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Abstract

Chronic wounds affect millions globally and are a huge financial burden.
Whilst there are many wound dressings commercially available to manage
these wounds, the complexity of the repair process makes it difficult to select
the right dressing for the right wound at the right time. Thus, in this narrative
review, we have examined reasons why wounds fail to heal, summarised the
pathophysiology of the chronic wound environment and provided an
evidence-based, clinically-relevant compilation of the published literature rele-
vant to dressing design and evaluation. This has highlighted the need for a dee-
per understanding of wound exudates, how exudates change throughout the
healing process, and how they are impacted by different dressing materials.
Studies assessing biochemical and biophysical changes in exudates throughout
the healing process are extremely valuable in this regard, enhancing both our
understanding of the wound healing process and the ability to assess dressing
performance. In addition, this knowledge allows us to replicate various wound
conditions in the laboratory, and develop clinically-relevant models for testing
current and new dressings, therefore providing a more comprehensive under-
standing of how and when they should be used. This approach makes the use
of dressings more effective, thereby improving outcomes, and reducing the
economic burden of chronic wounds.
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« chronic wounds affect millions globally and are a huge financial burden

« we examined reasons why wounds fail to heal, relating to dressing
performance

« exudates provide valuable information about the wound and its healing status

« exudate content studies allow to replicate wound conditions in the laboratory

« such studies thereby enable improved, clinically-relevant testing of dressings
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1 | INTRODUCTION

Chronic wounds affect millions of people globally and
are a financial burden on healthcare systems, costing
tens of billions of dollars annually.' The prevalence of
chronic wounds is relatively high and similar to that of
heart failure, affecting 6.5 million people in the
United States, which are 2% of the US population.”
In addition, chronic wounds account for 3% to 6%
of the total healthcare expenditure in developed
countries, and conservative estimates for the US point
to an associated cost of $28 billion per year to the
American Medicare system.®> The delayed healing
observed in chronic wounds is multifactorial, and is
further complicated by differing wound types and
patient comorbidities. The wound repair process
involves multiple cell types and activities, thousands
of molecules and numerous coordinated biochemical
processes are required for healing. Furthermore, given
the number and type of molecules that have been
reported to be elevated and/or reduced in non-healing
wounds, it is unlikely that a single therapy to heal all
wounds exists. This complexity helps explains why
so many clinical trials using topical application of indi-
vidual molecules have had limited success. Instead, it
is more likely that therapies or combinations thereof
that address a number of the issues that occur in
chronic wounds ought to have a higher likelihood of
clinical success and provide improved quality of life
for patients.

In this review, we will look at the wound healing
process and what is required in order to achieve heal-
ing. We will also examine why some wounds fail to
heal in a timely manner and the importance of the
inflammatory response. Understanding the issues of
non-healing will allow us to assess how and when to
use current wound dressings to manage the wound
and improve clinical and economic outcomes. Ulti-
mately, if we are to use wound therapies appropriately,
and indeed develop improved wound treatments, we
must understand the symptoms of the wound and its
pathophysiology. In addition, we need to have clini-
cally relevant laboratory test systems and their associ-
ated measures of success to evaluate effectively the
different mechanisms of action. By understanding and
considering both the physical and biochemical needs
of the wound, we are much more likely to provide an
effective and efficacious treatment. Accordingly, this
narrative literature review provides an evidence-based,
clinically-relevant compilation of the published biolog-
ical and physiological knowledge relevant to dressing
design and evaluation.
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2 | THE WOUND HEALING
PROCESS AND WHY WOUNDS MAY
FAIL TO HEAL

Wound healing follows a series of complex overlapping
processes that ultimately result in the closure of the
wound and restoration of the epithelial layer or skin.
These processes include haemostasis, inflammation,
angiogenesis, extracellular matrix formation, epitheliali-
sation, and remodelling; all of which involve a wide
range of cell types, regulators such as growth factors,
cytokines, proteases and protease inhibitors, and the
extracellular matrix.* It is the concerted and timely,
orchestrated action of all these processes that are
required for wound healing to occur; therefore, a defect
in any process can delay healing, resulting in a stalled or
chronic wound. The most prevalent classifications of
chronic wounds are venous, pressure, arterial and dia-
betic foot ulcers. However, there are other wound types
that exhibit delayed healing with similar underlying
pathophysiology to chronic wounds, such as non-healing
surgical wounds, which require similar interventions for
healing to occur.

Healing of acute wounds generally occurs within two
to four weeks® while chronic wounds may persist for
months or years, or for the rest of the patient's lifetime.®’
Therefore, it is generally accepted and guidelines typi-
cally describe a non-healing or chronic wound as one
that has not achieved complete wound closure within
4 weeks.® Of note, the 4-week time is not definitive and
some authors refer to a period of 6 weeks and up to
3 months to define the chronicity of a wound.”**

There are many reasons why chronic wounds fail to
heal within the above timeframes, which can be linked to
patient, wound and /or environmental factors, or a combi-
nation of these. Patient factors include medical history,
wound aetiology and comorbidities such as diabetes, obe-
sity, ischaemia, venous insufficiency, auto-immune condi-
tions such as rheumatoid arthritis, renal disease, traumatic
injuries to the central nervous system, cerebrovascular
accidents or malnutrition."** Wound-related factors
include exposure to bacterial or fungal bioburden, excess
oedema, inappropriate management of the wound exu-
date, unsuitable or inadequate offloading, or pressure
redistribution to relieve the affected anatomical area. Envi-
ronmental factors are ambient conditions such as humid-
ity or desiccation, or lifestyle choices the patient has made
or has been exposed to, including smoking, alcohol, poor
nutrition, UV light exposure, psychological stress, pollut-
ants etc."” It is now acknowledged that exposure to these
factors, their level and duration determines the overall
health status and, in particular, the inflammatory response
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to stimuli of the individual. Thus, when we consider a
patient with a non-healing wound, the approach should be
holistic and multi-factorial issues should be considered,
such as a patient with a poor health status who is predis-
posed to chronic inflammatory conditions. For such a
patient, it is hardly surprising that their non-healing wound
would become trapped in the inflammatory phase of heal-
ing, and fail to progress to closure in a timely manner.
Correspondingly, studies examining the pathophysiol-
ogy of chronic wounds have shown that fundamental bio-
chemical differences exist between healing and non-
healing wounds and that non-healing or chronic wounds
are stuck in a prolonged and heightened inflammatory
process that prevents healing because of its harmful effect
on the wound and peri-wound tissues.'®'” This persistent
inflammatory environment is characterised by increased
exudate production, increased wound and peri-wound
temperature and production of a more alkaline wound
environment with non-healing wounds typically found to
have a pH range of 7.15 to 8.9 (Figure 1). As the pH
level affects the solubility, activity and physical properties
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Important changes in the wound environment

alter, compromise or suppress the function of the tissue-repairing
cell types which are the most critical for wound healing, such as
macrophages, neutrophils, and fibroblasts

of tissue components such as proteins, changes in pH will
alter the biochemical, cellular and physical properties of
the wound and peri-wound environment. Indeed, several
comparison studies between acute and chronic wounds
or healing and non-healing wounds have reported signifi-
cant biochemical differences. Chronic or non-healing
wound fluid and tissue had increased pro-inflammatory
cytokines (eg, tumour necrosis factor-alpha (TNF-«), and
the interleukin (IL) types IL-1 beta, IL-6 and IL-8), free
radicals or reactive oxygen species (eg, hydrogen perox-
ide) and proteases (eg, the matrix metalloproteinases
[MMPs] and human neutrophil elastase) and less total
protein and albumin.'®?°?® Cell physiology further
changes under an altered pH environment, for example,
the motility and migratory potential of fibroblasts is com-
promised.”® Overall, these factors create a hostile bio-
chemical environment that negatively impacts the
healing and perpetuates chronicity, which must be cor-
rected if healing is to occur.***!

Published literature over the last 30 years has demon-
strated that inflammatory cytokines are elevated in
chronic non-healing wounds and the resultant pro-
inflammatory environment causes degradation of growth
factors and extracellular matrix proteins.*** These publi-
cations have studied various aspects of inflammation,
comparing levels and activity of biochemical molecules
in acute and chronic non-healing wounds.** Studies con-
ducted by Harris et al. have shown that wound fluid
derived from venous leg ulcers was rich in inflammatory
cytokines such as TNF-a and IL-1f and subsequently,
had reduced levels of growth factors such as platelet-
derived growth factor.”® The levels of these cytokines
decreased as the wound healing progressed, indicating a
significant relationship between non-healing wounds and
the increased levels of pro-inflammatory cytokines.?” Fur-
thermore, chronic wound fluid containing elevated levels
of these cytokines has been shown to inhibit the growth,
and induce morphological changes in normal skin fibro-
blasts.>> Moreover, macrophage activation, essential for
initiating the proliferative phase of wound healing, was
found to be suppressed in chronic venous leg ulcers, lead-
ing to an impaired inflammatory response,*® which is
likely associated with increased levels of TNF-a in these
wounds.?” Likewise, Mirza and colleagues demonstrated
that sustained IL-1f expression in wounds of diabetic
humans and mice was associated with a proinflammatory
macrophage phenotype and that inhibiting the IL-1f
pathway in the wounds of diabetic mice induced a switch
from proinflammatory to healing-associated macrophage
phenotypes, and improved the healing of these wounds.*®
Related clinical results published by Streit et al. (2006)
showed that therapy-resistant leg ulcers responded well
to repeated topical administration of a solution or a gel
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containing the TNF-alpha antibody infliximab which
binds and neutralises TNF-a.%° In addition, white blood
cells (polymorphonuclear leucocytes) from patients with
chronic wounds have been shown to produce more reac-
tive oxygen species than healthy controls.** Taken
together, the above literature indicates that the elevated
and sustained presence of inflammatory cytokines in the
wound environment alters, compromises or suppresses
the function of the cell types which are the most critical
for wound healing such as macrophages, neutrophils and
fibroblasts.*'

Reactive oxygen species, or ROS, is the term given to
a family of molecules which are typically generated by
neutrophils and contain oxygen but have been reduced to
become highly reactive radicals. The family of ROS mole-
cules, including superoxide anion, peroxide, hydrogen
peroxide, hydroxyl radicals, and hydroxyl ions, have a
pivotal role in the normal inflammatory response, main-
taining cell function and early host defence against infec-
tions through phagocytes and reactive oxygen burst.*?
Published evidence has clearly demonstrated the role of
low levels of ROS in cellular homeostasis, however, it is
important to note that excessive and sustained ROS pro-
duction leads to oxidative stress, which has detrimental
effects on wound healing.*> The precise balance between
low and high levels of ROS is critical for normal wound
healing to occur.****

Many investigators have also studied the role of prote-
ases in wound repair and have reported that many prote-
ases are present in excess in chronic, non-healing
wounds, causing destruction of the wound and peri-
wound tissues through proteolysis of the extracellular
matrix. While these proteases are beneficial in debriding
the wound of damaged tissues at an initial stage, their
excess and sustained presence extracellularly after the
natural autolysis continues to degrade proteins and tis-
sues that are required for healing and closure. Studies
have measured various serine and matrix metallopro-
teases (MMP) comparing levels and activity in both acute
and chronic wounds. Total MMP activity in chronic
wound fluid has been found to be approximately 30 times
higher than that in acute wound fluid.'® More specifi-
cally, the activities of MMP-2, MMP-8, MMP-9, and
human neutrophil elastase (HNE) have been found to be
considerably higher in chronic wound fluid than in fluid
from normally healing wounds.”>**?*****® These prote-
ases are predominantly produced by inflammatory cells,
namely neutrophils when stimulated by inflammatory
cytokines.*' In normally healing wounds, neutrophils
recruited from the circulation will eventually undergo
apoptosis and be engulfed by macrophages, initiating a
resolution process that terminates the inflammatory
response, however, in non-healing wounds, these
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inflammatory cells often continue to be recruited and
activated, leading to persistent inflammation and contin-
ued protease production.*’ A non-healing wound can
thereby be shifted to a harmful cycle whereby the dam-
age because of neutrophil-derived proteases causes even
more inflammation, which in turn results in additional
tissue damage because of excess proteolytic activity, lead-
ing to the recruitment of more neutrophils and further
escalation. The resultant effect of excess inflammatory
cytokines is therefore an increase in inflammatory-based
proteases in the wound and peri-wound area. To demon-
strate the detrimental effect of inflammatory proteases on
the wound environment, studies have shown that chronic
wound fluid high in proteases, specifically HNE, degrade
peptide growth factors,*” and that the addition of protease
inhibitors to chronic wound fluid can protect growth fac-
tor activity.*” This is further supported by the fact that
chronic wounds have been found to have lower levels of
growth factors'® and inhibitors such as alpha-1-antitryp-
sin, and tissue inhibitors of MMPs.*>***! Similarly, studies
have demonstrated that the degradation of extracellular
matrix proteins such as fibronectin is dependent on the
relative levels of proteases and their inhibitors in the
wound fluid.*® Investigators concluded that the proteolytic
activity, and the resultant fibronectin fragmentation
observed, may be related to retarded epithelisation and
lack of healing.”* Breakdown of growth factors and extra-
cellular matrix proteins by proteases and the sustained
release of inflammatory cytokines are likely contributors
to these findings.'®*

To summarise the above information, studies on
non-healing wounds concluded that the hostile pro-
inflammatory wound environment causes excessive
tissue damage and degradation of key functional molecules.
This result in further inflammation, an increase in degrada-
tive processes, and a subsequent decrease in the construc-
tive processes required for wound healing.** A vicious circle
of non-healing ensues, in which inflammation is perpetu-
ated, leading to the ongoing degradation of growth factors
and extracellular matrix by elevated protease activity, which
causes the release of additional inflammatory mediators
and stimulates further protease production (Figure 2). This
cycle can potentially continue indefinitely, which is why
chronic wounds can persist for months and years.

The presence of bacteria can exacerbate the wound
conditions, not only because of bacterial toxins released
from living or lysed bacteria®>> but also, by intensifying
the pro-inflammatory environment, eliciting more inflam-
mation, and producing virulence factors such as specific
bacterial proteases (eg, Pseudomonas aeruginosa elastase
B) that intensify the proteolytic milieu (Figure 2).>%*'%>%
Bacteria are known to exploit chronic wounds as they pro-
vide a favourable environment for the survival and growth
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wounds, where bacterial infections both intensify the direct cell
and tissue damage by bacterial toxins and produce additional
proteases which degrade extracellular matrix and inhibit healing

The damage spiral in (potentially infected) chronic

(built upon the Cullen's circle of delayed wound healing depicted in
Gibson et al., 2009). ROS, reactive oxygen species

of bacterial colonies and biofilms; not only is the damaged
sloughy tissue a good nutritional source but the alkaline
pH associated with non-healing wounds (Figure 1) pro-
vides an environment conducive for further bacterial
growth. For healing, a mildly acidic environment, that is,
a pH of approximately 6, is favourable, inducing fibroblast
proliferation, promoting epithelisation and angiogenesis,
while also facilitating the release of oxygen from haemo-
globin.>® For example, a shift of the wound pH value down
to 6 entails a 40% to 90% decrease in the activity of proteo-
lytic enzymes.®®®! In contrast, an alkaline pH has an
adverse effect on wound tissues, depriving the wound of
oxygen and providing favourable conditions for bacteria.®®
Indeed, many studies have reported that increased alkalin-
ity is indicative of local wound infection,®® and that reduc-
ing the wound pH has been concomitant with improved
outcomes.®”* This is why intact healthy skin is naturally
acidic, ranging from pH 4 to 6, preserving resident skin
flora, maintaining the skin barrier function and minimis-
ing bacterial contamination.®°>* This physiological pH

range results from the amino acids and fatty acids pro-
duced and secreted by the keratinocyte layer and the skin
appendages in the intact skin.®'

Other noteworthy patient-related factors that may
delay wound healing or cause non-healing are the use of
certain drugs, for example, those that affect blood clotting
or platelet function, as well as corticosteroids and chemo-
therapeutics that induce cell cycle arrest and thereby,
reduce the rate of cell proliferation which is required for
wound healing."” In addition, micro-traumas such as
repetitive loading of existing pressure ulcers/injuries at
weight-bearing body regions may mechanically damage
epithelization and neovascularization or compromise
existing perfusion and therefore, lead to delayed/non-
healing."”

The extensive research evidence published over the
last 40 years supports the hypothesis that in order to heal
chronic wounds, it is necessary to break the vicious cycle
of non-healing by correcting the pro-inflammatory envi-
ronment, thereby, allowing the wound to progress to the
next stages of healing.’*®>®” However, correcting the
underlying pathophysiology alone is not sufficient to mit-
igate the complexity of chronic wounds. It is also neces-
sary to provide wound treatments which concurrently
perform a number of important physical functions in
order to optimise wound closure. This principle was first
described as moist wound healing by George Winter in
1962,°° and is now generally referred to as the standard
of care. Today, this standard integrates moist wound
healing principles with compression therapy for venous
leg ulcers, off-loading for diabetic foot ulcers and re-
positioning for pressure ulcers/injuries, and importantly,
use of advanced wound dressings to maintain the optimal
conditions for healing, as discussed further below.

3 | THE POTENTIAL ROLES OF
CONTEMPORARY WOUND
DRESSINGS IN INFLUENCING THE
WOUND ENVIRONMENT AND THE
PROCESS OF CHOOSING DRESSINGS
TO OPTIMISE TREATMENT

Historically, traditional wound care treatments such as
gauze were used, which are passive in nature and func-
tion merely as a wound covering structure that also
absorbs wound exudate to some extent. In contrast, moist
wound healing has been shown to accelerate the rate at
which wounds heal when compared with using these tra-
ditional gauze dressings where the wound is exposed to
the air and allowed to dry. This has led to many advances
in wound dressings and wound care devices over the
years, and has seen the development of a multitude of
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sophisticated moist wound healing treatments which are
highly effective in dealing with the symptoms of chronic
or non-healing wounds. It is now generally accepted that
a moist wound healing dressing must perform a number
of important roles to manage the wound and provide
comfort for the patient. These include not only providing a
moist wound healing environment but also keeping the
wound clean and free of contamination; absorbing inflow-
ing exudate without leakage or causing maceration to the
peri-wound skin; conveniently conforming to the body
contours at the wound site; and minimising discomfort,
pain and injury upon dressing removals while also being
able to stay in place between dressing changes for the
intended period of use. In addition to these clinical require-
ments, dressings must be suitable for a wide range of
wound types, locations and sizes, exudate secretion rates
and volume levels, and be safe, sterile, non-sensitising, easy
to apply and remove, compatible with other therapies such
as compression therapy and offloading devices, and ideally
be conformable and comfortable for the patient to wear
routinely, thus allowing mobility, showering and overall
normal life to continue. These design requirements are not
only numerous but are often conflicting, making dressing
development and their consistent function across wound
and patient conditions extremely difficult and challenging.
It may also explain why no one wound dressing product
satisfies all these requirements to the full extent, but dress-
ing combinations have been used together to achieve supe-
rior outcomes over a single dressing brand. An effective
therapeutic approach, therefore, needs to provide a dress-
ing that incorporates as many of these desirable character-
istics as possible, whilst being compatible with an
additional therapy that deals with the underlying patho-
physiology of the non-healing wound. This has led to a
plethora of wound dressings to choose from, and becasue
of the limited availability of standardised clinically-relevant
test systems in which to compare these dressings, it is often
the cheapest dressing product that is selected in practice.
Typically, this results in sub-optimal clinical outcomes and
ultimately, adds costs to the healthcare system.
Alternatively, we could simplify our classification of
dressings by categorising them into one of 3 groups, with
the selection of wound therapies depending on the need
of the wound at that time. The first category is the largest
as it incorporates all dressings and devices that affect or
manage the symptoms of the wound including the exu-
date, pain, smell, fragile peri-wound skin, and friable,
fibrinous or sloughy wound tissues. The second group,
for wounds suspected to be infected, helps to reduce the
colonisation of excess bacteria and fungi by providing a
physical barrier to keep the wound clean, in addition to
delivering antimicrobial agents to kill multiple strains of
bacteria present both planktonically and in biofilms,
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and/or using other antibacterial and antifungal strategies
to affect the bioburden of the wound. The third and most
diverse dressing group covers those therapies which help
to actively change the wound environment in order to
facilitate healing. These may include therapies that
reduce negative factors such as sustained or excess
inflammation, proteases and bacteria by releasing medi-
cations, or those that function through the advancement
of positive processes such as promoting cell proliferation,
angiogenesis and stimulation of new tissue deposition,
for example, by delivering growth factors. Because in
clinical practice, there is limited ability to diagnose the
exact biochemical imbalance that exists in each specific
non-healing wound, a successful treatment which accel-
erates wound healing incorporates as many of these
modes of action as possible.

Clinically, when a wound is assessed, it is possible to
determine what are the physical requirements of the wound
based on size, exudate level, and tissue type in the individ-
ual. Once this is decided, an appropriate category 1 dressing
can be chosen. It is then necessary to determine if the
wound is non-healing because of excess bacteria and/or
because of an underlying pro-inflammatory environment.
This helps to determine an appropriate category 2 or 3 ther-
apy to prescribe. Considering both the physical and bio-
chemical needs of the wound in this way would allow a
clinician to deal with the underlying issues of the wound
while also providing a treatment which mitigates the symp-
toms of the wound. This in turn will provide the patient
with a comfortable, effective, and efficacious solution.

For a dressing to have a positive impact on the wound
and improve the healing outcomes, it is necessary to
understand not only the cellular and tissue components
of the wound and peri-wound but also the wound fluid
which comprises the extracellular environment. The
wound fluid or exudate reflects what is happening in the
wound, and its composition contains negative and posi-
tive factors depending on the phase of healing, the status
of the wound and the level of pathogens present in the
wound environment. Consequently, it is important that
we replicate the key features of wound fluids when test-
ing wound dressings in a laboratory setting so that the
tests are clinically-relevant and correctly represent the
various conditions observed in different wound types.

4 | WOUND FLUID COMPOSITION
AND IMPLICATIONS ON THE
DESIGN OF SIMULATED WOUND
FLUIDS

Despite the advances made in the development of moist
wound healing dressings, our knowledge of wound fluid
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is still limited, with only a basic understanding of wound
fluid composition and how this may change as the
wound heals or deteriorates. We have yet to fully compre-
hend how the rate and volume of production, biochemi-
cal composition, and physical properties of wound fluid
vary during different phases of wound repair, with each
wound type or aetiology and more importantly how
much exudate is optimal to facilitate moist wound heal-
ing. Without answers to these basic questions, it is not
surprising that laboratory testing conditions used in the
development of wound dressings are rudimentary and
typically, do not reflect the complexity of real-life clinical
situations.

What is known is that exudate production is a normal
feature of the repair process, however, when exudate is
excessive, insufficient, or of the wrong composition, it is
usually indicative of problems and healing is delayed.
The main purpose of wound exudate is to support heal-
ing, facilitating the diffusion of key factors such as
growth factors, oxygen and nutrients to the cells in the
wound bed, and provide a moist wound environment
which promotes cell proliferation, migration and differ-
entiation, and aids autolysis of necrotic or damaged tis-
sues.”” Typically, exudate is clear, pale amber and of a
watery consistency with levels usually reducing as the
wound progresses to healing.”® Its composition is com-
plex, composed mainly of water containing electrolytes,
nutrients, proteins, inflammatory mediators, proteases,
growth factors and waste products, as well as various
types of cells, for example, neutrophils, macrophages and
platelets and extracellular matrix fragments.”" Further-
more, because wounds are not sterile, the exudate fre-
quently contains micro-organisms, however, this does
not necessarily mean the wound is infected unless con-
current with other signs or symptoms such as odour or
purulent exudate.

Even though a moist wound environment is neces-
sary for optimal healing, over- or under-production of
exudate may adversely affect healing. Generally, chronic
wounds are associated with higher levels of exudate pro-
duction, which is thought to impede healing as it slows
down or even prevents cell proliferation, interferes with
growth factor availability and contains elevated levels of
inflammatory mediators and proteases.”® It is thought
that the prolonged inflammatory response observed in
non-healing wounds is responsible for the higher levels
of exudate production, and for the change in its composi-
tion, producing a wound fluid which is detrimental and
creates a hostile wound environment. In earlier studies,
Trengove and colleagues examined how the composition
of wound fluid compared with human serum.” Because
wound fluids are always derived from plasma it is hardly
surprising that the composition of both fluids - exudate

and plasma - is similar in terms of the basic components
as regards physiological electrolytes, minerals and
organic compounds, for example, sodium, magnesium,
phosphate, urea and creatinine. However, wound exu-
date was found to contain approximately half the total
protein content of serum, with albumin accounting for
the majority of the protein present in both fluids.*>”* It
was also noted that wound fluid from healing wounds
contained higher albumin, total protein and glucose
levels than for non-healing wounds.”>”* This may be
because of increased fluid production in the prolonged
inflammatory phase associated with non-healing wounds,
or truly reflect a reduced protein and nutrient bioavail-
ability in the non-healing state. Nonetheless, we can con-
clude from these studies that chronic wound fluid is a
physiological solution, typically containing ~30 mg/mL
of total protein, of which ~20 mg/mL is albumin. In
addition, glucose is present at a concentration of
~2.2 mmol/L. Clearly, it should also be noted that these
concentration values are averages as wound fluid compo-
sition is not consistent between patients albeit the inter-
patient wound characteristics may be comparable, or
even within the same wound when it is observed at dif-
ferent healing or post-treatment stages.*>’>”*

In addition to these biochemical changes in wound
exudates associated with non-healing, there is often an
interrelated physical change in exudate colour, viscosity,
volume, and pH which can exacerbate the problems in
managing wounds.”* As the pH level affects the solubil-
ity, activity, and physical properties of proteins in a solu-
tion, changes in wound fluid pH are likely to augment
changes in exudate viscosity and appearance.”” Ulti-
mately, the consistency of exudate can vary from thick
and viscous to thin and watery and is dependent on many
variables related to both the patient and the wound.”®
Patient factors include the amount of fluid being pro-
duced by the host which is affected by their hydration
status, the level of peri-wound oedema, the location of
the wound and the movement of the patient. Exudate vis-
cosity is also affected by the presence of glycoproteins
derived from cell debris, the number of white cells, and
the level of bacteria in the wound.”* Given the number of
different variables affecting the wound fluid viscosity it is
understandable why viscosity of wound exudate differs so
much not only between wounds but also at different
phases of the healing process.

The amount of exudate in a wound can also be diffi-
cult to assess, and the exudate volume can vary according
to the size of the wound, the stage of healing and the
wound's aetiology; for example, venous leg ulcers and
burns can produce large amounts of exudate when com-
pared with arterial ulcers.”” Wounds stuck in the inflam-
matory phase of healing produce significantly more
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exudate because of increased cellular activity than at the
latter stages of granulation tissue formation and reepithe-
lization.”® Because the volume of exudate is also related
to the surface area of the wound, large wounds such as
burns, venous leg ulcers, and skin donor sites typically
produces higher volumes of exudate. Wounds which pro-
duce high levels of exudate are often labelled as more dif-
ficult to manage. However, with the wide range of moist
wound healing dressings available, it should be possible
to select an appropriate dressing to manage any level of
exudate. The challenge for the clinician is to understand
what factors are changing the volume and consistency of
the exudate and to select a dressing appropriately to
restore a satisfactory moist (but not excessively wet)
wound environment that will support healing.

It is this dynamic nature of wound fluid which makes
it difficult to replicate in laboratory testing. However,
following a few basic principles, it should be possible to
represent specific wound conditions and therefore, test
wound dressings under more clinically relevant condi-
tions. All wound fluids are physiological solutions contain-
ing proteins, glucose, and various other components. We
should therefore consider the most basic version of a
wound fluid for fluid handling-related laboratory tests as
physiological saline containing albumin. Glucose may be a
potential additive, for example, in microbiology and cell
biology testing but is not necessary for laboratory tests that
evaluate the physical aspects of fluid handling of wound
dressings. Specifically, if one prepares a test fluid for physi-
cal fluid handling tests, it is unlikely that the addition of
glucose will change the fluid handling performance met-
rics of the tested dressings, but it can promote bacterial
growth which is irrelevant for the intended testing. More-
over, other than being potentially hazardous for the tes-
ters, a simulated wound fluid contaminated with bacteria
feeding on the glucose in the fluid may have undesirable
and uncontrolled altered viscosity, surface tension or other
important biophysical characteristics of the exudate substi-
tute, as it is well known that bacterial colonies interact
and may also change their biophysical environment.”*

More advanced exudate substitute fluid compositions
would require the addition of other appropriate compo-
nents, depending on the specific nature of the laboratory
testing. For example, if testing the effects of a dressing on
protease activity, then a combination of MMPs and
human neutrophil elastase should be added at clinically-
relevant concentrations. If, however, we are optimising a
dressing to manage exudate then it is necessary to not
only look at the total volume of exudate a dressing can
handle but also in detail evaluate the spreading and over-
all management of exudate in the dressing over time and
when exposed to different flow rates. Additionally, inves-
tigating if a dressing can handle high/low viscosity fluid
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and high/low protein content could further aid in under-
standing its function for different types of wounds. Only
then is it possible to determine how to use this dressing
appropriately and provide correct usage guidance to clini-
cians. To further optimise testing, however, it is necessary
to understand the changes in wound fluid compositions,
the rate of exudate production and how these changes
occur for each of the major wound aetiologies, in both
acute and chronic settings. Therefore, studies assessing
biochemical and biophysical changes in wound exudates
are extremely valuable; aiding both our basic scientific
understanding of the wound healing process and our
ability to assess wound dressing performance using
robust, reproducible, and clinically-relevant laboratory
test methods.

Today, many dressings are assessed based on whether
the wound improves or deteriorates in clinical studies,
but this is a multifaceted measure affected by many fac-
tors including but not exclusively the specific wound
dressing type used, which therefore makes the clinical
trend in the wound status an outcome measure that is
not always appropriate. Other, more clinically-relevant
measures should include specific physical, biological, and
healing parameters. For example, a measure of success
for a moist wound healing dressing should relate to phys-
ical parameters such as the incidence of maceration,
management of wound fluids, dressing leakage, and
dressing adherence (stays in place or perhaps sticks to
wound tissues or peri-wound skin causing damage upon
removal). A wound dressing designed to promote healing
should have different measures of success, typically
including biological and physiological parameters such as
reduction in proteases or inflammatory factors present in
the wound environment, reduction in skin inflammatory
markers collected at the peri-wound to indicate a reduced
inflammatory status of the peri-wound, reduced bacterial
and/or fungal load, temperature of the wound and peri-
wound (eg, monitored using infrared thermography),
oedema of the peri-wound (eg, monitored using the SEM
Scanner), and pH of the wound. These physical and
biological parameters should be assessed in addition to
the healing outcomes to achieve a more comprehensive
understanding of the wound, its current status, and the
wound dressing performance. By taking this approach,
we are much more likely to deliver effective and effica-
cious treatment, improving outcomes and reducing the
economic burden of chronic wounds.

5 | CONCLUSIONS

Chronic wounds are clinically characterised by their
inability to heal within an expected time frame, and have
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emerged as an increasingly important medical problem
over the past several decades because of their increasing
incidence and greater recognition of associated morbid-
ity, mortality, and socio-economic burden.®"** Certain
patient populations suffer from complex conditions that
cause their wounds to be particularly challenging to treat,
for example, those using chemotherapeutic agents (either
administered alone or in combination with surgery and
radiation) which have detrimental effects on wounds
owing to the inhibiting influence of chemotherapy on
the cell proliferation needed for the wound healing.®>**
Likewise, in patients with immune dysfunction, diabetes
or circulatory pathologies, bacteria may overwhelm
the immune system and any antimicrobial treatments,
which makes infected chronic wounds in these patients
also highly difficult to treat.*> Treatments of difficult-to-
heal wounds including in patients with comorbidities
are established in daily clinical practice,*® but the
majority of therapeutic interventions, particularly with
regards to the usage of wound dressings, lacks robust and
rigorous data concerning efficacy, which is vital for
determining for whom and when specifically, each
treatment and product type should be used.®’”® The
healthcare costs associated with this sub-optimal
treatment of wounds, in the absence of this critical infor-
mation, is vast. “Cost-of-illness” studies which consider,
for example, the direct (treatment) and indirect (eg,
litigation, insurance) expenditures incurred by health
services and related care-providing agencies, patients and
families, losses to economic production, premature death,
disability and impacts on health-related quality of life,
clearly point to a trend of congestion of the healthcare
resources dedicated to wound care, which may lead to
loss of quality of care.*”®* Specifically, works recently
reviewed by Bosanquet & Harding® showed that the
current rate of wound healing must increase by at least
1% per year to slow the rise of prevalent chronic wound
cases. The potential of achieving this goal (or beyond) by
using an appropriate wound dressing for the right person
and wound and in the right time, is huge. Accordingly, in
this review and in the above context, we have examined
the impact of non-healing wounds, why some wounds fail
to heal (Figures 1, 2), and what is required in order to
achieve improved clinical outcomes. It is clear that a dee-
per understanding of the issues of non-healing is necessary
as this will facilitate more appropriate use of current
wound dressings, while also supporting the development
of new treatments to optimise wound management and
improve clinical and economic outcomes.

Published literature over the last 50 years has pro-
vided evidence to support the principles of moist wound
healing, demonstrated the impact of inflammation and
excess proteases in delaying healing, and established the

need to control or reduce bacterial and fungal biobur-
dens. It has also highlighted the importance of advanced
wound dressings and the need to understand when and
how to use them to achieve clinical success. This can be
facilitated by increasing our knowledge of the wound
environment, and most importantly, the wound exudate,
as it can provide a vast amount of information about
the wound and its healing status. However, further
studies are required to assess the biochemical and physi-
cal changes in wound exudate composition of acute and
chronic non-healing wounds of different aetiologies
throughout the various phases of healing. These studies
will not only improve our understanding of the wound
healing process, but will also provide insights into how
wound dressings should be evaluated in biomedical and
bioengineering laboratory settings, and how they may
impact healing. Accordingly, this will help develop more
effective and efficacious wound dressings in the future.
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* Of note, the pH of intact skin may increase for several hours
(from a basal, “natural” level of approximately 4.7) after using
soaps or tap water, which are also alkaline with a pH of 8 in
Europe (Lambers et al., 2006).
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