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Chronic wounds are a growing socioeconomic problem in the western world. Knowledge on recalcitrant wounds relies on in
vitro studies or clinical observations, and there is emerging evidence on the clinical impact of bacterial biofilm on skin healing.
Chronic wounds are locked in the inflammatory state of wound healing, and there are multiple explanations for this arrest with
the theory of exaggerated proteolysis as the most commonly accepted. Previously, there has not been enough focus on the different
etiologies of chronic wounds compared to acute, healing wounds. There is an urgent need to group chronic wounds by its cause
when searching for possible diagnostic or therapeutic targets. Good woundmanagement should therefore consist of recognition of
basic wound etiology, irrigation, and debridement in order to reducemicrobial and necrotic load, frequently changed dressings, and
appropriate antimicrobial and antibiofilm strategies based on precise diagnosis. Representative sampling is required for diagnosis
and antimicrobial treatment of wounds.Thepresent review aims at describing the impact of biofilm infections onwounds in relation
to diagnosing, treatment strategies, including experimentally adjuvant approaches and animal models.

1. Introduction

A practical classification of a nonhealing wound is one that
fails to heal spontaneously within 3 months [1]. Emergence
of chronic wounds is a substantial health problem as 1%
of western population will suffer from it. Common chronic
types of wounds are venous leg ulcers, ischemic wounds,
diabetic foot ulcers, and pressure wounds [2].

Socioeconomically, management of chronic wounds
reaches a total cost of 2–4% of the health budget in western
countries [3]. This estimate is expected to rise as a natural
consequence of an increasing population of the elderly and
the diabetic and obesity epidemic. Complications to nonheal-
ing wounds are vast, and patients are at risk of severe pain,
septicaemia, hospitalization, and in some cases amputations.

Microbiological findings in chronicwounds vary depend-
ing on the mode of sampling (swab versus biopsies) and
the diagnostic method used (culturing, PCR methods, and
microscopy preceded by PNA-FISH). The most common

bacteriological findings in human chronic wounds are also
present on the skin, in faeces and water: Staphylococcus
aureus (SA), coagulase-negative staphylococci, Enterococcus
faecalis, Proteus species, anaerobic bacteria, and Pseudomonas
aeruginosa (PA) [4].

All the studies of chronic wounds so far agree on the
almost universal presence of SA [5–8]. Also, most studies
agree on the PA being present in around half of the investi-
gated wounds and that the deep dermal tissues of all chronic
wounds harbor multiple bacterial species [4, 5, 9]. The orga-
nization and distribution of these two species in the chronic
wound bed has been elucidated by two studies [9, 10]. Two
specific PNA probes for FISH analysis, one for SA and one
for PA in combination with a universal bacterial probe, were
used in both. The observations revealed that the different
bacterial species might be present in the same wound but
they seemed not to mix. Very few aggregates of different
bacteria were observed in close proximity of each other.
Aggregates ofmixed species were observed by James et al. [6],
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Table 1: Predisposing factors for developing a chronic wound.

Age
Venous insufficiency
Arterial insufficiency
Diabetes
Neuropathy
Renal impairment
Systemic morbidity (fibrosis, atherosclerosis, edema, sickle cell
disease)
Malignancy
Lymphoedema
Trauma
Rheumatological morbidity
Malnutrition
Pressure over prominent bone
Use of corticosteroids
Vasculitis
Immune suppression
Pyoderma gangrenosum

with both rod- and cocci-shaped bacteria in close proximity
to one wound.

Growing evidence supports that chronic wounds can be
attributed to an adversely combination of structural damage
and establishment of a chronic biofilm infection, inducing
host responses, further structural damage, and thereby gen-
eration of a vicious circle [6, 9, 11, 12].

A critical review of current literature on wound man-
agement is needed considering the increasing evidence of
bacteria being present as biofilms resistant to antibiotics and
the defense mechanisms of the host.

2. Pathophysiologies of Wounds

Wound healing is comprised of a series of complex events
with different time spans, which are not fully understood.
Different pathogenetic mechanisms cause the establishment
and maintenance of nonhealing wounds and may explain
the divergence in existing literature on chronic wounds.
Compromised venous flow, atherosclerosis, age, diabetes,
renal impairment, lymphoedema, rheumatological disease,
poor nutritional status, local pressure over prominent bone,
and ischemia-refusion injury as a result of trauma are all
possible causes of chronic wounds (Table 1). Most of such
wounds have more than one microbial etiology, and this has
to be taken in consideration in the clinical care.

In order to optimize treatment the pathogenesis has
to be illuminated for each different category of wound.
Unfortunately, we have no knowledge on the differences
or similarities in different categories of chronic wounds as
most of the previous literature compares chronic wounds of
different microbial etiologies to healing wounds.

In normal skin wound healing is divided into four spatial
and temporal integrated phases which occur in a tight reg-
ulated modus: hemostasis following a structural damage to
the skin, inflammation, proliferation, and tissue remodeling
[13].

Angiogenesis and proliferation of endothelial cells and
granulation tissue are stimulated by local cytokines like IL-
1𝛽, IL-8, and TNF-𝛼 and will in normal wound healing follow
the proteolysis of a temporary wound matrix.

Chronic wounds are thought to persist in the inflamma-
tory state of wound healing [14]. The theory of exaggerated
proteolysis in wound fluids from patients with chronic
venous ulcers is also dominating [15, 16]. The current under-
standing is that locally elevated levels of proteolytic enzymes
in the hypoxic microenvironment of the wound bed degrade
beneficial growth factors and thereby prevent the wound
from progressing into the proliferative phase with laying of
granulation tissue and a provisional matrix as a precursor for
tissue remodelling and healing.

Histologically, chronic wounds are infiltrated by T cells
and macrophages in the dermis, and this causes a cascade of
tissue toxicity or local oxidative stress caused by cytokines,
proteases, and free oxygen radicals of leucocyte [17]. Bacteria
may also play a role in immunoregulation locally [18].

The prolongated inflammation is possibly also induced by
local biofilm infection, which causes upregulated cytokines
and reduced growth factors. In humans the loss of skin barrier
as a consequence of a structural damage to the skin will cause
microorganisms to colonize the damaged area and successive
formation of biofilm. This transformation from planktonic
to biofilm mode of growth in vivo is not fully understood.
From in vitro studies using type strains various physiological
changes and mutations have been shown to be involved, all
depending on the species and the experimental set up. It has
also been shown that this is a dynamic process, where biofilm
growing bacteria can reverse in to the planktonic mode of
growth to leave the biofilm probably due to lack of nutrients,
a so-called dispersion. Whether this is possible in the wound
bed is not know. Biofilms can be formed by virtually all
kinds of bacteria and fungi including commonly found PA
and SA in nonhealing wounds [4]. Ex vivo studies show
that bacterial aggregates are surrounded by debris, pus, and
inflammatory cells (Figure 1).The biofilms in chronic wounds
do not possess the highly structured organization that has
been described for in vitro biofilms, but they resist antibiotics
and the host defense nevertheless [12, 19, 20].The background
for this transformation to biofilmmode of growth is believed
to be survival mechanisms of the microorganisms, and in
vivo this is due to evasion of the host responses [21]. The
result is adaptation to the chronic phenotype, which is the
biofilm lifestyle, in contrast to the acute phenotype, which
is the planktonic lifestyle. The former is also found in other
chronic infections [22].

In the last decade there has been a focus on bacteria and
their role in promoting a continuous inflammatory response
probably adding to the tissue damage and preventing wound
healing [12]. This is especially a problem since when the bio-
filmhas established, it enables the bacteria to resist antibiotics
and other antimicrobial agents such as silver and the host
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Figure 1: Biopsy showing numerous biofilm aggregates of PA
(identified by a specific PNA FISH probe (red stain)) surrounded
by host cells (DAPI (bluestain)), in a chronic nonhealing wound
(magnification ×1000).

defense. The biofilm resists antibiotic concentrations 1000
times higher than the planktonic counterpart [23–26]. This
implicates that if the bacteria succeed in forming a biofilm in
the wound bed, they will be extremely difficult to eradicate.
In a study by Kirketerp-Møller et al. [9] chronic wounds
samples obtained from 22 different patients, all allegedly
infected by PA, were investigated.These wound samples were
investigated by both standard culturing methods and peptide
nucleic acid-based fluorescence in situ hybridization (PNA-
FISH) for direct identification of bacteria. By means of the
classic culturing methods, SA was detected in the majority
of the wounds, whereas PA was in only 2. In contrast, by
visualizing the bacteria using PNA-FISH, it was observed
that a large fraction of the wounds in fact harbored PA. The
visual observations revealed the structural organization of
bacteria in the samples. It appeared that PA was aggregated
and imbedded in the matrix component alginate. The matrix
is one of the hallmarks of the biofilm mode of growth. The
biofilms of PA were detected in the wound bed, whereas
SA biofilms, when present, were detected on the surface
of the wounds. This is supported by other observations
demonstrating that SA appears in biofilms on the surface
of the wound bed [9]. In the study by James et al. [6], an
elevated presence of microbial aggregates in chronic wounds
compared to acute wounds by usage of scanning electron
microscopy (SEM) was observed.

There is now evidence that bacteria, and especially PA
biofilm, contribute to the lack of healing in recalcitrant
wounds [4, 9, 27], and research in animal models of chronic
PA biofilm infections in wounds supports these findings [28,
29]. In a chronic wound model PA biofilms kept the wounds
in a polymorphonuclear (PMN) dominated inflammatory
state (Trøstrup, Thomsen et al., WRR, resubmitted, 2012).

In the biofilms the aggregates of bacteria are embedded
in an extracellular matrix consisting of proteins, polysaccha-
rides, and extracellular DNA (eDNA). Especially the eDNA
can be the source of exchange of antibiotic resistance caused
by mutations in target genes. It is known that the biofilm
phenotype promotes higher mutation rates than when the
bacteria are in the planktonic phenotype [30]. Another

characteristic of biofilms is slow growth of the bacteria
and the so-called persisters which are highly resistant to
antibiotics [31]. Both the matrix and the slow growth are
believed to be major contributors to the increased tolerance
to antibiotics, disinfectants and host responses [32].

In order to understand the pathogenesis of a given type of
wounds, patient populations have to be comparable regarding
comorbidity and age and their wounds and the microbial
species in the wounds also have to be comparable.

Collection of wound fluids followed by careful analysis
in all categories of patients is an easy and noninvasive
means to obtain knowledge of the cellular microenvironment
of wounds. The composition of wound fluid reflects the
temporal processes taking place in the tissue of a wound.
A standardized method to collect and examine the protein
content in chronic wound fluids is needed [33].

In 2011 we compared wound fluids from chronic venous
ulcers collected and standardized over a time period of 4
weeks, to fluids fromacute, open granulatingwounds in order
to map the differences in proteins of interest. We expected to
find elevated levels of proteinases in the chronic wound fluids
(CWF) compared to the acute (AWF) in accordance with
the current paradigm claiming an excessive proteolytic local
environment in chronic ulcers [34, 35] resulting in degrada-
tion of extracellular molecules like fibronectin and growth
factors locally [36, 37]. Surprisingly, we found no significant
different levels of neither proteolytic nor proinflammatory,
proangiogenic, growth factor or antimicrobial peptides in the
two compared groups. As expected, we found histologically
a surplus of mononuclear cells in the chronic wound edges.
The only protein quantitatively differing between chronic
and healing wounds was increased S100A8/A9 in the latter
[38]. S100A8/A9 is a proinflammatory neutrophilic derived
heterodimer involved in cell proliferation, redox reaction,
and wound healing [38, 39].

Previously, we also found that in chronic venous ulcers,
the duration of wound fluid collection influences levels of IL-
1𝛽, IL-1𝛼, and IL-8. Cytokine levels increase with collection
time, but surprisingly, the longer the collection time, the
lesser the ability to stimulate human dermal fibroblasts
[40]. Clinically, the nonproliferative property of 24 h wound
fluids may have important consequences for practical wound
fluid management [41]. For example a beneficial effect of
irrigation could be explained by the continuous removal of
deleterious wound fluid factors [42]. Besides the intrinsic
factors, local wound environment is loaded with PMNs and
their toxic oxygen radicals and degrading enzymes as a
result of the persisting inflammation, and these may also
participate in themaintenance of thewound in a chronic state
[43, 44].

There is an urgent need for identifying possible target
molecules for diagnostic or prognostic markers of healing.
As for pressure ulcers, proteomic technology has recently
been used on wound fluids for detection of the content of
multiple proteins centrally and in the periphery of such ulcers
compared to healing ulcers. Twenty-one proteins were found
to distinguish between healed and chronic wounds, and 19
proteins were differentially expressed between the interior
and periphery of wounds [45].
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3. Therapies

Individual Design of Therapy Based on the Individual Patho-
physiology. Randomized clinical trials of optimal treatment
of wound healing are scarce [46, 47] presumably because
of the heterogeneity and multimorbidity of these patients
[48]. Every category of wound has its own standard multi-
modal andmultidisciplinary treatment regime with local and
systemic treatment. Clinically, the emergence of granulation
tissue is the criteria of success of managing chronic wounds.
Other criteria for wound healing include decrease in size or
complete reepithelialization. There are no systemic or other
local markers of healing that currently are used in clinical
practice for diagnosis or evaluation of treatment response to
treatment.

Compression therapy, surgical debridement, antibiotic
treatment when there are clinical signs of infection and
maintenance of a moist wound environment are all corner-
stones in venous leg ulcer therapy. Skin grafting of chronic
venous ulcers improves healing rate [49] unless there is
chronic PA infection locally at the time of surgery [27].
A bioengineered skin equivalent also seems effective [50].
Surgical correction of superficial venous reflux in addition
to compression bandaging did not improve ulcer healing in
a controlled, randomized clinical trial, though it may reduce
the recurrence of venous leg wounds [51].

Standard of care for diabetic foot ulcers includes off-
loading, attentive debridement, maintenance of a moist
wound environment, and, if infection is present, systemic
antibiotics. As for the risk of amputation in diabetic patients
with wounds, this was reduced both by the use of hyperbaric
oxygen therapy (HBOT) [52] and adjuvant topical treatment
with granulocyte-stimulating factor (G-CSF). Unfortunately,
however, no beneficial effect on healing was found by the use
of G-CSF in these patients [53]. Maggot therapy may be an
alternative to surgical debridement, especially in diabetic foot
ulcers [54, 55].

As for pressure ulcers, standard treatment consists of
pressure relief, enzymatic and surgical debridement, main-
tenance of a clean, moist wound environment, and in some
cases osteotomy. Monitoring and optimizing the nutritional
status of unconscious or paralysed patients are also of critical
importance.

Ischemic wounds are caused by arterial insufficiency
and are often very painful. Standard treatment regime is
vascular surgery to restore circulation (if possible), good
pain control and moist dressings on open wounds, and no
debridement unless there is an active infection. Dressings
containing antimicrobial or pain relieving substances used
beneath compression bandages are currently being developed
[56] and are typically used for chronic wounds of vascular
origin. No significant difference in healing rates was found
when comparing different types of dressings beneath appro-
priate compression bandages in a Cochrane study, where the
authors compared hydrocolloids, foam dressings, alginates,
low-adherent dressings, and hydrogels [57].

Topical silver or silver dressings are used in infected
wounds of all origins, but evidence for their efficacy is lacking
[58], and this is probably due to differentmicrobial etiologies.

Application of topical growth factors is an adjuvant to
standard care of treatment to nonhealing wounds. Depletion
of growth factors shows delayed wound healing rate in
vitro, but unfortunately substitution of single growth factors
shows disappointing results in daily clinical practice. For
example, topical application of recombinant basic fibroblast
growth factor (FGF) has no advantage over placebo in healing
potential of chronic neuropathic diabetic ulcers of the foot
[59]. Topical application of epidermal growth factor (EGF)
to nonhealing venous ulcers did not promote reepiteliazation
[60]. The latter may be due to the degradation of EGF and
PDGF in the extracellular matrix [61], since this degrada-
tion was reversed when applying matrix metalloproteinase
inhibitors in chronic ulcers; however, clinical studies must
take the current state of the particular wound treated in to
consideration. Furthermore, physicians must be sure that the
amount of growth factor and treatment duration is sufficient
to produce a biologic response [62]. Assessment tools for
these matters unfortunately do not exist.

An experimental tool used in combination with standard
wound care, topically applied working platelet concentrate or
plasma (PRP), may be used to boost chronic inflammatory
wounds into the state of proliferation and healing as they
release multiple growth factors and cytokines into the wound
mimicking natural healing conditions [63, 64]. In addition,
PRP shows antimicrobial activity towards Escherichia coli and
SA, but not PA [65]. Recombinant platelet-derived growth
factor (Regranex) is currently the only approved exogenously
applicable drug for chronic wounds, showing promising
results in wound healing of diabetic foot ulcers [66]. With
respect to the microbial etiology, it is important to reduce
local biofilm load locally in the wound for optimal healing
[67].

Regarding an autologous platelet-rich fibrin patch, prom-
ising results exist as it increases formation of granulation
tissue in a heterogenic group of problem wounds; however,
further randomized and controlled studies are needed [68].
In a prospective trial, complete closure was observed in
66.7% of patients with venous leg ulcers in 7.1 weeks with
an average of two applications of autologous platelet-rich
fibrin matrix membrane per patient [69]. However, one
randomized prospective double-blind placebo-controlled
study (1991) investigated the use of autologous platelet-
derived wound healing formula and did not find significantly
improved healing in the patients with lower extremity
wounds of predominantly diabetic origin [70].

There aremultiple emerging trends in themanagement of
the different categories of chronic wounds. Currently, there
is a focus on stem cell therapy in treatment of problem
wounds [71]. A recent publication showed improved wound
healing, neovascularization, and endothelial progenitor cell
recruitment in a murine diabetic wound model [72]. No
gain in reepithelialization was, however, found in treating
cutaneous lesions of diabetic mice with combination of PRP
and autologousmesenchymal stem cell transplant versus PRP
alone [73].

Negative pressure therapy with devices absorbing detri-
mental exudates and transudates and promoting vasculariza-
tionmay reduce surface area in some kind ofwounds [74–76].
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Low-frequency ultrasound (US) has been used clinically
for many years in order to promote healing; however, its effi-
cacy remains to be proven. Cullum et al. report no evidence of
a benefit associated with low-frequencyUS in chronic venous
leg ulcers [77], but others find a possible positive effect of US
on wound area in the same category of patients [78].

There is no current clear evidence of laser therapy and
improvement of wound healing [79].

As evident from the previouslymentioned no single treat-
ment or handling of chronic wounds has been convincing.
An important reason for the unsuccessful management of
chronic wounds is missing consideration of biofilm physiol-
ogy in the antibiotic and previously mentioned treatments of
chronic wounds. Apart from increased demands to sampling
and analysis as stated previously, treatment of biofilms has
to include knowledge of the background for the tolerance of
biofilms.

Anwar and Costerton were among the first to report an
up to 1000-fold increased minimal inhibitory concentrations
(MICs) of biofilm growing PA as compared to planktonic
growing PA [80]. Instead of using traditional diffusion testing
of antibiotic susceptibility, biofilm resistance testing has
revealed significantly increased MICs of several antibiotics
[81–83]. Recent in vivo studies on PK/PD dynamics when
treating biofilm infections have revealed that biofilm growing
bacteria in general follows the same PK/PD parameters
(time-, concentration-, or area-under-the-curve-dependent
killing) as planktonic growing bacteria when analyzing out-
come of antibiotic treatment [84]. However, an interesting
observation was an element of concentration-dependent
killing of biofilm growing PA of beta-lactam treatment
probably due to high MICs and a concentration gradient in
the biofilms [84].Moreover, a time dependent killing element
was observed in the treatments with colistin [84]. Thus the
parameter best correlating to elimination of biofilm growing
PA in the lungs was the area under the curve (AUC) versus
the minimal biofilm inhibitory concentration (MBIC) [84].

However, the consequence of these observations is that
nonobtainable concentrations (due to toxicity) of antibiotics
are necessary to eradicate the biofilms. This augments the
difficulties for many antibiotics to penetrate into poorly
vascularized tissue of many patients with chronic wounds.

Experience of treating biofilm related infections is partic-
ularly obtained from handling chronic lung infections in cys-
tic fibrosis patients, periprosthetic joint infections, and col-
onization of tunnelated central venous catheters. A possible
solution is to combine several different treatment strategies,
both antibiotic and non-antibiotics strategies. Some of the
latter, for example, the surgical debridement to remove dead
and infected tissue has been mentioned above. Concerning
antibiotic use of high doses, long-term combination therapy
with two (or more—especially in cases of multiple-species
biofilms) antibiotics with different mode of action is now
a well-established strategy [85–87]. Hereby different physi-
ological niches of the biofilm are reached and development
of antibiotic resistance is prevented [87–89]. Antibiotics
penetrating well into the tissue have to be selected.

Another used strategy is adding local antibiotic treatment
achieving higher antibiotic concentrations at the site of

infection [87].This mode of administration is especially used
in patients with cystic fibrosis, where inhalation of antibiotics
like colistine tobramycin, and aztreonam is now available in
special formulations. Likewise, local application of antibiotics
during treatment of periprosthetic joint infections is routine
practice at some institutions [85]. Local treatments can
also be agents not suitable for systemic use as mentioned
previously. Finally, adding of quorum sensing inhibiting
agents like macrolides in cystic fibrosis can be considered.

All experiences, both in vitro and in vivo, report sig-
nificantly improved effect of antibiofilm treatments if these
are initiated early and on young biofilms. In contrast, older
more established biofilms, which may also have resulted in
substantial tissue degradation, are more difficult to treat.
Even though implementation of these antibiofilm strategies
hopefully can improve outcomes of chronic wounds formany
patients, some may remain infected. In these patients where
the biofilms cannot be eradicated completely the strategy
by means of suppression therapy with antibiotics may be
an option and is used in several cystic fibrosis centers, as
opposed to only treating patients when they are experienc-
ing exacerbations. Based on accurate microbial sampling
and diagnosing in cystic fibrosis, this approach is used by
inhalation of antibiotics (especially colistin) alternating with
routine intravenous antibiotic courses every three months
to reduce bacterial load and thereby the biofilm induced
inflammation [87]. Utilizing information and experiences
from handling biofilm infections in one host niche probably
can be translated to other host niches such as chronicwounds.
The exact composition of the treatments modified to chronic
wounds has to be established based on trials and records of
the outcomes and animal experiments.

4. Conclusion

Chronic nonhealing wounds remain to be a clinical challenge
with room for improvements. The increasing recognition
that different categories of wounds have to be regarded and
handled diversely is a big step forward in the treatment of
chronic wounds. Hopefully our growing understanding of
the complex bacteriology of chronic wounds will result in
optimized treatment regimes. Involvement of representative
animal models is a promising approach where the numerous
bewildering factors can be compensated for.

Including the impact of biofilm infectionswith its chronic
induction of the host responses in handling of nonhealing
wounds is an auspicious area. Especially this kind of infec-
tion demands particular antibiotic treatment strategies, like
higher doses and combination of antibiotics. In addition,
antibiotic penetration in the skin is somewhat unpredictable,
especially if blood circulation is comprised. Finally, more
alternative antibiofilm strategies may be implemented in
chronic wound care as has been suggested for other chronic
biofilm infections [85, 90, 91].

With the enhanced knowledge larger, clinical and ran-
domized trials may be more attractive to perform in order
to evaluate the different treatments for the benefit of this
increasingly large group of patients.
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