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Abstract: Diabetic foot ulcers (DFUs) are a multifactorial pathophysiologic condition that occurs in patients
with diabetes mellitus (DM). Approximately 9.1 to 26.1 million people are affected by DFUs annually. This
condition can lead to progressive foot infections and, ultimately, foot amputation. Various microbes contribute
to DFUs, including methicillin-resistant Staphylococcus. aureus, Pseudomonas aeruginosa, and Escherichia coli
can form biofilms composed of complex matrices that create a protective shield around the microorganisms,
enhancing their survival and resistance to treatment. Biofilm formation is a critical virulence factor directly
associated with the onset and persistence of DFUs. It not only complicates the clinical management of these
ulcers but also facilitates antibiotic resistance, necessitating a comprehensive approach to treatment. Effective
management strategies must therefore target biofilm formation and the virulence factors associated with these
pathogens. By addressing these elements, conventional antibiotics can be rendered more effective in treating
diabetic foot ulcers. This approach aims not only to promote wound healing but also to address underlying
causes and prevent further complications. This article seeks to highlight the significance of biofilm formation
in DFUs, explore methodologies for studying this condition, as well as discuss demographic considerations
and treatment options.

Keywords: diabetic foot ulcers; DFU; diabetic foot infections; DFI; biofilm; recalcitrant wounds;
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Introduction

Diabetic Foot Ulcer (DFU) is a degenerative disease of the foot affecting patients with diabetes
mellitus. DFUs are a severe complication of diabetes mellitus, characterized by painful and persistent
wounds that can occur anywhere on the foot. Diabetic foot ulcer disease manifests when the blood
glucose level in a patient is high, providing nutrition and upregulating the essential genes for
production of Extracellular Polymeric substances (EPS) in the DFU pathogens, leading to the
formation of biofilms, and therefore formation of chronically infected wounds due to resulting
reduction in response to antimicrobial treatment. In this disease an ulcer can form at the bottom or
top of the foot due to excessive infection which is mediated by formation of biofilms. From here the
tissue necrosis starts, can progress to gangrene if not treated properly and ultimately leading to
amputation. The aim of this review is to highlight the effect of biofilm formation leading to wound
formation in the Diabetic Foot Ulcers (DFUs), focusing on the factors responsible for biofilm
formation and difficulty of treatment of this disease due to antimicrobial resistance, recent and
conventional detection methods, the precise mechanism of biofilm formation in the major organisms
involved in pathogenesis, conventional and newer treatment methods.

The disease

Patients with diabetes are often in a chronic hyperglycemic state, which creates an ideal
environment for the growth of microbes, specifically Pseudomonas aeruginosa and Staphylococcus

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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aureus. These microbes thrive and produce toxins that form biofilms [1,2]. Biofilms are complex
structures formed by a variety of pathogens, notably S. aureus, P. aeruginosa, and E. coli. The biofilms
formed by S. aureus and P. aeruginosa are particularly problematic due to their thicker and more
resilient nature compared to those formed by other organisms [8]. Biofilms generally consist of
extracellular polymeric substances (EPS), including DNA, glycoproteins, proteins, and
polysaccharides, produced by sessile microorganisms [3]. Elevated glucose levels stimulate EPS
production, causing microorganisms to become sessile and embed into the biofilm matrix [4,5]. This
matrix hinders antibiotic penetration and reduces treatment effectiveness due to both the thickness
of the biofilm and the presence of efflux pumps. Additionally, EPS reduces the phagocytic activity of
leukocytes [6], impeding their ability to penetrate the biofilm [7].

P. aeruginosa produces alginate, which not only protects its own biofilm but also enhances the
protection of S. aureus biofilms, creating a synergistic and heterogeneous biofilm environment [8-10].
Moreover, this biofilm environment favors horizontal gene transfer [10], a key mechanism for the
spread of antibiotic resistance among microorganisms. The mutation rate of sessile organisms within
biofilms is higher compared to planktonic cells, leading to the acquisition of resistance genes by
microbes that were initially non-resistant to antibiotics [11]. Since the most common pathogens are S.
aureus, P. aeruginosa, E. coli which are potent biofilm formers [12], the consequent increase in the
ability of the horizontal gene transfer among the biofilm forming organisms leads to initially
susceptible microbes becoming resistant to antimicrobial compounds. This complicates treatment
and accelerates foot deformity and ulceration, potentially progressing to gangrene if not effectively
managed.

DFUs typically begin with callus formation, which progresses into a subcutaneous hemorrhage
as the skin becomes dry, followed by erosion of the callus, finally becoming an ulcer, often leading to
foot deformities and sensory neuropathy [13]. Ulcers have about a 50%-60% chance of developing
into an infection which could be polymicrobial, and form biofilms consisting of S. aureus and P.
aeruginosa, which play a critical role in the pathogenesis of DFUs. Gangrene can also be caused by
Panton-Valentine leukocidin produced by S. aureus, as well as hydrogen cyanide (HCN), pyocyanin,
and pyoverdin produced by P. aeruginosa. These toxins induce cell death, leading to tissue necrosis
and ultimately gangrene formation [14]. In addition, biofilms accelerate the progression of foot
deformities, causing lower-grade ulcers to intensify into more severe ulcers, potentially reaching
grade 4 or 5 and leading to gangrene [15]. Gangrenous tissue is severe and often necessitates
amputation to prevent its spread to the rest of the body [16].

Current treatment for DFUs involves addressing both the infection and the underlying biofilm-
related resistance issues. Conservative treatments may fail, requiring amputation for advanced ulcers
(grades 4 and 5) to prevent the spread of gangrene throughout the body [16]. Recalcitrant wounds
that become gangrenous are often difficult to treat due to factors such as increased biofilm formation
and simultaneous antimicrobial resistance [17]. The need for amputation depends on the condition
of the foot and the extent of gangrene, with amputation being necessary for grade 5 ulcers and
potentially for grades 4 and 3 depending on the situation [18].

Emerging therapies, such as placental-derived materials [19] and human umbilical allografts
[20], promise to reduce wound size and promote healing. Therefore, to treat diabetic foot ulcers,
special care must be implemented to eradicate polymicrobial biofilms, reducing the chance of
infection of the wound and aiding in wound healing. Effective management requires a deep
understanding of biofilm dynamics and antimicrobial resistance. Ongoing research and
comprehensive reviews of treatment options are crucial for improving disease burden and patient
outcomes for those with persistent antibiotic-resistant diabetic foot ulcers.

Burden of the disease

As of 2021, there are approximately 537 million cases of diabetes mellitus reported globally [21].
Annually, between 9.1 and 26.1 million new cases of diabetic foot ulcers (DFUs) are reported, with
an occurrence rate of 19%-34% [13], and an annual incidence rate of 1.9%-4.0% [22,23]. The cost of
treating DFUs varies significantly by country. In the UK, it averages $7,539 per patient, in India about
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$1,960 per patient, and in the US, it totals between $3.93 and $10.9 billion per year [24]. This highlights
the global threat that DFUs pose to patient safety and the economic burden they impose.

Infection is a major complication, affecting 50-60% of DFU cases [13], which often progresses to
amputation due to necrosis. The likelihood of developing a DFU in a hyperglycemic patient range
from 15-25%, with an amputation incidence between 25%-50% [25].

Diabetic foot ulcers (DFUs) and diabetes mellitus most commonly affect individuals around 45
years of age, particularly males. Patients over 50 are at a greater risk of developing DFUs [26].
Additionally, male patients generally show higher susceptibility and those with lower educational
levels are also at an increased risk [26]. Understanding the pathophysiology and progression of the
disease is crucial for managing and preventing DFUs. On searching the published reports on the
incidence of biofilms in DFUs globally in the last 10 years, we found that a significant majority of
currently available literature mentioned the presence of monomicrobial or polymicrobial biofilms in
DFU patients.

A breakdown of 88 articles found on PubMed using specific parameters, (last 10 years, biofilms
in DFUs) are summarized showing the number of articles that mentioned whether biofilms were
present or not. The 66 articles that did report the occurrence of biofilms in were further separated by
whether the biofilm composition was discussed. The 45 articles that provided information on biofilm
makeup are further separated based on whether they provided information on the genetic makeup
or specific species within the biofilms.

As shown in Table 1, within those 88 articles, 75% talked about biofilms in general. Of those 66
articles, 68% talked about the genetic makeup of the biofilms that were studied. Of those 45 articles,
93% of the articles mentioned Staphylococcus, Pseudomonas, and/or Pseudomonas aeruginosa as the bulk
of the biofilm formation that have antibiotic resistance. Biofilms are present on every wound that
appears in the human body. Understanding the genetic make-up of wounds and ulcers in addition
to the role biofilms play on DFUs can dramatically lessen recovery time, prevent DFUs leading to
amputation, and improve prognosis. By seeing a common pattern of microorganisms, we can better
generalize treatment in cases where microbiology reports are not yet concluded. In addition, knowing
that most biofilms in DFUs are made up by specific microorganisms, we can better target biofilms
using a narrower spectrum of antibiotics.

Table 1. Global survey of articles on the incidence of biofilms in DFUs (2014-24).

Occurrence of No of No of articles: No of articles:
Biofilms articles Biofilm makeup Specific species
Provided 45/66 Provided 42/45
Present 66/88
Not provided 21/66 Not provided 3/45
Absent 22/88 Not applicable Not
applicable
Pathogenesis of DFU

The development of a diabetic foot ulcer generally occurs in three stages:

1. Callus Formation: The initial stage involves the formation of a callus, a thickening of the skin
under the foot that appears as a yellowish tinge. This condition is often caused by peripheral
neuropathy, resulting from nerve damage in the foot, which can occasionally affect leg nerves
as well. Symptoms of peripheral neuropathy include numbness, cramps, and muscle fatigue.
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2. Motor Neuropathy: In this stage, motor neurons in the foot are damaged, leading to weakness
and deformation of the feet.

3. Sensory Neuropathy: The final stage involves damage to sensory neurons, resulting in loss of
sensation, which can lead to trauma, skin drying, and autonomic neuropathy. Frequent damage

to the callus can result in subcutaneous hemorrhage, ultimately forming an ulcer [13].

The progression of DFUs is heavily influenced by bacterial infections. Poor hygiene and foot
damage in diabetic patients create ideal conditions for DFUs. Bacterial associations and biofilm
formation play a significant role in the rapid progression of DFUs. Bacteria involved in DFUs can
form biofilms, which contribute to the disease's severity. DFUs are classified into five grades based
on their severity:

e  Grade 0: No visible ulcer

e  Grade 1: Superficial ulcer

e  Grade 2: Deep tissue ulceration

e  Grade 3: Abscess formation involving bone

¢  Grade 4: Gangrene formation at the toe

e  Grade 5: Extensive gangrene and necrosis throughout the foot [27]

About 32.4% of patients have Grade 1 ulcers, 29.2% have Grade 2 ulcers, and only 8.2% have
ulcers graded higher than Grade 2 [28]. Developing effective therapies requires creating disease
models based on both in-vivo and in-vitro studies to address the various grades of DFUs effectively.
Figure 1 illustrates the mechanisms of diabetic foot ulcers (DFUs), including their causes and effects.
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Figure 1. Mechanism of Diabetic Foot Ulcer.

Detection of biofilms in DFU

MolecuLight™, an autofluorescence device, is the latest technology used to assess bacterial load
in diabetic foot ulcers by employing the principle of autofluorescence. This non-invasive method
enables the detection of biofilm formation, as bacterial load is proportional to biofilm presence. The
device has a specificity and sensitivity of approximately 78% when guided by autofluorescence
imaging. MolecuLight™ features a slide-based mechanism to switch between white light and
autofluorescence modes, utilizing a 405 nm LED light along with dual-band fluorescence emission
filters (500 nm - 545 nm and 600 nm — 665 nm) during autofluorescence mode. This method
functionality aids in accurately identifying the wound area and sampling bacterial load [29].

In contrast, traditional biopsy methods are less frequently used due to the risk of contamination,
although they may be warranted in cases of moderate to severe wound infections. In such cases,
tissue from the debrided wound base can be collected and analyzed using techniques such as
Fluorescent In-Situ Hybridization (FISH), Confocal Laser Scanning Microscopy, and Scanning
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Electron Microscopy [30]. Additionally, a microtiter plate assay combined with FISH can provide
insights into biofilm thickness and composition [31]. The simplest method for assessing biofilm
samples involves staining with Crystal Violet and measuring optical density to estimate bacterial
load [32]. Furthermore, combining microtiter assays with ELISA, Scanning Electron Microscopy, and
XTT Formazan assays allows for the detection of non-Candida albicans species in biofilms [33].

Methods to Study Biofilms in Diabetic Foot Ulcers

Diabetic foot ulcers can be studied by in vitro and in vivo analyses. Both methods involve studies
that culture patient cells under hyperglycemic conditions, along with various pathogens, (both
individually and in mixed populations). Additionally, pre-existing data, as well as statistical analysis
from patients with diabetic foot ulcers, can provide insights into the demographics of the disease and
patterns of disease progression

In vitro methods include 2-Dimensional cell culture model and 3-D DFU model. In vivo methods
include The Ischemic and neuropathic animal ulcer models as well as the infected diabetic foot ulcer
model. A synopsis of these methods is presented in Table 1. In vivo methods include studying the
progression of DFU in animal models which have been induced to develop Type 2 Diabetes through
spontaneous and targeted mutations by utilizing various approaches as listed in Table 1 and then
studied for different types of DFUs.

In Vitro Methods

2-Dimensional cell culture model

Fibroblast and keratin-producing cells are obtained from the patient and cultured in a
hyperglycemic environment to mimic the high glucose concentration characteristic of hyperglycemic
patients. This method studies various markers of diabetic foot ulcers (DFU), such as the glycosylation
of collagen fibers in the skin [34]. It is a straightforward approach to evaluate the mechanisms of
wound formation and healing, as well as to test different therapies for DFU.

3-D DFU model

The physiological parameters of cells grown in a 2D cell culture model can be studied using a
3D diabetic foot ulcer (DFU) model. This three-dimensional model allows for the examination of
various phenotypes related to angiogenesis, extracellular matrix deposition, and wound healing
through re-epithelialization, among other processes [35].

In Vivo methods

Rats such as the Zucker diabetic fatty (ZDF) and Goto-Kakizaki (GK) develop Type 2 diabetes,
which can be induced using streptozotocin. In contrast, both ob/ob and db/db mice carry mutations
related to the leptin pathway. The mutation in ob/ob mice prevents them from producing leptin,
while db/db mice have a mutation in the leptin receptor that renders them insensitive to leptin. Both
mutations lead to obesity and the development of Type 2 diabetes [36]. Db/db mice are often
preferred for research because their lack of functional leptin receptors results in a Type 2 diabetic
phenotype that closely resembles that of humans [37,38]. Once the rats or mice are induced into a
Type 2 diabetes model using either method, they can be studied for various types of diabetic foot
ulcers.

The Ischemic animal ulcer model

This model is created by resecting or ligating the femoral artery in mice, resulting in acute severe
necrosis of the artery. This method utilizes Laser Doppler measurements and is primarily used to
differentiate the ischemic model, serving as a reference in ischemic model trials for therapy [39,40].
The Neuropathic animal ulcer model

In this method, the sciatic nerves of the mice are clamped with hemostatic forceps approximately
0.5 cm above the site of nerve bifurcation. The clamping is maintained for about one minute, after
which the area is sutured. Ulcers are then observed in the right foot after seven days. The detection
of diabetic neuropathy is performed using the single filament test and paw retraction test, following
hot and cold stimulation [41,42].
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Diabetic Ulcer Model

Infection in diabetic foot ulcers is primarily caused by MRSA (methicillin resistant staph aureus)
(is there a source for this) . The method for generating an infected diabetic foot ulcer (DFU) mouse
model involves anesthetizing the mouse followed by applying approximately 10 uL of a microbial
suspension to the hind limb of diabetic mice. Similarly, models of Pseudomonas aeruginosa induced
DEFU can be created by inoculating the mice with bacterial cultures obtained from diabetic foot tissue
[44-46]. Cultures of Staphylococcus aureus and P. aeruginosa have proven to slow wound healing
and produce extensive biofilms in db/db mice [47,48].

Data Analysis Methodology

Statistical data was collected from patients admitted to the hospital for Type 2 diabetes-related
complications associated with diabetic foot ulcers (DFUs). To meet the inclusion criteria, patients
must have diagnostic codes corresponding to the pathophysiology of DFUs, as well as discharge
diagnoses and soft tissue lesion classifications, in accordance with the International Classification of
Diseases, 10th edition [49].

Key risk factors include age, gender, residential area, history of diabetes, and the presence of
conditions such as retinopathy, neuropathy, nephropathy, peripheral artery disease, and
hypertension. Biological markers such as glycated hemoglobin, white blood cell count, and
fibrinogen levels are also recorded. DFU disease progression and severity is diagnosed and
categorized following systems such as the Wagner-Meggitt classification [50] or the SINBAD
classification (Site, Ischemia, Neuropathy, Bacterial infection, Area, Depth) [51]. Grading systems,
including the Society for Vascular Surgery Lower Extremity Threatened Limb Classification [52] and
the Saint Elian Wound Score System, may also be utilized [53].

Statistical analysis can be performed using the Statistical Package for Social Sciences (SPSS) by
IBM or the Statistical Analysis System (SAS) developed by SAS Institute in North Carolina, USA. This
analysis reveals the incidence of biofilm formation in wounds and its impact on wound healing,
underscoring the need to understand the biofilm-forming mechanisms of the most common
pathogens.

Biofilm formation

The primary criterion for biofilm formation in the foot of a patient is the presence of exogenous
glucose, which is commonly observed in individuals with diabetes mellitus. Elevated glucose levels
in the blood upregulate genes responsible for producing extracellular polymeric substances, which
are the building blocks found in biofilms [1]. The most common microorganisms found in diabetic
foot ulcers are Methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa [54];
other organisms include E. coli and K. pneumoniae.

P. aeruginosa produces excessive alginate, which protects S. aureus biofilms from the effects of
antibiotics [9]. This overproduction is primarily due to mutations in the mucA gene, which
upregulate the alginate-synthesizing operon [10]. Additionally, there is a cooperative interaction
between S. aureus and P. aeruginosa, as the production of virulence factors by P. aeruginosa, such as
hydrogen cyanide and pyocyanin, along with factors from S. aureus, including alpha-hemolysin and
Panton-Valentine leukocidin, enhances the antibiotic resistance of biofilms formed by both organisms
[14]. The antibiotic resistance associated with these biofilms are summarized in Table 2.

Table 2. Methods Of Studying Diabetic Foot Ulcers.

Method of Study Aim of Study References
In Vitro method

2-Dimensional Cell Culture Wound healing and wound formation [34]
3-Dimensional Cell Culture Mechanism of wound healing [35]

(angiogenesis , re-epithelialization)

In Vivo method [37],[38]
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Ischemic animal ulcer model primary ischemic therapy [39],[40]
Neuropathic animal Ulcer model mechanism of neuropathic infections [41],[42]
Infected Diabetic Ulcer Model wound formation, progression and healing [43], [44], [45], [46],
in diabetic mice [47], [48]
Statistical Data Analysis Statistical significance of Diabetic foot ulcer [49],[50],[51],[52],[53]
data

E. coli and K. pneumoniae biofilms share many genes necessary for biofilm formation. The
incidence of glycosuria in diabetes mellitus further facilitates the biofilm formation of E. coli [55].
Moreover, it has been observed that diabetes mellitus often lead to urinary tract infections caused by
E. coli [56]. Additionally, the prevailing conditions in diabetes mellitus can reduce the antimicrobial
activity of certain molecules like that of the antimicrobial peptide psoriasin [57]. Therefore, diabetes
mellitus significantly contributes to biofilm formation which progressively leads to various
complications, including diabetic foot ulcers.

Table 3. Presence Of Antibiotic resistance and Biofilm forming ability.

Bacteria Multi Drug Biofilm References
resistance status formation

Escherichia coli Yes ++ [12], [8], [58], [59], [60]

Pseudomonas aeruginosa Yes +HH+ [12], [8], [58]

Proteus sp. Yes + [12], [8], [58]

Klebsiella pneumoniae Yes + [12], [8], [60], [58]

Staphylococcus aureus Yes - [12], [8], [58]

Citrobacter sp. Yes ++ [12], [8], [60], [58]

Acinetobacter baumanii Yes ++ [12], [8], [61], [58]

Biofilm formation of gram-positive organisms in Diabetic Foot Ulcer

Mechanism of Biofilm Formation in Staphylococcus aureus
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There are two types of biofilm-forming mechanisms demonstrated by S. aureus. These include
the ica gene dependent mechanism of biofilm formation as well as another mechanism that is
independent of the involvement of the ica gene.

Ica mediated biofilm formation

The ica-dependent method of biofilm formation is prevalent in both Staphylococcus epidermidis
and Staphylococcus aureus, relying on the overproduction of extracellular polysaccharide adhesins
known as PIA (polysaccharide intercellular adhesin) and PNAG (polymeric N-acetylglucosamine)
[62]. These polysaccharides are produced by the ica operon, which helps the bacteria evade the host
immune system, making it beneficial during the early stages of infection.

The ica operon consists of several components, including the icaAD complex, as well as the icaB
and icaC genes. The icaA and icaD genes function synergistically as activators. IcaA, IcaD, and IcaC
are transmembrane proteins, while IcaB is a surface-attached protein involved in the deacetylation
and transport of PIA or PNAG [63].

Ica-dependent biofilm formation is primarily triggered by high osmotic stress resulting from
increased NaCl concentrations, which upregulates the sigma factor B. This, in turn, leads to the
upregulation of the SarA protein and subsequently the icaA gene. The IcaA protein acts as an N-
acetylglucosaminyl transferase and functions optimally in the presence of IcaD. The IcaAD complex
produces a 20-subunit oligomeric peptide chain, while IcaC elongates the peptide chain and
translocates it outside the cell [63]. IcaB, a surface-bound protein, deacetylates the peptide chain,
generating short peptide chains of poly-3-(1,6)-acetylglucosamine [64].

Several downregulators of the icaADBC operon exist, including TcaR (teicoplanin-associated
regulator) and the IcaR repressor protein, which is produced following the upregulation of TcaR by
the Spx protein [65]. Another downregulator is the luxS gene, which inhibits biofilm formation by
suppressing the icaADBC operon [66]. RsbU is another regulator that upregulates the global stress
response regulator sigma B in methicillin-sensitive Staphylococcus epidermidis and represses the icaR
gene [67]. Mutations in the Spx protein can lead to upregulation of the icaR gene, resulting in reduced
expression of the ica operon; however, RsbU does not exert the same effect in S. aureus [68].

Spx is cleaved proteolytically by the ClpXP enzyme in methicillin-sensitive Staphylococcus aureus
(MSSA), and any mutations in this enzyme can impair biofilm formation [69]. Accessory components,
such as the ArIRS protein, also play a role by upregulating icaADBC and suppressing icaRk, aiding in
the autolysis of older cells and promoting biofilm formation. Ica mediated biofilm formation is
depicted in Figure 2.

Lux$ ———————— Rbf
Sarh , rsbU ,
Sigh l
l

<:>~| p—>

icaR icaA icaD icaB icaC
//,
fcaply Deacetylation
v
Activated GlcNac GleNge tansterase » GlcNacpolymer —, GlcNacpolymer_ PIA/PNAG
chain chain
IcaC protein

transports the
polymer chain

Figure 2. ica mediated biofilm formation.

Ica independent Biofilm formation in MRSA
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Alternatively, biofilms can be synthesized without the use of the ica operon. This type of biofilm
formation is the typical mechanism for MRSA. However, the SarA gene remains essential, as it
activates the agr gene set in MRSA [70]. Deletion of the ica genes does not affect the ability of S. aureus
to form biofilms, as first demonstrated by the University of Arkansas for Medical Sciences [71]. MRSA
possesses a gene encoding penicillin-binding proteins, specifically the mecA gene [72]. The main
operon responsible for biofilm formation in MRSA is the agrBDCA operon, which is transcribed by
RNA III [73].

Interestingly, both MRSA and MSSA strains can switch from PIA-dependent to PIA-
independent biofilm formation in environments with high glucose concentrations [74,75]. The
LPXTG proteins, such as Sortase A [76], along with fnbA and fnbB, are necessary for inducing biofilm
formation in glucose-rich environments [2].

The peptide precursor autoinducer protein, AgrD, is cleaved by AgrB, a membrane-bound
peptidase. This cleavage produces an eight-residue peptide chain, with a thiolactone ring formed by
the last five residues. This peptide then phosphorylates AgrC, a membrane-bound histidine kinase,
which undergoes autophosphorylation in the presence of the autoinducer molecule. This
autophosphorylation relays a signal to AgrA, which binds to the promoters P2 and P3, initiating the
upregulation of agrBDCA and subsequently increasing RNA III production, which produces the delta
toxin [73].

A key component of MRSA biofilm generation is the release of extracellular DNA upon cellular
lysis by CidA hydrolases, which occurs independently of PIA [77]. MRSA also produces the autolysin
Atl [78], which aids in biofilm formation and promotes intercellular aggregation with a specific
phenotype associated with fnbA and fnbB [79].

Therefore, it can be inferred that even if a diabetic foot ulcer patient reduces their sugar intake,
a high salt concentration in the blood may prompt MRSA to switch from ica-independent to ica-
dependent biofilm formation. Conversely, high sugar concentrations and low salt concentrations may
lead to the opposite effect [80]. Consequently, a comprehensive approach, including proper diet and
treatment, is crucial for the complete recovery of the patient. Non-ica-mediated biofilm formation is
demonstrated in Figure 3.

AgrD AlIP molecule AgrC AgrA
Phosphorylation
AgrB l
P2 P3
— <: agrc | <: agrD | <: agrB | I RNAII S

SarA

Figure 3. ica independent biofilm formation.

Biofilm formation of Gram-negative organisms in Diabetic Foot Ulcer

Mechanism of Biofilm Formation in Pseudomonas aeruginosa

Recent studies indicate that the presence of glucose significantly enhances the biofilm formation
of Pseudomonas aeruginosa. This upregulation is primarily dependent on the extracellular polymeric
substance PslA, which is produced during glucose metabolism. PslA is a branched pentasaccharide
composed of D-glucose, D-mannose, and D-rhamnose in a ratio of 3:1:1 [81]. Notably, glucose
selectively increases the concentration of PslA without affecting the synthesis of the pel and alg genes.
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Furthermore, exogenous glucose has been shown to stimulate Ofloxacin resistance in Pseudomonas
aeruginosa [1].

Biofilm formation occurs through three primary pathways: las, rhl, and pgs systems. The las
system requires 3-ox0-C12 homoserine lactone, while the rhl system depends on C4 homoserine
lactone. The pgs system involves the interaction of acyl homoserine lactones and quinolone molecules
[82]. C12 and C4 HSL are synthesized via a lactonization process, which is directly linked to the
increase in cell population. As the cell count rises, the threshold for C12 HSL is reached, allowing the
LasR receptor protein to bind to C12 HSL and form the LasR-C12 HSL complex. This complex initiates
the transcription of las genes and expresses pslA-L genes, leading to the production of more
extracellular polymeric substances in the form of PslA [83].

The LasR-C12 HSL complex also stimulates the rhIR gene, resulting in the production of the
RhIR receptor protein. When the C4 HSL threshold is met, the RhIR-C4 HSL complex forms and
further transcribes the rhl genes. This complex additionally transcribes the pelA-G genes, which
produce extracellular polymeric substances. The rhl genes encode rhamnolipids, pyocyanin,
hydrogen cyanide, Lectins A and B, exoenzymes A and B, and proteins involved in twitching and
swarming motility [84]. Moreover, the LasR-C12 HSL complex promotes the pgs system and releases
extracellular DNA through the autolysis of older cells [85].

Biofilm regulation is mediated by the GacS/A system. GacS functions as a sensor kinase that,
upon autophosphorylation, transfers a phosphate group to GacA, which upregulates small
regulatory RNAs such as RsmZ and RsmY [86]. These RNAs bind to unbound RsmA, thereby
reducing its repression of autoinducer formation. The RetS/LadS system also plays a role in
determining the phosphorylating state of GacS, influencing AHL production, biofilm formation, and
the production of virulence factors [88]. This regulatory system can lead to both chronic infections
and acute infections in patients.

In patients with diabetic foot ulcers, elevated blood glucose levels contribute to the production
of PslA through increased transcription of the psIA gene [83]. High glucose concentrations promote
PslA formation, which subsequently regulates the production of cyclic di-GMP by combining two
molecules of guanosine triphosphate via diguanylate cyclase. Therefore, PslA acts as a signaling
molecule for cyclic di-GMP production [89]. Cyclic di-GMP further stimulates the production of alg
and pel genes, which generate Alg44 and PelD, both of which are extracellular polymeric substances.
Conversely, when cyclic di-GMP levels are low, bacterial dispersion occurs, disrupting the biofilm, a
scenario that may arise with low glucose concentrations (Figure 4).

Biofilm formation
LasA protease
LasB elastase i
Alkaline protease
7 "
N

Pyocyanin
Hydrogen Cyanide

Rhamnolipid
Hydrogen Cyanide

Figure 4. Biofilm formation in Pseudomonas aeruginosa.
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Mechanism of Biofilm Formation in E.coli_

Initial adhesion is mediated by genes such as fli, flg, and flh. At this stage, the bacteria are in a
planktonic state. The fliDC gene encodes proteins for the structural assembly of flagella, representing
the class 1 gene set [90-92]. The class 2 gene set includes the fli gene set, which is related to the
formation of the basal body and hook, comprising fIQAMN, fliFGHIJK, fiMNOPQR, fliE,
flgBCDEFGHI], fliAZY, and fliBAE [90]. The class 3 gene set includes motAB-che AW, fliDST, fIgKL, fliC,
tar-tap-cheRBYZ, and flgMN. The expression of these gene sets is regulated by the class 2 gene sets
and is important to produce chemotactic signals and flagellar filaments [90].

Irreversible attachment is facilitated by fimbriae-encoding genes, specifically the fim genes,
which include the fimAICDFGH gene sets. Here, FimA serves as the major subunit forming the rod
of type 1 fimbriae, FimC acts as a chaperone that binds to the SecYEG channel, FimD is the translocon
subunit, and FimF, FimG, and FimH are located at the tips of the fimbriae [93]. FimH binds to the
lectin domain of eukaryotic cells, allowing E. coli to adhere to eukaryotic cell surfaces and other
abiotic components [94]. Fiml acts as the terminator component of this type of fimbriae [95].
Additionally, biofilm formation is mediated through the production of curli fimbriae by the csgBAC
operon, which generates fibrous components of the fimbriae, and csgDEFG, where CsgD is the
regulatory protein and produces cellulose, while CsgEG functions as the transport protein [96,97].
Antigen 43, encoded by the flu genes, also contributes to cellular aggregation alongside AidA and
TibA proteins, promoting biofilm formation [98].

Maturation occurs with the production of poly-$-1,6-N-acetyl-D-glucosamine (PGA) polymer
and cellulose. PGA is synthesized by the PgaC glycosyltransferase encoded by the pgaABCD operon
[100,101]. Cellulose is synthesized by the bcsABZC operon, which encodes BcsA cellulose synthase,
contributing to the rigidity of the biofilm [102]. Cyclic di-GMP inhibits flagellar movement by
increasing the production of the YgcR protein. Conversely, PdeH proteins inactivate YgcR, reducing
the concentration of cyclic di-GMP and increasing flagellar movement [103]. The two-component
system also facilitates the production of poly-f-1,6-N-acetyl-D-glucosamine through the CpxAR
complex, which downregulates curli fimbriae production by activating OmpC, inhibiting flagellar
motion and thereby promoting biofilm formation [104,105]. The EnvZ/OmpR system primarily
functions to inhibit flagellar motion [106]. The RcsCDB proteins regulate the synthesis of colanic acid
and inhibit the flhDC operon [107].

Biofilm formation is also significantly influenced by the production of autoinducer 2 (AI-2), a
furanosyl borate diester, as E. coli cannot produce autoinducer 1. E. coli encodes an Al-1 sensor
through the sdiA gene, which is a [uxR homolog. AI-2 is produced by the [uxS gene, pumped out of
the cell, and then taken up by the LsrABCD proteins and ABC transporters. LsrK kinase subsequently
phosphorylates Al-2, with LsrK being repressed by LsrR, which enhances the uptake of the AI-2
molecule [108].

Mechanism of Biofilm Formation in Klebsiella pneumoniae

Klebsiella pneumoniae shares similarities with Escherichia coli in that it cannot produce autoinducer
1 (AI-1) molecules. Instead, it possesses the sdiA gene, which produces the SdiA protein, a homolog
of the LuxR protein that senses Al-1 molecules from other bacteria [109]. AI-2 is produced through a
LuxS synthase-dependent mechanism, as observed in E. coli [110]. This system is crucial for biofilm
formation and lipopolysaccharide (LPS) generation in K. pneumoniae. The SdiA protein also
represses fimbriae production, thereby reducing biofilm formation. Specifically, the genes sdiA, fimK,
and kpfR promote type 1 fimbriae formation; fimK reduces cyclic di-GMP levels, and lower cyclic di-
GMP concentrations decrease type 3 fimbriae formation, ultimately reducing biofilm formation
[111,112]. The mrkH and mrkI genes are essential for inducing biofilm formation, as they encode type
3 fimbriae [113]. The wbbM gene is responsible for LPS formation, the wzm gene is involved in
transport, and the wcaG gene contributes to the cell surface properties.

MrkH and MrklI can actively function in the presence of cyclic di-GMP due to their cyclic di-
GMP binding domains. In this context, MrkH activates MrkA, which induces type 3 fimbriae
formation [116]. The IcsR protein acts as a repressor within this system [113,117].

Pathogenesis of Biofilm-Infected Diabetic Foot Ulcers (DFUs)

d0i:10.20944/preprints202410.0061.v1
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As biofilm-forming cells continue to produce extracellular polysaccharides, the efficacy of
antibiotics is significantly limited [118]. Biofilms are inherently impermeable to antibiotics, and the
presence of efflux pumps in these cells further counters antibiotic entry [119]. The formation of
biofilms enhances the capacity for horizontal gene transfer, thereby increasing the likelihood of
acquiring virulence genes [11]. This process contributes to antimicrobial resistance, complicating
treatment efforts and allowing infections to progress from lower-grade ulcers to higher-grade ones.
Higher-grade ulcers correlate with increased gangrene spread and a greater likelihood of amputation
[16].

In severe cases where treatment fails to eradicate the infection, amputation becomes a last resort
to prevent the disease from spreading to other body regions. Patients with Wagner Grade 5 ulcers
are typically advised to undergo amputation of the necrotic foot region, which may involve below-
knee, above-knee, or hip amputations [18]. The rate of amputation in diabetic foot infections ranges
from 14% to 24% [120]. For Wagner Grade 4 ulcers, the need for amputation depends on the site and
condition of the gangrene. In cases of Grade 3 ulcers and below, efforts should focus on treating the
infection and preventing amputation [121].

Treatment of Biofilm in DFU

There are various treatment options for addressing wounds affected by biofilms, including
conventional methods, alternative therapies, and anti-biofilm agents. These different options target
different aspects of the biofilm are illustrated in Table 4 and Figure 5.

Silver sulfadiazene
treatment of wound

Photo dynamic therapy
Sono-catalytic treatment x

|
of multiple biofilms S | Z

Surfactin-Oxacillin Treatment of Diabetic :"s":: Z-ED;I"ASmedlatef
mediated treatment Foot Ulcer biofilms featmentioaurous
P.aeruginosa biofilms)

‘ Anti-microbial peptides ‘ \{ Anti adhesion drugs

Conventional methods ( Debridement,
lodine solutions, Antibiotics)

Figure 5. The treatment methods for Diabetic foot ulcers.

Conventional Treatment

The conventional treatment for methicillin-resistant Staphylococcus aureus (MRSA) is
vancomycin. However, due to the widespread resistance observed in S. aureus [122,123], linezolid is
often prescribed for MRSA infections. Linezolid is an oxazolidinone effective against both methicillin-
resistant and vancomycin-resistant S. aureus, as well as against streptococci and enterococci. Other
treatment options include combinations of piperacillin and tazobactam, ticarcillin and clavulanic
acid, or ampicillin and sulbactam, which are broad-spectrum antibiotics used for moderate to severe
infections. Carbapenem antibiotics are commonly used for treating multidrug-resistant Gram-
negative organisms. However, due to extensive resistance to these drugs, treatment guidelines now
recommend clindamycin combined with piperacillin-tazobactam or cefoperazone-sulbactam [125].
Other options include cefepime with amikacin, imipenem, gentamicin, and tazobactam [126].

Debridement is another effective method for removing bacterial biofilms [127]. Active
debridement involves removing necrotic tissue around the wound using either a scalpel or hydro-
surgical debridement with a jet spray of water [128]. Topical antimicrobial solutions, such as 10%
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povidone-iodine, are effective in eradicating bacterial biofilms [129]. Cadexomer iodine,
encapsulated in small polysaccharide beads, can also effectively reduce biofilm formation [130,131].
Alternative Treatment Methods

A novel treatment for diabetic foot ulcers is the use of sono-catalytically activated C3N, sheets
powered by ultrasonic waves. This method utilizes NADH present in cells to generate H,, which
oxidizes the cells and perforates their membranes. The resulting NADH deficiency impairs the
electron transport chain, reducing cellular respiration and ATP production, ultimately leading to
cellular lysis and biofilm degradation. These sheets can be applied to the wound area for up to 15
days [132].

Photodynamic therapy using toluidine blue-chitosan coated gold-silver nanoparticles has been
shown to effectively eradicate polymicrobial biofilms of P. aeruginosa and S. aureus [133]. This
treatment works primarily through the generation of reactive oxygen species [134], making it
effective against multidrug-resistant organisms that form biofilms.

Surfactin-associated antibiotic treatment is a new approach that has shown promise. It has been
observed that traditional antibiotics often fail due to antimicrobial resistance, such as that seen in
MRSA. However, when surfactin is used, oxacillin can effectively combat MRSA. It is hypothesized
that surfactin downregulates the expression of the icaADBC operon [135]. Surfactin also inhibits the
expression of SortaseA, preventing the production of adhesion-promoting proteins like fibronectin
proteins FnbA and FnbB, thereby disrupting both ica-dependent and ica-independent biofilm
formation. Additionally, surfactin makes MRSA sensitive to beta-lactam drugs by inhibiting the
expression of mecA gene sets and tetracycline destructase enzymes, allowing for effective eradication
of MRSA biofilms when used with oxacillin [136].

Nisin, a 34-amino-acid cationic antibiotic peptide, disrupts bacterial cell walls by interacting
with the cell wall precursor lipid II. This interaction alters the electrostatic potential of the
transmembrane domain, increasing cell wall permeability. Consequently, EDTA and other antibiotics
can enter the cytoplasm and induce cellular lysis. Nisin Z, a variant with an asparagine residue at
position 27, has shown inhibitory effects against dual cultures of S. aureus and P. aeruginosa when
combined with EDTA (0.4% or 4000 pig/ml), exhibiting both bactericidal and antibiofilm effects [137].
When Nisin Z is embedded in a polyelectrolyte membrane, complete eradication of MRSA biofilms
is observed [138].

Silver sulfadiazine is another treatment option that inhibits the electron transport chain in
bacteria, thereby obstructing respiration. This makes it suitable for patients with extensive bacterial
biofilm-mediated infections [139]. Silver also disrupts bacterial replication and transcription by
binding to DNA [140]. It has been shown to be effective against planktonic forms of S. aureus and P.
aeruginosa, with P. aeruginosa being particularly sensitive. Consequently, silver sulfadiazine can be
administered to patients with diabetic foot ulcers to eradicate biofilms present in the wound [141].
Other Anti-Biofilm Agents

Ginkgo biloba extracts, along with ginkgolic acid, are effective anti-adhesion agents that prevent
the binding of bacteria such as E. coli O157. They also suppress the expression of curli genes and
disrupt fimbriae-producing genes [142,143]. Eugenol independently inhibits csgABDFG and
fimCDH, thereby preventing adhesion by E. coli. Phloretin is another anti-adhesion molecule that
inhibits the expression of IsrACDBF in E. coli, which is essential for the uptake of autoinducer 2
molecules. It also suppresses curli genes csgA and csgB and prevents the expression of toxin genes
hlyE and stx2 [142,144].

AMP 108 is a synthetic peptide that represses alarmone signals in bacteria such as Acinetobacter
baumannii, P. aeruginosa, K. pneumoniae, and S. aureus. This peptide is effective in eradicating mature
biofilms, as the absence of the ppGpp alarmone signal reduces antibiotic resistance, virulence, and
disrupts the biofilm-forming capacity of the bacteria [145-147].
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Treatment

Description

References

Vancomycin Powder Bolus

Large initial antibiotic

concentration

Concentration of Antibiotics
decreases steadily and rapidly
dropping below detectable
levels (Rapid washout)

No Zone of inhibition

Potential side effect:
e Ototoxic
e Nephropathic
e Pseudoarthrosis

Negative seroma formation

[219,221]

Calcium sulphate beads with
PMMA loaded space

(Vancomycin)

the

curve

Greater area under
concentration-time
(AUC) compared to antibiotics-
loaded PMMA space alone.
Excessive wound drainage

Potentially cytotoxic

[221]

Tobramycin powder bolus

Large initial antibiotic

concentration

[221]

Calcium sulphate beads with
PMMA loaded space
(Tobramycin)

Greater area under the

concentration-time curve
(AUC) compared to antibiotics
loaded PMMA space alone
Largest concentration of
antibiotics

Potentially cytotoxic

[221]

26% (26 percent degree of
substitution of the quaternary
ammonium) HACC- loaded
PMMA

Cytotoxic and interferes with
proliferation and osteogenic
differentiation of human bone
marrow-derived mesenchymal
stem cells with increasing
degree of substitution of the

quaternary ammonium.

Potential obstacle:

[222]
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e Larger particle size of
26% HACC particles
leading to slower
release from PMMA

e Slow elution of

antibiotics

Gentamicin-loaded PMMA e Decreases number of [222]
viable MRSA
(methicillin resistant S
aureus)
e Rapid initial release
o Less effective at
biofilm inhibition
Limonene e Disturbs the cell [223]
membrane integrity
therefore
dysregulating their
communication
¢ Inhibits and eradicates
mono and dual species
biofilm
Inhibit biofilm grown under
shear stress destructing its
structure
Silver nanoparticle ¢ Inhibits formation of [224]
functionalized silicone cross kingdom,
elastomer bacterial and fungal,
biofilm in a dose
dependent manner —
disrupts their cell wall
Cold atmospheric plasma Break peptidoglycan bond of | [225]
gram-positive  bacteria  in
biofilm
Phage lysins ¢ Phage lysins cleave the | [226]
peptidoglycan layer of
the cell wall.
Eradicate preformed biofilm
Mannosidase and glucanasa Hydrolyses mannan-glucan in | [226]

C.auris biofilm
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Alginate lyase

Removes  exopolysaccharide
from the surface promoting

biofilm eradication

[226]

Magnetic iron oxide
nanoparticles

fields

with magnet

Causes mechanical damage to
the matrix of the biofilm

leading to eradication.

[226]

Magneto-responsive gallium-

based liquid metal droplet

Disrupts matrix, results in

bacterial lysis

[226]

DNase

e Degrades the
extracellular DNA in
biofilms.

and

Inhibits formation

eradicates already formed

biofilm

[226]

Carolacton

e  Causes cell chain
elongation and cell
death of S.mutans
biofilm

Destroy biofilm cell membrane

[226]

Rhamnolipid

Disrupts and eradicate S.

aureus biofilms

[226]

D-amino acids incorporation

¢ Increases stability of

drugs

Potential side effect:

e Schizophrenia — alters
NMDA-dependent
neurotransmission.

e Cataract

e Atherosclerosis

[226,227]

Rhamnolipid coated silver and

iron oxide nanoparticles

¢ Inhibit the formation
of biofilm and
eradicates preformed
biofilm.

adhesion,

Diminishes  cell

dispersing preformed biofilm

[226,228]

Linezolid

Targets Methicillin resistant
S.aureus, Streptococci,

Enterococci

[122,123]
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Piperacillin /Tazobactam, | Targets both gram-negative | [124,125]
Ticarcillin/ Clavulanic acid, | and gram-positive bacteria
Ampicillin/ Sulbactam
Active Debridement Removes necrotic tissue | [127,128]
containing bacterial biofilms
Iodine solutions (Povidone | Targets bacterial biofilms [129-131]
Todine 10%, Cadexomer
Iodine)
Sono-catalyticall tivated 132
ono-catalyically aciVai®® | Eradication of all types of [152]
CsNa
bacterial biofilms and
planktonic cells
Photod ic Th b 133,134
orocynamie CPY PV | Eradication of polymicrobial [ |
Toluidine blue-chitosan coated
Gold-Silver nano particles biofilms of P.aeruginosa and
S.aureus
Surfactin mediated Oxacillin | Specifically targets S.aureus | [135,136]
treatment biofilms and cells (both multi-
drug resistant and sensitive)
Nisin-EDTA mediated | Targets polymicrobial biofilms | [137,138]
Treatment of S.aureus and P.aeruginosa
Silver Sulfadiazine Effective for both S.aureus and | [139-141]
P.aeruginosa (P.aeruginosa is
more sensitive)
AMP 108 Eradicates biofilms of | [145-147]
A.baumanii , P.aeruginosa
K.pneumoniae ,S.aureus
Gingkgo biloba extract Inhibits adhesion and curli | [142,143]
genes of E.coli
Eugenol Inhibits adhesion of E.coli [142]
Phloretin Inhibits adhesion of E.coli [142,144]

The inhibition and eradication of biofilm in foot ulcers is effective with a combination therapy
rather than a single drug therapy to properly and effectively treat the chronicity of diabetic foot ulcers

caused by bacterial/fungal/mixed biofilm formation.
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Conclusions

Diabetic foot ulcers (DFUs) necessitate careful management due to the complexities associated
with their treatment. Microorganisms such as Staphylococcus aureus and Pseudomonas aeruginosa are
significant biofilm formers, creating protective biofilms that obstruct the penetration of antibiotics
and leukocytes into the wound. The extracellular polymeric substance (EPS) produced by these
biofilms diminishes the phagocytic activity of leukocytes. Additionally, these organisms engage in
horizontal gene transfer, which increases antimicrobial resistance by facilitating the transfer of
resistance genes among them. This biofilm formation represents a major challenge in the treatment
of DFUs.

Adherence to prescribed antibiotic regimens is crucial, as any deviation must be avoided. This
review has detailed the significance of biofilms in DFUs, methods for detecting biofilms, and various
treatment options. Recent advancements, such as the use of placental-derived materials and human
umbilical cord allografts, offer promising treatments with little to no side effects.

It is critical to note that if a low-grade ulcer progresses to a high-grade ulcer, amputation may
be necessary [18]. While lower-grade ulcers can often be treated conservatively, there remains a 25-
50% chance of amputation for patients with DFUs [25], alongside a 50-60% infection rate [13].
Therefore, optimal care is essential, including routine hospital visits and debridement of necrotic
tissue [128].

Proper wound care, including the use of iodine solutions, can effectively reduce polymicrobial
biofilm formation [130,131]. Maintaining an oxygenated environment is vital to prevent the growth
of anaerobic bacteria. A clean, hygienic setting, combined with appropriate treatments, will facilitate
faster recovery. The primary goal of DFU treatment is to eradicate polymicrobial biofilms, as their
presence significantly delays wound healing [58]. Consequently, direct approaches to eliminate
biofilms in diabetic foot ulcers are essential for effective treatment and improved patient outcomes.
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