
����������
�������

Citation: Thaarup, I.C.; Iversen,

A.K.S.; Lichtenberg, M.; Bjarnsholt, T.;

Jakobsen, T.H. Biofilm Survival

Strategies in Chronic Wounds.

Microorganisms 2022, 10, 775.

https://doi.org/10.3390/

microorganisms10040775

Academic Editor: Giovanni Di

Bonaventura

Received: 28 February 2022

Accepted: 1 April 2022

Published: 5 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

microorganisms

Review

Biofilm Survival Strategies in Chronic Wounds
Ida Clement Thaarup 1, Anne Kristine Servais Iversen 1, Mads Lichtenberg 1 , Thomas Bjarnsholt 1,2

and Tim Holm Jakobsen 1,*

1 Costerton Biofilm Center, Department of Immunology and Microbiology, University of Copenhagen,
2200 Copenhagen, Denmark; icthaarup@sund.ku.dk (I.C.T.); anne.kristine.iversen@sund.ku.dk (A.K.S.I.);
mlichtenberg@sund.ku.dk (M.L.); tbjarnsholt@sund.ku.dk (T.B.)

2 Department of Clinical Microbiology, Copenhagen University Hospital, 2100 Copenhagen, Denmark
* Correspondence: tholm@sund.ku.dk

Abstract: Bacterial biofilms residing in chronic wounds are thought to have numerous survival strate-
gies, making them extremely difficult to eradicate and resulting in long-term infections. However,
much of our knowledge regarding biofilm persistence stems from in vitro models and experiments
performed in vivo in animal models. While the knowledge obtained from such experiments is highly
valuable, its direct translation to the human clinical setting should be undertaken with caution. In this
review, we highlight knowledge obtained from human clinical samples in different aspects of biofilm
survival strategies. These strategies have been divided into segments of the following attributes:
altered transcriptomic profiles, spatial distribution, the production of extracellular polymeric sub-
stances, an altered microenvironment, inter-and intra-species interactions, and heterogeneity in the
bacterial population. While all these attributes are speculated to contribute to the enhanced persis-
tence of biofilms in chronic wounds, only some of them have been demonstrated to exist in human
wounds. Some of the attributes have been observed in other clinical diseases while others have only
been observed in vitro. Here, we have strived to clarify the limitations of the current knowledge in
regard to this specific topic, without ignoring important in vitro and in vivo observations.

Keywords: bacterial biofilm; transcriptomics; extracellular polymeric substances; microenvironment;
animal models

1. Introduction

The prevalence of chronic wounds is rising [1,2] and in developed countries the es-
timated lifetime risk is 1–2% predominately affecting the elderly population [2,3]. The
terms “chronic” and “nonhealing” wounds are used interchangeably with no universally
accepted definition for chronicity [4]. Depending on the literature and the type of wound,
the time span for chronicity is defined between 2 weeks to 3 months [4–6]. The most
common types of chronic wounds are vascular ulcers (venous or arterial), diabetic ulcers,
and pressure ulcers present on the lower limbs [4]. The ulcers are associated with immo-
bility, stress, reduced quality of life, amputation, severe infection, death as well as high
economic costs [5,7].

There is an increasing body of evidence that suggests that bacterial biofilm aggregates
play a role in the delayed healing of chronic wounds [8–10]. By its simplest definition, a
biofilm is a group of bacterial cells imbedded in a matrix, that has increased tolerance to
antimicrobials and the host defense system. It is estimated that biofilms are present in
approximately ~80% [10,11] of chronic wounds as compared to only 6% of acute wounds [9].
These numbers may be underestimated as biofilms are not uniformly distributed [12] and
the chance of identification will be affected by the method used as well as the sampling
approach [13,14]. The bacteria found in wounds are thought to originate from the patients’
skin or other body parts such as the oral cavity or the gut, or from the outside environ-
ment [15]. In most wounds, the endogenous bacteria, i.e., the ones derived from the patients
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themselves, are thought to predominate [16]. Normal wound healing progresses through
the phases of hemostasis, inflammation, proliferation, and remodeling in a matter of weeks
to months depending on wound size [17]. However, the presence of biofilms is hypothe-
sized to cause an exaggerated innate immune response, leaving the wound in a chronic
inflammatory state with collateral tissue damage [2,18]. Proper management of biofilms in
chronic wound infections is therefore believed to be key in successful healing [19].

The complete eradication of the residing biofilm is difficult to achieve due to the
numerous and complex survival strategies utilized [20]. The survival strategies are believed
to result from a combination of the inherent biofilm properties together with interactions
between the microbes and the host environment [21]. Several reviews focus on the topic of
biofilm resistance and tolerance [22–24]. In particular, studies that compare antimicrobial
resistance in planktonic and biofilm-grown cultures in vitro are plentiful (see [25] for a
meta-analysis).

2. Current Biofilm Research

Currently, most of the research within biofilm resistance is based on in vitro experi-
ments or animal models which are significantly different from studying chronic wounds
in patients [21,26]. Essentially, during in vitro experiments an organism (or a component
thereof) is isolated from its natural environment to study its mechanisms or behaviors in
detail under controlled settings. In vitro observations certainly have been invaluable in
discovering cellular processes, mechanistic actions, or basic interactions between entities.
It is, however, unfair to assume that findings from a test tube can be directly extrapo-
lated to in vivo conditions and caution should be taken when attempting to translate such
results. Under certain conditions in vitro culturing has been shown to better resemble
in vivo bacterial transcriptomes than infected animal models [27]. Over the years, novel
and sophisticated chronic wound models have been developed which aim at simulating
certain features of in vivo conditions and a thorough breakdown of these models was
recently reviewed [28].

While animal models do include all the components observed in the human environ-
ment, such as a complex tissue structure and a functioning immune system, several papers
have concluded that data obtained from rodent models in particular, do not correlate well
with what is found in humans [27,29]. Common for all animal models is that none of them
recapitulate all features of human skin, healing processes, and the immune response.

Firstly, the anatomy of human skin is best resembled by porcine models. In pigs,
the dermal to epidermal thickness ratio is similar to human skin [30], there is a lack
of panniculus carnosus, sparse body hair (but still presence of hair follicles) and the
dermis has a similar architecture although eccrine glands are not present in pigs [29]. In
comparison, rodent models have thin epidermal and dermal layers, a dense hair coat and
have panniculus carnosus resulting in loose skin. A very relevant consideration for chronic
wound research is the mode of healing. In humans and pigs, wound closure is achieved
mainly by re-epithelization, resulting in scar tissue, whereas animals that have panniculus
carnosus use contraction of skin for closing wounds.

Secondly, the immune response toward infecting bacteria appears to be different be-
tween animal models. This has been thoroughly reviewed elsewhere but among other
factors, the leucocyte to neutrophil ratio is widely different between mice and humans
as well as the induction of both the innate and adaptive immune system [31]. In con-
trast, the immune system of pigs has several similarities to that of humans, with only a
few disparities [32,33].

Owing to the obvious constraints of having animal models that possess the same
co-morbidity development over time as seen in humans (diabetes, atherosclerosis, lifestyle
diseases, etc.), no animal models are able to capture the complexity of a human wound
spanning months to years without proper healing [34]. However, many models have been
developed to simulate certain features of the co-morbidities such as ischemic wounds,
ischemic reperfusion wounds, pressure ulcers, and diabetic wounds [35].
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Lastly, there is the question of the chronicity of the induced wound in the animal or the
in vitro model. The term ‘chronic’ does not have a universal definition, but usually a wound
that has not healed within 12 weeks is categorized as being chronic. For ethical and practical
reasons, inductions of long-lasting wounds or laboratory models, respectively, are not
trivial. However, if a shorter period is used important features may remain undiscovered
and the experiment may not reflect the situation in an in vivo chronic wound.

Even though in vitro and animal models do not recapitulate every aspect of human
chronic wounds they are still invaluable in increasing our knowledge about the mechanistic
and molecular causes of non-healing wounds. In this review, we will make clear separations
between data obtained from human wound samples and those observed only in vitro or
in animal models to elucidate the biofilm survival strategies proven to exist and be of
significance in clinical wounds. Additionally, while certain biofilm attributes may have
been observed in human wound samples, their role in increased bacterial survival may not
yet have been elucidated. Factors potentially involved in the increased survival of bacteria
in chronic wounds are presented in Figure 1.
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Figure 1. Factors that may cause increased survival of bacteria in wounds. These six qualities are all
biofilm attributes or biofilm-related attributes which have been speculated to increase their survival in
human wounds. Only two have been demonstrated to exist and lead to increased biofilm survival in
wounds by use of clinical wound samples, namely altered transcriptomic profiles [36–39] and spatial
distribution [40,41]. Two factors have been partially proven to play a role: extracellular polymeric
substances [42–48] and an altered microenvironment [49–61]. Both of these factors have been shown
to exist in wounds, but their role in leading to increased survival has not been proven in clinical
samples. Finally, the last two factors, a heterogenic bacterial population and inter-and- intra-species
interactions, have only been shown to exist in vitro or in other conditions.
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3. Altered Transcriptomic Profiles

Transcriptomic analyses are increasingly used to survey the specific gene regulations
of infectious microbes. By using RNA-sequencing approaches to study gene expression
in human samples, changes in, e.g., bacterial virulence, metabolism, antibiotic resistance,
interactions, etc., can be studied in vivo and compared to reference strains grown in vitro.
For example, a comparison of the transcriptome of S. aureus isolated from prosthetic joint
infections and laboratory-grown cultures revealed that S. aureus from clinical samples
expressed a change in several metabolic pathways and an increase in 131 genes encoding
virulence factors, such as α-hemolysin and γ-hemolysin [36]. Similarly, a unique tran-
scriptomic profile was identified for P. aeruginosa in chronic infections, where antibiotic
resistance-associated genes, including efflux pumps, were upregulated in chronic wounds
compared to in vitro grown cultures [37]. A metatranscriptomic analysis of diabetic foot
infections identified an upregulated expression of pathways involved in the synthesis and
regulation of siderophores (iron-chelating molecules) and cell-surface components (fimbria
and flagellum) [38]. Recently, the first paper was published that considered both bacterial
and human transcriptome in patients with diabetic foot ulcers [39]. The upregulation of
genes encoding resistance and virulence together with altered metabolic pathways are
thought to increase the survival potentials of microbial biofilms in wounds [37].

The challenge of collecting sufficient useful material from clinical samples for sequenc-
ing can potentially be overcome by using single-cell RNA-seq (scRNA-seq) [62,63]. The
use of this technique is increasing in transcriptome studies of eukaryotic cells. However,
the scRNA-seq of bacteria is in its infancy, and to date, only a few studies have been
published [64,65].

4. Spatial Distribution

To better understand biofilms it is not only important to know which bacterial species
are present but also the organization and distribution of bacteria within the wound. A
study investigating samples from three patients with chronic wounds showed that when
dividing and comparing samples from different areas of the same wound, the abundance
of bacteria varied significantly [13]. Another study by Davies et al. investigated which
bacteria could be identified in wounds by either culturing a surface swab or using the
molecular method of a punch biopsy [66]. The results showed that more than 40% of the
bacteria identified on the punch biopsy using molecular methods were not isolated by
culturing the swab [66]. While the discrepancies between different diagnostic methods
have been discussed before [13,67,68] and will be highlighted later, the results indicate an
uneven distribution of bacteria within chronic wounds (Figure 2).

To our knowledge, only a single study has investigated the depth distribution of
bacterial biofilms in chronic wounds [40]. By using peptide nucleic acid-based fluores-
cence in situ hybridization (PNA-FISH) combined with confocal laser scanning microscopy
(CLSM), the depth distribution of S. aureus and P. aeruginosa was quantified in samples
from nine chronic venous leg ulcers. The authors found a non-random distribution where
S. aureus was primarily located 20–30 µm from the wound surface, whereas P. aeruginosa
was primarily located 50–60 µm from the wound surface both as single species biofilms
(Figure 2D). These findings were suggested as a possible explanation for previous findings
of discrepancies between surface swabs and tissue samples [40]. It was speculated that
the location of the biofilm aggregates could affect survival, as topically added compounds
might not reach the biofilms located deep within the wound bed. This has previously
been observed in a clinical study in which patients were treated with silver-containing
dressings [41]. Surface swaps revealed a decrease in bacterial numbers, but the enumer-
ation of bacteria from biopsies did not show a reduction in microbe numbers, indicating
that pathogens located at a greater depth had enhanced survival. Moreover, any added
compound could also be diluted to sub-inhibitory concentrations as it moves through the
wound debris before it reaches its target, providing another survival benefit for microbes
located deeper in the wound.
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Figure 2. Visualization of bacterial biofilms in chronic wounds by different staining techniques and
microscopy. (A) A chronic venous leg ulcer with P. aeruginosa aggregates (green) visualized by PNA
fluorescence in situ hybridization (FISH) and inflammatory cells visualized by DAPI (blue) [13].
(B1,B2) Aggregates in ulcers visualized by Gram staining (B1) Gram-positive cocci near the surface of
a pressure ulcer and (B2) Gram-negative rods in a diabetic ulcer [9]. (C) Visualization by PNA FISH
of P. aeruginosa aggregates (red) in a chronic wound and visualization of inflammatory cells by DAPI
(blue). The white arrow indicates localization of bacterial aggregates and the yellow arrow the wound
surface [42]. (D) Aggregates of P. aeruginosa (red) and S. aureus (green) in a chronic wound visualized
by PNA FISH. White arrows indicate the wound surface [40]. (E1,E2) Aggregates in chronic diabetic
foot wounds visualized by a combination of FISH and Concanavalin A-conjugated Alexa Fluor
488 that binds to the biofilm matrix [43].

5. Extracellular Polymeric Substances

Extracellular polymeric substances (EPS) are present in wounds as has been demon-
strated in a few studies using different visualization and staining techniques. The en-
casement of bacteria in EPS has been demonstrated using CLSM combined with probes
targeting different exopolysaccharides [42–44] (Figure 2(E1,E2)). An alternative to confocal
microscopy is to use scanning electron microscopy. Using this technique, micro-colonies
encased in an EPS of different thicknesses were observed in samples obtained from di-
abetic foot ulcers [45]. From in vitro studies, we know that the EPS can modulate the
microenvironment of the inhabiting microbes, while also affecting the pathogenesis of the
biofilm [46–48]. Moreover, some studies have found that extracellular matrix components
may affect the response of the polymorphonuclear leukocytes (PMNs) of the immune sys-
tem [48]. In vitro analyses of EPS components have found it to consist of microbe-produced
compounds such as lipids, proteins, exopolysaccharides, and extracellular DNA (eDNA),
but it has been speculated that biofilms found in wounds also incorporate host material
such as collagen and fibrin [46,69]. To our knowledge, a detailed investigation of EPS
components from wound biofilms has not yet been carried out and it is not clear to what
degree host material contributes to the biofilm matrix. It is also not clear whether host ma-
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terial alters the physiology and pathogenicity of bacteria in wounds. In vitro experiments
have shown that different EPS components may bind or otherwise hinder the penetration
of antibiotics [47,70–72]. For example, DNA added to an in vitro biofilm of P. aeruginosa
can be incorporated into the biofilm matrix and increase the tolerance of the biofilm to
aminoglycosides [47]. Another study found that the addition of exogenous DNA to a
biofilm of S. epidermidis increased its survival towards vancomycin [71], but such effects
have yet to be shown in human samples. A study using a murine infection model and ex
vivo lung tissue from CF patients showed host eDNA to be surrounding biofilm structures
rather than being inside them [73]. While the presence of EPS in chronic wounds is well
established, its role in terms of bacterial persistence has still not been confirmed. However,
in chronically infected cystic fibrosis lungs, the presence of the EPS component alginate has
been found to have a major impact on the disease condition [74]. The presence of alginate
is correlated with a poor clinical condition, increased bacterial virulence, and increased
bacterial resistance [75,76]. We believe that EPS in wounds could promote similar trends as
observed in cystic fibrosis, leading to increased bacterial survival.

6. Altered Microenvironment

The microenvironment of chronic wounds displays several changes compared to
healthy skin as well as acute wounds. Specifically, pH and oxygen levels are hypothesized
to affect wound healing and biofilm survival. For example, chronic wounds have been
shown to display alkaline conditions (pH 7.3–8.9), whereas intact human skin has a lower
pH ranging from 4–6 which is believed to serve as an important defense mechanism [49].
The pH of acute human wounds, although less studied, is found to have a short alkaline
peak before progressing toward acidic conditions during healing [77,78]. Another in vivo
study measured the pH of acute and chronic wounds and found that the lowering of pH
was correlated with an improvement of the wound [79] and pH measurements have been
proposed as a tool for predicting short-term healing [80]. The specific methods used for
measuring pH could have an impact on the comparability between studies and, for instance,
in a study conducted by Leveen et al. both glass electrodes and narrow range pH papers
were used with no available comparisons between the methods [78].

Although the prolonged alkaline conditions in chronic wounds are not fully under-
stood [81], they are hypothesized to be influenced by (i) the exposure of underlying tissue
to a more neutral or alkaline pH [81], (ii) a continuous loss of carbon dioxide from the
wound surface [78], (iii) tissue necrosis and bacterial activity [50,82], and (iv) debridement
where the removal of necrotic tissue has been shown to immediately increase pH [49].

Aggravatingly, an in vitro study found an increased biofilm formation of both
P. aeruginosa and K. pneumoniae in alkaline compared to acidic conditions [51]. Furthermore,
an alkaline pH is hypothesized to confer a certain degree of protection to microbes, as some
antiseptics have been found to have reduced activity at higher pH levels in vitro [50].

Even though the data presented above point towards a relationship between alkaline
microenvironments and poor healing rates plus increased biofilm survival, the relationship
is perhaps not as simple as this. A few older in vivo studies have investigated the success
rate of skin grafts for chronic wounds, a procedure often used in the treatment, and points
towards the opposite relationship, i.e., that skin grafting is more successful at higher
pH levels [49]. These findings indicate that there is still a lot we can learn by further
investigating the microenvironment of chronic wounds.

The role of oxygen in wound healing has long been recognized [52,53]. Patients with
chronic wounds often suffer from circulatory impairment or diabetes along with other
co-morbidities leading to low tissue oxygen [2]. Further, the overall oxygen consumption of
residing microbes together with activated immune cells that consume O2 for their oxidative
burst may locally deplete oxygen in wounds [54–56]. An alkaline microenvironment may
further impair oxygen levels through decreased oxygen release as the dissociation of O2
from hemoglobin is pH-dependent [83] and a drop in pH by, e.g., 0.6 units will release
50% more oxygen at an O2 pressure of 20 mm Hg [78].
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Oxygen levels can affect the efficacy of several antibiotics [57], and recently it was
demonstrated that antibiotic lethality is directly dependent on the metabolic state of bacte-
ria [58]. Both tobramycin and ciprofloxacin have been shown to display a significant re-
duction in activity in vitro in metabolically inactive biofilms due to oxygen limitations [57].
In this context, it has been shown multiple times that increasing oxygen levels lead to
increased bacterial respiration, resensitization toward antibiotics [84,85], and increased oxy-
gen levels through hyperbaric oxygen treatment are associated with an improved chance
of healing [86]. Furthermore, the immune system needs oxygen to function properly and
an efficient immune response towards a biofilm infection cannot be carried out without
adequate oxygen availability [52]. Hence, the anoxic environment of chronic wounds may
lead to increased microbial survival against antibiotics and the immune response.

Some bacterial pathogens are known to secrete toxins that target the host’s innate
immune response and in particular neutralize the function of macrophages and neutrophils.
This strategy by the invading pathogens impairs the early host immune response, thereby
providing an opportunity for the bacteria to survive and establish an infection. Both
P. aeruginosa and S. aureus produce toxins that have been demonstrated to target neutrophils.
The biosurfactant rhamnolipid produced by P. aeruginosa under the control of the quorum-
sensing system can cause the lysis of PMNs [59]. S. aureus has been shown to secrete a
large repertoire of molecules that interfere with neutrophil recruitment and killing. Phenol-
soluble modulins (PSMs) have multiple roles in the pathogenesis of S. aureus. They can
trigger inflammatory responses and in particular PSMa peptides can trigger the lysis of
neutrophils [60]. The hemolysin-a α-toxin (Hla) produced by S. aureus targets white blood
cells [61]. By using in vivo infection models, Hla has been shown to be important in causing
pneumonia and skin infections [87]. Moreover, S. aureus produces different leukocidins,
and leukocidin AB has been reported to kill human neutrophils [88]. Data to support the
production, activity, and effect of toxins on the innate immune defense are often generated
by the use of animal models or cell cultures. The actual production of various toxins by
bacteria in human infections has to be investigated in more detail to understand their
precise role in the infectious microenvironment.

7. Inter- and Intra-Species Interactions

Most chronic wounds have been found to contain more than one species of bacteria
with estimates varying according to the methods used to isolate the residing microbes.
Using standard culturing techniques, an average of 3.8 species [89] and 3.0 species [13]
per wound has been reported, whereas by using molecular techniques a study detected an
average of 20.9 genera per wound [90]. The different techniques used for the detection and
identification of species have limitations. Cultivation techniques are very dependent on the
conditions for incubation and the number of bacteria present in the sample investigated.
By using 16 s rRNA gene sequencing a significantly higher number of species will often be
identified, however, the results can be biased by the amplification of naked DNA, DNA
recovery yields, PCR primer specificity, and 16 s rRNA copy number with the risk of
missing species and also detect species not being clinically relevant.

There is an ongoing scientific discussion as to whether wounds contain both mono-
and multi-species biofilms or if the majority of biofilms comprise only mono-species despite
the wound being polymicrobial. Both mixed-species biofilms [45,91], as well as mono-
species biofilms [40,92,93], have been detected in tissue samples from chronic wounds
and diabetic foot osteomyelitis, by the combined use of PNA-FISH and CLSM. Images
of mono-species biofilm often show that several species are present in the wound with a
distance between the individual aggregates. In either case, interactions between species
may provide increased survival benefits for the concerned species. The missing knowledge
of the presence and the ratio of different species in chronic wounds makes it difficult
to design relevant in vitro and in vivo experiments, which can simulate the condition
in patients.
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Because of the technical difficulties in investigating interactions between bacteria in
human clinical settings our current knowledge is based on various laboratory studies.
Waste products secreted by P. aeruginosa have been shown to provide protection in biofilms
produced by S. aureus towards certain antibiotics [94]. Thet et al. (2019) found that a co-
culture of two species significantly increased their production of virulence factors compared
to when grown individually [95]. Mixed species wound infections studied in a mouse
model showed impaired wound healing and increased antibiotic tolerance compared to
single-species infections [96]. Pastar et al. (2013) established a co-infection of microbial
species in a porcine model and an increase in virulence factors was observed which resulted
in delayed wound re-epithelialization, suggesting a prolonged survival of the microbes [97].
A possible synergistic interaction between the infecting bacteria in a wound may worsen
the healing process. However, there is no human in vivo data to support this statement
at present.

The calling distance between individual cells and aggregates has been studied in
various laboratory models and the phenazines, pyoverdine, and pyocyanin produced by
P. aeruginosa under the control of the cell–cell communication system quorum sensing have
been used as indicators. The sharing distance of pyoverdine on a soft surface has been
reported to be 100 µm [98], while in an in vitro CF lung model the sizes of the aggregates
were shown to be essential for the possibility to interact over longer distances [99]. Aggre-
gates consisting of up to approximately 2000 P. aeruginosa cells were unable to communicate
with neighboring aggregates using pyocyanin, whereas larger aggregates of more than
5000 cells could interact at a distance of 176 µm [99]. The sizes of aggregates observed
with PNA-FISH of sections from chronic wounds were found to range in diameter from
5 to 200 µm with a 5 to 50 µm median for the smallest and largest aggregates [26]. In
addition, the aggregates observed are often distributed with distances larger than the
reported possible calling distances, which questions if inter-aggregate communication is
important in wounds.

8. Heterogenic Bacterial Metabolism

A classic hallmark of biofilms described in several papers is the heterogeneity of a
microbial population which occurs within a biofilm [100–102]. Biofilms in vitro are often
described to exhibit increased microbial tolerance due to reduced growth rates [23]. Single
species subpopulations exhibiting different phenotypes can develop as a result of gradients
in the local availability of nutrients and oxygen that can lead to a heterogenic distribution of
growth rates. This has been observed in vitro in several studies where the reduced growth
rates have been shown to increase the tolerance and survival of the biofilm [102,103].
Bacteria can also enter a state known as viable but non-culturable (VBNC), in which they
cannot be cultivated as normal. This state is characterized by lower metabolic rates and
increased resistance towards physical and chemical stress [104].

To our knowledge, subpopulations of bacteria displaying differential growth rates have
not been proven to exist in wounds. However, a recent study that investigated microbes
isolated from sputum samples from lung infections found that while samples from both
acute and chronic lung infections contained biofilm, the growth rates of the microbes from
chronic samples were significantly lower than those from acute infections [105]. This could
indicate that slow microbial growth rates increase survivability in human infections which
leads to long-lasting illnesses. Another study isolated VBNC bacteria from biofilms in
central venous catheters [106], proving that VBNC bacteria can form in human infections.
Although catheters present a significantly different environment for the residing biofilm,
we speculate that the ability to enter a VBNC state might also occur in chronic wounds.
However, subpopulations in infections most likely do not develop within individual
aggregates but rather between aggregates as a function of their surrounding environment.
The divergence into distinct subpopulations might increase the population-wide fitness of
the microbes within a wound environment.
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9. Perspectives and Concluding Remarks

The ubiquity of biofilms in chronic wounds is at this point a near universally accepted
fact [10]. However, it has still not been proven that the presence of biofilms causes an
acute infection to turn into a chronic state. While the microenvironment of chronic wounds
surely seems to promote a non-healing state, the central paradigm remains as to whether
the presence of biofilms exacerbates wound healing, or if the chronic wound environment
generates a favorable condition for a biofilm to settle. In any case, hard-to-eradicate
biofilms are present in chronic wounds but whether it is the presence of a biofilm itself, the
slow growth rate of the biofilm-residing microbes, or a combination of both that leads to
chronicity is not known. Recently, it was shown that the determining factor for an acute
versus a chronic lung infection was not the presence of a biofilm but rather the growth
rate of the microbes within the biofilms [105]. Future studies which further highlight
the differences between biofilms in acute versus chronic infections might help us in our
understanding of what causes chronicity and thereby provide us with potential targets for
novel treatments.

We recognize that the use of animal models for studying biofilms in chronic wounds
is a necessity and particularly beneficial in answering questions of causation and corre-
lation in terms of wound healing when biofilms are present. Such studies have already
been carried out and specifically show that when biofilms are added to trauma-induced
wounds (e.g., punch wounds), the infected wounds heal slower than their non-infected
counterparts [107,108]. However, while such studies are highly valuable, they infer little
about the specific situation of a chronic wound that has been developing for weeks or
months. This distinction between acute and chronic wounds has a major impact on several
factors, and while it would cause great ethical concerns to induce long-lasting wounds in
animal models, the limitations of studying wounds that have only been developing for a
few days must be recognized.

Although this review has emphasized the need to perform research in human chronic
wound infections, complete agreement in the obtained results amongst such studies is not
a guarantee. An example of this can be seen in the studies of Cornforth et al. (2018) and
Morgan et al. (2019), in which both studies performed genomic analysis of P. aeruginosa
obtained from chronic wound samples [37,109]. The study by Morgan et al. found that
several virulence functions were inactivated in the P. aeruginosa isolates, as were many
biofilm formation genes [109]. In contrast, Cornforth et al. identified an upregulation
of virulence factors in isolates from human wounds [37]. Perhaps this discrepancy in
the results is due to the different genomic approaches used in the two studies, albeit the
disparity is still striking.

In this review, we set out to illustrate the current knowledge regarding biofilm survival
strategies in chronic wounds. We have presented results obtained from real-life clinical
samples as well as results obtained from animal models or in vitro experiments. In doing
so, we have elucidated some of the discrepancies which exist when utilizing sub-optimal
methods. The recent development of technologies has made it possible to study the
microorganisms in more detail to characterize for instance their strategies for survival.
With different omics approaches such as transcriptomics and proteomics, a snapshot of
the underlying biology in tissue or cells can be obtained at a very high resolution. These
techniques in combination with the use of host material can lead to more accurate and
adequate information of bacteria in the host. Our key message is that to resolve the
questions regarding biofilm survival in chronic wounds, we must look to the wounds
themselves. As pointed out in this review, more specified studies are needed to understand
the role of biofilms in chronic wounds.



Microorganisms 2022, 10, 775 10 of 14

Author Contributions: Conceptualization, I.C.T. and T.H.J.; writing—original draft preparation,
I.C.T., A.K.S.I., M.L., T.B. and T.H.J.; writing—review and editing, I.C.T., A.K.S.I., M.L., T.B. and T.H.J.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Novo Nordisk Foundation Challenge Program (NNF19OC0056411)
to TB; Direktør Emil C. Hertz og Hustru Inger Hertz Foundation (KJR13016), Brødrene Hartmanns
Foundation (A37411) and Aase og Ejnar Danielsens Foundation (21-10-0289) to THJ and ICT is funded
by Magle Chemoswed, through a non-restricted research grant.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Sen, C.K. Human Wounds and Its Burden: An Updated Compendium of Estimates. Adv. Wound Care 2019, 8, 39–48. [CrossRef]

[PubMed]
2. Frykberg, R.G.; Banks, J. Challenges in the Treatment of Chronic Wounds. Adv. Wound Care 2015, 4, 560–582. [CrossRef] [PubMed]
3. Gottrup, F. A specialized wound-healing center concept: Importance of a multidisciplinary department structure and surgical

treatment facilities in the treatment of chronic wounds. Am. J. Surg. 2004, 187, S38–S43. [CrossRef]
4. Martinengo, L.; Olsson, M.; Bajpai, R.; Soljak, M.; Upton, Z.; Schmidtchen, A.; Car, J.; Järbrink, K. Prevalence of chronic wounds in

the general population: Systematic review and meta-analysis of observational studies. Ann. Epidemiol. 2019, 29, 8–15. [CrossRef]
5. Järbrink, K.; Ni, G.; Sönnergren, H.; Schmidtchen, A.; Pang, C.; Bajpai, R.; Car, J. Prevalence and incidence of chronic wounds and

related complications: A protocol for a systematic review. Syst. Rev. 2016, 5, 152. [CrossRef]
6. Kyaw, B.M.; Järbrink, K.; Martinengo, L.; Car, J.; Harding, K.; Schmidtchen, A. Need for improved definition of “chronic wounds”

in clinical studies. Acta Derm. Venereol. 2018, 98, 157–158. [CrossRef]
7. Järbrink, K.; Ni, G.; Sönnergren, H.; Schmidtchen, A.; Pang, C.; Bajpai, R.; Car, J. The humanistic and economic burden of chronic

wounds: A protocol for a systematic review. Syst. Rev. 2017, 6, 15. [CrossRef]
8. Bjarnsholt, T.; Kirketerp-Møller, K.; Jensen, P.Ø.; Madsen, K.G.; Phipps, R.K.; Krogfelt, K.A.; Høiby, N.; Givskov, M. Why chronic

wounds will not heal: A novel hypothesis. Wound Repair Regen. 2008, 16, 2–10. [CrossRef]
9. James, G.A.; Swogger, E.; Wolcott, R.; de Lancey Pulcini, E.; Secor, P.; Sestrich, J.; Costerton, J.W.; Stewart, P.S. Biofilms in chronic

wounds. Wound Repair Regen. 2008, 16, 37–44. [CrossRef]
10. Malone, M.; Bjarnsholt, T.; McBain, A.J.; James, G.A.; Stoodley, P.; Leaper, D.; Tachi, M.; Schultz, G.; Swanson, T.; Wolcott, R.D. The

prevalence of biofilms in chronic wounds: A systematic review and meta-analysis of published data. J. Wound Care 2017, 26, 20–25.
[CrossRef]

11. Mendoza, R.A.; Hsieh, J.-C.; Galiano, R.D. The Impact of Biofilm Formation on Wound Healing. In Wound Healing—Current
Perspectives; IntechOpen: London, UK, 2019. [CrossRef]

12. Kirketerp-Møller, K.; Stewart, P.S.; Bjarnsholt, T. The zone model: A conceptual model for understanding the microenvironment
of chronic wound infection. Wound Repair Regen. 2020, 28, 593–599. [CrossRef]

13. Thomsen, T.R.; Aasholm, M.S.; Rudkjøbing, V.B.; Saunders, A.M.; Bjarnsholt, T.; Givskov, M.; Kirketerp-Møller, K.; Nielsen,
P.H. The bacteriology of chronic venous leg ulcer examined by culture-independent molecular methods. Wound Repair Regen.
2010, 18, 38–49. [CrossRef] [PubMed]

14. Jakobsen, T.H.; Xu, Y.; Bay, L.; Schønheyder, H.C.; Jakobsen, T.; Bjarnsholt, T.; Thomsen, T.R. Sampling challenges in diagnosis of
chronic bacterial infections. J. Med. Microbiol. 2021, 70, 001302. [CrossRef]

15. Bowler, P.G.; Duerden, B.I.; Armstrong, D.G. Wound microbiology and associated approaches to wound management. Clin.
Microbiol. Rev. 2001, 14, 244–269. [CrossRef] [PubMed]

16. Percival, S.L.; Finnegan, S.; Donelli, G.; Vuotto, C.; Rimmer, S.; Lipsky, B.A. Antiseptics for treating infected wounds: Efficacy on
biofilms and effect of pH. Crit. Rev. Microbiol. 2016, 42, 293–309. [CrossRef]

17. Zhao, R.; Liang, H.; Clarke, E.; Jackson, C.; Xue, M. Inflammation in Chronic Wounds. Int. J. Mol. Sci. 2016, 17, 2085. [CrossRef]
18. Eming, S.A.; Krieg, T.; Davidson, J.M. Inflammation in wound repair: Molecular and cellular mechanisms. J. Investig. Dermatol.

2007, 127, 514–525. [CrossRef] [PubMed]
19. Attinger, C.; Wolcott, R. Clinically Addressing Biofilm in Chronic Wounds. Adv. Wound Care 2012, 1, 127–132. [CrossRef]

[PubMed]
20. Fux, C.A.; Costerton, J.W.; Stewart, P.S.; Stoodley, P. Survival strategies of infectious biofilms. Trends Microbiol. 2005, 13, 34–40.

[CrossRef]

http://doi.org/10.1089/wound.2019.0946
http://www.ncbi.nlm.nih.gov/pubmed/30809421
http://doi.org/10.1089/wound.2015.0635
http://www.ncbi.nlm.nih.gov/pubmed/26339534
http://doi.org/10.1016/S0002-9610(03)00303-9
http://doi.org/10.1016/j.annepidem.2018.10.005
http://doi.org/10.1186/s13643-016-0329-y
http://doi.org/10.2340/00015555-2786
http://doi.org/10.1186/s13643-016-0400-8
http://doi.org/10.1111/j.1524-475X.2007.00283.x
http://doi.org/10.1111/j.1524-475X.2007.00321.x
http://doi.org/10.12968/jowc.2017.26.1.20
http://doi.org/10.5772/intechopen.85020
http://doi.org/10.1111/wrr.12841
http://doi.org/10.1111/j.1524-475X.2009.00561.x
http://www.ncbi.nlm.nih.gov/pubmed/20082680
http://doi.org/10.1099/jmm.0.001302
http://doi.org/10.1128/CMR.14.2.244-269.2001
http://www.ncbi.nlm.nih.gov/pubmed/11292638
http://doi.org/10.3109/1040841X.2014.940495
http://doi.org/10.3390/ijms17122085
http://doi.org/10.1038/sj.jid.5700701
http://www.ncbi.nlm.nih.gov/pubmed/17299434
http://doi.org/10.1089/wound.2011.0333
http://www.ncbi.nlm.nih.gov/pubmed/24527292
http://doi.org/10.1016/j.tim.2004.11.010


Microorganisms 2022, 10, 775 11 of 14

21. Bjarnsholt, T.; Whiteley, M.; Rumbaugh, K.P.; Stewart, P.S.; Jensen, P.Ø.; Frimodt-Møller, N. The importance of understanding the
infectious microenvironment. Lancet Infect. Dis. 2021, 22, e88–e92. [CrossRef]

22. Stewart, P.S.; Costerton, J.W. Antibiotic resistance of bacteria in biofilms. Lancet 2001, 358, 135–138. [CrossRef]
23. Mah, T.-F.C.; O’Toole, G.A. Mechanisms of biofilm resistance to antimicrobial agents. Trends Microbiol. 2001, 9, 34–39. [CrossRef]
24. Ciofu, O.; Tolker-Nielsen, T. Tolerance and resistance of pseudomonas aeruginosabiofilms to antimicrobial agents-how P.

aeruginosaCan escape antibiotics. Front. Microbiol. 2019, 10, 913. [CrossRef] [PubMed]
25. Stewart, P.S. Antimicrobial tolerance in biofilms examples of reduced biofilm susceptibility. Microbiol. Spectr. 2015, 3, 1–30.

[CrossRef]
26. Bjarnsholt, T.; Alhede, M.; Alhede, M.; Eickhardt-Sørensen, S.R.; Moser, C.; Kühl, M.; Jensen, P.Ø.; Høiby, N. The in vivo biofilm.

Trends Microbiol. 2013, 21, 466–474. [CrossRef]
27. Cornforth, D.M.; Diggle, F.L.; Melvin, J.A.; Bomberger, J.M.; Whiteley, M. Quantitative Framework for Model Evaluation in

Microbiology Research Using Pseudomonas aeruginosa and Cystic Fibrosis Infection as a Test Case. MBio 2020, 11, e03042-19.
[CrossRef] [PubMed]

28. Thaarup, I.C.; Bjarnsholt, T. Current In Vitro Biofilm-Infected Chronic Wound Models for Developing New Treatment Possibilities.
Adv. Wound Care 2021, 10, 91–102. [CrossRef] [PubMed]

29. Sullivan, T.P.; Eaglstein, W.H.; Davis, S.C.; Mertz, P. The pig as a model for human wound healing. Wound Repair Regen.
2001, 9, 66–76. [CrossRef] [PubMed]

30. Vardaxis, N.J.; Brans, T.A.; Boon, M.E.; Kreis, R.W.; Marres, L.M. Confocal laser scanning microscopy of porcine skin: Implications
for human wound healing studies. J. Anat. 1997, 190, 601–611. [CrossRef]

31. Mestas, J.; Hughes, C.C.W. Of Mice and Not Men: Differences between Mouse and Human Immunology. J. Immunol.
2004, 172, 2731–2738. [CrossRef] [PubMed]

32. Summerfield, A.; Meurens, F.; Ricklin, M.E. The immunology of the porcine skin and its value as a model for human skin. Mol.
Immunol. 2015, 66, 14–21. [CrossRef] [PubMed]

33. Pabst, R. The pig as a model for immunology research. Cell Tissue Res. 2020, 380, 287–304. [CrossRef]
34. Trøstrup, H.; Thomsen, K.; Calum, H.; Hoiby, N.; Moser, C. Animal models of chronic wound care: The application of biofilms in

clinical research. Chronic Wound Care Manag. Res. 2016, 3, 123–132. [CrossRef]
35. Nunan, R.; Harding, K.G.; Martin, P. Clinical challenges of chronic wounds: Searching for an optimal animal model to recapitulate

their complexity. Dis. Model. Mech. 2014, 7, 1205–1213. [CrossRef]
36. Xu, Y.; Maltesen, R.; Larsen, L.H.; Schønheyder, H.C.; Lehmann, N.K.; Nielsen, J.L.; Nielsen, P.H.; Thomsen, T.R.; Nielsen, K.L.

In vivo gene expression in a Staphylococcus aureus prosthetic joint infection characterized by RNA sequencing and metabolomics:
A pilot study. BMC Microbiol. 2016, 16, 80. [CrossRef] [PubMed]

37. Cornforth, D.M.; Dees, J.L.; Ibberson, C.B.; Huse, H.K.; Mathiesen, I.H.; Kirketerp-Møller, K.; Wolcott, R.D.; Rumbaugh, K.P.;
Bjarnsholt, T.; Whiteley, M. Pseudomonas aeruginosa transcriptome during human infection. Proc. Natl. Acad. Sci. USA
2018, 115, 5125–5134. [CrossRef] [PubMed]

38. Heravi, F.S.; Zakrzewski, M.; Vickery, K.; Malone, M.; Hu, H. Metatranscriptomic Analysis Reveals Active Bacterial Communities
in Diabetic Foot Infections. Front. Microbiol. 2020, 11, 1688. [CrossRef] [PubMed]

39. Radzieta, M.; Sadeghpour-Heravi, F.; Peters, T.J.; Hu, H.; Vickery, K.; Jeffries, T.; Dickson, H.G.; Schwarzer, S.; Jensen, S.O.;
Malone, M. A multiomics approach to identify host-microbe alterations associated with infection severity in diabetic foot
infections: A pilot study. NPJ Biofilms Microbiomes 2021, 7, 29. [CrossRef]

40. Fazli, M.; Bjarnsholt, T.; Kirketerp-Møller, K.; Jørgensen, B.; Andersen, A.S.; Krogfelt, K.A.; Givskov, M.; Tolker-Nielsen, T.
Nonrandom distribution of Pseudomonas aeruginosa and Staphylococcus aureus in chronic wounds. J. Clin. Microbiol.
2009, 47, 4084–4089. [CrossRef] [PubMed]

41. Sibbald, R.G.; Browne, A.C.; Coutts, P.; Queen, D. Screening evaluation of an ionized nanocrystalline silver dressing in chronic
wound care. Ostomy Wound Manag. 2001, 47, 38–43.

42. Kirketerp-Møller, K.; Jensen, P.Ø.; Fazli, M.; Madsen, K.G.; Pedersen, J.; Moser, C.; Tolker-Nielsen, T.; Høiby, N.; Givskov, M.;
Bjarnsholt, T. Distribution, organization, and ecology of bacteria in chronic wounds. J. Clin. Microbiol. 2008, 46, 2717–2722.
[CrossRef] [PubMed]

43. Oates, A.; Bowling, F.L.; Boulton, A.J.M.; Bowler, P.G.; Metcalf, D.G.; McBain, A.J. The Visualization of Biofilms in Chronic
Diabetic Foot Wounds Using Routine Diagnostic Microscopy Methods. J. Diabetes Res. 2014, 2014, 153586. [CrossRef] [PubMed]

44. Neut, D.; Tijdens-Creusen, E.J.A.; Bulstra, S.K.; van der Mei, H.C.; Busscher, H.J. Biofilms in chronic diabetic foot ulcers–a study
of 2 cases. Acta Orthop. 2011, 82, 383–385. [CrossRef] [PubMed]

45. Johani, K.; Malone, M.; Jensen, S.; Gosbell, I.; Dickson, H.; Hu, H.; Vickery, K. Microscopy visualisation confirms multi-species
biofilms are ubiquitous in diabetic foot ulcers. Int. Wound J. 2017, 14, 1160–1169. [CrossRef] [PubMed]

46. Koo, H.; Yamada, K.M. Dynamic cell–matrix interactions modulate microbial biofilm and tissue 3D microenvironments. Curr.
Opin. Cell Biol. 2016, 42, 102–112. [CrossRef]

47. Chiang, W.-C.; Nilsson, M.; Jensen, P.Ø.; Høiby, N.; Nielsen, T.E.; Givskov, M.; Tolker-Nielsen, T. Extracellular DNA shields
against aminoglycosides in Pseudomonas aeruginosa biofilms. Antimicrob. Agents Chemother. 2013, 57, 2352–2361. [CrossRef]
[PubMed]

http://doi.org/10.1016/S1473-3099(21)00122-5
http://doi.org/10.1016/S0140-6736(01)05321-1
http://doi.org/10.1016/S0966-842X(00)01913-2
http://doi.org/10.3389/fmicb.2019.00913
http://www.ncbi.nlm.nih.gov/pubmed/31130925
http://doi.org/10.1128/microbiolspec.MB-0010-2014
http://doi.org/10.1016/j.tim.2013.06.002
http://doi.org/10.1128/mBio.03042-19
http://www.ncbi.nlm.nih.gov/pubmed/31937646
http://doi.org/10.1089/wound.2020.1176
http://www.ncbi.nlm.nih.gov/pubmed/32496982
http://doi.org/10.1046/j.1524-475x.2001.00066.x
http://www.ncbi.nlm.nih.gov/pubmed/11350644
http://doi.org/10.1046/j.1469-7580.1997.19040601.x
http://doi.org/10.4049/jimmunol.172.5.2731
http://www.ncbi.nlm.nih.gov/pubmed/14978070
http://doi.org/10.1016/j.molimm.2014.10.023
http://www.ncbi.nlm.nih.gov/pubmed/25466611
http://doi.org/10.1007/s00441-020-03206-9
http://doi.org/10.2147/CWCMR.S84361
http://doi.org/10.1242/dmm.016782
http://doi.org/10.1186/s12866-016-0695-6
http://www.ncbi.nlm.nih.gov/pubmed/27150914
http://doi.org/10.1073/pnas.1717525115
http://www.ncbi.nlm.nih.gov/pubmed/29760087
http://doi.org/10.3389/fmicb.2020.01688
http://www.ncbi.nlm.nih.gov/pubmed/32793159
http://doi.org/10.1038/s41522-021-00202-x
http://doi.org/10.1128/JCM.01395-09
http://www.ncbi.nlm.nih.gov/pubmed/19812273
http://doi.org/10.1128/JCM.00501-08
http://www.ncbi.nlm.nih.gov/pubmed/18508940
http://doi.org/10.1155/2014/153586
http://www.ncbi.nlm.nih.gov/pubmed/24839608
http://doi.org/10.3109/17453674.2011.581265
http://www.ncbi.nlm.nih.gov/pubmed/21561305
http://doi.org/10.1111/iwj.12777
http://www.ncbi.nlm.nih.gov/pubmed/28643380
http://doi.org/10.1016/j.ceb.2016.05.005
http://doi.org/10.1128/AAC.00001-13
http://www.ncbi.nlm.nih.gov/pubmed/23478967


Microorganisms 2022, 10, 775 12 of 14

48. Rybtke, M.; Jensen, P.Ø.; Nielsen, C.H.; Tolker-Nielsen, T. The extracellular polysaccharide matrix of pseudomonas aeruginosa
biofilms is a determinant of polymorphonuclear leukocyte responses. Infect. Immun. 2021, 89, e00631-20. [CrossRef] [PubMed]

49. Schneider, L.A.; Korber, A.; Grabbe, S.; Dissemond, J. Influence of pH on wound-healing: A new perspective for wound-therapy?
Arch. Dermatol. Res. 2007, 298, 413–420. [CrossRef]

50. Wiegand, C.; Abel, M.; Ruth, P.; Elsner, P.; Hipler, U.C. PH Influence on antibacterial efficacy of common antiseptic substances.
Skin Pharmacol. Physiol. 2015, 28, 147–158. [CrossRef] [PubMed]
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