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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 George1 estimated the worldwide burden of wounds to be:

Surgical wounds, 40 to 50 million•	
Leg ulcers, 8 to 10 million•	
Pressure ulcers, 7 to 8 million•	
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.c.), 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 µm to less than 0.05 µm. 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 × 0.5−1.4 µm 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 µm in diameter. The largest currently known 
bacterium (Thiomargarita namibiensis) has a diameter of 750 µm. However, most 
commonly, bacteria tend to be of the size order of 1.1−1.5 µm wide and 2.0−6.0 µm 
long.
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6	 Microbiology of Wounds

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 

Cell Wall 

Capsule

Plasma Membrane Periplasmic Space

Nucleoid Ribosome

Flagellum

Vacuoles

Pili
Fimbriae

Plasmid

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
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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 µm 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 
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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 109 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.

Death 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.

pH

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

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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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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Figure 1.3  Typical location of microbial growth in a batch culture test tube.
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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 Used to Describe Microbial 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.
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	 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 

involved in peptiodoglycan 
production

Ampicillin

Meticillin

Vancomycin

Bacitracin

Protein Synthesis Inhibition
Streptomycin Binds to ribosomes and inhibits 

protein synthesis; interferes with 
t-RNA and block translocation

Gentamicin

Chloramphenicol

Tetracycline

Fusidic Acid

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

synthesisCiprofloxacin

Cell Membrane Disruption
Polymyxin B Disrupts the structure and permeability 

of the plasma membrane

Metabolic Disruption
Isoniazid Inhibits folic acid synthesis, interferes 

with folic acid synthesis or inhibits 
the synthesis of mycolic acid

Sulfonamides

Trimethoprim
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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.

Epidemiology

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

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.1

Donlan and Costerton2 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:

	 1.	Ahesion—Protection, security, and availability of nutrients
	 2.	Enhanced metabolic synergies between cohabiting bacteria
	 3.	To gain cooperative populations of bacteria
	 4.	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

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.3

Further evidence for the existence of biofilms occurred in 1943, when Zobell4 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,5 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 
Characklis6 established the detrimental effects biofilms inflicted on industrial water 
pipeline systems. Research conducted by Marshall and colleagues7 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 colleagues8 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 
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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.9

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.10 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,11 the skin,12 oral cavity,13 and the female urogenital area14 
serve as barriers to invading pathogens capable of causing disease. Despite evidence 
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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.)

Table 1.4
Examples of Where Biofilms Occur

Environmental
Water treatment
Algal blooms
Drinking water
Food industry

Pulp and paper
Concrete
Oil 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

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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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,9,15 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.

Development 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.16 The 
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Reversible
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Figure 1.6  Development of a biofilm.

Figure 1.7  Mature biofilm.
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Conditioning Film

Bathing Fluid(Proteins, Albumin, Lipids, Glycoproteins)

Figure 1.5  Conditioning film.
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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.17

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.18 The thickness of the salivary pellicle has been shown to be between 
100 and 1000 nm.19,20 This conditioning pertinacious film has been shown to act as a 
receptor for bacterial attachment.21 Consequently, bacteria that are known to adhere 
to teeth do not bind directly to the tooth surface but to a predominately proteina-
ceous pellicle.22

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.23–27

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,28,29 on denture materials,30,31 and in pipes within the water industry.32 
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.33,34 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.35 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.36,37 During laminar flow, microorganisms 
and nutrients maintain a straight path and remain in a stabilized position dictated by 
the flow rate.37 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 nutrients38,39 and will increase organic material and microbial 
cell attachment to a surface.2 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.40 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.41 Coaggregation of 

(a)

(b)

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,42 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.43,44

Bacterial adhesion to a surface was first proposed by Zobell in 1943.4 Zobell pos-
tulated that adherence of bacteria to a surface consisted of a two-step sequence of 
events constituting both a reversible and irreversible phase. Reversible adhesion is con-
sidered to be an initial weak attachment of microbial cells to a surface.45 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,46 as do the specific interactions that occur between 
the substratum and the microorganism.47 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.48

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.49 Busscher and Weerkamp49 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.50,51 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,52,53 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.54 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.55,56

The majority of bacterial cells have a net-negative charge at neutral pH,57 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.58 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.59 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.60

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.61 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 Kolter55 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.62

Fimbriae play a role in cell surface hydrophobicity and attachment of bacteria to a 
surface.63 It is probable that fimbriae are able to overcome initial electrostatic repul-
sion that exists between the bacterium and the substratum.64,65

Bacterial mutants that lack flagella have been shown to have reduced adhesive 
abilities.44,66 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.67 Korber and colleagues68 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 colleagues69 demonstrated a 
fivefold up-regulation of the gene algC in P. aeruginosa within minutes of attach-
ing to a surface. In addition, Whiteley and colleagues70 reported that 70 genes of 
P. aeruginosa underwent alteration in expression during adhesion and biofilm matu-
ration. Prigent-Combaret et al.71 also showed altered transcription levels for 38% 
of Escherichia coli genes in the biofilm state. Becker and colleagues72 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.73,74 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.75

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.76,77 As a result of competition strategies by specific species of bacteria, 
the biofilm system is under constant flux during its early development.76,78–80 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.8,81

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.81,82 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.83 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.83–85 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.69 
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,85 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-β-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.88

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.89

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.10

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.90 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.91 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.92 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.93

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.94 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.72,95–100 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.101,102

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.103 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).104 
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 study105 more than 
300 proteins were detectable in mature biofilm samples that were not present in 
planktonic bacterial cultures.

Factors That Govern the Development of Biofilms

Overall, the development of a biofilm is generally governed by a number of param-
eters.106 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 structure107 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.108 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,109,110 abrasion111). 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.112

Biofilm erosion has been categorized as mechanical, abrasion, or physiologi-
cally mediated erosion.113 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. 114

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.115 Shiau and 
Wu116 have shown that the EPS matrix produced by S. epidermidis can interfere with 
macrophage phagocytic activity. In addition, Meluleni and colleagues117 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.118 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.119 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.120

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.121 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.122 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 protozoa123 and bacteriophages.124 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 Davies125 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.126 It has been reported that when dispersion occurs, cell clusters become hol-
low in the middle105,125,127–129 and therefore appear in donut shape,130 an effect defined 
as hollowing.

Davies125 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.131,132

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.133 A number of investigators 
have shown that homoserine lactones may play a role in detachment.134

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.134 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.135 
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. 136 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 
£30,000.137 The treatment of biofilm-based infections is estimated to cost >$1 billion 
annually in the United States alone.138–140

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.141 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.142,143 
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.144–146 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.147,148

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.149–151 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.152,153 Of particular concern in hospitals is the aerosoliza-
tion and ingestion of water droplets containing Legionella spp. and Mycobacetrium 
spp.154,155 Control of biofilms in these system is considered important.156

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.157–159 Because of these concerns, the use of biocides in these units is 
considered necessary.160–162

Kidney Stones

Struvite [Mg (NH4)P04.6(H20)] kidney stones are formed due to interactions between 
urease producing bacteria, including Pseudomonas, Klebsiella, Providencia, and 
Proteus spp.163 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.164 Further evidence of biofilms within kidney 
stones was confirmed by Nickel and colleagues.165 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.166

Cystic 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.167 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.168 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.169 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.170

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.171

In animal models, biofilms composed of bacteria have been visualized on the 
mucosa of the middle ear.172 Because of this and numerous research findings, bio-
films are now considered to be involved in acute OM and OM with effusion.173 It 
is thought that evidence of biofilms may explain why OM reoccurs frequently.174 
Particularly in children with OM with effusion, 50% of these patients will have pre-
ceding infection of acute OM.175

However, despite numerous findings, there is no conclusive evidence that biofilms 
cause OM with effusion, but studies continue in this area.176

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.177 Staphylococcus aureus is found 
to be a common cause of infection, and this is mediated by biofilm growth.178

Prostatitis

Microscopic analysis of biopsy samples removed from patients with chronic prostati-
tis has shown the samples to be colonized with microcolonies of bacteria.179,180

Intra-amniotic Infection

Invasion of the amniotic cavity by bacteria has been reported.181 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.182 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.183

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.184

Staphylococcus epidermidis is a frequent cause of infections of implanted medi-
cal devices.185

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,186,187 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.188 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.189 Many methods have been employed to remove biofilms from cathe-
ters, including tricolsan, citric acid, and ethylenediamine tetracetic acid (EDTA).186,190

Central Venous Catheters

In the United States alone, some 5 million central venous catheters are inserted 
per year.191 However, catheter-related bloodstream infections (CRBSIs) are associ-
ated with the use of intravascular catheters.192 CRBSIs are the third most common 
cause of nosocomial infections in the intensive care unit (ICU).193 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.193,194–200

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%.201 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 patients202 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.201,203 There is mounting evidence that such oropharyn-
geal colonization is a prerequisite for the development of VAP204 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.205 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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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.206 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.207

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.208 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.209 
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 

Figure 1.10  Biofilm formed on the inner lumen of an extubated endotracheal tubes.
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denticola, and Aggregatibacter actinomycetemcomitans have been made.210 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.

Chronic Wounds

Following many years of speculation,211–216 biofilms have been observed and reported 
in chronic wounds.215–225 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.224–228

Biofilm Resistance

Cells within biofilms have been reported to be 10 to 100 times more resistant to anti-
biotics229,230 when compared to their planktonic counterparts. A number of detailed 
reviews have been published on this area.231–234 Many factors are thought to contrib-
ute to the biofilm’s ability to withstand high concentrations of antimicrobials.235

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.236,237 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.

Slow 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.238,239 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. epidermidis240,241 
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.242 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.243 
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.244 E. coli cells that lack 
RpoS are unable to form normal biofilms, whereas planktonic cells are apparently 
unaffected by the absence of this factor.245 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.246,247 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 Biofilm 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.248–250

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.251 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.252 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 
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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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2 Human Skin and 
Microbial Flora

Rose A. Cooper and Steven L. Percival

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.1 This protection is afforded by the 
mechanical rigidity of the stratum corneum, low moisture content, lipids, lysosyme 
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acidity, and defensins.2 Such factors help to create specific ecological niches on the 
skin surface aiding colonization by “specialized” microorganisms.3

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.4 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.5

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 m2, 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 µm). 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 

© 2010 Taylor and Francis Group, LLC



Human Skin and Microbial Flora	 61

layer of the epidermis, a process known as desquamation. It has been estimated that 
a typical adult accommodates approximately 2 × 109 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 

Epidermis 

Dermis 

Subcutaneous
Tissue 

Basal Cells 

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
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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/cm2 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.6 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.7–10 
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.11–14 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

Ionic 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 D3 
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

Price15 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.16

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 
bacteria17–20 that probably led to a gross underestimation of the diversity of the skin’s 
indigenous microbiota.21–23

Estimates of microbial population sizes on skin depend on the sampling methods 
employed,24 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 × 102 to 1.9 × 104 per cm2 on the forearm and 
from 6.3 × 103 to 1.67 × 107 per 3.8 cm2 on axilla skin have been reported.17

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
bacterium25,26 (see Table 2.3). Although other bacteria have been isolated from skin, 
they are often found in small numbers and considered harmless.27 The resident flora 
of normal skin has been found to form microcolonies on and within the stratum cor-
neum,28,29 whereas lipophilic organisms associate with the sebaceous glands.30

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 
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Table 2.3
Bacterial Skin Residents and Their Associated Dermatoses

Bacterium Location
Distinguishing 
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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environmental perturbations.31 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.32 Investigation by Leyden et al.33 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.34

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.34–37 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.38 Within 
the dry skin areas of the adult, staphylococci represent over 90% of the total popula-
tion.39 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.40

Table 2.3 (continued)
Bacterial Skin Residents and Their Associated Dermatoses

Bacterium Location
Distinguishing 
Features Pathology

Gram Positive
Brevibacterium Toe webs Nonlipophilic Foot odor, white piedra

Dermabacter Nonlipophilic Pitted keratolysis

Gram Negative
Acinetobacter Dry areas Burn wounds
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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.41–44

One study showed that hospitalized patients acquired pathogenic and antibiotic-
resistant strains as antibiotic-sensitive strains were lost.45

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.46–48 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.47 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.47

A study carried out by Barton and colleagues49 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.50 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.50

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.51 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 TaqMan 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.52

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.48 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 study51 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,53 the molecular approach used here demonstrated that S. epi-
dermidis and P. acnes accounted for less than 5% of the flora.48 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 cm2. 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.48

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.54

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 
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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.55,56 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,57,58 and the perineum.59 Micrococcus luteus 
are also found on the skin of the head, legs, and arms.60 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.61 They have been responsible for infections 
in patients with indwelling catheters, where the formation of biofilms62 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) Aas1, 
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.
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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.63 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.63 A number of different plasmids have also been found for an array of other 
widely used antibiotics against S. aureus.63

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 105 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.64

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 196365 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 lwoffii (47%) and A. johnsonii (21%) were most frequently 
isolated. A. baumannii was rarely isolated from skin, and the natural reservoir 
was undefined.66

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.67 The distribution of these organ-
isms has been shown to reflect the areas with highest sebum secretion, such as the 
back and chest.68 They have also been linked to dandruff, seborrheic dermatitis, 
pityriasis versicolor, folliculitis, atopic dermatitis, and psoriasis.69 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.70,71

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.47 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.72 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.72

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.73–76 Skin infections have been shown to be more significant as humans age.77 
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.78 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.79–81

86.9 million people (32.4% of the population) are considered to be colonized with 
S. aureus.82 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.83,84

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.85 In the last few years, Corynebacterium species have gained 
interest due to the increasing number of nosocomial infections with which they are 
being associated.86,87

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.88 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.89

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.90

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.90 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.90 The ability of some of the bacteria within the relatively sta-
ble communities that associate with human skin to form xenobiotic agents91,92 and 
become involved in antagonistic interactions93 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.”1 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.1

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,2 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.3,4

Cytokine profiles in ulcers differ from those in acute wounds (trauma),5,6 and 
in fact, they may be inadequate in ulcers, which is assumed to contribute to the 
poor healing tendencies by disrupting optimal signaling pathways.7 These phenom-
ena (and many others) confirm the chronically inflamed status of an ulcer,8 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 1014 microbial cells.9 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 healing10,11 
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.
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.
The use of modern dressings in burn care is not as common,•	 12 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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Ulcers also have a much poorer tendency to heal unless the underlying eti-•	
ology is treated (i.e., offloading in diabetic foot ulcers,13 compression or 
vein stripping in venous leg ulcers14).
Skin grafting for ulcers is not very successful•	 15 when compared to wounds, 
and infection in grafted wounds is not as common as in grafted ulcers.16

Pinch grafting generates even poorer results in ulcers and is not used in •	
trauma care.17

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.18,19 Alternatively, the ulcer may be extensively debrided or excised into 
healthy tissue and may be closed primarily with sutures (rare), a graft, or flap.19

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 ulcer20 (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.21 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).22 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.23

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.24 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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Surgical 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.25 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.26 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.27

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.28

In the United States, an estimated 500,000 burn injuries require treatment every 
year,29 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.30 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:

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.
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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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.
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.31,32 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.33 
Contact with molten metal, hot coals, or other high-temperature agents 
leads to very deep injuries.
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.34 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.
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,35,36 
and unusual infections such as phaeohyphomycosis.37 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,38 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.39
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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 (TNFα), and transforming growth factor-beta (TGFβ).40,41 
The entire process is also called cutaneous radiation syndrome, and the expression 
of some of the cytokines is dose dependent.42

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.43

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,44 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.45

Laser Doppler flowmetry is promising. In experimental and clinical research, the 
technique was proven to be reliable.46,47 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.47–50

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.51–53 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.54 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.55 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.56 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:57 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 
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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.58

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:22 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”59,60 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.61 This condition, which is still associated with a high 
level of morbidity and mortality,62,63 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.64,65

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.

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,66–68 and decreases edema in the wound.69 
Rapid cooling is important because tissue temperatures above 45°C will 
continue to cause local injury.70 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.
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.71

Tar and asphalt burns should be cooled first. The causing agents will stick •	
to the skin. Using a solvent72 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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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.73–79 Therefore it is always important to identify the chemical 
agent that caused the injury.
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.
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 hours80 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 

Burn Center Referral Criteria

Partial-thickness burns of greater than 10% of the total body surface •	
area
Burns that involve the face, hands, feet, genitalia, perineum, or major •	
joints
Third-degree burns in any age group•	
Electrical burns, including lightning injury•	
Chemical burns•	
Inhalation injury•	
Burn injury in patients with preexisting medical disorders that could •	
complicate management, prolong recovery, or affect mortality
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.
Burned children in hospitals without qualified personnel or equip-•	
ment for the care of children
Burn injury in patients who will require special social, emotional, or •	
rehabilitative intervention

Source:	 Guidelines for the Operation of Burn Centers (pp. 79–86), Resources for Optimal Care 
of the Injured Patient 2006, Committee on Trauma, American College of Surgeons.

Figure 3.2  Burn center referral criteria.
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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.
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.
Similarly, guidelines from a burn center are advisable when one is consider-•	
ing escharotomies.81,82 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.83

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 is reorganized. 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 TNFα, PDGF, and 
TGFβ, seems to play a major role in the development of hypertrophy.84

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.85 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.28,86 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.85

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,87–90 with or 
without silicon sheeting as a contact layer on the wound.91–93 Corticosteroid injections 
are also used,94,95 and other therapies are being developed as well, among them the use 
of different types of laser,96,97 and possibly the use of pharmacological agents.98

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.99–101

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.102–104 Prevention and treatment of 
keloids is even more difficult than that of hypertrophic scarring105–109 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 tissue110) 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.111 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.112 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.113 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.114

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.115 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.116
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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,117 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.118

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.119

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.120

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).121 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.122–126 In large burns, and particularly in older adult patients with frail skin, 
donor sites may also be difficult to heal.127 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.12 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.128

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.129

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.130

Diagnosis

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.131 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.132 Surgical exploration involves complete excision of 
all necrotic tissue; simple drainage is not enough.132 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.133 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,134 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.135 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.136

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%.137 About 
one-half of survivors will have sequelae, especially on the eyes.138

The two conditions are distinguished on the basis of the degree and extent of blis-
tering and other symptoms. A genetic predisposition might exist.139 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 characterized by extensive exfoliation, and if not treated properly 
and promptly, secondary sepsis and death may occur. Mucous membrane involvement 
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can result in respiratory failure, gastrointestinal hemorrhage, and ocular (corneal 
ulcers, which may lead to blindness) and genitourinary complications.

A dozen “high-risk” medications account for 50% of cases. Anticonvulsants, 
antibiotics (penicillins), NSAIDs (nonsteroidal anti-inflammatory drugs), sulfon-
amides, and allopurinol are often quoted as the drugs most commonly responsible 
for TEN and SJS.140,141

TEN needs to be distinguished from staphylococcal scalded skin syndrome. The 
appearance of both diseases is similar, but the etiology is different. The latter disease 
is caused by staphylococcal toxins and needs to be treated as such. A biopsy shows 
histological differences.142

Typical symptoms include painful, rapidly expanding rashes and exfoliation of 
skin with considerable pain. As mentioned, mucosal areas are often involved.

Because the treatment of the disease is similar to that of burn victims, hospital-
ization in a burn unit is typically required. Treatment includes discontinuation of 
the offending drug, isolation of the affected areas to prevent infection, protective 
bandages, antibiotics, and general prevention of shock. Prompt referral to a burn unit 
is recommended.

More specific treatment (i.e., administration of systemic corticosteroids, the use 
of immunoglobuline intravenously) is still somewhat controversial.140

Skin Tears

Skin tears are small avulsion injuries. They occur most commonly in older adults 
and are the result of friction and tear. The pretibial area is most commonly involved, 
but the lesions also occur on other anatomical areas with thin or fragile skin, such 
as the dorsum of the hand or the elbows. Skin tears may be caused by an accident, 
but in the frail skin of older adults they may even be caused by rapid removal of an 
adhesive dressing. The exact incidence of skin tears is not known, but data gathered 
in a long-term care institution indicate that more than 95% of all injuries not related 
to falls were actually skin tears and bruises.143

Skin tears may involve not only the epidermis but can also be full thickness. 
Usually, the lesion retracts somewhat and part of the underlying tissues is visible. 
The diagnosis is straightforward.

Although a small percentage of patients will develop wound healing problems, 
most lesions will heal fairly quickly with proper wound care, including moisture-
retentive dressings.

If a lesion is retracted, approximation may be attempted. However, too much ten-
sion has to be avoided because this may result in flap necrosis.144

Pretibial Laceration

A pretibial laceration may resemble (and actually be) a skin tear. However, the clas-
sical pretibial laceration is the result of knocking the leg or falling against a hard 
object. The typical lesion occurs in older adults and has a V shape. If the vasculariza-
tion of the flap is minimal, flap necrosis may occur. Specific algorithms for treatment 
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have been developed.145 Treatment depends on the level of bacterial contamination, 
the viability of the skin flap, and general (overall health) and local (wound area) con-
ditions and stretches from the use of simple dressing to reconstructive surgery.

Zoonoses: Bite and Scratch Wounds

Animal (and human) bites may cause minimal to very serious diseases. Aside from 
the numerous types of neurotoxins and other specific systemic venoms that poison-
ous animals may inject through their bite, being bitten may also result in serious 
local symptoms, including infection,146 crush injuries, and serious tissue defects, and 
being scratched may lead to infections such as cat-scratch disease.147

Generally speaking, superficial bites and scratches, without deep puncturing 
through the skin, cause lesions that will rapidly heal. However, deep punctur-
ing wounds need exploration and opening, because saliva of animals as well as 
humans contains a great deal of potentially harmful bacteria. Large animals may 
also cause crush injuries, tissue loss, and other lesions such as open fractures, tendon 
and nerve laceration, persistent deep infection including osteomyelitis, and so forth, 
which all require exploration.148 Primary closure of a deep bite is never to be recom-
mended, because with the bacterial contamination, serious infectious complications 
may readily occur. For deep bites, prophylactic antimicrobial therapy and tetanus 
prophylaxis are indicated.

The consequences of bites from animals such as arachnoids (i.e., spiders and scor-
pions) range from few symptoms to gangrenous skin necrosis or even death.149,150 
The severity of the symptoms depends on the species of the animal and the type of 
venom. Many cytotoxic venoms cause a dermonecrotic reaction, leading to ulcer-
ation that sometimes requires extensive treatment.

Road Rash, Abrasions, Mechanical Blisters

A sliding scale exists on the size and seriousness of abrasions and road rash. The 
morbidity depends on size, depth, and contamination. However, most of these inju-
ries are small.

Depending on their depth, some punctate bleeding may be observed, but lesions 
may also be deeper with partial exposure of subcutaneous tissues.

Treatment primarily consists of cleansing and removing debris. Although this is 
certainly not always possible, an attempt is necessary because nonremoval may lead 
to infection or, later, a traumatic tattoo. Disinfection is often necessary, particularly 
in deeper lesions, and tetanus prophylaxis may be necessary as well. Prophylactic 
antibiotics are usually not indicated.

A simple moisture-retentive dressing may be sufficient, but in deeper lesions 
grafting may be necessary.

Mechanical blisters usually have only superficial lesions underneath the blister 
roof, and they will heal quickly. In healthy patients lesions rarely infect. If the blister 
roof is intact, a simple support dressing (i.e., a polyurethane film or a thin hydrocol-
loid) may be used to protect and support it. The blister roof will function as a biologic 
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dressing. The blister may also be punctured (after disinfection) to allow for drainage 
of the wound fluid. Again, a support dressing may be needed after drainage.

Chronic Wounds: Their Occurrence and Impact

Ever since man first injured himself, the question of wound healing and how to treat 
wounds has been discussed. Most wounds heal promptly and without a problem, 
but some are very slow to heal and some just do not heal. It has been suggested 
that there are more than 6,000,000 persons in North America alone with wounds that 
have delayed healing. What is meant by a wound that does not heal promptly? The 
Wound Healing Society defines a “chronic wound” as one “that has failed to proceed 
through an orderly and timely repair process to produce anatomic and functional 
integrity.”1 In simpler terms, a chronic wound is one in which the healing is delayed 
longer than 3 weeks.

The most prevalent chronic wounds are diabetic foot ulcers, venous leg ulcers, 
ischemic ulcers, and pressure (decubitus) ulcers (Table 3.1), although numerous other 
types may be found related to medical 
conditions, such as sickle cell disease, 
rheumatoid arthritis, and inflammatory 
bowel disease. Certain infections and 
tropical diseases can result in hard-to-
heal ulcers. Wounds caused by trauma 
or operative procedures can become 
chronic wounds. Even malignancies can 
present as wounds of the skin that are not 
healing. Unfortunately, the cost of treat-
ing these wounds in the United States 
and worldwide is estimated to be in the 
billions of dollars, and consumes large portions of the annual health care budget of 
the United States and many underdeveloped countries.151–156 These are just the direct 
costs of treating patients with these chronic wounds and ulcers. The indirect costs 
are much higher when considering the lost workdays, inconvenience to the families, 
and social and mental toll on the patient and family. It has been reported that chronic 
leg ulcers result in 2 million lost workdays in the United States per year.157 In the 
treatment of Buruli ulcer patients in Ghana, Africa, the indirect costs can be up to 
70% of the total treatment cost for the patient.158 Chronic wounds are the new global 
epidemic in medicine.

There are a number of known factors that influence wound healing (Table 3.2). If 
these factors are not recognized or addressed, many wounds will not heal appropri-
ately or in a timely manner. Studies have shown that if a wound heals within 2 weeks, 
there is a good chance of a favorable cosmetic outcome,159 but if the wound takes 
longer than 2 weeks to heal, there is a significant tendency for unsightly scarring160 to 
occur. Unfortunately, these are not the only factors involved in recalcitrant wounds.

Chronic wounds are generally considered acute wounds that have failed to prog-
ress through the normal phases of wound healing (Table 3.3). When wounds fail to 
progress, they become “stuck” in the inflammatory phase of wound healing. This 

Table 3.1
Chronic Wounds
Diabetic foot ulcers Vasculitic ulcers

Venous leg ulcers Traumatic wounds

Ischemic ulcers Operative wounds

Pressure (decubitus) ulcers Radiation wounds

Malignant ulcers Hematologic wound

Inflammatory ulcers Infectious wounds
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prolonged inflammatory state results in a wound microenvironment that is not con-
ducive to healing. The levels of proinflammatory cytokines are significantly elevated 
in chronic wounds compared to healing wounds, and once the inflammatory cytokine 
level returns to a more normal level, the wounds begin to heal.161,162 A second finding 
in the microenvironment of wounds that are not healing is that of increased levels 
of proteases. Numerous proteases are necessary for normal wound healing, but in 
the poorly healing wound, the levels of proteases remain elevated and the level of 
protease inhibitors is low.5,163 Ladwig and associates showed that the ratio of pro-
teases to the protease inhibitors is critical in the healing of pressure ulcers.164 If this 

Table 3.2
Factors Influencing Wound Healing

Systemic Factors Wound Factors
	 1.	 Inadequate perfusion (ischemia)

	 2.	 Inflammatory conditions

	 3.	Nutritional factors

	 4.	Metabolic diseases

	 5.	 Immunosuppression

	 6.	Connective tissue disorders

	 7.	Social issues (smoking, alcohol 
abuse, drug abuse)

	 8.	Age

	 9.	Mental status

	10.	Hormones

	11.	Ethnicity

	12.	Peripheral neuropathy

	13.	Genetic factors

	14.	Medications

	 1.	Mechanical injury/pressure

	 2.	 Ischemic/necrotic tissue

	 3.	Edema/lymphedema

	 4.	 Infection/bioburden

	 5.	Wound moisture balance

	 6.	Topical agents

	 7.	 Ionizing radiation

	 8.	Low oxygen tension

	 9.	Foreign bodies

	10.	Molecular factors

	11.	Cellular factors

	12.	Microcirculatory factors

Table 3.3
Four Phases of Normal Wound Healing
	 1.	 Hemostatic phase—Occurs after injury, stopping bleeding and resulting in a fibrin matrix being 

established. Platelets are brought into the wound releasing growth factors to continue the healing 
process.

	 2.	 Inflammatory phase—Occurs when white blood cells and macrophages arrive in the wound. 
Allows for removal of foreign material and damaged matrix components. Other growth factors are 
delivered into the wound bed.

	 3.	Proliferative phase—Occurs when new cells migrate into the wound and repair of the defect 
begins. New capillaries and matrix develop in the wound bed. Keratinocytes proliferate and close 
the wound by migrating over the newly formed granulation tissue bed.

	 4.	Remodeling phase—Occurs as the cellular density of the wound returns to normal levels. The 
matrix is remodeled to a more normal structure with tensile strength approximating normal skin.

© 2010 Taylor and Francis Group, LLC



An Introduction to Wounds	 107

imbalance persists and the protease levels remain elevated, damage to the forming 
tissue matrix, reduced growth factor and growth factor receptor levels, and delayed 
wound healing will result.165

Cells in the abnormal microenvironment of the chronic wound show a decrease in 
mitogenic activity, fail to respond normally to growth factor stimulation, and show 
all the signs of senescence.162,166 A significant number of fibroblasts from the mar-
gin of chronic venous ulcers show signs of senescence compared to fibroblasts in 
the skin of the thigh of the same patient.167 Interestingly, when grown in tissue cul-
ture, neonatal foreskin fibroblasts did not show signs of senescence until exposed 
to wound fluid collected from the ulcer bed.168 This implies that the inflammatory 
environment and cellular damaging component of the chronic wound may reside in 
the chronic wound fluid.

Another difference in the healing wound and the chronic wound is the difference 
in growth factor levels. In the chronic wound, the level of a number of growth fac-
tors has been found to be reduced.169 Decreased production of growth factors and 
increased destruction of them by the increased proteases result in a wound that is not 
prepared to heal.

A general profile of the chronic wound can be derived from the following observa-
tions. The wound that is slow to heal has high levels of inflammatory cytokines and 
high levels of proteases which results in a destroyed, disrupted matrix, low mitogenic 
activity, and cells that are not responsive to the environment (senescent). Strategies to 
treat these basic problems are needed to correct these cellular imbalances and return 
the wound to a healing phenotype.170

Venous Ulcer

Each of the particular types of chronic wounds presents its own particular prob-
lem. Venous leg ulcers can be seen in up to 3% of the population in the United 
States.171,172 These ulcers have a major economic impact on the healthcare budget. 
Recent studies have shown that the cost to heal a single venous ulcer ranged from 
$1873 to $15,052.173

In addition to the financial cost to the patient and society, there are many 
uncounted costs in the patient’s impaired quality of life. A large, open, draining, 
foul-smelling hole in the leg may well lead to social isolation, depression, and loss 
of positive self-image. It is unlikely that the patient with such an ulcer will want to 
attend or be invited to a social activity. Venous leg ulcers account for over 2 million 
days lost from work annually.157 Decreased mobility and productivity are sources of 
additional disability, requiring family or home health care provider involvement.

The incidence of chronic venous insufficiency or postphlebitic syndrome is twice 
as common in women as in men. Women may develop the problem at an earlier 
age than men (55 years compared to 61 years of age). In the patients who have a 
history of thrombophlebitis, the clinical findings and symptoms of chronic venous 
insufficiency or the postphlebitic syndrome will develop in 20% to 50% of them 
within 5 years of having the disease. This unfortunately is true even if the throm-
bophlebitis is appropriately treated with anticoagulation or thrombolytic therapy. If 
a venous ulcer develops, it will do so an average of 7 years following the episode 

© 2010 Taylor and Francis Group, LLC



108	 Microbiology of Wounds

of thrombophlebitis. This is not absolute and may range from as short a period as 
2 years to as long as “several” decades.174

The cause of chronic venous insufficiency is damage to the valves in the veins 
of the lower extremity. The damaged venous valves allow the blood to pool in the 
legs, resulting in ambulatory venous hypertension. This increased venous pressure 
causes the signs and symptoms of chronic venous insufficiency or the postphlebitic 
syndrome. It has been suggested that up to 76% of venous ulcers are the result of 
ambulatory venous hypertension.175

Thrombophlebitis is a common cause of valvular incompetence, often occur-
ring postpartum or postoperatively. The inflammatory reaction in the vein results 
in scarring and fibrosis of the valves, causing incompetence. Because there is 
no history of thrombophlebitis in 20% to 40% of patients, other causes of dam-
aged valves and venous insufficiency need to be investigated. Valve damage can 
occur after saphenous vein stripping procedures. The increase in access to the 
central venous system by femoral venous catheterization has resulted in valve 
damage. Contrast phlebography can cause valve problems. Trauma to the legs 
and fractures can lead to valve incompetency. Recently, an increased incidence 
of chronic venous insufficiency and valve damage following total knee replace-
ment surgery has been noted (personal observation, T. Treadwell). Investigations 
are ongoing to define the nature of this relationship. Unfortunately, a number of 
patients with chronic venous insufficiency and valve incompetence have no cause 
that can be identified.

Although venous insufficiency is implicated in the development of venous ulcer-
ation, what actually happens at a cellular level to cause skin breakdown remains 
unclear. Theories postulating a causal link in respect of venous ulcer development 
have been proposed. Three of these are briefly described to provide an overview of 
current thinking.

The fibrin cuff theory involves the leakage of fibrinogen through endothelial pores 
that have enlarged due to the venous hypertension. The fibrinogen in the perivascular 
space becomes activated and converted to fibrin, forming a thick cuff around the 
capillary. This fibrin cuff can prevent the diffusion of oxygen and nutrients to the 
surrounding tissues, resulting in death of the cells and an ulcer.176 It is interesting 
that dermal pericapillary fibrin cuffs have been noted in nonulcerated but lipoder-
matosclerotic skin.177 Recent work has shown that these cuffs of fibrin may not be a 
continuous barrier around the dermal vessels. They may, however, act as a physiolog-
ical barrier affecting oxygen and nutrient perfusion in the dermis.178 Controversially, 
Balslev et al. stated that fibrin deposits do not play a major causal role in chronic leg 
ulcers following a study of 19 patients with venous insufficiency and 14 patients with 
ischemic ulcers.179

The “trap” theory involves macromolecules present in the tissues. With venous 
hypertension, the macromolecules become active and “trap” (inactivate) growth fac-
tors and other cytokines essential for skin repair and maintenance of skin integrity. If 
the skin becomes damaged in any way, the factors necessary for repair are unavail-
able. The result is that the skin breaks down, forming an ulcer.180

The leukocyte trapping theory proposes that venous hypertension causes leu-
kocytes to accumulate in the vessels of the lower limbs, aggregate, and occlude 
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capillaries. The leukocytes (inflammatory cells) become activated and release 
toxic metabolites—free radicals and proteolytic enzymes that damage the capillary 
endothelium and spill out into the surrounding tissue space, damaging these cells as 
well. The continuing destruction results in breakdown of the skin and the formation 
of an ulcer.181

Genetic factors have been noted to increase the susceptibility of some patients to 
develop venous ulcers. Polymorphisms of certain genes have been associated with 
venous ulcers.182,183 Abnormalities of gene expression may also account for the devel-
opment of venous ulcers in other patients.184–186 Work is continuing on the clinical 
importance of these findings in the majority of patients with chronic venous ulcers.

Venous ulcers can be associated with other conditions. A recent study has shown 
the association of venous ulcers with HIV/AIDS, especially if the patient had a his-
tory of intravenous drug abuse.187 This would suggest that the evaluation for a venous 
ulcer that is not responding to therapy might need to include a test for HIV, especially 
if there is a history of intravenous drug abuse. None of the HIV-positive patients with 
venous ulcers who have been treated at the Institute for Advanced Wound Care, 
Montgomery, Alabama, have had a history of intravenous drug abuse, and in our 
experience these patients must have their primary disease treated and under control 
before the venous ulcer will respond to any therapy.

Interesting associations between venous ulcers and other conditions have been 
noted. In a study by Margolis and his associates of 44,195 postmenopausal women, 
the incidence of venous leg ulcers and pressure ulcers was 30% to 40% less if the 
patients were taking estrogen replacement therapy.188 It has been shown that estro-
gen therapy will decrease neutrophil chemotaxis and localization in the wound bed, 
decrease wound elastase activity, increase fibronectin and collagen in the wound, 
and increase the healing rate.189,190 It has been suggested that treatment with intermit-
tent topical estrogen therapy may be as effective as systemic therapy.190

All of these theories and associations may play a role in the ultimate formation of 
the ulcer, but regardless of the mechanism, the clinical picture is the same. Patients 
with chronic venous insufficiency or the postphlebitic syndrome all have edema of 
the legs (Figure 3.3), pain in the legs (usually a tightness or bursting type of pain), 
dermatitis of the skin of the lower legs (Figure 3.4), and subcutaneous fibrosis (lipo-
dermatosclerosis) (Figure 3.5). Many patients will have varicose veins (Figure 3.6). 
A venous ulcer can follow (Figure 3.7).

In the evaluation of the lower extremity ulcer, it is most important to be sure of 
the etiology. Not all ulcers of the lower leg are venous ulcers. Ulcers due to vasculitis 
or other causes can masquerade as venous ulcers and thus not respond to therapy. 
Malignancy can present as a lower leg ulcer or even develop in a long-standing ulcer 
(Figure 3.8), and has been reported to be as frequent 
as 2.2 per 100 patients.191 The clinician is encour-
aged to biopsy any wound that has not responded to 
therapy within 3 months, or one that just does not 
“look right” (Table  3.4).191–193 When undertaking a 
chronic wound biopsy for diagnostic purposes, it is 
recommended that a wedge biopsy of the edge of the 
lesion be taken to include a portion of the normal 

Table 3.4
Indications for Biopsy
Ulcer present more than 3 months

Ulcer unresponsive to therapy

Ulcer that “just doesn’t look right”
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Figure 3.4  (Please see color insert following page 114.) Varicose eczema.

Figure 3.3  (Please see color insert following page 114.) Edema of the lower limb.
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Figure 3.5  (Please see color insert following page 114.) Lipodermatosclerosis.

Figure 3.6  (Please see color insert following page 114.) Extensive varicose veins.
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tissue around the wound margin in addition to a portion of the wound bed. This will 
allow the pathologist a chance to compare the normal tissue to that in the wound bed 
so that an accurate diagnosis will be possible.

Diabetic Ulcer

The diabetic foot is a common and serious problem. There are approximately 
16,000,000 diabetics in the United States, and approximately 15% will develop a foot 

Figure 3.7  (Please see color insert following page 114.) Venous ulceration.

Figure 3.8  (Please see color insert following page 114.) Malignant ulcer masquerading 
as a venous ulcer.
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problem during the course of their disease.194,195 Diabetic foot problems account for 
two-thirds of the major amputations in the United States each year, or about 82,000 
amputations annually.196 This is even more important from a worldwide standpoint 
because the incidence of diabetes varies among ethnic groups. In Mexico 4 to 6 mil-
lion people have diabetes—roughly 8% to 12% of the population. Over 75,000 limbs 
were lost to diabetic foot ulcers in Mexico in 2000.197 There are 7 to 8 million people 
in Sub-Saharan Africa with diabetes mellitus.198 Diabetes is the leading cause of 
morbidity and mortality in this area of Africa.199 Up to 9.5% of these patients will 
develop a foot ulcer.200 In Cameroon the incidence of diabetic ulcers ranges from 11% 
of outpatients to 25% of hospital inpatients.201 Unfortunately, the foot ulcer is the pre-
senting symptom of diabetes in 26% of patients.202 Up to 33% of patients admitted to 
the hospital in Tanzania with a diabetic foot ulcer will have a major amputation dur-
ing that visit.203 The mortality rate in this group of people can be as high as 54%.201 
From a financial standpoint, diabetic foot problems cost the United States healthcare 
system $1.45 billion between 1995 and 1996.204 In some underdeveloped countries, 
diabetes care and foot ulcer management can consume a significant percent of the 
health resource budget per year. The figures mentioned only include the direct cost 
to the healthcare system. As previously mentioned, the indirect cost in lost days 
from work, disability, and other items can add up to 70% of the cost of treating lower 
extremity ulcers.158

The etiology of diabetic foot ulcers can vary to some degree. Diabetic peripheral 
neuropathy has been cited as being the most important factor leading to the develop-
ment of a diabetic foot ulcer. Diabetic angiopathy accounts for diabetic foot ulcers 
that are mostly ischemic. There is a group of mixed neuropathic and ischemic ulcers 
as well. In the United States, 45% to 60% of diabetic foot ulcers are neuropathic with 
40% to 50% being of ischemic or mixed etiology.205 In Africa, 87% of diabetic foot 
ulcers are due to diabetic neuropathy, with only 13% of foot ulcers being of ischemic 
or mixed etiology.202 This is due to the very low incidence of peripheral vascular 
disease in Africa. Only 36% of patients in one African study had peripheral vascu-
lar disease,202 but this number is increasing.199

Diabetic foot problems can present in a variety of forms, including heavy callous, 
infected toe, ingrown toenail, a foreign body in the foot, a seemingly insignificant 
injury that has not healed, an infected foot with an abscess, or gangrenous toes or foot. 
All of these can be seen when managing diabetic foot problems. No matter how insig-
nificant the problem may seem when the patient is first assessed, each problem could 
potentially result in the loss of the patient’s limb and should be taken very seriously.

In the approach to the patient with a diabetic foot problem, the whole patient 
must be evaluated, not just the foot, if good results are to be realized. The status of 
the patient’s diabetes must be evaluated, because good blood sugar control is essen-
tial for healing of a diabetic foot problem. We have known for years that patients 
with diabetes mellitus experience wound recalcitrance. Studies now have shown the 
effects hyperglycemia has on the wound environment and identified the cells caus-
ing deficient wound healing. Hyperglycemia results in a decreased proliferation and 
differentiation of keratinocytes and fibroblasts in the wound.206,207 Keratinocytes and 
fibroblasts exposed to an environment of high glucose levels do not migrate into 
the wound normally.206,208 Cells in the diabetic patients do not respond normally to 
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growth factors, thus impeding wound healing.206,209 Cells exposed to abnormal levels 
of glucose fail to produce normal levels of DNA and protein, and eventually stop rep-
licating.210 Dr. William Marston and his group showed that lowering the hemoglobin 
A1c in patients with diabetic foot ulcers will result in a 16% increase in healing when 
treating the wound with control of infection and a moist healing environment.211 This 
emphasizes the importance of control of patients with diabetes, especially those who 
are being treated for a diabetic foot ulcer.

Because peripheral neuropathy is a common problem in the diabetic, it is impor-
tant to test for this in the patient with diabetes or a diabetic foot ulcer. Unfortunately, 
the peripheral neuropathy involves the sensory, autonomic, and motor nerves. The 
most common test to determine the presence of diabetic neuropathy is the Semmes-
Weinstein nylon monofilament test. The basis for the test is to press a monofilament 
nylon that requires 10 grams of pressure to flex against the sole of the foot. If the 
patient cannot feel the filament at the time it flexes at two or three locations on the 
bottom of the foot, the diagnosis of peripheral neuropathy can be made. It is impor-
tant to avoid scars and calluses when doing the test to avoid false-positive results. 
This is a simple and reproducible test that should be done for all diabetic patients at 
every visit until the diagnosis is made. If a monofilament is not available, as is the 
case in many underdeveloped countries, our experience has shown that an extended 
point of a ballpoint pen will substitute. Gently press a ballpoint pen on the skin of 
the foot until it indents the skin just slightly. If the patient is unable to feel the point 
of the pen, a diagnosis of peripheral neuropathy can reasonably be made.

Another method of detecting peripheral neuropathy is by using a 128 Hz tuning 
fork. Touch the vibrating tuning fork to the toes or to the metatarsal head area of the 
foot. If the patient does not feel the vibration, the diagnosis of peripheral neuropathy 
can be made.212

Because the neuropathy involves all of the nerves, symptoms may be widespread 
and varied. Symptoms from sensory nerve involvement include paresthesias in a 
stocking-like distribution, superficial and deep shooting pains, loss of vibration sense 
and proprioception, and eventually a totally insensate foot. This is a major problem 
because the patient cannot feel injuries or other problems with the foot that would 
be very painful to anyone without neuropathy. This leads to delays in recognition of 
potential problems, in underestimating the severity of the injury or problem, and in 
delays seeking medical help. Education for patients with diabetic neuropathy is criti-
cal if the morbidity of diabetic foot ulcers and injuries is to be reduced.213

The changes in the autonomic nerves are just as severe but not as dramatic. 
Autonomic neuropathy results in dryness and fissuring of the skin of the foot and toes 
which can predispose the patient to an infection. It also results in loss of autonomic 
nerve control of the small vessels of the extremities and other microcirculatory dis-
ruptions. This can result in the patient’s feet taking on a deep red hue when they 
are in a dependent position. This condition is called dependent rubor and is seen in 
patients with lower extremity ischemia or autonomic neuropathy. To the uneducated 
eye, this may have the look of cellulitis of the foot. To distinguish between the two, 
elevate the patient’s foot. In patients with ischemia or autonomic neuropathy, the foot 
will lose its red color on elevation, whereas in patients with cellulitis, the limb will 
remain discolored.
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A most devastating and severe outcome of autonomic and sensory neuropathy 
is the neuropathic or Charcot foot. This occurs when the effects of the neuropa-
thy result in weakening of the bones of the mid-foot, with fracture and collapse. Many 
deformed feet are the result of simple fractures that have been ignored because of the 
lack of pain.214 Many physicians mistakenly believe that once a Charcot deformity 
develops, treatment is not possible. Treatment is not only possible but can be success-
ful. With complete immobilization of the limb, most will heal. Patience is a virtue 
because neuropathic fractures require two to three times longer to heal than bone 
with normal sensation.214 After the bones become stable, reconstruction by a surgeon 
skilled in the reconstructive techniques can result in limb salvage and mobility.215

The involvement of the motor nerves results in wasting of the intrinsic muscles of 
the foot with a dorsal subluxation of the digits due to a flexor–extensor imbalance. 
This causes an abnormal distribution of the weight on the plantar aspect of the foot 
causing pressure points under the metatarsal heads. This can lead to development of 
ulceration (mal perforans ulceration).

Once an ulcer develops, the most serious complication is an infection. Unfortunately, 
the classical signs of infection are masked by the effect of the diabetes mellitus result-
ing in delay in diagnosis and delay in seeking medical attention. If the infection pro-
gresses, osteomyelitis can result. The incidence of osteomyelitis can vary widely, but 
the probability of a patient developing osteomyelitis is close to 15%.216

How is the diagnosis of osteomyelitis made? The “gold standard” for the diagno-
sis of osteomyelitis is a bone biopsy and culture.217 Swab cultures have no diagnostic 
significance in the osteomyelitis.218 Magnetic resonance imaging is the radiologic 
procedure of choice, being accurate in 89% of the cases.219 For a comprehensive 
review of osteomyelitis of the diabetic foot, the reader is referred to the article by 
Sonia Butalia and coauthors.217

Circulation in the diabetic foot must be evaluated because up to 50% of patients 
with a diabetic foot ulcer will have peripheral vascular occlusive disease.205 The vas-
cular disease seen in the diabetic involves both the large vessels (macroangiopathy) 
and the small vessels (microangiopathy) in the extremity. The macroangiopathy in 
the diabetic patient is more diffuse, involving multiple arterial segments compared 
to the patient without diabetes. It frequently involves collateral vessels, making the 
ischemia more profound. The occlusive disease involves the infrapopliteal vessels 
more frequently than in the nondiabetic. Unfortunately, the involvement is frequently 
bilateral, enough so that it has been named the “second limb syndrome.”220–222 The 
microvascular disease noted in the small vessels of the diabetic involves thickening 
of the basement membrane of the vessel. The thickening extends to the adventitial 
side (outside) of the blood vessel. This results in a thicker vessel wall, which may 
impede the diffusion of oxygen and nutrients to the tissue but does not occlude the 
lumen of the vessel. Even despite the presence of the microvascular disease common 
in the lower extremity of the diabetic patient, limb revascularization is just as suc-
cessful in the diabetic as in the nondiabetic.223 The current use of endovascular tech-
niques has made the risk of revascularization in these seriously ill patients safer.

The role of prevention is rarely mentioned in the management of the diabetic 
foot; however, it should be one of the most important topics discussed. Because the 
treatment of diabetic foot ulcers and their complications is such a large economic 
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burden, perhaps more time and effort should be spent preventing them. To accom-
plish that, many factors have to be considered. A surveillance system must be put in 
place to collect data about the complications of the diabetic foot. Identification of the 
most important factors for each population is critical. Characterization of individual 
populations at higher risk for the development of diabetes mellitus and its complica-
tions must be done. Once these programs are in place, only then can appropriate, 
population-specific preventative measures be outlined.224 For example, an association 
between smoking and the onset of Type II diabetes mellitus has been noted. Patients 
who currently smoke or have smoked in the past and quit still make up 12% of the 
newly diagnosed cases of Type II diabetes mellitus.225 This information should lead 
to more stringent screening of smokers for the disease. Another example is that the 
diabetic with predominately peripheral vascular disease needs a different interven-
tion and prevention strategy than does the diabetic with predominately peripheral 
neuropathy. Until the importance of this information is appreciated, the reduction in 
the morbidity, mortality, and cost of treatment of diabetic foot problems is unlikely 
to significantly decrease.

Pressure Ulcers

Pressure ulcers have been a problem through the ages. In early times these ulcers were 
most commonly seen in young people with wasting diseases, mostly because people 
with chronic diseases did not live long enough to develop one. Originally these ulcers 
were called decubitus ulcers from the Latin decumbere, which means “to lie down,” 
echoing the most frequent etiological link. The majority of the pressure ulcers today 
are found in immobile patients and spinal cord injury patients. The problem is of major 
magnitude today. Two and one half million patients in acute care facilities are treated 
for pressure ulcers each year.226 Sixty thousand patients die each year of complica-
tions of pressure ulcers.227 Amazingly, the incidence of pressure ulcers in hospitalized 
patients increased 63% between 1993 and 2003.228 A seemingly forgotten group of 
patients suffering from pressure ulcers are children. Pressure ulcers can be a problem 
in 3% to 4% of pediatric hospital admissions.229 The economic burden of pressure 
ulcers is tremendous, with estimated cost of $11 billion per year to treat them.227

The development of a pressure ulcer in the hospital setting is a significant problem 
for the patient in that it can delay discharge from the hospital, predispose the patient 
to potential serious infections, and cause pain related to the ulcer and its treatment.227 
There is a significant mortality associated with developing a pressure ulcer in an 
acute care setting.227

The factors predisposing one to develop a 
pressure ulcer are limited mobility, reduced 
sensation, moisture, friction, and shear forces 
(Table 3.5). Friction and shear forces are the fac-
tors most commonly responsible for superficial 
(Stage I and Stage II) pressure ulcers. This is 
compounded by the presence of moisture on the 
skin in the form of perspiration or incontinence. 
Friction occurs when the skin slides or is pulled 

Table 3.5
Predisposing Factors for 
Pressure Ulcer Development
Limited mobility Friction

Reduced sensitivity Shear forces

Moisture Malnutrition
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along a surface, oftentimes a bed sheet. The presence of moisture makes the skin 
more likely to be damaged during this event. Pressure, limited mobility, and shear 
forces are the factors most responsible for the deep tissue injury causing Stage III 
and Stage IV ulcers.

Identifying patients at risk for developing a pressure ulcer is important so that 
preventative measures can be directed at the population most likely to benefit. The 
various assessment tools include the Braden Scale and the Norton Scale.226 Each of 
these assesses different parameters in an attempt to identify and grade the patients 
at risk of developing pressure ulcers. The parameters include sensation, activity, 
mental state, mobility, moisture and continence, friction, and nutrition in various 
combinations. This will be part of the overall patient assessment for formulation of a 
“Prevention Pathway” to address each risk area and use individualized interventions 
to minimize the risk of developing a pressure ulcer.230

One of the difficult problems encountered in the discussion of pressure ulcers 
is the staging. Staging is defined as “an assessment system that classifies pressure 
ulcers based on anatomic depth of soft tissue damage.”231 It is important to note that 
the main measurement is the depth of the wound and not necessarily the size. It is 
important to stage ulcers so that treatment outcomes can be fairly determined and 
so that communication can be accurate. Unfortunately, significant confusion and 
limitations arise when attempts at staging are made. There are currently four stages 
recognized by the National Pressure Ulcer Advisory Panel (Table 3.6). Stage I is a 
nonblanching erythema of the skin. This is supposed to represent a minor skin prob-
lem that should respond to local care; however, many times the nonblanching sign 
means the skin has lost its blood supply and will continue to necrosis. At other times 
it may imply a lesion in which the subcutaneous tissue and possibly the muscle have 
already been damaged (a deep tissue injury). It is known that the first tissues dam-
aged by pressure are the deep tissues.232 New evidence supports the fact that pres-
sure ulcers resulting from deep tissue injury develop from the inside out as opposed 
to the outside in.233 As a result, patient documentation records that the patient has a 

Table 3.6
Stages of Pressure Ulcers
Stage I Redness or discoloration of the intact skin that does not blanch on pressure

Stage II Partial thickness loss of the epidermis, dermis, of both

Stage III Full thickness skin loss including subcutaneous tissue down to but not through the fascia

Stage IV Full thickness skin loss with damage to muscle, bone, and associated structures

Deep tissue 
injury

Purple or maroon localized area of discolored intact skin or blood-filled blister caused by 
damage to the underlying soft tissue

May evolve and become covered with eschar
Even with optimal treatment, the wound may evolve rapidly exposing additional layers 
wissue

Unstageable Ulcer with intact skin or covered with necrotic tissue
Unless the skin has been violated, no depth can be determined thus no staging can 
be done
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Stage I pressure ulcer and that within 48 hours the skin has turned black, the edge of 
the eschar loosens, and a large amount of foul-smelling drainage pours out. Much to 
everyone’s dismay, the patient now has a Stage IV pressure ulcer. This also implies 
that the Stage I ulcer progressed to a Stage IV ulcer. Stage I or Stage II ulcers do not 
progress to become Stage III or Stage IV ulcers.233 The pathophysiology of each 
type of ulcer is different because friction and moisture, the etiology of Stage I and 
Stage II ulcers, do not contribute to the development of Stage III or Stage IV ulcers. 
Because of the deficiencies in staging, the patient had a Stage IV or deep tissue injury 
ulcer from the beginning. The National Pressure Ulcer Advisory Panel has recently 
published a revised staging scheme that should help identify those patients with deep 
tissue injury.234

Stage II Pressure Ulcers

These ulcers are partial-thickness ulcers that involve damage to the epidermis and 
superficial dermis. This is seen as an abrasion, blister, or shallow crater in the skin. 
As noted, these lesions do not progress to deeper wounds because they are caused by 
friction and moisture and not pressure.

Stage III Pressure Ulcers

This type of ulcer is full thickness, involving loss of all layers of the skin and subcu-
taneous tissue. The damage can go down to but not through the fascia. Even patients 
with Stage III ulcers can have impressively large defects, especially if there is a large 
amount of subcutaneous tissue which has been lost.

Stage IV Pressure Ulcers

These ulcers are full thickness, involving all layers of the skin, the underlying sub-
cutaneous tissue, the muscle, and the bone. The the ligaments and joint capsule can 
be involved, resulting in an open joint.

Other Pressure Ulcers

There are pressure ulcers that should be declared “unstageable.” Ulcers with intact 
skin or eschar cannot be and are not to be staged. Staging is based on the depth of 
the wound. The appropriate time for staging of this type of pressure ulcer is after 
debridement when the true extent of the tissue damage can be assessed.

Reverse staging is a concept noted to occur as the wound heals. The ulcer is a 
Stage IV ulcer but with treatment begins to heal. Soon the bone is covered and the 
healing is above the fascial level. According to the staging definitions, the ulcer is 
now a Stage III. Unfortunately, the current staging systems do not allow for heal-
ing or for reverse staging.231 The healing wound must be identified as a “healing 
Stage IV pressure ulcer” until it completely closes.
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Prevention of Pressure Ulcers

Prevention of pressure ulcers is the goal for healthcare providers and institutions. 
Unfortunately, the optimal methods of pressure ulcer prevention have yet to be identi-
fied. One of the more obvious methods is to decrease the pressure on the bony promi-
nences when the patient is lying or sitting. Pressure-reducing surfaces may be static in 
which the mattress, mattress overlay, or wheelchair pad are filled with a deformable 
material to shift the weight off the bony prominences. They may be dynamic support 
surfaces in which the surface automatically shifts the pressure for the patient.227 In 
a large randomized control trial of 447 patients, no difference was found in the inci-
dence of pressure ulcers between the patients on static surfaces or those on dynamic 
surfaces,235 although others found the dynamic surfaces to be better.236

Repositioning has been the mainstay of pressure ulcer prevention. Turning the 
patient at regular intervals has been thought to reduce the pressure and maintain 
the circulation to the tissues under susceptible bony prominences. Unfortunately, 
there is no science to confirm the utility of repositioning the patient every 2 hours 
even though that is the most frequent interval selected. The only randomized con-
trol trial evaluating different positions in pressure ulcer reduction compared patients 
placed in the 30° tilt position with use of pillows compared to patients placed on their 
sides. There was no decrease in the incidence of pressure ulcer development between 
the two groups.237

The moisture environment of the skin is thought to play a major role in the develop-
ment of pressure ulcers. Moisture associated with friction is one of the risk factors for 
developing Stage I or Stage II pressure ulcers. It is interesting that when taken alone, 
urinary incontinence, a chief cause of moisture in patients at risk for pressure ulcer, 
is not an independent predictor for the development of an ulcer.238 Moisture does not 
contribute to the formation of Stage III and Stage IV ulcers.233 On the other hand, it 
is suggested that dry sacral skin can lead to the development of a presacral ulcer.239 A 
study involving skin treatment with a hyperoxygenated fatty acid preparation reduced 
the incidence of pressure 10% compared to the placebo group.240 The effect of the 
fatty acid preparation on the skin is thought to be protection against friction and pres-
sure.240 Other special formula moisturizers did not show any statistical improvement 
in pressure ulcer development compared to standard, commonly used lotions.

Nutritional support for patients at risk for pressure ulcer development seems rea-
sonable but is often ignored. Unfortunately, the evidence for nutritional status and 
the prevention and healing of pressure ulcers is marginal at best. Only one trial has 
shown a decreased risk of developing a pressure ulcer with nutritional supplementa-
tion.241 Even if nutritional supplements are found to be of benefit to undernourished 
patients, the exact nutrients that would be of the most benefit are not known.241

There are other factors that play a role in the prevention of pressure ulcers. 
Margolis et al. showed a 30% to 40% decrease in pressure ulcer and venous ulcer 
development in postmenopausal patients taking estrogen replacement.188 Are there 
other factors yet unknown that will help decrease the development of pressure ulcers 
in the high-risk patient? One can see that a significant amount of research needs to be 
undertaken before we can determine which individuals require intensive preventative 
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measures to ensure a reduction in pressure ulcer development. There is also a need 
for more information as to which preventative measures will be the most beneficial 
and cost-effective for patients at high risk for developing pressure ulcers. It has been 
said, “In the case of pressure ulcers, coexistent impairments in mobility, nutritional 
status, and skin health often conspire together to produce ulcers.”227

Our objective should be education of healthcare providers about the state-of-the-
art evaluation and prevention measures while we forge ahead until the best preventa-
tive measures are identified.

Arterial Ulcers

Ulcers due to peripheral vascular occlusive disease result when the narrowed 
(stenotic) or occluded arteries cannot supply the amount of blood needed by the tis-
sues of an extremity. Once the tissue becomes damaged, usually from a minor injury, 
the skin may undergo necrosis to a greater extent than would be expected from the 
magnitude of the injury. Because of a deficiency of blood flow, the wound fails to 
heal. Arterial or ischemic ulcers usually form at the most distal point on an extrem-
ity, generally the fingers or toes. They may be extremely painful as the tissue is dying 
from lack of circulation. If the circulation worsens or infection occurs, gangrene of 
the extremity can occur.

The incidence of peripheral vascular disease is 
difficult to determine, because a number of patients 
have asymptomatic vascular disease.242 Peripheral 
vascular disease rarely exists as a separate entity 
and coexists or is a comorbidity of many diseases 
including diabetes mellitus, hypertension, cardiac 
disease, and renal disease, to name a few. For this 
reason, evaluating the patient with a suspected 
arterial ulcer and peripheral vascular disease must 
include a complete history and physical evaluation 
(Table 3.7). This must not only include evaluation of 
the current problem, but also all risk factors associ-
ated with vascular disease and its many manifesta-
tions currently and in the past.

Symptoms from stenosis or occlusion of the 
arteries only occur when the demand for blood by 
the tissue is greater than the amount of blood that 
can be supplied. The first symptom of which patients with peripheral vascular dis-
ease complain is intermittent claudication. This comes from the Latin, claudicare, 
which means to limp.243 The pain occurs when the arteries cannot supply the blood 
needed by the tissue, usually during exercise. The symptoms of claudication, which 
include an aching pain, tightness, cramping, or tiredness, can occur in the calf, thigh, 
or buttock depending on the site of the arterial stenosis or occlusion. With rest the 
pain will be relieved. One of the more interesting facts is that the symptoms will 
occur when the patient walks the same distance each time. After stopping to rest, 
the patient may again walk the same distance before the pain returns. The distance 

Table 3.7
Evaluation of Patient with 
Peripheral Vascular Disease
History of present illness

Past medical history

Medications and other drugs

Family history

Social history

Occupational history

Complete review of systems

Complete physical examination

Assessments of circulation
Noninvasive•	
Invasive•	
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the person can walk is partly determined by the severity of the arterial occlusion, 
the adequacy of the collateral circulation, and the intensity of the activity. The more 
intense the activity, the shorter the time or distance until symptoms occur.

If the disease progresses and the arterial insufficiency worsens, the patient may 
develop a constant pain in the extremity called rest pain. This pain is generally felt 
to be in the toes or foot. The pain is made worse by cold or limb elevation. It is not 
unusual for the patient to describe the onset of severe, unrelenting pain in the extrem-
ity within an hour or so of going to bed. After the pain develops, the only relief will 
be if the patient gets up and walks around for a period of time or hangs the leg over 
the side of the bed. This allows gravity to assist the lower limb circulation and relieve 
the pain. If the examiner closely questions the patient about sleeping habits, he may 
find that the patient sleeps in a chair with his foot dependent so that he can get more 
than a few minutes of sleep. Rest pain is an indication of a limb that is in danger of 
being lost. Prompt evaluation and revascularization are indicated.

Physical examination of the patient is that part of the evaluation when the skill of 
the healthcare provider is demonstrated in detecting signs of a disease. Unfortunately, 
it is becoming a lost art because of the tendency to skip the physical examination and 
start ordering tests. This shows a lack of understanding of the patient’s disease and a 
lack of skill on the part of the examiner (a deficiency called hyposkillia).244

The physical examination of the patient suspected of having peripheral vascular 
disease must include astute observation. The condition and color of the skin of the 
extremities should be noted. One sign that is noted in many patients with significant 
peripheral vascular disease is rubor. The limb has a dark red color, especially when 
it is in the dependent position. The color is due to the increased oxygen extraction 
from the blood as its flow through the extremity is slowed due to the arterial disease 
and the dependent position. Unfortunately, many times the untrained eye will mis-
take this for cellulitis. The way to tell the difference is to elevate the extremity. If the 
color is due to vascular disease, it will fade quickly and the limb will become pale. If 
the color is due to cellulitis, the limb will remain red on elevation.

The simple technique of feeling the legs to determine the temperature can be 
instructive. If one limb is cooler that the other, a decrease in the blood flow in that 
leg may be found, especially if that is the symptomatic leg. If both legs are cool, the 
finding may not have any clinical significance, but additional evaluation is needed 
to be sure bilateral vascular disease does not exist. If the extremity is warm to the 
touch compared to the opposite extremity, this may indicate the presence of inflam-
mation. When checking the temperature of the extremity, it is most accurately done 
using the back of the examiner’s fingers or hand rather than the palmar surface. One 
should be able to detect differences in temperature between extremities of 2 degrees 
with this technique.245

The visual examination of the extremities should include noting the presence or 
absence of ulcers or gangrene, the exact location of the ulceration or gangrenous 
tissue, obvious foot deformities, calluses, previous operations, or infections. If ulcer-
ation is present, the exact location and characteristic of the ulcer should be noted and 
recorded. The presence and extent of edema in the extremity should be noted.

The next task should be to evaluate the circulation in the extremity. The goal in 
wound care is to determine if the patient has circulation adequate to support wound 
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healing response to therapy. This can be done by palpating the arterial pulses. One 
should not confine the evaluation to the ankle pulses. Include the upper extremity 
pulses, the carotids, the abdominal aortic pulse, and all the lower extremity pulses 
(femoral, popliteal, dorsalis pedis, posterior tibial, and peroneal). The reader should 
refer to a suitable textbook of physical diagnostic techniques for the exact methods 
of palpating arterial pulses. The dorsalis pedis artery on the dorsum of the ankle 
and the posterior tibial artery behind the medial malleolus are the vessels commonly 
examined. One should not forget to evaluate the distal branches of the peroneal 
artery, which can be found just anterior to the lateral malleolus at the ankle. This 
vessel is generally overlooked in evaluations of the vascular tree, but it is a main 
source of collateral blood flow to the dorsalis pedis and posterior tibial arteries. This 
lower extremity vessel has a different embryologic origin than the anterior and pos-
terior tibial arteries and is one of the last to be affected by atherosclerosis, especially 
in the diabetic.246 If the posterior tibial artery is occluded, flow in the peroneal artery 
is increased significantly, and its pulse often can be palpated anterior to the lateral 
malleolus. A strong Doppler signal can generally be found in this area even in the 
presence of a patent posterior tibial artery.

Because palpation of pulses is not an exact science, the next step in the evaluation 
of the vascular tree usually involves a noninvasive Doppler study. This evaluation 
can be done at the bedside with a small, handheld Doppler or in a vascular labo-
ratory with a more complex Doppler device. The basic information collected with 
either device will provide useful information about the status of the circulation. The 
Doppler can be placed over the sites of arterial pulses and the signal noted. An expe-
rienced evaluator can identify the normal triphasic waveform heard with each heart-
beat. As the circulation in the vessels decreases, the waveform may become biphasic 
or even monophasic, indicating only minimal flow in the vessel. The reader should 
again refer to a textbook of vascular evaluation to learn the details of the noninvasive 
Doppler examination.243

After the Doppler signals are located and identified, the next step is to use the 
Doppler to take a systolic blood pressure at the ankle with a standard blood pressure 
cuff. This pressure measurement, along with the brachial artery blood pressure in 
the arm, will allow the calculation of the ankle/brachial index (ABI). This index 
number is used to determine the relative severity of the ischemia in the extremity. 
An index above 0.8 is generally considered to be acceptable, an index below 0.5 is 
considered critical ischemia, and an index between 0.5 and 0.8 is considered to be 
reflective of symptomatic ischemia. Unfortunately, there are factors that can make 
the ABI less than accurate. Any factor that would invalidate the taking of the blood 
pressure in either the arm or leg will make the numbers suspect. The most frequent 
problem is a lack of skill in the examiner. Inappropriate placement of the blood pres-
sure cuff on the arm or leg can lead to false readings. When determining the brachial 
systolic blood pressure, the examiner should use the Doppler over the brachial artery 
instead of a stethoscope. The Doppler is more sensitive in detecting blood flow and 
will prevent an inaccurate reading of the brachial pressure.

The most frequently discussed problem causing a potential error in the ABI is 
the rigidity of the blood vessels in the extremity. For an accurate pressure to be 
measured, the blood pressure cuff must compress the vessels, arresting the flow of 
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blood. If the vessels are more rigid than normal (usually due to calcification of the 
vessel walls), it requires more pressure to compress the vessels and arrest the flow. 
This can result in an erroneously high blood pressure reading. At times the vessels 
are so calcified that the blood flow cannot be stopped even with the blood pressure 
cuff fully inflated.

If there are questions about the accuracy of the ankle blood pressure readings, 
pressures can be determined in the toes, allowing for a calculation of a toe/brachial 
index. The vessels in the toes are generally compressible, making this measurement 
a reasonable alternative. The pressure in the toes is generally less than that in the arm 
or ankle. For that reason a toe/brachial index of <0.7 is considered abnormal.247

Other tests for evaluation of the circulation are available and can provide useful 
information if used appropriately. Transcutaneous oxygen measurements are helpful 
in evaluating the microcirculation and its ability to deliver oxygen to the tissues in 
question. It is imperative to utilize the transcutaneous oxygen measurement deter-
mination before and after administering oxygen to the patient to see if hyperbaric 
oxygen therapy might be useful. Plethysmographic techniques are useful in detecting 
blood flow when the Doppler is not adequate. Arterial duplex scanning can provide 
information about the levels of arterial obstruction. Magnetic resonance angiogra-
phy (MR angiography) and certain computed tomography (CT) techniques can show 
areas of arterial stenosis or occlusion. Even though they do not provide the detail of 
contrast angiography (considered the “gold standard” for evaluation of the arterial 
tree), MR angiography and CT angiography do have a place because arterial cath-
eterization is avoided. It must be remembered that contrast material is still involved 
in these techniques just as it is in contrast angiography.

Once the patient with an extremity ulcer is found to have significant peripheral 
vascular disease, revascularization is indicated. Numerous endovascular and opera-
tive options for the treatment of the ischemic extremity are currently available. The 
patient should be referred to the vascular surgeon for treatment. I would suggest one 
word of caution in the patient with peripheral vascular disease and an extremity ulcer. 
Once the patient has a revascularization procedure, do not forget to have him return 
to the wound center to have his or her ulcer treated. Too many times it is assumed that 
just restoring the circulation to the extremity will result in the wound healing. This 
could not be further from the truth. Appropriate therapy of the ulcer is necessary if 
the ulcer is to heal.248 What has happened with the revascularization procedure is that 
you have converted a patient with a chronic wound and poor circulation to a patient 
with a chronic wound and good circulation. There is nothing more frustrating than 
to have a patient with a successful revascularization procedure eventually undergo a 
major amputation just because the wound was not appropriately managed.

As we continue to search for evidence-based care for patients with chronic wounds, 
it is imperative that we remember to treat the patient and not just the wound. A quota-
tion from Dr. James Peck emphasizes this, “It is the individual patient who we treat, 
not the disease. It is the patient who recovers or dies, not the illness.”249 Treating 
the patient and not just the wound will mean that the patient is involved in deciding 
what the best care is for him or her. We, as the caregiver, may not feel the patient has 
chosen wisely, but we must have the flexibility to manage the patient’s wound within 
the best interests of the patient. We should remember the quotation from the title of 
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a recent article, “It is me who endures, but my family that suffers.”250 We must never 
forget the influence a chronic wound or other chronic illness has on the entire family. 
Every therapeutic approach to the treatment of a chronic wound must be designed 
with the effect it will have on the entire family in mind. When we can approach a 
patient with a chronic wound with those thoughts in mind and combine the best care 
for the patient with the best science available, then we shall be truly ready to face the 
“new epidemic in medicine”—the chronic wound.
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4 Burn Wound Management

Michel H.E. Hermans

Principles of Wound Management in Burn Care

In addition to wound management, in patients with larger burns or complications 
(whether burn injury related or not), burn care involves the management of the burn 
disease. However, this chapter concentrates only on the skin injury per se. At the same 
time, wound closure in burn care is the primary treatment of the disease process.

Treating a burn wound is based on the general surgical principles of wound man-
agement: removal of necrosis and providing optimal circumstances for reepithelial-
ization, either by creating the optimal wound bed for spontaneous reepithelialization 
or by closing the wound with a graft. General objectives to be met are reduction of 
pain, prevention of infection, desiccation and conversion, rapid healing, and, for the 
long term, minimization of the chance of scarring, particularly hypertrophic scar-
ring and contractures.

Burn Wound Infection

Burn wound infection is always a serious complication. On a local level it leads to 
conversion: The wound becomes deeper and an initially superficial partial thickness 
burn may become deep partial or even full thickness, requiring excision and graft-
ing. An invading infection may rapidly lead to sepsis, which is still a leading cause 
of mortality in burn patients.

Many different types of organisms cause infection in patients with burns. 
Pseudomonas aeruginosa, Staphylococcus aureus, and Enterobacter species are 
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pathogens found in many types of wounds, and they are among the most common 
microorganisms to cause infection in burns.1 Less common in general wound care, 
but cultured frequently from infected burns are microorganisms such as Acineto
bacter baumanii.2,3 In patients with extensive burns, even “normally” nonvirulent 
microorganisms, such as Streptococcus epidermidis, may cause serious infections, 
and virtually every type of microorganism may become invasive and lead to sepsis, 
including anaerobes, yeasts, and fungi.4

Many topical agents are used, either for prophylactic purposes or for the treat-
ment of infection. The most commonly used material in burn care, both for par-
tial thickness burns and as a temporary protective cream prior to excision in full 
thickness burns, is silversulfadiazine.5 Although many different types of this cream 
exist, the differences are primarily in the cream base: The active ingredient is 
always silversulfadiazine 1% (with or without chlorhexidine [Australia] or cerium 
nitrate [Europe]). Silversulfadiazine is fairly broad spectrum, although it is more 
active against Gram-negative microorganisms. In spite of its popularity, it has some 
acknowledged side effects, including allergies to the sulfa-compound,6 a relatively 
slow reepithelialization time,7 and the development of a pseudo eschar.8 This thin 
layer of “precipitate” makes it very difficult to see and judge the underlying wound 
bed. Resistance to the drug occurs as well.9,10 According to the manufacturer’s guide-
lines, the cream has to be applied twice per day, which makes its use labor intensive. 
Some contribute initial leukopoenia to the material, but others consider transient 
leukopoenia a normal consequence of the burn injury itself.11

Other compounds more or less exclusively used in burn care are silver nitrate 
solutions (AgNO3) and mafenide cream or solution (Sulfamylon®, UDL Laboratories, 
Inc., Rockford, Illinois). Although both agents have good antimicrobial properties, 
they also have some serious side effects. For example, mafenide may cause seri-
ous metabolic acidosis, and a high percentage of patients becomes allergic.12 Silver 
nitrate may cause methemoglobinemia and, being hypotonic, may lead to hypona-
tremia and hypochloremia.13,14 When the solutions are used, (re)application needs to 
occur frequently to avoid drying out of the dressings.

Dressings that incorporate a topical antimicrobial agent are frequently used as 
well. Silver dressings seem to be the material of choice.5 Pure silver (as opposed to 
silver salts) has few side effects and is broad spectrum. Many silver dressings are 
now available, and it is important to realize that they have different chemical and 
physical properties.15,16

Although not extensively used in Western medicine, a number of materials of 
botanical origin are used for the treatment of partial thickness burns. MEBO (moist 
exposed burn ointment) is probably the best-known example and is used primarily in 
the Middle and Far East. Although not all articles on this material report the same 
results, several of them indicated clearly positive effects.17,18

First-Degree Burns

Most first-degree burns require virtually no real medical treatment and certainly no 
dressings (in spite of what many commercial package inserts state). A nonmedicated, 
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soothing, moisturizing cream, in combination with a mild (anti-inflammatory) anal-
gesic usually provide sufficient patient comfort.

Superficial Partial Thickness Burns

Superficial partial thickness burns are characterized by a very thin layer of necrosis 
that does not require extensive, specific debridement or excision. There are enough 
viable epidermal elements left in the deeper dermis for them to heal within approx-
imately 2 weeks. Skin grafting is not necessary, and significant scarring is rare. 
However, even superficial partial thickness may convert and become deeper, most 
commonly through desiccation or infection.19,20 Thus, even when in the initial evalu-
ation a superficial burn was diagnosed, healing times longer than 2 weeks are a 
reason to check for conversion. Virtually always, secondary tangential excision (see 
below) will be necessary.

Superficial partial thickness burns often have blisters. The literature is not con-
sistent with regard to whether or not a blister should be removed. Some state that the 
blister roof acts as a biological occlusive dressing and that blister fluid is beneficial 
to wound healing and has antimicrobial properties.21 Other research indicates the 
opposite, particularly with respect to the fluid being detrimental to fibroblasts.22

Most blisters will break within a few days postburn and the advantage of the blis-
ter roof as a biological dressing would cease to exist. Therefore, many advocate care-
fully evacuating the fluid with a syringe after the blister roof has been painted with 
povidone iodine or chlorhexidine, and after evacuation, supporting the blister with a 
thin hydrocolloid dressing or polyurethane film. For large blisters, the entire blister 
and its fluid may be removed and replaced with a synthetic occlusive or moisture-
retentive dressing.

To prevent infection (which in smaller superficial partial thickness burns is not 
common), to reduce pain, and to prevent desiccation, the burn should be covered 
with an appropriate dressing. However, facial burns are often treated just with an 
ointment, medicated or not, without a cover dressing.

Many different types of dressings have been advocated, and different burn care 
specialists prefer different materials for different reasons. The perfect dressing/skin 
substitute has specific properties (Table 4.1). None of the currently available syn-
thetic or biologic materials fills all these requirements, but a number of required 
properties are combined in each of them.

Allograft (from a different individual but the same species) is either human 
cadaver skin23,24 or amnion membrane.25,26 Both types of tissues are available as 
fresh grafts and in freeze dried/cryopreserved form, and cadaver skin is also avail-
able in glycerol preserved form.27,28 Fresh allograft or amnion is generally considered 
to provide clinically superior performance because the cells, assumingly, deliver the 
appropriate growth factors to the wound; however, a direct comparative clinical trial 
has never been performed, and when published clinical results, obtained in noncom-
parative trials, are compared,29–32 real and clinically relevant differences do not seem 
to exist.
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Xenografts (from a different species) are used in burn care as well, primarily in 
the form of porcine skin,29,33 although other animals (i.e., Brazilian bullfrogs), also 
have been used as donors.34

Both allografts and xenografts are rejected after a number of days, and thus are 
used only as a temporary coverage, to enhance reepithelialization, to protect the 
wound, and to provide pain relief.

Other biological dressings used with good results for the treatment of partial 
thickness burns include potato peels34 and banana leaves.35 All these materials are 
(semi)occlusive and thus prevent the wound from desiccation.

(Semi)biological dressings used for treating partial thickness burns include a num-
ber of materials based on components of the normal extracellular skin matrix, such 
as collagen and hyaluronic acid.36–39 The durability of these materials depends on 
their exact nature and, for example, to what extent they are cross-linked. Similar to 
allografts and xenografts, most of them become temporarily adherent to the wound 
bed, thus providing a biological barrier and, in some cases, a specific matrix for cells 
to migrate into and over the wound bed.

Other dressings used for the treatment of partial thickness burns are those 
used for the management of chronic lesions as well. This large group includes 
materials such as hydrocolloids, foam dressings, honey dressings, hydrofibers, 
and impregnated gauze. In principle, they provide the same advantages and dis-
advantages as they do for chronic wounds,16,40,41 and many have been shown to 
work well in burns.

Table 4.1
The Perfect Dressing/Skin Substitute
Prevents water loss

Acts as a barrier to bacteria

Helps prevent against infection

Does not transmit diseases

Does not incite an inflammatory response

Does not become hypertrophic itself or prevents the development of a hypertrophic scar

Is durable

Is flexible and thus conforms to irregular surfaces

Can be used off the shelf

Does not require refrigeration or other complex means of storage

Does not require complex preparations (i.e., thawing in the case of liquid nitrogen stored allografts)

Can be applied in one session

Is easy to secure

Is inexpensive

Has a long shelf life

Source:	 Amended from Sheridan and Thomkins. In: Herndon, D.N. Total Burn Care. 2nd ed. New 
York: Saunders, 2002.
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Impregnated gauze is also used quite extensively for superficial partial thickness 
burns, and again, this type of dressing has been shown to have the same positive and 
negative aspects for burn wounds as for chronic lesions.42

Some burn surgeons use collagenase to remove the thin layer of necrosis that exists in 
partial thickness burns, although this is not standard practice in most burn centers.43

Deep Partial Thickness Burns

These wounds may heal spontaneously, similar to superficial partial thickness burns, 
but because fewer epithelial remnants are left in the wound, they take longer. In 
fact, many deep partial thickness burns will take more than 2 to 3 weeks and conse-
quently will result in significant scarring.

Many burn centers, therefore, are more aggressive with this type of burn and 
perform tangential excision.44,45 Using a specially designed dermatome, necrosis is 
excised in thin layers until a viable wound bed (punctate bleeding) is reached. The 
depth of the excision indicates the depth of the burn. Deeper lesions are grafted, but 
the more superficial burns may be treated with a dressing. Different centers take dif-
ferent approaches here. A specific alternative for the dermatome is VersaJet® (Smith 
& Nephew Wound Management, Hull, UK), a device that uses high-pressure water 
to excise layers of necrosis.46

When the depth of a burn is difficult to determine, tangential excision also is 
used as a diagnostic tool; again, the burn depth is judged from the appearance of the 
wound bed.

Mixed Partial Thickness Burns

Mixed partial thickness burns often pose a problem in that superficial and deeper 
areas cannot be easily distinguished and often are confluent. Tangential excision is 
used as a diagnostic and therapeutic tool, and deeper excised areas may be grafted 
while the superficial ones are left to heal with the help of a dressing. Timing of the 
excision depends on the burn center—many will perform an early tangential excision 
but, for example, on the lower back, often treatment with dressings is the primary 
choice and excision (and grafting) is delayed for about 14 days.

Tangential excision is a serious procedure, primarily because a great deal of blood 
is lost. Therefore, on the limbs, a tourniquet is often used. The procedure also requires 
experience because it is easy not to excise enough but also to excise too much.

Full Thickness Burns

Unless the lesions are really small, the preferred treatment for full thickness burns is 
excision and grafting. Specific enzymes that may replace surgical excision are being 
evaluated47 but at the time of this writing are not standard treatment.

Spontaneous desloughing will occur, and this was the preferred method some 
decades ago. However, this takes considerable time, and the wounds often infect 
in the meantime. Moreover, if spontaneous debridement does occur, the resulting 
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wound bed will certainly be contaminated, and it is of poor quality. Thus, exci-
sion and grafting is the preferred treatment. In addition to the dermatome and the 
VersaJet, excision to fascia or fat (avulsion) is used in large, undoubtedly full thick-
ness burns: The burn perimeter is incised and the dead tissue is pulled off. Avulsion 
had specific advantages. It causes less blood loss than tangential excision of the same 
size wound surface because of retraction of the arterioles, and the procedure may 
save time. In addition, the separation plane more or less assures a wound bed that 
will accept grafts very well.48 However, avulsion usually results in less satisfying 
cosmesis, and there is a “dip” into the depth where the perimeter of the excised skin 
is situated. From a cosmetic point of view, excising to fat seems to have better results 
than excision to fascia (personal observation). To reduce blood loss, some use the 
tumescent technique:49,50 Preexcision or prior to harvesting a split skin graft, epi-
nephrine is injected subdermally into the operation site.

Reepithelialization over large surfaces will simply not occur. Instead, contraction 
will become one of the ways the body tries to decrease the wound surface, and this 
results in seriously debilitating contractures. Contraction is caused by the wound edges 
drawn toward each other as a consequence of cellular changes in the wound bed and 
the extracellular matrix. If it happens over a joint, flexing of the joint will occur, 
and the rigidity of the wound bed and its skin will prevent extension of the joint.

The lack of spontaneous healing and the contraction and scarring problems that 
result are the primary reason why excision is the only real option for the treatment 
of full thickness burns. Early excision also has been shown to reduce morbidity and 
mortality significantly,51,52 because it removes the breeding grounds for microorgan-
isms and the source of the burn toxins that lead to the burn disease.

Excision will result in an open wound bed that needs to be covered as soon as 
possible, preferably with autografts. Full sheet autografting offers the best cosmetic 
results but is only possible in small burns. Large burns simply lack the donor sites. 
In major burns, meshing is used, although for cosmetically and functionally impor-
tant areas such as the face, the neck, and the hands, full sheet grafting is still pre-
ferred. Larger, cosmetically less important areas are covered with meshed grafts: 
The autograft is incised with a dermatome, and the incisions in the graft allow it 
to be expanded.53 The interstices will be covered through lateral reepithelialization 
from the meshed autograft. Different mesh sizes are used and depending on the type 
of dermatome can go up to 1:9. Techniques other than meshing also are available. All 
aim at expansion of the obtained split skin autograft.53–60 Ratios of expansion depend 
on equipment used, personal preference of the surgeon, and again the total amount of 
grafts available in comparison to the size of the burn.

Cultured epithelium may also be used to cover excised areas.61 Biopsies are taken 
from unburned skin. The different cell layers of the biopsy are separated and kera-
tinocytes put in culture. After 10 to 14 days (depending on the culturing technique), 
cultured confluent sheets of the patient’s own epidermis are ready for application. 
Some use dispersed, nonconfluent cells that allow for earlier application.62 Although 
these techniques are not new,61,63,64 several disadvantages (biochemical and physical 
fragility, odd aspects of the grafted areas, the lack of dermis, economical factors65) 
still have to be overcome to make them widely used, although their life saving prop-
erties have been described as well.66
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Some use temporary coverage materials after the initial excision: This depends 
on the size of the burn (i.e., the available donor sites) and the quality of the wound 
bed (i.e., older burns, secondary excision), but in some centers it is part of standard 
treatment, even in early excised, small burns.

A number of different temporary cover materials are available: The most common 
ones are allografts26,28 (cadaver skin from a skin bank), amnion membrane,30–32,67–74 
xenografts (primarily porcine skin,29,75 less commonly used nowadays) or (semi)syn-
thetic materials.

Allografts are also used as an overlay over widely meshed autografts. This tech-
nique allows for undisturbed outgrowth of the autografts, and the allograft serves as 
a biological, protective dressing. Two different techniques are used. The sandwich 
technique uses wide-mesh autograft under small-mesh allograft,68 and the intermin-
gled technique76,77 uses small, nonmeshed pieces of autograft embedded in large 
sheets of nonmeshed allograft.

One of the semisynthetic materials, Integra® (Integra Life Sciences, Plainsboro, 
NJ), is bilayered and designed in such a way that the wound bed grows into the 
wound side layer of the material. It thus becomes a “neodermis.”78,79 The outer layer 
of the dressing is a thin, protective, silicone sheet that is peeled off and replaced with 
autografts once the donor sites can be reharvested and the neodermis is vascular-
ized. This allows for coverage of large excised areas even when not enough donor 
sites are available.

A new material with a different biochemical structure has just become avail-
able for the same purpose.80,81 With this material, immediate grafting on the dermal 
replacement material seems to lead to a good take rate. Thus, waiting for ingrowth 
of tissues into the dressing does not seem to be necessary.

Proper fixation of the graft is important, and different techniques, including sta-
pling, suturing, synthetic glue,82 fibrin glue,83 and specially designed fixation materi-
als are used. The use of a negative pressure wound therapy is also advocated by some 
for fixation purposes,84 and the negative pressure may also have a positive effect on 
wound healing.

Donor Sites

Donor sites from which the skin grafts are taken can be nearly anywhere on the 
body. For the coverage of excised burns, they are virtually always split skin thick-
ness: The recipient site grows into the split skin graft and enough deeper-dermis 
epidermal remnants remain in the donor site for it to heal quickly, and sometimes to 
be reharvested.

In extensive burns, the scalp is a good donor site. It reepithelializes rapidly and 
can be reharvested quickly and often.85 Alopecia is usually not a problem.

To prevent excessive blood loss from the donor sites, topical agents such as epi-
nephrine are applied after the donor site has been made. Other agents include throm-
bin and fibrin, and hemostatic dressings such as alginates are used as well.86–90 To 
provide a better and flatter surface for the donor site excision, curved surfaces are 
sometimes injected subcutaneously with saline.

© 2010 Taylor and Francis Group, LLC



142	 Microbiology of Wounds

Donor sites can cause considerable morbidity,91 primarily because they are very 
painful. They also may be difficult to heal.92 In addition to the hemostatic require-
ments, dressings for donor sites generally need to have the same properties as those 
for the burns.

Chemical Lesions

As mentioned previously in this book, chemical lesions are not real burns. The injury 
is not thermal in nature, and the type of tissue damage is therefore different and 
dependent on the type of offending agent.

In general, though, partial thickness and full thickness chemical lesions are treated 
in the same way as partial and full thickness burns, although specific agents require 
additional measures. Depending on the nature of the chemical, systemic treatment 
may be necessary as well.

Long-Term Results

Wound healing progresses into the remodeling phase after reepithelialization is 
complete. The amount of collagen and other extracellular matrix compounds is 
always a function of continuing lysis and production, and this is also true dur-
ing the remodeling phase. However, the collagen produced during earlier stages 
of wound healing is disorganized, and during the remodeling phase it is reorga-
nized into its fibrillar structure.93 This highly complex process is regulated by a 
large number of cytokines.94 Transforming growth factor β (TGF β) seems to play 
an early and central role.94–96 The early formation of types I, III, and V collagen 
fibrils provides initial tensile strength to the wound while many other extracellular 
matrix (ECM) compounds, such as hyaluronic acid and fibronectin, also play a role 
in this process.

However, in many burns, the remodeling phase goes awry both with respect to the 
type of collagen as well as its orientation.97 Macroscopically this results in hypertro-
phic scarring. A hypertrophic scar is raised above the skin level and very inflamed at 
the beginning. The scars often are debilitating and will interfere with the quality of 
life, because they may limit movement, can be painful, and virtually always are very 
pruritic. In addition, being disfigured is known to have a major impact on a patient’s 
psychological well-being.

Hypertrophic scarring is virtually certain to occur in burns that have taken a long 
time to heal,98,99 but rapidly healing burns may also result in serious scar formation, 
because scarring is largely genetically determined.99–102 Dark-skinned patients have 
a significantly higher risk of scar formation. However, other factors contribute as 
well, including the location of the lesion (a sternotomy incision, e.g., virtually always 
results in a hypertrophic scar) and the age of the patient.

During the reepithelialization process, not much can be done to prevent hyper-
trophic scarring. However, because the chance of hypertrophic scar formation corre-
lates with the time to reepithelialization, the use of dressings and techniques that are 
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proven to reduce time to healing may contribute indirectly to reducing the incidence 
of hypertrophic scarring.99

In addition, in patients who are prone to scarring (based on the results of previous 
injury and wound healing time), preventative measures should be taken after reepi-
thelialization is complete. Customized pressure garments are used,103–105 sometimes 
with silicon sheeting as the primary contact layer,106,107 as are steroid injections into 
the lesion.108,109,110 Other therapies, such as the use of pharmacological agents111 and 
different types of laser,112 are currently being evaluated. Surgical scar revision is 
sometimes necessary, particularly when scar formation leads to contractures.

The results of hypertrophy prevention are often not truly satisfactory, and a vis-
ible scar may remain. In the long term, though, a hypertrophic scar will always 
become flatter and less inflamed.

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 aspect.113 Prevention and treatment of keloid 
is even more difficult than that of hypertrophic scars,114–117 and its discussion lies 
beyond the scope of this chapter.

Because of the scarring and the subsequent contractures and other healing prob-
lems, many patients have to undergo numerous reconstructive procedures. Facial 
and neck reconstruction, eyelid surgery, reconstruction of the hand’s mobility and 
functions, and reconstructive surgery to increase mobility of joints in general are 
among the common procedures a burn victim has to undergo after reepithelialization 
is complete. The saying “once a burn patient, always a burn patient” is therefore not 
far beyond the truth.

An uncommon but important long-term complication in a burn wound is the 
development of a malignant tumor in an old scar, known as Marjolin’s ulcer. Usually 
the tumor is a squamous cell carcinoma,118 but basal cell carcinomas and melano-
mas have also been reported.119 One has to be suspicious of the development of a 
malignancy when (part of) a burn lesion does not reepithelialize or when previously 
reepithelialized areas start to ulcerate. A biopsy or a series of biopsies is usually nec-
essary to confirm the diagnosis. Therapy, of course, depends on the findings.

Heterotopic ossification is another uncommon but serious long-term complication, 
with a reported incidence of 1% to 3%,120 particularly in patients with large burns.121,122 
The most frequent location of heterotopic bone is in joints with overlying deep burns.123 
The exact pathogenesis of heterotopic ossification is not known, but the fact that this 
complication occurs also in uninjured areas124 supports the hypothesis that it is the con-
sequence of the hypermetabolic125 state that causes systemic changes in the connective 
tissues. Prevention thus may be linked to getting the patient back to a normometabolic 
state by early removal of all dead tissue and rapid wound closure. In addition, early 
mobilization seems to contribute to prevention of heterotopic bone formation.

If heterotopic ossification significantly interferes with joint motion, surgical 
exploration is indicated. This should preferably be done when the burn is healed, the 
scars are beyond their inflammatory phase, and the bone is roentgenongraphically 
well defined and mature.125
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Introduction

Healing of dermal wounds by secondary intention (i.e., without suturing), may 
be considered the natural process that has evolved to restore dermal integrity. The 
mechanisms involved predate medical interventions such as dressing the wound site 
to prevent infection and represent a process functioning as rapidly as possible to 
minimize blood loss and limit bacterial ingress to underlying tissues. Cosmetic con-
sequences are of little consideration. Evolution has provided a complex system of 
interacting cells whose interrelated functions are controlled by multiple signaling 
systems. To aid in description and understanding of its apparent complexity, healing 
has been rationalized into a framework of sequential phases.1 These lead in a tem-
poral sequence from injury to wound closure and finally organized scar tissue. The 
phases are defined as hemostasis, inflammation, proliferation, epithelialization, and 
finally scar formation. They are not distinct, and events within one initiate and regu-
late events within other phases so that a number may be occurring simultaneously. 
Each phase of the sequence can be considered to be dominated by the functions of 
particular cell types (Figure 5.1).

Principal Cells Involved in Healing

Platelets

Platelets, also called thrombocytes, are nonnucleated cellular fragments derived 
from megakaryocytes in the bone marrow. They circulate in large numbers in the 
peripheral blood and enter a wound site by release from damaged vasculature. Platelets 
possess two types of granules. Alpha granules that contain hemostatic proteins such as 
von Willebrand Factor, Factor V, Factor XIII, and fibrinogen plus growth factors. The 
latter are particularly important for initiation of healing. They include platelet derived 
growth factor (PDGF), vascular endothelial growth factor (VEGF), and platelet factor 
4, a chemokine chemotactic for neutrophils, monocytes, and fibroblasts. They also 
contain proteins such as fibronectin that are involved in healing by promoting cell 
adhesion, migration, and differentiation. The second type of granule, called a dense 
granule, contains adenosine di- and triphosphate, calcium, and serotonin.
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Neutrophils

Along with the basophil and eosinophil, the neutrophil is part of the bone marrow-
derived polymorphonuclear cell family found in the blood. It is the most numerous 
leukocyte, and in the nonactivated state has a half life of approximately 12 hours. 
Neutrophils are phagocytic cells that are a component of the innate immune system 
playing a primary role in defense against bacterial infection. Following binding to 
vascular endothelium at sites of inflammation, they extravasate and migrate down 
concentration gradients of chemotactic cytokines/chemokines such as interleukin-8 
(IL-8), interleukin-1 (IL-1), and the complement component C5a. This chemotac-
tic response is triggered by G-protein coupled membrane receptors that control 
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reorganization of the neutrophil actin cytoskeleton to generate directed cell motility. 
Neutrophils are activated as a consequence of interaction with chemotactic agents, 
complement components, and phagocytosis of opsonized bacteria. Activation results 
in a lengthened life span to approximately 2 days and generation of bactericidal 
oxygen radical intermediates at the phagosome membrane following phagocytosis 
of bacteria.2 Neutrophils are also able to generate extracellular fibers composed of 
DNA that form a meshwork called an NET (neutrophil extracellular trap) because 
of its ability to trap bacteria. NETs contain a number of enzymes (neutrophil 
elastase, myeloperoxidase, cathepsin G, and gelatinase) found in PMN cytoplasmic 
granules and the histones H1, H2A, H2B, H3, and H4. They are found at inflam-
matory sites and may serve as a physical antibacterial barrier and act to prevent 
tissue damage.3

Macrophages

Macrophages found at the wound site lie at the end of a differentiation pathway 
originating in the bone marrow, which generates circulating monocytes that trans-
migrate into the peripheral tissues to form tissue macrophages. Under conditions of 
inflammation such as that resulting from tissue damage, they extravasate in a similar 
manner to neutrophils by initially binding via selectin ligands expressed by endothe-
lial cells activated by inflammatory mediators. Membrane integrin-type receptors 
such as LFA-1, Mac-1, and VLA-4 then bind endothelial intracellular adhesion mol-
ecule-1 and -2 (ICAM-1 and -2) and vascular cell adhesion molecule-1 (VCAM-1), 
respectively. Resulting signal transduction then generates the monocyte chemotactic 
response to cytokines/chemokines such as IL-8 and monocyte chemotactic protein.

As their name suggests, macrophages are phagocytic scavenger cells capable of 
internalizing and digesting necrotic tissue and opsonized bacteria. Phagocytosed 
bacteria are contained within the phagosome where they can be killed by reactive 
oxygen species (ROS) to complement the antibacterial activity of neutrophils at the 
inflammatory site. Cells of the monocyte lineage are exquisitely responsive to their 
environment, which allows multiple functional, or activation, states to be achieved.4 
Phagocytosis, or interaction with the cytokine environment within wound tissue, 
influences the differentiation pathway that a monocyte will follow after leaving the 
vasculature. This confers an ability to secrete a diverse range of bioactive molecules 
including cytokines, growth factors, complement components, coagulation factors, 
enzymes and their inhibitors, ROS, ECM proteins, and many other molecules.5 
This diversity of functional states and the activity of the cytokines and growth fac-
tors secreted supports the concept proposed in 19756 that macrophages play a central 
role in regulating healing in addition to their role in innate immunity.

Endothelial Cells

Endothelial cells lining the lumen of dermal capillaries perform two major functions 
in the context of wound healing.
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	 1.	They act as gatekeepers regulating the rate of plasma exudation and the 
transmigration of leukocytes from circulating blood into wound tissue. 
By virtue of their ability to respond to proinflammatory cytokines such as 
IL-1β, they modulate surface adhesion molecules that bind leukocytes roll-
ing along the capillary lumen and stimulate their migration in response to 
chemotactic cytokines generated in wound tissue.

	 2.	 In response to growth factors such as fibroblast growth factor (FGF) 
and VEGF they are stimulated to initiate angiogenesis. The growth fac-
tors induce endothelial activation and production of proteolytic enzymes 
that degrade the surrounding basement membrane. Endothelial cells then 
migrate away from the capillary and initiate proliferation. As cell numbers 
increase, they aggregate and differentiate into capillary sprouts to form new 
blood vessels within the surrounding tissue matrix.

Fibroblasts

Fibroblasts are mesenchymal cells found within the connective tissue of the der-
mis. They represent the activated state of fibrocytes and are found in large num-
bers in wound granulation tissue. They are a major source of ECM components 
such as collagens, glycosaminoglycans, elastin, and glycoproteins. Interaction of 
fibroblasts with factors present early in healing, such as PDGF, and proinflam-
matory cytokines, such as IL-1 and tumor necrosis factor-α). (TNFα induces 
secretion of keratinocyte growth factor, also known as FGF-7, which allows 
them to communicate with keratinocytes in a reciprocal paracrine fashion dur-
ing healing.7)

There is a large phenotypic variability of fibroblasts within the body, and in 
wound tissue they are considered to differentiate into a subpopulation of myofibro-
blasts under the influence of the local cytokine environment and mechanical signals 
received from the extracellular matrix (ECM). In vitro experiments indicate that 
transforming growth factor-β (TGF-β) drives toward myofibroblast formation, and 
IL-1 and TNFα modulate fibroblast responsiveness so that differentiation is a balance 
between a TGF-β-dominated or a proinflammatory environment.7 Myofibroblasts are 
identified on the basis of ultrastructural features such as the presence of contractile 
microfilaments, many cell-to-matrix attachment sites and intercellular adherins and 
gap junctions.8 They are able to exert tension using cytoplasmic actin stress fibers 
that generate contraction forces applied to their local environment.

Keratinocytes

Skin keratinocytes form a constantly renewing cell population in the stratum cor-
neum. Stem cells are found at a frequency of 1 in 35,000 in the basal layer of the 
epidermis. Under normal conditions of homeostasis, daughter cells undergo termi-
nal differentiation as they migrate upwards forming the stratum spinosum, stratum 
granulosum, and finally the stratum corneum. The migration is associated with 
increasing cornification of the keratinocyte followed by nonapoptotic death to form 
corneocytes.
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Following dermal wounding, keratinocytes proliferating at the wound margin 
follow an alternative differentiation pathway by assuming a migratory phenotype 
characterized by changes in keratin subtype expression9 to allow them to cover and 
reepithelialize the wound bed. They express the CXCR2 receptor that interacts with 
the chemokines IL-8 and growth-related oncogene-α (GROα). IL-8 is expressed at 
the wound margin and stimulates keratinocyte migration and proliferation10 to sug-
gest it has a role in promotion of keratinocyte migration from the wound margin 
to the wound bed that is additional to the chemotactic response induced by factors 
such as epidermal growth factor (EGF). The migratory phenotype is also associated 
with production of proteases that allow keratinocytes to dissect a migratory pathway 
through tissue and debris that would otherwise obstruct their movement. Additional 
to their role in providing a barrier function, keratinocytes play a role in resistance to 
infection by secreting antimicrobial peptides such as defensins and proinflammatory 
cytokines after interaction of toll-like receptors (TLRs) with bacteria.11

Cell Interactions during Normal Healing

Hemostasis

Immediately following dermal injury, thromboxanes and prostaglandins are 
released from damaged cells to induce vasoconstriction and limit blood loss. As 
blood flows from damaged vasculature, platelets respond to the change in their envi-
ronment. Platelets may be considered to act as monitors of the vascular system. Under 
normal conditions of homeostasis, they circulate freely. They do not interact with 
intact vasculature but will become adherent as soon as functional modification to 
endothelial cells is detected or they are exposed to ECM by tissue damage. Adhesion 
requires the synergistic interaction of platelet ligands that can bind to endothelial 
cell receptors such as P- and E-selectins and platelet receptors that can bind to ECM 
components including collagen types I, III, and VI, von Willebrand factor, fibronec-
tin, laminin, fibulin, and thrombospondin. Fibrinogen, fibrin, and vitronectin bound 
to ECM at sites of injury may also induce platelet adherence which is followed by 
activation12 and further aggregation.

Hemostasis is achieved by formation of a platelet-fibrin plug and the wound space 
fills with a fibrin clot composed of cross-linked fibrin fibers, plasma fibronectin, 
vitronectin, and thrombospondin. The clot provides temporary cover for the wounded 
dermis and acts as a provisional matrix that supports cell migration during healing. 
The local environment is modified by release of a diverse range of bioactive mole-
cules following platelet degranulation and lysosomal and cytosol leakage. In addition 
to components required for coagulation, a number of factors are released that may 
be considered to initiate healing by regulating endothelial cell phenotype to allow 
leukocyte transmigration and chemotaxis to the wound site. Platelets coaggregate 
with leukocytes13 to promote adherence to the endothelial cell wall and stimulate 
their transmigration into the wound site. Simultaneously, growth factors are released 
that induce chemotaxis of fibroblasts and keratinocytes to migrate from the wound 
periphery and stimulate their proliferation (Table 5.1). In addition to recruiting cells 
via chemotaxis, platelet-derived molecules influence diverse biological functions 
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such as cell proliferation, survival, differentiation, and proteolysis, all of which are 
important in healing. This functional diversity has led to the development of platelet 
releasate–derived products for the stimulation of healing in chronic wounds.14

Inflammation

Following adherence, platelet surface expressed IL-1β activates endothelial cells 
to produce interleukin-6 (IL-6), IL-8, and monocyte chemoattractant protein-1.15 
Simultaneously, IL-1β-dependent surface expression of the endothelial cell adhesion 
molecules ICAM-1 and αvβ3 integrin increase via activation of the transcription fac-
tor NF-κB. Cytokine production and up-regulation of adhesion molecule expression 
synergize to induce neutrophil and monocyte adhesion to endothelial cells, forming 
the lumen of endothelium at the wound site and thus initiating the inflammatory 
phase of healing shortly after tissue injury.

Neutrophils

Endothelial cell activation at the wound site effectively generates an inflammatory 
response in the local microenvironment. Neutrophils roll along the endothelium 
of postcapillary venules where they receive cytokine delivered inflammatory sig-
nals, bind to endothelium, and transmigrate into the wound space now filled with a 
fibrin clot. Neutrophil rolling along walls of inflammatory venules is mediated by 
β2-integrins, and conversion from rolling to binding is dependent on the time spent 
in close contact with endothelium.16 Following binding neutrophil surface ligands 
such as P-selectin glycoprotein ligand-1 bind selectins and transmit transmembrane 
signals to activate the neutrophil for transmigration through vascular endothelium 
and generate a respiratory burst and degranulation. These events occur shortly after 

Table 5.1
Platelet-Derived Bioactive Molecules 
Involved in Initiation of Healing

Growth Factors
Platelet-derived growth factor

FGF-2

Transforming growth factor-β
Epidermal growth factor

Chemokines
Interleukin-8

CCL-5 (RANTES)

CXCL-1 (Cytokine-induced neutrophil chemoattractant-1)

CXCL-4 (Platelet factor-4)

CXCL-5 (Epithelial neutrophil-activating protein 78, ENA-78

Cytokines

Interleukin-1β
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wounding and give rise to the early inflammatory phase that is neutrophil dominated. 
Activated neutrophils are highly phagocytic, a source of antimicrobial peptides and 
ROS, and may be considered a first-line defense against infection developing from 
bacterial contamination during wounding. Other antibacterial activity is mediated 
by proteases such as elastase, cathepsins, and urokinase-type plasminogen activator. 
Once phagocytosed, bacteria are sequestered in lysozomes where they are killed by 
ROS. Additionally, devitalized tissue is phagocytosed and proteolytically degraded 
to initiate the process of debridement.

Neutrophil degranulation and cell death result in loss of proteolytic enzymes and 
ROS to the wound tissue, and if neutrophil infiltration is prolonged, can contribute 
to delayed healing (vide infra). However for a non-infected wound, early inflamma-
tion resolves with 1−2 days of injury and the number of neutrophils decreases. The 
absence of further tissue damage and eradication of contaminating bacteria leads to 
cessation of synthesis of pro-inflammatory mediators, their catabolism and down-
regulation of pro-inflammatory signaling pathways. This leads to resolution of the 
acute type inflammatory response, and endothelial cells revert to a non-inflamma-
tory phenotype. Following their apoptosis, remaining neutrophils are then cleared by 
macrophage phagocytosis. This scenario implies that in the absence of a prolonged 
stimulus, early inflammation simply “winds down.” Recent evidence suggests that 
this is not the case and that resolution of inflammation is a highly coordinated and 
active process.17

Initiation of inflammation during infection or tissue injury involves TLRs and nod-
like receptors (NLRs). Both recognize bacterial products and products of inflamed 
tissue such as low molecular weight (MW) hyaluronic acid. Numerous inhibitors of 
TLR and NLR activity are induced by TLRs and trigger negative feedback inhibi-
tion. Thus, once triggered, the activity of these receptors is essentially self-limiting. 
Dysregulation of this system can lead to chronic inflammation. For example, frag-
ments of hyaluronic acid generated during tissue injury can stimulate TLR2 and 
TLR4 receptors that are not activated by high MW hyaluronic acid and stimulate a 
pro-inflammatory feedback loop that may lead to chronic inflammation. T lympho-
cytes may also act to down-regulate inflammation via their TLR2. Although ligands 
for TLR2 are available for binding during an active inflammatory response, T lym-
phocyte activity is inhibited. Once TLR2 ligands have been eliminated, T lympho-
cytes produce the anti-inflammatory cytokine interleukin-10 (IL-10). Interestingly 
IL-10 levels are elevated in wound fluid taken from VLUs healing in response to 
compression therapy.18

Macrophages

Monocyte transmigration from the blood to wound space is initiated at the same 
time as neutrophil transmigration and driven by the same source of proinflamma-
tory mediators. However, whereas neutrophil numbers peak after 1−2 days and in 
the absence of infection rapidly decline, wound macrophages derived from blood 
monocytes continue to increase until day 5 after wounding.19 Macrophage numbers 
then decrease slowly as healing proceeds and a significant population is retained 
during granulation tissue formation.
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Induction of monocytopenia to abrogate extravasation of inflammatory mono-
cytes and formation of wound macrophages has been demonstrated to impair heal-
ing of experimental wounds.6 Debridement and neutrophil clearance were delayed 
and fibroblast proliferation was diminished as granulation tissue formation slowed. 
These early observations led to the concept that the macrophage “plays a pivotal role 
in the transition between wound inflammation and wound repair.”20 Thus in addition 
to its role as a phagocytic scavenger removing cell debris and apoptotic neutrophils, 
the wound macrophage plays a role in regulation of healing. Macrophages are a 
major source of cytokines and growth factors, many of which play a role in regula-
tion of both inflammation and healing (Table 5.2).

A number of these factors are counterregulatory (e.g., IL-10 and interleu-
kin-12 [IL-12]), requiring that temporal and probably spatial separation be 
applied to their secretion by macrophages. Thus, not all factors are secreted all 
of the time and the cytokine/growth factor profile at any time point is deter-
mined by macrophage activation status. Macrophage functional programming 
is achieved by their ability to respond to microenvironmental stimuli via mem-
brane receptors. Differing combinations of stimuli generate different activation 
pathways and functional states.21 Classically, activated macrophages are gener-
ated by priming with interferon-γ (IFNγ) followed by stimulation with lipopoly-
saccharide (LPS). This is analogous to an antibacterial response in vivo and is 
described as classical because it has been used for many years as an experimental 
model of macrophage activation. Type-II activated macrophages are generated 
by IFNγ priming and activation with LPS plus immune complexes and alterna-
tively primed macrophages are generated by priming with interleukin-4 (IL-4). 
The resultant macrophage subpopulations have differing functional activities. 
Classically activated macrophages produce IL-12 mRNA, whereas Type II mac-
rophages express IL-10 mRNA to respectively generate pro-inflammatory and 
anti-inflammatory activities.22

Resolution of Inflammation

In the context of wound healing, classically activated macrophages would be 
required early in healing or when infection occurs, whereas type II macrophages 
would be required later as the inflammatory phase subsides and granulation pro-
ceeds. Additional down-regulation of the inflammatory response is achieved when 
a state of hyporesponsiveness to stimuli is generated as an end stage of the classic 
activation pathway. Cellular reprogramming to achieve this refractory state, known 
as LPS tolerance, is dependent upon the cytokine context in which macrophages 
encounter stimuli such as LPS.23 The consequence of LPS-tolerance is suppression 
of production of pro-inflammatory cytokines such as TNF-α, IL-6, and IL12 with 
no effect on IL-10, IL-1 receptor antagonist, or nitric oxide production.24 The pri-
mary role of nitric oxide in mediating vascular permeability changes and antibac-
terial activity is during the inflammatory phase of healing. However its continued 
production as inflammation diminishes may be important in regulating granulation 
tissue formation as a consequence of its ability to stimulate angiogenesis and col-
lagen deposition.25
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Table 5.2
Macrophage-Derived Products Relevant to Healing

Product Principal Activities

Growth Factors
EGF Mitogen: fibroblasts, keratinocytes

FGF-1, FGF-2 Mitogen: endothelial cells, fibroblasts, keratinocytes

Stimulates angiogenesis

EGF Mitogen: fibroblasts, keratinocytes

GM-CSF Chemotaxis, proinflammatory, enhances neutrophil microbicidal activity

HGF Mitogen: keratinocytes

Activates neutrophils

Antagonist to TGFβ
IGF-1 Mitogen: keratinocytes, fibroblasts, endothelial cell activation, angiogenesis

PDGF Mitogen: fibroblasts

Chemotactic: fibroblasts, macrophages, neutrophils

Stimulates production of ECM

TGFβ Regulates fibroblast proliferation and production of ECM proteins

VEGF Mitogen: endothelial cells

Synergy with FGF-2 promotes angiogenesis

Chemokines
eg MIP-1 (CCL-1), Chemotactic for neutrophils and macrophages, proinflammatory

MIP-1a (CCL3),

CINC-1(CXL3),

ENA78(CXL5)

IL-8 Chemotactic for leukocytes; specific neutrophil activator; pro-angiogenic

Cytokines

IL-1β Chemotactic for leukocytes, proinflammatory, stimulates T lymphocytes

IL-2 Stimulates proliferation of T lymphocytes

IL-4 Down-regulates macrophage cytokine production

IL-6 Stimulates T-lymphocyte differentiation, synergy with IL-2

IL-10 Anti-inflammatory

Inhibits TNFα production, T-lymphocyte proliferation

IL-12 Proinflammatory counterregulatory to IL-10

INFγ Induces cytokine production by T lymphocytes

Enzymes
MMP-1, -2, -3, -7, -9, 
-11, -12, -13, -18,-19

Proteolytic enzymes with wide substrate specificity

Enzyme Inhibitors
PAI-1, PAI-2, 
TIMP-1, -2, -3, -4

Down-regulation of proteolytic enzyme activity
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Macrophage deactivation can also be achieved by membrane interaction with 
apoptotic cells, CD36, αvβ3 integrin, and the phosphatidyl serine receptor. The latter 
is exposed on the outer surface of apoptotic cells. If neutrophils undergo necrotic 
death, they release proteases and ROS that may lead to tissue damage and delayed 
healing. Additionally, phagocytosis of necrotic cells will lead to macrophage activa-
tion and generation of more pro-inflammatory mediators and proteolytic enzymes. 
Neutrophil apoptosis therefore serves the dual purpose in the early phase of inflam-
mation to prevent release of excess proteases and ROS and contribute to resolution of 
inflammation by reprogramming macrophages to a low-inflammatory phenotype.26

Lymphocytes

Lymphocytes comprise a further component of the wound inflammatory infil-
trate. They are predominantly T lymphocytes, but B lymphocytes have been 
identified in human acute wound tissue. Experiments in rodents demonstrate that 
T-lymphocyte depletion by systemic administration of anti-CD3 monoclonal anti-
body27 or inactivation of Tγδ lymphocytes with Rapamycin28 impairs healing of 
surgical wounds.

In acute wounds, lymphocytes accumulate at the wound margin adjacent to the 
migrating epidermal tip. Using immunohistochemical phenotyping, T lymphocytes 

Table 5.2 (continued)
Macrophage-Derived Products Relevant to Healing

Product Principal Activities

Antimicrobial
Defensins Bactericidal by insertion into cell membrane

Calcium binding 
proteins (S100A4, 
S100A8, S100A9)

Proinflammatory 
May be involved in keratinocytes differentiation

Other
Fibronectin ECM component

Nitric Oxide Proinflammatory, antibacterial

Stimulates endothelial cell and keratinocyte proliferation, collagen deposition

Note:	 FGF-1, -2, fibroblast growth factors-1,-2; EGF, epidermal growth factor; G-CSF, granulocyte col-
ony stimulating factor; GM-CSF, granulocyte monocyte colony stimulating factor; HGF, hepato-
cyte growth factor; IGF-1, insulin-like growth factor-1; PDGF, platelet-derived growth factor; 
TGFβ, transforming growth factor−β;  VEGF, vascular endothelial growth factor; MIP-1, mono-
cyte chemoattractant protein-1 (CCL1); MIP-1α, macrophage inflammatory protein-1-alpha 
(CCL3); CINC-1, cytokine-induced neutrophil chemoattractant-1 (CXL3); ENA78, epithelial 
neutrophil-activating protein 78 (CXL5); IL-, interleukin-; IFγ, interferon-γ; MMP-, matrix metal-
loprotease-; PAI-1, -2, plasminogen activator inhibitor-1, -2; TIMP-1, -2, -3, -4, tissue inhibitor of 
metalloprotease-1, -2, -3, -4; ECM, extracellular matrix.
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can be divided phenotypically into CD4+ and CD8+ subpopulations. Within 1 week of 
surgery, human wound tissue contains raised levels of CD4+ cells which decrease with 
time so that immediately prior to wound closure CD8+ T lymphocytes predominate.29 
An increase in B lymphocytes was also observed as the wound closed in this study. 
A low CD4:CD8 ratio has also been documented for nonhealing chronic wounds.30 
Support for a role of CD8+ T lymphocytes in down-regulating healing is provided by 
the observation that depletion of these cells in a murine acute wound model enhances 
healing.31 No effect on healing is observed when CD4+ cells are depleted.

T-lymphocyte interaction with the healing process is likely to be mediated by 
secreted cytokines. Both CD8+32 and CD4+33 subsets are heterogeneous with respect 
to their secreted cytokine profiles. For example, CD4+ TH1 cells produce IL-2, 
IFNγ, and TNFα, whereas CD4+ TH2 cells produce IL-4, IL-5, IL-6, and IL-10. The 
majority of studies defining T lymphocyte subset functionality are intended to define 
their role in generating immune responses. Until the cytokine profiles of wound tis-
sue lymphocytes are characterized either by in situ hybridization or their isolation 
and functional characterization, it remains difficult to define their precise role in 
regulating healing.

Granulation Tissue Formation

This phase of cellular proliferation initiates as the inflammatory phase peaks and 
numbers of neutrophils start to decline. Cytokines and growth factors in the inflam-
matory environment stimulate capillary endothelial cells to undergo angiogenesis 
and generate chemotactic gradients that attract fibroblasts from the surrounding der-
mis to migrate into the wound provisional matrix. They migrate by initially binding 
to matrix components such as collagen, vitronectin, fibronectin, or fibrin and then 
elongating until another attachment site is found down the chemotactic gradient. The 
original attachment site is then disengaged by proteolysis using matrix metallopro-
teases (MMPs) and the fibroblast moves forward by cytoskeletal contraction.

Although the majority of endothelial cells, fibroblasts, and keratinocytes involved 
in the postinflammatory stages of healing are derived from the local skin, a number 
of cells found within the wound are derived from circulating pluripotent mesenchy-
mal stem cells originating from the bone marrow.34 They are capable of differentiat-
ing into mesenchymal cells required for wound healing and can accelerate healing 
of normal and diabetes-impaired healing35 suggesting their potential as a wound 
healing therapy.

Angiogenesis is regulated by tissue oxygen levels36 and is crucial to wound heal-
ing because the high metabolic activity of cells within granulation tissue demands 
an adequate supply of oxygen and nutrients to be supplied from the peripheral circu-
lation. Under hypoxic conditions, macrophages and fibroblasts that have been acti-
vated by TGF-β produce VEGF that activates capillary endothelial cells to detach 
and, using proteases to dissect a pathway, migrate into the surrounding clot and 
provisional matrix. Under the mitogenic influence of FGF and VEGF, they prolif-
erate and form new vessels, or capillary sprouts as they are often referred to, that 
can grow at the rate of a few millimeters per day. When examined with low power 
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magnification, the proliferating capillaries give the wound bed a characteristic red 
granular appearance.

In addition to proliferating endothelial cells granulation tissue is a mixture of 
inflammatory leukocytes and proliferating fibroblasts within a matrix of collagen, 
fibronectin, proteoglycans, and glycosaminoglycans. As fibroblasts increase in num-
ber, they synthesize matrix components to replace the fibrin clot with a provisional 
ECM that is continually degraded by proteolysis and resynthesized as the wound 
continues to heal. Controlled degradation of ECM components fulfils a number of 
functions. It is important for digestion of devitalized tissue and degraded proteins. 
It contributes to regulation of healing by release of bioactive molecules37 from ECM 
components. For example, peptides derived from collagen, elastin, and fibronectin 
can mediate chemotaxis and modulate cell proliferation; fibrin-derived peptides can 
stimulate angiogenesis. Proteolysis is also important in the process of remodeling 
where fibers of collagen are degraded and resynthesized and cross-linked as the 
healed wound achieves greater strength during the later maturation phase.

Large amounts of collagen are synthesized by fibroblasts during the granulation 
phase. Collagen is secreted as procollagen which is cleaved at the n-terminal end 
to form tropocollagen. This forms the basic collagen molecule and comprises three 
polypeptides possessing a covalently bonded left-handed helical structure. Collagen 
is rich in hydroxyproline and hydroxylysine involved in forming cross-linkages. 
Tropocollagen self-aggregates into overlapping units to form collagen fibrils that 
then further aggregate to form collagen fibers. The whole process takes place within 
an extracellular space filled with a high water content gel formed from hyaluronic 
acid, glycosaminoglycans, chondroitin sulfate, dermatan sulfate, and heparan sul-
fate, all of which are produced by fibroblasts. Seven different collagens are found in 
significant quantities within the skin. Collagens I, III, V, XII, and XIV form struc-
tural fibrils, collagen VI forms microfilaments, collagen V forms reticular fibers, and 
collagen VII forms fibrils anchoring the epidermis to the dermis.

As the granulation phase progresses, the wound undergoes the process of con-
traction. Wound contraction is mediated by the myofibroblast that exerts contractile 
forces via anchor points at the epidermal margin to draw the wound margins inward 
and decrease wound area.

The myofibroblast develops by differentiation from the fibroblast.38 Quiescent der-
mal fibroblasts acquire a migratory or activated phenotype in response to cytokines 
and signals received from wound ECM which differs in composition and mechanical 
properties from normal dermal ECM. This phenotype is characterized by the pres-
ence of contractile bundles composed of actin. Activated fibroblasts remodel their 
microenvironment and generate increasing stress in the ECM. They have also been 
described as protomyofibroblasts as they develop into myofibroblasts by express-
ing α-smooth muscle actin under the influence of TGFβ1, ECM proteins, and the 
mechanical environment. Interleukin-1 counteracts the stimulatory effect of TGFβ1, 
and its role has been suggested to prevent premature development of myofibroblasts 
during healing.39 α-Smooth muscle actin, which acts as a marker for myofibroblasts, 
is incorporated into stress fibers and increases the contractile potential of the myofi-
broblast. Following wound re-epithelialization and possibly in response to repaired 
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ECM regaining its original mechanical properties, myofibroblasts are removed from 
the wound environment by apoptosis.

Reepithelialization

Following injury, normal keratinocyte differentiation is perturbed and redirected 
toward covering the exposed wound tissue. Keratinocytes at the wound margin cre-
ated by mechanical injury respond to factors such as TNFα, TGFβ, EGF, and IFNγ 
and convert to an activated phenotype. Keratinocyte proliferative activity increases 
in cells distal to the wound margin. The normal differentiation pathway is modified 
and daughter cells migrate from the margin to the wound bed in response to signals 
received via surface integrin receptors that recognize fibrin, fibronectin, and col-
lagen present in the provisional wound ECM. Keratinocyte hemidesmosomes that 
attach to ECM and desmosomes that form cell−cell junctions are dissolved and sur-
face membrane molecules such as vitronectin, fibronectin receptors, and the integrin 
α5β1 are expressed.40 Intracellular actin filaments are synthesized and migration 
from the wound margin can commence before the proliferative program that gen-
erates large numbers of cells for migration over neogranulation tissue is initiated. 
This generates a migrating sheet of keratinocytes that are characterized by intercel-
lular gaps, retraction of keratin filaments, and cytoplasmic vacuoles resulting from 
phagocytic activity. Migration is an organized process, and two theories have been 
suggested to describe its mechanics.41 “Leap-frogging” proposes that daughter cells 
generated away from the wound margin migrate up to the suprabasal compartment 
and are pushed over the basal layer to the wound margin where they revert to the 
basal phenotype prior to migration. The “tractor-tread” theory explores the possibil-
ity that basal keratinocytes migrate over the wound bed and maintain desmosomal 
junctions to pull the epidermis inward from the margin.

As with other cell types that migrate in wound tissue, proteolytic action is required 
to dissect a pathway for keratinocyte migration. Migration is dependent on the kera-
tinocyte cell membrane interacting with the ECM of developing granulation tissue. 
To maintain ECM contact keratinocytes have to migrate underneath any scab and 
phagocytose and digest any debris they may encounter. This is achieved by secretion 
of plasminogen activator, a serine protease that converts plasminogen to plasmin, to 
promote lysis of the scab. ECM components are also degraded by the actions of kera-
tinocyte secreted MMPs. The whole process is executed more efficiently in a moist 
environment, and the accelerated healing found when wounds are prevented from 
air drying42 led to development of the concept of moist wound healing and wound 
dressings that manage wound moisture content.

Re-epithelialization is terminated when keratinocytes migrating from the wound 
margins achieve a density over the wound bed that allows cell−cell interaction and 
contact inhibition induces a cessation of migration. Intact normal skin is character-
ized by a basement membrane at the dermal–epidermal junction and to restore skin 
integrity the arrested keratinocytes have to reestablish attachment to the granulation 
tissue surface. This process is partially controlled by TGFβ that can up-regulate 
synthesis of attachment molecules such as α6β4 integrin and basement membrane 
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components such as collagen type IV. The basement membrane also contains 
anchoring structures such as collagen type VII fibrils which are produced locally 
by keratinocytes or macrophages. The now stationary keratinocytes down-regulate 
MMP synthesis.

For an incisional, sutured wound or a partial thickness wound where keratino-
cytes can migrate from surviving hair follicles re-epithelialization is rapid; for a 
larger full thickness wound healing by secondary intention re-epithelialization is 
slower because of the requirement for proliferation at the margin to provide sufficient 
cells to cover the wound surface.

Remodeling

Collagen is constantly being degraded and resynthesized even in normal skin, and 
during healing, the rate of both increases. The process of remodeling where blood 
vessels are resorbed and fibroblasts decrease in number initiates approximately 
21 days after injury when the overall collagen content of the wound has stabilized. 
Resynthesis allows collagen cross-linking and reorientation of the fibers to increase 
wound tensile strength. Remodeling is controlled by achieving a balance between 
synthetic and degradative activity. In part, this is achieved by regulating MMP 
activity by specific inhibitors known as tissue inhibitors of matrix metalloproteases 
(TIMPs). MMPs are produced by macrophages, fibroblasts, and keratinocytes. Their 
production is inducible and regulated by proinflammatory cytokines, growth factors, 
and contact with ECM. Transforming growth factor-β down-regulates MMP synthe-
sis and up-regulates production of TIMP.

As ECM remodeling progresses, collagen fibers become more organized, 
fibronectin decreases, and hyaluronic acid and glycosaminoglycans are replaced by 
proteoglycans. Tensile strength of the healed wound increases dramatically from 1 to 
8 weeks after injury and slowly thereafter. Remodeling continues for many months 
or years after wound closure but tensile strength never usually achieves more than 
80% of that of nonwounded skin. The resultant scar tissue is brittle and less elastic 
than normal skin with an absence of hair follicles and sweat glands. Scar tissue is 
often aesthetically unsatisfactory, but it fulfils the major desired result, in evolution-
ary terms, of restoring skin barrier function and preventing the ingress of bacteria 
and allowing maintenance of homeostasis.

Cytokines and Growth Factors in Regulation 
of Healing

Historically the term cytokine has been used to refer to molecules such as interleu-
kins, interferons, and molecules such as TNFα which are involved in cell−cell sig-
naling during the generation of immune responses. Growth factor generally refers to 
polypeptides capable of stimulating cell proliferation and differentiation. However, 
in the context of wound healing, there is much overlap between the two and they can 
be considered as intercellular messengers that regulate cell function mediated by 
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interaction with cell membrane receptors. In this section, the generic term cytokine 
will be used to describe both.

From the foregoing section on normal healing, it is self-evident that cytokines 
play a major role in regulating the interactions between the various cells involved in 
healing. They may act in a paracrine manner on cells in the local environment of the 
secreting cell, as autocrine factors on the secreting cell, and also as endocrine factors 
when bound to carrier proteins.

However, consideration of their bioactivity in relation to particular cell functions 
in isolation can be misleading and obscure the true complexity of the interactions 
involved in healing. By attempting to understand this complexity, it may be pos-
sible to eventually identify the key factors leading to the pathological disruption to 
cytokine networks that occur within chronic wounds without falling into the trap of 
trying to gain insight by the criterion of “guilt by localisation, timing and proper-
ties.”43 In any consideration of the role of cytokines, it is also necessary to recognize 
that they are only one of many cell modulatory signals that can be found within the 
wound environment, including peptides, lipids, hypoxia, nitric oxide, pH change, or 
ECM stress.

The importance of the inflammatory phase in initiating and regulating granu-
lation tissue formation and re-epithelialization has been described earlier. These 
observations were derived from experimental studies designed to investigate the cell 
biology of healing wounds. In passing, many of these studies highlight the impor-
tance of cytokine involvement in regulating the process. The importance of immune 
cell–mesenchymal cell interaction has been highlighted by using informatics analy-
sis (neural networks) to identify functional cytokine networks.44 This approach dem-
onstrates that cells do not function alone and that cytokine connectivity of immune 
cells and other cells involved in wound healing is compatible with the concept that 
the cells are collectively integrated into a maintenance system that restores dermal 
function after injury.

Properties of Key Growth Factors and Cytokines

Platelet-Derived Growth Factor

A number of homodimeric PDGF molecules are formed from the polypeptides 
PDGF-A, -B, -C, -D, and the heterodimeric PDGF-AB. They are released early in 
healing from platelets and are bound by serum and ECM proteins. Having a short 
(~2 minutes) half life in the circulation, PDGF functions as a local autocrine and 
paracrine factor mediating its effect via transmembrane tyrosine kinase receptors 
whose synthesis is autoregulated by PDGF.

PDGF is chemotactic for neutrophils, macrophages, and fibroblasts and thus can 
be considered important for initiating healing after platelet aggregation. This source 
of PDGF is no longer available after hemostasis is achieved and continuing produc-
tion is performed by macrophages, endothelial cells, and fibroblasts. This allows 
PDGF to play a role in augmenting fibroblast proliferation, ECM production, myofi-
broblast differentiation, and wound contraction. Such diversity of function supports 
the established concept that PDGF plays an important role in regulation of healing45 
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and has led to the use of recombinant PDGF-BB for the treatment of nonhealing 
wounds.46

Transforming Growth Factor-β

TGF-β is considered to play a significant role in regulating granulation tissue forma-
tion, ECM production, and angiogenesis.47 It exists as at least five isoforms although 
TGF-β1 is the most prevalent. As with PDGF it is released during hemostasis and is 
synthesized by macrophages, lymphocytes, and endothelial cells. Production can be 
autoregulated by FGF and stimulated by EGF and IL-1. It is secreted as an inactive 
form complexed with the n-terminal portion of the TGF-β precursor molecule that has 
to be cleaved by proteolysis at the cell surface to release the bioactive form of TGF.

Following hemostasis, TGF-β duplicates the chemoattraction exerted by PDGF to 
attract neutrophils, macrophages, and fibroblasts to the wound site. Initial elevated 
levels of TGF-β are found after the first day following injury. Synthesis of the -1 and 
-2 isoforms are induced early in healing with TGF-β3 being found at the later stages 
of healing to contribute to a second peak of TGF-β activity 5 days after wounding. 
This may also be contributed to by release from ECM where TGF-β is bound via 
latent-TGFβ-binding-protein from which it is released and activated by proteases 
such as thrombin and plasmin.

In addition to its role in the earlier phases of healing, TGF-β has been shown to 
play a role in control of scar formation.48 Inhibition of the activity of the -1 and -2 
isoforms in rodent incisional wounds decreased ECM deposition and reduced scar-
ring, suggesting that endogenous TGFs contribute to scarring. In contrast, treatment 
with recombinant TGF-β3 reduced scarring to demonstrate that this isoform acts as 
an antagonist for TGF-β1 and -β2.

Fibroblast Growth Factor

There are more than 20 members of the FGF family of 16−18 kDa polypeptides. 
FGF-2, previously known as b-FGF, is considered a prototype for the family. They 
are bound by heparin sulfate–containing proteoglycans which allows them to be 
stored in an inactive form in the ECM. They are synthesized by endothelial cells and 
fibroblasts that also store FGF to allow rapid release following injury.

Bioactivities of FGFs suggest a primary role in granulation tissue formation 
and epithelialization and a possible role during inflammation.49 Involvement in the 
inflammatory phase may be via FGF-1 activating T lymphocytes to produce the 
proinflammatory cytokine interleukin-2.

Both FGF-1 and FGF-2 stimulate proliferation of fibroblasts and endothelial cells 
to act as positive regulators of granulation tissue synthesis. FGF-2 can also facilitate 
migration of these cells by inducing production of urokinase-type plasminogen acti-
vator, an enzyme that converts plasminogen to plasmin. This proteolytic enzyme can 
then cleave a pathway through the fibrin clot for migrating cells. Cell surface αVβ3 
integrin expression is up-regulated by FGF-2 to mediate binding to ECM compo-
nents such as vitronectin and fibrinogen. FGF-7 is also produced by fibroblasts and 
acts a potent mitogen specific for keratinocytes.
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Epidermal Growth Factor

EGF is a 64 kDa molecular mass member of the EGF family whose members exhibit 
sequence homology and act as strong mitogens. The family includes TGF-α, which 
binds to the same receptor as EGF and shares similar biological activities. EGF is 
widely distributed in body fluids, being found in saliva, milk, plasma, and urine as 
well as wound fluid. At the wound site potential cellular sources for both EGF and 
TGF-α include macrophages during the inflammatory phase of healing and wound 
margin keratinocytes.

EGF receptors are transmembrane glycoproteins found on the majority of mam-
malian cells. They are present in highest numbers on epithelial cells and also present 
in high numbers on fibroblasts and endothelial cells. The receptor exists in one of 
two conformational states that bind EGF with either a high or low affinity. Its activity 
can be modulated by other growth factors such as PDGF and FGF. In addition to its 
mitogenic effect on epithelial cells, fibroblasts, and endothelial cells, EGF stimulates 
synthesis of the ECM components fibronectin, collagen, and glycosaminoglycans.

Vascular Endothelial Growth Factor

The VEGF family is composed of seven members: VEGF-A, -B, -C, -D, -E, -F, and 
PLGF (placental growth factor). VEGF-A appears to be the dominant isoform in 
wound healing.50 It is a 34-to-42- kDa dimeric, disulfide bound glycoprotein that 
exists in at least seven homodimeric isoforms. Three isoforms express a heparin-
binding domain that binds strongly to heparin-containing proteoglycans in the 
ECM. The remaining VEGF-A isoforms that lack the domain are diffusible within 
the wound matrix. Proteolysis of the ECM liberates bound VEGF-A to generate 
highly diffusible fragments.

VEGF-A only binds to either type 1 and 2 receptors tyrosine kinase membrane 
receptors. VEGF receptor-1 (VEGFR-1) binds VEGF-A with greater affinity than 
VEGFR-2 and each receptor mediates different bioactivities. VEGFR-2 binding 
is more important for endothelial cell mitogenesis and stimulates production of 
platelet-activating factor. Ligand binding by VEGFR-1 is unable to initiate mito-
genesis but modulates cell division immediately before formation of primitive blood 
vessels. The receptor is expressed by leukocytes and induces transmigration and 
activation of monocytes and chemotaxis of neutrophils.

VEGF-A which is secreted by macrophages, endothelial cells, and keratinocytes, 
acts in a paracrine and autocrine manner to stimulate angiogenesis. Its expression 
is induced when cells are subjected to hypoxia. This response is dependent upon 
production of hypoxia-induced protein complex, HIF-1, which binds to the enhancer 
sequence of the VEGF-A gene. In the proinflammatory environment of the wound, 
TNF-α triggers release of VEGF-A and increases transcription of the VEGFR-2 
gene in endothelial cells. VEGF-A synthesis is also augmented by TGF-β, EGF, and 
PDGF. IL-1β and TNF-α are also able to induce VEGF-A gene expression in wound 
margin keratinocytes.
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Insulin-Like Growth Factor

Two insulin-like growth factors (IGFs) have been described.51 They share 47% 
sequence homology with insulin and, like it, can cause hypoglycemia. They are 
widely distributed throughout the body and were originally identified as endocrine 
factors although they can act in an autocrine and paracrine manner. They are potent 
mitogens, anti-apoptotic, and stimulate keratinocyte chemotaxis and fibroblast ECM 
production. The insulin-like effects of IGF-1 from which it derives its name include 
glucose uptake, glycolysis, and glycogen synthesis. These biological effects are 
transduced via the IGF-1 transmembrane tyrosine kinase receptor.

Within the wound, IGF may be produced by macrophages, fibroblasts, and kera-
tinocytes as well as being derived from plasma. Maximum levels are observed in 
wound fluid or tissue early during healing and correlate with increased cell migra-
tion and proliferation. Its potentially important role in healing is demonstrated by the 
observation that IGF-1 is absent or reduced in recalcitrant diabetic wounds and that 
fibroblasts isolated from these wounds are resistant to its mitogenic effect.52

Cytokines and Chemokines

The inflammatory process generates a diverse range of cytokines53 and chemokines54 
that can be found within wound tissue. These are involved in a complex regula-
tory network that controls wound inflammation and the outcome, healed or chronic 
wound, of the healing process. The precise identity of the component cytokines 
and their interaction remains to be elucidated. Although we have to be cognizant of 
the earlier mentioned caveat regarding guilt by association, the data available sug-
gest that IL-1 and TNFα may play significant roles in regulation of healing and, in 
particular, pathogenesis of the chronic wound. However, many other cytokines and 
chemokines have been identified in wound fluid taken from healing and nonhealing 
wounds. Although their potential roles are less well defined, they will no doubt con-
tribute in some part to the overall regulation of healing.

Interleukin-1

Secreted IL-1 exists as the –alpha or –beta 17 kDa forms that share 27% c-terminal 
homology and have approximate functional equivalence. IL-1β is predominantly 
secreted by monocytes and activated macrophages and keratinocytes are a major 
source of Il-1α. Other sources include neutrophils, endothelial cells, and fibroblasts. 
Both forms of IL-1 are synthesized as precursors that require enzymatic cleavage by 
the proteases elastase, cathepsin G, and collagenase that are found in the inflamma-
tory environment.

Synthesis of IL-1 can be induced by many stimuli including bacterial endotoxins, 
TNF-α, IFN-α, -β, -γ. Macrophages are particularly responsive to stimulation with 
bacterial endotoxin and fibroblasts produce IL-1 in response to IL-1α and TNF-α. 
IL-1 production is subject to positive or negative feedback regulation depending 
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upon the functional status of the secreting cell. Activity of IL-1 is controlled by IL-1 
receptor antagonist (IL-1RA). Multiple isoforms of this molecule are produced by 
macrophages and fibroblasts that bind to the IL-1 receptor to competitively inhibit 
the local pro-inflammatory effects of IL-1. Overall tissue pro-inflammatory activity 
with respect to IL-1 is thus a balance between concentration determined by level 
of synthetic stimuli and receptor availability regulated by receptor expression and 
binding of IL-1RA.

The major biological functions of IL-1 are promotion of immune and inflam-
matory responses—the former by stimulation of T-helper cells to secrete IL-2 and 
express IL-2 receptors, and promote proliferation of B lymphocytes and immuno-
globulin production; and the latter by enhancing arachidonic acid metabolism in 
inflammatory cells, fibroblasts, and endothelial cells. It modulates endothelial cell 
function promoting thrombotic processes, enhancing adhesion molecule expression, 
and leukocyte adhesion, chemotaxis, and activation. It enhances production of proin-
flammatory proteins including collagenase and elastase that are considered to play a 
role in the pathogenesis of chronic wounds (vide infra).

Tumor Necrosis Factor-α

TNF-α is a nonglycosylated 17 kDA protein that has many features in common with 
IL-1β. It is primarily produced by monocytes, macrophages, neutrophils, and T-cells 
but may also be secreted by fibroblasts and keratinocytes. Production is up-regulated 
by many stimuli including bacterial endotoxins, IFNs, IL-2, and granulocyte monocyte 
colony stimulating factor (GM-CSF). Production is inhibited by IL-6 and TGF-β.

Two receptors of 55−60 kDa and 75−80 kDa have been described and identified 
on all cells found within wound tissue except erythrocytes. The 55-kDa receptor has 
a c-terminal region that has been described as the “death domain” as it is involved 
in induction of apoptosis. Interaction of TNF-α with its receptor is modulated in a 
number of ways. Receptor density is increased by IFN-α, -β, -γ and decreased by 
IL-1. Soluble TNF binding factors derived from the TNF-binding domain of mem-
brane receptors also inhibit bioactivity by binding TNF before it can interact with the 
membrane expressed receptor.

TNF-α exhibits a wide spectrum of biological activities, notably induction of 
cytolysis and cytostasis of many tumor cell lines in vitro and hemorrhagic necro-
sis of experimental tumors in vivo. Its pro-inflammatory properties synergize with 
IL-1 in vivo to enhance inflammation. It is prothrombotic, a chemoattractant for 
neutrophils, and induces synthesis of chemotactic chemokines. TNF-α also induces 
synthesis of IL-1 and prostaglandin E2 (PGE2) by nonactivated macrophages and 
augments immune responses by enhancing the response of T-cells to IL-2 and pro-
motion of B-cell differentiation.

Although the promotion of potent inflammatory responses may be considered to 
potentiate wound chronicity, TNF-α possibly contributes to healing as it can promote 
angiogenesis and act as a growth factor for fibroblasts. It can also induce fibroblast secre-
tion of collagenase and PGE2. The relative roles of TNF-α in healing/nonhealing may 
be determined by concentration and timing of production during the healing process.
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Chronic and Impaired Wounds

As described earlier, normal wound healing for the healthy individual in the absence 
of complicating factors such as wound infection is a predictable sequence of events 
leading to wound closure and restoration of dermal integrity.55 However, comorbidi-
ties and associated medication may exacerbate delayed healing and development of 
chronic nonhealing wounds.

Wounds exhibiting defective healing are found in surprisingly high numbers, par-
ticularly in an aged population.56 Venous leg ulcers (VLUs) occur with a frequency 
>1%, 15% of diabetics may develop foot ulcers, and the prevalence of pressure ulcers 
(PUs) can reach 15% in an acute setting. Following treatment of underlying patholo-
gies, compression therapy for VLU, pressure relief for PU, and diabetic foot ulcers 
(DFUs) plus metabolic control for diabetics, many of these wounds will respond pos-
itively to standard good wound care practice. However, a substantial minority will 
remain refractory to treatment and require adjunctive therapies to achieve wound 
closure, or in some cases may never heal.

General Factors Impacting on Healing

Aging
Aging is associated with many well-documented changes to tissue structures and bio-
logical functions essential to maintaining skin integrity and tissue repair. However, 
the process of normal aging is not necessarily considered detrimental to epidermal 
healing and may even confer some benefits. Thus Eaglestein57 concluded that “The 
ability of the aged to heal so well illustrates not that their healing processes are equal 
to those of the young but rather that our healing capacity is far in excess of what is 
needed.” (p. 183)

Beneficial changes to some aspects of the healing process are indicated by the 
demonstration that increased levels of fibrillin and elastin found in aged human 
experimental dermal wounds confer improved scar quality.58 This may be due to 
age-related changes in wound inflammatory processes as decreased inflammatory 
responses are also associated with scarless fetal healing. The lack of a detrimental 
effect of aging on normal wound healing in the healthy is not restricted to the skin, 
as experimental wounds of stomach and duodenum in aged rats heal as well as those 
in the young.

The aged individual may be more susceptible to wound healing problems resulting 
from interactions of body systems with environmental stresses, progressive diseases, 
concomitant medication, and the general aging process. Although these changes 
may not directly induce suboptimal healing in older adults, they may exacerbate 
pathological changes leading to a poorer wound prognosis than the same pathology 
may induce in the young. This concept is illustrated by comparison of models of 
impaired healing in young and aged rats.59 The healing rate of incisional wounds in 
3-month-old and 24-month-old rats is identical. An ischemic wound can be created 
by using an H-shaped double skin flap, where the test wound is below the horizontal 
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line in the H. Blood flow in the ischemic wound the first day after wounding is only 
7% of that found in normal skin. Although healing is delayed in both the young and 
old rats by ischemia, a further delay of 40% to 65% is found in aged rats.

Menopausal Effects
The decrease in estrogen levels post-menopause may have a deleterious effect on 
normal skin function and either topical estrogen or hormone replacement therapy 
(HRT) has been indicated as a means of at least partially restoring normal function. 
It prevents a decrease in skin collagen content and administration either systemically 
or applied topically to healthy skin may increase collagen content.60 This may explain 
to some extent the observed lower incidence of PUs (relative risk 0.68) and VLUs 
(relative risk 0.65) in women treated with HRT); however, another contributory fac-
tor may be the effect of estrogen directly on the healing process. Aging in healthy 
females is accompanied by a reduced rate of cutaneous healing with improved scar 
quality.61 These effects are reversed by HRT treatment or topical estrogen treatment 
of both aged females and males62 and may be related to an anti-inflammatory effect 
of estrogen decreasing the numbers of neutrophils and amount of the proteolytic 
enzyme elastase in the wound tissue.

Nutrition
The most important dietary components considered essential for healing have been 
defined as carbohydrates, proteins and amino acids (particularly arginine and glu-
tamine), fats, polyunsaturated fats, zinc, vitamin A, and vitamin C.63 All these are 
supplied by a well-balanced diet, but malnutrition (undernutrition, overnutrition, or 
dietary imbalance) is prevalent in the aging population prone to chronic wounds. 
For a metabolically active lesion such as a wound, it is almost axiomatic that overt 
malnutrition would be associated with impaired healing. Poor nutritional status is 
considered a predisposing factor in impaired ulcer healing, but a causal relationship 
to wound chronicity has not been demonstrated.64

Patients with chronic wounds have been demonstrated to have a number of specific 
nutritional defects. In a study of 25 patients65 with large VLUs, 18 (72%) had vitamin 
C deficiency, 10 (40%) decreased albumin, 3 (12%) zinc deficiency, 2 (8%) folate 
deficiency, and 2 (8%) iron deficiency. These deficiencies were identified by compari-
son to normal biochemical values for the whole population. Comparison of age- and 
sex-matched controls66 also demonstrated significant deficiencies of zinc and also 
vitamin A and vitamin E. Zinc has received much attention in this context and up to 
50% of patients with leg ulcers have decreased plasma zinc levels. Healing of gastric 
ulcers is delayed in zinc-deficient animals with decreased cell proliferation rates.67 
However, restoration of zinc levels immediately after ulcer formation did not restore 
healing to normal. Attempts to enhance healing with dietary zinc supplementation 
in humans has met with limited success, with some studies demonstrating a positive 
effect and others demonstrating no benefit.

In the context of wound healing, nutritional data of the type quoted in this section 
have to be interpreted with caution for two reasons:
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	 1.	For example, vitamin C is required for collagen formation and a deficiency 
leads to lower levels of skin hydroxyproline, raising the theoretical possibil-
ity of impaired healing. However, vitamin C deficiency is common in the 
aged population and is not necessarily related to defective healing.

	 2.	Nutritional status is usually assessed by measuring systemic factors such 
as blood parameters or anthropometrics. Localized lesions such as chronic 
wounds create unique microenvironments and plasma levels may not reflect 
bioavailability at a tissue level.

Other Factors
A number of other factors such as vascular disease, diabetes, obesity, hematologic 
diseases, or cytotoxic chemotherapy contribute to defective healing.

Chronic Wound Etiology

The most prevalent chronic wounds are VLUs, DFUs, and PUs. Once formed they 
exhibit many common features, yet they arise from differing etiologies.

Venous Leg Ulcers

Venous leg ulcers arise as a severe consequence of chronic venous insufficiency. 
The precise mechanism for development of the VLU remains to be defined, as there 
are a number of proposed hypothetical mechanisms available, each of which may 
contribute in part.68 VLUs are characterized by pericapillary deposition of fibrin 
(“fibrin cuffs”) associated with extravasation of neutrophils and monocytes from the 
capillary circulation. Whether the fibrin cuff is deposited first leading to leukocyte 
trapping or whether increased venous pressure leads to a capillary pressure decrease 
causing leukocyte trapping and activation that in turn leads to increased capillary 
permeability and fibrin deposition is the subject of debate. However, once formed, 
the fibrin cuffs decrease oxygen diffusion and the trapped monocytes and neutro-
phils activate and release mediators that further damage capillaries and dermal tis-
sue. Leakage of plasma macromolecules such as fibrinogen and α2-macroglobulin 
into the dermis may also dysregulate growth factor function so that the tissue dam-
age cannot be repaired.

Diabetic Ulcers

Diabetic foot ulcers may be divided into the two groups of those in neuropathic feet 
(neuropathic ulcers) and those found in ischemic feet associated with neuropathy 
(neuroischemic ulcers).69 Most commonly, neuropathic ulcers are caused by repeti-
tive mechanical forces of walking leading to hyperkeratosis and formation of a callus 
on the plantar aspect of the foot. The callus presses on underlying soft tissue, dam-
aging capillaries with consequent inflammation and hematoma formation leading 
to tissue necrosis and ulceration. Neuroischemic ulcers are frequently found on the 
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margins of the foot, the tips of the toes, and beneath toenails. They are often caused 
by friction arising from poorly fitting shoes and first arise as a superficial blister that 
develops into a shallow ulcer.

Patients with diabetes have multiple physiological defects that can impair heal-
ing70 including growth factor dysregulation, impaired angiogenic response, impaired 
keratinocyte, fibroblast, macrophage, and neutrophil function. Hyperglycemia results 
in a poor inflammatory response to bacterial invasion, and tight metabolic control 
combined with good wound care practice is essential in preventing wound infection 
that may lead to lower limb amputation.

Pressure Ulcers

Pressure ulcers develop as a consequence of the application of pressure, shear forces, 
and friction to the skin.71 Pressure is the most important factor and produces local 
ischemia when the exerted pressure exceeds that within dermal capillaries. Under 
normal circumstances, pressure is relieved by movement and blood flows back into 
the area of skin to reoxygenate the tissue. However, if the pressure persists due to 
continued immobility, then tissue necrosis and ulcer formation ensue. The effects 
of pressure can be exacerbated by reduced skin elasticity in aged patients, requiring 
less applied pressure to cause tissue damage. Shear is a mechanical stress applied 
parallel to a plane of interest, and its application to the skin can deform skin struc-
tures and cause capillary damage. Shear and pressure often occur simultaneously. 
Friction applied to the skin, for example when a patient is dragged across a sheet, 
also contributes to skin damage.

Cellular Defects within the Chronic Wound

Chronic wounds appear to exist in a state that is characterized by non-resolving 
inflammation driven by elements in the chronic wound environment such as tis-
sue degradation products, hypoxia, and bacterial products that establish a positive 
feedback loop (Figure 5.2). This results in a disordered cytokine regulatory network 
where fibroblasts and endothelial cells within the wound bed fail to produce nor-
mally functioning granulation tissue and keratinocytes proliferate at the wound mar-
gin yet fail to migrate over a defective ECM.

Inflammation

Deposition of fibrin around capillaries is considered to be one of the contributory 
factors in VLU formation. The cuffs are a predominant histologic feature of VLUs 
and, in addition to fibrin, are composed of actin, collagen IV, extravasated factor 
XIIIa, and α2-macroglobulin.72 Immunohistochemical localization of TGF-β is also 
observed, possibly as a consequence of α2-macroglobulin acting as a scavenger for 
TGF-β.73 Typically, neutrophils and pro-collagen-I positive fibroblasts are also asso-
ciated with the cuffs. The complement system is activated in chronic wounds as dem-
onstrated by the presence of terminal complement complex in association with C3D 
in the capillary walls of VLUs.74 This, combined with the absence of the membrane 
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glycoprotein protectin, may contribute to persisting inflammation. Protectin (also 
known as CD59) is a complement regulatory protein widely expressed by cells in 
all tissues. It acts to protect cells from the membrane attack complex generated by 
inappropriate complement activation. Generation of the complement components 
C3a, C4a, and C5a following complement activation acts as a powerful stimulus to 
inflammation as they increase vascular permeability and act as neutrophil chemoat-
tractants. In combination with the up-regulation of another key mediator of inflam-
mation, prostaglandin,75 in chronic wounds they act to induce a persisting acute-type 
inflammatory response.

In contrast to the rapid decrease in the inflammatory response seen in a non-
infected healing wound, the non-resolving inflammation found in chronic wounds 
is characterized histologically by a leukocyte infiltrate in which macrophages, 
neutrophils, and T lymphocytes are the predominant cell types.30 The dense infil-
tration of T lymphocytes and macrophages found at the margin of VLUs is associ-
ated with a strong up-regulation of ICAM-176 and VCAM-177 by co-located blood 
vessels giving a picture of a typical chronic inflammatory response. Expression of 
leukocyte-associated adhesion molecules LFA-1 and VLA-4 is also enhanced on 
cells within the microvasculature.

Growth Factors

Leukocyte RecruitmentEndothelium Activation

ECM Degradation

Hypoxia
Tissue Damage

Bacterial Products

Chronic Inflammation
Neutrophil and Macrophage Activation

ROS/Free Radicals

Fibroblast SenescenceDefective ECM

Proteases
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Pro-inflammatory signals
Cell migrationDegradative activity
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Figure 5.2  (Please see color insert following page 114.) Generation of wound chronicity.
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Wound exudate is the fluid that can be harvested from the surface of open granu-
lating wounds. It is assumed to represent the interstitial fluid of the underlying wound 
fluid and therefore to contain factors secreted by cells that represent their functional 
state. Data generated by wound exudate analysis have to be interpreted with caution 
when attempting to deduce cellular functional defects that may contribute to wound 
chronicity. The intracellular message delivered by cytokines is short ranged, and 
location of a secreting cell may be more important than the overall level of cytokine 
detected at the cell surface in exudate. Measurement of a few cytokines in isola-
tion may be misleading, as considerable redundancy exists between the biological 
effects of many cytokines and growth factors (e.g., compare IL-1β and TNFα). The 
presence of cytokine inhibitors also has to be considered as they will contribute to 
the actual bioactivity as opposed to the absolute concentration of the cytokine. For 
example, total levels of immunoreactive TNFα are significantly higher in exudate 
from nonhealing VLUs than from healing ulcers, yet levels of bioactive TNF-α are 
not elevated.78 Levels of soluble TNFα_p75 receptors are significantly higher in non-
healing exudate compared to healing exudates; however these levels are theoretically 
inadequate to substantially neutralize the bioactivity of the accompanying TNF-α.

Notwithstanding these caveats, wound exudate contains a diverse array of cytok-
ines and growth factors that can be quantitated by immunoassay or bioassay. Many 
of the measurable components are present as a consequence of the chronic inflam-
matory process. Recognition of the complexity of interacting cytokine networks has 
led investigators to analyze multiple factors in the context of healing versus nonheal-
ing wounds. One example is a study18 where multiple chemokines and cytokines 
were quantified by immunoassay in wound exudates and tissue extracts from VLUs 
undergoing compression therapy. As the ulcers healed, conversion of an overall 
non-resolving chronic inflammatory cytokine profile to a resolving acute inflamma-
tory one was observed. In contrast, other studies found that measurement of PDGF, 
GM-CSF, IL-1α, IL-1β, IL-6, and bFGF from healing and nonhealing ulcers demon-
strated no statistically significant differences between the two healing states.79

Increased oxidative stress80 resulting from a perturbation of the balance of oxi-
dants and antioxidants at the chronic wound site may also be a manifestation of 
continuing inflammation. Excess iron derived from hemoglobin present at the wound 
site as a consequence of capillary leakage of red blood cells can generate hydroxyl 
free radicals via the Fenton reaction. Ferritin is known to be elevated in VLU exu-
date and is found with a concomitant increase in 8-isoprostane, a measure of lipid 
peroxidation.81 The oxidative stress marker allantoin:uric acid ratio is also elevated 
in VLUs.82

Granulation Tissue Formation

Histological examination of chronic wound granulation tissue suggests that there 
is a disordered regulation of the healing process rather than a diminution in cel-
lular activity involved in defective healing. Aberrant distribution and amounts of 
growth factors, cytokines, and enzymes such as inducible nitric oxide synthase are 
found. For example, TGFβ-1, -2, and -3 can be identified in peri-ulcer skin, but they 
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are absent from nonhealing wounds. The receptor for TGFβ-1 is strongly expressed 
in VLU, but no TGFβ-2 receptor is present at the protein level.83 By contrast, in 
healing VLUs positive immunostaining for all the TGFs and the type I and type II 
receptors are detected.

Disordered proteolytic enzyme activity and consequential matrix degradation is 
also present. Levels of neutrophil-derived elastase, membrane-type MMP, extracel-
lular MMP inducer, soluble MMPs, and urokinase-type plasminogen activator (uPA), 
which is an activator of MMP-2, are all elevated. Tissue inhibitors of matrix metal-
loproteases, in contrast, are decreased, leading to an overall net increase in prote-
olytic activity. This is associated with defects in the ECM, most notably a deficiency 
of fibronectin that is required as a provisional matrix for keratinocyte migration.84 
The importance of this defect in maintaining the nonhealing state is shown by the 
observation that within two weeks of initiating compression bandaging for VLUs, an 
acute inflammatory response is initiated followed by deposition of fibronectin and 
epithelial migration.85

Chronic wound exudate degrades fibronectin in vitro, and this activity is pre-
vented by inhibitors of neutrophil elastase. In contrast to acute wound exudate that 
contains intact fibronectin, chronic wound exudates contain low molecular mass 
fragments found with elevated levels of elastase and decreased proteinase inhibi-
tors.86 MMPs are required for normal healing, but their levels rapidly decrease after 
the acute inflammation resolves and healing is initiated. Proteolytic activity persists 
in the chronic wound and concentrations of inhibitors are decreased. However, when 
chronic wounds respond to treatment, MMP levels fall as healing proceeds.87

Overall, protease activity is determined by a balance between enzyme activity 
and enzyme inhibitors. Urokinase-type plasminogen activator occupies a potentially 
significant role in regulation of chronic wound protease activity because it activates 
plasminogen to form plasmin that in turn activates collagenases. Its activity is con-
trolled by a specific inhibitor that is found in higher levels at the ulcer edge and 
base in healing compared to nonhealing wounds.88 When uPA expression in wound 
exudate switches from an active to inhibitor bound form, there follows a decrease in 
MMP-9 expression. This infers the existence of a proteolytic cascade initiated by the 
plasminogen activator/plasmin system during wound healing that is directly linked 
to activation of MMP-9.

Although the increased levels of proteolytic enzymes in the chronic wound derive 
mainly from inflammatory macrophages and neutrophils, another source is that 
from fibroblasts. Under normal conditions, for example during scar formation, fibro-
blasts will eventually undergo apoptosis. However, factors such as oxidative stress 
and pro-inflammatory cytokines such as TNFα and IL-1 can induce a senescent phe-
notype. This is characterized by telomere shortening, resistance to apoptotic death, 
and elevated production of collagenase, elastase, stromelysin, and decreased levels 
of the metalloproteinase inhibitors TIMP-1 and TIMP-3.89 The senescent fibroblast 
exhibits an ECM degrading phenotype and the higher levels of these cells found in 
chronic wounds90 may in some part contribute to defective ECM that does not sup-
port keratinocyte migration.

© 2010 Taylor and Francis Group, LLC



178	 Microbiology of Wounds

Epithelialization

Epithelialization of the wound bed is the crucial step in the healing process that 
reestablishes barrier function of the epidermis to prevent ingress of bacteria and loss 
of interstitial fluid. In the normal wound, epithelialization progresses at maximal 
speed, yet despite keratinocyte proliferation at the wound margin, it is inhibited in 
chronic wounds.

Defective epithelialization is likely to be the consequence of a number of fea-
tures of the chronic wound that act to inhibit migration over the chronic wound bed. 
Key among these is the absence of a suitable substrate to support migration as a 
consequence of proteolytic damage to the ECM so that it can no longer provide the 
required cues to migration via appropriate integrin ligand expression for keratino-
cyte receptors.91 There is also evidence that keratinocyte functional defects may be 
induced in the chronic wound environment. Hypoxia generated as a consequence of 
underlying pathologies such as venous hypertension or diabetes may reduce the abil-
ity of keratinocytes to migrate and produce MMPs.92

The majority of chronic wounds are colonized to some extent by bacteria93 that 
are considered to contribute to nonhealing by delivering a stimulus to development of 
a non-resolving inflammatory response. Additionally, Gram-negative bacteria may 
inhibit epithelialization directly by lipopolysaccharide interaction with keratinocyte 
TLRs and subsequent inhibition of migration.94

Modulation of Wound Cell Biology 
by Clinical Interventions

Even though the chronic wound does not achieve healing, it is an active lesion where 
inflammation, proliferation, and ECM synthesis and degradation occur in a disor-
dered manner that prevents an appropriate coordination of the sequence of events 
required for healing. It is a convenient working hypothesis that for chronic wounds, 
the healing process exists in some form of steady-state95 or self-reinforcing loop that 
has to be interrupted for the healing to be initiated. This is supported by observations 
that as VLUs initiate a healing response during compression therapy, components 
of a dysregulated cytokine regulatory system are modulated. TGFβ and its recep-
tors are up-regulated,83 pro-inflammatory cytokines such as IL-1 are down-regulated 
with up-regulation of their inhibitors, and pro-inflammatory IL-12 is down-regu-
lated with simultaneous up-regulation of anti-inflammatory IL-10.18 Activity of pro-
teolytic enzymes that degrade ECM and growth factors is also down-regulated by 
decreased synthesis and increased production of their inhibitors.96 Following from 
these events, chronic inflammation is replaced with an acute type inflammation and 
normalization of ECM characterized by deposition of fibronectin that allows epithe-
lialization to proceed.85

Knowledge of the underlying cellular events that characterize the nonhealing 
state and how they change in response during healing has led to development of 
treatment paradigms such as wound bed preparation (WBP). This concept recog-
nizes that chronic wounds such as DFUs and VLUs are arrested at the inflammatory 
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and proliferative phase97 and that treatment strategies should be developed that focus 
on restoration of a balance between growth factors, cytokines, proteases, and their 
inhibitors as found in healing wounds. Wound bed preparation infers preparation 
for healing by removing barriers to healing and initiation of the endogenous heal-
ing process or promotion of the efficacy of other interventions. These objectives are 
achieved by debridement to minimize necrotic burden, management of exudate with 
advanced wound dressings to maintain a moisture level optimal for healing, and 
minimization of wound bacteria to eliminate them as a source of inflammatory stim-
uli. None of these interventions alone are novel, but the concept of WBP integrates 
them into a knowledge-based scheme that relies on reevaluation and modification of 
treatment strategy based on an understanding of the cell biology of healing.

Characterization of the differences between healing and nonhealing wounds has 
identified potential therapeutic targets and led to the development of a number of 
treatments that are designed to modulate healing by interacting with key aspects 
of biological events regulating the healing process. Examples include recombinant 
growth factors such as PDGF,98 KGF,99 and GM-CSF,100 tissue-engineered dermal 
replacements,101 synthetic protease inhibitors,102 protease modulating dressings,103 
and pH-modulating ointments.104

No single “magic bullet” has been identified to treat the chronic wound, and early 
enthusiasm for the use of growth factors has been tempered with a realization that 
“there is no convincing evidence that growth factors may substitute for good wound 
care.”105 Many clinical trials have used single growth factors, and in retrospect, it 
is not surprising that this strategy is not of universal value for a lesion with multi-
factorial defects. Also, application of growth factors to a wound with high levels of 
proteases may simply result in degradation of the growth factor,106 possibly requiring 
co-administration of a protease inhibitor. A further limitation is that growth factors 
may be required over a period of time not achieved with a single application because 
of a relatively short half life in vivo that requires multiple or continuous delivery 
systems. Additionally, the target cell has to express the membrane receptor for the 
delivered factor and be in the correct physiological state to respond appropriately.

A potentially more successful approach may lie in modification of cell func-
tions within the wound tissue as individual cells produce a multiplicity of often 
counterregulatory factors. In part, this is achieved with tissue-engineered dermal 
equivalents that when applied to the wound surface after WBP will provide tempo-
rary barrier function and the cellular component will deliver growth factors to the 
wound bed.107

The future holds the possibility that gene therapy may overcome current draw-
backs and poor efficacy of current growth factor treatment strategies.108 Ex vivo and 
in vivo gene transfer has been achieved for cells present within the wound bed and 
gene overexpression has demonstrated that cell differentiation can be achieved and 
wound healing enhanced in animal models. However, the key to successful applica-
tion of this technology will be identification of appropriate target cell functions that 
prevent healing in the chronic wound even after treatment of underlying pathologies 
combined with good wound management practice.
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6 The Microbiology 
of Wounds

Steven L. Percival and Scot E. Dowd

Introduction

Acute wounds are formed during a trauma, such as a surgical procedure, a cut/incision, 
or a bite (e.g., insect, snake, human) and heal through specific defined phases (see 
Figure 6.1). Healing rates in acute wounds are affected by a number of factors including 
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wound type, site of formation, area, and depth, repeated traumas, and underlying patholo-
gies (see Table 6.1). Complicated acute wounds (e.g., gunshot wounds, in particular) have 
an increased susceptibility of developing an infection1 and a prolonged healing process.

Chronic wounds occur when the “normal” wound healing process is hindered, 
often resulting in the formation of an ulcer.2 Wounds that are classified as “chronic” 
do not heal in a timely manner and do not respond effectively to traditional wound 
management practices and standard protocols of care. Patients who have poor blood 
or lymph circulation, due to an impaired arterial supply or venous drainage or 
patients with underlying metabolic diseases (e.g., diabetes mellitus) have been found 
to be highly susceptible to the formation of chronic wounds.3–5 The most commonly 
encountered chronic wounds include venous leg ulcers, diabetic extremity ulcers, 
and decubitous ulcers.6 Together these types of chronic wounds are known to affect 
a large percentage of individuals, especially in Western communities.7

Incision/Trauma

Inflammation

Healed Wound 

Wounding

Granulation Tissue

Re-epithelialization

Remodeling

Non-healing Repeat Trauma

Figure 6.1  Phases of wound healing.

Table 6.1
Factors That Delay Wound Healing
Microbial numbers/pathogenicity/virulence/synergy

Granulation tissue hemorrhagic/fragile

Inflammatory mediators

Inactivated state of neutrophils

Bacterial and human toxins

Tissue hypoxia

Metabolic wastes

Reduce fibroblast number/collagen production 
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All open wounds are considered to be contaminated with microorganisms. 
Consequently, as wounds become necrotic, the wound bed environment favors 
microbial proliferation.8 As the wound microbial bioburden increases, the demand 
on the host immune system increases. As a result, if the wound bioburden is not 
effectively suppressed by the host’s immune defenses, it will continue to increase. 
This increasing wound bioburden will enhance the risk of clinical infection occur-
ing9–11 unless appropriate interventions such as debridement of devitalized tissue and 
topical/systemic antimicrobial agents are administered.

Stages Involved in Microbiology Progression 
of a Chronic Wound Infection

The six stages involved in the development of a wound “microbiota” are considered 
individual but often overlapping. Visual classification of these stages, apart from 
stages 5 and 6, cannot be clearly determined. Attempting to determine the changing 
microbiological status macroscopically without the aid of appropriate microbiologi-
cal techniques is not possible.

The stages involved in the development of a wound microbial bioburden include 
the following:

Stage 1: Contamination or Transient Stage
Stage 2: Colonization Stage 1—Reversible Adhesion
Stage 3: Colonization Stage 2—Irreversible Adhesion
Stage 4: Critical Colonization Stage—Climax Community or “Biofilm”
Stage 5: Local Infection Stage
Stage 6: Systemic Infection Stage

These stages above constitute the “wound-microbiology life cycle” (see Figures 6.2 
and 6.3).

Contamination Stage

The contamination stage of a wound refers to the presence of microorganisms in the 
wound bed, without multiplication. No wound is sterile, therefore all wounds are 
considered to harbor transient microorganisms—contamination. In the “transient 
stage” of the wound-microbiology life cycle, microorganisms enter a lag phase or 
adaptive phase in their growth cycle where an initial biochemical assessment of their 
new surroundings takes place.

The bacteria contaminating the wound environment are a collection of bacteria 
derived from different sources. These often transient bacteria are not expected to have 
a major role to play in delaying wound healing and may originate from either the 
mucous membranes found around the body (endogenous microorganisms), surround-
ing skin, or from external environmental sources (exogenous microorganisms).

At the contamination stage, the majority of bacteria are suppressed or regu-
lated at an appropriate level by the host defenses (provided the individual is not 
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Figure 6.3  The role of bacteria in wound healing.
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Figure 6.2  The wound−microbiology life cycle.
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physiologically or immunologically compromised). Because contaminating bacteria 
are considered to be in a planktonic (nonattached) phenotype, they are typically 
more susceptible and vulnerable to eradication.

Colonization: Reversible Adhesion

Once a bacterium is present on a wound surface, it will assess the local environment 
before attachment occurs. This assessment is made possible by the use of chemical 
receptors found on the cell wall of many bacteria. Utilizing the environmental sig-
nals, the bacteria will either attach or remain planktonic (free floating). If the envi-
ronmental signals promote attachment, the bacteria then interact with a surface using 
adhesins (e.g., fimbriae or surface proteins). At this stage in the wound-microbiology 
life cycle, the bacterium is considered reversibly attached and can be easily washed 
away from a surface if low levels of shear force (e.g., saline rinses) are applied. The 
bacteria are also more susceptible to antimicrobial agents and host defenses. Once a 
surface interaction occurs, the subcutaneous tissue of the wound would provide an 
adequate nutrient source, shelter, and an environment conducive to microbial irre-
versible adhesion, and colonization. As reversible attachment progresses, the bacteria 
begin to develop stronger surface interaction forces leading to irreversible adhesion 
and move into a biofilm phenotype. Furthermore, bacteria begin to become adapted 
to their new surroundings and produce intracellular and extracellular substances for 
polymeric encasement. Secretion of EPS acts not only to strengthen the adhesion of 
the bacteria to a surface but aids to initiate maturation of the biofilm.

Early colonizing bacteria in a wound, particularly chronic wounds, have included 
Staphylococcus and beta hemolytic Streptococci.

Colonization: Irreversible Adhesion

Once a favorable microenvironment for microbial growth is established, the bacteria 
undergo a transition to an irreversible adhesion state. At this stage, bacteria become 
firmly attached to the wound surface and eventually become encased within EPS. In 
the irreversible state, bacteria become more resistant to removal and require reason-
able amounts of shear stress to be removed. Over time the EPS-encapsulated bacteria 
begin to multiply. As the biofilm phenotype of these colonies progresses, inherent 
resistance to therapeutics such as antibiotics develops. In addition to this, the biofilm 
bacteria begin to modify their genetic expression profiles and proliferate.

As bacteria multiply, they are able to influence their local microenvironment to 
their own benefit. This encourages further multiplication of the bacteria and sup-
ports the adhesion of different species of secondary and tertiary colonizing micro-
organisms as nutritional and environmental conditions change. Consequently, as 
time progresses, increasing numbers of bacteria begin to colonize the wound sur-
face. The community of microorganisms then develops into discrete aggregates or 
“micro-colonies.”

Within a relatively short period of time (within days), the microbiology of the wound 
will become more complex and oxygen availability will significantly be reduced 
throughout the microbial community. Consequently, specific areas in the biofilm will 
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become hypoxic. This will locally enhance the proliferation of many anaerobic bacte-
ria which will increase the microbial diversity within the wound bed.

Critical Colonization

Critical colonization refers to a stage where bacteria have colonized, multiplied, and 
induced a state of delayed healing with no visible host reaction or obvious clinical 
signs of infection.

The term “critical colonization” is used frequently in wound care, but its overall 
usefulness to wound management is misleading, as the majority of (if not all) chronic 
wounds should be considered to be critically colonized. Recently, the concept of 
critical colonization has been akin to a wound biofilm, as the biofilm model of infec-
tion helps to explain many of the complex challenges that are clinically observed. 
From a clinical perspective, critical colonization of the wound is the stage where 
the wound has become compromised but as yet is demonstrating no clinical signs of 
infection other than nonhealing. From a microbiological perspective, critical coloni-
zation occurs when levels of microorganisms are at a “critical” level in the wound. 
However, this critical level is specific to wound type, and patient, and should not be 
considered universal to all wounds. Consequently, the value of 105 cfu/g, or mL, of 
tissue or tissue fluid is arbitrary and overgeneralized.

As the microorganisms at the wound surface continue to multiply, their numbers 
increase and the complexity of the microbial community develops. This is aided 
by the many agonistic, antagonistic, commensal, and mutalistic relationships that 
occur between the sessile microorganisms. Continuation of microbial interactions 
in the wound bed leads to the development of a dynamic ecosystem culminating in 
the formation of an array of discrete, functional, and versatile microbial niches that 
promote survival and persistence.

Overall, within a short period of time at the critical colonization stage, the whole 
wound microbial ecosystem will climax and stabilize (i.e., achieve a “host−biofilm 
balance”). The wound microbial ecosystem that has climaxed and stabilized is best 
described as a “mature” biofilm. Such a stabilized system will induce an effect on the 
wound that will delay healing and induce a local infection. Critical colonization and 
infection are two similar concepts, and distinguishing between the two is clinically 
and microbiologically unachievable.12

Infection—Local and Systemic

A wound is deemed to be locally infected when multiplication of bacteria within 
the fully mature biofilm continues exponentially. Once the level of bacteria exceeds 
a critical mass, it is more likely to induce notable host immune reactions. A local 
(acute) wound infection will present clinically with redness (erythema), excessive 
pain, swelling, heat generation, wound breakdown, increased temperature, and some-
times evidence of cellulitis. In this situation, the bacteria may be considered preda-
tory in nature. Other more subtle clinical signs of infection have been documented 
and have included, among others, alteration in exudate, friable granulation tissue 
that bleeds easily, malodor, and discolored granulation tissue. Granulation tissue has 
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been shown to become discolored by certain bacteria. Colors have included yellow, 
green, or blue when bacteria such as Pseudomonas aeruginosa, Streptococci, and 
Bacteroides fragilis have been cultured.

It is important to appreciate that the numbers and types of bacteria found in a 
wound are not predictors of a local wound infection. If the local infection is not 
correctly managed and the microbial bioburden increases, a systemic infection may 
develop. A systemic infection occurs when the bacterial wound bioburden exceeds 
the capacity of its local environment and through biochemical signals seeks to invade 
new tissue which can lead to bacterial ingress into the bloodstream (bacteremia) 
leading to sepsis or septicemia (multiplication of bacteria in the blood and toxin 
production), potential organ failure, and in extreme cases, death.

At stages 5 and 6 of the wound-microbiology continuum, intervention is vital 
to reestablish the bacterial balance or homeostasis in the wound. This can hope-
fully be achieved by utilizing correct management strategies and protocols of care. 
Such strategies typically include aggressive debridement to remove devitalized tis-
sue and fully mature biofilm, the use of appropriate wound dressings and topical 
antimicrobials, for local infections, and topical antiseptic/systemic antibiotics for 
systemic infections.

Diagnosing a wound infection is a judgment made clinically, but microbiological 
assay results may also have a role to play in diagnosis. Diagnosing a wound infec-
tion using microbiology data alone without reference to the clinical condition of the 
patient is considered to be poor practice.13

To help reduce the cost and risk of infection in chronic wounds, it is appropriate 
for clinicians to be able to “promptly and accurately recognise wounds that may 
progress to active infection and to treat them appropriately.”14 Older and immuno-
compromised individuals are more prone to infection.15,16

In general, based upon the principles of biofilm-based wound care, the wound must 
be kept from reaching critical colonization. In addition, the biofilm must certainly be 
kept from reaching maturity as it will become highly resistant to therapeutics.

Role of Microorganisms in Wound Healing

Fundamental to healing is the chronic wound’s “established microbiota” or biofilm.17 
In particular, the more diverse the microbiology of the chronic wound, the more 
recalcitrant the microbial populations are to therapeutics and the greater the risk 
of infection developing.18 However, the numerous scientific and clinical studies that 
have been reported on the microbial diversity of chronic wounds, have been based 
solely on the results of agar culture-based technologies. The conclusions drawn 
from these studies have suggested that the majority of chronic wounds are colo-
nized with bacteria such as staphylococci, streptococci, enterococci, and facultative 
Gram-negative bacteria.18,19 However, such studies have rarely taken into account 
the recovery of the more fastidious, slow-growing bacteria, or unculturable bacte-
ria, in particular anaerobes. The incidence and prevalence of anaerobic bacteria in 
most chronic wounds are not reported despite being acknowledged as significant to 
nonhealing and infection. Anaerobic bacteria that have been isolated from many 
chronic wounds have included Peptostreptococcus and Bacteroides spp.19–21 Recent 
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research has shown that wounds that are critically colonized have anaerobes as their 
predominant populations.22,23

Historically, significant amounts of research has been undertaken to investigate 
the association of particular bacterial groups and the relationship between microbial 
bioburden and healing in chronic wounds,24 although in many of these studies, the 
patient groups have been poorly characterized. In addition to this, little reference 
has been made to areas such as the presence of infection, duration of ulceration/
wound, or previous antimicrobial therapy that had been administered to the patients. 
As a consequence, the area of wound microbiology is one of intensive research that 
reflects the growing technologies of polymerase chain reaction, denaturing gradient 
electrophoresis, fluorescent in situ hybridization,25,26 and arguably the most power-
ful molecular method to characterize diversity, bacterial tag-encoded FLX-titanium 
amplicon pyrosequencing (bTEFAP).22,23

In addition to types of bacteria levels of colony forming units (cfu) per gram of 
tissue, or mL of wound exudates, specifically above 105 cfu, are traditionally used 
as predictors of nonhealing/infection in a wound. This association between specific 
bacterial numbers and wound infection was based on a number of research studies 
published many years ago, particularly in diabetic foot ulcers and pressure ulcers.10 
In these and other studies, the authors’ microbiological and sampling techniques uti-
lized have now come under scrutiny. Because of this, many areas related to numbers 
of bacteria, types of bacteria, and sampling method employed in wound care have 
led to confusion.27–29 It is, however, only relatively recently that the issue of bacterial 
numbers, the wound microbiology, and association with healing is being revisited by 
microbiologists.

It is also of interest to appreciate that some bacteria, found naturally on the skin, 
have been shown to enhance the healing of infected wounds.30 Some strains of 
Staphylococcus aureus, when inoculated into rats, have been shown to accelerate 
wound healing.31 Within this study, it was found that a inoculation of 105 to 108 cfu/g 
of S. aureus accelerated wound healing.

The significance of numbers and species diversity of microorganisms in a wound 
will be discussed below.

Numbers

Bendy and colleagues27 in 1964 reported the use of topical antibiotics with non
antibiotic treatment regimes to wound healing. The authors concluded from their 
studies that wound healing progressed only when bacterial counts in wound fluid 
were below 106 cfu/mL. Above 106 cfu/mL the authors suggested that in pressure 
ulcers (decubiti) wound healing was inhibited. Robson and Heggers29 also found 
that infection risk increased when the microbial load of a wound was >105 cfu/g 
of tissue. Based on the above research papers and additional studies,29,31–33 it was 
concluded that quantitative microbiology, principally levels of bacteria above 105 
cfu/g or mL, could be useful to help predict wound healing and risk of infection. 
Unfortunately, accurately determining microbiological values as a part of standard 
practice has many confounding variables and remains outside the ability of most 
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standard clinical microbiology laboratories. It is important to remember that it is not 
bacteria per se that cause infection but rather their products—namely, their toxins 
and enzymes. Especially confounding is the presence of biofilm phenotype bacteria 
known to be highly prevalent if not universal in chronic wounds.

The 105 cfu/g of tissue or mL of wound exudate rubric suggests that a chronic 
wound, no matter what its status, complexity, and microbial composition, has the 
potential to become infected if the microbial load is confined at or above this level 
(Figure 6.4). However, Pruitt and others33 reported that quantitative microbiology 
alone could not differentiate between wound colonization and infection. The authors 
concluded that histological analysis was considered more effective for determining 
wound infection rather than microbiological numbers. Robson and colleagues34 con-
cluded that levels of bacteria have no clinical bearing. In addition, James35 suggested 
that in pressure ulcers the microbial bioburden does not have an effect on healing. 
Clinically it is imperative to prevent a wound from achieving critical colonization or 
a mature biofilm. However, for chronic wounds this is often not achievable consider-
ing the rate at which bacteria multiply and develop into a biofilm in a wound.

In many diseases and infections of the human, the clinical role microorganisms 
play in healing is related to the microbial load—principally due to the fact that 
high levels of microorganisms will exacerbate a subclinical or asymptomatic condi-
tion.36–38 For example, in acute wounds the probability of infections occurring as the 
microbial load (infectious dose) increases is likely and accepted, but one must also 
consider the virulence and pathogenicity of the bacteria within a wound bed and not 
be focused on numbers alone. The probability that a wound will progress and heal 
will, in addition to bacterial numbers and the virulence of the microbial ecosystem, 
also relate to the site where the wound is located, the care the patient is receiving, and 
the patient’s underlying comorbidites. Such factors lead to a more complex wound.

There is a fine balance between numbers, virulence, and pathogenicity of bacte-
ria and wound infection. If bacteria are able to overcome the armories of the host’s 
immune system, invasion of bacteria into the host tissue can occur, leading to local 
and systemic responses.

>100,000 CFU/s of Tissue

Infection and/or Delayed Healing

Figure 6.4  Numbers of microorganisms and delayed healing.
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Species Diversity in Acute and Chronic Wounds

One important question in wound microbiology that remains controversial today is 
whether delayed healing or infection in a wound is caused by one or more particular 
bacterial species or the end result of the metabolic activities of any combination of 
many bacteria within the wound. Bacteria that have been involved in wound infec-
tions have included Mycobacterium fortuitum,39 Acinetobacter sp40−43 and, of growing 
importance, Candida albicans. C. albicans is not generally screened for in wounds 
but represent potent highly virulent opportunistic pathogens that are known to inter-
act synergistically with bacteria.44,45 In addition to the microorganisms mentioned 
above, an array of other bacteria have been isolated from burns46,47 and infected dia-
betic foot ulcers.48-49 Without doubt, meticillin-resistant S. aureus (MRSA) are major 
concerns in both acute and chronic wounds, and as a result, screening in hospitals is 
becoming routine practice to prevent the spread of this bacteria.50

The most frequently isolated pathogens observed in surgical site infections based 
upon clinical culture methods, as proposed by Mangram and colleagues,51 have 
included Enterococcus spp., S.aureus, coagulase-negative staphylococci (CNS), 
Escherichia coli, Enterobacter spp., and P. aeruginosa. In a recent study of 390 
patients, comprising 280 surgical wounds, 92 ulcers, and 32 sinuses and lacerations, 
coliforms (63.5%) were found to be the most predominant microorganisms isolated 
followed by Proteus sp (37.2%). Multiple species infections have been reported in 
22.7% of surgical wounds and 24.6% in ulcers.52

Other opportunistic pathogens have also been associated with delayed wound 
healing and infections and have included CNS such as S. epidermidis as well as 
Enterococcus, Micrococcus, and Corynebacterium spp. (often referred to as diph-
theroides). Streptococcus sp are also cultured frequently in wounds.53,54

Gram-negative bacteria that have been proposed as a cause of infection in wounds 
have included Pseudomonas sp, Acinetobacter sp (a bacteria now becoming multi-
drug resistant),55 and Stenotrophomonas spp. Other bacteria predominately found 
in wounds and significant to infections in both acute and chronic wounds have also 
included E. coli, Enterobacter cloacae, Aeromonas, Klebsiella, Enterococcus, and 
Proteus species.56–59 In a study by Daltrey and colleagues,60 it was reported that 
in 71% of nonhealing pressure ulcers, the bacteria most predominately cultured 
included P. aeruginosa, Proteus sp, and Bacteroides sp, P. aeruginosa are com-
monly selected for and therefore isolated from chronic wounds.61,62

Anaerobic bacteria such as Petostreptococcus are found in high numbers in 
chronic wounds.63,64 The role these and other anaerobes play in wound infections 
is still poorly understood and as such more research is required in this area. Recent 
work using modern methods indicate that anaerobes such as Fingoldia magna, 
Peptoniphilus spp, Anaerococcus, and Bacteroides are highly ubiquitous in chronic 
wounds. In addition to these, Prevotella sp have been isolated frequently.65

It is also important to note that many surgical site and burn infections are reported 
as “culture negative,” meaning nothing could be isolated.66 This is an important 
concern particularly if guided therapies and appropriate use of antimicrobials is 
needed.
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The effect of specific types of microorganisms on wound healing has been widely 
published. Yet because these studies are typically based upon culture methodologies, 
their results may exaggerate the contribution of these notable and easy to culture 
bacteria. Recent data using more powerful molecular methods somewhat contradict 
these findings, indicating there may be more involvement from previously uncharac-
terized anaerobes and many types of bacteria that are notoriously difficult to culture 
in the laboratory.

Based upon the literature, the main bacteria cited as causing a wound infection 
and delaying wound healing have been S.aureus, P.aeruginosa, and beta-hemolytic 
streptococci.67–69 Such wound pathogens are known to produce a number of poten-
tially destructive virulence factors, specifically enzymes and toxins.70 In particular, 
S. aureus, predominately meticillan-resistant S. aureus (MRSA), is known to cause 
major concerns in heathcare settings.71 Bacteria that have been linked to the “one bug 
one disease” concept (Koch’s postulates) are discussed below.

Staphylococcus aureus

S. aureus is considered to be the most problematic bacterium in surgical and burn 
wound infections and has also been identified, using selectively biased culturable 
techniques, as the most predominant bacteria found in chronic wounds.72–77 S. aureus 
has also been reported to be the single most commonly isolated bacteria responsible 
for a high percentage of cutaneous abscesses and necrotizing fasciitis.37,75,78

In numerous studies, S. aureus has been found in association with other bac-
teria such as coliforms, Enterococcus sp, S. epidermidis, Streptococcus spp, and 
P. aeruginosa.79–81 Consequently, the role S. aureus plays as a causative agent for 
infections in wounds is open to debate because a clear and definitive correlation 
between the presence of S. aureus and wound infection has not been established. In 
addition, some recent studies have revealed the bias of previous reports showing that 
S. aureus, in a large number of wounds, is only present in minor populations.22,23,82 
Of increasing concern to wound care is the growing incidence and prevalence of 
vancomycin-resistant S. aureus.83

Beta-Hemolytic Streptococcus

Wright and colleagues84 reported that a surgical wound could not be successfully 
closed if a hemolytic S. pyogenes strain was present. In addition, a study by Robson 
and Heggers85 highlighted that beta-hemolytic streptococcus was the only bac-
terium that caused infections in tissue. Further studies have revealed that S. pyo-
genes is the sole pathogen in some cases of necrotizing fasciitis.75 In bite wounds, 
for example, beta hemolytic streptococci have been proposed as the main cause of 
infection.50,86,87

Based on the evidence to date, beta-hemolytic streptococci are significant to 
wound healing and have been reported to often require guided therapies to eradicate 
it from wounds.
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Pseudomonas aeruginosa

P. aeruginosa has been implicated as the primary cause of infection in a chronic 
wound.88 They are opportunistic pathogens and associated with approximately 10% 
to 20% of all hospital-acquired infections.89,90 P. aeruginosa have been isolated fre-
quently from chronic wounds, based solely on culturable studies.91–93 P. aeruginosa 
are intrinsically resistant to antimicrobial agents and are known to produce an array 
of virulence factors which include adhesions, alginate, pili, flagella, iron-binding 
proteins, leukocidins, elastase, proteases, phospholipase C, hydrogen cyanide, exo-
toxin A, and exoenzyme S.94 Lipopolysaccharide (LPS) and other products derived 
from P. aeruginosa have been shown to have a dose-dependent inhibition of kerati-
nocytes, which effects their migration. Preventing the migration of keratinocytes is 
considered significant to wound healing.95 In addition, P. aeruginosa are avid bio-
film formers. Removal of biofilms containing P. aeruginosa would be beneficial to 
wound healing. Essentially, all virulence factors produced by P. aeruginosa have a 
role to play in delaying wound healing.96

Anaerobic Bacteria

The importance of anaerobic bacteria in nonhealing and infected chronic wounds is 
significant but poorly documented and studied. Anaerobic bacteria that have been iso-
lated from chronic wounds have included Prevotella, Finegoldia, Peptostreptococcus, 
and Petoniphilus.91

Despite the prevalence of anaerobes in wounds, few studies have documented the 
incidence of anaerobic bacteria in different chronic wound types. A recent study by 
Dowd et al.97 reported that in venous leg ulcers 1.5% of molecular sequences were 
found to be consistent with anaerobic bacteria. The study also confirmed that the 
presence of anaerobic bacteria accounted for 30% of the microbial population of dia-
betic foot ulcers and 62% in pressure ulcers. In diabetic wounds, commonly isolated 
anaerobic bacteria have included Peptostreptococcus, Bacteroides, and Prevotella 
spp.98

As anaerobic bacteria possess an array of virulence factors, they are known to 
impair wound healing. Such virulence factors have included capsular polysaccha-
rides, fimbriae, hemagglutinin, tissue-damaging exoenzymes, toxins, and immuno-
globulin inhibitors. Anaerobic bacteria are considered more significant to wound 
healing when they exist in an aerobic and anaerobic synergistic relationship.99

Community Hypothesis and Wound Infections/Healing

No study has been able to demonstrate consistently and unequivocally a significant 
relationship between clinical outcome and the composition of the chronic wound 
microbiota. It is probable that no single etiological association exists.100 Dowd et al.97 
described the concept of “functional equivalent pathogroups” to indicate that diverse 
communities of bacteria could develop in flexible ecological structures to achieve a 
pathogenic phenotype even if individual members of this community were not them-
selves inherently pathogenic. This concept works in concert with the “community 
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hypothesis” discussed later in this chapter to explain how bacteria can work together 
to maintain the chronic nature of wounds and then achieve a state where they initiate 
infection.

S. aureus have been found based upon culture-methodologies to be the most 
prevalent bacteria in wounds. Even though new methods are indicating it is less 
important, its relationship between presence and clinical infection is still consid-
ered significant. In addition, bacteria such as beta-hemolytic streptococci, although 
highly virulent in a wound, are considered significant only to soft tissue wounds and 
acute wounds.101 P. aeruginosa has been reported to be the causative bacteria of an 
infection in a chronic wound.82 However, other studies have shown that P. aerugi-
nosa are often found together with beta-hemolytic streptococci.102

Many papers have been published and data generated using selective culture media 
to isolate specific bacteria only in the majority of the wound studies undertaken. As a 
result, this has limited and biased growth of specific genera and species of bacteria. 
Consequently, the interpretation of research findings with biased culturable tech-
niques has resulted in the specific species wound hypothesis.103 However, numerous 
wound studies have shown that infections in wounds are not due to just one specific 
species but are in fact due to a community of microorganisms, hence the community 
wound hypothesis and the functionally equivalent pathogroup hypothesis.104–105

In a study investigating the bacteriology of chronic leg ulcers, Trengove101 reported 
that no single microorganism or group of microorganisms was more detrimental to 
wound healing than any other. The researchers reported that there was a significantly 
lower probability of wound healing (the wound was more likely to remain chronic) if 
four or more bacterial groups were present in any ulcer. This and other studies indi-
cate that a community of microorganisms that had undergone a series of microbial 
interactions may have an effect on the wound healing process. Such observations 
support an earlier view of Kingston and Seal,103 who argued that all species of bac-
teria associated with a microbial disease should be considered significant to wound 
healing, as they are all able to interact synergistically with certain species of other 
bacteria. Synergy of bacteria is known to enhance virulence of bacteria.

Armstrong and colleagues106 have proposed that evidence of specific pathogens 
does not necessarily suggest that particular bacteria are the agents of infection. 
Based on this and other evidence to date and the fact that most infections are caused 
by a combination of microorganisms, it seems plausible to suggest that wounds are 
polymicrobial and the community per se is responsible for the effect observed with 
delayed wound healing and infection. The community-based hypothesis has been 
found to occur in other infections including prostatitis, osetomyelitis, gum disease 
and peridontium.107

The Role of a Community

As mentioned previously, infections in acute or chronic wounds are essentially com-
plex in nature and only generally occur when there is an appropriate combination of 
bacteria. Synergy between bacteria, nutrient availability, and a susceptible wound 
environment aid bacterial proliferation. Synergy between bacteria in a wound is sig-
nificant and should be considered to occur in all wound types that are colonized. 
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Microbial synergy is known to increase the “net pathogenic effect” of a community 
of microbes which will have a positive effect on the indigenous bacteria to the detri-
ment of the wound. Synergy, particularly between aerobic and anaerobic bacteria, 
has been documented to increase the severity of an infection.

Many studies have shown that bacterial interactions play a critical role in the 
persistence of many species of bacteria, particularly in hostile environments. Within 
a chronic wound environment, particularly in the presence of devitalized sloughy 
tissue, anaerobes are considered the dominant microorganisms despite the close con-
tact of air with the wound. Anaerobes are able to cope with the toxic effects of oxy-
gen via interacting with bacteria that are able to grow in air. As the aerobic bacteria 
grow in the wound, they reduce the environmental levels of oxygen, enabling the 
anaerobic bacteria to proliferate. This has been demonstrated in laboratory studies 
involving communities of oral bacteria.107–114 Such studies suggest that there is a very 
close association with aerotolerant, oxygen-resistant, and sensitive bacterial species 
that alter environments to enable obligate anaerobes to survive and grow.

Bacterial coaggregation (or co-adhesion) within the wound environment may be 
a key process in the formation of microbial communities in wounds. Coaggregation 
enables both intra- and intergeneric attachment of bacteria. Such interactions may 
ensure that the microorganisms needing to cooperate for nutritional or other envi-
ronmental modifying purposes are then appropriately spatially organized in a wound 
biofilm. In addition, growing as an aggregate of cells or a biofilm is known to enhance 
communal protection from phagocytosis by polymorphonuclear leukocytes (PMNs). 
Furthermore, a community of bacteria acts synergistically to share essential nutri-
ents, reduce intracellular killing by the immune system, enhance the production of 
essential bacterial growth factors, modify the local environment (e.g., redox poten-
tial), and enhance the protection of sensitive species within the community. This pro-
tection process has been named “indirect pathogenicity”—in certain situations some 
pathogens are found to be antibiotic sensitive but are rendered “resistant” by other 
members of the mixed infection and through formation of biofilm communities.

In order to proliferate at a site, microorganisms need to acquire their essential 
nutrients and modify the environment. This will make conditions more favorable for 
growth. These nutrients are broken down by a cooperative action of several groups 
of microorganisms with complementary enzyme profiles. Within a chronic wound 
environment, endogenous nutrients such as glycoproteins, sugars, and proteins will 
exert an effect in maintaining the diversity of the wound microbiota. In order to uti-
lize these specific nutrients, numerous enzymes are required, ranging from proteases 
to glycosidases. Studies have shown that when bacteria are growing in a consortia, 
higher cell densities of bacteria are obtained than when bacteria are grown in a pure 
state.115,116

Microbial communities are able to defy the constraints imposed by the external 
macroenvironment by creating, through their metabolism, a mosaic of microenvi
ronments that enable the survival and growth of niche species of bacteria. 
Additionally, microbial communities are significant to disease and have inherent 
characteristics similar to those of a multicellular organism. Microbial communities 
display characteristics of multicellularity in terms of spatial organization. This aims 
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to enhance cellular division of labor, the use of communication systems and meta-
bolic cooperation.

Unculturable Bacteria and Wounds

Ninety-nine percent of bacteria found in soil and the aquatic environment are not 
able to be cultured. This has often been referred to as the “great plate count anom-
aly.”117 In cases of acute otitis media, between 15% and 56% of bacteria cannot be 
cultured.118,119 Additionally, it has been shown that a large percentage of wound bac-
teria cannot be cultured. It is probable that this lack of culturability in a wound may 
be due to nutritional constraints, requirements for synergistic interaction with other 
bacteria or the host, and the fastidious nature of the inherent microorganisms. The 
failure of bacteria isolated from wounds to grow on an artificial media means that 
the correct environment for growth has not yet been achieved. Artificial media often 
lack nutrients required by microorganisms or the incubation atmosphere or tempera-
ture and pH used for growth may be suboptimal. Essentially, a number of isolation 
media used in traditional microbiological laboratories may contain toxic substances 
for growth, or other bacteria within the sample may produce inhibitory substances 
that also will prevent growth.

Veeh and colleagues have demonstrated that conventional microbiology tech-
niques failed to detect colonization of bacteria on some human tissues.120 With new 
molecular biology techniques, such as polymerase chain reaction (PCR) and fluo-
rescent in situ hybridization (FISH), and bTEFAP23 more bacteria living in biofilms 
are being discovered. As technology advances, researchers may uncover additional 
bacteria living in biofilms that cause or contribute to diseases and infection. In a 
recent study of surgical site infections, Dowd et al.97 originally identified using 
bTEFAP a previously uncharacterized Bacteroidetes, which occurred in 100% of 
surgical site infections they evaluated. In more than one instance, the percentage 
of this unknown bacteria in the surgical site infection was nearly 100%. In subse-
quent work, this bacteroide was unable to be cultured in isolate form using methods 
designed specifically for fastidious anaerobes, and only with a complex host-derived 
media combined with polymicrobial synergistic cultures (addition of other bacteria 
to the culture) could it be propagated. This provides a fundamental appreciation of 
how there are unknown bacteria associated with chronic wounds which cannot be 
evaluated or identified using traditional culture methodologies and how certain bac-
teria may only be cultured as part of a climax community or pathogroup.

Many bacteria have been identified from chronic wounds using molecular 
techniques when compared to culturable techniques.121 Redkar et al.122 examined 
the bacterial flora present in a chronic diabetic foot and the culture-based meth-
ods used identified single anaerobic species Bacteroides fragilis. Molecular-based 
methods employing 16S sequencing identified B. fragilis as a dominant organism 
and Pseudomonas (Janthinobacterium) mephitica as a minor component. Hill and 
colleagues123 applied molecular and enhanced cultural techniques to determine the 
microbial composition of a chronic, nonhealing venous leg ulcer. Both tissues and 
swab samples taken were compared between the 16S sequence method and culture. 
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Culture analysis detected Acinetobacter spp in both types of samples. Swab sam-
ples yielded Proteus spp and Candida tropicalis, whereas tissue samples cultivated 
S. epidermidis. Molecular analysis identified clones that were closely related to these 
cultured organisms; however several clones were closely related to organisms that 
were not identified by culture techniques. These included Morganella morganii, 
Bacteroides urelyticus, Enterococcus faecalis, and Peptostreptococcus octavius. 
This study not only exemplified the ability of molecular techniques to identify a 
wider range of organisms in wounds, but also highlighted the effect of sampling 
techniques on the types of viable organisms that could be recovered. A similar study 
conducted by Davies et al.124 also found a greater diversity of organisms when 16S 
ribosomal and denaturing gradient gel electrophoresis (DGGE) was employed to 
analyze the microfloras of healing and nonhealing chronic venous leg ulcers. Of the 
sequences obtained, 40% represented microorganisms that failed to be identified 
using culture. In addition, four organisms were identified by sequencing which have 
not previously been associated with chronic wounds—namely, Paenibacillus spp, 
Gemella spp, Sphingomonas, and Afipia spp. A direct comparison of the microfloras 
of the healing and nonhealing ulcers highlighted a significant difference in the car-
riage of Micrococcus and Streptococcus spp with a higher incidence in nonhealing 
wounds. A more recent study by James et al.77 utilized molecular methods in both 
acute and chronic wounds and revealed a diverse polymicrobial community and the 
presence of bacteria, including strictly anaerobic bacteria, that were not identified 
using culturable techniques. Furthermore, Andersen and colleagues125 verified 
DGGE as a powerful tool for elucidating the clinical microbiology of chronic dis-
eases. The results of this study suggested that skin graft operations were a novel way 
of obtaining multiple samples for in vivo bacteriology and for establishing the spatial 
distribution of bacteria in the complex microenvironment of chronic wounds.

The use of the 16S rRNA gene has helped substantially to appreciate the true 
microbiology of the wound environment and overcome the problems associated with 
culturable techniques in the identification of bacteria. Most research on and within 
the human body which has utilized this technology has been principally in the oral126 
and the gastrointestinal (GI) tract areas. The skin, however, is an area that has not 
been studied in any great detail using molecular microbiology. This was discussed 
in Chapter 2.

Frank and colleagues8 determined the microbiology of 19 chronic wounds 
using molecular analysis, rRNA, and culturing methods using swab samples. The 
authors concluded that 75% of the sequences belonged to Staphylococcus (25%), 
Corynebacterium, (20%), Clostridiales (18%), and Pseudomonas (12%). It was found 
that 0.5% of sequences were potentially new species of microorganisms. They 
found that in half of all the wound specimens, PCR and culturing methods gave dif-
ferent results. Similar results have also been observed in other wound studies.127,128

Historically, the microbiological analysis of chronic wounds, based on cultur-
able techniques alone, indicated domination by Gram-positive bacteria. Despite a 
number of molecular studies that have been applied to study the microbiology of 
chronic wounds, it is true that molecular technologies will undoubtedly provide 
improved microbiological profiles of the wound environment than culture-based 
studies have generated.126–129 Recently with the emergence of next-generation 
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molecular techniques, Dowd et al.97 in a series of in-depth survey studies have cata-
loged the microbial diversity of chronic wounds using culture-based, DGGE, clon-
ing, and Sanger sequencing and bTEFAP. In their initial studies that evaluated the 
three primary categories of chronic wounds (venous leg ulcers, pressure ulcers, and 
diabetic extremity ulcers), they resolved that there were specific major populations 
of bacteria that were evident in the biofilms of all chronic wound types, including 
Staphylococcus, Pseudomonas, Peptoniphilus, Enterobacter, Stenotrophomonas, 
Finegoldia, and Serratia spp. Each of the wound types revealed marked differences 
in bacterial populations, such as pressure ulcers in which 62% of the populations 
were identified as obligate anaerobes. There were also populations of bacteria that 
were identified but not recognized as wound pathogens, such as Abiotrophia para-
adiacens and Rhodopseudomonas spp. Results of molecular analyses were also 
compared to those obtained using traditional culture-based diagnostics. Only in one 
wound type did culture methods correctly identify the primary bacterial population, 
indicating the need for improved diagnostic methods. The unavoidable inference is, 
if clinicians can improve their understanding of wound microbiota, it will provide 
enhanced comprehension of the wound’s ecology, thus promoting improved manage-
ment and patient prognosis. Dowd and colleagues’ research highlighted the neces-
sity to begin evaluating, studying, and treating chronic wound pathogenic biofilms 
as multispecies entities in order to improve the outcomes of patients. This survey 
also fostered the pioneering and development of new molecular diagnostic tools that 
can be used to identify the community compositions of chronic wound pathogenic 
biofilms and other medical biofilm infections.22,23,82 In subsequent work, this group 
individually analyzed each wound type to evaluate individual wound communities, 
providing a detailed evaluation of how more specific functional equivalent patho-
groups may interact to promote infection and through the community hypothesis they 
are able to maintain the chronic nature of wounds through cooperative synergism.

As our understanding of chronic wound microbiology advances, new antimicro-
bial treatment strategies can be employed to better target the individual populations 
of as yet, unknown and uncultured microbes, bringing a more logical and personal-
ized clinical approach to wound care. If treatment modalities can be identified that 
change and respond along with the microbial populations, then it is only logical that 
we can better control such highly responsive and adaptable microbial communities. 
The old adage of “know thy enemy” can be made to work to the advantage of the 
clinician and, subsequently, the patient.

Chronic wound medicine is historically slow at responding to change. Currently, 
wound microbiology will remain reliant on sampling techniques to provide informa-
tive microbiological reports.

Sampling of a Wound

Confusion exists as to whether microbiological sampling of a wound is clinically 
warranted. How should the sample be collected? When is the most appropriate time 
for sampling to take place? It is generally accepted that it is inappropriate for all 
wounds to be microbiologically sampled, but consistency in practice is variable. 
Analysis of a wound is only warranted if it is failing to make progress, deteriorating, 
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increasing in size, being screened for antibiotic-resistant microorganisms, and clini-
cally infected and has not responded to empirical antimicrobial therapy. Numerous 
hospitals will not undertake wound swabbing unless there is

	 1.	Spreading cellulitis
	 2.	Systemic symptomatology (i.e., fever and malaise, leukocytosis, etc.)
	 3.	An immunosuppressed patient (diabetes, steroids, malignancy, malnutrition)
	 4.	The necessity to screen for MRSA or other multiresistant microorganisms

Sadly, the motivation for sampling a wound may be driven by avoiding accusations 
of negligence rather than through clinical necessity.

In addition, it is important that any microbiological data generated be interpreted 
in conjunction with clinical observations. This will ensure that the most informed 
clinical decisions can be made so that appropriate and effective wound management 
strategies can be employed. A recent study was set up to investigate microbiological 
reporting policies and guidelines when submitting swabs from venous leg ulcers.130 
The authors concluded that clinicians need to include clinical information with the 
swab so that laboratories are better placed to interpret microbiological results accu-
rately. This was suggested to help reduce the use of antibiotics in the management 
of wounds. Specific clinical information used in conjunction with microbiology 
data can be seen in Table 6.2.131 Additional clinical data that are generally required 
include the type of wound, its location, any underlying pathology, signs of infection, 
and any antimicrobial strategies utilized.

Interpretation of microbiology data in isolation of relevant clinical data is consid-
ered inappropriate.

Another theory beginning to emerge takes into account the presence and nature of 
microbial communities. This theory involved predatory and nonpredatory populations, 

Table 6.2
Clinical Indicators for Wound Infections
Heat

Redness

Swelling

Temperature increase

Exudate (purulent, serous, or serosanguinous)

Delayed healing

Malodor

Bleeding

Epithelial bridging

Tissue breakdown and necrosis

Poor development of granulation tissue

Systemic illness

Pain

Increased wound size

© 2010 Taylor and Francis Group, LLC



The Microbiology of Wounds	 205

the rapid adaptability of microbial populations, and the pathogen evolution theory. 
The evolutionary goal of pathogens is to develop a relationship with the host where 
they develop a niche and maintain equilibrium with the host. Thus, in the case of a 
chronic wound, the microbial population would seek not to expand its area of influ-
ence but to maintain a commensalism and mutualistic relationship with the host.

Superficial Wound Swabs

Before a swab is taken, the wound should be sluiced with sterile saline or water. 
The aim of this is to make sure that the samples obtained do not represent sur-
face contaminant bacteria but reflect the deeper seated microbiology of the wound 
bed. The Levine method of surface swabbing a wound is an accepted and easily 
performed sampling principle. The method involves rotating a swab (cotton-tipped, 
rayon-tipped, or alginate-tipped) over 1 cm2 of wound tissue and applying gentle 
pressure.132,133 A zig-zag sampling pattern is often employed, and areas containing 
slough or with a high level of discharge are often avoided. If wounds contain a lot 
of pus (this is often sterile) and discharge, aspirated samples may also be obtained. 
Cotton swabs have been shown to contain fatty acids that may suppress or increase 
the growth of certain bacteria. If the wound is dry, swabs are premoistened in the 
transport medium. The swab is then transported to a microbiology laboratory with-
out undue delay where it is then analyzed.

The Levine technique has been reported to accurately measure wound bio
burden,133 but surface swabbing has been found to underestimate the microbial 
richness and diversity of a wound because this technique does not recover many 
“deep-seated” microorganisms found within the wound bed. For analysis of the 
microbiology deep within a tissue, more aggressive techniques are required. Surface 
swabbing essentially will recover only transient, loosely adhered, and planktonic 
bacteria, and such bacteria may not be those responsible for delaying healing or caus-
ing overt infection.134,135 Viscoelastic biofilms are generally not sampled adequately 
during a swabbing technique, as they have the ability to significantly recoil—a prop-
erty considered similar to the pulling and recoiling of an elastic band.

Even though superficial wound swabbing may be considered a poor method for 
obtaining microbiological specimens, the technique is inexpensive, noninvasive, and 
less distressing and traumatic to a patient when compared to other methods such as 
a tissue biopsy.

Furthermore, surface swabbing can be used on patients in both the community 
and the clinic, and the time involved is significantly less than taking other wound 
samples.136 However, the lack of information regarding the collection of samples 
via swabbing in many studies, and also the different wound preparations and area 
sampled and transport time to the laboratory have resulted in poor interpretation of 
research findings and diagnostic validity.

Aspirate/Tissue

An aspirate may provide an alternative sampling method to surface swabbing when 
seeking a microbiological profile of a wound. Additionally, such a sample is likely 
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to incorporate detached wound biofilm. The aspirate sample harvested is similar 
to surface swabbing in that it is primarily composed of planktonic bacteria which 
in colonized or infected wounds poorly represent the total populations. However, a 
wound fluid aspirate sample is considered to provide a better sample for microbio-
logical analysis, when compared to surface swabbing alone. Despite the benefits of 
an aspirate sample, on occasion this method is found not to be as good as surface 
swabbing.137,138

Tissue biopsy is one of the most invasive methods of sample collection, but when 
analyzed using molecular methods such a bTEFAP provides a highly accurate rep-
resentation of the microbial populations. However, many clinicians have argued 
that tissue biopsies are not necessary to determine the wound microbiology, and 
impediments to acquiring biopsy samples exist. For example, in acute wounds a 
correlation has been found between quantitative tissue biopsy and semiquantitative 
superficial swab analyses.139,140 Punch biopsy samples obtained from deep tissue are 
aseptically removed from the wound tissue, weighed, homogenized, and then diluted 
in an appropriate fluid. On occasion, accessibility in acquiring a biopsy deep tissue 
sample can prevent acquiring a representative sample. For this reason, superficial 
and devitalized tissue is often used as an alternative.

A number of authors, when analyzing pressure ulcers, have suggested that analy-
sis of deep-tissue biopsy specimens should be used to assist in diagnostic criteria of 
infection as clinical histopathological data can be obtained.141–144 However, Wheat 
and colleagues reported that the results generated from a surface swab correlated 
well to a tissue biopsy obtained from a diabetic foot infection.145 A 75% correla-
tion between a swab and a tissue biopsy sample was also reported by Sapico and 
colleagues.24

In order to gain a truly representative wound sample for microbiological analysis, 
the value of a single biopsy from a large wound is considered to not fully reflect the 
true microbial diversity of the wound. Hence, for correct interpretation of findings, 
a sample size greater than one would be required. A study by Woolfrey and col-
leagues146 reported that in burn biopsies there was a 25% chance of not isolating a 
number of bacteria. The authors reported that this may be due to the distribution of 
bacteria on the wound surface.

A final method that arguably provides the best of all the sampling methods avoid-
ing the invasiveness of tissue biopsy is sharp/surgical debridement. This method 
removes all devitalized tissue, biofilm, and microcolonies, exposing the healthy tis-
sue underneath. The procedure is relatively simple and can be performed as part 
of standard of care for most chronic wounds provided the clinician has acquired 
the requisite skills. The surface of the wound is removed of surface contaminants, 
often with gauze and sterile saline to remove the types of populations and then 
rinsed again with saline. Following this, devitalized tissue is aseptically debrided 
and placed into sterile sample tubes for shipping to wound-specific molecular diag-
nostic laboratories where these laboratories utilize molecular diagnostic methods 
developed specifically for wounds. Such methods have been shown to provide more 
comprehensive evaluation of wound and biofilm microbial populations. Preliminary 
results are returned within several hours of the laboratories receiving the samples, 
and final comprehensive reports follow up after 48 hrs providing in-depth analysis of 
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the microbial communities including any therapeutic susceptibilities as determined 
bioinformatically. The service of these laboratories provides a needed evolution of 
diagnostics to improve and ultimately reduce the cost of wound care.

Wound Sampling Overview

A tissue biopsy is viewed by many as the “gold standard” when seeking to obtain 
a sample that will provide accurate microbiological analysis and interpretation. 
However, sharp-debridement sampling or deep curetting of the wound bed provides 
a logical alternative and constant standard of care approach for obtaining microbio-
logical samples. This technique can help clinicians to continually monitor the micro-
bial communities when coordinated with next-generation diagnostic approaches. In 
addition to this, a study by Davies and colleagues147 has shown that following analysis 
of the wound microbiota of 70 patients with chronic leg ulcers using both biopsy and 
swab samples, they concluded that “a significant association between healing and 
bacterial diversity in the wound as assessed by swab was demonstrated.” In addition, 
the authors concluded that bacterial density was an independent predictor of wound 
healing and that microbiological analysis of biopsies provided no additional prog-
nostic information when compared to the microflora obtained from surface swabs.

Microbiological Specimen Handling for Laboratory 
Culture-Based Diagnostics

Once sample(s) have been taken from a wound these are placed in appropriate trans-
port medium and then conveyed to the laboratory in a timely manner—a delay in 
processing of samples will affect bacterial recover, viability and therefore growth 
on agar plates.148 In most cases once a sample is collected it is placed in a recovery 
or enrichment broth which is designed to allow certain and more fastidious bacte-
ria to recover from stressed states so that they can be grown in the clinical labo-
ratory. Consequently during long-term transportation of samples the more robust 
bacteria will significantly outgrow the more fastidious bacteria suppressing their 
recovery and detection. This is an area often not considered or appreciated by many 
wound care practitioners. Consequently, for microbiological specimens the trans-
portation step is of paramount importance and should not be delayed. In the UK 
there are standard operating procedures for investigating both skin and superficial 
wound swabs (BSOP 11), abscesses, postoperative wounds and deep-seated infec-
tions (BSOP 14).149

In the microbiology laboratory microorganisms removed from a wound sample 
will be cultured and identified are then screened for antibiotic sensitivity against a 
library of antibiotics. Antibiograms are generated and this data is used to help guide 
topical or systemic antibiotic usage.

Anaerobic bacteria and yeasts/fungi are generally not routinely screened for in 
wound specimens and therefore are not often included in any microbiological profiles 
generated, unless requested for by the clinician. The reason for this resides around the 
fact anaerobes and fungi take a lot longer to grow and more selective agars are required. 
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Consequently, the identification of anaerobes and yeasts/fungi and the role they may 
play in wound infections have not been determined by the numerous clinical studies 
documented. As mentioned previously, the processing of microbiological specimens 
often involves the use of highly nutritious, selective and non-selective enrichment and 
diagnostic agars and as such the more fastidious bacteria, which are found in wounds, 
often go undetected even if they are the major populations in the wound. Consequently, 
only fast growing, robust and non-fastidious bacteria will be recovered.

Results obtained from all diagnostic microbiology laboratories can often be mis-
leading as to which bacteria or community of microorganisms are responsible for 
infections and nonhealing infected wounds. As mentioned above the use of molecular 
microbiological techniques has significantly helped researchers to achieve a greater 
understanding of the microbial diversity and richness of acute and chronic wounds. 
However, molecular techniques are not employed routinely in diagnostic microbiol-
ogy laboratories to investigate the microbiology of wound specimens. As such, the 
“viable but not culturable” (VBNC) bacteria are not documented in the majority of 
studies despite their significance to disease and infection.150,151

It may be that knowledge of VBNC bacteria will help to stimulate the develop-
ment of improved management strategies for those wounds which are not progress-
ing because they have become infected. 

Microbiological Specimen Handling for Laboratory 
Molecular-Based Diagnostics

Sample handling for molecular diagnostics is a simple procedure of placing the 
sample into a sterile transport vial and shipping it to the diagnostic facility. Samples 
assayed in molecular-based diagnostics do not require specialized enrichment media 
or preservatives, as this approach detects the bacterial genetic signature rather than 
relying on the bacteria’s ability to grow on special nutrients within the laboratory 
environment. Because DNA is well protected inside of the bacterial cell, extremes 
of temperature will not significantly alter the profile of the microbial communi-
ties’ DNA signature. It is rare that during shipment any given population of bacteria 
would grow and alter the signature due to the lack of enrichment or nutrients avail-
able after the sample is removed from the host environment. Once in the molecular 
diagnostic laboratory, the bacteria and biofilms are disrupted, and the DNA from the 
entire community is extracted and purified. Then molecular methods are able to spe-
cifically identify which bacteria are present. More advanced molecular methods are 
also able to determine the relative contribution of individual bacteria within a sample 
providing the clinician with vital information on which bacteria they might consider 
targeting with a more individualized approach to therapy. One of the criticisms of 
molecular methods is that information on antibiotic susceptibility is not generated. 
It is important to remember that standard clinical laboratories rely on the ability of 
bacteria to grow in a planktonic isolated single colony state before performing anti-
biotic sensitivity. Studies fail to provide clinically valid information especially if the 
bacteria they are analyzing are not the primary wound populations and are no longer 
in the same physiological state when they resided within the wound (e.g., biofilm 
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phenotype). It is likely that most antibiotic susceptibility testing may soon be con-
sidered of little benefit when dealing with biofilm phenotype bacteria and bacte-
ria that are part of complex communities. Modern molecular approaches combined 
with bioinformatics that resolve the complexity of known susceptibilities may soon 
provide the most logical approach to evaluating potential therapeutics by providing 
clinicians with more accurate data that will help to bestow targeted therapeutics.

Conclusion

Better knowledge and understanding about the numbers of microorganisms, evi-
dence of biofilms, interactions between bacteria, and virulence of microorganisms 
as well as clinical signs are vital to help guide effective wound management strate-
gies for both acute and chronic wounds. Knowledge of wound microbiology and 
the impacts bacteria have on wounds has not kept pace with developments in other 
areas of medicine and remains reliant on traditional approaches with their subse-
quent limitations.

Communities of microorganisms—the “microbial communities” and the “func-
tional equivalent pathogroup”—are fundamental to the development of climax com-
munities and infections and sustained nonhealing of chronic wounds. The community 
hypothesis was initially proposed in the dental arena. In wound care, this hypothesis 
proposes that the dynamic situation at the wound surface is in equilibrium with the 
host. Various components of the complex microflora can be disturbed by changes in 
the local wound environment. This will cause fundamental changes in the different 
species or subclones within species of microorganisms found on or in a wound bed 
so that different microorganisms will dominate the wound environment at differ-
ent times. Similarly, the functionally equivalent pathogroup hypothesis suggests that 
communities of bacteria combine synergistically and as a whole possess the neces-
sary genetic arsenal of generalized and virulence factors necessary to coerce heav-
ily colonized tissue into infection. Together, the microbial community hypothesis 
and the functionally equivalent pathogroup hypothesis explain why chronic wounds 
remain chronic even when host comorbidities are controlled.

Once a wound infection is initiated, the progression of the infection occurs 
deeper into the tissue. This progression is accompanied by successional changes 
in the microflora of the wound. Limitations in respect of the knowledge surround-
ing bacterial wound infections exist, and there is a need for continuing research in 
this area to determine exactly what goes on at the wound biofilm interface during 
the early stages of infections in wounds. Such information will help facilitate the 
development of preventative measures. Development of protocols to prevent onset 
and progression of infection in wounds will follow improvements in our understand-
ing of microbial initiation of infection. The quantitative and qualitative aspects of 
wound microbiology are thought to be fundamental to the development of infection. 
It is probable that risk of wound infection increases as the microbial load increases, 
up to a critical level where failure to heal as a result of infection is considered to be 
inevitable. This hypothesis seems justifiable as a result of the recent evidence link-
ing biofilm formation to delayed healing, especially in chronic wounds, and that the 
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composition of the polymicrobial wound flora is likely to be more important than 
the presence of specific pathogens.

However, a critical factor in wound healing and infection is the efficacy of the host 
immune response in dealing with the wound microflora. Local environmental factors 
such as tissue necrosis, hypoxia, ischemia, diabetes mellitus, chronic granulomatous 
disease, and other immune deficiencies will have a role to play in affecting the micro-
bial community in a wound and in generating an accurate prognosis. Microorganisms 
help to compromise the immune response. By assessing the host and microbial factors 
collectively, the risk of a wound infection occurring can be addressed. The presence 
of biofilms in wounds will cause problems in relation to the management of a wound 
infection and the efficacy of the innate immune response. Biofilms are frequently 
observed in chronic wounds and will be discussed further throughut the book.152

The presence of the biofilm, rather than individual species found in a wound, will 
have an effect on wound healing. Consequently, in terms of control, we should be 
aiming to control the biofilm (i.e., community hypothesis) and to continually moni-
tor and adapt our therapies to the changes in the functionally equivalent pathogroups 
and not individual species of bacteria (i.e., specific species hypothesis). This repre-
sents a significant and important evolution of medicine and a notable “anti-Koch 
approach” to infection and disease.
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Introduction

The clinical evaluation of cutaneous wounds has been problematic throughout the 
entire history of wound care. The very definition of a chronic wound, “a wound that 
does not heal in an orderly set of stages and in a predictable amount of time the 
way most wounds do,”1 can only be determined retrospectively; it is not particularly 
helpful clinically. In addition, attempting to ascertain precisely what is causing the 
wound and preventing healing has remained elusive. This has led to a generally 
accepted system of categorizing wounds based on their etiologies, such as diabetic 
foot ulcer, venous leg ulcer, pressure ulcers (decubitus), and others. To make matters 
more complex, wounds are also evaluated based on wound characteristics such as 
slough, exudate, maceration, wound edges, “infection,” as well as complicating host 
factors such as critical limb ischemia, host immune response, and diabetes. It is clear 
that the answer as to what “type” of wound an individual patient possesses is much 
more of an art than a scientific description.

This inexact and often overlapping classification system has by necessity produced 
a wound care discipline that is largely experiential and steeped in inconsistencies 
and sometimes contradictory teachings. Many of the traditional aspects of wound 
care result from the collation of repeated clinical observations, and others are the 
consequence of mere trial and error. Although some of these interventions may well 
be steeped in tradition, in many instances they have been of benefit to patients. More 
recently, our rapidly developing insight into the complexities of wound care together 
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220	 Microbiology of Wounds

with the associated underpinning science are helping to replace those interventions 
that are based on custom.

The arbitrary grouping of wounds according to etiology is at best a functional 
approach, because etiology tends to group wounds with similar barriers to healing. 
For example, most wounds encountered on the foot of a patient with diabetes mellitus 
would register elevated blood sugar, endothelial cell dysfunction, microcirculatory 
abnormalities, a degree of immune incompetency, possibly neuropathy/ischemia, and 
alterations in tissue integrity or function as a result of pressure. Therefore, clinical 
assessment of patients with diabetic foot wounds may bear some similarities, as will 
many of the treatment regimens that in turn may be compared to treatment efficacy.

However, division of wounds based on etiologies is becoming recognized as 
incomplete and is very unsatisfying.2 The reason may lie in that many of the 
barriers associated with a specific type of wound such as a diabetic foot ulcer 
are not equally expressed in all diabetic wounds. In fact, many of the barriers 
may be of reduced significance or absent in different patients. Other barri-
ers associated with different types of wounds also frequently frustrate the simple 
classification scheme. For example, a severe diabetic with significant venous 
insufficiency may encounter a serious pressure event on the medial malleolus 
resulting in a cutaneous wound that would be very difficult to classify by an 
“etiology”-based system.

Recent findings that indicate that chronic wounds have so much in common 
militates against dividing wounds by their presumed etiologies. That is, all chronic 
wounds regardless of the supposed etiology have similar biochemistries of elevated 
proinflammatory cytokines, elevated matrix metalloproteases, and diminished 
growth factors.3–6 Also, the cellularity of a chronic wound demonstrates an amaz-
ingly constant excess of neutrophils across all types of wounds.7,8 To put it another 
way, wounds are stuck in a persistent inflammatory state,9 which suggests a common 
“bond” between chronic wounds. The observation that biofilm is prevalent in chronic 
wounds and rare in acute wounds10 challenges the position that biofilm is the com-
mon element related to the chronic inflammatory state.2 From a practice perspective, 
wound care specialists may use many similar therapeutic interventions across the 
arbitrary etiologic divisions with similar results in efficacy. Yet for the time being 
and until all wounds can be unified by a generally accepted theory, it seems most 
prudent to continue the tradition of discussing wounds based on their etiologies and 
wound characteristics.

Wound Types

Diabetic Foot Ulcers

Diabetic foot ulcers are a major worldwide healthcare problem that is increasing 
at an alarming rate, possibly because of the double-digit increase in diabetes each 
year, increased longevity, and patients having diabetes for longer periods of time. 
Approximately 12% to 25%11 of the 24 million diabetics currently in the United 
States will suffer a diabetic foot ulcer during their lifetime. And 84% of major limb 
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amputations are preceded by the occurrence of diabetic foot ulcers,11 resulting in 
over $11 to $13 billion cost annually for major limb amputations in the United States 
alone.12

The cost to patients is much higher. A diabetic who undergoes a major limb ampu-
tation will lose the other leg up to 50% of the time, within 3 years13 report a very 
dismal quality of life,14 and will suffer a much higher mortality rate.15,16 As noted in 
previous and forthcoming chapters, the management of chronic infections by remov-
ing body parts in general, and specifically removing legs to cure diabetic foot ulcers, 
is detrimental to the patient and must be considered a failed strategy. Unfortunately, 
amputation remains a common “treatment” for diabetic foot ulcers.

Diabetics suffer these ulcers due to minor traumas, pressure events, dry, 
cracked skin from autonomic dysfunction, and even self-induced from “bath-
room” surgeries. The peripheral neuropathy associated with diabetes often allows 
for or exacerbates this destruction of the skin, which is the most important bar-
rier to microbes in an impaired host. Paul Brand has demonstrated in leprosy that 
neuropathy allows otherwise minor traumas to lead to severe cutaneous wounds 
and loss of body parts.17,18 The most important management strategy that cannot 
be overlooked by the wound care specialist is to keep the skin intact through 
education and appropriate footwear and skincare products.19–22 Because the dia-
betic has so many barriers to healing, it is extremely important to prevent the 
initial event.

Diabetes imposes a number of important pathophysiological situations on the 
patient, with each most severe in the lower extremities. These pathophysiologies 
present very difficult barriers to wound healing. It is also important to note that 
many of these barriers are sufficient in their own right to prevent wound healing, and 
therefore all of these host abnormalities must be treated simultaneously.

Hyperglycemia can glycosylate white blood cells just as it does red blood cells 
(hemoglobin A1C), causing white blood cells to respond more slowly to molecu-
lar signals, interfering with white blood cell migration out of the capillaries into 
wounded areas (transmigration), and slowing the chemotaxis of white blood cells 
in the tissue.23 White blood cell dysfunction impacts the host response to microbes 
as well as initiation and maintenance of healing pathways.24 Endothelial cells also 
feel the effects of high blood sugar which produces glycosylation of important 
membrane-bound receptors (especially adhesion molecules) and rapid osmotic shifts 
which leads to endothelial cell dysfunction.25 This leads to defects in translocation of 
white blood cells through the capillaries, nutrient, and oxygen transport.

Peripheral neuropathy associated with diabetes mellitus leads to the loss of sen-
sory nerves and cytokines important to healing.26 For example, the growth factor 
Substance P is in very high quantities in sensory nerves and is responsible for stimu-
lating proliferation, migration, and synthesis of not only fibroblasts and keratino-
cytes but also endothelial cells.27 Because the sensory nerves have died off in the 
area of the wound, these potent healing signals are lost. The loss of sensation also 
allows the skin to encounter repetitive trauma, which eventually becomes sufficient 
to produce a breach in the skin or exacerbate an existing wound. The autonomic 
nervous system also suffers in the peripheral neuropathic process producing poor 
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and abnormal control over skin perfusion, dry fissured skin from lack of sweat and 
sebum production, and a sluggish initial inflammatory response. Peripheral neuropa-
thy contributes to a slowed impaired host response that is essential for microbes to 
become established in a host environment.

The microbiology of diabetic foot ulcers is complex.28 Cutaneous wounds are 
exposed not only to potential pathogens but also to host skin commensals as well 
as environmental bacteria, which results in an almost endless potential for bacterial 
species in the diabetic wound. Culture-based surveys of bacteria in diabetic foot 
ulcers have demonstrated that certain well-known pathogens such as Staphylococcus 
aureus, coagulase-negative staphylococcus, Pseudomonas aeruginosa, Enterococcus 
sp., Streptococcus sp., and others are prevalent in diabetic foot ulcers.29 However, 
molecular-based methods such as polymerase chain reaction (PCR) and pyrosequenc-
ing have shown a much more complex microbial ecology of chronic wounds.30

The interaction of host abnormalities and the makeup of the microbial commu-
nity that invades the wound have major effects as to the clinical presentation and 
course of the wound. Many diabetic foot ulcers present with extensive degraded tis-
sue producing a soft fluctuance around the wound, yet remarkably are void of signs 
of inflammation. This produces a wound that is much more extensive than it appears 
on initial inspection. It is therefore imperative that all aspects of the base of the dia-
betic wound are explored to ensure there is no tunneling or areas of soft degraded 
tissue intruding deeper into the base. Diabetic foot ulcers tend to locate in areas of 
high pressure and are commonly seen on the plantar surface of the foot, under the 
first metatarsal or fifth metatarsal head, the base of the fifth metatarsal, toes, heel, 
and boney prominences.

Often these wounds appear pale or even red and do not show the common yellow-
ish hue of slough because the microbial community on the surface of diabetic wounds 
may be significantly thinner than other wound types. Also, the exudate of diabetic 
foot wounds tends to be at a lower level when compared to other wound types, pos-
sibly as a result of impaired inflammation, poor perfusion, lack of substance P, and 
other unknown factors. Diabetic foot ulcers more than any other type tend to result 
in tissue death, especially in more distally located structures such as toes.

Venous Leg Ulcers

Venous insufficiency is becoming epidemic in industrialized nations, with up to 
60% of all females and 56% of all males suffering from incompetent veins.31 A 
recent survey in Germany suggests the prevalence more likely to be 35% of the gen-
eral population.32 It is generally agreed that venous insufficiency is the direct cause 
of venous hypertension, which eventually leads to the development of venous leg 
ulcers. However, the precise molecular mechanisms that lead to a cutaneous wound 
have not been characterized.

Venous hypertension produces sheer and stretch forces on venules in the subcu-
taneous space.33,34 Either by the increased pressures produced by the venous hyper-
tension or by inflammatory mechanisms produced by the injury to the endothelial 
cells, these venules become “leaky.” This allows plasma exudate to exit the capil-
lary bed in the subcutaneous and cutaneous regions of the lower leg. The plasma 
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contents including albumin, fibrinogen, and other protein components then contrib-
ute to perivascular cuffing. This thick proteinaceous coating around the capillary 
bed effectively prevents diffusion of oxygen and other nutrients to the cells served 
by the capillaries. Wayward red blood cells also escape into the tissue, producing 
hemosiderosis as a result of iron pigment deposits in the tissues.35

This has led Falanga to postulate a “trap hypothesis” for the development of 
venous leg ulcers which suggests that the capillary contents, especially fibrin depos-
its, leak into the surrounding tissue-binding growth factors and matrix materials. 
These “trapped” cytokines and matrix proteins become bound, thus producing a 
physical barrier as well as not allowing these molecules to perform their proper 
tasks.36 This hypothesis explains many molecular mechanisms producing traumatic 
host inflammation, yet neglects bacterial contributions to inflammation as well as 
other molecular abnormalities.

Studies evaluating venous leg ulcers have found many molecular abnormali-
ties. Patients with venous leg ulcers have been found to have elevated Factor XIII 
antigen levels and Factor XIII V34L polymorphisms that are felt to play a critical 
role in developing venous leg ulcers at a molecular level.37 Other studies have 
associated elevated gamma interferon, a proinflammatory cytokine, as the agent 
producing skin ulcers.38 Even more recently, syndecan 4 (heparin sulfate pro-
teoglycan), which is important in inflammation and tissue formation in normal 
wound healing, may be deficient in patients with venous leg ulcers.39 Yet other 
studies have associated the high iron load in the tissue as important for bacterial 
colonization.40–42

All these molecular mechanisms are important, but none seem sufficient to 
explain the persistence of venous leg ulcers. In fact, when venous hypertension is 
corrected either through multilayer wrapping or venous ablation procedures, many 
venous leg ulcers continue to persist.43,44 It seems self-evident that if the “cause” 
of the venous leg ulcer was primarily venous hypertension, correction of this host 
abnormality would resolve most of these wounds. It is clear that another barrier to 
healing must be present. Biofilm provides one of the best explanations for the non-
healing of venous leg ulcers once the venous hypertension is adequately managed. 
Biofilm appears to maintain its host niche by soluble bacterial-derived molecules 
that produce patterns of inflammation similar to the physical damage of venous 
hypertension.45 This may explain why it has been so difficult to understand the role 
of surface-associated bacteria in the nonhealing of wounds because the host inflam-
matory response to infection overlaps the pattern of inflammation produced by tissue 
damage from venous hypertension.

The bacteria associated with the venous leg ulcers may be complex as it is with 
other chronic wounds. Venous leg ulcers present a special wound environment in 
that there is usually interstitial edema fluid that percolates through the wound, a high 
iron load from hemosiderosis as well as a well-perfused wound bed which results in 
extensive production of plasma-derived exudate. Venous leg ulcers tend to gener-
ate more exudate than poorly perfused wounds (diabetic foot ulcers), and the intact 
nervous system tends to result in a more painful wound. Because of this nutrient-
rich environment, there appears to be a higher biofilm load and an increased diver-
sity in the organisms present in the wound. Microbial ecologists, when examining 
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continuous ecosystems such as a pond or a lake, were surprised to find how hetero-
geneous the microbial populations were. It seemed reasonable that because the envi-
ronment was continuous with similar parameters throughout, the microbes would 
be evenly dispersed. But this clearly was not the case. The same seems to be true 
for chronic wounds. Although most of the species are represented throughout the 
wound, there are multiple microscopic regions of the wound that have high preva-
lence of specific species of microbes. This fact must be kept in mind when sampling 
small areas of a large wound for culture information.

Pressure Ulcers

Wounds produced by pressure, shear, and friction forces are an enormous problem for 
patients and their caregivers and may often result in admission to a healthcare facility. 
Pressure that is sufficient to either directly necrose tissue (high pressure, short dura-
tion) or to interrupt blood supply for a duration sufficient to produce necrosis (low 
pressure, long duration) affects millions of people each year in the United States. 
The incidence of pressure ulcers is rising so rapidly that the Centers for Medicare 
Medicaid Services (CMS) has decided not to reimburse the treatment of pressure 
ulcers that occur in nursing home settings (F313 Tag) or in a hospital environment.

Although pressure/shear/friction is an etiologic factor for these ulcers, it does 
not appear to be the reason for their persistence. Multiple studies have shown that 
removal of pressure from the wound and protection from any repetitive trauma will 
improve many pressure ulcers, yet others will fail to heal.46,47 Correcting host factors 
such as nutrition, systemic diseases, and so forth, does not always bring resolution of 
the problem, and this suggests an alternative impediment to healing.

Diegelman et al.7 demonstrated that pressure ulcers have excessive neutrophils 
surrounding the wound bed. These neutrophils express proteolytic enzymes such as 
elastase and MMP8, which is a consistent biochemistry noted in all chronic wounds. 
A photomicrograph included in the report also demonstrates the presence of mature 
surface-associated bacteria tightly adhered to the wound bed surface. This suggests 
that wound biofilm and excessive neutrophils may be interrelated and may play an 
important role in the nonhealing of pressure ulcers.

The microbiology of pressure ulcers is intriguing, as most ulcers are in well-per-
fused proximal locations, often in the hip girdle area. Ulcers that are primarily the 
result of pressure usually manifest superior to an underlying bony prominence. This 
produces fairly deep cavernous niches in the host, which is a very different environ-
ment from the shallow wounds often encountered in diabetic foot ulcers and venous 
leg ulcers. This may contribute to the microbial diversity seen in pressure ulcers.

A high prevalence of anaerobes in well-perfused tissue seems contradictory at 
first. However, biofilm possesses community mechanisms to produce a large hypoxic 
core within the surface-associated community.48 The increased representation 
of anaerobes may pertain to the depth and seclusion of the wound along with the 
overlapping surfaces present in pressure ulcers. A surgical wound that fails to heal 
within 30 days after surgery (or up to a year after implantation of a medical device) 
is termed a surgical site infection. This may seem to be somewhat of a misnomer, 
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because polling of any group of surgeons will clearly demonstrate that the reason 
a postoperative wound dehisces is not infection but rather patient factors such as 
poor protoplasm, poor compliance, and poor nutrition. Many surgeons support this 
view by stating that a lot of cultures of dehisced wounds show “no growth.” Wound 
dehiscence after surgical procedure is in fact an infection—a biofilm infection. The 
findings of a negative culture should not be surprising, because many biofilm pheno-
type bacteria are viable yet not culturable.49

Some patient factors impact on postoperative infections. Impaired host immunity, 
poor nutrition, damaged tissue, and the presence of remote chronic wounds at the 
time of surgery all increase the rate of surgical site infections. The pathophysiology 
appears to be that the surgical site gets seeded with a fragment of biofilm or even 
planktonic bacteria which attaches to the surgical site and cannot be cleared rapidly 
by the host immune system. Once the wound edges are reapproximated, two sur-
faces now cover the early microcolony, giving it a decided advantage over the host. 
The microcolony can rapidly expand along the reapproximated surgical surfaces, 
preventing angiogenesis and the healing of the surgical margins. This progresses 
until the surgical margins dehisce and drain. Because many biofilm phenotype bac-
teria are viable but not culturable, molecular methods may be necessary to diagnose 
surgical site infections. Burns are a very special subset of wounds, yet most of the 
morbidity and mortality stems from a chronic infection that develops after the ther-
mal injury.50 A mouse burn model shows just how rapidly biofilm can form and how 
deeply it can penetrate the host.51 Confocal microscopy demonstrates biofilm form-
ing around capillary structures within 1 hour after a severe burn. In this instance, 
Pseudomonal biofilm seems to preferentially form around capillaries extending deep 
into the host tissue. The speed at which the biofilm forms around the capillaries and 
the fact that it selects for capillary basement membrane is remarkable and suggests 
that biofilm structures hold little regard for host immunity, which is consistent with 
in vitro research.

Wound Characteristics

Many characteristics and phenomena associated with chronic wounds are easily 
explained by viewing chronic cutaneous wounds as chronic infections. By closely 
observing subtle changes in the wound and correlating these changes with diagnostic 
tools and responses to therapy, a faint picture begins to emerge of some of the pro-
cesses taking place on the wound bed. Understanding some of these activities can 
help direct our wound management decisions.

The edges of chronic wounds seem to yield much information. Wound edges that 
gently slope down to the wound bed and “feather” several millimeters into the wound 
suggest progression to healing. Conversely, edges that are raised off the wound bed 
(punched-out) or with a rim of undermining at the edge strongly suggest bacterial 
involvement. Recent studies on keratinocyte migration suggest soluble substances 
secreted by bacteria may impair keratinocytes which may yield these types of edges.

The wound edge may also reveal additional clinical information related to mois-
ture. If the wound biofilm becomes more active and upregulates host inflammatory 
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response, this will result in an increase in exudate production and consequential 
maceration. Maceration of the wound edge along with pain, swelling, and deteriora-
tion of the wound suggests an active biofilm.

The hyperkeratosis (callus) seen on plantar wounds does not always indicate 
inflammation from walking and repetitive trauma. Inflammation from the chronic 
infection present in many chronic wounds can also manifest as callus. This seems to 
be confirmed by the fact that hyperkeratosis can be seen in a patient who was on a 
ventilator and clearly not walking. Also the clinical finding that suppression of wound 
biofilm without escalating offloading can significantly reduce callus formation.

The edge of the wound also can give clues as to the aggressiveness of the wound 
biofilm. A relatively bright red/pink border that separates the keratinocyte margin of 
the wound is a positive sign of the host control of wound biofilm. However, slough 
that laps over the edge of the wound onto the keratinocyte margin suggests poor host 
defenses and the poor healing outcome. Scalding, maceration, and nonphysiologic 
color changes of the wound margin all indicate the chronic infection is overwhelm-
ing the patient’s immune system and wound treatment strategies.

The middle of the wound bed tends to be more fibrotic, less exudative, less tender, 
and to possess less slough. This is evidenced clinically by epithelial islands forming in 
the midportion of the wound when wound biofilm is rapidly suppressed. From a bacterial 
standpoint, surface bacteria in the midportion of the wound should be less challenged by 
host defenses because there are no keratinocytes present and a less robust capillary bed.

Tunneling and undermining are common terms within wound care. These phe-
nomena occur in many wound types. We suggest the common denominator is bio-
film. Tunneling may occur along soft tissue structures such as the subcutaneous 
layer, adipose tissue, and muscle. Tissue is slowly degraded through the structure and 
a tract forms. Tunneling is also commonly used to describe degradation along solid 
structures such as tendon or bone, again extending the wound deeper in the host tis-
sues. Undermining usually refers to the erosion of the subcutaneous layer under the 
wound edge involving a significant portion of the circumference of the wound edge.

Infection

As mentioned in previous chapters, Robert Koch was one of the early pioneers in 
determining what exactly causes infection in human beings. Koch was able to isolate 
anthrax in pure culture, which led him to the conclusion that one species of bac-
teria was responsible for a given infection. Others have found it nearly impossible 
to duplicate his pure culture techniques. “No matter how ingenious the machinery, 
how careful the researchers, they kept ending up with beakers of mixed bacteria. 
The inability to get anything but mixed cultures led many scientist to believe that 
bacteria had to be in mixed groups in order to thrive.” Koch’s view, however, won 
out and 150 years later the predominant view in infectious disease is that one “germ” 
equals one infection. Today this postulate has no value, as the evidence is indicating 
that wound infections are polymicrobial in nature and that particularly in chronic 
wounds the biofilm phenotype predominates.

It is difficult to state exactly what constitutes an infected wound. Obviously, 
chronic wounds that demonstrate the signs of Celsus—rubor, tumor, calor, and 
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dolor—are infected. It is universally accepted that all wounds have some bacteria 
present on their surface and even that small numbers of certain bacteria have been 
found to stimulate wound healing. But it is also widely accepted that even if there 
is an absence of erythema (rubor), swelling (tumor), heat (calor), or pain (dolor) that 
still many of these wounds are clearly infected. Therefore it was necessary to develop 
secondary signs of wound infection.

Secondary signs of infection vary but generally include lack of healthy granula-
tion tissue, unhealthy color, friable granulation tissue, excessive exudate, degraded 
wound bed, and a “stalled” healing trajectory. It is interesting to note the definition 
of a chronic wound is “a wound that does not heal in an orderly set of stages” or in 
other words, a “stalled” wound. So are all chronic wounds infected?

A definition of wound infection is the detrimental colonization of a host organ-
ism by a foreign species. In an infection, the infecting organism seeks to utilize host 
resources to multiply (usually at the expense of the host). Acute wounds progress 
through the normal stages of healing and therefore show no detrimental effects from 
bacteria. Acute wounds, wounds that heal normally (even in patients with diabetes 
mellitus, venous insufficiency, and other severe host impairments), show some bac-
teria but very little organized biofilm has been documented to be present on their 
surface. Most chronic wounds, on the other hand, have been found to house a biofilm 
and each wound demonstrated the secondary sign of infection of failure to progress. 
The presence of biofilm on the surface of chronic wounds (and not on acute wounds) 
raises the question as to what role biofilm may play in the nonhealing of wounds.

A retrospective study was conducted to evaluate the healing of chronic wounds 
utilizing standard of care plus antibiofilm strategies.52 By specifically targeting the 
biofilm and comparing the results to standard of care alone, the findings suggested 
that suppression of biofilm improves wound healing. This gives indirect evidence 
that the presence of biofilm on the surface of chronic wounds is detrimental to wound 
healing. Although the exact molecular mechanisms have not been fully elucidated, 
chronic wounds may indeed be chronic cutaneous infections.

The confusion of what actually constitutes a wound infection most likely lies in the 
different behaviors of bacteria when they exist in different phenotypes. Planktonic 
(single cell) bacteria behave much differently in vitro and in vivo compared to the 
social behavior of those same bacteria in a biofilm phenotype. These different behav-
iors are underappreciated in medicine.

Planktonic bacteria lack colony defenses and are susceptible to environmental 
changes, ultraviolet (UV) light, host immunity, certain antibiotics, and most bio-
cides. Whereas biofilm phenotype bacteria, bacteria encased in a self-secreted poly-
meric matrix with multiple different phenotypes, are up to 1000 times more resistant 
to biocides and antibiotics and unperturbed by host immunity. These characteristics 
of the two different manifestations of the life cycle of bacteria produce markedly 
different types of infections.

The National Institutes of Health (NIH) states that 80% of human infections 
are caused by biofilm phenotype bacteria that produce chronic infections such as 
endocarditis, chronic rhinosinusitis, Crohn’s disease, medical device infections, and 
chronic wounds. These wounds are characterized by their incomplete response to 
antibiotics as the infection quickly reemerges once antibiotics are withdrawn. Most 
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chronic infections respond to steroids or other potent anti-inflammatories like tumor 
necrosing factor alpha inhibitors. Chronic infections wax and wane, leading to the 
degradation of the structure that is infected to the point where it is removed, such as 
replacement of the heart valve, stripping of the sinuses, resection of the small intes-
tine, removal of the medical device, or amputation of the limb. Chronic infections 
tend to be managed by removal of body parts.

The remaining 20% of infections, acute infections like sepsis and cellulites, are 
caused by planktonic phenotype bacteria that pursue a decidedly different strategy. 
Planktonic phenotype bacteria tend to pursue a more predatory course that degrades 
and then destroys its host. These bacteria tend to secrete virulence factors and other 
proteins geared at invading host immunity, killing host cells, and then degrading and 
feeding on the dead host material. This predatory behavior is rapid, destructive, 
and most importantly is not sustainable as seen in acute infections such as sepsis and 
cellulitis. Because these are individual bacteria without colony defenses, they are 
susceptible to appropriate antibiotics yielding resolution of acute infections in rela-
tively short periods of time or if the antibiotics are ineffective, death of the host. With 
either outcome, the results of an acute infection are usually played out within a few 
days to weeks.

Chronic infections are quite different from acute planktonic infections in that 
they can easily last for decades. Yet even though these two types of infections are so 
different on a molecular level, they are most often lumped into that same category 
of “bacterial infection.” Biofilm phenotype bacteria produce chronic infections by a 
plethora of mechanisms. The three following examples illustrate how different bio-
film infection is from planktonic infection.

Lipopolysaccharide (LPS) is one of the major components of the Gram-negative 
bacterial cell wall. LPS has been demonstrated to decrease neutrophil response to 
IL-8 and also fouls an important receptor composed of phosphatidyl serine (PS) 
found on macrophages. Macrophages utilize the PS receptor to recognize neutrophils 
that need to be cleared. If these neutrophils are not clear, their proteolytic contents 
(MMP 8 and elastase) are released at the site of infection. LPS also is a potent inducer 
of continued chemotaxis of neutrophils to migrate into the wound bed. Multiple stud-
ies have identified that a hallmark of all chronic wounds is excessive neutrophils in 
the wound bed. Biofilms are known to constantly release LPS and membrane vesicles 
made up of LPS (previously unknown function) into the surrounding environment.

A second specific example is the release of planktonic cells. Up to 30% of 
mature biofilm dedifferentiates back into planktonic phenotype cells each day which 
are released through a process termed “seeding dispersal.” Biofilms continually 
release planktonic “seeds” of different bacterial species from the safety of the bio-
film matrix. In the chronic wound, the cells can work to bait the immune system 
by pathogen-associated molecular patterns (PAMP) recognition mechanisms and to 
continually recruit the inflammatory response of the host. In this way, the sacrifice of 
a few individual bacteria promotes the survival of the community through sustained 
host inflammation producing exudate, and therefore providing continual nutrient 
acquisition to the biofilm.

In addition, biofilms have pathways by which bacterial DNA is released from 
cells and incorporated into the biofilm matrix. In the laboratory, the purpose of 
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this extruded bacterial DNA is to provide cross-linking of polymeric sugars which 
strengthens the matrix. However, in vivo, the DNA stimulates inflammatory recruit-
ment in the localized tissue which stimulates the innate immune response and aug-
ments the hyperinflammatory state of the wound bed. Thus, through the use of LPS, 
planktonic cells, and bacterial DNA, biofilms possess an arsenal of tools, not unique 
to a single pathogen, which through the biofilm community can act as a functional 
equivalent group to stimulate and maintain a hyperinflammatory milieu in the wound 
bed. This hyperinflammatory state in the wound bed may provide sustained nutrition 
while preventing closure of the host niche.

There is an emerging understanding that “bacterial pathogens expressed a large 
array of virulence factors that dampened and or reoriented both the innate and adap-
tive immune response.”53 Multiple studies demonstrate that bacteria are able to manip-
ulate the host innate immune response to upregulate proinflammatory cytokines and 
the general proteolytic environment. For example, Shigella expresses a plasma viru-
lence gene (msbB) that causes an increase in proinflammatory cytokine expression. 
Quorum sensing molecules from Pseudomonas originals act directly on host cells to 
induce expression of proinflammatory cytokines. Staphylococcus aureus (and other 
pathogens) expressed “modulations” and other superantigens (e.g., toxic shock syn-
drome toxin-1), which can induce massive and sustainable proinflammatory cytokines 
released. It is important not to focus on the individual virulence genes but rather on 
the common biofilm strategies that work to commandeer the host immune response.

An important property of biofilms that impacts its infective behavior, especially 
in cutaneous wounds, is that biofilms are polymicrobial. Through specialized cul-
tivation methods, DGGE, PCR-based studies, molecular amplicon studies, and 
metagenomics, it has been shown that chronic cutaneous wounds demonstrate fungus, 
bacteria, and viruses in great diversity. Coupled with this amazing diversity of micro-
organisms is the phenotypic hypervariability produced within the biofilm society 
which allows for vast adaptation of the biofilm community to any single therapy.

This ability of the biofilm community to adapt to treatment strategies stands 
in stark contrast to the deep planktonic perspective that is currently entrenched in 
medical microbiology. The twin pillars of planktonic dogma that dominates the cur-
rent management of infectious diseases was firmly established by Robert Koch over 
150 years ago. When Koch was first trying to understand bacterial infections, within 
each host infection he found multiple organisms in many different states of growth 
which led him to term the whole process “chaos.” To make sense out of the situa-
tion, he asserted the presupposition that one organism is responsible for a specific 
infection. This planktonic precept has been canonized into a dogma that only one 
organism is responsible for an infection and all other organisms found must therefore 
be “contaminants.”

 A corollary to this dogma soon arose; because there is only one organism, there 
should be only one treatment to manage the infection. This has led to the bias of 
using only one strategy to eradicate the infection. If that one strategy fails, it is aban-
doned, and then the next strategy (antibiotic) is tried in a sequential fashion. Again 
this is a decidedly antiplanktonic strategy that is wholly unsuited for biofilm infec-
tions. Biofilm is a more mutalistic type of infection produced by multiple organisms 
with vast phenotypic diversity that has the ability to adapt to any given stress. Biofilm 

© 2010 Taylor and Francis Group, LLC



230	 Microbiology of Wounds

possesses colony defenses that render most antibiotics only marginally effective, plus 
an antibiotic will only affect the susceptible members of the biofilm society. The 
unaffected members will quickly predominate and the biofilm will reemerge. This 
is often witnessed clinically as a wound responds for the first two to three weeks of 
treatment only to regress as the same treatment is continued. It is biofilm’s incompa-
rable abilities to resist treatments (radiation, antibiotic, biocides, host immunity, etc.) 
by changing dominant populations, composition of the secreted matrix, phenotype 
changes, horizontal gene transfer, and other mechanisms which makes chronic infec-
tions so recalcitrant and so variable. This leads to the need not only to have multiple 
strategies but to apply them simultaneously and to change them frequently.

Until recently, the application of treatments for chronic wounds (and other chronic 
infections) has been instigated in the absence of comprehensive diagnostic informa-
tion. Wound care treatments have been largely based on trial and error. A treatment 
is arbitrarily initiated, and if the wound responds the treatment is continued; how-
ever, if the wound does not respond then the treatment is changed. The first principle 
of medicine is to diagnose and then to treat, and although biofilm societies are verg-
ing on being incomprehensibly complex, through modern molecular methods and 
bioinformatics we can, at least on a “neophytic” level, understand the identity of the 
organisms present, their gene expression, and their collective strategy for maintain-
ing the chronic wound and preventing it from healing. The diagnosis of biofilm on 
the surface of chronic wounds will lead to new treatments and their combinations 
for the suppression of wound biofilm and the improvement of healing outcomes for 
chronic wounds.
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8 Biofilms and Significance 
to Wound Healing

Keith F. Cutting, Randall D. Wolcott, 
Scot E. Dowd, and Steven L. Percival

Introduction

Despite many decades of wound healing research and related microbiology, mean-
ingful insight into the impact that microoorganisms have on wound healing remains 
poorly understood. A recurring notion throughout this book suggests that many of 
the theories and interpreted findings have been based principally on outmoded meth-
ods of inquiry. Wound care management aims to reduce or remove factors known 
to impede “normal” wound healing and where appropriate to manage the wound 
bioburden. Although in many wounds a reduction in the wound bioburden can be 
achieved with the use of debridement, appropriate wound dressings, topical antimi-
crobials, and systemic antibiotics, others will remain recalcitrant to antimicrobial 
agents. Wounds that are nonhealing and recalcitrant to antimicrobials constitute a 
significant problem to patients and the healthcare profession. It is in these wounds, 
which are considered to harbor pathogens, that recent thinking indicates that biofilm 
phenotype bacteria have a significant role to play in delaying or preventing a chronic 
wound from healing.

Brief Overview of the Biology of Wound Healing

Skin is the most important line of defense in the human body and protects under-
lying tissue from external factors such as noxious chemicals and microorganisms. 
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Breaches in the skin’s integrity stimulate the physiological and biochemical pro-
cesses of the body to reestablish the barrier function as quickly as possible, helping 
to limit the loss of tissue and fluids (e.g., blood, serum). In addition to this, invasion 
of the body tissues by particulates and microorganisms is reduced by immunological 
response mechanisms.

The wound healing response is the sequence of events that occur as a conse-
quence of a trauma that leads to the physical breakdown of the skin barrier. Healing 
response progresses through a series of phases, with the appearance and resolution of 
each phase being orchestrated by numerous signaling mechanisms until the wound is 
healed. As mentioned in previous chapters, the earliest phase in the healing cascade 
is the inflammatory response, and it is here that inflammatory cells, including neu-
trophils and macrophages, help to prevent adhesion and proliferation of invading 
microorganisms and remove damaged components of the skin. The result of this 
process prepares the wound bed for the formation of granulation tissue, which is 
composed of new blood vessels and collagen. Inflammatory cells, in addition to the 
ones mentioned above, express numerous signaling molecules, which promote the 
influx of other cells vital to the production of new tissue components (e.g., blood 
vessels and connective tissue).

Inflammation that occurs in a wound is known to play a major role in the for-
mation and persistence of chronic wounds—in particular, ulcers. Tissue debris 
that forms at the wound site results in the release of protein-degrading enzymes 
(proteases). Proteases in particular are responsible for breaking down proteina-
cious debris, leading to its removal from the wound bed. The activity and quanti-
ties of such proteases in a wound need to be tightly controlled and monitored. If 
protease levels in a wound become elevated and uncontrolled, such an imbalance 
will itself lead to tissue destruction and promote a nonhealing state within the 
wound bed.

Development of a Wound Biofilm

The naturally occurring state of bacteria is to be associated with a surface. In a 
wound bed, there is an abundance of surfaces and in general no freestanding pools of 
liquid within which the bacterial populations might establish a planktonic lifestyle. 
Thus, within a wound, the bacteria by default will become surface associated and 
eventually attach to the surfaces. The life cycle of a wound biofilm begins when a 
planktonic microorganism attaches to a surface. There are many different strategies 
utilized by individual bacteria to achieve attachment. The generalized mechanisms 
are reviewed in Chapter 1. After attachment, microbial cells divide until a critical 
density (quorum) of bacteria is reached. At this point, quorum-sensing molecules 
(pheromones) and up-regulation of specific genes aid to model and then help to 
determine the architecture and formation of a biofilm1 and the initiation of bacterial 
community activities.

Microbial attachment to a wound surface is reported to be highly dependent on 
the species of microorganisms, the colonizing microenvironment, nutrient avail-
ability, and the physical and biochemical composition of the colonizing surface. 
However, once a bacterium is attached to a surface, it has been shown to exhibit an 
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array of behaviors, including twitching, rolling, creeping, and aggregate formation.2 
In addition to this, coadhesion and coaggregation of different types of bacteria may 
be important.

Numerous research groups working in the area of biofilmology have evaluated 
biofilms using microarray technology. Results from these gene expression studies 
have demonstrated that a wide range of genetic pathways are induced and repressed 
during bacterial adhesion and biofilm formation.3,4,5 These changes in gene expres-
sion result in production of proteins, enzymes, and signaling molecules, which as the 
biofilm develops, help to augment the biofilm’s adaptability and sustainability.

Extracellular Polymeric Substances (EPS)

Attachment of bacteria to surfaces is termed “adsorption” and is initially due to 
simple van der Waals forces and basic electrostatic attraction. These basic electri-
cal attractions can facilitate a more stable interaction between bacteria and receptor 
sites within host tissue through stereospecific (lock and key) interactions, which cre-
ate a more stable adsorption of the bacteria than ionic or electrostatic forces alone. 
As discussed in Chapter 1, if the association between the bacterium and host tissue 
becomes intimate enough and persist long enough to become stable, other types of 
chemical and physical structures are formed which transform the reversible adsorp-
tion to a permanent and essentially irreversible attachment. It is during this stage 
that the bacteria begin to form a biofilm that is characterized by formation and accu-
mulation of extracellular polymeric substances (EPSs). Most of the EPSs of biofilms 
within host tissues are polymers containing proteins, nucleic acid, with some sugar 
constituents. The EPSs act as the building blocks of the complex matrix structure of 
the biofilm and are formed by the bacteria from both external and internal processes. 
The evolutionary role of the biofilm is to provide a stable environment that the bacte-
ria utilize as protection and a way of interacting with their environment.

The matrix of EPS laid down by the bacteria is used as the focus for the attach-
ment and growth of other organisms, increasing the biological diversity of the com-
munity. The goal of bacteria in forming a biofilm is to generate a protective structure 
that is the natural phenotype of most bacteria.

Following microbial attachment and EPS production, the bacteria attached to the 
wound surface become phenotypically different than their planktonic counterparts. 
Each attaching bacterium produces a large number of new proteins that are not found 
in bacteria within the free-floating state. Biofilm bacteria have only a 30% to 50% 
protein homology in the outer membrane proteins when compared to their identical 
planktonic form.6,7

EPS, as outlined in a previous chapter, is often referred to as exopolysaccharide, 
extracellular polysaccharide matrix, glycocalyx, slime, and matrix material. The use 
of multiple and incorrect terminology in reference to EPS has given rise to confu-
sion within the wound care arena. In clinical, industrial, and environmental bio-
films, EPS has been universally recognized for decades as extracellular polymeric 
substances (EPSs). It is composed not just of polysaccharides but also nucleic acids 
(DNA, RNA), glycoproteins, proteins, and polysaccharides.8
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However, the composition of EPS is known to fluctuate and the variations have 
been shown to be dependent upon the inherent bacterial community, the availability 
of bathing nutrients, and environmental conditions within the vicinity of the biofilm. 
Structurally EPS is supported by cations, particularly Ca2+ and Mg2+ and side chains 
of the polymers.9

Many antibiotics have been shown to have the ability to penetrate the biofilm 
EPS.10 However, efficacies of these antibiotics are significantly reduced once within 
the biofilm matrix. This is attributed to the phenotypic resistance inherent to the 
microbial population within the biofilm. For example, despite evidence of antibiotic 
diffusion into a biofilm, beta lactamase has been shown to accumulate in a bio-
film matrix faster than antibiotics can diffuse through the EPS.11,12 Such a biofilm 
defensive mechanism has been shown to be effective against an array of different 
antibiotics. In addition to this, the EPS is generally positively charged and so is able 
to adhere and sequester aminoglycosides. The result of antimicrobial sequestering 
assists in reducing the antibiotics’ ability to kill bacterial cells.13 Moreover, the EPS 
produced from coagulase-negative staphylococci has been shown to inhibit glyco-
peptide antibiotics.14,15 Despite evidence that EPS is able to retard the efficacy of 
antibiotics, the presence of EPS alone does not necessarily guarantee protection, and 
other biofilm phenotypic variations aid to provide biofilm resistance.16

Evidence of Biofilms in Chronic Wounds

Biofilms have been observed and reported in both acute partial-thickness wounds17 
and chronic human wounds.18–21 A recent study by James et al.21 pursued micro-
scopic evaluation of acute and chronic wounds and revealed that the chronic wound 
samples contained multiple species of microorganisms and that the microcolonies 
of bacteria were surrounded by amorphous material.21 Micrographs from the scan-
ning electron microscope revealed evidence of biofilm and EPS in at least 60% of 
the chronic wounds samples.21 Similar techniques and sampling methods used to 
visualize chronic wounds were employed to evaluate 16 acute wounds. Biofilms were 
observed in only one of the 16 wounds.21 The acute wounds healed quickly, generally 
in 2 to 3 weeks. However, the chronic wounds in the same area were still open 2 to 
3 months later. It is possible to speculate that based on this study alone, difference 
in healing between acute and chronic wounds may be the indirect evidence that bio-
film is an important barrier to healing. Based on the use of the burn mouse model, 
Schaber et al. determined evidence of early biofilm behavior.22 By utilizing the 
mouse model and subjecting the mouse to a 10% surface area burn, followed by an 
inoculation of 102 Psuedomonas aeruginosa (planktonic bacteria), it was reported 
that evidence of biofilm was noted in the adipose tissue within three hours. Biofilm 
was visualized to a depth of 1 to 2 mm through the adipose tissue. These studies17–22 
and others have indicated that biofilms are prevalent in wounds. Their role, however, 
in acute wounds, if in fact biofilms are able to proliferate in this environment, sug-
gests biofilms may not play such a significant role on the surfaces of acute wounds. 
Nevertheless, their development and sustained presence in acute wounds is likely 
to lead to chronicity, but such speculation needs be substantiated by solid research 
and evidence.
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Based on the studies undertaken and ongoing, it is clear that biofilms in wounds 
are polymicrobial and form quickly in an impaired host, penetrating the surface of 
the wound. Our current understanding of biofilms indicates that they clearly play a 
significant role in impairing classical wound healing.

Characterizing Biofilm Infection

Biofilms that develop on a host offer the best explanation for many of the clinical 
findings observed in chronic wounds. In particular, biofilms help to explain clinical 
and biological findings that include elevated matrix metalloproteases, decreased tis-
sue inhibitors of metalloproteases, impaired host defenses (white blood cells, anti-
bodies), elevated proinflammatory cytokines, and resistance to antimicrobials.

Biofilm formation by bacteria such as Pseudomonas aeruginosa and Burkholderia 
cepacia in cystic fibrosis patients has been used as a model to try and explain the 
observations in chronic wounds (i.e., persistent infection and resistance to antimi-
crobial therapy).

It has been iterated many times in this book that chronic wounds contain exces-
sive numbers of neutrophils,23 increased levels of active matrix metalloprotease 
(MMP) 8, and elevated proinflammatory cytokines.24 High levels of proteolytic 
enzymes have been found to have an effect in delaying wound healing. In addition 
to this, these wounds have been shown to have a decreased level of cytokine recep-
tors, on cell membranes and decreased levels of tissue inhibitors of metalloproteases 
(TIMPs).25 Excessive amounts of extracellular enzymes have been shown to lead to 
the development of a nonhomeostatic state in the wound. Heterogeneity within the 
wound can cause the wound to enter a state of “quiet” and then “chronic” inflam-
mation. Established preformed and “mature” biofilms in the wound environment 
have been shown to be quite thick, generally between 60 and 200 microns thick. 
Architecturally “mature” biofilms possess an irregular (variegated) outer surface 
and are gelatinous in texture. However, characteristics of a wound biofilm vary and 
specifically depend on the surrounding environment of the host and the location of 
the biofilm. Mature or climaxed biofilms, described earlier in the book, are reported 
to be composed of pillars that attach to the wound surface with enlarged tops that 
look similar in shape to “mushrooms.” This mushroom architecture is thought to 
allow for the development of water channels that flow into and out of the biofilm sup-
plying essential nutrients and removing harmful toxins, akin to a circulatory system 
in humans. The arrangement of these water channels, mushrooms, and pillars are 
influenced by cell-to-cell communication systems that have been detected in both 
developing and developed biofilms.26

Wolcott suggested that the clinical implications of biofilm infections manage-
ment in chronic wounds are parallel to that of oral hygiene.27 For example, each 
day biofilm, otherwise referred to as plaque, is abraded from the surface of teeth 
and mucous membrane utilizing toothbrushes. By brushing the teeth, the plaque 
biofilm is essentially debrided and kept in an immature state. In addition to this, 
antibiofilm toothpaste is employed which helps to eradicate the biofilm as much as 
possible until the selective pressure subsides and the biofilm reconstitutes. Despite 
repeated brushing and flossing, the biofilm reestablishes its original architecture and 
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microbial composition within 12 to 24 hours. Such a sequence of events is now being 
related to chronic wounds and is being shown to significantly suppress biofilms. This 
method is termed biofilm-based wound care.

Slough is commonly found on chronic wounds and is composed of dead host 
tissue with some proteinaceous exudate, white blood cells, and a microbial com-
munity.28 Slough is very common in poorly perfused wounds and is tethered to the 
wound bed. Interestingly, slough has been found to possess many of the physical 
characteristics of biofilm observed in the in vitro environment. Specifically, when 
slough is removed by sharp debridement, it returns very quickly. The authors have 
observed that if slough is removed routinely on a weekly basis, the wound does not 
get deeper. It is probably that slough is not just dead tissue but a thriving bacterial 
ecosystem. This opinion is derived from the observation that microcolonies in the 
sputum/mucus of patients with cystic fibrosis are of a similar morphology and archi-
tecture to the microcolonies observed in slough. Slough is sometimes regarded as an 
innocuous hindrance to healing that should not cause undue concern. The impres-
sion often generated is that slough is secondary to whatever nonhealing barrier is 
present (e.g., chronic venous insufficiency) and is not a primary cause of nonhealing. 
This is a false assumption.

In a prospective study of 108 surgically treated wounds, it was found that infection 
was significantly more frequent when slough developed than in wounds that were 
without slough.29 This provides a foundation for the proposed association of slough 
with infection. The following observations provide an association of the presence of 
slough with biofilm formation. Slough that laps over the edge of the wound onto the 
skin margin suggests poor host defenses and prognosis of a poor healing outcome 
(Figure 8.1). This overgrowth of slough is not caused by host factors and can only 
reasonably be explained by biofilm. Maceration and nonphysiological color changes 
of the wound margin all indicate that chronic infection is overwhelming the patient’s 
immune system and wound treatment strategies and indicates the aggressiveness of the 
wound biofilm. Conversely, a bright red wound border that separates the keratinocyte 
margin of the wound is a positive sign of host control of wound biofilm (Figure 8.2).

The middle of the wound bed tends to be more fibrotic, less exudative, less ten-
der, and sometimes possesses less slough. This is evidenced clinically by epithelial 
islands forming in the midportion of partial thickness wounds when wound biofilm 
is suppressed. From a bacterial standpoint, surface bacteria in the midportion of the 
wound should be less challenged by host defenses because there are no keratinocytes 
present and a less robust capillary bed than the intact skin margin. However, clini-
cally the bacteria in the midportion of the wound appear to be more quiescent.

Tunneling and undermining are not uncommon and occur in many wound types. 
The common denominator may be biofilm. Tunneling may occur along tissue struc-
tures much in the same way as plaque erodes into the enamel of a tooth. Tissue is 
slowly degraded through the structure on which the biofilm was attached and the 
tract forms. Tunneling is also commonly used to describe degradation along solid 
structures such as tendon or bone, again extending the wound deeper in the host tis-
sues. Undermining usually refers to the erosion of the subcutaneous layer under the 
wound edge involving a significant portion of the circumference of the wound edge. 
The process of bacterial cell attachment and its relationship to cellular proliferation 
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and biofilm formation have been described elsewhere in this book. The importance 
of debriding undermined cavities and tunnels becomes clear when surface attach-
ment and subsequent biofilm formation are considered. Wolcott and Rhodes19 stated 
in their study of biofilm-based wound care and critical limb ischemia, that the first 
principle of debridement was to alter the anatomy of the wound by removing surfaces 
that touched each other and opened all tunnels and removed (laid open) undermined 
cavities. Debridement will therefore deny the biofilm the opportunity of attachment 
to two surfaces which would enhance further proliferation of the biofilm and in 
combination with bacterial population targeted therapies forms the basis of biofilm-
based wound care.

The edges of chronic wounds can yield important information. In a healing 
wound, the wound edge gently slopes to the wound bed and will encroach several 
millimeters into the wound, whereas edges that are raised off the wound bed (rolled) 
or with a rim of undermining at the edge strongly suggest bacterial involvement. 
Recent studies on keratinocyte migration suggest soluble substances secreted by 
bacteria may impair keratinocytes, which may yield these types of edges.30,31 If the 
wound biofilm becomes more active thereby upregulating host inflammation, this 
will result in an increase in exudate production, which if inadequately managed will 
cause periwound skin maceration. Maceration of the wound edge along with pain, 
swelling, and deterioration of the wound suggests an active biofilm.

Figure 8.1  (Please see color insert following page 114.) Slough overlapping the wound 
edge.
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The hyperkeratosis (callus) seen on plantar wounds does not always indicate 
inflammation from walking and repetitive trauma. Inflammation from the chronic 
infection present in many chronic wounds can also manifest as callus.32 This appears 
to be confirmed by the fact that hyperkeratosis can be seen in a patient who was 
ventilated and clearly not walking (Figure 8.3). In addition, clinical observation indi-
cates that the suppression of wound biofilm without escalating offloading can signif
icantly reduce callus formation.

Immune Stimulation and Retardation by the Biofilm

Many research papers have shown that biofilm bacteria are less susceptible to a host 
immune defense system and therapeutic agents when compared to their planktonic 
counterparts. As a consequence, this biofilm-associated wound infection will have 
an ability to persevere.

The biofilm matrix has been shown to be able to inhibit chemotaxis and degranu-
lation by polymorphonucleocytes (PMNs) and macrophages and also depress the 
lymphoproliferative response of monocytes to polyclonal activators. A recent paper 

Figure 8.2  (Please see color insert following page 114.) Bright red wound border is a posi-
tive sign of host control of wound biofilm.
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has shown that PMNs are ineffective at engulfing bacteria in biofilms causing them 
to release large amounts of proinflammatory enzymes and cytokines which long 
term will lead to the destruction of nearby tissues and chronic inflammation.33 
Neutrophils are very important in normal wound healing. However, they are also 
considered to delay the healing process of chronic wounds.34,35 Armstrong and col-
leagues proposed that “it can be postulated with some confidence that neutrophil 
derived MMP 8 is the predominant collagenase present in normal human wounds 
and that over expression and activation of this collagenase may be involved in the 
pathogenesis of nonhealing chronic ulcers.”25 Neutrophils express MMP 8 as well 
as other enzymes. Overproduction of neutrophils can cause collateral damage to a 
nonhealing wound.26

In addition to neutrophils, macrophages are considered significant to wound heal-
ing. Macrophages are evident in smaller numbers in a chronic wound when com-
pared with neutrophils. Macrophages have the ability to synthesize a large array of 
growth factors and other chemical messengers that not only direct host defenses but 
also move the wound from the inflammatory phase into the proliferative phase.

During trauma the host initiates a normal immune response to try and establish 
and return to some form of homoeostasis (healed wound). When a biofilm is detected 
on a wound surface, the host initiates additional innate immune responses to try and 
eliminate the colonizing bacteria. The biofilm in turn uses its virulence and gener-
alized mechanisms to maintain its newly found niche. The biofilm seeks to remain 
firmly attached to the host tissue and propogate its community structure. As the 
biofilm develops, a climax community is achieved, implying stable associations and 
integrations of function between microbial populations and the wound bed. Thus 
the biofilm community is attempting to maintain its niche in the wound and reach a 
steady state with the host. This can almost be considered resetting the host’s homeo-
stasis settings. At this stage the microorganisms and biofilm, although interfering 

Figure 8.3  (Please see color insert following page 114.) Plantar hyperkeratosis in an 
immobile patient.
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with the wound healing process, may not necessarily induce any clinical signs of 
infection.

Chronic wounds are both unpredictable and recalcitrant. Consequently chronic 
wound management and prevention of infection represents an area of concern for 
clinicians and physicians worldwide. As both the pathophysiology of wound healing 
and biofilm development are complex, such a combination in chronic wounds makes 
for a complex biological system that is dynamic and diverse.

The structure of biofilm is very important to its defenses and therefore the sur-
vival of the community of microorganisms. Overall, the biofilm is considered from 
in vitro work to consist of a number of important layers. These are the outer edge 
(which interfaces with the environment), the midportion of the biofilm, and base of 
the biofilm which is considered to be realtively dormant. The top layer of the bio-
film is made up of metabolically active microbial cells. These bacteria can be easily 
shed or dispersed from the biofilm. This seeding or distribution of bacteria has been 
referred to as “seeding dispersal.”36

Many characteristics and phenomena associated with chronic wounds are easily 
explained by viewing chronic cutaneous wounds as chronic infections. The relevance 
of observing subtle changes in wound bed characteristics and their relation to clini-
cal diagnosis of infection has already been highlighted.37,38 Closely observing subtle 
changes in the wound and then correlating these changes with diagnostic tools and 
responses to therapy may hint at some of the processes taking place on the wound 
bed at a cellular level. Gaining an understanding of these activities will enhance our 
proficiency in wound management.

Staphylococcus aureus is able to produce a polysaccharide intercellular adhesin 
(PIA). In strains of S. aureus that lack the PIA, polymorphonuclear white blood cells 
macrophages are able to reduce the numbers of bacterial cells from the biofilm.39,40

The biofilm matrix is known to afford protection from the host immune system. 
In fact it has been documented that EPS can completely inhibit macrophage activ-
ity41 and antibodies.42 The matrix of the biofilm is important for inhibition of host 
defenses and resistance to antimicrobials. EPS is an integral part of the biofilm, but 
it is not definitive for biofilm alone. For example, planktonic bacteria that have been 
exposed to subinhibitor concentrations of antibiotics have been documented to show 
up to a fifteenfold increase in the production of alginate.

The organizational structure of biofilm is critical to its defenses and therefore its 
survival. The three most important layers into which the bacteria will differentiate 
are the outer edge (which interfaces with the environment), the midportion of the 
biofilm, and the metabolically inactive base attached to the surface.

The environmental edge of the biofilm is composed of metabolically active bac-
terial cells imbedded in the biofilm matrix. All along the surface of the biofilm the 
bacteria of the environmental edge are in the process of developing small pods, 
which revert into planktonic cells and are dispersed out into the environment. This 
seeding dispersal appears to be a reproductive mechanism, as this portion of the bio-
film is constantly shedding large fragments out into the environment, but it may also 
provide a defense mechanism much like our skin, which constantly sheds squamous 
cells from the stratum corneum.
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Another defensive function of the environmental edge is to prevent penetration of 
toxic substances into the biofilm. This has been termed “reaction diffusion interac-
tion.” When biofilm was treated with high doses of hydrogen peroxide, a microelec-
trode deep inside the biofilm registered no sign of penetration of the peroxide for 
over 50 minutes.43 The reaction at the environmental edge limits diffusion into the 
biofilm and the cells catalyze the hydrogen peroxide even after they were dead. This 
gives biofilm the property of being very resistant to hydrogen peroxide as well as 
other reactive substances.

In another biocide experiment, glutaraldehyde was tested against P. aeruginosa 
biofilm. Glutaraldehyde showed little or no penetration up to 200 minutes and it was 
only at 800 minutes that there was a 3-log killing of the bacteria in the biofilm. On 
the other hand, the planktonic form of the same strain of P. aeruginosa showed a 
3-log killing in just a few minutes.44 With prolonged exposure to monochloromine, 
biofilm resists penetration and produces a neutralizer.44 Resistance to the penetra-
tion and, therefore, the killing by commonly used biocides such as glutaraldehyde, 
bleach, hydrogen peroxide, acetic acid, and others is a very important defense and is 
often used to define the presence of biofilm.

Bacteria that differentiate into the midportion phenotype in the biofilm have a 
different function. These bacteria remain metabolically active, but they are geared 
to produce protective responses, which are not well understood. Two-dimensional 
gel electrophoresis experiments show that the midportion of the biofilm will produce 
different, yet uncharacterized proteins in a very rapid fashion when the biofilm is 
subjected to stress. When antibiotics are applied, this region usually has subinhibi-
tory concentrations of antibiotics.45 This finding plus high cell density with mobile 
genetic material46 may allow for the horizontal transfer of resistance. It is unclear 
what benefit the other proteins confer on the biofilm, but it is likely to be of a sophis-
ticated nature.

A better characterized defense is the altered microenvironment in the base of the 
biofilm. The bacteria, which differentiate in the basilar region of the biofilm where 
it is attached to a surface, show no metabolic activity. These individual bacteria, 
whether due to cell-to-cell signaling, metabolic by-products, the extremely low oxy-
gen tension in the region, or yet undetermined factors, have shut down all their DNA 
synthesis, protein synthesis, and other cell functions. This may lead to the production 
of cells that are viable but not culturable.47

Biofilm Detachment and Dispersal in Wounds: 
Clinical Significance

Biofilm detachment from a surface is a complex process but is fundamentally sig-
nificant to infections due to dissemination of biofilm bacteria. Biofilm sloughing is 
an area that is poorly reported on and presently there is a need to correlate this phe-
nomenon with infection/disease risk. Biofilms are well known to be susceptible to 
detachment, and it has even been suggested that sloughing or dispersing of bacteria 
from a biofilm is preprogrammed.48 Such an event is considered to be a reproductive 
process inherent in all biofilms. It is these detached biofilms that will be composed 
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of very active microbial cells as sloughing and dispersal occurs generally from the 
outermost active regions of the biofilm first.

Detached sections of biofilm are free to enter the wound environment or exudate. Of 
clinical significance is the fact that these detached sections of biofilms have inherent 
characteristics of the “mother” biofilm (i.e., enhanced resistance to antimicrobials and 
the ability to attach and adapt quickly to virgin wound anchor points). Periodic shedding 
and dispersal of a biofilm is analogous to metastases in a tumor and aids to increase the 
turnover of the biofilm, enhancing its overall activity. Biofilm detachment is a process 
that is very important for the inherent defensive mechanisms to the biofilm.

Despite constant sloughing, the biofilm has the ability to reconstitute itself very 
quickly. Research has shown that biofilms have the ability to replace their entire 
mass in 24 hours.48 Such a process is significant to wound care and the management 
of chronic and infected wounds.

The detached sections of a biofilm vary in size. These detached sections can be 
composed of just a few bacterial cells or contain millions of individual bacteria.48 
These detachment fragments are characteristic of biofilms and as such have the 
inherent properties and defenses of a mature biofilm.

Preprogrammed sloughing of detachment fragments has long been thought to 
be a reproductive mechanism. Because of the defenses that detachment fragments 
retain, this may make them more successful in reproducing the biofilm. A mature 
biofilm has the ability to replace its entire mass in approximately 24 hours through 
the sloughing of detachment fragments.48 This theoretically means the entire area of 
a chronic wound may be reproduced and shed each day. These detachment fragments 
are shed into the environment and, in the case of a chronic wound, have the ability 
to “seed” the skin of the host. Because of the intact biofilm defenses of slow penetra-
tion, stress response, and metabolic inactivity, these detachment fragments are resis-
tant to biocides and antibiotics. This means they may be resistant to many surgical 
antimicrobials and prophylactic antibiotics. Detachment fragments may explain why 
patients with chronic wounds tend to get more surgical site infections than patients 
who do not have chronic wounds.

The phenomena of detachment fragments may not only be thought of as a repro-
ductive tool, but also a defensive mechanism much like our skin. The constant turn-
over of the epidermis prevents the adherence of pathogens and other detrimental 
environmental agents. Anything that does attach is quickly sloughed and new epi-
dermis replaces the old. It is the constant turnover of the skin (and maybe the con-
stant turnover of biofilm) that plays an important role in this defensive mechanism.

Conclusions

Open wounds are moist and as such are conducive to colonization from bacteria. 
Colonizing bacteria are able to attach to an array of biological material found in the 
wound bed such as fibronectin, keratinocytes, and fibroblasts. As the biofilm devel-
ops, it is then probable that the actual presence of the biofilm and the extracellular 
components released from the sessile bacteria will have the capacity to damage the 
surrounding tissue. By aiding bacterial attachment, the development of a biofilm 
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will commence and be sustained in the wound. During biofilm development in the 
wound, it will progress to a “climax community” or maturity, and the extracellular 
components released from the sessile bacteria will have the capacity to damage the 
surrounding tissue. In addition to this, the phagocytic cells released from the host 
have been shown to not fully penetrate the biofilm so the enzymes released from the 
white blood cells will lead to extensive tissue damage.46 In conjunction with this, if 
there is synergy between the human proteases released during wound healing and 
bacterial proteases, further healthy tissue breakdown would be inevitable and wound 
healing will be compromised.

We have suggested that the existence of biofilms in wounds is clinically evident, 
but their role in inhibiting the healing process is still being investigated. However, 
results obtained from biofilm-based management strategies have established positive 
clinical outcomes. All chronic wounds are colonized by bacteria and they become 
encased and develop into a biofilm which results in a prolonged inflammatory state in 
the host. In addition to this, proteases released by sessile bacteria, possibly working 
in synergy with human proteases, destroy human growth factors and tissue proteins 
that are essential to wound healing. A better understanding of the physiology and 
biochemistry of biofilms in wounds is needed, and this will aid in the development 
of more effective methods of biofilm treatment. This will ultimately result in better 
prognosis for patients and therefore improve wound healing.
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9 Wounds, Enzymes, 
and Proteases

Steven L. Percival and Christine A. Cochrane

Introduction

The extracellular matrix (ECM) is composed of collagen, laminin, fibronectin, 
entactin, proteoglycans, as examples, and provides the ideal and optimum environ-
ment to support both cellular growth and proliferation necessary for effective wound 
healing. The degradation, proliferation, and remodeling of the ECM must be care-
fully controlled by matrix metalloproteinases (MMPs).

Within a chronic wound, the microenvironment resides within an imbalanced 
state culminating in the development of suboptimal physiological and biochemical 
conditions. The heterogeneity within the chronic wound is thought to induce an up-
regulation in MMP expression resulting in the production of excessive enzymatic 
activity and therefore tissue breakdown. Appropriate “optimal” levels of human 
MMPs are significant for healing, and to the remodeling of the wound.1,2
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In addition to human MMPs, human neutrophils produce the serine protease 
elastase, which is often detected at elevated levels in the chronic wound exudate.3−5 
Furthermore, bacterial enzymes independently cause tissue breakdown that signifi-
cantly delays wound healing and up-regulate human MMPs.

History and Structure of MMPs

MMPs were first reported in 1962 by Gross and Lapiere,6 who documented enzymatic 
activity during the metamorphosis of the tail of a tadpole. The enzyme involved in 
this process was identified and named as interstitial collagenase (MMP-1). In 1968 
the enzyme was reported in human skin.7 

Presently, 23 MMPs have been identified in humans (Table 9.1).8 MMPs are not 
stored in the body, and generally only expressed as inactive zymogens when they 
are required. The zymogen contains a domain that includes the propeptide, the cata-
lytic domain, and also the hemopexin-like C-terminal domain (linked to the flexible 
hinge region). Within the propeptide domain region there is a “cysteine switch” com-
posed of a cysteine residue that is able to interact with zinc. This switch is important 
as it prevents the binding and cleavage of a substrate to the active site of the enzyme. 
Consequently until zinc becomes exposed, the enzyme remains in the inactive form. 
Zinc is important for the activity of the enzyme, calcium is also significant. Calcium 
is important because it is required to maintain the structural integrity of MMPs.9

MMPs are expressed by keratinocytes, fibroblasts, macrophages, mast cells, neu-
trophils, and endothelial cells.10 However, within uninjured skin, MMPs are not con-
sidered to be activated (see Figure 9.1).11 The relevance and significance of MMPs 
in wound healing have been demonstrated in a number of different animal models 
and the data generated have been extrapolated to the activity and characteristics of 
human MMPs.12–16

In addition to MMPs having a significant role to play in remodeling10,17–19 and 
degradation of the ECM, they can process a number of bioactive compounds. Such 
compounds have been shown to cleave surface receptors and activate/inactivate 
chemokines and cytokines.20

Types, Mode of Action, and Sources of MMPs

In acute cutaneous wounds, the sources of MMPs are vast and have been docu-
mented by Toriseva and Kähäri (Figure 9.2 and Table 9.1).21 Each MMP is catego-
rized in relation to its primary structure, substrate specificity, and cellular location.

MMPs are divided into subgroups including gelatinases, collagenases, 
stromelysins, matrilysins, and those MMPs that are membrane bound.22,23 There are 
a number of MMPs, however, that do not fit into any of the traditional groups.

Collagenases

Collagenases are a group of MMPs that are able to degrade fibrillar collagen 
types I, II, III, V, and IX. They include collagenases 1, 2, 3 and MMPs 1, 8, and 13. 
Collagenase 1 has been documented to be expressed in most cells of the human body 
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Table 9.1
Classification of Matrix Metalloproteases (MMPs)

Enzyme MMP Location ECM Substrate Non-ECM Substrate Activated by Activator of

Collagenases
Collagenase-1 MMP-1 Secreted Collagens (I, II, III, VII, VIII, and X), 

gelatine, proteoglycan link protein, 
aggrecan, veriscan, tenacin, entactin

α1-Pl, ILb-1, pro-TNF, IGFBP-3, 
MMP-2, MMP9

MMP-3, -10 
plasmin 
kallikrein, 
chymase

MMP-2

Collagenase-2 MMP-8 Secreted Collagens (I, II, III, V, VII, VIII, and X)

Gelatin, aggrecan α1-Pl, α2-antiplasmin, fibronectin MMP3-10, 
plasmin

ND

Collagenase-3 MMP-13 Secreted Collagens (I, II, III, IV, IX, X, XIV) 
gelatin, aggrecan, perlecan, large 
tenascin-C, fibronectin, osteonectin

MMP-9, plasminogen activator 
inhibitor-2

MMP-2, -3, 
-10, -14, 
-15, plasmin

MMP-2,-9

Collagenase-4 MMP-18 ND ND ND ND ND

Gelatinases
Gelatinase A MMP-2 Secreted Collagens (I, IV, V, VII, X, XI, XIV) 

gelatine, elastin, fibronectin, 
laminin-1, laminin-5, Galectin-3, 
aggrecan, decorin, hyaluronidase-
treated versican, proteoglycan link 
protein, osteonectin

IL-1b, α1-Pl, prolysyl oxidase 
fusion protein, MMP-1, 
MMP-9, MMP-13

MMP-1, -7, 
-13, -14, 
-15, -16, 
-17, -24, 
-25, 
tryptase?

MMP-1, -7, 
-13

(continued on next page)
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Table 9.1 (continued)
Classification of Matrix Metalloproteases (MMPs)

Enzyme MMP Location ECM Substrate Non-ECM Substrate Activated by Activator of

Gelatinase B MMP-9 Secreted Collagens (IV, V, VII, X, XIV) gelatine, 
elastin, galectin-3, aggrecan, 
fibronectin, hyaluronidase-treated 
versican, proteoglycan link protein, 
entactin, osteonectin

α1-Pl, IL-1β, plasminogen MMP-2, -3, 
-13, plasmin

ND

Stomelysins
Stromelysin-1 MMP-3 Secreted Collagens ( III, IV, V, and IX) gelatine, 

aggrecan, versican, hyaluronidase-
treated versican, periecan, decorin, 
proteoglycan link protein, large 
tenacin-C, fibronectin, laminin, 
entactin, osteonectin

α1-P, antithrombin-III, ovosstatin, 
substance P, IL-1β, serum 
amyloidal, IGFBP-3, fibrinogen, 
cross-linked fibrin, plasminogen, 
MMP-1 “superactivation,” 
MMP-2/TIMP-2 complex, 
MMP-7, -8, -9, -13

Plasmin, 
kallikrein, 
chymase, 
tryptase

MMP-1, -7, 
-8, -9, -13

Stromelysin-2 MMP-10 Secreted Collagens ( III, IV, V) gelatin, casein, 
aggrecan, elastin, proteoglycan link 
protein aggrecan, elastin, 
proteoglycan link protein casein, 
laminin, fibronectin, gelatin, collagen 
IV and carboxymethylated 
transferring

α1-P, casein, IGFBP-1 Furin ND
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Membrane-type MMPs
MT1-MMP MMP-14 Membrane associated 

(type-I trans 
membrane MMP)

Collagens (I, II, and III) casein, elastin, 
fibronectin, gelatin, laminin, 
vitronectin, large tenacin-C, entactin, 
proteoglycans 

α1-P, MMP-2,-13 Plasmin, 
furin

MMP-2, -13

MT2-MMP MMP-15 Membrane associated 
(type-I trans 
membrane MMP)

Large tenascin-C, fibronectin, laminin, 
entactin, aggrecan, perlecan

MMP-2 ND MMP-2, -13

MT3-MMP MMP-16 Membrane associated 
(type-I trans 
membrane MMP)

Collagen-III, gelatin, casein, 
fibronectin

MMP-2 ND MMP-2

MT4-MMP MMP-17 Membrane associated 
(glycosyl 
phospatidylinositol-
attached)

ND ND ND MMP-2

MT5-MMP MMP-24 Membrane associated 
(Type I 
transmembrane)

ND ND ND MMP-2

MT6-MMP MMP-25 Membrane associated 
(Glycosyl 
phosphatidylinositol-
attached) 

ND ND ND MMP-2

(continued on next page)
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Table 9.1 (continued)
Classification of Matrix Metalloproteases (MMPs)

Enzyme MMP Location ECM Substrate Non-ECM Substrate Activated by Activator of

Others
Matrilysin MMP-7 Secreted Collagens IV and X, gelatine, 

aggrecan, decorin, proteoglycan link 
protein, fibronectin, laminin, insoluble 
fibronectin fibrils, entactin, large and 
small tenascin-C, osetonectin, β4 
integrin, elastin, casein, transferring

MMP-1, -2, -9
MMP-9/TIMP-1 complex, α1-P, 

plasminogen

MMP-3, -10 
plasmin

MMP-2

Matrilysin-2 MMP-26 ND Collagen IV, gelatine, fibronectin ProMMP-9, fibrinogen, α1-P1 ND ND

Metalloelastase 
(Macrophage)

MMP-12 Secreted Collagen IV gelatin, elastin, casein, 
laminin, proteoglycan monomer, 
fibronectin, vitronectin, entactin

α1-P1, fibrinogen, fibrin, 
plasminogen, myelin basic 
protein 

ND ND

No trivial name MMP-19 ND Gelatin ND Trypsin ND

Enamelysin MMP-20 Secreted Amelogenin ND ND ND

No trivial 
name

MMP-23 Membrane associated 
(Type-II transmem-
brane cysteine array

Gelatin ND ND ND

XMMP 
(Xenopus)

MMP-21 Secreted ND ND ND ND

CMMP 
(Chicken)

MMP-22 ND ND ND ND ND

Epilysin MMP-28 Secreted

Note:	 α1-PI, α1-proteinase inhibitor; IGFBP, insulin-like growth factor binding protein; IL-1, interleukin-1; TNF, tumor necrosis factor; ND, not determined.
Source:	 Adapted from Rawlings, N.D., Morton, F.R., and Barrett, A.J. (2006) Nucleic Acids Res 34: D270–272.
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including fibroblasts, keratinocytes, endothelial cells, monocytes, macrophages, 
and osteoblasts, and preferentially degrade type III collagen. Collagenase 2 is gen-
erally only produced by neutrophils, chondrocytes, fibroblasts, and endothelial 
cells, and preferentially degrades type I and type II collagens. Collagenase 3 is 
produced most predominately in developing bone and periodontitis and has been 
documented to be more effective for degrading type II collagen than any of the 
other collagenase.

Epidermis

Basement
Membrane

Dermis
(Gelatinase-A)

Uninjured Skin
No MMP

Expression

Injury/Repair
Induction of MMP

Expression
in Various

Compartments

No MMPs Strom-1
Collagenase-1
Collagenase-3
Stromelysin-1
Gelatinase-A
MT-MMP-1
Fibroblasts

Myofibroblasts
Blood Vessels

Neutrophils
Macrophages

Wound Closure
MMP Expression

Repressed

Collagenase-1
Collagenase-2
Gelatinase-B

MME

Migrating Proliferating Intact

Repair

Injury

Figure 9.1  Matrix metalloproteinase (MMP) expression in the epidermis and dermis dur-
ing wound healing. (Parks, W.C. (1999) Matrix metalloproteinases in repair. Wound Repair 
and Regeneration 7(6):423–32. With permission)
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Gelatinases

Gelatinases A and B (MMP 2 and MMP 9) are able to cleave peptide bonds in 
collagen that has been denatured resulting in the formation of small chain length 
peptides. They are also able to breakdown collagen (IV, V, VII, and X) and elastin. 
Gelatinases A are produced from keratinocytes, chondrocytes, fibroblasts, mono-
cytes, osteoblasts, and endothelial cells. However, gelatinases B are not produced 
from fibroblasts.

Stromelysins

The subgroup stromelysin is composed of stromelysins 1 (MMP 3), matrilysin 
(MMP 7), 2 (MMP 10), stromelysin 3 (MMP 11), and matrix metalloelastase 
(MMP 12) which are known to have a broad substrate range. In addition, they are 
known to activate other MMPs. Stromelysin 1 and 2 have been reported to be able 
to degade fibronectin, gelatin, elastin, proteoglycan, and collagens (type IV and V). 
Both stromelysins are produced by an array of different cells including keratino-
cytes, fibroblasts, chondrocytes, macrophages, and endothelial cells.

MMP-3
MMP-19
MMP-28
TIMP-1
TIMP-2
TIMP-3

MMP-12
MMP-19

Fibroblast

Blood vessel
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MMP-1
MMP-10
MMP-9
MMP-26
TIMP-1
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MMP-9
MMP-2
MMP-19
MT1-MMP

MMP-1
MMP-2
MMP-3
MMP-19
MT1-MMP
TIMP-1
TIMP-2
TIMP-3

Figure 9.2  (Please see color insert following page 114.) The expression and cellular source 
of matrix metalloproteinases (MMP) and tissue inhibitors of MMPs (TIMP) in acute wounds. 
(Toriseva, M., and Kahari, V.M. (2009) Proteinases in cutaneous wound healing. Cell Mol 
Life Sci 66:203–224. With permission)
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Membrane-Type Metalloproteinases

The membrane-type metalloproteinases (MT-MMPs 1, 2, 3, 4, 5 and MMPs 14, 15, 
16, 17, 24) are bound to the cell membrane and have a role to play in activating other 
MMPs as well as degrading the ECM.

Regulation of MMPs

As mentioned previously, the overall synthesis and degradation of the components of 
ECM during wound healing is in balance. This balanced state has to be maintained, 
and subsequently regulation is necessary.

MMPs, including the three collagenases (MMP-1, MMP-8, and MMP-13) and 
MMP-2, -3, -9, -19, -26, and MMP14/MT1-MMP, have been shown to be expressed 
at many different wound sites during healing. By blocking the activity of a number of 
these enzymes, wound healing has been shown to be stimulated and also inhibited. 
This highlights the significance for their regulation.

MMP activity is regulated by enzymatic activation of zymogens, tissue inhibi-
tors of metalloproteinases (TIMPs), and control of MMP genes.21,23 In addition, 
MMPs have been shown to be regulated by binding onto plasma proteinase 
inhibitors, alpha 1-proteinase inhibitor or alpha 2 macroflobulins, and thrombo-
spondin-1 and -2.24 A number of other mechanisms have been reported.25 One 
particular mechanism has included modification of MMPs by reactive oxygen spe-
cies.26 Furthermore, numerous papers have studied and reported on the regulation 
of MMPs at the genetic level.23,27 MMP regulation is an active area of intensive 
research in wound care.

MMP regulatory mechanisms are discussed below.

Transcriptional Level Regulation

MMP gene expression is regulated at the transcription level in a cell by agents 
such as cytokines, chemokines, and growth factors. Tumor necrosis factor (TNF)-
alpha, platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and 
interleukin (IL)-1 are known to stimulate expression of numerous MMPs, but their 
expression is often dependent on the activating protein-1 (AP-1) binding site which 
constitutes a regulatory element of many of the MMPs. A number of MMPs are 
under secretory control.

Zymogen Activation

Generally, as mentioned previously, MMPs are released within their inactive forms 
called zymogens. Activation of these zymogens occurs outside of the cell they are 
produced from. Consequently, many MMPs have a lag or latency period prior to 
activation. They are dependent on the “cysteine switch” that occurs when cysteine 
interacts with zinc in the catalytic site which blocks the access of the substrate to its 
active site.28
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The catalytic site of the enzyme is activated when the covalent bond between the 
cysteine and the catalytic zinc becomes dissociated. Numerous enzymes including 
plasmin, trypsin, and kallikrein convert the proenzyme into an intermediate active 
form that then autocatalytically cleaves itself to form an active form. The Furin-like 
prohormone convertage cleavage site, found in the MMP domain site, can be cleaved 
so that the enzyme can be activated.

Tissue Inhibitors of Metalloproteinases (TIMPs)

The levels and duration of activity of MMPs are generally carefully controlled by 
TIMPs. TIMPs together with plasmin activators help to control levels of MMPs. 

TIMPs are a group of secretory proteins that inhibit MMPs by noncovalent 
binding onto the pre or active forms of MMP. All TIMPs are able to inhibit all 
MMPs except MT1-MMP. In vertebrates four TIMPs have been identified—namely, 
TIMP-1,-2,-3, and -4.

TIMPs contain chelating agents such as hydroxamic acid, a carboxylate, or thiol groups 
that enable the removal of the zinc ions from the MMPs, rendering them ineffective.

TIMPs inhibit MMPs in a 1:1 inhibitor-to-enzyme ratio through interaction of the 
N-terminal domain of the TIMP molecule with the active site of the MMP.29,30 They 
coordinate the catalytic site Zn2+ and bind to the active site in a similar fashion to 
an MMP substrate.29 A disintegrin and metalloproteinase (ADAM) are inhibited by 
TIMPs, although this inhibition is regulated primarily by TIMP-3.30–32 TIMPs also 
function to regulate aspects of cell migration, apparently by restraining the activity 
of specific MMPs.

TIMP -1 is a glycoprotein that is very effective at degrading MMPs. In addi-
tion, they are known to promote cell proliferation in an array of different cell types 
and are thought to have anti-apoptotic qualities. Transcription of this gene occurs in 
response to many hormones and cytokines.33 TIMP-1 is induced during reepithelial-
ization, and excess levels of this inhibitor may contribute to the impaired epithelial 
cell migration observed in chronic wounds.34 TIMP 1 is also known to be up-regu-
lated by cytokines and many growth factors including IL-1beta and TGF-beta. TNF 
is also known to enhance the production of TIMP 1 when present at low concentra-
tions. However, at high concentrations the opposite occurs.35

TIMP-2 is very effective in degrading MMPs but also has a role to play in sup-
pressing the proliferation of endothelial cells. It is thought these TIMPs may have a 
specific role to play in returning the tissue ECM to a homeostatic state by suppressing 
proliferation of tissue growth factors.33 TIMP-2 are found at lower levels than normal 
in ulcers that are non-healing.35−37

Both TIMPs 1 and 2 inhibit all MMPs but TIMP 1 specifically inhibits the activ-
ity of collagenase 1 and TIMP 2 specifically inhibits gelatinases A and B.

TIMP 3 is bound to the ECM and functions to inhibit TNF-α converting enzyme. 
It also functions to inhibit collagenases 1, gelatinases A and B, matrilysin, and 
stromelysin 1 but has a high specificity for gelatinase A and matrilysin. TIMP 3 is 
regulated by cytokines and a number of other mechanisms.
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TIMP-4 is able to inhibit gelatinases A and B, stromelysin 1, matrilysin, and col-
lagenase but has been reported to have the greatest efficiency against matrilysin and 
gelatinase A.

In addition to functioning as MMP regulators, TIMPs have also been reported to 
stimulate growth of keratinocytes and fibroblasts. Furthermore, TIMP-1 and -3 have 
been reported to inhibit angiogenesis.

Overall MMPs in Chronic Wounds

Trengove and colleagues38 have found that the activities of MMPs in chronic wound 
fluid are 30 times higher when compared to levels in acute wounds. The authors also 
have reported from their studies that levels of proteases decrease substantially in 
patients with venous ulcers that have shown signs of healing.38 This has been sup-
ported by findings in a number of other studies.39–42

In normal intact skin, low levels of MMPs are expressed. MMP-7 and MMP-19 
have been detected in both sweat and subaceous glands of intact skin.43,44 However, 
if a skin injury occurs, multiple MMPs are produced. MMPs that have been detected 
have included collagenases (MMP-1 and MMP-8),36,45 gelatinases (MMP-2 and 
MMP-9),42 stromelysins (MMP-3 and MMP-10),33,46 metalloelastase (MMP-12),47 
MT1-MMP,42 MMP-19,48 MMP-26,49 and MMP-28.50 In addition, TIMP-1, -2, and -3, 
but not -4, have been reported in acute skin wounds.43

In a number of studies, MMP-2 and -9 have been predominately reported to be 
the most significant to wound healing.42,46,51 In diabetic foot ulcers, for example, high 
levels of these two gelatinases have been detected.40 MMP-2 and MMP-9 are thought 
to be involved in ECM remodeling and are present for a long period of time during 
the wound healing process.52 MMP-2 has been reported to activate TGF-β48,49,53–55 
and TNF-alpha. MMP-9 has also been shown to digest fibrin.56 Because of its many 
attributes, MMP-9 is thought to be involved in the remodeling of the wound bed 
together with MT1-MMP and MMP-2 assist in angiogenesis.57–59,60

MMP-1 is produced during the early stages of wound healing, particularly when 
the basement membrane is affected. Levels of MMP-1 are known to subside after 
reepithelialization of skin but have an important role to play in wound reepithelializa-
tion, as overexpression has been found to result in delayed closure of a full thickness 
wound.51 Together with MMP-13, MMP-1 is thought to help regulate the survival of 
fibroblasts in human fetal cutaneous wounds.61 However, a number of other studies 
have shown that these MMPs do not alter the wound healing cascade.62

Collagenase 1 has been studied in great detail during wound repair. It is expressed 
by keratinocytes in many chronic wounds and is known to be stimulated by many 
growth factors. Many chronic wound fluids have been shown to have elevated levels 
of MMP-2, -9, -1, and -8 and are detected on a regular basis.63–66

Collagenase-2 (MMP-8) is produced specifically by neutrophils and secreted dur-
ing their activation.67 The biological functions of MMP-8 are vague and it is thought 
they are involved in tissue remodeling during the inflammatory stage of wound heal-
ing. In many excision wounds, MMP-8 has been found to be very abundant.35 They 
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are the main wound collagenases and can be found in both healing and nonheal-
ing wounds. A number of studies have analyzed MMP expression patterns in many 
wounds and have shown an increased production of MMP-8. It is therefore plausible 
to suggest that MMP-8 participates in the process of wound healing. However, little 
information is available regarding the exact function of this enzyme in cutaneous 
wound repair.

MMP-3 and MMP-10 (stromelysins) are produced by keratinocytes and are evi-
dent during wound healing. MMP-3 is also produced by fibroblasts,39,47 and its role 
is believed to be in the development of the basement membrane, cell migration, and 
proliferation of keratinocytes.

MMP-10 is found to be evident following a few days after the formation of a 
wound and its levels are reported to be regulated by cytokines. MMP-10 is thought 
to regulate both the organization and migration of keratinocyte, specifically during 
reepithelialization of skin.

MMP-19 has been found in wounds undergoing repair and found in epithelium 
cells, fibroblasts and macrophages and the metalloelastase.

MMP-26 (matrilsin-2, endometase) and MMP-28 (epilysin) are also found during 
wound healing. In normal wound healing, MMPs are controlled effectively and so 
damaged tissue is removed to allow for the development of new tissue. Correct regu-
lation of MMPs is necessary for normal wound healing, so if the balance between 
MMPs and TIMPs is disrupted then a nonhealing wound may develop.68–70

In diabetic foot ulcers, for example, high levels of MMP-1, -2, -8, -9, -14 with 
low levels of TIMP-2 are common when compared to normal wounds. In particu-
lar, high levels of MMP-9 have been found to correlate to poor healing in venous 
wounds. In addition, numerous studies have shown that elevated levels of MMP-9, 
MMP-8, MMP-3, and MMP-1 are detected in chronic wounds and significant to 
chronic wound healing.

Factors That Stimulate MMPs

Activated inflammatory cells stimulate MMP production. These have also been 
shown to suppress TIMPs. TNF-α and IL-1β in particular impair the healing process 
via increased degradation of the ECM components, growth factors, and receptors 
contributing to multiple negative feedback loops preventing wound closure.71,72 In 
addition, a number of MMPs have been reported to activate each other and therefore 
stimulate overall enzymatic activity (see Figure 9.3).73

Bacteria have been shown to be very important stimulators of MMPs in wounds. 
For example, a wide range of proteases of the thermolysin family are secreted by 
Pseudomonas aeruginosa and Vibrio cholera which activate pro-MMP-1, -8, 
and -9.

Bacteria, Biofilms, and MMPs

Microbial proteases have been documented to be detrimental to wound healing. For 
example, bacerial enzymes have affected the host defenses, caused tissue breakdown 
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and destruction, and induced both inflammation and infection at the wound site (seen 
in Figure 9.4).74 Proteases produced by bacteria are unaffected by many of the host’s 
defenses as these enzymes effectively are able to degrade them. Pseudomonas, 
Clostridium, Bacteroides, and Staphylococcus spp. are also able to produce concen-
trations of enzymes at a tissue site which induces the production of phagocytic cells. 
The subsequent release of proteolytic enzymes produced from neutrophils which are 
used to kill bacteria causes tissue degradation which in turn is thought to up-regulate 
bacterial proliferation.

Microbial proteases have been associated with many infections, specifically 
periodontal disease.75 For example, elastase produced from P. aeruginosa has been 
shown to be a cause of corneal ulcers and skin lesions. Hyaluronan, which is a com-
ponent of the ECM, expressed by keratinocytes76 and known to have a role in sup-
porting cell proliferation and migration during inflammation,77 can be broken down 
by bacteria that produce hyaluronidase. Hyaluronidase enables bacteria, and their 
toxins, to spread from a site of infection to other sites in the host, increasing the risk 
of a systemic infection. Numerous studies have shown that hyaluronidase is present 
at many sites of infection,78–80 and constitutes a significant role in wound healing. 
Many strains of bacteria are known to produce hyaluronidase.

Many metallocysteine and serine proteases are produced by an array of common 
wound opportunistic pathogens and are capable of inflicting tissue destruction on the 
host by degrading collagen, elastin, and fibronectin resulting in tissue destruction. 
In addition, many bacterial proteolytic enzymes can cause a reduction in neutrophil 
recruitment to a site of infection.81–86
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MMP-2
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MMP- 9 

MMP-14
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Plasmin

MMP-8
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Figure 9.3  Mutual activation of matrix metalloproteinases (MMPs). (Coussens, L.M., 
and Werb, Z. (2002) Inflammation and cancer. Nature 420:860–867. With permission)
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Aerobic Bacteria

TIMPs and other inhibitors of human MMPs are susceptible to inactivation by bacte-
rial proteases.86–88 Many proteinases produced by bacteria have, in general, a weak 
degradative activity to collagen;86 however, many others are known to significantly 
cause destruction of the ECM of a wound.87 However, the mechanisms by which 
bacteria cause destruction of the ECM is poorly understood. 

Pseudomonas aeruginosa are significant in chronic wounds and are known to 
produce many proteolytic enzymes. These include elastase A (Las A), elastase B 
(LasB), protease IV, and alkaline protease.89 Elevated levels of elastase have been 
shown to induce degradation of wound fluid and human skin proteins during infec-
tion and have been shown to degrade complement, fibroblast proteins, and proteogly-
can decorin, and inhibit fibroblast growth.89,90

Alkaline proteases have been found in the sputum of cystic fibrosis patients, and 
these have been associated with poor clinical outcome.91,92 Oldak and Trafney93 con-
cluded from their studies that P. aeruginosa are highly resistant to antimicrobials if 
they secrete proteases, and secretion of these enzymes is not attenuated even when 
exposed to antibiotics.
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Figure 9.4  Functions of bacterial proteinases. (Adapted from Chakraborti et al. (2003) 
Mol Cell Biochem 253:269–285. With permission)
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Although it is generally accepted that ECM destruction is brought about by human 
MMPs, it is very important to understand that indirect mechanisms by pathogen-
elicited proteinases are significantly involved in causing damage to the ECM. This 
includes activating human MMPs, as shown with P. aeruginosa; plasminogen bind-
ing and activation, as shown with Streptococcus sp. and Staphylococcus sp., inacti-
vation of human TIMPs causing overproduction of MMPs, and transient activation 
of chemotactic pathways recruiting phagocytic cells at the site of infection.93–96 
However, a number of Clostridium sp., P. aeruginosa, Serratia marcescens, S. epi-
dermidis directly degrade connective tissue.96,97 Bacterial proteinases participate in 
the ECM destruction by activating proMMPs. Pseudomonas aeruginosa elastase 
strongly activates proMMPs to generate active forms of MMPs.87 Many bacteria 
produce metalloenzymes.95 Some of these enzymes are membrane bound and not 
secreted. Staphylococcus aureus in chronic leg ulcers have been shown to up-regu-
late fibroblast expression of MMPs, in particular MMP-1, -2, -3, -7, -10, -11, and -13. 
They have also been shown to up-regulate TIMP-1 and -2.98

Anaerobic Bacteria

Many anaerobic bacteria produce hydrolytic enzymes that have a role to play in tis-
sue destruction. For example, bacteria such as Bacteroides melaninogenicus, Fuso
bacterium fusiforme, and Clostridium histolyticum produce many collagenases.99–101

Fibrinolysin is another proteolytic enzyme produced by anaerobic bacteria. This 
enzyme is significant during the formation of a fibrin clot at a wound surface. This 
clot can be broken down and may result in a delay in the wound healing process. 
In addition, anaerobic bacteria produce enzymes that degrade hyaluronic acid and 
chondriotin sulfate. These enzymes are very important to delaying wound healing 
as they help to enhance spread of bacteria through tissue. Clostridium sp produce 
elastase and hyaluronidase which are important enzymes causing tissue breakdown, 
and many species of Bacteroides, B. fragilis, and B. vulgatus produce the enzymes 
neuraminidase, proteases, and lipases.

Compounds that colonizing bacteria produce in a chronic wound are known to 
enhance the expression of MMPs from fibroblasts. Consequently, in wound care 
management, it is important to reduce inflammation caused by the bacteria or bio-
film particularly during early chronic wound development. Oldak and Trafny102 have 
shown that P. aeruginosa in biofilms secrete very active proteases which allows 
them to survive in human tissue during a chronic infection.

Management of MMPs

As mentioned, MMPs are required for normal wound healing. However, within 
chronic wounds, levels of MMPs are often found to be very high and generally 
uncontrolled so that they prolong the wound healing process, or prevent wound clo-
sure. To date, the underlying reasons as to why in chronic wounds certain MMPs, 
in particular the gelatinases, are expressed in high levels is unclear. Despite this, 
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the general view is that by regulating MMPs in wounds this will help enhance the 
wound healing process.

The high levels of MMPs evident in chronic wounds seem to be due to the increased 
infiltration of leukocytes known to secrete high levels of MMP-8 and gelatinases.35 
By utilizing agents or compounds that absorb excessive MMPs in a chronic wound, 
this has been shown to have positive effects on wound healing.103–105 In addition, 
studies have looked at ways of neutralizing high levels of protease utilizing doxy
cycline.105 It is probable that by understanding how to regulate protease expression, 
this may aid in the development of specific therapeutic methods.107

It is well documented that collagenases from bacteria debride necrotic tissue and 
break down living tissue.107 Therefore, inactivation of microbial enzymes would help 
significantly to reduce bacterial pathogenicity and therefore reduce the risk of an 
infection in a wound. Consequently, downregulation of bacterial enzymes is very 
important, particularly as their activity can enhance human MMP production and 
synergistically enhance the detrimental effects of human proteinases on healthy 
human tissue. High levels of enzymes produced by neutrophils, need also to be 
addressed as these will enhance further tissue breakdown in a wound.

Conclusion

Generally there is a basic understanding of the role of human MMPs and other pro-
teases play in wound healing. However, there is very little documented data on the 
role bacterial proteases play in chronic wound healing. Human MMPs and bacterial 
enzymes, which include MMPs, act synergistically and have an additive effect in 
tissue breakdown. Schmidtchen and colleagues90 have shown that elastase produced 
by P. aeruginosa induces degradation of fibroblast proteins and proteoglycans and 
mimicing proteolytic activity of human MMPs. They have been shown to degrade 
skin proteins and inhibit fibroblast cell growth. It has also been found that 50% of all 
chronic ulcers colonized with P. aeruginosa have shown that these bacteria express 
elastase.109 Based on this and other pieces of evidence, it is clear that bacterial protei-
nases have a significant role to play in both infected and nonhealing chronic wounds. 
Travis and colleagues75 have reported that “there appears to be little, if any, structural 
relationship between prokarytotic and eukaryotic proteinase,” including their reac-
tive sites. As suggested by this group, inhibitors could be exploited to be more effec-
tive on bacterial proteinases compared to host proteinases for certain desired results 
in disease and infection. One of these areas could include chronic wounds.
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Introduction

Cutaneous injury resulting in breach of the skin barrier stimulates a cascade of 
events that ultimately can restore normal structure and function to the site of damage. 
While a wound is open, it is susceptible to contamination and potentially coloniza-
tion by both exogenous and endogenous microorganisms. The human body provides 
an ideal incubated medium for the growth of microbes and, therefore, has evolved a 
highly orchestrated process with which to restore tissue integrity.1 The overlapping 
responses that occur after damage has occurred encompass both innate and adap-
tive immunity to identify and eliminate microorganisms and other debris, together 
with migrational and proliferative cellular cues that culminate in the repair of the 
wounded tissue.

The acute wound healing response is divided into a number of stages, including 
the formation of a fibrin clot, an inflammatory phase, a proliferative phase, and a 
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remodeling phase.2,3 Each of these phases has an immunological element to ensure 
that wound debris is cleared and that wound infection is prevented. Restoration of 
skin integrity will restore the skin’s physical barrier to colonization. Skin is continu-
ously subjected to a number of potentially harmful insults ranging from wounds and 
microbial colonization to ultraviolet (UV) radiation. In order to respond to these 
stresses, the skin has a highly developed immune surveillance network distributed 
throughout the tissue. Langerhans cells, keratinocytes, cutaneous lymphocyte anti-
gen (CLA) positive T lymphocytes and local lymph nodes are regarded collectively 
as skin-associated lymphoid tissue (SALT) and, because of its strategic location, it is 
this tissue that has the primary interaction with a skin wound.4

The overall immunological reaction that occurs in a human body following an 
invasion from microbial pathogens can be divided into the innate and adaptive 
immune response. The innate immune response represents the first line of defense 
against microorganisms and invading foreign particles. The cellular components 
constituting the innate immune system include barriers inherent to the epithelial 
cells, phagocytes (which include the neutrophils, macrophages, and dendritic cells), 
mast cells, natural killer (NK) cells, and the complement system.5,6 Many of these 
cell types are involved in the critical inflammatory phase of wound healing and 
are responsible not only for removing microorganisms from the wound site but also 
for providing cues to surrounding tissue cells to promote proliferation and migra-
tion. The adaptive immune system mounts a more specific response toward foreign 
materials, especially bacteria, viruses, and eukaryotic parasites. Adaptive immu-
nity is generally divided into the cellular immune response mediated by T lympho-
cytes (including production of cytokines) and humoral immunity, mediated by B 
lymphocytes and secreted antibodies,7 although the two compartments are closely 
integrated. Through the use of long-lived memory cells, the cellular apparatus can 
rapidly launch itself into renewed vigorous action when the body reencounters a 
previously experienced infection, unleashing a highly specific and usually effective 
antibody attack.

This chapter will explain the stages of acute wound healing in relation to both 
innate and adaptive immune responses which are responsible for clearing infection 
from the wound site and in preventing subsequent infection. The immune processes 
that occur when systemic and local factors lead to the development of a chronic 
wound are also described as well as bacterial strategies and mechanisms for evading 
the immune system including the development of a biofilm that can further inhibit or 
evade the immunological response.

Overview of the Immune System

The immune system consists of a diverse group of specialized cells and proteins, 
which are active throughout the whole body.8 Particular immunological cells are 
located in certain organs and tissue sites, including the spleen, lymph nodes, gut 
lamina propria, and skin, often with a particular structure and organization specific 
to that compartment. The common purpose of all these components is that of pro-
tecting the individual against invasion by foreign organisms, viruses, and toxins. 
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In addition, the system undertakes a number of subsidiary, related roles, including 
removal of dead or spent cells, control of certain physiological processes, and the 
elimination of cancerous cells.9 Key components of the immune system are shown 
in Figure 10.1, depicting the two arms or compartments of the system, called innate 
and adaptive immunity.

When a wound occurs, there is an urgent need for immediate defense mecha-
nisms to be deployed in order to begin the initial removal of potential pathogens. 
However, defenses that can be deployed with extreme rapidity are, of necessity, 
based on mechanisms of action that are relatively nonspecific. Although they are 
capable of recognizing and attacking almost any kind of foreign invader of whatever 
molecular complexion, their action results in an amount of collateral damage to host 
tissue. The innate immune system is defined as all the ready-to-go defenses and the 
definition usually includes the physical and chemical barriers to entry at the various 
body surfaces (Figure 10.2).

In contrast to the innate immune system, the adaptive immune response, which 
includes antibodies and activated T lymphocytes, is able to home-in to their targets 
with great specificity and minimal collateral damage. Adaptive immune responses 
are much more powerful and effective than innate responses, but it can be several 
days before the first IgM antibodies are ready to be deployed, and it takes even longer 
before the really high-efficiency, affinity-matured IgG antibodies can be perfected.

Even though there are distinct activities and roles attributable to the innate and 
adaptive (often also called “acquired”) compartments of the immune system, it is 
also important to appreciate that they are closely linked and interactive, if we are to 
understand immunity as a whole.10,11

Innate Shared Adaptive

Figure 10.1  (Please see color insert following page 114.) Innate and adaptive compart-
ments of the immune system.
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The Innate Immune System and Wound Healing

The role of the innate immune system in acute wound healing is far more pronounced 
than the more specific adaptive system.12 Innate immunity is based on cells and 
molecules that can work together to mount a powerful first line of defense.13 They 
are present from birth and are always poised to defend the host when invaded by 
potential pathogens (Figure 10.3). By their very nature, innate immune mechanisms 
are relatively nonspecific, which means that they are more limited in scope and have 
more potential to cause damage. In minor uncomplicated wound healing by primary 
intention, the restoration of barrier function of the skin through the migration of 
keratinocytes across the site of injury is normally complete 1 to 2 weeks post-injury, 
thus protecting the wound from further invasion by microorganisms. The innate 
response is most conspicuous in the inflammatory phase of wound healing, a stage 
that overlaps with the initial clotting phase and the later reepithelialization and, to 
some extent, remodeling phases of repair.
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Acid
Enzymes
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Figure 10.2  Physical and chemical barriers to entry at the surfaces of the body.
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While the wound is open, vulnerable subepidermal tissues are exposed and vul-
nerable to to bacterial colonization. Immediately after a wound has occurred, there 
is an influx of platelets that act to prevent blood loss through the formation of a clot. 
Once they arrive at the site of injury, platelets release chemokines and proinflam-
matory factors including epidermal growth factor (EGF), fibronectin, fibrinogen, 
histamine, platelet-derived growth factor (PDGF), and transforming growth factor 
β (TGFβ) which stabilize the wound via the formation of a fibrin clot. They also 
signal surrounding cells to increase their rate of proliferation. These signals released 
from blood platelets and also from nearby skin-resident mast cells, cause vasodila-
tion and endothelial cell retraction in the nearest blood vessels, thus changing their 
flow dynamics and allowing fluid leakage to trigger local edema. Due to the number 
of neutrophils normaly present in the circulation, there is passive collection at the 
wound site in the blood clot. After this they migrate to the wound surface together 
with additional actively recruited neutrophils. Degranulation of platelets also pro-
motes the inflammatory response especially by attracting additional circulating neu-
trophils toward the wound.

Within minutes to hours of an injury occurring, neutrophil numbers at the site 
begin to increase further to carry out their role in clearing microbial invaders and 
preventing invection. Keratinocytes also have a complex and crucial role during this 
stage of the wound healing response. These characteristics allow them to interact 
and activate immune cells arriving in the wound. Keratinocytes can synthesize a 
large number of cytokines and other inflammatory mediators in response to injury 
or UV radiation. These mediators induce the expression of adhesion molecules on 
nearby endothelial cells to recruit immune system cells into the wound as well as 
increasing vascular permeability.14 Various adhesion molecules are expressed such 
as selectins-P and -E, which act as a molecular semaphore by interacting with inte-
grins on the surface of neutrophils. Chemotactic fragments of complement proteins 
also provide molecular cues to guide neutrophils to the damaged site. The molecular 
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on the Move

Figure 10.3  (Please see color insert following page 114.) Battle plan: the immune defense 
of the wound.
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signals displayed on the endothelial cells in the capillary lumen slow and arrest the 
required leukocytes, as well as stimulating them to transmigrate across the vessel 
walls toward the site of injury. To achieve this exit, they must cross through connec-
tive tissue barriers by releasing specialist proteases, especially neutrophil elastase 
and matrix metalloprotease 8 (MMP8, also known as neutrophil collagenase). Once 
out of the confines of the capillary vessel, neutrophils follow a chemical trail of 
chemotactic factors (e.g., chemokines) emanating from the injured site (chemokine-
mediated chemotaxis) to begin clearing the wound.

Once at the site of damage, neutrophils encounter proliferating microbes that have 
taken advantage of the breakdown in the skin’s barrier function. They recognize 
bacteria by means of specific receptors (known as pattern-recognition receptors, 
PRRs) to identify surface molecules on microbes.15 They also detect and lock-on to 
foreign cells coated with activated complement molecular fragments. Recognition 
through either of these mechanisms causes the neutrophils to engulf and elimi-
nate microbes, simultaneously discharging destructive enzymes and oxidizing 
agents including hydrogen peroxide, free oxygen radicals, and hypochlorite into the 
microenvironment—a process that can kill adjacent microbes but that can also cause 
damage to the tissues of the wound bed if allowed to progress uncontrolled. The 
inflammatory activity leads to increased levels of proinflammatory cytokines such 
as interferon γ (IFNγ) tumor necrosis factor (TNF-α), interleukin 1β (IL-1β), IL-6, 
and Il-8 which attracts further neutrophils and monocytes to the region of injury. 
Once exposed to the gradient of chemokines and proinflammatory cytokines, local 
monocytes mature into macrophages. These cells, as well as other leukocytes, are 
attracted to a wound by the endothelial semaphore system of selectins, integrins, 
and complement signals as neutrophils.16 Macrophages migrate to the site when the 
neutrophils have completed their antimicrobial task, whereupon they clear up the 
wound by engulfing and digesting remains of neutrophils or bacteria that are left 
behind. Macrophages also help to direct the specific adaptive immune response by 
acting as antigen-presenting cells. The inflammatory phase of an acute wound is 
typically most active for 3 to 5 days after injury. At this point, wound reepithelization 
should be well advanced in the restoration of barrier function and in the protection 
of the host from any further bacterial invasion. Only in the presence of other local 
or systemic factors, which can include persistent infection, does the inflammatory 
process continue. Any extension of the nonspecific inflammatory response affects 
subsequent healing phases and can lead to the formation of a chronic wound (dis-
cussed below).

Identification of Microbial Intruders

A key factor for the initiation of an innate response is the detection of cell sur-
face components displayed by invading organisms that are not typically displayed 
by the host. These constitutive components include lipopolysaccharide (LPS), lipo-
proteins, peptidoglycan (PGN), and unmethylated DNA containing a CpG motif 
(CpG-DNA) and are collectively referred to as pathogen-associated molecular pat-
terns (or PAMPs). PAMPs are recognized by receptors of the innate immune system, 
which are known as pattern-recognition receptors (PRR), such as mannose-binding 
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lectin (MBL), ficolins, nucleotide-binding site leucine-rich repeat proteins (NOD1 
and NOD2), and Toll-like receptors (TLR).17

Although the identification of microbial invaders by phagocytes is chiefly via 
PRRs, macrophages and neutrophils also recognize microbes by antibodies (when 
they become available) via their high-affinity IgG receptors.

Components of the Innate Immune System

Key cells involved in the innate arm of wound defense are phagocytes (derived from 
the Greek phag, meaning eat and kytos, meaning vessel or cell). These, as their 
name suggests, swallow up and then kill invading microbes through a well-defined 
process of phagocytosis (Figure 10.4). The two main phagocytic cell types are mac-
rophages and the smaller, aggressive neutrophil leukocytes (neutrophils for short) 
also known as polymorphonuclear granulocytes (PMNs). The innate immune sys-
tem also includes a nonphagocytic type of leukocyte called NK cells, with a role in 
killing virus-infected cells and cancer cells by a lethal contact binding event, often 
referred to as the “kiss of death.” Mast cells are another innate immune cell type 
more commonly known for their role in allergic reactions but which also play a 
role in perpetuating the inflammatory response through the release of histamine and 
chemokine-containing granules.

Neutrophils are the most numerous type of white blood cell (or leukocyte) found 
in the circulation, yet they are completely absent from healthy skin tissue. Even so, 
they are the first defensive cells to reach the scene of any microbial infection or 
tissue injury, rushing into the affected site from nearby capillary blood vessels or 
postcapillary venules. Their arrival at the site of tissue damage is normally within 
30 minutes of injury.18 They possess an array of potent enzymes that include pro-
teases, lipases, and amidases as well as antimicrobial peptides. It has been doc-
umented that these enzymes work in a synergistic manner to cause an effective 

Figure 10.4  (Please see color insert following page 114.) The process of phagocytosis.
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combination for bacterial destruction.19 To underline their importance in wounds, 
patients with immunodeficiency involving neutrophils, such as chronic granuloma-
tous disease (CGD), are especially susceptible to bacterial infections of the skin and 
mucosal membranes, most frequently with staphylococci.

Neutrophils are generated in the bone marrow and released into the blood, where 
they remain for several hours. In normal tissues they may last for a few days, but in a 
wound, after engulfing microbes, they die quickly. Various proteases (e.g., elastase, 
MMP8, MMP9), other enzymes (e.g., myeloperoxidase, lysozyme), and functional 
proteins (e.g., lactoferrin, phagocytin) which are carried in their granules are released 
as they work. Neutrophil-derived proteases and reactive oxygen species (e.g., hydro-
gen peroxide) cause major local tissue.20

The attraction of neutrophils into infection sites or inflammatory lesions is caused 
by multiple signaling molecules21 including platelet-derived growth factor (PDGF), 
the chemokine-connective tissue-activating peptide-III (CTAP-III), which is con-
verted proteolytically into neutrophil-activating peptide-2 (NAP-2; CXCL7) by neu-
trophils attached to the thrombus, growth-related oncogene-α (GRO-α; CXCL1), and 
ENA-78 (CXCL5). IL-8 also stimulates CXCR1 (a chemokine receptor on neutro
phils) to initiate a secondary response by inducing migration of more neutrophils to 
the wound bed. Bacterial products such as lipopolysaccharides, formyl-methionyl 
peptides, and N-acetylmuramyl-L-alanyl-D-isoglutamine can also accelerate the 
directed neurtophil locomotion. The complement fragment C5a also participates in 
neutrophil recruitment.

Tissues containing large numbers of neutrophils become severely hypoxic, which 
is a result of the high level of oxygen required to carry out phagocytosis and oxygen-
dependent antimicrobial activities (respiratory burst). Once they have performed 
their phagocytic duties, neutrophils undergo apoptosis (programmed cell death) and 
are rapidly recognized and cleared from the wound by incoming macrophages.

Macrophages are also phagocytic cells, the “macro” prefix reflecting their 
greater size, in comparison with neutrophils (neutrophils are sometimes known as 
“microphages”). Macrophages are extremely versatile cells that differentiate from 
monocytes when exposed to cytokines at a wound site, for example. As stated above, 
the name macrophage derives from phag, to eat and macro, big, to give “big-eater”—
a name that is appropriate but which only describes a very small part of the role they 
play. There is a network of macrophages throughout the body, known as the mono-
nuclear phagocyte system with several crucial roles, including the removal of foreign 
cells and debris, acting as a primary defensive sentinel network, as well as stimu-
lating and signaling cells of the adaptive immune system. Macrophages have far-
reaching effects, as they orchestrate various aspects of complex immune responses 
and secrete numerous growth factors and cytokines involved in controlling tissue 
repair and regeneration.9,18

Monocyte chemotactic protein-1 (MCP-1; CCL2), which is synthesized by dermal 
mononuclear cells and basal keratinocytes at the wound edge, is a dominant mono-
cyte chemoattractant during wound healing. MCP-1 recruits immune cells including 
monocytes, memory T cells, and dendritic cells to a site of tissue injury and infec-
tion. Selective expression of MCP-1 mRNA during healing of incisional skin wounds 
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is correlated with the profile of monocyte infiltration. The chemotactic cytokine 
macrophage inflammatory protein-1α (MIP-1α; CCL3) is expressed by macrophages 
after they are stimulated with bacterial endotoxins. Expression of this chemokine 
attracts and activates human neutrophils and also induces the synthesis and release 
of other proinflammatory cytokines such as interleukin 1 (IL-1), IL-6, and TNF-α 
from fibroblasts and macrophages.22

Monocytes stay in the blood for up to 100 hours and then migrate into tissues to 
become resident macrophages (histiocytes). In normal tissues they may remain for 
many months. When needed in increased numbers (e.g., during infection or certain 
phases of inflammation), reinforcements are called in from the blood (much as neu-
trophils are) and from surrounding tissues. Like neutrophils, their full antimicrobial 
potential is dependent on oxygen supply. Macrophages have a slightly different oxy-
gen-dependent antimicrobial system. One major difference is that they use reactive 
nitrogen intermediates (RNIs), including nitric oxide, alongside their respiratory burst 
activities.23 Within a wound, macrophages can engulf and kill microbes directly or 
clear up dead neutrophils and remaining bacteria after the battle. They secrete a wide 
variety of enzymes, signaling molecules and active substances, reflecting their mul-
tiple roles in controlling processes beyond inflammation and antimicrobial defense. 
Macrophages are a major link between the innate and adaptive immune system via 
their ability to produce chemokines and signaling molecules to influence surround-
ing cells and present processed antigens (as peptides) to appropriate T-lymphocytes 
as a key part of antibody induction and T-cell activation.

Mast cells are resident in connective tissue, especially in association with blood 
vessels and nerves. These cells have two major distinctive features—the presence 
of numerous conspicuous granules in their cytoplasm, and a high density of IgE 
antibodies carried on their outer surface. The granules are loaded with preformed 
inflammatory substances. On activation, the granules swell and move to the cell 
membrane where they empty histamine, heparin, and TNFα into the surrounding tis-
sues in a well-defined process called degranulation. Several other mediators can also 
be synthesized and released following activation. Activation is achieved by several 
mechanisms, especially by antigen (often an allergen) binding to the IgE antibodies 
held on the surface by high-affinity IgE receptors through which the activation signal 
is mediated. Activation is also achieved by binding of complement fragments C3a, 
C5a, and C4a to special receptors. The main consequences of the released media-
tors are increased vascular permeability and vasodilation in local blood vessels and 
recruitment of neutrophils and macrophages, thus assisting in the perpetuation of the 
wound inflammatory response. Mast cells are best known for their prominent role in 
immediate-type allergic reactions, where allergen binding to their surface IgE anti-
bodies cause massive release of their granular contents, so causing the familiar range 
of allergy symptoms, from a runny nose to full blown anaphylactic shock.

Natural killer (NK) cells are a type of cytotoxic lymphocyte. Although their func-
tion has previously been understood to focus on the eradication of tumor and virally 
infected cells, they have also been shown to participate in wound healing and inflam-
mation.24 NK cells migrate into a wound on a similar timescale to that of neutrophil 
infiltration. They are a source of the proinflammatory cytokine IFNγ, so an increased 
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presence of these cells at the wound site during the initial phases of healing assists in 
the establishment of a chemoattractive gradient to summon further immune cells.

The complement system is a collective term for a group of more than 25 inter-
acting serum proteins found throughout the body that participate in a sequential 
reaction cascade when the initiating members are stimulated by the presence of a 
microbe or other foreign structure. The complement system is able to recognize and 
attack foreign intruder cells either by direct binding of complement component C3 to 
the foreign cell surface or indirect binding of the component C1 complex to IgG or 
IgM antibodies specifically bound to antigens of the foreign cell. This activity occurs 
throughout the duration of the bacterial eradication reaction, from the moment bacte-
rial presence is detected to the moment infection is cleared.

There are three main functions of complement. The first is to directly cause the 
lysis of foreign cells, especially bacteria and enveloped viruses, through the assem-
bly of molecular complement complexes that create holes in microbial membranes. 
The second function is to coat foreign cells or particles with specific complement 
protein fragments that can be recognized by receptors on the cell membranes of 
neutrophils and macrophages, thus helping these phagocytes to engulf and kill them. 
This is termed opsonization, derived from the Greek “prepare to eat”—in other 
words, complement is acting as a kind of molecular relish, encouraging phagocytes 
to get on with the job of clearing infection as fast as possible. The third main function 
involves the active signaling molecular fragments, such as C5a and C3a fragments, 
in helping to orchestrate the recruitment of phagocytes from the blood. Activation 
of the cascade results in the generation of C3a and C5a signaling molecules, which 
diffuse away from the site toward the nearest microvascular blood vessels, together 
with other signal substances. When they reach the blood vessels, these molecules 
bind to specific receptors on the endothelial cells lining the inner vascular surfaces, 
so triggering them to express adhesion molecules that capture for passing neutro-
phils on the internal surface of capillaries and postcapillary venules. Weaker binding 
between the ligands and the receptors caused the neutrophil to roll, which effec-
tively slows the neutrophil. Later stronger binding between the ligands and receptors 
causes them to stop.

Complement is such a powerful trigger of inflammation that it has to be equipped 
with a number of suppression mechanisms. Its potentially devastating power can be 
seen in the clinical condition of hereditary angioedema, in which there is a deficiency 
of the inhibitor of the first component of complement (C1q). Patients with this condi-
tion suffer from recurrent episodes of severe inflammatory edema (typically non itchy), 
usually localized to the skin, larynx, and/or gut. If there is a severe attack involving 
the larynx, the edema can block the airways leading to collapse or death. On the other 
hand, a deficiency that prevents complement from unleashing its full power against 
invading microbes can leave a patient unable to fight off infection (e.g., deficiency of 
C3), causing them to suffer recurrent and sometimes life-threatening infections.

Antimicrobial peptides form a key element of the host defense system against 
invading microbes. In the absence of injury, these peptides act at body surfaces that 
are normally exposed to high microbial loads, such as the epithelial surfaces (skin, 
the moist surfaces of the eyes, nose, airways, and the lungs, mouth, and the diges-
tive tract, and the urinary and reproductive systems). These peptides are typically 
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less than 100 amino acids in size and have been identified in a number of verte-
brate, invertebrate, and plant species. They have a number of modes of action which 
can ultimately kill microbes and prevent infection. In keeping with their localized 
action, high concentrations of antimicrobial peptides are secreted by the epithelial 
cells resident at these sites. Phagocytic cells contain storage granules that hold these 
peptides as well as lytic enzymes such as proteases. These organelles deliver their 
contents into phagocytic vacuoles containing ingested microbes, thus exposing cap-
tured bacteria and other invaders to a lethal cocktail of destructive peptides and 
enzymes. Phagocytes also secrete peptides into the local extracellular fluid to aid in 
the eradication of infective agents.

At the right concentrations, antimicrobial peptides can cause lysis and then kill-
ing of bacteria within a short timescale (seconds to minutes). The majority of pep-
tides with antimicrobial activity are cationic25 and, in humans, can be divided into 
two broad categories: cathelicidins and defensins.26 Their mode of action targets spe-
cific commonly encountered pathogenic invaders such as Escherichia coli (E. coli), 
P. aeruginosa, S. aureus, and Enterococcus faecalis (E. faecalis). The cationic nature 
of many of these antimicrobial peptides allows for strong electrostatic and hydropho-
bic interactions between themselves and bacterial cytoplasmic membranes.27 There 
are a number of hypotheses to explain how antimicrobial peptides work. Insertion 
of peptides into the bacterial cell wall can create physical holes through which water 
can enter ultimately leading to cell lysis. Binding of peptides to critical intracellular 
components of invading cells can interfere with metabolic function. Alternatively, 
peptides may disrupt bacterial cell membranes and cause fatal depolarization and/or 
interfere with the usual distribution of lipids in the cell membranes.25,27

Some antimicrobial peptides (e.g., secretory leukocyte protease inhibitor of leu-
kocytes [SLPI]) play an additional key role in modulating the immune response and 
inhibiting proteases.28,29 Some are proinflammatory (by inducing proinflammatory 
cytokine and chemokine expression, activating adaptive immunity, promoting phago-
cytosis, promoting the expression of matrix metalloproteinases [MMPs] and trigger-
ing mast cell degranulation), while others are anti-inflammatory. There is evidence 
of a synergistic relationship between epithelial cells and neutrophils assisting in the 
modulation of wound healing and antimicrobial peptide responses via an autocrine 
signaling loop.30

Adaptive Immunity–Wound Interactions

The main components of the adaptive immune system are the B and T lymphocytes, 
antibodies, and chemokines. In contrast to the innate compartment of the immune 
system, adaptive immune responses are initiated only in response to the presence 
of foreign material such as microorganisms. The adaptive immune response is able 
to discriminate between self and non-self matter with fine specificity, allowing it to 
provide a more specifically targeted response than the innate immune response. In 
addition, the adaptive system provides an immunological memory to protect the 
body against repeat encounters with pathogens.

When microbial invaders are engulfed by macrophages, the cells’ digestive 
machinery degrades and processes the microbial cell into small peptide fragments. 
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This serves two purposes: disposal of the infectious agent and gathering intelligence 
on the antigenic nature of the invading microbe. The macrophage presents these 
incriminating pieces of molecular evidence to receptive T lymphocytes in order to 
direct the adaptive immune attack onto these specific targets. This task is also car-
ried out by another type of cell found in skin, called the Langerhans cells. These are 
similar in many ways to macrophages, but they specialize in taking up, processing, 
and presenting any antigens they come across in that location. Langerhans cells are 
part of a group of antigen-presenting cells collectively called dendritic cells.

The process of antigen presentation and T cell activation is the starting point in 
the process of antibody induction, either within the wound or, more likely, in the 
nearest lymph node.31 Bacteria and bacterial metabolic or degradation products that 
escape into tissues, blood circulation, or lymphatic system are captured by other 
antigen-presenting cells. This happens most efficiently in local lymph nodes, which 
are hotspots of the draining lymphatic system and, more distantly, within the spleen. 
These items of molecular debris are used by the immune system as stimuli to make 
specific antibodies, memory cells, and activated T lymphocytes.

The big advantage of the adaptive system is that it tailors its responses very spe-
cifically to the foreign invaders, be they toxins, viruses, bacteria, fungi, or eukary-
otic parasites. By tailoring its responses, the adaptive system can deliver much more 
powerful attacks against its foes, partly because there is so much less collateral dam-
age. There is a problem, however, for it takes several days for the specific, tailored 
responses to be assembled by the lymphocytes. The lymphocytes are the custodians 
and drivers of adaptive immunity. The active agents they turn out are, principally, 
antibodies (made by B lymphocytes) and cytotoxic cells of the T-lymphocyte lin-
eage, complete with their own recognition molecules (T-cell receptors) and signaling 
molecules (e.g., interleukins). With a few exceptions, B cells can only make antibod-
ies with the assistance of helper T cells that have the job of corecognizing foreign 
material presented by macrophages and dendritic cells through which they trigger a 
second signal that enables antibody production.

Powerful adaptive immunity is essential to life due to the ability of microbial 
attacks to evade and overcome the initial onslaught of the innate defenses. In wounds, 
however, adaptive immunity only seems to become a significant factor as a result of 
prolonged microbial presence at the site of the wound or if infections spread outside 
the wound margins and into surrounding tissue. Even so, this arm of the immune 
system is especially important in containing infections within the wound and stop-
ping systemic spread.

Components of the Adaptive Immune System

In a normal individual there about a trillion lymphocytes (1012) at any one time. All 
resting lymphocytes look virtually uniform, yet there are several different types with 
distinct roles. The T lymphocytes and the B lymphocytes are the most important to 
our understanding of adaptive immunology.32

T lymphocytes (or T cells) are schooled through the thymus (hence, the “T” pre-
fix) and have the job of recognizing and responding to foreign proteins by means of 
their amazingly versatile molecular recognition receptors, prosaically named T-cell 
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receptors (TCRs). In effect, they “see” the universe of foreign proteins through their 
TCRs, but TCRs can only “see” proteins that have been cleaved into small peptides 
and displayed on the surface of specialized antigen-presenting cells (usually den-
dritic cells and macrophages). TCRs are not secreted, so T cells can only attack or 
control target cells by close combat, or by influencing other immune cells (especially 
macrophages). Cutaneous lymphocyte antigen (CLA) is the main T-cell adhesion 
molecule for homing to the skin. This carbohydrate epitope assists in targeting mem-
ory T cells to sites of inflammation in the skin and is particularly relevant in cases 
of psoriasis, atopic and allergic contact dermatitis, and cutaneous T-cell lymphoma 
where T cells play a pathogenic role.33

Depending on the other surface receptors they express alongside the TCRs, and on 
the profile of the lymphokines they secrete, they adopt different roles. Some T cells 
help B cells to make antibodies and others become lethal cytotoxic cells, capable of 
killing virus-infected cells and pathogens hiding inside host cells. T cells can acti-
vate macrophages and help them to kill intracellular parasites. They have a central 
role in controlling and directing the adaptive immune responses and some subsets 
(e.g., T-helper or Th cells) can even direct responses toward allergic-type responses 
(Th2 type) or toward the cellular immunity responses (Th1 type).

 γ∂ T cells or dendritic epidermal T cells (DETC) are also associated with immune 
responses in the skin. They are found in the epidermis in association with damaged, 
stressed, or transformed keratinocytes. Studies in mouse wound models have shown 
that healing is delayed if DETC are deficient, and it is evident that they provide crucial 
signaling molecules controlling keratinocyte actions and macrophage infiltration.34

B lymphocytes (or B cells), are schooled through the bone marrow in adults 
(hence the “B” prefix), and are concerned with recognizing and defending against 
pathogens in the body fluids, rather than those inside cells. Their job is to make anti-
bodies which they secrete in great quantities (around 2000 molecules/minute/cell) 
from fully matured, activated B cells (antibody-producing cells [APCs] or plasma 
cells). Initially, these cells are visually indistinguishable from T cells but undergo 
major changes once activated and as they mature toward their role as an antibody 
factory. Each B cell is capable of making only one specificity of antibody, which it 
permanently displays on its surface membrane. It can only become activated to start 
antibody production when it receives two signals: One is by the foreign substance 
binding to its antibody and the other is by particular cytokines released from adja-
cent helper T cells. In effect, B cells need permission from T-helper cells to make 
antibodies, because antibodies are so powerful that devastating damage would be 
caused if one was produced that attacked self-molecules (as can be seen in an auto-
immune disease like rheumatoid arthritis). APCs usually congregate in lymph nodes 
or spleen to set up multicell antibody factories, causing the symptom of hard, swollen 
lymph nodes.

Antibodies are large (MW ~150,000), modular, multidomain globular proteins. 
They come in various forms and sizes, but the most abundant type is the IgG class, 
with a general architecture as depicted in Figure 10.5.

New antibodies circulating in the blood and lymph may find their way into the 
wound, where they attach to any recognizable bacteria, so helping neutrophils, mac-
rophages, and complement to unleash further powerful attacks. More importantly, 
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they act systemically to eliminate any living bacteria that escape from the wound 
site, thus containing the infection and reducing the chances of systemic infection.

Coordinated Responses of the Innate 
and Adaptive Immune Systems

Despite the apparently clear distinction between innate and adaptive immunity, it 
soon becomes apparent to a student of immunology that many of the cells and mol-
ecules are closely involved with both forms of immunity.35 For example, as described 
previously, neutrophil leukocytes are the first innate immune cells to arrive at the 
scene of bacterial invasion. Neutrophils possess receptors for antibodies, and yet 
antibodies can only turn up several days after the start of infection. Macrophages 
form a key link between the two arms of immunity. Although their primary role is to 
provide their phagocytic functions as members of the nonspecific innate system, they 
are also key providers of chemokine cues and cell surface signals that can initiate 
and direct the adaptive response.

As members of the innate arm, macrophages carry the special recognition mole-
cules described above as PRRs. While these selectively bind to pathogenic microbes 
as a primary recognition agent, they are also central to the adaptive system where 
they participate in the overall process of antigen presentation and the commission-
ing of specific antibodies and T lymphocytes. Cells of the adaptive system are abso-
lutely dependent on this sentinel and intelligence-gathering role of the innate cells 
(as well as other explicit antigen-presenting cells) for the task of generating a specific 
immune response toward infection. The enigmatic complement proteins are part of 
nonspecific innate immunity, yet they can be activated and deployed with fine speci-
ficity and power by the antibodies of the adaptive system.

Chronic Wounds

Continued neutrophil domination of a wound is a sign that a wound is becoming 
chronic in nature, and macrophage domination indicates that progress is being made 
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and recovery is under way.36 Although neutrophils are an essential and important 
component of defense, their prolonged presence at a wound site becomes a barrier 
to healing,37 as they can cause a self-perpetuating state of chronic inflammation and 
hypoxia, dominated by excessive, destructive protease activity.20 Persistent edema, 
inflammation, and tissue hypoxia in a wound that has shown little or no healing 
provide additional cues that a patient has systemic complications that are impeding 
the normal healing process.38 The resultant lack of healing is often due to an overac-
tivation of the wound healing inflammatory response—a condition that emphasizes 
the importance of keeping the rapid, nonspecific innate immune response under 
control.

Evidence-based medical innovation is the key to progress in wound management. 
The combined assessment of all available patient information is essential in deter-
mining the course of treatment. It is now recognized that assessment and treatment 
of the whole patient,39 rather than only the wound itself, is required for effective 
wound care and to achieve healing outcomes. The overall immune status of the 
patient as well as the immunological status of the wound are crucially important 
factors, and there is a real need for new diagnostic tools capable of revealing these 
key parameters to the wound care clinician. The diagnosis of underlying pathologies 
often provides an understanding of how and why a wound has failed to heal in the 
normal way.

In addition to core immunological factors, there are several underlying systemic 
pathologies that can impair the wound healing process and which have links to an 
impaired immune response to injury. During the clinical assessment of a nonhealing 
wound, it is important to consider the overall health of the patient as the basis for a 
treatment regime. A patient with poorly managed diabetes, uncontrolled edema, an 
immunodeficiency disease, poor nutrition, or a dependency on cigarettes, alcohol, 
or drugs may present with a wound that exhibits slow or incomplete healing. Local 
factors can also cause healing to be inhibited. These can include the presence of a 
foreign body such as a retained suture or gauze material, untreated deep infection 
such as osteomyelitis, or the sheer size of an initial wound injury can prove too much 
for the body to repair.39 An impaired blood supply to a wound site directly leads to 
lower tissue oxygenation and damaging hypoxia, in turn leading to localized necro-
sis. This is often the case in patients with unmanaged diabetes and edema affecting 
the extremities and lower limbs. Without an early diagnosis, this can ultimately lead 
to the breakdown of skin tissue and the formation of a wound. Tissue hypoxia is fur-
ther compounded by excessive oxygen demand by neutrophil respiratory burst activi-
ties in response to the presence of infectious agents. Continued hypoxia maintains 
the neutrophil recruitment signals in the nearby microvasculature, so perpetuating 
a state of inflammation. The chronic state that ensues allows the wound to become 
stuck in a condition dominated by hypoxia, edema (contributing to ischemia), and 
proteolytic damage to the extracellular matrix and growth factor profile.40 A reduced 
or insufficient supply of blood to the site tips the balance in favor of bacterial pro-
liferation, thus leading to clinical infection. The host’s response is to continue to 
try and heal the wound by recruiting further inflammatory cells to the site to clear 
infection. The combined effects of these local wound-inhibitory factors, and the con-
tinuing influx of destructive inflammatory cells in response to the foreign body or 
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underlying infection make healing impossible. Moreover, prolonged, intense inflam-
mation leads to further breakdown of surrounding healthy tissue due to the release 
of destructive proteases and reactive oxygen species from the invading neutrophils, 
causing wound enlargement.

The transition from colonization of a wound to an infected state is not only depen-
dent on the host’s immune status, but also on the bacterial count, the species present, 
the number of different species present, the virulence of the organisms, and the pres-
ence of synergistic interactions between the different species.41 Initial infection of a 
wound is often caused by bacteria such as Staphylococcus aureus, Staphylococcus 
epidermidis, and Pseudomonas aeruginosa which reside on the skin surface, from 
where they can opportunistically colonize a wound when the skin barrier function 
is breached. In a healthy, healing, acute wound, these pioneer bacteria are destroyed 
by the innate response and the damaged skin is reepithelized and barrier function 
restored. However, the onset of a chronic wound state provides the ideal environment 
for colonization and progression toward infection. Infection by these pioneer bacte-
ria then provide further opportunities for bacterial invasion from external sources 
and may include Gram-negative bacteria (in addition to P. aeruginosa) and, also, 
anaerobic species such as Peptostreptococcus.41 As the immune system struggles 
to manage the increasing bacterial load, the invaders respond by utilizing means to 
evade detection and destruction by the host.

Bacterial Immune Evasion

It may seem surprising that any microbes can survive the initial onslaught of responses 
from the innate system; however, bacteria possess a number of mechanisms by which 
they can evade immunity, at least to the extent that some of their number can sur-
vive. For a bacterial inoculum to cause infection, it must be able to evade the innate 
immune system sufficiently well to allow enough survivors to start taking control 
of the new environment. Bacteria such as S. aureus have been shown to be very 
effective in evading the effects of defensins and the oxygen dependent antimicrobial 
system of neutrophils. They also have mechanisms for evading attack by the comple-
ment system.42 Current research has shown that some bacteria are directly able to 
initiate the coagulation of blood when they are clustered together and evade effects of 
the immune response.43 Both S. aureus and P. aeruginosa (of particular relevance in 
wound infection), together with other related bacteria, possess specific mechanisms 
through which they are able to evade many elements of the immune response.

Focus on S. aureus and P. aeruginosa Immune Evasion

The evasive actions taken by wound pathogens are determined by the immune 
responsiveness of the particular host they are invading. If the host has an intact 
immune system, the majority of invading cells are exterminated by the phagocytic 
cells of the innate immune system.44 In this instance, bacterial cells are driven 
toward a defensive phenotype in order to persist, such as entering a biofilm state 
that provides physical protection from immune cells. In a patient with compromised 
defenses making them unable to mount a successful attack on bacterial invaders, or 

© 2010 Taylor and Francis Group, LLC



Wound Healing Immunology and Biofilms	 287

in a patient exposed to a massive bacterial assault, P. aeruginosa cells may survive 
as planktonic cells—a state from which they can proliferate, infect a wound site, and 
even go on to disseminate through the bloodstream to other tissues.44

S. aureus and P. aeruginosa can avoid eradication by the immune system by 
utilizing a key mechanism common to a number of wound pathogens, based on 
the production of large quantities of extracellular products that interfere with host 
defenses. The secretion of alkaline protease and elastase by P. aeruginosa causes 
the degradation of laminin, immunoglobulins, and a number of cytokines, all of 
which are critical elements of the wound repair process. Furthermore, these bacterial 
enzymes interfere with immune cell function by inhibiting chemotaxis and phagocy-
tosis in macrophages and neutrophils, and reducing the activation of a CD4+ T cell 
response.

Staphylococci possess a number of additional strategies through which they are 
able to inhibit wound healing and repress the immune response. The secretion of 
lytic enzymes such as hyaluronidase and lipase by Staphylococci assists in the dis-
semination of bacterial toxins and amplifies host tissue damage.45 In addition to this, 
S. aureus cells also secrete a chemotaxis inhibitory protein of staphylococci (CHIPS) 
that can block complement-mediated signaling in turn inhibiting the migration of 
neutrophils from the blood to the wound site.45 S. aureus secretes cytolytic toxins 
that are able to kill leukocytes that are attempting to phagocytose and kill them. 
These toxins target the host immune cells and cause cell death through the formation 
of pores in the cytoplasmic membrane.45 Staphylococci are able to avoid and repress 
the phagocytic response after infection through the avoidance of opsonization, which 
occurs via the expression of anti-opsonic proteins and also via the expression of sur-
face proteins integrated with an external microcapsular layer that interferes with 
neutrophil and monocyte recognition. Staphylococci can also resist antimicrobial 
peptides. Through this capability, engulfed bacteria can avoid death from neutro-
phil peptides even when the first steps of phagocytosis have been successful. This 
is predominantly due to cell wall modifications that reduce the affinity of cationic 
antimicrobial peptides and repel them from the bacterial cytoplasmic membrane.45 
Avoidance of cell death after phagocytosis has been described as a further viru-
lence factor contributing to the persistence of S. aureus and other Staphylococcal 
infections.46

Biofilm Formation

As mentioned throughout this book, biofilms are recognized as significant to many 
chronic infections, including infections of wounds. The resistance of a biofilm to 
the immune response is generating substantial interest in the scientific community.47 
In particular, it has been documented that biofilms possess mechanisms to avoid 
both killing and clearance of bacteria by the immune system. Such mechanisms 
include the following:48 resistance to penetration of leukocytes into the biofilm—in 
fact, leukocytes have been shown to adhere to the surface of biofilms,48,49 inactiva-
tion of leukocyte antimicrobial processes by the biofilm matrix itself, resistance to 
phagocytosis of leukocyte biofilm bacteria, evidence of regulators and quorum sens-
ing molecules that enhance biofilm resistance to leukocytes, and (becoming more 
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relevant) triggering of genetic switches that enhance cooperative resistance to com-
ponents of the immune response.

P. aeruginosa has been shown to express a viscous exopolysaccharide called alg-
inate which, in the context of a biofilm, is a significant virulence factor. Alginate is 
only produced by mucoid P. aeruginosa and has been shown to be very effective in 
decreasing the phagocytosis of planktonic mucoid P. aeruginosa by both neutro-
phils and macrophages.50,51 It has been found that high levels of alginate can protect 
P. aeruginosa from antibiotics and peptides. A recent paper has shown that alginate 
may be important for the protection of mucoid P. aeruginosa biofilm bacteria from 
the immune system.48

Neutrophils appear to resist biofilms under some circumstances by preventing 
their formation,52 yet, paradoxically, enhancing biofilm development under differ-
ent conditions.53 Some peptides have been shown to have effects on biofilms; for 
example, lactoferrin has been shown to prevent bacterial biofilms52 as has LL-37.54 
Overhage and colleagues54 were able to demonstrate that LL37 affected biofilm for-
mation by decreasing the attachment of bacterial cells, affecting twitching motility 
and quorum sensing and down-regulating genes known to be essential for biofilm 
formation. Shapira and colleagues49 have shown that neutrophils are able to reduce 
the number and viability of Streptococcus mutans when attached to beads which 
suggested that neutrophils were able to attach to biofilms and retain their antibacte-
rial activity.

Conclusion

This chapter has described the immune response that ensues following the forma-
tion of a wound as part and parcel of a wound healing response. Under normal cir-
cumstances, the key players, the innate immune cells, can effectively clear a wound 
of pathogens and provide crucial local and systemic signals to other cells required 
for the immune and repair response to continue. In normal, acute wound healing 
in a healthy individual, these mechanisms are able to restore skin barrier function 
while preventing bacterial infection. However, where underlying systemic and local 
pathologies exist and a wound enters a chronic state, the very mechanisms that are 
key to the progression of injury repair are also those that are responsible for tissue 
damage and continued inflammation. It is this loss of balance between acute and 
chronic healing responses that must be addressed when treating problem wounds. 
The initial assessment of overall patient health, as well as the status of the wound 
itself, is critical in developing a wound treatment strategy.

Chronic wound healing is complex and variable. Knowledge of the essentials of 
wound immunology can help to ensure that clinicians make the right decisions at 
the right time, especially by helping them to accurately interpret the available clues 
and symptoms observed in the patients and in the wounds they treat. The additional 
evidence that biofilms can be present in these wounds also needs to be addressed, 
and new diagnostic tools and treatment strategies are required to overcome this and 
other bacterial survival mechanisms. These strategies may include means to destroy 
a biofilm as a whole, may target critical species within the biofilm, or perhaps inter-
fere with quorum sensing molecules so as to allow anti-infective agents, together 
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with the immune system, to have greater penetration and effect. It is likely that no 
single treatment will have the capacity to heal all classes of wound, but it will be 
the development of accurate diagnostic methods for patient pathology and critical 
wound healing factors such as infection that will allow tissue repair to be monitored 
and treatments adapted accordingly. Restoring the balance of the immune responses, 
which are either overactivated due to systemic and/or local factors or overwhelmed 
in the presence of infection, will then also allow healing to progress along its normal 
route and repair skin barrier function.

For the future, a greater understanding of the immunology of wound healing in 
both acute and chronic wounds will, undoubtedly, lead to improved therapies and 
new diagnostic tests. These advances must take into account the complexities of acute 
wound healing and wound immunology and identify which aspects are impaired in 
chronic wounds. The development of bespoke wound care protocols, depending on 
the patients’ immune status and any other underlying pathology, is a practice cur-
rently being developed in a number of wound care clinics. Advances in treatments 
that harness and modulate the patients’ innate ability to fight infection will be of 
great benefit. This might be achieved, for example, through antimicrobial peptide 
therapy to suppress infection and promote repair of injured tissue. Treatment with 
specific growth factors and cytokines is a current focus of many research groups, 
and others are pursuing the means to control redox signaling and the impact of tissue 
hypoxia on the activities of the immune system.
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Introduction

Coping with wounds has always been a serious problem for mankind. How ancient 
civilizations did so is difficult to imagine, as the only documentary evidence of their 
treatment strategies is provided by fragmentary records in the form of drawings, 
engravings, and scripts that can be traced back for less than 5000 years. It is only 
in the last 40 years that the detailed sequence of events in the wound healing pro-
cess, and the factors that influence the various phases, have begun to be understood, 
allowing modern treatment strategies to be based on this knowledge. Primitive rem-
edies must have been discovered gradually and serendipitously, and any effective 
therapeutic advances were presumably passed on verbally to successive generations. 
Early interventions included surgical procedures, topical treatments, and medi-
cines administered orally as draughts.1 Although concoctions devised by ancient 
peoples would have been restricted to locally available animal, vegetable, and min-
eral products, many different mixtures seem to have been developed.1 Some of those 
remedies were likely effective, but others were based on religious and superstitious 
beliefs; not all “advances” represented therapeutic improvements.

Second only to achieving healing, the most consistent aim of wound management 
has been the treatment and prevention of infection. For those surviving the initial 
wound, infection was the leading cause of fatalities. Until the advent of antisep-
tics, and more recently antibiotics, controlling infection was difficult. Although the 
availability of antimicrobials revolutionized the approach to infection, it induced 
a false sense of security. Healthcare providers began to believe that we could con-
trol all infections with available, or newly developed, antimicrobials, leading the 
U.S. Surgeon General to have claimed that it was now possible “to close the book 
on infectious disease.”2 But the emergence and growing prevalence of antibiotic-
resistant strains of microorganisms has confounded that statement. We now recog-
nize that the selection of multidrug-resistant strains poses a real threat to our own 
and future generations. For various reasons, the development of new antibiotics has 
slowed and there are relatively few new agents in the developmental pipeline. This 
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has led to efforts to find novel antimicrobial interventions and to the investigation 
of antimicrobial agents that were formerly abandoned. The increased awareness of 
the presence and importance of biofilms in wounds has also fueled the search for 
additional effective treatments against this phenomenon.

This chapter reviews the use of antimicrobial interventions in wounds, sum
marizes the mode of action of selected agents, and provides evidence for their efficacy 
on biofilms.

Types of Antimicrobial Agents

The efficacy of an antimicrobial agent is variable on different types of microorgan-
isms, and efficacy can even vary for different strains of the same species. Figure 11.13 
presents an overview of the relative susceptibilities of various types of microorgan-
isms to available antimicrobials. Antimicrobial agents, except for many antibiotics, 
usually target multiple sites in the microorganism, which results in generalized dam-
age to microbial cells.

To appreciate the overall effects of an antimicrobial, it is important to understand 
both the structure of bacterial cells and the differences between the two major types 
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 Mycobacterium

Cysts 

Small Non-Enveloped Viruses 

Trophozoites

Gram-Negative Bacteria 

Fungi

Large Non-Enveloped Viruses 

Gram-Positive Bacteria 

Large Enveloped Viruses
Low

Resistance

Spores

Figure 11.1  Sensitivity of various types of microorganisms to available antimicrobial 
agents. (Adapted from McDonnel, G., and Russell, D. (1999) Clin Microbiol Rev 12:147–179.)
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of bacterial cells (i.e., Gram positive and Gram negative). Gram-negative bacteria are 
generally more resistant to antimicrobial agents than are Gram-positive bacteria.

Growth of microorganisms can be limited in several ways, including restricting 
their access to essential nutrients, manipulating the physical environment away from 
the optimal conditions that support growth, and adding inhibitors that block their 
metabolic pathways. The resulting inhibition may be transient or permanent, depend-
ing on whether cellular viability is affected. When growth is inhibited without loss of 
viability, a bacterostatic effect is achieved; the loss of viability denotes a killing or bac-
tericidal effect. The complete destruction or removal of viable cells is termed steriliza-
tion; in vitro this is relatively easily attained, but in vivo it is virtually unobtainable.

The use of antimicrobial agents to reduce the numbers of microorganisms (or 
microbial “load”) has been given several labels, depending on what type of agent 
and in what manner it is used (Figure 11.2). Disinfection is the process of eliminating 
potentially pathogenic microbes from an inert surface without achieving steriliza-
tion; it usually involves employing chemical agents called disinfectants. Antiseptics 
are used to eliminate potentially pathogenic microbes from the surface of living 
tissues. The distinction between disinfection and antisepsis is not always clearly 
defined, and some texts refer to skin disinfection. Some definitions of relevant terms 
with suitable examples are provided in Table 11.1.

Reducing microbial load in vivo relies on using chemotherapeutic agents that 
selectively inhibit or kill microbial cells without damaging host cells. A diverse range 
of agents is available, but in clinical practice antiseptics and topical antibiotics have 
most frequently been used for this purpose. Agents used for clinical care should not 
adversely affect mammalian cells. The efficacy of all disinfectants and antiseptics is 
influenced by many factors, including their concentration, temperature, and contact 
time; the types and numbers of microbial cells present; and the presence of other 
organic matter. Treating invasive wound infections usually requires using systemic 
(oral or parenteral) antibiotics, most of which are different than those used topically. 
Some antibiotics are bacterostatic but most are bactericidal; the advantage of the lat-
ter is mainly limited to treating patients who are immunocompromised or in selected 

Biocide
A chemical that is able to kill or inhibit the growth of microorganisms 

Disinfectant
• Synthetic (e.g., phenol)
   hypochlorites
• Destroy microorganisms and
   spores found on non-living
   objects
• Broad spectrum of activity
• Non-selective
• Cytotoxic
• Resistance risk lower than for
   antibiotics

Antibiotic
• Natural (e.g., penicillin G) or
   sometimes, semi-synthetic or
   synthetic (e.g., cephalosporins)
• Ability to be transported by the
   blood and lymphatic system
• Selective
• Cytotoxic
• Specific activity (e.g., cell wall
   synthesis, protein synthesis)
• Resistance risk high 

Antiseptic
• Synthetic (e.g., iodine, silver)
• Can be applied to living tissue/skin
   to reduce the possibility of
   infection
• Broad spectrum of activity
• Non-selective
• Low cytotoxicity at low
   concentrations
• Resistance risk lower than for
   antibiotics 

Figure 11.2  Biocide overview.

© 2010 Taylor and Francis Group, LLC



Antimicrobial Interventions for Wounds	 297

severe infections such as endocarditis or meningitis. Unlike antibiotics used systemi-
cally, topical antibiotics are often rapidly inactivated within wounds. An antibiotic 
will act on a specific target site within specific microbial cells, and antiseptics, dis-
infectants, and sterilants typically induce nonspecific effects on multiple microbial 
cellular target sites and therefore possess broader specificity (Figure 11.3).

The emergence of microbes becoming resistant to antibiotics, and to a lesser extent 
to disinfectants, together with the persistence characteristic of biofilm-associated 
infections, has led to a broadening of approaches to microbial control. These include 
biological methods of controlling infections, such as maggots (larval biotherapy) and 
viruses (bacteriophages). No antimicrobial intervention is universally suitable for 
all wounds. For most antiseptics, such as iodine, there have been concerns about the 
possibility of toxicity to host cells.5,6 These agents also have raised issues concerning 
their antimicrobial efficacy and chemical stability.7

The Rationale for Using Antimicrobial 
Interventions in Wounds

As discussed in a previous chapter, the skin is the normal habitat for a variety of 
microbial species. Prior to a planned wound being initiated (e.g., a surgical inci-
sion), that microbial load is normally reduced by swabbing the skin with antiseptics. 
During nonelective injury, skin microorganisms can contaminate the wound and 
additional microbial cells may enter the wound from many sources (e.g., surrounding 
skin, other body sites, the hands of other people, including healthcare personnel, 
airborne organisms, animals, and local environmental surfaces).

Table 11.1
Conventional Antimicrobial Strategies

Term Definition Selected Examples
Antimicrobial 

Effect

Antiseptic Agents that eliminate potentially 
pathogenic microbes from living tissue

Chlorhexidine
Iodine
Silver

Microbicidal
Microbicidal
Microbicidal

Antibiotic A substance derived from a microorganism 
or produced synthetically that kills or 
inhibits the growth of other microbial 
species

Chloramphenicol
Mupirocin
Penicillin

Bacteriostatic
Bactericidal
Bactericidal

Biocide An agent that literally kills all types of 
living cells, but implicitly it is intended 
to be selective

Silver Biocidal 
(microbicidal)

Disinfection The elimination of potentially pathogenic 
microbes from inanimate surfaces

Glutaraldehyde
Phenol

Microbicidal
Microbicidal

Sterilization The complete removal or destruction of 
living cells from an object or an 
environment

Elevated temperatures 
(autoclaving)

Irradiation with 
gamma rays

Microbicidal
Microbicidal
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Clearly uninfected wounds do not usually require any type of antimicrobial 
therapy. Prolonged observations and experimental investigations have helped clarify 
some aspects of the involvement of microorganisms in the pathogenesis of wounds, 
although the process is incompletely understood. What is known is that all clinically 
infected wounds require antimicrobial therapy, as acute wound infections interrupt 
healing.8,9 For some wounds that are not clearly infected but may have a high colo-
nizing bacterial load, there are data suggesting that reducing the bacterial bioburden 
(with topical agents) may improve rates of healing.10 In these instances, it is neces-
sary to weigh the risks of cytotoxicity against the potential benefits of the antimicro-
bial. There is also controversy about how best to define infection in a wound, both 
on clinical and microbiological grounds. A wound does not have to be cleared of all 
microbial cells for it to heal successfully, and antimicrobials are designed to cure 
infections (which usually takes days), not heal wounds (which may take months). 
There is no reason to continue antibiotics once the evidence of infection has resolved. 
Because of the continuing selection of microbial strains with antimicrobial resis-
tance, routine antimicrobial intervention for all wounds is inappropriate.

The pathogens most frequently associated with wound infection are staphylococci, 
streptococci, pseudomonads, and obligate anaerobes. Whether a wound infection 
develops depends on a complex and often unpredictable series of interactions between 
pathogens and host.11 Systemic antibiotics are used extensively for infected wounds, 
particularly in patients with other underlying pathologies. Antimicrobial interventions 
in this situation aim to limit the development of lymphangitis, bacteremia, septicemia, 

Cell Wall
Beta Lactams

Cytoplasm

DNA
Sulphonamides,
Quinolones

Plasma membrane
Polymyxins

Ribosome
Tetracycline,
Aminoglycosides,
Macrolides
Fusidic Acid

(a)

(b)

Ribosome
Ag, H2O2, I
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Figure 11.3  Target sites of antimicrobial agents in bacteria. (a) Examples of target sites 
for antibiotics. (b) Examples of target sites for antiseptics. Ag = silver, H2O2 = hydrogen per-
oxide, I = iodine, CHX = chlorhexidine.
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and death. A range of systemic antibiotics are used to treat infected wounds, includ-
ing penicillins, cephalosporins, macrolides, tetracyclines, and fluoroquinolones.12,13 
Guidelines for the selection of systematic antibiotics and for deciding when to admit 
patients with serious wound infections to hospital have been formulated.14

Removing any necrotic tissue together with its associated microbial bioburden will 
assist acute and chronic wounds to heal in a timely manner. Not only will this help to 
limit the spread of infection, but it will reduce the quantity of organic debris, which could 
diminish the efficacy of any antimicrobial agents applied topically. This process (deb-
ridement) has been linked to enhanced rates of healing.15 Moreover, failure to debride 
necrotic wounds has been associated with failure to heal and recurring infections.16,17 
The removal of necrotic tissue is best achieved surgically (with scalpel and forceps) but 
can sometimes be done chemically or mechanically (with various technologies).

Aside from debridement, the application of topical antimicrobials, either as anti-
septics or as active or passive wound dressings, has been reported to contribute to 
the control of bioburden in wounds that are infected or at risk of infection.17–19 Both 
infected and noninfected wounds can benefit from appropriate wound dressings. 
However, the type of dressing selected will depend on the type of wound and the 
severity of infection, or the risk of infection.20,21

In addition to deciding whether to use antibiotics, debridement techniques, or 
antiseptics, the wound practitioner should consider the possibility that chronicity is 
linked to the presence of a biofilm.22 Evidence that biofilms actively impair healing23 
is rapidly accumulating, and wound management strategies will have to adapt to 
consider how to deal with this phenomenon. Biofilms are a community of bacteria 
at high density encased within an extracellular matrix of polymers, with reduced 
growth rates that make them less susceptible to inhibitors. Through spontaneous 
mutation, stress response, and bacterial synergies, the constituent bacteria may resist 
an attack by a single antimicrobial agent. Because bacteria in biofilms are notori-
ously resistant to both antimicrobial interventions and host immunological reactions, 
effective antibiofilm management strategies are essential. At present, such strategies 
are new to wound care and to medicine in general, but biofilms are controlled effec-
tively in industrial situations, such as food processing, pulp and paper manufacture, 
shipping, and oil production.

Available antimicrobials and antibiofilm agents function by different mechanisms. 
Each may be effective in suppressing biofilm on the surface of a wound, but in rou-
tine clinical use they appear to apply only one selective pressure and within a short 
period of time biofilms may become less responsive to inhibitors. It has been sug-
gested that by rotating different selective biocides, the capacity of a biofilm to adapt 
may be diminished and combination therapy will offer more effective control.24

Physical/Mechanical Methods for Reduction/Removal 
of Bioburden and Biofilms

Debridement

Physical removal of the microbial bioburden, necrotic tissue, and biofilm is widely 
considered to be beneficial to wounds, although it is not advised for ischemic wounds. 
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In addition to biofilms,23 the presence of devitalized tissue impedes wound healing. 
Based on one study, Steed and colleagues concluded that “debridement is a vital adjunct 
to the care of patients with chronic diabetic foot ulcers,”25 yet no universal consensus 
exists on how to debride, when to debride, or how much tissue to remove.26,27 Sharp 
removal of devitalized tissue may further help to enhance the wound healing process 
by reducing microbial toxins, proteases, and neutrophils, which are often present in 
wounds at elevated levels.28 Presumably, debridement may prevent a biofilm progress-
ing or “maturing” to a state where it becomes harder to eradicate. It has been shown 
that sharp debridement and topical treatment with lactoferrin and xylitol improved 
outcomes in patients with critical limb ischemia,29 but further scientific validation is 
indicated before frequent debridement is accepted as a means to suppress biofilms. 
Clinicians will ultimately decide on the timing for surface management of biofilm, 
and this timing would be based on the progress of the wound and will be influenced 
by host factors. For example, biofilms may grow at a faster rate in immunocompro-
mised patients than in immunocompetent individuals. Debridement can be discontin-
ued once a self-sustaining wound is achieved. If a wound regains sufficient perfusion 
and effective host defenses are restored, it will be more difficult for biofilm to rede-
velop. This redevelopment of a biofilm may be preventable with the use of appropriate 
dressings and possibly with effective topical antiseptic products, but this remains to 
be proven. Because all open wounds are vulnerable to biofilm formation, appropriate 
wound management is required until complete wound closure is achieved.

Enzymic Debridement

Biofilms are, as mentioned above, embedded in a matrix composed of a heteroge-
neous mixture of extracellular polymeric substances (EPS) which includes polysac-
charides, proteins, and nucleic acids. These viscous, slimy structures can occur in 
pipelines and on the surfaces of contact lens; they have been occasionally reduced 
significantly with preparations of enzymes. Despite the use of enzyme preparations 
such as collagenase, streptokinase, streptodornase, and krill as debriding agents in 
necrotic wounds, their potential in removing biofilms from wounds has not been 
fully investigated. Streptodornase (varidase) degrades DNA and has long been used 
in breaking down blood clots.

DNA is a significant component of the EPS of Pseudomonas aeruginosa bio-
film, and it has been reported that application of varidase to silicone sheets with 
established P. aeruginosa biofilms effectively destroyed them.30 Glucose oxidase 
and lactoperoxidase have been shown to be bactericidal for staphylococcal and 
pseudomonad biofilms, but polysaccharide hydrolyzing enzymes were needed to 
remove these biofilms from inert surfaces in vitro.31 The complex nature of biofilm 
EPS suggests that mixtures of enzymes are more likely to be effective in eradicating 
biofilms from wounds than preparations containing single enzymes.

Biological Debridement

Another means of removing exogenous material from wounds is with maggots 
(i.e., larvae of flies). For many years, maggots have been known to improve wounds. 
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In modern times, the use of maggot debridement therapy for wounds was introduced 
in 1931 by an orthopedic surgeon.32 Not only will this remove devitalized tissue and 
help to reduce bioburden, but larval secretions appear to be beneficial in disrupting 
biofilm,33–35 and they help to counteract the inflammatory effects of neutrophils.36 
Compared to hydrogel, larval therapy has been shown to significantly reduce the 
time for debridement.37 The exact mechanism of action of larval biotherapy is not 
yet clear.

Antibiotics

Clinically infected wounds, especially those with signs of spreading (e.g., celluli-
tis or erysepalis, lymphangitis) or deep-seated infection (abscesses or osteomyelitis) 
require systemic antibiotic therapy. The specific agents are chosen either empirically, 
based on clinical evidence, or specifically when the identity of the causative agent 
and its antibiotic susceptibilities have been determined. Unless the infection involves 
bones or joints, the duration of treatment is usually 7 to 14 days, when signs and 
symptoms are expected to resolve. Prolonged antibiotic administration (i.e., 4 to 6 
weeks) is recommended for osteomyelitis. Prescribing details are available in phar-
macology texts and guidelines,14 but local authorities should be consulted. Details 
of modes of action of systemic antibiotics and some antiseptics are summarized in 
Table 11.2 and Table 11.3.

Topical antibiotics are usually administered as creams, gels, or ointments for peri-
ods of less than 2 weeks. They have been shown to be effective in treating superficial 
infections, such as impetigo They have also been used off-label without published 
evidence of efficacy for prophylaxis against acute infection, as well as to eradicate 
staphylococci (particularly methicillin-resistant S. aureus [MRSA]) from colonized 
wounds and to prevent cross-infection. The topical antibiotics most often used on 
skin and wound infections are fusidic acid (in countries where it is licensed), gen-
tamicin, metronidazole, mupirocin, neomycin sulfate, and silver sulfadiazine. Many 
antifungal agents (e.g., imidazoles and allylamines) are also applied topically for 
superficial fungal infections (e.g., tinia). Topical metronidazole appears to be effec-
tive at reducing the odor of wounds colonized by obligately anaerobic bacteria.

Antibiotic usage, especially those administered topically, is a controversial area in 
chronic wound management. Antibiotic therapy is associated with potential adverse 
effects, with expense, but most importantly with selective pressure that increases 
the prevalence of strains of antibiotic-resistant microbes. Organisms with multi-
ple antibiotic resistance determinants, and even antiseptic resistance, make effec-
tive antimicrobial treatment increasingly difficult. Antibiotic resistance concerns are 
also compounded by the presence of biofilms that have inherent resistance to anti-
biotics and antimicrobial agents in general. Physicians commonly utilize antibiotics 
to control bacteria in wounds as though they exist in a free-living (planktonic) state, 
where they are highly susceptible to appropriately selected agents. The realization 
that the use of antibiotics alone often produces a limited response in chronic wounds, 
partially because bacteria are likely in a biofilm, has led to recommendations that 
their usage be limited to short duration.38 If future studies show that antimicrobials 
are effective for organisms in biofilms in chronic wounds, they should be considered 

© 2010 Taylor and Francis Group, LLC



302	 Microbiology of Wounds

as an adjunct to any management strategy. This has been highlighted by Fux and col-
leagues who suggested that for “Successful treatment in these cases (biofilm infec-
tions) depends on long-term, high dose antibiotic therapies and the removal of any 
foreign body material.”24 It is interesting to speculate that other infections that have 
been found to often require treatment with high doses of antibiotics for long dura-
tions (e.g., osteomyelitis, prostatitis) are likely biofilm-associated diseases. However, 
it is important to appreciate that they are heterogeneous structures and different 
regions of the biofilm respond in different ways to antibiotics. Some bacteria deep 
within regions of the biofilm may be less susceptible to antibiotics than the actively 
growing bacteria at the outer regions. Studies have shown that organisms in superfi-
cial regions of the biofilm are susceptible to high doses of antibiotics, whereas other 
regions are not.39,40 Well-designed clinical trials are needed to determine the role of 
antibiotics and antiseptics, in combination with frequent debridement, antibiofilm 

Table 11.2
Target Sites for Antiseptics

Target Site Mechanism Biocide

Cell wall Prevents cross-linking EDTA, chlorhexidine, chlorine, silver, phenols

Outer membrane 
(Gram-negative 
bacteria)

Increased permeability EDTA, chlorhexidine, chlorine, silver, phenols, 
cationic compounds, lactoferrin, transferrin, 
polyphosphates, hypochlorites

Cytoplasmic 
(plasma) 
membrane

Increased permeability Organic acids, alcohols, chlorhexidine, phenols, 
cationic compounds, lactoferrin, transferrin, 
polyphosphates, hypochlorites

Membrane potential and 
electron transport chain

Organic acids, alcohols, chlohexidine, phenols, 
PHMB

Inhibits adenosine 
triphosphate synthesis

Cationic compounds, PHMB

Inhibition of enzyme activity PHMB, chlorhexidine, phenols, silver, iodine

Cytoplasmic 
constituents

Generalized coagulation Ionic silver, phenols, chlohexidine, PHMB

Nucleic acids Organic acids, chlorine, iodine, ionic silver, ozone

Ribosomes Hydrogen peroxide

Interactions with 
specific groups

Thiol groups Hydrogen peroxide, chlorine, iodine, ionic silver

Amino groups Ionic silver, iodine, hydrogen peroxide, chlorine, 
ionic silver

Sulfhydryl groups Ionic silver, iodine, hydrogen peroxide, chlorine, 
ionic silver

Biocide-induced 
autocidal activity

Causes accumulation of free 
radicals

Hydrogen peroxide, agents that damage the 
cytoplasmic membrane

Source:	 Adapted from Maillard, J.-Y. (2002) J Applied Microbiol Symp Supplement 92:16S–27S.
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agents (lactoferrin, xylitol), and appropriate wound dressings, in improving stalled 
wound healing.

Antiseptics

Antiseptics are commonly used in chronic wound care management, but the clinical 
data supporting each of the available agents are suboptimal. They are classed as non-
specific inhibitory agents because their intracellular effects are exerted on multiple 
microbial target sites and functions. Many antiseptic agents are effective against a 
vast array of infectious agents, but adverse effects may also be seen on host cells, 
particularly fibroblasts and keratinocytes, but also polymorphonuclear leukocytes. 
Appropriate and judicious usage of antiseptics at optimum concentrations is, there-
fore, essential. Historically, antiseptics have been valuable treatments for treating 
and preventing wound infections. The introduction of carbolic acid into surgery dur-
ing the 19th century by Joseph Lister changed surgical practice. However, attitudes 
toward antiseptics were altered by two studies published in 1985. Both demonstrated 
the occurrence of cytotoxicity when topical antiseptics were applied to animal mod-
els,41,42 and this influenced healthcare practitioners to restrict their use. Such in vivo 
models (a rabbit ear chamber and cultured human fibroblasts) and later experiments 
with acute wounds in rats may not accurately simulate the conditions of a human 
patient, especially one with a chronic wound. Laboratory experiments necessarily 
precede the clinical use of a treatment and provide a means of discarding ineffective 
and toxic candidate agents. Ultimately, only clinical studies can provide suitable data 

Table 11.3
Target Sites for Antibiotics Used Systemically in Treating Wound Infections

Type of Antibiotic Examples Target Site Antimicrobial Effect

β lactams Penicillin, amoxicillin, 
flucloxacillin, 
cephalosporins 

Peptidoglycan biosynthesis 
(bacterial cell wall)

Bactericidal

Quinolones Ciprofloxacin, 
levofloxacin

Bacterial DNA synthesis Bactericidal

Tetracyclines Oxytetracycline, 
doxycycline

Bacterial protein synthesis Bacteriostatic

Aminoglycosides Amikacin, gentamicin Bacterial protein synthesis Bactericidal

Macrolides Erythromycin, 
azithromycin

Bacterial protein synthesis Bactericidal

Lincosamides Clindamycin Bacterial protein synthesis Bactericidal

Glycopeptides Vancomycin, teicoplanin Peptidoglycan biosynthesis 
(bacterial cell wall)

Bactericidal

Nitroimidazoles Metronidazole Metabolic functions Bactericidal (for 
obligate anaerobes)

Carbapenems Imipenem, meropenem, 
ertapenem

Bacterial protein synthesis Bactericidal
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on the efficacy of topical agents. Critical evaluation of available data indicates that 
cytotoxicity issues may have been exaggerated for some agents43 but well-designed 
clinical studies are still needed to demonstrate efficacy.44

A range of antiseptics are still used in modern wound care. Information on some 
of the most commonly used antiseptics in wound care is outlined below.

Iodine

The element iodine (I) was first discovered in 1811 by Bernard Courtois. In the early 
19th century, tinctures of iodine solution and potassium iodide in ethanol were used 
to treat wounds. However, it had notable limitations in that it caused pain, irritation, 
and staining; also it was found to be cytotoxic when used at high concentrations.

Iodine is known to have both bactericidal and bacteriostatic actions and has a 
broad spectrum of activity against virtually all microorganisms. Consequently, 
iodine has been used extensively in the treatment of wounds that are, or have the 
potential to become, infected. Despite extensive use of iodine, worldwide debate on 
its efficacy and cytotoxicity continues even though the reasons for its unpopularity 
are probably unfounded.45 A recent review on the use of iodine in wound care dem-
onstrated that formulations delivering optimized but sustained levels of iodine have 
the potential to be effective antimicrobial agents which are noncytotoxic and also 
stimulate wound healing.6

New-generation iodine products, such as povidone and cadexomer iodine, have 
addressed many of the undesirable effects of iodide. They have thereby significantly 
helped to maintain interest in iodine therapy. Povidone iodine is an iodophore com-
posed of elemental iodine and a synthetic polymer (polyvinylpyrrolidone). Povidone 
iodine has been shown to reduce inflammation, bacterial numbers,46 and protease 
activity.47 The clinical evidence for the safety of povidone iodine is conflicting. Some 
studies have shown that it is not detrimental to wound healing,48–51 but animal mod-
els have not always provided confirmation. Possible reasons for this include the con-
centrations of iodine used, and the study subjects and healing markers utilized.

Cadexomer iodine (Iodosorb) is composed of microspherical beads of hydrophilic 
biodegradable starch and 0.9% (w/v) iodine. This formulation is purported to give 
improved iodine release rate and reduced cytoxicity compared to povidone iodine, 
which has led many wound care practitioners to consider this to be a superior iodiine 
product to povidone iodine.

There are several reviews on iodine which the reader may find useful.6,52–55

Resistance to iodine was first documented in iodinated swimming pools.56 Resist
ance has also been reported in strains of Staphylococcus aureus.57 To date, bacterial 
resistance to iodine is considered rare and sporadic.

Mode of Action

The mode of action of iodine depends on its ability to bind to thiol and sulfy-
dryl groups. This binding leads to the denaturation of proteins and inactivation 
of enzymes via oxidation of the S-H bonds found in amino acids. Such structural 
changes in proteins and enzymes will have detrimental effects on the microbial cell 
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walls, membranes, and cytoplasmic components.58 Iodine is also able to bind to fatty 
acids and to nucleic acids.

Povidone iodine is a broad-spectrum antiseptic that has been shown to be effec-
tive on Gram-positive and Gram-negative bacteria, fungi, viruses, protozoa, and bac-
terial spores. Its mode of action is similar to the mode of action of molecular iodine, 
its active ingredient. The effects that povidone iodine elicit in microbial cells have 
been investigated using electron microscopy.59

Cadexomer iodine is a highly absorbent agent known to release low levels of 
iodine when added to a chronic wound. When the polymer is hydrated with wound 
exudate it swells, then iodine begins to leak out of the cadexomer-iodine complex. An 
optimized and sustained low-level delivery of iodine is then apparently directed into 
the wound. Clinical studies have highlighted the effectiveness of iodine in wounds, 
including burns,60 chronic leg ulcers,61 and decubitus ulcers.62 Cadexomer iodine has 
been shown to enhance wound healing by stimulating vascular endothelial growth 
factors.63 Based on the available data, cadexomer iodine’s qualities, in particular its 
reduced cytotoxicity, make it preferable to povidone iodine.

A number of new iodine-based products are now commercially available. These 
include Repithel®, which is composed of povidone iodine encapsulated in liposomes, 
and Oxyzyme®, which consists of a hydrogel sheet containing glucose. This hydrogel 
sheet is placed on a wound surface and a smaller gel sheet consisting of glucose oxi-
dase is added to it. In the presence of oxygen, the catalyst glucose oxidase converts 
glucose to gluconic acid and hydrogen peroxide. Glucose in the lower sheet then 
diffuses into the upper gel sheet and the hydrogen peroxide is then released back 
into the gel which diffuses through the dressing. This then oxidizes iodide ions to 
free iodine and the release of oxygen into solution. Oxyzyme has been shown to 
have beneficial effects on postsurgical wounds64 and chronic wounds. Iodozyme® is 
a similar product that makes higher levels of iodine available at the wound surface.

Effectiveness on Biofilms

The antibiofilm efficacy of iodine has not been well researched to date. A num-
ber of studies have been reported to show that when bacteria grow within a bio-
film they become more resistant to iodine.66,67 Kunisada and colleagues68 reported 
that povidone iodine was efficacious on biofilms. Some recent work has shown that 
povidone iodine is less effective than hydrogen peroxide and alcohols in eradicating 
Staphylococcus epidermis within in vitro biofilms.69 Cadexomer iodine has been 
reported to decrease slough in chronic wounds and disrupt a S. aureus biofilm.70

No studies have yet been published on the efficacy of Oxyzyme® or Iodozyme® 
against microorganisms within biofilms. However, a large clinical study has demon-
strated improved healing in a large number of wounds.71

Silver

The efficacy of silver in treating infected wounds has been known since ancient 
Roman times. In the 1800s, silver nitrate and other silver compounds were used with 
positive results in wound care. In 1964 silver sulfadiazine (SSD) began to be used 
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for the management of infections in burn wounds, especially in an effort to prevent 
wound-related sepsis.

The active agent in silver preparations is ionic silver, which has been shown to 
be effective against microorganisms found in a wound bed.72,73 Provided optimized 
preparations that allow sustained levels of ionic silver are used, silver has been shown 
to maintain a broad-spectrum antimicrobial effect in wounds.

Resistance to silver is both rare and sporadic but has been reported and docu-
mented in bacteria isolated from chronic wounds.74–77 A recent study investigated 
the prevalence of silver resistance genes in 172 bacterial strains that had been iso-
lated from both human and equine wounds. The authors demonstrated evidence of 
silver resistance genes in six strains of Enterobacter cloacae isolated from chronic 
wounds, yet when the silver resistant strains of bacteria were exposed to ionic silver, 
they were effectively inhibited.78

Mode of Action

Ionic silver (Ag+) at low concentration is effective in killing bacteria, whereas the 
elemental form of silver (Ag0) has no antimicrobial effects. The efficacy of ionic 
silver is affected by a number of factors, such as the concomitant presence of anions, 
proteins, sulfides, chloride ions, and phosphates. The levels of ionic silver achieved 
are also important; levels of 5 to 50 µg/mL (ppm) are inhibitory against bacteria in 
wounds.79 Microbial susceptibility also varies among bacterial species.

Silver inhibits bacteria by many mechanisms, including hindering bacterial respi-
ration, disrupting the cell membrane, denaturing proteins, and altering nucleic acids. 
Its bactericidal efficacy is thought to be due to its ability to bind to disulfide and 
sulfydryl groups of proteins found in the cell walls of bacteria,80,81 as well as its abil-
ity to join to DNA.82 Because silver affects so many of the metabolic processes found 
in bacteria, it is rapidly bactericidal.83

Efficacy on Biofilms

Ionic silver is highly effective in inhibiting planktonic bacteria, particularly in drink-
ing water.84,85 However, at levels of 100 µg/L, ionic silver was shown in one study 
to be ineffective at destroying bacteria in a biofilm.86 Another study, however, found 
that Elastoguard silver-releasing rubber reduced Pseudomonas aeruginosa biofilm 
formation in water.87 Ionic silver has been reported to either delay or prevent biofilm 
formation on therapeutic catheters,88 artificial heart valves,89 and other medical pros-
theses.90 Studies utilizing microbial genomics have demonstrated the effectiveness 
of silver in preventing the formation of biofilms.91 Also, a study by Bjarnsholt et al.92 
showed that silver was effective against mature biofilms of P. aeruginosa. It further 
highlighted the importance of an adequate silver concentration for biofilm eradi-
cation and suggested that wound dressings might not provide sufficient levels for 
activity in vivo. In a study employing atomic force microscopy to measure the effect 
of ionic silver on S. epidermidis biofilm,93 a concentration of 5 to 10 µg/mL silver 
sulfadiazine eradicated the biofilm, whereas a lower concentration (1 µg/mL) had no 
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effect. The authors concluded that the concentration of silver required to eradicate a 
bacterial biofilm was 10 to 100 times higher than that used to eradicate planktonic 
bacteria. They suggested that the concentration of silver in currently available wound 
dressings is much too low for treatment of chronic wounds with biofilm.93

The effectiveness of silver-containing wound dressings on biofilms is not well 
documented. A recent study by Percival et al.94 found that a silver-containing dress-
ing achieved total bacterial killing on biofilms grown in a chambered slide model 
after 48 hours. This research provided valuable evidence that this dressing may 
have an effect on biofilms found in recalcitrant chronic wounds. Silver-containing 
phosphate-based glasses have been found to reduce the growth of Pseudomonas 
aeruginosa and Staphylococcus aureus biofilms, two common organisms in nosoco-
mial infections.95 Silver in combination with antibiotics (e.g., tobramycin) has been 
shown to have better efficacy on biofilms than either agent used individually.96

Polyhexamethylene Biguanides (PHMB)

PHMBs are cationic biocides. These compounds have a broad spectrum of activ-
ity and have been used commercially as swimming pool sanitizers (Baquacil), as 
general biocides, and as antiseptics.97 PHMB has also been used as a contact lens 
cleaning formulation98 and for the treatment of Acanthamoeba keratinitis,99,100 in 
mouthwashes,101 as an agent for bacterial vaginosis,102 genital warts,103 and to treat 
chronic wounds.104,105 PHMB possesses broad-spectrum antibacterial activity, and it 
does not induce the development of bacterial resistance.106–107 No reported incidences 
of acquired resistance against this agent in bacteria have been documented to date.

Mode of Action

PHMB has been shown to bind to the cell walls and membranes of both Gram-
negative and Gram-positive bacteria, specifically to the lipopolysaccharides and 
peptidoglycan. It has been reported to cause the cell membrane to become more 
permeable, resulting in its disruption and the cellular leakage of numerous cations.108 
It has also been documented to bind to bacterial DNA, alter its transcription, and 
cause lethal DNA damage.109 PHMB has low toxicity to human cells, largely due to 
their more complex membranes.

Efficacy against Biofilms

There is limited research activity in this area, but efficacy of PHMB has been 
detected on S. aureus biofilms.110

Chlorhexidine

Chlorhexidine is a biguanide (Figure 11.4) that was chemically synthesized in 1946 
and introduced into clinical practice in 1954. It has been used as an antiseptic and 
disinfectant in many situations, but particularly as a surgical scrub, for infection 
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prophylaxis in dentistry and urology procedures, and in the treatment of chronic 
wounds. In wound care it is used to irrigate and cleanse contaminated, traumatic 
wounds.111

Two systematic reviews have highlighted the paucity of evidence for the clinical 
efficacy of antiseptics in reducing the risk of postoperative infections. It is widely 
believed that antiseptics reduce skin microbiota, but the hypothesis that showering 
or bathing with an antiseptic before undergoing surgery prevents surgical site infec-
tion (SSI) has not been supported by objective evidence.112 To date there are six 
available randomized controlled trials examining this issue with a total of 10,007 
patients. Chlorhexidine gluconate was utilized in all of the studies, but it demon-
strated no definitive advantage in diminishing SSIs compared to other wash prod-
ucts.112 The evidence for the effectiveness of surgical hand antiseptics in reducing 
SSI is not very strong, either.113 Data from four studies concerning aqueous scrubs 
indicated that those containing chlorhexidine gluconate were more effective in 
reducing the number of viable bacteria on hands than scrubs containing povidone 
iodine, but the reviewers considered that the evidence was limited. In dentistry 
studies, chlorhexidine rinses have been found to be effective in reducing the oral 
microbial load.114

Mode of Action

The effect of chlorhexidine on bacterial cells depends on its concentration. At low 
concentrations it inhibits enzymes associated with bacterial membranes and causes 
leakage of cellular materials; at higher concentrations it causes denaturation of cyto-
plasmic components. A variety of bacteria are inhibited by chlorhexidine,115 but 
resistance to this antiseptic has been reported.116

Efficacy on Biofilms

Unfortunately, much of the evidence concerning the efficacy of chlorhexidine on 
biofilms comes from in vitro rather than in vivo studies.117,118 In the in vitro environ-
ment, studies of chlorhexidine on biofilm have shown it to be both effective119 and 
noneffective,120 leaving the question in doubt.

Acetic Acid

Vinegar, or acetic acid, is reputed to have been discovered about 5000 years ago by 
the Babylonians when some of their alcoholic fermentations failed. It has since been 
utilized in various types of medicines and its first recorded use in wound care dates 
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Figure 11.4  Structure of chlorhexidine.
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to Hippocrates c. 420 B.C. It is an agent that has a wide spectrum of activity against 
a broad range of microorganisms.

A 1% solution of acetic acid has been shown to eliminate P. aeruginosa (then 
called Bacillus pyocyanea) from military injury wounds within 2 weeks.121,122 Acetic 
acid was used to successfully eliminate P. aeruginosa from the superficial wounds 
and burns in eight of nine patients within 3 weeks.123 Similar results were found 
when concentrations of acetic acid between 0.5% and 5% were applied to burn and 
soft tissue wounds of 16 patients. P. aeruginosa was eliminated from 14 patients 
within 2 weeks and in vitro tests determined MIC values for all strains at 2% acetic 
acid.124 This cheap and effective remedy for superficial Pseudomonas colonization 
is not used routinely today because a number of studies have shown that acetic acid is 
cytotoxic in vitro, although this does not seem to be the case in vivo.125

Mode of Action

Acetic acid has been shown to inhibit both Gram-positive and Gram-negative bacteria. Its 
mode of action is by preventing the uptake of essential substrates via active transport.

Efficacy on Biofilms

Few investigations into the efficacy of acetic acid on biofilms have been published. 
Treatments with low concentrations of acetic acid (1.25%, 15 min) have shown poor 
efficacy on biofilms.126 However, Akiyama and colleagues have shown that acetic 
acid was effective on S. aureus biofilms.127 Synergistic combination of 1% acetic 
acid with 50 or 100 µg/mL of monolaurin have eradicated planktonic cells of Listeria 
monocytogenes.128 In the same study a population of 105 CFU/cm2 of 1-day adherent 
cells was completely inactivated within 25 min by 1% acetic acid combined with 
100 µg/mL of monolaurin.

Honey

Of all of the antimicrobial agents used in wound care today, honey is probably the 
one with the longest history. Artefacts dating back more than 4500 years illustrate its 
use in many different cultures.129 In British hospitals some patients’ wounds were 
treated with commercially purchased (nonmedical) honey until the 1970s. This prac-
tice began to lose favor both because of concerns about spores that may contaminate 
nonmedical honey and the development of modern, occlusive and antibacterial dress-
ings. The use of honey as topical treatment for wounds has recently been revived, 
however. The first modern wound care product was a blend of Australian and New 
Zealand honeys that was packaged into a tube, sterilized by gamma irradiation, and 
licensed by the Therapeutic Goods Agency for use in Australia and New Zealand in 
1999. Now licensed wound care products containing medical grade honey are avail-
able throughout Europe, Hong Kong, Canada, and the United States. There is a large 
range of products, including tubes of sterile honey to gels containing honey and wax, 
ointments, hydrogels containing honey, mesh impregnated with honey, tulle impreg-
nated with honey, calcium alginate impregnated with honey, and a flexible, nonsticky 
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sheet or gel. The honeys utilized in these products vary; they may contain buckwheat 
honey, multifloral honey, manuka (with or without jellybush honey [Leptospermum]), 
or honey of unspecified floral origin. Except for remote communities in developing 
countries, commercially purchased honey is no longer used in conventional medicine 
because the antibacterial activity and microbiological quality cannot be assured.130 
Quality standards for honeys destined for wound care have been established131 and 
medical-grade honey is distinct from that meant for human consumption.

There is extensive anecdotal evidence and increasing clinical evidence for the 
efficacy of honey in treating many different types of wounds.132 A randomized con-
trolled trial with venous ulcers recently showed that compared with a hydrogel, 
manuka honey increased the rate of healing and gave rise to a lower incidence of 
infection and more effective desloughing.133 However, two recent randomized trials 
have demonstrated that the clinical benefits of honey were not statistically signifi-
cantly better than standard care,134,135 and three systematic reviews have criticized 
the quality of design of clinical studies using honey.136–138 Notwithstanding the mixed 
evidence to date, the clinical use of honey continues to increase.

Mode of Action

Honey is a supersaturated solution of sugars with an acidic pH, high osmolarity, and 
low water content. These characteristics alone restrict the growth of microorgan-
isms.139 Additional antimicrobial activity is generated on dilution by the activation 
of glucose oxidase (an enzyme incorporated into honey by bees) to produce hydro-
gen peroxide.140 Plant-derived components also confer antimicrobial properties on 
Leptospermum honeys.141,142

Honey has a broad spectrum of antimicrobial activity and has been shown to 
inhibit more than 60 bacterial species,143 as well as fungi, protozoa, and viruses.144–147 
Although the mode of action has not yet been fully elucidated, it has been shown that 
diluted honey inhibits bacteria at concentrations where the involvement of sugars is 
excluded.148 Bactericidal activity against P. aeruginosa has been reported.149

Efficacy on Biofilms

All of the in vitro studies cited above have tested honey on planktonic cells, rather 
than biofilms. There is little experimental evidence available to evaluate the effect 
of honey on biofilms. In a preliminary laboratory study, manuka honey was shown 
to inhibit biofilms of P. aeruginosa at concentrations markedly higher than those 
required to inhibit suspensions of planktonic cells, and contact time was impor-
tant.150 Inhibition of biofilms formed by S. aureus and P. aeruginosa has also been 
demonstrated by manuka honey and a Yemini honey.151 Two studies have suggested 
that honey prevents the attachment of bacteria to cell surfaces, which is a critical step 
in the initiation of biofilm formation.152,153 It is possible that honey induces dispersal 
of established biofilms of P. aeruginosa by supplying excess nutrients,154 but this 
hypothesis has not been tested.

Eradication of biofilm in wounds by honey has not yet been adequately dem-
onstrated. One published example of biofilm control in vivo is a clinical trial that 
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demonstrated that subjects who chewed a “honey leather” produced from manuka 
honey had significantly lower dental plaque scores than a control group.155 Plaque is 
a biofilm found on teeth that has adverse effects on dental health.

Hydrogen Peroxide

Hydrogen peroxide (H2O2) is a clear liquid that may be used as a 3% or 6% solu-
tion for cleansing traumatic, necrotic, or infected wounds. It has also been used as 
a disinfectant on inanimate surfaces within domestic and healthcare environments, 
especially contact lenses. Hydrogen peroxide has been found to be a good debriding 
agent by a number of researchers.156 In vitro tests suggest that hydrogen peroxide is 
more effective against Gram-positive bacteria than Gram-negative ones, but it has 
cidal activity against a wide range of microorganisms, including bacterial spores. 
Hydrogen peroxide is generally recognized as a safe antimicrobial agent, by the U.S. 
Food and Drug Administration (FDA). The efficacy of hydrogen peroxide is reduced 
by catalase, which breaks it down to water and oxygen. Catalase is produced by both 
host cells in the wound tissue, and bacteria found in a wound.

The manufacture of hydrogen peroxide is made possible by the autoxidation of 
2-ethyl-9,10-dihydroxyanthracene (C16H14O2) to 2-ethylanthraquinone (C16H12O2) 
and hydrogen peroxide using oxygen from the air. This whole process is known as 
the Riedl-Pfleiderer process (Figure 11.5).157

Mode of Action

Hydrogen peroxide is relatively unstable in the presence of organic matter. It 
also decomposes (disproportionates) exothermically into water and oxygen gas 
spontaneously:

	 2 H2O2 → 2 H2O + O2

The formation of free radicals during its oxidation, which cause irreparable breakage 
of strands in DNA molecules, probably accounts for its antibacterial activity. There 
have been safety concerns about hydrogen peroxide since reports of the formation 
of emboli,158 and in most health care settings it is no longer used routinely on deep 
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Figure 11.5  Riedl-Pfleiderer process.
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wounds. New products, such as Oxyzyme, generate significantly lower concentra-
tions of hydrogen peroxide than solutions of wound cleansers.

Efficacy on Biofilms

Hydrogen peroxide has been shown to be efficacious against Streptococcus mutans 
biofilm159,160 and S. epidermidis biofilms.69,161 Hydrogen peroxide has also been 
shown to be effective on biofilms in combination with other agents.162

Lactoferrin

Lactoferrin is part of the innate human immune system and is secreted in tears, 
saliva, mucous, and milk. Lactoferrin has a high affinity for iron, which is an essen-
tial trace metal for bacteria. Removing iron from their environment has been shown 
to have a bacteriostatic or a bactericidal effect on bacteria.163

Mode of Action

Lactoferrin has an array of antibacterial effects, including enhancing the adhesion 
of neutrophils to endothelial cells,164 and having high affinity for lipopolysaccharide 
(LPS) in the outer membrane of Gram-negative bacteria. It also binds to the lipid, 
which causes rigidity of acyl chains with resultant rapid release of lipopolysaccha-
rides, causing enhanced cell membrane permeability with leakage of cell contents, 
followed by cell death.165–167 Additionally, lactoferrin, as a serine protease, is able 
to cleave arginine, thereby inducing the degradation of secreted proteins essential 
for bacterial attachment.168 Recent research has shown synergy between lactofer-
rin and polymorphonuclear leukocytes (PMNs), which may enhance their bacteri-
cidal potential.

Efficacy on Biofilms

The majority of research on the efficacy of lactoferrin has been with bacteria in 
the planktonic state, where it has bactericidal activity. For example, Singh and col-
leagues have demonstrated that lactoferrin prevented attachment of free-floating 
P. aeruginosa onto a surface, therefore interrupting biofilm formation.169 A study by 
Weinberg found beneficial effects of lactoferrin on biofilms,170 and another study171 
established that the combination of lactoferrin and xylitol decreased the viability of 
P. aeruginosa.

Xylitol

Xylitol, widely used as an artificial sweetener, is a 5-carbon sugar alcohol that occurs 
naturally in small quantities in a number of plants, fruits, and vegetables.172 It can be 
metabolized in the liver by the polyaldehydrogenase pathways. Studies have shown a 
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beneficial effect of xylitol in managing paranasal sinusitis. Similarly, a study involv-
ing 857 children found that xylitol decreased the incidence of otitis media by more 
than 40% over an 8-week study period.173 Xylitol solutions are commercially avail-
able as a nasal spray.

Mode of Action

Xylitol has the ability to block the adhesion of Gram-positive bacteria by binding 
onto the outer surface of these bacteria, lowering the ability of bacteria to adhere to 
epithelial cell surfaces and tissue surfaces.174 Xylitol is also able to complex with cer-
tain metal ions, such as calcium and iron, which are important for bacterial viability 
and virulence.

Efficacy on Biofilms

Xylitol has been found to be effective in preventing a number of biofilm-related dis-
eases, including dental plaque, otitis media, and sinusitis. In synergy studies with 
farnesol, xylitol has been shown to inhibit biofilm formation on the skin.175,176 Xylitol 
has also been found to inhibit the formation of EPS in S. aureus.176

Bacteriophages

Bacteriophages (or phages) are viruses that infect bacteria which were first reported 
by Twort and d’Herelle in 1915 and 1917, respectively.177 Although their clinical 
potential for treating bacterial infections was recognized soon after their discovery, 
interest faded after the discovery of antibiotics. Phage therapy was initially devel-
oped and used in Georgia and parts of Russia, where it had some early setbacks. It 
has only relatively recently been taken up by Western countries, mostly in the setting 
of growing resistance of bacteria to available antibiotic agents.178

Mode of Action

All viruses have an extremely narrow host range and bacteriophages are no excep-
tion. A virus can normally infect only its respective strain of host bacterial cell. 
The infection process begins when a bacterium binds to specific receptors on the 
surface of its respective host cell (Figure 11.6). Following viral enzymatic diges-
tion of the host cell wall in the vicinity of attachment, phages inject their genetic 
material into the host cell. The phage-derived genetic material then directs the 
host’s metabolic systems to reproduce phage components. The different parts of the 
phage are assembled into functional phages inside the host cell, and host enzymes 
cause the cell to lyse and release the replicated virus particles. Each of these viral 
particles can then infect additional host bacterial cells. Hence, one virus can poten-
tially direct a bacterial cell to produce several hundred virus particles in less than 
an hour.
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Effectiveness on Biofilms

Preliminary observations using mice suggested that phage therapy against S. aureus179 
and P. aeruginosa in a burn model180 was effective in treating planktonic infections. 
Few studies have looked at the ability of bacteriophages to infect host bacteria in a 
biofilm phenotype. The available studies have shown that phage can absorb, repli-
cate, and reinfect their host bacteria within a biofilm.181–183 Some phage products have 
been shown to degrade bacterial EPS.184–186 However, the EPS material produced by 
a particular bacterium depends on access to necessary substrates and interactions 
with other bacteria in the biofilm. So, it is unclear how effective phage therapy might 
be against biofilm in a clinical setting. At present the narrow host spectrum range of 
most bacteriophages tends to limit their clinical potential, because an array of dif-
ferent viral cultures would be required to combat the range of different species of 
bacteria likely to be found in any wound. Research into phage therapy is ongoing in 
a number of universities, and it offers some promise in the treatment of burn infec-
tions, infections with bacteria showing multiple antibiotic resistance, and in selected 
animal and human systemic infections.

Ethylenediamine Tetraacetic Acid (EDTA)

Ethylenediamine tetraacetic acid (EDTA) is widely used as a metal chelating agent 
in the food and water industry. The formula of EDTA is [CH2N(CH2CO2H)2]2. 
This colorless and water-soluble chelating agent is able to “sequester” di- and tri
cationic metal ions, such as Ca2+ and Fe3+. EDTA is able to inhibit bacteria in its own 
right,187–189 as well as enhance the antibacterial activity of other agents. EDTA is used 
to remove excess iron from the body and for chelation therapy for mercury and lead 
poisoning. Research into the effect of EDTA on bacteria began in the 1960s.190,191
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Figure 11.6  Replication of bacteriophage virus within a bacterial cell (viral infection of 
a bacterium).
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In theory, EDTA should be able to abstract and chelate calcium and magnesium 
cations, thereby causing the breakdown the EPS matrix of the biofilm. It follows that 
this would then expose the microorganisms to the effects of applied antimicrobials. 
Recently, a number of groups have examined this effect of EDTA, both alone and in 
conjunction with antimicrobial agents, on biofilms.

Mode of Action

Because EDTA avidly binds metal ions such as magnesium and iron, it has mul-
tiple antimicrobial effects. The outer membrane of Gram-negative bacteria becomes 
more permeable when exposed to EDTA, which causes a loss of integrity and allows 
the ingress of other agents.192 Gram-positive bacteria are affected to a lesser degree 
because they do not possess an outer membrane. Bacterial growth can be restricted 
by the chelation of essential metal ions such as iron, and biofilm initiation can be 
prevented by lack of cations, which are required for microbial adherence. The role of 
chelators in the prevention of biofilm formation and catheter-related infections has 
been reviewed by Raad and colleagues.193

Effectiveness of Biofilms

Many studies have investigated the antibiofilm properties of EDTA.194 Disodium 
EDTA (at 20 mg/mL) has been shown to have some bactericidal effect against 
clinical isolates of S. epidermidis in catheters in vitro.195 The synergistic effect 
of minocycline and 30 mg/mL EDTA has also been demonstrated196,197 against 
bacteria within a biofilm. This combination was also shown to prevent coloniza-
tion, bacteremia, septic phlebitis, and endocarditis in a animal catheter model.198 
In addition to minocycline, vancomycin and gentamicin have been reported to act 
synergistically with EDTA against S. epidermis in an in vitro biofilm model.199,200 
Disodium EDTA was also found to be effective against fungal (C. albicans) bio-
films in vitro.201

Research on catheter biofilms using the tetrasodium salt of EDTA has shown that 
40 mg/mL has a broad-spectrum activity against in vivo–generated biofilms.202,203 
Tetrasodium EDTA has also been shown to remove biofilms of oral microorganisms 
grown on denture base discs or toothbrushes.204

Several commercially available products incorporating EDTA are available, 
including RescuDerm.® This water-soluble burn gel contains 0.1% EDTA along with 
vinegar, citric acid, and Carbopol. RescuDerm has been shown to have antibiofilm 
activity against P. aeruginosa and S. epidermis in vitro205 and to prevent further 
P. aeruginosa growth in moderately infected rat full-thickness wound models.206

One study determined the effect of magnesium, calcium, and EDTA on slime 
production by 15 slime-positive and 13 slime-negative Staphylococcus epidermidis 
strains isolated from various clinical specimens. The slime production on tryptic soy 
broth was significantly enhanced after addition of 128 µmol/L Mg2+. Similarly, the 
addition of Ca2+ caused a significant increase in slime production of all tested strains 
when concentration of Ca2+ exceeded 64 µmol/L. In contrast, in the presence of EDTA, 
the slime production by all strains was significantly reduced. Hence Ca2+ and Mg2+ 
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increase slime production of S. epidermidis. This finding is important in the context 
of the pathogenesis of biomedical implant infections caused by S. epidermidis.

Quorum-Sensing Inhibitors

An interesting antibiofilm strategy concerns the specific signaling agents that are 
involved in the development of biofilm and determinants of microbial virulence. 
There are microbial signaling substances called quorum-sensing molecules. They 
are produced by, and detected by, individual cells and allow each to gauge the size of 
the population of cells in which they are immersed. When the bacterial population 
recognizes that a critical density of bacterial cells (i.e., a quorum) has been reached, 
differential gene expression is induced. Essentially, a threshold number of quorum-
sensing molecules must be present to cause the up-regulation or down-regulation of 
operons and regulons, which in turn control a suite of genes responsible for biofilm 
maturation. In theory, if communication between bacteria could be blocked (inhib-
ited), this would affect biofilm formation and virulence of bacteria. Extracts of garlic 
and RNA molecules are currently being investigated for their ability to interfere with 
quorum sensing.

Essential Oils

Because essential oils possess a broad spectrum of antimicrobial activity, they have 
been suggested as possible treatments for wounds. In in vitro tests with biofilms, those 
induced by MRSA and meticillin-sensitive S. aureus were eradicated by exposure to 
5% tea tree oil for 1 hour, but those induced by coagulase-negative staphylococci 
were less susceptible.207 A major component of essential oils is terpenes. Recently, 
ten terpenes were tested for antibiofilm activity against three species of Candida, and 
three (carvacol, geraniol, and thymol) were found to have exceptional activity.208

Conclusions

Humans have always suffered from skin and soft tissue wounds, and many of these 
become infected. It was only after the discovery of bacteria in the 19th century that 
we understood their crucial role in causing infection. Defining infection in acute 
wounds is relatively easy; it is manifested by either purulent secretions or at least 
some of the cardinal clinical signs and symptoms of inflammation (i.e., redness, 
warmth, tenderness, pain, induration, or loss of function). In chronic wounds, espe-
cially in patients with comorbidities such as peripheral neuropathy or vasculopathy, 
these signs and symptoms are less helpful. Thus some have used secondary or more 
subtle signs (e.g., friable, discolored, or pocketed granulation tissue or foul odor) to 
define infection. Others have advocated defining infection by microbiological stan-
dards, usually meaning the presence of greater than 105 organisms per gram of tis-
sue. Defining when infection is present is crucial, as this determines which wounds 
may require antimicrobial therapy. Clinically uninfected wounds typically do not 
need to be treated with antimicrobials, but clearly, infected wounds usually require 
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systemic antibiotic therapy. It is mostly the wounds that are not responding to other-
wise appropriate therapy that may have subtle evidence of infection for which topical 
antimicrobials may be most useful.

Although antimicrobial agents have been used since ancient times, their use in 
modern medicine can only be clearly traced from the 19th century. Few would dispute 
the conviction that reducing the microbial load of wounds ought to reduce the risk 
of infection, yet objective evidence to support the practice is limited.43,44,136–138,209–211 
High-quality clinical evidence is desperately needed. Bacterial colonization, infec-
tion, and biofilms seem to be significant factors that compromise wound healing, 
yet “best practice” guidelines for managing these issues are not well defined or uni-
versally accepted. The widespread use of systemic and topical antibiotics is known 
to encourage the emergence of microbial resistance, such as methicillin-resistant 
Staphylococcus aureus, and antiseptics might well assist this process. Even though 
the use of certain antiseptic agents may be a valuable option for controlling infec-
tion, promoting healing, and killing bacteria, their potential in coping with biofilms 
is not proven. With the recent confirmation of the presence of biofilms in wounds 
and their role in delaying wound healing, it is important that the next generation 
of antimicrobials be effective against biofilms, because our traditional antimicro-
bial agents are not proving to be entirely satisfactory in facilitating rapid healing 
in a large number of recalcitrant wounds. Clinicians must, however, guard against 
unproven claims for the effectiveness of newly introduced wound antimicrobials. 
Properly conducted trials are crucial in determining which new agents are both safe 
and effective.

References

	 1.	 Forrest, R.D. (1982) Early history of wound healing. J Roy Soc Med 75:198–205.
	 2.	 Nelson, R. (2003) Antibiotic development pipeline runs dry—New drugs to fight resis-

tant organisms are not being developed, experts say. Lancet 362:1726–1727.
	 3.	 McDonnel, G., and Russell, D. (1999) Antiseptics and disinfectants: Activity, action and 

resistance. Clin Microbiol Rev 12:147–179.
	 4.	 Harding, K.G. (1996). Managing wound infection. J Wound Care 8:391–392.
	 5.	 Gilchrist, B. (1997). Should iodine be reconsidered in wound management? J Wound 

Care 6:148–150.
	 6.	 Cooper, R.A. (2007). Iodine revisited. Int Wound J 4:124–137.
	 7.	 Gulliver, G. (1999) Wound care: Arguments over iodine. Nursing Times 95:68–70.
	 8.	 Bucknall, T.E. (1980) The effect of local infection upon wound healing: An experimen-

tal study. Br J Surg 67:851–855.
	 9.	 Robson, M.C., Stenberg, B.D., and Heggars, L. (1990) Wound healing alterations caused 

by infection. Clin Plast Surg 17(3):485–492.
	 10.	 Lyman, I.R., Tenery, J.H., and Basson, R.P. (1970) Correlation between decrease in 

bacterial load and rate of wound healing. Surg Gynecol Obstet 130(4):616–621.
	 11.	 Vowden, P., Apelqvist, J., and Moffat, C. (2008) Wound complexity and healing. In 

European Wound Management Association (EWMA) Position Document: Hard-to-heal 
wounds: A holistic approach. pp. 2–9. London. MEP.

	 12.	 Basu, S., Ramchuran Panray, T., Bali Singh, T., Gulati, A.K., and Shukla, V.K. (2009) A 
prospective, descriptive study to identify the microbiological profile of chronic wounds 
in outpatients. Ostomy Wound Manage 55(1):14–20.

© 2010 Taylor and Francis Group, LLC



318	 Microbiology of Wounds

	 13.	 Howell-Jones, R.S., Wilson, M.J., Hill, K.E., Howard, A.J., Price, P.E., and Thomas, 
D.W. (2005) A review of the microbiology, antibiotic usage and resistance in chronic 
skin wounds. J Antimicrob Chemother 55(2):143–149.

	 14.	 Eron, L.J., Lipsky, B.A., Low, D.E., Nathwani, D., Tice, A.D., and Vilturo, G.A. (2003) 
Managing skin and soft tissue infections: Expert panel recommendations on key deci-
sion points. J Antimicrob Chemother 52(1):13–17.

	 15.	 Dinh, T.L., and Veves, A. (2006) Treatment of diabetic ulcers. Dermatol Ther 
19(6):348–355.

	 16.	 Roghmann, M.C., Siddiqui, A., Plaisance, K., and Standiford, H. (2001) MRSA coloni-
zation and the risk of MRSA bacteraemia in hospitalized patients with chronic ulcers. 
J Hosp Infect 47(2):98–103.

	 17.	 McGuckin, M., Goldman, R., Bolton, L., and Salcido, R. (2003) The clinical relevance 
of microbiology in acute and chronic wounds. Adv Skin Wound Care 16(1):12–23.

	 18.	 Dow, G., Browne, A., and Sibbald, R.G. (1999) Infection in chronic wounds: 
Controversies in diagnosis and treatment. Ostomy Wound Manage 45(8):23–7, 29–40.

	 19.	 White, R.J., Cutting, K., and Kingsley, A. (2006) Topical antimicrobials in the control of 
wound bioburden. Ostomy Wound Manage 52(8):26–58.

	 20.	 Chaby, G., Senet, P., Vaneau, M., Martel, P., Guillaume, J.C., Meaume, S., Téot, 
L., Debure, C., Dompmartin, A., Bachelet, H., Carsin, H., Matz, V., Richard, J.L., 
Rochet, J.M., Sales-Aussias, N., Zagnoli, A., Denis, C., Guillot, B., and Chosidow, O. 
(2007) Dressings for acute and chronic wounds: A systematic review. Arch Dermatol 
143(10):1297–1304.

	 21.	 Thomas, S. (2006) Cost of managing chronic wounds in the UK, with particular empha-
sis on maggot debridement therapy. J Wound Care 15(10):465–469.

	 22.	 James, G.A., Swogger, E., Wolcott, R., Pulcini, E., Secor, P., Sestrich, J., Costerton, J.W., 
and Stewart P.S. (2008) Biofilms in chronic wounds. Wound Rep Regen 16(1):37–44.

	 23.	 Bjarnsholt, T., Kirketerp-Møller, K., Jensen, P.Ø., Madsen, K.G., Phipps, R., Krogfelt, 
K., Høiby, N., and Givskov, M. (2008) Why chronic wounds fail to heal: A new hypoth-
esis. Wound Rep Regen 16(1):2–10.

	 24.	 Fux, C.A., Costerton, J.W., Stewart, P.S., and Stoodley, P. (2005) Survival strategies of 
infectious biofilms. Trends Microbiol 13:34–40.

	 25.	 Steed, D.L., Donohoe, D., Webster, M.W., and Lindsley, L. (1996) Effect of extensive 
debridement and treatment on the healing of diabetic foot ulcers. Diabetic Ulcer Study 
Group. J Am Coll Surg 183:61–64.

	 26.	 Steed, D.L. (2004) Debridement. Am J Surg 187:71S–74S.
	 27.	 Sibbald, R.G. et al. (2000) Preparing the wound bed—Debridement, bacterial balance, 

and moisture balance. Ostomy Wound Manage 46:14–18, 30.
	 28.	 Tarnuzzer, R.W., and Schultz, G.S. (1996) Biochemical analysis of acute and chronic 

wound environments. Wound Rep Regen. 4(3):321–325.
	 29.	 Rhoads, D.D., Wolcott, R.D., and Percival, S.L. (2008) Biofilms in wounds: Management 

strategies. J Wound Care 17(11):502–507.
	 30.	 Nemoto, K., Hirots, K., Murakami, K., Taniguti, K., Murata, H., Viducic, D., and Miyake, 

Y. (2003) Effect of varidase (streptodornase) on biofilm formed by Pseudomonas aerug-
inosa. Chemotherapy 49:121–125.

	 31.	 Johansen, C., Falholt, P., and Gram, L. (1997) Enzymatic removal and disinfection of 
bacterial biofilms. Appl Environ Microbiol 63(9):3724–3728.

	 32.	 Baer, W.S. (1931) The treatment of chronic osteomyelitis with the maggot larvae of the 
blowfly. J Bone Joint Surg 13:438–475.

	 33.	 Chambers, L., Woodrow, S., Brown, A.P., Harris, P.D., Phillips, D., Hall, M., Church, 
J.C., and Pritchard, D.I. (2003) Degradation of extracellular matrix components by 
defined proteinases from the greenbottle larva Lucilia sericata used for the clinical deb-
ridement of non-healing wounds. Br J Dermatol 148:14–23.

© 2010 Taylor and Francis Group, LLC



Antimicrobial Interventions for Wounds	 319

	 34.	 Van der Plas, Jukema, G.N., Wai, S.W., Dogterom-ballering, H.C., Lagendijk, E.L., 
van Gulpen, C., van Dissel, J.T., Bloemberg, G.Y., and Nibbering, P.H. (2008) Maggot 
excretions/secretions are differentially effective against biofilms of Staphylococcus 
aureus and Pseudomonas aeruginosa. J Antimicrob Chemother 61:117–122.

	 35.	 Cazander, G., van Veen, K.E., Bouwman, L.H., Bernards, A.T., and Jukema, G.N. (2009) 
The influence of maggot excretions on PAO1 biofilm formation on different biomateri-
als. Clin Orthop Relat Res Feb;467(2):536–545.

	 36.	 Van der Plas, M.J., van der Does, A.M., Baldry, M., Dogterom-Ballering, H.C., 
van Gulpen, C., van Dissel, J.T., Nibbering, P.H., Jukema, G.N. (2007) Maggot excre-
tions/secretions inhibit multiple neutrophil proinflammatory responses. Microbes Infect 
9:507–514.

	 37.	 Dumville, J.C., Worthy, G., Bland, J.M., Cullum, N., Dowson, C., Iglesias, C., Mitchell, 
J.L., Nelson, E.A., Soares, M.O., Torgerson, D.J., and Venus II team. (2009) Larval 
therapy for leg ulcers (VenUS II): randomized controlled trial. BMJ 338:b773.

	 38.	 Lipsky, B.A. et al. (2004) Diagnosis and treatment of diabetic foot infections. Clin Infect 
Dis 39:885–910.

	 39.	 Anderl, J.N., Zahller, J., Roe, F., and Stewart, P.S. (2003) Role of nutrient limitation 
and stationary-phase existence in Klebsiella pneumoniae biofilm resistance to ampicil-
lin and ciprofloxacin. Antimicrob Agents Chemother 47:1251–1256.

	 40.	 Walters, M.C., III, Roe, F., Bugnicourt, A., Franklin, M.J., and Stewart, P.S. (2003) 
Contributions of antibiotic penetration, oxygen limitation, and low metabolic activity 
to tolerance of Pseudomonas aeruginosa biofilms to ciprofloxacin and tobramycin. 
Antimicrob Agents Chemother 47:317–323.

	 41.	 Brennan, S.S., and Leaper, D.J. (1985) The effect of antiseptics on the healing wound: 
A study using the rabbit ear chamber. Br J Surg 72(10):780–782.

	 42.	 Lineweaver, W., Howard, R., Soucy, D., McMorris, S., Freeman, J., Cairn, C., Roberston, 
J., and Rumley, T. (1985) Topical antimicrobial toxicity. Arch Surg 120:267–270.

	 43.	 Drosou, A., Falabella, A., and Kirsner, R.S. (2003) Antiseptics in wounds: A area of 
controversy. Wounds 15(5):149–166.

	 44.	 O’Meara, S.M., Cullum, N.A., Majid, M., and Sheldon, T.A. (2001) Systematic review 
of antimicrobial agents used for chronic wounds Br J Surg 88(1):4–21.

	 45.	 Gilchrist, B. (1997) Should iodine be reconsidered in wound management? J Wound 
Care 6:148–150.

	 46.	 Pierard-Franchimont, C., Paquet P., Arrese, J.E., and Pierard, G.E. (1997) Healing rate 
and bacterial necrotizing vasculitis in venous leg ulcers. Dermatology 194:383–387.

	 47.	 Lineaweaver, W., Soucy, D., and Howard, R. (1985). Cellular and bacterial toxicities of 
topical antimicrobials. Plast Reconstr Surg 75:394–396.

	 48.	 Mayer, D.A., and Tsapogas, M.J. (1993). Povidone-iodine and wound healing: A critical 
review. Wounds 5:14–23.

	 49.	 Eming, S.A., Smola-Hess, S., Kurschat, P., Hirche, D., Krieg, T., and Smola, H. (2006) 
A novel property of povidone-iodine: Inhibition of excessive protease levels in chronic 
non-healing wounds. J Invest Dermatol 126: 2731–2733.

	 50.	 Gruber, R.P., Vistnes, L., and Pardoe, R. (1975). The effect of commonly used antisep-
tics on wound healing. Plast Reconstr Surg 55:472–476.

	 51.	 Drosou, A., Falabella, A., and Kirsner, R.S. (2003). Antiseptics in wounds: An area of 
controversy. Wounds 15(5):149–166.

	 52.	 Mayer, D.A., and Tsapogas, M.J. (1993). Povidone-iodine and wound healing: A critical 
review. Wounds 5:14–23.

	 53.	 Durani, P., and Leaper, D. (2008) Povidone-iodine: Use in hand disinfection, skin prepa-
ration and antiseptic irrigation. Int Wound J 5:376–387.

	 54.	 Fleischer, W., and Reimer, K. (1997) Povidone-iodine in antisepsis: State of the art. 
Dermatology 195:3–9.

© 2010 Taylor and Francis Group, LLC



320	 Microbiology of Wounds

	 55.	 Leaper, D.J., and Durani, P. (2008) Topical antimicrobial therapy of chronic wounds 
healing by secondary intention using iodine products. Int Wound J 5:361–368.

	 56.	 Favero, M.S., and Drake, C.H. (1966) Factors influencing the occurrence of high 
numbers of iodine-resistant bacteria in iodinated swimming pools. Appl Microbiol 
14(4):627–635.

	 57.	 Mycock, G. (1985) Methicillin/antiseptic-resistant Staphylococcus aureus. Lancet 
2:949–950.

	 58.	 Harvey, S.C. (1985) Antiseptics and disinfectants. In Gilman, A.G., and Goodman L.S., 
et al. (Eds.) The Pharmacological Basis of Therapeutics (7th ed.). New York: Macmillan.

	 59.	 Schreier, H., Erdos, G., Reimer, K., König, B., König, W., and Fleischer, W. (1997) 
Dermatology 195(2):111–116.

	 60.	 Han, K.H., and Maitra, A.K. (1989) Management of partial skin thickness burn wounds 
with Inadine dressings. Burns 15:399–402.

	 61.	 Audanaska, H., and Gustavson, B. (1988) In patient treatment of chronic varicose venous 
ulcers; A randomised trial of cadexomer iodine versus standard dressings. J Int Med Res 
16:428–435.

	 62.	 Moberg, S., Hoffman, L., Grennert, M.L., and Holst, A. (1983) A randomised trial of 
cadexomer iodine in decubitus ulcers. J Am Geriatr Soc 8:462–465.

	 63.	 Tomoyuki, O., Mizuashi, M., Ito, Y., and Aiba, S. (2007) Cadexomer as well as cadex-
omer iodine induces the production of proinflammatory cytokines and vascular endothe-
lial growth factor by human macrophages. Exp Dermatol 16:318–323.

	 64.	 Ivins, N., Simmonds, W., Turner, A., and Harding, K. (2007) The use of an oxygenating 
hydrogel dressing in VLU. Wounds UK 2007 3:1–5.

	 65.	 Maillard, J.-Y. (2002) Bacterial target for biocide action. J Applied Microbiol Symp 
Supp 92:16S–27S.

	 66.	 Pyle, B.H., and McFeters, G.A. (1990) Iodine susceptibility of pseudomonads grown 
attached to stainless steel surfaces. Biofouling 2:113–120.

	 67.	 Cargill, K.L., Pyle, B.H., Sauer, R.L., and McFeters G.A. (1992) Effects of culture con-
ditions and biofilm formation on the iodine susceptibility of Legionella pnueumophila. 
Can J Microbiol 38:423–429.

	 68.	 Kunisada, T., Yamada, K., Oda, S., and Hara, O. (1997) Investigation on the efficacy of 
povidone-iodine against antiseptic-resistant species. Dermatology 195:14–18.

	 69.	 Presterl, E., Suchomel, M., Eder, M., Reichmann, S., Lassnigg, A., Graninger, W., and 
Rotter, M. (2007) Effects of alcohols, povidone-iodine and hydrogen peroxide on bio-
films of Staphylococcus epidermidis. J Antimicrob Chemother 60:417–420.

	 70.	 Akiyama, H., Oono, T., Saito, M., and Iwatsuki, K. (2004) Assessment of cadexomer 
iodine against Staphylococcus aureus biofilm in vivo and in vitro using confocal laser 
scanning microscopy. J Dermatol 31: 529–534.

	 71.	 Ivins, N., Simmonds, W., Turner, A., and Harding, K. (2007) The use of an oxygenating 
hydrogel dressing in VLU. Wounds UK 2007. 3:1–5.

	 72.	 Leaper, D.J. (2006) Silver dressings: Their role in wound management. Int Wound J 
3(4):282–294.

	 73.	 Rai, M., Yadav, A., and Gade, A. (2009) Silver nanoparticles as a new generation of 
antimicrobials. Biotechnol Adv 27(1):76–83.

	 74.	 Percival, S.L., Bowler, P., and Russell, D. (2005) Bacterial resistance to silver and its 
impact to woundcare, J Hosp Infect 60:1–7.

	 75.	 Woods, E.J., Cochrane, C.A., and Percival, S.L. (2009) Prevalence of silver resistance 
genes in bacteria isolated from human and horse wounds. Vet Microbiol Mar 24.

	 76.	 Landsdown, A.B., and Williams, A. (2007) Bacterial resistance to silver in wound care 
and medical devices. J Wound Care 16(1):15–19.

© 2010 Taylor and Francis Group, LLC



Antimicrobial Interventions for Wounds	 321

	 77.	 Percival, S.L., Cochrane, C., Nutekor, M., and Silver, S. (2008) Prevalence of silver 
resistance in bacteria isolated from diabetic foot ulcers and efficacy of silver-containing 
wound dressings. Ostomy Wound Manage 54(3):30–40.

	 78.	 Woods, E.J., Cochrane, C.A., and Percival, S.L. (2009) Prevalence of silver resistance 
genes in bacteria isolated from human and horse wounds. Vet Microbiol 138:325–329.

	 79.	 Yin, H.Q., Langford, R., and Burrell, R. (1999) Comparative evaluation of the anti-
microbial activity of Acticoat antimicrobial barrier dressing. J Burn Care Rehab 
20:195–200.

	 80.	 Slawson, R.M., Lee, H., and Trevors, J.T. (1990) Bacterial interactions with silver. Biol 
Met 3(3–4):151–154.

	 81.	 Slawson, R.M., Van Dyke, M.I., Lee, H., and Trevors, J.T. (1992) Germanium and silver 
resistance, accumulation, and toxicity in microorganisms. Plasmid 27(1):72–79.

	 82.	 Thurman, R.B., and Gerba, C.O. (1989) The molecular mechanisms of copper and silver 
ion disinfection of bacteria and viruses. Crit Rev Environ Control 18:295–315.

	 83.	 Liau, S.Y., Read, D.C., Pugh, W.J., Furr, J.R., and Russell, A.D. (1997) Interaction of 
silver nitrate with readily identifiable groups: Relationship to the antibacterial action 
of silver ions. Lett Appl Microbiol 25(4):279–283.

	 84.	 Silvestry-Rodriguez, N., Bright, K.R., Uhlmann, D.R., Slack, D.C., and Gerba, 
C.P. (2007) Inactivation of Pseudomonas aeruginosa and Aeromonas hydrophila 
by silver in tap water. J Environ Sci Health A Tox Hazard Subst Environ Eng 
42(11):1579–1584.

	 85.	 Silvestry-Rodriguez, N., Bright, K.R., Slack, D.C., Uhlmann, D.R., and Gerba, C.P. 
(2008) Silver as a residual disinfectant to prevent biofilm formation in water distribution 
systems. Appl Environ Microbiol 74(5):1639–1641.

	 86.	 Silvestry-Rodriguez, N., Sicairos-Ruelas, E.E., Gerba, C.P., and Bright, K.R. (2007) 
Silver as a disinfectant. Rev Environ Contam Toxicol 191:23–45.

	 87.	 De Prijck, K., Nelis, H., and Coenye, T. (2007) Efficacy of silver-releasing rubber for 
the prevention of Pseudomonas aeruginosa biofilm formation in water. Biofouling 
23(5–6):405–411.

	 88.	 Gentry, H., and Cope, S. (2005) Using silver to reduce catheter-associated urinary tract 
infections. Nurs Stand 19:51–54.

	 89.	 Ionescu, A., Payne, N., Fraser, A.G., Giddings, J., Grunkemeier, G.L., and Butchart, 
E.G. (2003) Incidence of embolism and paravalvar leak after St Jude Silzone valve 
implantation: Experience from the Cardiff Embolic Risk Factor Study. Heart 
Sep;89(9):1055–1061.

	 90.	 Darouiche, R.O. (1999) Anti-infective efficacy of silver-coated medical prostheses. Clin 
Infect Dis 29(6):1371–1377.

	 91.	 Wu, M.Y., Suryanarayanan, K., van Ooij, W.J., and Oerther, D.B. (2007) Using micro-
bial genomics to evaluate the effectiveness of silver to prevent biofilm formation. Water 
Sci Technol 55(8–9):413–419.

	 92.	 Bjarnsholt, T., Kirketerp-Møller, K., Kristiansen, S., Phipps, R., Nielsen, A.K., Jensen, 
P.Ø., Høiby, N., and Givskov, M. (2007) Silver against Pseudomonas aeruginosa bio-
films. APMIS 115(8):921–928.

	 93.	 Chaw, K.C., Manimaran, M., and Tay, F.E. (2005) Role of silver ions in destabilization of 
intermolecular adhesion forces measured by atomic force microscopy in Staphylococcus 
epidermidis biofolms. Antimicrob Agents Chemother 49 (12):4853–4859.

	 94.	 Percival, S.L., Bowler, P., and Woods, E.J. (2008) Assessing the effect of an antimicro-
bial wound dressing on biofilms. Wound Repair Regen 16(1):52–57.

	 95.	 Valappil, S.P., Knowles, J.C., and Wilson, M. (2008) Effect of silver-doped phosphate-
based glasses on bacterial biofilm growth. Appl Environ Microbiol 74(16):5228–5230.

© 2010 Taylor and Francis Group, LLC



322	 Microbiology of Wounds

	 96.	 Kim, J., Pitts, B., Stewart, P.S., Camper, A., and Yoon, J. (2008) Comparison of the anti-
microbial effects of chlorine, silver ion, and tobramycin on biofilm. Antimicrob Agents 
Chemother 52(4):1446–1453.

	 97.	 Fabry, W., Trampenau, C., Bettag, C., Handschin, A.E., Lettgen, B., Huber, F.X., 
Hillmeier, J., and Kock, H.J. (2006) Bacterial decontamination of surgical wounds 
treated with Lavasept. Int J Hyg Environ Health 209(6):567–573.

	 98.	 Santodomingo-Rubido, J. (2007) The comparative clinical performance of a new poly-
hexamethylene biguanide- versus a polyquad-based contact lens care regime with two 
silicone hydrogel contact lenses. Ophthalmic Physiol Opt 27(2):168–173.

	 99.	 Larkin, D.F.P., Kilvington, S., and Dart, J.K.G. (1992) Treatment of Acanthamoeba 
keratitis with polyhexamethylene biguanide. Ophthalmology 99:185–191.

	100.	 Lim, N., Goh, D., Bunce, C., Xing, W., Fraenkel, G., Poole, T.R., and Ficker, L. 
(2008) Comparison of polyhexamethylene biguanide and chlorhexidine as mono-
therapy agents in the treatment of Acanthamoeba keratitis. Am J Ophthalmol 
145(1):130–135.

	101.	 Nascimento, A.P., Tanomaru, J.M., Matoba-Júnior, F., Watanabe, E., Tanomaru-Filho, 
M., and Ito, I.Y. (2008) Maximum inhibitory dilution of mouthwashes containing chlor
hexidine and polyhexamethylene biguanide against salivary Staphylococcus aureus. 
J Appl Oral Sci 16(5):336–339.

	102.	 Minozzi, M., Gerli, S., Di Renzo, G.C., Papaleo, E., and Ferrari, A. (2008) The effi-
cacy and safety of a single dose of polyhexamethylene biguanide gynaecologic solution 
versus a seven-dose regimen of vaginal clindamycin cream in patients with bacterial 
vaginosis. Eur Rev Med Pharmacol Sci 12(1):59–65.

	103.	 Marelli, G., Papaleo, E., Origoni, M., Caputo, L., and Ferrari A. (2005) Polyhexamethylene 
biguanide for treatment of external genital warts: A prospective, double-blind, random-
ized study. Eur Rev Med Pharmacol Sci. 9(6):369–372.

	104.	 Motta, G.J., Milne, C.T., and Corbett, L.Q. ( 2004) Impact of antimicrobial gauze on bac-
terial colonies in wounds that require packing. Ostomy Wound Manage 50(8):48–62.

	105.	 Salas Campos, L., Gómez Ferrero, O., Estudillo Pérez, V., and Fernández Mansilla, 
M. (2006) Preventing nosocomial infections. Dressings soaked in polyhexamethylene 
biguanide (PHMB). Rev Enferm 29(6):43–48.

	106.	 Nascimento, A.P., Tanomaru, J.M., Matoba-Júnior, F., Watanabe, E., Tanomaru-Filho, 
M., and Ito, I.Y. (2008) Maximum inhibitory dilution of mouthwashes containing chlor
hexidine and polyhexamethylene biguanide against salivary Staphylococcus aureus. 
J Appl Oral Sci 16(5):336–339.

	107.	 Vowden, K., and Vowden, P. (2003) Understanding exudate management and the role of 
exudate in the healing process. Br J Community Nurs 8(11 Suppl):4–13.

	108.	 Broxton, P., Woodcock, P.M., and Gilbert, P. (1983) A study of the antibacterial activity 
of some polyhexamethylene biguanides towards Escherichia coli ATCC 8739. J Appl 
Bact, 5445–5453.

	109.	 Allen, M.J., White, G.F., and Morby, A.P. (2006) The response of Escherichia coli to 
exposure to the biocide polyhexamethylene biguanide.Microbiology152(4):989–1000.

	110.	 Ueda, S., and Kuwabara, Y. (2007) Susceptibility of biofilm Escherichia coli, Salmonella 
enteritidis and Staphylococcus aureus to detergents and sanitizers. Biocontrol Sci 
12(4):149–153.

	111.	 Russell, A.D. (2002) Introduction of biocides into clinical practice and the impact on 
antibiotic-resistant bacteria. J Appl Microbiol 92: 121S–135S.

	112.	 Webster, J., and Osborne, S. (2007) Preoperative bathing or showering with skin anti-
septics to prevent surgical site infection. Cochrane Database Syst Rev 2: CD004985

	113.	 Tanner, J., Swarbrook, S., and Stuart, J. (2008) Surgical hand antisepsis to reduce surgi-
cal site infection. Cochrane Database Syst Rev 1: CD004288

© 2010 Taylor and Francis Group, LLC



Antimicrobial Interventions for Wounds	 323

	114.	 Lambert, P.M., Moris, H.F., and Ochi, S. (1997) The influence of 0.12% chlorhexi-
dine gluconate rinses on the incidence of infectious complications and implant success. 
J Oral Maxillofac Surg 55:25–30.

	115.	 Payne, D.N., Babb, J.R., and Bradley, C.R. (1999) An evaluation of the suitability of 
the European suspension test to reflect in vitro activity of antiseptics against clinically 
significant organisms. Lett Appl Microbiol 28(1):7–12.

	116.	 Cookson, B.D., Bolton, M.C., and Platt, J.H. (1991) Chlorhexidine resistance in meth-
icillin-resistant Staphylococcus aureus or just an elevated MIC? An in vitro and in vivo 
assessment. Antimicrob Agents Chemother 35(10):1997–2002.

	117.	 Millward, T.A., and Wilson, M. (1989) The effect of chlorhexidine on Streptococcus 
sanguis biofilms. Microbios 58:155–164.

	118.	 Pratten, J., Barnett, P., and Wilson, M. (1998) Composition and susceptibility to chlorhex-
idine of multi-species biofilms of oral bacteria. Appl Environ Microbiol 64:3515–3519.

	119.	 Sena, N.T., Gomes, B.P., Vianna, M.E., Berber, V.B., Zaia, A.A., Ferraz, C.C., and 
Souza-Filho, F.J. (2006) In vitro antimicrobial activity of sodium hypochlorite and 
chlorhexidine against selected single-species biofilms. Int Endod J 39(11):878–885.

	120.	 Vitkov, L., Hermann, A., Krautgartner, W.D., Herrmann, M., Fuchs, K., Klappacher, M., 
and Hannig, M. (2005) Chlorhexidine-induced ultrastructural alterations in oral biofilm. 
Microsc Res Tech 68(2):85–89.

	121.	 Taylor, K. (1916) Tissue Fragments and wound infection. Ann Surg 64(6):641–644.
	122.	 Phillips, A.W. (1968) Burn therapy: V. Disaster management—to treat or not to treat? 

Who should receive intravenous fluids? Ann Surg 168(6):986–996.
	123.	 Milner, S.M. (1992) Acetic acid to treat Pseudomonas aeruginosa in superficial wounds 

and burns. Lancet 340(8810):61.
	124.	 Sloss, J.M., Cumberland, N., and Milner, S.M. (1993) Acetic acid used for the elimi-

nation of Pseudomonas aeruginosa from burn and soft tissue wounds. J R Army Med 
Corps 139(2):49–51.

	125.	 Cooper, M.L., Laxer, J.A., and Hansbrough, J.F. (1991) The cytotoxic effects of com-
monly used topical antimicrobial agents on human fibroblasts and keratinocytes. 
J Trauma 31(6):775–784.

	126.	 Peeters, E., Nelis, H.J., and Coenye, T. (2008) Evaluation of the efficacy of disinfection 
procedures against Burkholderia cenocepacia biofilms. J Hosp Infect 70(4):361–368.

	127.	 Akiyama, H., Yamasaki, O., Tada, J., and Arata, J. (1999) Effects of acetic acid on bio-
films formed by Staphylococcus aureus. Arch Dermatol Res 291(10):570–573.

	128.	 Oh, D.H., and Marshall, D.L. (1996) Monolaurin and acetic acid inactivation of Listeria 
monocytogenes attached to stainless steel. J Food Prot 59(3):249–252.

	129.	 Crane, E. (1999). The World History of Beekeeping and Honey Hunting. London: 
Duckworth.

	130.	 Cooper, R.A., and Jenkins, L. (2009) A comparison between medical grade honey and 
table honeys in relation to antimicrobial efficacy. Wounds 21(2):29–36.

	131.	 Molan, P.C., and Hill, C. (2009) Quality standards for medical grade honey. In: Cooper 
RA, Molan, P.C. White, R. (Eds.) Honey in Modern Wound Management. HealthComm, 
United Kingdom.

	132.	 Molan, P.C. (2006). The evidence supporting the use of honey as a wound dressing. Int 
J Lower Extremity Wounds 5:40–54.

	133.	 Gethin, G., and Cowman, S. (2009) Manuka honey vs. hydrogel: A prospective, open 
label, multicentre, randomised controlled trial to compare desloughing efficacy and 
healing outcomes in venous ulcers. J Clin Nurs 18(3):466–474.

	134.	 Jull, A., Walker, N., Parag, V., Molan, P., and Rodgers, A. (2008) Honey as adjuvant leg 
ulcer therapy trial collaborators. Randomised clinical trial of honey-imprgenated dress-
ings for venous leg ulcers. Br J Surg 95(2):175–182.

© 2010 Taylor and Francis Group, LLC



324	 Microbiology of Wounds

	135.	 Robson, V., Dodd, S., and Thomas, S. (2009) Standardized antibacterial honey 
(Medihoney) with standard therapy in wound care: randomized clinical trial. J Adv Nurs 
65(3):565–575.

	136.	 Moore, O.A., Smith, L.A., Campbell, F., Seers, K., McQuay, H.J., and Moore, R.A. 
(2001) Systematic review of the use of honey as a wound dressing. BMC Complement 
Altern Med 1:2.

	137.	 Jull, A.B., Rodgers, A., and Walker, N. (2008) Honey as a topical treatment for wounds. 
Cochrane Database Syst Rev (4):CD005083.

	138.	 Brady, J., Slevin, N.J., Mais, K.L., and Molassiotis, A. (2008) A systematic review of 
honeybuses and its potential value within oncology. J Clin Nurs 17:2604–2623.

	139.	 Molan, P.C. (1992) The antibacterial nature of honey: 1. The nature of the antibacterial 
activity. Bee World 73(1):5–28.

	140.	 Bang, L.M., Buntting, C., and Molan, P.C. (2003) The effects of dilution rate on hydro-
gen peroxide production in honey and its implications for wound healing. J Altern 
Compl Med 9(21):267–273.

	141.	 Mavric, E., Wittmann, S., Barth, G., and Henle, T. (2008) Identification and quantification 
of methylglyoxal as the dominant antibacterial constituent of Manuka (Leptospermum 
scoparium) honeys from New Zealand. Mol Nutr Foods Res 52:483–489.

	142.	 Adams, C.J., Boult, C.H., Deadman, B.J., Farr, J.M., Grainger, M.N.C., Manley-Harris, 
M., and Snow, M.J. (2008) Isolation by HPLC and characterisation of the bioactive 
fraction of New Zealand manuka (Leptospermum scoparium) honey. Carbohydr Res 
343:651–659.

	143.	 Blair, S.E., and Carter, D.A. (2005). The potential for honey in the management of 
wounds and infections. J Aust Infect Control 10(1):24–31.

	144.	 Irish, J. et al. (2006) Honey has an antifungal effect against Candida species. Med Mycol 
44:289–291.

	145.	 Brady, N.F., Molan, P.C., and Harfoot, C.G. (1996). The sensitivity of dermatophytes to 
the antimicrobial activity of manuka honey and other honey. Pharm Sci 2:1–3.

	146.	 Zeina, B., Zohra, B.I., and Al-Assad, S. (1997). The effects of honey on Leishmania 
parasites: An in vitro study. Tropical Doctor suppl 1:36–38. 	

	147.	 Al-Waili, N.S. (2004). Topical honey application vs. acyclovir for the treatment of recur-
rent herpes simplex lesions. Med Sci Monit 10 (8): 94–98.

	148.	 Cooper, R.A., Molan, P.C., and Harding, K.G. (2002) The sensitivity to honey of 
Gram-positive cocci of clinical significance isolated from wounds. J Appl Microbiol 
93(5):857–863.

	149.	 Cooper, R.A., Halas, E., and Molan, P.C. (2002) The efficacy of honey in inhibit-
ing strains of Pseudomonas aeruginosa from infected burns. J. Burns Care Rehab 
23(6):366– 370.

	150.	 Okhiria, O.A., Henriques, A.F.M., Burton, N.F., Peters, A., and Cooper, R.A. (2009) 
Honey modulates biofilms of Pseudomonas aeruginosa in a time and dose dependent 
manner. J. ApiProduct ApiMedical Science 1(1):6–10.

	151.	 Alandejani, T., Marsan, J.G., Ferris, W., and Chan, F. (2008) Effectiveness of honey on 
S. aureus and P. aeruginosa biofilms. Otolaryngol Head Neck Surg 139(1):107.

	152.	 Lerrer, B., Zinger-Yosovich, K.D., Avrahami, B., and Gilboa-Garber, N. (2007) Honey 
and royal jelly, like human milk, abrogate lectin-dependent infection-preceding 
Pseudomonas aeruginosa adhesion. ISME J, 1(2):149–155.

	153.	 Alnaqdy, A., Al-Jabri, A., Al Mahrooqi, Z., Nzeako, B., and Nsanze, H. (2005) Inhibition 
effect of honey on the adherence of Salmonella to intestinal epithelial cells in vitro. Int 
J Food Microbiol 103:347–351.

	154.	 Sauer, K., Cullen, M.C.C., Rickard, A.H., Zeef, A.H., Davies, D.G., and Gilbert, P. 
(2004) Characterization of nutrient-induced dispersion in Pseudomonas aeruginosa 
PAO1 biofilm. J Bact 186(21):7312–7326.

© 2010 Taylor and Francis Group, LLC



Antimicrobial Interventions for Wounds	 325

	155.	 English, H.K.P., Pack, A.R.C., and Molan, PC. (2004) The effects of manuka honey on 
plaque and gingivitis: A pilot study. J Int Acad Periodontol 6:63–67.

	156.	 Rodeheaver, G.T. (1997) Wound cleansing, wound irrigation, wound disinfection. In 
Krasner, D., and Kane, D. (Eds.), Chronic Wound Care: A Clinical Source Book for 
Healthcare Professionals (2nd ed.), Wayne, PA: Health Management Publications, 
pp. 97–108.

	157.	 Campos-Martin, J.M., Blanco-Brieva, G., and Fierro J.L.G.  (2006) Hydrogen peroxide 
synthesis: An outlook beyond the anthraquinone process. Angewandte Chemie Int Ed 
45(42):6962–6984.

	158.	 Sleigh, J.W., and Linter, S.P. (1985) Hazards of hydrogen peroxide. Br Med J (Clin Res 
Ed) 291(6510):1706.

	159.	 DeQueiroz, G.A., and Day, D.F. (2007) Antimicrobial activity and effective-
ness of a combination of sodium hypochlorite and hydrogen peroxide in killing 
and removing Pseudomonas aeruginosa biofilms from surfaces. J Appl Microbiol 
103(4):794–802.

	160.	 Baldeck, J.D., and Marquis, R.E. (2008) Targets for hydrogen-peroxide-induced dam-
age to suspension and biofilm cells of Streptococcus mutans. Can J Microbiol Oct; 
54(10):868–875.

	161.	 Glynn, A.A., O’Donnell, S.T., Molony, D.C., Sheehan, E., McCormack, D.J., and 
O’Gara, J.P. (2009) Hydrogen peroxide induced repression of icaADBC transcription 
and biofilm development in Staphylococcus epidermidis. J Orthop Res 27(5):627–630.

	162.	 Surdeau, N., Laurent-Maquin, D., Bouthors, S., and Gellé, M.P. (2006) Sensitivity of 
bacterial biofilms and planktonic cells to a new antimicrobial agent, Oxsil 320N. J Hosp 
Infect 62(4):487–493.

	163.	 Bullen, J.J. (1975) Iron-binding proteins in milk and resistance to Escherichia coli infec-
tion in infants. Postgrad Med J 51(3):67–70.

	164.	 Oseas, R., Yang, H.H., Baehner, R.L., and Boxer, L.A. (1981) Lactoferrin: A promoter 
of polymorphonuclear leukocyte adhesiveness. Blood 57:939–945.

	165.	 Brandenburg, K., Jurgens, G., Muller, M., Fukuoka, S., and Koch, M.H. (2001) 
Biophysical characterization of lipopolysaccharide and lipid A inactivation by lactofer-
rin. Biol Chem 382:1215–1225.

	166.	 Appelmelk, B. J. et al. (1994) Lactoferrin is a lipid A-binding protein. Infect Immun 
62:2628–2632.

	167.	 Ellison, R.T., III, Giehl, T.J., and LaForce, F.M. (1988) Damage of the outer mem-
brane of enteric Gram-negative bacteria by lactoferrin and transferrin. Infect Immun 
56:2774–2781.

	168.	 Ochoa, T.J. et al. (2003) Lactoferrin impairs type III secretory system function in entero-
pathogenic Escherichia coli. Infect Immun 71:5149–5155.

	169.	 Singh, P.K., Parsek, M.R., Greenberg, E.P., and Welsh, M.J. (2002) A component of 
innate immunity prevents bacterial biofilm development. Nature 417:552–555.

	170.	 Weinberg, E.D. (2004) Suppression of bacterial biofilm formation by iron limitation. 
Med Hypotheses 63(5):863–865.

	171.	 Ammons, M.C.B., Ward, L.S., Fisher, S.T., Wolcott, R.D., and James, G.A. (2008) 
In vitro susceptibility of established biofilms composed of a clinical wound isolate of 
Pseudomonas aeruginosa treated with lactoferrin and xylitol. Int J Antimicrob Agents.

	172.	 Granstrom, T.B., Izumori, K., and Leisola, M. (2007) A rare sugar xylitol. Part II: 
Biotechnological production and future applications of xylitol. Appl Microbiol Biotech
nol 74:273–276.

	173.	 Uhari, M., Tapiainen, T., and Kontiokari, T. (2000) Xylitol in preventing acute otitis 
media. Vaccine 19(1):S144–S147.

	174.	 Tapiainen, T. et al. (2004) Ultrastructure of Streptococcus pneumoniae after exposure to 
xylitol. J Antimicrob Chemother 54:225–228.

© 2010 Taylor and Francis Group, LLC



326	 Microbiology of Wounds

	175.	 Katsuyama, M., Ichikawa, H., Ogawa, S., and Ikezawa, Z. (2005) A novel method to 
control the balance of skin microflora. Part 1. Attack on biofilm of Staphylococcus 
aureus without antibiotics. J Dermatol Sci 38:197–205.

	176.	 Ammons, M.C., Ward, L.S., Fisher, S.T., Wolcott, R.D., and James, G.A. (2009) 
In vitro susceptibility of established biofilms composed of a clinical wound isolate of 
Pseudomonas aeruginosa treated with lactoferrin and xylitol. Int J Antimicrob Agents 
33(3):230–236.

	177.	 Kutter, E., and Sulakvelidze, A. (2005) Bacteriophages: Biology and Applications. Boca 
Raton, FL: CRC Press.

	178.	 Parisien, A., Allain, B., Zhang, J., Mandeville, R., and Lan, C.Q. (2008) Novel alterna-
tives to antibiotics: Bacteriophages, bacterial cell wall hydrolases, and antimicrobial 
peptides. J Appl Microbiol 104(1):1–13.

	179.	 Capparelli, R., Parlato, M., Borriello, G., Salvatore, P., and Iannelli, D. (2007) 
Experimental phage therapy against Staphylococcus aureus in mice. Antimicrob Agents 
Chemother 51(8):2765–2773.

	180.	 McVay, C.S., Velásquez, M., and Fralick, J.A. (2007) Phage therapy of Pseudomonas 
aeruginosa infection in a mouse burn wound model. Antimicrob Agents Chemother 
51(6):1934–1938.

	181.	 Adams, M.H., and Park, B.H. (1956) An enzyme produced by a phage-host cell system. 
II. The properties of the polysaccharide depolymerase. Virology 2:719–736.

	182.	 Donlan, R.M. (2009) Preventing biofilms of clinically relevant organisms using bacte-
riophage. Trends Microbiol 17(2):66–72.

	183.	 Doolittle, M.M., Cooney, J.J., and Caldwell, D.E. (1995) Lytic infection of Escherichia 
coli biofilms by bacteriophage T4. Can J Microbiol 41:12–18.

	184.	 Hughes, K.A., Sutherland, I.W., Clark, J., and Jones, M.V. (1998) Bacteriophage and 
associated polysaccharide depolymerases—Novel tools for study of bacterial biofilms. 
J Appl Microbiol 85:583–590.

	185.	 Hughes, K.A., Sutherland, I.W., and Jones, M.V. (1998) Biofilm susceptibility to bacte-
riophage attack: The role of phage-borne polysaccharide depolymerase. Microbiology 
144(11):3039–3047.

	186.	 Sutherland, I.W., Hughes, K.A., Skillman, L.C., and Tait, K. (2004) The interaction of 
phage and biofilms. FEMS Microbiol Lett 232(1):1–6.

	187.	 Kite, P., Eastwood, K., Sugden, S., and Percival, S.L. (2004) Use of in-vivo generated 
biofilms from haemodialysis catheters to test the efficacy of a novel antimicrobial cath-
eter lock for biofilm eradication in-vitro. J Clin Microbiol 42:3073–3076.

	188.	 Percival, S.L., Kite, P., and Donlan, R. (2005) Assessing the effectiveness of tetrasodium 
ethylenediaminetetraacetic acid as a novel central venous catheter (CVC) lock solu-
tion against biofilms using a laboratory model system. Infect Control Hosp Epidemiol 
26(6):515–519.

	189.	 Eastwood, K., Kite, P., and Percival, S.L. (2005) The effectiveness of TEDTA on biofilm 
eradication. Biofilm Club, Biofilm Club September 6–8, Bioline, Gregynog, Cardiff.

	190.	 Brown, M.R., and Richards, R.M. (1965). Effect of ethylenediamine tetraacetate on the 
resistance of Pseudomonas aeruginosa to antibacterial agents. Nature 207:1391–1393.

	191.	 Gray, G.W., and Wilkinson, S.G. (1965). The effect of ethylenediaminetetraacetic acid 
on the cell walls of some Gram-negative bacteria. J Gen Microbiol 39:385–399.

	192.	 Leive, L. (1965). Release of lipopolysaccharide by EDTA treatment of E. coli. Biochem 
Biophys Res Commun 21:290–296.

	193.	 Raad, I.I., Fang, X., Keutgen, X.M., Jiang, Y., Sherertz, R., and Hachem, R. (2008) The 
role of chelators in preventing biofilm formation and catheter-related bloodstream infec-
tions. Curr Opin Infect Dis 21(4):385–392.

	194.	 Percival, S.L., Kite., P., and Stickler, D. (2009) The use of urinary catheters and control 
of biofilms using TEDTA. Urological Research 37:205–209.

© 2010 Taylor and Francis Group, LLC



Antimicrobial Interventions for Wounds	 327

	195.	 Root, J.L., McIntyre, R.O., Jacobs, N.J., and Daghlian, C.P. (1988). Inhibitory effect 
of disodium EDTA upon the growth of Staphylococcus epidermidis in vitro: Relation 
to infection prophylaxis of Hickman catheters. Antimicrob Agents Chemother 
32:1627–1631.

	196.	 Raad, I., Chatzinikolaou, I., Chaiban, G., Hanna, H., Hachem, R., Dvorak, T., Cook, 
G., and Costerton, W. (2003). In vitro and ex vivo activities of minocycline and EDTA 
against microorganisms embedded in biofilm on catheter surfaces. Antimicrob Agents 
Chemother 47:3580–3585.

	197.	 Raad, I., Hanna, H., Dvorak, T., Chaiban, G., and Hachem, R. (2007). Optimal anti-
microbial catheter lock solution, using different combinations of minocycline, EDTA, 
and 25-percent ethanol, rapidly eradicates organisms embedded in biofilm. Antimicrob 
Agents Chemother 51:78–83.

	198.	 Raad, I., Hachem, R., Tcholakian, R.K., and Sherertz, R. (2002). Efficacy of minocy-
cline and EDTA lock solution in preventing catheter-related bacteremia, septic phlebitis, 
and endocarditis in rabbits. Antimicrob Agents Chemother 46:327–332.

	199.	 Kim, H.-J., Dorn, V.L., and VanBriesen, J.M. (2004). The efficacy of ethylenediamine
tetraacetic acid (EDTA) against biofilm bacteria. Biomedical Engineering Society 
Annual Meeting, Fall 2004.

	200.	 Banin, E., Brady, K.M., and Greenberg, E.P. (2006). Chelator-induced dispersal 
and killing of Pseudomonas aeruginosa cells in a biofilm. Appl Environ Microbiol 
72:2064–2069.

	201.	 Ramage, G., Wickes, B.L., and López-Ribot, J.L. (2007). Inhibition on Candida 
albicans biofilm formation using divalent cation chelators (EDTA). Mycopathologia 
164:301–306.

	202.	 Kite, P., Eastwood, K., Sugden, S., and Percival, S.L. (2004) Use of in vivo-generated 
biofilms from hemodialysis catheters to test the efficacy of a novel antimicrobial cath-
eter lock for biofilm eradication in vitro. J Clin Microbiol 42:3073–3076.

	203.	 Percival, S.L., Kite, P., Eastwood, K., Murga, R., Carr, J., Arduino, M.J., and Donlan, 
R.M. (2005). Tetrasodium EDTA as a novel central venous catheter lock solution against 
biofilm. Infect Control Hosp Epidemiol 25:515–519.

	204.	 Devine, D.A., Percival, R.S., Wood, D.J., Tuthill, T.J., Kite, P., Killington, R.A., and 
Marsh, P.D. (2007). Inhibition of biofilms associated with dentures and toothbrushes by 
tetrasodium EDTA. J Appl Microbiol 103:2516–2424.

	205.	 Martineau, L., and Dosch, H.-M. (2007). Biofilm reduction by a new burn gel that tar-
gets nociception. J Appl Microbiol 103:297–304.

	206.	 Martineau, L., and Dosch, H.-M. (2007). Management of bioburden with a burn gel that 
targets nociceptors. J Wound Care 16:157–164.

	207.	 Brady, A., Loughlin, R., Gilpin, D., Kearney, P., and Tunney, M. (2006) In vitro activity of 
tea-tree oil against clinical isolates of meticillin-resistant and -sensitive Staphylococcus 
aureus and coagulase-negative staphylococci growing planktonically and as biofilms. 
J Med Microbiol 41(1):52–55.

	208.	 Dalleau, S., Cateau, E., Berges, T., Berjeaud, J-M., and Imbert, C. (2008) In vitro activ-
ity of terpenes against Candida biofilms. Int J Antimicrob Agents 31:572–576.

	209.	 Tanner, J., Swarbrook, S., and Stuart, J. (2008) Surgical hand antisepsis to reduce surgi-
cal site infection. Cochrane Database Syst. Rev. (1):CD004288.

	210.	 Webster, J., and Osborne, S. (2007) Preoperative bathing or showering with skin anti-
septics to prevent surgical site infection. Cochrane Database Syst. Rev. (2):CD004985.

	211.	 Vermeulen, H., van Hattem, J.M., Storm-Versloot, M.N., and Ubbink, D.T. (2007) Topical 
silver for treating infected wounds. Cochrane Database Syst Rev. (1):CD005486.

© 2010 Taylor and Francis Group, LLC



© 2010 Taylor and Francis Group, LLC



329

12 Wound Dressings 
and Other Topical 
Treatment Modalities 
in Bioburden Control

Richard White

Introduction

With any wound—defined as a breach in the integrity of the skin—the objectives 
of clinical management should include healing wherever possible, as it is reepitheli-
alization that restores full barrier function and the exclusion of potential pathogens. 
In chronic wounds, so called because of factors that delay or compromise healing, 
a necessary part of management is the control of bioburden. All wounds healing by 
secondary intent will be contaminated or colonized with microorganisms. This does 
not necessarily lead to infection, and does not prevent healing. The clinical skill 
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of management is to ensure that the bioburden does not overwhelm host defenses 
and delay healing or cause infection. Although clinicians will, by necessity, have 
to resort to antimicrobial agents to control bioburden in some cases, not all chronic 
wounds will require such interventions. This chapter outlines how modern dressings 
and other topical treatments can help in this respect—without recourse to antimicro-
bial therapy. Where antimicrobial dressings are mentioned, it is in the context of the 
performance characteristics of the base dressing, or “carrier,” as this technology is 
recognized as an important adjunct to the overall clinical performance.1

The received wisdom of wound management currently dictates that antimicrobial 
agents such as antibiotics and antiseptics be used whenever the bioburden requires 
reduction to facilitate healing. However, this need not necessarily always be the case. 
Wound bioburden may be “controlled” through bacteriostatic or bactericidal means, 
but this is not always the entire solution—some virulence determinants can now be 
controlled by other means. This chapter outlines current knowledge in this area, 
and so serves as a knowledge base for clinical and scientific developments over the 
coming years.

Wounds are typically covered or “packed” with dressings; this approach has served 
well for many years. Developments in wound dressings and other treatment modali-
ties have enabled practitioners to take a variety of approaches to bioburden control 
and wound management. The recent return of “ancient” remedies, such as honey or 
maggots, together with some elegant scientific research, have provided alternatives 
to the traditional dressings approach. Such interventions offer real advantages; for 
example, where no chemical or biological antimicrobial agent is used, there can be 
no problems with resistance, irritancy, contact allergy, or toxicity. This latter attri-
bute can be of great value, for example, in the management of wounds in pediatric 
patients. It also offers effective therapy which spares antibiotics.

Wound Dressings

Over the past 30 years, wound dressings have been transformed from purely absorp-
tive materials, such as Gamgee2 and gauzes, into a series of modern, interactive, 
multifunctional products. This has been driven by the definition and adoption of the 
moist wound healing (MWH) concept.3 The development of a variety of modern 
wound dressings has enabled the practitioner to match the dressing to the wound, 
rather than use gauze for all wound types.4 The clinical and scientific evidence for 
MWH has been accumulating steadily since the 1960s and is now substantial.5–9

Recent in vitro studies on dressings have elucidated a number of mechanisms 
whereby the wound bioburden can be reduced without recourse to antimicrobial 
agents. Some of these are still to be clinically validated, and others have given wound 
dressings a new dimension.

The basic principles of wound management, as encapsulated in the concepts of 
tissue, inflammation/infection, moisture, edge (TIME)10 and applied wound manage-
ment,11 provide the basis for selection and use of the dressings described below. This 
is not intended as a systematic review, but merely to illustrate the ancillary modes of 
action of dressings and other modalities.
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Generic Dressing Classes

Hydrocolloids

For many, the hydrocolloids have been synonymous with moist wound healing, hav-
ing been among the very first of the modern dressings. The hydrocolloids are prob-
ably the most researched class of dressings to date. They were introduced into the 
market in 1960s, first as an oral dressing for apthous ulcers, and later in 1972 as 
skin-protecting dressing for stoma patients.12 The clinicians involved in wound man-
agement saw an opportunity to adapt these products for their patients, a development 
that was to change wound care for the better as many companies developed and 
marketed hydrocolloid dressings for specific wound applications.13 The hydrocol-
loids are composed of carboxymethylcellulose, gelatine, pectin, polyisobutylene, or 
similar polymers and are occlusive, gelling, moist wound dressings.14,15 They have 
very wide application in chronic wound management, being found to be generally 
safe and effective.16–19

Scientific and clinical research has shown these dressings to promote debridement 
through autolysis and reepithelialization.20,21 There is evidence that one hydrocolloid 
(HCD) creates an environment that tends to restrict microbial growth.22 According 
to Williams,23 most hydrocolloids produce an acidic environment, owing to acid 
polymers such as pectin. This, together with an hypoxic environment,24,25 is likely 
to restrict the growth of some microorganisms. The growth of P. aeruginosa was 
inhibited under hydrocolloid.22 As occlusive dressings, hydrocolloids have been sus-
pected of enhancing microbial growth;26 however, laboratory findings, together with 
clinical data,27 and with a meta-analysis of clinical trial data,28,29 have shown this 
to be unfounded. In fact, as occlusive dressings, some have been demonstrated to 
have bacterial (and viral) barrier properties, rendering them suitable for “containing” 
wound microorganisms by an important infection control function.30,31

Alginate Dressings

Calcium alginate, extracted from seaweed, has been used in wound management 
since the 1940s.32,33 Since then, a number of alginate-based products have been 
developed and evaluated clinically and scientifically.34 This class of dressings is 
known to create a moist environment by gelling in the presence of exudate35—they 
are, to a varying degree, hemostatic, and promote healing.36–38 Extensive clinical 
research has shown them to be cost-effective in a variety of chronic wounds,39–42 
including infected ulcers.43 The basic difference between the various alginates is in 
their chemical composition, whether the carbohydrate polymer is mannuronic- or 
guluronic acid based, and as a calcium or sodium salt. These differences endow 
the dressing with their distinctive performance characteristics. The alginates have 
been attributed with bacterial sequestration properties both in vitro and in vivo (see 
below), a feature that might have some clinical significance in the management of 
chronic wounds. The alginates evaluated in these studies included Sorbsan (a high 
mannuronate sodium alginate), Kaltostat (a high guluronate calcium-sodium algi
nate), and Algosteril (a high mannuronate calcium alginate).
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Negative Pressure Wound Therapy

Also known as NPWT, this is often mistakenly regarded as a totally new development 
in wound care. A precursor, suction drainage of wounds, is well documented, par-
ticularly in surgery44 where surgeons have used it to remove fluids from the wound. 
Multiple approaches to delivering NPWT are now available including the Argenta 
Morykwas technique45 (uses foam dressings), the Kremlin technique46 (uses rigid 
domes), hybrid techniques (uses modifiable, semirigid domes), and the Chariker-
Jeter technique47 (uses gauze). Each offers continuous, controlled negative, or sub
atmospheric, pressures in the order of –125 mm Hg (16.7 kPa).

NPWT is believed to work via a number of mechanisms, including the following:

	 1.	Reduced surface pressure has been believed to induce increased perfusion 
of the wound area. However, very recent evidence suggests that this is not 
the case.48,49

	 2.	Promotion of granulation tissue formation. In theory this will tend to 
reduce the risks of infection, as healing wounds are less likely to become 
infected. Clinical research has shown NPWT to promote the formation of 
granulation tissue and to decrease fibrinous slough in leg ulcers.50 Slough 
is known to harbor microorganisms, and it has been postulated that it is a 
biofilm.51

	 3.	Removal of exudate. This would logically be a measure that is likely to reduce 
bioburden, at least for those planktonic bacteria that are suspended in exudate.

	 4.	Reduction of bioburden. Early research on pig wounds inoculated with 
Staphylococcus spp. revealed that TNP-treated wounds had a 3-log reduc-
tion in bacterial counts in 5 days.52 Since then, a number of clinical stud-
ies have reported on wound microbiology.53–55 However, Khashram et al.55 
found an increase in flora in chronic, noninfected venous leg ulcers and 
concluded from their study that NPWT “does not exert its effects by reduc-
ing the numbers of colonising bacteria or pathogens.” This apparent conun-
drum could be ascribed to the presence of biofilm.56 Further research is 
clearly needed.

	 5.	Reduction of edema. The quantitative measurement of edema is difficult. 
NPWT is reported to reduce edema and to remove large quantities of fluid. 
However, there is no evidence to support a reduction in interstitial fluid.

Although there is a wealth of published clinical evidence on NPWT, a recent review 
claims that studies on chronic wounds have methodological flaws, and consequently 
more and better-quality research is needed.57

Biosurgery

A resurgence of interest in the use of maggots, initiated by Ron Sherman in the 
United States and John Church in the United Kingdom, has led to the commer-
cial development of sterile larvae for wound care.58 Products are available and are 
licensed for medical use in wounds in the United States, United Kingdom, and many 
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other countries. Maggots infesting wounds is “myiasis” if spontaneous contamina-
tion occurs, or, if Lucillia sericata sterile larva are used, this is now known as “bio-
surgery.”59 The treatment has been subject to intensive research over the past decade. 
Major clinical60 and cost-effectiveness studies have been reported61,62 in front-line 
medical journals. To back up clinical findings, research studies have indicated 
anti-inflammatory mechanisms63 and selective antimicrobial activity64 without any 
detectable effects on phagocytosis or subsequent apoptosis.

In vitro studies on the secreta and excreta of L. sericata on wound pathogens 
showed a bactericidal effect on S. aureus and temporary inhibition of E. coli and 
P. aeruginosa.64 The same study also involved 30 patients with chronic wounds. 
Results after maggot applications were positive for healing and antimicrobial effects. 
All 30 patients either healed or had a resolution of infection. The change in pathogenic 
bacteria from pre- to post-treatment with maggots showed elimination of Bacteroides 
sp., Peptococcus sp., Serratia sp., and groups C and G Streptococcus sp. There was 
a reduction in P. aeruginosa, S. aureus, coagulase-negative staphylocooci, and 
increases in diptheroids and enterococci. The authors concluded that this selective 
action is one of the factors that affect the success of larvae, but special precautions 
are needed when infections are due to Proteus spp. These findings are supported by 
other reports of successful management of necrotic and infected wounds.65,66 The 
active antimicrobial entities have been investigated with varying results. Cazander 
et al.67 found “no direct antibacterial effect of maggots in vitro,” and Bexfield et al.68 
were able to detect two antibacterial factors and partially characterize them. These 
findings are corroborated by van der Plas et al.69 in studies showing the efficacy of 
maggot excretions and secretions against biofilms of Staphylococcus aureus and 
Pseudomonas aeruginosa.

Honey

The emphasis on honey research over the past 15 years has led to many clinical and 
scientific advances in our understanding, as well as a number of regulated wound 
treatments. Not least are the microbiology studies—a recent PubMed search of 
articles on honey and wound microbiology identified over 50 articles since 1992. 
Significant advances have been made by Cooper, Molan, and co-workers.70–75 The 
very recent report of the action of honey on biofilms is notable, as this is likely to be 
of great importance in chronic wound management.76

The actions of honey in wound healing are varied.77 Apart from inhibition 
of pathogens, it is known to promote healing, to promote autolytic debridement 
(through the creation of a moist environment), and to regulate pH within the 
wound.78–80 These, combined, are claimed to be “a complete wound bed prepara-
tion product.”81

Research has also shown honey to have anti-inflammatory properties, exerted through 
the stimulation of TNF-α via TLR-4,82 and reduction of reactive oxygen species.83

These findings, together with the growing body of clinical evidence in wound 
care, makes the modern honey products valuable components of the clinician’s 
armamentarium.84–86
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Hyperbaric Oxygen

Oxygen plays an important role in the physiology of wound healing.87–90 Hyperbaric 
oxygen (HBO) is the delivery of 100% oxygen at pressures greater than atmospheric; 
it has become widely used to treat a variety of nonhealing wounds. Of the so-called 
chronic wounds, only diabetic foot ulcers have been subjected to extensive HBO 
treatment.91 Studies on other chronic wound types are required.92 Multiple anecdotal 
reports and retrospective studies in HBO therapy in diabetic patients suggest that 
HBO can be an effective adjunct in the management of diabetic wounds. Prospective 
studies also show the beneficial effects of HBO, but because published studies suffer 
from methodological problems, there is an urgent need for a randomized prospective 
clinical trial for the application of HBO in diabetic foot lesions before it can be rec-
ommended as standard therapy in patients with foot ulcers. Although the mechanisms 
of action are still being elucidated, it is postulated that HBO can raise tissue oxygen 
tensions to levels where wound healing can be expected. Hyperbaric oxygen therapy 
induces vascular endothelial growth factor (VEGF), attenuates apoptosis, increases 
killing ability of leucocytes, is lethal for certain anaerobic bacteria, and inhibits 
toxin formation in other anaerobes.93,94 From a practical perspective, HBO therapy 
is not without side effects, it is restricted by the availability of specialized equipment 
and experienced clinicians; there are potentially viable alternatives in development, 
whereby “oxygen balance” in the wound can be more easily achieved.95

In addition to the ancillary attributes listed above, there are a number of mechanisms 
whereby some dressings can reduce wound bioburden. These are discussed below.

Sequestration

It has been claimed that the capacity of a dressing to absorb and retain (i.e., sequester) 
bacteria is an important function, particularly in chronic wounds.96 In vitro and animal 
in vivo microbiological studies have illustrated the extent of this effect in hydrofiber, 
alginate, cotton, and superabsorbent dressings.97–102 The hydrofiber dressing Aquacel 
has been shown to immobilize potential wound pathogens such as Staphylococci and 
Pseudomonads within the gelled fibers. The true clinical significance of this fea-
ture is yet to be demonstrated conclusively, but it is likely to be of value in reducing 
bioburden in colonized wounds where antimicrobials are not indicated (e.g., routine 
use in chronic wounds and other wounds healing by secondary intent). This would 
have the distinct advantage of not selecting for resistance, as the function is purely 
physical. A similar function has been described for the binding of bacterial toxins.103 
In this context, a silver dressing containing activated charcoal has been shown to 
adsorb endotoxins from E. coli and P. aeruginosa in a standard in vitro assay. A 
similar principle applies to a ceramic microsphere dressing (Cerdak). This has been 
shown to adsorb endotoxins.104 Although this, too, has yet to be demonstrated as 
clinically relevant, it is an important mechanism for neutralizing an important viru-
lence determinant.

The initial events involved in a wound infection include the adhesion of a patho-
gen to the surface. This process is mediated by either electrostatic forces or spe-
cific hydrophobic interaction (e.g., through adhesins). The latter may be between the 
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bacterial cell surface and extracellular matrix components.105 The physical principle 
of hydrophobic interaction has been utilized to sequester bacteria through the addi-
tion of a hydrophobic coating containing a fatty acid derivative (dialkylcarbamoyl 
chloride, DACC) to the dressing fibers.106 Bacteria and other microorganisms are 
“bound” to the dressing when in contact with a moist environment. The microorgan-
isms are then removed when the dressing is changed. In a 116-patient multicenter 
study with a mean treatment period of 37 days, 81% of wounds showing signs of 
infection at the start of treatment healed. Twenty-one percent of patients’ wounds 
healed, with a further 72% showing improvement in wound healing.107 Hydrophobic 
interaction would appear to offer a “natural” approach to wound healing.108 There 
are no chemically active antimicrobial agents and no known side effects or risk of 
bacterial/fungal resistance.

Control of Bacterial Virulence Determinants

Bacteria exert their pathogenic effects via a number of factors, known as virulence 
determinants, which regulate their growth, and adaptive measures to enhance their 
survival.109–112 These factors include:

Biofilm formation•	
Quorum sensing•	
Synergy•	
Immuno-evasive measures•	
Adhesins•	
Invasins, including bacterial (i.e., exogenous) proteases•	
Pili•	
Toxins: endo- and exotoxins•	

The current literature contains a number of initiatives designed to control pathoge-
nicity through interruption of these factors. For the purposes of this chapter, only the 
invasions and toxins are known to be influenced by topical wound treatments that do 
not contain antimicrobials. Specific protease-modulating matrices (e.g., Promogran 
and Tegaderm Matrix) and carboxymethylated cellulose97,113 are known to quench 
protease enzymes; charcoal (as included in Actisorb silver 220)103 and ceramic gran-
ules104 (Cerdak) have the capacity to absorb toxins.

The principle of protease modulation as a means of overcoming delayed healing 
in chronic wounds is based upon the discovery of raised activity of matrix metallo
proteases (MMPs), particularly MMPs-2 and -9 in chronic wound fluid.114 Their role 
in terms of healing and prognosis is accepted.115 In effect, these enzymes can act 
as “chronicity factors,” both in skin wounds and in gingiva, unless their action is 
modulated by the natural inhibitors—or TIMPs. Although many maintain that these 
enzymes are of predominantly neutrophil origin (i.e., intrinsic), there is little doubt 
that bacterial elastases also contribute.116

The first product with MMP-neutralizing (or inactivating) activity to be marketed 
was Promogran—a mixture of oxidized regenerated cellulose (ORC) and collagen.117 
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The mode of action is probably nonspecific, being an inert binding97 and sacrificial 
protein substrate mechanism.118

This technical approach to overcoming these putative wound chronicity factors 
has become an intensive area of research and product development.113,119,120

Dressing Leakage and Strike-Through

The capacity of a dressing or wound management system to contain exu-
date is an important feature in the prevention of infection. The exudate from 
chronic wounds will invariably be contaminated with microorganisms, and as 
such presents a cross-infection hazard. The leakage of exudate from nonadher-
ent or poorly adherent dressings, together with strike-through from saturated 
dressings/bandages provides a portal from the entry or escape of these micro
organisms. Thus for adhesive dressings, a secure adhesion to the periwound skin 
over the wear time of the dressing is important. So, too, is the avoidance of 
strike-through. In most, if not all, cases, these can be avoided through diligent 
management. First, the wear time must be judged cautiously—to push this too 
far will often result in leakage. This also applies to strike-through. For optimal 
adhesion, particularly where the periwound skin is compromised, a skin barrier 
preparation will help.121

The Microbiological Barrier Properties of Dressings

This applies to both the escape and spread of pathogens from the wound, and to the 
contamination of the wound from pathogens from other body sites or the environ-
ment.29 The concept is not new, as clinicians have long been aware of the risks of cross-
infection.122 There are a number of important aspects to this aspect of wound care:

Some dressings have been shown to reduce or eliminate the risks of bacte-•	
rial dispersal by aerosol formation on dressing removal.123

The capacity to exclude pathogens from the wound or to contain wound •	
pathogens has been a feature of many modern dressings.30,31,97

The Value of Close Association of Dressing 
with the Wound Bed

According to Aristotle, “nature abhors a vacuum.” This idiom is used to express the 
idea that empty or unfilled spaces are unnatural, as they go against the laws of nature. 
This applies to wounds insofar as such spaces adversely affect healing. Snyder124 has 
recorded that the presence of “dead space” may act as a nidus for infection and so 
contribute to delayed healing. Robson et al., cited by Edberg,125 stated that dead 
space lends itself to infection because it does not possess a defense mechanism.

These statements clearly indicate there is a need to avoid the creation of dead 
space (void within a viscous or between dressing and wound bed), as there is an 
apparent association of dead space with risk of infection.
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In order to circumvent this situation, when applying a wound dressing the clini-
cian should ensure that the dressing has the capacity to maintain a close association 
with the wound bed. It is also reasonable to assume that in those dressings with an 
absorptive capacity, a close association of the dressing with the wound bed will help 
promote absorption of exudates.1 Vanscheidt et al.126 have made the empirical obser-
vation that the gel matrix formed by the hydrofiber dressing used in their study on 
18 patients with chronic leg ulcers molded itself over the wound surface and elimi-
nated dead space. This observation was subsequently confirmed by Jones et al.,127 
who investigated the conformability in vitro of two silver dressings to human wound 
tissue, dried dermal membrane, and indented agar plates that had been seeded with 
MRSA or P. aeruginosa. The results showed that there was conformability of the 
dressing to the dermal tissue (wound bed), but this was less evident with Ag poly
ethylene mesh dressing.

The intimate association of a dressing with the irregular undulating topography 
of the wound bed would appear to offer advantages when considering the avoid-
ance of the creation of dead space and absorption of exudate.

Fluid Handling Properties: Absorption/Retention, 
Lateral Wicking, Sequestration

Before the advent of products that incorporated antimicrobials, dressings were used 
principally from the perspective of material performance in situ. Until the 1960s, 
dressings were composed mainly of woven textiles with a primarily covering/
protective function and were not regarded as agents capable of enhancing healing. 
Following the work of Winter,128 dressing design took into account the contribution 
that the dressing material could make to the reparative process. However, traditional 
dressing material such as gauze continues to be used despite recognition that it does 
not comply with optimal management requirements.129 Modern wound dressings 
have been developed primarily to support a moist wound environment, while at 
the same time providing an absorptive capacity. If problems associated with excess 
moisture at the dressing–wound interface are not managed correctly, then optimal 
healing will be compromised. An excessively moist environment predisposes to the 
growth of certain bacteria; for example, Staphylococcus aureus and Pseudomonas 
aeruginosa favor a high water activity (denoted aW) for growth and toxin produc-
tion.130 Dressings and topical wound treatments which reduced will consequently 
inhibit the growth of these organisms; this might be a factor in the performance 
of some absorptive. Where absorption of exudate is required, the dressing should 
also be capable of absorbing and retaining the fluid to achieve an optimum moist 
environment,131 ensuring at the same time that the periwound skin is not subjected to 
maceration.132 This important performance parameter must apply to those dressings 
intended for use under compression bandaging. Further breaches in the skin barrier 
increase infection risks. Parsons et al.,133 in an in vitro study, investigated the per-
formance of seven proprietary silver-containing dressings, including fluid-handling 
properties and dressing pH. The authors state: “This study suggests that dressing 
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selection should be based on the overall properties of the dressing clinically relevant 
to the wound type and condition.”

It is a criticism often leveled at foam-based dressings that the fluid uptake is com-
promised by compression. Where data exists, it is in vitro and consequently subject 
to interpretation.

Conclusions

All wounds healing by secondary intent, whether they are acute or chronic, are colo-
nized with bacteria. In most instances this bioburden will not require treatment with 
antimicrobials, either topical or systemic. As long as the host defenses can maintain 
immunological control of the wound environment, the bioburden should be effec-
tively managed. Clinicians have at their disposal a variety of means whereby the 
bioburden can be reduced, without recourse to antimicrobials. This approach has 
the distinct advantages of not selecting for resistance and of being nontoxic. Such 
apparently “inert” means have been in use for many years without ill effect—indeed, 
with positive attributes, and often without clinicians being aware of the fact that the 
bioburden is being reduced by such means. This approach to wound care is to be 
commended. However, much more research is required in this area before we can 
fully understand the implications of these mechanisms.
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13 Factors Affecting 
the Healing of 
Chronic Wounds: 
An Iconoclastic View

Marissa J. Carter and Caroline E. Fife

Introduction

The Greeks were probably the first to recognize the difference between an acute 
and chronic wound (i.e., fresh versus non-healing), and Galen of Pergamum, who 
served the gladiators performing in Rome (circa 120−201 a.d.) also recognized the 
importance of wound site moisture for successful closure. However, it was not until 
the 16th century that Ambroise Paré, the French military barber/surgeon, conducted 
what might be considered the first controlled clinical trial regarding wound healing.1 
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Because he ran out of boiling oil to “neutralize the toxins” from residual gunpowder 
in wounds, he was forced to resort to a poultice of turpentine, egg whites, and oil of 
roses. He compared the two cohorts thus:

In the night I could not sleep in quiet, fearing some default in not cauterising, 
that I should find the wounded to whom I had not used the said oil dead from 
the poison of their wounds; which made me rise very early to visit them, where 
beyond my expectation I found that those to whom I had applied my diges-
tive medicament had but little pain, and their wounds without inflammation or 
swelling, having rested fairly well that night; the others, to whom the boiling oil 
was used, I found feverish, with great pain and swelling about the edges of their 
wounds. Then I resolved never more to burn thus cruelly poor men with gunshot 
wounds. (Paré, 1537)

The next major advance came from Joseph Lister, who identified airborne bac-
teria as the source of infection both in the wound, and in the operating room. The 
patient’s skin or wound was first washed with 5% carbolic acid and the operation 
performed in an atmosphere of carbolic acid mist produced by a jet of steam min-
gling with a 5% solution of carbolic acid solution. Furthermore, all the sponges and 
instruments used during the operation were soaked in the same solution and bleeding 
points secured with carbolized gut or silk. Following wound closure, a silk dress-
ing was applied over which was secured carbolized gauze.2 By bathing the room in 
carbolic acid mist, postoperative mortality rates, which had been running as high as 
90%, began to drop significantly. Dressings, which heretofore were often made from 
the sweepings collected from textile mill floors, now became ready-made, sterile, 
practical surgical dressings wrapped and sealed in individual packages thanks to 
Robert Wood Johnson.

Throughout the 20th century, hundreds of new dressing materials appeared, 
which balanced moisture, reduced bacterial load, and performed other specific func-
tions to assist in wound healing. In addition, following the discovery of penicillin 
by Alexander Fleming, the advent of antibiotics allowed infection to be better con-
trolled. The combination of these advances (and others) can be illustrated by exam-
ining the mortality rate resulting from battlefield wounds in the 19th century that 
resulted in amputation and then looking at modern day comparisons. For example, 
during the American Civil War, the mean mortality rate from nearly 30,000 amputa-
tions was 24.3%.3 A more recent study of New York subway accident amputees from 
1989 to 2003 demonstrated that the mortality rate was 5%, although the infection 
rate was still 32%.4

While the healing of acute wounds still garners attention today, the focus of wound 
healing has shifted to the healing of chronic wounds and subsequent improvement 
in the quality of life in populations aged ≥ 60 years, or those who have chronic dis-
eases that interfere with wound healing, such as diabetes. The problem is that the 
incidence of chronic wounds has not changed much in the last 20 years.

Pressure Ulcers as an Example of Chronic Wounds

A pressure ulcer (PU) has historically been defined as an injury caused by unre-
lieved pressure on tissues presumed to result from local tensions exceeding the 
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capillary pressure. It can originate in the subcutaneous tissue, particularly when 
muscle is subjected to external pressure and forced against a bony prominence, or 
on the skin itself if it is subjected to a high enough pressure. However, histological 
research conducted by Witkowski and Parish5 demonstrated that the epidermis is 
more robust than muscle in regard to compression injury6,7 and capable of with-
standing ischemia for longer periods of time. Thus, subcutaneous and muscle tissue 
necrosis is much more likely to occur before any damage to the epidermal layer is 
visible. Unfortunately, this concept of deep tissue injury is poorly represented by 
the current PU staging system. Although the term “staging” in cancer terminology 
implies a progression from one stage to another, the current system used in the United 
States endorsed by the National Pressure Ulcer Advisory Panel (NPUAP) is meant 
to describe only the depth of tissue visible at the base of the wound. Thus, stage 2 
ulcers do not progress to stage 3 ulcers, and so forth, nor can ulcers be “reversed 
staged” to describe the healing process8 despite a recent NPUAP update.9

The prevalence of pressure ulcers has not decreased in the last 15–20 years. For 
example, one national survey conducted in 265 acute-care hospitals in 1995 deter-
mined that the prevalence of PUs was 10.1%, of which 74% were stage 1 and 2.10 
These results mirrored the results of four previous surveys. Coleman et al.11 also 
carried out two cross-sectional surveys in 1992–1994 and 1997–1998 in which the 
crude prevalence of PUs was 8.5%, and a review of 15,121 nursing home residents 
in Ohio carried out by Spector and Fortinsky12 in 1994 showed a prevalence of 12%. 
Comparable results have been found in Europe. An extremely large national sur-
vey conducted in Germany during 2002–2003 found a PU prevalence of 24.6% 
in hospitals and 19.3% in nursing homes,13 and the most recent French study that 
involved 37,307 inpatients in 1149 hospitals indicated a prevalence of 8.9%, which 
the authors commented was exactly the same result compared to a previous French 
study 10 years prior.14

We can also compare the incidence of PUs to that of cancer, which also shows no 
major shift downward. For example, if the incidence of breast cancer is compared 
between the years 1980 and 2006, there is no overall change.15 Despite advances in 
these respective fields, we have not made progress in mortality or healing rates. The 
point is that both these conditions are treated empirically without truly understand-
ing their etiology; if their mechanisms of development were completely understood, 
one could argue that treatments, even if not completely efficacious, ought to have 
made a difference. We argue that we have reached a similar impasse when it comes 
to wounds and infection.

Colonization, Infections, and Wound Healing

The current model of infection encompasses colonization of a wound by bacteria 
or fungi, in which the body’s defense mechanisms fail to halt growth, resulting in 
infection, or maintain an uneasy status quo with infectious agents in which coloni-
zation persists. For clinical purposes the gold standard used to define infection is 
>105 colony-forming units per gram of tissue with the exception of beta-hemolytic 
Streptococci.16,17 However, because the taking of quantitative tissue biopsies to ascer-
tain the status of a wound is a non-routine procedure, clinicians usually rely on 
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diagnostic signs of infection. A groundbreaking study conducted by Gardner, Frantz, 
and Doebbeling18 evaluated wound bed infection and classic signs of infection in 
several types of wounds and found little correlation, which indicates that visual signs 
of infection have little predictive value. In addition, a systematic review of the lit-
erature for diabetic foot ulcers showed that infection could not be reliably identified 
using clinical assessment.19 Moreover, in chronic venous ulcers, signs of inflamma-
tion (induration and warmth of the skin, pain, swelling, tenderness to touch, copious 
drainage, and foul odor) are frequently confused with infection.20 In an attempt to 
be more precise, some clinicians resort to taking swab cultures of wounds. But the 
results of these procedures can be even more misleading, because there is no uni-
versal standard technique: Does one take the swab before or after removing necrotic 
or devitalized tissue, and from what part of the wound does one take the sample? 
Thus, taking a swab of the wound’s surface will reflect surface contamination or 
surface colonization, not the nature of the agent that might be causing an infection 
deep within the wound. Gardner et al.21 attempted to answer this question and found 
that out of three techniques, swabs from wound exudates, the Z technique, and the 
Levine technique, the Levine technique was superior, with a sensitivity of 90%, a 
specificity of 57%, and a mean concordance of 78% between swab specimens when a 
critical threshold of 37,000 organisms per swab was utilized. (The Levine technique 
entails rotating the swab over a 1-cm2 area in the cleansed wound center with suf-
ficient pressure on the wound surface to extract fluid from inside the wound22). The 
summation of poor infection identification practices leads to two common occur-
rences in wound care, neither of which are beneficial: (1) overuse of topical micro-
bial agents and systemic antibiotics, and (2) undertreatment of wounds that really 
are infected.20,23–25 The consequences of excessive antibiotic administration leads to 
bacterial resistance, while overuse of topical agents can be injurious to tissue. On the 
other hand, neglect of infected wounds can lead to systemic complications or even 
risk of death.

The Chronic Wound: What to Do?

The vast majority of acute wounds in healthy individuals heal relatively quickly. 
However, when comorbidities, age >60 years, and wound colonization are factored 
in, healing can quickly slow or stall out despite appropriate treatment, which pres-
ents the clinician with the classic chronic non-healing wound.

What should be done next? This is a challenging question, not least because many 
therapeutic options are available. In our opinion, this involves identifying the rate-
determining step (RDS) in each case, and the factors that are causing the “bottleneck” 
in the healing steps. In biochemistry, complex processes consist of several sequential 
steps, with each separate reaction catalyzed by a different enzyme that has a given 
kinetic rate constant (Figure 13.1). However, the step that has the lowest kinetic rate 
is the step that controls the overall speed of the entire process. In Figure  13.1A, 
it can be seen that the step from B to C is the fastest, while the slowest step is 
from C to D. The last step, C to D is the RDS that controls the speed of the entire 
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reaction sequence. In this hypothetical sequence perhaps the enzyme that controls 
the last step is being inhibited, so if that inhibition is removed, the rate of that step 
increases, and now the reaction A to B becomes the RDS (Figure 13.1B). In similar 
fashion there are three stages of wound healing following hemostasis (inflammation, 
granulation [proliferation], and maturation [remodeling]),26,27 although they are not 
so tightly coupled as biochemical reactions and overlap to some degree. We can also 
make the case that epithelialization represents a separate stage that overlaps with 
granulation, rather than considering it part of the proliferation stage. This is because 
there are wounds that granulate but do not create skin; moreover, there are products 
specifically designed to enhance granulation and others to specifically enhance epi-
thelialization. Nevertheless, the stage concept is useful and Figure 13.1C–E shows 
the results of major problems with inflammation, proliferation, or a concurrent con-
dition, such as corticosteroid administration, that affects all phases. Thus, it is criti-
cal to assess the chronic wound in terms of the stage in which stalling has occurred, 
and the possible factors that are inhibiting the process.

What does the current evidence tell us about the state of the chronic wound that 
will not heal? Several aspects have been pursued in the last decade that can be loosely 
grouped in to the first two phases of healing: (1) inflammation, which includes wound 
biofilms, the adverse effect of matrix metalloproteinases, and (2) proliferation, which 
includes growth factors, such as epidermal growth factor and insulin growth factor, 
tissue ischemia and its effect on angiogenesis mediated in part by the VEGF family 
(vascular endothelial growth factor), nitric oxide production, fibroblast senescence, 
and (3) older age, which likely interferes with many stages of healing, and covers 
nutritional deficiencies that might be the cause of insufficient protein expression, 
biochemical factors and a poor cellular redox status, as well as metabolic dysfunc-
tions that appear to be part of the aging process. 

We will discuss some of these factors in more detail, but first we have to ask an 
overriding question: Are all patients receiving wound basic care?

A B C D A

B

C

D

E

A B C D

A B C D

A B C D

A B C D

Figure 13.1  Biochemical reaction sequence: relative rates of reaction (Panels A and B). 
In Panels C through E, box A represents hemostasis, B inflammation, C proliferation, and 
D maturation.
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Basic Wound Care

The definition of basic wound care varies according to the type of chronic wound. 
In its most fundamental form, the wound is cleansed, debrided, and a moist dressing 
applied, of which there are many choices. Those factors that contributed to the wound 
formation in the first place must also be managed. For pressure and diabetic ulcers 
offloading is essential, and for venous ulcers (VUs), compression is applied.28 Basic 
wound care is effective in healing wounds in the majority of cases. For example, 
one of us (CF) reviewed data (1990−1998) from 300 consecutive VU patients at the 
Memorial Hermann Hospital in Houston, Texas, who received a hydrocolloid dress-
ing and an Unna’s boot covered with an elastic wrap. Overall, 85% of the patients 
healed with an average healing time of 22 weeks. The recalcitrant wounds were 
associated with patients who had diabetes mellitus, rheumatoid arthritis, or were on 
prednisone. Margolis, Berlin, and Strom29 concluded from a review of the literature 
of the 1980s and the early 1990s that compression resulted in healing rates of 30% 
to 60% at 24 weeks, and 70% to 85% at 1 year, and a more recent study of wound 
healing trajectories in 232 patients (8 trials over 10 years) conducted by Steed et al.30 
demonstrated that 60% of patients on average healed at 20 weeks. So, our results are 
in line with those of other investigators and it can be summarized that in time, some 
85% of patients with venous ulcers will be healed with basic wound care emphasiz-
ing adequate compression to overcome venous stasis. The flip side of this result, of 
course, is that 15% of patients will not heal with basic care, and that this number has 
not changed in 20 years.

Diabetic foot ulcers (DFUs) are harder to heal with basic wound care. A cohort 
study of 27,193 individuals with diabetic neuropathic foot ulcers who received “stan-
dard care” showed that between 1988 and 1990, 66% of patients had not healed at 
20 weeks.31 A more recent longitudinal UK study of 370 patients with DFUs per-
formed over 31 months showed that 33% never became ulcer-free.32 Of the popula-
tion who became ulcer-free at some stage, (i.e., were healed), over 40% developed a 
new or recurring ulcer. Again, basic wound care emphasizing offloading will heal 
some two-thirds of ulcers, but the remaining third are refractory, and the percentages 
have not shifted in 20 years. These outcomes impart two axioms. First, if all patients 
receive basic care, a majority will heal. Second, there is a substantial remainder 
whose wounds will never heal with basic care. A discerning student of wound care 
might therefore ask if it is possible to identify those patients that might not heal with 
basic wound care—patients who should receive more advanced therapy options as 
soon as practicable. The short answers to this very complex question are probably 
and perhaps. It is certainly possible to identify high-risk patients; the dilemma lies 
between first fixing the colonized wound if it exists, determining a more advanced 
suitable treatment, or trying to ameliorate the underlying cormorbidities.

Compliance with Basic Wound Care

It is naively assumed that all wounds receive basic care (or more advanced options) 
and that patients adhere to the prescribed treatment. Unfortunately, neither is true. 
Since the inauguration of the evidence-based medicine era there has been a move 
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toward evaluating wound care practices and treatments through systematic reviews 
and meta-analysis, with the development of clinical practice guidelines (CPGs) 
founded on the conclusions of the systematic reviews. On the other hand, because 
wound care is often regarded as a stepchild rather than a true specialty in its own 
right, education of nurses and physicians regarding wound care practice is still lack-
ing. For example, in a study of the professional and nonprofessional staff members 
of a community urban hospital it was noted that participants were poorly informed 
in several basic aspects of PU care while generally desiring more wound care educa-
tion.33 A more recent study of 79 physicians and 63 nurses from the surgical wards of 
a large academic center also found little agreement regarding their choice of gauze-
based and occlusive wound dressings for 18 representative photos of open wounds, a 
task that had also been evaluated by a panel of wound experts.34 Interobserver agree-
ment (kappa values) was 0.07 and 0.23, respectively. Agreement vis-à-vis the expert 
panel was also low: 0.14, and 0.32, respectively. One must conclude that these values 
are indicative of a major lack of knowledge of wound dressings and their applica-
tion, a finding also noted in a previous audit of wound dressing selection and use.35 
A Canadian study to determine the knowledge of effective treatments for venous 
ulcers that involved 107 physicians caring for 226 patients with leg ulcers also elic-
ited considerable concern. Only 16% were confident about managing leg ulcers and 
61% reported not knowing enough about wound care products. Most disturbing was 
the fact that more than 50% of the physicians were unaware that compression is the 
standard treatment for venous ulcers.36 Some of the reasons cited for this finding 
were: lack of evidence-based CPGs (82%); absence of evidence-based protocols in 
home-care agencies (72%); lack of access to wound care products (69%) and wound 
care centers (66%); and poor communication between health-care workers (60%). 
Education of patients was also an issue in a UK investigation, which determined 
that health promotion was perceived as ineffective and leg ulcer aftercare services 
fragmented.37 Another conclusion suggested that improved carergivers’ and patients’ 
understanding of factors influencing leg ulcer recurrence was much needed.

One of us (CF) is also affiliated to Intellicure, Inc., a company specializing in uti-
lizing Level 4 electronic medical record (EMR) systems specifically designed to meet 
the unique documentation needs of wound center patients. A broad range of wound 
parameters can be tracked, including wound measurements, photos, dressings, co-
morbid conditions, laboratory tests, studies and medications. Users of the software 
system agree to participate in the “Intellicure Research Consortium,” which allows 
us access to data in a “deidentified” fashion in accordance with Health Insurance 
Portability and Accountability Act (HIPAA) privacy requirements. Drawing from 
the data of 28 facilities distributed across 18 states with clinics in both urban and 
rural areas, we investigated patients who had diabetic foot ulcers to determine what 
percentage received total contact casting (TCC), now considered the “gold standard” 
of care in terms of off-loading.38 The preliminary results, drawn from data for the 
period January 1, 2006 through December 31, 2007, showed that only 17 out of 264 
patients with diabetic foot ulcers (6%) received this treatment. The cost of care for 
the TCC patients was $11,946 versus $22,494 for the other patients—a savings of 
over 50%. Over a similar time frame, it was also noted that patients who received 
the advanced treatment Apligraf® for venous ulcers only received compression 
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concurrently 20% of the time. Another analysis of the U.S.-based Intellicure Clinical 
Documentation and Facility Management Software Intellicure database, which con-
tained 622 VU patients with 1377 VUs showed that approximately one third of iden-
tifiable VUs in the database did not receive compression of any kind.39

All of this evidence suggests that basic wound care is not being received by a 
large percentage of patients, even when they are seen at centers specializing in 
wound care. Moreover, a recent review of interventions designed to enhance patient 
adherence with leg venous ulcer treatment reported that patient adherence (the extent 
to which the compression system was worn or the treatment regimen followed) with 
class III stockings was enhanced compared to short-stretch compression bandages, 
but that intermittent pneumatic compression systems did not improve compliance.40 
However, there was no well-documented evidence that any health-care system inter-
vention or educational programs improved compliance with compression. Other 
studies that have investigated patient adherence in regard to compression therapy 
that was instituted by clinicians found ranges of 39% to 75%.41,42

Basic Wound Care Clinical Practice Guidelines

Several clinical practice guidelines have been developed in the last several years for 
basic wound care. For example, Bolton et al.39 developed a very comprehensive set of 
guidelines for venous ulcers that were validated by a multidisciplinary, all-volunteer 
task force that included 11 advanced practice nurses or wound ostomy continence 
nurses, five physicians, four physical therapists, two researchers (PhD level), one 
doctor of podiatric medicine, and a registered pharmacist. The guidelines consist of 
three elements of diagnosis (patient history, differential diagnosis, physical exams), 
specific management options, including patient education, lower leg elevation, 
ambulation or exercise, compression options, management of the periwound area, 
cleansing, debridement, filling deep wounds, managing excess exudate, maintaining 
a moist wound environment, use of an antimicrobial system, biologic dressing, surgi-
cal options, or other modalities if no healing occurs within 30 days.43 Each guideline 
is detailed, given strength of evidence rating (A to C) and incorporates references 
used to support the evidence. A well-written series of guidelines for the management 
of venous leg ulcers is also available from the Royal College of Nursing in the UK,44 
as well as an implementation guide that utilizes a team-based approach and which 
describes in great detail how the CPGs should be implemented in practice. A search 
of the National Guideline Clearinghouse Web site in the United States (www.guide-
line.gov) also reveals several CPGs for different types of wounds in regard to basic 
and more sophisticated wound care. In addition, the National Health System (NHS)  
National Institute of Clinical Excellence (NICE), as well as several other national 
governments also maintain Web sites from which a wound care clinician can locate 
and download various guidelines for wound care aspects. Thus, it is clear that high-
quality wound care CPGs are available, so the questions arise, what are the problems 
involved in implementation in health-care systems, and what issues are preventing 
clinicians from utilizing CPGs?
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In the UK, a survey conducted in 2002 (476 respondents from the Tissue Viability 
Society) regarding implementation of clinical guidelines, particularly those involved 
with aspects of wound care, found that while the use of guidelines was common (64%), 
only 18% reported that guidelines were fully implemented.45 Lack of resources, lack 
of awareness of guideline content, and lack of acceptance of the guideline recom-
mendations were the most commonly cited reasons for failure to implement, which 
suggests that the problem is multifactorial. A German investigation of pressure ulcer 
treatment in 51 acute care hospitals and 15 nursing homes (long-term care) also found 
a major disconnect between clinical evidence-based practice guidelines and treat-
ment; for example less than half of grade II through IV PUs received moist wound 
healing.46 The authors suggested that both a lack of knowledge and economic factors 
were responsible. A recent Belgian study of pressure ulcer prevalence in connection 
with adherence to a national prevention of pressure ulcer guideline found an appall-
ing lack of care: only 4% received preventive measures, 65% received measures that 
did not adhere to the guideline, and 31% were at risk for developing PUs in which 
prevention measures were lacking.47 Again, there seemed to be a lack of awareness 
of the guideline and understanding of the evidence behind the guidelines. Similar 
findings were noted in a U.S. study of 400 patients with different types of ulcers 
based on chart reviews and data abstraction of patient histories.48 One other reason 
for the failure of health-care centers to properly follow guidelines was explored in a 
Canadian pilot study, which clearly showed that even in the presence of a culture of 
organizational learning and transformational leadership that there was considerable 
variation in best practice implementation.49

Salcido50 has made some excellent points regarding the implementation of pres-
sure ulcer guidelines originally developed by the Agency for Health Care Policy and 
Research (AHCPR) in the early 1990s that have a bearing on this discussion. As 
he points out, part of the AHCPR’s original mission was to plan periodic reviews 
and updates with appropriate meetings and solicitations of input from stakeholders. 
The new AHRQ (Agency for Healthcare Research and Quality, the organization 
that assumed the ACHPR’s functions, has decided that they will not update CPGs; 
rather, they will maintain guideline summaries and links to the sponsoring (originat-
ing) organizations which now have the duty of maintaining periodic updates. The 
problem is that newer technologies and discoveries make CPGs obsolete, so unless 
timely updates are performed, a clinician not keeping up with developments in the 
field could find him- or herself prescribing treatments that are outdated, obsolete, 
or not supported by the evidence. In 2001, Shekelle et al.51 attempted to “audit” the 
original 17 CPGs developed by the AHCPR (two were withdrawn) and determined 
that more than three-quarters were obsolete. Although unable to find any existing 
standard method by which the validity of existing guidelines could be assessed, the 
study authors did recommend that CPGs be updated every 3 years. However, we 
do not know if all wound care guidelines published to date are being periodically 
updated as they should be.

In the United States, the Centers for Medicare and Medicaid (CMS) published 
the new pressure ulcer guidelines (F314), which were so detailed that they amounted 
to a “clinical practice guideline” by themselves.52 As we indicated earlier, although 
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understanding of pressure ulcer development is still in its infancy, it is slowly being 
recognized that the current staging system is flawed and continued usage leads to vari-
ety of problems. Although in many ways the new CMS guidelines were an advance 
in that they spelled out a level of care in regard to dressings, physician involvement, 
risk assessment, monitoring, and nutrition assessment as well as many other items, 
the problems inherent in the staging system and a general lack of controlled trial 
data for the majority of the recommendations detract from current evidence-based 
practice guidelines. 

So, what can be done in the overall situation so that every patient receives basic 
wound care? First, if your organization is responsible for developing a CPG, ensure 
that it is periodically reviewed and updated. Second, a “systems” approach to imple-
mentation of relevant CPGs must be adopted by every health-care organization, or 
entity, and that includes primary care physician practices,50,53 an approach favored 
by the Joint Commission on Accreditation of Healthcare Organizations (JCAHO) in 
the United States to health-care practice in general. This approach entails education 
and training, the development of compliance standards, compliance monitoring or 
auditing, clear communication, designation of appropriate persons to carry out these 
functions, and finally development of a procedure for violations and disciplinary 
action. Third, create a culture of organizational learning and transformational lead-
ership that promotes an atmosphere in which implementation can take place. Fourth, 
employ an electronic medical record system that thoroughly documents patient care. 
The ability to prompt for care while the clinician documents a patient’s record and 
the use of clinical data support systems can considerably improve compliance with 
guidelines. Finally, if you are involved in payer policies, “do the right thing” and help 
the patient with basic wound care. A particularly egregious example of not doing 
the right thing applies to Noridian in the United States, which prohibits payment for 
compression bandaging, determining that such bandages ought to be self-applied. 
This policy is still in place despite the results of our recent study, which demon-
strated that 55% of VU patients (N = 547) required assistance with activities of daily 
living (mainly issues with dressing and toileting), and therefore would be unlikely to 
achieve adequate positioning to perform self-bandaging.54

CMS is experimenting with “pay for performance” (P4P, www.cms.hhs.gov/apps/
media/press/release.asp?counter=1343) and although some of the pilot project results 
look promising in terms of incentives paid and money saved, many physicians have 
been unable to view their reports and so are not sure if they are completing the nec-
essary requirements to receive their bonuses. Administrative snafus aside, these kind 
of “one-size-fits-all” programs are likely to stay, but whether they will improve basic 
wound care remains to be seen. One particularly interesting aspect is whether wound 
care providers will now be forced into providing more basic care for all patients 
instead of employing more advanced technologies that are expensive and of ques-
tionable cost-effectiveness. Most importantly, it will be interesting to see if payers 
become more educated in regard to wound healing concepts and evidence-based 
medicine as health care budgets are slashed.

The take-home message for basic wound care is that it seems simple, but is in fact 
complex, a situation we term “simplexity.”55
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The Technology Ceiling

A certain percentage of wounds fail to heal with basic wound care depending on the 
type and become chronic, nonhealed wounds. If life were simple, it would be a mat-
ter of identifying the problem factor and either replacing it in some fashion or provid-
ing a treatment that would overcome the problem. Much of the “high-technology” 
wound care that has been developed in the last 10 to 15 years is based on this prin-
ciple. Unfortunately, wound healing is a complex process controlled by many differ-
ent types of interacting factors, and so the results of the high-tech “simple” solutions 
have not been as successful as was once hoped.

Factors that interfere with normal wound healing are often associated with one 
particular phase of healing, one or more phases, or can be an issue at any stage of 
healing (Table 13.1). This is far from an exhaustive list, and typically, in a chronic 
nonhealing wound, several factors are present that have to be addressed either 
sequentially or simultaneously.

A Short History of High-Tech Wound Healing Treatments

Through increased understanding of the biochemical mechanisms that are respon-
sible for problems associated with wound healing factors, various bioengineered or 
recombinant products have been developed in the laboratory, tested in animal mod-
els, and finally undergone phase I, II, and III clinical trials. For example, Promogran® 
is a topical dressing that uses a ratio of collagen to oxidized regenerated collagen of 
approximately 55:45 and is applied to a chronic wound stuck in the inflammatory 
phase. The rationale behind its development is that it reduces protease activity and 
protects growth factors from degradation, as well as acting as a mechanical matrix 
to stimulate fibroblast migration and enhance the metabolic activity of granula-
tion tissue and massively bound fibronectin.56–59 Promogran (Johnson & Johnson) 
received its FDA premarketing approval in 2002 for treatment of all types of ulcers 
and several randomized controlled trials (RCTs) have been reported that involved 
testing the efficacy of Promogran against standard or other advanced treatments.59–63 
Most trials showed promising results, with the RCT conducted by Kakagia et al.64 in 
which Promogran, autologous growth factors delivered by the Gravitational Platelet 
Separation System, and a combination of both were delivered to three groups dem-
onstrating that the combination was superior in healing diabetic ulcers.

A number of bioengineered skin products also started appearing in the market-
place in the late 1990s. The intent behind all of these products was to kick start the 
healing process by attaching a replacement skin structure that provided a number of 
growth and other factors that would bring the chaotic inflammation situation under 
control and then encourage the proliferation phase of healing (see also Table 13.1).65,66 
Gene-cloned human PDGF (recombinant platelet-derived growth factor, commer-
cially available from Johnson & Johnson, becaplermin, Regranex®), is also another 
high-technology wound care product designed to replace lowered levels of endog-
enous PDGF often found in chronic wounds.67 PDGF helps promote the proliferation 
of cells involved in wound repair and enhance the formation of granulation tissue. 
NPWT (negative pressure wound therapy), as exemplified by the VAC (KCI Concepts) 
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Table 13.1
Factors That Affect the Stages of Healing and Treatments Designed 
to Overcome the Problems Associated with These Factors

Factor
Underlying 
Mechanisms Treatment Comment

Stage 1: Inflammation
Infection Bacterial wound 

counts exceed critical 
mass

Cleansing, debridement, and 
exudate management; 
systemic broad-spectrum 
antibiotics directed by 
microfloral analyses and 
topical antimicrobials

Wound 
colonization

Colonization of wound 
by bacteria

Cleansing, debridement, and 
exudate management; 
topical antiseptics for 
difficult wounds; topical 
antibiotics; silver-
impregnated dressings

Important to distinguish 
between normal and 
critical colonization

Cytokine 
levels

Excessive and/or 
prolonged levels of 
inflammatory 
cytokines cause 
inflammation stasis

Cytokine antibodies, e.g., 
infliximab for TNF-α 

Little is known about the 
individual role of various 
cytokines in nonhealing 
wounds

Necrotic 
tissue

Defective matrix and 
cell debris impair 
healing

Periodic debridement

Growth 
factors

Decreased levels or 
inappropriate 
localization

VEGF (vascular endothelial 
growth factor); PGDF 
(platelet-derived growth 
factor, e.g., becaplermin); 

Phase I clinical trials of 
VEGF are still ongoing

Proteases 
(also 
important in 
proliferation 
stage)

Excessive levels of 
serine, cysteine, 
aspartic, or 
metalloproteases 
(MMPs) from 
neutrophil or 
monocyte abundance

Protease inhibitory 
modulating matrix 
(oxidized regenerated 
cellulose/collagen 
Promogran dressings) to 
absorb excessive amounts 
of proteases

Balance of MMPs and 
TIMPS (tissue inhibitors 
of MMPs) important; 
MMP levels peak at 
different times during 
normal wound healing; 
increased levels of 
MMP2 are beneficial at 
later stage; high levels of 
MMP9 at early stage are 
detrimental

Protease 
inhibitors

Reduced levels 
contribute to 
excessive levels of 
proteases

Amnion-derived cellular 
cytokine solutions to 
rebalance proteases and 
their inhibitors

Leads to accelerated 
wound closure and 
strength
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Table 13.1 (continued)
Factors That Affect the Stages of Healing and Treatments Designed 
to Overcome the Problems Associated with These Factors

Factor
Underlying 
Mechanisms Treatment Comment

Moisture 
imbalance

Moisture slows 
epithelial cell 
migration; excessive 
fluid causes wound 
margin maceration

Moisture-balanced 
dressings; compression 
and/or NPWT fluid 
removal

Stage 2: Proliferation
Cell adhesion, 
migration, 
and 
proliferation 
issues 
(non-
advancing 
wound)

High levels of 
matrikines from high 
protease levels; 
problems with 
fibroblasts

NPWT (negative wound 
pressure therapy, e.g., 
VAC); human skin 
allografts (GammaGraft™; 
AlloDerm®; Apligraf); 
GM-CSF (granulocyte 
monocyte colony 
stimulating factor); 
keratocyte growth factor

Ischemia Leads to severe wound 
hypoxia; affects 
angiogenesis, growth 
factor stimulation, 
and resistance to 
infection

HBOT (hyperbaric oxygen 
therapy); HBOT and 
adjunct use of α-lipoic 
acid; revascularization in 
the case of peripheral 
arterial disease (PAD)

HBOT not recommended 
for routine wound care; 
revascularization may be 
a better long-term 
solution in the case of 
PAD

Fibroblast 
senescence

Impaired ability of 
fibroblasts to 
replicate

Aggressive debridement; 
repopulate using 
tissue-engineered skin or 
autologous keratinocytes

Common in the elderly 
suggesting age is a 
primary factor

Diabetes Advanced glycation 
and lipoxidation of 
ECM proteins 
disrupts function

Keep diabetes controlled; 
angioplasty or arterial 
revascularization for 
ischemia; statins/
antiplatelet therapy for 
neuroischemic ulcers

All Stages
Ischemia-
reperfusion 
injury

Causes leukocyte/
complement 
activation, oxidative 
stress, and 
microvasculature 
dysfunction

Ischemic conditioning, 
anti-inflammatory agents, 
antioxidants, and 
complement therapy, 
although efficacy in 
humans is lacking

Cyclic ischemia 
reperfusion theories are 
still under vigorous 
debate

(continued on next page)
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is another different kind of high-technology approach to dealing with the cytokine 
imbalance found in chronic wounds.68,69 This methodology expands exudate control 
handled by dressings to one of draining wound fluid to accelerate closure. However, 
it appears that the VAC is much more than a mere suction device; the process also 
stimulates neovascularization and deposition of granulation tissue and reduces bac-
terial count in the wound. The likely mechanisms by which these processes occur 
are via microstrain on cellular mitogenesis, angiogenesis, and elaboration of growth 
factors, and enhancement of microcirculation dynamics through active evacuation of 
excess interstitial fluid in the form of edema.70

The Verdict on Advanced Wound-Healing Technologies

Although a review of advanced technologies is beyond the scope of this chapter, 
most, with the exception of the VAC, and hyperbaric oxygen therapy (HBOT), 
which is a much older technology, have not lived up to clinicians’ expectations. In 
an unpublished study of 19,236 wounds from 8628 patients, we determined that the 
time to heal wounds when advanced technology (AT) was employed was not differ-
ent compared to moist wound care with the exception of amputations, arterial ulcers 
and surgical wounds, which healed more slowly, but this might have been an effect 
of patient selection. It is clear that advanced technology can be used to good effect 

Table 13.1 (continued)
Factors That Affect the Stages of Healing and Treatments Designed 
to Overcome the Problems Associated with These Factors

Factor
Underlying 
Mechanisms Treatment Comment

Oxidative 
stress, 
including 
hyaluronan 
modification

Low cellular and 
circulating levels of 
antioxidants

Esterified hyaluronic acid; 
antioxidant therapies

Poor nutrition Leads to protein 
metabolism 
dysfunction and 
deficits of many 
cofactors 

Proper nutrition; well-
balanced diet; explore 
malabsorption syndromes

Serum albumin is not a 
satisfactory biomarker of 
poor nutrition 

Corticosteroid 
therapy

Interferes with 
inflammation, 
fibroblast 
proliferation, 
collagen synthesis 
and degradation, 
angiogenesis, wound 
contraction, and 
reepithelialization.

Vitamin A therapy; 
measures to prevent 
infection
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in select populations. For example, one of the most surprising findings of the study 
was the disparate size of wounds treated by AT versus basic wound care: the mean 
size of the wounds treated by basic wound care was 5.5 cm3, whereas it was 25.8 cm3 
for AT. Furthermore, healing times of wounds using AT were excellent when com-
pared to basic wound care (203 versus 148 days) given that the average wound size 
was almost five times greater. In addition, the overall healing rate of wounds treated 
with AT was 85.7%—close to the 91.2% healing rate achieved by basic wound care. 
One surprising finding was that on average, advanced technologies were not initiated 
until after the average wound would have healed, that is, until more than 60 days had 
elapsed. This makes the subsequent improvement in the wound after the institution 
of advanced technology even more impressive. Thus, “real-world” data suggest that 
advanced technologies may be able to drive some large, difficult-to-heal wounds 
to closure.

RW Johnson (a Johnson & Johnson company) spent $30 million to bring Regranex® 
to market. However, the product has not been a big success financially and clini-
cal success has also been limited. Dermagraft® failed to receive FDA approval for 
venous ulcers, was withdrawn and is now recently being marketed again for diabetic 
ulcers. Its competitor, Apligraf, continues to be relatively successful for DFUs and 
VUs but will not replace split thickness skin grafting. Advanced technology products 
continue to arrive in the market place but we have not seen dramatic decreases in the 
prevalence of chronic wounds nor overall healing rates. To frame an explanation for 
these observations, we must first take a short detour to discuss how new wound care 
products are clinically evaluated.

Efficacy versus Effectiveness

When new wound care products are tested in humans, at some point their efficacy 
has to be evaluated in a phase II clinical trial. For most treatments, the RCT contin-
ues to be the gold standard by which that is accomplished. However, as Carter and 
Warriner71 have detailed, there are a myriad of issues concerning trial design and 
outcome measures. First, many wound care RCTs are small and therefore under
powered in the context of trying to measure a relatively small treatment effect. 
Second, they utilize one treatment instead of the multiple treatments that are typi-
cally given to wound care patients. Third, they have relatively short study periods, in 
part because most wound care treatments are not designed to be given over the whole 
healing period of the wound. Fourth, most wound care patients either have multiple 
comorbidities or are elderly, which compromises healing ability, and these kinds of 
patients are typically excluded from RCTs. Finally, while the FDA (the U.S. Food and 
Drug Administration) only considers complete wound healing as the only acceptable 
outcome, many studies rely on partial wound healing outcomes, or surrogate and 
composite end points. It is possible that scientifically validated partial healing end 
points are possible and could well be an answer to a tricky evaluation dilemma, but 
this would have to take account of the heterogeneity of wound trajectories.

Generalizability of RCT results to real-world wound care populations is a particu-
larly thorny issue, and many systematic review algorithms attempt to estimate this 
problem in variety of ways. In essence, if the majority of eligible patients in a wound 
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care RCT are excluded for various reasons, is it logical to assume that the trial results 
are likely to be applicable to general populations? According to Britton et al.72 and 
other investigators, there must be serious doubts.

Because there were no data in the literature on generalizability of wound care 
RCTs to real-world populations, we recently undertook a study to estimate the per-
centage of patients in 17 AT wound care RCTs (DFUs, VUs, and PUs) that would 
have been excluded based upon the inclusion and exclusion criteria of each trial.73 
The results were disturbing. More than 50% of the study population would have 
been excluded in 15 out of the 17 RCTs. When less clinically relevant exclusion 
criteria were removed (such as infection or wounds less than 1 month old), 14 out of 
17 RCTs would still have excluded between 25% and 50% of the study population. 
Among 8,611 wound center outpatients, 70 % would have been excluded from the 
wound-related RCTs at the “first pass” (i.e., exclusions on the basis of comorbid con-
ditions, previous surgeries or medications, even before further tests are performed). 
That first pass exclusion included 8.4% of patients on steroids; 5% on renal dialysis 
(many others had renal insufficiency); 10% of patients with various forms of PVD 
(peripheral vascular disease; low estimate based on reported prior vascular surgery, 
transcutaneous oximetry or ABI [ankle-brachial index] results in their charts); and 
26% of wounds that were not diabetic foot ulcers were found in patients who had 
diabetes. The situation is in fact worse than the scenario we have portrayed because 
the protocols in most RCTs require detailed diagnostic studies prior to trial inclusion 
after initial screening, such as transcutaneous oximetry, bone scans, hemoglobin 
A1C, or creatinine. Perhaps as many as 10 to 30% of patients who pass initial screen-
ing will fail these subsequent tests due to further scrutiny before enrolment. Thus, 
we identified only those patients who would have been summarily excluded from a 
clinical trial; it is clear that the percentage of patients actually excluded would have 
been much higher. Consequently, the vast majority of wound center patients would 
have been excluded from the clinical trials performed on Regranex, Apligraf, and 
Dermagraft because of their comorbid conditions.

Efficacy refers to whether the intervention can be successful when it is properly 
implemented under controlled conditions, and is best determined by prospective, con-
trolled, randomized clinical trials. On the other hand, effectiveness is the capability 
of producing an effect, and refers to the impact in real world situations (i.e., whether 
the intervention typically is successful in actual practice). Thus the effectiveness of 
some wound care products currently on the market may be less than hoped due to the 
difference between controlled trial conditions and real world practice.

Although evidence from RCTs tends to be graded higher in most EBM hierar-
chical schemes, several investigations have shown that well-designed observational 
studies (cohort and case-control designs) can provide similar results in terms of the 
direction and magnitude of the effect size of the treatment.74–78 That is not to say 
that in some aspects of medical fields or particular populations significantly differ-
ent results and large heterogeneity between RCTs and observational studies have 
not been observed. On the contrary, this has occurred. However, the conclusion 
reached when assessing all these comparisons in the context of wound care suggests 
that observational trials can provide good estimates of treatment effects with more 
realistic wound care populations.
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Ischemia and Cellular Hypoxia

There are also more fundamental physiological reasons why AT wound care might 
not be as beneficial as we had first thought in many patients, or why we might be 
reaching a “technology ceiling.” In healthy patients, normobaric tissue oxygen lev-
els when measured in the foot by transcutaneous oximetry (PtcO2) are >50 mm Hg 
with typical values at sea level of 60 to 70 mm Hg.79–82 However, many patients with 
chronic nonhealing wounds have hypoxia when breathing normobaric air, which 
is sufficient to impair or prevent wound healing and is defined as a PtcO2 < 40 mm 
Hg.83 The two major diseases that cause wound hypoxia in leg ulcers are peripheral 
arterial disease (PAD) and venous insufficiency.

PAD affects some 8 millions Americans and is a progressive disease that primar-
ily affects the arterial circulation of the lower extremities. Its prevalence increases 
with age, especially in those ≥ 60 years old, and appears to be a huge factor in a large 
percentage of leg ulcers. At least 10% of patients with venous ulcers have arterial 
disease,84,85 but about half of those with diabetic ulcers have arterial disease,86–88 
and then there are those who present with pure arterial ulcers. That means that in 
any given wound center, as many as 30 to 50% of leg ulcer patients have arterial 
disease. However, relying on the ABI (a common measure of arterial insufficiency in 
the leg) as an indication for revascularization is fraught with difficulty. Other forms 
of screening are superior (e.g., transcutaneous oximetry or skin perfusion pressure) 
and patients who fail screening studies are referred for definitive vascular evaluation 
(angiography).

Chronic venous insufficiency (CVI), which is characterized by retrograde blood 
flow in the lower extremity venous system, and is associated with venous hyperten-
sion, edema, and inflammation of the venous walls and valves, is the prime cause 
of venous stasis ulcers. Some patients have more than one disease. The prevalence 
of CVI in our diabetic ulcer patients was approximately 11.5%, and 34.2% of our 
venous ulcer patients also had diabetes.73

One of the most critical issues in treating venous stasis ulcers is the detection 
of concomitant arterial disease because compression applied for treatment of the 
ulcer under such circumstances will impede or even cut off arterial inflow. Patients 
with venous disease who have concomitant arterial disease may require revascular-
ization. The options for revascularization consist of endovascular techniques such 
as balloon angioplasty with or without stent emplacement, percutaneous catheter-
directed thrombolytic therapy, or surgical bypass.89 In our opinion, if the occlusion 
is relatively small, endovascular techniques are preferred because of the minimal 
complications associated with procedure even though the vessel may only be patent 
for a few years. A repeat procedure than can then be applied if necessary. Surgical 
bypass procedures are much more invasive and carry relatively high risks of mor-
tality, although they may be the only method to address extensive occlusions. For 
elderly patients in particular, where life expectancies of the order of 5 to 10 years are 
common, endovascular techniques are preferred.

Mixed arterial/venous disease can be particularly difficult to treat and despite 
revascularization, limbs may require amputation.90 Similarly, for diabetic foot ulcers, 
revascularization is not always successful in restoring a functional circulation in 
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lower limbs.91 HBOT has been used to treat ischemic ulcers in such situations, and is 
moderately successful, especially in regard to limb salvage. Data suggest that HBOT 
can reduce the need for major amputations and increase quality of life years in dia-
betics. However, it is an interim and not long-term treatment because it does not fix 
the causative factors. What is needed is a treatment that can restore the damaged 
microcirculatory system, presumably angiogenesis-based—but to date, very few 
such clinical studies have been attempted. Angiogenesis is a complicated process 
whose success depends on the interaction of several factors in the right concentra-
tions levels in the right sequence (order).92 One such study conducted by Nikol et al.93 
involved the intramuscular administration of NV1FGF, a plasmid-based angiogenic 
gene delivery system for local expression of fibroblast growth factor. The results 
of this double-blind randomized controlled trial were disappointing (at least in our 
opinion): Twenty-five weeks after treatment of the affected limb, complete healing in 
the treatment and control groups had occurred at rates of 19.6% and 14.3%, respec-
tively (p = 0.514). Nevertheless, the treatment did reduce the risk of major amputa-
tion by nearly two-thirds, which is an important result. The key element for healing 
of hypoxic wounds is the correction of tissue hypoxia. In general, there are only 
two options: revascularization, which improves perfusion, and hyperbaric oxygen 
therapy, which increases tissue PO2. Among hypoxic wounds, healing will not occur 
unless some minimum tissue PO2 is achieved, regardless of what other interventions 
are offered.

Where Do We Go from Here?

We have discussed that chronic nonhealing wounds are frequently overwhelmed with 
unchecked hypercytokinemia and proteases, lack a variety of wound healing factors, 
and are often colonized by bacteria to an extent that interferes with wound healing. 
Worse, many such wounds are hypoxic and lack sufficient functioning vasculature 
to deliver proper nutrients to cells or have a problem with waste disposal because 
the lymphatic system is dysfunctional. Therefore, it should be no surprise that clini-
cal trials of advanced technology applications are not always brilliant successes. To 
summarize: The majority of chronic wound patients can be healed by addressing 
their underlying basic etiologic factors, instituting edema control and off-loading 
for pressure and diabetic ulcers, and managing the bioburden and other local and 
systemic factors. The small subset of patients who need and can also benefit from 
advanced technology (e.g., Regranex, Apligraf, or Dermagraft) are those who have 
adequate arterial supply.

The “technology threshold” experienced by most of the “advanced therapeutics” 
currently on the market is due to their inability to effect a significant increase in 
angiogenesis. HBOT remains unique in the field of wound healing for its ability to 
enhance angiogenesis and for its demonstrated effectiveness in Wagner III wounds, 
but at the same time it continues to be negatively affected by the laws of physics, 
distribution (the nature of its administration) and organization. In addition, HBOT 
suffers from lack of research funding, is not properly recognized due to less than 
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stellar evidence from an EBM point of view, and thus its use is hindered by the list 
of approved indications for it as well as reimbursement for actual treatment regi-
mens. Finally, we lack good models for “ischemic wounds.” At present we have no 
single treatment model for chronic wounds; rather, success depends on a series of 
consecutive treatments, each designed to overcome one or more barriers in phases 
of wound healing.

Silver-Impregnated Wound Dressings as an Example 
of Advanced Technology

Because this book focuses on the microbiology of chronic wounds, it is instructive 
to look at the issues involved with antimicrobial advanced technology in connection 
with chronic wound treatment because the advanced technology applied to chronic 
wounds generally follows the same pathway. As one of us (MC) was intimately 
involved with the systematic review of silver-impregnated dressings in 2008, as well 
as presenting that evidence to a CMS committee for coding of such dressings, this 
antimicrobial treatment has been chosen as the example.

The Concept

The use of silver in the form of silver sulfadiazine cream as a topical antimicro-
bial started in the 1960s and was (and has been) more widely used in burns than 
wounds, although several RCTs testing the efficacy of the cream in wounds have 
been published.94–96 Cationic silver (Ag+) is highly reactive and interferes at multiple 
levels with bacterial cell metabolism, including cell wall and membrane permeabil-
ity, blockage of transport and enzyme systems, alteration of proteins, and binding 
of microbial RNA and DNA.97 Because silver binding to protein and other anions 
does occur, it is advantageous to provide a continual release mechanism of the ionic 
form, and this was the impetus for the development of silver-impregnated dressings 
of which several are now on the market.

One major advantage of these kinds of dressings is that resistance to silver is far 
lower than the resistance to antibiotics that can develop because the silver attacks 
bacterial metabolism at several levels simultaneously. In addition, systemic toxicity 
resulting from such dressings is very low and allergies to silver are nonexistent.97,98 

Clinical Use of Silver-Impregnated Dressings

Some of the more popular dressings on the market include Contreet® foam (sus-
tained silver release in a foam dressing; Coloplast), Aquacel® (hydrofiber dressing 
with ionic silver; Convatec), Restore Contact Layer Silver with TRIACT technology® 
(polyester textile mesh with hydrocolloid, and sustained silver release; Hollister), and 
Silvercel® (silver hydroalginate, Johnson & Johnson Wound Management). All of 
these dressings have been tested in RCTs as well as observational trials on patients 
with a variety of wounds with varying degrees of success.
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Past systematic reviews have been critical of the evidence supporting their use. 
For example, Vermeulen et al.99 concluded: “Only three trials with a short follow-
up duration were found. There is insufficient evidence to recommend the use of 
silver-containing dressings or topical agents for treatment of infected or contami-
nated wounds.” Chambers, Dumville, and Cullum100 characterized the studies as 
providing “inconsistent evidence regarding the effects of silver-based dressings and 
topical agents on leg ulcer healing. Studies generally provided poor evidence due to 
a lack of statistical power, poor study designs, and incomplete reporting.” In conclu-
sion, they stated: “the current evidence base on the use of these silver-based products 
on leg ulcers is limited, both in terms of the quantity available and the quality of the 
evidence.” The systematic review of Lo et al.101 had the broadest scope but also the 
least rigorous approach in our opinion, and the authors concluded: “silver-releasing 
dressings show positive effects on infected chronic wounds. The quality of the trials 
was limited by the potential for bias associated with inadequate concealment, no 
detailed description of the outcome measurement and no reported intention-to-treat 
analysis…. The review clearly highlights the need for well-designed, methodologi-
cal standardized outcome measurement research into the effectiveness of silver-
releasing dressings…. This review strengthens the case for the use of silver dressings 
when managing infected chronic wounds.”

Because many of the patients that are being treated with silver-impregnated 
dressings are over 60 years of age, several wound-care manufacturers thought it was 
important that such dressings be accepted by CMS. Acceptance (i.e., reimbursement 
for the use of such dressings rather than reimbursement based upon general dressing 
codes) is contingent upon receiving a coding and coverage, which is predicated upon 
evidence that such dressings do indeed to knock down infections, eliminate critically 
colonized wounds, and thus contribute to healing of the wound. However, while most 
clinicians and payers accepted that such dressings could achieve the first two goals, 
controversy has centered on the third goal, i.e., do such dressings influence wound 
healing, and if so, by how much? It was with this point in mind that MC was asked 
to conduct an impartial systematic review of the evidence for several wound care 
manufacturers and communicate that evidence to the CMS subcommittee respon-
sible for approving new codings for medical devices and treatments.

Systematic Review and Meta-Analysis

The initial review confirmed the previously published findings of the systematic 
reviews. One of the major issues was the lack of complete reporting as specified 
by the CONSORT statement for reporting RCTs.102 In terms of understanding the 
details of RCTs when crucial information is omitted it is not possible to give a “ben-
efit of the doubt” when quality analysis is conducted, so although the trial might 
have been properly conducted it is going to be downgraded because information is 
missing. External and internal (bias and confounding) trial validities are also critical 
issues to quantify, because problems in these areas suggest that the results may not 
be valid or cannot be generalized to more general population groups. Our analysis 
found several problems with these issues in the RCTs.
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Another concern focused on outcomes. The trials were conducted over a rela-
tively short period of time varying from 2 to 8 weeks because silver-impregnated 
dressings are applied to wounds for a relatively short period of time. If the dress-
ings bring the bacterial colonization or infection under control, there is no point to 
prolonging dressing applications, and in fact much longer times may be detrimental 
to wound healing. Therefore, there is likely to be very little difference regarding 
complete wound healing data between control and treatment groups as much longer 
times (e.g., 16 or 20 weeks) would be needed to more accurately estimate any dif-
ferences. Indeed a pooling of this data clearly showed little difference (Figure 13.2). 
On the other hand, when all the partial wound healing outcomes were pooled (rela-
tive wound reduction), an unequivocal result was obtained (Figure 13.3) with little 
heterogeneity.

After extensive discussion of the data, the initial results were presented to a 
CMS HCPCS (Common Procedure Coding System) coding meeting in April 2008. 
During the several months that this information was being digested, additional 
data requested from two study authors had arrived, which enabled a meta-analysis 
subgroup analysis. The idea behind this meta-analysis was to take the outcomes 
from the RCTs and divide them into two time periods: 2 to 4 weeks and 8 weeks. It 
was hypothesized that since the dressings were applied for a short period of time, a 
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Figure 13.3  Meta-analysis of relative wound reduction (%) partial wound healing out-
comes for randomized controlled trials.
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Figure  13.2  Meta-analysis of complete wound healing outcomes for randomized con-
trolled trials.
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substantial difference might be observed between the two groups for partial wound 
healing rates, but no complete wound healing.

The results confirmed the hypothesis. While no difference between complete 
wound healing was observed (risk difference for the 2- to 4-week and 8-week groups, 
95% CI –0.03 to 0.09 and –0.02 to 0.06; p = 0.33 and 0.31, respectively), in terms of 
wound size reduction a very different results was obtained (weighted mean differ-
ence for the 2- to 4-week and 8-week groups, 95% CI 5.62 to 19.61 and –7.12 to 20.62; 
p = 0.0004 and 0.34; heterogeneity [chi squared], p = 0.39, p = 0.04; I2 = 1% and 77%, 
respectively). The conclusion is that the wound-healing effect lasts at least 4 weeks, 
but by 8 weeks the effects between the experimental and control groups are start-
ing to equalize. The end result should be a shortening of the average time to heal, 
although this cannot be estimated without trial data lasting some 16 to 20 weeks.

A more extensive quality analysis was also performed by modifying the approach 
of Downs and Black,103 shortening the power subsection and substituting for exter-
nal validity the scheme outlined in our previous work.73 In addition, RCTs were 
graded using both the SIGN methodology104 and the approach of Atkins et al.105 
based on the quality score ranges and strengths/weaknesses of each study to help 
minimize the judgment factor that can arise, particularly when assigning an “A” 
or “B” grade to the evidence. Although the majority of the trials were still graded 
B, with some graded A, we had more confidence that unknown systemic bias was 
absent from the group as a whole.

At the time of writing, more meetings are being convened regarding coding and 
coverage of the dressings with additional data being distributed, and it is hoped that 
favorable decisions will be reached in 2010. This treatment approach also desperately 
needs a cost-effectiveness analysis (e.g., cost utility study) to convince users and 
payers that the dressings are cost-effective, but this is somewhat a catch-22 process 
because cost utility studies cannot be performed without a complete and specific 
wound-healing model, which is still lacking.

The take-home message for this AT technology is that despite an appropriate 
concept, as well as a considerable number of clinical trials, from an EBM point of 
view it will likely take nearly 10 years from the dates of the phase 1 clinical tri-
als before these dressings are accepted as a viable treatment by payers for chronic 
wounds because of the limitations of the RCTs involved as well as our understanding 
of wound healing.

Conclusions

Many factors are involved in wound healing, yet if basic wound care were success-
fully applied in all cases we could heal nearly 80% to 85% of venous ulcers, 75% 
to 80% of pressure ulcers, and perhaps two-thirds of diabetic foot ulcers. Advanced 
technologies are often not instituted until after the average wound would have healed, 
i.e., until conservative care has failed for more than 60 days. By initiating advanced 
technology sooner, one wonders if the outcome of some of these refractory wounds 
would be even better since the longer wounds persist, the more difficult they are to 
heal. However, some rational method is needed to ensure that simpler approaches 
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are used first. Developing a consistent approach to the complex armamentarium of 
advanced technology is a dauntingly difficult task. 

Through meticulous evaluation and the application of basic wound care principles 
we can identify those patients that might be healed by basic wound care alone, those 
whose chronic wounds might benefit from advanced technology, those patients who 
need revascularization before their wounds can be healed by any means, and those 
patients whose vasculature supply is so inadequate that it is unlikely we can do much 
for them. The problem is that nearly all product trial design research excludes patients 
with vascular disease, which is the final common denominator for nonhealing. In 
addition, most of the patients that are seen at wound care centers are exactly the 
patients who are excluded for a variety of reasons (besides vascular disease) from 
the RCTs that test new wound care products. In essence, our “real-world” patients are 
poorly represented in these RCTs.

Comorbidities heavily influence the prognosis of wounds. If these comorbidities 
are not properly controlled and/or treated, no amount of advanced technology will 
succeed. Far too many trials exclude patients with serious comorbidities, with the 
inference by some clinicians that if the trials appear to be successful in these care-
fully selected populations then any patient can be successfully treated. Honest con-
clusions by trial authors in terms of patients most likely to benefit would provide an 
up-front education for clinicians. Instead, practitioners must engage in mass “clinical 
experiments” with their wound center patients to determine whether products tested 
in RCTs will in fact, provide any benefit to their highly compromised patients. Thus 
we prove advanced wound care technology in patients who mostly do not really need 
advanced technology, exclude many of the patients who fill our wound care clinics, 
some of whom might benefit if we had better data, and spend huge amounts of money 
on developing products that do not improve the vascular supply. Summarizing, our 
data suggest that we develop the wrong products for the wrong patients while provid-
ing poor care to the rest. If clinicians, policy makers, and third-party payers were 
better educated regarding the basics of wound care so that the right treatments were 
applied in the right order for the right situation, and covered when they are dem-
onstrated to provide benefit, we could heal the wounds of many more patients in a 
timely fashion.

In the words of George Bernard Shaw: “We are made wise not by the recollection 
of our past, but by the responsibility for our future.”
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Color Figure 3.3  Edema of the lower limb.

Color Figure 3.4  Varicose eczema.



Color Figure 3.5  Lipodermatosclerosis.

Color Figure 3.6  Extensive varicose veins.



Color Figure 3.7  Venous ulceration.

Color Figure 3.8  Malignant ulcer masquerading as a venous ulcer.
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Figure 5.2  Generation of wound chronicity.



Color Figure 8.1  Slough overlapping the wound edge.



Color Figure 8.2  Bright red wound border is a positive sign of host control of wound 
biofilm.

Color Figure 8.3  Plantar hyperkeratosis in an immobile patient.
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Color Figure 9.2  The expression and cellular source of matrix metalloproteinases 
(MMP) and tissue inhibitors of MMPs (TIMP) in acute wounds. (Toriseva, M., and Kahari, 
V.M. (2009) Proteinases in cutaneous wound healing. Cell Mol Life Sci 66:203–224. With 
permission)

Innate Adaptive

Color Figure 10.1  Innate and adaptive compartments of the immune system.
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