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Abstract

The skin, the largest organ in the body, protects against external stimuli and
microorganisms. A balanced skin microbiota, including both commensal and pathogenic
microorganisms, is essential for skin health. Disruptions in this balance can lead to infections
and inflammation, which are key factors in delayed wound healing. Biofilm formation further
complicates the process. In chronic wounds, healing is often impaired during the inflammatory
phase due to persistent activation of the immune response. This leads to increased immune cell
activation, along with heightened activity of matrix metalloproteinases (MMPs), collagenase,
and elastase, while tissue inhibitors of matrix metalloproteinases (TIMPs) decrease. Host
factors such as wound depth, duration, local hypoxia, and immune responses contribute to
healing delays. Microbial factors, including bacterial diversity, microbial load, and
pathogenicity, also play a significant role. Biofilms are more resistant to antimicrobial therapy
than free-floating bacteria. Its formation in chronic wounds triggers sustained inflammation,
marked by elevated inflammatory mediators like IL-6, IL-10, IL-17A, and TNF-a. Biofilms
not only prolong inflammation but also cause oxidative stress and protease-mediated
degradation of essential receptors and cytokines, accelerating wound bed senescence. The
presence and persistence of biofilm in chronic wounds affect the host’s immune response.
Understanding this relationship offers more opportunities for successful treatment.
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Introduction

The skin, the largest organ in the human body, is a multi-layered structure that serves
as a protective barrier, protecting internal systems from external stimuli and preventing the
entry of microorganisms [, A healthy skin microbiota, which consists of numerous commensal
and facultative pathogenic microorganisms, is essential for maintaining skin health 2],

The skin hosts approximately 10' bacteria, forming a well-adapted microbiome that
thrives in the skin's unique environment, characterized by limited nutrients, an acidic pH, and
specific temperature ranges. The microbial populations on different areas of the skin are
tailored to these conditions. The native skin microbiota protects the body by outcompeting
pathogenic microbes, limiting their growth, breaking down skin lipids, and regulating the
immune system 1. Disruptions in the skin or an imbalance between pathogenic and natural
microbiota can lead to infections [,
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Infections, along with associated pathological inflammation, are the most common
factors contributing to delayed wound healing, which results in chronic wounds 7. A chronic
wound is wound that does not heal within 30 days [®],

The human skin microbiota plays a role in wound healing and can influence the severity
of infections. Chronic wounds may progress from microbial contamination and colonization to
infection, involving multiple microorganisms ). Contamination refers to the presence of non-
proliferating bacteria from the skin's natural microbiota or the external environment. All
wounds are contaminated by microorganisms, but when conditions favor their survival, they
can become colonized. Colonization occurs when microorganisms multiply on the wound
surface (112, During this early stage, the host immune defenses are not triggered, and there
are no obvious clinical signs of infection. This is typically the case when the wound is colonized
by Gram-positive bacteria, particularly from the Staphylococci genus, which do not provoke a
strong immune response [>13],

In later stages, Gram-negative bacteria, particularly rod-shaped species like
Pseudomonas sp., Escherichia coli, Klebsiella pneumoniae, and Enterobacter spp.,
contaminate the wound, becoming dominant. These bacteria typically come from the urogenital
tract or the surrounding environment. Antibiotic use can also influence colonization. This early
colonization stage, which causes only a localized immune response, precedes deeper tissue
infections and can delay healing ['*-!4]. In the final stage, infection occurs when microbes invade
deeper tissues, overwhelming the body's control and triggering a strong immune
response. Aerobic bacteria consume oxygen rapidly, promoting the growth of anaerobic
microbes 13131,

Biofilm formation is another major factor for delayed wound healing '®!. The transition
from free-floating planktonic bacteria to biofilm growth involves complex signaling, including
changes in gene expression. While biofilm bacteria are not always pathogenic, upregulated
biofilm bacteria can become virulent, impairing wound healing and causing tissue damage.
Percival et al. suggested that it is the genetically upregulated pathogenic biofilm bacteria, rather
than the dormant commensal ones, that impair the healing process 7. These bacteria contribute
to chronic inflammation and a bacteria-driven wound environment, producing destructive
enzymes and toxins. This leads to an imbalance between growth factors and lytic enzymes,
affecting cell proliferation and healing. Hyper-inflammation also prevents a proper Th2
immune response, hindering adaptive immunity and the ability of the immune system to
effectively fight infection %],

Wound healing

When the human epidermis is damaged by trauma, it activates a series of cellular
immunological responses and intrinsic metabolic processes!!”). During these processes, various
intermediaries, including extracellular matrix (ECM) molecules, platelets, inflammatory cells,
cytokines, growth factors, and chemical messengers, interact through the different phases of
wound healing: hemostasis, inflammation, proliferation, and tissue remodeling 21,

Hemostasis begins with platelet aggregation and activation, which trigger the
coagulation cascade and form a temporary fibrin scaffold [2!-23]. During this phase, platelet
degranulation releases damage-associated molecular patterns (DAMPs), cytokines,
chemokines, and growth factors that accumulate within the scaffold, forming a chemotactic
gradient that facilitates immune cell infiltration [21-242%], This immune infiltration is critical for
removing dead or damaged cells, debris, and pathogens from the wound bed, preparing the
wound for the next phases of healing. The innate immune system plays a crucial role in this
process, particularly in the transition from inflammation to the proliferation phase, during
which inflammatory macrophages (M1) shift to anti-inflammatory wound-healing
macrophages (M2) [21:26], This shift promotes the activation of keratinocytes and fibroblasts in
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the wound bed, which are essential for proliferation and healing [?2]. Keratinocytes are key for

wound re-epithelialization 21, while fibroblasts deposit collagen to form the extracellular
matrix (ECM) or granulation tissue, replacing the temporary fibrin scaffold 232°], Angiogenesis
also occurs during the proliferation stage, restoring tissue vascularity [2!l. Finally, in the
remodeling phase, fibroblasts replace granulation tissue with scar tissue, leading to wound

contraction and closure [10-2124],

Biofilm and inflammation in chronic wounds

In chronic wounds, the healing process often stagnates during the inflammatory phase
due to persistent activation of the innate immune response 227, This ongoing inflammation
results in increased infiltration and activation of immune cells, enhancing the activity of matrix
metalloproteinases (MMP), collagenase, and elastase, while decreasing tissue inhibitors of
matrix metalloproteinases (TIMPs) [282°], This imbalance leads to excessive breakdown of
growth factors, anti-inflammatory cytokines, and ECM components, preventing the wound
from progressing through the healing phases %321, Additionally, the inflammation promotes
excessive neutrophil apoptosis (NETosis) and reactive oxygen species (ROS) production,
which further damages tissue and impairs healing 33371, A failure in the phenotypic switching
of macrophages from M1 to M2 has also been linked to chronic wound formation. In venous
ulcers, for instance, iron overload has been associated with prolonged pro-inflammatory M1
macrophage activation %% Studies in diabetic mice have shown that dysfunctional
efferocytosis of apoptotic neutrophils by pro-inflammatory macrophages results in the
accumulation of apoptotic cells, which sustains inflammation and prevents the transition of
macrophages to their anti-inflammatory state 4%, Supporting these findings, the depletion of
M2 macrophages in mice with surgical wounds led to increased infiltration of neutrophils and
M1 macrophages, prolonging the inflammatory phase and reducing collagen deposition 4!,
These observations suggest that sustained activation of the innate immune response is a key
factor in chronic wound formation. However, the precise causes of chronic innate immune
activation remain unclear. It is also unknown whether the mechanisms behind this immune
dysfunction, including dysregulated M1-M2 switching, differ across various wound types, as
emerging evidence suggests variations between antimicrobial and inflammatory responses.

After infection, biofilm formation is the second most common cause of delayed wound
healing. Bacteria can exist either as free-floating, planktonic cells or as structured, multicellular
communities known as biofilms, which may or may not be attached to surfaces [**. In
comparison to planktonic bacteria, biofilms display distinct characteristics such as increased
antibiotic tolerance, altered gene expression, and modified interactions with the host. Within
biofilm structures, bacteria are embedded in a self-produced extracellular polymeric substance
(EPS), which consists of extracellular DNA, proteins, exopolysaccharides, and water. In
addition to microbial elements, the EPS may also contain host-derived substances, including
proteins, DNA, immunoglobulins, and blood components 421,

Two hypotheses explain biofilm-mediated wound healing. The specific bacterial
hypothesis suggests that only a few bacterial species in a diverse biofilm contribute to non-
healing wounds, while the non-specific bacterial hypothesis views the entire biofilm as a unit,
with its complex microflora causing delayed healing. Both theories are yet to be conclusively
proven, but understanding them could guide targeted therapies to combat infection and improve
healing [17:43],

Biofilms are highly complex and diverse, forming as either single-species communities
or polymicrobial structures. They can be up to 1,000 times more resistant to antimicrobial
agents and disinfectants compared to planktonic bacteria. Additionally, the immune system
often struggles to effectively combat biofilm-associated infections. Several factors contribute
to biofilm resilience, including slow bacterial growth, high cell density, the presence of
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persister cells, nutrient and oxygen gradients, horizontal gene transfer, efflux pumps, and
increased mutation rates. Furthermore, the EPS matrix acts as a physical barrier that hinders
the penetration of antimicrobial agents and immune responses by limiting the diffusion of
drugs, antibodies, and immune cells into the biofilm 2,

Quorum sensing (QS) is a bacterial cell-cell communication process that involves the
production, detection, and response to extracellular signaling molecules called autoinducers
(Als). It is essential for biofilm development, with bacteria using autoinducers (Als) to sense
population density. Different species use various Als, such as N-acyl homoserine lactones
(AHLSs) in Gram-negative bacteria 4, and short peptides or the autoinducing peptide (AIP) in
Gram-positive bacteria 4461 Als are produced at a constant rate and can cross bacterial
membranes, increasing in concentration as bacterial population grows. Once a threshold is
reached, Al-induced gene expression changes lead to biofilm formation.

In chronic wound healing with biofilm involvement, there are two key participants: the
host and the microorganism forming the biofilm. Both sides, with their respective
characteristics and properties, contribute to the delayed healing process.

The healing of chronic wounds is influenced by various host factors, including wound
depth, wound duration, local tissue hypoxia, and the immune system. Studies have shown a
positive correlation between ulcer depth and anaerobic environments, which support the
growth of facultative anaerobic bacteria, although the relationship with Staphylococcus is
inverse 7. Longer wound duration correlates with greater bacterial diversity and a higher
abundance of Proteobacteria, while the abundance of Staphylococcus decreases. Tissue
ischemia, resulting from microvascular complications, delays healing. Hypoxia alters miRNA
levels, impairing wound healing, as observed in murine models of ischemic wounds. This
environment encourages the growth of facultative anaerobes. Chronic wounds also exhibit
persistent inflammation, leading to bacterial colonization. The downregulation of TLR-2 in
injured tissue impairs the immune response and delays inflammatory cell recruitment. The
prolonged inflammatory state, poor angiogenic response, and reduced fibroblast function
contribute to delayed healing in diabetic animal models 7],

Microbial factors that influence the healing of chronic wounds include high bacterial
diversity, microbial load, and microbial pathogenicity.

Dowd et al. introduced the concept of functional equivalent pathogroups (FEP),
emphasizing that the synergy between biofilm community members, rather than individual
bacteria, drives sustained inflammation and infection in wounds *®]. Studies have shown that
chronic diabetic foot wounds exhibit a greater bacterial diversity, with Staphylococcus aureus
being predominant, and anaerobes playing a key role in multi-species biofilms, particularly in
deeper, ischemic wounds [#°-54, Biofilm communities in chronic wounds also include ESKAPE
pathogens (Enterococcus faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter spp.) as well as fungi like Candida
spp. 7,

On the other hand, while a high microbial load can lead to critical colonization, which
impedes healing, studies by Bendy et al. and Robson et al. suggest that the role of microbial
load in wound healing remains a subject of debate 471, Bacterial distribution is random, and
microbial density alone cannot predict infection or the progression of healing.

The polymicrobial nature of biofilms in chronic wounds creates synergistic effects that
transform non-virulent bacteria into virulent pathogens. This microbial community gene
expression modulation allows bacteria to survive harsh conditions, resist immune responses,
and evade antimicrobials [>5->71. Additionally, biofilm-forming bacteria such as Pseudomonas
aeruginosa and Staphylococcus aureus possess specific virulence traits that facilitate biofilm
formation and persistence, including type IV pili, flagella, and secretion systems that contribute
to inflammation and drug resistance 8%,
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In biofilm formation P. aeruginosa utilizes secretion systems that contribute to
inflammation and invasion. Key proteins such as EPS, lipase A, and alginate are secreted,
interacting within the extracellular matrix to enhance drug resistance. Quorum-sensing
pathways regulate the release of virulence factors like elastase, rhamnolipids, and exotoxin A,
all of which are crucial for biofilm maturation [58]. Similarly, S. aureus exhibits virulence
traits, including microbial surface components (MSCRAMMs), fibronectin-binding proteins,
and biofilm-associated proteins that promote adhesion to surfaces and host cells, ensuring the
biofilm structural integrity °°1. Furthermore, the concept of ‘theft biofilm’ suggests that bacteria
like P. aeruginosa exploit host lipids to enhance the production of virulence factors and biofilm
formation (6%,

Biofilms may trigger chronic inflammation, as an increase in inflammatory mediators
such as IL-6, IL-10, IL-17A, and TNF-a has been observed in wound fluids when infections
are sustained by biofilm-producing bacteria, influencing ulcer size. The ongoing immune
system stimulation can exacerbate chronic inflammation, perpetuating the chronic wound
cycle. Furthermore, biofilms contribute to wound bed senescence by inducing oxidative stress
and protease-mediated degradation of receptors and cytokines (1,

Matrix metalloproteinases (MMPs) play a key role in wound healing by degrading the
extracellular matrix (ECM), allowing immune cells to reach the site of inflammation. MMPs
are initially inactive as zymogens and are later activated 2. However, Pseudomonas
aeruginosa produces elastase, which activates MMPs, leading to tissue damage through
hemorrhage and cell death, worsening the wound and delaying healing. Overactive MMPs
degrade laminin and type IV collagen, damaging capillaries and membranes 2. Additionally,
Staphylococcus aureus amplifies MMP activation, causing swollen lesions from neutrophil
infiltration. S. aureus also secretes alpha-hemolysin to break down cell membrane connections
and induce necrosis in the epidermis and dermis [62],

Conclusion

The presence and persistence of biofilm in chronic wounds affect the host immune
response. The pathogenesis involves various microbes and their interactions with host cells in
the wound environment. More research is needed to understand and counteract the effects of
biofilms in wounds. Understanding this relationship offers more opportunities for successful
treatment.
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