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Abstract. Biofilm formation is a key factor in the persistence
and recurrence of otorhinolaryngology (ORL) infections,
driving antimicrobial resistance and treatment failure. Chronic
conditions, such as rhinosinusitis, otitis media and tonsillitis,
are linked to biofilm-producing pathogens, forming protec-
tive extracellular matrices that shield bacteria from immune
defenses and antibiotics. The present review explores emerging
pharmacological strategies to disrupt biofilm integrity and
improve treatment outcomes. Strategies such as quorum sensing
inhibitors, antibiofilm peptides, enzymatic dispersal agents,
and drug repurposing can potentially disrupt biofilms and
counter-resistance mechanisms. Furthermore, novel therapies
(including nanotechnology-based drug delivery systems, phage
therapy and immunomodulation) offer innovative alternatives
for managing biofilm-associated infections. However, clinical
implementation remains challenging. Future research should
prioritize optimizing drug formulations, refining delivery
techniques, and exploring synergistic combinations to enhance
biofilm eradication. Implementing these innovative strategies
can improve the management of chronic ORL infections,
reducing recurrence rates and enhancing patient outcomes.
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1. Introduction

Biofilm-associated infections in otorhinolaryngology (ORL)
pose a significant clinical challenge due to their inherent resis-
tance to antimicrobial therapy and immune defenses. These
infections contribute to chronic and recurrent conditions, such
as chronic rhinosinusitis, otitis media and tonsillitis, leading
to prolonged patient morbidity and a growing healthcare
burden (1-5). Biofilms also frequently develop on tracheostomy
and airway stents, often forming within 1 week postopera-
tively, regardless of material type. This can facilitate biofilm
spread to the lower airways, increasing the risk of pneumonia
and sepsis (1-5). Despite conventional treatment approaches,
biofilm persistence in ORL structures hinders disease resolu-
tion, necessitating alternative therapeutic strategies (6-9).
Consequently, biofilm-associated infections pose significant
challenges, highlighting the urgent need for innovative phar-
macological strategies to disrupt biofilm formation.

The mechanisms underlying biofilm formation are complex,
involving changes in phenotypic traits, antibiotic resistance and
gene expression (1-3). Pathogens, such as Pseudomonas aeru-
ginosa (P. aeruginosa) and Staphylococcus aureus (S. aureus),
are frequently implicated, exhibiting strong biofilm formation
in the sinuses and middle ears (1,4-6). The intricate anatomy of
ORL structures, including the narrow sinus ostia, middle ear
cavity and deep tonsillar crypts, fosters bacterial adhesion and
biofilm formation. These niches shield bacteria from immune
defenses and antibiotic penetration, contributing to recurrent
infections and treatment failures (3,6).

Effectively managing biofilm-associated infections
requires innovative pharmacological approaches beyond
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conventional antibiotics. Recent research highlights prom-
ising strategies, such as quorum sensing inhibitors (QSIs),
that disrupt bacterial communication essential for biofilm
formation (7-9). Antibiofilm peptides, such as natural
and synthetic cationic peptides, effectively hinder biofilm
growth and enhance antimicrobial efficacy by disrupting
bacterial membranes or modulating gene expression (10,11).
Additionally, repurposing non-antibiotic drugs, such as statins
and non-steroidal anti-inflammatory drugs (NSAIDs), has
emerged as a potential for targeting biofilm pathogens while
complementing existing therapies (12-14).

Biofilm formation plays a crucial role in the persistence
of ORL infections, necessitating the development of innova-
tive therapeutic strategies. Advancing our understanding of
biofilm development mechanisms and exploring alternative
approaches (such as QSIs, antibiofilm peptides and drug repur-
posing) presents promising opportunities to improve treatment
outcomes. The present review examines current drug mecha-
nisms targeting biofilm formation and highlights the need for
further research into biofilms in ORL infections.

2. Biofilm formation in ORL infections

Mechanisms of biofilm formation. ORL bacterial infec-
tions can arise from either planktonic (free-floating) or
biofilm-associated bacteria. Planktonic bacteria are typi-
cally more susceptible to antibiotics and immune defenses.
Conversely, biofilm-associated bacteria form structured
communities encased in an extracellular polymeric matrix,
which offers increased resistance to antimicrobial agents
and immune system clearance (15,16). This difference is
crucial, as biofilm-associated infections are often persistent
and recurrent, playing a significant role in chronic disease
progression (15,16).

The mechanisms of biofilm formation in ORL involve
dynamic processes that manifest either as surface-attached
structures or free-floating aggregates, reflecting the broader
framework of biofilm formation. These processes are divided
into three key phases (attachment, growth and disaggrega-
tion) each playing a critical role in biofilm persistence and
enhancing bacterial resistance to treatment (Fig. 1) (15,16).

The attachment phase represents the initial step in biofilm
formation, during which pathogens adhere to epithelial
surfaces or medical devices. Surface structures, such as pili
and fimbriae, play a key role in this process by enabling
bacteria to anchor firmly to surfaces (15,16). In ORL, biofilms
have been identified on the mucosal surfaces of the tonsils
and adenoids, as well as in the middle ear, where pathogens,
such as S. aureus and Haemophilus influenzae can colo-
nize (5,6,17,18). The presence of biofilms in these regions is
closely linked to chronic conditions, such as chronic tonsil-
litis and otitis media, highlighting the significance of the
attachment phase in the development and persistence of these
infections (5,6,17,18).

In the growth phase, bacterial communities proliferate
and secrete extracellular polymeric substances (EPS), which
assemble into a protective matrix. This matrix not only ensures
structural stability but also retains nutrients and establishes
gradients of oxygen and metabolites, fostering diverse micro-
environments within the biofilm (19,20). Quorum sensing (QS)

regulates gene expression, enabling bacteria to adjust their
metabolism and enhance antibiotic resistance (19,21). Biofilms
in ORL infections mature over time, growing more resistant
and persistent. Consequently, they become less susceptible to
antimicrobial treatments and immune defenses (22).

Previous studies highlight that biofilm growth is not
limited to surface attachment. Free-floating aggregates formed
by bacterial EPS or host-derived polymers can develop within
host tissues and secretions. These aggregates exhibit features
similar to surface-attached biofilms, including antibiotic
tolerance and matrix production, expanding the conceptual
understanding of biofilm formation (15).

The final phase-disaggregation-involves the release of
planktonic cells or fragments from mature biofilms, facilitating
the colonization of new sites and contributing to infection
recurrence (23-25). This dispersal process is often triggered by
environmental changes, such as nutrient depletion or antibiotic
exposure (23-25). Recent findings challenge the traditional
model by showing that disaggregation can occur in both
surface-attached and free-floating biofilms, further compli-
cating treatment strategies (15). Understanding the formation
of biofilms is essential, as their structural complexity directly
contributes to antibiotic resistance and complicates treatment.
This highlights the need for strategies specifically designed to
address the unique challenges posed by biofilms, as discussed
in the following section.

In summary, biofilm formation involves dynamic and
adaptive processes encompassing surface-associated and
free-floating mechanisms. This revised framework highlights
the importance of developing therapies that target biofilms in
all forms. Understanding these processes is crucial for devel-
oping effective strategies to combat chronic ORL infections.

Pathogens involved in ORL biofilms. Numerous bacte-
rial and fungal pathogens are frequently linked to biofilm
formation in ORL infections. Key bacterial species, such as
P. aeruginosa, Streptococcus pneumoniae (S. pneumoniae)
and S. aureus, are commonly implicated in chronic condi-
tions such as rhinosinusitis, otitis media and tonsillitis
(Table I) (4,5,18,22,26-29). These pathogens adhere to
epithelial surfaces and form biofilms, enabling them to
evade host immune defenses and antimicrobial treatments.
Haemophilus influenzae is a significant pathogen in recur-
rent otitis media, with its biofilm-forming ability associated
with persistent middle ear infections (18). In fungal biofilms,
Candida spp. and Aspergillus spp. are often implicated in
chronic fungal sinusitis, particularly in immunocompro-
mised patients or those with underlying conditions, such as
allergic fungal sinusitis (30-33).

Specific environmental and host-related factors signifi-
cantly influence the prevalence of biofilm-forming pathogens.
Recurrent infections, prior antibiotic use and medical
procedures such as tympanostomy tube placement create
ideal conditions for biofilm formation. Additionally, biofilms
are more prevalent in patients with chronic inflammation or
structural abnormalities, as these conditions impair normal
mucosal defenses (34-36). This persistence highlights the
need for targeted therapies that simultaneously disrupt biofilm
structure and inhibit microbial activity to achieve effective
treatment outcomes.
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Figure 1. Biofilm formation, resistance mechanisms and therapeutic strategies in ORL infections. There are three key phases of biofilm development in otorhi-
nolaryngologic infections: Attachment, growth and disaggregation. During the growth phase, bacteria produce extracellular polymeric substances, enabling
resistance through quorum sensing, efflux pumps, altered metabolism, horizontal gene transfer and immune evasion. Various antibiofilm strategies have been
shown, targeting different stages, including quorum sensing inhibitors, nanoparticle-based antibiotics, phage therapy, and enzymatic dispersal agents. This
schematic highlights the persistence of biofilm infections and the need for targeted therapies.

3. Challenges in treating biofilm-associated infections

Challenges related to biofilm development and treatment
agents. A significant challenge in treating biofilm-associated
infections is the increased antibiotic resistance observed
within biofilms. Biofilm-associated infections hinder effective
treatment by restricting antibiotic penetration, fostering antibi-
otic resistance, and altering bacterial metabolic activity, which
reduces susceptibility to therapeutic agents. Biofilm matrices
act as physical barriers, shielding embedded bacteria from
antibiotics, while the metabolic dormancy of biofilm cells
further diminishes their responsiveness to treatment.

Bacteria within biofilms often exhibit significantly higher
resistance levels than their planktonic counterparts, primarily
due to the protective biofilm matrix and the presence of
resistance genes, such as those encoding multidrug efflux
pumps (37-39). The EPS matrix acts as a formidable barrier to
drug penetration. The dense structure of the biofilm, composed
of polysaccharides, proteins and extracellular DNA (eDNA),

hinders the diffusion of antimicrobial agents and reduces
their efficacy (40-42). Consequently, even when antibiotics
are administered, they often fail to achieve the concentra-
tions required to effectively eliminate bacteria within the
biofilm (43,44). This resistance complicates treatment strate-
gies, as conventional antibiotics often cannot penetrate the
biofilm adequately, enabling bacterial persistence and leading
to chronic infections.

Additionally, biofilms exhibit phenotypic variations that
give rise to subpopulations capable of withstanding antimi-
crobial treatments, making elimination more difficult. Within
biofilms, cells often exist in diverse metabolic states, with
numerous entering a dormant or slow-growing phase. This
heterogeneity significantly reduces the effectiveness of anti-
biotics, which typically target actively dividing cells (15,42).
To address these challenges, innovative therapeutic strategies
(such as combining physical disruption, enzymatic degrada-
tion, and targeted drug delivery systems) are essential for
improving treatment outcomes.
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Table I. Common pathogens involved in biofilm-associated ENT infections.

Pathogen Infection type Antibiotic resistance features (Refs.)
Pseudomonas aeruginosa Chronic rhinosinusitis, Multidrug resistance, quorum sensing, 45,17,18,
otitis media efflux pumps 26,52)
Staphylococcus aureus Tonsillitis, otitis media, Methicillin-resistance, EPS production, (5,17,18,35,
sinus infections efflux pumps 38.,39)
Haemophilus influenzae Otitis media, sinus infections [B-lactam resistance, biofilm-forming ability (5,17,18)
Streptococcus pneumoniae Otitis media, sinus infections Penicillin resistance, efflux pumps, biofilm (4.5,18)
formation
Moraxella catarrhalis Otitis media, sinus infections [p-lactam resistance, biofilm development (5,18)
Klebsiella pneumoniae Chronic rhinosinusitis, Carbapenem resistance, extended-spectrum (4,5,38,39)
sinus infections beta-lactamase production
Escherichia coli Sinus infections, tonsillitis [B-lactam resistance, efflux pumps, (3,17,38,39)
quorum sensing
Candida spp. Chronic fungal sinusitis Azole resistance, biofilm growth on mucosal (30-33)
surfaces
Aspergillus spp. Fungal sinusitis, chronic Azole resistance, biofilm-like growth in (30-33)
invasive infections immunocompromised hosts
Proteus mirabilis Otitis media, sinus infections Biofilm production, multidrug resistance (5,18)
Acinetobacter baumannii Chronic rhinosinusitis, Carbapenem resistance, efflux pumps, (38,39)
sinus infections biofilm-related resistance
Enterococcus faecalis Chronic ear infections, sinus Vancomycin resistance, iron acquisition (38)

infections

systems facilitating biofilm growth

Current pharmacological strategies focus on three key
objectives-preventing biofilm formation, disrupting established
biofilms, and enhancing the susceptibility of biofilm-embedded
pathogens to antimicrobial agents. Innovative approaches,
such as antibiotic-based strategies, QSIs, antibiofilm peptides,
enzymatic dispersal agents and repurposed drugs, offer
promising avenues for addressing the challenges posed by
biofilm-associated infections.

Challenges related to anatomical and clinical aspects. The
persistence of biofilm-associated infections in ORL is closely
linked to the distinct anatomical features of the ear, nose and
throat, which create protective niches ideal for microbial colo-
nization. For instance, the sinonasal cavities, characterized by
narrow ostia and complex mucosal folds, create an environment
conducive to biofilm formation and immune evasion (43,44).
In chronic rhinosinusitis, biofilms drive persistent inflamma-
tion and antibiotic resistance, leading to recurrent infections
even after prolonged medical treatment (43,44). Similarly, in
chronic tonsillitis, the tonsillar crypts act as reservoirs for
bacterial biofilms, harboring deep-seated microbial communi-
ties that shield pathogens from host defenses and antimicrobial
agents (45).

In the middle ear, biofilms are a key factor in recurrent
otitis media, particularly in children. Their shorter and more
horizontal Eustachian tubes make it easier for pathogen entry
and persistence (46-48). Biofilm-forming bacteria, such as
Haemophilus influenzae and S. pneumoniae, often lead to
chronic infections that are challenging to eliminate, neces-
sitating tympanostomy tube placement (46-48). The resistance

of these biofilms to antibiotic penetration results in frequent
recurrences and extended disease duration, posing a signifi-
cant challenge in clinical management (46-48).

The complex ear, nose and throat anatomy, characterized
by narrow and intricate spaces, poses significant challenges
for interventional procedures. These confined regions impede
the effective delivery of enzymatic dispersal agents, rendering
antibiotic-only approaches frequently inadequate for managing
such infections (46-48). These limitations necessitate a multi-
faceted treatment approach. Surgical interventions, including
precise mechanical debridement, are often utilized to physi-
cally remove biofilm-affected tissues.

Given the significant challenges posed by biofilm-asso-
ciated infections (such as antibiotic resistance, poor drug
penetration and metabolic adaptations) conventional treatments
often prove inadequate. Therefore, novel therapeutic strategies
aimed at inhibiting biofilm formation, disrupting established
biofilms, and eliminating biofilm-associated bacteria have
been explored. The following sections outline promising phar-
macological approaches, including antibiotic-based strategies,
QSIs, enzymatic dispersal agents, antibiofilm peptides and
drug repurposing. These strategies are designed to enhance
treatment efficacy and improve patient outcomes.

4. Antibiotic-based strategies

Conventional antibiotics. Conventional antibiotics have long
been the foundation for treating bacterial infections, including
those associated with biofilms. However, their efficacy is
often limited in biofilm environments. Biofilm-associated
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bacteria exhibit significantly higher resistance to antibiotics
than planktonic bacteria due to factors such as hindered
penetration of antibiotics through the biofilm matrix and
altered metabolic activity of bacteria embedded within the
biofilm structure (37-39). Vancomycin, a standard treatment
for methicillin-resistant S. aureus, is less effective against
biofilm-associated infections, highlighting the need for alter-
native strategies to enhance its efficacy (49-51). The protective
EPS matrix and the presence of persister cells within biofilms
hinder antibiotic penetration and reduce metabolic activity,
further diminishing antibiotic effectiveness. Moreover,
prolonged or inappropriate antibiotic use increases the risk
of resistance development, leading to persistent and recurrent
infections. This resistance poses significant challenges in
clinical management.

Combination therapies of antibiotics with antibiofilm
properties. Combination therapy has become a promising
approach for treating biofilm-associated infections. This
approach involves using two or more antimicrobial agents that
target different aspects of bacterial physiology or biofilm struc-
ture. For example, the combination of colistin and tobramycin
has shown greater efficacy in eliminating biofilm-forming
P. aeruginosa than treatments with single agents, as it targets
the metabolic heterogeneity of bacteria within biofilms (52).

Synergistic effects occur when two antibiotics with distinct
mechanisms of action are combined. For example, combining
aminoglycosides, which disrupt protein synthesis, with
beta-lactams, which inhibit cell wall synthesis, enhances anti-
bacterial activity (53,54). Synergy is further amplified when
one antibiotic exhibits strong biofilm penetration. Notably,
rifampin, known for its ability to penetrate biofilm and target
dormant bacterial populations, has been effectively combined
with vancomycin or daptomycin to treat biofilm-associated
infections caused by Staphylococcus species (55-57). These
combinations improve biofilm penetration, target both meta-
bolically active and dormant bacterial cells, and enhance
treatment efficacy while reducing the risk of resistance devel-
opment.

Combining antibiotics with biofilm-targeting agents, such
as chelating agents, has emerged as a promising therapeutic
strategy. For example, combining edetic acid (PubChem CID:
6049) with broad-spectrum antibiotics, such as minocycline has
shown the ability to disrupt biofilm integrity and enhance anti-
biotic penetration, thereby improving treatment outcomes (58).
Furthermore, topical antibiotics and silver-containing wound
dressings have shown efficacy in reducing biofilm formation
and promoting wound healing in infected tissues, although
supporting evidence remains limited (59,60).

Recent advancements have yielded antibiotics with targeted
antibiofilm properties, designed to either disrupt the biofilm
matrix or inhibit mechanisms critical to biofilm formation. For
example, macrolides, such as azithromycin, exert antibiofilm
effects by interfering with QS, a key bacterial communication
system that regulates biofilm formation and maintenance.
By inhibiting QS, macrolides reduce biofilm integrity and
increase bacterial susceptibility to other antibiotics, particu-
larly in infections caused by P. aeruginosa and E. coli (61,62).
Tigecycline, a glycyl-cycline antibiotic, is effective against
multidrug-resistant pathogens and exhibits strong biofilm
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penetration, targeting both Gram-positive and Gram-negative
bacteria (63). It has proven particularly effective against
MDR Acinetobacter baumannii and Enterobacteriaceae
species (63). Additionally, combining ceftolozane/tazobactam
inhibits biofilm formation and eradicates established biofilms
formed by P. aeruginosa under both aerobic and anaerobic
conditions (64).

Effectively managing biofilm-associated infections in ORL
requires a comprehensive understanding of the limitations of
conventional antibiotic therapies, alongside the adoption of
combination strategies and innovative agents with antibio-
film properties. By combining these approaches, healthcare
providers can enhance treatment efficacy and improve patient
outcomes.

5. Biofilm formation disruptor

QSIs. Bacteria communicate using chemical signaling
molecules called autoinducers, whose concentration rises with
increasing cell density. This process, known as QS, involves
synthesizing, releasing, detecting, and responding to autoin-
ducers. QS serves as a bacterial communication system that
regulates gene expression based on population density, playing
a crucial role in biofilm formation and virulence (65). In
Gram-negative bacteria, such as P. aeruginosa, QS systems
comprise genes encoding transcriptional regulators (R genes)
and autoinducer synthesis enzymes (I genes). The I genes, such
as lasl and rhll, facilitate the production of specific autoin-
ducers, including 3-oxo-C12-HSL and N-butyryl-I-homoserine
lactone (C4-HSL) (65). These autoinducers play a pivotal role
in regulating the expression of virulence factors and promoting
biofilm formation.

In ORL infections, targeting QS presents a promising
strategy for combating biofilm-associated infections, particu-
larly in chronic conditions such as rhinosinusitis and otitis
media. QSIs disrupt the signaling pathways bacteria use to
communicate and coordinate their behaviors, which are essen-
tial for biofilm formation. By disrupting these pathways, QSIs
can suppress the expression of virulence factors and inhibit
biofilm maturation, rendering bacteria more vulnerable to
antibiotics and the host immune system (8,66). For instance,
QSIs can block the production of key signaling molecules,
such as N-acyl homoserine lactones (AHLs), indole, autoin-
ducer-2 (AI-2), autoinducing peptide, and diffusible signal
factors, which are crucial for regulating biofilm development
in pathogens such as P. aeruginosa (8,66). By inhibiting these
communication systems, QSIs reduce bacterial virulence and
destabilize biofilms, ultimately enhancing treatment outcomes
for chronic infections.

Several compounds have shown efficacy as QSIs.
Natural substances, such as furanone, baicalin and iberin,
have been shown to disrupt QS in various bacterial species,
including P. aeruginosa, by interfering with the synthesis of
AHLSs (67-69). The application of QSIs holds particular promise
in treating chronic rhinosinusitis and otitis media. Chronic
rhinosinusitis, for instance, is often linked to biofilm-forming
bacteria, contributing to persistent inflammation and recurrent
infections (70,71). By targeting QS mechanisms, QSIs can
disrupt biofilm structures, thereby enhancing the efficacy of
conventional antibiotic therapies (9).
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Similarly, in otitis media, biofilm formation by pathogens
such as S. pneumoniae and Haemophilus influenzae often
complicate treatment (72). For instance, the LuxS/AI-2 QS
system in S. pneumoniae plays a critical role in biofilm forma-
tion and pathogenicity in middle ear infections (72). QSIs have
been shown to reduce bacterial loads and improve patient
outcomes (73), making them a promising therapeutic strategy
for biofilm-associated infections in ORL. By targeting and
disrupting bacterial communication systems, QSIs can
enhance the efficacy of conventional antibiotics and provide a
precise approach to treating chronic infections.

QSIs can potentially prevent biofilm formation, but their
clinical application is hindered by challenges such as bacterial
adaptation and off-target effects. Although certain QSIs, such
as azithromycin, exhibit biofilm-disrupting capabilities, their
efficacy in treating chronic ORL infections requires further
study. Similarly, enzymatic dispersal agents, including DNase
I and Dispersin B, have shown promise in degrading biofilms
in vitro. However, issues related to their stability and methods
for localized delivery pose significant barriers to their broader
adoption in clinical settings.

Biofilm dispersal agents and enzymatic disruption of EPS.
Biofilm dispersal agents and enzymatic approaches focus
on disrupting the EPS that forms the structural backbone of
biofilms. Enzymatic methods offer a direct approach to EPS
disruption. DNase I degrades eDNA, a key structural compo-
nent that stabilizes biofilms, thereby compromising their
integrity (74,75). eDNA is essential for maintaining biofilm
stability and integrity, and its degradation by DNase I disrupts
biofilm structure, promoting dispersal and enhancing bacterial
susceptibility to antimicrobials (74,75). Furthermore, treating
DNase I can prevent biofilm reformation by degrading eDNA,
which inhibits bacterial adhesion and aggregation (74,75).

Dispersin B is an enzyme that targets and hydrolyzes
B-1,6-linked N-acetylglucosamine, a key polysaccharide in
biofilm matrices, effectively dispersing biofilms formed by
various bacteria, including S. aureus and P. aeruginosa. When
combined with antibiotics, Dispersin B exhibits a synergistic
effect, significantly reducing bacterial viability compared
with treatment with antibiotics alone (76). Similarly, alginate
lyase degrades alginate, a major component of P. aeruginosa
biofilms. This enzymatic degradation disrupts biofilm struc-
ture and improves antibiotic penetration, particularly in cystic
fibrosis-related infections (77,78).

Nitric oxide (NO) disrupts biofilms by acting as a signaling
molecule that triggers dispersal in P. aeruginosa. Research
indicates that low sublethal concentrations of NO donors, such
as sodium nitroprusside, effectively induce biofilm dispersal
while enhancing bacteria susceptibility to antimicrobial
agents (79). This process is associated with changes in bacte-
rial metabolism and oxidative stress responses, destabilizing
biofilm structures and facilitating sessile cell transition to a
planktonic state. Consequently, treatment efficacy against
biofilm-associated infections is significantly enhanced (79).

Combining biofilm-disruption strategies (such as enzymatic
agents and chemical dispersal compounds) with conventional
antimicrobial therapies can significantly improve treatment
outcomes in chronic infections. However, further research is
needed to optimize delivery systems and ensure their safety

and efficacy across various clinical settings. Additionally,
future research should investigate whether combining
biofilm dispersal agents with conventional saline irrigation
in biofilm-associated sinonasal cavity infections can enhance
mucociliary clearance, reduce inflammation, and ultimately
improve patients' quality of life.

Antibiofilm peptides and bacterial membrane disruptors.
Antibiofilm peptides function by compromising the structural
integrity of biofilms and the membranes of the bacteria they
contain. These peptides can penetrate the biofilm matrix
(composed of polysaccharides, proteins and eDNA) leading to
biofilm destabilization and dispersal (80). Furthermore, certain
peptides directly interact with bacterial membranes, inducing
membrane disruption and subsequent cell lysis (80,81). This
dual mechanism, targeting both the biofilm matrix and bacte-
rial membranes, enhances the effectiveness of antibiofilm
peptides in combating persistent infections.

Numerous antibiofilm peptides have exhibited significant
potential for clinical applications. Among these, LL-37, a
human cathelicidin peptide, stands out for its broad-spectrum
antimicrobial and antibiofilm activities, disrupting bacte-
rial membranes and modulating immune defenses. Notably,
LL-37 has shown promise in disrupting biofilms formed by
S. aureus and P. aeruginosa, enhancing the effectiveness of
conventional antibiotics (82). In a PREVIOUS study, LL-37
effectively reduced S. aureus biofilm colony counts by over
4 logs at concentrations of 10 yM or higher within 24 h,
outperforming conventional antibiotics such as gentamicin
and vancomycin (82).

Bacteriocins, ribosomally synthesized peptides produced by
bacteria,exhibit potent antibacterial effects against closely related
species. For example, bacteriocins derived from Lactobacillus
species have been shown to effectively inhibit biofilm formation
by pathogenic bacteria in various settings (83,84). Specifically,
Lactobacillus acidophilus VB1 exhibits antibacterial and
antibiofilm activities against pathogens linked to chronic otitis
media (85). This strain exerts this effect through co-aggregation
with pathogens and the production of metabolites, such as
cell-free supernatants and biosurfactants, which disrupt biofilm
formation and synergistically enhance the efficacy of antibiotics
such as ciprofloxacin (85).

Synthetic antimicrobial peptides (AMPs) also show signifi-
cant potential for eliminating biofilms by disrupting bacterial
membranes or inhibiting biofilm-related gene expression.
For instance, peptide 1018 has proven effective in elimi-
nating mature biofilms formed by both Gram-negative and
Gram-positive bacteria at concentrations below the minimum
inhibitory concentration. At 0.8 ug/ml, peptide 1018 induced
biofilm dispersal, while higher concentrations (10 pg/ml)
achieved near-complete elimination of biofilm-associated
cells (80). Moreover, synthetic peptides can be engineered
to enhance their stability and broaden their efficacy against
diverse biofilm-forming pathogens. A notable example is the
novel antibiofilm peptide, BiF, which was developed through
hybridization with a lipid-binding motif. This dual-function
antimicrobial-antibiofilm peptide hybrid has shown effective-
ness against biofilm-forming Staphylococcus epidermidis (86).

Antibiofilm peptides hold significant potential in
preventing and managing recurrent otitis media, a prevalent
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ear infection often associated with biofilm formation in the
middle ear. Recurrent otitis media is often linked to biofilm
formation on the tympanic membrane and within the middle
ear, resulting in persistent infections that are challenging to
treat using conventional antibiotics (5,6,17,18). Further investi-
gation is warranted to determine whether the targeted delivery
of LL-37 and other AMPs, combined with standard treatment
protocols, could significantly reduce the recurrence of otitis
media and sinus cavity infections.

Ion channel blockers. Ion channel blockers offer a novel
therapeutic strategy for treating biofilm-associated infec-
tions, particularly chronic ORL infections. These agents
target bacterial ion transport systems, which are essential for
maintaining biofilm integrity. By disrupting these systems, ion
channel blockers can destabilize biofilms, thereby enhancing
the effectiveness of conventional treatments.

Bacterial biofilms utilize ion gradients to regulate various
cellular processes, including nutrient uptake, waste removal
and membrane potential maintenance, while also facilitating
antibiotic resistance mechanisms. For instance, NorA, an
efflux pump belonging to the major facilitator superfamily of
transporters, expels toxic compounds, including antimicrobial
agents, from bacterial cells (87-89). Overexpression of NorA
in S. aureus enhances its resistance to antimicrobial treat-
ments and facilitates biofilm formation (87-89). Similarly,
FeoB in Enterococcus faecalis mediates iron uptake, enabling
enhanced biofilm growth under iron-rich conditions (90,91).
Disrupting these ion transport systems can compromise
biofilm formation and stability, making bacteria more suscep-
tible to antimicrobial agents.

Gallium compounds have emerged as promising ion
channel blockers due to their ability to mimic iron and
disrupt iron-dependent bacterial processes. Iron serves
as a crucial cofactor for bacterial enzymes involved in
DNA synthesis, respiration and virulence factor produc-
tion. The structural similarity of gallium to ferric iron
(Fe3*) allows it to compete for uptake through bacterial
iron transport systems, such as the FeoB transporter
and siderophore-mediated pathways (92,93). Unlike
iron, gallium cannot be reduced from Fe3* to Fe?* under
physiological conditions, which inhibit key iron-dependent
metabolic enzymes, including ribonucleotide reductase and
superoxide dismutase (93). This disruption impairs bacte-
rial DNA synthesis, oxidative stress defense and overall
biofilm stability. Consequently, gallium not only prevents
biofilm formation but also enhances bacterial susceptibility
to antibiotics. Studies have shown that gallium compounds,
such as gallium nitrate, effectively inhibit P. aeruginosa
biofilms and exhibit synergistic effects when combined
with conventional antimicrobial agents (92,93).

Calcium channel blockers and proton pump inhibi-
tors (PPIs) destabilize biofilms by disrupting calcium- and
cation-dependent signaling pathways. Agents such as the
calcium channel blockers nimodipine and verapamil, along-
side PPI dexlansoprazole, block calcium channels associated
with the cyclic-di-GMP signaling cascade (94,95). This
disruption reduces EPS production, weakens biofilm structure,
and promotes the dispersal of biofilms formed by S. aureus,
P. aeruginosa and Candida albicans (94,95).
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Ion channel blockers represent a promising strategy for
managing biofilm-associated infections in ORL. Future
research should explore their applicability, safety and efficacy
when combined with conventional antibiotic therapy for
chronic rhinosinusitis and otitis media.

6. Drug repurposing strategies

Drug repurposing, or drug repositioning, involves exploring
existing medications for new therapeutic applications beyond
their original use. This strategy is particularly beneficial
for biofilm-associated infections, as it enables the use of
non-antibiotic drugs with antibiofilm properties. Leveraging the
established safety profiles of these drugs, as well as their mecha-
nisms of action, clinicians may improve treatment outcomes for
conditions such as recurrent tonsillitis and otitis media.

Drug repurposing for biofilm management leverages the
ability of certain non-antibiotic drugs to disrupt biofilm forma-
tion and stability. These drugs can exert anti-inflammatory
effects, modulate immune defenses, or interfere with bacterial
signaling pathways, ultimately impairing biofilm formation
and persistence.

Several drug classes have been identified as promising
candidates for repurposing in biofilm-associated infections.
Statins, such as atorvastatin and simvastatin, have been shown
to inhibit biofilm formation in various bacterial species,
including S. aureus and P. aeruginosa. Atorvastatin suppresses
the toll-like receptor 4 (TLR4)/MyD88/NF-«xB signaling
pathway, promoting anti-inflammatory responses (96,97).
Simvastatin shows bacteriostatic and bactericidal activity
against methicillin-sensitive and methicillin-resistant
S. aureus and reduces biofilm formation (98).

Similarly, NSAIDs not only reduce inflammation but
may also disrupt biofilm integrity by modifying the bacterial
microenvironment. Combining ibuprofen with fluoroquino-
lones enhances the inhibition of biofilm-associated regulators,
including Alg44 and AIgT/U, as well as the MexB and OprM
efflux pump (12,99). Another study showed that diclofenac
significantly reduced biofilm formation, with inhibition rates
ranging from 22.67-70%, compared with controls (100).

Drug repurposing offers a promising approach for
managing chronic ORL infections, such as recurrent tonsillitis
and otitis media, where biofilm formation drives antibiotic
resistance and treatment failure. Combining repurposed drugs
with conventional antibiotics can enhance biofilm disruption,
reduce bacterial load, and minimize recurrence. However,
current evidence on NSAID and statins primarily stems from
in vitro studies, highlighting the need for further in vivo and
clinical investigations.

7. Emerging and experimental therapies

Advancements in biofilm-associated infection management
have led to the development of innovative and experimental
therapeutic strategies. Notably, nanotechnology-based thera-
pies and phage therapy offer distinct mechanisms to disrupt
biofilm formation and enhance treatment efficacy.

Nanotechnology. Nanotechnology-based therapies leverage
nanoparticles to enhance drug delivery and enhance the


https://www.spandidos-publications.com/10.3892/br.2025.1973

8 EMPITU et al: TARGETING BIOFILMS IN OTORHINOLARYNGOLOGIC INFECTIONS

Table II. Anti-biofilm therapies and their mechanisms of action.

Therapy type Mechanism of action Example agents (Refs.)

Quorum sensing inhibitors Disrupt bacterial communication, Furanones, Baicalin, Iberin, Azithromycin  (8,65-67)
preventing biofilm formation and
virulence factor expression.

Enzymatic dispersal agents Degrade extracellular polymeric DNase I, Dispersin B, Alginate lyase (74-77)
substances and eDNA, breaking
biofilm structure.

Anti-biofilm peptides Penetrate biofilm, disrupt bacterial ~ LL-37, Bacteriocins, Synthetic AMPs (81,82,
membranes, and modulate gene (e.g., peptide 1018) 84)
expression to inhibit biofilm
formation.

Drug repurposing strategies Reuse existing drugs with Statins (Atorvastatin, Simvastatin), (12,97,
anti-inflammatory or biofilm- NSAIDs (Ibuprofen) 100)
disrupting properties, enhancing
antibiotic effects.

Combination antibiotic therapy  Target different aspects of bacterial ~ Colistin + Tobramycin, Vancomycin + (52,54)
physiology to penetrate biofilm and  Rifampin
eradicate bacteria.

Nanotechnology approaches Deliver drugs using nanoparticles Silver nanoparticles, Magnetite-based (102,105-
to enhance penetration, stability, carriers 107)
and antimicrobial action.

Phage therapy Use bacteriophages to target and Bacteriophages for P. aeruginosa, (111,112)
lyse bacteria specifically within S. aureus
lyse bacteria specifically within
biofilms. biofilms.

Ion channel blockers Disrupt ion gradients and efflux Gallium compounds, Verapamil, Proton (87-89,
pump activity, weakening biofilm pump inhibitors 92.95)
integrity.

Biofilm matrix disruptors Target EPS components to weaken  Chelating agents (e.g., EDTA), Nitric (89)
matrix stability, enabling antibiotic ~ oxide donors
penetration.

Immunomodulatory Enhance immune responses to Immunostimulatory peptides, Toll-like (10,13,

approaches target biofilm-associated infections  receptor modulators 97)

and modulate inflammation.

penetration of antibiotics and antibiofilm agents. These nanopar-
ticles can be engineered to improve the solubility, stability
and bioavailability of therapeutic agents. By facilitating the
targeted delivery of antibiotics to infection sites, nanoparticles
help overcome biofilm-related barriers to treatment (101-103).
Studies have shown that silver nanoparticles exhibit significant
antimicrobial and antibiofilm properties, effectively disrupting
biofilm formation by pathogens such as P. aeruginosa and
S. aureus (101,102,104,105). Magnetite nanoparticles combined
with antibiotics, such as streptomycin and neomycin, and
encapsulated within biopolymeric spheres exhibit promising
antimicrobial properties and enhanced biocompatibility. These
characteristics make them highly suitable for targeted delivery
systems in ENT infection (106). Furthermore, polymeric
nanoparticles can optimize the controlled release of antibiofilm
agents, promoting sustained therapeutic effects while mini-
mizing the need for frequent administration (107).

Nanotechnology-based drug delivery systems offer a prom-
ising approach to addressing the limitations of conventional
antibiotics in ORL biofilm infections. Nanoparticles, such as
silver nanoparticles and liposomal antibiotic carriers, have
been shown to penetrate biofilms and enhance antimicrobial
efficacy. For instance, in chronic rhinosinusitis, nanopar-
ticle-based drug formulations have shown improved retention
in sinonasal mucosa, enhancing local drug concentrations and
reducing systemic toxicity (106,108). However, several chal-
lenges, such as rapid clearance by mucociliary mechanisms,
potential cytotoxic effects on the respiratory epithelium, and the
lack of large-scale clinical trials, limit their immediate clinical
application. Additionally, the regulatory approval process for
phage therapy remains complex due to strain-specific varia-
tions and the need for personalized phage cocktails. Although
nanoparticle-based formulations have shown efficacy in
preclinical models of chronic rhinosinusitis and otitis media,
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Table III. Summary of effectiveness and limitation of anti-biofilm therapies.

Therapy type

Effectiveness

Limitations

Quorum sensing Inhibitors
Enzymatic dispersal agents
Anti-biofilm peptides

Drug repurposing strategies
Combination antibiotic therapy

Effective in early biofilm stages; reduces
virulence

Directly breaks down biofilms; enhances
antibiotic effects

Broad-spectrum activity; effective in resistant
strains

Cost-effective; enhances conventional therapy
Synergistic effect; useful for resistant infections

Limited clinical trials; potential bacterial
resistance

Specificity issues; potential immune
response interference

Expensive; potential cytotoxicity

Limited data on long-term effects
Risk of toxicity and antibiotic resistance

Nanotechnology approaches
Phage therapy

Ion channel blockers
action

Biofilm matrix disruptors

Immunomodulatory approaches

High penetration; effective at lower doses
Specific targeting; minimal side effects
Weakens biofilm structure; enhances antibiotic

Directly weakens biofilm structure
Potential for long-term infection control

Requires advanced formulation;
regulatory concerns

Narrow spectrum; requires strain-
specific selection

Limited in vivo evidence; possible side
effects

Risk of toxicity; variable effectiveness
Complexity of immune modulation;
needs further research

their clinical validation remains limited (106,108). Future
clinical trials evaluating the safety and efficacy of nanocarriers
in targeting biofilm-associated ORL infections are essential to
advance their translational potential.

Phage therapy. Phage therapy is an innovative approach that
employs bacteriophages (viruses that specifically infect and
eliminate bacteria) to target biofilm-specific pathogens. This
method is particularly promising in addressing antibiotic resis-
tance, as bacteriophages can effectively disrupt biofilms while
eliminating resistant bacterial strains, all without harming
beneficial microbiota (109-111). Studies have shown the effi-
cacy of phage therapy in treating chronic infections caused
by biofilm-forming bacteria, such as P. aeruginosa, S. aureus
and Klebsiella sp., in chronic wound infection (109-111). The
high specificity of bacteriophages enables targeted treatment,
minimizing collateral damage to surrounding tissues and
reducing the adverse effects often associated with conven-
tional antibiotics (112). By enhancing the efficacy of existing
treatments and offering alternatives in the face of increasing
antibiotic resistance, phage therapy has significant potential
for improving patient outcomes in chronic ORL conditions.

It has been previously revealed that phages can effectively
disrupt biofilms in patients with chronic otitis media and sinus
infections by degrading EPS and lysing bacterial cells (113).
However, the clinical application of phage therapy in ORL faces
significant challenges, including concerns about phage stability
in mucosal environments, potential immune responses and
regulatory constraints (114). Although compassionate-use cases
have yielded promising outcomes, large-scale clinical trials are
needed to develop standardized phage formulations, dosing
protocols and comprehensive safety profiles (114). Addressing
challenges, such as mucosal penetration, host immune interac-
tions and large-scale production, is crucial to integrating these
innovative therapies into mainstream ORL clinical practice.

8. Conclusion and future directions

The present review highlights the pivotal role of biofilm
formation in the persistence and recurrence of ORL infec-
tions, particularly its contribution to antimicrobial resistance
and treatment failure. Emerging pharmacological strategies,
such as QSIs, antibiofilm peptides, enzymatic dispersal agents
and repurposed drugs, offer promising approaches to disrupt
biofilm structural integrity and enhance treatment outcomes
(Tables II and III).

Despite these advancements, translating these findings into
clinical practice remains challenging, necessitating further
research to validate safety, refine delivery systems, and assess
long-term efficacy. QSIs, for instance, exhibit potential in
preventing biofilm formation, but their clinical application is
hindered by concerns over bacterial adaptation and off-target
effects. Although certain QSIs, such as azithromycin, exhibit
biofilm-disrupting capabilities, their efficacy in treating
chronic ORL infections is still being studied (115). Similarly,
enzymatic dispersal agents, such as DNase I and Dispersin B,
have shown promise in degrading biofilms in vitro, but their
stability and methods for localized delivery remain significant
barriers to their broader clinical application (116).

Antibiofilm peptides exhibit broad-spectrum activity, but
their clinical use is hindered by high production costs and
potential cytotoxicity. While some synthetic AMPs have
advanced to preclinical testing, their pharmacokinetics and
potential immunogenicity require further validation before
clinical adoption (117). Drug repurposing strategies, such as
statins and NSAIDs, have garnered interest due to their dual
anti-inflammatory and biofilm-disrupting effects (12-14).
However, their effectiveness in treating biofilm-associated
ORL infections remains unclear, as most supporting evidence
derives from in vitro studies and animal models rather than
large-scale human trials.
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While in vitro and preclinical studies have shown
promising biofilm-targeting strategies, their efficacy and
practicality in real-world clinical settings remain largely
unverified. Future research must focus on conducting
well-designed clinical trials to assess the effectiveness,
safety and pharmacokinetics of these therapies in patients
with chronic biofilm-associated infections. Additionally,
it is essential to explore patient-specific factors (such as
comorbidities, immune responses and treatment adherence)
to ensure successful clinical implementation. Integrating
advanced technologies, such as nanocarriers, phage therapy
and immunomodulatory approaches into clinically relevant
frameworks, will enhance treatment precision and help
translate laboratory findings into practical, patient-centered
applications.
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