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A biofilm is a group of microorganisms that adheres securely to inanimate or living surfaces and is encased in an extracellular poly-

meric matrix or self-generated substance. Chronic wound infections have a major clinical and financial impact on people all over the

world. They also have a big impact on healthcare systems and the lives of those who are impacted. With a focus on important topics

like the pathophysiology of biofilm growth and the clinical implications of biofilms in chronic infections, this review aims to provide

a thorough examination of biofilm formation in chronic illnesses. Methicillin-resistant Staphylococcus aureus (MRSA), Coagulase-

negative staphylococci (CoNS), and multidrug-resistant Gram-negative bacilli, including Metallo Beta-Lactamase (MBL), AmpC Beta-

Lactamase, and Extended Spectrum Beta-Lactamase (ESBL), as well as mechanisms like efflux and porin deficiency, are among the

multidrug-resistant organisms that are becoming more prevalent in these areas. Biofilms pose a significant challenge to modern

healthcare and are a substantial contributor to the chronicity, persistence, and resistance to treatment of wound infections. Their

multi layered structure, which is maintained by a protective extracellular matrix, slows down the immune system and antimicrobial

penetration, which prolongs healing, increases patient morbidity, and raises health care costs.
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Introduction

A biofilm is a collection of microorganisms enclosed in a self-
generated substance or extracellular polymeric matrix, firmly
adhering to living or inanimate surfaces. This matrix provides a
protective barrier, shielding the bacteria from both the penetration
of antimicrobial agents and the host immune system [1,2]. This
phenomenon serves as a valuable adaptation for microorganisms,

allowing them to thrive in specific environments [3].

Biofilms exhibit a remarkable ability to withstand antibiotic
treatment, with bacteria residing within biofilms demonstrating

resistance levels hundred to thousand times greater than their

planktonic counterparts [4]. This elevated resistance is a multifac-
eted phenomenon arising from several mechanisms, including im-
paired antibiotic penetration through the biofilm matrix, reduced
metabolic activity of bacteria within the biofilm, and the presence
of persister cells [5]. The complex architecture of biofilms and
the physiological state of the embedded bacteria contribute sig-
nificantly to the recalcitrance of chronic wound infections [6]. The
extracellular matrix acts as a physical barrier, impeding the diffu-
sion of antibiotics and preventing them from reaching the bacteria
at effective concentrations. These biofilms may either be linked to
medical devices or develop independently from foreign materials
through the colonization of host tissue, a phenomenon primarily

seen in chronic infections [7].
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Biofilm formation and composition

Biofilm formation is a multistep process.

Development of biofilms

The Planktonic bacteria adhere to a surface via physical and
chemical interactions. Bacteria produce adhesive structures and
begin synthesizing extracellular matrix components. Microcolo-
nies grow and develop into a complex, three-dimensional structure
with distinct microenvironments. Cells or clusters are released to
colonize new sites [8]. This dynamic process is regulated by envi-
ronmental signals and bacterial communication mechanisms such

as quorum sensing [9,10].

Composition of the Biofilm Matrix The biofilm matrix, also
known as extracellular polymeric substance (EPS), comprises it
Provides structural integrity and adhesion. Proteins are involved
in enzymatic functions and structural support. Extracellular DNA
(eDNA) is Contributing to biofilm stability and gene exchange. Lip-
ids and other macromolecules: Enhancing biofilm cohesion and
defense. This matrix protects embedded bacteria from antimicro-

bial agents and immune system attacks [11].

Biofilm in chronic wound infection

Chronic wound infections pose a significant global clinical and
economic burden and exert a marked influence on healthcare sys-
tems and the quality of life of the affected individuals [11]. These
infections are commonly refractory to the usual antibiotic thera-
pies and may result in prolonged hospital stay, increased morbid-
ity, and even amputation in more severe ones [3]. The formation of
biofilms is considered a key factor to the persistence and antibi-

otic resistance of chronic wound infections [12].

The formation of biofilms in wounds is a dynamic process, with
research indicating that bacteria can develop a mature biofilm on
a wound bed within 24 hours. Chronic wounds are predominantly
characterized by a poly-microbial biofilm present in 60% of cases,
in contrast to only 6% in acute wounds [13,14]. The process of
wound healing is intricate, commencing with an injury and culmi-

nating in successful closure. When healing is compromised, it can
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resultin the colonization of microorganisms within the wound bed,

leading to the production of exudate and associated pain [15].

Normal wound healing is a complex process that involves spe-
cific stages, summarized in the following: Coagulation and haemo-
stasis, Inflammation, Proliferation, Remodelling. A biofilm associ-
ated with chronic wounds consists of various groups of bacteria,
typically exhibiting distinct genotypes, and is additionally bound
together by extracellular polymeric substances (EPS). Numerous
pathogenic microorganisms, both aerobic and anaerobic, includ-
ing bacteria and yeasts, are recognized for their ability to colonize
wounds [16,17]. When an injury takes place, the skin barrier’s pro-
tective function is compromised, leaving the wound area vulner-
able to numerous pathogens, which facilitates microbial coloniza-

tion at the site of the wound.

Patients with chronic ulcers usually harbour a variety of colo-
nizing bacterial species [18]. These pathogens, when embedded in
biofilms, create a protective environment that makes them more
resistant to the host’s immune response and conventional antimi-
crobial treatments. These bacteria can produce a variety of viru-
lence factors and is known for its resistance to antibiotics, making
infections challenging to treat. Principal contributors to delayed
wound healing and infection encompass beta-hemolytic streptococ-
ci, Candida albicans, Pseudomonas aeruginosa, and Staphylococcus

aureus [8].

This review seeks to deliver an in-depth analysis of biofilm
formation in chronic infections, concentrating on key aspects
such as the pathogenesis of biofilm development and the clinical
consequences of biofilms in chronic infections. By examining the
mechanisms that contribute to biofilm formation and persistence,
this review underscores the difficulties posed by biofilm-related
infections and the shortcomings of existing treatment approaches.
Ultimately, the objective of this review is to educate and direct fu-
ture research and clinical practices in the management of chronic
infections associated with biofilms, providing valuable insights into

effective prevention and treatment strategies.
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Figure 1: Stages in the biofilm formation process (Hadla and Halabi MA, 2018).

Methodology

A comprehensive review of the literature was conducted using
PubMed, Scopus, Web of Science, and Google Scholar, incorporating
specific search terms such as ‘chronic infections, ‘resistance, ‘bio-
film formation, and ‘clinical implications, focusing on publications
in English from the year 2015 to 2025. Studies which had a focus
onresearch in original articles, systematic reviews, or a meta-anal-
ysis and dealt with biofilm-related disease and its treatment were
eligible for inclusion. Conversely, non-English publications, confer-
ence abstracts, and studies deemed to be of low quality were ex-
cluded from consideration. Data from the selected studies were ex-
tracted and synthesized in a narrative format, emphasizing biofilm
mechanisms, clinical implications, and therapeutic approaches. A

quality assessment was performed using suitable evaluation tools,

and the findings were organized into thematic categories, with a

descriptive analysis that underscored significant trends.

Initially, 94 articles were identified from databases including
PubMed, Google Scholar, Scopus, ResearchGate, and ScienceDirect.
After excluding irrelevant articles [19], removing duplicates [12],
and accounting for articles that couldn’t be retrieved [12], 51 ar-
ticles remained. Of these, 14 were excluded due to access issues
or lack of relevance, resulting in 37 studies being included in the
final review. Ethical approval was not required since the review
relied on previously published research, with potential limitations

including variability among studies and language constraints.

Identification of studies via databases and registers

Science Direct (n=94)

Articles included via Pubmed, Google scholar, Scopus, Research Gate and

| | : .
I— | Excluded articles after screening (n=19) ‘

| Articles kept after screening titles and abstract (n=

75) |

— | Duplicates removed after screening (n=12) ‘

Retained articles after removing dupl[€ tes (n=63) |
| Articles not retrieved (n=12) l
1
Retained articles (n=51) |
Articles excluded:
=) | (Open access article are not available (n=04)

Not specific to topic (n=10)

| Articles included in the review (n=37)

Figure 2: PRISMA flow chart.

n: Number of studies; PRISMA: Preferred

Reporting Items for Systematic Reviews.
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Lab diagnosis of bacterial biofilms

The diagnosis of infectious bacteria biofilm within chronic
wounds includes qualitative, quantitative and molecular methods.
Direct evidence for the presence of biofilms in tissues is obtained
using visualization techniques such as light, fluorescent, and elec-
tron microscopy [19]. A chromogenic Congo red agar for the differ-
entiation of biofilm producing from non-biofilm producing strains
of S. epidermidis using colony color change. These quantitative
techniques, which comprise plate counts, flow cytometry (FCM),
and microtiter assays, quantify biofilm-related biomass and bac-

terial burden.

Detection as part of dressings and devices includes roll plat-
ing and sonication. Molecular diagnostics, such as those using PCR
as platform resulting in gene-specific amplification, allow selective
detection of biofilm forming microorganisms, which is a necessity
for proper treatment planning [20]. Understanding these diagnos-
tic methodologies aids in developing targeted interventions to dis-

rupt biofilms and improve chronic wound management.

Biofilms and drug resistance

Bacterial biofilms are the etiological agent of a number of
chronic diseases. The enhanced resistance of cells within the bio-
films to antibiotics is thought to be the main cause for the chronic
nature of these infections. This resistance is likely to be polyfacto-
rial, and different mechanisms of resistance co-interact together

to provide a higher level of general resistance to the biofilm [21].

In developing countries inappropriate use of antimicrobials,
overcrowded hospitals, poor infection control practices add to the

problem in form of multidrug resistance.

The rising incidence of multidrug-resistant organisms, such as
Methicillin-resistant Staphylococcus aureus (MRSA), Coagulase-
negative staphylococci (CoNS), and multidrug-resistant Gram-neg-
ative bacilli, including Extended Spectrum Beta-Lactamase (ESBL),
Metallo Beta-Lactamase (MBL), and AmpC Beta-Lactamase, along
with mechanisms like efflux and porin deficiency, significantly
complicates the situation and poses a serious challenge in these
regions [22].
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Various factors include patient related factors (old age, nutri-
tional status, comorbid illness, pre-existing infection, the length
of preoperative hospital stay) and procedure related factors (poor
surgical technique, prolonged duration of surgery, preoperative
part preparation, and inadequate sterilization of surgical instru-

ments) can influence the risk of wound infections significant.

In addition to known risk factors, the likelihood of infection is
significantly influenced by the virulence and invasiveness of the
infecting microorganism, the immune status of the host, and the
physiological condition of the wound tissue. These elements col-
lectively contribute to prolonged hospital stays and increased
healthcare costs. Therefore, effectively reducing the incidence of
chronic wound infections requires a comprehensive and pragmatic
strategy, recognizing that multiple interrelated factors impact in-
fection risk. In light of these insights, numerous studies have been
conducted to explore chronic wound infections, with particular
emphasis on the factors that contribute to the persistence and re-

currence of infections at postoperative surgical sites.

Impact on antimicrobial treatments

Resistance associated with biofilm is quite a complication for
treatment modalities. Young biofilms (i.e., cells with rapid rates of
division) are more susceptible to antimicrobials than older bio-
films (i.e., cells with relatively low metabolic activities) [23]. Re-
sistance is also modified under oxygen availability as Escherichia
coli biofilm grown at lower oxygen tension were more resistant to
antibiotics [24].

The development of novel therapies seeking to ameliorate drug
penetration and microbial defences has come from advancements
in biofilm research [25,26]. Further, horizontal gene transfer al-
lows greater antibiotic resistance by permitting the assimilation of

resistance genes into biofilms from adjacent microorganisms [21].

Mycobacterial biofilms demonstrate extreme resilience against
disinfectants and antibiotics like amikacin and clarithromycin in vi-
tro [27]. During the later stages of biofilm formation, bacteria are
less susceptible to antibiotic intervention, thus Research suggests
that these types of antibiotics are best utilized at the early stages of
biofilm formation [28].
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Impact of Biofilm in chronic wound infections
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Study Country Bacteria Biofilm Prevalence Clinical Impact References No
Kala Harika,, et al. 2020 | India | S. aureus, K. pneumoniae High Non-healing ulcers [29]
Karim., et al. 2021 India K. pneumoniae 75% Resistant diabetic ulcers [30]
Vadla Sh;gggnl" etal India P aeruginosa High Persistent post-surgical infections [31]
Sharma S, et al. 2023 India Various Present Device-related resistance [4]
PaiL, etal 2023 India Various Not quantified Genetic resistance mechanisms [5]
Bhatt, et al. 2015 USA P aeruginosa 76.8% MDR Delayed healing [32]
Ahmed,, etal. 2016 Egypt K. pneumoniae Gene-positive High cephalosporin resistance [33]
Di Domenico., et al. 2017| Italy Mixed 100% Chronicity of ulcers [18]
0, iofi i i-
Hera Nirwati., et al. 2019|Indonesia| Klebsiella pneumoniae 85.7% strong/ Biofilm f.ormatlo.n strongly assocl [34]
moderate ated with multidrug resistance
Bidossi., et al. 2020 Italy S. aureus, S. lugdunensis Majority Joint infection complications [35]
Falcone,, et al. 2021 Italy Mixed High Requires surgical debridement [15]
Schulze,, et al. 2021 | Germany Various Virulence linked Targeted therapy needs [36]
Assefa., et al. 2022 Ethiopia | S. aureus, A. baumannii Not specified Prolonged hospitalization [3]
Mendhe,, et al. 2023 USA Various High Immune evasion, late diagnosis [2]
Binzhi Dan,, et al. 2023 | China Klebsiella pneumoniae High (moderate- | Strong link Wl.th mul_tldrug rests- [37]
strong) tance; persistent infections
Table 1

Biofilm Activity in India: A Growing Concern

Recent studies from India have highlighted the alarming role
of bacterial biofilms in chronic wound infections and device-as-
sociated complications. These biofilms—communities of micro-
organisms encased in a protective matrix—are not only difficult
to eradicate but are also strongly linked with increased antibiotic
resistance and prolonged healing times. For instance, the study by
Kala Harika,, et al. (2020) found that biofilm formation was com-
mon among Staphylococcus aureus and Klebsiella pneumoniae
isolates from chronic wound cases. These infections, particularly
in diabetic patients, often failed to respond to conventional treat-
ment, leading to non-healing ulcers. The persistent nature of
these infections can be attributed to the biofilm’s ability to shield
bacteria from both antibiotics and immune responses. In a simi-
lar vein, Karim., et al. (2021) reported that a significant propor-
tion—75%—of K. pneumoniae strains isolated from diabetic
ulcers were biofilm producers. These strains also showed a high
level of resistance to commonly used antibiotics. This reinforces
the idea that biofilm formation and multidrug resistance often go

hand in hand, making such infections especially difficult to treat.

Vadla Shravani., et al. (2023) examined Pseudomonas aerugi-
nosa, a notorious pathogen in post-surgical infections. Their find-
ings revealed strong biofilm-forming tendencies along with the
presence of quorum-sensing genes that regulate virulence and
resistance mechanisms. These infections often persist despite ag-
gressive therapy, leading to delayed recovery and increased hos-

pital stays.

Shifting focus from wounds to medical devices, Sharma., et al.
(2023) investigated biofilms in infections associated with cath-
eters, implants, and other hospital equipment. Even without ex-
act measurements of biofilm density, the presence of biofilms was
linked to treatment failure and recurrent infections, pointing to the

challenges faced in managing device-associated infections.

Lastly, Pai., et al. (2023) provided insights into the genetic back-
ground of biofilm-related resistance. Their work discussed how
certain genes enable bacteria to form biofilms and withstand an-

tibiotics, even though the study did not focus on specific infection
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sites. This genetic angle offers a deeper understanding of why tra-

ditional treatments often fail against biofilm-forming pathogens.

The link between biofilm formation and antibiotic resistance
makes it crucial to revise current treatment strategies. Early iden-
tification of biofilm-producing strains, use of combination thera-
pies, and adoption of alternative approaches such as phage thera-
py or anti-biofilm agents could offer better outcomes. At the same
time, routine screening for biofilm activity in clinical laboratories
and strict infection control measures can play a key role in manag-

ing these stubborn infections effectively.

Global insights into biofilm - Associated infections and resis-
tance

Across the globe, there is growing evidence of the significant
role played by biofilms in chronic and drug-resistant infections. A
wide range of studies from different countries consistently high-
light how biofilm formation contributes to treatment failure, pro-

longed illness, and increased healthcare burdens.

In the United States, Bhatt,, et al. (2015) reported a high preva-
lence of multidrug resistance (MDR) among Pseudomonas aeru-
ginosa isolates—76.8% to be exact. These strains were predomi-
nantly recovered from chronic wounds were delayed healing was
a major clinical concern. The presence of biofilms in these cases
not only protected the bacteria from antibiotics but also impaired

tissue repair mechanisms.

Ahmed,, et al. (2016) from Egypt highlighted the emergence of
Klebsiella pneumoniae strains harboring specific resistance genes.
These gene-positive isolates showed high resistance to cephalo-
sporins, raising red flags about their limited treatment options.
The study emphasized the molecular underpinnings that often go

hand-in-hand with biofilm development and antibiotic resistance.

European data further confirm the severity of the issue. Di
Domenico., et al. (2017) from Italy documented a 100% biofilm
formation rate among isolates from chronic ulcer patients. These
infections were notably persistent and resistant to standard thera-
pies, reinforcing the link between biofilms and wound chronicity.

From Indonesia, Hera Nirwati., et al. (2019) investigated K.

pneumoniae and found that 85.7% of strains exhibited moderate

34

to strong biofilm-forming abilities. These isolates were also as-
sociated with multidrug resistance, clearly indicating that biofilm

strength correlates with resistance patterns.

Similarly, Bidossi., et al. (2020) in Italy explored joint infections
and reported that both Staphylococcus aureus and S. lugdunensis
were capable of forming biofilms, leading to post-surgical compli-

cations such as inflammation and implant failure.

A subsequent Italian study by Falcone., et al. (2021) empha-
sized the severity of biofilm-mediated infections, which frequently
required surgical interventions like debridement due to their resis-
tance to medical treatment alone. These infections often involved

mixed microbial communities, further complicating management.

From Germany, Schulze,, et al. (2021) provided insight into how
virulence factors in biofilm-forming bacteria necessitate more tar-
geted therapeutic strategies. Their findings support the idea that
not just resistance, but pathogenicity itself is enhanced in the pres-

ence of biofilms.

In Ethiopia, Assefa., et al. (2022) identified S. aureus and Aci-
netobacter baumannii as common biofilm producers in hospital-
ized patients. Though biofilm prevalence was not quantified, the
infections were associated with prolonged hospital stays and high
treatment costs, underscoring the economic burden of such infec-

tions in resource-limited settings.

Mendhe., et al. (2023) in the USA addressed another dimen-
sion—immune evasion. The biofilm-producing bacteria they stud-
ied often went undetected in early stages, leading to late diagnoses
and missed treatment windows. This delay worsened clinical out-
comes. Finally, Binzhi Dan.,, et al. (2023) from China highlighted the
strong association between biofilm strength (moderate to strong)
in K. pneumoniae and multidrug resistance. These infections were
persistent and frequently relapsed, complicating patient recovery
and increasing the likelihood of systemic complications. These
international studies underscore the global nature of the biofilm
challenge. Despite regional differences in pathogens and health-
care systems, one pattern remains clear: biofilm formation is a
major contributor to chronicity, antimicrobial resistance, and poor

patient outcomes. There is a pressing need for global cooperation
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in developing diagnostic tools for early biofilm detection, novel an-
ti-biofilm agents, and guidelines for personalized treatment strat-
egies that consider both resistance profiles and biofilm-forming
ability.

Clinical and public health perspective

The potential issue in treating infection is that it is very difficult
to eliminate the biofilm-forming bacteria in the majority of cases
from a clinic or public health aspect. Clinically, biofilms are behind
the long-lasting, non-closing infections, high antibiotic resistanc-
es, and failure of treatments. Healthcare systems are heavily chal-
lenged by medical device-associated and biofilm-associated infec-
tions. They extend the length of hospital stays, increase healthcare
expenditure, and are associated with increased mortality. More-
over, the persistence of such infections often leads to increased an-
tibiotic use, which in turn accelerates the development and spread

of antimicrobial resistanc (Sharma, Surbhi., et al. 2023).

Addressing these challenges calls for a comprehensive approach
that combines clinical vigilance with public health initiatives. Early
diagnosis, incorporation of anti-biofilm agents, improved infection
control practices, and strong antimicrobial stewardship are essen-
tial to curb the impact of biofilm-associated infections and reduce

their burden on healthcare systems.

Conclusions

Biofilms are an important cause of the persistence, chronicity
and therapeutic resistance of wound infections and represent a
major problem for present healthcare. Their multilayered struc-
ture supported by a protective extracellular matrix, slows down
the penetration of antimicrobials as well as immune response, re-
sulting in prolonged healing, greater morbidity to the patient, and
increasing health-care cost. In addition, the ubiquitous presence
of biofilm-forming, MDR bacteria, including Pseudomonas aerugi-
nosa, Staphylococcus aureus and Klebsiella pneumoniae has fur-
ther complicated the treatment of infection, emphasizing the ur-
gent demand for accurate diagnosis and personalized treatment
strategies. Developments in laboratory diagnostics such as mo-
lecular, quantitative and microscopic techniques, have improved
the detection and characterization of biofilm-related infections.
However, treatment remains challenging due to biofilms’ inherent

resistance mechanisms, such as reduced metabolic activity, efflux
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pumps, genetic adaptations, and horizontal gene transfer. Address-
ing biofilm-related antibiotic resistance is crucial not only for ef-
fective wound management but also in the broader fight against

antimicrobial resistance globally.
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