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Preface

Chronic wounds are a serious public health issue. The incidence and prevalence of
the different types of chronic wounds are largely unknown worldwide, but 13 years
ago George' estimated the worldwide burden of wounds to be:

e Surgical wounds, 40 to 50 million
e Legulcers, 8 to 10 million

e Pressure ulcers, 7 to 8 million

e Burns, 7 to 10 million

In the United States alone, the estimated number of chronic wounds includes 1 to
2 million diabetic foot ulcers, 1 to 2 million venous leg ulcers, 3 to 5 million pressure
ulcers, and 1% surgical site infections. One of the underlying pathologies known to
increase the prevalence of chronic wounds is diabetes mellitus. Diabetes mellitus in
the Western world is growing continuously at a double-digit rate. However, this fig-
ure is not truly representative of the extent of the problem. Figures from the Centers
for Disease Control and Prevention (CDC) state that there are approximately 24 mil-
lion patients with diabetes mellitus (24 million diabetics). Cutaneous wounds in the
United States alone cost society over $25 billion annually.

The management of infected wounds remains an area of confusion and hence
great debate. No definition or authoritative clinical guidelines of what constitutes an
infected wound exists. Terminology in wound care such as colonization, critical colo-
nization, biofilm, and other descriptions of bacterial behavior on the surface of the
wound are not clearly defined. Even the term infection requires redefining in light of
recently generated insight into the prevalence and behavior of the biofilm phenotype.
In addition, many of the concepts concerning wound infections are not backed up with
meaningful scientific support. Consequently many terms used in wound care have led
to confusion and unnecessary or inappropriate management of chronic wounds.

It is well established that wound healing is dynamic, infinitely complex, non-
linear, and prodigiously individualized to the context of the patient. Understanding
the intricacies of chronic wounds becomes even more complex when one considers
the myriad of host variables that contribute to the disease state.

The plausible common barrier that may impair many of these wounds from heal-
ing is chronic infection as a result of biofilm infection. Chronic biofilm-based infec-
tions constitute 80% of all human infection. Accordingly, acute infections remain
as the minority census of all infectious disease. The definition of acute infection is
based on clinical characteristics of rapid onset and aggressive bacterial behavior,
which responds rapidly and completely to antibiotics or the host immune response.
Chronic infections are persistent and recalcitrant. It is interesting to note that acute
and chronic infections have not been clearly differentiated on a molecular level and
may be explained by bacteria pursuing widely divergent survival strategies only now
becoming elucidated through research.
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Bacteria producing chronic infections employ a biofilm phenotype for their infec-
tious strategy. In this type of survival strategy, the bacteria attach to the host and
subvert a number of host systems. First, the bacterium rapidly encases itself inside an
extracellular polymeric substance (EPS), which protects the biofilm members from
the host’s immunity. Bacteria within the biofilm secrete communication molecules
termed quorum-sensing molecules, which direct the activity of many bacteria within
the community. Subsequently, the bacteria are collectively under partial regulatory
control by the community. This highly organized and competent communal struc-
ture is biofilm.

This biofilm, now attached and centrally regulated, strives to reproduce itself
and obtain sustainable nutrition from host sources. Through multiple modes, the
biofilm exploits host inflammatory pathways. By commandeering other host path-
ways, the biofilm is able to prevent apoptosis in the cells that constitute the wound
bed. Consequently, a senescent wound bed is created which may provide a stable
base of attachment. Further, the biofilm prevents host neutrophils from lysing the
surface of the wound bed to remove the attached biofilm. The biofilm also down-
regulates bacterial protease activity, and alternatively, stimulates the host inflamma-
tory response to produce increased host protease activity, thereby generating plasma
transudate as a constant source of fluid and nutrition for the biofilm community.
As previously stated, through quorum sensing the biofilm can regulate the size and
activity of the entire community in its pursuit of a parasitic strategy.

The issue of addressing whether or not chronic wounds are “infected” is con-
troversial, and that controversy seems to rely on the traditional diagnostic mark-
ers of infection (acute or chronic). Chronic wounds exhibit high proinflammatory
cytokines, high host protease activity, and excessive neutrophil infiltration, which is
predictably typified by most other tissues affected by the persistent biofilm infection.
Also, the secondary signs of infection most common in wounds—such as excessive
exudate, a soft degraded and senescent wound bed that fails to progress—are all
consistent with a host response to a biofilm.

Acknowledgment of the presence of chronic infection and biofilm in most chronic
wounds as an important barrier to healing allows a single, unified perspective for the
approach and treatment of chronic cutaneous wounds. Indubitably, patient comor-
bidities such as neuropathy, immobility, poor perfusion, impaired immunity, mal-
nutrition, and systemic diseases must be aggressively managed as a parallel strategy
to optimize the treatment regimen, but if we ignore the contribution of biofilms to
infection and fail to manage appropriately, then our care will be suboptimal.

Steven L. Percival
Keith F. Cutting

REFERENCE
1. George, G. (1996) Wound Management. Richmond Surrey, U.K., PJB Publications.
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INTRODUCTION

Microorganisms can simply be defined as organisms that cannot be viewed without
the aid of a microscope. Included in this category are viruses, bacteria, certain spe-
cies of algae and fungi, and protozoa. Microorganisms are very important in the
ecology of the planet and the existence of man, playing essential roles in the car-
bon, nitrogen, and sulfur cycles. They have historically been exploited within human
society for the synthesis of foodstuffs such as cheese, beer, bread, wine, and vinegar.
More recently, with the advent of genetic engineering it has been possible to extend
this list to the manufacture of specific enzymes, antibiotics, vitamins, and human
hormones such as insulin.

The majority of microorganisms are generally beneficial, but to the “non-
microbiologist,” microorganisms are all too often considered harmful and a cause of
human disease and infections. The notoriety associated with pathogenic bacteria is
a result of the devastating effect that widespread and virulent bacterial disease can
wreak on individuals and communities. For example, the involvement of pathogenic
bacteria in the Black Death (bubonic plague) in 1346—1352 resulted in the death of
approximately 25 million people, one-third of the population of Europe. The micro-
organism responsible for this disease, a rod-shaped bacterium, was only identified in
the latter part of the 19th century and is now known as Yersinia pestis.

A BRIEF HISTORY OF MICROBIOLOGY

Lucretius (98-55 B.Cc.), a Roman philosopher and poet, suspected the existence
of microorganisms and their involvement in causing disease. Later, Girolamo
Fracastroro (1478—1553), an Italian physician, echoed these sentiments and sug-
gested that diseases were caused by invisible living creatures. Despite these histori-
cal accounts, it was not until the work of Antonie van Leeuwenhoek (1632—-1723) in
1673 that microorganisms were first visualized and described using his rudimentary
microscope. Leeuwenhoek used the term animalcules to describe his observations
of microorganisms that he acquired from dental plaque samples.

A number of individuals became associated with the growth in understanding of
microorganisms and their impact on society. For example, in 1748 John Needham
observed the result of the growth of microorganisms following the addition of organic
matter to water and seeds. Louis Pasteur (1822-1895) provided evidence about the
growth of microorganisms; in particular, how to protect solutions from microbial
contamination (i.e., pasteurization, which uses heating to inhibit microbial growth).

As mentioned previously, the role microorganisms played in human disease pro-
cesses was first acknowledged by Girolamo Fracastroro. However, at the time, many
other physicians and scientists believed that human diseases were related to forces
that were unnatural and occurred through poisonous vapors. The Greek physician
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Galen suggested that it was imbalances in the humors (humorism) of the human body
that caused disease in the body. These humors were referred to as blood, phlegm,
yellow bile, and black bile.

However, the role of microorganisms in disease, the germ theory, was not
acknowledged until about 1835 by Agostino Bassi, who demonstrated that a dis-
ease (white muscadine) in the silkworm was caused by a fungus, now known as
Beauveria bassiana. In 1845, Berkeley showed that potato blight was also caused by
a fungus (Phytophthora infestans).

The results of these pioneering studies and concerns over the silk industry led
Pasteur to investigate silkworm disease further. Pasteur actually discovered a
separate silkworm disease (pébrine) which was due to a protozoan (Nosema bom-
bycis) infection. By recognizing that diseased worms were spreading infection to
uninfected silk worms, he devised simple strategies to keep uninfected silkworms
healthy, which ultimately saved the silk industry in France at the time.

Evidence for the involvement and prevention of infections in wounds was reported
by studies undertaken by Joseph Lister (1827-1912). Lister applied phenol to surgi-
cal dressings and heat sterilized many instruments being used in wound treatment.
These approaches were shown to have a significant positive impact on the outcome
of wound infections and diseases and provided clear evidence on the role of phenol
as an agent that could kill microorganisms.

Evidence that bacteria could cause disease transpired following the work of
Robert Koch (1843-1910), who focused mainly on the role of the bacterium Bacillus
anthracis and its ability to cause anthrax (1876). As a result of these studies, Koch
stipulated that a number of criteria needed to be met for a microorganism to be
identified as a disease-causing agent. These criteria are today referred to as Koch’s
postulates and are summarized as follows:

1. The microorganism must be evident in all episodes of the disease.

2. The microorganism has to be isolated and grown as a pure culture.

3. When the microorganism is inoculated into a healthy host, it must cause
the same disease.

4. The microorganism must be isolated from the host that is diseased.

Koch continued with his work and produced numerous studies, many of which were
confirmed or supported by eminent scientists in the field. The prolific output from
Koch gave rise to the use of agar as the base for microbiological culture media by
one of Koch’s assistants, Walther Hesse. Another of Koch’s assistants, Richard Petri,
then developed the Petri dish. The combination of the Petri dish and agar greatly
aided Koch in further developing culture media for the growth of bacteria recovered
from humans, which allowed further advances in the study of human disease. The
fact that the Petri dish and agar remain the mainstay of cultural microbiology today
highlights the significance of this breakthrough.

As time progressed, further work on microorganisms led to the discovery of
viruses and their role in disease. In addition, the first protective role of vaccines
(1796) had been shown by Edward Jenner (1749-1823) in his study of smallpox, and
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work by Pasteur and Charles Chamberland (1851-1908) extended the development
of vaccination to produce live attenuated vaccines. Only 3 years after Koch’s work
on B. anthracis, Pasteur successfully generated a protective vaccine, and this was
followed with equally successful vaccine against rabies (1885).

It is through the work of these pioneer microbiologists that our current under-
standing of disease and infection stems, and it is notable that these historical con-
cepts are still practiced even today in “modern” microbiology.

THE MICROBIAL WORLD

There are two types of cells found within the human body; namely eukaryotic and
prokaryotic cells. Human cells are examples of eukaryotic cells which are outnum-
bered greatly by colonizing prokaryotic cells that are typified by bacteria. Prokaryotic
cells are structurally more basic than eukaryotic cells, and although the former con-
tain DNA, there is no nucleus and an absence of membrane-bound organelles.

BACTERIA

SHAPES

Cocci are spherically-shaped bacteria and may appear under the microscope in
pairs (diplococci) (e.g., Neisseria), in chains (e.g., Streptococcus and Enterococcus),
in clusters (e.g., Staphylococcus), or as tetrads (e.g., Micrococcus). Bacillus or rod-
shaped bacteria are frequently encountered in the environment and mammalian
infections (e.g., Pseudomonas and Salmonella). Curved bacilli are also evident
and collectively referred to as vibrios, and cocco-bacilli are short but wide-shaped
bacteria (e.g., Acinetobacter sp). Many bacteria occur as long twisted rods called
spirilla if rigid, or spirochaetes if flexible. Even though bacteria are found in many
different shapes and sizes, they should not be stereotyped on this basis, as numer-
ous variables are known to influence the shape of bacteria. Bacteria are referred
to as pleomorphic when they can exist in a variety of different shapes and sizes
(e.g., Corynebacterium and Mycoplasma).

Size

Bacteria exist in many different sizes. For example, nanobacteria range in size from
about 0.2 pm to less than 0.05 pm. Nanobacterium sanguineum was proposed in
1998 as a cause of pathological calcification (apatite in kidney stones). Bdellovibrio
are comma-shaped motile rods about 0.3—0.5 x 0.5-1.4 pum in size. This particu-
lar genus of bacteria can parasitize Gram-negative bacteria by entering into their
periplasmic space and feeding on the proteins and nucleic acids of their hosts.
Mycoplasma can be as small as 0.3 pum in diameter. The largest currently known
bacterium (Thiomargarita namibiensis) has a diameter of 750 pm. However, most
commonly, bacteria tend to be of the size order of 1.1-1.5 ym wide and 2.0—-6.0 um
long.
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Nucleoid Ribosome
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.

Plasmid
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Fimbriae
Cell Wall Plasma Membrane Periplasmic Space
FIGURE 1.1 Representative structure of a bacterium.
TABLE 1.1
Components of a Bacterium
Structure Function
Capsule/slime layer ~ Resist phagocytosis; important for adhesion
Cell wall Produces bacterial shape/protection
Periplasmic space Contains enzymes, binds proteins (nutrients)
Plasma membrane Permeable (selective), metabolic processes, important for
chemotaxis (detection)
Vacuole (gas) Buoyancy
Ribosomes Synthesis of proteins
Nucleoid DNA storage area (genetic material)
Flagella Movement
Plasmid Circular double-stranded DNA (independent of chromosome)
Pili/fimbriae Adhesion to surfaces

STRUCTURE OF BACTERIA

A representative structure of a bacterium can be seen in Figure 1.1. Table 1.1 shows
the structures that make up the bacterium.

Cell Wall

In 1884, the Danish scientist Christian Gram discovered that bacteria could be
divided into two types—namely, Gram positive or Gram negative, based on their
appearance after a particular staining process (Gram stain). This occurs due to the
fundamental differences in the cell wall structure between the two cell types. After
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Gram staining, Gram-positive bacteria stain purple and Gram-negative bacteria
appear pink or red.

The Gram stain involves adding crystal violet to a slide of heat-fixed bacteria.
All bacteria will take up the crystal violet, but due to a thick (20—80 nm) peptido-
glycan layer within the Gram-positive cell wall, it is only this group of bacteria that
retains the crystal violet after subsequent staining and washing steps. The next pro-
cess is the addition of Gram’s iodine (iodine and potassium iodide) which complexes
with the crystal violet, creating a larger molecule to aid retention in the cell. Ethanol
is added, which dehydrates the peptidoglycan, effectively locking the crystal violet
complex within Gram-positive cells. In Gram-negative bacteria, the peptidoglycan
layer is much thinner (2—7 nm) with the result that the crystal violet and iodine
complex is not retained and the cells appear pink or red after the final addition of a
counter stain, typically safranin.

Compared with Gram-positive bacteria, the cell wall of Gram-negative bacteria
is a much more complex structure. The Gram-negative cell wall actually consists
of an inner and outer membrane separated by a large periplasmic space. Although
a periplasmic space occurs in Gram-positive bacteria, it is much thinner or often
absent. The periplasmic space in Gram-negative bacteria has been reported to con-
tain many hydrolytic enzymes.

Structure of Cell Wall in Bacteria

The chemical content of the Gram-positive bacterial cell wall is composed princi-
pally of peptidoglycan with large amounts of teichoic acids (polymers of glycerol or
ribitol). Attached to the glycerol and ribitol are sugars such as glucose or the amino
acid D-alanine.

In Gram-negative bacteria, outside the thin peptidoglycan layer is the outer
membrane. The outer layer contains lipopolysaccharide (LPS) that consists of lip-
ids and carbohydrates that constitutes lipid A. Lipid A is the anchor for LPS in the
cell membrane, to which an O side chain is attached via a core polysaccharide.
LPS in general provides the bacterium with a negative charge. The lipid A compo-
nent of the LPS is known to be toxic and is referred to as an endotoxin.

Some bacteria, called L forms, are known to lack a cell wall and can occur in both
Gram-positive and Gram-negative bacteria.

The cell wall is very important as it determines the shape of the bacterium and
aids to protect the bacterium from toxic agents as well as antimicrobial agents, pH
changes, and ionic and osmotic effects.

Capsule/Slime Layer

A bacterial capsule is a layer found on the outside of a bacterium. The capsule can-
not easily be removed by washing. Contrary to this is the slime layer, which con-
sists of a more diffuse material that can be easily removed from a bacterium by
washing. The material on the outside of the bacterial cell wall is often called the
glycocalyx. The glycocalyx is composed of polysaccharides and other components
that have included glycoproteins and lipids. The glycocalyx is considered to have a
significant role to play in mediating bacterial attachment to surfaces. The slime layer
and the capsule are considered by some to be synonymous with the glycocalyx.
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Not all bacterial species possess a capsule, but for those that do, it appears to
provide protection to free-floating or planktonic state cells against phagocytosis by
white blood cells. Capsules are also known to protect bacteria from desiccation.

Ribosomes

The location of bacterial protein synthesis is at ribosomes, which are often loosely
attached to the inner surface of the bacterial plasma membrane. The ribosomes are
complex and composed of both protein and ribonucleic acid (RNA). The ribosome
has a mass of about 2.5 MDa, with RNA accounting for two-thirds of its mass.
Electron microscopy shows that the ribosome consists of two subunits denoted 30S
(small subunit; S, Svedberg unit) and 50S (large subunit). When these subunits are
joined, the ribosome has a sedimentation coefficient of 70S as opposed to 80S due
to its tertiary structure.

Nucleoid

Deoxyribonucleic acid (DNA) is found in the nucleoid. The DNA is not surrounded
by a nuclear membrane as would be the case in eukaryotic cells.

Plasmids

Plasmids are circular double-stranded DNA that exist and replicate independently of
the chromosome (nucleoid). They are known to carry genes that may confer resis-
tance to antibiotics and heavy metals, or genes that can produce enzymes necessary
to break down certain new metabolites.

Pili and Fimbriae

Many Gram-negative bacteria have short and fine projections that are not involved
in motility. These are referred to as fimbriae but are sometimes referred to as pili.
Some bacteria are associated with having in excess of several 1000 pili. Pili have
been shown to be very important in mediating adhesion of bacteria to a surface
and appear to be significant during the formation of a biofilm. Bacteria also con-
tain sex pili, which are generally larger than fimbriae and are important in bacte-
rial reproduction.

Flagella

Flagella are important for motility in bacteria and are seen as long appendages pro-
truding from the outer surface of the bacterial cell. Flagella are on average 20 nm
in width and 15-20 pm in length. The distribution of flagella on a motile bacterium
varies depending on their distribution on the outer surface of the cell and may be
located at the polar regions of the cell (polar flagella) or uniformly distributed around
the entire cell (peritrichous flagella).

CHEMOTAXIS

Bacteria are attracted to many agents that are important for their survival. The move-
ment of a bacterium toward or away from an agent is referred to as chemotaxis.
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Bacteria detect chemicals by chemoreceptors that are found in the periplasmic space
or the plasma membrane and are able to bind to specific chemicals.

GROWTH OF BACTERIA

In a liquid, microorganisms follow a specific growth curve as seen in Figure 1.2,
which typifies the growth of bacteria in a closed batch system. A batch system is one
where there is only one medium source that does not get replenished. Consequently,
during batch culture, waste will accumulate over time and nutrients become depleted.
The growth or mean generation times of bacteria are shown in Table 1.2.

LAG PHASE

When bacteria are first added to a new environment (i.e., fresh culture medium),
they do not immediately increase in number. Essentially, they become static. This
period is referred to as the lag phase of microbial growth. During this period of the
bacterial growth cycle, the cell begins to synthesize new components required for
growth. Essentially the bacteria are assessing their new environment. If the media

Stationary Phase

Death Phase

Log Phase

Log Number

Lag Phase

Time

FIGURE 1.2 Growth of planktonic bacteria in liquid.

TABLE 1.2
Mean Generation Times for Microorganisms
Microorganism Mean Generation Times (h)
Bacteria
Escherichia coli 0.35
Bacillus subtilis 0.43
Yeast
Saccharomyces cerevisiae 2
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in which the bacteria are being grown is highly nutritious, this may shock the bac-
terium and delay or prevent them from growing. In addition to this, the media used
to grow bacteria may be different to the nutrients it has been used to in the original
environment it had been removed from. Because of this, new enzymes would need
to be synthesized to break down these new nutrients the bacteria have detected. Also
the bacteria may have been injured (e.g., heat shock) and would require some form
of resuscitation. The lag phase of growth can be prolonged depending on the type of
bacteria and the conditions to which it is being put into.

ExPONENTIAL PHASE

During the exponential phase of growth, the bacterial population has assessed its new
environment and begins to multiply at its optimal rate, and often this is in the form of
planktonic or free-floating dividing cells. However, the actual speed of growth will
be dependent on the nature of the growth medium and environmental parameters
such as incubation temperature, pH, and oxygen level of the growth medium. It is
important to recognize that even in an exponential growth phase, individual bacteria
may differ with respect to their growth rates.

STATIONARY PHASE

When a population of microorganisms ceases to grow, the growth curves take on
a different shape and a plateau is reached. This stationary phase is achieved at
approximately 10° cells per milliliter and essentially represents a balance between
cell division and cell death or indicates that the population has become metaboli-
cally inactive.

The reason a microbial population reaches this stage in its life cycle is largely
because of nutrient constraints (i.e., essential nutrients for growth have become
depleted, and an accumulation of waste products in the medium has occurred). For
aerobic bacteria, the environment of a closed system may have started to become
anaerobic and therefore only at the surface of the liquid culture will oxygen levels
be at a level suitable for growth. Space also becomes a concern as bacteria require a
certain space around them to allow nutrients to diffuse into the cell.

DEeATH PHASE

Nutrient depletion and toxic waste accumulation lead to a decrease in the number
of microorganisms within a batch culture, and as such the degree of bacterial multi-
plication may fall below the rate of cell death with the result that the bacterial num-
bers decrease significantly. However, to truly determine if a cell has died and not
become dormant, it is important to reinoculate it into a fresh medium and see if it
grows. With the development of molecular techniques, this has enabled us to move
away from culture media to determine if bacteria are alive or dead, by analyzing
ribosome accumulation. The death of microorganisms decreases after the initial
recorded death increase.
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FACTORS THAT AFFECT GROWTH

Growth of bacteria is affected by an array of physical and chemical agents. It is very
important to understand the factors known to affect the growth of bacteria as this can
have important implications for their control.

rH

Hydrogen ion activity in a solution is measured by pH. Bacteria that exhibit optimum
growth at pH 0 to 5.5 are called acidophiles, neutrophiles are bacteria that grow opti-
mally at pH 5.5 to 8.0, and alkalophiles are bacteria that have an optimum growth
at pH 8.5 to 11.5. Bacteria known to grow above pH 11.5 are referred to as extreme
alkalophiles. Most bacteria are neutrophilic, but fungi prefer slightly acidic condi-
tions (pH 4 to 6). In most environments, a wide variation in pH can occur, and micro-
organisms adapt to such changes by possessing specific mechanisms to maintain a
neutral internal pH. In addition, microorganisms have the ability to alter their local
environment so that optimum growth can be maintained in adverse conditions.

TEMPERATURE

Microorganisms are very susceptible to temperature changes. Enzymes and their
activity are affected significantly by temperature. Temperature increases from a low
base will generally increase growth rates. For every 10°C rise in temperature, it is
thought that there is an equivalent doubling in the rate of enzyme reactions. However,
when a certain temperature limit is reached, the growth rate decreases because of
denaturation of enzymes, transport mechanisms, and proteins in general.

Bacteria able to grow below 0°C, with an optimum growth temperature of —10 to
20°C are called psychrophiles. Bacteria that can grow at 0°C but have an optimum of
20 to 30°C are called facultative psychrophiles. Mesophiles have an optimum growth
at around 20 to 45°C with a maximum growth temperature of 45°C. Most bacteria
fall into the category of mesophiles. However, some bacteria are able to grow at tem-
peratures in excess of 55°C and these are termed thermophiles. Hyperthermophiles
are capable of growth above 90°C.

OXYGEN

Bacteria able to grow in oxygen are called aerobes (Figure 1.3), and those that grow
in the absence of oxygen are called anaerobes. The bacteria that are completely
dependent on oxygen for growth are called obligate aerobes. Facultative anaerobes
do not require oxygen to grow, but they do grow better in the presence of oxygen.
Aerotolerant anaerobes are able to grow with or without oxygen. However, strict or
obligate anaerobes are not able to tolerate oxygen and die when it is present. Other
bacteria called microaerophiles are affected by atmospheric levels of oxygen and
therefore require oxygen levels around 2% to 10% (e.g., Helicobacter pylori).
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Obligate ~ Facultative Aerotolerant Strict  Microaerophile
Aerobe Anaerobe Anaerobe Anaerobes

FIGURE 1.3 Typical location of microbial growth in a batch culture test tube.

CONTROL OF MICROORGANISMS

Controlling the levels of microorganisms is very important for infection control and
therefore the reduction in the incidence of infections and disease. The development
of control processes for microorganisms by chemical means began many years ago.
It was the work of Paul Ehrlich (1854—1915) which showed that some chemicals were
able to selectively kill some bacteria without killing human cells. He discovered a
dye, trypan red, that could be selectively used to kill a microorganism known as a
trypanosome, which was responsible for African sleeping sickness. He and his col-
leagues also established that arsenic compounds could kill the bacterium that caused
syphilis in rabbits. It was not until the works of Ernest Duchesne in 1896 and later
in 1928 by Alexander Flemming, that an agent called penicillin was reported. This
agent was accidentally discovered following the contamination of staphylococci agar
plates by Penicillium notatum. The discovery of the antibiotic penicillin started the
quest to find other antibiotics that could be used for human disease. For example,
in 1944 Selman Waksman discovered the antibiotic streptomycin, and later in 1953
other antibiotics including tetracycline, terramycin, and neomycin were isolated
from microorganisms.

Antibiotics have selective toxicity, which kills or inhibits microorganisms but they
generally do not damage the host cell. However, the toxicity of antibiotics is affected
by many factors including dose. The level of toxicity can be measured by a ratio
called the therapeutic index. Antibiotics are referred to as having a narrow spectrum
of activity or a broad spectrum of activity based on the different microorganisms the
agent can kill. Many of these antibiotics can also be classed as either cidal (kill) or
static (stops the growth) in their effects.

The effectiveness of an antibiotic is measured by its minimal inhibitory concen-
tration (MIC). This is referred to as the lowest concentration of an antibiotic that
stops or prevents the growth of a specific bacteria. Other measures of antibiotic effi-
cacy have included the minimum bactericidal concentration (MBC), which is the
lowest concentration of an antibiotic that kills the specific bacteria. The MBC is gen-
erally two or four times higher than the MIC. The term MBEC or minimal biofilm
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eradication concentration is the lowest concentration of an antibiotic or antimicrobial
able to kill bacteria within a biofilm or in an attached state. The MIC can be up to
1000 times higher than the MBC. The MBEC is a term that relates more specifically
to the true efficacy of an antimicrobial agent and its effectiveness in vivo.

Terms Usep 10 DescriBE MicroOBIAL CONTROL

Sterilization is the process by which all living cells including microorganisms are
destroyed. That means the sterilized product is free of all microorganisms and spores.
When sterilization is undertaken by chemical agent, the agent is called a sterilant.
Disinfection is the killing or inhibition of microorganisms that are able to cause
disease and infection. Such agents are generally used only on inanimate objects.
Disinfectants will not necessarily sterilize an object.

Sanitization involves reducing the microbial population to levels that are safe for
public health.

Antiseptics prevent infection or sepsis. They are chemicals that are applied to tis-
sue and prevent infection by killing or inhibiting pathogens. Germicides kill patho-
gens but not endospores. Bactericides, fungicides, viricides, and algicides are agents
that kill bacteria, fungi, viruses, and algae, respectively.

DEATH OF MICROORGANISMS FOLLOWING EXPOSURE TO ANTIMICROBIAL AGENTS

The death of microorganisms when exposed to an antimicrobial is generally expo-
nential or logarithmic. If death is rapid, the rate of cell death may slow with the
development of resistant strains of microorganisms within the population.

The effectiveness of an antimicrobial agent is affected by an array of different
factors that include:

1. Size of the population. Essentially, the bigger the population of microorgan-
isms is, the longer it will take to kill them.

2. Composition of population. The efficacy of an antimicrobial agent var-
ies and depends on the nature of the microorganism being treated. Older
and more mature bacteria are generally more difficult to kill than younger
cells. Many microorganisms have an inherent and enhanced tolerance to
antimicrobials.

3. Concentration and intensity of the antimicrobial agent. The more concen-
trated an antimicrobial is, the quicker it kills the microorganisms. However,
for some agents a small increase in concentration can lead to an enhanced
efficacy in comparison to what the benchmark is expected to be. In addition
to this, some antimicrobials are more effective at lower concentrations. For
example, ethanol is more efficacious at 70% compared to 95%.

4. Duration of exposure. The longer a microbe is exposed to an antimicrobial
agent, the greater the number of microorganisms that will be killed.

5. Temperature. By increasing temperature, the activity of the antimicrobial
will also increase.

© 2010 Taylor and Francis Group, LLC



14 Microbiology of Wounds

6. The environment. Numerous environmental factors affect antimicrobial
efficacy—particularly, pH.

MECHANISM OF ACTION OF ANTIMICROBIALS

The mode of action of a number of antimicrobials will be discussed in more detail
in further chapters. However, in brief, the effects of various antibiotics can be seen
in Table 1.3.

EFFECTIVENESS OF THE ANTIBIOTIC OR ANTIMICROBIAL

The effectiveness of an antimicrobial is fundamental to the eradication of an infec-
tion or a disease. To be effective, the antimicrobial must be administered at the cor-
rect concentration and be able to reach the site of infection. For example, antibiotics
administered by the oral route must be able to withstand the acidity of the stomach

TABLE 1.3
Mode of Action of Antibiotics
Antibiotic Mode of Action

Cell Wall Synthesis Inhibition

Penicillin Inhibit the transpeptidation enzyme
Ampicillin involved in peptiodoglycan
Meticillin production

Vancomycin

Bacitracin

Protein Synthesis Inhibition
Streptomycin Binds to ribosomes and inhibits
Gentamicin protein synthesis; interferes with
Chloramphenicol t-RNA and block translocation
Tetracycline
Fusidic Acid

Inhibition of Nucleic Acid Synthesis
Rifampin Inhibits DNA gyrase, blocks RNA
Ciprofloxacin synthesis

Cell Membrane Disruption
Polymyxin B Disrupts the structure and permeability
of the plasma membrane

Metabolic Disruption

Isoniazid Inhibits folic acid synthesis, interferes
Sulfonamides with folic acid synthesis or inhibits
Trimethoprim the synthesis of mycolic acid
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before they can be absorbed through the intestinal wall. Because of this, a number
of antibiotics that are acid labile must be administered by injection, intravenously
or intramuscularly, and the antibiotic will be transported via the blood or lymphatic
system to the site of action.

The pathogen’s susceptibility to an antimicrobial agent being administered topi-
cally or systemically is significant. Of particular concern is whether the bacteria
have an acquired or inherent resistance to an antibiotic or, as is the case with peni-
cillin, are active only when the microorganism is both growing and dividing. In
addition, if an antibiotic works on the cell wall it will not be effective against L. form
bacteria devoid of the cell wall target. It is also important that the level of antibiotic
administered reaches the pathogen at a level above the bacteria’s MIC. In the case of
a biofilm, it must be remembered that the MBEC can be 1000 higher than the MIC.
Therefore the effectiveness of an antibiotic will be affected by the concentration of
antibiotic administered and the maintenance of the correct level of the antibiotic
at the site of action for a period that is long enough to kill the bacteria and thereby
reduce the infection. However, with the use of higher levels of antibiotic comes the
added concern of toxicity to the host.

It is accepted that the antibacterial activity and its efficacy are proportional to the
concentration of an antibiotic, but in 1948 Eagle and Musselman noticed a paradoxi-
cal effect of penicillin against streptococci and Staphylococcus aureus. That is to say,
an increasing antibiotic concentration to one higher than the accepted MBC actually
resulted in a reduced antimicrobial activity. To date, this “Eagles Effect” has been
noted in an array of different microorganisms when exposed to different antibiotics.

MECHANISM OF BACTERIAL RESISTANCE

The mechanisms by which bacteria become resistant to antibiotics are wide and var-
ied. Some bacteria have natural or inherent resistance to many antibiotics. In addi-
tion, bacteria can undergo spontaneous mutation that may result in the expression of
a protein conferring a resistant phenotype to the cell. This resistant mutant will then
be selected for in a population when challenged by an antibiotic.

Bacteria commonly become resistant to antibiotics because they are able to pre-
vent the entry of the antibiotic into the cell, so the antibiotic is unable to get to its site
of action. For example, many bacteria have a cell envelope that prevents antibiotic
entry. For penicillin to be effective, it must be able to bind to penicillin-binding pro-
teins on the outer surface of the bacteria. If the bacteria change the structure of these
binding sites, penicillin may not be able to exert its effects on that specific bacteria.

Some bacteria are able to actively pump an antibiotic out of the cell once it has
entered. These pumping systems are generally not specific, so such bacteria can
expel many antibiotics. Such a pumping system is referred to as a multidrug resis-
tance pump. These have been identified in many bacteria, including Staphylococcus
aureus and Pseudomonas aeruginosa.

In addition to the above, a number of bacteria are able to inactivate antibiotics and
antimicrobial agents by modifying the active agent. One of the most widely reported
resistance mechanisms has been reported with penicillin. Some bacteria are able
to hydrolyse the beta lactam ring of penicillin using enzymes called penicillinases.
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Other bacteria are able to phosphorylate or acetylate antibiotics. This has been known
to occur in aminoglycosides and chloramphenicol resistance.

As antibiotics act on a specific target, if this target becomes modified in any way
the typically highly-specific antibiotic may become ineffective against that bacteria.
For example, many bacteria are able to alter or bypass a metabolic pathway that is
inhibited by a specific antibiotic.

TRANSMISSION OF ANTIBIOTIC RESISTANCE

Resistance to antibiotics is related to the bacterial genes that are present in both
the bacterial chromosome and in plasmids. Resistance to antibiotics can be due to
spontaneous mutations that may occur in the bacterial chromosome. However, such
strains of bacteria are initially referred to as mutants. In patients exposed to antibiot-
ics, this has been shown to result in the selection of mutant-resistant pathogens that
will proliferate and be selected for in this environment.

Some bacteria develop resistance because they have acquired a plasmid from
other bacteria that have resistant genes. These are called R plasmids, or resistance
plasmids. Many genes are able to exist on a plasmid that then carries resistance to
an array of different antibiotics. These genes are capable of producing new enzymes
that may help to degrade antibiotics (e.g., hydrolysis of penicillin). R plasmids can
be transmitted to other bacteria by a process known as conjugation, transduction,
or transformation.

The extensive and indiscrimate use of antibiotics may aid in the development
and spread of antibiotic-resistant bacteria. The reason for this is due to the fact that
bacteria susceptible to antibiotics are killed, but the bacteria that are resistant—
which occur in many bacterial populations—will be selected for. The antibiotic- or
antimicrobial-resistant pathogens that are produced are then able to spread from
patient to patient.

Efforts continue worldwide to reduce and try to prevent the spread and escalation
of antibiotic resistance of pathogens of public health significance. The way to do
this is to reduce the usage of antibiotics and to use them only when it is necessary.
Appropriate and responsible use of antibiotics is necessary in medicine and despite
evidence of ongoing worldwide education on this matter, indiscriminate use remains
a problem.

EriDEMIOLOGY

Epidemiology is concerned with the occurrence, determinants, distribution, and
control of both health and disease in humans and animals. The origin of the word
“disease” comes from old French and means “lack of ease.” It is essentially the
impairment of the normal state that also hinders a function. The study of epidemi-
ology is very important to infections and diseases and helps in the development of
control measures that can be used in the present and the future.

The pathogen and its link to infectious disease and infections in general relates
to a cycle of events. To help in controlling any disease or infection, this cycle has to
be broken.
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As with any disease or infection, the pathogen causing this condition has to be
discovered and established as a risk to the population. This is the basis of Koch’s pos-
tulates. To determine whether a microorganism fits under the umbrella of a patho-
gen, the bacteria must be isolated and proven to cause a disease.

If a pathogen can be passed on from one host to another, it is capable of causing
a communicable disease. The potential for a pathogen to cause a disease is called its
pathogenicity, and this potential is determined by the virulence of that pathogen.

SOURCES OF PATHOGENS

Pathogens can be found in an array of different environments and their source is very
important to understand, particularly when trying to develop some form of control.
If this reservoir can be controlled or reduced, this will help to minimize the spread,
or transmittability, of the pathogen.

The source of a pathogen can include inanimate areas (such as water, soil, and
food) and animate sources (such as animals and humans). Many animals and humans
are classed as carriers. That is, they are able to transport the pathogen but do not show
any signs or symptoms related to this carriage. Carriers can be defined as casual,
acute, or transient. If pathogens are carried for a lifetime, the carrier is referred to as
a chronic carrier. If pathogens can be transmitted from an animal to a human, they
are called zoonotic pathogens and the disease is referred to as a zoonoses.

AcQUISITION OF PATHOGENS

Pathogens can be acquired by indirect or direct contact. Airborne transmission is a
common route for acquiring a pathogen, as pathogens can reside in droplets of fluid
or dust and spread easily. When individuals cough, sneeze, or talk, small droplets
of fluid may be aerosoled and easily passed on to a receiver. Contact or direct trans-
mission occurs when a pathogen is passed on by touching (e.g., person-to-person
transmission). Indirect transmission occurs from inanimate objects such as eating
utensils, cups, and bed linen. There are also vehicles of transmission that serve to
spread the pathogen (e.g., animals), as well as vector-borne transmission, where
pathogens are transmitted by animals; in particular, domestic pets.

CoNTROL OF DISEASE AND INFECTION

There are numerous ways of controlling disease and infection. These include the
isolation of the patient, control of the pathogens at the source (e.g., their reservoir),
treatment of the source (e.g., chlorination of water), and of course, treatment of the
infected patient with appropriate antibiotics.

CoNTrOL OF NOSOCOMIAL INFECTIONS

RN

Nosocomial is derived from the Greek word “nosokomeion;” “nosos” meaning dis-
ease and “komeo,” meaning to take care of. Nosocomial infections occur in hospitals
and are caused by specific pathogens. These pathogens can affect patients and also
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hospital staff. Nosocomial infections can occur within the hospital or can develop
after leaving the hospital, having acquired the pathogen in the hospital environment.
If a patient is harboring a pathogen prior to admittance to a hospital and that patho-
gen does not cause a disease until the patient is in the hospital, then the infection is
referred to as community acquired.

The sources of all pathogens in nosocomial diseases are endogenously or exog-
enously acquired. Endogenously means the individual’s own microbiota or flora
are responsible. These microorganisms are brought into the hospital by the patient.
Exogenous pathogens are those acquired external to the patient (e.g., water, contact
from hospital staff or other patients, medical equipment, etc.).

Controlling the transmission of microorganisms, particularly pathogens, is very
important. Control measures that hospitals have can include isolation of patients, the
use of aseptic techniques, improved handling of fecal matter, and the use of dress-
ings in wound care. These measures have been shown to reduce the risk of cross
contamination to other patients and hospital personnel. Hospitals have a permanent
epidemiologist who monitors the sources, spread, and control of these infections
and forms part of an infection control team. Of particular concern to hospitals is the
control of biofilms.

HISTORICAL ASPECTS OF BIOFILMS

Historically, the majority of microorganisms, particularly pathogens, microbiology
studies have involved the use of single-species microorganisms cultured in liquid
media. As mentioned previously in this book, microorganisms cultured in this man-
ner are described as being in a “free-living,” or planktonic, state. However, it is now
evident that in most natural and clinical environments, microorganisms grow within
communities, often attached to a solid surface and embedded within an extracellular
polymeric matrix produced by the attached “sessile” microorganisms. Such an exis-
tence is now referred to as a biofilm.!

Donlan and Costerton? stated that a biofilm is “a microbially derived, sessile com-
munity, characterized by cells that are irreversibly attached to a substratum or inter-
face, or to each other, embedded in a matrix of extracellular polymeric substances
(EPS) that they have produced, and exhibit an altered phenotype with respect to
growth rate and hence transcription.” However, many definitions exist, and for this
book we propose that biofilms are a community of microorganisms, either evident as
monospecies or mixed species of microorganisms, attached to a surface (abiotic or
biotic) or each other, encased within a matrix of extracellular polymeric substances
(EPS) and internally regulated by the inherent population. Biofilms are ubiquitous,
and their presence in many areas associated with healthcare in particular is generally
regarded as unfavorable and harmful, either because of infection risks presented to
patients and healthcare workers, or due to the detrimental effect they can have on
medical device function. It is partly because of these issues that the study of biofilms,
referred to as “biofilmology,” has become an area of active research worldwide.

An important question that is often asked is, “why do bacteria form biofilms?”
Many years ago this question was addressed and answered anthropomorphically, and
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research is ongoing in this area. Essentially, bacteria are thought to form biofilms for
the following reasons:

. Ahesion—Protection, security, and availability of nutrients

. Enhanced metabolic synergies between cohabiting bacteria

. To gain cooperative populations of bacteria

. Defense—To have resistance to physical forces (e.g., water flow, blood or
urine, saliva), pH changes, temperature changes, enhanced resistance to
antimicrobial agents, and the body’s immune response

AW =

Although the accumulation of biofilms has benefits for the inherent bacterial popula-
tion, their development in the wrong environments comes with concerns for the host.

To fully appreciate and control harmful biofilms, research in this area has prin-
cipally focused on:

* How microorganisms attach to surfaces

* How a biofilm develops, proliferates, and sustains itself in adverse condi-
tions and ultimately disperses the inherent microbial population

* The regulatory processes involved in biofilm development

* How to control and inhibit biofilms

The results being generated from these studies are helping to direct future antibio-
film technologies applicable to the vast array of environments that biofilms are asso-
ciated with.

Antonie van Leeuwenhoek, in the 17th century, was the first to observe biofilm-
originating organisms, which were his “animalcules,” which we now know were
dental plaque bacteria. Despite this “early biofilm analysis,” it was not until 1940 that
the concept of “biofilm” was introduced into science when observations of a “bottle
effect” (a concept known today as microbial regrowth) confirmed evidence of its
existence. This initial biofilm work effectively demonstrated enhanced growth of
marine bacteria when attached to solid surfaces.?

Further evidence for the existence of biofilms occurred in 1943, when Zobell* pro-
posed that the adhesion of bacteria to a surface was a two-step sequence of reversible
and irreversible binding. Twenty years passed until the first recognition of beneficial bio-
films was acknowledged in trickling water filters of wastewater treatment plants,’ a fea-
ture that is still routinely exploited today as a method to improve the quality of water.

Pioneering research into biofilms commenced in the early 1970s, when
Characklis® established the detrimental effects biofilms inflicted on industrial water
pipeline systems. Research conducted by Marshall and colleagues’ observed that
bacteria utilized “very fine extracellular polymer fibrils” to mediate attachment to a
surface. Today these structures are considered to be organelles and are referred to as
Caserna, which are cabling systems that enable bacteria to communicate between
different compartments within the biofilm.

Early findings reported by Costerton and colleagues® from studies in aquatic
ecosystems reported that bacteria existed within polysaccharide matrices that pro-
moted bacterial attachment to surfaces. Further research has demonstrated that
bacteria found in the planktonic state differed profoundly to their attached or sessile

© 2010 Taylor and Francis Group, LLC



20 Microbiology of Wounds

counterparts. In 1987 more pioneering biofilm work, again from Bill Costerton and
co-workers, established that biofilms consisted of microcolonies of microbial cells
embedded in a hydrated exopolymeric anionic matrix.’

As the years progressed, advances in our understanding of biofilms developed, and
in particular the recognition that differential gene expression occurred during micro-
bial adhesion. In 1998 further advances in biofilm physiology were made possible by
the utilization of enhanced scientific tools; in particular, techniques that made use
of molecular technologies and confocal laser scanning microscopy (CLSM). CLSM
helped researchers visualize three-dimensional biofilms in real time. The exploita-
tion of such methods enabled researchers to significantly enhance the understanding
of the ecological activity, ecological interaction, architecture, genetics, and mechani-
cal properties of bacteria within biofilms.

Later research in the 1990s highlighted that biofilms were the underlying cause
of many industrial pipeline problems, and in particular, microbially induced corro-
sion (MIC). An example of MIC is the situation within oil pipelines where biofilms
are the primary cause of “pepper pot corrosion,” costing industry billions of dollars
per annum in lost revenue. Eradication of these problematic biofilms with traditional
biocides, such as chlorine and antibiotics, is often found to be ineffective. This evi-
dence of recalcitrance of biofilms to antimicrobials highlighted the inherent resis-
tance feature of biofilms. This phenomenon is recognized today in many recalcitrant
and chronic diseases in humans and animals such as chronic wound infections and
catheter-related bloodstream infections. The involvement of biofilms within the
clinical setting has thus been a major focus for recent research.!” The importance of
biofilms in causing hospital-acquired infections and inducing the failure of medical
devices is now recognized as a major healthcare problem exacerbated by the diffi-
culty in their removal once they have become established.

Bacteria within a biofilm are considered to exist in a community and exhibit altru-
istic behavior. This concept is considered to contradict the theory of evolution that
relates to “survival of the fittest,” as Darwin’s theory applies specifically to nonaltru-
istic behavior. This area is conceptually interesting and provides food for thought to
the reader and the anthropomorphic studies applied to microbial behavior.

OCCURRENCE OF BIOFILMS

For the purpose of this chapter, particular emphasis and reference to biofilms will
be placed on clinical areas, and comparisons to environmental and industrial bio-
films will be addressed where warranted. One fundamental statement that the reader
needs to appreciate is the fact that microorganisms generally develop biofilms in the
same fundamental ways, irrespective of the ecosystem from where they are derived
(see Table 1.4 and Figure 1.4).

Despite the obvious clinical problems associated with biofilms, it must be empha-
sized that not all biofilms are detrimental to health. Biofilms are found indigenously
in certain regions of the human body and have a protective role against infections
and diseases, referred to as colonization resistance. For example, biofilms located in
the gastrointestinal tract,!! the skin,'> oral cavity,'® and the female urogenital area'*
serve as barriers to invading pathogens capable of causing disease. Despite evidence
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TABLE 1.4

Examples of Where Biofilms Occur

Environmental
Water treatment
Algal blooms
Drinking water
Food industry

Dental and Medical
Dental caries
Periodontitis

Otitis media
Musculoskeletal infections
Necrotizing fasciitis
Biliary tract infection
Osteomyelitis

Bacterial prostatitis
Native valve endocarditis
Cystic fibrosis pneumonia
Meloidosis

Nosocomial infections
ICU

Sutures

Arteriovenous shunts

Pulp and paper
Concrete
Oil industry

Continuous ambulatory peritoneal dialysis (CAPD)

Schleral buckles
Urinary catheter cystitis

Intrauterine device (IUD) infection

Endotracheal tubes
Hickman catheters
Central venous catheters
Mechanical heart valves
Vascular grafts

Biliary stent blockage
Gallstones

Orthopedic devices
Penile prostheses
Chronic wounds

Nonhealing surgical site infections
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FIGURE 1.4 An overview of the microbiology life cycle. (Adapted from Thomas, J.G. and
Nakaishi, L.A. (2006) Managing the complexity of a dynamic biofilm. JADA 137: 105-155.)
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of these “beneficial” biofilms, situations do arise when normally harmless biofilms
can become pathogenic. Such clinically significant biofilms have been implicated in
the rejection of a vast array of biomaterial and medical devices used in the human
body, which have been used to help improve and enhance the quality of human life.
Examples of where “harmful” biofilms have caused concern have included the colo-
nization of artificial hips, heart valves, artificial voice boxes, catheters, intrauterine
devices, and dental and an array of other medical prostheses.

STAGES IN THE FORMATION OF BIOFILMS

The development of a biofilm is a complex and dynamic process. There are five
stages in the formation of a biofilm which have been recognized, including the
following (see Figures 1.5 through 1.7):

1. Development of a surface conditioning film (appropriate for medical
devices, drinking water pipes, food-processing equipment, to name a few).
Conditioning agents have included water, fats and lipids, proteins (albumin),
glycoproteins, amines, and generally any bathing fluid within which the
surface is found.

2. Events that bring the microorganisms into close proximity of the surface
(e.g., liquid flow observed in blood vessels [laminar flow], pipe systems, and
rivers [turbulent and laminar flow]).

3. Adhesion (reversible and irreversible adhesion of microbes to the condi-
tioned or unconditioned surface) aided by microbial adhesins, polysaccha-
rides, and physical/chemical interactions.

4. Growth of the microorganisms at the colonized surface, extracellular poly-
meric substance production, microcolony formation and biofilm “matu-
ration” (climax community), phenotypic and genotypic changes, quorum
sensing, and microbial interaction.

5. Detachment/sloughing/dispersal of the biofilm.

Each of the above stages will be considered in turn, and their relationships on a
broader scale will be linked to medically related conditions where appropriate.

DEeVELOPMENT OF THE CONDITIONING FiLM AND SUBSTRATUM EFFECTS

It is generally appreciated that a “naked” surface, biotic or abiotic, is quickly coated,
within milliseconds, with an organic conditioning film. Consequently, in most
environments bacteria do not in fact attach directly to a surface but to the condi-
tioning film. The adsorption of this conditioning film to a surface is considered to
precede the attachment of microorganisms, and will alter the surface chemistry of
the substratum.

Within the medical setting, the conditioning film can be derived from the constitu-
ents of blood, tears, urine, saliva, intravascular fluid, and respiratory secretions. More
specifically, constituents of the conditioning film have included components such as
fibrinogen, collagen, lipids, water, extracellular polymers, and serum albumin.'® The
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FIGURE 1.7 Mature biofilm.
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formation of a conditioning film has been reported particularly on urinary catheters,
orthopedic devices, contact lenses, and stents.

Whether a conditioning film is a prerequisite for microbial attachment remains
debatable. However, research has shown that the presence or absence of a conditioning
film has a major impact on microbial adhesion and therefore biofilm development.!”

On a tooth surface, for example, a pellicle forms immediately after cleaning of the
enamel surface. This pellicle is composed of salivary and dietary proteins and glyco-
proteins and can be detected within 30 seconds of placing a clean enamel surface
into saliva.!® The thickness of the salivary pellicle has been shown to be between
100 and 1000 nm."*?° This conditioning pertinacious film has been shown to act as a
receptor for bacterial attachment.?! Consequently, bacteria that are known to adhere
to teeth do not bind directly to the tooth surface but to a predominately proteina-
ceous pellicle.??

The chemical and physical properties of a surface to which a microbial cell
attaches is fundamental to biofilm formation and therefore to the subsequent pro-
gression of a biofilm through to maturation. For example, in the case of surfaces
found in the food and water industries, and in medical prosthetics, the chemical com-
position, surface topography, and particularly surface roughness all seem to have a
role to play in aiding and enhancing bacterial adhesion.?3-?7

An important factor shown to encourage biofilm development is the roughness of
the surface to which the microorganisms attach. As a result of extensive research,
many theories have been proposed as to why surface roughness aids microbial colo-
nization. It has been suggested that an appropriate size of roughness possibly affords
shelter for attached microbes from the effects of shear forces caused by fluids flowing
over the surface. Such situations occur in environments where there is turbulent water
flow, or where there is constant movement of body fluids across a surface. Examples
of where this occurs include urinary catheters, prosthetic heart valves, and dentures.
Surface roughness has been shown to affect bacterial adhesion in the food-process-
ing industry,?®?° on denture materials,3®3! and in pipes within the water industry.*
Overall, many research groups have observed that with a high surface roughness,
adhesion increases. However, a number of researchers have observed no correlation.

In addition to surface roughness, the physicochemical properties of a surface are
also known to affect microbial adhesion. For example, microorganisms have been
shown to attach more rapidly to hydrophobic, nonpolar surfaces such as polytetra-
fluoroethylene (PTFE; Teflon®) and other plastics, compared with hydrophilic mate-
rials such as glass or metals.333* However, such findings need to be considered with
an open mind, as many studies in this area have proven contradictory.

EVENTS THAT BRING MICROORGANISMS INTO CLOSE PROXIMITY
WITH THE SURFACE

Nonmotile bacteria can be brought close to a surface by random chance or Brownian
motion, guided by water flow. Contrary to this, motile bacteria can search for a

surface using processes aided by attraction or evasion to chemical (chemotaxis), air
quality (aerotactics), and movement toward light (phototaxis).
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The transport of microbial cells and nutrients to a surface, particularly in the
presence of laminar flow, is generally achieved by a number of well-established fluid
dynamic processes. Such processes have included, among others, diffusion, sedi-
mentation, convection mass transport, and thermal and gravitational effects.’® Within
water pipes, two main flow conditions exist, namely laminar flow (also observed in
blood vessels and in the movement of urine through the urethra) and turbulent flow
(observed in drinking water pipes and rivers). Laminar flow is characterized by the
evidence of parallel smooth flow patterns with limited lateral mixing. In laminar
flow, the fastest flow occurs in the center.?®” During laminar flow, microorganisms
and nutrients maintain a straight path and remain in a stabilized position dictated by
the flow rate.’” In contrast, flow that is considered turbulent has a random and cha-
otic motion (Figure 1.8). From a microbiological perspective, turbulent flow will aid
mixing of bacteria and nutrients’$** and will increase organic material and microbial
cell attachment to a surface.? Within turbulent flow, small eddying currents (random
and unpredictable flow) develop, which cause vertical sweep forces that help propel
bacteria to within short distances of a surface, enhancing the chances for individual
cells or microbial aggregates to attach.*® This helps to avoid the effects of Gibbs free
energy that enables bacteria to adhere to a surface. Gibbs free energy is equal to
the sum of the van der Waals forces with electrostatic interactions (often negatively
charged) between the bacteria and the surface.

Another mechanism known to aid in the microbial colonization of a surface is
gravitational cell sedimentation. This phenomenon has been observed principally
in flowing systems where coaggregation of bacteria is evident.*! Coaggregation of
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FIGURE 1.8 Transport mechanisms: (a) laminar flow and (b) turbulent flow.
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bacteria is considered an important factor during the formation of a biofilm and
is now being considered particularly relevant to skin and wound care, dentistry,
and water.

MICROBIAL ADHESION

Microbial adhesion to a surface is a multifactorial process. Planktonic bacteria are
considered to randomly make contact with a surface. However, as mentioned ear-
lier, this can also be driven by chemotactic responses and bacterial motility. Early
research into bacterial adhesion has shown that the rates of adhesion are determined
by many factors. In particular, the physical and chemical nature of the surface includ-
ing hydrophobicity, the genera and species of bacteria, the proteins and carbohydrate
components on the bacterial surfaces,* the availability of adhered nutrients and
bathing fluid, hydrodynamics, and cellular communication (between prokaryotic
and prokaryotic, and prokaryotic and eukaryotic cells), together with the associated
regulatory processes.344

Bacterial adhesion to a surface was first proposed by Zobell in 1943.* Zobell pos-
tulated that adherence of bacteria to a surface consisted of a two-step sequence of
events constituting both areversible and irreversible phase. Reversible adhesion is con-
sidered to be an initial weak attachment of microbial cells to a surface.* Conversely,
irreversible adhesion is a permanent bonding of the microorganisms to the surface.
The microorganism, or more specifically the characteristics of the microorganism in
question, determines the effectiveness of this process. For irreversible adhesion to
occur, EPS becomes significant,*® as do the specific interactions that occur between
the substratum and the microorganism.*’” For example, on an abiotic surface, the
attachment of microbes is mediated by nonspecific interactions that occur through
van der Waals or hydrophobic forces, and electrostatic interactions. Conversely, on
biotic surfaces, microbial adhesion is considered much more complex, involving spe-
cific molecular mechanisms mediated by adhesins and lectins.*®

A large amount of research has investigated bacterial adhesion to abiotic surfaces
as opposed to biotic surfaces. Conclusions drawn from these studies have shown that
bacterial adhesion is often related to the distance between the bacterium and the sur-
face to which it will adhere.*® Busscher and Weerkamp*’ first proposed three theories
regarding bacterial adhesion. Theory one was that if a bacterium was farther than a
distance of 50 nm from a surface, then weak and long-range nonspecific interactions
mediated by van der Waals forces would exist that would help drive the bacterium to
the surface. Theory two proposed that if a bacterium was at a distance of 10 to 20 nm
away from a surface, then both van der Waals and electrostatic interactions would
occur. Theory three suggested that when a bacterium was less than 1.5 nm from a
surface, van der Waals, electrostatic and specific interactions, including hydrogen
bonding, covalent bonding, and hydrophobic forces, could occur between bacteria
and surface. All the forces above are considered significant in bacterial adhesion and
exert both a positive and negative influence on the bacteria, serving to both enhance
and significantly retard successful adhesion. The longer-range forces observed
between a bacterium and a surface are found to be nonspecific. These forces are
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described by the Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory.**>! The
DLVO theory proposes that the stability of a colloidal system is a result of the sum
of attractive Lifshitz—van der Waals and electrical double-layer repulsive forces that
exist between particles as they approach each other due to Brownian motion. It fol-
lows, therefore, that for successful adhesion, a bacterium would initially have to
overcome the electrostatic repulsion between the surface and the bacterium. Once
achieved, a net attraction between the bacterium and the surface would then occur.

The bacterial cell has a major role to play in adhesion to a substratum. Surface
hydrophobicity (interactions tend to increase when one or both of the surfaces
involved are nonpolar), fimbriae and flagella, and particularly the extent and com-
position of the bacterial EPSs and proteins,>>-* all influence the rate and extent of
microbial cell attachment to both abiotic and biotic surfaces. Antibiotics have an
effect on the cell surface hydrophobicity of bacteria and are known to affect bacte-
rial adherence. During treatment with antibiotics, the cell surface charge of strepto-
cocci has been found to significantly alter the result that a decrease in cell surface
hydrophobicity causes. Under these conditions, bacterial adherence to human buccal
epithelial cells is reduced.>* Research has also shown that once at a surface, redistri-
bution of sessile bacteria can occur. This is found to be aided by the motility of the
bacteria, a phenomenon known as twitching motility.>>3

The majority of bacterial cells have a net-negative charge at neutral pH,*” which is
reduced as the pH is lowered and varies depending upon the conditions in which the
bacteria are cultured, the culture age, and the ionic strength.’® The negative charge
observed at pH 5 to 7 is due to the presence of excessive amounts of carboxyl and
phosphate groups on the outside of the bacteria when compared to the amino groups.
This negative charge will reduce bacterial attachment to a negatively charged sur-
face. In aqueous environments, most surfaces have been reported to be negatively
charged.” In biological systems, the distribution of ions is more complex and in a
state of flux.

There is a constant battle between the host’s immune system and bacteria to attach
to a surface. Bacteria have many strategies to evade the host’s immune system. If the
host is compromised, it becomes colonized by an array of different “commensal”
microorganisms that form biofilms. Once bacteria have secured a habitable environ-
ment in the body, they possess many mechanisms to ensure they remain attached.
Bacteria possess proteins on their surface to bind to the host’s extracellular matrix,
such as fibronectin, fibrinogen, vitronectin, and elastin. These are referred to as
MSCRAMMs (microbial surface component recognizing adhesive matrix molecules)
and are known to be significant to microbial adhesion to the host.®®

Role of Pili and Fimbriae in Adhesion

Many interactions between bacteria and surfaces have been observed to be stereo-
specific. The bacterial surface-associated molecules that aid stereospecific adhesion
of bacteria are referred to as adhesins. Adhesins are located on bacterial appendages
such as flagella, capsules, fimbriae, and outer membranes.®' These adhesins promote
bacterial adhesion to a surface by bridging the gap between the bacterium and the
repulsive electrostatic forces, which aid to repel bacteria.
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O’Toole and Kolter™ demonstrated that mutants of Pseudomonas aeruginosa
required type IV pili-mediated twitching motility to enable aggregation at a sur-
face. Twitching motility is thought to aid the migration of bacteria across a surface,
enabling coaggregation, and therefore enhance coadhesion and enhance survival.5?

Fimbriae play a role in cell surface hydrophobicity and attachment of bacteria to a
surface.®® It is probable that fimbriae are able to overcome initial electrostatic repul-
sion that exists between the bacterium and the substratum.5+63

Bacterial mutants that lack flagella have been shown to have reduced adhesive
abilities.*+% Bacteria that have reduced motility, possibly as a result of culture age,
have a reduced adhesion rate compared to bacteria that have a high degree of motil-
ity.®” Korber and colleagues®® investigated the attachment of motile and nonmotile
strains of Pseudomonas fluorescens. The authors reported that motile bacterial cells
attached in greater numbers and against resistant fluid flow more rapidly than non-
motile bacterial strains. Nonmotile strains were found to be less able to recolonize
or seed vacant areas on a substratum compared with motile strains. Flagella can
also play an important role in the early stages of bacterial attachment. This is again
thought to be mediated by overcoming the repulsive forces associated with the sub-
stratum and the bacteria.

In addition to flagella, other bacterial cell surface structures including lipopoly-
saccharide (LPS) and EPS can play important roles in the attachment process. Cell
surface polymers with nonpolar sites such as fimbriae, other proteins, and com-
ponents of certain Gram-positive bacteria (mycolic acids) appear critical factors
in attachment to hydrophobic substrata, and EPS and LPS are more important in
attachment to hydrophilic materials. Following treatment of adsorbed cells with pro-
teolytic enzymes, a marked detachment of bacteria has been noted.

Once a bacterial cell attaches to a surface, vast arrays of phenotypic changes are
known to occur. These include changes in the rate of oxygen uptake, respiration rate,
synthesis of extracellular polymers, substrate uptake, rate of substrate breakdown,
heat production, and changes in growth rate.

Molecular changes have been demonstrated to occur when a bacterium attaches
to a surface. The up- and down-regulation of many genes during adhesion of bacte-
ria to a surface suggests that the mechanisms for bacterial adhesion are genetically
complex. For example, as early as 1993, Davies and colleagues®® demonstrated a
fivefold up-regulation of the gene algC in P. aeruginosa within minutes of attach-
ing to a surface. In addition, Whiteley and colleagues™ reported that 70 genes of
P. aeruginosa underwent alteration in expression during adhesion and biofilm matu-
ration. Prigent-Combaret et al.”' also showed altered transcription levels for 38%
of Escherichia coli genes in the biofilm state. Becker and colleagues’ showed that
genes of Staphylococcus aureus were also up-regulated in the developed biofilm.

Swarming motility is also a process by which bacteria can move along a surface,
but for this to occur, flagella are required. Such a process has been observed in both
Gram-negative and Gram-positive bacteria and is considered a significant process
required by bacteria to colonize a tissue. Together with swarming and biofilm forma-
tion, this aids to increase the survival of bacteria in hostile environments.
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GROWTH AND DivISION OF THE MICROORGANISMS AT THE COLONIZED SURFACE

When a bacterium has adhered to a surface, it becomes more firmly attached. This
process is aided by EPS. At a surface, the sessile microbial cells begin to prolifer-
ate and form cell clusters or microcolonies. The observation of microcolonies on a
surface is considered to constitute a structural marker of biofilms, particularly within
infections found in individuals with cystic fibrosis and chronic wounds.

Microcolony and Biofilm Formation

Following the irreversible adhesion of pioneering bacteria to a surface (observed
principally in oral bacteria and often referred to as coaggregation), the adhered bac-
teria begin to grow and extracellular polymers are produced which accumulate, with
the result that the bacteria are eventually embedded in a complex three-dimensional
matrix of hydrated polymeric substances. Once attached, motile bacteria are able
to move from where the first few cell divisions have taken place to different regions
of the developing biofilm.”>™ Once biofilm bacteria become immobilized in EPS,
they then become dependent upon substrate flux from the liquid phase or exchange
of nutrients with their neighbors in the biofilm in order to proliferate and flourish.

An important feature of the biofilm environment is that the microorganisms are
immobilized in relatively close proximity to one another. As the biofilm begins to
develop further, microbial succession of bacteria has been observed, where pioneer
colonizing bacteria help to modulate the environment to one conducive to the adhesion
and proliferation of secondary, tertiary, and quaternary bacteria. This serves to develop
a complex ecosystem containing a community of interacting microorganisms.

During the initial development of the biofilm, many different species of bacteria will
immigrate and migrate from the biofilm. Many transient microorganisms will be intro-
duced into the biofilm, but they are often unable to permanently establish themselves.

Within the biofilm community, specific functional types of organisms may,
through their activities, create conditions that favor other complementary functional
groups. This continual flux will lead to the establishment of spatially separated,
but interactive, functional groups of bacteria. Within the biofilm, the exchange of
metabolites at group boundaries occurs, which leads to a physiological cooperation
between sessile bacteria.”

As microbial communities tend to be complex both taxonomically and function-
ally, there is considerable potential for synergistic interactions to occur among con-
stituent organisms with a biofilm. This helps in the development of a potentially
homeostatic environment aiding to protect the encased biofilm bacteria from out-
side perturbations. This is extremely important in natural and medical communities
where bacteria are exposed to constant nutritional and pH fluxes.

Within biofilms, there is evidence of a high level of cellular interaction and compet-
itive behavior.”77 As a result of competition strategies by specific species of bacteria,
the biofilm system is under constant flux during its early development.’78-30 As the
biofilm “matures,” heterogeneity increases and chemical and physical microgradients
develop including those of pH, oxygen, and nutrients. This heterogeneity is often aided
by both the sessile microbes and the “extracellular soup” of the biofilm or EPS.
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Extracellular Polymeric Substances

If microorganisms reside at a surface for long enough, irreversible adhesion occurs,
mediated by EPS. EPS is a cementing substance and is an extracellular microbial
product. The extracellular material associated with the cell has been referred to as a
glycocalyx, a slime layer, a capsule, or a sheath 33!

Colonization of microorganisms involves the synthesis of large amounts of EPS,
multiplication of the attached organisms, or attachment of other bacteria to the
already adhered cells (coadhesion). It has been shown for S. aureus that a polysac-
charide intracellular adhesin (ica) is also synthesized. This adhesin aids in binding
the cells together and thereby promoting aggregation and biofilm formation.?":82 After
this stage, further growth of attached organisms continues, resulting in the formation
of dense bacterial aggregates characteristic of a maturing or climaxing biofilm.

Mature biofilms are composed primarily of microbial cells and EPS, which may
account for 50% to 90% of the total organic carbon of the biofilm.®* EPS can vary
both chemically and physically, but it is primarily composed of polysaccharides,
which are neutral, or polyanionic in the case of the EPS of Gram-negative bacteria.
Uronic acids (such as D-glucuronic, D-galacturonic, and mannuronic acids) or ketal-
linked pyruvates are known to constitute part of the EPS matrix, as well as proteins
and nucleic acids. These molecules give anionic properties to the biofilm, allowing
cross-linking of divalent cations such as calcium and magnesium.®*-% The composi-
tion of biofilms, particularly those that contain Gram-positive bacteria, has an effect
on the chemical composition of the EPS causing it to be primarily cationic.

The EPS of P. aeruginosa has been extensively studied. It has been shown to con-
tain alginic acid that is controlled by the algACD gene cassette of P. aeruginosa.*
Within the biofilm state, the gene algC is expressed at a level 19 times higher than
evident in the planktonic state.

The polysaccharide content of EPS has a marked effect on the biofilm,* as the
composition and structure of the polysaccharides determine the primary conforma-
tion of the EPS. Bacterial EPS primarily possess backbone structures containing
1,3- or 1,4-B-linked hexose residues that are rigid and generally poorly soluble or
insoluble, whereas some EPS molecules are more readily soluble in water. The EPS
of biofilms is not generally uniform, and it seems that the amount of EPS increases
with age of the biofilm.%

EPS provides many benefits to a biofilm; it not only offers biofilm cohesive forces,
but also absorbs organic and inorganic materials that act as nutrients for the prolifer-
ating bacteria. EPS also adsorbs microbial products and other microbes, sequesters
heavy metals, and provides protection to the immobilized cells from rapid external
changes. EPS facilitates intercellular communication in the biofilm and has been
shown to enhance intercellular transfer of genetic material.

The polysaccharides associated with EPS are known to help anchor bacteria to
the substratum. This is brought about by high numbers of polyhydroxyl groups pres-
ent in the polysaccharide backbone. Extending lengths of polymers attached to the
microorganisms interact with vacant bonding sites on the surface by polymer bridg-
ing that helps secure the microorganisms near the surface. Several mechanisms for
polymer bridging within biofilms have been suggested but are not fully understood.
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Additional chemicals found within the biofilm organic matrix include glycoproteins,
proteins, and nucleic acids.®’

EPS influences the physical properties of the biofilm, including diffusivity, ther-
mal conductivity, and rheological properties. EPS, irrespective of charge density or
ionic state, has some of the properties of diffusion barriers, molecular sieves, and
adsorbents. EPS can influence physiochemical processes that include diffusion and
fluid frictional resistance.

As EPS is predominantly polyanionic, it can act as an ion exchange matrix, serv-
ing to increase local concentrations of ionic species such as heavy metals, ammo-
nium, and potassium, to name but a few, while having the opposite effect on anionic
groups. Bacteria are thought to concentrate and use cationic nutrients such as amines.
This suggests that EPS can serve as a nutrient trap to enhance bacterial proliferation
and biofilm growth.!

It is thought that the penetration of charged molecules, including biocides and
antibiotics, may be partly restricted by EPS.

Gene Transfer

Microorganisms need to disseminate genetic information to promote species pro-
liferation. For this to happen, bacteria contain plasmids that are transportable from
one bacteria to another, generally within the same species or genera, although cross-
genera transfer of plasmids occurs. Plasmids carry an array of genes involved in
antibiotic resistance, virulence, and toxin and enzyme production.

The biofilm EPS matrix with its water channels or voids acts as a gene pool that
allows for genetic acquisition and exchange to take place. This helps to enhance the
complexity of the biofilm, aiding in its survival and sustainability in adverse condi-
tions. Bacteria are able to acquire genes for antibiotic resistance by horizontal trans-
fer (plasmids, transposons, or integrons) or through specific gene mutations. The
ability of bacteria to acquire genes is likely to occur in biofilms by a process known
as conjugation. This gene transfer has been shown in Streptococcus species.”® Few
gene transfer studies have been reported and demonstrated in biofilms, but because
of the high microbial population density evident in the biofilm, gene transfer is likely
to occur.

Biofilm Structure

The structure of a biofilm is influenced by an array of factors including EPS com-
position and production, microbial growth rate, quorum sensing between bacteria,
twitching motility of bacteria, and external pertubations. Young or immature bio-
films generally contain few species of microorganisms. This reflects the low diver-
sity of pioneering microbial populations.”’ This diversity increases, culminating in
the formation of a stable climax community. The microbial richness of the climax
community is often underestimated due to the selectivity and inadequacy of pure-
culture isolation techniques.’? It has been estimated that a climaxed or mature bio-
film contains only 10% or less of its dry weight, in the form of microbial cells.”
The structure of a biofilm has been reported extensively within the literature and
observed in both mixed and pure culture systems in many different environments.
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Most of these systems demonstrate the existence of structural heterogeneity, often
evident in a patchy configuration.

Many researchers have established that biofilms consist of cell clusters, which
are discrete aggregates of cells located within the EPS matrix. These clusters have
been shown to vary in shape, often ranging from cylinders to filaments and form-
ing “mushroom” structures.®* Within these systems, due to the evidence of water
channels or patches of biofilms, a number of biofilm arrangements have been noted,
including aggregates, cell clusters, streamers, and stacks.”>%-1%0 The open channels
evident in biofilms are referred to as voids and pores. Evidence of these structures
highlights the high degree of spatial and temporal complexity found within biofilms.
Mushroom-shaped colonies are often observed in in vitro biofilms grown in laminar
flow. In turbulent flow, the biofilm structure becomes more filamentous with evi-
dence of streamers a common feature.

Depending on the site of biofilm formation, biofilms are complex, with many differ-
ent genera, species, and numbers of microorganisms. Collectively, therefore, the bio-
film is a microbial community consisting of an array of ecosystems and niches.!0!-102

Bacteria that grow in a biofilm can create their own environment, which in turn
influences the physiology of its component cells. In medical biofilms, biofilm struc-
ture is substantially influenced by the interaction of particles of the nonmicrobial
origin from the host or environment. In the human body, biofilms on native heart
valves provide a clear example of this type of interaction in which bacterial micro-
colonies in the biofilm develop in a matrix of platelets, fibrin, and EPS.1* A fibrin
capsule that develops will protect the organisms in these biofilms from the white
blood cells of the host.

Biofilms on urinary catheters have been found to contain organisms that have the
ability to hydrolyze urea in the urine to form free ammonia through the action of the
enzyme urease. The produced ammonia then increases the pH at the biofilm-liquid
interface. This has been found to result in the precipitation of minerals such as cal-
cium phosphate (hydroxyapatite) and magnesium ammonium phosphate (struvite).!*
These minerals become entrapped in the biofilm and cause encrustation and catheter
blockage with subsequent promotion of urinary tract infection.

In mature biofilms of P. aeruginosa, there are substantially different protein pro-
files when compared to planktonic bacteria, and in one particular study'® more than
300 proteins were detectable in mature biofilm samples that were not present in
planktonic bacterial cultures.

FacTtorRs THAT GOVERN THE DEVELOPMENT OF BIOFILMS

Overall, the development of a biofilm is generally governed by a number of param-
eters.'®® These include ambient and system temperatures, which are related to
season, day length, climate, and wind velocity; hydrodynamic conditions (shear
forces, friction drag, and mass transfer); nutrient availability (concentration, reactiv-
ity, antimicrobial properties); roughness, hydrophobicity, and electrochemical char-
acteristics of the surface; pH (an approximately neutral pH of the water is optimal for
the growth of most biofilm-forming bacteria); the presence of particulate matter (this
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can become entrapped in the developing biofilm and provide additional attachment
sites); and effectiveness of biofilm control measures.

From the list above, it is clearly evident that many parameters play a role in affect-
ing and also determining the structure of a biofilm. Generally four major factors
influence biofilm structure'®” and include the surface or interface properties, hydrody-
namics, nutrients, and biofilm consortia. This list is by no means exhaustive, but does
reflect the number of factors that can affect the developing biofilm. Hydrodynamic
forces that are known to operate within flowing conditions are considered by some
researchers to affect biofilm structure. It is however now well established that bio-
films, which are exposed to high turbulent flow, experience and develop a phenom-
enon known as streaming. The significance of this is still under investigation.

Quorum Sensing

Many bacteria communicate to the same species or to different species using
chemical signals that are synthesized by bacteria and then secreted. The release of
communicating molecules is related specifically to the microbial cell density (quo-
rum), but the molecules are also known to be produced at different stages in their
growth cycle and are not just restricted to release on a cell density basis. Quorum
sensing was first documented in Vibrio fischeri. However, quorum sensing has
since been documented in many bacteria, including Pseudomonas, Staphylococcus,
Streptococcus, and Escherichia coli.

DETACHMENT AND DISPERSAL OF THE BIOFILM

Biofilm detachment generally refers to the release of cells (either individually or in
clumps) from a biofilm or a surface, and is often considered to be an active process
and therefore physiologically regulated.'® The local loss of detached cells in the
human body leads to a temporary loss of colonization resistance of a surface. If
this occurs within or upon the host, susceptibility to infection and disease increases.
This phenomenon becomes more significant when we consider infections and dis-
eases that occur in the gastrointestinal tract and on the surface of the skin.

Detachment of a biofilm has been defined as erosion (single cells or small com-
ponent parts of the biofilm) or sloughing (clusters of cells or large aggregates of
cells,0%110 aprasion''!). Detachment can also occur because of human intervention
or predator grazing. Detachment is a physical process and occurs predominately in
aqueous systems and in the food industry.!'?

Biofilm erosion has been categorized as mechanical, abrasion, or physiologi-
cally mediated erosion.!'® The extent of mechanical erosion is determined by the
rate of liquid flow over the biofilm. For physiological erosion, the biofilm compo-
nents must be destabilized for erosion to occur. As a rule, erosion increases with
increasing biofilm thickness. In newly formed, immature biofilms, erosion is not
often evident. '*

Sloughed material that has detached from a biofilm is thought to physiologically
mimic that of a biofilm and is believed to provide protection for the component
populations of bacteria. As sloughed material contains large populations of bacteria,
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dissemination of these organisms to other virgin surfaces occurs, and as such pro-
vides a mechanism that can aid adhesion and colonization of new sites.

Sloughing possibly occurs due to mechanical instability of the biofilm in relation
to shear and induction of certain enzymes. Detachment caused by physical forces
has been studied in great detail, and it would seem that the rate of erosion of cells
from the biofilm is enhanced with increased biofilm thickness and occurrence of
fluid shear at the biofilm—bulk liquid interface. Sloughing is more random than ero-
sion and is thought to result from nutrient or oxygen depletion within the biofilm
structure. Sloughing is more commonly observed with thicker biofilms that have
developed in nutrient-rich environments.

Emerging scientific evidence has shown that microorganisms disseminating from
biofilms may overcome the host immune system and cause infection.'> Shiau and
Wu!l¢ have shown that the EPS matrix produced by S. epidermidis can interfere with
macrophage phagocytic activity. In addition, Meluleni and colleagues'” found that
opsonic antibodies in patients with chronic cystic fibrosis were unable to mediate
phagocytosis and eliminate bacterial cells growing in biofilm microcolonies. Yasuda
et al.'!® showed that resuspended biofilm cells of E. coli were less sensitive to the kill-
ing activity of human polymorphonuclear leukocytes (PMNLs) in vitro. The study
reported that this was due to resistance of the biofilm organisms to the active oxygen
species produced by the PMNL. This indicated that cells detaching from biofilms in
indwelling medical devices may have the ability to survive the PMNL phagocytic
activity in the bloodstream to initiate a bloodstream infection.

The mode of dispersal is reported to affect the phenotypic characteristics of the
organisms within the biofilm. As mentioned above, eroded or sloughed aggregates
from the biofilm are likely to retain certain biofilm characteristics in particular anti-
microbial resistance properties, whereas cells that have been shed as a result of growth
may revert quickly to the planktonic phenotype. Biofilm dispersal/detachment has
a very important implication in public health medicine. Raad et al.'"® determined a
direct relationship between biofilm formation and catheter-related septicemia. The
detachment of biofilm clumps in medical situations also has implications in infective
endocarditis, when biofilms are detached from native heart valves. These clumps of
cells from biofilms may also contain platelets or erythrocytes that lead to the produc-
tion of emboli, which may cause serious complications to the host.

Biofilms in hospital water systems containing potentially pathogenic organisms
might also detach as aggregates. Those microorganisms with a low infective dose
may be consumed and may therefore result in infection. This may be one cause of the
increasingly observed incidence of nosocomial or hospital associated infection.

The dispersal of a biofilm is considered to be a dynamic, highly regulated pro-
cess, controlled by an uncharacterized hierarchical set of genes and triggered by an
array of medical or environmental trigger mechanisms.!?°

Different parameters are known to affect biofilm dispersal and detachment and
have been studied in detail using in vitro model systems. These have included chang-
ing the pH, temperature, and presence of organic macromolecules, either absorbed on
the substratum or dissolved in the liquid phase.!?! All these conditions and many more
have been shown to affect bacterial detachment and are often not species specific.
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Surface roughness of the substratum is thought to play a significant role in biofilm
detachment, with early events in biofilm formation being controlled by hydrody-
namic forces.””> As detachment increases with increasing fluid shear stress at the
substratum surface, macro- and microroughness may significantly influence detach-
ment rates of the biofilm due to a sheltering effect from hydrodynamic shear. The
detached cells may be transported close to the surface (in viscous sublayers), result-
ing in a greater number of surface collisions and thus providing more opportunity
for reattachment.

Despite a lack of research in the area of dispersal and detachment of biofilms from
a surface (abiotic or biotic) into surrounding environments, detachment and dispersal
of bacteria have significant implications. This, as mentioned previously, has been
documented within the manufacturing, medical, and public arenas and remains a
public health and infection control concern. In microbiological terms, detachment
from surfaces may at first seem to be disadvantageous to the biofilm, but in fact,
biofilms with greater detachment rates will have larger fractions of active bacteria
and consequently may be the most problematic.

Detachment and dispersal have been documented to occur as a result of low nutri-
ent conditions, indicating that it can also function as a survival mechanism for bac-
teria. In fact, this process has been shown to be genetically determined in some
species of bacteria. Consequently, the detachment and dispersal of the biofilm seem
not only to be important for promoting genetic diversity within a biofilm, but also for
bacteria to escape unfavorable habitats.

Bacteria evident within biofilms found specifically in aquatic systems are often
preyed upon by free-living protozoa'?® and bacteriophages.'?* Similarly, within the
human body, biofilms are preyed upon by PMNLs and other cells that constitute
components of both the innate and acquired immune system.

As biofilms develop, they will become thicker and less uniform. In addition, dif-
ferent susceptibilities to the forces of dispersion will become evident. As the biofilm
complexity increases, regions will exist where the dispersion force is greater than the
adhesion and cohesion forces. The resulting feature of this will be the development
of localized detachment of microbial cells.

The dispersal of bacteria from a biofilm was described by Davies'? as a physi-
ologically regulated process that occurred naturally during biofilm development and
maturity. Dispersion is a coordinated disaggregation resulting in the release of bac-
teria.'?6 It has been reported that when dispersion occurs, cell clusters become hol-
low in the middle'03125127-129 apd therefore appear in donut shape,'*® an effect defined
as hollowing.

Davies'? suggested that biofilm dispersion is modulated through the accumulation
of signaling molecules. Davies also proposed that once these molecules reach a thresh-
old, this triggers the release of enzymes leading to the disaggregation of cell clusters.

Other dispersal theories have suggested that dispersal occurs due to an accumula-
tion of metabolic products and depletion of metabolic substrates.!3!132

Dispersion has been referred to as detachment, dissolution, disaggregation, and as
a starvation and nutrient-induced response. It is possible that an increase in concen-
tration of an inducer molecule may be responsible for the release of matrix polymer—
degrading enzymes, which result from detachment from the biofilm. This has been
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found for Streptococcus mutans that produces a surface protein-releasing enzyme
(SPRE) that mediates the release of cells from biofilms.!** A number of investigators
have shown that homoserine lactones may play a role in detachment.!3*

Biofilm cells may also be dispersed either by the shedding of daughter cells from
actively growing cells, detachment as a result of nutrient levels or quorum sensing, or
shearing of biofilm aggregates (continuous removal of small portions of the biofilm)
because of flow effects.

Interestingly, a number of bacteria have been shown to be able to change the com-
ponents within their outer cell membrane and wall which in turn has been shown to
alter the hydrophobicity of the cell. This change has been shown to aid in microbial
release from a surface.’** Given the above influences on the dynamics of a biofilm,
it is clear that the microbial community of biofilms exhibits constant flux. This flux
would seem to be more significant during the early development of a biofilm where
any implications may significantly alter the microbial community of the biofilm. The
significance of this will be discussed below.

PUBLIC AND MEDICAL HEALTH CONSEQUENCES OF BIOFILMS

Nosocomial infections have been reported to be the “fourth leading cause of death
in the United States,” which has resulted in a cost of $5 billion per annum.'®
Approximately 70% of nosocomial infections are associated with medical devices,
and within the United States alone, some 5 million medical devices are implanted
per annum.

It has been estimated that biofilms are associated with 65% of nosocomial infec-
tions. 1% In addition, biofilm-related infections are now recognized as a major cause of
morbidity and mortality accounting for 80% of all known infections. The major inci-
dences of biofilm-related effects are particularly associated with individuals who have
compromised immune systems and those who have implantable medical devices.

Antibiotic resistance and the treatment of infections caused by antibiotic-resis-
tant microorganisms is a difficult problem to resolve. In patients with implantable
devices, the only appropriate course of action if infections of this kind do occur is to
remove the device. This, however, is of great inconvenience to the patient and is also
very costly to health services. For example, the estimated cost of a hip replacement
is presently £3500 in the United Kingdom, but when the costs of a biofilm-related
infection in relation to the hip replacement are included, the figure can be as high as
£30,000.1%7 The treatment of biofilm-based infections is estimated to cost >$1 billion
annually in the United States alone.!38-140

DRINKING WATER

Drinking water is known to be contaminated with an array of different microorgan-
isms. A number of these microorganisms are considered significant to public health
and have often resulted in waterborne diseases in both developed and developing
countries."! Of public health significance to drinking water is the ability of bacte-
ria to grow on the inside of water distribution pipes where they form biofilms.!42143
These biofilms are thought to harbor pathogens and allow for the resuscitation of
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“injured” pathogens. Possible survival and proliferation of potential pathogens in
biofilms constitutes a concern when these biofilms detach from the surface into flow-
ing water.!*4-146 Particular pathogens that have been known to survive in drinking
water biofilms and are now being studied in detail include Mycobacterium avium
and Helicobacter pylori 47143

HospitaL AND DoMESTIC WATER

Hospital water supplies are continually monitored and treated to help reduce the
risk of nosocomial infections in patients. As with drinking water supply pipes, the
plumbing materials used to transport both cold and hot water are known to be con-
taminated with biofilms.1**-131 Areas where biofilms are known to develop in the
hospital environment include shower heads, dialysis water systems, humidifiers,
air-conditioning systems, hot water tanks, taps, storage tanks, hydrotherapy pools,
and baths. Patients at the highest risk from nosocomial infections are those who are
immunocompromised.

Within hospital water supplies, numerous microorganisms have been found to exist
within a biofilm state. These have included Mycobacterium avium, Legionella pneu-
mophila, Aeromonas hydrophila, Aspergillus spp., P. aeruginosa, Staphylococcus
aureus, and Acinetobacter sp.!32153 Of particular concern in hospitals is the aerosoliza-
tion and ingestion of water droplets containing Legionella spp. and Mycobacetrium
spp.'>*155 Control of biofilms in these system is considered important.'>®

DentAL WATER UNITS

Biofilm growth in dental water units has been considered by many to be a potential
public health concern. The reason for the concern is that patients can be exposed
to both strict and opportunistic pathogens from the biofilms found on the walls of
the water lines of the dental water unit, and although a rare occurrence, a number
of infections related to exposure to water from the dental water units have been
documented. Consequently, cross contamination is viewed as a concern when using
these devices.7-15% Because of these concerns, the use of biocides in these units is
considered necessary.!60-162

KIDNEY STONES

Struvite [Mg (NH,)P0,.6(H,0)] kidney stones are formed due to interactions between
urease producing bacteria, including Pseudomonas, Klebsiella, Providencia, and
Proteus spp.'®® and substrates that are found in urine resulting in the formation of
biofilms. Bacteria embedded in a biofilm were first indicated in 1938 as having a role
to play in kidney stone development.'** Further evidence of biofilms within kidney
stones was confirmed by Nickel and colleagues.'®> Markers within this study which
were used to confirm evidence of biofilms included the presence of microcolonies,
which were surrounded by a matrix of polysaccharide, and struvite crystals. The
formation of kidney stones leads to urine flow obstruction, inflammation, and in
some circumstances, kidney failure. Despite the use of antibiotics for patients with
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this condition, infections are often reoccurring, a common event associated with a
biofilm-related infection.

ENDOCARDITIS

Lesions that become infected on cardiac heart values have been reported to be com-
posed of both the components of the host and microorganisms. Within these lesions,
biofilms are found containing bacteria, extracellular material produced by the bac-
teria, platelets, and fibrin.!%6

Cysrtic FiBrosis

With the genetic disease cystic fibrosis, individuals are susceptible to infections.
These infections are divided into two stages. First is the formation of a bronchitis-
like intermittent infection due to an array of different bacteria including H. influ-
enzae, P. aeruginosa, and S. aureus.'s Second is the development of a chronic
and permanent infection that is documented to continue throughout the life of the
patient. Patients with CF have reoccurring infections that carry on for many years
eventually leading to failure in the respiratory processes.'® Both mucoid and non-
mucoid P. aeruginosa exist in these patients and the strains are avid biofilm form-
ers. When analyzing the sputum from patients with CF, these samples have been
shown to be composed of microcolonies of bacteria encased within a matrix of
extracellular polymeric substances.!® As with all biofilm-related infections, when
antibiotics are administered to patients with CF, antibiotic resistance is significantly
increased when compared to in vitro antibiotic-resistant profiles observed in plank-
tonic bacteria.!”

OTiTis MEDIA

With this condition, fluid is known to build up in the middle ear. Within this liquid and
on the mucosa bacteria have been identified. Repeated infections are noted particularly
in acute otitis media (OM) and also OM with effusion. When antibiotics are adminis-
tered for these conditions, only short-term gains to the patient are often achieved.”!

In animal models, biofilms composed of bacteria have been visualized on the
mucosa of the middle ear.'”> Because of this and numerous research findings, bio-
films are now considered to be involved in acute OM and OM with effusion.!”® It
is thought that evidence of biofilms may explain why OM reoccurs frequently.'
Particularly in children with OM with effusion, 50% of these patients will have pre-
ceding infection of acute OM.!"

However, despite numerous findings, there is no conclusive evidence that biofilms
cause OM with effusion, but studies continue in this area.'’®

OSTEOMYELITIS

Osteomyelitis is an infection in a bone; in particular the long bones found in the legs.
However, each bone of the body is susceptible to infection. The different types of
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osteomyelitis are related to the source of infection (hematogenous or contiguous) and
the patient’s vascular condition. Contiguous focus osteomyelitis is associated with
patients with diabetes mellitus involving polymicrobial or biofilm infections of the
feet. Hematogenous osteomyelitis is common in children. During the initial phases
of osteomyelitis, conditions become favorable for the growth of biofilms. Evidence of
biofilms on infected bones has been documented.'”” Staphylococcus aureus is found
to be a common cause of infection, and this is mediated by biofilm growth.!”®

PROSTATITIS

Microscopic analysis of biopsy samples removed from patients with chronic prostati-
tis has shown the samples to be colonized with microcolonies of bacteria.!”®180

INTRA-AMNIOTIC INFECTION

Invasion of the amniotic cavity by bacteria has been reported.’®! In order to deter-
mine infection, amniotic fluid samples are often taken. The presence of “amniotic
fluid sludge” has been found to be associated with infections in the amniotic cav-
ity.!8? In addition to this, sludge has been associated with the presence of bacteria and
also inflammation. This sludge has been documented as a biofilm, leading to its link
as a cause of infection and inflammation of amniotic cavity.!®3

INDWELLING AND MEDICAL DEVICES

Biofilm-related infections have been reported to be associated with the use of central
venous catheters, artificial hearts, contact lenses, intraocular devices, prosthetic and
orthopedic devices, cardiac pacemakers, shunts, and contraceptive devices. Biofilms
have been observed and associated with infections in an array of indwelling devices
and catheters. Dialysis patients are susceptible to biofilm-related infections, particu-
larly from Gram-positive bacteria including Staphylococcus aureus or coagulase-
negative staphylococci (CNS) and Gram-negative bacteria and yeasts. Infections
on medical devices are difficult to eradicate; therefore, their existence can cause
increased mortality and morbidity.'3*

Staphylococcus epidermidis is a frequent cause of infections of implanted medi-
cal devices.'®

URINARY TRACT INFECTIONS

The catheterized urinary tract has been documented to provide an ideal environment
for microbial proliferation. A number of bacterial species are known to colonize
indwelling catheters as biofilms.

The growth of biofilms on urinary catheters is known to increase the patient’s risk of
further complications. Crystalline biofilms have been documented to occlude the cath-
eter lumen,®%187 which is known to cause pyelonephritis and septicemia. The formation
of crystalline biofilms is due to urease-producing bacteria, particularly Proteus mira-
bilis. Clinical prevention strategies for this condition are urgently required, particularly
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as bacteria found within these crystalline biofilms are reported to be resistant to anti-
biotics.'®® The ability of bacteria to persist and grow in a biofilm seems to be one of the
important factors in both the resistance to antibiotics and the severity of urinary tract
inflammation.'®® Many methods have been employed to remove biofilms from cathe-
ters, including tricolsan, citric acid, and ethylenediamine tetracetic acid (EDTA).!86.190

CENTRAL VENOUS CATHETERS

In the United States alone, some 5 million central venous catheters are inserted
per year.!”! However, catheter-related bloodstream infections (CRBSIs) are associ-
ated with the use of intravascular catheters.'> CRBSIs are the third most common
cause of nosocomial infections in the intensive care unit (ICU).'?3 Biofilm-embedded
bacteria have been documented to form on catheters within the first 24 h after inser-
tion. Because biofilms are responsible for infections in these catheters, a number of
technologies have been developed to help prevent and control biofilms, with some
positive results,!93194-200

ENDOTRACHEAL TuBes (ETTs)

Ventilator-associated pneumonia (VAP) is considered one of the most frequent noso-
comial infections in intensive care units and is thought to be second only to uri-
nary tract infection among hospital-acquired infections. The actual true incidence
of VAP is unclear as no “gold standard” diagnostic test exists, but it is believed to
develop in between 8% and 28% of susceptible patients, with mortality rates rang-
ing between 24% and 76%.2°! Intubation and mechanical ventilation serve to bypass
normal host defense mechanisms and the presence of an endotracheal tube (ETT) is
strongly associated with the subsequent occurrence of pneumonia. Biofilm forma-
tion within the ETT occurs in 80% of patients**> and provides a potential source
of respiratory pathogens that can infect the lung field, causing VAP. Interestingly,
it has been found that in mechanically ventilated patients, dental plaque biofilm is
also modified by the additional presence of potential respiratory pathogens such as
Staphylococcus aureus and Gram-negative bacteria including Pseudomonas aerugi-
nosa and Enterobacteriacea.?®*% There is mounting evidence that such oropharyn-
geal colonization is a prerequisite for the development of VAP?* and might be the
original source of organisms that “seed” the ETT biofilm. Figures 1.9 and 1.10 show
evidence of biofilms on ETTs.

RHINOSINUSITIS

With increased interest in the role biofilms play in many acute and chronic condi-
tions, more interest is growing concerning the involvement of biofilms in upper air-
way infections and in particular, rhinosinusitis.?’> However, more conclusive research
is required in this area to determine the role biofilms play in rhinosinusitis.
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FIGURE 1.9 Evidence of biofilms on the lumen of endotracheal tubes.
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FIGURE 1.10 Biofilm formed on the inner lumen of an extubated endotracheal tubes.

OPHTHALMIC INFECTIONS

Evidence is increasing that biofilms have a role to play in ocular infections. These
infections are generally associated with the use of abiotic prosthetic materials includ-
ing contact lenses, intraocular lenses, and scleral buckles.?’¢ Bacterial biofilms have
been reported on contact lenses, scleral buckles, suture material, and intraocular
lenses. Approximately 56% of all corneal ulcers in the United States alone have been
documented to be associated with individuals who wear contact lenses.?’’

ORAL INFECTIONS

The oral cavity contains a rich diversity of microbial species, which undoubtedly
reflects the wide range of habitats that exist within the mouth.?%® Sites where micro-
organisms can be recovered include all of the oral mucosa surfaces, the teeth,
gingival crevice, and any inserted orthodontic appliance or denture. The types of
microbial species recovered at each site can be distinct and relate not only to the
nature of the colonized surface but also to the availability of oxygen and nutrient sup-
ply. Historically, the first biofilms analyzed were those of dental plaque, which were
viewed by Antonie van Leeuwenhoek using his pioneering microscope in 1676.

From a clinical perspective, oral biofilms are responsible for two of the most
prevalent infectious diseases of humans, dental caries and periodontal disease.??”
Although both infections are of biofilm origin, the specific causes are distinct. Dental
caries is the dissolution of enamel by acids generated from the microbial fermenta-
tion of sugars. It has been shown in gnotobiotic studies that a range of bacteria can
cause dental caries including Lactobacillus, Actimycosis, and Streptococcus spe-
cies. However, the principal species involved is believed to be Streptococcus mutans.
Importantly, not only is the species highly acidogenic and acidophilic, it also very
adept at producing biofilms. A key strategy employed by S. mutans is the rapid gen-
eration of a “sticky” extracellular polysaccharide, referred to as glucan. This poly-
mer is generated along with lactic acid from sucrose and serves to retain and recruit
plaque bacteria at the tooth surface.

Periodontal diseases are collectively defined as the microbial mediated destruction
of the tissues (gingival mucosa, periodontal ligament, and bone) that support the teeth.
The exact organisms involved are not known, but associations between these infec-
tions and the presence of Porphyromonas gingivalis, Tannerella forsythia, Treponema
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denticola, and Aggregatibacter actinomycetemcomitans have been made.?'® Such
bacteria are found in subgingival plaque, and being strictly anaerobic species, readily
survive in the anaerobic environment of the gingival crevice. These plaque species are
asaccharolytic, gaining their carbon sources largely from the proteolytic breakdown
of proteins. This activity is believed to be partly responsible for periodontal disease,
although the ensuing host-mediated inflammatory reaction also contributes.

In addition to bacterial-mediated diseases, oral disease relating to fungal biofilms
is also relatively frequently encountered. The most prevalent fungal infections in the
oral cavity are those caused by Candida species, particularly C. albicans. The form
of oral candidosis most directly associated with Candida biofilms is chronic erythema-
tous candidosis. In this infection, denture colonization by Candida biofilm is a key fea-
ture. In chronic erythematous candidosis, the fitting surface of the denture is a source
of infectious organisms, which given their close proximity to the palatal mucosal cause
local infection of that tissue. Normally, the mucosal surface is an effective barrier to
infection, however, an ill-fitting denture can induce frictional irritation of mucosa, thus
facilitating invasion of Candida into the superficial layers of the epithelium.

The wearing of a denture is a predisposing factor to other forms of oral candidosis
and infection, most notably chronic hyperplastic candidosis and angular cheilitis. It
is thought that the elevation in Candida numbers in the oral cavity arising from the
denture biofilm favors a shift from normal commensal existence of Candida to an
opportunistic pathogenic one.

CHRroNIC WOUNDS

Following many years of speculation,?!!-2!¢ biofilms have been observed and reported
in chronic wounds.?'3-225 Because of this evidence, the management of biofilms is
being considered significant to the healing of chronic wound infections and chronic
wounds that have not healed for decades.??4-228

BIOFILM RESISTANCE

Cells within biofilms have been reported to be 10 to 100 times more resistant to anti-

biotics??>23 when compared to their planktonic counterparts. A number of detailed

reviews have been published on this area.?3'-23* Many factors are thought to contrib-

ute to the biofilm’s ability to withstand high concentrations of antimicrobials.?3
These include the following:

1. The binding of the antimicrobial to the extracellular matrix of the biofilm.

2. The inactivation of the antimicrobial by enzymes trapped in the biofilm
matrix.

3. The reduced growth rate of bacteria in biofilms renders them less suscep-
tible to the antimicrobial agent.

4. The altered microenvironment within the biofilms (e.g., pH, oxygen con-
tent) can reduce the activity of the agent.

5. Altered gene expression by organisms within the biofilm can result in a
phenotype with reduced susceptibility to the antimicrobial agent.
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Characteristics of the biofilm that provide it with antimicrobial resistance will be
discussed in turn.

BINDING/FAILURE OF THE ANTIMICROBIAL TO PENETRATE THE BIOFILM

The EPS of the biofilm has been suggested as a mechanism to prevent ingress of
the antibiotics. This involves either a reaction of the antimicrobial compound with,
or sorption to, the components of the biofilm. This has been documented for some
antimicrobials to limit the transport of antimicrobial agents to the microorganisms
within the biofilm. A difference between thick and thin biofilms and their resis-
tance to antibiotics has been observed leading to the conclusion that the biofilm
acts as a barrier to antimicrobial agents.?3¢?37 For certain compounds, however, the
exopolymers within the biofilm matrix have been shown to form an initial barrier
hindering penetration of the antimicrobial agent. Despite this and other research
papers published on this matter, many studies have established that the exopoly-
mer matrix does not form an impenetrable barrier to the diffusion of antimicrobial
agents. Consequently, other mechanisms must be in place to promote microbial cell
survival in biofilms when exposed to antimicrobials.

Stow GROWTH AND THE STRESS RESPONSE

It is now evident that within a biofilm there are regions where the bacterial cells
become starved of a particular nutrient. The consequence of this will be to slow
the growth of the effected bacteria. A decrease in growth has been shown to be
synonymous with an increase in resistance to antibiotics.?3%2% It has been suggested
that this physiological change can account for resistance of biofilms to antimicro-
bial agents.

Growth-rate-related effects under controlled growth conditions for planktonic
cultures and biofilms of P. aeruginosa, Escherichia coli, and S. epidermidis®**>%
have been studied. Findings have shown that the sensitivities of both the planktonic
and biofilm cells to either tobramycin or ciprofloxacin increased with increasing
growth rate. This would therefore support the suggestion that the slow growth rate
of biofilm cells protects the cells from antimicrobial action.?*? They found that resis-
tance increased as the planktonic cultures and the biofilm cells approached station-
ary phase. These results and others suggest that some determinant other than growth
rate is responsible for a certain level of resistance, and slow growth adds additional
protection.

The slow growth rate of some cells within the biofilm is not due to nutrient limita-
tion per se, but to a general stress response initiated by growth within a biofilm.?#
The stress response results in physiological changes that act to protect the cell from
various environmental stresses. The central regulator of this response is the alternate
factor, RNA polymerase, sigma S (sigma 38) factor (RpoS). Recent studies suggest
that RpoS is induced by high cell density and that cells growing at these high den-
sities seem to have undergone the general stress response.?** E. coli cells that lack
RpoS are unable to form normal biofilms, whereas planktonic cells are apparently
unaffected by the absence of this factor.?* There is some evidence to suggest that
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RpoS have a role in biofilm resistance to oxidative biocides; it is clear, however, that
other factors must contribute to this resistance.

HETEROGENEITY

Cells within the biofilm will experience a slightly different environment compared
with other cells within the same biofilm and thus will be growing at a different rate.
Gradients of nutrients, waste products, and signaling factors form to allow for this
heterogeneity within the biofilm. There is evidence for gradients of physiological
activity in response to antimicrobial treatment.?*247 These studies reveal that the
response to antimicrobial agents can greatly vary, depending on the location of a
particular cell within a biofilm community.

INDUCTION OF A BilOFiILM PHENOTYPE

An emerging concept is that a biofilm-specific phenotype is induced in a subpopu-
lation of the community which results in the expression of active mechanisms to
combat the detrimental effects of antimicrobial agents.?#8-2%0

When cells attach to a surface, they will express a general biofilm phenotype,
and work has begun to try to identify genes that are activated or repressed in bio-
films compared with planktonic cells.?' Furthermore, it is possible that all or just
a subset of these biofilm cells could express increased resistance to antimicrobial
agents. This resistant phenotype might be induced by nutrient limitation, certain
types of stress, high cell density, or a combination of these phenomena. Recent work
has focused on the identification of genes that could contribute to this increased-
resistance phenotype.

Multidrug efflux pumps can extrude chemically unrelated antimicrobial agents
from the cell. In E. coli, upregulation of the mar operon results in a multidrug-
resistant phenotype. The efflux pump thought to be responsible for this resistance
is AcrAB.

There are three known multidrug-efflux pumps in P. aeruginosa, and there are
several other putative pumps that have been identified. Another resistance mechanism
that can be induced in biofilm cells is the alteration of the membrane-protein com-
position in response to antimicrobial agents. This change could result in decreased
permeability of the cell to these compounds. Mutations in ompB (a regulator of the
genes encoding the outer membrane porin proteins OmpF and OmpC) and in ompF
increased the resistance of E. coli to a small beta-lactam antibiotic.?? The environ-
mental conditions within the biofilm can lead to alterations within the cell envelope
that protect the bacteria from the detrimental affects of antimicrobial agents.

CONCLUSION

Biofilms are ubiquitous and associated with many environments. Their clinical
significance has been documented widely when associated with the use of medical
devices. Recognition of the role biofilms play in other infections in the human body

© 2010 Taylor and Francis Group, LLC



46 Microbiology of Wounds

has only recently gained momentum despite the fact that evidence was noted as far
back as 1977.227:253

Biofilms are both beneficial and harmful to life, particularly with reference to
clinically related diseases and infections. Many factors are known to affect the
development of a biofilm and include the nature of the surface to which bacteria
attach (e.g., its chemical and physical properties, nutrient availability, hydrodynamic
forces, and communication systems between microorganisms). Biofilms are inher-
ently resistant to antimicrobial agents, as well as environmental stresses and the
innate immune host defense processes. As biofilms are associated with 80% of all
known infections and 65% of nosocomial infections, it is clear that the mechanisms
relating to resistance to antibiotics and antimicrobials in general is an area of inten-
sive current and undoubted future research.
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INTRODUCTION

Human skin has inherent properties that are important in preventing infection and
promoting healing in wounds. The structure and function of skin is not uniform,
and specific adaptations are found at different anatomical sites. Human skin is a
multifunctional organ that provides sensation, thermoregulation, biochemical, meta-
bolic, immune functions, and physical protection.! This protection is afforded by the
mechanical rigidity of the stratum corneum, low moisture content, lipids, lysosyme
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acidity, and defensins.? Such factors help to create specific ecological niches on the
skin surface aiding colonization by “specialized” microorganisms.?

The colonization of skin with microorganisms occurs almost immediately after birth
via contact transfer with microbial reservoirs that include the birth canal, clothing, skin,
and the local environment.* The population that establishes on the skin is subsequently
varied due to the types of organisms transferred and their preferred anatomical loca-
tion. Changes in host-dependent factors such as age, hormones, and health status con-
tinue to affect the population type and characteristics throughout the life of the host.’

The aim of this chapter is to provide an overview of the anatomy and physiology
of human skin, to summarize the common microbial flora, and to consider the role
these microbial species may play in infection. Additionally, the benefits of the skin
microflora will be outlined. The normal microflora of the skin includes fungi, bacte-
ria, and viruses, and this chapter will focus on bacteria.

THE ANATOMY AND CHARACTERISTICS OF HUMAN SKIN

Human skin is considered to be one of the largest organs of the body, with a total sur-
face area ranging from 1.5 to 2.3 m?, and a weight varying between 5 and 10 kg in an
adult. Skin inherently has a protective role, by providing a tough but pliable barrier
between the body’s interior and the external environment. Skin actively regulates
water loss and is permeable to both oxygen and carbon dioxide. Skin is also able to
influence and regulate temperature. Skin is composed of a number of different tis-
sue types (epidermal, nervous, muscular, and connective). Each of these tissue types
contributes to wound prevention.

Anatomically, the skin is divided into two layers, namely the dermis and outer-
most region, the epidermis, together with the subcutaneous or adipose tissue layers
(see Figure 2.1).

The epidermis is formed from many layers of closely packed cells and arises from
a single layer of basal cells, which produce keratinocytes that differentiate as they
approach the skin surface. As this process continues, these cells elongate and flatten
to produce the stratum corneum (SC), the outermost layer. This layer is approximately
15 cell layers thick (15 um). The SC acts as the interface between the internal body
components and the external environment. The epidermis contains no blood vessels,
and thickness varies. On the eyelids, the epidermis has been found to be less than
0.1 mm and 1 mm on the palms and soles. The five layers that make up the epidermis
are shown in Table 2.1. Cells that make up the epidermis include keratinocytes that
are tightly held together by spot desmosomes and interconnected by keratin fila-
ments. These cells are constantly being produced by the stratum basale causing dis-
placement of older cells by newer ones; during the maturation process, they undergo
keratinization before death and keratin filaments progressively accumulate. Once
dead, the keratinized cores of these cells (often referred to as squames) become the
outermost layer of the epidermis or stratum corneum. The extensive amounts of ker-
atin provide protection to the underlying cells from many potentially adverse events,
such as microorganisms, heat, water, and chemicals. Lipids are deposited between
these cells during the differentiation of keratinocytes and provide a continuous per-
meability layer. Keratinized cells are constantly being sloughed off the outermost
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> Epidermis

<€—— Basal Cells

Dermis
Subcutaneous
Tissue
FIGURE 2.1 Overall structure of the skin.
TABLE 2.1
Components of the Epidermis of the Skin
Components of the Epidermis  Characteristics
Stratum basal Composed of keratinocytes (single layer), Langerhans cells,
melanocytes, Merkel cells
Stratum spinosum Keratinocytes (multilayered), Langerhans cells, melanocytes; lipids
are secreted
Stratum granulosum Keratinocytes (multilayered and flattened); lipids are secreted
Stratum lucidum Dead cells (on palms and soles of feet)
Stratum corneum Dead cells (multilayered), lipids

layer of the epidermis, a process known as desquamation. It has been estimated that
a typical adult accommodates approximately 2 x 10° squames. On average, it takes
4 weeks for cells generated in the basal region of the skin to enter the outermost layer
of the skin. Consequently, the stratum corneum is replaced every 15 days.

Other cells found in the epidermis include the melanocytes. These cells are
responsible for melanin (pigmented black or brown) production. Melanin is trans-
ferred to keratinocytes when cells are exposed to ultraviolet (UV) light. Melanin
absorbs the UV light and therefore aids to protect the skin from UV light-induced
damage such as premature aging, carcinogenesis, and so forth.

In addition to melanocytes, the epidermis is composed of Langerhans cells and
Merkel cells. Langerhans cells are important during the immune response and there-
fore are significant to the first line of defense during microbial colonization. The
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Merkel cells are involved in touch as they are associated with sensory neurons on
the skin surface.

Below the epidermis is the dermis. The whole of the epidermis adheres to the
dermis partly by the interlocking of its downward projections (epidermal ridges)
with upward projections of the dermis (dermal papillae). The dermis is composed
of a complex array of components that include connective tissue (collagen and elas-
tin), papillae (contain nerve endings that are sensitive to heat and pain and project
into the epidermis), hair follicles, erector pili muscles (to control the movement of
hair), nerves, adipose tissue, capillaries and veins, sebaceous glands, and sudorif-
erous glands. Not all of these components are found in skin at all of the different
anatomical sites of the body, and consequently, certain regions vary in the thickness
of the dermis. Essentially, the dermis is a substantial layer of connective tissue that
contains many structural fibers, blood vessels, and nerve fibers with elastin aiding to
confer elasticity to connective tissue and collagen providing strength.

The presence of hair follicles that are associated with glands that open to the
external environment provide a possible entry point for bacteria. Hair consists of
dead keratinized cells with the shaft part of the hair protruding from the skin but
firmly attached via a root at the base of the follicle. Around each hair follicle are
touch-sensitive cells. Most hair follicles have one or two sebaceous glands associ-
ated with them. The sebaceous gland secretes sebum, an oily fluid, which aids to
help prevent hair from drying out by preventing excessive moisture loss and helps
to prevent bacterial colonization. Some sebaceous glands also open directly onto
the skin surface and are not associated with hair follicles; these lubricate the skin,
helping to waterproof it and prevent cracking. The concentration of sebaceous glands
varies with anatomical site, for example, in some places such as the face, forehead,
and scalp approximately 800 glands/cm? can be found. None are found on the palms
of the hands or the soles and dorsa of feet.

As well as sebaceous glands, the dermis contains sudoriferous, or sweat-producing
glands. Two types of sudoriferous glands exist—the apocrine and eccrine. The apo-
crine open directly into the follicular canal, whereas the eccrine enter directly onto
the surface of skin by a sweat pore. Apocrine cells become significantly more active
during puberty and are found in abundance in the axillae and perineum, where they
produce viscous and odoriferous material. The secretions, which are initially odor-
less, are converted to odorous products by surface bacteria and are thought to be of
pheromonal significance. On the contrary, eccrine glands are abundant throughout
the rest of the body but especially on the axillae, palms of hands, and forehead.
These glands produce sweat, a fluid containing water, salt, urea, and lactate. Sweat
production helps regulate body temperature, remove waste, and distribute agents
generated from the acquired and innate immune response.

At birth the skin is sterile, but microbial species are acquired during passage
through the birth canal. These include staphylococci and corynebacteria, with lesser
numbers of coliforms and sometimes streptococci.® With time, a number of structural
and functional changes are induced in skin; some are readily recognized visually,
and others are less obvious. One notable change occurs with puberty, when sebum
production changes and increased levels of lipids on the skin result. In older adults,
sebum production diminishes; wrinkling results from loss of elasticity of collagen
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and elastin fibers following cross-linking promoted by exposure to the ultraviolet
irradiation in sunlight. Hair loss, graying, and increased areas of skin pigmentation
and decreased skin depth are also linked to aging. Impaired rates of wound healing
are associated with advanced age.

THE PROTECTIVE AND DEFENSIVE MECHANISMS OF HUMAN SKIN

Healthy human skin is the first line of defense against invading microorganisms.’1
As a mechanical barrier, the skin inherently has an armory of mechanisms at its dis-
posal which prevents microbial penetration. Normal skin has its own lymphoid tis-
sue that produces Langerhans cells or antigen-presenting cells. These cells, including
dendritic cells, constitute a very small component of the epidermal cells. Lymphoid
cells are important for initiating localized immune responses. Immunoglobulins A
and G which are produced by the eccrine cells are located on the surface of the
skin and assist in reducing and preventing microbial attachment. In addition to this,
endothelial cells, keratinocytes, and lymphocytes produce cytokines that enhance
the immune defenses. In conjunction with this, keratinocytes produce an array of
peptides including human beta-defensins and adrenomedullin that further enhance
the defenses of the skin. Lysozyme produced by keratinocytes is known to cleave gly-
cosidic bonds in the peptidoglycan layer of the bacterial cell wall. The characteristics
of the skin which mitigate against microbial colonization are shown in Table 2.2.

THE DisTRIBUTION OF MICROBIAL FLORA ON THE SKIN

Temperature, and humidity in particular, influence both the microbial density and
coverage over the surface of the skin.!'-* Extremes in both temperature and humid-
ity are known to enhance both the survival and proliferation of many bacteria
including Staphylococcus spp. Although the internal temperature of the human
body is 37°C, the surface of the skin has been reported to be significantly lower.
The regions of the body documented to have the highest localized temperatures
have included the areas around the groin and axillae. In general, both these regions

TABLE 2.2

Defensive Mechanisms of Skin

Characteristics Benefits

Moisture content Usually low, which reduces colonization and enzymatic activity
of bacteria

pH (acidic) An acidic pH will restrict the colonization of certain bacteria

Squamous cell shedding Cell shedding will enhance the sloughing of colonizing bacteria

Tonic conditions (high salt content) A high salt level will restrict colonization of certain bacteria

Peptides (antimicrobial) These will restrict colonization and kill contaminating bacteria
Stratum corneum An integral stratum corneum will prevent bacterial penetration
Fatty acids and lipids Reduces bacterial adhesion of contaminating bacteria
Immunoglobulins Aid in the killing of contaminating bacteria
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have been found to support the highest numbers of microorganisms when com-
pared to cooler regions of the body. It is here that higher levels of sweat production
are evident. High levels of moisture help to enhance both the numbers and diversity
of microorganisms.

The pH of the skin at different regions around the body can vary. The reasons for
this relate to many factors, including types of microorganisms, available nutrients,
and age. In particular, acidic skin can be due to an accumulation of substances such
as lactic acid and amino acids, fatty acids, and degradation of proteins.

Nutrient availability and distribution on the skin surface can significantly affect
the colonization and proliferation of microorganisms. For growth, the majority of
skin bacteria require carbon and nitrogen sources, minerals, and water. Sweat con-
tains many of these components, including urea, proteins, and amino acids. Skin has
also been found to contain a number of trace elements including selenium, molyb-
denum, and chromium. These elements can be utilized by bacteria as cofactors for a
number of important enzymes. The sebaceous glands are found throughout the body
surface. They are particularly abundant on the forehead, scalp, and face. The chemi-
cal composition of sebum varies, and this is dependent on the different regions of the
body where it is found. It is composed of fatty acids, esters, squalene, glycerides, and
vitamin E. Lipids found on the skin are broken down by the indigenous microbiota,
causing the release of fatty acids and glycerol.

Inhibitory Factors

When sweat and water evaporate from the skin surface, a high concentration of salt is
left behind. This creates a high osmolarity reducing and restricting microbial growth.
Sweat also has been documented to contain dermcidin (an antimicrobial peptide) that
is active against an array of bacteria such as Staphylococcus aureus and Escherichia
coli. This peptide is able to function at low pH and in high salt concentrations.

Skin also has a constant airflow over its surface. This reduces the ability of air-
borne pathogens to adhere. This complements the constant shedding of dead kerati-
nized cells from the skin surface previously mentioned which severely compromises
microbial adherence.

Many of the fatty acids found on the skin surface have been shown to inhibit
the growth of many bacteria. For example, sphingosine, which is commonly found
on healthy skin, has been shown to be effective at killing Staphylococcus aureus.
Lauric acid and other saturated fatty acids have been found to suppress the growth of
Propionibacterium acnes, Streptocococcus sp, and Candida spp., to name a few. Some
other interesting agents associated with the skin have included reactive nitrogen inter-
mediates (RNIs), which are often released from the epidermis. These RNIs are formed
when bacteria break down the nitrates, which are found in sweat, into agents such as
dinitrogen tetroxide, perooxynitrite, and nitrous oxide. Many of these agents are inhib-
itory to different types of bacteria. During exposure of the skin to sunlight, vitamin D;
is synthesized, and this has been shown to have some antimicrobial effects.

Other Factors

Other factors that affect the diversity of skin microbiota have included body location,
hospitalization, illness, medications, sex, race, occupation, and the use of topical
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preparations such as soaps, cosmetics, and disinfectants. In general, the low moisture
content, the acidic environment (pH of 5.5), the presence of antimicrobial peptides,
high salt content, lipids and fatty acids, immunoglobulins, and lysozyme, together
with the continual shedding of squames from the surface of the body, create an envi-
ronment in skin that is not conducive to extensive microbial proliferation.

INVESTIGATIONS INTO THE NORMAL FLORA OF THE SKIN OF HEALTHY ADULTS

Price'> reported that microorganisms found on the skin can be divided into resident
flora, which are irreversibly attached to the skin or transient flora that do not grow
on skin and usually remain dormant, die, or detach after a short period of time. The
resident flora of the skin are referred to as the indigenous microbiota considered to
exist as a biofilm and has largely been viewed as harmless being composed of com-
mensals that rarely damage the host. The transient flora reflects the host’s level of
personal hygiene, lifestyle, and personal activities and level of environmental con-
tamination. Transient organisms are generally not attached to skin and do not persist
and are considered to be more associated with exposed areas of the skin. A third,
more occasional category of skin flora has been described as temporary or nomadic
flora. A normadic flora represents microorganisms that attach to skin and are able to
multiply but only persist for relatively short periods.'®

Much of the research into the indigenous microbiota of human skin was under-
taken during the past 50 years. The data and information generated were based on
the use of conventional, culturing techniques to both recover and identify species of
bacteria!’2° that probably led to a gross underestimation of the diversity of the skin’s
indigenous microbiota.?-23

Estimates of microbial population sizes on skin depend on the sampling methods
employed,?* and reports from numerous skin studies have not yielded consistent esti-
mates. Sampling methods have included swabs, contact plates, stripping of surface layers
with tape, biopsies, rinsing and scrubbing techniques, as well as air sampling to recover
shedding squames. Counts ranging from 4 x 10 to 1.9 x 10* per cm? on the forearm and
from 6.3 x 10° to 1.67 x 107 per 3.8 cm? on axilla skin have been reported."”

THE DISTRIBUTION OF INDIGENOUS MICROBIOTA

Skin flora can be classed as commensal or parasitic. It supports the protective func-
tion of the skin via factors such as bacterocin production, toxic metabolites, depletion
of essential nutrients, prevention of adherence of competing bacteria, and degra-
dation of bacteria. Microorganisms predominately found on the skin surface are
Gram-positive bacteria; they include Staphylococcus, Micrococcus, Acinteobacter,
Corynebacterium, Propionibacterium, Malassezia, Dermabacter, and Brevi-
bacterium?-2° (see Table 2.3). Although other bacteria have been isolated from skin,
they are often found in small numbers and considered harmless.?” The resident flora
of normal skin has been found to form microcolonies on and within the stratum cor-
neum,?®? whereas lipophilic organisms associate with the sebaceous glands.*®

To reiterate, the microbial communities found on adult skin differ in composition
according to anatomical site and the individual being sampled and any external or

© 2010 Taylor and Francis Group, LLC



66 Microbiology of Wounds

TABLE 2.3
Bacterial Skin Residents and Their Associated Dermatoses

Distinguishing

Bacterium Location Features Pathology
Gram Positive
Staphylococcus
S. epidermidis Upper trunk Production of slime Prosthetic joints and catheter

infection
S. hominis Glabrous skin
S. haemolyticus Endocarditis, septicemia,

and joint infections

S. capitis Head
S. midis
S. warneri Associated with endocarditis
and joint infections
S. saprophyticus Perineum Urinary tract infections
S. cohnii
S. xylosus
S. simulans
S. saccharolyticus Forehead/antecubital ~ Anaerobic
Micrococcus Rarely associated with skin/
wound infections
M. luteus
M. varians
M. lylae In children/cold
temperature
M. kristinae In children
M. nishinomiyaensis
M. roseus
M. sedentarius Pitted keratolysis
M. agieis
Corynebacterium
C. minutissimum Intertriginous Lipophilic/porphyrin  Erythrasma
C. tenuis Intertriginous Lipophilic Trichomycosis
C. xerosis Conjunctiva Lipophilic Conjunctivitis
C. jeikeium Intertrginous Lipophilic/antibiotic
resistance
Rhodococcus Lipophilic Granuloma in HIV
Propionibacterium
P. acnes Sebaceous gland Lipophilic/anaerobic ~ Acne
P. granulosum Sebaceous gland Lipophilic/anaerobic ~ Severe acne
P. avidum Axilla Lipophilic/anaerobic
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TABLE 2.3 (continued)
Bacterial Skin Residents and Their Associated Dermatoses

Distinguishing
Bacterium Location Features Pathology

Gram Positive
Brevibacterium Toe webs Nonlipophilic Foot odor, white piedra

Dermabacter Nonlipophilic Pitted keratolysis

Gram Negative
Acinetobacter Dry areas Burn wounds

environmental perturbations.? From an anatomical point of view, the skin is divided
into three distinctive regions (exposed, moist, and oily). Exposed areas of the body
are the face, neck, and hands; these are more likely to host higher numbers of tran-
sient organisms than other areas of the skin. Regions with variations in microbial
density and diversity may be found on the hands. For example, the area beneath the
fingernail (an occluded region) is densely colonized by anaerobic bacteria, fungi, and
Gram-negative bacteria.

The Gram-negative bacteria often found colonizing healthy adult skin include
Acinetobacter spp. and Pseudomonas spp. which constitute about 25% of the adult
skin microflora.’? Investigation by Leyden et al.3 has shown that the toe-webs and
axillae are specifically and predominantly colonized by coryneforms and bacteria
belonging to the micrococcaceae (Gram-positive) group. In the perineum region, for
example, there are large proportions of micrococcaceae together with a large number
of Gram-negative rods, possibly of fecal origin.3*

The oily areas include the forehead and the dry areas, such as the forearm. The
forehead has a high acidic pH, a variable temperature range, and a high density
of sebaceous and eccrine glands. The main bacteria dominating the forehead, as
with the scalp, include propionibacteria specifically P. acnes, staphylococci, specifi-
cally S. capitis, S. hominis, S. epidermidis, Micrococci, Malassezia, and low levels
of coryneforms.?*7 A large number of sebaceous glands are located on the scalp,
together with hair coverage enhancing the moisture content. Propionibacteria are
common inhabitants of hair follicles and sebaceous glands and are prevalent anaer-
obes of the normal flora of skin. The most predominant species found on the skin of
the back, forehead, and scalp is P. acnes. P. acnes is particularly relevant at puberty,
when densities start to peak. Other bacteria associated with follicles include staphy-
lococci, specifically S. capitis.

Yeasts are recovered in higher numbers in an older adult population. This is possibly
due to a decrease in sweat production that occurs in the older adult population.*® Within
the dry skin areas of the adult, staphylococci represent over 90% of the total popula-
tion.* Skin flora tends to be more varied in children, and they support higher population
densities of micrococci, coryneforms, and Gram-negative bacteria than older people.*®
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There have been numerous reports of the significant difference between hospital-
ized patients and healthy people, in that the skin microflora of hospitalized patients
has been shown to shift from predominantly Gram-positive organisms to a more
Gram-negative microflora.*-44

One study showed that hospitalized patients acquired pathogenic and antibiotic-
resistant strains as antibiotic-sensitive strains were lost.*’

MOLECULAR APPROACHES TO THE INVESTIGATION OF SKIN MICROBIOTA

Many studies have identified an array of different microorganism on human skin,
and with the development of genotyping and molecular technologies, the species
diversity found on skin is continuing to increase.**-*® These are based on the char-
acterization of a conserved region of the 16S rRNA-encoding gene. It is becoming
increasingly clear that conventional techniques may have revealed only 1% of the
members of the normal skin microbiota.

A notable study that investigated the microbiology of the foreheads of five volun-
teers also highlighted a high prevalence of Staphylococcus and Propionibacterium
spp. and Methylophilus spp.*’ In addition to 10 previously characterized bacteria,
13 novel “phylotypes” (not-yet cultured microorganisms) were indicated and 9 spe-
cies not previously associated with skin were recognized.*’

A study carried out by Barton and colleagues® using denaturing gradient gel
electrophoresis-polymerase chain reaction (DGGE-PCR) has shown that the ecol-
ogy of the inner forearm skin of six volunteers has a microbiology composed of
staphylococci, Moraxella osloensis, and micrococci. Other microorganisms cultured
included Streptomyces, Dermacoccus, and Lactobacillus helveticus.

A comparison between the microbiota of facial skin of 13 patients with atopic
dermatitis (AD) and that of 10 healthy individuals using several 16S rRNA analy-
sis systems revealed 18 different organisms.>® Stenotrophomonas maltophilia was
detected significantly more frequently in AD patients compared to controls (5/13 and
0/10, respectively), and Dietzia maris was more common in controls. Unexpectedly,
because Streptococcus species are not normally found in uninfected skin, these bac-
teria were observed in 7 of the AD patients and 8 controls.>®

Another study using molecular analysis of the flora in superficial forearm skin
samples of six healthy subjects highlighted the fact that the skin microbiota was
composed of hundreds of species of bacteria that included Propionibacterium,
Corynebacterium spp., Staphylococcus, and Streptococcus.>' From 1221 clones that
were analyzed from the 6 humans sampled, 182 species belonging to 8 phyla were
identified. Most of the clones fell into 3 phyla, and 86.5% of them represented known
species; 30 were unknown, though. The study confirmed the presence of strepto-
cocci as a constituent of normal skin flora and demonstrated substantial variation
between 6 subjects.

The cutaneous Malassezia microbiota of 770 healthy Japanese using real-time
PCR with a TagMan probe was used to investigate the effects of age and gender on
the Malassezia population. Malassezia levels increased in males up to 16 to 18 years
of age and in females to 10 to 12 years old but decreased gradually in both genders
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until senescence. The total colonization of Malassezia was found to change with age
and gender.>

A recent study employing molecular techniques to characterize microbiota of
human skin of the inner elbow area compared the diversity of flora recovered from
three different depths using three sampling techniques.*® Surface flora was recov-
ered by skin swabs, superficial flora from slightly lower levels were collected by skin
scrapes, and subcutaneous flora was sampled by punch biopsy. The left and right
arms of each of 5 subjects were tested and 113 phylotypes were detected. Analysis
indicated the presence of similar species to a previous study’' but surprisingly
Pseudomonas accounted for 60% of the 16S rRNA genes and Janthinobacterium
for 20%. Both of these Gram-negative bacteria are common inhabitants of soil and
water, rather than skin. Whereas culturing studies have indicated S. epidermidis to
be the predominant aerobic inhabitant of human skin which a high percentage are
able to form biofilms,* the molecular approach used here demonstrated that S. epi-
dermidis and P. acnes accounted for less than 5% of the flora.*® Estimations of bacte-
rial density suggested that swabs, skin scrapes, and biopsies, respectively, collected
approximately 10,000, 50,000, and 1,000,000 bacteria per cm?. Uniformity between
samples collected from the same patient was found and one further observation was
the similarity between the skin microbiota of humans and mice.*®

NORMAL RESIDENTS OF SKIN IN HEALTH AND INFECTION

Corynebacterium

These bacteria are often referred to as the diphtheroids or coryneforms. Essentially,
they are Gram-positive rods, often pleomorphic, nonsporing, nonbranching, and
non-acid fast. Their tendency to form palisades of cells has led to their microscopic
appearance being described as “Chinese letters.” They are catalase-positive, non-
motile, aerobes or facultative anaerobes. They have a G+C content of 46 to 74 mol%,
evidence of mycolic acids (C22 to C36), and meso-diaminopimelic acid, a cell wall
containing arabinogalactan. Cell wall analysis has been used to discriminate between
classic Corynebacterium spp. and Brevibacterium spp.

The main carbon source for Corynebacterium spp. includes carbohydrates and
amino acids, but Corynebacterium species have been found to adhere easily to lipids,
particularly those found in sebum, and they have often been described as lipophilic.
Corynebacterium striatum, Corynebacterium amycolatum, and Dermabacter homi-
nis are thought to be a dominant part of the normal skin flora, but their ability to act as
opportunist pathogens in immunocompromised patients has also been recognized.>*

Micrococcaceae

The bacteria most frequently isolated from human skin are the Gram-positive,
catalase-positive cocci of the Micrococcaceae family. These bacteria are divided
into their respective genera on the basis of their fermentative capacity: members of
the genus Micrococcus are strictly aerobic, whereas the members of Staphylococcus

© 2010 Taylor and Francis Group, LLC



70 Microbiology of Wounds

are facultative anaerobes. Staphylococci are subdivided into two groups on the basis
of their ability to coagulate fibrinogen to fibrin; S. aureus is coagulase positive, and
the remaining species are all coagulase negative.

The most abundant inhabitants of skin are coagulase-negative staphylococci
(CNS), constituting 18 different species, and are located in high concentrations, par-
ticularly near hair follicles.> Fifty percent of the staphylococci found colonizing
the skin are Staphylococcus epidermidis. S. aureus has been isolated frequently from
adult skin, the anterior nares of humans,””® and the perineum.> Micrococcus luteus
are also found on the skin of the head, legs, and arms.%° Species of Micrococcus are
less frequently isolated from skin than staphylococci.

Staphylococcus epidermidis

Staphylococcus epidermidis is a common member of the indigenous microflora
of the skin. These bacteria have been reported to inhabit the skin and mucosal
membranes constituting over 80% of the indigenous microbiota. S. epidermidis
is coagulase negative, white in color when grown on blood agar plates, and sen-
sitive to desferrioxamine. Even though long considered as contaminants during
the routine microbiological analysis of clinical specimens, it is now accepted
that the coagulase-negative staphylococci are responsible for many nosocomial
infections in compromised patients.®! They have been responsible for infections
in patients with indwelling catheters, where the formation of biofilms®? aids in
their survival and enhances resistance to antimicrobial agents. If S. epidermidis
enters the body, they have been reported to cause sepsis and have the ability to
cause endocarditis. They have been reported to be part of abscesses and cause
cellulitis. However, it seems to be generally accepted that S. epidermidis on the
skin surface is relatively benign, but their role in causing infection is related to
the host predisposition to infection.

S. epidermidis is able to adhere to many devices using an autolysin protein AtIE
and an array of adhesion factors that belong to the microbial surface component rec-
ognizing adhesive matrix molecules (MSCRAMM) group of proteins. Other proteins
involved in attachment have included accumulation-associated proteins (AAP) Aasl,
Aas2, and SdrF. They are capable of producing antibiotics (lanthionine-containing
peptides) as well as bacteriocins. The most significant ones they produce include epi-
dermin, epilancin K7, epilancin 15X, staphylococcin 1580, and Pep5 together with
peptides that have been shown to kill other bacteria such as S. aureus and group
A streptococci (S. pyogenes). S. epidermidis has been shown to rarely affect kera-
tinocytes in the epidermis. Consequently, S. epidermidis is considered to provide
protection to the host against certain bacteria. They are also thought to influence the
innate immune response of keratinocytes using Toll-like receptors. These Toll recep-
tors recognize molecules produced from pathogens, and it is thought that presence of
S. epidermidis enhances the keratinocyte response to pathogens. Consequently, the
presence of S. epidermidis on the skin surface is considered beneficial to the host, as
it contain peptides that inhibit the colonization of harmful pathogens and could be
faithfully classed as a mutual organism to the host when present on the skin surface.

© 2010 Taylor and Francis Group, LLC



Human Skin and Microbial Flora 71

Staphylococcus aureus

S. aureus is often considered a transient colonizer on human skin, but many consider
this bacterium an indigenous resident of the nose. Approximately 87 million people
are considered to be colonized with this bacteria, but this estimate varies widely.
Evidence of this bacterium on the human body is not synonymous with infection.
S. aureus are Gram-positive, coagulase-positive spherically shaped bacteria that are
yellow or golden colonies and cause beta hemolysis on sheep blood agar. S. aureus is a
major pathogen and has been associated with many forms of skin infections that range
from minor to life-threatening infections. The main infections of the skin they cause
include impetigo, folliculitis, subcutaneous abscesses, and furuncles. They have also
been reported to cause meningitis, septicemia, pneumonia, arthritis, and osteomyeli-
tis. Like S. epidermidis, S. aureus is a frequent cause of catheter-related infections.

S. aureus is known to produce many different virulence factors that are signifi-
cant to disease and infections. They are able to bind onto neutrophils, therefore,
affecting their efficacy the protein is called a chemotaxis inhibitory protein of staph-
ylococci (CHIPS). CHIPS bind to both C5a and peptide receptors on neutrophils.
They produce an array of toxins that are either superantigens such as toxic shock
syndrome-1, A-E enterotoxins, ETA, B and D) as well as hemolysins and exotoxins,
leucocidins E-D and, in particular, the Panton-Valentine leucocidin (PVL). S. aureus
also produces enzymes that often result in tissue damage. These include lipases, pro-
teases, hyaluronidase, and collagenase. They are adept at evading killing by phago-
cytosis due to possession of a polysaccharide capsule, and production of clumping
factors and its yellow pigment has been shown to aid against neutrophil killing.

Of particular concern is evidence of antibiotic-resistant S. aureus such as
methicillin-resistant S. aureus (MRSA). This rise has been predominately within
hospitals and within the community (caMRSA). In addition to this, S. aureus are
also gaining resistance to the potent, last-defense antibiotic such as vancomycin; as
such, strains of S. aureus have been termed vancomycin-intermediate (VISA) and
vancomycin-resistant S. aureus (VRSA).

MRSA occurs when S. aureus acquires a transferable DNA element called staphy-
lococcal cassette chromosome mec or SCCmec, a cassette that carries the mecA gene
Type I to V, encoding a penicillin-binding protein (PBP) 2a.> The DNA becomes
inserted into the genome of a susceptible host bacterium. In antibiotic-susceptible
strains, beta lactam antibiotics normally bind to PBP sites within the cell wall of
Staphylococcus aureus, which interrupts peptidoglycan production and eventually
leads to the death and lysis of the bacterium. These antibiotics, however, are unable
to bind to PBP2a; therefore, Staphylococcus strains that have the mecA gene are not
killed.®* A number of different plasmids have also been found for an array of other
widely used antibiotics against S. aureus.

S. aureus are known to be found on healthy skin acting principally as a commen-
sal and not as a pathogen. Some strains of S. aureus are known to produce a number
of bacteriocins that include staphylococcin 462. These have been found to inhibit
other S. aureus. Few studies have been done on its role as a “good” bacteria when
compared to its role as a pathogen.
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Propionibacterium spp.

These are Gram-positive rod-shaped bacteria, nonmotile, fermentative, and nonspor-
ing. Often referred to as obligate anaerobes or more recently microaerophilic, they
have a G+C content of 57 to 86 mol%. Four different species of the genus have
been isolated from skin. These include P. acnes, P. avidum, and P. granulosum and
P. propionicum. The most prevalent species found on skin is P. acnes and is found
at high concentrations of 10° cfu/follicle. P. acnes is able to adhere to oleic acid, a
component of sebum, as this fatty acid is found to aid coaggregation and this would
help to keep the bacteria at the skin surface. P. acnes has also been shown to be able
to bind to fibronectin. P. acnes is able to grow at pH ranges of 4.5 to 8 but is docu-
mented to grow optimally at pH 5.5 to 6. They are able to utilize fatty acids, glycerol,
and many sugars as carbon and energy sources. As propionibacteria produce pro-
pionic acid and bacteriolytic enzymes and bacteriocins, they are able to inhibit the
growth of other bacteria which is a selective advantage for these bacteria.

Group A Streptococcus (Streptococcus pyogenes)

Streptococci are Gram-positive, catalase-negative cocci that exist in short chains.
They are transient skin microbiota. Their appearance on blood agar plates allows
the pyogenic (or beta hemolytic streptococci) to be distinguished from the viri-
dans group, and further characterization depends on analysis of cell wall antigens
by Lancefield grouping. The pyogenic species include Streptococcus pyogenes
(Lancefield group A), Streptococcus agalactiae (group B), Streptococcus dysgalac-
tiae (group C) Streptococcus equi, Streptococcus canis, and Streptococcus dysga-
lactiae subsp dysgalactiae (group G). Many of these species have been implicated in
wound infections, and their presence precludes successful grafting. The members of
the viridans group are generally regarded as skin commensals and include small col-
ony formers with variable hemolysis such as Streptococcus anginosus, Streptococcus
constellatus, and Streptococcus intermedius. Occasionally these bacteria are isolated
from abscesses.

Pseudomonas aeruginosa

Pseudomonas aeruginosa is a widely distributed Gram-negative, aerobic bacterium
that is readily isolated from moist environments such as soil, vegetables, plants, river
water, and drains. It can be recovered from mains water, too, and has been found
in antiseptic solutions diluted with tap water. This hydrophilic bacterium is rarely
found to colonize healthy individuals and does not normally inhabit skin. It prefers
relatively low growth temperatures (between 4 and 36°C) but can tolerate body tem-
perature and is increasingly being linked to large ulcers with delayed healing. It is an
opportunist pathogen that is notoriously unresponsive to many antibiotics. Its ability
to form biofilm has been suggested to cause failure to heal in chronic wounds.®*

Acinetobacter species

Acinetobacter is a genus of Gram-negative bacteria generally considered to con-
tain nonpathogenic members. Nineteen biotypes within the genus are known.
Acinetobacter species have a ubiquitous distribution and have been isolated from
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soil, water, food, animals, and environmental surfaces. However, Acinetobacter bau-
mannii has been recovered from hospital surfaces and has increasingly been impli-
cated as a cause of healthcare-associated infections (HAIs) in debilitated patients
resulting in septicemia, such as respiratory tract, urinary tract, and wound infections.
Recently it was reported to give rise to severe wound infections in American military
personnel injured in Iraq and Afghanistan, and some strains have been implicated in
osteomyelitis. Its broad patterns of resistance to antibiotics make it a difficult organ-
ism to control.

Acinetobacter was first detected on human skin in 1963% and has since been
accepted to be part of the indigenous microbiota of skin and mucous membranes.
An epidemiological study to investigate the body sites colonized by Acinetobacter
species was conducted with 40 in-patients on a cardiac ward and 40 healthy, non-
hospitalized individuals. Nine samples from discrete body sites were collected from
each person (forehead, ear, nose, throat, axilla, hand, groin, perineum, and toe web)
and isolates were typed by phenotypic and genotypic methods. Thirty patients and
17 controls were colonized with Acinetobacter spp., and the sites most frequently
colonized were hands (26%), groin (25%), toe webs (24%), forehead (23%), and ears
(21%). Acinetobacter Iwoffii (47%) and A. johnsonii (21%) were most frequently
isolated. A. baumannii was rarely isolated from skin, and the natural reservoir
was undefined.®¢

FUNGAL SPECIES

Both filamentous fungi and yeast may be isolated from skin, and it is not easy to
determine whether each is part of either resident or transient flora. However, the lipo-
philic yeasts of the genus Malassezia (previously called Pitryosporum) are accepted
to contribute to resident skin flora; their presence has been demonstrated by both
conventional techniques and molecular analysis.®” The distribution of these organ-
isms has been shown to reflect the areas with highest sebum secretion, such as the
back and chest.®® They have also been linked to dandruff, seborrheic dermatitis,
pityriasis versicolor, folliculitis, atopic dermatitis, and psoriasis.® Their role in pso-
riasis is not well established, but when affecting the scalp, antifungal agents have
been shown to help resolve the condition.

Nonlipophilic yeasts that have been isolated from the healthy skin belong to
the following genera: Candida, Rhodotorula, Debaryomyces, Torulopsis, and
Cryptococcus. Candida albicans is more likely to colonize mucous membranes than
skin, but the risk of colonization is increased in immunocompromised and diabetic
patients.

Dermatophytes are keratinophilic filamentous fungi capable of invading
skin, hair, and nails. Three genera are associated with humans (anthropophilic):
Epidermophyton, Microsporum, and Trichophyton. When isolated from clinical
specimens, these organisms are usually implicated in superficial mycoses.

Bacterial Interactions on the Skin

Humans are constantly exposed to microorganisms and the populations that live
on and in humans exceed the number of host cells by a factor of at least ten. The
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interactions between the human host and its natural flora are complex and variable.
Most of the indigenous microorganisms are harmless, but not always. The micro-
organisms that comprise the indigenous microflora may be described as commensals.
Yet in commensalism, one partner normally derives benefit, while the other remains
unharmed. This seems a rather unsuitable definition here because advantages for
both human hosts and their indigenous microbiota can be identified. Furthermore,
the members of the normal flora of skin can occasionally become either opportunist
or overt pathogens, and their interaction with their host is better described as parasit-
ism because one member derives benefit at the expense of the other. So the relation-
ship between the microflora of the skin and the host could be described as symbiotic,
but the meaning of this term has changed as our perception of the nature of ecologi-
cal interactions has changed. Traditionally, symbiosis was defined as an interaction
where both dependent members of the partnership derived benefit from the associa-
tion. Now the term has been replaced by mutualism or protocol operation. Although
humans and their skin inhabitants do not display mutual dependency, subtle benefits
for each arise. Whether the balance between the host and its indigenous skin flora is
maintained and microbial colonization results, or whether it is displaced and infec-
tion develops depends upon the multiple determinants of host immunocompetency
and microbial virulence.

As well as the resident microflora, skin is composed of a dead layer of kerati-
nized cells, referred to as the stratum corneum, which aids in preventing bacterial
attachment. As a food source, keratin can only be utilized by a small number of
bacteria and as such does not constitute a good food source for colonizing bacte-
ria. Found between these cells are fatty acids, waxes, sterols, and phospholipids,
among others, which in combination with dead cells make the skin surface very
dry and virtually uninhabitable by many bacteria. Combined also with a low pH,
bacterial growth is inhibited. However, certain regions of the body have relatively
high moisture content and a neutral pH aiding in bacterial adhesion. Other problems
for bacteria reside on skin—namely, the ever shedding squames that are dissemi-
nated together with any adhering bacteria. There is also skin-associated lymphoid
tissue involved with humoral and cell-mediated responses of the immune system
and sweat production that is known to contain lysozyme, which is known to cleave
beta 1-4 glycosidic bonds found in many Gram-positive (N-acetylglucosamine and
N-acetylmuramic acid) and Gram-negative bacteria (peptidoglycan). Consequently,
this armory of defensive mechanisms evident in the human body helps to substan-
tially reduce microbial proliferation of the intact skin.”07!

SKIN FLORA AND INFECTION

Culture techniques are simple and economical; however, there are intrinsic limita-
tions related to this approach when applied to the study of microbial biodiversity. The
use of selective media and environments and the difficulties associated with provid-
ing the specific nutrients and environmental requirements for all potential coloniz-
ing organisms can result in uncultivated microbial populations. Recent advances in
PCR-based methodologies and their subsequent applications have allowed for more
holistic microbial characterization of skin microbiota.
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Dekio et al.#’ analyzed the forehead skin microbiota of five healthy volunteers
by profiling 16s rRNA genes. This approach identified 13 potentially novel phylo-
types and an overall increase in the number of organisms identified (based upon
the nearest match in the DDBJ, EMBL, and GenBank databases) when compared
to culture. These organisms included Acinetobacter spp., Pseudomonas spp., and
Stenotrophomonas maltophilia. However, the study did not monitor the microbial
population over a period of time; therefore, some of the organisms identified may
represent transient rather than resident flora.

Fungal populations are notoriously difficult to culture because of slow growth and
fastidiousness. Paulino et al.” utilized a broad range 18s rRNA PCR to analyze 25
skin samples from the flexor forearm of five healthy skin patients and three patients
with psoriatic lesions. Malassezia restricta, M. globosa, and M. sympodialis were
present in all eight subjects, whereas previous culture-based studies have isolated
these in 38% to 55% of healthy persons and those with psoriasis.”

In general, the skin commensal flora is complex, diverse, and plays a symbiotic
role in the protection of the host. When the skin becomes compromised via injury,
surgery, or other underlying etiologies, the microbiota can rapidly colonize the
wound. This flora may act as a reservoir for potentially pathogenic organisms or may
play a role in the complex healing process. To understand these roles, we must first
understand the wound healing process.

The balance of the skin barrier and innate immunity help to maintain a healthy
skin. Disturbances in this balance may predispose the host to a number of infec-
tious.”>76 Skin infections have been shown to be more significant as humans age.”’
The “normal” skin flora is considered a significant source of serious infections. For
example, micrococci, specifically the species M. luteus, has been associated with
cases of pneumonia, septic arthritis, and meningitis. Staphylococcus epidermidis
is a major inhabitant of the skin and generally comprises greater than 90% of the
aerobic resident flora. They are often classified as contaminants of the skin when
isolated during infections and are therefore thought of as mutual bacteria aiding the
human’s innate immune system. Antimicrobial peptides on the surface of the skin
have recently been identified as originating from S. epidermidis.”® However, in cer-
tain situations, S. epidermidis can be the cause of a number of life-threatening infec-
tions (i.e., biofilm formation on artificial heart values, intravascular catheters). This
is principally due to these bacteria being avid biofilm formers resulting in enhanced
virulence and resistance to antimicrobial chemotherapy. A transient bacteria associ-
ated with skin infections is S. aureus. S. aureus is considered a normal component
of the nasal microflora.”-8!

86.9 million people (32.4% of the population) are considered to be colonized with
S. aureus.?? Twenty percent of the population are considered to be persistently colo-
nized, 60% of the population intermittently carry the bacteria, and 20% are never
colonized. Staphylococcus aureus found on healthy human skin generally acts as a
commensal and rarely as a pathogen, but it is known to cause minor and self-limited
skin infections. Skin infections due to S. aureus include impetigo, folliculitis, furun-
cles and subcutaneous abscesses, and scalded skin syndrome.?3-84

Many diphtheroids are found on human skin. Corynebacterium jeikeium is the
most frequently recovered and medically relevant member of the group, particularly
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in hospitalized patients.® In the last few years, Corynebacterium species have gained
interest due to the increasing number of nosocomial infections with which they are
being associated.3¢-87

Propionibacteria are prevalent on skin-colonizing bacteria. The most well-known
ailment associated with P. acnes is acne vulgaris which affects up to 80% of ado-
lescents in the United States.®® In fact, P. acnes is able to initiate and also con-
tribute to inflammation during acne episodes. Reports of P. acnes being associated
with foreign device infections has also be highlighted. Gram-negative rods such as
Acinetobacter are known to be a cause of skin infections, particularly in patients
with wound infections and burns. Acinetobacter has been associated with, among
others, a number of infections such as endocarditis and respiratory tract infections.
Pseudomonas aeruginosa is another Gram-negative bacterium that lives innocu-
ously on human skin. However, they are able to infect practically any tissue with
which they come into contact. Infections due to Pseudomonas aeruginosa occur
primarily in compromised patients.

Skin bacteria are generally very avid biofilm formers. Evidence of biofilms on skin
has been documented and the actual architecture has been observed in dermatitis
and eczema. The first reported incidence of biofilms on skin was by Staphylococcus
epidermidis. It has been suggested that the severity of eczema is proportional to
colonization resistance.®

SKIN MICROFLORA AND HUMAN IMMUNITY

The idea that “a little bit of dirt does you good” has long been debated. There is some
evidence to suggest that the natural flora of the human gut and upper respiratory tract
helps to elicit and perpetuate immunological responses that protect against micro-
bial invasion. A review exploring whether the indigenous microflora of human skin
contributes to this “hygiene hypothesis” has recently been published. The ability of
S. epidermidis to produce several antibiotics and antimicrobial peptides that restrict
the proliferation of potential pathogens such as S. aureus and S. pyogenes suggests
a protective role for these indigenous bacteria that benefits the host. Furthermore,
pheromones of S. epidermidis may interrupt cell-to-cell communication of S. aureus
and so modulate their attachment and virulence mechanisms that are vital to patho-
genicity. Another advantage of colonization by S. epidermidis was indicated by stim-
ulating keratinocytes via Toll-like receptor signaling to facilitate rapid responses to
the presence of pathogens.”

Although S. aureus is the organism most frequently isolated from wound infec-
tions, it is also found on healthy human skin. The ability to inhibit other strains of
S. aureus by producing bacteriocins might be an important factor when it is non-
pathogenic. Similarly, corynebacteria and propionibacteria produce inhibitory sub-
stances that might confer host protection against pathogenic colonization.’® Despite
involvement in a variety of skin infections, S. pyogenes and P. aeruginosa were also
shown to have potential host benefits. In particular, streptolysin O at appropriate
levels was able to enhance wound healing by stimulating keratinocyte function, and
numerous antimicrobial products secreted by Pseudomonas were considered impor-
tant in limiting the survival of bacteria and fungi. The protective value of these
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organisms can be inferred when their removal results in pathogenic invasion of pre-
viously suppressed species and justifies the term colonization resistance to describe
their beneficial role.® The ability of some of the bacteria within the relatively sta-
ble communities that associate with human skin to form xenobiotic agents®? and
become involved in antagonistic interactions®? confers an important defensive mech-
anism that helps to prevent skin infections.

CONCLUSION

Skin is considered quite uninhabitable. However, skin is colonized by a multitude of
different microorganisms. Based on molecular studies, it is now clear that culturable
techniques significantly underestimate the true microbial diversity of human skin.
We require a deeper understanding of skin microbiology and a better understanding
of the host factors that are known to affect the biofilm and its overall community
and architecture on the skin. The National Institutes of Health Roadmap for Medical
Research has launched the Human Microbiome Project (HMP) with a view to char-
acterizing the human microbiota and defining its role in healthy and diseased states.
It is probable that further investment in molecular studies will shed light into the
enormously varied human skin microbiota and their interactions with different spe-
cies and with the host.
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CLASSIFICATION/TERMINOLOGY

In most wound care-related literature, a chronic wound is defined as one that has
“failed to proceed through an orderly and timely process to produce anatomic
and functional integrity or proceed through the repair process without establish-
ing a sustained and functional result.”! In contrast, an acute wound is defined
as one that is acquired as a result of trauma or an operative procedure and that
proceeds normally in a timely fashion along the healing pathway with at least
external manifestations of healing apparent in the early postoperative period
without complications.'

In the wound care community, virtually all skin lesions are now called wounds
(diabetic, venous, pressure, surgical, fungating carcinoma, etc.). In this context, the
often-used definition of a chronic wound is one that takes more than 3 weeks to heal.

General encyclopedias use a different definition. According to them, a wound
is a break in the continuity of any bodily tissue due to violence, “where violence is
understood to encompass any action of external agency, including, for example, sur-
gery.” These encyclopedias mention inflammation, a chronic nature and an internal
factor in their definition of an ulcer.

Cynically enough, if these nonmedical definitions for wound and ulcer are used
and refined, an ulcer can be defined as a gradual disturbance of tissues by an under-
lying (and thus, internal) etiology/pathology and a wound (trauma) as an acute dis-
turbance of tissues by an external force. With the use of the these two definitions, the
observed differences in behavior of the lesion and the required medical approach and
treatment options, clinical appearance, demographics, anatomical locations, physiol-
ogy, and pathology are more logical.

DIFFERENCES IN PHYSIOLOGY

Healing is a very complex process, but in principle, all wounds go through similar
steps with similar cellular and humoral contributions. Reactive oxygen species (ROS),
proteases, and many other soluble mediators and cells are crucial for dealing with
necrosis, debris, and microbial invasion. These compounds need careful regulation
because by nature many of them are aggressive and corrosive. “Normally,” for every
up-regulating mechanism, a down-regulating counteracting mechanism exists.
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When regulation is not balanced, a situation of prolonged and persistent inflamma-
tion may occur. For example, in an ulcer, polymorphonuclear cells (PMNs) increase
ROS production,? thus inducing a vicious circle.

An important category of “cleaning” compounds, normally not active in resting,
nondamaged tissue, consists of the metalloproteases (MMPs). MMPs can be pro-
duced by many different types of cells. They break down components of the dam-
aged extracellular matrix, which is a necessary step prior to the influx of “healing”
cells and compounds. MMP activity is counterbalanced by tissue inhibitors of metal-
loproteases (TIMPs). As described later in this chapter, MMP and TIMP profiles in
chronic lesions (and hypertrophic scars) differ from those in acute wounds.>*

Cytokine profiles in ulcers differ from those in acute wounds (trauma),>® and
in fact, they may be inadequate in ulcers, which is assumed to contribute to the
poor healing tendencies by disrupting optimal signaling pathways.” These phenom-
ena (and many others) confirm the chronically inflamed status of an ulcer,® which,
indeed, is caused by an underlying etiology/pathology.

INFLUENCE OF MICROORGANISMS

We live in a predominately microbial world with the human body containing an esti-
mated 10" microbial cells.” Although these microbiota have an important role to play
in maintenance of health, they nonetheless have the potential to cause disease given
the opportunity. The majority of cutaneous wounds are colonized (some heavily)
with both aerobic and anaerobic indigenous microorganisms that are found coloniz-
ing the mucosal surfaces, such as the gut and oral cavity. The number of micro-
bial species identified in cutaneous and soft tissue infections continues to increase,
but the suggestion that a bacterial innoculum may provide a stimulus to healing!'®!!
should not be ignored. The complexities in current thinking and management of
wound infection are explored in upcoming chapters.

DIFFERENCES IN TREATMENT

There are many differences between “standard wound (trauma) care” and “standard
ulcer care.”

*  Wounds usually are treated to heal by primary intention: They are closed
with sutures (cuts, surgical incisions), grafts (burns), or flaps (deep defects),
or, in the case of superficial partial thickness burns, heal with support of
dressings before granulation tissue develops. Ulcers are most commonly
treated with dressings, instead of surgical closure.

e Surgical wound bed preparation is usually more rigorous. Aggressive exci-
sion is more common than traditional debridement (with curette, scissors,
and enzymes). The latter methods often are preferred in ulcer care.

e The use of modern dressings in burn care is not as common,'? but in ulcer
care, modern, nonsurgical therapies are more frequently used (personal
observation, M. Hermans). Ulcers, even deep ones, usually are treated with
a variety of dressings and heal by secondary intention.
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e Ulcers also have a much poorer tendency to heal unless the underlying eti-
ology is treated (i.e., offloading in diabetic foot ulcers,'3 compression or
vein stripping in venous leg ulcers'#).

 Skin grafting for ulcers is not very successful® when compared to wounds,
and infection in grafted wounds is not as common as in grafted ulcers.!®

e Pinch grafting generates even poorer results in ulcers and is not used in
trauma care.!’

CONVERSION

Ulcers can be changed into acute wounds by treating, and sometimes removing, the
underlying etiology (i.e., compression/saphenous vein ablation in venous leg ulcers).
This alone may lead to significant changes in wound bed properties and healing
tendencies.'®1° Alternatively, the ulcer may be extensively debrided or excised into
healthy tissue and may be closed primarily with sutures (rare), a graft, or flap."”
Conversion of a trauma into an ulcer is not uncommon. A typical example would
be a pretibial laceration in an older adult patient with diabetes or severe venous
hypertension. The underlying etiologies turn a wound with good healing potential
into an ulcer with poor healing tendencies. A Marjolin’s ulcer?® (carcinomatous
degeneration) of a (burn) scar is an example of a late-term conversion.

TREATMENT OBJECTIVES AND OUTCOMES

The preferred objectives of trauma treatment are often different from those in ulcer
treatment. Although, of course, healing is the overall outcome, large trauma may be
immediately life threatening; thus the immediate and primary treatment objective in
such a case is survival and prevention or treatment of shock, respiratory failure, and
other life-threatening syndromes.

Ulcers are rarely acutely life threatening. Outcomes, in addition to healing, would
be prevention of recurrence (i.e., through treatment of venous hypertension, surgi-
cal repair of a Charcot’s foot). In burn care, after reepithelialization, prevention or
treatment of hypertrophic scars, keloid and contracture formation is an important
outcome as well. In contrast, because of the typical demography of patients with dia-
betic foot ulcers and venous leg ulcers, as well as the typical location of these ulcers,
these sequelae are rare in these types of lesions.

CONCLUSION

Certain types of skin lesion do not fit any of the classifications mentioned earlier.
For example, toxic epidermal necrolysis may be caused by an underlying etiology
(i.e., drug anaphylaxis), but the lesions, provided they do not get infected, require
the general approach of burn care. A hypertrophic scar or post-burn contracture is
not the consequence of ulceration but still is insufficient with regard to anatomic and
functional integrity.
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For most types of skin lesions, though, classification based on etiology is more
logical because an etiology/pathology-based definition is better related to appear-
ance, demographics, therapy (topical versus systemic, surgical versus nonsurgical),
outcomes, and so forth.

At the same time, there should be a bigger overlap in techniques used for ulcer
care versus trauma care. Many wounds could benefit from the expertise of modern
dressings, built up in ulcer care, and many ulcers could benefit from a more extensive
surgical approach.

GENERAL GUIDELINES OF SURGICAL WOUND MANAGEMENT

The primary guiding principle of (surgical) wound management is the restoration of
anatomical and functional integrity of a lesion. Depending on the type of wound or
ulcer, this may be relatively easy (as is the case with a simple, small straight super-
ficial cut, which can be closed with an adhesive closure strip, tissue glue, staples, or
simple sutures), whereas a complicated surgical defect may pose challenges to the
clinical team in both short- and long-term management. The latter is generally
the case when major tissue loss or destruction has occurred as the consequence of,
for example, trauma, certain infections, or malignancy.

Depending on the lesion, three different approaches to wound healing may (have
to) be chosen.

¢ Healing by primary intention implies that restoration of tissue continuity
occurs, without the development of granulation tissue: Uncomplicated heal-
ing of a sutured incision is an example.

* Healing by secondary intention includes wound healing through the devel-
opment of granulation tissue and secondary reepithelialization: The healing
of ulcers usually follows this route.

¢ Healing by tertiary intention happens when a wound initially is left open
(i.e., because of contamination with foreign bodies) and is actively closed
secondarily, usually after 4 or 5 days.

Dead space is defined as a hollow area within a lesion where tissues are not in con-
tact with each other. Avoiding dead space is another guiding principle in any type of
healing, because it may function as a nidus for the development of infection.

Burns have a central zone of necrosis, surrounded by a zone of stasis, which in
turn is surrounded by a zone of hyperemia and inflammation.?! A similar situation
exists in all other wounds, albeit on a very small scale for small wounds: There is a
central zone of dead tissue, which is surrounded by one with wounded, fragile tissue,
and an exterior area of viable, normal tissue.

In a simple wound in a healthy patient, the likelihood of deterioration of the two
outer zones is small. Approximation of different tissue layers is probably going to result
in complete or nearly complete restoration of function and cosmesis (although late heal-
ing problems such as keloid formation or atrophy are always among the possibilities).
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In wounds with a great deal of necrosis or lesions in which a large amount of tis-
sue is missing or not viable, restoration requires a much more elaborate approach.
Missing tissue may have to be replaced (i.e., by grafts, flaps, or transplants) or
replacement may not be possible, in which case new anatomical boundaries have to
be created (as in the closing of a stump after an amputation).

Necrosis will interfere with wound healing. In small trauma, though, the body
will rid itself of the dead tissue, and any interference is, in fact, hardly noticeable. In
lesions with a large amount of necrosis, not only will dead tissue make healing very
slow or impossible, it may also serve as a nidus for infection, first local and some-
times culminating in systemic infection, sepsis. Thus the removal of dead tissue is
central in surgical wound treatment.

Removal needs to be completed as quickly as possible, because necrosis does not
serve any beneficial purpose. Large tissue defects may be the result of necrotectomy,
and they may be difficult to bridge or close, but inappropriate debridement or exci-
sion only results in slower or ceased healing with an increased chance of infection.
Certain tissue defects may be bridged by using specific techniques such as cultured
skin, flaps, skin expanders, or free bone grafts.

The type of debridement or excision depends on the type of wound, its location,
and the type of tissues involved. A full thickness flame burn “only” requires removal
of dead skin, whereas an electrical burn or crush injury often involves deeper tissues;
thus further deep exploration is necessary in these cases.

Sometimes immediate excisional surgery may not be possible (i.e., in mass casu-
alties or because of the patient’s general condition). However, particularly in circum-
ferential lesions or crush injuries, compartment syndrome needs to be avoided by
early and rapid fasciotomy. Rhabdomyolysis may accompany massive crush inju-
ries and may result in renal damage. Thus major trauma virtually always requires
not only dealing with the trauma but also with its systemic complications. A large
trauma causes a systemic syndrome, SIRS (systemic inflammatory response syn-
drome).?? SIRS has a continuum of severity, ranging from tachycardia, tachypnea,
fever, and leukocytosis (all mild) to refractory hypotension, shock, multiple organ
system failure, and death.?

Serious trauma often involves major vessels, fractures, injuries of internal organs,
and extensive soft tissue injuries. The order of repair is dictated by the most acute,
life- or limb-threatening injury. In these cases, temporary repair (i.e., of fractures
by external fixation) may be necessary to allow for more urgently necessary perma-
nent reconstruction (i.e., of vascularity). Permanent soft tissue repair often has to
wait because the extent of the (ischemic) damage may not be immediately clear.

Specific types of injuries may require specific types of treatment and exploration,
over and above “standard care.” For example, high-velocity rifle bullets cause shock
waves, and consequently damage tissue ahead of the bullet trajectory. In addition,
cavitation may be responsible for damage: Even fractures may occur outside the
direct pathway of such a bullet.?* Automobile accidents often cause open, compound
fractures with associated vascular and nerve injuries, in combination with deglove-
ment. Often, a lot of debris (street dirt, clothing, paint flakes) may be found in the
wound. In this type of lesion, extensive exploration is necessary.
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SurcicaAL WOUNDS

The term surgical wounds is used many times in articles and books about wound care,
but it is often not clear what is meant. Is the term referring to sutured, uncomplicated
wounds? Does it refer to wounds that had to be reopened, or to lesions that have to be
incised (i.e., abscesses, according to the previously mentioned definition not really a
wound in the first place)? The term surgical wound is often poorly defined.

Sutured Wounds

Whether sutures are used to close an incision, are made during an operation, or are
used to close an accidental injury, the purpose of suturing (or stapling or gluing) a
wound is to try to restore the anatomical integrity of the tissues as much as possible.
Many suturing techniques and materials are available, and it is beyond the purpose
of this book to describe them in detail.

Generally speaking, the different layers that may exist in an incision or cut (i.e., an
abdominal incision) are put together by separate layers of sutures. In the example of
an abdominal incision, the peritoneum, fasciae, and skin are approximated using
different materials and techniques for each layer.

In uncomplicated healing of a sutured wound, depending on the location of the
body, the skin sutures can usually be removed within 5 to 15 days. (The deeper
sutures are usually made of resorbable material and do not have to be removed.)

However, several complications may occur. If hemostasis cannot be achieved or
if some leakage is expected, different types of wound drains can be utilized. This is
to avoid clot retention in the incision, which increases the chance of a postoperative
wound infection. The same is true for the formation of a seroma.

A more serious complication is wound infection. Typically, after a few days the
incision becomes more painful, erythema around the wound may flare up, the patient
may develop fever, and pus may start leaking from the incision—but even without
the last symptoms, sutures (sometimes of more layers) need to be removed to allow
for drainage of the wound.

Lesions with Pus

A wound dehiscence with pus, an abscess, and other (skin or subcutaneous) lesions
where pus is present are essentially all treated primarily according to one single
principle, which is allowing the lesion to drain and get rid of the pus.

In a sutured wound, it is often enough to simply remove one or more layers of
sutures. The wound may open (dehisce) and drainage starts. In larger, complex
wounds, it is important to carefully explore for sinuses and pus pockets, which need
to be opened as well.

An abscess is surgically opened or may burst spontaneously. If it is surgically
opened, an elliptic slice of skin may have to be removed to prevent premature closure.
Depending on the size, shape, and depth of the lesion (i.e., a small abscess versus a
large dehisced abdominal lesion), drainage may further need to be assured by keep-
ing the wound open using specific wound packaging techniques. In an abscess, for
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example, a piece of gauze or preferably another, more modern, nonadherent dressing
is inserted as a drain. The drain is removed frequently to allow for inspection of the
lesion/abscess cavity and to physically remove the pus collected in the drain. The
lesion may have to be washed out prior to repacking.

Again, depending on the size and type of lesion, closure may be spontaneous,
or secondary closure may be necessary, for example, with a spit skin graft. Large
lesions, depending on their location, may have a higher chance of developing hernia-
tion; thus more extensive secondary wound repair may be necessary.

Chronic infections, such as hydradenitis suppurativa or pilonidal sinus, often
have several small or large abscesses within an infected or inflamed field. Initial
therapy is often via incision of the abscesses, sometimes accompanied by courses of
antibiotics. If the infection persists, excision (with or without primary closure) of the
entire infected area needs to be performed.? For hydradenitis suppurativa, recent
reports indicate that the chronic inflammatory reaction, which may be one of the
underlying etiologies of the disease, responds to antitumor necrosis factor mono-
clonal antibodies. However, this treatment has some serious side effects and further
evaluation is necessary.? Pilonidal sinus formation is the result of a foreign body
reaction (chronic inflammation) and particularly occurs in patients with hirsutism.
Medically indicated hair removal using laser treatment has shown some promise.?’

THERMAL INJURIES

Burns are among the most common types of trauma occurring in any society. Most
burns are relatively small and consequently not life threatening, but large burns,
even partial thickness ones, still pose a major threat when not treated properly. Even
smaller burns may cause major morbidity because the injury is very painful and may
lead to disfiguring scar formatting, primarily hypertrophic scarring.?

In the United States, an estimated 500,000 burn injuries require treatment every
year,?® and about 4000 deaths occur annually because of fire. Of those, an estimated
3500 deaths are caused by residential fires and 500 from motor vehicle and aircraft
crashes, contact with electricity, chemicals, or hot liquids and substances, and other
sources of injury.

Each year, 40,000 U.S. hospitalizations occur for burn injury, of which 25,000
(60%) are in hospitals with specialized burn centers. Burns rank as the fourth cause
of unintentional child death in the United States.’* Globally, 322,000 fire-related
deaths occurred in 2002. Percentage-wise, serious burns occur more often in low-
and middle-income countries.

Types of Burns
Burn (thermal) injuries can be categorized as follows:

e Scald: The injury is caused by contact with a hot fluid (i.e., hot tea, soup, cof-
fee). In most cases, these injuries, when cooled quickly, are partial thickness.

e Flame: The injury is caused by exposure to flames (i.e., a house fire or a
barbeque explosion with clothing catching fire). These burns are usually
full thickness.
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e Flash: The injury is caused by very short exposure to a burning gas or
vapor (i.e.. a barbecue explosion without clothing catching fire). The injury
is often partial thickness.

e Contact burn: The injury is caused by contact with a hot surface. Depending
on the surface touched (i.e., an iron sole plate), in many cases these burns
are not deep. However, the combination of pressure and prolonged expo-
sure to the heat source may lead to major injuries, as is the case in patients
who, after a seizure, remain in contact with a hot surface for a prolonged
period.*!32 In many areas of the world with a hot climate, asphalt can be hot
enough during the day to cause a second-degree burn within 35 seconds.*
Contact with molten metal, hot coals, or other high-temperature agents
leads to very deep injuries.

e Electrical burns are thermal injuries (though they may have many other
effects as well). The burn is caused by contact with or strike-through of an
electrical current: Electricity is converted to heat which causes coagulation
and cell walls to explode. Extensive and deep tissue necrosis may be the
result. The amount of heat is proportionate to the amperage and electri-
cal resistance of the tissues through which the electricity passes.?* Electric
burns may lead to acidosis or myoglobinuria, which are life-threatening
complications. Thus, early exploratory surgery is necessary. Sometimes the
extent of the injury may not be immediately apparent, particularly when
most of the damage done is on the subcutaneous or deeper levels.

e Radiation: The injury is caused by exposure to heat radiation. The typical
example of this type of burn is sunburn. The injury is usually first degree.

Other types of injuries commonly treated in burn centers but having a different etiol-
ogy include chemical injuries, frostbite, dermatological diseases such as toxic epider-
mal necrolysis, epidermolysis bullosa, as well as other skin diseases and conditions
that are accompanied by, or lead to, major skin loss, such as necrotizing fasciitis,?>-3
and unusual infections such as phaeohyphomycosis.’” Some of these conditions will
be discussed elsewhere in this chapter.

Radiation Necrosis

Skin lesions caused by (ionizing) therapeutic radiation as part of treatment of malig-
nancies are sometimes termed radiation burns. It is important to distinguish these
lesions from the type of radiation injury caused by the sun (ultraviolet [UV] and
infrared radiation) because for therapeutic purposes, different, much more power-
ful and, depending on the type of radiation, deeper penetrating radiation is used.
Therefore radiation necrosis is the preferred term. This type of lesion behaves clini-
cally like an ulcer and is a result of not only damage to the skin but also damage to
the subcutaneous and deeper tissues. Often, direct damage is caused to the vascular
structures,®® leading to tissue atrophy and radiation necrosis.

Typically, the lesion starts with progressive erythema and continues to pro-
duce skin necrosis. For low-dose injuries, spontaneous resolution may occur over a
2-month period. However, the early skin symptoms give no indication of pathologi-
cal changes in deeper tissues, and muscular radionecrosis may start early on.*
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Studies indicate that ionizing radiation induces modulation of cytokine and
chymokine expression by skin involving, among others, interleukin-1, -6, and -8;
tumor necrosis factor alpha (TNFa), and transforming growth factor-beta (TGF).404!
The entire process is also called cutaneous radiation syndrome, and the expression
of some of the cytokines is dose dependent.*?

Because the underlying tissues are so much involved, it is clear that “simple exci-
sion” until a viable wound bed is reached is not necessarily the preferred option
for treatment. Cutaneous radiation lesions should be classified as ulcers and not as
examples of burn injury.

Depth of Burns

The depth of a burn is very important. It determines whether or not surgical inter-
vention is necessary.

The depth classification is related to the anatomy of the skin. The upper layer, the
epidermis, is separated from the dermis by the basal membrane. However, the der-
mis contains epidermal structures such as sebaceous glands, hair follicles, and sweat
glands. If these structures are still intact the epidermis can, in principle, heal sponta-
neously from these epidermal remnants. Complete destruction of the epidermis and
dermis, as is the case in a full-thickness lesion, makes reepithelialization possible
only from the wound edges. This type of healing will take considerably longer and
will not be successful in large burns.

Thicker skin can stand a given heat insult better than thin skin. Given a certain
amount of heat exposure, a burn of the thin skin on the dorsum of the hand becomes
deep more quickly than a burn of the lower back. Still, burns occur rapidly. In gen-
eral, 25 seconds of exposure to water at 55°C results in a deep dermal or full thick-
ness burn, whereas a 2-second exposure to water at 65°C leads to the same result.¥

First Degree

The typical first-degree burn is sunburn. The skin is painful, but there is no breach
of the epidermis. The skin looks red (inflammation). After a few days, desquamation
may occur.

Superficial Partial Thickness (Superficial Second Degree)

In this type of burn, the superficial parts of the dermis are exposed because the
epidermis is destroyed. Blisters may or may not occur. The skin (underneath the blis-
ters) is moist, pink in color, and hypersensitive to the touch. Blanching with pressure
is rapid and positive, and capillary refill is virtually immediate. When appropriate
treatment is used, this type of burn will heal rapidly, within 10 to 14 days, with
minimal scarring.

Deep Partial Thickness (Deep Second Degree)

Here, the deep dermis is exposed, because both the epidermis and the superficial
dermis are destroyed. The exact depth of this type of burn may be very difficult to
determine because the visual aspect may mimic a superficial partial thickness injury
or a full thickness injury (see below). Capillary refill is slow or may not occur. The
lesion may cause little pain but also can be painful. In contrast to a more superficial
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burn, most deep seating epidermal structures are destroyed; hence some healing
from the depth may be possible, but this is not guaranteed. Healing is significantly
longer and surgical intervention is often required.

Full Thickness (Third Degree)

In full-thickness burns, the entire skin (epidermis and dermis) is destroyed. Initially,
these burns are not or are hardly painful because the nerve endings, residing in the
dermis, have been destroyed as well. The visual aspect depends on the mode of
injury and may be anywhere from white (a deep scald), to dark gray or black (a flame
burn). The wound surface is usually dry and leather-like to the touch.

Fourth Degree

In fourth-degree burns, the entire skin is destroyed and substantial thermal damage
also has been done to subcutaneous and deeper tissues (i.e., muscle). Extensive car-
bonization may be present if the injury was a flame burn.

Depth Diagnosis

The correct depth diagnosis can be established using the patient history as well as by
judging the physical aspects of the burn. The patient history will provide a good indi-
cation of the burn depth. For example, short exposure to warm water with immediate
cooling usually signals a partial thickness burn, whereas exposure to flames for only
a short while will virtually always result in a full thickness burn.

Sometimes the patient history is not congruent with the injury. This may indicate
abuse (i.e., a very deep burn on the palm of the hand, where the exposure was said to
be very short and the contact surface was the sole plate of an iron).

The pinprick test is helpful to determine the pain level: A burned area is very
gently touched with a sharp needle tip and the patient is asked about the intensity of
the pain. Serious pain indicates a superficial burn, and minimal or no pain indicates
a deep dermal or full thickness burn.

The level of blanching of the skin may also help establish a proper depth diagno-
sis, because it is the direct consequence of capillary refill. The slower is the refill,
the deeper is the burn.

In an attempt to distinguish between dead and vital tissues, dyes such as fluorescein
have been tested,** but these are not used in the clinical situation. Ultrasound has also
been used but was shown not to be significantly different from clinical judgment.®

Laser Doppler flowmetry is promising. In experimental and clinical research, the
technique was proven to be reliable.**4’ Recently, devices have become available that
make the technique practical in the day-to-day setting, allowing for an accurate and
rapid diagnosis over large surfaces within a short time frame.*’->°

Physiology of the Burn Wound

Burns are dynamic wounds. In the course of the first few days postinjury, they may
change in depth. This phenomenon is known as conversion or secondary deepen-
ing.>-33 Burns that were initially diagnosed as superficial partial thickness may actu-
ally turn out to be (or have become) deeper after a few days. Desiccation of the wound
bed, as well as infection, may contribute or lead to wound conversion. On a cellular
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level, it has been shown that burn wound conversion is caused by the additive effects
of inadequate tissue perfusion, free radical damage, and systemic alterations in the
cytokine milieu of burn patients.’* These phenomena lead to protein denaturation
and necrosis and are the result of a number of events in and surrounding the wound
and its environment, including infection, tissue desiccation, edema, circumferential
eschar, impaired wound perfusion, metabolic derangements, advanced age, and poor
general health.

Whatever the exact mechanisms, the dressing choice in partial thickness burns
plays an important role in the prevention of conversion.> Still, in spite of the use of
proper dressings and techniques, some burns may convert anyway. It also has been
recognized that even experienced burn physicians and nurses sometimes misjudge
the initial depth of a burn.

Size of the Burn, Inhalation Injury, and Burn Disease

Morbidity and mortality are largely determined by the size of the burn and whether
or not an inhalation injury or other concomitant or preexisting diseases exist.’® Even
superficial but very large burns, particularly in older adults and young children, are
still associated with a high level of morbidity and mortality.

Burn size is expressed as a percentage of the total body surface area (TBSA) and
may be determined by the rule of nines:3’ The body is divided into areas of nine or
multiples of 9%. In an adult, the head and arms each count for 9%, each side of the
trunk and each leg count for 18%, and the remaining 1% is reserved for the genita-
lia and the perineum (Figure 3.1). For children these percentages are different. For

FIGURE 3.1 Rule of nines.
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example, in a neonate the head counts for 18%. Burn centers use much more specific
charts for determining the exact size of a burn. An easy guideline is that the patient’s
palm represents 0.5% TBSA.>®

The amount of necrotic tissue, heat, and protein loss is directly related to the
size of the burn injury and is responsible for systemic problems in large burns.
Because of these secondary effects of the skin injury, a large burn is much more
than just that: The systemic effects cause the “burn disease” associated with mul-
tiple complications.

The immediate threat of a larger burn is shock: A major change in capillary per-
meability is associated with massive fluid transport out of the circulation into the
interstitium. Similar to other major trauma, larger burns cause SIRS:?? A great deal
of inflammatory mediators cause the systemic complications. Longer-term compli-
cations are the risk of sepsis and organ system responses to shock and to the “burn
toxins™%9 that are released from the coagulation necrosis of the skin.

A specific, very serious complication that may accompany flame burns is inhala-
tion injury, damage to the tracheal and pulmonary system caused by the inhalation of
toxic or hot gasses and fumes.®! This condition, which is still associated with a high
level of morbidity and mortality,%2%* often requires artificial ventilation.

Mortality in burn care has dropped significantly during recent decades because of a
much better understanding of the physiology of burn disease and the systemic responses.
Better prevention and management of complications, in combination with better topical
therapies and more aggressive surgical approaches, have improved outcomes. Survival
of patients with full thickness burns of more than 95% TBSA is not uncommon.%+6°

First Aid and Guidelines for Referral

Guidelines for referral are fairly straightforward (Figure 3.2). With respect to simple
measures (i.e., cooling and cleaning of the wound, IV administration of fluids in
larger burns), initial care essentially is identical and independent of whether or not a
patient is referred to a burn center.

e Dissipating the heat, by cooling with running tap water for a minimum
of 10 minutes, is essential because this removes as much heat as possi-
ble, helps reduce the initial pain,%-% and decreases edema in the wound.®
Rapid cooling is important because tissue temperatures above 45°C will
continue to cause local injury.”® Particularly in young children, the risk of
overcooling, with an associated dangerous drop in core temperature exists;
thus burn patients should not be immersed in a bath with ice cold water.

e Rings on fingers and toes have to be removed because they will act as a
tourniquet when edema occurs.

*  Wounds may be gently cleaned with a neutral soap. Some prefer chlorhexi-
dine gluconate soap because it has antimicrobial activity against regular
skin flora.”!

e Tar and asphalt burns should be cooled first. The causing agents will stick
to the skin. Using a solvent’ is preferred over physically peeling the materi-
als off because peeling may do further (mechanical) harm to the skin and
the wound.
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BURN CENTER REFERRAL CRITERIA

e Partial-thickness burns of greater than 10% of the total body surface
area

e Burns that involve the face, hands, feet, genitalia, perineum, or major
joints

e Third-degree burns in any age group

e Electrical burns, including lightning injury

e Chemical burns

e Inhalation injury

e Burn injury in patients with preexisting medical disorders that could
complicate management, prolong recovery, or affect mortality

e Any patients with burns and concomitant trauma (such as fractures)
in which the burn injury poses the greatest risk of morbidity or mor-
tality. In such cases, if the trauma poses the greater immediate risk,
the patient’s condition may be stabilized initially in a trauma center
before transfer to a burn center. Physician judgment will be necessary
in such situations and should be in concert with the regional medical
control plan and triage protocols.

e Burned children in hospitals without qualified personnel or equip-
ment for the care of children

e Burn injury in patients who will require special social, emotional, or
rehabilitative intervention

Source: Guidelines for the Operation of Burn Centers (pp. 719-86), Resources for Optimal Care
of the Injured Patient 2006, Committee on Trauma, American College of Surgeons.

FIGURE 3.2 Burn center referral criteria.

e Many chemical lesions may benefit from rinsing with water, because for
most, water just serves to dilute the agent. However, first aid may be agent
specific.”>7 Therefore it is always important to identify the chemical
agent that caused the injury.

e Prior to transportation, clothing may be removed, but this has to be done
carefully because it may be stuck to the wound. A nonadherent dressing
should be used to cover the burned areas. Silver sulfadiazine should not be
used if the patient is referred, because painful removal of the cream upon
arrival in the burn center will have to take place to assess wound aspect
and size.

e In larger burns, administration of intravenous (IV) fluids is indicated prior
to transporting the patient to a burn center, if transportation is expected
to take longer than 60 minutes. Ringer’s lactate should be infused at 2 to
4 mL/kg/percentage TBSA per 24 hours®® to provide circulatory volume
support. However, burn centers may prefer a different regimen, and con-
sulting them should be considered. Intravenous access should be achieved
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using larger veins (central lines are preferable) and, if possible, should not
penetrate through burned skin.

* Narcotics may be used as pain medication but may only be given IV. Other
methods of administration should be avoided because the pattern of uptake
is unpredictable.

e If an inhalation injury is suspected, 100% humidified oxygen should be
provided during transportation. However, given the possible acute onset of
edema, it is wise to consult with the burn center to which the patient will
be transported about possible intubation prior to putting the patient in the
ambulance or helicopter.

e Similarly, guidelines from a burn center are advisable when one is consider-
ing escharotomies.?!82 These are release excisions that may need to be made
in patients with circumferential deep burns that may restrict respiratory
excursion of the chest, circulation into the limbs, or cause postburn intra-
abdominal hypertension.®3

Before transporting a patient to a burn center, it is always wise to call the center
about general and specific measures they would like to be taken before the patient
is sent off.

Long-Term Results

After reepithelialization is complete, the wound healing process continues into the
remodeling phase. During this phase, the extracellular matrix isreorganized. However,
in many burns, the remodeling phase goes awry. Macroscopically, this results in
hypertrophic scarring and the formation of contractures or keloid. Biochemically,
a deregulation of a number of inflammatory mediators, such as TNFo, PDGF, and
TGFp, seems to play a major role in the development of hypertrophy.®*

Hypertrophic scars are raised above the skin level and are very inflamed in the
beginning. They can be extremely debilitating and will interfere negatively with
quality of life, because they may limit movement, can be painful, and virtually
always are very pruritic. The psychological aspects of “being ugly” are extremely
important in this context as well.

Hypertrophic scarring is virtually certain to occur in burns that have taken a
long time to heal spontaneously.®> However, rapidly healing burns may also result
in serious scar formation, because scarring is largely genetically determined. Dark-
skinned patients have a significantly higher risk of serious scarring.?$% Scarring also
depends on other factors, such as the location of the wound (a sternotomy incision,
for example, virtually always results in a hypertrophic scar). During the reepitheli-
alization process, not much can be done to prevent hypertrophic scarring. However,
because the chance of developing a hypertrophic scar is, to a certain degree, linked
to the time to reepithelialization, using dressings and techniques that are proven to
reduce time to healing may contribute indirectly to reducing the incidence of hyper-
trophic scarring.®

In patients who are prone to scarring (based on the results of previous injury and
wound healing time), preventative measures must be taken after reepithelialization is
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complete. These measures include the use of customized pressure garments,®’-° with or
without silicon sheeting as a contact layer on the wound.”’-%* Corticosteroid injections
are also used,”** and other therapies are being developed as well, among them the use
of different types of laser,’>*7 and possibly the use of pharmacological agents.”®

The results of hypertrophy prevention are often not truly satisfactory and a visible
scar may remain, although in the long term, hypertrophic scars will become flatter
and less inflamed. However, surgical scar revision is often necessary, particularly
when scar formation leads to contractures.®10!

Keloid formation is different from hypertrophic scarring, both physiologically as
well as macroscopically. A typical keloid extends beyond the borders of the origi-
nal wound and has a cauliflower-type appearance.'?>-1% Prevention and treatment of
keloids is even more difficult than that of hypertrophic scarring!®-1% and lies beyond
the scope of this chapter.

Other, non-skin-related post-burn complications are not uncommon (i.e., hetero-
topic ossifications in periarticular tissue!!’) but also are beyond the scope of this
chapter.

FROSTBITE

Frostbite is the result of low temperatures leading to direct injury to the cells as well
as to ischemic injuries to the tissues. Injury to the cell is initially caused by the for-
mation of ice crystals in the extracellular space. The crystals cause injury to the cel-
lular membranes, which results in cellular dehydration because of changes in the
osmotic gradient.'"" Through different mechanisms (i.e., pH and protein changes),
cellular homeostasis is lost and cell death is the result. If cooling occurs more rapidly,
ice crystals are also quickly formed intracellularly, which leads to more rapid cell
death."? Microvascular changes happen at the same time as well: Vasoconstriction
and the formation of microemboli can be observed. Thawing may restore circulation,
but only temporarily.

From a pathobiochemical point of view, many similarities between the inflamma-
tory response to frostbite and burn wounds have been observed.!* Depth classifica-
tion is similar to that used for burns, although the appearance of frostbite injuries
may be different. Full thickness lesions typically show dark blisters that turn into
black eschar in the course of 1 or 2 weeks postinjury.

The exact depth and extension of serious frostbite lesions are often very difficult
to determine. Many wait until spontaneous, complete demarcation has taken place
prior to reconstruction. The use of technetium scanning is now being tested with
respect to the involvement of bone in the frozen tissues.!!*

With respect to first aid, the old adage of rubbing a frozen skin area with snow
is now considered outdated. This often leads to a thawing and refreezing cycle with
an overall worsening outcome.!'> Therefore, partial or slow rewarming during trans-
port should be avoided. Instead, elaborate rewarming protocols, including rapid
rewarming at a temperature of 40°C, are recommended. Good results have also been
obtained with protocols aimed at rapid rewarming while using medication to reduce
local thromboxane and systemic prostaglandin.!®
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CHEMICAL INJURIES

Chemical injuries are often treated by burn centers but only have limited similarities
to thermal lesions. The type and depth of injuries depend on the nature of the chemical
agent and its concentration, as well as on the length of exposure. In addition, the type
of tissue exposed to the agent plays a major role. For example, strong alkali agents
cause very rapid scarring, opacification and perforation of the cornea,!"” and liquefac-
tion necrosis of the skin. Acids, on the other hand, cause a hard, dry eschar that often
prevents the inflicting agent from deep penetration and systemic absorption.

Generally speaking, rinsing with copious amounts of water is a good first aid measure
for many chemical injuries. Patients should not be put in a tub, though, because this might
expose previously normal skin to the agent and is also known to lead to hypothermia if
the water is too cold. Neutralizing an alkaline agent with an acid is not recommendable
because proper titration is virtually impossible and the reaction is exothermic.

Some common household materials can cause chemical injuries, and often the
general public is not aware of this. For example, regular cement may lead to fairly
serious lesions, though the exact mechanism is not clear. Cement has a high pH
but also contains a number of compounds (i.e., calcium ions, chromium salts) that
may be harmful when absorbed through abraded skin, and skin abrasions occur fre-
quently in people who work with cement or concrete.''8

Some chemical injuries require very specific first aid and treatment. Phosphorus,
for example, used extensively in civilian factories as well as in the military, ignites
in air. The agent continues to burn until it is completely oxidized or until the oxygen
source is removed. The latter can be done by immersing the patient in water and
by keeping the phosphorus wet until it is physically removed in the operating room
(OR). Ultraviolet light can be used to identify imbedded pieces.!!

Many chemicals not only cause serious skin injuries but also have serious systemic
effects when absorbed. Hydrogen fluoride (HF) is one of those compounds. It is an acid
that requires specific topical treatment (i.e., with calcium gluconate cream or intra-
arterial injections). However, HF is also a metabolic toxin. When absorbed in high
quantities, the fluoride may lead to hypocalcemia, ventricular arrhythmias, and respi-
ratory failure. To remove it, hemodialysis or peritoneal dialysis may be indicated.'*°

Oral ingestion of a toxic or poisonous compound often leads to systemic effects
but also may have very serious local effects, causing constrictures and sometimes
perforation of the esophagus. This requires specific treatment.

Generally, the treatment of chemical injuries should be guided by the insulting
agent; thus it is important to find out as quickly as possible what the causative com-
pound is.

CONCLUSION

The treatment of serious burns and related injuries, whether large, deep, or located
in functional areas, should be done in a burn center. In these centers, an entire team
(physicians, nurses, occupational therapists [OTs], physical therapists [PTs] dieti-
cians, psychologists, etc.) is dedicated to burn care, and their treatment options often
lead to impressive results.
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However, the large majority of burn victims suffer from lesions that do not need
this high level of care and that are small enough to be treated outside a burn center, in
a general hospital or an outpatient clinic, provided that wound management is done
in line with burn care guidelines.

SKIN DONOR SITES

Skin donor sites, from which skin grafts are taken, can be virtually anywhere in the
body and they can be full thickness or partial thickness. Full thickness donor sites
are not commonly used in burn management, because the donor site, unless very
small (when it could be closed by suturing), would have to be covered with epithe-
lium. Partial thickness donor sites still contain deep-seated epithelium remnants,
from which they can regrow. In extensive burns, a reepithelialized donor site may be
reused (reharvested) a number of times, although the quality of the skin diminishes
over time.

In large burns, the scalp is often used because the site reepithelializes rapidly (and
thus can be reharvested quickly and often)."?! Alopecia is usually not a problem because
there are many deep-seated hair follicles. In principle, though, the quality of the skin
of a donor site should resemble the skin of the recipient site as much as possible.

Donor sites can cause considerable morbidity, primarily because they are very
painful.'?>-126 Tn large burns, and particularly in older adult patients with frail skin,
donor sites may also be difficult to heal.'””” A donor site may also be surrounded by
burned areas (in large burns, when no other locations are available), and thus become
more prone to infection and difficulties with regard to dressing regimes.

Donor sites are made with hand driven, air driven, or electric dermatomes, are
very painful, and bleed profusely. Thus different types of hemostats (i.e., epineph-
rine, thrombin, hemostatic dressings) are often used in combination with, or prior to,
application of a dressing. Superficial donor sites usually heal without serious scar-
ring, but some patients develop serious hypertrophic scars on their donor site.

Many different types of dressings are used for the treatment of donor sites.'> One
that provides a pain-reducing environment reduces the morbidity of the patient.

NECROTIZING FASCIITIS AND BACTERIAL MYONECROSIS

Necrotizing fasciitis used to have many different names, such as necrotizing cellu-
litis, hemolytic streptococcal gangrene, and necrotizing erysipelas. All these terms
have been replaced by necrotizing fasciitis, although the term Fournier’s gangrene is
still used for necrotizing fasciitis of the perineal area and genitalia.

The disease is characterized by a rapidly spreading soft-tissue infection, typically
causing necrosis of subcutaneous tissues and fascia. The necrosis may extend into
muscles and skin. Among others, subjects with diabetes mellitus, intravenous drug
users, and subjects older than 50 years have a significantly higher risk, as do people
with hypertension, malnutrition, and the obese.!?®

Often, the primary cause for the infection is a deep contaminated or infected wound,
and the subsequent necrotizing fasciitis is often polymicrobial in nature. Staphylococ-
cus, Streptococcus, Enterococcus, and Bacteriodes can commonly be cultured.
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Infections with Clostridium species cause gas gangrene and have an even higher
mortality rate than “regular” necrotizing fasciitis. The infections result in severe
systemic toxicity. The mortality of Streptococcal myositis is described as between
80% and 100%, and streptococcal toxic shock syndrome (strep TSS) with associated
necrotizing fasciitis is a rapidly progressive process that kills 30% to 60% of patients
in 72 to 96 h.1?

Streptococcal and staphylococcal infections are not predictors of mortality but
infections with Aeromonas or Vibrio, the presence of cancer, hypotension, and band
form white blood cell count greater than 10% were found to be independent positive
predictors of mortality in patients with necrotizing fasciitis. The presence of hemor-
rhagic bullae is an independent negative predictor of mortality.!30

DiaGNoOSIS

Early diagnosis is of extreme importance and consequence. The initial signs often are
not very impressive and may be limited to localized pain and edema. Later, indura-
tion and erythema may be evident. Paresthesia of overlying skin and, later on, discol-
oration and blistering frequently occur as the next stage of the infection. Generally,
though, the local signs seem not to be in proportion to the severe toxemia.

Gas inclusion may be evident in subcutaneous tissues on x-ray. Computerized
tomography (CT) and magnetic resonance imaging (MRI) may help in the diagno-
sis and provide information on the nature and extent of the infection.!3! Obviously,
frozen section biopsies may provide early histological evidence of infection. Gram
stains and microbiological testing are important diagnostic tools and guide antibiotic
treatment. However, a definite distinction between necrotizing fasciitis, myonecro-
sis, and other soft-tissue infections often only can be established during surgery.

MANAGEMENT

Critical to successful management of necrotizing infections is early diagnosis and
radical surgical intervention.!* Surgical exploration involves complete excision of
all necrotic tissue; simple drainage is not enough.'3? If more than one operation for
debridement of infected necrotic tissue is needed, mortality increases from 43% to
71%. This indicates the importance of adequate and complete necrotectomy as early
as possible. Wounds are left open, and regular and frequent inspection for recurrence
or extension of infection is necessary. In patients with many risk factors, early ampu-
tation of the extremity may be the best choice, especially in cases of myonecrosis.
Comprehensive infection control is required before wound closure is attempted.

Broad-spectrum antibiotics are started preoperatively, and shock treatment, other
resuscitative measures, and nutritional support virtually always are necessary.

Once the lesions are free of infection, secondary closure can be obtained using
the techniques described elsewhere in this book (i.e., the application of split skin
grafts, flaps, etc.).

Some authors advocate the use of hyperbaric oxygen and claim that it results
in decreased mortality and reduced need for debridement.!33 However, any adjunct
therapy is only secondary to good surgical excision.
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PURPURA FULMINANS

Purpura fulminans is a rare, acute syndrome of rapidly progressive hemorrhagic
necrosis of the skin. The disease occurs primarily in children but also has been
diagnosed in adults. The necrosis is caused by dermal vascular thrombosis, vascu-
lar collapse, and disseminated intravascular coagulation (DIC). Neonatal purpura
fulminans is associated with a hereditary deficiency of the natural anticoagulants
antithrombin III and proteins S and C. Idiopathic purpura fulminans, probably
linked to a protein S deficiency, usually follows an initiating febrile illness that
manifests with rapidly progressive purpura. The most common type of purpura
fulminans is the acute infectious form,'** which has been associated with systemic
infection by Meningococcus, Gram-negative bacilli, Staphylococcus, Streptococcus,
and Rickettsia. Skin necrosis begins with a region of discomfort, which is rapidly
followed by a short period of flush, and subsequently, petechiae. The next stage is
the formation of hemorrhagic bullae, which progress to skin necrosis. The process
generally involves the skin and subcutaneous tissues, without involvement of mus-
cle. Because skin involvement is frequently an early manifestation, a skin biopsy
increases the chance of early diagnosis.

In the infectious form, management is directed at stopping the progression of
the underlying infection, while secondary infections have to be prevented as well.
Necrotic and nonviable tissues have to be removed. Early heparin administration and
replacement of clotting factors and protein C have proven useful to stop intravascular
clotting.!® Shock and sepsis frequently occur and require urgent treatment. Early
escharotomy or fasciotomy may be necessary to prevent compartmental syndrome.

In a recent study, full-thickness skin and soft-tissue necrosis was extensive, lead-
ing to the need for skin grafting and amputations in 90% of the patients, with 25% of
the patients requiring amputations of all extremities.'3¢

TOXIC EPIDERMAL NECROLYSIS AND
STEVENS-JOHNSON SYNDROME

Toxic epidermal necrolysis (TEN, Lyell’s disease) and Stevens-Johnson syndrome
(SJS) are rare severe blistering skin diseases, which are mainly caused by drugs
(although idiopathic forms also exist). About 2 cases per million per year are esti-
mated to occur. The mortality rate is high and ranges from 20% to 30%.'¥” About
one-half of survivors will have sequelae, especially on the eyes.!3®

The two conditions are distinguished on the basis of the degree and extent of blis-
tering and other symptoms. A genetic predisposition might exist.!* The diseases are,
in fact, a form of immune complex-mediated hypersensitivity (allergic reaction) in an
extreme form, and are characterized by widespread erythema, necrosis, and bullous
detachment of the epidermis and mucous membranes. On a cellular level, massive
keratinocyte apoptosis is the hallmark of TEN. Cytotoxic T lymphocytes appear to
be the main effector cells.

The disease is characteriz