
Basic Comparison of the Preservative Efficacy Test of USP 18 and USP 29

Criteria USP 18 (1970) USP 29 (2006)

Test organisms C. albicans (ATCC 10231)
A. niger (ATCC 16404)
E. coli (ATCC 4352)
Pseudomonas aeruginosa (ATCC 
9027)

S. aureus (ATCC 6538)

C. albicans (ATCC 10231)
A. niger (ATCC 16404)
E. coli (ATCC 8739)
P. aeruginosa (ATCC 9027)
S. aureus (ATCC 6538)

Medium Suggest soybean casein digest agar Soybean casein digest or Sabouraud 
dextrose agar medium

Inoculum growth, 
preparation, and final 
cell density

Bacteria: 37°C, 18–24 h
C. albicans: 25°C, 48 h
A. niger: 25°C, 1 week
All at 5 × 107 CFU.mL–1

Bacteria: 30–35°C, 18–24 h
C. albicans: 20–25°C, 44–52 h
A. niger: 20–25°C, 6–10 days
All at 1 × 108 CFU.mL–1

Test procedures Add 20 ml of test product to each of 
5 sterile tubes

Each tube inoculated with 
1.25–5 × 105 org.mL–1; incubate 
tubes at 30–32°C

Conduct test, if possible, in 5 original 
product containers; otherwise, 
transfer 20 ml to each of 5 sterile 
tubes

Each container or tube inoculated to 
achieve a concentration of 
1–10 × 105 org.mL–1; incubate at 
20–25°C

Required pass result No increase in C. albicans or A. niger
0.1% of initial bacteria left and 
remains below that level for a 7-day 
period within the 28-day test period

No increase in C. albicans or A. niger
Not less than 3.0 log reduction by the 
14th day, and no increase from 14 
days count to 28 days

© 2007 by Stephen P. Denyer and Rosamund M. Baird



386 Guide to Microbiological Control in Pharmaceuticals and Medical Devices

17.3 GENERAL PRINCIPLES OF TEST METHODS
AND RECOVERY PROCEDURES

A preservative efficacy test must be designed to provide conditions that will permit
microbial survival, and possibly growth, in the product under test should that product
be poorly preserved. Further, the test method must ensure satisfactory and efficient
recovery of survivors. Assurance that such conditions are met validates the scientific
credibility of the test results with respect to the presence or absence of acceptable
antimicrobial activity on the part of the pharmaceutical formulation. This section
will briefly consider the type of challenge organism used in compendial preservative
efficacy tests, and how the test conditions maximize survival and recovery potential
for these organisms. For a more detailed discussion, the reader is referred to Hodges
and Hanlon (2000).

17.3.1 CHOICE OF CHALLENGE ORGANISMS

Test microorganisms are chosen to represent potential contaminants in the environ-
ment in which preparations are manufactured, stored, and used. A common set of
challenge organisms is generally employed (Table 17.2) representing Gram-positive
and Gram-negative bacteria (with Pseudomonas aeruginosa especially selected
because of its recognized resistance to many antimicrobial agents), molds, and yeasts.
This choice is inevitably a compromise between the need to include representative
challenges while seeking to avoid excessively lengthy testing programs. Additional
organisms may be included for particular formulations. For example, in preparations
with high sucrose content, growth of osmophilic yeasts is encouraged and these
products should be tested against those organisms. Oral liquid preparations should
be challenged with a suitable strain of Escherichia coli as specified by the particular
pharmacopoeia. Brief details of the specific requirements and properties of these
organisms are given in Chapter 1.

It is always recommended that any organism likely to be a particular contaminant
during manufacture and use of the product also be tested in a preservative efficacy
test. In addition, mixed challenge testing is an acceptable option in developmental
phases of product formulation.

TABLE 17.2
Specified Test Organisms

Organism ATCC Reference Other Reference

Bacteria S. aureus
P. aeruginosa
E. coli

6538
9027
8739

NCIMB 9518, NCTC 10788 CIP4.83
NCIMB 8626, CIP82.118
NCIMB 8545, CIP 53.126

Molds A. niger 16404 IMI 149007, IP 1431.83
Yeasts C. albicans

Z. rouxii
10231
None

NCPF 3179, IP 48.72
NCYC 381, IP 2021.92
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17.3.2 BASIC PRESERVATIVE EFFICACY TEST PROTOCOL

Preservative efficacy tests call for products to be inoculated with most or all of the
above challenge microorganisms at approximately 105 to 106 viable cells per milliliter
or gram. These organisms are generally cultured on soybean casein digest agar
medium (soya tryptone agar, bacteria) or Sabouraud dextrose agar medium (Sab-
ouraud agar, fungi), and the inoculated product stored at temperatures between 20
and 25°C. The inoculated product is incubated over 28 days and examined visually
and by plate count procedures to determine the number of viable microorganisms
remaining at each time interval specified in the particular compendium.

17.3.3 PREPARATION OF THE TEST INOCULUM

The test inocula are grown in “stock cultures” on specified nutrient media. S.
aureus, E. coli and P. aeruginosa are grown on tryptone soya agar slopes, and A.
niger, Candida albicans, and Zygosaccharomyces rouxii (an osmotolerant yeast,
Chapter 1) are grown on Sabouraud agar slopes. The organisms are subcultured
regularly, usually every 4 weeks. When required for the test, the bacteria are
subcultured 1 day before use, whereas the fungus, Asp. niger, may require between
3 and 7 days for the spores to become established for sampling. The cells are
harvested using a sterile diluent such as sterile 0.9% saline (EP, USP) or sterile
peptone water 0.1% (JP). Adjuvants are added as required; in the EP, 0.1% peptone
is added for the harvesting of bacteria, and all three compendia use 0.05% polysor-
bate 80 as an aid, if needed, to harvest microorganisms, for example, in the case
of A. niger. Sterile glass beads can be used to remove mechanically the cells from
the agar if necessary. Experience will usually indicate the volume of harvesting
diluent to use to obtain a working inoculum of circa 108 CFU.mL–1, but reference
can be made to calibration graphs of optical density or total count against viable
count (see Chapter 1 for methods) to determine the inoculum size. Ultimately,
confirmation that the correct inoculum was employed is given in the preservative
efficacy test controls. Inoculation of the test preparations is made with a known
volume of the freshly prepared microorganisms to achieve a final concentration
of approximately 106 organisms per milliliter or gram. All procedures are con-
ducted under aseptic conditions.

17.3.4 TEMPERATURE RECOMMENDATIONS IN THE PRESERVATIVE 
EFFICACY TEST

Most microorganisms can grow over a wide (30°C) temperature range, but optimal
growth occurs within a more narrow range (usually 30 to 40°C for bacteria and
yeasts, 20 to 25°C for molds). In practice, the 20 to 25°C range is a suitable
compromise between a temperature that will permit growth of all challenge organ-
isms used in the preservative efficacy test (should the preservative fail drastically)
and yet also represents a likely product storage temperature.
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17.3.5 OTHER BASIC PRINCIPLES OF PRESERVATIVE EFFICACY TESTING

17.3.5.1 Maintenance of Aseptic Environment and Aseptic 
Manipulations during the Test

This is of obvious importance to avoid or minimize false positives due to adventitious
contamination. Appropriate and adequate training in aseptic techniques and contin-
ued environmental monitoring of the laminar airflow work area must take place for
preservative efficacy test procedures to be valid. These aspects are discussed in
Chapter 6 and Chapter 21; see also Hodges and Hanlon (2000).

17.3.5.2 Testing in the Original Product Container

Where the product container can be entered aseptically, the preservative efficacy test
should be conducted in that original container. Potential problems, such as loss of
antimicrobial preservative or adventitious contamination, can occur if the product is
transferred from its original container. In addition, removal of the formulation to another
container may result in preservative–container interactions (see Chapter 15) that are
unrepresentative of the final product and which may lead to changes in preservative
efficacy. However, in some instances, for example, glass-sealed ampoules, where the
product cannot be entered and maintained aseptically, samples from original containers
are removed, pooled, and 10 to 20 ml of product are placed in each of five sterile
rubber-stoppered vials. Such vials should be validated to ensure that they do not allow
the antimicrobial preservative to permeate through or be sorbed by the rubber closure.

On occasion, the preservative efficacy test may need to be performed on delib-
erately broached containers to demonstrate the maintenance of preservative efficacy
during the in-use lifetime of a multidose product. Here the broaching procedure
should be designed to mimic the circumstances of actual use.

17.3.5.3 Regrowth

Occasionally, an organism will be observed to “grow back” in the inoculated product.
Microbial levels initially will decrease until, for example, when tested on the 14th
day, then that level will increase when tested on the 21st or 28th day. This, of course,
is extremely disconcerting as it raises more questions than usually can be answered.
Grow-back can occur for a variety of reasons, including loss of preservative stability
or activity during the test, assay error, or mutational changes in the microbial cell(s).

17.3.5.4 Methods of Sampling from Products

The sampling method from products is continually revalidated by the use of controls.
Sterile diluent is inoculated under identical conditions to the test product and is
sampled at the same time. The sampling intervals are determined by the guidelines
laid down under each preservative efficacy test. The sample of inoculated product
is then serially diluted before incubating with the appropriate nutrients and under
optimum temperature conditions.
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17.3.5.5 Inactivation of Antimicrobial Agents

When a product contains an active or excipient that is an antimicrobial agent, its
effect must be neutralized before proceeding with the test. There are three main
methods of inactivation (Russell et al. 1979):

1. Inactivation by chemical means, for example, by an enzyme—In the case
of antibiotics, such as cephalosporin, inactivation is achieved by an
enzyme such as β-lactamase. The amount of the enzyme, inactivation
time, and temperature conditions should be predetermined. The enzyme
is added after the first serial dilution of the product. The test procedure
is then continued with the inactivated sample.

2. Dilution to subinhibitory level—Often the dilution of the product as part
of the test is sufficient to inactivate the antimicrobial effect of excipients,
such as, alcohols, organic acids and esters, and dyes (acridine). The inac-
tivation of the preservative agent(s) may require the use of a specific
neutralizer-inactivator solution as diluent (see Chapters 8 and 14).

3. Membrane filtration—If the product possesses antimicrobial activity that
is not inactivated by either of the above approaches, membrane filtration
is necessary. The sample is filtered through a 0.45-µm pore size filter after
the first serial dilution has been completed. The membrane is rinsed with
an appropriate diluent (e.g., 0.9% sodium chloride) and then aseptically
transferred to a sterile solution of diluent. The microorganisms are dis-
lodged from the membrane into the diluent mechanically.

17.4 COMPARISON OF PRESERVATIVE EFFICACY 
TESTING METHODS CURRENTLY IN USE

Preservative efficacy testing is covered in the three major pharmacopoeias: EP, USP,
and JP. The latest is the European Pharmacopoeia, which has led to the harmoni-
zation of testing methods from the individual pharmacopoeias of many countries in
Europe. The British, German, and Italian pharmacopoeias updated their testing
requirements to be in line with the European protocol. With the re-opening of the
Eastern European markets, the individual regulatory authorities have moved gener-
ally to a preference to follow the requirements of the EP and the USP as accepted
references. The individual national pharmacopoeias are used in conjunction with the
EP or USP. A list of countries that recognize the EP as a reference can be found at
the front of that publication.

17.4.1 CHOICE OF MICROORGANISMS

There is a general consensus between the pharmacopoeias on the minimum range
of challenge organisms to be employed and these are summarized in Table 17.3. The
background to this selection has been given in Section 17.3.1.
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17.4.2 INOCULATION CONDITIONS

The preparation of the inoculum uses fresh cultures of each microorganism, and the
growth media, incubation conditions, and recovery procedures are detailed in the
various pharmacopoeias. All tests require the formulation to be challenged with 105

to 106 microorganisms per milliliter or gram of product. The total volume of the
inoculum is expressed as a percentage of the total volume of the formulation. The
recommended storage conditions range between 20 and 25°C. The JP recommends
a reduced concentration of viable cells for the testing of antacids to 103 to 104

microorganisms per milliliter or gram of product. Tests involve a single inoculum
of each organism. It has been suggested that repeated inocula of the same organism
into the same product would be more realistic for multiuse preparations such as
creams and ointments, but this has not been verified scientifically (Cowen and Steiger
1976, Orth 1979). The formulator should decide on the appropriate challenge tests
for a product to show satisfactory resistance to contamination based on the intended
application.

TABLE 17.3
Criteria for the Interpretation of Preservative Efficacy Test Results

USP
EP

(criteria A) JP

Type of 
Product Organism Time

Viable 
Count 

Reduced 
by Time

Viable 
Count 

Reduced 
by Time

Viable 
Count

Reduced 
by

Parenterals 
(multidose 
and 
ophthalmics)

Bacteria 7 d
14 d
28 d

101

103

NI

6 h
24 h
28 d

102

103

NR

14 d
28 d

103

NI

Fungi 7 d
14 d
28 d

NI
NI
NI

7 d
28 d

102

NI
14 d
28 d

NI
NI

Oral
(liquid 
products only)

Bacteria 14 d
28 d

101

NI
14 d
28 d

103

NI
14 d
28 d

101

NI

Fungi 14 d
28 d

NI
NI

14 d
28 d

101

NI
14 d
28 d

NI
NI

Topical 
preparations

Bacteria 14 d
28 d

102

NI 
2 d
7 d

28 d

102

103

NI

14 d
28 d

102

NI

Fungi 14 d
28 d

NI
NI

14 d
28 d

102

NI
14 d
28 d

NI
NI

NR—no recovery; NI—no increase.
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17.4.3 INTERPRETATION OF RESULTS

The interpretation of results is based on the requirements of the regulatory bodies of
each country. Table 17.3 summarizes the specifications of the USP, EP, and JP by
product group. Since the introduction of the EP preservative efficacy test in 1997, there
has been a general overall agreement between the three major players: Europe, United
States, and Japan. Within Europe, the individual pharmacopoeias have continued to
include additional criteria not covered by the EP. For example, the British Pharmaco-
poeia (2004) continued to publish its own criteria for the testing of ear preparations
(but these were discontinued in the 2005 BP). The EP recommends the efficacy to be
achieved on two levels: criteria A and the lesser criteria B (Table 17.4). Criteria B can
only be used when there is a justifiable cause for the product not meeting the higher
recommended levels of efficacy, for example, for reasons of an increased risk of adverse
reaction. The validity of allowing a more relaxed set of criteria (as in criteria B in the
EP) has been challenged (Spooner and Davison 1993). The pharmacopoeial tests are
issued as guidelines for the pharmaceutical industry in response to the increasing
expectations on product quality from regulatory agencies. As a consequence of this,
they are open to the individual interpretation of criteria. The link between the evolution
of the preservative efficacy test and the regulatory requirements of the European Union
was presented in a review article by Irwin (1995).

TABLE 17.4
Application of Criteria A and B in the EP (2004)

European Pharmacopoeia

Criteria A Criteria B

Type of Product Organism Time
Viable Count
Reduced by Time

Viable Count
Reduced by

Parenterals
(multidose and ophthalmics)

Bacteria 6 h
24 h
28 d

102

103

NR

24 h
7 d

28 d

101

103

NI
Fungi 7 d

28 d
102

NI
14 d
28 d

101

NI
Oral
(liquid products only)

Bacteria 14 d
28 d

103

NI
N/A

Fungi 14 d
28 d

101

NI
N/A

Topical preparations Bacteria 2 d
7 d

28 d

102

103

NI

14 d
28 d

103

NI

Fungi 14 d
28 d

102

NI
14 d
28 d

101

NI

NR—no recovery; NI—no increase; N/A—no recommendation applies.
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The test is applicable throughout a product’s shelf life, and formulations are
generally tested at the beginning and end of this period. Depending on the product
and regulatory situation, once the product’s preservation efficacy has been established
initially, chemical assays of the antimicrobial preservative showing sufficient potency
(e.g., greater than 90% of label) throughout its shelf life may suffice, that is, repeat
preservative efficacy testing is not always required.

17.5 COSMETIC, FOOD AND TOILETRY ASSOCIATION 
GUIDELINES FOR PRESERVATIVE EFFICACY 
TESTING

The Preservation Subcommittee of the Toilet Goods Association Microbiological
Committee has issued guidelines for testing the adequacy of preservation in cosmet-
ics and toiletry formulations (Halleck 1970). To the authors’ knowledge, these have
not been updated since 1970. The recommended test organisms are primarily the
same as for the pharmacopoeial tests (Table 17.2). There are two additional organ-
isms in the test: Penicillium luteum (ATCC 9644), a second filamentous fungi, and
Bacillus cereus or Bacillus subtilis var. globigii. Both are regarded as common
contaminants by the committee. The inclusion of other microorganisms is left to the
discretion of the investigator. The test conditions are summarized in Table 17.5.

It is recommended that the initial microbial load of the product is assessed prior
to the start of the test. A high initial level of microbial contamination in the product
may affect the interpretation of the test results. As a control, an unpreserved sample
of the test product is challenged at the same time. A pure culture challenge on the
product is preferred over a mixed challenge but a more severe test can be carried
out by rechallenging the product after 28 days.

The preparation of the inoculum, sample preparation, sample dilution, and recov-
ery procedures are similar to the pharmacopoeial methods. The full diluent and media
details are to be found in the guidelines (Halleck 1970). The results are interpreted
after the minimum 28-day time period. The committee has issued no definitive levels
of contamination that are acceptable. The individual investigator is responsible for
the final product decision.

TABLE 17.5
Test Conditions for Preservative Efficacy Testing of Cosmetics and Toiletries

Variable Test Condition

Inoculum size
(CFU per ml or g)

Not less than 106

Sample size
(product)

Not less than 20 ml or g

Product storage Room temperature or temperature for maximum growth of organism
Test intervals 0, between 1 and 2, 7, 14, and 28 days

Source: From Halleck, F.E. (1970). TGA J., Winter, 20–23. With permission.
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As the guidelines for the cosmetic industry are considered relatively unsatisfac-
tory, it was believed that the Cosmetic Toiletry and Fragrance Association (CTFA),
the Association of Official Analytical Chemists (AOAC), together with the FDA
were working to produce a statistically based preservative efficacy testing protocol
that could be used consistently across the industry. However, to the authors’ knowl-
edge this has never been accomplished. Such a protocol would probably not have
addressed the key problem of consumer contamination of products and the correla-
tion of preservative efficacy data with consumer use (Brannon 1996). However, a
survey by the CTFA referred to in this review (Brannon 1996) would suggest that
some cosmetic companies, at least, have derived their own correlation data.

17.6 NONPHARMACOPOEIAL TESTING
OF NONSTERILE PRODUCTS
FOR PRESERVATIVE EFFICACY

In the last 15 to 20 years, concern has increased over microbial contamination of
nonsterile pharmaceutical formulations. A product being supplied to a country that
does not have its own pharmacopoeial test has to comply with guidelines set down
by the Committee of Official Laboratories and Drug Control Services and Section
of Industrial Pharmacists (FIP) in its second report (Anonymous 1976).

17.7 PRACTICAL CONSIDERATIONS
OF PRESERVATIVE EFFICACY TESTING
IN COMPLEX FORMULATIONS

The preservative efficacy test for aqueous solutions and water-soluble solids is
relatively easy to carry out and interpret. However, for products such as oily solutions,
ointments, and other anhydrous items, the preservative efficacy test becomes more
complex. This is because the microbial inocula are aqueous suspensions and thus
depend on the water–oil partitioning properties of both the microbial cells and the
antimicrobial preservative for interaction of preservative and organism to occur. It
cannot be ensured that efficient water–oil partitioning occurs, and therefore, the
preservative efficacy test for anhydrous-type products has its limitations. For exam-
ple, a positive test result where bacterial levels do not decline is always questionable
for anhydrous products because it cannot be assumed that the antimicrobial preser-
vative in the oily product had adequate surface contact with the aqueous environment
of the bacterial suspension. It could also be argued that by addition of an aqueous
suspension of microorganisms to a nonaqueous system, the physicochemical char-
acteristics of that system have so changed that a preservative efficacy test result
would not reflect the true formulation behavior.

A common technique for improving interfacial interaction of antimicrobial pre-
servatives in anhydrous products with microorganisms in aqueous suspensions is to
use surface-active agents. Polysorbate 80 (Tween 80), Arlacel 80, and Tween 20 are
commonly used surfactants in preservative efficacy testing of anhydrous products.
A common procedure is to transfer 1 ml or 1 g of the anhydrous sample containing
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the microbial inoculum to 10 ml of a sterile mixture of equal volumes of Tween 20
and Arlacel 80, mix well, then add sterile phosphate buffer to make 100 ml, and
mix well again to produce an emulsion. This emulsion (1:100 dilution) is then diluted
further according to the usual compendial plate-counting procedure. Obviously, it
is critical that thorough mixing of the dilutions takes place to maximize antimicrobial
preservative interaction with the microbial inoculum. Once again, addition of such
a surface-active mix will alter the physicochemical characteristics of the system and
this may lead to interactions between the preservative and emulgent, or may alter
the partitioning behavior (see Chapter 14 and Chapter 15).

In view of these difficulties, and because oil-based formulations are not usually
considered suitable environments to support microbial growth, the question may be
legitimately asked as to whether a preservative agent is really necessary. In such
circumstances, the demonstration of low contamination at the time of manufacture
may be sufficient to infer microbiological acceptability.

The pharmacopoeial testing of nonsterile formulations has been evaluated by
several investigators. One particular area of interest has been in problems encoun-
tered when recovering microorganisms from cream and emulsion-type formulations.
The British Pharmacopoeia (2005) recommends the addition of up to 10 g.L–1

Polysorbate 80 to aid in the dispersion of the product. Wide variation in the recovery
of microorganisms by this method has been reported (Allwood and Hambleton 1972,
1973; Brown et al. 1986).

Another factor in interpreting efficacy test results is the possible potentiation of
preservative action during the test. In this respect, the choice of dispersants and
cosolvents in dilution and recovery fluids must be made with care. Certainly, ethanol
in concentrations as low as 5% can have a profound potentiating effect on the activity
of antimicrobial agents (McCarthy et al. 1988). The use of alcohol as a diluting fluid
in tests must be discouraged. Other potentiators include salts, antioxidants, sugars,
and polyols such as glycerol (Zeelie and McCarthy 1983, Griffith 1986).
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18.1 INTRODUCTION

Official methods of preservative efficacy testing generally require a test period of
up to 28 days, with incubation of yeast and mold plates for 5 to 7 days, giving a
total of about 35 days (see Chapter 17). This is usually an unacceptable timescale
for development pharmaceutics, and a more rapid method for predicting preservative
performance is often required (Leak et al. 1996). One approach that has been used
successfully for more than two decades is the linear regression method (Orth 1979),
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with modifications to include a rapid screening method for estimation of D values
(Orth and Enigl 1993) and preservative efficacy testing without counting colonies
(Orth and Eck 2001).

18.2 LINEAR REGRESSION METHOD

In the idealized microbiological growth curve, the four stages (phases) of growth
are the lag phase, logarithmic phase, stationary phase, and death phase (see Chapter
1). Cellular death refers to the loss of viability of cells, as indicated by their ability
to grow and form colonies on plating media. The death phase represents the dynamic
response of the population of microorganisms in a given system when the rate of
cell death exceeds the rate of new cell formation.

In preservative efficacy testing, products containing various concentrations of
preservatives are challenged with test organisms to determine whether the preserva-
tive system inactivates the test organisms quickly enough to meet acceptance criteria.
The survivor curve is obtained by plotting the logarithm of the aerobic plate count
as a function of the time after inoculation. The slope of the survivor curve gives the
rate of death of the population of test organisms in the test samples. The negative
reciprocal of the slope gives the decimal reduction time (D value), which is the time
required for a 1 log-cycle (90%) reduction in the population when exposed to a
constant lethal treatment (Orth 1979).

The linear regression method provides a means of determining the D values for
test organisms in samples of product and has been found to be a reliable method for
determining the type and concentration of preservatives required in aqueous multiple-
use products (Orth 1979, 1984, 1999; Orth and Brueggen 1982). Testing is performed
by inoculating 0.1 ml of a saline suspension of each test organism into approximately
50 ml of test sample in screw-capped bottles. After inoculation, the bottles are shaken
and the aerobic plate counts (APCs) are determined immediately (for the zero-time
determination) and at various times thereafter, typically at 2, 4, and 24 h for bacteria,
and at 4, 8, and 24 h for molds. In addition, APCs of the saline inocula of each test
organism are determined as a check against the zero-time value. Additional samples
are taken and APCs are performed at 2, 5, or 7 days after inoculation, unless the
previous APC was <10 CFU.mL–1, indicating that the preservative system had killed
the test organisms introduced into the product.

A survivor curve for each test organism is constructed. Orth (1991, 1993)
observed that the minimum acceptable rates of killing bacteria used in preservative
efficacy testing may be determined from the slopes of the survivor curves and that
the rates were represented by D values of ≤112, ≤56, ≤24, ≤4, and ≤28 h, respec-
tively, for the then-current United States Pharmacopoeia (USP), Cosmetic Toiletry
and Fragrance Association (CTFA) guidelines (1973), British Pharmacopoeia (BP)
(1993), pathogens test (linear regression method), and nonpathogens test (linear
regression method). Since the time of this publication by Orth in 1993, the USP
(2004) criteria have been relaxed to require initial killing rates at D values ≤168 h.
From these maximum acceptable D values, it is apparent that the USP (2004) and
CTFA (2001) acceptance criteria are not as stringent as those required by the

© 2007 by Stephen P. Denyer and Rosamund M. Baird



Preservative Evaluation and Testing 399

European Pharmacopoeia (EP) (2005) and the linear regression method (see also
Section 18.3).

Different organisms have different physiological and metabolic characteristics;
consequently, they may exhibit differences in the rates of death when exposed to
any given lethal treatment. The rationale for use of the linear regression method is
that every organism has a characteristic rate of death when subjected to any lethal
treatment (Orth 1979). Thus, the D value provides a quantitative expression of the
rate of death of the population of each test organism in the test sample. The survivor
curve obtained when performing preservative efficacy tests by this method is func-
tionally equivalent to the death phase of the idealized bacteriological growth curve
(Orth and Milstein 1989). Failure to kill the test organisms fast enough may result
in deviation from linear rates of death and enable test organisms to adapt and survive,
indicating that the product is not adequately preserved (Orth et al. 1998).

18.2.1 GRAPHICAL DETERMINATION OF D VALUES

The D value for each test organism in a test sample is determined from its survivor
curve (Orth 1984). In order to illustrate this, let us assume that S. aureus was
inoculated into a lotion and that APCs of 106, 4 × 105, 104, and <10 CFU.mL–1 were
obtained at 0, 2, 4, and 24 h, respectively. The APCs and the times at which they
are determined are plotted using seven-cycle semilogarithmic graph paper. Alter-
nately, the logarithm of the APCs may be calculated and plotted as a function of the
time on standard graph paper (values of <10 CFU.mL–1 are plotted as 0). The survivor
curve is constructed by drawing a “best fit” straight line through the points, extrap-
olated to the x axis, as shown in Figure 18.1.

The x intercept of the survivor curve represents the time for complete inactivation
of the test population in the test sample. Here, the x intercept is 24 h, which is the
time required for complete inactivation of S. aureus. The D value is the time required
for the preservative system to decrease the S. aureus population by 1 log-cycle and
is equal to the negative reciprocal of the slope of the survivor curve. The slope in
this example is 0.25 log reduction per hour; consequently, the D value is 4 h.

18.2.2 MATHEMATICAL DETERMINATION OF D VALUES

D values may be determined by use of least-squares linear regression analysis (Orth
1984) assuming a linear relationship of the form of Equation 18.1.

Y = mx + c (18.1)

where y = log number of S. aureus surviving per milliliter, x = time, m = slope, and
c = y intercept.

This enables determination of the theoretical APC at the time of inoculation (y
intercept), the slope of the survivor curve from which the D value can be calculated,
and the correlation coefficient r. These values may be obtained directly by use of a
calculator or software capable of least-squares linear regression analysis. In this
approach, the APC values and the times at which they were determined are entered,
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and the linear regression is produced. By using the data presented in Figure 18.1
for the inactivation of S. aureus, the following results were obtained:

y intercept (c) = 6.041 (initial inoculum 1.1 × 106 CFU.mL–1)
Slope (m) = –0.25 h–1

D value = 4 h (Note: The D value is the negative reciprocal of the slope)
r = –0.99

x intercept = 24.1 h [Note: Survivors are below the detection level
(10 CFU.mL–1) for APC (i.e., y = 0) at x intercept.]

FIGURE 18.1 Survivor curve for S. aureus showing a decrease in the population from 106

organisms.mL–1 to <10 CFU.mL–1 after 24 h. The D value in this example is 4 h and is shown
to be the time required for a 1 log-cycle reduction in the aerobic plate count. (From Orth,
D.S. (1984). In Cosmetic and Drug Preservation. Principles and Practice. Kabara, J.J., Ed.
Marcel Dekker, New York, p. 407. With permission.)
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These calculations demonstrate that the predicted x intercept was slightly greater
than 24 h. The reason for this is that the data do not fit the regression perfectly, because
the r value = 0.99. (Note: An r value of 1.00 indicates a perfect fit of the data to the
regression, but, because of experimental variation, this is rarely achieved.) It is recom-
mended that D values greater than 10 h should be reported to the nearest decimal point.

Although mathematical determination of D values was originally preferred (Orth
1984), software now permits easy graphical construction. The mathematical
approach to linear regression analysis offers a means of statistical quality control
for each assessment (see Section 18.2.4).

18.2.3 RELIABILITY OF THE LINEAR REGRESSION METHOD

Although there are reports indicating that survivor curves may deviate from linearity
in some cases (Akers et al. 1984, Orth 1984, Geis and Hennessy 1997, Levy 1987),
this has not been our normal experience when the preservative system inactivates
test organisms quickly enough to meet acceptance criteria. Populations of spore-
forming bacilli, however, appear to be inactivated in a biphasic manner with an
initial, more rapid rate of inactivation of the vegetative cells being followed by a
slower, sometimes negligible rate of inactivation of the spores (unpublished work).
If the two portions of this biphasic curve are considered to be made up of two
survivor curves, one for the population of vegetative cells and one for the population
of spores, then D values may be determined for both vegetative cells and for spores
in test samples.

The reliability of the linear regression method was evaluated by repetitive anal-
ysis of the same sample on the same and different days (Orth and Brueggen 1982).
It was found that the D values obtained on each day were within 0.5 h–1 for four
different bacteria, and the mean D values for each set of three samples examined
on different days were within 1.1 h when D values were ≤2.9 h. An analysis of
variance revealed that the standard deviation values for the triplicate means ranged
from 0.06 to 0.59. It is believed that the variation between replicate analyses of the
same sample may increase somewhat as the observed D values increase. In general,
there has been an excellent agreement of the time predicted for the APC to be <10
CFU.mL–1 and the actual time by performing APC determinations.

18.2.4 STATISTICAL QUALITY CONTROL OF THE LINEAR REGRESSION 
METHOD

Use of the linear regression method of preservative efficacy testing offers a statistical
approach to examining assay reliability. The r value provides a measure of the
precision of the assay and may be used to demonstrate preciseness of fit of the data
to the regression (Orth and Brueggen 1982, Orth 1984). The data presented in Table
18.1 are the r values for a number of assays taken from a page in a laboratory
notebook. All of the r values are negative for survivor curves in which the test
organisms are dying. The closer the r value is to –1.00, the better the APC values
fit the regression, as shown in the following example.
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To set up the statistical quality control procedures, one may take the mean value
x for a number of analyses (a minimum of 10 is recommended). When this is done
using the r values for assays 1 to 10 in Table 18.1, a x value of –0.98 is obtained.
The standard deviation (s) about this mean is also calculated. In this example, the s
value is 0.02, and the value for 2s is 0.04. One may set the 95% confidence limits
about the mean by use of ±2s. Thus, any assay performed in which the r value lies
within the 95% confidence limits [–0.98 ± 0.04, or between –0.94 and –1.00 (not
–1.02 because –1.00 is the maximum r value)] will be considered to be “in control”
(i.e., performing satisfactorily). This is illustrated in Figure 18.2. It is evident that
the r values for the first 11 assays are within the 95% confidence limits. Assay 12
has a r value of –0.88, which is outside the 95% confidence limits. The failure of
the r value to fall within the 95% confidence limits suggests that something went
wrong during this assay or in performing the calculations. Failure of the data to fit
the regression suggests that the survivor curve was not linear. This may be due to a
mixed population of organisms, contamination in the test, lack of homogeneity in
the sample or in the distribution of test organisms in the test samples, sampling
errors, adaptation of the test organisms to the product, or other factors. It would be
necessary therefore first to check the duplicate APC values to see that the numbers
and means were recorded correctly and second to repeat the calculations for the
linear regression to determine whether an error had been made there. If no error can
be found, it should be concluded that the assay was outside the control limits, and
it should be repeated. Note that assay 13 was in control because the r value for this
assay fell within the 95% confidence limits.

TABLE 18.1
Correlation Coefficients (r Values) Determined during 
Calculation of D Values by Use of the Linear Regression Method

Assay No. r Value

1 –0.9599
2 –0.9996
3 –0.9800
4 –0.9943
5 –0.9603
6 –0.9999
7 –0.9540
8 –0.9937
9 –0.9802

10 –0.9987
11 –0.9953
12 –0.8799
13 –0.9800

Note: See also Figure 18.2. r Values to four decimal places used for calculations.
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Other criteria for statistical quality control may be used, at the discretion of the
laboratory. For example, one may use the running average of the mean D value for
a particular product, or ±3s about x (for 99% confidence limits).

18.2.5 ESTIMATION OF D VALUES

Orth and Enigl (1993) published a rapid screening method to provide estimated D values
(ED values). These tests are performed using saline suspensions from surface growth
of each test organism, with incubation of bacteria and C. albicans at 30 to 32°C and
molds at 25°C. The screening tests may be made using pooled inocula of groups of
organisms with similar maximum acceptable D values (i.e., Pseudomonas aeruginosa
and S. aureus; Escherichia coli and Burkholderia cepacia) and/or recovery media (i.e.,
C. albicans and Aspergillus niger). If viable organisms are recovered at 24 h or 7 d, D
values can be calculated from APCs at time 0 and at 24 h or 7 d. If no organisms are
recovered at these time points, the APCs are <10 CFU.mL–1, which means that the test
organisms died before testing at these time points. In this case, D values must be
estimated. ED values are determined using APCs of test organisms immediately after
inoculation into test samples and at 24 h for pathogenic microorganisms or at 7 d for
nonpathogenic bacteria, yeasts, and molds. The most conservative D value would be
the largest, which represents the slowest rate of death for the organism, and this is the
ED value that is calculated using the APC at time 0 and <10 CFU.mL–1 at 24 h or 7 d.
Products are judged to be adequately preserved if the ED values meet the acceptance
criteria of the linear regression method for all test organisms (Orth 1999).

18.2.6 PRESERVATIVE EFFICACY TESTING WITHOUT COUNTING COLONIES

Orth and Eck (2001) reported a modification of the linear regression method that
enables testing to be done without counting colonies. The system used broth enrichment

FIGURE 18.2 Statistical quality control of the linear regression method showing the x value
(� – �) obtained in the first 10 assays and the 95% confidence limits about this x value (x – x,
upper limit + – + lower limit).
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in 96-well microtiter plates followed by streaking on agar or use of a fluorescent dye
system to reveal growth. The reciprocal of the highest dilution showing growth was
used as the log CFU.mL–1 bacteria at each time point, and D values were calculated.
D values for S. aureus, P. aeruginosa, Burkholderia cepacia, and E. coli in aqueous
cosmetic and drug products determined by use of the miniaturized system were com-
parable to those obtained by plating on agar and counting colonies. The miniaturized
system increased laboratory efficiency by decreasing the time required for preparation
of media, counting colonies, and sterilizing materials prior to disposal.

18.3 APPLICATION OF THE LINEAR REGRESSION 
METHOD TO DEVELOPMENT OF A PRODUCT 
PRESERVATIVE SYSTEM

The preservative system of a product involves both specific preservative chemicals
and the physicochemical constitution of the formulation. Factors such as pH, water
activity (aw), sequestering agents, surfactants, the ability of formula components to
serve as nutrients for contaminating organisms, and other factors determine the
extent to which preservative action is manifest in a specific formulation (Orth and
Milstein 1989).

18.3.1 RATIONAL DEVELOPMENT OF A PRESERVATIVE SYSTEM

The reliable and reproducible nature of the linear regression method enables it to
be used to advantage during the early stages in the development of a preservative
system. In providing quantitative data on the kinetics of inactivation, it allows D
values to be determined for each test organism so that the preservative behavior can
be predicted and compared. This method, or the rapid screening method (see Section
18.2.5), enables the preservative requirements of preformulations and developmental
formulae to be determined in approximately 2 weeks, minimizing delays in product
development time lines.

The first steps in the rational development of a product preservative system are
to review the formula to determine which preservatives may be suitable and to select
the test method to be used in evaluation of preservative efficacy. Samples of the test
product with different concentrations of the preservative(s) are prepared and tested,
and D values for each test organism at each preservative concentration are deter-
mined. Then, the amount of preservative required to meet acceptance criteria is
calculated from the preservative death-time curve. For example, let us assume that
preservative testing with S. aureus in a lotion containing 0, 0.1, 0.2, and 0.3% w/v
methylparaben gave D values of >30, 10, 5, and 0.5 h, respectively (Orth 1984). The
family of curves for S. aureus in this lotion is shown in Figure 18.3.

From these data, the preservative death-time curve may be constructed by plot-
ting D values as a function of the concentration of preservative used to obtain these
D values. The preservative death-time curve for S. aureus in this example is shown
in Figure 18.4. This curve is used to determine the concentration of preservative
needed to meet acceptance criteria. Here, it is seen that a concentration of 0.2% w/v
methylparaben is required to give a D value of 4 h for S. aureus. This approach is
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repeated for all test organisms, and the concentration of preservative needed for the
product to meet the acceptance criteria with all the test organisms is then selected
as the probable concentration required to preserve the formula satisfactorily. This is
confirmed using this concentration in a new batch of product and retesting it to verify
the predicted antimicrobial efficacy. Adequacy of preservation must be maintained
during use of the product. It is recommended that manufacturers consider home use
tests of the product in its final packaging to determine whether the product remains
uncontaminated during use. Maintenance of preservative efficacy (as indicated by
testing samples of product returned after a period of use) and an APC of <10 CFU.g–1

(for aqueous products) indicates that the product preservative system is satisfactory
in the packaging employed and in the manner used.

Samples of each preservative system being considered for use in the product are
placed on an informal stability test for a minimum of 1 to 3 months so preservative
system performance can be monitored after incubation for specific times at specific
temperatures. The final preservative system is selected. Then pilot and production
batches are made and placed on formal stability test to verify that the preservative

FIGURE 18.3 Series of survivor curves for S. aureus in lotion. D values of >30, 10, 5, and
0.5 h were obtained in test samples containing 0% (◊), 0.1% (�), 0.2% (�), and 0.3% (○)
methylparaben, respectively. (From Orth, D.S. (1984). In Cosmetic and Drug Preservation.
Principles and Practice. Kabara, J.J., Ed. Marcel Dekker, New York, p. 409. With permission.) 
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system continues to meet acceptance criteria throughout the shelf life of the product
(i.e., up to 3 years).

18.3.2 MAXIMUM ALLOWABLE D VALUES FOR GRAM-NEGATIVE 
BACTERIA

Pharmaceutical product manufacturers are aware that various products kill microor-
ganisms at different rates. Although some preparations do not become contaminated
with microorganisms, others do. This issue has been difficult to understand because
product contamination may be sporadic and may occur in products that meet USP,
EP, or CTFA acceptance criteria. A simple pharmacodynamic model was reported to
describe the kinetics of death and regrowth when bacteria were exposed to concen-
trations of antibiotics that did not kill the population quickly enough (Li et al. 1994).

The kinetics of death of Gram-negative bacteria that may be used in preservative
efficacy testing (P. aeruginosa, Burkholderia cepacia, and E. coli) following addition
to diluted shampoos were determined to learn how fast these organisms must be
killed to prevent adaptation or persistence. In the higher dilutions of shampoo, the
APCs decreased 1 to 2 logs within 48 h and then appeared to stabilize or increase
a little. It was found that these bacteria were capable of survival and growth when
initial rates of killing were too slow, that is, when D values were about 30 h or
greater in the product tested (Orth et al. 1998). Although all bacteria tested in this
work started to die at a rate faster than required by CTFA preservative efficacy test
acceptance criteria (D value ≤56 h), this work demonstrated that survival and growth

FIGURE 18.4 Preservative death time curve for S. aureus in lotion test samples used in
Figure 18.3. The D value obtained in the absence of methylparaben (e.g., >30 h) was not
used in constructing this preservative death time curve because the bacteria were not being
inactivated. (From Orth, D.S. (1984). In Cosmetic and Drug Preservation. Principles and
Practice. Kabara, J.J., Ed. Marcel Dekker, New York, p. 410. With permission.)
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was possible if rates of death were too slow. Gram-negative bacteria were used as
the test organisms because they have been more troublesome for cosmetic and drug
products than Gram-positive bacteria. Adequately preserved products kill test organ-
isms at rates that may be described by linear survivor curves; however, it is believed
that inadequately preserved products may not kill microorganisms at constant rates
due to changes in the population (adaptation) that result in nonlinear rates of death.
Although target acceptance criteria of the EP (2005) and linear regression methods
require initial kill rates of <30 h for bacteria, the acceptance criteria of the USP
(2004) and CTFA (2001) methods do not. The USP and CTFA criteria should be
used with caution. Formulae that kill Gram-negative bacteria at rates greater than
30 h should be used only with special manufacturing precautions (aseptic filling) or
with packaging that prevents water or microbial intrusion into the product.

18.3.3 THE REQUIRED D VALUE

Packaging and consumer use (abuse) play significant roles in determining whether
a product becomes contaminated during use (see Chapter 16). The required D value
(RDV) concept was introduced to provide a means for determining the adequacy of
preservation of a product, bearing in mind the risks of contamination during use
(Orth et al. 1992). Three variables that determine whether the product will become
contaminated are:

1. The preservative system of the formulation, which may be expressed as
the maximum D value for specific test organisms (i.e., target organisms)
present in the formulation.

2. The packaging factor, which is based on a risk assessment of the extent
to which the packaging allows contamination of the product during use. 

3. A consumer use (abuse) factor, which is based on a risk assessment of
the potential for microbial contamination of the product while in the hands
of the consumer.

The RDV is the maximum permissible D value for specific organisms in a
product. It relates formula, packaging, and consumer use factors by the following
expression (Equation 18.2):

(18.2)

In arriving at the RDV, the first step is determining adequacy of preservation.
Target criteria for adequacy of preservation established by the linear regression
method are:

• Products should have a D value of ≤4 h for pathogens.
• Products should have a D value of ≤28 h for nonpathogenic vegetative

bacteria, yeasts, and molds.
• Products should be bacteriostatic or bactericidal for Bacillus spores.

Maximum acceptable D value for target organisms
(Packaging Factor)⋅(Consumer Use/Abuse Factor)

RDV =
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The next step is to conduct a risk assessment of the packaging to determine
whether it poses an unacceptable risk for a specific product. Generally, use of a
bottle with a removable screw cap poses greater risk of product contamination than
use of a pump dispenser or tube for the same product. The degree of risk of various
packaging or closure options must be considered before final selection of the pack-
aging is made. A risk assessment may reveal low risk (i.e., risk factor 1 with a single-
use product, unit-dose container), moderate risk (i.e., risk factor 5 with a multiple-
use container where contact with water or wet or soiled fingers is unlikely, such as
a lotion in a pump dispenser), or high risk (i.e., risk factor 10 with a multiple-use
container intended for use where repeated contact with water or wet fingers may
occur, such as a shampoo in a pump dispenser). Use of a 1 to 10 scale is suitable
for this risk assessment. Finally, a consumer use (abuse) risk assessment should be
undertaken to predict the likelihood of microbial contamination that may occur
during normal use of the product. Again use of a 1 to 10 scale is suitable.

Using the RDV concept, it is possible to establish the required D value for the
preservative system against the target organism to ensure an actual level of protection
equivalent to the target criteria. It draws attention to the multiple factors affecting
contamination risk and encourages packaging improvements. An example can be
found in Orth et al. (1992).

18.3.4 INTERFERENCES: INACTIVATION OF PRESERVATIVES

BY SURFACTANTS

A number of physical and chemical parameters influence efficacy and stability of
preservatives used in pharmaceutical preparations. The antimicrobial activity of a
preservative system may decrease if preservatives are sequestered by solubilization
or complex formation, if ionizable preservatives are made less effective as a result
of pH effects, or if the concentration of preservatives in the aqueous phase is
decreased as a result of partitioning into the oil phase of the product (Orth 1997;
see also Chapters 14 and 15).

Incompatibility of preservatives with other formula components generally is
detected during initial preservative efficacy testing. More subtle changes may occur
slowly and be detected during stability testing. This results when preservative efficacy
testing detects that the preservative system becomes inadequate because it fails to
inactivate one or more of the test organisms quickly enough to meet acceptance
criteria. Many preservatives are neutralized by nonionic surfactants and lecithin;
cationic preservatives such as alkyltrimethylammonium bromide, chlorhexidine glu-
conate, and benzalkonium chloride are not compatible with soaps and anionic deter-
gents. Formaldehyde and formaldehyde donors cannot withstand excessive heat treat-
ments, and this is why they are generally added during the cooling phase of emulsion
formation. Light is reported to inactivate chlorhexidine gluconate, and parabens are
reported to be inactivated by pigments, talc, and titanium dioxide (Orth 1999).

Nonionic emulsifiers have enabled formulation chemists to develop elegant oil-
in-water creams and lotions that have high water content and fairly neutral pH values
(pH 5 to 9). In some instances, this has created difficulties for preserving these
formulations because bacteria, yeasts, and molds frequently exhibit optimal growth
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under neutral pH conditions. Formulations that contain nonionic emulsifiers gener-
ally require higher concentration of lipophilic preservatives (e.g., paraben esters) for
adequate preservation than are required when other emulsifiers are used. Explana-
tions for this loss in preservative potency include complex formation and solubili-
zation in surfactant micelles.

Although cationic, anionic, and nonionic surfactants may interfere with specific
preservatives, the nonionics interfere with more classes of preservative than either
cationic or anionics. The primary reason for this is the low critical micelle concen-
tration value for nonionic surfactants; however, factors such as pH, water activity,
and solubility may also be involved. Although physiochemical methods are useful
for predicting the inactivation of preservatives by surfactants, preservative efficacy
testing provides definitive information about the effect of a product preservative
system on the rates of death of test organisms. Formulation chemists and microbi-
ologists must be aware of the potential for interaction of preservatives with formula
components to guide selection of systems that will be both effective and stable.

18.3.5 PRESERVATIVE EFFICACY TESTING DURING STABILITY TESTING

Preservative efficacy testing is performed to determine the minimum effective con-
centration of antimicrobial preservatives required for adequate preservation of phar-
maceutical products. Products must be adequately preserved from the time they are
manufactured until they are used up by consumers. Testing during product stability
assessment is necessary to verify that the preservative system remains satisfactory
during the expected shelf life of the product. Samples of the product (formulation
in final packaging) are subjected to stability testing by storing samples at different
temperatures (e.g., 3, 25, 40, and 50°C) for varying lengths of time before conducting
preservative efficacy tests to ascertain whether the preservative system continues to
meet acceptance criteria and is stable (Orth et al. 1987). This testing should be
performed with all appropriate test organisms in samples of the product prepared
with each preservative being considered for use in the product. Although many
laboratories use “in-house organisms” in preservative efficacy testing (Orth et al.
1996), experience has shown that such organisms are not necessary when products
meet the requirements of the linear regression method.

18.3.6 ACCEPTANCE CRITERIA

The acceptance criteria used to judge the adequacy of a preservative system in
pharmaceuticals and cosmetics depend on the method of testing and the regulatory
requirements for that type of product. The quantitative rates of death provided by
the linear regression method enable quantitative acceptance criteria to be based on
D values. For instance, pathogens should be killed within 24 h in all multiple-use
cosmetic products that are capable of supporting microbial growth (Orth 1979).
Thus, products should have a preservative system that will give D values of ≤4 h
for pathogens so that 106 pathogens per gram will be inactivated completely within
24 h. The 24-h period thus provides time for a contaminated product to self-sterilize
before use 1 day later. Less stringent criteria are considered to be appropriate for
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nonpathogens, giving D values of ≤28 h for nonpathogenic vegetative bacteria,
yeasts, and molds. Again, this period was selected to enable a product contaminated
with 106 organisms per gram to self-sterilize within 1 week (Orth 1979). Nonsterile
aqueous cosmetic and pharmaceutical products should be bacteriostatic or slowly
bactericidal for Bacillus spores.
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19.1 INTRODUCTION

This chapter provides an understanding of the legal framework governing the use
of chemicals with preservative, antimicrobial, or antioxidant properties in medicinal
products. Although, strictly speaking, the antimicrobial chemical represents the only
“true” antimicrobial preservative agent, previous chapters (Chapters 13 through 15
and Chapter 17) have shown the integrated nature of preservation. Thus, product-
stabilizing preservatives and antioxidants have been included in this regulatory
review because these will undoubtedly contribute, even if only indirectly, to the
security of the product (see Chapter 13). Even though the preservatives, antimicrobial
agents, and antioxidants are not the most important ingredients in a pharmaceutical
formulation (the active ingredient that provides the therapeutic effect has this role),
the regulatory authorities that approve the sale and supply of a pharmaceutical
formulation place great importance on having as complete a knowledge as possible
of the function and properties of the preserving agent(s).

The pharmaceutical industry is probably the most highly regulated of all indus-
tries, especially in the requirement for legislative approval obtained prior to a com-
pany being able to market its products. All ingredients of a medicinal product are
scrutinized during the regulatory process. The important role of a preservative,
antimicrobial, or antioxidant in a pharmaceutical formulation requires submission
of comprehensive data on the ingredient, its effectiveness, and its influence, if any,
upon the product and container. This is in addition to extensive data on the active
ingredient(s), excipients, and the container as a whole.

Owing to its membership in the European Community, the U.K. legal framework
for registration of medicinal products has been based upon European Community
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(EC) Directives and legislation. In 2001, the European Parliament initiated a process
consolidating all major procedural directives and their amendments, since 1965, for
human and veterinary medicines and on December 18, 2001, two new Community
Codes came into force. These were Directive 2001/83/EC Community Code relating
to medicinal products for human use and Directive 2001/82/EC Community Code
relating to veterinary medicinal products (Anonymous 2001a, 2001b). All earlier
directives were revoked but the exercise did not change the legislation. Consequently,
much of the legislative detail given in this chapter also applies to the sale and supply
of medicinal products in all Member States (MSs) of the EC. More recent advances
in harmonization of legislative requirements extend many of those requirements to
all major markets in the world.

Any medicinal product, for which a therapeutic, preventative, or diagnostic effect
is claimed when administered to humans or animals, has to undergo detailed scientific
scrutiny in each country where that product is to be marketed. Data are provided by
the company wishing to market the product, in a marketing authorization application
(MAA). This is assessed by regulatory authorities to ensure that the medicinal product
conforms to the necessary criteria of “quality, safety, and efficacy,” as laid down in
the EC in various forms of EC legislation (Sections 19.3 and 19.4). This assessment
must be completed satisfactorily before permission is granted by the country’s regu-
latory authority for the sale or supply of the medicinal product in its territory.

Preservatives, antimicrobials, or antioxidants are found in many different prod-
ucts, from multidose eye drops and oral liquid preparations to topical creams. The
objective of their presence is to minimize the degradation with time, which may
occur in a pharmaceutical formulation. Therefore, they are of vital importance in
maintaining the quality, safety, and efficacy of a medicinal product throughout the
period of its shelf life by:

• Ensuring stability of ingredients (quality)
• Preventing degeneration of any ingredient into potentially harmful by-

products (safety)
• Ensuring that the formulated product remains therapeutically effective

(efficacy)

19.2 DEFINING REGULATORY AFFAIRS
AND REGISTRATION

Regulatory affairs is the gathering and application of all kinds of intelligence that
may be used to ensure that new or established medicinal products are researched,
developed, manufactured, and supplied in accordance with current (and possibly
future) legislation in any country where they may be marketed (Greenwood 1985).
The process by which a company collects, collates, records, and presents its data to
the authorities and obtains a valid marketing authorization (MA) for a medicinal
product is termed registration.

The regulatory affairs and registration function is normally handled by a regu-
latory professional, a scientist, and often a pharmacist, with postgraduate training
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in the topic. Their work encompasses the briefing of fellow scientists, doctors, and
marketers on the regulations and the collecting, collating, and recording of data on
all aspects of the medicinal product, including:

• Details on the creation, research, development, manufacture, assembly,
storage and distribution, and the quality assurance systems applied to both
the raw materials and the finished medicinal product

• Preclinical pharmacological, toxicological, pharmacodynamic, and phar-
macokinetic assessments of the active ingredient(s) and where relevant,
other components of the formulation (excipients)

• Clinical pharmacological assessment and clinical research to demonstrate
the safety and efficacy of the product, and that it has the therapeutic effects
for which claims are being made by the marketing company

• Postmarketing surveillance (pharmacovigilance), in which the use of the
product is monitored for adverse effects in the general population after
the regulatory authority has issued a marketing authorization for the
product

An efficient regulatory operation is vital for all companies marketing medicinal
products. Even when a product is on the market, it must continue to meet changing
regulatory requirements throughout its lifetime. As with all specialties, a separate
vocabulary has evolved. A brief glossary of some of the terms used in regulatory
affairs and registration is given in Table 19.1.

19.3 REGULATORY PROCESS IN THE EUROPEAN 
UNION: AN OVERVIEW

19.3.1 THE ROLE OF REGULATORY AUTHORITIES

National regulatory authorities advise their respective licensing authorities in each
country, usually government ministers, who are responsible for granting a MA. The
European Agency for the Evaluation of Medicinal Products (EMEA) similarly
advises the European Commission, which is the licensing authority for the European
Union. The functions of regulatory authorities vary between countries, but tasks that
are common to most are listed in Table 19.2.

Pharmaceutical companies can choose varying routes by which to obtain approval
to market a medicinal product but, in essence, the assessment of applications by each
route is essentially similar. These different routes are described in Section 19.4.

19.3.2 PURPOSES OF REGULATORY PROCEDURES

Procedures for the authorization and supervision of medicinal products in the EC
are described in the Community Codes, which came into force on December 18,
2001 (Anonymous 2001a, 2001b). The codification exercise consolidated but did
not change earlier legislation.
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TABLE 19.1
Glossary of Terms Used in Regulatory Affairs and Registration

Active Substance The ingredient in a medicinal product with therapeutic, diagnostic, or 
prophylactic activity.

Synonyms: drug substance; active ingredient; new chemical entity (NCE), 
superseded by new active substance (NAS).

Appeals Procedure Provision for a marketing authorization application (MAA) to be 
reconsidered by the regulatory authority when notice is given that the 
MAA is to be refused. An appeal may also be allowed if a marketing 
authorization (MA) is revoked or is subject to compulsory variation.

Assessment Report A summary of the assessment of the application data prepared by the 
regulatory authority. Can be for internal authority purposes only, or may 
be released, on request, to the applicant or to other regulatory authorities.

Synonyms: summary basis for approval; evaluation report.
Dosage Form Formulation of active ingredient(s) for administration to a patient in a 

specified quantity or strength. Examples include tablets, capsules, 
injection solutions, syrups, ointments, and suppositories.

Synonyms: pharmaceutical form; finished product.
Generic Product A pharmaceutical product sold under a nonproprietary name of the active 

substance, often by reference to a pharmacopoeial monograph.
Synonyms: generic drug; standard product; nonproprietary product.

Good Laboratory 
Practice (GLP)

Code for the conduct of nonclinical investigations and experiments in the 
laboratory, during the research and development stages of a new product.

Good Manufacturing 
Practice (GMP)

A code of quality assurance procedures that must be followed throughout 
the manufacture of a pharmaceutical product to ensure the quality of the 
finished product.

Guidelines Recommendations, which are not legally binding, issued by a regulatory 
authority or other organization. A guideline can relate to the MAA format 
and content, to the assessment procedure, or to the scope and manner of 
conducting studies.

Synonym: notes for guidance.
Hearing An opportunity for company representatives or their regulatory advocates 

to appear in person before a regulatory authority, often related to an 
appeals procedure. Carried out to clarify specific points of issue raised 
during the assessment of the MAA.

Manufacturer’s 
Authorization

A permit issued by government allowing a company to manufacture 
pharmaceutical products. It is normal for the premises to be inspected by 
the regulatory authorities before the issue of the authorization and to be 
checked by inspectors periodically to ensure compliance with the code of 
GMP, which has been adopted throughout the EC.

Synonym: manufacturer’s license.
Marketing 
Authorization (MA)

Authorization from the licensing authority (usually the government or its 
agency) for a medicinal product to be made available under stated 
conditions, for sale or supply to the marketplace. This is usually in the 
form of a letter or certificate, which defines the terms of the authorization, 
normally by reference to the application data and subsequent amendments.

Synonyms: product license, registration.
(continued)
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TABLE 19.1 (continued)
Glossary of Terms Used in Regulatory Affairs and Registration

Marketing 
Authorization 
Application (MAA)

The data provided to the regulatory authority in support of a request for a 
marketing authorization.

Synonyms: submission, registration dossier, registration file.
Pharmaceutical or 
Medicinal Product

Any substance or combination of substances presented for treating or 
preventing disease in human beings or animals. Any substance or 
combination of substances that may be administered to human beings or 
animals with a view to making a medical diagnosis or to restoring, 
correcting, or modifying physiological functions in human beings or 
animals (Anonymous 2001a, 2001b).

Note: For the purpose of product registration, the term normally has a legal 
definition to specify the categories of product, which fall within the scope of 
the registration procedure. Definitions will vary between regulatory systems.

Synonyms: medicinal product, drug, pharmaceutical, medicine.
Prescription Products Pharmaceutical products that may only be sold or supplied in accordance 

with an order (prescription) from a qualified practitioner.
Synonyms: ethicals, proprietary products.

Product Evaluation The process of determining whether or not a MA should be granted, in 
accordance with an application.

Synonyms: product assessment, drug evaluation or assessment.
Product Registration The procedure by which the regulatory authority processes and documents 

information on a product and authorizes its marketing.
Synonym: drug registration.

Product Regulation The system for the control of the sale and supply of medicinal products, 
including manufacture, distribution, marketing, labeling, promotion, and 
supply for clinical investigation. Control is normally exercised through 
the issue of authorizations to market, manufacture, and so on, and 
enforcement of the conditions of those authorizations is through 
inspection, sampling, testing, legal sanctions, and so on.

Synonyms: drug control, drug regulation.
Proprietary Product A medicinal product sold or supplied under a special name (a brand or 

trade name) rather than the generic name of the ingredient alone.
Synonyms: pharmaceutical speciality, branded product.

Publicly Promoted 
Medicines

Products that are advertised directly to the general public for the purpose 
of self-medication. These are, by definition, nonprescription, and may be 
sold through pharmacies or other retail outlets.

Synonym: OTC (over-the-counter) products.
Regulatory Authority Government department or agency responsible for the control of the sale 

and supply of medicinal products through a system of product registration 
or authorization.

Synonyms: licensing authority, registration authority, drug regulatory 
agency (DRA)

Variation An alteration made to the terms of a MA as a result of changes made to 
the product. This may either be at the request of the holder of the MA or 
at the instigation of the authorities on the basis of new data.

Synonyms: modification, amendment, change.
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The dual objectives of current procedures are:

1. To ensure that effective therapeutic products from the pharmaceutical
industry gain rapid access to the citizens of the EC in all its MSs. This is
achieved either by obtaining a single “centralized” community-wide MA
based on an assessment by the EMEA or by a process of “mutual recog-
nition,” whereby second and further MSs accept the assessment carried
out by the first MS.

2. To rationalize the system of assessment, by keeping resources to a mini-
mum and avoiding costly and time-consuming duplication.

No criteria other than those of quality, safety, and efficacy are permitted to prevent
the granting of a MA (for instance, the price of products cannot be considered).

The most common system of obtaining a MA is based on data assessment
conducted by national assessment bodies whose responsibilities were increased in
1995 with the introduction of the new mutual recognition procedure (MRP).

The EMEA, located in London, acts as the focus for scientific evaluation of
medicinal products submitted through the centralized procedure (CP), which is used

TABLE 19.2
Functions of a Regulatory Authority for Human and Veterinary Medicinal 
Products

Safeguarding the public health by ensuring that all marketed medicines are of an appropriate standard 
of quality, safety, and efficacy through:

Licensing of Medicinal Products
Assessing applications for marketing authorizations for medicinal products
Dealing with parallel imports of medicinal products
Approving and monitoring clinical trials

Carrying Out Postmarketing Activities
Pharmacovigilance

Variations to marketing authorizations
Renewals of marketing authorizations

Changes of legal classification of medicinal products
Regulation of product information

Regulation of advertising and promotion of medicinal products

Inspection and Enforcement
Ensuring quality assurance in manufacture of medicinal products
Licensing manufacturers and wholesalers
Monitoring good manufacturing practice and good distribution practice
Monitoring good laboratory practice
Monitoring good clinical practice
Monitoring the quality of marketed medicinal products
Monitoring the quality of foreign manufacturing operations exporting to the country
Investigating unlawful activities in medicinal products
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to gain a MA throughout the European Union based on one application. The scientific
assessment of a MAA submitted through the centralized procedure is carried out by
a scientific committee, the Committee for Human Medicinal Products (CHMP) or
the Committee for Veterinary Medicinal Products (CVMP). The EMEA only
becomes involved in the MRP if mutual recognition cannot be agreed between the
MSs. In this event, Article 11 or Article 12 procedures (of Council Regulation
C2309/93) are triggered, in which the CHMP or the CVMP acts as arbitrator.

Unlike some national regulatory authorities, the EMEA has no authority to issue
MAs. For products approved through the centralized procedure, the European Com-
mission is the licensing authority. For products approved through mutual recognition,
each national regulatory authority acts as the licensing authority in its territory, hence
the pivotal role of national bodies.

The full details of the procedures for registration of human and veterinary medic-
inal products are given in a series of publications from the European Commission
entitled The Rules Governing Medicinal Products in the European Union (Anony-
mous 1998). Full, updated details of these publications can be obtained from EC
national regulatory authorities or on the Enterprise Directorate’s Pharmacos Web site.

19.3.3 TYPES OF EC LEGISLATIVE INSTRUMENTS

The EC legislation affecting the pharmaceutical industry comes in various forms. A
clear understanding of their differences is essential.

Regulations are passed by the European Commission or the European Council
and, upon ratification, are immediately effective in all MSs. A binding legal effect
in each MS is attained without individual national legislation having to be promul-
gated. If a conflict exists between pre-existing national legislation and the new
regulation, the regulation has legislative priority. Examples of regulations affecting
the pharmaceutical industry are:

• Council Regulation 2309/93, July 22, 1993 (European Community 1993)—
Outlined procedures for the authorization and supervision of medicinal
products for human and veterinary use, and established the EMEA.

• Council Regulation 297/95, February 10, 1995 (European Community
1995a)—Outlined fees payable to the EMEA.

• Commission Regulation 540/95, March 10, 1995 (European Community
1995b)—Outlined the arrangements for the reporting of suspected, unex-
pected adverse reactions which are not serious, whether arising in the
community or a third country, to medicinal products for human or veter-
inary use authorized in accordance with the provisions of Council Regu-
lation 2309/93.

Directives are legislative instruments whose objectives are binding upon MSs
but, to become operational, have to be implemented into each MS’s national legis-
lation within a defined time. However, the method by which the MS implements the
directive is for the MS to decide. EC directives have no legal foundation in individual
MSs, but the European Commission, the European Court of Justice, and other
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European bodies ensure that the directive has been implemented in each MS, and
that the “spirit” of the directive has also been transferred to national legislation.
Sanctions may be imposed upon MSs that do not do so within the required time.

Directives are by far the most common instrument used within pharmaceutical
legislation. Apart from Community Codes 2001/83/EC (The Human Use Directive)
and 2001/82/EC (The Veterinary Use Directive) (Anonymous 2001a, 2001b) the
most important are:

Council Directive 91/356/EEC—Good Manufacturing Practices (GMP) Code, June 13,
1991—Outlined the principles and guidelines of good manufacturing practice for
medicinal products for human use (Anonymous 1991)

Council Directive 1999/11/EC—Harmonized the laws, regulations, and administrative
provisions relating to the application of the principles of good laboratory practice (GLP)
and the verification of their applications for the tests on chemical substances (Anony-
mous 1999).

Council Directive 2001/20/EC, April 4, 2001—Discussed the approximation of the
laws, regulations, and administrative provisions of the member states relating to the
implementation of good clinical practice (GCP) in the conduct of clinical trials on
medicinal products for human use (Anonymous 2001c)

Guidelines (also referred to as Notes for Guidance) do not have any legal
authority, but their use by companies is critical in satisfying the requirements of the
regulatory authorities. Guidelines provide an important means of helping ensure that
all regulatory authorities interpret scientific and technical issues from the volumes
of The Rules Governing Medicinal Products in the European Union (Anonymous
1998) in a similar way. (Note that published volumes are now updated on the
Pharmacos Web site.) Knowing that guidelines are being applied in a particular way
by all regulatory authorities assists companies in compiling the MAAs in a way that
should satisfy all quality, safety, and efficacy issues.

19.4 PROCEDURES FOR REGISTRATION
OF MEDICINAL PRODUCTS IN THE EC

A company’s regulatory affairs department must ensure that development scientists
are fully aware of requirements at the time of providing data in support of a MAA.
Reference to all original and amended legislative documents is essential prior to
ensuring compliance with their requirements.

19.4.1 THE CENTRALIZED PROCEDURE

The attraction for the pharmaceutical industry of the centralized procedure is that
only a single MA is required for a medicinal product to be approved throughout all
MSs of the European Community.

In the centralized procedure, the MAA is submitted to the EMEA. Once the appli-
cation has been validated (i.e., checked that it contains all the required information) and
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the registration fee has been paid by the applicant, it is passed to the CHMP (for
human medicines) or the CVMP (for veterinary medicines). The committee has 210
days (or 150 days under special circumstances) from the date on which the appli-
cation was submitted to assess it and reach an Opinion. The assessment is coordinated
by a rapporteur appointed by the C(H/V)MP from among its members. The applicant
company can suggest who it would like to be rapporteur, and most applicants list
three or four possibilities. By doing so, one of its choices is more likely to be selected
than if a single choice is suggested. It is the responsibility of the rapporteur to
assemble a team of assessors who are most suited to the type of product undergoing
assessment. Usually, for logistical reasons, the assessors come predominantly from
the rapporteur’s own regulatory authority.

At the end of the period of assessment of the MAA, three outcomes are possible:

1. If the MAA does not satisfy the requirements of Council Regulation
2309/93, a negative Opinion will be given. In such an event, the applicant
can lodge an appeal to the C(H/V)MP within 60 days. In turn, the
C(H/V)MP has 60 days to assess the appeal, usually having been given
additional data by the applicant company in support of its application.

2. A conditional Opinion may be given. This may require amendments to
the Summary of Product Characteristics (the definitive statement of the
product’s uses) before a positive Opinion will be granted. The applicant
has two weeks after a conditional Opinion to appeal against the changes
demanded.

3. A positive Opinion may be given, in which case the C(H/V)MP has
approved the MAA.

Once a positive Opinion is reached, the EMEA has 30 days within which to
send its Opinion to the European Commission, the licensing authority. Within a
further 30 days, the European Commission must prepare a draft Decision on the
Opinion and send it to all EC MSs and the applicant. The final Decision, granting
the marketing authorization, is taken by the Standing Committee on Medicinal
Products for Human Use when it has received the draft Decision. The approval is
then published in the Official Journal of the European Communities. There is no
defined time limit for this to be completed.

19.4.2 THE MUTUAL RECOGNITION PROCEDURE

The principle of mutual recognition is well founded in European Community law;
it is not restricted to the pharmaceutical sector. The principle is based upon the
recognition by one MS of the legislative and other administrative decisions taken in
another MS. A second MS can refuse to apply the principle, which triggers an
“arbitration” process. Resolution of arbitration will ultimately lead to a decision
taken by the European Community and with which all MSs have to comply.

Following Directive 2001/83/EC (Anonymous 2001b), a company can seek
approval of a MAA within one MS. The MS has 210 days in which to assess the
application. If the assessment is positive, it issues a marketing authorization. The
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MS in which the company has obtained its primary authorization is referred to as
the “reference member state” (RMS). The company has complete freedom of choice
as to which MS it approaches to act as RMS. A regulatory authority with which a
pharmaceutical company has forged a positive working relationship over several
years is an obvious choice as a proponent. Once approved in one MS, the company
can submit the same MAA in another MS and ask for mutual recognition, within
90 days of submission, of the first MS’s approval.

A second MS has to agree to the scientific assessment carried out by the RMS
covering each of the following: indications, contraindications, dosage and method
of administration, and shelf life and storage requirements. Should the second MS
dispute any of these issues, it has to raise objections in writing with the first MS
within the first 60 days of the 90-day period. The remaining 30 days are used for
dialogue to lead to the (hopefully) successful resolution of the second MS’s concerns.
If the issues cannot be satisfactorily resolved, a complicated, and potentially long
drawn-out process of arbitration will ensue. Companies try to avoid reaching this
stage whenever possible.

Currently, applications for all medicinal products can proceed via this MRP
except for those products required to be subject to the centralized procedure (Reg-
ulation EC 2309/93; European Community 1993) and those products that the com-
pany has opted to authorize through the centralized route.

19.4.3 THE ICH PROCESS

Above and beyond the national (and for the EC, supranational) processes for regis-
tration of medicinal products lies the ICH process. The acronym stands for Interna-
tional Harmonisation of the Technical Requirements for the Registration of Human
Medicinal Products, later shortened to International Conference on Harmonisation.
The ICH process has been one of the major successes in global registration. Although
the process itself does not lead to issuing of a MA, it has led to many guidelines
being standardized throughout the world, reducing the number of tests that have to
be carried out by companies in supplying data in different regions.

The ICH process comprises six primary partners: the regulatory authorities and
trade associations of each of the European Communities, the United States, and
Japan. The first major ICH conference was held in 1991; “consolidation” meetings
have been held subsequently.

The immense importance of the ICH process for both the pharmaceutical industry
and the regulatory authorities has been the willingness of both sides to attempt to
minimize the differences in regulatory requirements between their regions. Signifi-
cant progress has been made, especially in the “quality” aspects of the MAA in the
form of the common technical document. The involvement of the regions’ respective
pharmacopoeial authorities in the discussions since 1993 has given further impetus
to the harmonization of quality standards (Table 19.3, see part II), and particularly
those relating to preservation.

Due to the ICH process, differences between the requirements of the authorities
in the European Community, United States, and Japan have closed considerably but
not comprehensively. It must not be assumed that data in compliance with the EC
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requirements will automatically satisfy the other authorities. Many differences in
interpretation are still in evidence. Consequently, consultation with regulatory pro-
fessionals having specific and up-to-date knowledge in each of these major markets

TABLE 19.3
EC Notice to Applicants; Typical Table of Contents of a Marketing 
Authorization Application

Foreword
Introduction
Part I Summary of the Dossier

Part I A Administrative data
Part I B1 Summary of product characteristics (SPC)
Part I B2 Proposal for packaging, labeling, and package insert
Part I B3 SPCs already approved in the member states
Part I C Expert reports:

On chemical, pharmaceutical, and biological documentation
On toxicopharmacological (preclinical) documentation
On clinical documentation

Part II Chemical, Pharmaceutical, and Biological Documentation for Chemical Active Substances
Part II A Composition
Part II B Method of preparation
Part II C Control of starting materials
Part II D Control tests on intermediate products
Part II E Control tests on the finished product
Part II F Stability
Part II G Bioavailibility/bioequivalence
Part II H Data related to the environmental risk assessment for products containing genetically 

modified organisms (GMOs)
Part II Q Other information

There are variants of Part II for radiopharmaceutical products, biological medicinal products, and 
vegetable medicinal products.

Part III Toxicopharmacological Documentation
Part III A Toxicity
Part III B Reproductive function
Part III C Embryofetal and perinatal toxicity
Part III D Mutagenic potential
Part III E Carcinogenic potential
Part III F Pharmacodynamics
Part III G Pharmacokinetics
Part III H Local tolerance
Part III Q Other information
Part III R Environmental risk assessment

Part IV Clinical Documentation
Part IVA Clinical pharmacology
Part IVB Clinical experience
Part IV Q Other information

Annex Table of contents for remainder of the dossier
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is an essential prerequisite for the design of protocols for studies submitted to these
authorities. This is particularly true at this time as both scientific and legal require-
ments in all markets are undergoing rapid change.

19.4.4 THE FORMAT OF AN EC APPLICATION FOR A MARKETING 
AUTHORIZATION

All EC MAAs must be submitted to the regulatory authority in a defined format,
ideally incorporating the form of the ICH common technical document (ICH CTD).
Immediately upon receipt, a check is made to ensure that all the required documents
are present, and that all are in the required style and format. If they are not, the
MAA is immediately rejected and returned to the applicant company. Much goodwill
and benefit are gained in providing a well-organized, appropriately indexed, and
complete dossier at this stage.

The Rules Governing Medicinal Products in the European Union (Anonymous
1998) give full instructions on the format of the MAA. The overall general format
is shown in Table 19.3, but a more detailed composition incorporating the ICH CTD
is issued as Volume 2B of the Notice to Applicants on the Pharmacos Web site to
which reference should be made for the latest requirements.

19.5 PRESERVATIVES, ANTIMICROBIALS, AND 
ANTIOXIDANTS IN FORMULATED PRODUCTS: 
LEGISLATIVE CONSIDERATIONS

During the course of a number of years, guidelines have been drawn up by the EC
to deal with the problem of pharmaceutical products subject to potential microbial
contamination. Most guidelines have been based upon the principle of preservative
efficacy testing.

The main sources of standards for preservatives and their efficacy have been
national pharmacopoeias. They too, however, like other aspects of pharmaceutical
regulatory issues, have become increasingly harmonized between different regions
(e.g., the European Community, the United States, and Japan), especially because
of their participation in the quality aspects of ICH (see Section 19.4.3).

Whether the use of a preservative, antimicrobial, or antioxidant is necessary will
depend upon the product’s intended clinical use, the intended clinical properties of
the pharmaceutical product, and the design and composition of the container. By the
very nature of their ingredients, many pharmaceutical formulations are ideal envi-
ronments for microbial growth (see Chapter 2). The pharmaceutical development
scientist must show the regulatory authority that every effort has been made to
prevent such contamination.

Chemical and microbial preservation must often be employed for formulated
products that are to be used on more than one occasion once opened. Degradation
by oxygen is a particular problem for many active ingredients, particularly when
light and moisture are also present. The addition to the formulation of an ingredient
that is oxidized more easily than the active ingredient is one approach in such cases.
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Ascorbic acid is an example of a frequently used, relatively inert, antioxidant but
whatever the choice, the regulatory authority will wish to see adequate evidence that
the formulator has proved that the system works.

Microbial contamination is often more problematic than oxidative degradation.
However, not all formulations require the addition of an antimicrobial agent; some
products contain ingredients that already fulfill that function. A product with a high
proportion of glycerol (or a related substance) is one example of a potentially self-
preserving formulation (see Chapter 13). Bacterial contamination is also less likely in
products containing a high proportion of sucrose (e.g., 70% or more) due to the high
osmotic pressure (low water activity) of the solution (Morris 1994, see also Chapter 15).

Nevertheless, the regulatory authorities assume problems will occur in the devel-
opment phase of a new pharmaceutical formulation; therefore, they should be antic-
ipated rather than assumed to be unlikely. Examples of microbial contamination
problems that have occurred in pharmaceuticals, and in particular in topical phar-
maceuticals, include steroid creams contaminated with Pseudomonas aeruginosa;
P. aeruginosa and coliform organisms found in a mouthwash; and microbial con-
tamination of ophthalmic ointments and eye drops (Matthews 1993).

Absence of microbial contamination cannot be guaranteed after the patient has
started to use the medicinal product. However, by the application of pharmaceutical
development skills, possibly employing the use of preservatives, the formulator can
demonstrate that the product created is appropriate for the purpose and conditions
of use intended. It must be shown that any accidental contamination of the product
during normal use will be minimized and does not present a significant danger to
the user. The regulatory authorities will want to see an intrinsically robust product;
any form of label disclaimer designed to overcome inadequate preservation or for-
mulation would be quite unacceptable to the authorities.

A preservative must also remain effective throughout any changes to the product
that are required before administration. Oral antibiotic solutions are inherently unstable,
as a result of which many have to be reconstituted upon dispensing immediately prior
to handing to the patient. The solution is then administered over a 5- or 7-day period.
Any antioxidant or preservative added to the dry preparation must be shown to remain
effective and nonharmful for the full period of treatment. Another example of a prep-
aration similarly reconstituted is powder for injection to which sterile water is added.
The effectiveness of the preservative system in such instances must also be demonstrated
when the reconstituted injections are added to parenteral delivery systems.

More sophisticated products that must equally demonstrate that they can with-
stand microbial challenge include the more patient-friendly pen-injection devices.
Not only must the active ingredient (e.g., insulin) be protected and remain stable
throughout its shelf life, the injecting device must be shown to be able to prevent
deliberate or accidental contamination of the contents (see Chapter 16).

19.5.1 TESTS USED TO DETERMINE THE EFFECTIVENESS

OF A PRESERVATIVE SYSTEM

Antimicrobial preservative efficacy (APE) testing systems are standardized tests (see
Chapter 17) whose results can be incorporated into regulatory submissions. Such
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tests are described in current monographs in official publications such as the British
Pharmacopoeia (BP) (2005), the European Pharmacopoeia (EP) (2004), and the
United States Pharmacopeia 28 (USP) (2005). If a formulator chooses to use a test
system other than that specified in one of the official publications, full justification
for this must be given in the regulatory submission. This should be discussed
beforehand with a regulatory professional.

The basis of each of the APE tests is to challenge the pharmaceutical formulation,
ideally in its final container, with a prescribed quantity of inoculum of microorgan-
isms. The inoculated preparation is incubated at a defined temperature for a specified
period, with samples being taken at preset intervals. The number of surviving organ-
isms in the extracted samples is then determined, and these values compared against
the requirements laid down in the pharmacopoeias.

The pharmacopoeias give guidance on the ways in which APE tests should be
carried out, with reference to test organisms to be used, the maintenance of cultures,
inoculum preparation, test procedures, and the interpretation of results (see Chapter
17). Any formulator planning to market a product in the United States as well as
Europe must be aware of the differences between the tests for preservative efficacy
in the two regions. These differences in applicability of the APE tests in the EP and
the USP are of significance for the regulatory professional when justifying results
presented in submissions and can sometimes cause problems in gaining approval.

When the data have been gathered, it is not sufficient to state in the regulatory
submission that the APE tests have been carried out and satisfactory results obtained.
The complete details of the test procedures must be described, making clear what
variables were applied to the testing and sampling process. The results should also
be supported by data from stability studies used to justify the shelf life of the product.
APE data on two freshly made batches of the product should be obtained and
submitted, together with test results from an older batch of product. Ideally, the older
batch material should be derived from a production-scale sample, not a pre-scale-
up process. In discussing the data submitted, its relevance to the actual use of the
product by the patient should be considered, plus any contamination problems that
might have occurred in smaller-scale use of the product (e.g., during clinical trials).

Advances in harmonization of the APE test have occurred, following a compar-
ison of the tests required by the EP, the USP, and the Japanese Pharmacopoeia (JP)
(Anonymous 1996, Matthews 1996). The EP test was described as applying primarily
to the development product phase as opposed to a routine postmanufacture test.
Agreement on some variation in the level of preservative activity was possible in
Europe. In the United States, however, the test criteria had to be met for all products
at all times—it was a mandatory, definitive requirement. The JP test was intended
to be a guidance test rather than an absolute test. More positively, various criteria
for the APE test were agreed to be the same in all three pharmacopoeias. The criteria
include incubation times and temperatures, number of samples, and validation pro-
cedures (see Chapter 17).

The greatest obstacle to harmonization, however, remains the interpretation of
the data from the APE tests. It is worthwhile reminding the reader that liaison with
a regulatory professional helps to keep laboratory work in line with the latest regu-
latory thinking and minimizes the risk of rejection of data at the time of registration.
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19.5.2 EC GUIDELINE ON INCLUSION OF ANTIOXIDANTS AND 
ANTIMICROBIAL PRESERVATIVES IN MEDICINAL PRODUCTS

The EC note for guidance entitled “Inclusion of Antioxidants and Antimicrobial
Preservatives in Medicinal Products” (CPMP/CVMP/QWP/115/95) (Anonymous
1997) became effective in January 1998. The guideline stated that the MAA should
explain why each antioxidant and antimicrobial preservative had been used and
provide proof of efficacy of each. The finished product method of control should
be described; the preservative should be listed in the finished product labeling, and
its safety profile also described. Rather than naming specific antimicrobial or
preservative compounds on the labeling, the agent(s) should be referred to by their
pharmacopoeial monograph name, or in the absence of one, the Chemical Abstract
Service (CAS) registry numbers should be declared. In addition to the chemicals’
name, its intended uses must be stated.

The guideline goes on to explain the use of preservatives in development
pharmaceutics and reminds the development scientist that the chemicals are in fact
excipients and should therefore also conform to The Rules Governing Medicinal
Products in the European Union, volume 3 (Anonymous 1998). Stability issues
and correct labeling must also be confirmed for the use of the antioxidents and/or
antimicrobial preservative.

The spectrum of antimicrobial preservatives traditionally recognized by regu-
latory authorities was summarized in the first edition of this book (Greenwood
1990) and the most commonly used agents are reviewed in Chapter 14 of this
edition. Occasionally the choice of preservative system will not be previously known
to the authorities. The more novel the concept, the more extensive the laboratory
work will have to be in support of its registration. At the extreme, the preservative
may be treated as a new chemical entity. In such cases, an authority’s demands
may be as stringent as those for registration of a completely new “active” drug
substance. Tests for a new preservative will have to be provided in the same detail
and possibly at a similar cost to that for a new “active” pharmaceutical. Until the
authorities involved are convinced that all tests for safety, efficacy and quality, both
for the new raw material per se and in the formulated product, are satisfactory, the
product will not be permitted a license for sale or supply to the public. Under these
circumstances a critical path program for the whole development project will
probably be worthwhile.

19.5.3 TYPICAL PROBLEM AREAS FOR REGISTRATION

It is not practical to consider all potential regulatory problems that might arise when
attempting to register a product containing either a well-known or a new preservative
system. Table 19.4 lists some of the pharmaceutical parameters likely to be relevant
to preservation and to require investigation or scientific comment for inclusion in
the registration application. These are considered below and some in further detail
in Chapter 14 and Chapter 15. For a complete list, it would be appropriate to consult
a regulatory professional.
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19.5.3.1 Type of Product

The type of product indicates the kind of preservative system to be chosen. The
authorities need evidence that the choice of preservative is appropriate for the
purposes for which the product will be used. This is usually taken to mean that the
degree of preservative activity should be related to the intended use and frequency
of use of the product.

19.5.3.2 Toxic Potential of Preservatives

In formulating a medicine, preservatives themselves may be a source of toxicity for
the patient. Adverse drug reactions (ADRs) are constantly under scrutiny by regu-
latory authorities. It is reported in the United Kingdom that preservatives attract
attention as a cause of ADRs and the authorities welcome the increasing trend toward
the development of unit-dose, preservative-free packaging for suitable products
(Adams 1987, see also Chapter 16).

19.5.3.3 Type of Container

Even if the container is ideal for use with the product it may not be compatible
with the preservative system to be used (see Chapter 15). The MAA will need to
address any details of incompatibility with the containers in which the product is
stored. If the containers used in stability tests differ from those proposed for the

TABLE 19.4
Typical Pharmaceutical Parameters Relevant to Preservation 
That Require Attention for the Registration Application

Type of product
Toxicity
Type of container
Solubility
Stability
Volatility
Spectrum of activity
pH
Color
Odor
Taste
Preservative ability and efficacy
Interaction with ingredients
Scale-up and production
Raw materials
Analytical methods
Results of tests and interpretation
Validation of methods
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marketed product, the significance of the differences should be discussed. Regula-
tory authorities will consider the following parameters and how they might influence
stability of the product:

• Fabric of the container—for example, the type of glass, plastic, compo-
sition of strip packaging

• Nature of closures—for example, details of liners, caps, and crimps

Large containers intended for bulk dispensing may require more stringent tests
to allow for the effects upon the contents and the preservative system of continual
opening and closing and, over a period of time, the increasing ullage and ingression
of possible contaminants.

19.5.3.4 Solubility

In order to be effective, preservatives must usually be dissolved in the product, and
be present at appropriate concentrations in the various phases of the formulation.
Reassurance is needed that preferential solubility of the preservative in one or other
of the phases does not detract from its efficacy throughout all of the product (see
Chapters 14 and 15).

If a preservative is dissolved in a small portion of the aqueous phase (perhaps
with the aid of heat) before it is added to the bulk, then it is necessary to demonstrate
that the preservative does not precipitate from solution when added to the bulk.

19.5.3.5 Stability

A full stability program for the finished product is required with a minimum of three
batches studied over a 3-year period under elevated, reduced, temperate, and humid-
ity controlled climatic conditions as laid down in the ICH guidelines. The stability
program is primarily aimed at the finished product packaged in the way proposed
for marketing. During development and stability testing, it will be necessary to
demonstrate, using suitable antimicrobial challenge tests, the efficacy of the preser-
vative system used. Products containing a preservative system should also be assayed
for levels of preservative during the storage tests. An assurance should be provided
(where necessary) that ongoing data will be generated to show that the product, at
the end of the shelf life, is satisfactorily preserved (Anonymous 2001a, 2001b).

19.5.3.6 Volatility

For preservative action to be sustained, it is essential that the preservative remains
available at the correct strength within the product throughout the shelf life. Volatility
might be relevant to its action but it can also mean that the preservative is lost from
the product through evaporation. If this occurs at ambient temperature, it is likely
to be even more pronounced at elevated temperatures. Consequently, regulatory
authorities will wish to see evidence that the formulator is aware of the problem and
has taken steps to overcome the loss of ingredients particularly under hot climatic
conditions. Most regulatory bodies will require evidence showing that the ingredients
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are not escaping from a poorly sealed container. Loss of a volatile preservative
degradation product, a particular problem when using plastic containers, can shift
the equilibrium to further degradation of the preservative, as happens with thiomersal,
for example (Hepburn 1987). Under user conditions, once the pack is opened,
volatility is likely to result in a loss of preservative action, making user-challenge
tests an item for close scrutiny.

19.5.3.7 Spectrum of Activity

A variety of pathogenic and nonpathogenic bacteria, molds, and yeasts may con-
taminate and spoil a product. The capability of the chosen preservative system to
meet all eventualities throughout the shelf life is a very important regulatory con-
sideration. Practical laboratory studies demonstrating that the system works when
challenged by a variety of organisms must be provided in the MAA (Hepburn 1987),
particularly if the system is new. If the product is liable to attack by a specific
organism peculiar to the conditions in a particular market, then this aspect is likely
to be scrutinized by the authority in that area. They would expect to see laboratory
work demonstrating effective resistance to such contamination included in the
application.

19.5.3.8 pH

The chosen preservative should be appropriate for the pH of the product; if not, a
reasoned argument should be given for its selection. For most ionizable preservatives,
the antimicrobial activity and the degree of dissociation are closely linked and,
therefore, both are likely to be influenced by pH. If antimicrobial activity operates
best at a specific pH, departure from that optimum will produce a less effective
system. This clearly must be addressed during laboratory work on the proposed
formulation. The formulator must show the regulator that the chosen formulation
will not impair the preservative system either by being unfavorable to the stability
of the preservative(s) or by causing changes within the basic formulation over time.

19.5.3.9 Color

Most preservative systems create no color problems for the formulator. Naturally,
the appearance of color during the lifetime of the product would call for close scrutiny
as it might indicate a loss of preservative efficacy. The authorities would require to
be convinced that there was no problem. Any new preservative system that sought
to provide a change in color, for example, when preservative levels became ineffec-
tive would require substantial experimental data demonstrating its reliability.

19.5.3.10 Odor

As long as it is acceptable to patients, any preservative system that imparts an odor
to a formulation is not likely to be a cause for rejection of a MAA. However, if the
odor is distinctive, problems for the blinding of clinical trials may arise if the
placebos and competitor products are noticeably different. In addition, an offensive
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odor could lead to questions by regulatory authorities about potential patient non-
compliance.

19.5.3.11 Taste

As most people have sensitive palates, taste will be an important consideration for
the formulator of an oral product. Preservatives, although present in small quantities,
often impart an aftertaste that some patients find unacceptable. From a regulatory
viewpoint, taste is unlikely to be a contentious issue unless, like odor (see above),
it invalidates test results (e.g., in a double-blind clinical study or by causing patient
dosage noncompliance). The formulator that can provide matching placebos or, with
more difficulty, matching competitor product for the clinical study will probably
have no problems.

19.5.3.12 Preservative Ability and Efficacy

In designing a preservative efficacy test, consideration should be given to the pro-
posed use of the product (Hepburn 1987). Factors such as reconstitution, dilution
before use, duration of treatment, and frequency of opening the pack in use may be
relevant. Bulk dispensing packs may require a more stringent test. Both antibacterial
and antifungal efficacy should be demonstrated and the tests should include suitable
positive and negative controls. The EP (2004) provides a full description of the
current procedure to be used in the test for the efficacy of antimicrobial preservatives
(see Chapter 17). However, reliance cannot be placed upon any pharmacopoeial
method as being definitive in terms of safety and efficacy testing of a particular
product (Matthews 1987). For the purposes of registration, one must always consider
whether or not a test reflects the state of the art in this regard. Registration authorities
have a duty when considering safety to apply the latest standards. This makes reliance
upon pharmacopoeial and other published texts always a matter for circumspection
by the formulator.

19.5.3.13 Interactions with Ingredients

Martindale (1999) offers ample evidence that preservatives interact with other chem-
icals, and this is covered in detail in Chapter 15. The formulator must demonstrate
to the regulatory authorities that ingredients in the formulation are compatible with
both the pack and with the chosen preservative system. Literature references will
give some guidance, but physical tests and ultimately chemical and biological tests
must be conducted. The results must be interpreted in terms of compatibility as well
as confirmation that the formulation is satisfactory.

19.5.3.14 Scale-Up and Production

The difference between laboratory preparation and full-scale manufacture can be
marked. For example, in a liquid preparation containing hydrocortisone or aluminium
hydroxide in suspension, a homogeneous mixture can be maintained in a beaker
prior to dispensing into bottles by using a simple paddle stirrer. In a 1000-L tank
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piped to the bottling machine, keeping the bulk homogeneous is not so easy. Settling
in pipes and corners can become a problem. Continuous circulation between the
bottling machine and the bulk may overcome the problem, but the introduction of
flexible plastic tubing to achieve this may result in the preservative system being
extracted by adsorption. Soaking the tubing in preservatives prior to use may slow
or suitably change the rate of uptake. It may also result in preservative leaching from
the tube into the product. The authorities will look for evidence that all the variables
have been checked and considered.

In processes that use heat, the influence of temperature on stability is important.
As batch size increases, the time for which preservatives are subjected to elevated
temperature increases (unless forced cooling is used) and this can lead to greater
degradation.

19.5.3.15 Raw Materials

Preservatives, like any ingredient in a product, must be subject to the full rigor of a
raw material specification and classification procedure. Where conventional supplies
of European Pharmacopoeia materials are used, it is likely there will be a full and
complete specification for the preservative. However, if less conventional sources
are used, for whatever reason, then a full characterization of the material will be
needed. If a proprietary system is employed, its manufacturer must be prepared to
release a full characterization and specification for the raw material that will satisfy
the authorities that the material will be consistent and remain within the stated limits
on all occasions (Anonymous 1998). Typically, the specification might include:

• Characteristics—Odor, appearance, color
• Identity tests—Melting point, boiling point, spectrophotometric and chro-

matographic characterization against a pure reference sample
• Physicochemical tests—Solubility in a variety of solvents
• Purity tests—Thin-layer chromatography, high-pressure liquid chromatog-

raphy, ultraviolet spectroscopy, loss on drying, incineration, heavy metals
• Assay—Against a pure reference sample

Regulatory authorities will seek assurances that the material is not intrinsically
toxic at the levels intended for use.

19.5.3.16 Analytical Methods

All experimental studies must take into account the latest thinking. If the published
method, in the light of scientific advance, has been found wanting, then a more
reliable method will have to be developed.

Details are required of the analytical methods used to monitor stability during
the studies. Where these methods are the same as those described under the finished
product specification, cross-reference can be made. Where other methods are used,
they must be described in full. It is important that analytical assay methods used in
the stability trials should be stability indicating, that is, sufficiently specific and
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sensitive to detect deterioration. Reporting results obtained using nonspecific meth-
ods without supporting data on levels of degradation products will not be sufficient.
Similarly, if the method is not sufficiently precise, the early results of the long-term
stability study will be of limited reliability as an indication of long-term stability
(Anonymous 1998).

19.5.3.17 Results of Tests and Interpretation

Results—Details of the actual results obtained when the samples were tested
should be given in a tabulated form. In some instances, a graphical presentation may
also be helpful.

Initial assay results should be expressed in the same way as on the product label.
Assay results for subsequent checkpoints should be given in the same way (Anon-
ymous 1998).

Discussion of results—Reference should be made to any special precautions,
including storage conditions and user information required for the product. Comment
should be made on any assay or other test results that are near to, or outside, the
check assay limits (Anonymous 1998). From a regulatory viewpoint, assessment of
the preservative system is of critical importance. It should demonstrate the correct
level of preservatives over the shelf life of the product, as well as effectiveness of
preservatives using preservative efficacy tests.

19.5.3.18 Validation of the Methods Used

Data should be presented to show precision, accuracy, and sensitivity of the methods
used.

The analytical methods and assay procedures selected for routine control of the
formulation should be discussed. This should include evidence to show the validity
of the methods employed, for example, standard error of assay methods.

Clear copies of spectra, gas–liquid chromatography traces or other recordings
should be provided where these are used for assay or identification purposes. The
emphasis here should be on demonstrating that the proposed specifications and
methods are adequate to ensure batch-to-batch uniformity of the product (Anony-
mous 1998).

19.6 CONCLUSIONS

Three cardinal points are critical to a successful registration and must be remembered
at all times.

First, one’s paperwork is the shop front of one’s science. No matter how good
the scientific work done, if it is not collected, collated, and presented both clearly
and concisely it will jeopardize the chance of gaining registration for the product.
Poorly presented or incomplete data simply bring a lack of confidence to bear upon
all work, inviting rejection of the whole registration application.

Second, regulations are the key to the marketplace. Any failure to understand the
rules of the game simply invites disqualification regardless of the quality of the science.
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Third, at the time of the application, one should ensure that both the regulatory
and scientific aspects of the submission coincide and are comprehensive. Bearing in
mind that both regulations and science are continuously changing, and not always
in unison, early monitoring of both is a vital part of the success of any project.

The importance of obtaining adequate and scientifically based data on preser-
vatives, antimicrobial agents, and antioxidants in pharmaceutical formulations cannot
and should not be underestimated. Recognition of their importance is given in clear
guidelines that have been promulgated in the EC; these are ignored at great risk.
Close adherence to these guidelines should be considered as important as the atten-
tion paid to the detailed analysis and investigation of the active ingredients in a
formulation. Indeed, failure to take seriously the presentation of data requirements
for preservatives can be just as disastrous for the approval of the MAA as a failure
to obtain data for any other ingredient in the formulation.

Moreover, the increasingly international nature of the pharmaceutical market
and the benefits of reaching as many markets as possible as quickly as possible mean
that all regulatory authority requirements should be treated with equal importance.
Liaison with a regulatory professional throughout development work is crucial if
that work is to be used at any time for a submission to the authorities. The cost of
having to repeat work that is not regulatory compliant far outweighs the cost of
obtaining an up-to-date regulatory opinion prior to conducting a study.
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20.1 INTRODUCTION

Microbial quality assurance is an essential feature of pharmaceutical product develop-
ment, informing decisions on formulation, manufacture, container, storage, and shelf
life. Microbial contamination, whether derived from source materials or arising during
manufacture, storage, or use, may result in product spoilage or in patient infection.
Spoilage may cause a reduction in potency or a loss of patient acceptability and com-
pliance (Denyer 1988). Regulatory authorities expect microbiological aspects to be fully
covered in the data submitted by manufacturers applying for a marketing authorization
(product license). In the European Union, the regulatory requirements for medicinal
products for both human and veterinary use are laid down in directives and are amplified
by notes for guidance. A collection of these documents is published at intervals by the
European Commission as volumes in the series The Rules Governing Medicinal Prod-
ucts in the European Union (e.g., Anonymous 1998a). New European pharmaceutical
legislation was published in 2004 (Anonymous 2004a). Current documentation can be
found on the Web site of the European Medicines Agency (http://www.emea.eu.int).

In addition to assessing the microbiological data provided by the manufacturer,
the authorities inspect manufacturing facilities for compliance with good manufac-
turing practice and may take samples for analysis. These regulatory activities are

* When this chapter was written, it reflected the pharmacopoeial requirements of that time. However, for
the most recent guidance, the reader is advised to check pharmacopoeial and regulatory Web sites for
current information.
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underpinned by the published standards of the pharmacopoeias. Pharmacopoeial
texts provide specifications comprising mandatory requirements together with, in
some cases, nonmandatory recommendations or guidance.

The pharmacopoeial standards applicable in the United Kingdom are those of
the British and European Pharmacopoeias. As a monograph of the European Phar-
macopoeia takes precedence over any former corresponding national monographs,
all the monographs and test methods of the European Pharmacopoeia are incorpo-
rated into the British Pharmacopoeia to provide a comprehensive collection of U.K.
requirements (Introduction and supplementary chapter IV B, BP 2005).

20.1.1 INTERNATIONAL HARMONIZATION

In recent years, the regulatory authorities and the major research-based companies
within the pharmaceutical industry in Europe have been working with their coun-
terparts in the United States and Japan under the auspices of the International
Conference on Harmonisation (ICH) to harmonize regulatory requirements and
expectations in the three regions. Once agreement is reached on a particular topic,
regional guidance documents are replaced by a harmonized guideline. The ICH
process relates primarily to market authorization for products containing new active
substances and is thus prospective in its application.

In parallel with the ICH regulatory activity, the three regional pharmacopoeias
[the European Pharmacopoeia (EP), the Japanese Pharmacopoeia (JP), and the
United States Pharmacopeia (USP)] are also engaged in a process of international
harmonization. Under the guidance of the Pharmacopoeial Discussion Group (PDG),
the three pharmacopoeias are working on a voluntary, consensual basis to harmonize
certain key pharmacopoeial requirements. In carrying out this work, the pharmaco-
poeias recognize that harmonization exists in terms of degree rather than as an
absolute, all-or-nothing phenomenon. The goal is to harmonize as far as possible
but the process may not always achieve full agreement between the pharmacopoeias.

One constraint on harmonization of pharmacopoeias stems from their wide
sphere of application; the shelf life compliance standards of pharmacopoeias apply
to all relevant products, both established and new.

A general text on international harmonization is included as section 5.8 in the
fifth edition (2004) of the EP. The method texts underpinning the microbiological
standards of the pharmacopoeias are among the key texts to which priority for
harmonization has been assigned.

20.2 MICROBIAL STANDARDS

20.2.1 STERILE PHARMACEUTICALS

Certain categories of pharmaceutical products are always required to be sterile; these
include parenteral preparations, ophthalmic preparations, and preparations for the
irrigation of body cavities. The relevant general monographs of the European and
British Pharmacopoeias (BP) define these preparations as sterile and require them to
comply with the test for sterility. Other categories of products may be required to be
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sterile, depending on the circumstances in which they are intended to be used. For
example, topical semisolid preparations such as creams, gels, and ointments are
required to be sterile when intended for use on large open wounds or severely injured
skin. Peritoneal dialysis solutions and hemofiltration solutions are always required to
be sterile, whereas concentrated solutions for hemodialysis may be required to be
sterile in certain circumstances but are otherwise required to have as low a degree of
microbial contamination as possible (EP 2004, BP 2005).

As far as bulk raw materials are concerned, EP/BP requirements for sterility are
usually restricted to active substances that are intended for use in the manufacture
of nonterminally sterilized parenteral preparations. Compliance with the test for
sterility is specifically included in monographs for active substances that represent
a risk with respect to microbial contamination (for example, materials of biological
origin and antibiotics produced by fermentation). A more general statement covering
the circumstances in which both active ingredients and excipients are required to be
sterile is included in the EP general monograph for Substances for Pharmaceutical
Use (monograph number 2034) (EP 2004, BP 2005).

A general text on methods of preparation of sterile products (5.1.1) together with
associated texts on biological indicators (5.1.2) and application of the F0 concept to
steam sterilization (5.1.5) are included in the fifth edition (2004) of the EP and are
reproduced in Appendix XVIII of the BP (2005). Informational chapter 1211 in USP
28 (2005) provides similar coverage. These general pharmacopoeial texts are intended
to be used in conjunction with the relevant good manufacturing practice (GMP)
guidance (Anonymous 1998a, MCA 2002). In the EP, emphasis is firmly placed on
the use of terminal sterilization, wherever possible. It should be noted that the EP
definition of terminal sterilization does not extend to filtration, unlike that in the USP.
The established overkill reference cycle of 121°C for 15 min for steam sterilization
of aqueous preparations provides a wide safety margin for the bioburdens typically
encountered for pharmaceutical products. Other cycles may be chosen provided that
a sterility assurance level of 10−6 or better is achieved (see Chapters 10 and 12).

Compliance with the test for sterility is mandatory for all products that are required
or that are claimed to be sterile. Performance of the test is not, however, necessarily
a prerequisite for a manufacturer in assessing compliance with the pharmacopoeia
before release of a product. The purpose of this and other pharmacopoeial tests is to
provide an independent control analyst with the means of verifying that a particular
article meets the requirements of the European Pharmacopoeia. As is made clear in
the general notices of the EP (2004), a manufacturer is neither obliged to carry out
such tests nor precluded from using modifications of, or alternatives to, the stated
method provided it is satisfied that, if tested by the official method, the material in
question would comply. The relevance of this notice to sterility testing is highlighted
in the EP (2004) text on methods of preparation of sterile products (5.1.1). This text
indicates that, when a fully validated terminal sterilization method by steam, dry heat,
or ionizing radiation is used, parametric release, that is the release of a batch of
sterilized items based on process data rather than on the basis of submitting a sample
to sterility testing, may be carried out, subject to the approval of the competent
authority. For a more detailed discussion on parametric release, the reader is referred
to Chapters 11 and 12 and Bill (2000) in the companion Handbook.

© 2007 by Stephen P. Denyer and Rosamund M. Baird



440 Guide to Microbiological Control in Pharmaceuticals and Medical Devices

In general, pharmacopoeial tests for sterility are based on the absence of growth
following culture in media that have been shown to support the growth of a range
of microorganisms (typically fluid thioglycollate and soya bean casein digest broths,
intended primarily for the detection of anaerobic bacteria and aerobic bacteria or
fungi, respectively). The media are incubated at 30 to 35°C for bacteria and at 20
to 25° for fungi for a defined time. Tests using membrane filtration and direct
inoculation are described; both the EP (2004) and the USP (2005) require the former
technique to be used whenever the nature of the product permits. For further details,
the reader is referred to Millar (2000) and Bill (2000) in the companion Handbook.

Proposals for the international harmonization of the test for sterility were pub-
lished in 1994 and 1995 and good agreement on many aspects of test methodology
and interpretation was reached in 1996 (Anonymous 1994, 1995, 1996). Placing
greater emphasis on the user validating the test as performed was expected to allow
a degree of flexibility on aspects such as choice of organisms and size of inoculum.
A move away from retesting would be reflected in a shift in emphasis from an
assumption of test invalidity to one of product failure in interpreting the test. This,
in turn, would require tight control of the test environment. When revised tests were
prepared for publication in the 1998 Supplement to the EP 1997 and in the eighth
Supplement (1998) to USP 23, it was suggested that the difference between the two
texts would be minimal and that no methodological differences of note would exist
(Dabbah and Knapp 1997). However, differences of some significance did remain.
For example, although the EP adopted a 14-day incubation period for both membrane
filtration and direct inoculation, this was qualified in the USP by allowing a 7-day
incubation for products terminally sterilized by moist heat when tested by membrane
filtration. Revision of the EP text continued in response to comments received
following publication of the 1998 text and an interim revision was published in the
2000 EP Supplement. Interpharmacopoeial discussion continued, meanwhile, with
a view to refining the texts to improve harmonization and clarity. A consensus text
was “signed off” by the three pharmacopoeias in 2002 and was published in the fifth
edition of the EP (2004). Although residual differences remain between the phar-
macopoeial tests, it is considered possible to carry out one test that will meet the
requirements of the three pharmacopoeias (Anonymous 2003).

20.2.2 NONSTERILE PHARMACEUTICALS

The situation with respect to standards for the microbiological quality of nonsterile
pharmaceutical products and their constituents is more complex than that of sterile
products. Setting appropriate specifications requires consideration of a number of
factors. The nature and origin of the material and the method of production will
influence the potential for microbial contamination, both in terms of the type and
level of contaminants. Materials of plant, animal, or soil origin and aqueous for-
mulations have been identified as having the highest potential for contamination
(Baird 1985). The pathogenicity of the microorganisms and the intended use of the
material or preparation must also be taken into account. Certain microorganisms
can be considered “always objectionable” but others are “usually objectionable”
(Bruch 1972, Spooner 1985; see also Chapter 13). Standards may be set for a
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specific organism because it falls into one of these categories or because it serves
as an indicator organism, either for a particular type of contamination or for a
breakdown in GMP.

Control of microbial contamination has been a feature of pharmacopoeias for
many years but is an area where policy with respect to application and status is still
evolving and is currently under active debate. Mandatory requirements are now
included in specific EP monographs for certain materials of natural origin such as
acacia, kaolin, and pancreatin powder (Table 20.1). These requirements may com-
prise both absence of certain specific organisms such as Escherichia coli in 1 g and
Salmonella in 10 g and limits for total viable counts (TVCs). Before 1995, reference
to microbiological testing was included in discretionary statements appended as
footnotes to the relevant EP monographs in recognition of the different approaches
pursued within Europe. In the United Kingdom, for example, TVCs were regarded
as useful for in-house process control but, for regulatory purposes, reliance had been
placed on testing for the absence of pathogens. In contrast, the Scandinavian
approach had been to use TVC as the main control and to require absence of specific
pathogens only when the TVC exceeded 102 colony-forming units (CFU) per g or
mL. The inclusion of mandatory requirements followed a policy decision taken by
the European Pharmacopoeia Commission in 1994 [Introduction, BP (1993) and
Addendum (1995)]. In the interests of European harmonization, it was agreed that
the way in which microbial contamination was controlled would no longer be left
to the discretion of national authorities.

The mandatory requirements of the EP are supported by method texts for spec-
ified microorganisms (section 2.6.13, EP 2004; Appendix XVI B1, BP 2005) and
for TVC (section 2.6.12, EP 2004; Appendix XVI B2, BP 2005). These method texts
are also used to support the relevant nonmandatory recommendations made within
the guidelines on the microbiological quality of pharmaceutical preparations (section
5.1.14, EP 2004; Appendix XVI D, BP 2005). Since the revision included in BP
2001, the text for TVC testing distinguishes between the two different uses of these
quantitative tests. The text indicates that the tests are designed primarily to determine
whether or not a substance that is the subject of a monograph in the pharmacopoeia
complies with the mandatory requirements therein. An important feature is the
inclusion of a sampling plan based on taking five separate samples together with
appropriate interpretation (a three-class system). This scheme is given as an example
of a sampling plan applicable when homogeneity with respect to the distribution of
microorganisms may be a problem. Additional guidance is provided in BP (Supple-
mentary chapter I M, BP 2005), and the reader is also referred to the companion
Handbook (Baird 2000). Control laboratories are advised to consider adoption of
the three-class system; this would provide a more reliable basis for binding decisions
on bulk materials that can be assumed to be heterogeneous with respect to potential
microbial contamination.

As noted above, the EP now provides guidance with respect to the microbio-
logical quality of pharmaceutical preparations according to their designated cate-
gory. Reference is made to this guidance within the “production” sections of relevant
general monographs, for example, that for “Liquids for Oral Use.” Further explan-
atory guidance concerning the application of the advisory limits for nonsterile
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TABLE 20.1
Microbial Limits of the EP (2004)

Total Viable 
Aerobic Count

CFU per g
Fungi

CFU per g

Absence of Organisms
in Specified Quantity

of Product

Material E. coli Salmonella Other Organisms 

Acacia 104 1 g
Agar 103 1 g 10 g
Alginic acid 102 1 g 10 g
Aluminium hydroxide 103 1 ga Enterobacteria and certain other Gram-negative 

bacteria 1 g
Bentonite 103

Calcium gluconate 103

Calcium stearate 103 1 ga

Cellulose
microcrystallinea 103 102 1 g 10 g Pseudomonas aeruginosa 1 g, Staphylococcus 

aureus 1 g
powdered 103 102 1 g 10 g P. aeruginosa 1 g, S. aureus 1 g

Charcoal activated 103

Dextran 1/40/60/70 for injection 102 1 g
Ferrous gluconate 103

Galactose 102

Gelatin 103 1 g 10 g
Guar
Guar galactomannan

104

104

1 g
1 g

10 g
10 g

Kaolin 103

Lactose 102 1 g
(continued)
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TABLE 20.1 (continued)
Microbial Limits of the EP (2004)

Total Viable 
Aerobic Count

CFU per g
Fungi

CFU per g

Absence of Organisms
in Specified Quantity

of Product

Material E. coli Salmonella Other Organisms 

Lactulose 102 1 g
Maize starch 103 bacteria 102 1 g
Pancreatic extract 104 1 g 10 g
Pepsin powder 104 1 g 10 g
Potato starch 103 bacteria 102 1 g
Rice starch 103 bacteria 102 1 g
Tapioca starch 1 g
Sodium alginate 103 1 g 10 g
Sodium starch glycollate type A and type B 1 g 10 g
Starch pregelatinized 103 bacteria 102 1 g
Talc

if intended for topical administration 102

aerobic bacteria 
and fungi

if intended for oral administration 103 bacteria 102

Tragacanth 104 1 g 10 g
Trypsin 104 1 g 10 g
Wheat starch 103 bacteria 102 1 g
Xanthan gum 103 102 1 g

a Internationally harmonized monograph.
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products (categories 2 to 4) is given in BP (supplementary chapter I M, BP 2005).
The availability of authoritative guidelines is expected to provide a useful yardstick
for official control laboratories when conducting surveys of products on the market
(Alexander et al. 1997). The advisory limits may also be used by manufacturers
for process validation or as part of a general monitoring program. Their inclusion
in the pharmacopoeia is not, however, intended to imply the need for routine end-
product testing.

The need to rationalize microbial standards within the EP is recognized as is
the desirability of harmonizing standards between the pharmacopoeias. Issues that
need to be considered include the reason why some monographs for materials of
natural origin (see Table 20.1) have microbial requirements and others, for example,
those for herbal materials do not. Differences in TVC limits (for example, 104 CFU
per g for acacia, 103 for agar, and 102 for alginic acid) also need to be examined and
compared with those in, for example, the USP NF (no TVC requirement for acacia
and agar; alginic acid set at 200). As a first step, proposals were made for harmo-
nization of the methodology (Anonymous 1998b) and suggestions made concerning
the application of water activity measurement (Friedel and Cundell 1998) and the
use of a decision tree (Anonymous 1998c). Current practice in the testing of raw
materials by some European manufacturers has been surveyed (Anonymous 2003).
With respect to the methodology, discussion is proceeding within the PDG process
(Anonymous 2003) and had reached harmonization stage (official enquiry) by Octo-
ber 2004 (Anonymous 2004b).

20.2.3 WATER

Water is a major pharmaceutical excipient (see Chapter 3) and two grades have been
defined for many years within the EP, water for injections (monograph number 0169)
and purified water (monograph number 0008). Both these monographs have been
revised in recent years (EP 2004, BP 2005). The key difference between the two
monographs is in the method of manufacture and the control of microbial contam-
ination. Water for injections may be produced by distillation only, whereas the
method of production of purified water is unrestricted. The restriction on the method
of production of water for injections EP contrasts with the open definition in the
corresponding USP monograph. More recently, a third EP water monograph, highly
purified water (monograph number 1927), has been published, covering a grade for
which the primary method of production is reverse osmosis (EP 2004). A European
Community note for guidance concerning the use of the different grades of water
was adopted in 2002 (Anonymous 2002). For a more detailed discussion of methods
of water production, the reader is referred to Chapter 3.

Once it is distributed in containers and sterilized, water for injections complies
with the test for sterility and with a limit of 0.25 IU.mL–1 for bacterial endotoxins.
A recommended action limit for the bulk water before sterilization is given in the
“production” section of the revised monograph. A TVC limit of 10 microorganisms
per 100 ml (determined using membrane filtration, a low nutrient agar medium, and
a test volume of at least 200 ml) is given as appropriate under normal conditions.
The monograph states that for aseptic processing, stricter alert limits may need to
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be applied. For purified water, a TVC of 100 CFU.mL–1 (determined using the same
method and medium as for water for injections) is given both as a recommended
action limit under production of the bulk water. In addition, a compliance limit of
100 CFU.mL–1 is given for the water distributed in containers. This aspect of the
monograph should, perhaps, be reexamined and the need for a mandatory shelf life
limit reconsidered. As it stands, for a manufacturer to be confident of consistently
meeting a 100 CFU.mL–1 shelf life limit for packaged water, he would need to adopt
a tighter action limit because proliferation of microorganisms such as pseudomonads
is possible. A limit of 0.25 IU.mL–1 for bacterial endotoxins applies to purified water
intended for use in the manufacture of dialysis solutions.

20.3 CONCLUDING REMARKS

The fundamental principles of microbiological quality assurance are well established
and are reflected in the published standards of the pharmacopoeias. The importance
of these standards is shown by the high priority that has been given to the microbi-
ological method texts within the international harmonization program. Harmoniza-
tion of the methods and their application began in the late 1990s and is currently
still in progress. In order to keep abreast of developments, it is recommended not
only to refer to the current edition of the pharmacopoeias, but also to consult the
relevant publications, such as Pharmeuropa and the pharmacopoeial and regulatory
Web sites.
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21.1 INTRODUCTION

No activity or pursuit in life is totally risk free. Simple everyday activities, such as
crossing the road or playing a sport, involve an element of risk. Furthermore, risk
cannot be eliminated from life; it is an inevitable part of living.

In pharmaceutical manufacture, as in life, risk-free activities do not exist. How-
ever, medicines offered for sale must be fit for their intended use and, as far as is
possible, should not put patients at risk due to inadequate safety, quality, or efficacy.
The achievement of this ideal requires strong emphasis on risk management, incor-
porating, where possible and practicable, risk elimination.

21.2 RISK MANAGEMENT

Embodied within risk management is the acknowledgment of the concept of accept-
able risk. This is based upon the realization that risk cannot be completely removed
from pharmaceutical manufacture and thus the extent to which risk can be mini-
mized must be influenced and guided primarily by patient safety but also by
manufacturing cost.

Patient safety would appear, superficially at least, to be an absolute requirement
that cannot under any circumstances be compromised. Unfortunately, however,
things are rarely so simple. For example, in the case of an aseptically prepared
injectable product, the overwhelmingly important safety criterion is sterility; how-
ever, this is the one attribute that cannot be ensured or confirmed, because confir-
mation requires performing the test for sterility on every container, leaving nothing
to supply to the patient!

Special precautions, therefore, must be taken during the manufacture of such
products to provide a high degree of confidence that microbiological contamination
has been excluded from every container. This requires heavy emphasis on technology
as well as the adoption and operation of an effective quality management system,
but this is not limitless. At a certain point, the law of diminishing returns dictates
that additional costs do not contribute significantly to patient safety. Beyond this
point, there is a danger of simply pricing the medicine out of the market place and
this in itself becomes a significant patient safety issue.

Thus, risk management should constitute a critical element of any pharmaceutical
manufacturer’s quality assurance system as it forms the basis for the very system
itself. Essential to effective risk management are the following activities: identifica-
tion of areas of risk or vulnerability, assessment of risk, implementation of actions
to reduce or eliminate risk, adoption of in-process controls to confirm risk control,
and audit of the system for ongoing effectiveness.

All these steps are crucial to the management of risk, but this chapter will
concentrate on just two aspects—risk assessment and audit.

21.3 APPROACHES TO RISK ASSESSMENT

The assessment and quantification of risk are key parts of any strategy of risk
management.
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Quantification of risk may not extend to a numerical assignment that can be
scientifically justified, but it is important to be able to rank different vulnerabilities
in terms of their significance for patient safety in an objective manner. In doing this,
better use of limited resources can be made to address the greatest areas of risk first.

Within the pharmaceutical industry, there are two fundamental approaches to risk
assessment, namely intuitive or structured. Intuitive methods of risk assessment rely
upon an individual or a group identifying and quantifying risk purely on the basis of
intuition, with no formal structure or agreed criteria to guide the process. Such an
approach is fraught with problems and disadvantages because not only is the process
dependent upon the experience of the participants, but also there is no mechanism to
ensure that each potential risk is assessed in the same manner. Furthermore, on the
basis of objective criteria, the process is not amenable to justification.

For these and other reasons, the pharmaceutical industry almost universally
adopts structured approaches to risk assessment, as exemplified by failure mode and
effect analysis (FMEA) and hazard analysis of critical control points (HACCP).

21.3.1 FAILURE MODE AND EFFECT ANALYSIS 

FMEA is a technique that has been used successfully for many years to assess risk
associated with activities and operations. Although it has its roots in engineering,
FMEA has been successfully used for risk assessment in numerous industries,
including the pharmaceutical industry. FMEA involves analyzing each step in a
process or activity by the following criteria:

• The severity of the consequence of failure (e.g., for the patient) (S)
• The probability of occurrence of the failure (O)
• The probability of detection of the failure, should it occur (D)

Each of these criteria can then be assigned a score, commonly from 1 to 10.
Thus, if the consequences of failure are considered to be very severe, a high number
will be assigned; if the probability of occurrence of failure is also considered to be
high, this too will be assigned a high number. If, however, the probability of detection
of the failure is considered to be high, a low number will be assigned to this criterion.

From these, scores can be calculated leading to an overall risk probability number
(RPN) for the process step, where

RPN = S · O · D (21.1)

Thus, for the step described above where S is considered high, O is considered high,
and D is considered high, the calculated risk probability number may, for example, be

RPN = 8 × 8 × 2 = 128

Similarly, for a step where the severity of failure is considered high, the proba-
bility of occurrence is, however, considered to be low and the probability of detection
is also considered to be low, the risk probability number may be
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RPN = 9 × 3 × 8 = 216

In this way, the risk associated with each step in a process, or with any given
activity, can be objectively assessed and quantified. This approach permits the rank-
ing of steps in terms of risk associated with them and allows the user to assign
priorities for action in order to eliminate or minimize the risk by, for example,
modification of the process or targeted in-process monitoring.

21.3.2 HAZARD ANALYSIS AND CONTROL OF CRITICAL POINTS 

HACCP is a structured approach to risk assessment and risk management that was
developed from the principles of FMEA. HACCP has its origins in the food industry,
where it was developed as a system of food safety assurance. The system was
formulated in the 1960s by the Pillsbury food company in the United States, the
United States Army Laboratories at Natrick, and the National Aeronautics and Space
Administration (NASA) in their joint development of foods for the American space
program. In this project, food production processes had to be designed to ensure the
elimination of pathogens and toxins from the foods being produced. End-product
testing was not considered to be a reliable measure of microbiological quality and
so other methods to ensure the safety of the food had to be developed. Thus the
concept of HACCP was born.

Since Pillsbury first presented its experiences with HACCP in 1971, the food
industry has widely adopted the approach and developed it further. Thus the U.S.
Food and Drug Administration (1973) incorporated HACCP into its low acid canned
foods regulations. Both the World Health Organization (1996) and the International
Commission on Microbiological Specifications for Foods (1988) have advocated the
use of HACCP. HACCP is also recommended to help demonstrate “due diligence”
under the U.K. Food Safety Act of 1990. Within Europe, systems based upon the
principles of HACCP have been incorporated into the 1993 EC directive on the
hygiene of foodstuffs.

21.3.2.1 Applicability to the Pharmaceutical Industry

Like FMEA, HACCP seeks to ensure quality not only by reducing emphasis on end-
product testing (testing for failure), but also by increasing emphasis on process
design and control (preventing failure). However, unlike FMEA, HACCP is an
approach that has been designed primarily to identify and eliminate microbiological
risks. As such, the technique is of immediate and direct value to the pharmaceutical
industry, where microbiological contamination is a major concern.

In recent years, the pharmaceutical industry has become aware of the many
advantages that HACCP offers in the systematic approach to microbiological quality
assurance. In particular, its application to the control of aseptic manufacture has
been beneficial in providing a logical framework for the many layers of control and
monitoring necessary in the quality assurance of such products (Ljungqvist and
Reinmüller 1995, Jahnke 1997). In this regard, it is interesting to note that during
the development of the international standard on aseptic processing (International

© 2007 by Stephen P. Denyer and Rosamund M. Baird



Risk Management and Microbiological Auditing 451

Organization for Standardization ISO TC 209), HACCP was included as a means
of risk assessment, only to be excluded from the final document in favor of a more
general statement that risk assessment should be undertaken. Most notably, the U.S.
Food and Drug Administration, which has long adopted HACCP for food applica-
tions, is considering widening the approach to medical devices and possibly also to
pharmaceuticals as a means of “streamlining inspections.”

21.4 HACCP TO ENHANCE MICROBIOLOGICAL 
CONTROL OF MEDICINES

The application of HACCP involves, in its simplest form, a series of linked steps.
These include definition of the product and process, identification of potential haz-
ards and potential measures for their control, determination of critical control points,
establishment of critical limits for each critical control point, establishment of a
monitoring system for each critical control point, implementation of corrective action
plans to reestablish control when necessary, and establishment of verification pro-
cedures to demonstrate compliance.

21.4.1 DEFINITION OF THE PRODUCT AND PROCESS

As far as the product is concerned, the following considerations may have an
important impact upon risk: raw materials and components, product composition,
dosage form, the pack, storage conditions, shelf life, and patient target group (e.g.,
age, health status; see Chapter 2).

In the case of the process, the following should be considered: all process steps,
process equipment, major utilities, manufacturing environment, holding times and
conditions, cleaning and environmental hygiene, product segregation, and routes of
potential contamination or cross-contamination (see Chapters 3 through 6).

21.4.2 IDENTIFICATION OF POTENTIAL HAZARDS AND POTENTIAL 
CONTROL MEASURES

Potential hazards can arise from acknowledged sources of contamination, including
raw materials, equipment, personnel, and the environment. Less obviously, certain
combinations of product-processing conditions, such as, pH, aw, and temperature,
may also represent a potential hazard. Furthermore, poor management systems may
indirectly be identified as creating hazards; this may arise, for example, through
inadequate production planning or from frequent product changeovers.

Each potential hazard should be analyzed using the following typical criteria:
likelihood of occurrence, severity of hazard, magnitude of hazard (e.g., batch size
affected), age and vulnerability of those exposed to the hazard (and hence the likely
impact), the survival or multiplication potential of contaminating microorganisms,
the potential for production of and persistence of microbial toxins or other potentially
detrimental materials, the existence of conditions conducive to microbial contami-
nation or toxin production.
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Finally, potential control measures, if they exist, should be reviewed for their
usefulness in eliminating, preventing, or reducing such identified potential hazards.
At the same time, both the product and process should be examined to ascertain
whether they may be redesigned to eliminate, prevent, or reduce risk.

21.4.3 DETERMINATION OF CRITICAL CONTROL POINTS

Figure 21.1 represents a decision tree for the identification of critical control points
(CCP) for processes.

FIGURE 21.1 Decision tree for the identification of critical control points. (Adapted from
Leaper, S., Ed. (1997). HACCP: A Practical Guide. Technical Manual no. 38. Campden and
Chorleywood Food Research Association, Chipping Campden, U.K. With permission.)
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21.4.4 ESTABLISHMENT OF CCP LIMITS

For each CCP identified, a critical limit should be established. This should be
discriminatory in that it should distinguish between what is acceptable and what is
unacceptable. It may therefore represent an accept or reject limit or an action limit;
where the action may be reprocessing of the product, additional testing, or action
to prevent a recurrence or re-establishment of process control.

21.4.5 ESTABLISHMENT OF A CCP MONITORING SYSTEM

The establishment of a truly effective monitoring scheme for each CCP is an essential
part of risk management by HACCP. The monitoring scheme must therefore be able
to detect a loss of control and provide timely information that permits appropriate
corrective action to be taken, preferably before product rejection becomes the only
option. In this regard, the design of monitoring schemes and their operation become
critical to the total risk management program.

In many cases, monitoring will involve sampling and analysis, but this is by no
means the only approach open to the manufacturer. Collection of physical data (e.g.,
temperature, pressure, mixing speed) and comparison to pre-agreed upper and lower
set points, either continuously or periodically, represent an effective monitoring
method for many parameters.

Whichever approach to monitoring is adopted, its effectiveness will be influenced
not only by the sample size but also by the monitoring frequency or number of datum
points. The sample size should be based upon the accuracy of the monitoring method
and limit to be met. For example, if it is necessary to show that a water system
consistently complies with a bioburden limit of <10 CFU per 100 mL, then the volume
of water to be sampled and tested will be greater than if the bioburden limit is <100
CFU.mL–1. The monitoring frequency will be influenced by the ranking of the CCP,
the probability of occurrence of the potential hazard, and the confidence in the mon-
itoring method used. Thus the frequency of microbiological monitoring and the number
of samples taken for a raw material of natural origin to be used in the manufacture of
an aseptically prepared injectable will be greater than for an inorganic salt to be used
in the manufacture of a terminally sterilized small-volume parenteral product.

21.4.6 ESTABLISHMENT OF A CORRECTIVE ACTION PLAN

If monitoring data indicate a loss of control, it is imperative that appropriate action
is taken to regain control. Wherever possible, this action should be defined in writing
at the time that the monitoring system is approved. It should include the following:
what action is to be taken and when; who is to act; and how the effectiveness of the
action will be verified.

21.4.7 ESTABLISHMENT OF VERIFICATION PROCEDURES

TO DEMONSTRATE COMPLIANCE

The effectiveness of the control measures described above should be challenged and
verified. This can be achieved in several ways. Using trend analysis of data over
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extended time periods, overall control and the effectiveness of corrective actions
performed to regain control will be demonstrated. Data trended and reviewed need
not necessarily be specific to an individual CCP, but may include data from other
CCPs and the final product to demonstrate the contribution of a specific control
strategy to overall product quality assurance. Reviewing deviations will demonstrate
consistency of process control and also the effectiveness of corrective actions
employed. Through audit of the integrated systems, they will remain well-targeted,
relevant, effective, and complied with at all levels.

If such reviews show that the integrated system is not exerting satisfactory control
over CCPs and the product, then the system must be modified to improve control.
In this regard, it is important to ensure that any risk management system is linked
closely to the company’s change control system so that, if necessary, the risk man-
agement system is adapted to take account of changes to such things as raw materials
and components, processing equipment, procedures, environments, methods of sam-
pling and analysis, and regulatory limits.

21.5 USING RISK ANALYSIS TO ENHANCE THE 
EFFECTIVENESS OF MICROBIOLOGICAL 
AUDITING

Before discussing how risk analysis can enhance the value of microbiological audit-
ing, it is important to define the purpose of auditing. The EC Directive 91/356/EEC
(1991) on good manufacturing practice (GMP) states that “self-inspections shall be
conducted in order to monitor the implementation and compliance with Good Man-
ufacturing Practice principles and to propose necessary corrective measures.” Thus,
audits are seen by regulators as a critical component of quality assurance and GMP.
In essence, audits are the principal means by which the effectiveness of the quality
management system is assessed and improved.

The audit should therefore challenge aspects of the quality management system
to ensure that it is comprehensive, understood, relevant to the activities undertaken,
effective in exerting control, and its objectives are met. Should problems be identified
by the audit process, the audit must make provision for the execution of timely and
effective corrective action.

From the foregoing, it should be clear that the audit is a key element of any risk
management system. The major role of any audit is to identify areas of vulnerability.
These may arise through noncompliance with regulatory requirements, with license
submissions, or with the written quality management system as well as from inad-
equate product quality assurance. In the latter case, this may stem from a failure to
identify areas of risk, from inadequate monitoring and control procedures, from a
failure to take effective corrective actions to regain control, or perhaps from inade-
quate staff training or awareness.

In assessing vulnerability, structured techniques such as FMEA and, in particular,
HACCP are invaluable tools for the auditor. The principles of risk assessment can
be used for all phases of the audit—planning the audit, conducting the audit, com-
municating concerns, and in making recommendations for corrective actions.
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For a more detailed discussion of hazard analysis and auditing in practice, the
reader is referred to the companion Handbook (Lush 2000).

21.5.1 PLANNING THE AUDIT

As part of the essential preparation for any audit, the auditor must review in detail
the activity to be audited. This will ensure not only adequate understanding of the
activity but also identify areas of vulnerability (CCPs) within the activity. In turn,
this will allow the effectiveness of the auditee’s control measures to be challenged
and assessed. This process provides the structure for the audit and determines how
much time and emphasis should be allocated to different aspects of the activity.

The identification of areas of vulnerability, and thus the focus of the audit
process, will be greatly enhanced by the application of a formal risk assessment as
this will allow objective identification of CCPs in the activity and will permit the
auditor to explain why these points are considered to be of critical importance. As
always, time invested in proper planning pays dividends.

21.5.2 CONDUCTING THE AUDIT

During the audit itself, the auditor should challenge each CCP identified during the
planning phase and attempt to answer the following questions:

• Does the auditee recognize this as an area of risk (and hence a CCP)?
• Has the auditee attempted to “design out” the risk at this stage of the

activity?
• Have appropriate limits been set for this CCP?
• Does the auditee monitor the activity at this point, and if so is the monitoring

strategy sufficient in terms of monitoring frequency, number of samples,
sample size, means of analysis, and in the communication of results?

• Is the system capable of identifying loss of control or movement toward
loss of control?

• Is there a clear, effective corrective plan in place to regain control?
• Is there a system in place to demonstrate and confirm the adequacy of all

these control measures through trend analysis of data, follow-up on cor-
rective actions, change control, and periodic review or audit?

The following examples are intended to illustrate specific areas of risk in different
situations and how the audit questions should be framed to reflect such perceived
risks.

21.5.2.1 Tablet Manufacture

It is tempting to assume that because tablet manufacture is essentially a dry process
there is little or no attendant microbiological hazard. In many respects this is true,
but there are aspects of the process where potential for microbiological contamination
of the final product exists. These include the supply of contaminated raw materials,
wet granulation and the preparation and storage of aqueous solutions, or equipment
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washing, if accompanied by inadequate drying. These therefore represent critical
control points that should be assessed during the audit.

By way of illustration, and with regard to raw materials, questions to be asked
will include:

• Has the manufacturer acknowledged and identified those raw materials
considered to be a potential contamination risk?

• Are they obtained from suppliers with a history of satisfactory supply? 
• Have appropriate bioburden limits been set for raw materials?
• For those “at risk” raw materials are the number of samples, sampling

sites, sampling frequency, and tests performed sufficient to ensure ade-
quate control?

• Is trend analysis undertaken on cumulative data to demonstrate on-going
control?

• In the event of loss of control are appropriate corrective action strategies
in place and are they used?

• Is the effectiveness of the overall control strategy reviewed periodically?
• Is there a satisfactory change control procedure in place for raw materials,

suppliers, and storage and manufacturing processes to ensure that changes
are adequately identified, evaluated, and appropriate actions taken when
necessary?

21.5.2.2 Small Volume Parenteral Manufacture by Aseptic 
Processing

The manufacture of sterile products by an aseptic process perhaps represents the
most hazardous pharmaceutical manufacturing activity, requiring rigorous control at
numerous points in the process if acceptable product quality is to be ensured. The
application of HACCP to such a manufacturing process has been the subject of an
excellent review (Jahnke 1997) and, therefore, will not be covered in detail here.
Rather, just one aspect of the process will be discussed, namely the exclusion of
microbiological contamination at the point of fill.

Here the key control measure is the provision of a localized grade A environment
(see Chapter 6) that provides air free of microorganisms at the point of fill. The
auditor should therefore check that:

• The control measure, a grade A environment, exists
• The unidirectional air flow environment is subject to appropriate qualifi-

cation and ongoing maintenance, calibration, and performance monitoring
• Procedures are in place to minimize operator intrusion into this critical

zone
• Cleaning and disinfection procedures exist for the critical zone
• The exclusion of contamination is monitored by appropriate microbiolog-

ical methods
• Appropriate alert and action limits for microbiological contamination are

in place
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• The microbiological monitoring program is sufficient to detect contami-
nation in terms of sampling locations, sampling methods, number and
frequency of sampling, and procedures for incubation of media and enu-
meration of colonies

• Results of monitoring are compared with approved alert and action limits
and appropriate action taken in the event of loss of control

• Results are subject to trend analysis, which may indicate a move toward
loss of control

• Records of all activities are maintained and subject to periodic review
• Changes to procedures, processes, equipment, components, and people

are identified and evaluated to determine whether modifications to the
control strategy are required

21.5.2.3 The Microbiological Quality Control Laboratory

Microbiological monitoring activities of the laboratory rely heavily on the supply
of culture media of the required quality, that is, both sterile and nutritious. The
preparation of media from a dry powdered medium is a critical control point in the
laboratory. Thus, any audit of the laboratory should focus on this activity and involve
the following lines of questions:

• Is there a clear purchasing policy for dry powdered medium?
• Are storage conditions for dry powdered medium defined and maintained?
• Is growth medium prepared according to defined procedures?
• What controls, if any, are exerted on the water used for preparation?
• Is the effectiveness of the sterilization process ensured?
• Are procedures for aseptic dispensing of sterilized medium in place?
• Is the prepared, sterilized medium assessed not only for sterility but also

for retention of growth promotion properties?
• Are the sampling and testing procedures used to ensure sterility and

growth promotion adequate?
• Are both limits and corrective action procedures in place?
• Are results subject to trend analysis?
• Are all results documented and traceable?
• Are appropriate change control procedures in place?

For a more detailed discussion on auditing the microbiology laboratory, the
reader is referred to the companion Handbook (Lush 2000).

As can be seen from the preceding examples, effective planning and the use of
risk analysis can bring structure to the audit process and improve the overall effi-
ciency of the audit. It must be borne in mind, however, that during any audit, however
well planned, certain practices or activities may require an “on-the-spot” assessment
of risk. In many cases, the auditor may not have sufficient knowledge of the activity
or sufficient time to carry out a formal risk assessment. Under these circumstances,
the auditor should ask what are the likely implications, severity and probability of
failure, as well as the probability of detection. By doing this, the auditor can assess
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the extent of risk and hence the necessity for control measures. It is worth stressing
at this point that most problems identified during microbiological audits stem not
from a failure to identify, monitor, and control critical control points, but from a
failure to act upon trended data indicating loss of control or the inadequacy of
corrective actions to eliminate the problem. In this regard, there is a strong tendency
to treat symptoms of problems rather than the root cause of the problem itself. Such
failures may manifest themselves in many ways, for example, as intermittent high
bacterial counts or endotoxin results in pharmaceutical water systems, sporadic high
microbiological counts on environmental monitoring plates, or variable bioburden
results on raw materials and in-process solutions.

21.5.3 COMMUNICATING CONCERNS

It is not enough simply to identify problems during an audit. The auditee must
understand and share the auditor’s concerns; otherwise, the auditee may not be
sufficiently motivated to assign the necessary urgency and diligence to rectify the
problem. Failure to communicate the reasons for concerns is perhaps the single most
common cause of inadequate follow-up to audits. The structured approach to iden-
tification of areas of vulnerability afforded by FMEA and HACCP and the objective
criteria by which the effectiveness of control measures may be judged provide the
auditor with an excellent means of discussing concerns and can enable the auditor
and auditee to find a common basis for understanding and hopefully agreement.

21.5.4 RECOMMENDATIONS FOR CORRECTIVE ACTIONS

Once there is a clear understanding of the vulnerability and its scale, the task of
making recommendations for corrective action becomes much simpler and more
objective. For example, the vulnerability may arise from issues such as failure to:
identify a CCP; set appropriate control limits; perform appropriate monitoring;
identify loss of control or a move toward loss of control; take effective corrective
actions that prevent recurrence; modify practices in the event of change.

If the structured approach to risk management afforded by FMEA or HACCP
is used during audit, the precise nature of the vulnerability can be identified, thus
providing the auditor with an objective basis for recommending corrective actions.
Wherever appropriate, the auditor should suggest ways in which the effectiveness
of the corrective actions can be confirmed. For some unaccountable reason, some
auditors see their role solely in terms of identification of problems and not in their
rectification. If the auditor can offer recommendations for action, it is his or her duty
to do so.

21.6 OVERVIEW

There is a tendency to believe that pharmaceutical auditing is all about products and
processes, facts and figures, and documents and records. Indeed, all that has gone
before in this chapter would seem to support that contention. It should not be
forgotten, however, that an audit is made up of a series of human interactions between
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the auditor and auditee. The success of any audit thus depends in no small part on
the ability of the auditor to build a relationship with the auditee, based upon mutual
trust and respect. If the auditee considers the auditor to be arrogant, self-opinionated,
and unsympathetic, then the auditor’s findings are less likely to be accepted or advice
put into practice. There is a valuable lesson here to be learned by any auditor.

It is the role of the auditor to leave any department, company, or activity having
improved awareness of regulations and standards, current expectations, and of
strengths and weaknesses. Furthermore the organization should be more motivated
to build on its strengths and correct  its weaknesses.

If the auditor does not achieve this, then he or she has failed.
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