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Abstract

Biofilms are structured communities of microorganisms embedded in a self-produced
extracellular polymeric substance (EPS) matrix, whose development significantly enhances
microbial resistance to antibiotics, disinfectants, and host immune defenses, posing major
challenges in clinical, industrial, and environmental settings. Compared with planktonic
cells, biofilm-associated microorganisms can exhibit up to 10- to 1000-fold increased toler-
ance to antimicrobial agents, contributing to the persistence of biofilm-associated infections
(BAIs). These infections remain difficult to eradicate due to reduced penetration, altered
metabolic states, and the presence of dormant or persister cells. Anti-biofilm strategies
can be broadly classified into physical approaches (e.g., ultrasound, mechanical stress, and
light-based approaches) that target biofilm structure; chemical and enzymatic methods (e.g.,
EPS-degrading enzymes) that destabilize the matrix; and biological and molecular strategies
(e.g., quorum-sensing (QS) inhibitors, anti-virulence agents, bacteriophages, phage-derived
antimicrobial molecules, antimicrobial peptides, and natural bioactive compounds) that
modulate biofilm development and integrity by targeting regulatory pathways and matrix
stability through distinct mechanisms of action. Natural compounds, including lactoferrin,
lactoferrin-derived peptides, and probiotic and postbiotic fractions of lactic acid bacteria
(LAB), as well as plant-derived metabolites, have shown promising anti-biofilm effects,
with efficacy often enhanced through complementary or potentially synergistic interactions.
However, despite these advancements, clinical translation remains limited. For example,
BAls account for approximately 80% of chronic infections, with high recurrence rates and
therapeutic failure reported in device-associated infections and chronic wounds. These
limitations highlight the need for clinically translatable, multimodal approaches that inte-
grate structural biofilm disruption, antimicrobial targeting, and host response modulation
to design more effective and sustainable anti-biofilm strategies.

Keywords: biofilm; antimicrobial resistance evolution; prevention of biofilm development;
novel anti-biofilm strategies; synergistic anti-biofilm approaches; combination therapies;
natural remedies
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1. Introduction

Biofilms represent a dominant mode of microbial life and a major challenge across
clinical, industrial, and environmental settings due to their complex architecture and pro-
nounced physiological heterogeneity, which collectively confer exceptional tolerance to
antimicrobial interventions [1-3]. At the molecular level, biofilm resilience is supported by
EPS-mediated protection, QS-regulated community behavior, stress-adaptation responses,
altered metabolic activity, genetic recombination and variation, and persister-cell forma-
tion [4-6]. Within mature, multilayered biofilms, nutrient and oxygen gradients generate
physiologically heterogeneous subpopulations, ranging from metabolically active cells in
superficial layers to slow-growing, dormant, or persister cells in deeper, anoxic, nutrient-
depleted regions. Dormant biofilm-associated subpopulations comprise phenotypically
distinct states, including persister cells, viable but non-culturable (VBNC) cells, and small
colony variants (SCVs) (Figure 1). Although these populations share the ability to survive
unfavorable conditions and antimicrobial exposure, they differ in their physiological char-
acteristics, metabolic activity, culturability, mechanisms of persistence, and capacity for
resuscitation. Persister cells are transient, phenotypic variants within bacterial populations
that remain genetically antibiotic-susceptible but survive antimicrobial exposure by en-
tering a dormant or slow-growing physiological state. Their tolerance is associated with
metabolic inactivity, ATP depletion, activation of stress-response pathways, and growth
arrest mechanisms. These cells are particularly abundant within biofilms, where nutrient
limitation and environmental conditions further promote persistence. Following removal of
environmental or antimicrobial stressors, persister cells can repopulate the biofilm, thereby
contributing to infection persistence, therapeutic failure, and post-therapy relapse [7,8].
The VBNC state has been the subject of considerable discussion, particularly following the
proposal by Song and Wood (2021) that some populations classified as VBNC may represent
dead cells rather than viable dormant bacteria [9]. In response to this debate, recent efforts
have sought to standardize the definition of the VBNC state. “Cells are characterized by
their loss of culturability, ability to maintain a nonculturable state, and potential to resusci-
tate”, and are increasingly recognized as contributors to chronic and recurrent BAIs [10-16].
These criteria distinguish VBNC cells from dead cells and provide a framework for their
identification. In addition, SCVs are slow-growing phenotypic variants characterized by
atypical colony morphology, reduced metabolic activity, and increased tolerance to en-
vironmental stressors and antimicrobial agents. Some SCVs exhibit culture-dependent
growth requirements, including elevated CO, conditions or specific nutritional supple-
mentation, which may hinder their detection under routine laboratory conditions. SCVs
are strongly associated with biofilm formation and chronic infections, where prolonged
stress exposure promotes metabolic adaptation and persistence. A well-characterized
example is the CO,-dependent SCV phenotype of Staphylococcus aureus, which displays
markedly impaired growth under standard culture conditions, but improved growth in
COgy-enriched environments [10]. Such growth-dependent phenotypes are particularly
relevant in biofilms, where metabolic adaptation to nutrient limitation, oxygen gradients,
and environmental stress promotes the emergence of SCVs. Failure to recognize these
growth requirements may lead to underestimation of SCV prevalence in chronic BAls.
Although SCVs share several features with persister cells, particularly enhanced stress
tolerance and biofilm-associated survival, they are generally regarded as a distinct adaptive
phenotype capable of reversibly switching to actively growing cells under favorable condi-
tions. The relationship between SCVs and persister cells remains incompletely understood,
with current evidence suggesting partial overlap between these survival strategies rather
than complete equivalence [11-14]. Collectively, these dormant/persister populations are
characterized by metabolic latency, reduced growth, or growth arrest, which decreases
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susceptibility to antimicrobials and contributes to biofilm tolerance and post-treatment
regrowth [3,15].

@ viable but non-culturable (VBNC) cells
(0 small Colony Variants (SCVs)

Biofilm Metabolic

Heterogeneity Persister cells

(© Slow-growing cells
Actively-growing cells
Lipids

. Water channels
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Figure 1. Metabolic heterogeneity in mature biofilms, illustrating slow-growing, persister, VBNC, and
SCV bacterial subpopulations embedded in the EPS matrix. Figure generated using biorender.com.

These features undermine the efficacy of conventional therapies and contribute to
chronic infection, relapse, and antimicrobial resistance emergence [16-18]. In the search for
innovative strategies to address biofilm persistence, increasing attention has been directed
toward the mechanisms that enable biofilms to withstand antimicrobial and host-derived
stresses [4,5].

Conventional anti-biofilm strategies include chemotherapeutic agents and physical
disruption methods. Antibiotics act mainly on conserved molecular targets essential for
microbial viability and growth [19,20]. However, their efficacy is substantially reduced in
BAls, and even combination regimens frequently fail to eradicate mature biofilms [21,22].
In parallel, biofilms provide favorable conditions for horizontal gene transfer, thereby
contributing to the dissemination of antimicrobial resistance [3,23]. Physical approaches,
including mechanical stress, ultrasound, and light-based strategies, primarily destabilize
biofilm structure and promote detachment rather than direct killing, and are therefore
mainly explored as alternatives or adjuncts to antibiotics [4]. By contrast, novel and alterna-
tive anti-biofilm strategies aim to disrupt biofilm integrity, regulatory coordination, and
persistence mechanisms. These include matrix-degrading enzymes, quorum-quenching
(QQ) approaches, bacteriophages and phage-derived enzymes, and antimicrobial pep-
tides, which act through diverse mechanisms, including matrix weakening, virulence
attenuation, enhanced antimicrobial penetration, and selective killing of biofilm-associated
cells [3-5,24-30]. Beyond the strategies discussed in detail in this review, additional ap-
proaches such as nanomaterial-based delivery systems, anti-adhesion or antimicrobial
surfaces, immunomodulatory interventions, metabolic interference strategies, and CRISPR-
Cas-based antimicrobials are increasingly explored within the expanding anti-biofilm
landscape [6,31]. Recent research has increasingly focused on the individual or combined
use of lactoferrin, probiotics, postbiotics, and/or natural bioactive compounds of plant
origin for their anti-biofilm potential, as well as their supportive or adjuvant effects when
combined with standard antimicrobial agents [32—44].

This review examines both conventional and emerging anti-biofilm strategies designed
to interfere with biofilm resilience, including their effects on adhesion, biofilm integrity;,
and persistence when used alone or in combination, as well as their current limitations.
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2. Conventional Anti-Biofilm Agents—Mechanism of Action and
Current Limitations

Conventional anti-biofilm strategies rely primarily on chemotherapeutic and physical
interventions that target microbial viability or biofilm structure; however, their clinical
effectiveness is frequently constrained by biofilm-specific tolerance mechanisms, limited
penetration, and practical implementation challenges. The main conventional anti-biofilm
strategies are compared using several criteria presented in Figure 2; however, both re-
main limited by biofilm-specific tolerance mechanisms and incomplete eradication when

used alone.

CHEMOTHERAPEUTIC
AGENTS — ANTIBIOTICS

PHYSICAL METHODS FOR
BIOFILM DISSOCIATION

Main target

Dominant
mechanism

Representative
examples

Primary role

Key advantages

Key limitations

Planktonic cells and exposed biofilm cells

Targets conserved bacterial structures
and essential biosynthetic pathways
required for biofilm growth or viability

B-lactams; aminoglycosides;
fluoroquinolones; polymyxins/
daptomycin; trimethoprim—
sulfamethoxazole

Reduces viable cell load

Clinically established; broadly available;
compatible with combination strategies

Limited penetration into mature biofilms;
higher effective concentrations needed;
dose-related toxicity; selection of
resistant subpopulations

Biofilm structure, EPS matrix, and
attached microbial communities

Disrupts matrix cohesion, weakens
surface attachment, promotes
detachment, and increases permeability

Mechanical debridement / fluid shear;
ultrasound (US) / sonication;
photodynamic therapy (PDT);

photothermal therapy (PTT)

Debulk biofilm and enhance penetration
of complementary treatments

Applicable to mature biofilms; improves
antimicrobial penetration; useful as
complementary therapy

Incomplete eradication; viable-cells

dissemination risk; rapid biofilm re-

establishment; parameter and safety
constraints

Figure 2. Conventional anti-biofilm strategies: comparative overview of chemotherapeutic
agents [3,5,17,22,45-48] and physical methods [4,28,49-53] for biofilm dissociation, showing their
main targets, dominant mechanisms, representative examples, primary roles, advantages, and limita-
tions. Figure generated using biorender.com.

2.1. Chemotherapeutic Agents—Antibiotics

Antibiotics remain central to antimicrobial therapy, but their efficacy in BAIs is limited by
biofilm-specific tolerance mechanisms. Although chemotherapeutic agents are conventionally
classified as bactericidal or bacteriostatic, their activity is more precisely understood through
the essential bacterial processes they disrupt [19,20]. In planktonic cells, antibiotics target con-
served pathways required for viability and growth, including cell wall synthesis, membrane
integrity, protein synthesis, nucleic acid synthesis, and metabolism [19,20,45-47]. 3-lactams
exemplify cell-wall-active agents by binding penicillin-binding proteins (PBPs) and in-
hibiting the final transpeptidation/cross-linking steps of peptidoglycan synthesis, whereas
polymyxins and daptomycin compromise membrane integrity [45,46]. Other antibiotic
classes inhibit translation, interfere with DNA replication or transcription through targets
such as DNA gyrase, topoisomerase IV, or RNA polymerase, or disrupt key metabolic
pathways, as illustrated by trimethoprim-sulfamethoxazole-mediated inhibition of folate
metabolism [45-47]. In biofilms, however, antibiotic activity is reduced by EPS-mediated
penetration barriers, antibiotic sequestration or inactivation, nutrient-oxygen gradients,
reduced metabolic activity, and dormant or persister cells [3,5,6,22,48].

Despite the broad spectrum of available antibiotics, clinical efficacy is predominantly
assessed using planktonic susceptibility parameters, mainly minimum inhibitory concen-
tration (MIC), which measures growth inhibition, and minimum bactericidal concentration
(MBC), which measures bacterial killing under in vitro conditions. In biofilm contexts,
complementary parameters such as minimum biofilm inhibitory concentration (MBIC),
assessing inhibition of biofilm formation, and minimum biofilm eradication concentra-
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tion (MBEC), assessing eradication of established biofilms, provide more biofilm-relevant
information. However, these values may still underestimate in vivo therapeutic require-
ments [48]. For example, in orthopedic implant-associated S. aureus biofilms, in vivo MBEC
values were substantially higher than in vitro MBEC values and increased with biofilm mat-
uration, indicating that conventional susceptibility testing may underestimate therapeutic
requirements in BAIs [54].

The frequently cited 10- to 1000-fold reduction in antibiotic susceptibility should therefore
be interpreted as context-dependent rather than universal, varying according to bacterial
species, strain, antibiotic class, biofilm maturity, and experimental conditions [3,16,17,55].
For example, a survey of 352 clinical Pseudomonas aeruginosa isolates showed highly vari-
able biofilm-associated tolerance to ciprofloxacin, tobramycin, and colistin, ranging from
MIC-level responses to values up to 16,000-fold higher than planktonic susceptibility
estimates [56]. These observations explain why antibiotics considered effective against
planktonic cells may fail to eradicate mature biofilms at clinically acceptable doses [5,22].

From an evolutionary and therapeutic perspective, these observations are clinically
relevant because antibiotic exposure at MIC levels may allow survival of resistant subpopu-
lations arising through spontaneous mutations, while increasing concentrations beyond the
mutant prevention concentration is rarely feasible in vivo due to toxicity, tissue-damage
risk, and ecological concerns related to antimicrobial residues [3,15,57]. To address these
limitations, combination therapy and polytherapy have emerged as preferred strategies
for managing BAIs, although even combination regimens may fail to eradicate mature
biofilms when penetration, timing, or local concentrations are insufficient [21,22,58]. Spe-
cific examples of synergistic combinations and their underlying mechanisms are discussed
in Section 4.4.

Beyond therapeutic failure, biofilms represent a critical ecological niche for horizon-
tal gene transfer, facilitating the exchange of resistance and virulence determinants and
contributing to the dissemination of antimicrobial resistance (AMR), including among
ESKAPE pathogens [3,23]. Their tolerance to environmental stressors and broad-spectrum
antimicrobials reinforces their role as persistent AMR reservoirs across clinical, agricultural,
and environmental systems [5,55].

Taken together, these limitations underscore the need for enhanced surveillance,
antimicrobial stewardship, and the development of innovative therapeutic approaches
targeting biofilm formation, structure, and persistence beyond conventional antibiotic
monotherapy [3,48].

2.2. Physical Methods for Biofilm Dissociation

Physical methods for biofilm dissociation disrupt biofilm integrity and promote de-
tachment by targeting the mechanical and physicochemical properties of the biofilm matrix
rather than directly killing microbial cells. These strategies, including mechanical stress, ul-
trasound, and light-based approaches, are explored as alternatives or adjuncts to antibiotics
across medical, industrial, and environmental settings [4].

Mechanical stress-based strategies rely on the application of external physical forces
(such as shear, compression, friction, and hydrodynamic pressure) to reduce the cohesive
strength of the biofilm matrix. When the applied stress exceeds the biofilm’s mechanical
failure threshold, detachment and dispersal of biofilm-associated cells can occur [49]. The
effectiveness of these approaches is linked to the viscoelasticity of the biofilm, a property
that allows it to deform, flow, or partially detach without complete eradication [49-51].

Mechanical clearance strategies are widely applied in both medical and industrial set-
tings. For example, high-velocity fluid sprays used in dental hygiene or equipment cleaning
generate intense shear forces capable of destabilizing biofilm structures within millisec-
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onds. Such microsprays induce interfacial instabilities in biofilms, producing ripple-like
structures in Staphylococcus epidermidis biofilms and wrinkle-like patterns in P. aeruginosa
biofilms [51]. These microorganisms are frequently associated with medical device-related
infections [50]. Rather than achieving complete removal, high-shear exposure may redis-
tribute the biofilm across surfaces, enabling rapid mechanical recovery within minutes after
stress removal [51].

In clinical practice, mechanical debridement (including surgical removal, gauze,
lavage, ultrasound, as well as autolytic or chemical debridement) remains a widely used
strategy for managing BAIs in chronic wounds. Although surgical debridement is consid-
ered the standard of care in wound management, it rarely eliminates biofilms entirely. Con-
sistent with this limited standalone efficacy, debridement can temporarily reduce wound
microbial burden, but biofilms may re-establish within 24-48 h, suggesting that residual
biofilm often persists after physical removal attempts [51]. Combination approaches, such
as debridement combined with antimicrobial dressings or skin grafts, can improve clinical
outcomes, yet remain limited by persistent biofilm recurrence [51,58].

Ultrasound (US)-based approaches represent another class of physical anti-biofilm strate-
gies with translational relevance in chronic wound management, dental biofilm control,
medical-device decontamination, and biomaterial-associated infection contexts [4,52,53]. US
therapy, or sonication, employs high-frequency sound waves that generate mechanical
forces capable of disrupting biofilm architecture, primarily through cavitation phenomena
affecting the EPS matrix [4]. Cavitation involves the formation, growth, oscillation, and
implosive collapse of microbubbles within the liquid medium surrounding the biofilm, gen-
erating shock waves and high velocity microjets that exert intense mechanical stress [52,53].
In addition, elevated pressure and temperature generated during ultrasonic exposure
further contribute to the erosion of biofilm components and the destabilization of the
biofilm matrix [59]. These effects damage bacterial cells and the EPS matrix, while creating
microchannels that enhance antimicrobial penetration [4,52,53].

The efficacy of US-mediated biofilm disruption depends on parameters such as fre-
quency, intensity, pressure, exposure time, and distance from the target surface [53], as
well as on medium-related factors, such as dissolved gas content, hydrostatic pressure,
and liquid temperature [52]. Despite its potential, US therapy remains limited by sev-
eral challenges. Standardized treatment protocols are lacking, and excessive exposure
may cause unintended tissue damage (overheating, cartilage injury, or reduced implant
longevity) [52,53]. Furthermore, induced fragmentation of biofilms can disseminate viable
microbial cells, posing a risk of infection spread [53]. Recently, US has been investigated
as an adjunctive strategy, as it can enhance the penetration and efficacy of antimicrobial
agents [52,53]. Invivo, US combined with microbubbles enhanced vancomycin shows
activity against device-associated S. epidermidis biofilms, reducing biofilm viability from
6.44 to 3.49 log10 CFU/ catheter without evident histopathological damage, supporting US
as an adjunct rather than a standalone anti-biofilm strategy [60].

Light-based anti-biofilm therapies have also gained increasing attention due to their
non-invasive nature, spatiotemporal precision, and compatibility with multimodal thera-
peutic strategies [28]. Among these approaches, photodynamic therapy and photothermal
therapy are the most extensively studied.

Photodynamic therapy (PDT) relies on a two-step process involving a non-toxic pho-
tosensitizer (PS), administered topically or locally, that generates reactive oxygen species
(ROS) when activated by visible or near-infrared light at wavelengths depending on the
absorption spectrum of the PS [61,62]. Generated ROS cause multitarget oxidative damage
to polysaccharides within the EPS, lipids of cell membranes, proteins, and nucleic acids,
ultimately leading to collapse of the biofilm matrix and/or microbial cell death [61].
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Because this oxidative mechanism affects multiple cellular targets simultaneously, PDT
exhibits broad-spectrum antimicrobial activity against bacteria, fungi, viruses, and protozoa,
including drug-resistant strains, and can degrade virulence factors, disrupt phenotypic
traits associated with multi-drug resistance (MDR), and interfere with metabolic processes
essential for biofilm stability [61,63].

Clinically, PDT has been applied in the treatment of wounds, burns, oral, endodontic,
and BAIs of medical devices [61]. However, its clinical use remains constrained by limited
light penetration depth and by the risk of ROS-mediated phototoxicity in surrounding sen-
sitive tissues, particularly when PS localization or light exposure is not precisely controlled,
restricting PDT mainly to superficial, easily accessible, or device-associated biofilms [4,61].

Photothermal therapy (PTT) represents a complementary, non-invasive light-based
strategy that relies on localized heat generation to achieve antimicrobial and anti-biofilm
effects [62]. It uses photothermal agents or nanomaterials (PTAs) that convert absorbed
light energy into heat and cause localized hyperthermia [28,64]. The mechanism of PTT
is primarily mediated by hyperthermia-induced thermal ablation that denatures proteins,
damages nucleic acids, and compromises membrane integrity, physically disrupting bioac-
tive matrix components and enhancing permeability to antimicrobial agents [64,65]. This
physical mode of action makes PTT less susceptible to resistance development, as it does
not rely on specific molecular targets but instead physically damages bacterial cells [64].

A key advantage of PTT lies in the superior tissue penetration of NIR light compared
with other wavelengths, enabling treatment of deeper or thicker biofilms, with reported
penetration depths reaching the centimeter scale [64]. Nevertheless, successful application
requires precise control of light intensity, exposure duration, and PTA concentration, as
excessive heat may damage surrounding healthy host tissues [28,64].

For both PDT and PTT, challenges related to PS and PTA delivery, biofilm penetration,
and targeted activation continue to shape therapeutic use, and current research places them
more as components of broader anti-biofilm interventions rather than standalone solutions. The
characteristics and mechanisms of physical anti-biofilm strategies are presented in Figure 3.

MECHANICAL
STRESS /
DEBRIDEMENT

ULTRASOUND
(US) / SONICATION

PHOTODYNAMIC
THERAPY (PDT)

PHOTOTHERMAL
THERAPY (PTT)

Dominant
mechanism

Primary
antibiofilm
effect

Key
advantages

Ke
limitations

Shearr, friction,
hydrodynamic pressure

Weakens adhesion and
EPS cohesion; detaches
biofilm biomass

Clinically established,;
rapidly reduces biofilm
biomass; useful in
wound and surface-
associated biofilms

Incomplete eradication;

rapid re-establishment;

possible redistribution of
viable cells

Acoustic cavitation,
microstreaming, local
thermal effects

Disrupts EPS matrix,
creates microchannels,
enhances antimicrobial

penetration

Applicable to devices
and wounds; can
potentiate antimicrobial
efficacy

Parameter sensitivity;
tissue damage risk;
dissemination of viable
cells

Photosensitizer
activation and ROS
generation

Oxidative damage to
EPS matrix, membranes,
proteins, and nucleic
acids

Broad-spectrum
multitarget action;
localized activation; low
likelihood of classical
resistance

Limited light penetration;
Bhototoxicity concerns;
S delivery constraints

Localized h{lperthermia
induced by photothermal
agents

Thermal damage to cells
and EPS matrix;
increased permeability

Spatial control; deeper
NIR penetration than
visible light; compatible
with nanomaterial
delivery

Laser-power control; PTA
concentration; risk of
host tissue damage

Figure 3. Physical anti-biofilm strategies: comparison of main mechanisms. Mechanical stress/
debridement, ultrasound (US)/sonication, photodynamic therapy (PDT), and photothermal ther-
apy (PTT) disrupt biofilm integrity through distinct physical mechanisms, including shear forces,
acoustic cavitation, ROS generation, and localized hyperthermia [4,49-53,64]. Figure generated using
biorender.com.
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3. Alternative Strategies Targeting Biofilm Integrity and Biofilm
Persister Cells

Novel and alternative strategies target biofilm integrity and persistence through mech-
anistically distinct but partially overlapping routes, emphasizing mechanistic intervention
rather than direct bactericidal activity (Figure 4). For conceptual clarity, these approaches
are grouped according to their dominant biofilm target and primary mode of action: extra-
cellular matrix disruption, quorum-sensing-regulated communication, phage-mediated
bacterial targeting, and membrane- or intracellular-targeting antimicrobial peptides and
bacteriocins. Although several of the strategies discussed in this section exhibit multifunc-
tional or overlapping effects, this organization provides a comparative roadmap for the
section while acknowledging functional crosstalk and synergistic interactions between

anti-biofilm strategies.

MATRIX-
DISRUPTING
STRATEGIES

QS-INTERFERENCE
AND ANTI-
VIRULENCE
STRATEGIES

PHAGE AND
PHAGE-DERIVED
STRATEGIES

ANTIMICROBIAL
PEPTIDES (AMPs)

Main target

Dominant
mechanism

Representative

examples

Primary role

Key
advantages

Key limitations

EPS polysaccharides,

proteins, eDNA, lipids,

and matrix associated
cross-links

Degrade or destabilize
the extracellular scaffold

Dispersin B; proteases;
DNase [; alginate lyase;
lipasee

Expose embedded cells
and improve
antimicrobial or immune-
effector access

Directly targets the
protective EPS barrier;
useful in mature
biofilms; compatible with
combinations

Substrate specificity;
limited standalone
killing; viable-cell

dispersal risk when not
combined with
bactericidal agents

QS signals, receptors, and
downstream regulators

Suppress bacterial
communication, virulence
expression, EPS
production, and biofilm
maturation

AHL-lactonases/ acylases;
furanones; flavonoids;
savarin; virstatin

Prevent biofilm
development and sensitize
biofilms to complementary

treatments

Low direct bactericidal
pressure; reduces
virulence and
coordination; useful for
prevention

Not effective for
eradication; species-
specific and context-

dependent effects

Specific bacterial hosts;
EPS matrix, capsule,
and bacterial cell-walls

Infect and lyse bacteria;
degrade structural
barriers using
depolymerases/
endolysins

Lytic phages; phage
cocktails;
depolymerases;
endolysins

Combine targeted
bacterial killing with
matrix penetration

High host specificity; self-

amplifying lytic activity;
adaptable through
cocktails and phage-

derived enzymes; phage-

based supramolecular
systems

Narrow host range;
phage resistance;
immunogenicity,
formulation, and
regulatory constraints

Bacterial membrane, cell
envelope, intracellular
targets, and persister

cells

Disrupt membranes,
form pores, inhibit
intracellular processes,
and modulate immunity

LL-37 and engineered
variants; TM5; arginine-
and tryptophan-rich
cationic peptides;
pleurocidin; fungal-,
marine-, and bacterial-
derived AMPs

Direct antimicrobial and
antibiofilm activity,
including established-
biofilm  disruption and
potential persister
targeting

Broad-spectrum,
multitarget activity;
active against mono-
and multispecies
biofilms; expandable
through peptide
engineering and
ecological discovery

Susceptibility and
stability constraints; host-
cell toxicity concerns;
limited in vivo validation
for anti-persister activity;
difficult translation for
newer ecological AMP
sources

Figure 4. Alternative anti-biofilm strategies targeting biofilm integrity and persistence. Comparative
overview of matrix-disrupting strategies, QS-interference and anti-virulence approaches, phage-
based strategies, and antimicrobial peptides, summarizing their main targets, dominant mechanisms,
representative examples, primary roles, advantages, and limitations [3-5,22,24,25,27-30,58,66—69].
Figure generated using biorender.com.

3.1. Matrix Degrading Enzymes

Matrix-degrading enzymes represent a major alternative anti-biofilm strategy because
they directly compromise the extracellular scaffold that maintains biofilm cohesion. In
natural biofilm communities, such enzymes are endogenously secreted by bacterial cells
and retained within the matrix, where they contribute to matrix remodeling and biofilm
life cycle regulation. By selectively degrading EPS components, these enzymes can trigger
active biofilm dispersal, releasing cells that are able to recolonize new niches within the
host or environment [1,25]. Therapeutically, this intrinsic process is exploited to weaken
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the physical and biochemical scaffold that protects embedded and persister cells, thereby
improving their exposure to antimicrobial agents and host immune defenses [4,5]. By hy-
drolyzing EPS components such as polysaccharides, proteins, eDNA, and lipid-associated
elements, these enzymes weaken intercellular adhesion, reduce mechanical stability, pro-
mote dispersal, and improve antimicrobial or immune effector penetration into deeper
biofilm layers [4,66]. Because their primary action is matrix disruption rather than direct
bacterial killing, they are best interpreted as complementary anti-biofilm strategies rather
than standalone bactericidal agents [25,67].

Among the most extensively studied enzymes are polysaccharide-degrading enzymes,
which hydrolyze matrix carbohydrates that play a central role in biofilm cohesion and
architecture. These include glycoside hydrolases and polysaccharide lyases such as «-
amylase, cellulase, dextranase, alginate lyase, hyaluronidase, and dispersin B. By cleaving
glycosidic bonds within EPS polysaccharides, these enzymes reduce biofilm thickness,
disrupt cell-to-cell aggregation, and promote detachment of mature biofilms across a broad
range of clinically and industrially relevant microorganisms, including Pseudomonas spp.,
Staphylococcus spp., Escherichia coli, Salmonella spp., and Listeria spp. [3,66].

Dispersin B is a well-characterized glycoside hydrolase, originally identified in Ag-
gregatibacter actinomycetemcomitans. It specifically hydrolyzes poly-N-acetylglucosamine
(PNAG), a conserved matrix polysaccharide involved in intercellular adhesion and biofilm
stability across diverse bacterial taxa [4,24,67,70]. Its exo- and endoglycosidic activities
enable efficient PNAG cleavage during biofilm formation and dispersal. Experimental
studies have demonstrated its ability to inhibit surface attachment, prevent biofilm matura-
tion, detach preformed biofilms, and sensitize established biofilms to antibiotics, antisep-
tics, antimicrobial peptides, bacteriophages, and host immune mechanisms, highlighting
its role in synergistic anti-biofilm approaches rather than as a standalone therapeutic
agent [4,5,24,25,67]. Quantitatively, dispersin B showed strain-dependent activity, with
0.125-4 pg/mL detaching 24 h S. aureus SH1000 biofilms but not MRSA JE2 biofilms,
while 1 pg/mL sensitized both strains to rifampicin-vancomycin killing [67]. Impor-
tantly, dispersin B has shown broad-spectrum activity against both Gram-positive and
Gram-negative PNAG-producing organisms and has undergone extensive biocompatibility
testing, supporting its potential for topical applications, particularly against staphylococcal
biofilms [25,67].

Protein-degrading enzymes constitute another important group of matrix-targeting
agents. Proteases such as proteinase K, subtilisin, trypsin, pepsin, pronase, aureolysin,
lysostaphin, bromelain, papain, and serrapeptase hydrolyze structural proteins, which
are fundamental components of the EPS matrix. They also degrade adhesion-associated
proteins involved in surface attachment. This proteolytic activity leads to loss of biofilm
structural integrity and reduced mechanical resilience. Multiple studies have demon-
strated that proteases significantly reduce mono- and multispecies biofilms, including
inter-kingdom bacterial-fungal biofilms, particularly when used in combination with other
enzymes or antimicrobial agents [3,66]. Accordingly, proteases are considered among the
most effective enzymatic approaches for biofilm disruption [70].

Proteinase K is a widely used reference serine protease, originally isolated from
Parengyodontium album (formerly Tritirachium album). Its broad substrate specificity, includ-
ing activity against native, denatured, and keratinous proteins, enables efficient degradation
of proteinaceous components within the biofilm matrix [71]. In biofilm contexts, Proteinase
K has been shown to inhibit early surface adhesion and microcolony formation, as well as
to disperse 24—48 h established biofilms across several bacterial biofilm contexts [70]. Pro-
teinase K at 2 pg/mL significantly inhibited biofilm development in bap-positive S. aureus
V329 and several bovine mastitis isolates, but not in bap-mutant or weak biofilm-producing
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strains [72]. Although rarely applied as a standalone anti-biofilm agent, its proteolytic
activity enhances biofilm permeability and facilitates deeper penetration of antibiotics,
resulting in pronounced synergistic effects. Such combinations have been shown to pro-
mote effective degradation of preformed biofilms produced by a wide range of bacteria,
including S. aureus, E. coli, Staphylococcus lugdunensis, S. haemolyticus, Listeria monocytogenes,
Gardnerella vaginalis, and Bdellovibrio bacteriovorus [66,70].

Extracellular DNA (eDNA) is a critical structural component of many biofilm matri-
ces, contributing to cohesion, surface attachment, and mechanical stability. Accordingly,
nuclease-based approaches, including DNase I, micrococcal nuclease, restriction endonu-
cleases, human DNasell2, and prophage-encoded DNases, have been investigated for
their ability to inhibit biofilm formation or detach preformed biofilms by degrading eDNA
and increasing susceptibility to antimicrobial treatments [4,73]. Experimental studies have
shown that DNase I alone can significantly inhibit biofilm formation by pathogens such as
P. aeruginosa, S. aureus, L. monocytogenes, and Campylobacter jejuni [4,66], but its primary anti-
biofilm value lies in matrix destabilization rather than direct bactericidal activity. DNase
I exhibits pronounced synergistic effects when combined with antibiotics: disruption of
the eDNA scaffold reduces matrix density and facilitates deeper antibiotic penetration,
resulting in a 2- to 15-fold decrease in viable cell counts compared with antibiotic treatment
alone [25]. Recombinant human DNase I inhibited S. aureus biofilm formation, with concen-
trations required for 90% reduction ranging from 0.125 to 4 ug/L, and detached preformed
biofilms within 2-4 min at 1 mg/L [73]. DNase I has also demonstrated superior efficacy
compared with protein- or polysaccharide-degrading enzymes in dispersing dual-species
biofilms (such as L. monocytogenes-E. coli consortia), highlighting the central role of eDNA
in complex biofilm architectures. However, enzymatic access to eDNA may be hindered by
its association with polysaccharides and extracellular proteins, underscoring the rationale
for combined enzymatic strategies targeting multiple EPS components simultaneously [66].

More recently, lipid-degrading enzymes have emerged as promising but less explored
anti-biofilm agents. Lipases and esterases can disrupt lipid-mediated interactions within
the biofilm matrix, contributing to biofilm destabilization across a wide range of pathogens.
Lipases derived from environmental bacteria and fungi have demonstrated broad anti-
biofilm activity and favorable stability profiles across diverse pH and temperature ranges,
suggesting potential for both industrial and clinical applications [66].

In addition to enzymes that directly degrade matrix components, certain enzymes act
primarily on bacterial cell walls and indirectly contribute to biofilm destabilization by weak-
ening bacterial structural integrity and promoting secondary matrix collapse. Lysozyme,
a host-derived innate immune enzyme, hydrolyzes peptidoglycan in Gram-positive bac-
teria, while phage- or bacterium-derived peptidoglycan hydrolases such as lysostaphin
specifically cleave S. aureus cell walls, inducing bacterial lysis. Strong synergistic effects
have been reported when cell wall-targeting enzymes are combined with antibiotics and
chelating agents [4]. These observations indicate that enzymatic biofilm disruption is most
effective when implemented within coordinated, multi-target strategies, an aspect further
discussed in Section 5.

3.2. Quorum-Sensing Inhibitors and Anti-Virulence Agents

QS inhibition, often referred to as QQ, represents a major anti-biofilm and anti-
virulence strategy that targets bacterial communication systems rather than bacterial viabil-
ity. By interfering with QS-regulated coordination, this approach can reduce pathogenic-
ity, biofilm maturation, and biofilm robustness without exerting direct bactericidal pres-
sure [4,5,30].
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Mechanistically, QS strategies are organized into three types of intervention: targeting
QS signaling molecules, targeting QS signal receptors, and blocking downstream signaling
cascades [26,28]. By disrupting signal synthesis, signal accumulation, signal perception, or
downstream regulatory responses, QS inhibitors (QSIs) impair the transition from initial
attachment to mature biofilm architecture and reduce the expression of QS-regulated matrix
components, adhesins, and virulence factors. In contrast to matrix-degrading enzymes,
QSIs do not physically dismantle the extracellular scaffold; instead, they indirectly weaken
biofilm integrity by suppressing coordinated behaviors required for EPS production, stress
tolerance, and community-level resilience, thereby sensitizing biofilms to antimicrobial
agents and host immune clearance [3,4]. The latest proposed framework by Xu et al. is
presented in Table 1; it provides an overview of the main QS signaling molecule classes
and their known anti-QS and quorum-quenching (QQ) agents, covering both classical QS
signaling molecules and specialized /emerging signals.

Targeting QS signaling molecules involves AHL-lactonases, oxidoreductases, and
other molecular compounds that degrade or modify signaling molecules, thereby inacti-
vating QS signaling through effects on autoinducers (Als). Enzymatic QQ is particularly
important at this level, and most studies focus on Gram-negative bacteria. In these sys-
tems, AHLs can be degraded by two types of hydrolases: AHL acylases and lactonases.
AHL-lactonase, encoded by aiiA of Bacillus spp., effectively inhibits biofilm formation and
attenuates virulence factors in several bacterial species, while AHL-acylase degrades AHLs
by cleaving the amide bond, thereby reducing effective signal concentrations and modu-
lating QS-dependent behavior [3,26]. By reducing effective Al concentrations below the
activation threshold, these enzymes prevent QS-dependent modifications without directly
affecting bacterial growth, a defining feature of enzymatic QQ strategies [28,30].

AHIL-lactonase MomL, originally identified in marine bacteria, hydrolyzes the lactone
ring of AHLs, autoinducers in Gram-negative bacteria, reducing biofilm formation and
virulence without inhibiting bacterial growth [26,28]. As part of a strategy to modify
existing QQ enzymes, engineered MomL variants (mutants MomLI144V and MomLV149A)
have demonstrated enhanced efficiency and stability, and can block the production of
virulence factors of Pectobacterium carotovorum [26].

QS receptor-targeting strategies act by inhibiting or competitively targeting signal
receptors, thereby preventing downstream gene expression. Many QS receptors exhibit con-
served ligand-binding domains, which enable pharmacological interference by structurally
diverse compounds. Furanones and flavonoids are among the most studied QS inhibitors
because they interact with QS receptors in a wide range of pathogenic bacteria [26,28].

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.3390/biom16060887

Biomolecules 2026, 16, 887 12 of 64
Table 1. Quorum-sensing signaling molecule classes and anti-QS/quorum-quenching agents.
QS Signaling Molecule Class/System ?;;;n%essl\{l{(e);eocrlg%s/QQ QQ/QSI Mechanism of Action Effect on Biofilm/Virulence Sources
AHLs (N-acyl homoserine lactones; LuxI, .. L . AiiA degrades AHLSs; fusaric acid, Reduced AHL-dependent communication and
) . AiiA, fusaric acid, phenazine . S L . o L
LuxR, and HdtS systems in Gram-negative carboxvlic acid. citrinin phenazine carboxylic acid, and citrinin QS-regulated virulence/biofilm behaviors in V. [74-77]
bacteria) Y ! interfere with AHL-mediated QS signaling.  fischeri and P. aeruginosa.
. . Reduced expression of Agr-dependent virulence
. . . Cyclodepsipeptides W593264, Peptide and small molecules antagonize factors (e.g., a-hemolysin, 5-toxin) and
AIPs (peptide autoinducers; agr system of S. ' WS9326B, cochinmicin II/11I, . . . o o2
. ; (ovridin—v])- : AlIP-receptor signaling and modify biofilm-related traits in S. aureus; altered [77-79]
aureus and Gram-positive bacteria) N-(pyridin-2-yl)-benzamides . . . A o .
L peptide-receptor interactions. competence and bacteriocin production in Bacillus
derivatives, AIP analogues
spp. and L. monocytogenes.
AI-2 (universal signal for interspecies
;ogn m umcéltj Orl;; /IiuxP/ LtuxQ System in Moracin M bi lic acid Natural compounds target AI-2 signaling in  Reduced Al-2-mediated interspecies communica-
19710 Spp.; LSIB/ LST System mn Loracin M, cannablgerolic acld, v yarpeyi by affecting AI-2-dependent tion, biofilm development, and virulence- [77,80-82]
Enterobacteriaceae; S-THMF-borate and piperine athwavs associated behaviors
R-THMEF signals in Vibrio harveyi; KinD in p s :
Bacillus subtilis and PctA in P. aeruginosa)
AI-3 (3,6-dimethylpyrazin-2(1H)-one; Fructose furoic acid. isoli . Target QseC-dependent QS signaling, Reduced toxicity and virulence in
QseCB system; in enterohemorrhagic E. coli agldc gsceuﬁe iiorllc acid, 1soimonic decreasing toxicity, and global regulation of ~ AI-3-QseC-regulated infections, including E. coli, [77,83]
and Gram-negative bacteria) / Al-3-controlled regulatory outputs. Salmonella spp., and V. parahaemolyticus AHPND.
Qui li disulfid Reduced pyocyanin and other phenazine
AQs (alkyl-quinolones; PQS system; in P. arzlﬁazuoe;n&r(li o Clts (;i 1de Inhibit PQS biosynthesis and regulatory production; reduced biofilm formation and [77,84]
aeruginosa) aecil% mvcone ! circuits. virulence; PQS pathway inhibition linked to !
P Y biofilm inhibition.
DSF (diffusible signal factor; RpfC-RpfG Zineerone derivatives DSF analogues interfere with DSF signaling = Reduced virulence, biofilm architecture, and [77,85]
system; in Xanthomonas spp.) & and perception. antibiotic resistance in X. campestris. ‘
o . L ) . . DKPs positively regulate transcrip-
DKP (2.,&'.) dlketoplperazmes, LuxR-related Not reported Not. r_eported, DKPs are described as tion and spoilage-related traits; anti-QS ef- [77,86]
system; in Shewanella baltica) positive transcription regulators. f
ects not reported.
CAI-1 (cholera autoinducer-1: Inhibit CAI-1 signal- ) . e )
(S)-3-hydroxytridecan-4-one; CqsS system;  Isonaamidine A, isonaamine D receptor specificity and antagonize CAI-1- MOd.lfl.late ng(éepftfenc:ent Vérufl.elnce 1r11: Vzbrzotsgp., [77,87,88]
in Vibrio cholerae and Photobacteria spp.) mediated QS signaling. Spectiic anti-ies elects on bioftim ot reported.
&igfzsrzls t‘;a\]?ﬁtisn?glg};selg&igg% : nfl ator Carnosol reduces biofilm formation, virulence, and
Emerging signaling molecules (indole, Carnosol (for indole), ELPS86, athwavs: esterases deerade 3-OHg-P AMEy stress tolerance in L. monocytogenes;
3-OH-PAME, y-butyrolactones, DARs, ELP96, ELP104, EstDL33 (for p s & 3-OH-PAME-degrading esterases modulate [77,89-94]

2-AA)

3-OH-PAME)

and act as QQ agents; specific QQ/QSI
mechanisms are not reported yet for other
emerging signaling molecules.

virulence factors and contribute to wilt prevention
in Ralstonia solanacearum.
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Furanones, first isolated from the red alga Delisea pulchra, act as competitive inhibitors
of LuxR-type receptors in Gram-negative bacteria, reducing QS signaling [22,28]. Synthetic
halogenated furanones have been shown to impede bacterial swarming and QS-regulated
behaviors by interrupting interactions between AHL molecules and regulatory proteins
through competitive receptor binding [22], ultimately disrupting biofilm structure and
promoting bacterial detachment [30]. Flavonoids, naturally occurring plant-derived QS
inhibitors, can reduce biofilm biomass and persister populations in pathogenic biofilms like
those formed by S. aureus and L. monocytogenes [95]. Drug-repurposing approaches have
also identified compounds such as sitagliptin, which can interact with the LasR receptor
and impair biofilm formation at sub-inhibitory concentrations [26,28].

Downstream QS interference targets response regulators or transcriptional control
points after signal detection. Savarin, a small-molecule virulence inhibitor identified in S.
aureus, suppresses QS by targeting AgrA, effectively disrupting agr operon-mediated signal-
ing and inhibiting biofilm formation. Similarly, virstatin represses the expression of AnoR
in Acinetobacter nosocomialis, attenuating QS-controlled signaling cascades and reducing
biofilm formation and motility [26,28]. These features position QS inhibition as a mod-
ulatory anti-biofilm strategy, particularly relevant in integrated therapeutic frameworks
discussed in Section 5.

3.3. Phage and Phage-Derived Antimicrobial Molecules

Bacteriophages (or phages) are bacteria-infecting viruses that have re-emerged as
promising antimicrobial tools in response to escalating AMR [5,68]. First described in
the early 20th century by Frederick Twort and Félix d"Hérelle, phages exploit the natural
antagonism between bacteria and their viral predators, while their high host specificity
enables selective targeting of pathogenic bacteria with limited disruption of the commensal
microbiota [3,4,30,68].

Therapeutic applications predominantly rely on lytic phages, which infect bacterial
cells and induce lysis, thereby reducing viable cells, contributing to biofilm architecture
destabilization, and facilitating access to embedded bacteria [4,29]. In contrast, temperate
phages are less suitable for therapy because their integration into the bacterial genome may
facilitate horizontal transfer of virulence or antibiotic-resistance genes [3,29].

Phages exhibit anti-biofilm activity across multiple stages of biofilm formation, reflect-
ing their ability to interact dynamically with biofilm structure and bacterial physiology.
During early biofilm attachment and microcolony formation, naive or weakly biofilm-
embedded bacterial cells are easily infected and lysed through the action of endolysin
and lysozyme-like (T4-like) enzymes, thereby inhibiting proliferation and preventing pro-
gression to mature biofilms [29]. As biofilms mature, penetration becomes increasingly
challenging due to the dense EPS matrix. To overcome this barrier, many phages encode
depolymerases, either as free enzymes or as tail-associated proteins, that degrade capsu-
lar polysaccharides, exopolysaccharides, and lipopolysaccharide components, facilitating
phage diffusion into deeper biofilm layers [27,29,68]. This enzymatic degradation weakens
biofilm cohesion, exposing shielded bacterial cells, and promotes further phage replication
and biofilm disruption.

Phage-derived enzymes have attracted considerable interest as independent or ad-
junctive anti-biofilm agents. These include endolysins, peptidoglycan-degrading en-
zymes (including virion-associated peptidoglycan hydrolases (VAPGHs)), depolymerases,
hyaluronidase, DNases, and lipases, which selectively degrade structural components
of bacterial cells and biofilm matrices [22,27,29]. In addition to their direct lytic activity,
subinhibitory concentrations of certain lysins have been shown to downregulate genes
involved in biofilm formation, thereby impairing biofilm development [27]. Endolysins are
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particularly relevant because they can lyse bacterial cells, including metabolically dormant
and persister cells, making them attractive for biofilm control [68]. By degrading protec-
tive matrix layers and weakening bacterial cell walls, these enzymes can facilitate phage
penetration, amplifying bactericidal activity [29]. These properties have prompted the
exploration of phage-derived enzymes as antimicrobial coatings for medical devices and
bioactive surfaces, as well as disinfectants in healthcare and food-industry settings [27].
Recently, phage-based supramolecular systems (PBS), which combine bacteriophages
with antimicrobial peptides, nanomaterials, or other functional enhancers, have been pro-
posed to broaden anti-biofilm activity and improve biofilm penetration [29]. In parallel,
nanoparticle-assisted phage delivery is increasingly explored to improve phage stability,
targeting, biofilm penetration, and therapeutic efficacy [31]. However, their clinical trans-
lation remains constrained by immunogenicity and potential toxicity concerns [29]. In
later stages of the biofilm life cycle, such as biofilm dispersal, phage cocktail therapies
(comprising multiple lytic phages with complementary host ranges and enzymatic capabil-
ities) have demonstrated superior efficacy compared with monophage treatments. Such
cocktails broaden the host range, reduce the likelihood of phage resistance, and enhance
biofilm eradication through combined enzymatic and lytic attacks [29,68]. Experimental
studies have shown that a cocktail containing a depolymerase-producing phage (Pa29,
which targets P. aeruginosa) and a non-depolymerase-producing phage (KP01K2, which
targets Klebsiella pneumoniae) can effectively disrupt polymicrobial biofilms formed by both
pathogens [29]. Accordingly, phage-based approaches are best understood as adaptable
anti-biofilm tools whose broader therapeutic integration is considered in Section 5.

3.4. Antimicrobial Peptides

Antimicrobial peptides (AMPs), also known as host defense peptides, represent a di-
verse and evolutionarily conserved class of innate defense molecules with broad-spectrum
antimicrobial and anti-biofilm activity. Historically, the discovery of lysozyme by Fleming
in 1929 (an antimicrobial enzyme rather than a canonical AMP) [96], and the subsequent
identification of gramicidin by Dubos and Hotchkiss in 1939 marked the early recognition
of naturally occurring antimicrobial peptides with selective antimicrobial activity [69,97].
Produced by virtually all forms of life, AMPs function as rapid-response effectors of host
immunity and have gained renewed interest as alternative or adjunctive agents against
BAISs, particularly in the context of rising AMR [3,5,24].

AMPs exert anti-biofilm activity through multiple mechanisms, depending on the
specific antimicrobial agents used: they can disrupt surface attachment, alter outer mem-
brane proteins, downregulate QS molecules by inhibiting signal molecules, disrupt the
transport of biofilm precursors into the extracellular environment, and enhance the host
immune response [4,5]. Most AMPs are cationic and amphipathic, enabling electrostatic
interaction with negatively charged bacterial membranes, followed by membrane permeabi-
lization, pore formation, or complete membrane disintegration. Several AMPs translocate
into bacterial cells, where they interfere with DNA, RNA, protein synthesis, or metabolic
pathways [22,58,69]. In addition to their antimicrobial activity, these compounds also
exhibit immunostimulatory properties, including acting as chemoattractants and activating
classical complement pathways, as well as anti-inflammatory effects [3,69]. AMPs are struc-
turally diverse and are commonly grouped into «-helical, 3-sheet, extended, and cyclic
peptides [4]. Numerous natural and synthetic AMPs have demonstrated anti-biofilm activ-
ity against clinically relevant pathogens such as S. aureus, P. aeruginosa, E. coli, Acinetobacter
baumannii, and Candida spp., affecting both mono- and multispecies biofilms [58].

Human cathelicidin LL-37 is the only human cathelicidin antimicrobial peptide and
a key effector of the innate immune system, produced mainly by neutrophils and ep-
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ithelial cells and activated from the hCAP-18 precursor at infection sites. LL-37 exerts
direct antimicrobial activity primarily through membrane disruption, while separately
modulating host immune responses [98,99]. It displays anti-biofilm activity across diverse
microorganisms, with S. aureus and P. aeruginosa representing well-studied examples, and
can disrupt established biofilms while showing synergy with antibiotics, nanoparticles,
and bacteriocins [98]. Engineered LL-37 variants with improved resistance to P. aeruginosa
proteases further illustrate how peptide optimization can improve stability and therapeutic
performance while reducing host-cell toxicity concerns [31].

Beyond classic examples, recent studies highlight unconventional ecological reservoirs
of AMPs with anti-biofilm potential. Freshwater lignicolous fungi such as Longipedicellata
megafusiformis and Wicklowia fusiformispora have been identified as sources of structurally
novel peptides [100]. Marine-derived AMPs further illustrate the value of underexplored
ecological reservoirs, as they may exhibit enhanced stability under harsh environmen-
tal conditions and combine membrane disruption, anti-biofilm activity, QS interference,
immune modulation, and potential activity against persister cells, although their clinical
translation remains limited by production scalability and validation gaps [101,102]. For
example, pleurocidin, a winter flounder-derived AMP, reduced Streptococcus mutans biofilm
by 75.2% at 64 ng/mL and showed anti-biofilm activity against drug-resistant S. aureus
through mechanisms involving membrane disruption, metabolic interference, and QS
modulation [102,103]. In parallel, endogenous AMPs produced by bacteria such as Bacillus
cereus illustrate the role of antimicrobial peptides in inter-microbial competition and biofilm
control [104]. Collectively, these findings expand the AMP discovery landscape and point
toward next-generation anti-biofilm agents derived from underexplored ecological niches.

Cationic AMPs are among the few anti-biofilm agents shown to directly target per-
sister cells, thus acting as anti-persister agents due to their electrostatic interactions with
oppositely charged components of the cell membrane and wall components, leading to
membrane pore formation. This mechanism enables AMPs to kill metabolically dormant
persister populations residing in the deeper layers of biofilms. Broad-spectrum peptide
TM5, as well as arginine- and tryptophan-rich cationic membrane-penetrating peptides,
have demonstrated efficacy against persister cells in biofilms formed by both Gram-positive
and Gram-negative bacteria, although in vivo validation remains limited [28]. These proper-
ties place antimicrobial peptides at the interface of direct antimicrobial action, anti-virulence
activity, and immune modulation, with broader translational considerations discussed in
Section 5.

4. Natural Bioactive Compounds—Emerging Agents in Modulating
Biofilm Formation

As MDR, a major aspect of AMR, imposes a public health concern, there is an urgent
need to discover and implement novel antibiotic alternatives [33,105-107]. AMR has been
briefly defined as a “silent pandemic”, being considered one of the top 10 threats to public
health [108-111]. According to the World Health Organization (WHO), the emergence
of MDR microorganisms might lead to a “post-antibiotic era” in which current antibiotic
agents would no longer be effective [108,112]. The spread of MDR bacteria is a result
of the selective pressure exerted by the therapeutic use, either targeted or empirical, of
broad-spectrum antibiotics [110]. In this context, natural bioactive compounds, such as
lactoferrin, probiotics, postbiotics, and plant-derived compounds, might be promising
alternatives or adjuvants to the standardized antibiotic therapy [33]. The significant non-
genetic tolerance of biofilm-embedded cells to antimicrobials and immune defenses, which
leads to chronic and recurrent infections, is a further reason to use natural bioactive
compounds [3,33,105,113,114].
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4.1. Lactoferrin

Lactoferrin (Lf) is a glycoprotein with a molecular weight of 80 kDa and iron-binding
properties, identified for the first time in bovine milk, as bovine Lf (bLf), by Sorensen
and Sorensen 87 years ago [105,115,116]. Lf has also been identified in the milk of other
mammals, alongside several other secretions, where it ensures a first line of anti-pathogenic
defense [117-119]. The polypeptide chain of Lf contains two globular lobes. Each lobe
reversibly binds one ferric (Fe*) ion and comprises two domains (N1, N2, and Cl1,
C2) [105,117,120,121] (Figure 5). Depending on its Fe’*-binding state, Lf exists in two
forms: (i) iron-free (apo-Lf), with a more flexible conformation and more susceptible to
denaturation, and (ii) bound to two Fe?* ions (holo-Lf), with a more stable structure, the
bound ions being harder to dissociate [119,120,122].

Figure 5. Biochemical 3D architecture of iron-bound bovine lactoferrin (holo-bLf) [123]. https://www.
resb.org/structure /1BLF (accessed on 16 January 2026). Structures visualized with VMD 2.0 [124].

Past and current research has focused on the multifaceted functions of Lf, as it exerts
antipathogenic, anti-inflammatory, antioxidant, antineoplastic, and immunomodulatory
activities [105,125-128]. Lf can maintain the homeostasis of iron, but also other microele-
ments (Cu®*, Zn?*, Mn?*, AI3*, Ce**), thus having a 300 times greater Fe3* binding ability
at a lower pH than transferrin [117,120,122,128]. Lf is released at infection sites via the
secondary granules of neutrophils, being stored at 3-15 ug/106 neutrophils [105,129].

The antimicrobial action of Lf includes both bactericidal and bacteriostatic activi-
ties [126,130-132]. The amino end of Lf provides the molecular positive charge and ensures
the bactericidal function because of its interaction with negatively charged cell wall com-
ponents of Gram-negative bacteria (LPS, lipopolysaccharides) and Gram-positive bacteria
(LTA, lipoteichoic acids) [127,130-134]. When Lf binds LPS in Gram-negative bacteria, it de-
termines their release, disrupting the cell surface and causing high membrane permeability,
thereby exposing the cell to osmotic shock or the bactericidal activity of antibiotics [120,135].
In Gram-positive bacteria, the interaction of Lf with LTAs induces the loss of surface charge
and membrane integrity, allowing the enzymatic degradation of the peptidoglycan under
the action of lysozyme [122]. Membrane porins play the role of Lf receptors, as the interac-
tion with their receptors is associated with antibacterial activity of this glycoprotein [127].
The existence of two hLf and bLf binding sites on the LPS in the E. coli 055B5 cell wall has
also been described [136]. The iron-chelating function of Lf is connected to the bacteriostatic
activity, though the inhibition is transient as bacterial viability can be reinstated by external
iron supplementation [130-132,134,135]. Bacteria are capable of scavenging iron for several
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vital mechanisms, including nucleic acid and ATP synthesis and O, transport, through
extracellular secretion of siderophores [105,121].

Lactoferricin (LFcin) and lactoferrampin (LFampin) are antimicrobial peptides derived
from the amino terminus of Lf through pepsin digestion [137,138]. These small peptides
possess an o-helical conformation, are amphiphilic molecules, and, similar to the native
protein, have a cationic charge, which explains their antimicrobial activities [120,138]. LFcin
is a 25-amino acid-long peptide (residues 17-41), made out of primarily basic amino acids
such as arginine and lysine, but also hydrophobic amino acids including phenylalanine
and tryptophan [120,121,138,139]. In the LFcin structure, a disulfide bridge stabilizing a
loop region is present, together with an amphipathic a-helix [120,138,139]. In contrast to
the intact protein, LFcin lacks the iron-chelating function [120]. LFampin is spatially close
to LFcin and has been isolated from the Lf N1 domain (amino acids 268-284), although a
longer, more biologically active peptide (residues 265-284) with an N-terminal x-helix has
been described. The helical fragment in their structure has been related to the inhibitory
action of LFcin and LFampin against Gram-positive pathogens [138] (Figure 6).

(A) Lactoferricin (B) Lactoferrampin

Figure 6. Biochemical 3D architecture of lactoferrin-derived peptides: (A) LFcinB, https://www.
resb.org/structure /1LFC (accessed on 16 January 2026) [140]; (B) LFampinB, https://www.rcsb.org/
structure/2MD]1 (accessed on 16 January 2026) [141]. Structures visualized with VMD 2.0 [124].

The inhibitory effects of LFcin on bacterial growth have been extensively studied and
demonstrated on several opportunistic pathogens, including S. aureus, Enterococcus faecium,
P. aeruginosa, and E. coli [137,142-144]. In fact, one study aimed to evaluate the efficacy of the
bLf-derived AMP (LFcinB), LFcinB-derived synthetic peptides, and the native form of bLf
against E. coli growth, pointing to a dose-dependent effect of the native glycoprotein. The
short synthetic peptides had a biological activity at the lowest dose (MIC = 6.2-25 mg/mL),
followed by LFcinB (MIC = 100 mg/mL) and bLf (MIC > 200 mg/mL), reinforcing the
bactericidal function of this Lf-derived AMP [137].

Biofilm formation on viable or non-viable substrates is a determinant of chronic and
persistent infections; thus, the anti-adhesion properties of Lf and Lf-derived AMPs have
been of particular interest for research since the past century [33,130,143,145-147]. The
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presence of iron is crucial for biofilm formation and viability; thus, Lf can reduce the
survival of biofilms by sequestering iron [121]. For example, in P. aeruginosa, Lf prevented
the formation of biofilms by triggering a motility behavior described as ‘twitching’, mainly
related to its iron-binding property. In the absence of iron, the normal attachment of bacteria,
followed by the formation of microcolonies and subsequent biofilms were inhibited [148].
Additionally, independent of its iron-sequestering ability, several species-specific anti-
biofilm mechanisms of Lf have been described in previous in vitro studies. In a bacterial
model of Porphyromonas gingivalis, the anti-proteinase activity of bLf was responsible
for its biofilm inhibitory effect, contrary to its previously documented susceptibility to
proteolysis [147]. In another report, Lf has been portrayed as a potential prophylactic agent
against pneumococcal infections generated by persistent biofilms; the matrix of biofilms
generated by Streptococcus pneumoniae possesses eDNA, which allows the acquisition of
antibiotic resistance genes. The work of Angulo-Zamudio et al. shed light on the DNase
activity of Lf, alongside its ability to prevent adhesion. At physiological concentrations,
bLf eradicated S. pneumoniae biofilms established on inert and cellular substrates, as well
as biofilms formed by MDR S. pneumoniae strains. The DNase function was demonstrated
by the absence of eDNA in the biofilms of the test group compared with the untreated
control [130]. In addition, in S. pneumoniae, it has been presumed that the disruption of
biofilms might be related to bLf inhibiting the gene expression of [uxS, a gene encoding
a virulence factor modulating biofilm formation [149]. The abovementioned anti-biofilm
mechanisms of Lf are summarized in Figure 7.
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Figure 7. The antimicrobial and anti-biofilm effects of Lf are described above. Figure generated using
biorender.com. Adapted with modifications from [33,120,129].

Lf has been proven to be effective in inhibiting the adherence and growth of several
bacterial strains, including E. coli, P. aeruginosa, S. aureus, E. faecium, Vibrio parahaemolyti-
cus, B. subtilis, Streptococcus agalactiae, P. gingivalis, Prevotella intermedia, Helicobacter pylori,
Salmonella enterica, and K. pneumoniae [32,117,130,146,147,150-155]. The effects of Lf and
Lf AMPs on the adhesion of conditionally pathogenic bacteria have been evaluated in
multiple studies with heterogeneous methodology (e.g., MBEC, percentage inhibition,
biomass reduction); these effects are described in Table 2.
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Table 2. Inhibitory effects of Lf and Lf-derived peptides on bacterial biofilm formation.
Bacterial Pathogen Type of Lf Tested Reported Effect Outcome Measure References
Anti-biofilm effect 0.1-2 mg/mL [32]
bLf Biofilm eradication MBEC = 62.5 pg/mL [33]
P. aeruginosa 72.35% biofilm formation inhibition 14 mg/mL [34]
Food Biofilm eradication MBEC = 1250 pg/mL [33]
supplement-derived Lf - HE g
LFcinB Biofilm eradication MBEC =128 uM [153]
L Moderate biofilm inhibition 16 mg/mL [34]
E. coli Biofilm eradication MBEC = 2000 pg/mL
Food - L [33]
supplement-derived Lf Biofilm eradication MBEC = 2000 pg/mL
41.47% biofilm formation inhibition 8 mg/mL [34]
bLf Biofilm mass reduction 1 mg/mL, 10 mg/mL [156]
S. aureus Biofilm eradication MBEC = 2000 pg/mL [33]
bLf hydrolysate 71% biofilm reduction 2.5mg/mL [157]
Food Biofilm eradication MBEC = 2000 pg/mL [33]
supplement-derived Lf - HE
Synthetic LFcinB- o 1 g S
derived peptides 90% biofilm formation inhibition 32 ug/mL [143]
E. faecium bLf Biofilm eradication MBEC = 250 pg/mL
Food o L (33]
supplement-derived Lf Biofilm eradication MBEC = 1250 pug/mL
o Biofilm formation inhibition 0.031 mg/mL, [146]
P. gingivalis bLf 0.5 mg/mL
>80% biofilm formation inhibition >0.625 uM [147]
hLf Biofilm formation inhibition >0.13 mg/mL
P. intermedia bLf Biofilm formation inhibition >0.031 mg/mL [146]
LFcinB Biofilm formation inhibition 0.4 mg/mL
S. pneumoniae bLf Biofilm eradication 40 uM [130]
Apo-hLf: 50% biofilm
. formation inhibition 250 pg/mL (apo- and
5. agalactiae hLf (apo- and holo-) Holo-hLf: 42% biofilm holo-hLf) [158]
formation inhibition
Bacteroides spp. Recombinant hLf Biofilm formation inhibition 12.5 pg/mL [145]
Listeria spp. bLf ~60% biofilm formation inhibition 6 mg/mL [34]
hLf 74% biofilm formation inhibition 125 pg/mL
A. baumannii [159]
bLf 55% biofilm formation inhibition 125 ug/mL
bLf 50% biofilm viability reduction 40 uM
S. enterica bLf-chimera 80% biofilm viability reduction 10 uM [160]
bLFampin 70% biofilm viability reduction 10 uM

Several studies shed light on the ability of Lf to inhibit pathogen adhesion to host
cells, as it is the first step toward initiating an infection [161]. An early study emphasized
the restraining effect of bLf at 16 mg/mL on enterotoxigenic and enteropathogenic E. coli
adhesion to JTC-17 cervical cancer cells [162]. It has also been demonstrated that bLf
mitigates the invasiveness of P. aeruginosa in A549 lung carcinoma cells [161]. In our recent
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paper, we demonstrated a 50% reduction in P. aeruginosa and E. coli adhesion to HCT-8
colon cancer cells when treated with Lf [33].

4.2. Probiotics and Postbiotics
4.2.1. Probiotics—Characterization and Mechanism of Action

E. Metchnikoff (1907) described the concept of beneficial microorganisms for the
first time, while the term “probiotic”, meaning “for life” in Greek, was introduced later
(1953) to describe live microorganisms essential for the proper evolution of biological
systems [163-166]. Currently, the FAO (Food and Agriculture Organization)/ WHO defini-
tion of probiotics is widely accepted: “live microorganisms which, when administered in
adequate amounts, confer a health benefit on the host” [163]. Probiotics are microaerophilic,
non-sporulating bacteria, being part of the normal gut microbiota [163,167,168]. Probiotics
benefit the host via several activities, including modulating immunity and inflammation, as
well as inhibiting pathogen adhesion and mutagenesis under certain conditions [163,169].
Fermented foods, mainly dairy products, pickled products, and meats, are the main source
of probiotics. The most well-characterized and used probiotic genera for human therapeu-
tics include Gram-positive Lactobacillus, Streptococcus, Enterococcus, Pediococcus, Lactococcus,
and Bifidobacterium, as well as the Gram-negative E. coli Nissle 1917 strain, and Saccharomyces
boulardii strains [168,170-172].

Lactobacillus spp. and Bifidobacterium spp. are important constituents of the developing
gut microbiota and are widely used probiotic genera [170,171,173]. Lactobacillus is the
typical representative of Lactic Acid Bacteria (LAB) and is a genus belonging to the Lacto-
bacillaceae family of the Firmicutes phylum [163,170,171]. Several metabolic, competitive,
and antimicrobial mechanisms by which Lactobacillus spp. inhibit pathogenic microor-
ganisms have been described. For instance, Lactobacillus species can inhibit pathogen
attachment and colonization through the production of lactic acid from the metabolism of
hexose carbohydrates, generating acidic conditions [33,36,170]. Additionally, lactobacilli
produce hydrogen peroxide and benzoic acid, blocking the adherence of pathogens that
are catalase-negative and acid-sensitive. Moreover, LAB can produce bacteriocins, attach
to pathogen receptors on susceptible host cells through competitive exclusion, and inhibit
the QS system [166,167,171]. The target microorganisms of LAB include Gram-positive
bacteria (e.g., Clostridium perfringens, Staphylococcus spp., Listeria spp., E. faecium), Gram-
negative bacteria (e.g., E. coli, Salmonella typhimurium, Pseudomonas spp., Campylobacter spp.,
H. pylori), as well as fungi (e.g., Aspergillus niger, Aspergillus flavus, Penicillium roqueforti)
and viruses (e.g., rhinovirus, HIV—Human Immunodeficiency Virus, SARS-CoV-2—Severe
Acute Respiratory Syndrome Coronavirus 2) [163,169,174-176]. In support of their antimi-
crobial properties, probiotics are considered valuable immune modulators by regulating
the balance between pro- and anti-inflammatory cytokines [33,37,177,178]. In a recent study,
we demonstrated that selected LAB strains (Lactobacillus paracasei, Lactobacillus rhamnosus),
either alone or in combination with natural bioactive compounds including nerolidol,
gallic acid, and «-terpineol, significantly modulated cytokine profiles by downregulating
pro-inflammatory mediators (such as TNF-« and IL-6), while enhancing anti-inflammatory
cytokines (including IL-10), highlighting their complementary potential in immune regula-
tion [37].

Several LAB strains inhibited the in vitro adherence of bacterial pathogens to suscepti-
ble cells. Lactobacilli cells can adhere to each other and form aggregates, which generate
barriers and prevent the adhesion of enteric pathogens [179]. Lactobacillus plantarum re-
duced the adhesion rate of E. coli to intestinal cells to 56% [180]. Lactobacillus acidophilus
strains prevented the adhesion of E. coli to Caco-2 and HT-29 colon cancer cells [179].
Additionally, the adhesiveness of E. coli and S. typhimurium to porcine epithelial cells was
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reduced in the presence of Lb. rhamnosus, underlining the protective action exerted by LAB
on intestinal barriers [177].

4.2.2. Postbiotics and Probiotic Metabolites—Characterization and Mechanism of Action

The term “postbiotics” has been defined as preparations of “inanimate microorganisms
and/or their components that confer a health benefit on the host” [181]. Several postbiotics
have been studied for their anti-biofilm action, including cell-free supernatants (CFS),
short-chain fatty acids (SCFAs), cell wall fragments, exopolysaccharides, biosurfactants,
and extracellular vesicles (EVs) [181-185] (Figure 8).

CFS represents the liquid phase of a probiotic culture, obtained after filtration to
remove cells, which contains several metabolites [181,186—189]. It has been observed that
cell-free formulations obtained from Lb. plantarum and Bifidobacterium longum cultures
inhibited biofilm formation of MDR E. coli by 64.57% and 57.94%, respectively [190]. CFS
of LAB are acidic due to the production of several organic acids, depending on the species
and metabolic pathway; thus, the anti-biofilm efficiency of both acidic and pH-adjusted
supernatants has been tested. Lactobacillus casei and Lactobacillus reuteri acidic CFS diluted
by 1/16 reduced preformed biofilms of Proteus mirabilis by 60% and 73%, while they also
blocked the initial bacterial adhesion by 72% and 73%. Neutralized CFS from Lb. casei and
Lb. reuteri diluted by 1/16 inhibited biofilm formation by 39% and 73%, and adhesion by
75% and 73% [35]. CFS from Lactobacillus fermentum, Lb. acidophilus, Lb. plantarum, and Lb.
rhamnosus inhibited adhesion and invasion of methicillin-susceptible S. aureus (MSSA) on
human osteoblast cells, while also suppressing the formation of biofilms [36]. Lb. plantarum
CFS were also proven to eradicate mature biofilms developed by H. pylori [191]. In the paper
by Drumond et al., Lactobacillus johnsonii CFS was the most effective in inhibiting 85% of P.
aeruginosa biofilms when added prior to biofilm formation and co-incubated compared with
the preformed biofilm treatment (76% inhibition) [192]. Another study proved the biofilm
eradication activities of CFS obtained from Lb. plantarum cultures against S. aureus (66.9%),
E. coli (39.73%), coagulase-negative Staphylococcus (27.75%), and P. aeruginosa (7.85%) [166].
Lactobacillus brevis, Lb. rhamnosus, and Lb. plantarum CFS generated a notable anti-biofilm
effect against Gram-positive pathogens, including S. aureus (MBEC = 50%) and E. faecium
(MBEC =0.2-0.39%) [33]. Overall, the anti-biofilm activity of LAB CFS is associated with the
combined action of several postbiotic compounds, including lactic acid, H,O,, bacteriocins,
and additional bioactive metabolites, as follows [181,186-189].

(1) Lactic acid is a hydroxycarboxylic acid, consisting of three carbon atoms, six hydrogen
atoms, and three oxygen atoms [188]. Current evidence suggests that the bactericidal
action of lactic acid is due to the generation of both intracellular and extracellular
acidic conditions, damage to membrane integrity, and alteration of genomic DNA
and QS signaling [193,194]. For example, lactic acid produced by a probiotic Pedio-
coccus acidilactici strain inhibited swarming—-swimming—twitching motility and QS
by blocking the production of homoserine lactone (HSL), which led to the inhibition
of biofilm formation in P. aeruginosa [194]. In addition, the growth and adhesion
suppression generated by Lb. rhamnosus CFS on P. aeruginosa was mainly attributed
to a CFS fraction with a molecular weight lower than 3 kDa, which mostly contained
lactic acid [195] (Figure 9).

(2) HO; is an antimicrobial synthesized by several LAB strains, which causes oxidative
stress, leading to DNA and cell damage and subsequent death [188,196] (Figure 9).

(3) Bacteriocins are AMPs synthesized in the ribosomes of Gram-positive bacteria, in-
cluding LAB, as well as Gram-negative bacteria [186-189,197]. They possess a low
molecular weight and broad-spectrum antibacterial and anti-biofilm mechanisms
against various pathogens [171,188,189,198]. Lantibiotics are an example of well-
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characterized bacteriocins [197]. Their action against bacterial adhesion is justified by
the interference of bacteriocins with the production of extracellular polysaccharides
and the structural dissociation of bacterial membranes through the formation of pores,
occurring both prior to and post-biofilm formation [186,188,189,196,198]. Pathogenic
bacterial membranes are also permeable to bacteriocins, which leads to intracellular
accumulation of bacteriocins, causing DNA damage. According to a recent comprehen-
sive review by Pang et al., Lactobacillus-produced bacteriocins displayed anti-biofilm
activities against S. aureus, E. coli, Salmonella spp., and L. monocytogenes [186]. More-
over, the bacteriocin nisin produced by Lactococcus lactis was described to inhibit
biofilm development of B. subtilis, due to reduced EPS synthesis and bacterial surface
hydrophobicity [183,199,200]. Thermophilin 110, a bacteriocin produced by a Strepto-
coccus thermophilus strain, has displayed anti-Listeria spp. properties [200] (Figure 9).

Catechol and caffeic acid are phenolic compounds with both antimicrobial and an-
tioxidant activities; although they are not representative CFS constituents, but rather
reported bioactive compounds, it has been noted that catechol attaches to the cell
surface, preventing the initial bacterial attachment and development of biofilms [188]
(Figure 9).
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Figure 8. Representative postbiotics produced by LAB and their main mechanisms of action. Figure
generated using biorender.com.

SCFAs comprise acetate, propionate, and butyrate produced during intestinal bacterial

fermentation, which have been proven to impact bacterial virulence and biofilm develop-
ment [188]. Butyrate and propionate modulated the QS mechanism, biofilm formation,
and motility of S. enterica serovar Typhimurium (S. Typhimurium). Butyrate reduced the
swimming motility in S. Typhimurium. Both SCFAs reduced the biofilm metabolic activity,
while they also prevented pathogen adhesion and invasion into intestinal cells [201].
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Figure 9. Mechanism of anti-biofilm action of LAB metabolites, as described above. Figure generated
using biorender.com. Adapted with modifications from [188,196].

LTAs of Gram-positive bacteria are an example of cell wall fragments that possess
biofilm inhibitory activities [181,187]. LTAs are amphiphilic glycolipids and major structural
components of the Lactobacillus cell wall, contributing to bacterial proliferation, surface
adhesion, and biofilm formation [187]. LTAs from four Lb. plantarum strains had strain-
dependent effects on dental pathogens such as E. faecalis, Streptococcus gordonii, and S.
mutans. Lb. plantarum LRCC 5310 LTA was the most effective against biofilms generated by
all pathogens, suggesting the potential use of this cell wall component for the prevention
of dental infections [202].

Exopolysaccharides are high-molecular-weight, long-chain polymers synthesized dur-
ing LAB growth [181,183,189,198]. The anti-biofilm effect of exopolysaccharides can be justi-
fied by their in vitro interference with cellular communication by binding to surface biofilm
signaling molecules or glycocalyx receptors of bacterial pathogens [183,189,198]. The anti-
biofilm properties of exopolysaccharides produced by several Lactobacillus species have
been demonstrated against an array of Gram-positive and Gram-negative pathogens [203].
In addition, the paper by Tarannum et al. shed light on the multiple bioactive properties
of Lb. fermentum exopolysaccharides, such as antioxidant, anti-inflammatory, antimicro-
bial, and anti-biofilm. The exopolysaccharides were more effective in mitigating biofilms
produced by S. aureus (76.61%) compared with E. coli (13.64%) [204].

Biosurfactants are amphiphilic compounds that prevent bacterial adhesion through
LPS binding and reduce the hydrophobic character of the cell surface [183,196]. Biosur-
factants, given their amphiphilic nature, can prevent initial adhesion through altering the
forces stabilizing the interactions between the bacteria and the substrate; in addition, these
compounds have been reported to interfere with the QS network and dissociate established
biofilms in several bacterial models [182,183,205,206]. In this sense, the QS-inhibitory ac-
tion of the Lb. rhamnosus biosurfactant has been demonstrated by perturbation of HSL
and violacein in Chromobacterium violaceum, and in P. aeruginosa, by reducing pyocyanin
levels. Exopolysaccharide synthesis and swarming motility were suppressed in C. violaceum
(61.13%) and P. aeruginosa (53.11%), with an overall biofilm formation inhibition of 68.12%
and 59.80%, respectively [205]. In a similar manner, Lb. acidophilus biosurfactants were
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anti-virulent since they mitigated the synthesis of violacein in C. violaceum, prodigiosin
in Serratia marcescens, and pyocyanin in P. aeruginosa. The biosurfactants also reduced
exopolysaccharides production, swimming motility, as well as biofilm formation [207].
Additionally, Lb. rhamnosus biosurfactants were reported to disrupt preformed biofilms
of S. aureus (55.77%), P. aeruginosa (59.78%), E. coli (66.65%), and B. subtilis (70.49%) at
concentrations between 12.5-50 mg/mL [206].

Extracellular vesicles (EVs), increasingly recognized as components of postbiotics, are con-
sidered contributors to the inhibitory activity associated with probiotic strains [184,208,209].
EVs are produced by prokaryotic cells, including probiotics, as well as eukaryotic cells
and comprise spherical lipidic particles with a size of 20400 nm [185,208-211]. Initially,
Gram-negative bacteria were considered the sole producers of EVs, considering the struc-
tural resemblance of EVs to the outer membrane, while EVs have also been identified in
Gram-positive microorganisms, including LAB (Lb. plantarum, Lb. paracasei, and Lb. rhamno-
sus) [33,184,212-215]. EVs released by LAB support host health by being carriers of bioactive
molecules with antimicrobial and immunostimulatory properties [184,209,211-213,216,217].
By the delivery of these compounds, coupled with competitive exclusion of pathogens,
EVs from Lactobacillus strains can hinder adhesion of opportunistic bacteria to susceptible
host cells [184]. EVs derived from probiotic bacteria have demonstrated activity against
a range of microorganisms, including both Gram-positive and Gram-negative species, as
well as biofilm-forming pathogens. In this sense, the antibacterial properties of EVs have
been previously studied, displaying inhibitory activities against pathogens including She-
wanella putrefaciens, Propionibacterium acnes, and S. aureus. In addition to direct antimicrobial
effects, EVs can modulate host immune responses, including the regulation of cytokine
production, such as promoting the release of anti-inflammatory cytokines and blocking the
synthesis of pro-inflammatory cytokines [184,213,214,218-220]. Collectively, this evidence
highlights EVs as multifaceted postbiotics with potential relevance in both antimicrobial
and anti-biofilm strategies.

4.3. Classes of Natural Anti-Biofilm Compounds (Terpenoids, Phenolic Acids, Flavonoids, Alkaloids)

In recent years, plant-derived bioactive compounds have gained attention due to their
promising inhibitory effects on bacterial pathogenesis and biofilm development. The thera-
peutic potential of medicinal plants is largely attributed to their rich repertoire of secondary
metabolites, which exhibit significant chemical and structural diversity and are responsible
for a wide range of biological activities. The use of medicinal plants has historically been
rooted in traditional therapeutic practices, and contemporary research has increasingly
validated this empirical knowledge by elucidating the molecular mechanisms underlying
their bioactivity, thereby confirming their role as a major source of pharmacologically active
agents [221-223].

Indeed, more than 80% of currently available drugs are either directly derived from
or inspired by natural compounds. However, despite their extensive biological potential,
only a limited number of phytochemicals such as capsaicin, codeine, colchicine, paclitaxel,
and reserpine have received regulatory approval for clinical use by the U.S. Food and Drug
Administration (FDA) [38,222,224].

Phytochemicals, also known as phytobiotics, phytogenics, or botanicals, can be broadly
classified into two categories: primary plant metabolites, such as carbohydrates, lipids,
proteins, vitamins, enzymes, and pigments, which are essential for basic cellular func-
tions, and secondary plant metabolites, which play crucial roles in plant adaptability and
survival [39,225].

These secondary metabolites contribute to defense against pathogens and environ-
mental stressors. Among these secondary metabolites, six major groups of phytochemicals
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have been recognized for their significant anti-biofilm potential, highlighting their rele-
vance as alternative or adjuvant therapeutic agents for combating BAls: alkaloids, terpenes,
flavonoids, saponins, phenolic acids, tannins, and volatile oils (Table 3) [38,226].

Furthermore, plant-derived bioactive compounds exhibit remarkable structural di-
versity, which supports their broad spectrum of pharmacological properties. In addition
to their anti-biofilm activity, these compounds display antioxidant, immunomodulatory,
anxiolytic, larvicidal, and anticancer effects through multiple, often complementary, mech-
anisms [4,37,222,227]. Moreover, the incorporation of natural bioactive compounds into
dietary supplements, functional foods, and cosmeceutical products highlights their growing
relevance in preventive healthcare strategies and wellness products [223].
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Table 3. Overview of natural bioactive compounds classes, their chemical characteristics, biofilm-associated target pathogens, and mechanisms of anti-biofilm action.

Class of Natural Compound

Representative Examples

Major Targeted

Biofilm-Forming Pathogens

Anti-Biofilm Strategies

References

Alkaloids
Organic heterocyclic nitrogen
derivatives (amines)

Caffeine,
capsaicin,
quinine,
berberine,
piperine,
hordenine,
solanine,
tomatine

S. aureus (including MRSA)
S. mutans

E. faecalis

Listeria spp.

Bacillus spp.

E. coli

P. aeruginosa

Efflux pumps inhibition;

Suppression of DNA replication, transcription, and
translation;

Disruption of QS systems by downregulating
QS-related genes (involved in Als synthesis, biofilm
maturation, and motility);

Inhibition of virulence factor expressions (including
intercellular adhesion-associated genes) and key
enzymatic activity;

Reduction of biofilm-associated metabolites leading to
disintegration of biofilm integrity;

Impairment of adhesion and EPS production;
Destabilization of cell membrane integrity.

[27,28,190,192-198]

Terpenoids/Terpenes
(isoprenoids)
Natural isoprenoid derivatives

Monoterpenes: 53%

camphor, eucalyptol, limonene, linalool,

terpineol, - and p-pinene
Diterpenes: 1%

retinal, retinol, phytol, carnosic acid;

Triterpenes:

squalene, lanosterol, oleanol, betulin

Tetraterpenes:

lycopene, a- and b-carotenoids, zeaxanthin

Polyterpenes: 18%

natural rubber—cis-polyisoprene, gutta-percha,

natural latex

S. aureus (including MRSA)
S. typhimurium

E. coli

B. cereus

P. aeruginosa

Streptococcus pyogenes

Membrane destabilization mediated by the lipophilic
components;

Inhibition of virulence factor expression;

Increased membrane permeabilization;

EPS matrix degradation;

Interference with QS pathways;

Suppression of genes involved in biofilm regulation;
Eradication of pre-established biofilms.

[27,28,190,198,199]

Flavonoids
Polyphenolic compounds

Flavones:

luteolin, diosmetin, chrysin, apigenin

Flavonols:

quercetin, myricetin,
rutin, kaempferol
Flavanones:
hesperetin, naringenin
Flavanols:

catechin, epicatechin,
epigallocatechin
Isoflavones:

daidzin, genistein
Anthocyanins
cyanidin, peonidin

S. aureus

E. coli

P. aeruginosa
H. pylori

Modulation of QS pathways — suppression of biofilm
development, reduced motility, decreased EPS
production, and downregulation of virulence-associated
phenotypes;

Repression of the psIA gene — reduced the synthesis of
AHL, interfering with the QS system;

EPS matrix degradation;

Prevention of microbial adhesion to biotic and abiotic
surfaces;

Inhibition of efflux pump systems.

[27,28,190,198-200]
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Table 3. Cont.

Class of Natural Compound

Representative Examples

Major Targeted
Biofilm-Forming Pathogens

Anti-Biofilm Strategies

References

Phenolic acids
Aromatic derivatives with a
hydroxyl or carboxyl group

Cinnamic acid,
benzoic acid,

ferulic acid,

coumaric acid,

caffeic acid,

salicylic acid,

gallic acid,
p-hydroxybenzoic acid

S. aureus

S. mutans

E. coli

P. aeruginosa

L. monocytogenes
P. mirabilis

Inhibition of QS through reduced Als production,
disrupting microbial intercellular communication;
Repression of EPS synthesis and biofilm matrix
assembly;

Membrane destabilization via alterations in membrane

potential;

Metal ion chelation (e.g., Ca?*, Fe?*, /Fe®") impairing

enzymatic and metabolic functions;

Attenuation of microbial adhesion through
upregulation of the regulatory gene icaR;
Suppression of virulence-associated gene expression

(gtfB, gtfC, gtfD) involved in biofilm development and

pathogenicity.

[27,28,190,198-204]

Saponins
Chemical derivatives that contain a
sapogenin compound

Triterpenoid saponins:

ginsenosides, glycyrrhizin, asiaticoside, aescin

Steroidal saponins:

dioscin, protodioscin, glycyrrhizin

S. aureus

E. coli
Cutibacterium acnes
Candida albicans

P. aeruginosa PAO1

Prevention of cell aggregation, surface attachment, and

biofilm formation;

Repression of EPS biosynthesis;
Downregulation of genes involved in biofilm
development and maintenance;

Anti-QS activity;

Inhibition of virulence factor production;
Disruption of cell membrane integrity.

[28,190,205-212]

Tannins
High molecular weight polyphenols

Condensed tannins:

tannic acid, ellagic acid
Hydrolysable tannins:
epigallocatechin gallate—EGCG
Complex tannins:

castalagin, vescalagin

Staphylococcus spp.
Pseudomonas spp.
Streptococcus spp.
S. typhimurium

E. coli

Inactivation of microbial adhesins, disruption of
enzymes, and biosynthesis of cell wall-associated
proteins;

Downregulation of attachment-related genes (agrA,
icaA, icaD);

Interference with QS regulatory RNAs;

Inhibition of efflux pump systems;

Disruption of cell membrane integrity.

[27,28,190,199,213,214]
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4.4. Mechanisms Underlying the Anti-Biofilm Effects of Natural Compounds

Plant-derived secondary metabolites, including phenolic compounds (such as phenolic
acids, quinones, flavonoids, flavones, flavonols, tannins, and coumarins) as well as essential
oils, terpenoids, lectins, alkaloids, polypeptides, and polyacetylenes, exhibit strong anti-
biofilm activity through multiple complementary mechanisms. These compounds interfere
with key stages of biofilm development by inducing substrate deprivation, disrupting cell
membranes, and interacting with essential cellular targets, including proteins and nucleic
acids [24].

At the molecular level, phytocompounds penetrate the biofilm matrix and induce
structural alterations by forming microchannels and micropores within the EPS matrix,
thereby facilitating their diffusion throughout the biofilm (Figure 10(1)). Once internalized,
these compounds exert their effect by damaging the cell wall and interacting with bacte-
rial cell wall proteins (Figure 10(2)), thereby destabilizing the phospholipid bilayer and
increasing membrane permeability (Figure 10(3)) [228]. This process leads to intracellular
accumulation of bioactive molecules [229] (Figure 10(4)), leakage of cytoplasmic contents
(Figure 10(5)), particularly ions, disruption of essential membrane functions, and ultimately
cell lysis and death by affecting multiple biological processes such as gene regulation, ionic
balance, and altering signaling pathways [230].

@ Replication

R 0 Alteration of Impairment of
@ @ DNA damage % N @ QS systems @ATPaze activity
Q ) -
Leakage of — o z < — 1
cytoplasmic XNAREB, Transcription SRS @ED;EPSE;::; JE—
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. iy penetration of ~
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Figure 10. Major anti-biofilm mechanisms of phytoconstituents. Plant-derived compounds exert their
effects through distinct modes of action, collectively influencing biofilm architecture, microbial cell
structure, and key metabolic and regulatory processes, as illustrated in panels (1-15) and described
above. Figure generated using biorender.com. Adapted with modifications from [227].

In parallel, phytochemicals can lead to alteration of DNA and RNA and inhibit
key enzymatic processes involved in DNA replication, transcription, and translation
(Figure 10(6-10)). These effects result in the suppression of gene expression, intracel-
lular metabolism, and cellular proliferation. Their interference with translation and the
consequent inhibition of protein synthesis further reduces EPS production [231], virulence
factor expression, and QS autoinducer synthesis, compromising QS systems (Figure 10(11))
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and ATPase activity [232-234] (Figure 10(12)), thereby impairing cell coordination and
consequently biofilm maturation and community organization.

Moreover, plant-derived compounds display significant anti-biofilm effects by in-
terfering with microbial adhesion through surface anti-adhesive mechanisms, thereby
preventing early biofilm formation and decreasing the risk of BAls [22,227]. Furthermore,
natural compounds can inhibit efflux pump systems by disrupting proton gradients, lead-
ing to impaired efflux pump activity and enhanced intracellular retention of antimicrobial
substances [232,235] (Figure 10(13)). In addition, increased membrane permeability facil-
itates intracellular penetration of antimicrobial agents (Figure 10(14)). Additionally, by
repressing genes encoding structural components of pili, flagella, and curli (Figure 10(15)),
phytochemicals reduce microbial motility, intercellular aggregation, and biofilm disper-
sion [24,227,236].

Collectively, these multifaceted mechanisms underscore the strong potential of plant-
derived compounds as effective anti-biofilm agents, targeting both the biofilm matrix and
embedded microbial cells, and thus contributing to the prevention of biofilm formation and
the eradication of mature biofilms. In addition, their generally low cytotoxicity, high con-
sumer acceptability, and ability to overcome or limit AMR make them attractive candidates
for applications in the food industry, topical formulations, and oral hygiene products [4].

The anti-biofilm activity of natural compounds can be conceptualized as a hierarchical,
multilevel process that involves coordinated actions at the matrix, cellular, and regulatory
levels of biofilm organization (Table 4).

a. Matrix-level anti-biofilm mechanisms

At the matrix level, plant-derived compounds primarily target the structural integrity
of the biofilm by disrupting the EPS. These compounds can penetrate the biofilm matrix
and induce structural alterations by forming microchannels and micropores within the
EPS, thereby facilitating their diffusion throughout the biofilm. Additionally, several
phytochemicals reduce EPS and alginate production, leading to impaired matrix assembly
and decreased biofilm stability [22,227,228]. These effects collectively weaken the physical
barrier function of the biofilm and enhance the susceptibility of embedded cells.

Moreover, phytochemicals interfere with microbial adhesion, which represents the
initial and critical step of biofilm formation, by inhibiting the synthesis and expression
of adhesins and surface-associated proteins. This effect is mediated, in part, through the
downregulation of genes involved in adhesion processes, such as the ica operon, thereby
preventing surface attachment in early biofilm development [237].

b. Cellular anti-biofilm mechanisms

At the cellular level, phytochemicals directly compromise microbial cell integrity and
metabolism. They interact with microbial cell walls and membranes, destabilizing the
phospholipid bilayer and increasing membrane permeability. This leads to intracellular ac-
cumulation of bioactive compounds, leakage of cytoplasmic contents, disruption of proton
gradients, and impairment of efflux pump systems. Additionally, several compounds in-
hibit key metabolic enzymes and ATPase activity, thereby reducing energy production and
promoting cell death [228,229,232,235]. Moreover, several phytochemicals directly interact
with nucleic acids and key intracellular enzymes, inducing DNA and RNA damage, and
inhibiting essential processes such as DNA replication, transcription, and translation. These
effects suppress intracellular metabolism, inhibit cellular proliferation and division [231].

c.  Regulatory anti-biofilm mechanisms

At the regulatory level, natural compounds modulate genetic and signaling pathways
that coordinate biofilm development and community behavior. Inhibition of QS systems
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by suppressing Als production and blocking Als-receptor interactions downregulates QS-
controlled traits such as virulence factor expression, EPS biosynthesis, and motility, thereby
impairing biofilm maturation and stability [232-234].

Despite the large number of phytochemicals reported to inhibit biofilm formation, only
a limited subset has been investigated at the molecular level, with most studies restricted
to phenotypic observations such as reduced biomass or EPS production (Table 4).

The antimicrobial and anti-biofilm activity of natural bioactive compounds against
biofilm-forming pathogens is commonly quantified using four parameters: MIC, MBC,
MBIC, and MBEC. MIC and MBC values constitute valuable parameters that provide
insight into the intrinsic antimicrobial potency of the investigated phytochemicals against
planktonic cells, which serves as a relevant reference framework for interpreting their anti-
biofilm activity. Given that biofilm-associated microorganisms display markedly enhanced
tolerance compared with their planktonic counterparts, comparison of MIC/MBC with
MBIC /MBEC values enables assessment of the concentration required to inhibit biofilm
formation or eradicate established biofilms. The inclusion of both planktonic and biofilm-
related parameters facilitates a more comprehensive characterization of the antimicrobial
profile of each compound [238].

Representative anti-biofilm phytoconstituents, their corresponding antimicrobial and
anti-biofilm activity values, and their principal mechanisms of action are summarized in
Table 4.
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Table 4. Anti-biofilm activity, effective concentrations, and mechanisms of action of natural bioactive compounds against clinically relevant pathogens.
Compound Pathogen Targeted MIC/MBC/MBIC/MBEC Anti-Biofilm Mechanism of Action References
L . MIC =128 pug/mL Inhibition of EPS and alginate production;
Naringin P. aeruginosa MBC =128 pg/mL Disruption of mature biofilm. (23]
. S. epidermidis _ Decreased the synthesis of EPS and altered the
Quercetin ATCC 35984 MBIC = 0.25-0.5 mg/mL composition. [240]
S. aureus _ Reduced the production of intracellular adhesins and )
Thymol MRSA TCH1516 MBIC = 64 pg/mL eDNA released. [241]
Inhibition of the initial adhesion stage and eradica-
Matrix-level anti-biofil Tea catechin tion of established biofilms; disrup-
atrix- evl(: anti-biofiim epigallocatechin P. gingivalis 381 MBIC =500 mg L1 tion of the cell wall and cell membrane by produc- [242]
mechanisms gallate tion of hydrogen peroxide within the phospholipid bi-
layer.
Quercetin MBIC =10 pg/mL . L .
— S. aureus strains (C104, V858 Prevention of the assembly of Biofilm-associated pro-
Myricetin newman-ba ) ’ » MBIC =10 pg/mL teins (Bap)-related amyloid-like structures lead- [243]
Scutellarein P MBIC = 5 pg/mL ing to inhibition of biofilm development.
Epigallocatechin Shigella flexneri _ Suppression of the mdoH gene, preventing the EPS "
gallate ATCC 12022 MBIC =50 g /mL production. [244]
EPS matrix degradation; decreased EPS production;
Rosmarinic acid C. albicans MBEC = 0.4 mg/mL Reduced mitochondrial activity; [245]
Inhibiting the production of enzymes.
Decreased eDNA release, inhibited the synthesis of
Geraniol S. aureus intracellular adhesins, staphyloxanthin production;
o . ) MBIC =256 ug/mL downregulation of genes involved in virulence factor [246]
(>98% HPLC purity) MRSA ATCC production and biofilm development (sarA, fubA, fnbB,
Cellular-level anti-biofilm clfA, icaA, icaB, atlA, crtM).
mechanisms Inhibition of the enzyme function of WrbA, which is
Ellagic acid E. coli BW25113 MBIC =50 uM involved in biofilm formation, modulation, and ROS [247]
release.
Regulating the expression of the ica
Gallic acid S. aureus MBIC =2 mg/mL operon—suppression of icaA and icaD genes (leading [248]

to decreased adhesin expression and impaired EPS
synthesis).
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Table 4. Cont.
Compound Pathogen Targeted MIC/MBC/MBIC/MBEC Anti-Biofilm Mechanism of Action References
Suppression of QS regulatory genes lasl, lasR, rhll, rhiR;
Hordenine P. aeruginosa MIC =2.5mg/mL Inhibition of HSL production, leading to disruption of [249]
intercellular communication.
Downregulation of biofilm-associated gene sarA,
. o 1 _ fibronectin-binding protein fnbA, fnbB,
Regulatlon—l}e\vel. anti-biofilm Hesperidin S aureus MBIC =100 pg/mL staphyloxanthin production crtM, autolysin altA, (250]
mechanisms polysaccharide intracellular adhesion gene icaD, icaA.
. o L P. aeruginosa PA14 Anti-QS activity by downregulating lasI/lasR systems
Curcumin (95% from turmeric rhizome) B. subtilis ATCC 6051 Conc. of 2.5to 5 pg/mL and lixS/AL2 system. [251]
Berberine S. aureus MRSA MBIC = 32 pg/mL Downregulation of the key dispersal regulator agrd [252]
leads to impaired biofilm dispersal.
E. faecalis 188 (isolated from
Nerolidol Hiflradenitis Suppurativa MBEC = 0.25 mg/mL Nerolidol may disrupt or eradicate established [37]
lesions) biofilms due to its hydrophobic nature, the length of
P. aeruginosa LMB303 its aliphatic chain, and the presence of a hydroxyl
) S. aureus LMB403 functional group. Furthermore, a decrease in EPS
Nerolidol S, aurews LMBA09 Conc. of 0.5 to 4 mg/mL production has been observed. [221,253]
K. pneumoniae LMB309
MBEC = 0.5 mg/mL Gallic acid potentially disrupts the QS system by
N.D. Gallic acid (efficient on P. aeruginosa ~ suppressing AHL synthesis and increasing membrane
not determined biofilm) permeability, which promotes Ca efflux, intracellular
) content leakage, and cell death; its ability to chelate
c . P aeruginosa CIP4.83 Conc. of 0.5 mg/mL—no  metalions (e.g., Ca and Fe) may disrupt membrane [230]
ureamim 5. aureus CIP103.467 eradication properties protein function and cellular metabolism.
MBEC = 0.5 me/mL Carvacrol may permeabilize and depolarize microbial
. ! 8 membranes, leading to the leakage of intracellular
Carvacrol (efficient on S. aureus
- contents and eventual cell death.
biofilm)
Carvacrol E. coli MBIC = 0.6 mg/mL; Potential mechanisms include disruption of QS sys- [254]

MBIC = 1.2 mg/mL

tems and interference with EPS production.
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4.5. Synergism Between Natural Bioactive Compounds and/or Antibiotics/Antimicrobial Strategies
4.5.1. Synergistic Interactions Among Natural Bioactive Compounds

The global health burden exerted by the dissemination of MDR bacterial strains and
the consequent persistent infections as a result of biofilm formation, especially on medical
devices, reinforces the need to implement novel anti-biofilm strategies [33,43].

In recent years, increasing attention has been directed toward synergistic combina-
tions of natural and synthetic therapeutic agents as a strategy to improve anti-biofilm
efficacy [255]. Synergy refers to the interaction between two or more agents that results in a
combined effect greater than the sum of their individual effects. Synergistic antimicrobial
effects might be due to mechanisms such as increased membrane permeability, targeting of
multiple cellular pathways, or enhancement of antimicrobial uptake.

Several studies have explored synergistic interactions involving lactoferrin and whole
LAB cells, as well as their metabolites, such as bacteriocins or CFS. For instance, the prebiotic
activity of Lf on LAB strains, as well as the antimicrobial action of the bL{-LAB combination,
has been reported, underlining a notable growth inhibition effect [126,173]. In combination
with nisin, Lf improved the activity of this bacteriocin against Gram-negative bacteria. Lf
could increase the permeability of the bacterial outer membrane and cell wall, so nisin
could penetrate the inner membrane. The combination of 500 ug/mL Lf and 250 IU/mL
of nisin was effective against E. coli, while 500 ug/mL Lf and 10 IU/mL of nisin inhibited
the multiplication of L. monocytogenes [256]. Additionally, the bLf/nisin mixture inhibited
P. aeruginosa biofilms by 79.70%, compared with the inhibition caused by the compounds
individually (58.02% and 30.34%, respectively). The combined treatment also reduced
pyocyanin production to 0.85 ug/mL, as opposed to the production of pyocyanin in the
presence of bLf (1.84 ng/mL) and nisin (2.62 pug/mL) alone. The results might indicate
an anti-virulence property of the bLf/nisin treatment, explained by the destabilization of
virulence pathways mediated by QS mechanisms [40].

In line with these observations, our recently published preliminary study aimed to
evaluate the inhibitory action of purified bLf, commercial food supplement-derived Lf,
alone or combined with CFS obtained from Lb. rhamnosus, Lb. brevis, and Lb. plantarum
cultures, against the growth and adhesion of several opportunistic bacterial strains. With
respect to the effect of the combination of commercial Lf and LAB CFS on adhesion to inert
substrates, the anti-biofilm activity was greater, especially against Gram-positive pathogens.
In fact, a complementary effect between Lf and CFS was observed, as the concentration of
Lf required to achieve an inhibitory effect was significantly lower when CFS was added
compared with Lf individually. These results support the potential applications of Lf
and CFS-based decontamination methods of biofilms developed on medical devices, thus
limiting persistent infections. In terms of bacterial adhesion to the cellular substrate
comprising HCT-8 human intestinal cells, the anti-adhesion effect of Lf was potentiated by
the addition of LAB CFS, while the combination of the CFS of Lb. rhamnosus and Lf exerted
an enhanced effect. These results suggest the potential prophylactic and therapeutic use of
Lf and LAB CFS, considering their ability to hinder pathogen adhesion to susceptible host
cells, preventing the onset of an infection [33]. Similarly, a previous paper by Chen et al.
also highlighted the synergism between apo-bLf and Lb. fermentum supernatants against
the growth of methicillin-resistant S. aureus (MRSA) [126]. The underlying mechanisms are
likely multifactorial and include membrane interactions, iron sequestration by Lf, and the
activity of CFS-derived bioactive compounds, such as organic acids, bacteriocins, and other
antimicrobial metabolites. These compounds can exert their effects on the cell surface or
inside the biofilm matrix, without necessarily requiring intracellular penetration. These
findings support the potential of Lf-based combinations as complementary strategies to
enhance antimicrobial and anti-biofilm activity.
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The use of LAB-derived fractions such as CFS, cellular suspensions (CS), or cellular
lysates, in combination with natural bioactive compounds, is an emerging and highly
promising strategy in wound healing applications. These LAB-based systems are rich in
bioactive molecules, which exhibit antimicrobial, anti-biofilm, and immunomodulatory
properties. The use of LAB-derived supernatants and cellular lysates represents a safer
and more stable alternative to viable probiotics, particularly in wound healing applica-
tions where the use of live bacteria may be limited. In parallel, plant-derived bioactive
compounds are widely recognized for their anti-inflammatory and antioxidant properties.
The combination of LAB-fractions and plant-derived compounds may act synergistically,
particularly in the context of chronic wounds, where biofilm formation and persistent
inflammation impair the healing process, with each component potentially acting as an
adjuvant to enhance the overall therapeutic effect. Available evidence suggests that this bidi-
rectional interaction could represent an effective approach for modulating skin microbiota,
improving infection control, promoting tissue regeneration processes, including fibroblast
proliferation, collagen deposition, and angiogenesis. For instance, Kaur et al. reported that
a wound dressing incorporating Lb. plantarum UBLP-40 (MTCC 5380) and curcumin-loaded
nanoparticles significantly reduced biofilm formation of S. aureus 9144 and accelerated
wound closure, while decreasing levels of TNF-&, matrix metalloproteinase-9 (MMP-9),
and lipid peroxidation (LPO) [41].

Similarly, another recent study demonstrated that the combination of Lb. rhamno-
sus-derived CFS and sandalwood essential oil at sub-inhibitory concentrations exhibited
anti-adhesion effects against both Gram-positive (S. aureus) and Gram-negative (Morganella
morganii) strains. This suggests a potential adjuvant role of LAB-derived fractions and
natural resources in reducing bacterial adhesion and preventing early-stage biofilm forma-
tion [257].

By combining multiple LAB strains, it is presumed that they can potentiate each
other’s beneficial actions or antimicrobial mechanisms. Thus, the inhibitory action of
various LAB combinations has been evaluated against MDR Staphylococcus isolates. The Lb.
acidophilus, Lb. casei and Lb. plantarum consortium inhibited the growth of these isolates by
85%, exhibiting a higher antimicrobial effect compared with LAB strains individually [258].

Organic acids used as antimicrobials with common applications in food preservation
include lactic acid, acetic acid, citric acid, butyric acid, and malic acid. The individual
organic acids, as well as their combinations, reduced E. coli biofilm cell viability by 90%.
The most efficient antimicrobial action was noted in the case of the mixture between three
organic acids: lactic, acetic, and either malic, citric, or butyric acid, compared with the
lactic-acetic acid treatment. The three-acid combination also induced a better cell membrane
permeabilization and intracellular contents leakage as opposed to the acids alone [259].

However, despite their promising potential, studies investigating such combinations
remain limited, highlighting the need for further research to elucidate their mechanisms of
action and optimize their therapeutic applications.

Given the structural and functional heterogeneity of biofilms, the combination of phy-
toconstituents that exert distinct anti-biofilm mechanisms is increasingly being investigated
as a strategy to achieve effective biofilm control and eradication. The combined use of
natural compounds has been shown to enhance anti-biofilm efficacy by targeting both
early-stage adhesion processes and disrupting sessile cells within established biofilms. This
supports the concept that the biological activity of plant extracts arises primarily from
complementary, potentially synergistic interactions among their constituent molecules
rather than from the action of individual compounds. Such interactions highlight their
potential as novel anti-biofilm agents or adjuvants to conventional antimicrobial thera-
pies [38,223,260,261].
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The Fractional Inhibitory Concentration Index (FICI) is widely used as a quantitative
parameter for evaluating interactions between antimicrobial agents. Based on FICI values,
interactions are commonly classified as synergistic (S; FICI < 0.5), additive (or independent
interaction) (Ad; 0.5 < FICI < 4.0), or antagonistic (FICI > 4.0) [38,262]. However, it
should be noted that the reference thresholds used for the interpretation of these interaction
categories may vary across studies, depending on the experimental design and the criteria
adopted by different authors, reflecting methodological variability.

To determine the FICI, the fractional inhibitory concentration (FIC) of each compound
must first be calculated. For two compounds, the FIC is defined as the ratio between
their MIC in combination and their MIC when used alone. The overall FICI is obtained
by summing the FIC values of both compounds, providing a quantitative measure of
their interaction.

Additionally, fractional bactericidal concentration (FBC) is calculated using the same
approach as FIC, by replacing MIC values with MBC values. The resulting fractional
bactericidal concentration index (FBCI) is interpreted using the same interaction criteria
as FICI, classifying interactions as synergistic, additive, or antagonistic [42,262,263] (https:
/ /www.eucast.org/clinical_breakpoints/, accessed on 26 January 2026).

Table 5 summarizes combinations of natural bioactive compounds with anti-biofilm
activity against clinically relevant pathogens, including the concentrations used to inhibit
or eradicate biofilms, their combined effects, and potential mechanisms of action.
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Table 5. Combinations of natural bioactive compounds with anti-biofilm activity against clinically relevant pathogens.
Combination Treatment Targ(le\slqd Biofilm-Forming Individual Compound Quantitative Anti-biofilm Potential Synergistic Mechanisms Experimental/Clinical References
icroorganisms Activity Effect Relevance
S. aureus MRSA Terpinen-4-ol: . Membrane destabilization;
Terpinen-4-ol (CIP10742) _ RN — 0.093-0. e Impairment of EPS production; In vitro activity against
ofrle in?;leolo(lz)—'l) E. coli (CIP53.126) xl-?er ?felof'SO Yo FSICrIwr 01333 a(():t?i)zgty) ° Inhibition of motility and ESKAPE-associated [31]
p : P. aeruginosa (CIP82.118) MIC :PO 15-2.50% yners protease activity; pathogens
Monospecies biofilms : e QS interference.
Gallic acid exhibits
. L anti-adherence activity,
Gallic acid + Carvacrol Mono—a]r;.d flfl al—spgzaes I\G/Ialglc_azcgdm /mL 3.7-5.4 log reduction destabilizing the biofilm matrix,
(0.5-2.0 mg/mL and mature biofilms of 5. o & (dual-species biofilms; enhancing carvacrol diffusion In vitro wound biofilm model ~ [217]
aureus and P. aeruginosa Carvacrol: . €
0.5-5.0 mg/mL) (2:1) MIC =0.128-2.0 mg/mL (conc. 0.5-2.0 mg/mL) and activity — membrane
disruption, cellular leakage, and
cell death.
Thymol: FICI = 0.50 e Dual Membrane disruption;
Thymol + Carvacrol Monospecific biofilms of S.  MIC = 256-2048 ug/mL S nereistic activit ) o Increased cell permeability; In vitro treat- [246]
(1 /4 x MIC) aureus MSSA ATCC 6538 Carvacrol: Y o & . L. y ° Lipid bﬂayer damage — biofilm ment model for BAIs
~74.6% biofilm removal . A .
MIC = 128-1024 pg/mL integrity disruption.
e Membrane targeting effects via
Monospecific biofilms of a-Terpineol: hydrophobic interactions — In vitro (Potential thera-
a-Terpineol + Nerolidol . . mean MBEC = 1000 pg/mL _ increased permeability and cell peutic ap-
(1:1)—1 mg/mL EHSC)O /i 82 (isolated from Nerolidol: MBEC =7.8125 ug/mL lysis—attributed to nerolidol. proach for chronic wound man- [26]
mean MBEC = 1000 pg/mL e QS inhibition—associated with agement)
a-terpineol.
Linalool FICI = 0.50 . Synergistic membrane
inalool: P . ) . . . .
. . e (Synergistic activity) disruption; In vitro (potential topi-
Carvacrol + Linalool EOlyrEilggl)ﬁi:l Gardnerella g;g/;C%OZIS 5 uL/mL ~50% biomass reductionat e  Enhanced penetration; cal application for treat- [222]
pp- y sub-MIC concentrations e  Destabilization of biofilm matrix ~ ing bacterial vaginosis)

MIC =0.16-5 pL/mL

(0.02-0.32 uL./mL)

and cellular integrity.
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4.5.2. Synergistic Combinations Between Natural Bioactive Compounds and
Antibiotics/ Antimicrobial Strategies

Considering the potential of Lf and Lf-derived AMPs to be used as prophylactic
agents, the research shifted to the use of this iron-chelating glycoprotein in association with
antibiotics to manage MDR infections [43,126]. The observed synergism or complementary
action was explained primarily by the increased membrane permeability for antibiotics
under the action of Lf or Lf AMPs, or by antibiotics promoting AMP binding to the
outer membrane [139,264]. Early studies demonstrated the ability of LFcinB to enhance the
bactericidal action of erythromycin in E. coli [139]. A synthetic hLf-derived peptide, hLf1-11,
shifted the phenotype of K. pneumoniae strains to be susceptible to hydrophobic antibiotics,
which are usually ineffective against Gram-negative pathogens since they are unable to
penetrate the outer membrane. The data further revealed a synergistic effect between
hLf1-11 and clindamycin, rifampicin, and clarithromycin against K. pneumoniae, reducing
their MIC by 64-fold [265]. The report by Al-Mogbel et al. highlighted the additive effect of
bLf alongside conventional antibiotics, which determined several phenotypic shifts, such
as MRSA turning MSSA, quinolone-resistant strains turning susceptible, and vancomycin-
resistant Enterococci (VRE) turning susceptible. These results reinforce the use of Lf as
an adjuvant in novel strategies to reduce the incidence of MDR infections [116]. LFcinB
was reported to even enhance the inhibitory effects of antibiotics such as amoxicillin and
clindamycin against obligate and facultative anaerobic biofilms responsible for chronic oral
infections [266].

Growing evidence indicates that co-administration of natural bioactive molecules with
conventional antibiotics significantly enhances antimicrobial properties by increasing drug
effectiveness and mitigating resistance mechanisms. In this context, phytoconstituents
act as antibiotic potentiators [230]. These enhanced effects are frequently attributed to
complementary, multi-target mechanisms, whereby antibiotics predominantly interfere
with essential intracellular processes such as DNA replication or protein synthesis, while
natural compounds disrupt biofilm integrity and QS systems. This multimodal strategy
represents a promising approach for improving the management of BAIs [267]. In such
synergistic interactions, one agent facilitates or reinforces the primary mode of action of an-
other, ultimately resulting in superior therapeutic activity, particularly when antibiotics are
combined with natural bioactive compounds capable of partially or completely suppressing
resistance mechanisms [268].

Table 6 summarizes combinations between natural bioactive compounds and antibi-
otics with inhibitory activities against relevant pathogens, alongside their combined effects
and potential mechanisms of action.
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Table 6. Combinations of natural bioactive compounds and antibiotics with anti-biofilm activity against clinically relevant pathogens. Interactions, based on the FICI
value, are classified as: FICI < 0.5: synergy; 0.5 < FICI < 1: additive; 1 < FICI < 4: indifferent; FICI > 4.0: antagonistic.

Combination of Compounds

s es Targeted Microorganisms Combined Effect Potential Mechanism Model and Clinical Application References
and Antibiotics
. Enhancement of the bactericidal action of In vitro (combined treatment for
LFcinB (NS 1) + erythromycin (NS) E. coli FICI = 0.3 (Synergism) . the clinical management of [139]
erythromycin. 1. -
bacterial infections)
Reduction of the viable bacteria
count by 3.57 logo bacteria/mL - . In vitro (Lf as an adjuvant in
Lf (NS) + vancomycin (4-64 pg/mL) S. epidermidis compared with vancomycin Enhancement of the bact? ricidal action of eradicating S. epidermitis [269]
individually (1.85 logo vancomyern. biofilms)
bacteria/mL);
Decrease in the BIC of rifampicin Enhancement of biofilm susceptibility to In vitro (therapeutic alternative
rhLf (900 mg/L) + rifampicin (NS) Burkholderia cepacia complex (128-256 mg/L) in the presence rifampicin P y for the clinical management of [270]
of rhLf (16 mg/L) ampicin. cystic fibrosis)
Membrane permeabilization; ciprofloxacin In vitro (antibacterial therapy for
LFcinB (NS) + ciprofloxacin (NS) P. aeruginosa FICI = 0.5 (Synergism) favors the interaction of LFcinB with the outer contact lens-associated corneal [264]
membrane. infections)
. . Decrease in the MIC of .
LFcinB (6.25-25 pg/mL) + erythromycin P. aeruginosa erythromycin (128 ug/mL) in the Overexpression of MDR efflux pumps; loss of In vitro [271]

(NS)

presence of LFcinB (1 pg/mL)

porins.

cLf (camel Lf) (1.95 ug/mL-2 mg/mL) +
vancomycin (0.06-30 pg/mL)
cLf (camel Lf) (1.95 ug/mL-2 mg/mL) +
oxacillin (0.25-100 pg/mL)

MRSA

FICI = 0.37 (Synergism)
FICI = 0.5 (Synergism)

Enhancement of cell membrane disruption.

In vitro (the use of cLf
individually or combined with [43]
antibiotics against MRSA)

LFEchimera (0.125-0.25 uM) + doxycycline

A. actinomycetemcomitans

FICI = 0.25-0.38 (Synergism)
Reduction in bacterial adhesion

Inhibition of bacterial adhesion; membrane

In vitro (adjuvant in the [272]

(1.4-2.8 uM) by 87%, mitigation of biofilm permeabilization treatment of periodontal disease)
mass and thickness
Carvacrol + chloramphenicol; FICI = 0.50 (Synergism) Memb bilization facilitat tibi- In vitro (targeted treat-
(1/4 x MIC) S. aureus MSSA ATCC 6538 70.3% biofilm redition embrane permeabilization facilitates antibi n vitro (targeted trea (267]

Thymol + chloramphenicol (1/4 x MIC)

FICI = 0.50 (Synergism)
78.3% biofilm reduction

otic diffusion and subsequent inhibi-
tion of protein or DNA synthesis; pre-
formed biofilm removal.

ments for biofilm-related infec-
tions)

a-Terpineol (0.15 pg/mL) + Gentamicin
(0.25 ug/mL)

P. aeruginosa PAO1

FICI = 0.1875 (Synergism)
Elimination of preformed
Pseudomonas biofilms (young:
68.5%; mature: 64.8%; old: 67.2%)
is superior to individual
treatments; antibiotic alone —
ineffective

Eradication of preformed biofilms; gentam-
icin enhances the QQ potential of -
terpineol, interfering with AHL produc-
tion, and inhibiting virulence factors, while ex-
erting anti-fouling activity through suppres-
sion of EPS and protein biosynthesis.

In vitro (model for treating
healthcare -associated infections);
in vivo (73% survival in [44]
Caenorhabditis elegans infected
with P. aeruginosa)
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Table 6. Cont.

Model and Clinical Application

Combined Effect Potential Mechanism

In vitro (combined treatment for

References

[139]

Combination of Compounds Targeted Microorganisms

and Antibiotics

Enhancement of the bactericidal action of

FICI = 0.3 (Synergism) erythromycin.

the clinical management of
bacterial infections)

LFcinB (NS 1) + erythromycin (NS) E. coli

FICI < 0.50 (Syner-

Cefixime (5.33 ug/mL) + Thymol

gism) for both biofilm inhibi-
tion and eradication;

(32 ug/mL)

S. aureus ATCC 1026
S. epidermidis ATCC 35984
S. aureus, S. epidermidis, and S.
Cefazolin (1.16 pg/mL) + Thymol saprophyticus isolated from
(21.33 ug/mL); urine samples

FICI = 0.30 (Synergism)
(S. saprophyticus)—for biofilm
inhibition;
FICI = 0.44 (Synergism)
(S. epidermidis)—for biofilm
inhibition;
FICI = 0.31 (Synergism)
(S. epidermidis)—for biofilm
eradication;

Thymol possesses the ability to disrupt the
cell membrane and inhibit QS, promoting
antibiotic penetration.

FICI = 0.25-1.12 (Synergism)
Potential enhanced inhibition through

In vitro (potential therapeutic ap-

plication as antimicrobial adju- [273]

vants for UTI-related infections)

Curcumin + Colistin

A. baumannii ATCC 17987
31 strains of A. baumannii
MDR (isolated from blood,

Geraniol + Colistin
urine, sputum, wound)

Linalool + Colistin

intracellular penetration of curcumin due to

13.3-32.1% biofilm inhibition
colistin-induced outer membrane disruption.

(0.0078 x 1024 pg/mL),
9.1% biofilm eradication
(0.08 ng/mL/2048 pg/mL)

Potential membrane permeabilization and
efflux inhibition by Geraniol, enhancing
colistin uptake and intracellular
accumulation.

FICI = 0.12-1.03 (Synergism)
12.05-41.03% biofilm inhibition
(0.004 x 64 pg/mL)
20.9% biofilm eradication
(0.0312 ug/mL/256 pg/mL)

In vitro (adjunctive anti-biofilm
strategy against BAIs caused by
MDR A. baumannii)

[274]

Potential membrane interaction and modula-

FICI = 0.14-1.06 (Synergism)
tion of adhesion and QS sys-

11.03-35.8% biofilm inhibition
(0.0078 x 512 ug/mL)
22.5% biofilm eradication
(0.0312 pg/mL/1024 pg/mL)

tion and enhancing biofilm efficacy.

Increased cell membrane permeability,

tems by Linalool, facilitating colistin penetra-

In vitro (potential application in
device and tissue-associated
infections);

In vivo (insect

[275]

Cranberry proanthocyanidin (100 pg/mL) E. coli CFTO73

+ sulfamethoxazole (512 pg/mL)

inhibition of efflux pumps; Cranberry
proanthocyanidin impairment of dormant
antibiotic-exposed cells.

FICI < 0.50 (Synergism)
Significant reduction of biofilm
biomass

models—Drosophila melanogaster,
increased survival)
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Combination o.f .Cm.npounds Targeted Microorganisms Combined Effect Potential Mechanism Model and Clinical Application References
and Antibiotics
In vitro (potential treatment of
Small Molecular Adjuvants (SMA) Multispecies biofilms of A. FICI = 0.08-0.13 (Synergism) Mirrlinr: ?ﬁhlzg;&T?;gg?;loﬁoiiirzgzx Chl‘ﬁl];CRBlzI;(;aiiesc; »
(obtained by chemical synthesis) baumannii, S. aureus MRSA, S.  Significant reduction of biofilm conIZentll‘Da tion of antibiotics %v ithin biofilms In vivo (antibzlfcteriagl acti;it ina [276]
(16 mg/mL) + Fusidic acid (4 mg/mL) aureus, and P- acruginosa); biomass (~70-75%) and destabilization of the EPS matrix. mouse skin infection rnodelyof A.
baumannii)
. The combination potentially facilitates biofilm
P. aeruginosa (YU-V10, . matrix penetration and intracellular antibiotic . . Lo
YU-V11, YU-V15 and FICI = 0.25-0.5 (Synergism) . . In vitro (potential applicabil-
b accumulation, leading to cell death
Quercetin (125 ug/mL) + Amikacin (NS) YU-V28)—isolated from Inhibition of biofilm formation by ’ ) ity for catheter- [277]

catheter-associated UTI
P. aeruginosa PAO1

reducing 90% of the total biomass

Quercetin inhibits QS systems, rhamnolipid
synthesis, swarming motility, and virulence

factor expression.

associated UTI management)

1 NS = Not Specified.
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Novel formulations, in the form of hydrogels packaged with lactoferrin-dsiRNA-silver
nanoparticles (AgNPs), have been considered for the clinical management of diabetic foot
infections [278]. The evolution of a chronic wound infection relies on the development of
biofilms by contaminating bacteria [279]. RhLf, in the formulation of hydrogels packaged
with NPs, reduced S. aureus biofilms by ~70%, and those of P. aeruginosa by ~80% [278]. A
hydrogel packaged with 2% Lf and 5% xylitol combined with a commercially available
silver wound dressing induced a 4.7 log reduction in P. aeruginosa biofilm viability compared
with the dressing alone (3.6 log reduction) [279]. Gelatin-based hydrogels coupled with
AgNPs functionalized with Lf were proposed as wound dressings, given their strong
anti-biofilm effects against P. aeruginosa and S. aureus [280].

Furthermore, to ameliorate the challenge represented by phage resistance, staphy-
lococcal phages have been coupled with Lf or LAB strains. The association between Lb.
rhamnosus and bacteriophage SA11 restricted S. aureus growth by 4 log under simulated
intestinal secretions, supporting the combined use in preventing enteric bacterial infec-
tions [281]. By combining Lf with bacteriophages, biofilm biomass and metabolism were
reduced, and the re-establishment of biofilms was also prevented [156].

The association between QQ enzymes and antimicrobials is of interest in current anti-
infective therapies. Therefore, the potential synergism between Lf AMPs and QQ enzymes
such as hexahistidine-containing organophosphorus hydrolase (Hiss-OPH) was explored,
revealing an additive effect. The degradation of Hisg-OPH substrates, including HSL, was
promoted in the presence of LFcinB. The efficacy of LFcinB against Gram-negative bacteria
like B. subtilis was augmented in the presence of Hiss-OPH, since this enzyme hydrolyzes
lactone-containing biofilm signaling mediators. Lastly, the potential co-administration of
Hisg-OPH/LFcinB and probiotics was suggested, given the reduced antibacterial effect
of the AMP-enzyme combination on Lactobacillus spp. The joint use of Hisg-OPH/LFcinB
could also be extended, besides prophylaxis and treatment of MDR infections, to treat
surfaces or in the food industry [282].

Lf and lysozyme count among the innate immune effectors ensuring the protection
of mucosa by their lytic action against pathogens and are located in similar host niches;
therefore, various studies aimed to evaluate their potential synergistic action [283,284].
Evidence suggests a synergistic effect between Lf and lysozyme, which may be attributed
to the ability of Lf to interact with bacterial cell wall components, thereby facilitating the
bioactivity of lysozyme. Within this framework, the synergistic action of these proteins
against Gram-negative bacteria can be attributed to Lf permeabilizing the outer mem-
brane and allowing lysozyme to cleave the peptidoglycan [283,285]. For example, Lf and
lysozyme synergistically induced a lethal effect on E. coli through osmotic shock, as a
result of Lf binding LPS [283]. With respect to Gram-positive bacteria such as S. epider-
midis, the synergism between Lf and lysozyme was justified by Lf binding LTAs, which
consequently reduced the negative surface charge of the bacterium [285]. The two proteins,
when combined, were reported to induce a bactericidal effect against S. pneumoniae strains,
potentially explained by the same mechanism [284]. In addition, the iron-binding state of Lf
can influence the efficacy of its synergism with lysozyme, as the combination with apo-Lf
was demonstrated to exert a higher antibacterial action [286]. Furthermore, studies suggest
that Lf potentiated the anti-biofilm action of this enzyme. Thus, the combination of Lf and
8 and 16 mg/mL of lysozyme was effective in reducing the number of biofilm-embedded
viable bacteria (0.46 and 0.59 logj bacteria/mL) as opposed to lysozyme alone (-0.41
and -0.31 logyg bacteria/mL) [269]. Given their complementary mechanisms of action,
Lf and lysozyme have been incorporated into emerging drug delivery systems such as
liposomes and poloxamer 407 to optimize their combined effects against biofilm-forming
cariogenic bacteria. For example, the Lf (0.001 g/mL)/lysozyme (0.002 g/mL) and polox-
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amer 407 formulation had the most notable effect on S. mutans and Streptococcus sobrinus
biofilms [287]. Collectively, these findings support the potential use of the Lf-lysozyme
mixture, as well as novel platforms incorporating these agents, for modulating biofilm
formation in pathogenic bacteria.

In recent years, probiotic strains, including LAB, and their postbiotics (e.g., CFS, EVs,
bacteriocins), have been considered as a complementary or even substitute agent for an-
tibiotics, given their benefits [171]. For instance, Lb. casei and Lb. rhamnosus CFS were
proven to work synergistically with aminoglycoside antibiotics in mitigating the growth
of P. aeruginosa strains. These CFS consisted of H,O,, lactic acid, and acetic acid [288].
Additionally, CFS of probiotic strains of B. subtilis and Bacillus amyloliquefaciens displayed
synergy with polymyxin E against Acinetobacter spp. biofilms [289]. Furthermore, the com-
bination of Lb. plantarum CFS and levofloxacin had a better restrictive effect on preformed
H. pylori biofilms as opposed to the individual antibiotic treatment. Lb. plantarum CFS also
had an additive action when coupled with levofloxacin, which reduced the protein and
polysaccharide contents of H. pylori biofilms [191].

Further reports support the use of postbiotics such as bacteriocins as complementary
agents to antibiotics. Thus, bacteriocins produced by probiotic strains of E. faecium worked
synergistically with ciprofloxacin toward the inhibition of L. monocytogenes biofilms, while
the same bacteriocins had a synergic restrictive effect together with vancomycin on biofilm
formation of VRE [290]. Moreover, bacteriocins have been proven to shift the antibiotic
resistance phenotype of biofilm-embedded bacteria. For example, E. coli is nisin- and
warnerin-resistant; warnerin is a lantibiotic produced by a probiotic strain of Staphylococcus
warneri. However, the combination of bacteriocins and polymyxin B sensitized E. coli
biofilms to the action of both agents. After a 24 h treatment with either warnerin plus
polymyxin B or nisin plus polymyxin B, the cell viability within mature biofilms of E. coli
decreased by five- to ten-fold. In particular, for the warnerin plus polymyxin B mixture,
the bacteriocin decreased the effective concentration of the antibiotic from 18-36 uM to
4.5-9 uM. This evidence demonstrates that lantibiotics could be a promising alternative for
mitigating antibiotic use, as they are non-toxic to eukaryotic cells [291].

Extracellular vesicles (EVs), as postbiotic components, have been investigated as
adjuvants or novel delivery platforms to antibiotics, with the potential of enhancing an-
timicrobial and anti-biofilm efficacy. For instance, LAB EVs (LEVs) might be adjuvants
to colistin by reducing its effective dosage without inducing resistance. Upon addition
of LEVs, the bactericidal action of colistin was increased by four to eight-fold against A.
baumannii strains. The LEVs/colistin combined use inhibited biofilm formation by 60-89%,
whereas colistin alone induced a biofilm reduction of 36-48%, indicating that LEVs also
enhanced the biofilm-restrictive activity of colistin [292]. Furthermore, LEVs have been
used as drug delivery platforms for doxorubicin against Staphylococcus strains. Encapsu-
lating doxorubicin into LEVs resulted in a more prolonged release, with values reaching
81.04% at pH 8.0 after 72 h, compared with the antibiotic alone, which, after 12 and 72 h,
reached 86.81% and 95.29%, respectively. Additionally, LEV-incorporated doxorubicin had
a six-fold higher activity than the antibiotic itself [293].

Based on the concept of synergistic antimicrobial strategies, recent studies have ex-
plored the co-treatment of probiotic-derived CFS with nanocarrier systems. In this context,
chitosan nanoparticles (CsNPs) have been used to encapsulate CFS from Lb. acidophilus
and Bifidobacterium bifidum, increasing their biological activities. Therefore, the novel co-
treatment has been tested for its bactericidal action against MDR Vibrio cholerae isolates.
The combined administration of both CFS-CsNPs revealed a synergistic bactericidal effect
(MIC = 2.5 mg/mL), significantly lower compared with CFSa—CsNPs (25 mg/mL) and
CFSb-CsNPs (5 mg/mL). A similar phenomenon was observed concerning biofilm in-
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hibitory concentrations, which exceeded 200 mg/mL for the CFS-CsNPs alone, compared
with the concomitant treatment (10 mg/mL). Additionally, the combination of CFSa—-CsNPs
and CFSb—CsNPs decreased bacterial adhesion to 11.19% and also inhibited internalization
into Caco-2 cells [294]. In addition, within the development of novel postbiotic-based
platforms, the encapsulation of bacteriocins into nanoparticle systems has emerged as
a promising therapy against foodborne pathogens, as nanoparticle incorporation may
potentiate activity and reduce the bactericidal concentrations required. The bacteriocin
synthesized by Lb. casei showed synergism with iron oxide NPs against E. coli and S.
aureus, and the combination induced cell membrane damage and pore formation in these
pathogens [295].

The combination of postbiotics or probiotic metabolites with sterilization methods
such as US or PDT has been explored as a novel strategy for eradicating MDR biofilms.
The disruption of the cell membrane and the extracellular release of ATP were noted in
the combination of either 0.5% or 1% of phenyllactic acid and US, which also displayed
a synergic action by reducing exopolysaccharide contents in S. aureus biofilms [296]. The
association between lactic acid and US rendered the best results in removing E. coli biofilms
developed on lettuce leaves [297]. The synergism between methylene blue-mediated PDT
and Lb. acidophilus CFS was evaluated as a new approach to reduce the incidence of MDR
BAls. The combination of PDT and LAB CFS induced membrane alterations and reduced
viability in MRSA. Furthermore, the dual treatment also disrupted preformed biofilms and
inhibited adherence compared with PDT and CFS alone [298].

The association between bacteriocins and biofilm-degrading enzymes has been eval-
uated as a new combined treatment targeted toward L. monocytogenes infections. The
co-administration of the biofilm-degrading enzyme and thermophilin 110 dissociated
mature biofilms and induced stress responses, illustrated by an altered cell morphology
compared with each agent alone [200].

Natural bioactive compounds derived from plants have non-toxic effects. Plants
belonging to the Brassicaceae family consist of phenolic and glucosinolate compounds with
antimicrobial and antioxidant activities. Thus, the synergism between Raphanus sativus var.
longipinnatus plant extracts and proteinase K has been proposed as a strategy for eradicating
E. coli biofilms. When combined, the MBIC of R. sativus var. longipinnatus was reduced from
4 to 1 mg/mL, while the MBIC of proteinase K decreased from 1000 to 100 ug/mL, further
highlighting their complementary interactions. The addition of 25 ug/mL proteinase K
also improved the effect of R. sativus var. longipinnatus 2 mg/mL against biofilm formation
of E. coli on a stainless-steel substrate, inducing a 2.68 log viability reduction [299].

5. Current Challenges, Perspectives, and Future Research Directions

Despite major advances in non-conventional anti-biofilm approaches, translation
into routine clinical and industrial implementation remains limited by shared constraints:
biofilm heterogeneity, adaptive resistance pathways, delivery barriers, safety/tolerability
issues, and regulatory complexity. Importantly, biofilm communities deploy layered protec-
tive mechanisms that often blunt single-agent or single-modality interventions, reinforcing
the need for integrative, multi-target designs [4,5,24,25,58]. This section synthesizes cross-
cutting challenges, resistance mechanisms, and future directions for the previously presented
anti-biofilm strategies, focusing on convergent bottlenecks and realistic innovation pathways.
Across these strategy classes, recurring limitations highlight a shared principle: durable anti-
biofilm control is most likely to emerge from rationally designed, multimodal interventions
rather than standalone agents. To support this comparative perspective, Table 7 summa-
rizes the translational maturity, strengths, limitations, clinical opportunities, implementation
barriers, and future promise of the major anti-biofilm strategies discussed in this review.
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Table 7. Translational comparison of major anti-biofilm strategies. The table highlights strategy maturity, strengths, limitations, clinical opportunities, implementation

barriers, and future promise, and supports a shift from standalone anti-biofilm agents and strategies toward rational, localized, multimodal interventions adapted to

biofilm maturity, infection site, microbial composition, matrix structure, and delivery feasibility.

Maturity of Translational Strengths Main Limitations Clinical Opportunity Clinical Threats/¥mplementatlon Future Tran§ lational References
Strategy Barriers Promise
Antibiotics/conventional chemotherapeutics
. Direct antimicrobial . Reduced efficacy in .. Therapeutic failure in mature
. s BAIs requiring .
activity; mature biofilms; L. . . biofilms; .
S L antimicrobial therapy; . - Well established but
.. . Broad availability; ° Poor penetration; . Mismatch between in vitro .. .,
Clinically . . . . Core therapy in o A limited: clinically =
. . Established dosing . Persister tolerance; L. . susceptibility and in vivo .. [3,5,15-17,22,48,54,56]
established. ) PRI combination strategies; . indispensable, but
frameworks; e  Toxicity limits dose Useful after improved effects; insufficient al
. Compatible with escalation; P AMR selection; msuthcient alone.

combination therapy.

Resistance selection.

biofilm accessibility.

Ecological residue concerns.

Physical approaches (mechanical debridement, US, PDT, PTT)

L]
Clinically used, R
mainly as an .
adjunct strategy.

Rapid biomass
reduction;

Local effect;
Improved access;
Low target-specific
resistance pressure.

Incomplete
eradication;
Viable-cell
dissemination;
Parameter sensitivity;
Limited penetration
for PDT;

Tissue damage risk.

Chronic wounds,
dental/oral biofilms,
device-associated biofilms,
accessible localized
infections;

Adjunct to antibiotics,
antiseptics, or delivery
systems;

Useful in device
decontamination.

Lack of standardized
protocols;

Recurrence after incomplete
removal;

Local toxicity; limited use in
inaccessible or deep layers of
biofilms.

High, near-term as
adjunct strategy:
clinically relevant when
integrated with
antimicrobial strategies.

[4,28,49-53,60,61,64]

Matrix-degrading enzymes

L]

L]
Mainly .
preclinical/in vitro.

(]

EPS weakening;
Improved penetration;
Multi-enzyme
cocktails;

Compatible with
other agents.

Limited standalone
killing;

Substrate specificity;
Reduced access in
dense or multispecies
biofilms;

Instability,
formulation, cost,
delivery, and
compatibility issues.

Wound, device-associated,
and surface-associated
biofilms;

Adjunct to antibiotics,
phages, AMPs, antiseptics,
or immune clearance;
Topical formulations and
coated surfaces.

Dispersal of viable cells;
Variable efficacy in
multispecies biofilms;
Enzyme-antibiotic
incompatibility;
Regulatory complexity for
enzyme cocktails.

High conditional:
strong adjunctive
potential if paired with
bactericidal strategies
and targeted delivery.

[4,5,25,66,67,70]
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Table 7. Cont.

Maturity of Translational Strengths Main Limitations Clinical Opportunity Clinical Threatsqmplementahon Future Tmn.s lational References
Strategy Barriers Promise
QS/QQ and anti-virulence strategies
. More effective for
. . prevlentl'O n than . Regulatory uncertainty for
Virulence attenuation eradication; e . . . .
. g s Biofilm prevention and anti-virulence endpoints; Moderate to high
and reduced Species-specificity; - . -, .
L maturation control; e Adaptive regulatory conditional: promising
. coordination; Redundant QS . e
Mainly . Adjunct to antibiotics, pathways; as a modulatory
L7 L. Low direct networks; . L . [4,5,22,26,28,30,95]
preclinical/in vitro. .. .. . enzymes, AMPs, or . Ecological buffering in adjunct, notas a
bactericidal pressure; e  Limited use in ; X A o
. . . delivery systems; multispecies biofilms; standalone eradication
Good adjuvant polymicrobial . . . :
s A Anti-adhesion coatings. e Uncertain long-term strategy.
compatibility. biofilms; .
s environmental effects.
e  Stability and
cytotoxicity concerns.
Phages and phage-derived enzymes
Personalized or localized e Regulatory and ethical
High bacterial . Narrow host range; treatment of wound, complexity; Hieh conditional:
specificity and lytic phage resistance; device-associated, and e  Variable host—phage strgn translati n 1
Preclinical /earl activity; Immunogenicity; refractory bacterial interactions; S gt . la bs ta ona
reclnuca’/early Depolymerases and Formulation, biofilms; . Risk of inappropriate phage potential, bu [3-5,27,29-31,58,68]
translational. POYT - . - I . pprop phag dependent on phage
endolysins activity; production, storage, Adjunct to antibiotics or selection; lection. deli d
Cocktails broaden and delivery matrix-disrupting agents; e  Potential horizontal gene i:;;;i?’e n(:alr?aer}ellr:i Zn t
host range. challenges. Coatings and surface transfer with temperate 8 '
decontamination. phages.
AMPs and bacteriocins
. Cytotoxicity at higher
. concentrations; . ..
Fas‘t multl-target . Proteolytic instability; Localized treatment of . Safety and selectivity High conditional for
activity; K wound, oral, skin, and concerns;
| . Short half-life; . . s L S local and
Mainl Potential . Production cost: device-associated biofilms; e Formulation instability; deliverv-assisted use:
-y L anti-persister effects; .. . L Adjunct to antibiotics, . Scalability; y-ass ! [3-5,22,24,58,69,98,99,300]
preclinical/in vitro. . . Limited diffusion . . less promising as a
Synergy with other . enzymes, QSIs, or . Resistance or cross-resistance ;
; through dense EPS; . - standalone systemic
strategies and : nanocarriers; monitoring;
. . Possible . . . - . C g therapy.
delivery systems. . Coatings and biomaterials. o  Limited systemic applicability.
resistance/ cross-
resistance.
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Table 7. Cont.

Maturity of Clinical Threats/Implementation Future Translational

Strategy Translational Strengths Main Limitations Clinical Opportunity Barriers Promise References
Plant-derived bioactive compounds, postbiotics, lactoferrin, and lactoferrin-derived peptides
Variable composition; Preventive, topical,
® Mul.tl-targe.t activity; Variable efficacy; oral/dental, wound, skin, Regulatory classification Moderate to high
. Anti-adhesion and i food-related, and A -
. - Poor solubility or . difficulties; conditional: strongest
immune modulation; bioavailability; device-surface . Inconsistent methodologies; tive, topical
Mainly . Adjuvant potential; K Fy.’ applications; .. O10BIES; as preventive, topical, [24,33,37,39,105,121,182,183,
L L Batch variability; - o . Limited pharmacokineticand  or adjuvant strategies;
preclinical/in vitro. e Consumer Limited in vi . Adjunct to antibiotics, . s . . 188]
e imited in vivo . . biocompatibility data; weaker as standardized
acceptability; e LAB-derived fractions, R el
. validation; . Reduced predictability in standalone
. Good preventive N PDT/US, enzymes, or . I .
. . Standardization . multispecies biofilms. therapeutics.
profile. nanocarriers;

challenges. . Functional formulations.

Advanced delivery and programmable platforms (nanocarriers, enzyme immobilization, engineered phages, photoswitchable QS tools, wake-and-kill strategies, micro-/nanomotors)

. Localized biofilm therapy,
wound dressings,

o Improve delivery; . Technical complexity; catheter/device High but early-stage
e Controlled releasé' o Off-target effects; difficult-to-remove e Regulatory complexity; conditional: stroneest
o Enhanced penetra éion' . Biosafety concerns; biofilms; . Environmental and biosafety as an enablin la ir for
Future translation. o Spatial targeting; ) Scalability; uncertain . Delivery layer for concerns; multimodal t%erz [4,25,28-31,66—68,95]
. Multimodal 4 ° Biodistribution; enzymes, phages, AMPs, . Standardization and cost not as an inde enlzl}gn ¢
inteeration . Limited in vivo QSIs, CRISPR-Cas tools, or barriers. strate p
& : validation. metabolic stimulants; &y

. Smart coatings and
responsive biomaterials.
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Matrix-degrading enzymes represent a foundational anti-biofilm strategy by directly
targeting the extracellular polymeric scaffold that confers mechanical stability and tolerance.
However, their clinical implementation is constrained by context-dependent efficacy, which
varies with biofilm composition, bacterial strain, growth conditions, enzyme concentration,
and exposure time, while large-scale production, formulation stability, penetration into
dense EPS, and cost remain significant barriers [4,66]. These limitations are particularly
pronounced in mature biofilms, where restricted diffusion and limited substrate acces-
sibility substantially reduce enzymatic activity. An additional challenge stems from the
predominance of multispecies biofilms in clinical settings, where interspecies interactions
can confer collective protection. In such communities, alterations in matrix composition
or spatial organization by one population may shield partner strains from EPS-degrading
enzymes, resulting in reduced or variable efficacy [66].

A critical and often underappreciated limitation is that enzymatic disruption of the EPS
matrix can induce active biofilm dispersal rather than bacterial killing, releasing viable cells
that retain colonization potential, thus creating a transient window of increased dissemina-
tion risk [25]. Consequently, matrix-degrading enzymes must be used in combination with
other bactericidal agents to prevent dissemination and secondary infection. Multi-enzyme
cocktails repeatedly outperform single-enzyme approaches, because they target distinct
matrix components and achieve deeper and more sustained biofilm disruption across di-
verse bacterial species and substrates [4,5,25,67]. However, enzyme-antibiotic compatibility
requires careful evaluation, as certain antibiotics may negatively affect enzyme stability
or limit synergistic efficacy [70]. Collectively, these observations highlight that matrix
degradation is most effective as part of rationally designed multi-target combinations,
rather than empirical co-administration.

Future research directions focus on tailoring enzyme combinations to dominant matrix
compositions, engineering enzymes with improved stability and substrate range, and
developing advanced delivery platforms. Biocompatible polymers and nanocarrier-based
systems (including polymeric nanoparticles, hydrogels, and enzyme immobilization strate-
gies) have shown promise in improving penetration, preserving catalytic activity, and
enabling sustained matrix disruption. The immobilization of enzymes such as alginate
lyase, DNase I, and dispersin B within nanomaterials represents a promising approach for
targeted and durable anti-biofilm intervention [25,66,67].

QSIs and QQ approaches represent a conceptually attractive anti-biofilm strategy by
targeting bacterial communication and virulence regulation rather than viability. However,
their translation faces important biological and practical limitations, as QS systems are
highly species-specific and often hierarchically organized, with redundancy across signaling
circuits, which limits the breadth and predictability of QS-targeting agents in complex or
polymicrobial biofilms [26,28]. Moreover, QS inhibition is generally more effective at
preventing biofilm formation than eradicating mature biofilms, which may rely less on
active QS signaling [26].

Resistance to QS-targeting strategies does not typically arise through classical bacte-
ricidal selection pressures, but rather through adaptive regulatory rewiring or ecological
buffering within multispecies communities. In addition, some QS inhibitors exhibit cytotox-
icity, limited chemical stability, or uncertain long-term environmental effects, complicating
their clinical and ecological deployment [26]. These constraints underscore that QS inhibi-
tion alone is therefore unlikely to achieve durable biofilm control in advanced infections.

Accordingly, QS-targeting agents have shown their greatest promise as adjuvant
modulators. Synergistic effects have been reported when QS inhibition is combined with
antibiotics, matrix-degrading enzymes, antimicrobial peptides, or advanced delivery sys-
tems that synchronize communication disruption with matrix penetration and bacterial
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killing [4,28,30]. For example, nanoparticle-based co-delivery platforms incorporating
QS inhibitors and antibiotics improve biofilm penetration while reducing the antibiotic
dose required for effective bacterial clearance [30]. Photoswitchable modulation of QS
has emerged as an experimental strategy for spatiotemporal control of bacterial collective
behavior using light as a non-invasive trigger. In these systems, light-responsive moieties,
such as azobenzene units, are incorporated into autoinducer scaffolds, enabling reversible
activation or silencing of QS signaling through photoisomerization. This approach decou-
ples bacterial group behavior from fixed chemical inhibition and allows light-dependent
control of Las-regulated virulence and biofilm-associated phenotypes in P. aeruginosa [28].

As a cross-cutting anti-persister direction, “wake-and-kill” strategies aim to transiently
reactivate dormant subpopulations through controlled metabolic stimulation (using manni-
tol, glucose, or organic acids), thereby restoring susceptibility to bactericidal agents. Such
approaches have significantly enhanced antibiotic efficacy against mature biofilms of P.
aeruginosa, E. coli, L. monocytogenes, and S. enterica [95]. While careful temporal control
is needed to prevent premature dispersal and increase dissemination risk, this strategy
remains particularly attractive for industrial and device-associated biofilm control.

Future research should therefore focus on strategic optimization rather than stan-
dalone QSI development, including the synthesis of derivatives, targeted modification of
existing QSIs, discovery of new QS inhibitors from natural products, repurposing of clini-
cally approved drugs as QS-modulating agents [26], and programmable approaches that
enable spatiotemporal control of QS activity [28]. Within the broader anti-biofilm frame-
work, QS-targeting strategies are best positioned as modulatory tools that weaken biofilm
coordination and virulence, thereby amplifying the effectiveness of physical, enzymatic,
and antimicrobial interventions rather than replacing them.

Phage-based therapies and phage-derived antimicrobial molecules represent a bio-
logically precise anti-biofilm strategy; however, their clinical translation is constrained by
complex resistance mechanisms and practical limitations. These include EPS-mediated
shielding, receptor decoys, receptor modification/concealment, intracellular exclusion,
abortive defense systems, outer membrane vesicle (OMV) release, superinfection exclusion
(Sie), retron-mediated defense, toxin—antitoxin systems, restriction—-modification (R-M)
systems, BacteRiophage EXclusion (BREX), abortive infection (Abi) pathways, and CRISPR-
Cas immunity [29,30,68]. These multilayered defenses are particularly effective in mature
biofilms, underscoring the need for careful phage selection and deployment.

In addition, the inadvertent use of filamentous or temperate phages can paradoxi-
cally enhance biofilm stability and virulence rather than disrupt it, by promoting liquid-
crystalline structures within the matrix through interactions between phage particles, host
cells, and microbial polymers [29]. Beyond biological resistance, additional barriers include
narrow host range, incomplete pharmacokinetic and pharmacodynamic characterization,
immunogenicity, regulatory and ethical constraints (particularly for genetically modified
phages), as well as challenges related to large-scale production, formulation, storage, and
targeted delivery [24,58].

Consistent with these limitations, phage therapy is most effective when implemented
as part of combination strategies rather than as a standalone intervention. Phage-antibiotic
synergy (PAS) has been repeatedly demonstrated, whereby phage-mediated matrix disrup-
tion enhances antibiotic penetration, while sublethal antibiotic exposure increases phage
infectivity and replication, resulting in improved killing of biofilm-associated and MDR
bacteria [5,58]. Similarly, phage cocktails comprising multiple lytic phages with complemen-
tary host ranges reduce resistance emergence and improve biofilm eradication compared
with monophage treatments [29,68].

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.3390/biom16060887

Biomolecules 2026, 16, 887

49 of 64

The field is increasingly shifting toward phage engineering and delivery optimization
as prerequisites for clinical translation. Advances in synthetic biology have enabled phages
engineered to express matrix-degrading enzymes, QQ molecules, anti-CRISPR or anti-R-
M proteins, thereby enhancing penetration, replication efficiency, and resistance evasion
within biofilms [29,30]. In parallel, broad-host-range phage discovery and nanotechnology-
assisted formulations may improve stability and controlled release, positioning phage-
based approaches as a powerful yet context-dependent component of next-generation
anti-biofilm strategies [4].

CRISPR-Cas and nanotechnology-assisted delivery represent emerging programmable
directions for anti-biofilm intervention. CRISPR-Cas-based antimicrobials have the poten-
tial to selectively eliminate resistance determinants, restore antibiotic susceptibility, or target
biofilm-regulatory pathways. For example, CRISPR-Cas systems have been explored for
targeting resistance genes such as mecA in MRSA, while CRISPR interference has been used
to silence QS-related genes in P. aeruginosa, reducing matrix formation. However, delivery
efficiency, off-target effects, and possible immune responses remain major translational
barriers, suggesting that CRISPR-Cas approaches are best positioned within combination
or nanotechnology-assisted delivery platforms [31].

AMPs represent a versatile anti-biofilm strategy with rapid, multi-target modes of
action; however, their clinical translation remains constrained by resistance, stability, safety,
and delivery limitations. Bacteria may respond to AMP susceptibility through envelope
structure remodeling, peptide degradation, efflux activation, membrane shielding, or
surface modifications, supporting the need for careful resistance monitoring [58,69,300]. In
parallel, cytotoxicity or off-target effects at higher concentrations, proteolytic instability,
short half-life, high production costs, potential immunogenicity, and limited diffusion
through dense EPS matrices continue to restrict their broader application, particularly in
advanced BAIs [3,5,69,301].

Accordingly, AMPs show their greatest therapeutic potential when implemented as
part of rational combination or delivery-assisted strategies rather than as single-agent
interventions. Synergistic effects have been reported when AMPs are combined with
antibiotics, matrix-degrading enzymes, QS inhibitors, chelating agents, bacteriocins, or
nanocarrier-based delivery systems, enabling dose reduction, improved biofilm penetration,
and enhanced bactericidal activity [4,5,22,58]. Such combinations can suppress multiple
biofilm-supporting pathways simultaneously and mitigate resistance emergence.

Future research directions should focus on rational AMP design and formulation
rather than de novo peptide alone, including peptide engineering for improved stability
and selectivity, chemical modification to reduce cytotoxicity, localized delivery through
nanocarriers, biomaterials, or surface coatings, development of AMP-antibiotic or AMP-
enzyme hybrids, and the use of recombinant DNA technology [5,58,69,301]. Within the
broader anti-biofilm framework, AMPs are best positioned as adaptable components of
multimodal therapies that integrate direct antimicrobial activity with anti-virulence and
immune-modulatory effects.

Despite their proven inhibitory effects, Gram-positive and Gram-negative pathogens
have acquired multiple resistance mechanisms or strategies to block the antimicrobial and
anti-biofilm activities of Lf and Lf peptides [120]. For instance, several Gram-negative
enteric bacteria can display phenotypic resistance against Lf, justified by the potential
shielding of membrane porin receptors by O-antigenic chains of LPS [302]. Gram-positive
bacteria such as S. pneumoniae and S. aureus can bind the active sites of apo-hLf and LFcin
through surface proteins and adhesins, thus blocking their bactericidal action [300,303].
Additionally, bacteria can hijack Lf-bound iron by synthesis of high-affinity siderophores,
by bacterial reductases which convert Fe?* to Fe?*, and via iron acquisition by Lf recep-
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tors [304]. For example, Neisseria spp. possesses Lf surface receptors, which are responsible
for iron piracy from hLf and can also counteract the attachment of LFcin [300,304-308]. In
this context, the combined use of Lf or Lf-derived AMPs with other natural compounds,
antibiotics, or antimicrobial strategies might provide a promising tool for overcoming
bacterial evasion of Lf activity.

Postbiotics synthesized by probiotic strains have attracted interest for the treatment
of BAls. However, in the absence of efficient carriers targeting biofilm-embedded bacte-
ria, postbiotics might not be ideal substitutes for classical anti-biofilm agents, but rather
complementary strategies [182]. In addition, the synthesis of postbiotics is not constant,
since their composition and efficacies might vary between batches, which further supports
their use as adjuvants rather than independent standardized drugs [182]. Furthermore,
pathogens have developed strategies to evade the action of several postbiotics, such as
bacteriocins, including the alteration of cell wall composition and anionic charges, as well
as membrane permeability and fluidity. Though bacteriocins are considered non-toxic, in
the framework of postbiotics, resistance to bacteriocins should be taken into consideration
and further researched, together with exploring new approaches to limit resistance and
allow the safe use of bacteriocins [309].

Despite the growing interest in natural bioactive compounds as anti-biofilm agents,
several important limitations remain. Most current data are derived from in vitro studies,
which do not fully replicate the complexity of biofilms. Consequently, these models are
insufficient to accurately predict the efficacy under in vivo conditions, particularly in the
context of multispecies biofilms that better reflect real-world citadels. The limited number
of in vivo studies restricts the understanding of the pharmacokinetics, metabolism, and
long-term biocompatibility of phytochemicals.

Another major limitation is the inconsistent efficacy reported for natural compounds.
Variability in plant sources, extraction methods, chemical composition, and experimental
protocols leads to a lack of standardization, making it difficult to compare results across
studies. In addition, some phytochemicals may present allergenic or cytotoxic effects,
raising concerns regarding their safety and clinical applicability [227,310,311].

Furthermore, several natural compounds have been reported to display poor bioavail-
ability, rapid degradation, and low water solubility, which significantly limit their anti-
biofilm effectiveness. Certain challenges have been reported in polymicrobial biofilms,
where increased microbial virulence, metabolic cooperation, and enhanced tolerance mech-
anisms reduce susceptibility compared with monospecies biofilms. As observed by Gobin
et al. (2022) [230], combinations that are effective against single-species biofilms often
require substantially higher concentrations to achieve comparable eradication in multi-
species biofilms.

Overall, these limitations emphasize the urgent need for standardized methodologies,
advanced in vivo and multispecies biofilm models, and improved delivery strategies.
Approaches such as combination therapies with antibiotics or other natural agents show
promise in enhancing complementary or even synergistic anti-biofilm effects but require
systematic and standardized investigation before clinical application [267,312].

More recently, micro- and nano-motor-based technologies have emerged as mechan-
ical stress-driven anti-biofilm strategies, including magnetically driven microbots, light-
activated molecular motors, and ultrasonic micromotors capable of penetrating and dis-
rupting biofilm matrices through localized mechanical action. Their autonomous motion
and enhanced biofilm penetration enable direct targeting of biofilm mechanical stability
and support integration with antimicrobial or photonic therapies. Although translation
remains limited by regulatory, biosafety, and scalability challenges, these systems represent
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References

promising complements to chemical and biological anti-biofilm approaches, particularly
for difficult-to-remove biofilms in medical and industrial contexts [4].

Collectively, these observations support a paradigm shift from agent-centric anti-
biofilm strategies toward context-aware multimodal strategies with improved delivery
systems, adapted to biofilm structure, composition, and physiological state.

6. Conclusions

Biofilm-associated infections remain a major public health concern due to increased
antimicrobial tolerance, persistence, and the development of phenotypic and genetic re-
silience. The evidence summarized in this review highlights the potential of combinatorial
strategies involving natural bioactive compounds (lactoferrin, probiotics, postbiotics, and
phytoconstituents) and /or standardized agents to enhance anti-biofilm efficacy through
complementary mechanisms of action.

Distinguishing between biofilm prevention and eradication, mitigating risks such as
dispersal without killing, and accounting for the evolutionary consequences of tolerance-
driven survival mechanisms are essential for the translational success of any future therapy.
Strategies that fail to integrate these considerations may inadvertently promote persistence
or resistance development.

Despite the promising findings summarized in this paper, several limitations still
hinder the clinical application of these multimodal strategies. For example, most of the
presented research is limited to in vitro experimental models, while outcome measures and
experimental conditions are heterogeneous across studies. Future research should focus on
standardizing emerging agents such as postbiotics, conducting mechanistic investigations,
and validating combined strategies using in vivo models.

Looking forward, progress in anti-biofilm therapy will depend less on the identification
of new antimicrobial agents and more on the development of adaptive and combination-
based strategies that address biofilm developmental stages and constrain evolutionary
escape pathways. Embracing a systems-level approach to biofilm control is essential for
addressing microbial tolerance and persistence, and for intercepting the evolutionary
trajectories that link biofilm survival to antimicrobial resistance development.

Author Contributions: Conceptualization, D.-A.C., V.-A.B,, 1.Z-Z., A-M.H., L-M.D. and VL,
writing—original draft preparation, D.-A.C., V.-A.B. and L.Z.-Z.; writing—review and editing, D.-A.C.,
V.-AB,1Z-Z., A-M.H. and L.-M.D,; visualization, D.-A.C., V.-A.B. and 1.Z.-Z.; supervision, A.-M.H.,
L.-M.D. and V.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Flemming, H.-C.; Wingender, J.; Szewzyk, U.; Steinberg, P; Rice, S.A.; Kjelleberg, S. Biofilms: An Emergent Form of Bacterial Life.
Nat. Rev. Microbiol. 2016, 14, 563-575. [CrossRef]
2. Flemming, H.-C.; Wuertz, S. Bacteria and Archaea on Earth and Their Abundance in Biofilms. Nat. Rev. Microbiol. 2019, 17,

247-260. [CrossRef]

3.  Lazar, V;; Oprea, E.; Ditu, L.M. Resistance, Tolerance, Virulence and Bacterial Pathogen Fitness—Current State and Envisioned
Solutions for the Near Future. Pathogens 2023, 12, 746. [CrossRef]

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.1038/nrmicro.2016.94
https://doi.org/10.1038/s41579-019-0158-9
https://doi.org/10.3390/pathogens12050746
https://doi.org/10.3390/biom16060887

Biomolecules 2026, 16, 887 52 of 64

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Hindieh, P; Yaghi, J.; Assaf, ].C.; Chokr, A.; Atoui, A.; Tzenios, N.; Louka, N.; Khoury, A. El Emerging Multimodal Strategies for
Bacterial Biofilm Eradication: A Comprehensive Review. Microorganisms 2025, 13, 2796. [CrossRef]

Qureshi, K.A.; Fahmy, N.A.; Parvez, A.; Almahasheer, H.; Permatasari, D.; Jaremko, M.; Abdallah, E.M. Biofilms and Antimicrobial
Resistance: Mechanisms, Clinical Implications, and Emerging Interventions. Chem. Biodivers. 2026, 23, e01351. [CrossRef]
[PubMed]

Almatroudi, A. Biofilm Resilience: Molecular Mechanisms Driving Antibiotic Resistance in Clinical Contexts. Biology 2025, 14, 165.
[CrossRef]

Fisher, R.A.; Gollan, B.; Helaine, S. Persistent Bacterial Infections and Persister Cells. Nat. Rev. Microbiol. 2017, 15, 453-464.
[CrossRef] [PubMed]

Mohammed, H.B.; Rayyif, S.M.IL; Curutiu, C.; Birca, A.C.; Oprea, O.-C.; Grumezescu, A.M.; Ditu, L.-M.; Gheorghe, I.; Chifiriuc,
M.C.; Mihaescu, G.; et al. Eugenol-Functionalized Magnetite Nanoparticles Modulate Virulence and Persistence in Pseudomonas
aeruginosa Clinical Strains. Molecules 2021, 26, 2189. [CrossRef]

Song, S.; Wood, T.K. “Viable but non-culturable Cells” Are Dead. Environ. Microbiol. 2021, 23, 2335-2338. [CrossRef]

Chen, S.; Dong, W,; Li, S.; Zhong, T.; Qian, X.; Cai, Y,; Ye, Y.; Liu, J.; Xu, Z.; Yuan, W. Formation of CO,-Dependent Small-
Colony Variants (SCVs) in Methicillin-Resistant Staphylococcus aureus Mediated by a Single Point Mutation in MpsB. Biofilm 2025,
10, 100320. [CrossRef] [PubMed]

Gomez-Gonzalez, C.; Acosta, J.; Villa, J.; Barrado, L.; Sanz, E,; Orellana, M.A.; Otero, J.R.; Chaves, E. Clinical and Molecular
Characteristics of Infections with CO,-Dependent Small-Colony Variants of Staphylococcus aureus. ]. Clin. Microbiol. 2010, 48,
2878-2884. [CrossRef]

Soomro, T.; Shar, N.A.; Urooj, S.; ul Huda, N.; Khan, F.Z; Siddiqui, A.; Fareed, S.K.; Danish, S.A.; Ahmed, A.; Raza, Y.; et al.
Persistence of Small Colony Variants in Methicillin Resistant S. aureus Biofilms. Microbiology 2026, 95, 118-128. [CrossRef]
Mirani, Z.A.; Aziz, M.; Khan, S.I. Small Colony Variants Have a Major Role in Stability and Persistence of Staphylococcus aureus
Biofilms. J. Antibiot. 2015, 68, 98-105. [CrossRef] [PubMed]

Haufler, S. Biofilm Formation by the Small Colony Variant Phenotype of Pseudomonas aeruginosa. Environ. Microbiol. 2004, 6,
546-551. [CrossRef] [PubMed]

Ciofu, O.; Rojo-Molinero, E.; Macia, M.D.; Oliver, A. Antibiotic Treatment of Biofilm Infections. APMIS 2017, 125, 304-319.
[CrossRef]

Costerton, ].W.; Stewart, P.S.; Greenberg, E.P. Bacterial Biofilms: A Common Cause of Persistent Infections. Science (1979) 1999,
284,1318-1322. [CrossRef]

Stewart, P.S.; William Costerton, J. Antibiotic Resistance of Bacteria in Biofilms. Lancet 2001, 358, 135-138. [CrossRef]

Lazar, V.; Chifiriuc, M.C. Medical Significance and New Therapeutical Strategies for Biofilm Associated Infections. Roum. Arch.
Microbiol. Immunol. 2010, 69, 125-138.

Baquero, F,; Levin, B.R. Proximate and Ultimate Causes of the Bactericidal Action of Antibiotics. Nat. Rev. Microbiol. 2021, 19,
123-132. [CrossRef]

Baran, A.; Kwiatkowska, A.; Potocki, L. Antibiotics and Bacterial Resistance—A Short Story of an Endless Arms Race. Int. J. Mol.
Sci. 2023, 24, 5777. [CrossRef]

Hengzhuang, W.; Wu, H.; Ciofu, O.; Song, Z.; Heiby, N. In Vivo Pharmacokinetics/Pharmacodynamics of Colistin and Imipenem
in Pseudomonas aeruginosa Biofilm Infection. Antimicrob. Agents Chemother. 2012, 56, 2683-2690. [CrossRef]

Asma, S.T.; Imre, K.; Morar, A.; Herman, V.; Acaroz, U.; Mukhtar, H.; Arslan-Acaroz, D.; Shah, S.R.A.; Gerlach, R. An Overview of
Biofilm Formation-Combating Strategies and Mechanisms of Action of Antibiofilm Agents. Life 2022, 12, 1110. [CrossRef]
Bowler, P.; Murphy, C.; Wolcott, R. Biofilm Exacerbates Antibiotic Resistance: Is This a Current Oversight in Antimicrobial
Stewardship? Antimicrob. Resist. Infect. Control 2020, 9, 162. [CrossRef]

Mishra, R.; Panda, A.K.; De Mandal, S.; Shakeel, M.; Bisht, S.S.; Khan, J. Natural Anti-Biofilm Agents: Strategies to Control
Biofilm-Forming Pathogens. Front. Microbiol. 2020, 11, 566325. [CrossRef]

Pinto, R.M.; Soares, E.A.; Reis, S.; Nunes, C.; Van Dijck, P. Innovative Strategies Toward the Disassembly of the EPS Matrix in
Bacterial Biofilms. Front. Microbiol. 2020, 11, 952. [CrossRef]

Zhou, L.; Zhang, Y,; Ge, Y.; Zhu, X,; Pan, J. Regulatory Mechanisms and Promising Applications of Quorum Sensing-Inhibiting
Agents in Control of Bacterial Biofilm Formation. Front. Microbiol. 2020, 11, 589640. [CrossRef] [PubMed]

Azeredo, ].; Garcfa, P,; Drulis-Kawa, Z. Targeting Biofilms Using Phages and Their Enzymes. Curr. Opin. Biotechnol. 2021, 68,
251-261. [CrossRef] [PubMed]

Kauser, A.; Parisini, E.; Suarato, G.; Castagna, R. Light-Based Anti-Biofilm and Antibacterial Strategies. Pharmaceutics 2023,
15,2106. [CrossRef] [PubMed]

Osman, A.-H.; Darkwah, S.; Kotey, F.C.N.; Asante-Poku, A.; Donkor, E.S. Lytic Bacteriophages as Alternative to Overcoming
Antibiotic-Resistant Biofilms Formed by Clinically Significant Bacteria. Ther. Adv. Infect. Dis. 2025, 12, 20499361251356057.
[CrossRef]

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.3390/microorganisms13122796
https://doi.org/10.1002/cbdv.202501351
https://www.ncbi.nlm.nih.gov/pubmed/41417517
https://doi.org/10.3390/biology14020165
https://doi.org/10.1038/nrmicro.2017.42
https://www.ncbi.nlm.nih.gov/pubmed/28529326
https://doi.org/10.3390/molecules26082189
https://doi.org/10.1111/1462-2920.15463
https://doi.org/10.1016/j.bioflm.2025.100320
https://www.ncbi.nlm.nih.gov/pubmed/41098904
https://doi.org/10.1128/JCM.00520-10
https://doi.org/10.1134/S0026261725602040
https://doi.org/10.1038/ja.2014.115
https://www.ncbi.nlm.nih.gov/pubmed/25160508
https://doi.org/10.1111/j.1462-2920.2004.00618.x
https://www.ncbi.nlm.nih.gov/pubmed/15142242
https://doi.org/10.1111/apm.12673
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.1016/S0140-6736(01)05321-1
https://doi.org/10.1038/s41579-020-00443-1
https://doi.org/10.3390/ijms24065777
https://doi.org/10.1128/AAC.06486-11
https://doi.org/10.3390/life12081110
https://doi.org/10.1186/s13756-020-00830-6
https://doi.org/10.3389/fmicb.2020.566325
https://doi.org/10.3389/fmicb.2020.00952
https://doi.org/10.3389/fmicb.2020.589640
https://www.ncbi.nlm.nih.gov/pubmed/33178172
https://doi.org/10.1016/j.copbio.2021.02.002
https://www.ncbi.nlm.nih.gov/pubmed/33714050
https://doi.org/10.3390/pharmaceutics15082106
https://www.ncbi.nlm.nih.gov/pubmed/37631320
https://doi.org/10.1177/20499361251356057
https://doi.org/10.3390/biom16060887

Biomolecules 2026, 16, 887 53 of 64

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.
50.

51.

52.

53.

Grari, O.; Ezrari, S.; El Yandouzi, I.; Benaissa, E.; Ben Lahlou, Y.; Lahmer, M.; Saddari, A.; Elouennass, M.; Maleb, A. A
Comprehensive Review on Biofilm-Associated Infections: Mechanisms, Diagnostic Challenges, and Innovative Therapeutic
Strategies. Microbe 2025, 8, 100436. [CrossRef]

Jacobowski, A.C.; Boleti, A.P.A.; Cruz, M.V,; Santos, K.ED.P.,; de Andrade, L.R.M.; Frihling, B.E.F.; Migliolo, L.; Paiva, PM.G.;
Teodoro, PE.; Teodoro, L.PR,; et al. Combating Antimicrobial Resistance: Innovative Strategies Using Peptides, Nanotechnology,
Phages, Quorum Sensing Interference, and CRISPR-Cas Systems. Pharmaceuticals 2025, 18, 1119. [CrossRef]

Kamiya, H.; Ehara, T.; Matsumoto, T. Inhibitory Effects of Lactoferrin on Biofilm Formation in Clinical Isolates of Pseudomonas
aeruginosa. J. Infect. Chemother. 2012, 18, 47-52. [CrossRef]

Costea, D.A.; Badaluta, V.A.; Magheran, L.I; Vasiliu, L.L; Ionascu, A.; Kourkoutas, Y.; Bleotu, C.; Curutiu, C.; Ditu, L.-M.; Lazar,
V. Lactoferrin and Probiotic-Derived Supernatants as Adjuvants for Managing Multidrug-Resistant Opportunistic Infections.
Preprints 2026. [CrossRef]

Shahidi, F.; Roshanak, S.; Javadmanesh, A.; Tabatabaei Yazdi, F.; Pirkhezranian, Z.; Azghandi, M. Evaluation of Antimicrobial
Properties of Bovine Lactoferrin against Foodborne Pathogenic Microorganisms in Planktonic and Biofilm Forms (in Vitro). J. Fiir
Verbraucherschutz Und Leb. 2020, 15, 277-283. [CrossRef]

Shaaban, M.; El-Rahman, O.A.A.; Al-Qaidi, B.; Ashour, H.M. Antimicrobial and Antibiofilm Activities of Probiotic Lactobacilli on
Antibiotic-Resistant Proteus mirabilis. Microorganisms 2020, 8, 960. [CrossRef] [PubMed]

Kalaya Yiiksek, F; Guimiis, D.; Glindogan, GIl; Ang Kiigtiker, M. Cell-Free Lactobacillus sp Supernatants Modulate Staphylococcus
aureus Growth, Adhesion and Invasion to Human Osteoblast (HOB) Cells. Curr. Microbiol. 2021, 78, 125-132. [CrossRef]
Badaluta, V.-A.; Ionascu, A.; Ditu, L.-M.; Curutiu, C.; Holban, A.-M.; Oprea, E.; Kourkoutas, Y.; Mihai, M.M.; Cucu, C.I; Hudita,
A.; et al. Antimicrobial and Immunomodulatory Activity of Natural Bioactive Compounds—An in Vitro Investigation with
Potential Applications in Managing Hidradenitis Suppurativa. Front. Immunol. 2025, 16, 1608269. [CrossRef]

Ashraf, M.V,; Pant, S.; Khan, M.A .H.; Shah, A.A.; Siddiqui, S.; Jeridi, M.; Alhamdi, HW.S.; Ahmad, S. Phytochemicals as
Antimicrobials: Prospecting Himalayan Medicinal Plants as Source of Alternate Medicine to Combat Antimicrobial Resistance.
Pharmaceuticals 2023, 16, 881. [CrossRef] [PubMed]

Rachwat, K.; Gustaw, K. Plant-Derived Phytobiotics as Emerging Alternatives to Antibiotics Against Foodborne Pathogens. Appl.
Sci. 2025, 15, 6774. [CrossRef]

Preet, S.; Kaur, J.; Panjeta, A.; Dogra, S.; Sharma, S. Evaluation of Combinatorial Efficacy of Nisin and Lactoferrin against
Pseudomonas aeruginosa Induced Experimental Pulmonary Infection Model. Curr. Microbiol. 2026, 83, 13. [CrossRef]

Kaur Sandhu, S.; Raut, J.; Kumar, S.; Singh, M.; Ahmed, B.; Singh, J.; Rana, V.; Rishi, P.; Ganesh, N.; Dua, K,; et al. Nanocurcumin
and Viable Lactobacillus plantarum Based Sponge Dressing for Skin Wound Healing. Int. |. Pharm. 2023, 643, 123187. [CrossRef]
Johansen, B.; Duval, R.; Sergere, J.-C. First Evidence of a Combination of Terpinen-4-Ol and x-Terpineol as a Promising Tool
against ESKAPE Pathogens. Molecules 2022, 27, 7472. [CrossRef]

Redwan, E.M.; El-Baky, N.A.; Al-Hejin, A.M.; Baeshen, M.N.; Almehdar, H.A.; Elsaway, A.; Gomaa, A.B.M.; Al-Masaudi, S.B.;
Al-Fassi, FA.; AbuZeid, L.E.; et al. Significant Antibacterial Activity and Synergistic Effects of Camel Lactoferrin with Antibiotics
against Methicillin-Resistant Staphylococcus aureus (MRSA). Res. Microbiol. 2016, 167, 480—-491. [CrossRef]

Chadha, J.; Ravi; Singh, J.; Harjai, K. a-Terpineol Synergizes with Gentamicin to Rescue Caenorhabditis elegans from Pseudomonas
aeruginosa Infection by Attenuating Quorum Sensing-Regulated Virulence. Life Sci. 2023, 313, 121267. [CrossRef]

Calvo, J.; Martinez-Martinez, L. Mecanismos de Accién de Los Antimicrobianos. Enferm. Infecc. Microbiol. Clin. 2009, 27, 44-52.
[CrossRef]

Tenover, F.C. Mechanisms of Antimicrobial Resistance in Bacteria. Am. J. Med. 2006, 119, S3-5S10. [CrossRef]

Hooper, D.C. Mechanisms of Action of Antimicrobials: Focus on Fluoroquinolones. Clin. Infect. Dis. 2001, 32, S9-515. [CrossRef]
[PubMed]

Mancuso, G.; Midiri, A.; Gerace, E.; Biondo, C. Bacterial Antibiotic Resistance: The Most Critical Pathogens. Pathogens 2021,
10, 1310. [CrossRef]

Stewart, P.S. Biophysics of Biofilm Infection. Pathog. Dis. 2014, 70, 212-218. [CrossRef] [PubMed]

Hall-Stoodley, L.; Costerton, J.W.; Stoodley, P. Bacterial Biofilms: From the Natural Environment to Infectious Diseases. Nat. Rev.
Microbiol. 2004, 2, 95-108. [CrossRef] [PubMed]

Gloag, E.S.; Fabbri, S.; Wozniak, D.J.; Stoodley, P. Biofilm Mechanics: Implications in Infection and Survival. Biofilm 2020, 2, 100017.
[CrossRef]

Ciarolla, A.A.; Lapin, N.; Williams, D.; Chopra, R.; Greenberg, D.E. Physical Approaches to Prevent and Treat Bacterial Biofilm.
Antibiotics 2022, 12, 54. [CrossRef] [PubMed]

Huang, J.; Fu, Q.; Shao, X.; Li, Y. Ultrasonic Strategies for Mitigating Microbial Adhesion and Biofilm Formation on Medical
Surfaces: A Mini Review. Front. Microbiol. 2025, 16, 1558035. [CrossRef]

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.1016/j.microb.2025.100436
https://doi.org/10.3390/ph18081119
https://doi.org/10.1007/s10156-011-0287-1
https://doi.org/10.20944/preprints202602.0143.v1
https://doi.org/10.1007/s00003-020-01280-3
https://doi.org/10.3390/microorganisms8060960
https://www.ncbi.nlm.nih.gov/pubmed/32604867
https://doi.org/10.1007/s00284-020-02247-1
https://doi.org/10.3389/fimmu.2025.1608269
https://doi.org/10.3390/ph16060881
https://www.ncbi.nlm.nih.gov/pubmed/37375828
https://doi.org/10.3390/app15126774
https://doi.org/10.1007/s00284-025-04578-3
https://doi.org/10.1016/j.ijpharm.2023.123187
https://doi.org/10.3390/molecules27217472
https://doi.org/10.1016/j.resmic.2016.04.006
https://doi.org/10.1016/j.lfs.2022.121267
https://doi.org/10.1016/j.eimc.2008.11.001
https://doi.org/10.1016/j.amjmed.2006.03.011
https://doi.org/10.1086/319370
https://www.ncbi.nlm.nih.gov/pubmed/11249823
https://doi.org/10.3390/pathogens10101310
https://doi.org/10.1111/2049-632X.12118
https://www.ncbi.nlm.nih.gov/pubmed/24376149
https://doi.org/10.1038/nrmicro821
https://www.ncbi.nlm.nih.gov/pubmed/15040259
https://doi.org/10.1016/j.bioflm.2019.100017
https://doi.org/10.3390/antibiotics12010054
https://www.ncbi.nlm.nih.gov/pubmed/36671255
https://doi.org/10.3389/fmicb.2025.1558035
https://doi.org/10.3390/biom16060887

Biomolecules 2026, 16, 887 54 of 64

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Okae, Y.; Nishitani, K.; Sakamoto, A.; Kawai, T.; Tomizawa, T.; Saito, M.; Kuroda, Y.; Matsuda, S. Estimation of Minimum Biofilm
Eradication Concentration (MBEC) on In Vivo Biofilm on Orthopedic Implants in a Rodent Femoral Infection Model. Front. Cell.
Infect. Microbiol. 2022, 12, 896978. [CrossRef]

Roy, R; Tiwari, M.; Donelli, G.; Tiwari, V. Strategies for Combating Bacterial Biofilms: A Focus on Anti-Biofilm Agents and Their
Mechanisms of Action. Virulence 2018, 9, 522-554. [CrossRef]

Thoming, J.G.; Haussler, S. Pseudomonas Aeruginosa Is More Tolerant Under Biofilm Than Under Planktonic Growth Conditions:
A Multi-Isolate Survey. Front. Cell. Infect. Microbiol. 2022, 12, 851784. [CrossRef] [PubMed]

Gianvecchio, C.; Lozano, N.A.; Henderson, C.; Kalhori, P; Bullivant, A.; Valencia, A.; Su, L.; Bello, G.; Wong, M.; Cook, E.; et al.
Variation in Mutant Prevention Concentrations. Front. Microbiol. 2019, 10, 42. [CrossRef]

Grooters, K.E.; Ku, J.C.; Richter, D.M.; Krinock, M.].; Minor, A.; Li, P; Kim, A.; Sawyer, R.; Li, Y. Strategies for Combating
Antibiotic Resistance in Bacterial Biofilms. Front. Cell. Infect. Microbiol. 2024, 14, 1352273. [CrossRef] [PubMed]

Yu, H,; Liu, Y;; Li, L.; Guo, Y;; Xie, Y.; Cheng, Y.; Yao, W. Ultrasound-Involved Emerging Strategies for Controlling Foodborne
Microbial Biofilms. Trends Food Sci. Technol. 2020, 96, 91-101. [CrossRef]

Dong, Y,; Li, J.; Li, P; Yu, J. Ultrasound Microbubbles Enhance the Activity of Vancomycin Against Staphylococcus epidermidis
Biofilms In Vivo. . Ultrasound Med. 2018, 37, 1379-1387. [CrossRef]

Hu, X.; Huang, Y.-Y.; Wang, Y.; Wang, X.; Hamblin, M.R. Antimicrobial Photodynamic Therapy to Control Clinically Relevant
Biofilm Infections. Front. Microbiol. 2018, 9, 1299. [CrossRef]

Kim, H.; Lee, Y.R.; Jeong, H.; Lee, J.; Wu, X,; Li, H.; Yoon, J. Photodynamic and Photothermal Therapies for Bacterial Infection
Treatment. Smart Mol. 2023, 1, €20220010. [CrossRef]

Wainwright, M.; Maisch, T.; Nonell, S.; Plaetzer, K.; Almeida, A.; Tegos, G.P.; Hamblin, M.R. Photoantimicrobials—Are We Afraid
of the Light? Lancet Infect. Dis. 2017, 17, e49-e55. [CrossRef]

Huo, J; Jia, Q.; Huang, H.; Zhang, J.; Li, P; Dong, X.; Huang, W. Emerging Photothermal-Derived Multimodal Synergistic
Therapy in Combating Bacterial Infections. Chem. Soc. Rev. 2021, 50, 8762-8789. [CrossRef]

Dediu, V.; Ghitman, J.; Gradisteanu Pircalabioru, G.; Chan, K.H.; Iliescu, ES.; Iliescu, C. Trends in Photothermal Nanostructures
for Antimicrobial Applications. Int. J. Mol. Sci. 2023, 24, 9375. [CrossRef] [PubMed]

Kim, J.-S.; Lim, M.-C.; Kim, S.-M.; Lee, J.-Y. Extracellular Matrix-Degrading Enzymes as a Biofilm Control Strategy for Food-
Related Microorganisms. Food Sci. Biotechnol. 2023, 32, 1745-1761. [CrossRef]

Kaplan, J.B.; Sukhishvili, S.A.; Sailer, M.; Kridin, K.; Ramasubbu, N. Aggregatibacter actinomycetemcomitans Dispersin B: The
Quintessential Antibiofilm Enzyme. Pathogens 2024, 13, 668. [CrossRef] [PubMed]

Liu, S.; Lu, H.; Zhang, S.; Shi, Y.; Chen, Q. Phages against Pathogenic Bacterial Biofilms and Biofilm-Based Infections: A Review.
Pharmaceutics 2022, 14, 427. [CrossRef]

Ngashangva, N.; Huidrom, S.; Devi, I.S. Antimicrobial Peptides: Natural Templates for next-Generation Therapeutics against
Antimicrobial Resistance. Front. Cell. Infect. Microbiol. 2026, 15, 1720027. [CrossRef] [PubMed]

Wang, S.; Zhao, Y.; Breslawec, A.P; Liang, T.; Deng, Z.; Kuperman, L.L.; Yu, Q. Strategy to Combat Biofilms: A Focus on Biofilm
Dispersal Enzymes. npj Biofilms Microbiomes 2023, 9, 63. [CrossRef] [PubMed]

Ebeling, W.; Hennrich, N.; Klockow, M.; Metz, H.; Orth, H.D.; Lang, H. Proteinase K from Tritirachium album Limber. Eur. ].
Biochem. 1974, 47, 91-97. [CrossRef]

Shukla, S.K.; Rao, T.S. Staphylococcus Aureus Biofilm Removal by Targeting Biofilm-Associated Extracellular Proteins. Indian ].
Med. Res. 2017, 146, S1-S8. [CrossRef] [PubMed]

Kaplan, J.B.; LoVetri, K.; Cardona, S.T.; Madhyastha, S.; Sadovskaya, I.; Jabbouri, S.; Izano, E.A. Recombinant Human DNase I
Decreases Biofilm and Increases Antimicrobial Susceptibility in Staphylococci. J. Antibiot. 2012, 65, 73-77. [CrossRef]

Tung, T.T.; Jakobsen, T.H.; Dao, T.T.; Fuglsang, A.T.; Givskov, M.; Christensen, S.B.; Nielsen, J. Fusaric Acid and Analogues as
Gram-Negative Bacterial Quorum Sensing Inhibitors. Eur. . Med. Chem. 2017, 126, 1011-1020. [CrossRef]

Patel, K.; Rodriguez, C.; Stabb, E.V.; Hagen, S.J. Spatially Propagating Activation of Quorum Sensing in Vibrio fischeri and the
Transition to Low Population Density. Phys. Rev. E 2020, 101, 062421. [CrossRef]

Ji, H.; Zhao, L.; Lv, K.; Zhang, Y.; Gao, H.; Gong, Q.; Yu, W. Citrinin Is a Potential Quorum Sensing Inhibitor against Pseudomonas
aeruginosa. Mar. Drugs 2023, 21, 296. [CrossRef] [PubMed]

Xu, K.-Z.; Vinothkanna, A.; Wang, D.; Jiang, H.; Xu, Z.; Jia, A.-Q. Bacterial Quorum-Sensing Systems in Cell-Cell Communication.
FEMS Microbiol. Rev. 2026, 50, fuag020. [CrossRef]

Thoendel, M.; Kavanaugh, J.S.; Flack, C.E.; Horswill, A.R. Peptide Signaling in the Staphylococci. Chem. Rev. 2011, 111, 117-151.
[CrossRef]

Tortosa, P.; Logsdon, L.; Kraigher, B.; Itoh, Y.; Mandic-Mulec, I.; Dubnau, D. Specificity and Genetic Polymorphism of the Bacillus
Competence Quorum-Sensing System. J. Bacteriol. 2001, 183, 451-460. [CrossRef] [PubMed]

Chen, X.; Schauder, S.; Potier, N.; Van Dorsselaer, A.; Pelczer, I.; Bassler, B.L.; Hughson, EM. Structural Identification of a Bacterial
Quorum-Sensing Signal Containing Boron. Nature 2002, 415, 545-549. [CrossRef]

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.3389/fcimb.2022.896978
https://doi.org/10.1080/21505594.2017.1313372
https://doi.org/10.3389/fcimb.2022.851784
https://www.ncbi.nlm.nih.gov/pubmed/35295755
https://doi.org/10.3389/fmicb.2019.00042
https://doi.org/10.3389/fcimb.2024.1352273
https://www.ncbi.nlm.nih.gov/pubmed/38322672
https://doi.org/10.1016/j.tifs.2019.12.010
https://doi.org/10.1002/jum.14475
https://doi.org/10.3389/fmicb.2018.01299
https://doi.org/10.1002/smo.20220010
https://doi.org/10.1016/S1473-3099(16)30268-7
https://doi.org/10.1039/D1CS00074H
https://doi.org/10.3390/ijms24119375
https://www.ncbi.nlm.nih.gov/pubmed/37298326
https://doi.org/10.1007/s10068-023-01373-3
https://doi.org/10.3390/pathogens13080668
https://www.ncbi.nlm.nih.gov/pubmed/39204268
https://doi.org/10.3390/pharmaceutics14020427
https://doi.org/10.3389/fcimb.2025.1720027
https://www.ncbi.nlm.nih.gov/pubmed/41561088
https://doi.org/10.1038/s41522-023-00427-y
https://www.ncbi.nlm.nih.gov/pubmed/37679355
https://doi.org/10.1111/j.1432-1033.1974.tb03671.x
https://doi.org/10.4103/ijmr.IJMR_410_15
https://www.ncbi.nlm.nih.gov/pubmed/29205189
https://doi.org/10.1038/ja.2011.113
https://doi.org/10.1016/j.ejmech.2016.11.044
https://doi.org/10.1103/PhysRevE.101.062421
https://doi.org/10.3390/md21050296
https://www.ncbi.nlm.nih.gov/pubmed/37233490
https://doi.org/10.1093/femsre/fuag020
https://doi.org/10.1021/cr100370n
https://doi.org/10.1128/JB.183.2.451-460.2001
https://www.ncbi.nlm.nih.gov/pubmed/11133937
https://doi.org/10.1038/415545a
https://doi.org/10.3390/biom16060887

Biomolecules 2026, 16, 887 55 of 64

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

103.

104.

105.
106.

Zhang, L.; Li, S;; Liu, X.; Wang, Z.; Jiang, M.; Wang, R.; Xie, L.; Liu, Q.; Xie, X.; Shang, D.; et al. Sensing of Autoinducer-2 by
Functionally Distinct Receptors in Prokaryotes. Nat. Commun. 2020, 11, 5371. [CrossRef]

Arcan, S.K.C.; Yatip, P,; Munyoo, B.; Maningas, M.B.B.; Soowannayan, C.; Guzman, ].PM.D. Attenuating Vibrio harveyi Virulence
Through Quorum Sensing Interference Using Piperine: An In Vitro and In Silico Approach. |. Fish. Dis. 2025, 48, e14094.
[CrossRef]

Vinothkannan, R.; Muthu Tamizh, M.; David Raj, C.; Adline Princy, S. Fructose Furoic Acid Ester: An Effective Quorum Sensing
Inhibitor against Uropathogenic Escherichia coli. Bioorg. Chem. 2018, 79, 310-318. [CrossRef] [PubMed]

D’Angelo, F; Baldelli, V.; Halliday, N.; Pantalone, P.; Polticelli, F.; Fiscarelli, E.; Williams, P.; Visca, P.; Leoni, L.; Rampioni, G.
Identification of FDA-Approved Drugs as Antivirulence Agents Targeting the Pqs Quorum-Sensing System of Pseudomonas
aeruginosa. Antimicrob. Agents Chemother. 2018, 62, €01296-18. [CrossRef] [PubMed]

Liang, H.; Feng, Y.; Zeng, D.; Zhang, ]J.; Cheng, L.; Fu, X,; Long, Z.; Zhou, X,; Liu, L.; Wu, Z.; et al. DSF-inspired Discovery of
Novel Zingerone-based Quorum-sensing Inhibitors: An Attractive Tactic of Fighting Xanthomonas Bacterial Infections. Pest Manag.
Sci. 2025, 81, 4348-4364. [CrossRef]

Wang, Y.; Wang, F.; Wang, C.; Li, X.; Fu, L. Positive Regulation of Spoilage Potential and Biofilm Formation in Shewanella baltica
0S155 via Quorum Sensing System Composed of DKP and Orphan LuxRs. Front. Microbiol. 2019, 10, 135. [CrossRef]

Ke, X.; Miller, L.C.; Ng, W.; Bassler, B.L. CqsA-CqgsS Quorum-sensing Signal-receptor Specificity in Photobacterium angustum. Mol.
Microbiol. 2014, 91, 821-833. [CrossRef] [PubMed]

Mai, T;; Tintillier, F.; Lucasson, A.; Moriou, C.; Bonno, E.; Petek, S.; Magré, K.; Al Mourabit, A.; Saulnier, D.; Debitus, C. Quorum
Sensing Inhibitors from Leucetta chagosensis Dendy, 1863. Lett. Appl. Microbiol. 2015, 61, 311-317. [CrossRef]

Rattanaphan, P.; Mittraparp-Arthorn, P; Srinoun, K.; Vuddhakul, V.; Tansila, N. Indole Signaling Decreases Biofilm Formation
and Related Virulence of Listeria monocytogenes. FEMS Microbiol. Lett. 2020, 367, fnaall6. [CrossRef]

Liu, X.; Wang, W.; Li, J.; Li, Y,; Zhang, ].; Tan, H. A Widespread Response of Gram-Negative Bacterial Acyl-Homoserine Lactone
Receptors to Gram-Positive Streptomyces y-Butyrolactone Signaling Molecules. Sci. China Life Sci. 2021, 64, 1575-1589. [CrossRef]
Brameyer, S.; Kresovic, D.; Bode, H.B.; Heermann, R. Dialkylresorcinols as Bacterial Signaling Molecules. Proc. Natl. Acad. Sci.
USA 2015, 112, 572-577. [CrossRef] [PubMed]

Lee, M.H.; Khan, R; Tao, W.; Choi, K,; Lee, S.Y.; Lee, ].W.; Hwang, E.C.; Lee, S.-W. Soil Metagenome-Derived 3-Hydroxypalmitic
Acid Methyl Ester Hydrolases Suppress Extracellular Polysaccharide Production in Ralstonia solanacearum. J. Biotechnol. 2018, 270,
30-38. [CrossRef]

Achari, G.A.; Ramesh, R. Characterization of Bacteria Degrading 3-Hydroxy Palmitic Acid Methyl Ester (30OH-PAME), a Quorum
Sensing Molecule of Ralstonia Solanacearum. Lett. Appl. Microbiol. 2015, 60, 447-455. [CrossRef] [PubMed]

Bandyopadhaya, A.; Tzika, A.A.; Rahme, L.G. Pseudomonas Aeruginosa Quorum Sensing Molecule Alters Skeletal Muscle
Protein Homeostasis by Perturbing the Antioxidant Defense System. mBio 2019, 10, €02211-19. [CrossRef]

Sun, L.; Xu, B,; Tao, Y,; Liang, Y.; Chen, X. Exploring Intervention Strategies for Microbial Biofilms in the Food Industry Based on
a Biomolecular Mechanism Perspective: Recent Advances and Emerging Trends. Foods 2025, 14, 4192. [CrossRef]

Fleming, A. On the Antibacterial Action of Cultures of a Penicillium, with Special Reference to Their Use in the Isolation of B.
influenzae. Bull. World Health Organ. 1929, 79, 780-790. [CrossRef]

Van Epps, H.L. René Dubos: Unearthing Antibiotics. J. Exp. Med. 2006, 203, 259. [CrossRef]

Ridyard, K.E.; Overhage, J. The Potential of Human Peptide LL-37 as an Antimicrobial and Anti-Biofilm Agent. Antibiotics 2021,
10, 650. [CrossRef] [PubMed]

Voronko, O.E.; Khotina, V.A.; Kashirskikh, D.A.; Lee, A.A.; Gasanov, V.A. Antimicrobial Peptides of the Cathelicidin Family:
Focus on LL-37 and Its Modifications. Int. |. Mol. Sci. 2025, 26, 8103. [CrossRef]

Khruengsai, S.; Sripahco, T.; Kittakoop, P.; Pripdeevech, P. Antibacterial, Antibiofilm, and Metabolomic Profiling of the Novel
Freshwater Fungi Longipedicellata megafusiformis and Wicklowia fusiformispora. Sci. Rep. 2026, 16, 6083. [CrossRef]

Prakash, S.; Bharathi, S.; Soundara Rajan, Y.A.P.A ; Nisha, R.G.; Mohanasundaram, S.; Alagendran, S.; Kannapiran, E.; Rama-
subburayan, R. Harnessing Marine Bacteria-Derived Compounds as Anti-Quorum Sensing Agents: A Spotlight on Sources,
Mechanisms and Emerging Technologies. Bioorg. Chem. 2026, 170, 109463. [CrossRef]

Magalhaes, R.; Mil-Homens, D.; Cruz, S.; Oliveira, M. Marine Antimicrobial Peptides: Emerging Strategies Against Multidrug-
Resistant and Biofilm-Forming Bacteria. Antibiotics 2025, 14, 808. [CrossRef]

Ko, S.J.; Kang, N.H.; Kim, M.K; Park, J.; Park, E.; Park, G.H.; Kang, TW.; Na, D.E.; Park, ].B.; Yi, Y.E; et al. Antibacterial and
Anti-Biofilm Activity, and Mechanism of Action of Pleurocidin against Drug Resistant Staphylococcus aureus. Microb. Pathog. 2019,
127,70-78. [CrossRef] [PubMed]

Wang, J.; Fu, Y.; Wu, J.; Li, J.; Wang, X. Hydrodynamic Modelling of Biofilm Detachment via the Immersed Boundary Method. Int.
Biodeterior. Biodegrad. 2026, 207, 106245. [CrossRef]

Costea, D.A.; Lazar, V. Lactoferrin-A Multivalent Molecule. Roum. Arch. Microbiol. Immunol. 2024, 83, 108-115. [CrossRef]
Hasan, T.H.; Al-Harmoosh, R.A. Mechanisms of Antibiotics Resistance in Bacteria. Sys. Rev. Pharm. 2020, 11, 817-823. [CrossRef]

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.1038/s41467-020-19243-5
https://doi.org/10.1111/jfd.14094
https://doi.org/10.1016/j.bioorg.2018.05.009
https://www.ncbi.nlm.nih.gov/pubmed/29800818
https://doi.org/10.1128/AAC.01296-18
https://www.ncbi.nlm.nih.gov/pubmed/30201815
https://doi.org/10.1002/ps.8793
https://doi.org/10.3389/fmicb.2019.00135
https://doi.org/10.1111/mmi.12502
https://www.ncbi.nlm.nih.gov/pubmed/24372841
https://doi.org/10.1111/lam.12461
https://doi.org/10.1093/femsle/fnaa116
https://doi.org/10.1007/s11427-021-1956-8
https://doi.org/10.1073/pnas.1417685112
https://www.ncbi.nlm.nih.gov/pubmed/25550519
https://doi.org/10.1016/j.jbiotec.2018.01.023
https://doi.org/10.1111/lam.12389
https://www.ncbi.nlm.nih.gov/pubmed/25580768
https://doi.org/10.1128/mBio.02211-19
https://doi.org/10.3390/foods14244192
https://doi.org/10.1093/clinids/2.1.129
https://doi.org/10.1084/jem.2032fta
https://doi.org/10.3390/antibiotics10060650
https://www.ncbi.nlm.nih.gov/pubmed/34072318
https://doi.org/10.3390/ijms26168103
https://doi.org/10.1038/s41598-026-36637-5
https://doi.org/10.1016/j.bioorg.2025.109463
https://doi.org/10.3390/antibiotics14080808
https://doi.org/10.1016/j.micpath.2018.11.052
https://www.ncbi.nlm.nih.gov/pubmed/30508627
https://doi.org/10.1016/j.ibiod.2025.106245
https://doi.org/10.54044/RAMI.2024.02.05
https://doi.org/10.31838/srp.2020.6.118
https://doi.org/10.3390/biom16060887

Biomolecules 2026, 16, 887 56 of 64

107.

108.

109.

110.

111.

112.

113.

114.

115.
116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Catalano, A.; Iacopetta, D.; Ceramella, J.; Scumaci, D.; Giuzio, F,; Saturnino, C.; Aquaro, S.; Rosano, C.; Sinicropi, M.S. Multidrug
Resistance (MDR): A Widespread Phenomenon in Pharmacological Therapies. Molecules 2022, 27, 616. [CrossRef]

Tsalidou, M.; Stergiopoulou, T.; Bostanitis, I.; Nikaki, C.; Skoumpa, K.; Koutsoukou, T.; Papaioannidou, P. Surveillance of
Antimicrobial Resistance and Multidrug Resistance Prevalence of Clinical Isolates in a Regional Hospital in Northern Greece.
Antibiotics 2023, 12, 1595. [CrossRef] [PubMed]

Saha, M.; Sarkar, A. Review on Multiple Facets of Drug Resistance: A Rising Challenge in the 21st Century. . Xenobiotics 2021, 11,
197-214. [CrossRef]

van Duin, D.; Paterson, D.L. Multidrug-Resistant Bacteria in the Community: An Update. Infect. Dis. Clin. N. Am. 2020, 34,
709-722. [CrossRef]

Bharadwaj, A.; Rastogi, A.; Pandey, S.; Gupta, S.; Sohal, J.S. Multidrug-Resistant Bacteria: Their Mechanism of Action and
Prophylaxis. BioMed Res. Int. 2022, 2022, 5419874. [CrossRef]

Reardon, S. WHO Warns against “post-Antibiotic” Era. Nature 2014. [CrossRef]

Alkhulaifi, M.M.; Alosaimi, M.M.; Khan, M.S.; Tabrez, S.; Shaik, G.M.; Alokail, M.S.; Hassan, M.A.; Awadalla, M.E.; Husain, EM.
Assessment of Broad-Spectrum Antimicrobial, Antibiofilm, and Anticancer Potential of Lactoferrin Extracted from Camel Milk.
Appl. Biochem. Biotechnol. 2024, 196, 1464-1480. [CrossRef] [PubMed]

Barenji, E.K,; Beglari, S.; Tahghighi, A.; Azerang, P; Rohani, M. Evaluation of Anti-Bacterial and Anti-Biofilm Activity of Native
Probiotic Strains of Lactobacillus Extracts. Iran. Biomed. |. 2024, 28, 102-112. [CrossRef]

Sorensen, M.; Sorensen, S.P.L. The Proteins in Whey. R. Trav. Lab. Carlsberg 1939, 23, 55-99.

Al-Mogpbel, M.S.; Menezes, G.A.; Elabbasy, M.T.; Alkhulaifi, M.M.; Hossain, A.; Khan, M.A. Effect of Synergistic Action of Bovine
Lactoferrin with Antibiotics on Drug Resistant Bacterial Pathogens. Medicina 2021, 57, 343. [CrossRef]

Kowalczyk, P; Kaczynska, K.; Kleczkowska, P.; Bukowska-Osko, I.; Kramkowski, K.; Sulejczak, D. The Lactoferrin Phenomenon—
A Miracle Molecule. Molecules 2022, 27, 2941. [CrossRef]

Gibbons, J.A.; Kanwar, R.K.; Kanwar, J.R. Lactoferrin and Cancer in Different Cancer Models. Front. Biosci. 2011, 3, 1080.
[CrossRef]

Ramirez-Rico, G.; Drago-Serrano, M.E.; Ledn-Sicairos, N.; de la Garza, M. Lactoferrin: A Nutraceutical with Activity against
Colorectal Cancer. Front. Pharmacol. 2022, 13, 855852. [CrossRef]

Ohradanova-Repic, A.; PraZenicova, R.; Gebetsberger, L.; Moskalets, T.; Skrabana, R.; Cehlar, O.; Tajti, G.; Stockinger, H.; Leksa,
V. Time to Kill and Time to Heal: The Multifaceted Role of Lactoferrin and Lactoferricin in Host Defense. Pharmaceutics 2023,
15, 1056. [CrossRef]

Ammons, M.C.; Copié, V. Mini-Review: Lactoferrin: A Bioinspired, Anti-Biofilm Therapeutic. Biofouling 2013, 29, 443-455.
[CrossRef]

Kim, J.W.; Lee, ].S.; Choi, Y.J.; Kim, C. The Multifaceted Functions of Lactoferrin in Antimicrobial Defense and Inflammation.
Biomolecules 2025, 15, 1174. [CrossRef]

Moore, S.A.; Anderson, B.F.; Groom, C.R.; Haridas, M.; Baker, E.N. Three-Dimensional Structure of Diferric Bovine Lactoferrin at
2.8 A E Resolution. J. Mol. Biol. 1997, 274, 222-236. [CrossRef]

Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular Dynamics. J. Mol. Graph. 1996, 14, 33-38. [CrossRef]
Ramirez-Sanchez, D.A.; Canizalez-Roman, A.; Le6n-Sicairos, N.; Pérez Martinez, G. The Anticancer Activity of Bovine Lactoferrin
Is Reduced by Deglycosylation and It Follows a Different Pathway in Cervix and Colon Cancer Cells. Food Sci. Nutr. 2024, 12,
3516-3528. [CrossRef] [PubMed]

Chen, PW.; Jheng, T.T.; Shyu, C.L.; Mao, EC. Synergistic Antibacterial Efficacies of the Combination of Bovine Lactoferrin or Its
Hydrolysate with Probiotic Secretion in Curbing the Growth of Meticillin-Resistant Staphylococcus aureus. . Med. Microbiol. 2013,
62,1845-1851. [CrossRef]

Brouwer, C.; Welling, M.M.; Alwasel, S.; Boekhout, T. Potential Health Benefits of Lactoferrin and Derived Peptides—-How to
Qualify as a Medical Device? Crit. Rev. Microbiol. 2025, 51, 1041-1065. [CrossRef] [PubMed]

Niaz, B.; Saeed, F.; Ahmed, A.; Imran, M.; Maan, A.A.; Khan, M.K.I; Tufail, T.; Anjum, EM.; Hussain, S.; Suleria, H. A.R.
Lactoferrin (LF): A Natural Antimicrobial Protein. Int. J. Food Prop. 2019, 22, 1626-1641. [CrossRef]

Zarzosa-Moreno, D.; Avalos-Gémez, C.; Ramirez-Texcalco, L.S.; Torres-Lépez, E.; Ramirez-Mondragén, R.; Hernandez-Ramirez,
J.O.; Serrano-Luna, J.; de la Garza, M. Lactoferrin and Its Derived Peptides: An Alternative for Combating Virulence Mechanisms
Developed by Pathogens. Molecules 2020, 25, 5763. [CrossRef]

Sienkiewicz, M.; Jaskiewicz, A.; Tarasiuk, A.; Fichna, J. Lactoferrin: An Overview of Its Main Functions, Imnmunomodulatory and
Antimicrobial Role, and Clinical Significance. Crit. Rev. Food Sci. Nutr. 2022, 62, 6016-6033. [CrossRef] [PubMed]
Angulo-Zamudio, U.A; Vidal, ].E.; Nazmi, K.; Bolscher, ].G.M.; Leon-Sicairos, C.; Antezana, B.S.; Canizalez-Roman, A.; Le6n-
Sicairos, N. Lactoferrin Disaggregates Pneumococcal Biofilms and Inhibits Acquisition of Resistance Through Its DNase Activity.
Front. Microbiol. 2019, 10, 2386. [CrossRef]

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.3390/molecules27030616
https://doi.org/10.3390/antibiotics12111595
https://www.ncbi.nlm.nih.gov/pubmed/37998797
https://doi.org/10.3390/jox11040013
https://doi.org/10.1016/j.idc.2020.08.002
https://doi.org/10.1155/2022/5419874
https://doi.org/10.1038/nature.2014.15135
https://doi.org/10.1007/s12010-023-04579-7
https://www.ncbi.nlm.nih.gov/pubmed/37418128
https://doi.org/10.61186/ibj.4043
https://doi.org/10.3390/medicina57040343
https://doi.org/10.3390/molecules27092941
https://doi.org/10.2741/212
https://doi.org/10.3389/fphar.2022.855852
https://doi.org/10.3390/pharmaceutics15041056
https://doi.org/10.1080/08927014.2013.773317
https://doi.org/10.3390/biom15081174
https://doi.org/10.1006/jmbi.1997.1386
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1002/fsn3.4020
https://www.ncbi.nlm.nih.gov/pubmed/38726451
https://doi.org/10.1099/jmm.0.052639-0
https://doi.org/10.1080/1040841X.2025.2466465
https://www.ncbi.nlm.nih.gov/pubmed/39964125
https://doi.org/10.1080/10942912.2019.1666137
https://doi.org/10.3390/molecules25245763
https://doi.org/10.1080/10408398.2021.1895063
https://www.ncbi.nlm.nih.gov/pubmed/33685299
https://doi.org/10.3389/fmicb.2019.02386
https://doi.org/10.3390/biom16060887

Biomolecules 2026, 16, 887 57 of 64

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Gruden, S.; Ulrih, N.P. Diverse Mechanisms of Antimicrobial Activities of Lactoferrins, Lactoferricins, and Other Lactoferrin-
Derived Peptides. Int. ]. Mol. Sci. 2021, 22, 11264. [CrossRef]

Chen, PW.,; Jheng, T.T.; Shyu, C.L.; Mao, EC. Antimicrobial Potential for the Combination of Bovine Lactoferrin or Its Hydrolysate
with Lactoferrin-Resistant Probiotics against Foodborne Pathogens. J. Dairy Sci. 2013, 96, 1438-1446. [CrossRef]

Cao, X.; Ren, Y;; Lu, Q.; Wang, K.; Wu, Y,; Wang, Y.H.; Zhang, Y.; Cui, X.S.; Yang, Z.; Chen, Z. Lactoferrin: A Glycoprotein That
Plays an Active Role in Human Health. Front. Nutr. 2023, 9, 1018336. [CrossRef]

Demir, R; Saritas, S.; Bechelany, M.; Karav, S. Lactoferrin: Properties and Potential Uses in the Food Industry. Int. J. Mol. Sci. 2025,
26, 1404. [CrossRef]

Elass-Rochard, E.; Roseanu, A.; Legrand, D.; Trif, M.; Salmon, V.; Motas, C.; Montreuil, J.; Spik, G. Lactoferrin-Lipopolysaccharide
Interaction: Involvement of the 28-34 Loop Region of Human Lactoferrin in the High-Affinity Binding to Escherichia coli 055B5
Lipopolysaccharide. Biochem. ]. 1995, 312, 839-845. [CrossRef]

Huertas Méndez, N.D.].; Vargas Casanova, Y.; Gomez Chimbi, A.K.; Hernandez, E.; Leal Castro, A.L.; Melo Diaz, ] M.; Rivera
Monroy, Z.].; Garcia Castafieda, J.E. Synthetic Peptides Derived from Bovine Lactoferricin Exhibit Antimicrobial Activity against
E. coli ATCC 11775, S. maltophilia ATCC 13636 and S. enteritidis ATCC 13076. Molecules 2017, 22, 452. [CrossRef] [PubMed]
Bruni, N.; Capucchio, M.T.; Biasibetti, E.; Pessione, E.; Cirrincione, S.; Giraudo, L.; Corona, A.; Dosio, F. Antimicrobial Activity of
Lactoferrin-Related Peptides and Applications in Human and Veterinary Medicine. Molecules 2016, 21, 752. [CrossRef] [PubMed]
Vorland, L.H.; Osbakk, S.A.; Perstelen, T.; Ulvatne, H.; Rekdal, &.; Svendsen, ].S.; Gutteberg, T.].; Vorland, L.H. Interference of the
Antimicrobial Peptide Lactoferricin B with the Action of Various Antibiotics against Escherichia coli and Staphylococcus aureus.
Scand. ]. Infect. Dis. 1999, 31, 173-177. [CrossRef] [PubMed]

Hwang, PM.; Zhou, N.; Shan, X.; Arrowsmith, C.H.; Vogel, H.]. Three-Dimensional Solution Structure of Lactoferricin B, an
Antimicrobial Peptide Derived from Bovine Lactoferrin. Biochemistry 1998, 37, 4288-4298. [CrossRef]

Ghosh, A.; Datta, A.; Jana, J.; Kar, R K.; Chatterjee, C.; Chatterjee, S.; Bhunia, A. Sequence Context Induced Antimicrobial Activity:
Insight into Lipopolysaccharide Permeabilization. Mol. Biosyst. 2014, 10, 1596-1612. [CrossRef] [PubMed]

Ulvatne, H.; Vorland, L.H.; Uleatne, H. Bactericidal Kinetics of 3 Lactoferricins Against Staphylococcus aureus and Escherichia coli.
Scand. ]. Infect. Dis. 2001, 33, 507-511. [CrossRef]

Mishra, B.; Felix, L.O.; Basu, A.; Kollala, S.S.; Chhonker, Y.S.; Ganesan, N.; Murry, D.].; Mylonakis, E. Design and Evaluation
of Short Bovine Lactoferrin-Derived Antimicrobial Peptides against Multidrug-Resistant Enterococcus faecium. Antibiotics 2022,
11, 1085. [CrossRef]

Pei, J.; Xiong, L.; Wu, X.; Chu, M,; Bao, P; Ge, Q.; Guo, X. Bovine Lactoferricin Exerts Antibacterial Activity against Four
Gram-Negative Pathogenic Bacteria by Transforming Its Molecular Structure. Front. Cell. Infect. Microbiol. 2025, 15, 1508895.
[CrossRef]

de Sa Almeida, J.S.; de Oliveira Marre, A.T.; Teixeira, FL.; Boente, R.F.; Domingues, RM.C.P; de Paula, G.R.; Lobo, L.A.
Lactoferrin and Lactoferricin B Reduce Adhesion and Biofilm Formation in the Intestinal Symbionts Bacteroides fragilis and
Bacteroides thetaiotaomicron. Anaerobe 2020, 64, 102232. [CrossRef]

Wakabayashi, H.; Yamauchi, K.; Kobayashi, T.; Yaeshima, T.; Iwatsuki, K.; Yoshie, H. Inhibitory Effects of Lactoferrin on Growth
and Biofilm Formation of Porphyromonas gingivalis and Prevotella intermedia. Antimicrob. Agents Chemother. 2009, 53, 3308-3316.
[CrossRef]

Dashper, S.G.; Pan, Y.; Veith, P.D.; Chen, Y.Y,; Toh, E.C.Y,; Liu, S.W.; Cross, K.J.; Reynolds, E.C. Lactoferrin Inhibits Porphyromonas
gingivalis Proteinases and Has Sustained Biofilm Inhibitory Activity. Antimicrob. Agents Chemother. 2012, 56, 1548-1556. [CrossRef]
Singh, PK.; Parsek, M.R.; Peter Greenberg, E.; Welsh, M.].; Keck, WM. A Component of Innate Immunity Prevents Bacterial
Biofilm Development. Nature 2002, 417, 552-555. [CrossRef]

Leé6n-Sicairos, N.; Angulo-Zamudio, U.A.; Vidal, ].E.; Lépez-Torres, C.A.; Bolscher, ].G.M.; Nazmi, K.; Reyes-Cortes, R.; Reyes-
Loépez, M.; De La Garza, M.; Canizalez-Romén, A. Bactericidal Effect of Bovine Lactoferrin and Synthetic Peptide Lactoferrin
Chimera in Streptococcus pneumoniae and the Decrease in luxS Gene Expression by Lactoferrin. BioMetals 2014, 27, 969-980.
[CrossRef] [PubMed]

Berlutti, F; Schippa, S.; Morea, C.; Sarli, S.; Perfetto, B.; Donnarumma, G.; Valenti, P. Lactoferrin Downregulates Pro-Inflammatory
Cytokines Upexpressed in Intestinal Epithelial Cells Infected with Invasive or Noninvasive Escherichia coli Strains. Biochem. Cell
Biol. 2006, 84, 351-357. [CrossRef] [PubMed]

Bolscher, ].G.M.; Adao, R.; Nazmi, K.; van den Keybus, P.A.M.; van 't Hof, W.; Nieuw Amerongen, A.V.; Bastos, M.; Veerman,
E.C.I Bactericidal Activity of LFchimera Is Stronger and Less Sensitive to Ionic Strength than Its Constituent Lactoferricin and
Lactoferrampin Peptides. Biochimie 2009, 91, 123-132. [CrossRef] [PubMed]

Yen, C.C.; Shen, C.J.; Hsu, W.H.; Chang, Y.H.; Lin, H.T.; Chen, H.L.; Chen, C.M. Lactoferrin: An Iron-Binding Antimicrobial
Protein against Escherichia coli Infection. BioMetals 2011, 24, 585-594. [CrossRef]

Ramamourthy, G.; Vogel, H.]. Antibiofilm Activity of Lactoferrin-Derived Synthetic Peptides against Pseudomonas aeruginosa
PAOL1. Biochem. Cell Biol. 2021, 99, 138-148. [CrossRef]

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.3390/ijms222011264
https://doi.org/10.3168/jds.2012-6112
https://doi.org/10.3389/fnut.2022.1018336
https://doi.org/10.3390/ijms26041404
https://doi.org/10.1042/bj3120839
https://doi.org/10.3390/molecules22030452
https://www.ncbi.nlm.nih.gov/pubmed/28287494
https://doi.org/10.3390/molecules21060752
https://www.ncbi.nlm.nih.gov/pubmed/27294909
https://doi.org/10.1080/003655499750006236
https://www.ncbi.nlm.nih.gov/pubmed/10447328
https://doi.org/10.1021/bi972323m
https://doi.org/10.1039/C4MB00111G
https://www.ncbi.nlm.nih.gov/pubmed/24714742
https://doi.org/10.1080/00365540110026692
https://doi.org/10.3390/antibiotics11081085
https://doi.org/10.3389/fcimb.2025.1508895
https://doi.org/10.1016/j.anaerobe.2020.102232
https://doi.org/10.1128/AAC.01688-08
https://doi.org/10.1128/AAC.05100-11
https://doi.org/10.1038/417552a
https://doi.org/10.1007/s10534-014-9775-y
https://www.ncbi.nlm.nih.gov/pubmed/25053107
https://doi.org/10.1139/o06-039
https://www.ncbi.nlm.nih.gov/pubmed/16936806
https://doi.org/10.1016/j.biochi.2008.05.019
https://www.ncbi.nlm.nih.gov/pubmed/18573310
https://doi.org/10.1007/s10534-011-9423-8
https://doi.org/10.1139/bcb-2020-0253
https://doi.org/10.3390/biom16060887

Biomolecules 2026, 16, 887 58 of 64

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Flores-Romero, H.; Dadsena, S.; Garcia-Saez, A.]. Mitochondrial Pores at the Crossroad between Cell Death and Inflammatory
Signaling. Mol. Cell 2023, 83, 843-856. [CrossRef]

Imoto, I.; Yasuma, T.; D’Alessandro-Gabazza, C.N.; Oka, S.; Misaki, M.; Horiki, N.; Gabazza, E.C. Antimicrobial Effects of
Lactoferrin against Helicobacter pylori Infection. Pathogens 2023, 12, 599. [CrossRef]

Kosznik-Kwasnicka, K.; KaZmierczak, N.; Piechowicz, L. Activity of Phage-Lactoferrin Mixture against Multi Drug Resistant
Staphylococcus aureus Biofilms. Antibiotics 2022, 11, 1256. [CrossRef]

Quintieri, L.; Caputo, L.; Monaci, L.; Cavalluzzi, M.M.; Denora, N. Lactoferrin-Derived Peptides as a Control Strategy against
Skinborne Staphylococcal Biofilms. Biomedicines 2020, 8, 323. [CrossRef]

Lu, J.; Francis, J.D.; Guevara, M.A.; Moore, R.E.; Chambers, S.A.; Doster, R.S.; Eastman, A.].; Rogers, L.M.; Noble, K.N;
Manning, S.D.; et al. Antibacterial and Anti-Biofilm Activity of the Human Breast Milk Glycoprotein Lactoferrin against Group B
Streptococcus. ChemBioChem 2021, 22, 2124-2133. [CrossRef]

Avery, TM.; Boone, R.L,; Lu, J.; Spicer, S.K.; Guevara, M.A.; Moore, R.E.; Chambers, S.A.; Manning, S.D.; Dent, L.; Marshall, D.;
et al. Analysis of Antimicrobial and Antibiofilm Activity of Human Milk Lactoferrin Compared to Bovine Lactoferrin against
Multidrug Resistant and Susceptible Acinetobacter baumannii Clinical Isolates. ACS Infect. Dis. 2021, 7, 2116-2126. [CrossRef]
[PubMed]

Angulo-Zamudio, U.A.; Canizalez-Roman, A.; Flores-Villasefior, H.; Bolscher, ].G.M.; Nazmi, K.; Leon-Sicairos, C.; Acosta-Smith,
E.; Quintero-Martinez, L.E.; Leén-Sicairos, N. Effect of Bovine Lactoferrin and Lactoferrin-Derived Peptides on Planktonic Cells
and Abiotic Surface Biofilms of Salmonella enterica. Dairy Res. 2025, 92, 89-97. [CrossRef] [PubMed]

Berlutti, F.; Superti, F; Nicoletti, M.; Morea, C.; Frioni, A.; Ammendolia, M.G.; Battistioni, A.; Valenti, P. Bovine Lactoferrin
Inhibits the Efficiency of Invasion of Respiratory A549 Cells of Different Iron-Regulated Morphological Forms of Pseudomnonas
aeruginosa and Burkholderia cenocepacia. Int. ]. Immunopathol. Pharmacol. 2008, 21, 51-59. [CrossRef] [PubMed]

Kawasaki, Y.; Tazume, S.; Shimizu, K.; Matsuzawa, H.; Dosako, S.; Isoda, H.; Tsukiji, M.; Fujimura, R.; Muranaka, Y.; Isihida,
H. Inhibitory Effects of Bovine Lactoferrin on the Adherence of Enterotoxigenic Escherichia coli to Host Cells. Biosci. Biotechnol.
Biochem. 2000, 64, 348-354. [CrossRef]

Sepehr, A.; Miri, S.T.; Aghamohammad, S.; Rahimirad, N.; Milani, M.; Pourshafie, M.R.; Rohani, M. Health Benefits, Antimicrobial
Activities, and Potential Applications of Probiotics: A Review. Medicine 2024, 103, €32412. [CrossRef] [PubMed]

Zommiti, M.; Feuilloley, M.G.].; Connil, N. Update of Probiotics in Human World: A Nonstop Source of Benefactions till the End
of Time. Microorganisms 2020, 8, 1907. [CrossRef]

Mao, Y.; Wang, Y.; Luo, X.; Chen, X.; Wang, G. Impact of Cell-Free Supernatant of Lactic Acid Bacteria on Staphylococcus aureus
Biofilm and Its Metabolites. Front. Vet. Sci. 2023, 10, 1184989. [CrossRef]

Sulaiman, A.A.; Adetoye, A.A.; Ayeni, FA. Lactic Acid Bacteria and Fermented Maize Supernatant (Omidun) Have Anti-Biofilm
Properties Against Staphylococci and Enteroaggregative Escherichia coli Strains. FJS 2024, 7, 250-260. [CrossRef]

Badaluta, V.A.; Curutiu, C.; Ditu, L.M.; Holban, A.M.; Lazar, V. Probiotics in Wound Healing. Int. J. Mol. Sci. 2024, 25, 5723.
[CrossRef]

Plaza-Diaz, J.; Ruiz-Ojeda, FJ.; Gil-Campos, M.; Gil, A. Mechanisms of Action of Probiotics. Adv. Nutr. 2019, 10, S49-S66.
[CrossRef]

Costa, EE; Dias, T.G.; Mendes, PM.; Viana, ].P.M.; Madeira, E.B.; Pereira, A.L.E; Ferreira, A.G.N.; Neto, M.S.; Dutra, R.P; Reis,
A.S,; et al. Antioxidant and Antimicrobial Properties of Probiotics: Insights from In Vitro Assays. Probiotics Antimicrob. Proteins
2024, 17,2721-2731. [CrossRef]

Fijan, S. Microorganisms with Claimed Probiotic Properties: An Overview of Recent Literature. Int. |. Environ. Res. Public Health
2014, 11, 4745-4767. [CrossRef] [PubMed]

Santacroce, L.; Charitos, I.A.; Bottalico, L. A Successful History: Probiotics and Their Potential as Antimicrobials. Expert Rev. Anti.
Infect. Ther. 2019, 17, 635-645. [CrossRef]

Kruis, W.; Fri¢, P; Pokrotnieks, J.; Lukas, M.; Fixa, B.; Kas¢dk, M.; Kamm, M.A.; Weismueller, J.; Beglinger, C.; Stolte, M.;
et al. Maintaining Remission of Ulcerative Colitis with the Probiotic Escherichia coli Nissle 1917 Is as Effective as with Standard
Mesalazine. Gut 2004, 53, 1617-1623. [CrossRef]

Chen, PW.; Liu, Z.S.; Kuo, T.C.; Hsieh, M.C.; Li, Z.W. Prebiotic Effects of Bovine Lactoferrin on Specific Probiotic Bacteria.
BioMetals 2017, 30, 237-248. [CrossRef]

Ibrahim, S.A.; Ayivi, R.D.; Zimmerman, T.; Siddiqui, S.A.; Altemimi, A.B.; Fidan, H.; Esatbeyoglu, T.; Bakhshayesh, R.V. Lactic
Acid Bacteria as Antimicrobial Agents: Food Safety and Microbial Food Spoilage Prevention. Foods 2021, 10, 3131. [CrossRef]
de Souza de Azevedo, P.O.; Gierus, M. Lactic Acid Bacteria and Bacteriocins in Feed Preservation: Mechanisms and Antifungal
Properties. Grass Forage Sci. 2025, 80, e12711. [CrossRef]

Farahmandi, F; Parhizgar, P.; Tape, PM.K,; Bizhannia, F.; Rohani, F.S.; Bizhanzadeh, M.; Alhosseini, Z.5.M.; Hosseinzade, M.;
Farsi, Y.; Nasiri, M.]. Implications and Mechanisms of Antiviral Effects of Lactic Acid Bacteria: A Systematic Review. Int. ].
Microbiol. 2023, 2023, 9298363. [CrossRef]

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.1016/j.molcel.2023.02.021
https://doi.org/10.3390/pathogens12040599
https://doi.org/10.3390/antibiotics11091256
https://doi.org/10.3390/biomedicines8090323
https://doi.org/10.1002/cbic.202100016
https://doi.org/10.1021/acsinfecdis.1c00087
https://www.ncbi.nlm.nih.gov/pubmed/34105954
https://doi.org/10.1017/S0022029925100897
https://www.ncbi.nlm.nih.gov/pubmed/40820694
https://doi.org/10.1177/039463200802100107
https://www.ncbi.nlm.nih.gov/pubmed/18336731
https://doi.org/10.1271/bbb.64.348
https://doi.org/10.1097/MD.0000000000032412
https://www.ncbi.nlm.nih.gov/pubmed/39969286
https://doi.org/10.3390/microorganisms8121907
https://doi.org/10.3389/fvets.2023.1184989
https://doi.org/10.33003/fjs-2023-0706-2134
https://doi.org/10.3390/ijms25115723
https://doi.org/10.1093/advances/nmy063
https://doi.org/10.1007/s12602-024-10426-w
https://doi.org/10.3390/ijerph110504745
https://www.ncbi.nlm.nih.gov/pubmed/24859749
https://doi.org/10.1080/14787210.2019.1645597
https://doi.org/10.1136/gut.2003.037747
https://doi.org/10.1007/s10534-017-9999-8
https://doi.org/10.3390/foods10123131
https://doi.org/10.1111/gfs.12711
https://doi.org/10.1155/2023/9298363
https://doi.org/10.3390/biom16060887

Biomolecules 2026, 16, 887 59 of 64

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

Palkovicsné Pézsa, N.; Kovéacs, D.; Somogyi, F.; Karancsi, Z.; Méritz, A.V,; Jerzsele, A.; Récz, B.; Farkas, O. Effects of Lactobacillus
rhamnosus DSM7133 on Intestinal Porcine Epithelial Cells. Animals 2023, 13, 3007. [CrossRef] [PubMed]

Tuo, Y.; Song, X.; Song, Y.; Liu, W.; Tang, Y.; Gao, Y,; Jiang, S.; Qian, F; Mu, G. Screening Probiotics from Lactobacillus Strains
According to Their Abilities to Inhibit Pathogen Adhesion and Induction of Pro-Inflammatory Cytokine IL-8. J. Dairy Sci. 2018,
101, 4822-4829. [CrossRef]

Zawistowska-Rojek, A.; Kosmider, A.; Stepien, K.; Tyski, S. Adhesion and Aggregation Properties of Lactobacillaceae Strains as
Protection Ways against Enteropathogenic Bacteria. Arch. Microbiol. 2022, 204, 285. [CrossRef]

Alizadeh Behbahani, B.; Noshad, M.; Falah, E. Inhibition of Escherichia coli Adhesion to Human Intestinal Caco-2 cells by Probiotic
Candidate Lactobacillus plantarum Strain L15. Microb. Pathog. 2019, 136, 103677. [CrossRef] [PubMed]

Liu, C.; Ma, N.; Feng, Y.; Zhou, M.; Li, H.; Zhang, X.; Ma, X. From Probiotics to Postbiotics: Concepts and Applications. Anim. Res.
One Health 2023, 1, 92-114. [CrossRef]

Che, J.; Shi, J.; Fang, C.; Zeng, X.; Wu, Z.; Du, Q.; Tu, M.; Pan, D. Elimination of Pathogen Biofilms via Postbiotics from Lactic
Acid Bacteria: A Promising Method in Food and Biomedicine. Microorganisms 2024, 12, 704. [CrossRef]

Khani, N.; Soleimani, R.A.; Chadorshabi, S.; Moutab, B.P,; Milani, P.G.; Rad, A.H. Postbiotics as Candidates in Biofilm Inhibition
in Food Industries. Lett. Appl. Microbiol. 2024, 77, ovad069. [CrossRef]

Yadav, P.; Debnath, N.; Mehta, PK.; Kumar, A.; Yadav, A.K. Assessment of Antimicrobial Potential of Lactiplantibacillus plantarum
and Their Derived Extracellular Vesicles. Mol. Nutr. Food Res. 2025, 69, €70035. [CrossRef] [PubMed]

Li, M.; Mao, B.; Tang, X.; Zhang, Q.; Zhao, J.; Chen, W.; Cui, S. Lactic Acid Bacteria Derived Extracellular Vesicles: Emerging
Bioactive Nanoparticles in Modulating Host Health. Gut Microbes 2024, 16, 2427311. [CrossRef]

Pang, X.; Song, X.; Chen, M; Tian, S.; Lu, Z.; Sun, J.; Li, X.; Lu, Y.; Yuk, H.G. Combating Biofilms of Foodborne Pathogens with
Bacteriocins by Lactic Acid Bacteria in the Food Industry. Compr. Rev. Food Sci. Food Saf. 2022, 21, 1657-1676. [CrossRef] [PubMed]
Li, J.; Zhang, Q.; Zhao, ].; Zhang, H.; Chen, W. Lactobacillus-Derived Components for Inhibiting Biofilm Formation in the Food
Industry. World ]. Microbiol. Biotechnol. 2024, 40, 117. [CrossRef]

Yahya, M.EZ.R.; Aazmi, M.S.; Ismail, M.F. Antibiofilm Potential of Lactic Acid Bacteria: Mechanism of Cell-Free Supernatant,
Metabolite Insights, and Prospects for Edible Coating Applications in Food Quality Control. Food Mater. Res. 2025, 5, e006.
[CrossRef]

Erdinc, A.N.; Cufaoglu, G. Postbiotics as Natural Antimicrobials: A Novel Biocontrol Strategy for Food Safety. Front. Bacteriol.
2026, 4, 1712139. [CrossRef]

Abdelhamid, A.G.; Esaam, A.; Hazaa, M.M. Cell Free Preparations of Probiotics Exerted Antibacterial and Antibiofilm Activities
against Multidrug Resistant E. coli. Saudi Pharm. J. 2018, 26, 603-607. [CrossRef]

Ji, J.; Yang, H. In Vitro Effects of Lactobacillus Plantarum Ln66 and Antibiotics Used Alone or in Combination on Helicobacter
pylori Mature Biofilm. Microorganisms 2021, 9, 424. [CrossRef] [PubMed]

Drumond, M.M.; Tapia-Costa, A.P.; Neumann, E.; Nunes, A.C.; Barbosa, J.W.; Kassuha, D.E.; Mancha-Agresti, P. Cell-Free
Supernatant of Probiotic Bacteria Exerted Antibiofilm and Antibacterial Activities against Pseudomonas aeruginosa: A Novel Biotic
Therapy. Front. Pharmacol. 2023, 14, 1152588. [CrossRef]

Tong, Y.; Abbas, Z.; Zhang, J.; Wang, J.; Zhou, Y,; Si, D.; Wei, X.; Zhang, R. Antimicrobial Activity and Mechanism of Novel
Postbiotics against Foodborne Pathogens. LWT 2025, 217, 117464. [CrossRef]

Kiymaci, M.E.; Altanlar, N.; Gumustas, M.; Ozkan, S.A.; Akin, A. Quorum Sensing Signals and Related Virulence Inhibition of
Pseudomonas aeruginosa by a Potential Probiotic Strain’s Organic Acid. Microb. Pathog. 2018, 121, 190-197. [CrossRef]

Bianchi, M.; Kaya, E.; Logiudice, V.; Maisetta, G.; Curtis, A.; Kavanagh, K.; Batoni, G.; Esin, S. Biotherapeutic Potential of Different
Fractions of Cell-Free Supernatants from Lacticaseibacillus rhamnosus against Pseudomonas aeruginosa. Front. Cell. Infect. Microbiol.
2025, 15, 1608897. [CrossRef]

Tomé, A.R; Carvalho, EM.; Teixeira-Santos, R.; Burmelle, M.; Mergulhao, E]J.M.; Gomes, L.C. Use of Probiotics to Control Biofilm
Formation in Food Industries. Antibiotics 2023, 12, 754. [CrossRef]

Choi, G.H.; Holzapfel, W.H.; Todorov, S.D. Diversity of the Bacteriocins, Their Classification and Potential Applications in Combat
of Antibiotic Resistant and Clinically Relevant Pathogens. Crit. Rev. Microbiol. 2023, 49, 578-597. [CrossRef] [PubMed]
Carvalho, EM.; Teixeira-Santos, R.; Mergulhao, EJ.M.; Gomes, L.C. The Use of Probiotics to Fight Biofilms in Medical Devices: A
Systematic Review and Meta-Analysis. Microorganisms 2021, 9, 27. [CrossRef]

Zhang, Q.Q.; Zhang, Y.H.; Cai, EY,; Liu, X.L.; Chen, X.H.; Jiang, M. Comparative Antibacterial and Antibiofilm Activities of Garlic
Extracts, Nisin, e-Polylysine, and Citric Acid on Bacillus subtilis. ]. Food Process. Preserv. 2019, 43. [CrossRef]

Renye, J.A.; Chen, C.Y,; Miller, A.; Lee, ]J.; Oest, A.; Lynn, K.J.; Felton, S.M.; Guragain, M.; Tomasula, PM.; Berger, B.W.; et al.
Integrating Bacteriocins and Biofilm-Degrading Enzymes to Eliminate L. monocytogenes Persistence. Int. ]. Mol. Sci. 2025, 26, 399.
[CrossRef]

Liu, J.; Zhu, W.; Qin, N.; Ren, X.; Xia, X. Propionate and Butyrate Inhibit Biofilm Formation of Salmonella Typhimurium Grown in
Laboratory Media and Food Models. Foods 2022, 11, 3493. [CrossRef]

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.3390/ani13193007
https://www.ncbi.nlm.nih.gov/pubmed/37835613
https://doi.org/10.3168/jds.2017-13654
https://doi.org/10.1007/s00203-022-02889-8
https://doi.org/10.1016/j.micpath.2019.103677
https://www.ncbi.nlm.nih.gov/pubmed/31437574
https://doi.org/10.1002/aro2.7
https://doi.org/10.3390/microorganisms12040704
https://doi.org/10.1093/lambio/ovad069
https://doi.org/10.1002/mnfr.70035
https://www.ncbi.nlm.nih.gov/pubmed/40211543
https://doi.org/10.1080/19490976.2024.2427311
https://doi.org/10.1111/1541-4337.12922
https://www.ncbi.nlm.nih.gov/pubmed/35181977
https://doi.org/10.1007/s11274-024-03933-z
https://doi.org/10.48130/fmr-0025-0004
https://doi.org/10.3389/fbrio.2025.1712139
https://doi.org/10.1016/j.jsps.2018.03.004
https://doi.org/10.3390/microorganisms9020424
https://www.ncbi.nlm.nih.gov/pubmed/33670726
https://doi.org/10.3389/fphar.2023.1152588
https://doi.org/10.1016/j.lwt.2025.117464
https://doi.org/10.1016/j.micpath.2018.05.042
https://doi.org/10.3389/fcimb.2025.1608897
https://doi.org/10.3390/antibiotics12040754
https://doi.org/10.1080/1040841X.2022.2090227
https://www.ncbi.nlm.nih.gov/pubmed/35731254
https://doi.org/10.3390/microorganisms9010027
https://doi.org/10.1111/jfpp.14179
https://doi.org/10.3390/ijms26010399
https://doi.org/10.3390/foods11213493
https://doi.org/10.3390/biom16060887

Biomolecules 2026, 16, 887 60 of 64

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

Lee, D.; Im, J.; Park, D.H.; Jeong, S.; Park, M.; Yoon, S.; Park, J.; Han, S.H. Lactobacillus plantarum Lipoteichoic Acids Possess
Strain-Specific Regulatory Effects on the Biofilm Formation of Dental Pathogenic Bacteria. Front. Microbiol. 2021, 12, 758161.
[CrossRef] [PubMed]

Abdalla, A K.; Ayyash, M.M.; Olaimat, A.N.; Osaili, T.M.; Al-Nabulsi, A.A.; Shah, N.P,; Holley, R. Exopolysaccharides as
Antimicrobial Agents: Mechanism and Spectrum of Activity. Front. Microbiol. 2021, 12, 664395. [CrossRef]

Tarannum, N.; Ali, F; Khan, M.S.; Alhumaidan, O.S.; Zawad, AN.M.S.; Hossain, T.J. Bioactive Exopolysaccharide from
Limosilactobacillus fermentum LAB-1: Antioxidant, Anti-Inflammatory, Antibacterial and Antibiofilm Properties. Diet. Fibre 2024,
31, 100409. [CrossRef]

Patel, M.; Siddiqui, A.J.; Ashraf, S.A.; Surti, M.; Awadelkareem, A.M.; Snoussi, M.; Hamadou, W.S; Bardakci, F; Jamal, A;
Jahan, S.; et al. Lactiplantibacillus plantarum-Derived Biosurfactant Attenuates Quorum Sensing-Mediated Virulence and Biofilm
Formation in Pseudomonas aeruginosa and Chromobacterium violaceum. Microorganisms 2022, 10, 1026. [CrossRef] [PubMed]

Patel, M.; Siddiqui, A.J.; Hamadou, W.S.; Surti, M.; Awadelkareem, A.M.; Ashraf, S.A.; Alreshidi, M.; Snoussi, M.; Rizvi, SM.D.;
Bardakci, F,; et al. Inhibition of Bacterial Adhesion and Antibiofilm Activities of a Glycolipid Biosurfactant from Lactobacillus
rhamnosus with Its Physicochemical and Functional Properties. Antibiotics 2021, 10, 1546. [CrossRef]

Adnan, M.; Siddiqui, A.J.; Noumi, E.; Ashraf, S.A.; Awadelkareem, A.M.; Hadji, S.; Snoussi, M.; Badraoui, R.; Bardakci, F;
Sachidanandan, M.; et al. Biosurfactant Derived from Probiotic Lactobacillus acidophilus Exhibits Broad-Spectrum Antibiofilm
Activity and Inhibits the Quorum Sensing-Regulated Virulence. Biomol. Biomed. 2023, 23, 1051-1068. [CrossRef]

Krzyzek, P.; Marinacci, B.; Vitale, I.; Grande, R. Extracellular Vesicles of Probiotics: Shedding Light on the Biological Activity and
Future Applications. Pharmaceutics 2023, 15, 522. [CrossRef]

Dominguez Rubio, A.P.; D’Antoni, C.L.; Piuri, M.; Pérez, O.E. Probiotics, Their Extracellular Vesicles and Infectious Diseases.
Front. Microbiol. 2022, 13, 864720. [CrossRef]

Ciobanasu, C. Bacterial Extracellular Vesicles and Antimicrobial Peptides: A Synergistic Approach to Overcome Antimicrobial
Resistance. Antibiotics 2025, 14, 414. [CrossRef]

Baek, ].; Lee, S.; Lee, J.; Park, J.; Choi, E.; Kang, S.S. Utilization of Probiotic-Derived Extracellular Vesicles as Postbiotics and Their
Role in Mental Health Therapeutics. Food Sci. Anim. Resour. 2024, 44, 1252-1265. [CrossRef]

Naskar, A.; Cho, H,; Kim, K.S. A Nanocomposite with Extracellular Vesicles from Lactobacillus paracasei as a Bioinspired
Nanoantibiotic Targeting Staphylococcus aureus. Pharmaceutics 2022, 14, 2273. [CrossRef]

Lee, B.H.; Wu, S.C.; Shen, T.L.; Hsu, Y.Y.; Chen, C.H.; Hsu, W.H. The Applications of Lactobacillus Plantarum-Derived Extracellular
Vesicles as a Novel Natural Antibacterial Agent for Improving Quality and Safety in Tuna Fish. Food Chem. 2021, 340, 128104.
[CrossRef] [PubMed]

Champagne-Jorgensen, K.; Mian, M.E.,; McVey Neufeld, K. A ; Stanisz, A.M.; Bienenstock, J]. Membrane Vesicles of Lacticaseibacillus
rhamnosus JB-1 Contain Immunomodulatory Lipoteichoic Acid and Are Endocytosed by Intestinal Epithelial Cells. Sci. Rep. 2021,
11, 13756. [CrossRef] [PubMed]

Chen, X,; Li, Q.; Xie, J.; Nie, S. Inmunomodulatory Effects of Probiotic-Derived Extracellular Vesicles: Opportunities and
Challenges. J. Agric. Food Chem. 2024, 72, 19259-19273. [CrossRef]

Ronacher, C.; Gonzalez, C.F; Lorca, G.L. A Critical Evaluation of Methodological and Mechanistic Insights on Probiotic-Derived
Extracellular Vesicles. Front. Nutr. 2025, 12, 1632232. [CrossRef]

Liu, R. A Promising Area of Research in Medicine: Recent Advances in Properties and Applications of Lactobacillus-Derived
Exosomes. Front. Microbiol. 2024, 15, 1266510. [CrossRef]

Hu, R.; Lin, H.; Li, J.; Zhao, Y.; Wang, M.; Sun, X.; Min, Y.; Gao, Y.; Yang, M. Probiotic Escherichia coli Nissle 1917-Derived Outer
Membrane Vesicles Enhance Immunomodulation and Antimicrobial Activity in RAW264.7 Macrophages. BMC Microbiol. 2020,
20, 268. [CrossRef]

Zhao, Q.; Lai, J.; Jiang, Y.; Cui, E.; Chang, H.; Pan, R.; Li, P; Shao, ].Z.; Zheng, ].; Chen, Y. Lactiplantibacillus plantarum -Derived
Extracellular Vesicles Alleviate Acute Lung Injury by Inhibiting Ferroptosis of Macrophages. J. Nanobiotechnology 2025, 23, 307.
[CrossRef] [PubMed]

Yang, Y,; Li, N.; Gao, Y.; Xu, F; Chen, H.; Zhang, C.; Ni, X. The Activation Impact of Lactobacillus-Derived Extracellular Vesicles on
Lipopolysaccharide-Induced Microglial Cell. BMC Microbiol. 2024, 24, 70. [CrossRef]

de Moura, D.F,; Rocha, T.A.; de Melo Barros, D.; da Silva, M.M.; dos Santos Santana, M.; Neta, B.M.; Cavalcanti, LM.F.; Martins,
R.D.; da Silva, M.V. Evaluation of the Antioxidant, Antibacterial, and Antibiofilm Activity of the Sesquiterpene Nerolidol. Arch.
Microbiol. 2021, 203, 4303—4311. [CrossRef]

Khare, T.; Anand, U.; Dey, A.; Assaraf, Y.G.; Chen, Z.-S; Liu, Z.; Kumar, V. Exploring Phytochemicals for Combating Antibiotic
Resistance in Microbial Pathogens. Front. Pharmacol. 2021, 12, 720726. [CrossRef]

Narayanankutty, A.; Famurewa, A.C.; Oprea, E. Natural Bioactive Compounds and Human Health. Molecules 2024, 29, 3372.
[CrossRef] [PubMed]

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.3389/fmicb.2021.758161
https://www.ncbi.nlm.nih.gov/pubmed/34867884
https://doi.org/10.3389/fmicb.2021.664395
https://doi.org/10.1016/j.bcdf.2024.100409
https://doi.org/10.3390/microorganisms10051026
https://www.ncbi.nlm.nih.gov/pubmed/35630468
https://doi.org/10.3390/antibiotics10121546
https://doi.org/10.17305/bb.2023.9324
https://doi.org/10.3390/pharmaceutics15020522
https://doi.org/10.3389/fmicb.2022.864720
https://doi.org/10.3390/antibiotics14040414
https://doi.org/10.5851/kosfa.2024.e92
https://doi.org/10.3390/pharmaceutics14112273
https://doi.org/10.1016/j.foodchem.2020.128104
https://www.ncbi.nlm.nih.gov/pubmed/33010644
https://doi.org/10.1038/s41598-021-93311-8
https://www.ncbi.nlm.nih.gov/pubmed/34215822
https://doi.org/10.1021/acs.jafc.4c04223
https://doi.org/10.3389/fnut.2025.1632232
https://doi.org/10.3389/fmicb.2024.1266510
https://doi.org/10.1186/s12866-020-01953-x
https://doi.org/10.1186/s12951-025-03405-y
https://www.ncbi.nlm.nih.gov/pubmed/40269965
https://doi.org/10.1186/s12866-024-03217-4
https://doi.org/10.1007/s00203-021-02377-5
https://doi.org/10.3389/fphar.2021.720726
https://doi.org/10.3390/molecules29143372
https://www.ncbi.nlm.nih.gov/pubmed/39064950
https://doi.org/10.3390/biom16060887

Biomolecules 2026, 16, 887 61 of 64

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

Kongkham, B.; Prabakaran, D.; Puttaswamy, H. Opportunities and Challenges in Managing Antibiotic Resistance in Bacteria
Using Plant Secondary Metabolites. Fitoterapia 2020, 147, 104762. [CrossRef]

Garavito-Duarte, Y.; Deng, Z.; Kim, S.W. Literature Review: Opportunities with Phytobiotics for Health and Growth of Pigs. Ann.
Anim. Sci. 2025, 25, 1237-1247. [CrossRef]

Asao, T.; Asaduzzaman, M. (Eds.) Amino Acid—New Insights and Roles in Plant and Animal; InTech: London, UK, 2017; ISBN 978-
953-51-3241-7.

Damyanova, T.; Dimitrova, P.D.; Borisova, D.; Topouzova-Hristova, T.; Haladjova, E.; Paunova-Krasteva, T. An Overview of
Biofilm-Associated Infections and the Role of Phytochemicals and Nanomaterials in Their Control and Prevention. Pharmaceutics
2024, 16, 162. [CrossRef]

de Melo, A.L.E; Rossato, L.; Barbosa, M.d.S.; Palozi, R.A.C.; Alfredo, TM.; Antunes, K.A.; Eduvirgem, J.; Ribeiro, S.M.; Simionatto,
S. From the Environment to the Hospital: How Plants Can Help to Fight Bacteria Biofilm. Microbiol. Res. 2022, 261, 127074.
[CrossRef]

Raja Yahya, M.E.Z. Anti-Biofilm Potential and Mode of Action of Malaysian Plant Species: A Review. Sci. Lett. J. 2020, 14, 34.
[CrossRef]

Gobin, M; Proust, R.; Lack, S.; Duciel, L.; Des Courtils, C.; Pauthe, E.; Gand, A.; Seyer, D. A Combination of the Natural Molecules
Gallic Acid and Carvacrol Eradicates P. aeruginosa and S. aureus Mature Biofilms. Int. ]. Mol. Sci. 2022, 23, 7118. [CrossRef]
[PubMed]

Nadar, S.; Khan, T.; Patching, S.G.; Omri, A. Development of Antibiofilm Therapeutics Strategies to Overcome Antimicrobial
Drug Resistance. Microorganisms 2022, 10, 303. [CrossRef]

Uddin Mahamud, A.G.M.S.; Nahar, S.; Ashrafudoulla, M.; Park, S.H.; Ha, S.-D. Insights into Antibiofilm Mechanisms of
Phytochemicals: Prospects in the Food Industry. Crit. Rev. Food Sci. Nutr. 2024, 64, 1736-1763. [CrossRef]

Cabuhat, K.S.P.; Moron-Espiritu, L.S. Quorum Sensing Orchestrates Antibiotic Drug Resistance, Biofilm Formation, and Motility
in Escherichia coli and Quorum Quenching Activities of Plant-Derived Natural Products: A Review. ]. Pure Appl. Microbiol. 2022,
16, 1538-1549. [CrossRef]

Yadav, H.; Mahalvar, A.; Pradhan, M.; Yadav, K.; Kumar Sahu, K.; Yadav, R. Exploring the Potential of Phytochemicals and
Nanomaterial: A Boon to Antimicrobial Treatment. Med. Drug Discov. 2023, 17, 100151. [CrossRef]

Sousa, L.G.V,; Castro, ].; Cavaleiro, C.; Salgueiro, L.; Tomas, M.; Palmeira-Oliveira, R.; Martinez-Oliveira, J.; Cerca, N. Synergistic
Effects of Carvacrol, a-Terpinene, y-Terpinene, p-Cymene and Linalool against Gardnerella Species. Sci. Rep. 2022, 12, 4417.
[CrossRef]

Sakarikou, C.; Kostoglou, D.; Simées, M.; Giaouris, E. Exploitation of Plant Extracts and Phytochemicals against Resistant
Salmonella spp. in Biofilms. Food Res. Int. 2020, 128, 108806. [CrossRef]

Zhou, K; Shi, M.; Chen, R.; Zhang, Y.; Sheng, Y.; Tong, C.; Cao, G.; Shou, D. Natural Phytochemical-Based Strategies for
Antibiofilm Applications. Chin. Med. 2025, 20, 96. [CrossRef] [PubMed]

Fauzia, K.A.; Miftahussurur, M.; Syam, A.F,; Waskito, L.A.; Doohan, D.; Rezkitha, Y.A.A.; Matsumoto, T.; Tuan, V.P.; Akada, J.;
Yonezawa, H.; et al. Biofilm Formation and Antibiotic Resistance Phenotype of Helicobacter pylori Clinical Isolates. Toxins 2020,
12,473. [CrossRef] [PubMed]

Husain, EM.; Perveen, K.; Qais, FA.; Ahmad, I.; Alfarhan, A.H.; El-Sheikh, M.A. Naringin Inhibits the Biofilms of Metallo-[3-
Lactamases (MBLs) Producing Pseudomonas Species Isolated from Camel Meat. Saudi |. Biol. Sci. 2021, 28, 333-341. [CrossRef]
[PubMed]

Mu, Y.; Zeng, H.; Chen, W. Quercetin Inhibits Biofilm Formation by Decreasing the Production of EPS and Altering the
Composition of EPS in Staphylococcus epidermidis. Front. Microbiol. 2021, 12, 631058. [CrossRef]

Yuan, Z.; Dai, Y.; Ouyang, P.; Rehman, T.; Hussain, S.; Zhang, T.; Yin, Z.; Fu, H.; Lin, ]J.; He, C.; et al. Thymol Inhibits Biofilm
Formation, Eliminates Pre-Existing Biofilms, and Enhances Clearance of Methicillin-Resistant Staphylococcus aureus (MRSA) in a
Mouse Peritoneal Implant Infection Model. Microorganisms 2020, 8, 99. [CrossRef]

Asahi, Y,; Noiri, Y.; Miura, J.; Maezono, H.; Yamaguchi, M.; Yamamoto, R.; Azakami, H.; Hayashi, M.; Ebisu, S. Effects of the Tea
Catechin Epigallocatechin Gallate on Porphyromonas gingivalis Biofilms. J. Appl. Microbiol. 2014, 116, 1164-1171. [CrossRef]
Matilla-Cuenca, L.; Gil, C.; Cuesta, S.; Raptn-Araiz, B.; Ziemyté, M.; Mira, A,; Lasa, I; Valle, J. Antibiofilm Activity of Flavonoids
on Staphylococcal Biofilms through Targeting BAP Amyloids. Sci. Rep. 2020, 10, 18968. [CrossRef]

Zhang, Y.; Zhang, Y.; Ma, R.; Sun, W.; Ji, Z. Antibacterial Activity of Epigallocatechin Gallate (EGCG) against Shigella flexneri. Int.
J. Environ. Res. Public Health 2023, 20, 4676. [CrossRef]

Ivanov, M.; Kosti¢, M.; Stojkovi¢, D.; Sokovi¢, M. Rosmarinic Acid-Modes of Antimicrobial and Antibiofilm Activities of a
Common Plant Polyphenol. S. Afr. ]. Bot. 2022, 146, 521-527. [CrossRef]

Gu, K.; Ouyang, P; Hong, Y,; Dai, Y.; Tang, T.; He, C.; Shu, G.; Liang, X.; Tang, H.; Zhu, L.; et al. Geraniol Inhibits Biofilm
Formation of Methicillin-Resistant Staphylococcus aureus and Increase the Therapeutic Effect of Vancomycin in Vivo. Front.
Microbiol. 2022, 13, 960728. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.1016/j.fitote.2020.104762
https://doi.org/10.2478/aoas-2024-0119
https://doi.org/10.3390/pharmaceutics16020162
https://doi.org/10.1016/j.micres.2022.127074
https://doi.org/10.24191/sl.v14i2.9541
https://doi.org/10.3390/ijms23137118
https://www.ncbi.nlm.nih.gov/pubmed/35806123
https://doi.org/10.3390/microorganisms10020303
https://doi.org/10.1080/10408398.2022.2119201
https://doi.org/10.22207/JPAM.16.3.52
https://doi.org/10.1016/j.medidd.2023.100151
https://doi.org/10.1038/s41598-022-08217-w
https://doi.org/10.1016/j.foodres.2019.108806
https://doi.org/10.1186/s13020-025-01147-5
https://www.ncbi.nlm.nih.gov/pubmed/40597209
https://doi.org/10.3390/toxins12080473
https://www.ncbi.nlm.nih.gov/pubmed/32722296
https://doi.org/10.1016/j.sjbs.2020.10.009
https://www.ncbi.nlm.nih.gov/pubmed/33424314
https://doi.org/10.3389/fmicb.2021.631058
https://doi.org/10.3390/microorganisms8010099
https://doi.org/10.1111/jam.12458
https://doi.org/10.1038/s41598-020-75929-2
https://doi.org/10.3390/ijerph20064676
https://doi.org/10.1016/j.sajb.2021.11.050
https://doi.org/10.3389/fmicb.2022.960728
https://www.ncbi.nlm.nih.gov/pubmed/36147840
https://doi.org/10.3390/biom16060887

Biomolecules 2026, 16, 887 62 of 64

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

Ratti, A.; Fassi, EM.A.; Forlani, F.; Mori, M,; Villa, E; Cappitelli, F; Sgrignani, J.; Roda, G.; Cavalli, A.; Villa, S.; et al. Mechanistic
Insights into the Antibiofilm Mode of Action of Ellagic Acid. Pharmaceutics 2023, 15, 1757. [CrossRef] [PubMed]

Liu, M.; Wu, X;; Li, J.; Liu, L.; Zhang, R.; Shao, D.; Du, X. The Specific Anti-Biofilm Effect of Gallic Acid on Staphylococcus aureus
by Regulating the Expression of the Ica Operon. Food Control 2017, 73, 613—-618. [CrossRef]

Zhou, J.-W.; Luo, H.-Z,; Jiang, H.; Jian, T.-K.; Chen, Z.-Q.; Jia, A.-Q. Hordenine: A Novel Quorum Sensing Inhibitor and
Antibiofilm Agent against Pseudomonas aeruginosa. J. Agric. Food Chem. 2018, 66, 1620-1628. [CrossRef]

Vijayakumar, K.; Muhilvannan, S.; Arun Vignesh, M. Hesperidin Inhibits Biofilm Formation, Virulence and Staphyloxanthin
Synthesis in Methicillin Resistant Staphylococcus aureus by Targeting SarA and CrtM: An in Vitro and in Silico Approach. World J.
Microbiol. Biotechnol. 2022, 38, 44. [CrossRef]

Fernandes, S.; Borges, A.; Gomes, I.B.; Sousa, S.E.; Simoes, M. Curcumin and 10-Undecenoic Acid as Natural Quorum Sensing
Inhibitors of LuxS/AI-2 of Bacillus subtilis and Lasl/LasR of Pseudomonas aeruginosa. Food Res. Int. 2023, 165, 112519. [CrossRef]
Zhang, C; Li, Z.; Pan, Q.; Fan, L.; Pan, T.; Zhu, F; Pan, Q.; Shan, L.; Zhao, L. Berberine at Sub-Inhibitory Concentration Inhibits
Biofilm Dispersal in Staphylococcus aureus. Microbiology 2022, 168. [CrossRef]

Rubini, D.; Banu, S.E; Nisha, P.; Murugan, R.; Thamotharan, S.; Percino, M.J.; Subramani, P.; Nithyanand, P. Essential Oils from
Unexplored Aromatic Plants Quench Biofilm Formation and Virulence of Methicillin Resistant Staphylococcus aureus. Microb.
Pathog. 2018, 122, 162-173. [CrossRef] [PubMed]

Mitropoulou, G.; Karapantzou, I.; Tsimogiannis, D.; Oreopoulou, V.; Lazar, V.; Kourkoutas, Y. Inhibitory Effects of Essential Oils
and Extracts of the Water-Steam Distillation Residues from Greek Herbs on Adherent Biofilm Formation by Common Pathogens.
Appl. Sci. 2025, 15, 3385. [CrossRef]

Lin, Y;; Song, S.; Guo, H. Recent Advances in Synergistic Effect of Lactoferrin. Curr. Opin. Food Sci. 2025, 63, 101285. [CrossRef]
Murdock, C.A.; Cleveland, ].; Matthews, K.R.; Chikindas, M.L. The Synergistic Effect of Nisin and Lactoferrin on the Inhibition of
Listeria monocytogenes and Escherichia coli O157:H7. Lett. Appl. Microbiol. 2007, 44, 255-261. [CrossRef]

Mihai, M.M.; Balaceanu-Gurau, B.; Holban, A.M.; Ilie, C.I; Sima, R.M.; Gurau, C.D.; Ditu, L.M. Promising Antimicrobial Activities
of Essential Oils and Probiotic Strains on Chronic Wound Bacteria. Biomedicines 2025, 13, 962. [CrossRef]

Bhola, J.; Bhadekar, R. Invitro Synergistic Activity of Lactic Acid Bacteria against Multi-Drug Resistant Staphylococci. BMC
Complement. Altern. Med. 2019, 19, 70. [CrossRef] [PubMed]

Ji, Q.Y,; Wang, W.; Yan, H.; Qu, H.; Liu, Y,; Qian, Y; Gu, R. The Effect of Different Organic Acids and Their Combination on the
Cell Barrier and Biofilm of Escherichia coli. Foods 2023, 12, 3011. [CrossRef]

Aljaafari, M.N.; AlAli, A.O.; Baqais, L.; Alqubaisy, M.; AlAli, M.; Molouki, A.; Ong-Abdullah, J.; Abushelaibi, A.; Lai, K.-S.; Lim,
S.-H.E. An Overview of the Potential Therapeutic Applications of Essential Oils. Molecules 2021, 26, 628. [CrossRef] [PubMed]
Seifert, S.; Brakmann, S. LOV Domains in the Design of Photoresponsive Enzymes. ACS Chem. Biol. 2018, 13, 1914-1920.
[CrossRef]

Blanco, A.C.; Sdez, A.B.G.; Cristobal, C.P,; Cerén, 1.D.Y.; Valcayo, A.M.; Zamora-Cintas, M.I.; Sacristan, M.S. Evaluating the
Susceptibility of MBL Carbapenemase-Producing Enterobacteriaceae and Pseudomonas spp. to Ceftazidime/Avibactam plus
Aztreonam and Cefiderocol: A Synergy Study and Susceptibility Profile. J. Microbiol. Methods 2025, 239, 107311. [CrossRef]
Payaslioglu, M.; Baskilig, R.; Kazak, E.; Akalin, H. In Vitro Synergy Evaluation of Trimethoprim /Sulfamethoxazole Combined
with Levofloxacin and Ceftazidime Against Stenotrophomonas maltophilia: A Comparative Study Using Checkerboard and Gradient
Diffusion Methods. Acta Microbiol. Hell. 2025, 70, 37. [CrossRef]

Oo, T.Z.; Cole, N.; Garthwaite, L.; Willcox, M.D.P,; Zhu, H. Evaluation of Synergistic Activity of Bovine Lactoferricin with
Antibiotics in Corneal Infection. J. Antimicrob. Chemother. 2010, 65, 1243-1251. [CrossRef] [PubMed]

Morici, P; Florio, W.; Rizzato, C.; Ghelardi, E.; Tavanti, A.; Rossolini, G.M.; Lupetti, A. Synergistic Activity of Synthetic N-Terminal
Peptide of Human Lactoferrin in Combination with Various Antibiotics against Carbapenem-Resistant Klebsiella pneumoniae
Strains. Eur. J. Clin. Microbiol. Infect. Dis. 2017, 36, 1739-1748. [CrossRef]

Wuersching, S.N.; Huth, K.C.; Hickel, R.; Kollmuss, M. Targeting Antibiotic Tolerance in Anaerobic Biofilms Associated with Oral
Diseases: Human Antimicrobial Peptides LL-37 and Lactoferricin Enhance the Antibiotic Efficacy of Amoxicillin, Clindamycin
and Metronidazole. Anaerobe 2021, 71, 102439. [CrossRef] [PubMed]

Nikolic, I.; Aleksic Sabo, V.; Gavric, D.; Knezevic, P. Anti-Staphylococcus Aureus Activity of Volatile Phytochemicals and Their
Combinations with Conventional Antibiotics Against Methicillin-Susceptible S. aureus (MSSA) and Methicillin-Resistant S. aureus
(MRSA) Strains. Antibiotics 2024, 13, 1030. [CrossRef]

Choudhury, A. Potential Role of Bioactive Phytochemicals in Combination Therapies against Antimicrobial Activity. . Pharmacop-
unct. 2022, 25, 79-87. [CrossRef]

Leitch, E.C.; Willcox, M.D.P. Lactoferrin Increases the Susceptibility of S. epidermidis Biofilms to Lysozyme and Vancomycin. Curr.
Eye Res. 1999, 19, 12-19. [CrossRef]

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.3390/pharmaceutics15061757
https://www.ncbi.nlm.nih.gov/pubmed/37376205
https://doi.org/10.1016/j.foodcont.2016.09.015
https://doi.org/10.1021/acs.jafc.7b05035
https://doi.org/10.1007/s11274-022-03232-5
https://doi.org/10.1016/j.foodres.2023.112519
https://doi.org/10.1099/mic.0.001243
https://doi.org/10.1016/j.micpath.2018.06.028
https://www.ncbi.nlm.nih.gov/pubmed/29920307
https://doi.org/10.3390/app15063385
https://doi.org/10.1016/j.cofs.2025.101285
https://doi.org/10.1111/j.1472-765X.2006.02076.x
https://doi.org/10.3390/biomedicines13040962
https://doi.org/10.1186/s12906-019-2470-3
https://www.ncbi.nlm.nih.gov/pubmed/30890126
https://doi.org/10.3390/foods12163011
https://doi.org/10.3390/molecules26030628
https://www.ncbi.nlm.nih.gov/pubmed/33530290
https://doi.org/10.1021/acschembio.8b00159
https://doi.org/10.1016/j.mimet.2025.107311
https://doi.org/10.3390/amh70030037
https://doi.org/10.1093/jac/dkq106
https://www.ncbi.nlm.nih.gov/pubmed/20375033
https://doi.org/10.1007/s10096-017-2987-7
https://doi.org/10.1016/j.anaerobe.2021.102439
https://www.ncbi.nlm.nih.gov/pubmed/34454095
https://doi.org/10.3390/antibiotics13111030
https://doi.org/10.3831/KPI.2022.25.2.79
https://doi.org/10.1076/ceyr.19.1.12.5342
https://doi.org/10.3390/biom16060887

Biomolecules 2026, 16, 887 63 of 64

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

Caraher, EM.; Gumulapurapu, K.; Taggart, C.C.; Murphy, P.; McClean, S.; Callaghan, M. The Effect of Recombinant Human
Lactoferrin on Growth and the Antibiotic Susceptibility of the Cystic Fibrosis Pathogen Burkholderia Cepacia Complex When
Cultured Planktonically or as Biofilms. J. Antimicrob. Chemother. 2007, 60, 546-554. [CrossRef]

Sanchez-Gémez, S.; Ferrer-Espada, R.; Stewart, P.S.; Pitts, B.; Lohner, K.; Martinez De Tejada, G. Antimicrobial Activity of
Synthetic Cationic Peptides and Lipopeptides Derived from Human Lactoferricin against Pseudomonas aeruginosa Planktonic
Cultures and Biofilms. BMC Microbiol. 2015, 15, 137. [CrossRef] [PubMed]

Lachica, M.R.C.T.; Anutrakunchai, C.; Prajaneh, S.; Nazmi, K.; Bolscher, ].G.M.; Taweechaisupapong, S. Synergistic Effects
of LEchimera and Antibiotic against Planktonic and Biofilm Form of Aggregatibacter actinomycetemcomitans. PLoS ONE 2019,
14, €0217205. [CrossRef]

Tsopmene, U.J.; Tokam, C.R.K.; Chimi, L.Y.; Boulens, N.; Allémann, E.; Delie, F; Mofor, C.T.; Dzoyem, J.P. Combining Plant
Bioactives with Antibiotics for Enhanced Antibiofilm Activity Against Uropathogenic Staphylococcus spp. and Cytotoxicity
Evaluation. Adv. Pharmacol. Pharm. Sci. 2025, 2025, 7461209. [CrossRef]

Aslan, R.; Alim, A. Synergistic Antimicrobial and Antibiofilm Effects of Plant-Active Ingredients and Antibiotics on Multidrug-
Resistant Acinetobacter baumannii. J. Appl. Microbiol. 2025, 136, 1xaf211. [CrossRef]

Maisuria, V.B.; Okshevsky, M.; Déziel, E.; Tufenkji, N. Proanthocyanidin Interferes with Intrinsic Antibiotic Resistance Mechanisms
of Gram-Negative Bacteria. Adv. Sci. 2019, 6, 1802333. [CrossRef]

Dey, R.; Mukherjee, S.; Mukherjee, R.; Haldar, J. Small Molecular Adjuvants Repurpose Antibiotics towards Gram-Negative
Bacterial Infections and Multispecies Bacterial Biofilms. Chem. Sci. 2024, 15, 259-270. [CrossRef]

Vipin, C.; Saptami, K.; Fida, F; Mujeeburahiman, M.; Rao, S.S.; Athmika; Arun, A.B.; Rekha, P.D. Potential Synergistic Activity of
Quercetin with Antibiotics against Multidrug-Resistant Clinical Strains of Pseudomonasa aeruginosa. PLoS ONE 2020, 15, 0241304.
[CrossRef]

Fathil, M.A.M.; Katas, H. Antibacterial, Anti-Biofilm and Pro-Migratory Effects of Double Layered Hydrogels Packaged with
Lactoferrin-DsiRNA-Silver Nanoparticles for Chronic Wound Therapy. Pharmaceutics 2023, 15, 991. [CrossRef]

Ammons, M.C.B.; Ward, L.S.; James, G.A. Anti-Biofilm Efficacy of a Lactoferrin/Xylitol Wound Hydrogel Used in Combination
with Silver Wound Dressings. Int. Wound J. 2011, 8, 268-273. [CrossRef] [PubMed]

Suleman Ismail Abdalla, S.; Katas, H.; Chan, J.Y.; Ganasan, P.; Azmi, F.; Fauzi, M.B. Gelatin Hydrogels Loaded with Lactoferrin-
Functionalized Bio-Nanosilver as a Potential Antibacterial and Anti-Biofilm Dressing for Infected Wounds: Synthesis, Characteri-
zation, and Deciphering of Cytotoxicity. Mol. Pharm. 2021, 18, 1956-1969. [CrossRef] [PubMed]

Woo, J.; Ahn, J. Assessment of Synergistic Combination Potential of Probiotic and Bacteriophage against Antibiotic-Resistant
Staphylococcus Aureus Exposed to Simulated Intestinal Conditions. Arch. Microbiol. 2014, 196, 719-727. [CrossRef] [PubMed]
Aslanli, A.; Domnin, M.; Stepanov, N.; Efremenko, E. Synergistic Antimicrobial Action of Lactoferrin-Derived Peptides and
Quorum Quenching Enzymes. Int. J. Mol. Sci. 2023, 24, 3566. [CrossRef]

Ellison, R.T.; Giehl, T.J. Killing of Gram-Negative Bacteria by Lactoferrin and Lysozyme. J. Clin. Investig. 1991, 88, 1080-1091.
[CrossRef] [PubMed]

André, G.O,; Politano, W.R.; Mirza, S.; Converso, T.R.; Ferraz, L.F.C.; Leite, L.C.C.; Darrieux, M. Combined Effects of Lactoferrin
and Lysozyme on Streptococcus pneumoniae Killing. Microb. Pathog. 2015, 89, 7-17. [CrossRef]

Leitch, E.C.; Willcox, M.D.P. Elucidation of the Antistaphylococcal Action of Lactoferrin and Lysozyme. J. Med. Microbiol. 1999,
48, 867-871. [CrossRef]

Leitch, E.C.; Willcox, M.D.P. Synergic Antistaphylococcal Properties of Lactoferrin and Lysozyme. |. Med. Microbiol. 1998, 47,
837-842. [CrossRef]

Tonguc-Altin, K.; Sandalli, N.; Duman, G.; Selvi-Kuvvetli, S.; Topcuoglu, N.; Kulekci, G. Development of Novel Formulations
Containing Lysozyme and Lactoferrin and Evaluation of Antibacterial Effects on Mutans Streptococci and Lactobacilli. Arch. Oral
Biol. 2015, 60, 706-714. [CrossRef]

Aminnezhad, S.; Kermanshahi, RK.; Ranjbar, R. Evaluation of Synergistic Interactions between Cell-Free Supernatant of
Lactobacillus Strains and Amikacin and Genetamicin against Pseudomonas aeruginosa. Jundishapur J. Microbiol. 2015, 8, e16592.
[CrossRef]

Al-Dulaimi, M.; Algburi, A.; Abdelhameed, A.; Mazanko, M.S.; Rudoy, D.V.; Ermakov, A.M.; Chikindas, M.L. Antimicrobial
and Anti-Biofilm Activity of Polymyxin e Alone and in Combination with Probiotic Strains of Bacillus subtilis Katmiral933 and
Bacillus Amyloliquefaciens b-1895 against Clinical Isolates of Selected Acinetobacter Spp.: A Preliminary Study. Pathogens 2021,
10, 1574. [CrossRef] [PubMed]

Fugaban, J.LL; Bucheli, J.E.V.; Holzapfel, W.H.; Todorov, S.D. Characterization of Partially Purified Bacteriocins Produced
by Enterococcus faecium Strains Isolated from Soybean Paste Active against Listeria spp. and Vancomycin-resistant Enterococci.
Microorganisms 2021, 9, 1085. [CrossRef] [PubMed]

Polyudova, T.; Lemkina, L.; Eroshenko, D.; Esaev, A. Suppression of Planktonic and Biofilm of Escherichia coli by the Synergistic
Lantibiotics—Polymyxins Combinations. Arch. Microbiol. 2024, 206, 191. [CrossRef]

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.1093/jac/dkm222
https://doi.org/10.1186/s12866-015-0473-x
https://www.ncbi.nlm.nih.gov/pubmed/26149536
https://doi.org/10.1371/journal.pone.0217205
https://doi.org/10.1155/adpp/7461209
https://doi.org/10.1093/jambio/lxaf211
https://doi.org/10.1002/advs.201802333
https://doi.org/10.1039/D3SC05124B
https://doi.org/10.1371/journal.pone.0241304
https://doi.org/10.3390/pharmaceutics15030991
https://doi.org/10.1111/j.1742-481X.2011.00781.x
https://www.ncbi.nlm.nih.gov/pubmed/21457463
https://doi.org/10.1021/acs.molpharmaceut.0c01033
https://www.ncbi.nlm.nih.gov/pubmed/33822631
https://doi.org/10.1007/s00203-014-1013-z
https://www.ncbi.nlm.nih.gov/pubmed/25015717
https://doi.org/10.3390/ijms24043566
https://doi.org/10.1172/JCI115407
https://www.ncbi.nlm.nih.gov/pubmed/1918365
https://doi.org/10.1016/j.micpath.2015.08.008
https://doi.org/10.1099/00222615-48-9-867
https://doi.org/10.1099/00222615-47-9-837
https://doi.org/10.1016/j.archoralbio.2015.02.004
https://doi.org/10.5812/jjm.8(4)2015.16592
https://doi.org/10.3390/pathogens10121574
https://www.ncbi.nlm.nih.gov/pubmed/34959528
https://doi.org/10.3390/microorganisms9051085
https://www.ncbi.nlm.nih.gov/pubmed/34070112
https://doi.org/10.1007/s00203-024-03922-8
https://doi.org/10.3390/biom16060887

Biomolecules 2026, 16, 887 64 of 64

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

Kim, J.; Cho, H.; Kim, K. Lactobacilli-Derived Extracellular Vesicles as Synergistic Biomolecules for Colistin Efficacy against
Acinetobacter baumannii. Microbiol. Res. 2025, 295, 128104. [CrossRef]

Lee, Y.; Cho, H.; Kim, K. Antibiotic-Loaded Lactobacillus-Derived Extracellular Vesicles Enhance the Bactericidal Efficacy against
Staphylococcus Species. ]. Drug Deliv. Sci. Technol. 2025, 105, 106607. [CrossRef]

Derakhshan-sefidi, M.; Bakhshi, B.; Rasekhi, A. Vibriocidal Efficacy of Bifidobacterium bifidum and Lactobacillus acidophilus Cell-Free
Supernatants Encapsulated in Chitosan Nanoparticles against Multi-Drug Resistant Vibrio cholerae O1 El Tor. BMC Infect. Dis.
2024, 24, 905. [CrossRef]

Heidari, Z.; Ghasemi, M.F.; Modiri, L. The Synergistic Antibacterial Effect of Bacteriocin Produced by Lactobacillus casei ATCC
39392 and Iron Oxide Nanoparticles (IONPs) on Selected Foodborne Pathogens. Int. . Mol. Clin. Microbiol. 2020, 10, 1301-1311.
Zhang, J.; Wang, D.; Sun, J.; Sun, Z,; Liu, F; Dy, L.; Wang, D. Synergistic Antibiofilm Effects of Ultrasound and Phenyllactic Acid
against Staphylococcus aureus and Salmonella enteritidis. Foods 2021, 10, 2171. [CrossRef] [PubMed]

Unal Turhan, E.; Polat, S.; Erginkaya, Z.; Konuray, G. Investigation of Synergistic Antibacterial Effect of Organic Acids and
Ultrasound against Pathogen Biofilms on Lettuce. Food Biosci. 2022, 47, 101643. [CrossRef]

Mund, S.S.; Chakraborty, S.; Mukherjee, C.; Sahu, K.; Majumder, S.K. Lactobacillus Acidophilus-Derived Cell-Free Supernatant
Augments Methylene Blue-Mediated Photodynamic Inactivation Efficacy Against Methicillin Resistant Staphylococcus aureus
Planktonic Suspension and Biofilms. Probiotics Antimicrob. Proteins 2026, 18, 936-955. [CrossRef] [PubMed]

Hu, W.S.; Min Nam, D.; Kim, J.S.; Koo, O.K. Synergistic Anti-Biofilm Effects of Brassicaceae Plant Extracts in Combination with
Proteinase K against Escherichia coli O157:H7. Sci. Rep. 2020, 10, 21090. [CrossRef]

Tajer, L.; Paillart, J.C.; Dib, H.; Sabatier, ].M.; Fajloun, Z.; Abi Khattar, Z. Molecular Mechanisms of Bacterial Resistance to
Antimicrobial Peptides in the Modern Era: An Updated Review. Microorganisms 2024, 12, 1259. [CrossRef]

Mba, LE.; Nweze, E.I. Antimicrobial Peptides Therapy: An Emerging Alternative for Treating Drug-Resistant Bacteria. Yale J. Biol.
Med. 2022, 95, 445-463.

Naidu, A.S.; Arnold, R.R. Influence of Lactoferrin on Host-Microbe Interactions. In Lactoferrin: Interactions and Biological Functions;
Hutchens, T.W., Lonnerdal, B., Eds.; Humana Press: Totowa, NJ, USA, 1997; ISBN 978-1-4612-8439-0.

Shaper, M.; Hollingshead, S.K.; Benjamin, W.H.; Briles, D.E. PspA Protects Streptococcus pneumoniae from Killing by Apolactoferrin,
and Antibody to PspA Enhances Killing of Pneumococci by Apolactoferrin. Infect. Immun. 2004, 72, 5031-5040. [CrossRef]

Kell, D.B.; Heyden, E.L.; Pretorius, E. The Biology of Lactoferrin, an Iron-Binding Protein That Can Help Defend Against Viruses
and Bacteria. Front. Immunol. 2020, 11, 1221. [CrossRef]

Yadav, R.; Govindan, S.; Daczkowski, C.; Mesecar, A.; Chakravarthy, S.; Noinaj, N. Structural Insight into the Dual Function of
LbpB in Mediating Neisserial Pathogenesis. eLife 2021, 10, e71683. [CrossRef]

Ostan, N.K.H; Yu, RH.; Ng, D.; Lai, C.C.L.; Pogoutse, A.K,; Sarpe, V.; Hepburn, M.; Sheff, J.; Raval, S.; Schriemer, D.C.; et al.
Lactoferrin Binding Protein B—A Bi-Functional Bacterial Receptor Protein. PLoS Pathog. 2017, 13, €1006244. [CrossRef]
Morgenthau, A.; Beddek, A.; Schryvers, A.B. The Negatively Charged Regions of Lactoferrin Binding Protein B, an Adaptation
against Anti-Microbial Peptides. PLoS ONE 2014, 9, e86243. [CrossRef]

Ostan, N.K.H.; Moraes, T.F; Schryvers, A.B. Lactoferrin Receptors in Gram-Negative Bacteria: An Evolutionary Perspective.
Biochem. Cell Biol. 2021, 99, 102-108. [CrossRef] [PubMed]

Kumariya, R.; Garsa, A.K,; Rajput, Y.S.; Sood, S.K.; Akhtar, N.; Patel, S. Bacteriocins: Classification, Synthesis, Mechanism of
Action and Resistance Development in Food Spoilage Causing Bacteria. Microb. Pathog. 2019, 128, 171-177. [CrossRef] [PubMed]
Boriollo, M.EG.; Marques, M.B.; da Silva, T.A.; da Silva, ].J.; Dias, R.A.; Silva Filho, TH.N.; Melo, I.L.R.; dos Santos Dias, C.T.;
de Carvalho Bernardo, W.L.; de Mello Silva Oliveira, N.; et al. Antimicrobial Potential, Phytochemical Profile, Cytotoxic and
Genotoxic Screening of Sedum praealtum A. DC. (Balsam). BMC Complement. Med. Ther. 2020, 20, 133. [CrossRef]

Sarojini, S.; Jayaram, S.; Kalathilparambil Santhosh, S.; Priyadarshini, P.; Pappuswamy, M.; Balasubramanian, B. Harnessing
the Potential of Antibacterial and Antibiofilm Phytochemicals in the Combat Against Superbugs: A One Health Perspective.
Antibiotics 2025, 14, 692. [CrossRef] [PubMed]

Kashi, M.; Noei, M.; Chegini, Z.; Shariati, A. Natural Compounds in the Fight against Staphylococcus aureus Biofilms: A Review of
Antibiofilm Strategies. Front. Pharmacol. 2024, 15, 1491363. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/biom16060887


https://doi.org/10.1016/j.micres.2025.128104
https://doi.org/10.1016/j.jddst.2025.106607
https://doi.org/10.1186/s12879-024-09810-2
https://doi.org/10.3390/foods10092171
https://www.ncbi.nlm.nih.gov/pubmed/34574281
https://doi.org/10.1016/j.fbio.2022.101643
https://doi.org/10.1007/s12602-025-10558-7
https://www.ncbi.nlm.nih.gov/pubmed/40402416
https://doi.org/10.1038/s41598-020-77868-4
https://doi.org/10.3390/microorganisms12071259
https://doi.org/10.1128/IAI.72.9.5031-5040.2004
https://doi.org/10.3389/fimmu.2020.01221
https://doi.org/10.7554/eLife.71683
https://doi.org/10.1371/journal.ppat.1006244
https://doi.org/10.1371/journal.pone.0086243
https://doi.org/10.1139/bcb-2020-0079
https://www.ncbi.nlm.nih.gov/pubmed/33464172
https://doi.org/10.1016/j.micpath.2019.01.002
https://www.ncbi.nlm.nih.gov/pubmed/30610901
https://doi.org/10.1186/s12906-020-02915-6
https://doi.org/10.3390/antibiotics14070692
https://www.ncbi.nlm.nih.gov/pubmed/40723994
https://doi.org/10.3389/fphar.2024.1491363
https://doi.org/10.3390/biom16060887

	Introduction 
	Conventional Anti-Biofilm Agents—Mechanism of Action and Current Limitations 
	Chemotherapeutic Agents—Antibiotics 
	Physical Methods for Biofilm Dissociation 

	Alternative Strategies Targeting Biofilm Integrity and Biofilm Persister Cells 
	Matrix Degrading Enzymes 
	Quorum-Sensing Inhibitors and Anti-Virulence Agents 
	Phage and Phage-Derived Antimicrobial Molecules 
	Antimicrobial Peptides 

	Natural Bioactive Compounds—Emerging Agents in Modulating Biofilm Formation 
	Lactoferrin 
	Probiotics and Postbiotics 
	Probiotics—Characterization and Mechanism of Action 
	Postbiotics and Probiotic Metabolites—Characterization and Mechanism of Action 

	Classes of Natural Anti-Biofilm Compounds (Terpenoids, Phenolic Acids, Flavonoids, Alkaloids) 
	Mechanisms Underlying the Anti-Biofilm Effects of Natural Compounds 
	Synergism Between Natural Bioactive Compounds and/or Antibiotics/Antimicrobial Strategies 
	Synergistic Interactions Among Natural Bioactive Compounds 
	Synergistic Combinations Between Natural Bioactive Compounds and Antibiotics/Antimicrobial Strategies 


	Current Challenges, Perspectives, and Future Research Directions 
	Conclusions 
	References

