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Abstract: Biofilm-associated infections pose a significant challenge in clinical settings due to their increased resistance to antibiotics
and evasion of host immune responses. These infections are responsible for a large proportion of chronic and recurrent infections,
leading to prolonged hospital stays, increased healthcare costs, and elevated morbidity and mortality rates. Vancomycin, a glycopeptide
antibiotic, has long been a cornerstone in the treatment of infections caused by Gram-positive bacteria, particularly methicillin-
resistant Staphylococcus aureus (MRSA). In addition, vancomycin-resistant Enterococcus (VRE) represents an important group of
biofilm-forming pathogens, further complicating treatment strategies. However, its efficacy against biofilms remains a subject of
ongoing research and debate. The ability of vancomycin to target biofilm-embedded bacteria is often hindered by multiple resistance
mechanisms, including poor antibiotic penetration, metabolic adaptation of biofilm-associated cells, and the presence of persister cells.
The aim of this review is to evaluate vancomycin’s antibiofilm activity by examining its mechanism of action, pharmacokinetics,
effectiveness, limitations, and potential strategies to enhance its therapeutic outcomes. Several novel approaches have been explored to
augment vancomycin’s antibiofilm activity, including combination therapies, adjuvant strategies, and nanotechnology-based drug
delivery systems. Understanding these factors is crucial for optimizing therapeutic strategies and overcoming the persistent challenge
of biofilm-related infections. This review synthesizes current evidence and highlights areas requiring further research to enhance
vancomycin’s efficacy against biofilm-associated infections.
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Introduction

Bacterial biofilms are structured communities of microorganisms embedded within a self-produced extracellular poly-
meric substance (EPS) that confers protection against environmental stresses, antibiotics, and host immune responses. '~
Biofilm-associated infections are implicated in numerous clinical conditions, including catheter-related bloodstream
infections, prosthetic joint infections, infective endocarditis, osteomyelitis, and chronic wounds.* The ability of bacteria
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to form biofilms significantly reduces the effectiveness of conventional antimicrobial treatments, necessitating the
exploration of novel therapeutic approaches.’

Vancomycin, a glycopeptide antibiotic, is widely used for treating severe Gram-positive bacterial infections, including
MRSA.”# Its mechanism of action involves inhibiting bacterial cell wall synthesis by binding to the D-Ala-D-Ala
terminus of peptidoglycan precursors, preventing transpeptidation and subsequent cell wall cross-linking.”'® Despite its
efficacy against planktonic bacterial populations, vancomycin’s ability to eradicate biofilm-embedded bacteria remains
inconsistent due to several factors,'' including limited diffusion through the EPS matrix, reduced bacterial metabolic
activity within the biofilm.'?

Several studies have assessed the antibiofilm activity of vancomycin, demonstrating variable efficacy depending on
factors such as biofilm age, bacterial strain, antibiotic concentration, and treatment duration.'>'* While high doses of
vancomycin may improve penetration into biofilms,'> complete eradication remains challenging due to the presence of
persister cells—dormant bacterial cells that exhibit tolerance to antibiotics without undergoing genetic modifications.'®!”
Consequently, researchers have explored alternative approaches, such as combination therapies, biofilm-disrupting
agents, and novel drug delivery systems, to increase vancomycin’s effectiveness against biofilm-associated
infections.'®!'” The aim of this review is to critically evaluate the role of vancomycin in Gram-positive biofilm-
associated infections, highlighting its mechanisms of action, limitations in biofilm penetration, and emerging strategies
to improve its therapeutic efficacy.

Mechanisms of Biofilm Resistance to Vancomycin

Biofilm-mediated resistance to vancomycin arises from multiple interconnected mechanisms, including, the EPS matrix,
composed of polysaccharides, proteins, and extracellular DNA (eDNA), acts as a physical barrier that restricts the
diffusion of vancomycin, leading to suboptimal antibiotic concentrations within deeper biofilm layers.'®*"2!
Furthermore, vancomycin’s ability to penetrate biofilms is significantly hindered due to several factors, including its
relatively large molecular size and poor diffusion through the protective extracellular polymeric substance (EPS) matrix.
Moreover, Biofilms create a unique microenvironment in which bacteria adopt a sessile lifestyle, exhibit altered
metabolic states, and express biofilm-specific resistance genes, making them inherently less susceptible to antibiotic
treatment.”>** Therefore, bacteria within biofilms exhibit heterogeneity in metabolic activity.>* Cells in deeper layers are
often in a dormant or slow-growing state, reducing the efficacy of antibiotics that target actively dividing cells.?® Also,
a subpopulation of bacterial cells known as persister cells within the biofilm can enter a transient, non-replicative state,
allowing them to withstand antibiotic exposure and later repopulate the biofilm once antibiotic pressure is removed.*®?’
On the other hand, Biofilm-forming bacteria can upregulate efflux pumps, actively extruding vancomycin and reducing
its intracellular concentration.”® Notably, the induction of biofilm-specific genes and the horizontal gene transfer of
resistance elements as a result of close proximity of bacteria whin biofilms improve conjugation, leading to greater
antibiotic tolerance and persistence.”” (Table 1).

Antibiofilm Activity of Vancomycin and Methods to Augment Its Efficacy

Vancomycin, despite being a cornerstone antibiotic for treating Gram-positive bacterial infections,”® presents several
limitations when used as a monotherapy, particularly against biofilm-associated infections.*'**> One of the major
challenges associated with vancomycin is its slow bactericidal activity, which can lead to prolonged treatment durations
and increase the risk of persistent infections.*® Additionally, the emergence of bacterial strains with decreased suscept-
ibility to vancomycin, such as vancomycin-intermediate Staphylococcus aureus (VISA) and vancomycin-resistant
Enterococcus (VRE), further complicates its clinical utility.***> These strains exhibit adaptive resistance mechanisms,
including thickened cell walls, alterations in cell envelope metabolism, and the upregulation of resistance genes, all of
which contribute to reduced efficacy. Additionally, vancomycin’s higher minimum inhibitory concentrations (MICs)
against biofilm-embedded bacteria mean that even at therapeutic doses, the drug may fail to achieve sufficient
intracellular concentrations to eradicate the infection completely.>® This limitation often results in treatment failure,
chronic infections, and enhanced recurrence rates.
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Table | Mechanisms of Biofilm-Mediated Vancomycin Resistance

Notable Mechanisms Reference No.
EPS matrix (polysaccharides, proteins, eDNA) acts as a physical barrier, [18,20,21]
restricting vancomycin diffusion

Large molecular size of vancomycin limits penetration through EPS [18,20,21]
Biofilm microenvironment induces sessile lifestyle, altered metabolism, [22,23]

and biofilm-specific resistance genes
Heterogeneity in metabolic activity; deeper cells often dormant or slow-growing | [24,25]
Subpopulation enters transient, non-replicative state (persister cells) [26,27]
and repopulates after antibiotic removal
Upregulation of efflux pumps reduces intracellular vancomycin concentration [28]
Biofilm-specific genes and horizontal gene transfer enhance tolerance [29]

and persistence

Prior research has evaluated vancomycin in comparison to other antibiotics for the eradication of biofilm. A study
assessed the impact of cefepime, meropenem, piperacillin/tazobactam, and vancomycin on azole-resistant Candida
albicans and Candida tropicalis in both planktonic and biofilm states. All tested antibiotics showed activity against
Candida, reducing biofilm viability in both early and mature stages. Given their common use in hospital-acquired and
catheter-related infections, these antibiotics may offer additional benefits in controlling Candida biofilm formation
through antibiotic-lock therapy.>” On the other hand, a different study examined the effects of vancomycin, daptomycin,
and tigecycline on biofilm-associated Staphylococcus infections. Vancomycin failed to penetrate or kill bacteria within
the biofilm. Daptomycin was bactericidal but did not inhibit or eradicate biofilm. Tigecycline effectively inhibited and
eradicated biofilm while also killing bacteria within it. These findings suggest that tigecycline and daptomycin may be
promising options for treating biofilm-associated infections.*® Notably, other study tested vancomycin and linezolid
against biofilms in an in vitro shunt model. While both antibiotics eradicated staphylococcal biofilms within two days,
neither was effective against enterococcal biofilms. These findings support further clinical trials on linezolid as
a potential non-surgical treatment option.>” (Table 2).

To overcome these challenges and enhance the efficacy of vancomycin against biofilm-associated infections, several
strategies have been explored. Combination therapy has emerged as a promising approach, wherein vancomycin is used
alongside other antibiotics or biofilm-disrupting agents to achieve synergistic effects.*’ For instance, the combination of
vancomycin with rifampin has displayed augmented penetration and improved bacterial eradication, it has been shown
that a mouse model of prosthetic joint infection was utilized, in which Staphylococcus aureus was introduced into a knee
joint containing a surgically implanted metallic device extending from the femur. This model was employed to assess
whether the combination therapy of vancomycin and rifampin provides greater efficacy than vancomycin alone in

treating such infections. Starting on postoperative day 7, vancomycin, with or without rifampin, was administered for

Table 2 Comparative Studies on Vancomycin Efficacy Against Biofilm-Associated Infections

Study Focus Pathogen/Model Main Outcomes Reference
Limitations Biofilm-associated Slow bactericidal activity, VISA/VRE emergence, thickened cell walls, reduced | [30-36]

Of vancomycin Gram-positive bacteria efficacy against biofilm-embedded bacteria[

monotherapy

Comparative efficacy Staphylococcus Vancomycin failed to kill biofilm bacteria; Daptomycin bactericidal but not [38]

on biofilm model biofilm-eradicating; Tigecycline both inhibited and eradicated biofilm

Staphylococcus biofilm

Shunt model Staphylococcus Both eradicated Staphylococcus biofilm [39]
biofilm eradication and within 2 days; ineffective against Enterococcus biofilm

Enterococcus biofilms
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six weeks while retaining the implant. The study incorporated in vivo bioluminescence imaging, ex vivo CFU
enumeration, X-ray imaging, and histological analysis to evaluate treatment outcomes. The findings demonstrated
a significant therapeutic advantage when vancomycin was combined with rifampin compared to vancomycin mono-
therapy. Overall, these results indicate that this mouse model serves as a valuable preclinical system for evaluating
antibiotic efficacy and combination therapies for prosthetic joint infections prior to advancing to more comprehensive
human studies.*

Similarly, pairing vancomycin with fosfomycin, has shown potential in overcoming biofilm-mediated resistance by
attacking bacteria through multiple mechanisms. It has been demonstrated that the bactericidal effects of vancomycin and
fosfomycin against MRSA in a rat biofilm model. The combination therapy showed synergistic killing in both in vitro
and in vivo studies, reducing MRSA counts, inflammation markers, and biofilm structures compared to monotherapy.
These findings suggest vancomycin and fosfomycin as a potential treatment for biofilm-associated MRSA infections.*'

The effectiveness of vancomycin in addressing biofilm-associated infections is constrained by the physico-
chemical characteristics of biofilms, which impede antimicrobial penetration and diminish drug exposure to the
bacterial cells contained within the matrix. Antibiotics such as gentamicin, fosfomycin, and rifampin are typically
not used as monotherapy for Gram-positive infections. It may act as a synergistic agent by disrupting extracellular
polymeric substances, enhancing penetration, providing antimicrobial action, targeting various bacterial popula-
tions, reducing resistance development, disrupting quorum sensing, and facilitating biofilm disruption and bacter-
ial elimination.*>*’

Another approach to improving vancomycin’s activity involves the use of adjuvants that can enhance drug
penetration or disrupt biofilm integrity. Agents such as DNase, dispersin B.** It has been shown that exposure to
subinhibitory vancomycin levels strengthens biofilm persistence by restricting antibiotic penetration. Confocal
microscopy with fluorescently labeled vancomycin revealed reduced drug diffusion in pre-exposed biofilms.
Elevated extracellular DNA (eDNA) levels suggest a protective role against vancomycin. Supplementing with
eDNA further increased vancomycin MIC and shielded biofilm cells.*> Moreover, quorum sensing inhibitors have
been investigated for their ability to break down the biofilm matrix and increase bacterial susceptibility to
antibiotics. Quorum sensing inhibitors (QSI) have been explored as an antibiofilm strategy to increase bacterial
sensitivity to antibiotics. This study evaluated the effects of QSI targeting Pseudomonas aeruginosa, Burkholderia
cepacia complex, and Staphylococcus aureus in combination with conventional antibiotics. In vitro and in vivo
models displayed that combining QSI with antibiotics including vancomycin enhanced bacterial killing and
improved host survival in infected larvae and mice.*®

Additionally, metal nanoparticles, liposomal formulations, and other nanotechnology-based drug delivery systems have
been explored as a means of improving vancomycin’s pharmacokinetics and enhancing its bioavailability at the site of
infection. A study explores the cationic nanocarrier leciplex (LPX) for enhancing vancomycin hydrochloride (VAN) oral
bioavailability by improving intestinal permeability. The optimized LPX formula demonstrated high entrapment efficiency
(85.2%), stability, and a 2.3-fold increase in permeability. Pharmacokinetic studies showed a 2.99-fold rise in Cmax and
3.41-fold increase in AUCy-;,, confirming LPX’s effectiveness.?’

Notably, nanocarriers enhance vancomycin delivery by providing sustained release, targeted action, and reduced
toxicity. It has been explored that the role in improving anti-MRSA activity and highlights simulation studies optimizing
vancomycin-nanocarrier interactions. While nanocarrier-mediated delivery shows promise in enhancing efficacy and
minimizing toxicity.** On the other hand, nanomedicine, particularly lipid-based nanosystems like liposomes, offers
a promising strategy. Encapsulating antibiotics in liposomes enhances drug accumulation at infection sites, reduces
toxicity, and protects against degradation. Additionally, liposomes can fuse with bacterial cells, potentially overcoming
resistance and biofilm formation.**** Studies have shown that liposomes encapsulating vancomycin enhance circulation
time, resulting in substantially higher serum concentrations compared to the direct administration of free vancomycin.”'
Additionally, a liposomal formulation co-loaded with vancomycin achieved complete bone sterilization in an S. aureus
osteomyelitis model, demonstrating its strong therapeutic potential for treating these severe infections.>?

These novel drug delivery strategies may help circumvent the diffusion barrier posed by the EPS matrix and improve
the overall effectiveness of vancomycin against biofilm-associated infections. A study investigated titanium alloy
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implants modified with silver, titanium dioxide, and hydroxyapatite (HA) nanocoatings to enhance antibacterial proper-
ties. A dual-layered silver-HA coating effectively inhibited Streptococcus sanguinis growth and reduced biofilm
formation significantly. In contrast, uncoated implants and titanium dioxide coatings showed no antibacterial effect.
The nanocoatings remained highly stable in biological fluids, with minimal material loss. These findings suggest that
silver—HA coatings can provide antibiofilm protection while maintaining HA’s biocompatibility for improved osseointe-
gration and bone healing.>> Another study developed vancomycin-coated titanium implants using electrospinning
nanotechnology to assess their antibacterial properties in vitro and in vivo. The coating demonstrated antibacterial
efficacy without cytotoxicity in vitro. In vivo, X-ray, blood markers, and pathology confirmed its effectiveness against
implant-associated infections. These findings suggest that vancomycin-coated titanium implants offer a promising
strategy for infection prevention and treatment.* On the other hand, gold nanoparticles (GNPs) offer promising
antibacterial potential due to their broad-spectrum activity and modifiability. It has been shown that pharmacokinetics
of GNPs, vancomycin, and vancomycin-bound GNPs (VBGNP) after intravenous injection. The best-fit model, based on
Akaike’s information criterion, was a two-compartment model. VBGNPs exhibited enhanced plasma concentration and
faster distribution. In vivo trials showed that 5 g/lkg VBGNPs effectively reduced infection symptoms within seven days,
whereas 15 g/kg vancomycin alone was insufficient. These findings highlight the potential of VBGNPs in treating
MRSA-induced osteomyelitis.>> Of note, Chitosan, known for its broad-spectrum antibacterial properties, was evaluated
against VRSA and VREF in planktonic and sessile states. It effectively inhibited planktonic growth, reduced VREF by 6
log CFU in 30 minutes, and disrupted biofilms at 0.0125 mg/mL. These findings highlight chitosan’s potential as
a promising alternative for controlling vancomycin-resistant infections.’® (Table 3).

Table 3 Investigated Strategies to Improve Vancomycin Efficacy Against Biofilm-Associated Infections

Strategy Pathogen/Model Main Findings Ref.
Vancomycin + Rifampin S. aureus prosthetic Combination improved penetration, bacterial eradication, and [40]
joint infection (mouse) treatment outcome vs monotherapy
Vancomycin + Fosfomycin MRSA biofilm (rat model) | Synergistic killing, reduced MRSA load, inflammation, and biofilm [41]
vs monotherapy
Adjuvants (DNase, S. aureus biofilm DNase/dispersin B [42,43]
dispersin B, eDNA) improved penetration; eDNA
increased vancomycin MIC
and biofilm persistence
Quorum Sensing P. aeruginosa, B. cepacia, Enhanced killing and host survival [44]
Inhibitors + antibiotics S. aureus in vitro and in vivo when
combined with vancomycin
Nanocarriers MRSA, osteomyelitis Improved bioavailability, [45-50]
(leciplex, models serum levels, sustained
liposomes, nanomedicine) release; liposomes achieved bone sterilization
Titanium implant S. sanguinis, Inhibited biofilm growth, [51,52]
nanocoatings implant models effective antibacterial
(silver—HA, activity, stable and biocompatible
vancomycin-coated)
Vancomycin-bound MRSA osteomyelitis (rat) | Higher plasma concentration, [53]
gold nanoparticles faster distribution, superior
infection
control vs free vancomycin
Chitosan VRSA, VREF Strong growth inhibition, [54]
(planktonic and biofilm) biofilm disruption, effective
at low concentrations
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Challenges

Several Key challenges Hinder the Effective Treatment of Biofilm-Associated Infections

Treating biofilm-associated infections presents numerous challenges, including difficulties in diagnosis due to the
absence of specific markers, the complexity of microbial communities, and the limitations of conventional diagnostic
methods for detecting biofilms.”” Biofilm infections typically occur in vulnerable patients requiring medical devices and
prosthetic implants, leading to chronic infections. The impacts of biofilm infections encompass persistence and recur-
rence, elevated morbidity and mortality rates, as well as increased healthcare costs.”®

One major issue in studying biofilm is the standardization of biofilm models; inconsistencies in experimental models
and assessment techniques contribute to variability in findings and impede cross-study comparisons.’® Additionally,
pharmacokinetic and pharmacodynamic considerations remain a concern, as the optimal vancomycin dosing regimen that
maximizes antibiofilm activity while minimizing resistance development is not well established.®™®' The emergence of
vancomycin-resistant strains, including VISA and VRE, further complicates treatment efforts and highlights the urgent
need for alternative therapies such as antimicrobial peptides, bacteriophage therapy, and novel adjuvants.®*®* VRE is an
emerging threat in healthcare settings. Analysis of 31 isolates from two hospitals in Italy revealed multidrug resistance,
prevalent virulence genes, and dominant sequence type ST80.%*

Lastly, the clinical translation of novel approaches remains limited; although many strategies show promise in
laboratory settings, their effectiveness in clinical practice requires thorough validation through preclinical and clinical
studies.”*%>® Figure 1 summarizes the challenging factors and the innovative method to improve vancomycin’s biofilm
eradication performance.

The primary challenges in standardizing in vitro and in vivo biofilm models for research and clinical relevance are
multifaceted and encompass several levels. In vitro challenges arise from diverse model systems. Various biofilm models
are available, including static, flow-cell, CDC biofilm reactor, and animal models, each replicating distinct facets of
biofilm development. This diversity complicates the standardization and comparison of results. Variability in experi-
mental conditions Variations in initial bacterial inoculum, growth media, surface materials, incubation durations, and
environmental conditions (such as nutrient flow and shear forces) contribute to inconsistencies, impacting reproducibility
and comparability.*> Species and strain differences contribute to variability in biofilm formation among bacterial species
and strains, which affects generalizability and underscores the need for standardized strains and conditions. Additionally,

Solutions Challenges

Vancomycin

Adjuvants Antibiotic
Combination
SR therapy eDNA
DNase, Dispersin B aphysical barrier
Enhance matrix Rifampin Emergence of resistant -

e s Heterogeneity
in metabolic activity

penetration

Enhance matrix

penetration

Slow
bactericidal activity Persister cells

Non-replicative state

Quorum sensing
inhibitors

Attacking bacteria by
multiple mechanisms
N ——

Fosfomycin Different concentration e
across biofilm layers Biofilm-forming celis

U,
¢ IPregulate efflux Pumps

Attacking bacteria by
multiple mechanisms

Nanotechnology-
drug delivery
systems
| —

Figure | Summary of the factors hinders vancomycin efficacy against biofilm and the novel method to improve vancomycin’s biofilm eradication performance.
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the lack of consensus on readouts is evident, as different studies employ various metrics (eg, biomass staining, viable
counts, structural imaging), complicating the standardization of evaluation protocols.Reproducibility and scalability are
critical challenges, as ensuring models are reproducible across laboratories and scalable for high-throughput testing is
complex.®’

The in vivo model may encounter challenges, including limited clinical correlation. Numerous models fail to
adequately replicate the complexity of human infections, including immune responses, tissue interactions, and multi-
species biofilms, thereby restricting their translatability. The limitations of in vivo models include ethical, practical, and
cost constraints that restrict the standardization of animal models. Additionally, physiological differences between
animals and humans impede direct clinical relevance. Complex models that more accurately replicate in vivo conditions
often exhibit lower reproducibility and require greater resources, while simpler models may lack clinical relevance; thus,
achieving a balance between these factors is challenging.®® The precise replication of the microenvironment of human
tissues, encompassing immune responses and fluid dynamics, presents significant challenges, thereby constraining the
clinical relevance of experimental models. Ultimately The complexity of interactions among multiple microbial species

in natural infections is significant, and standardized multi-species biofilm models remain in the development phase.*>®

Discussion

This study provides a comprehensive synthesis of current strategies to enhance vancomycin’s efficacy against biofilm-
associated infections, integrating combination therapies, adjuvants, and nanotechnology-based approaches. Additionally,
it emphasizes the clinical relevance of emerging resistance mechanisms, including VRE and VISA, highlighting potential
therapeutic avenues and guiding future research for improved management of biofilm-mediated infections. Biofilm-
associated infections remain a major clinical challenge due to their enhanced resistance to antibiotics and evasion of host
immune responses. Vancomycin, while a cornerstone for treating Gram-positive infections such as MRSA, shows limited
efficacy against biofilm-embedded bacteria due to multiple resistance mechanisms, including restricted penetration,
metabolic heterogeneity, persister cells, and efflux pumps. Strategies to overcome these barriers—such as combination
therapy (vancomycin with rifampin or fosfomycin), biofilm-disrupting adjuvants (DNase, dispersin B, quorum sensing
inhibitors), and advanced nanotechnology-based delivery systems (liposomes, gold nanoparticles, coated implants)—
have displayed enhanced antibiofilm activity in preclinical models.**>*

Despite these advances, significant challenges remain. Standardization of biofilm models and assessment methods is
lacking, complicating comparison across studies.” Optimizing vancomycin pharmacokinetics and dosing for biofilm
infections remains unresolved,’®>’ and the emergence of vancomycin-resistant strains such as VISA and VRE further
limits clinical options.”® ®° Moreover, while many innovative strategies show promise in vitro or in animal models, their
translation into clinical practice requires further validation.’>¢!:%?

This study highlights these persistent challenges and provides a comprehensive synthesis of current approaches to
enhance vancomycin efficacy against biofilms. By systematically evaluating combination therapies, adjuvants, and
nanotechnology-based delivery methods, our work underscores potential therapeutic avenues and emphasizes the need
for integrated strategies to improve outcomes in patients with biofilm-associated infections.

Conclusion

Vancomycin remains a cornerstone in treating Gram-positive infections but shows limited effectiveness against biofilms.
Emerging strategies—such as combination therapies, biofilm-disrupting agents, and nanotechnology-based delivery
systems—offer potential to enhance its activity. Future research should focus on optimizing therapeutic protocols,
standardizing biofilm evaluation methods, and developing innovative approaches to overcome resistance, thereby
improving patient outcomes in biofilm-associated infections.
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