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Abstract: Persistent microbial biofilm infections remain a major obstacle to effective antimicrobial therapy due to restricted drug
diffusion, metabolic heterogeneity, and the presence of tolerant bacterial subpopulations. In device-associated infections, biofilms
substantially reduce antibiotic efficacy and contribute to chronic relapse despite adequate systemic exposure. Although nanocarrier-
based delivery systems have been widely investigated, many formulations remain empirically developed with insufficient considera-
tion of biofilm-specific physicochemical and biological barriers. This review examines surfactant-engineered niosomal antibiotic
systems from a rational design perspective. Key formulation parameters, including surfactant type, hydrophile-lipophile balance
(HLB), cholesterol content, surface charge, and microenvironment-responsive behavior, critically influence bilayer rigidity, perme-
ability, encapsulation efficiency, intrabiofilm transport, and release kinetics. In particular, electrostatic interactions with the negatively
charged extracellular polymeric substance (EPS) matrix and pH-responsive destabilization strategies are discussed as important
determinants of localized antibiotic delivery within heterogeneous biofilm environments. Despite promising antibiofilm activity
in vitro, translational progress remains limited by variability in formulation characterization, insufficient in vivo validation, and
incomplete alignment between carrier responsiveness and biofilm microenvironmental conditions. By integrating insights from
pharmaceutics, materials science, and microbial pathophysiology, this review proposes a structured framework for the rational design
of surfactant-engineered niosomes and highlights key considerations for advancing antibiofilm nanomedicine.
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Introduction
Antimicrobial resistance (AMR) continues to compromise the effectiveness of conventional antibiotic therapy, with
biofilm-associated infections representing a major driver of chronic and treatment-refractory disease.'* Clinically,
biofilms are implicated in a substantial proportion of persistent infections, particularly those involving indwelling
medical devices, where antibiotic tolerance may exceed that of planktonic bacteria by several orders of magnitude.”*
In addition to device-associated infections, biofilm persistence also contributes to chronic non-device-related conditions
such as Pseudomonas aeruginosa lung infections in patients with cystic fibrosis. The recalcitrance of these infections is
rooted not only in genetic resistance but also in the structural and physiological organization of biofilms.” In addition to
increasing morbidity and therapeutic failure, biofilm-associated infections also impose substantial healthcare and
economic burdens because of prolonged hospitalization, recurrent treatment, and device replacement requirements.>
Biofilms consist of spatially organized microbial communities embedded within a self-produced extracellular poly-
meric substance (EPS) matrix that anchors them to biotic and abiotic surfaces.*® This hydrated polymeric network

functions as a diffusion-modifying barrier, restricting antibiotic penetration and generating subinhibitory intrabiofilm
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concentrations. Concurrent nutrient and oxygen gradients promote metabolic heterogeneity, including dormant or slow-
growing subpopulations that exhibit transient antibiotic tolerance.” Stress response activation, efflux systems, enzymatic
drug inactivation, and horizontal gene transfer further reinforce survival within dense microbial consortia.>® Together,
these features create a localized microenvironment that is insufficiently addressed by conventional systemic antibiotic
therapy. Among emerging nanocarrier systems, surfactant-engineered niosomes provide structurally adaptable vesicular
platforms that can modulate membrane rigidity, drug retention, and interfacial transport behavior relevant to biofilm-
targeted delivery.’

Within this framework, surfactant selection represents a critical design variable rather than a purely formulation-
driven choice. Parameters such as hydrophile-lipophile balance, alkyl chain characteristics, and cholesterol incorporation
influence bilayer organization and drug retention within biofilm microenvironments. However, despite increasing reports
of niosomal antibiofilm efficacy, a systematic synthesis linking surfactant physicochemical attributes to transport
performance and therapeutic outcomes remains limited. Peptide-based antibacterial nanomaterials have emerged as
promising alternatives to conventional antibiotics because of their membrane-disruptive activity, broad-spectrum efficacy,
and reduced susceptibility to classical resistance mechanisms. Recent advances in peptide—nanohybrid systems have
further demonstrated enhanced antibacterial and antibiofilm performance through improved membrane interactions,
structural self-assembly, and synergistic integration of nanomaterials.”'® However, many peptide-based systems remain
constrained by proteolytic instability, rapid degradation, limited loading flexibility, high production cost, and challenges
in maintaining sustained localized delivery within complex biofilm microenvironments.'' In contrast, surfactant-
engineered niosomes provide a compositionally tunable platform capable of encapsulating both hydrophilic and lipo-
philic agents while modulating bilayer rigidity, release kinetics, colloidal stability, and microenvironment-responsive
transport behavior. Rather than competing technologies, peptide-based nanomaterials and surfactant-engineered vesicular
systems represent complementary strategies in the broader development of precision antibiofilm nanomedicine.
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This review critically evaluates recent advances in niosomal antibiotic delivery, with an emphasis on surfactant
engineering as a mechanistic determinant of biofilm penetration, drug-release kinetics, and antibacterial efficacy.
Particular attention is given to rational surfactant engineering principles, including hydrophile—lipophile balance
(HLB) modulation, bilayer stabilization, electrostatic interactions, vesicle surface charge, and microenvironment-
responsive behavior, which are key determinants of antibiofilm delivery performance. By integrating insights from
pharmaceutics, materials science, and microbiology, the review proposes a structured framework for aligning niosomal
design with biofilm physiology and therapeutic requirements. Such integration is essential to support the rational and
clinically relevant development of precision nanomedicine strategies for persistent and device-associated infections.

Microbial Biofilms: A Challenge to Antibiotic Therapy

Conventional antibiotic regimens frequently fail against biofilm-associated infections despite adequate systemic expo-
sure. This discrepancy reflects limited drug access to bacteria embedded within the EPS, rather than insufficient intrinsic
antimicrobial activity.* The EPS matrix operates as a hydrated, polymer-rich scaffold composed of polysaccharides,
proteins, extracellular DNA, and associated biomolecules that collectively impede molecular diffusion. Antibiotics
entering the biofilm experience delayed penetration and uneven spatial distribution, resulting in concentration gradients
across the biofilm depth.* Within this structured environment, bacterial subpopulations adopt distinct metabolic states
shaped by local nutrient and oxygen availability. Reduced growth rates and altered physiology diminish antibiotic
susceptibility without requiring stable genetic resistance.

As a consequence, bacteria residing in protected niches withstand antibiotic levels substantially exceeding those
required to inhibit planktonic cells. Surviving subpopulations maintain the biofilm reservoir, allowing persistence under
therapy and recurrence after treatment withdrawal. The resulting tolerance complicates eradication and prolongs infec-
tion. Therapeutic failure in this context is therefore governed primarily by transport constraints within the biofilm
architecture. Effective intervention requires delivery strategies that improve intrabiofilm drug distribution and overcome
diffusion barriers, rather than relying solely on increasing systemic dosage.

Biofilms are particularly problematic in catheter- and prosthesis-related infections, where microbial communities
establish on abiotic surfaces and exhibit marked tolerance to both antimicrobial therapy and host immune clearance.>®
Surface physicochemical properties, implantation duration, and interactions with the host material facilitate initial
adhesion and subsequent EPS accumulation.® As biofilms transition from attachment to maturation, their three-
dimensional architecture becomes increasingly organized, reinforcing diffusion limitation and physiological
heterogeneity.” Dispersal events may further seed adjacent sites, perpetuating infection cycles.

Clinically, this progression translates into chronicity, recurrent inflammation, and frequent need for device removal.
Standard antimicrobial regimens often suppress but do not eliminate the structured community, contributing to repeated
therapeutic failure. The absence of diagnostic and delivery systems capable of achieving sufficient intrabiofilm concen-
trations further constrains clinical management.® Taken together, these findings indicate that biofilm-associated treatment
failure is driven predominantly by impaired drug delivery within structured microbial communities. This recognition
provides a rational basis for nanocarrier-based approaches, including surfactant-engineered vesicular systems, designed
to enhance matrix penetration and optimize local drug availability while maintaining systemic safety.

Mechanisms of Biofilm Formation

Biofilm development proceeds through four sequential yet interdependent stages, each presenting distinct therapeutic
vulnerabilities that conventional antibiotics struggle to overcome. Below, we dissect these phases using a structured
analytical lens tailored to nanomedicine applications.

Initial Adhesion

Surface colonization by planktonic bacteria marks the onset of biofilm infection, yet conventional antimicrobial strategies
rarely intervene at this reversible stage, allowing progression to irreversible attachment. Pioneering cells exploit host-
derived conditioning films formed by adsorbed proteins and glycoproteins on implant surfaces to anchor via adhesins,
fimbriae, and pili, transitioning from transient contact to firm binding that resists shear forces.'>'* Established adhesion
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creates a receptive substrate for latecomer species, amplifying biofilm biomass and elevating device-related infection risk
by orders of magnitude, as seen in 65-80% of catheter and prosthetic failures.'*'> Nanocarriers must prioritize anti-
adhesive coatings or receptor-mimicking surfactants to disrupt this foundational step, forestalling the cascade toward
mature biofilms where eradication becomes exponentially costlier.

EPS Production and Microcolony Formation

The nascent biofilm lacks structural cohesion until EPS precipitates, rendering early microcolonies impervious to
systemic drugs despite their limited mass. Proliferating cells secrete polysaccharides, proteins, and eDNA that self-
assemble into a gel-like matrix, nucleating three-dimensional microcolonies through phase separation and interfacial
polymerization.>* This scaffold imposes a diffusion gradient that restricts antibiotic access while fostering metabolic
cooperation within microcolonies, resident cells thus endure up to 128-fold higher minimum inhibitory concentrations
(MIC) compared to planktonic counterparts.'® Targeted delivery systems bearing matrix-degrading enzymes or pene-
trative moieties offer a window to fragment these nascent structures before consolidation, circumventing the tolerance
amplification inherent to later phases.

Maturation

Fully differentiated biofilms evade clearance through architectural sophistication, confounding even high-dose regimens
that achieve extracellular lethality but spare the core. Interconnected water channels mature alongside upregulated efflux
and stress genes, stabilizing a heterogeneous milieu where persister subpopulations thrive amid nutrient gradients and
quorum sensing (QS) orchestrated consolidation.'*!” Tolerance escalates to >10,000-fold MIC elevation, driving 80—
90% recurrence in indwelling device infections and necessitating explantation in chronic cases like orthopedic hardware
failures.'? Vesicular platforms engineered for deep-tissue partitioning and stimuli-responsive payload release address this
recalcitrance, rationally aligning pharmacokinetics with the biofilm’s spatiotemporal defenses.

Dispersal

Therapeutic gains prove fleeting as viable cells detach, disseminate to distal sites, and undermine source control despite
apparent resolution. Environmental cues, such as nutrient depletion, nitric oxide surges, or quorum signal decay, trigger
enzymatic matrix dissolution and activation of motility genes, reverting cells to a planktonic, hypervirulent
phenotype.”'® Dispersed cells establish secondary infection sites, accounting for 40-60% relapse rates in ventilator-
associated pneumonia and recurrent UTIs following catheter removal.'® Prophylactic nanotherapeutics incorporating
dispersal inhibitors alongside bactericides could trap cells in vulnerable sessile states, converting transient suppression
into durable eradication.

Biofilm Characteristics and Regulatory Mechanisms
Physical Barriers
Antimicrobial agents often exhibit limited penetration beyond the biofilm periphery because the EPS matrix restricts drug
diffusion despite adequate systemic exposure. Exopolysaccharides, proteins, and extracellular DNA interweave into
a viscoelastic lattice permeated by tortuous nanochannels, selectively retarding antimicrobial penetration through steric
occlusion and charge-mediated sequestration. This configuration has been documented in staphylococcal biofilms formed
on abiotic substrates.'**°

This scaffold confines drug gradients to peripheral laminae, sparing internal populations, as evidenced by vancomy-
cin’s limited disruption of staphylococcal biofilms, with free formulations yielding markedly inferior inhibition relative to
encapsulant counterparts.'> Niosomal carriers may improve antibiotic transport across biofilm matrices through surfac-

tant-mediated modulation of interfacial interactions and controlled drug release.?'*

Cell-to-Cell Communication (Quorum Sensing)
Microbial collectives orchestrate resistance beyond structural fortification; their synchronized physiology reduces the
efficacy of antimicrobial agents designed to target planktonic cells. Autoinducers N-acyl homoserine lactones among
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Gram-negatives, competence-stimulating peptides in Gram-positives, attain threshold concentrations that trigger tran-
scriptional shifts toward matrix augmentation, efflux escalation, and virulence coordination.'”*

QS circuitry amplifies tolerance by coordinating key resistance mechanisms, including EPS production, metabolic
adaptation, and efflux-associated antimicrobial tolerance, thereby sustaining biofilm persistence.>* Vesicular anti-quorum
payloads disrupt this regulatory confederacy at inception, restoring susceptibility windows prior to architectural

entrenchment, a strategy meriting niosomal adaptation.***

Key Reasons for the Failure of Conventional Therapies: Limited
Penetration and Drug Inactivation

Low Antibiotic Penetration

Circulating antibiotics frequently establish subtherapeutic concentration gradients within biofilms despite adequate
vascular levels. The EPS forms a viscoelastic matrix characterized by tortuous diffusion pathways that restrict molecular
transport through steric hindrance, electrostatic repulsion of charged antibiotics, and transient binding to polymeric
constituents.®>*> As a consequence, antimicrobial concentrations decline progressively toward deeper biofilm layers,
allowing embedded bacterial populations to survive therapeutic exposure. This restricted transport sustains microbial
viability within device-associated staphylococcal and pseudomonal communities, contributing to incomplete clinical
eradication.”® Strategies aimed at modifying interfacial interactions, including surface-engineered nanovesicles, seek to
improve intrabiofilm distribution; however, effective penetration requires alignment between carrier physicochemical
properties and the structural heterogeneity of the EPS.

Antimicrobial Agent Inactivation

Even when antibiotics successfully penetrate the biofilm matrix, their activity may be reduced prior to reaching
intracellular targets. Enzymes embedded within the EPS, including B-lactamases, esterases, and nucleases, contribute
to extracellular drug degradation, while upregulated efflux systems further limit intracellular accumulation under hypoxic
microenvironmental conditions.”’* These matrix-associated and cellular mechanisms have been linked to treatment
failure in biofilm-related implant infections.?® Encapsulation within vesicular systems may reduce premature enzymatic
exposure during matrix traversal and enable more controlled drug release in regions with less pronounced degradative
activity.

Phenotypic Resistance in Microorganisms in Biofilms

Biofilm-associated treatment failure is attributable not only to restricted transport or enzymatic degradation but also to
phenotypic adaptation within microbial subpopulations. Nutrient and oxygen gradients promote the emergence of
persister phenotypes characterized by metabolic dormancy, activation of stress-response pathways, and increased efflux
activity, particularly in anoxic regions of mature biofilms.**>' These transient physiological states contribute to persistent
bacteremia in catheter-associated infections despite susceptibility under planktonic conditions.'*** Delivery systems
capable of sustaining effective local drug concentrations over extended periods may help counteract dormancy-associated
tolerance without relying on dose escalation.

Representative Examples of Biofilms on Medical Devices

Urinary Catheters

Catheter-associated urinary tract infections (CAUTIs) remain among the most prevalent healthcare-associated infections,
largely driven by biofilm formation on indwelling urinary catheters.’®*® Once established, these biofilms act as persistent
reservoirs that are difficult to eradicate with systemic antibiotics.”” Microorganisms initially adhere to catheter surfaces
and subsequently secrete EPS, forming multilayered communities that progressively encase bacterial cells.”® The matrix
not only stabilizes colonization but also facilitates biomineralization and encrustation, phenomena documented in
prospective clinical evaluations of polymer-coated catheters.”® Coagulase-negative staphylococci and other uropathogens
exploit this structured niche to sustain long-term persistence.
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Matrix-embedded communities promote recurrent infection, necessitate repeated catheter replacement, and prolong
hospitalization. Even when antimicrobial therapy is appropriately selected, eradication is limited because the device
surface itself remains colonized.’®*® Preventive strategies must prioritize interference with early adhesion and matrix
establishment. Surface-engineered or polymer-modified catheters that reduce biomass accumulation provide preliminary
clinical signals of benefit.”® These observations support the integration of surface-directed and nanocarrier-based
approaches to enhance local antimicrobial activity and extend device functionality.

Central Venous Catheters (CVCs)
Central venous catheters constitute a major source of catheter-related bloodstream infections (CRBSIs), particularly in
critically ill populations.?®*' Methicillin-resistant S. aureus and coagulase-negative staphylococci predominate in these
device-associated infections.***? Microbial attachment to luminal and extraluminal catheter surfaces initiates EPS matrix
assembly, enabling persistent colonization.®® Staphylococcal species form structured biofilms that resist mechanical
clearance and systemic antibiotics, particularly following breaches in aseptic handling or hematogenous seeding.?**°
Biofilm-mediated colonization precipitates bloodstream dissemination, prolongs intensive care stays, and increases
mortality risk.®' Isolates from catheter surfaces frequently exhibit antibiotic resistance patterns that complicate therapy.*>
Conventional prophylaxis alone is insufficient once biofilms have formed on device surfaces. Targeted antimicrobial
delivery systems capable of penetrating the EPS matrix, including vesicular nanocarriers, have been proposed to enhance
local drug exposure and disrupt staphylococcal biofilms.>*** Such approaches align with the recognized limitations of

systemic therapy in CRBSIs.

Cardiac Implantable Electronic Devices (CIEDs)
Infections involving pacemakers and implantable cardioverter-defibrillators are frequently biofilm-associated and are
associated with substantial morbidity.’>*® Pathogens, particularly S. aureus, adhere to device pockets and transvenous
leads, where EPS-embedded communities develop during implantation or subsequent bacteremia.>> Meta-analytic data
identify biofilm persistence as a central contributor to infection risk beyond baseline microbial virulence.*®

Once established, these biofilms are difficult to eradicate without device explantation. Clinical consequences include
systemic infection, repeated interventions, and significant healthcare expenditure.® Preventive strategies should empha-
size anti-adhesive or antimicrobial surface modifications at the time of implantation. Recognition of biofilm formation as
a mechanistic driver of CIED failure supports the development of device-integrated or locally delivered antimicrobial
technologies.>*

Respiratory Devices
Endotracheal and tracheostomy tubes are rapidly colonized by microbial biofilms, contributing to ventilator-associated
pneumonia (VAP) in intensive care settings.’’*®* Microorganisms adhere to the internal lumen of respiratory tubing and
initiate EPS production, forming structured microcolonies. Systematic analyses report culture positivity rates exceeding
50%, depending on sampling methodology.’” Device material properties and antimicrobial coatings may reduce, but do
not eliminate, biofilm colonization.*’

Biofilm-laden tubes increase the risk of pneumonia, prolong mechanical ventilation, and increase mortality.*®
Persistent colonization despite the use of coated devices indicates that material modification alone remains insufficient.
Advanced surface engineering and localized antimicrobial delivery strategies are therefore required to better limit

intraluminal colonization and reduce VAP incidence.>”>°

Chronic Wounds

Chronic wounds, including diabetic foot ulcers and pressure injuries, frequently harbor polymicrobial biofilms that
impede healing and complicate clinical assessment.'*?” Surface contamination progresses to EPS-embedded microbial
aggregates dominated by Staphylococcus and Pseudomonas species, which sustain chronic inflammation and resist host
clearance.*>*' Matrix-imposed diffusion constraints limit topical antimicrobial penetration to the superficial wound
layers, often to depths of less than one-fifth of the tissue depth.*’
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Persistent biofilms are associated with high relapse rates after therapy, delayed wound closure, and increased risk of
limb loss. Therapeutic failure frequently reflects inadequate delivery rather than intrinsic antimicrobial inefficacy.*’
Effective management requires strategies capable of traversing the EPS barrier and sustaining local drug concentrations
within wound tissue. Surfactant-based nanocarriers, including niosomal systems, have demonstrated enhanced antibac-
terial and antibiofilm activity in experimental models, supporting their consideration as rational adjuncts to conventional

wound care in biofilm-dominated lesions.'>*

Niosomes: Surfactant-Based Drug Delivery Systems

Conventional drug delivery systems frequently fail to reconcile drug instability, rapid systemic clearance, limited tissue
accumulation, and dose-related toxicity. Although liposomes have addressed some of these limitations, issues related to
cost, oxidative instability of phospholipids, and large-scale manufacturing remain relevant. Consequently, alternative
vesicular systems with improved physicochemical robustness and formulation flexibility have been sought.'*

Niosomes are self-assembled bilayer vesicles formed from non-ionic surfactants, typically stabilized with cholesterol.
Their amphiphilic architecture enables spontaneous organization in aqueous environments into closed bilayers that
encapsulate both hydrophilic compounds in the aqueous core and lipophilic agents in the hydrophobic membrane
domain."** Surfactant molecular geometry, HLB, alkyl chain length, and phase transition behavior collectively determine
bilayer rigidity, permeability, and drug retention.****® Cholesterol incorporation further modulates membrane packing and
mechanical stability, reducing leakage and improving structural integrity during storage and biological exposure.’

This structural adaptability allows niosomes to improve drug encapsulation efficiency, modulate release kinetics, and
enhance physicochemical stability compared with several conventional formulations.***” Their compositional versatility
has supported applications across anticancer, antimicrobial, and transdermal delivery contexts, where controlled release
and enhanced tissue interaction are required.***’ The bilayer-forming capacity of non-ionic surfactants establishes
niosomes as a rational platform for precision drug delivery. However, formulation performance is contingent upon
careful surfactant selection and structural optimization rather than generic vesicle preparation.

Controlled fabrication improves drug loading, prolongs release, and enhances storage stability. Empirical optimization
studies demonstrate that rational adjustment of formulation variables significantly influences antibacterial and anticancer
efficacy, reflecting the tight coupling between structure and biological performance.*>** Manufacturing strategy is not
merely procedural but mechanistically determinative. Standardization of preparation conditions and systematic charac-
terization are essential to ensure reproducibility and clinical translatability.

Many therapeutic agents exhibit suboptimal bioavailability, rapid degradation, or inadequate penetration into patho-
logical tissues, limiting clinical effectiveness. Encapsulation within niosomal bilayers protects labile drugs from
premature degradation while enabling sustained or controlled release through diffusion across the surfactant
membrane."*> Surface modification and compositional tuning can further influence interaction with biological mem-
branes and barrier tissues, including the stratum corneum in transdermal applications.*®

Vesicular delivery systems enhance localized drug retention and controlled release within structurally complex
biological microenvironments.*®*’ Improved pharmacokinetic behavior and localized drug concentration contribute to
enhanced therapeutic efficacy across multiple delivery settings. Optimized niosomal formulations have demonstrated
significant antibacterial and antibiofilm activity compared with free-drug counterparts, underscoring the advantages of
vesicular encapsulation in resistant infections.*? Similar improvements in sustained release behavior and localized drug
retention have also been reported in other vesicular delivery applications.*®*’ Niosomes, therefore, function not merely
as passive carriers but as modulators of drug disposition and release dynamics. Their therapeutic performance depends on
rational alignment between vesicle composition and the physicochemical characteristics of the target biofilm
microenvironment.

Despite expanding interest, the positioning of niosomes within the broader nanocarrier landscape remains subject to
critical evaluation regarding stability, scalability, and comparative advantage. Non-ionic surfactants confer chemical
stability and lower susceptibility to oxidative degradation relative to phospholipid-based systems.'** However, vesicle
aggregation, potential leakage during long-term storage, and batch-to-batch variability can occur depending on surfactant
chemistry and preparation conditions.** Reproducibility, scale-up feasibility, and physicochemical consistency remain
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central challenges in the development of vesicular nanocarriers. Variability in vesicle size distribution, entrapment
efficiency, and membrane stability can compromise translational relevance. Niosomes can be prepared using thin-film
hydration, reverse-phase evaporation, ether injection, microfluidization, and other solvent-based or solvent-free
approaches.'*” Process parameters, including hydration temperature relative to surfactant phase transition, agitation
intensity, and cholesterol-to-surfactant ratio, directly influence vesicle size, lamellarity, and polydispersity.***
Optimization strategies frequently aim to balance entrapment efficiency with membrane stability, as excessive fluidity
may enhance release but compromise retention.*’

While many preclinical studies demonstrate enhanced therapeutic outcomes, translating these findings into standar-
dized clinical products requires addressing stability and manufacturing constraints. Evidence from recent evaluations in
nanomedicine indicates promising functional performance but underscores the necessity of rigorous characterization
frameworks.*>*” The future development of niosomal systems depends on integrating physicochemical optimization with
scalable fabrication and regulatory-oriented characterization. Within the context of rational nanomedicine design,

surfactant-based vesicles represent a viable but formulation-sensitive platform rather than a universal solution.

Basic Structure and Working Mechanism of Niosomes

Biofilm-associated infections exhibit limited intrabiofilm penetration of antibiotics due to hydrated EPS matrices and
metabolically heterogeneous bacterial populations.®® In methicillin-resistant S. aureus (MRSA) biofilms, more than 95%
of administered antibiotics may fail to reach embedded bacterial populations, allowing persistence of dormant sub-
populations that constitute a minor fraction of biomass but dominate post-treatment viability.*?

Niosomes are self-assembled vesicular systems whose bilayer organization and stability are governed by surfactant
composition and cholesterol incorporation.*”>! Span 60 (sorbitan monostearate), characterized by saturated C18 alkyl
chains, undergoes hydrophobic aggregation supported by van der Waals interactions, while polyoxyethylene headgroups
orient toward the aqueous phase, enabling bilayer formation. Cholesterol intercalation increases membrane rigidity,
enhances chain ordering, and reduces permeability near the phase transition temperature (Tm ~ 53°C), thereby limiting
premature drug leakage.*>>

This vesicular architecture enables compartmentalized incorporation of drugs with differing physicochemical proper-
ties. Hydrophilic molecules such as meropenem (MW 383.45 Da) are predominantly entrapped within aqueous cores
(entrapment efficiency 84.86 + 3.14%), whereas amphiphilic or larger molecules such as vancomycin (MW 1449.25 Da)
associate with bilayer domains through hydrogen bonding interactions.**** Surfactant composition and cholesterol ratio
further regulate membrane stability and release behavior.*®#*->?

In the context of biofilms, nanoscale vesicles facilitate diffusion through hydrated polymeric channels. Size-
dependent penetration behavior reported in niosomal systems underscores the importance of optimized particle dimen-
sions in structured biological matrices.”* Figure 1 conceptually integrates vesicular stability during systemic transit with
progressive diffusion and localized drug release within EPS networks.

Meropenem-loaded niosomes demonstrated 4—6-fold reductions in MIC values against MRSA isolates compared with
free drug and achieved 92% biofilm eradication after 72 hours versus 38% for non-encapsulated meropenem.** Confocal
microscopy indicated approximately threefold higher intramatrix accumulation. Similarly, vancomycin-loaded niosomes
exhibited superior antibiofilm activity relative to free vancomycin.'®> Ciprofloxacin-loaded niosomes also reduced biofilm
formation and established biofilms more effectively than free ciprofloxacin.”® These data indicate that bilayer compart-
mentalization modifies intrabiofilm pharmacodynamics by improving spatial drug distribution and retention. Enhanced
efficacy therefore reflects improved intrabiofilm drug distribution and retention under diffusion-limited conditions.

Biofilms possess a net negative surface charge attributable to extracellular DNA phosphodiesters, uronic acid
residues, and other polyanionic EPS constituents.>® This electrostatic environment limits interaction with neutral vesicles
and reduces drug accumulation within deeper biofilm layers. Surface modification of niosomes with cationic lipids such
as stearylamine alters zeta potential and interfacial behavior. Unmodified Span 60-based niosomes exhibit a zeta potential
of —8.2 + 2.1 mV, whereas stearylamine incorporation shifts this value to +32.4 + 1.8 mV.'”> This charge reversal
promotes electrostatic attraction between positively charged vesicles and negatively charged EPS components.
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Figure | Proposed mechanism of niosomal penetration and antibiotic release within microbial biofilms. (A) Biofilm formation on surfaces protected by EPS and
polysaccharide barriers. (B) Interaction of niosomal vesicles with the biofilm matrix and localized drug release. (C) Biofilm disruption and bacterial killing following
intrabiofilm antibiotic delivery. (D) Penetration of niosomal carriers into deeper biofilm-associated tissue regions. The schematic illustrates how surfactant-engineered
niosomes facilitate targeted antibiotic delivery by overcoming physical and biochemical barriers within microbial biofilms.

Beyond surface charge modification, incorporation of charged amphiphiles influences bilayer structural organization
and membrane dynamics. Structural analyses of cationic and anionic niosomes demonstrate that electrostatic interactions
influence packing density, intermolecular forces, and diffusion within the bilayer interface.’® Electrostatic complex
formation may reduce hydration around surfactant headgroups and disrupt hydrogen-bonded EPS networks. These
interactions may increase local matrix permeability. Within biofilm microenvironments, partial bilayer destabilization
has been associated with enhanced meropenem diffusion relative to aqueous conditions.'> Figure 2 schematically
illustrates this electrostatic recruitment and localized release process.

Cationic niosomal formulations achieved a 4.2 log;o CFU reduction in mature MRSA biofilms compared with 1.8
log;, for neutral vesicles, corresponding to approximately 2.3-fold greater antibiofilm efficacy.®* Cationic lipid-modified
quercetin-loaded niosomes similarly demonstrated improved antibacterial performance against P. aeruginosa compared
with non-modified systems.** Surface charge engineering directly influences biological performance under biofilm
conditions. Enhanced antibiofilm efficacy appears to be attributable to improved interfacial adhesion and intramatrix
retention rather than to changes in intrinsic antibacterial potency. Electrostatic modulation, therefore, represents a rational
design parameter for optimizing vesicle matrix interactions.

Conventional burst-release kinetics may result in premature drug depletion before adequate intrabiofilm accumulation
occurs. Consequently, antibiotic exposure may not coincide with the metabolic reactivation phases of persister cells,
thereby reducing bactericidal efficacy. Release kinetics of niosomes are governed by surfactant composition, cholesterol
content, and bilayer phase behavior.*>*” Span 60-based bilayers exhibit metastable structural properties that maintain
integrity during systemic circulation but may gradually destabilize under biofilm-associated conditions, including mildly
acidic pH (<6.2) and altered hydrophobic microenvironments. Local pH variation can influence cholesterol desorption
and membrane permeability. Interactions between divalent cations and surfactant ether groups may further affect bilayer
stability within complex biological matrices.*’

In meropenem-loaded systems, sustained release profiles were observed, indicating controlled diffusion across the
vesicular membrane.** Within biofilms, this matrix-responsive behavior may shift drug exposure from rapid systemic
release to localized diffusion in proximity to bacterial cells. Meropenem-loaded niosomes achieved 92% biofilm
eradication at 72 hours compared with 38% for the free drug. Time-kill analyses demonstrated prolonged bactericidal
activity beyond 48 hours, associated with sustained intramatrix concentrations above the MICqq threshold.*? These
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Figure 2 Proposed electrostatic interaction and localized drug release mechanism of cationic niosomes within negatively charged biofilm matrices. (A) Positively charged
niosomes interact electrostatically with anionic extracellular polymeric substance (EPS) components, promoting vesicle adhesion, membrane destabilization, and localized
drug diffusion within the biofilm matrix. (B) Strong adhesive interactions between cationic vesicles and the biofilm surface facilitate sustained intrabiofilm drug release and
enhanced retention within deeper biofilm layers. The schematic illustrates the role of surface charge engineering in improving niosomal transport behavior and antibiofilm
delivery efficiency.

findings suggest improved pharmacokinetic-pharmacodynamic coupling under biofilm conditions. Therapeutic persis-
tence in biofilm-associated infections may partially reflect a temporal mismatch between drug exposure and windows of
bacterial susceptibility. Environment-responsive niosomal systems may improve the alignment between intrabiofilm drug
exposure and microbial susceptibility. This effect may enhance antibiofilm performance while remaining consistent with
currently reported data.

Essential Components: Non-lonic Surfactants and Cholesterol

Vesicular drug delivery systems based on phospholipids are inherently vulnerable to oxidative degradation, hydrolysis,
and physicochemical instability during storage and processing. Such liabilities compromise membrane integrity, reduce
drug retention, and limit scalability. Moreover, variability in lipid purity and susceptibility to environmental stressors
pose translational constraints for long-term pharmaceutical development.”** Niosomes replace phospholipids with
synthetic or semi-synthetic non-ionic surfactants capable of spontaneous bilayer self-assembly in aqueous media.
Amphiphilic molecules such as sorbitan esters (eg, Span series) and polysorbates organize into closed vesicular structures
through hydrophobic association of alkyl chains and stabilization of hydrophilic headgroups at the aqueous interface.***’
The absence of charged headgroups reduces electrostatic repulsion within the bilayer, contributing to cohesive membrane
packing and compositional adaptability.
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Comprehensive structural analyses indicate that alkyl chain length, degree of saturation, and HLB critically determine
vesicle size, lamellarity, transition temperature, and drug encapsulation efficiency.®*’ Surfactants with longer saturated
chains, such as Span 60, generate membranes with higher phase transition temperatures and reduced permeability,
thereby improving drug retention. Experimental investigations in anti-inflammatory, anticancer, and antimicrobial
applications confirm that surfactant-based vesicles maintain structural integrity while encapsulating both hydrophilic
and lipophilic compounds.*®-%>7

Non-ionic surfactants are not merely substitutes for phospholipids but constitute the primary structural determinant
of niosomal performance. Their chemical stability, tunable bilayer characteristics, and compatibility with diverse
therapeutic agents provide a rational platform for controlled delivery. The structural predictability afforded by
surfactant selection supports reproducible formulation development and aligns vesicle architecture with intended
pharmacokinetic objectives.

Surfactant-only bilayers may exhibit excessive membrane fluidity and permeability, leading to premature drug
leakage and reduced in vivo persistence. Such instability undermines sustained-release objectives and compromises
therapeutic efficiency.***” Cholesterol is incorporated into the surfactant bilayer to regulate membrane order and
mechanical strength. By intercalating between adjacent alkyl chains, cholesterol decreases membrane mobility, increases
packing density, and modulates phase transition behavior.>*

Empirical studies consistently demonstrate that increasing cholesterol content reduces bilayer permeability and
enhances entrapment efficiency by limiting drug diffusion across the membrane.® Structural characterizations confirm
that cholesterol broadens the gel-to-liquid crystalline transition and stabilizes vesicle morphology during storage.*’
Formulations combining Span 60 and cholesterol have shown improved physicochemical stability and enhanced
biological performance, including sustained drug release and improved therapeutic activity.”>>’ Cholesterol functions
as a structural regulator that fine-tunes bilayer permeability without impairing vesicle formation. The interplay between
surfactants and cholesterol defines membrane rigidity, drug retention capacity, and release behavior. Optimizing this ratio
is therefore central to rational niosomal design rather than an auxiliary compositional adjustment.

Advantages Over Other Drug Delivery Systems

Liposomes remain clinically established; however, phospholipid oxidation and hydrolytic degradation can shorten shelf
life and compromise structural integrity. These limitations affect formulation reproducibility and large-scale
manufacturing.*** Niosomes employ chemically stable non-ionic surfactants that exhibit greater resistance to oxidative
stress. Their preparation methods such as thin-film hydration, reverse-phase evaporation, and microfluidic techniques are
adaptable and reproducible, facilitating scalable production.***’

Comparative studies further position niosomes as viable alternatives to liposomes, highlighting comparable vesicular
organization with improved physicochemical stability and formulation robustness.”’ Niosomes address key stability-
related limitations of liposomal carriers without sacrificing bilayer architecture. Their compositional resilience enhances
translational feasibility and may reduce manufacturing-related variability, supporting broader pharmaceutical
applicability.

Many nanoparticulate systems exhibit limited flexibility in accommodating drugs with divergent physicochemical
properties, as single-domain carriers may preferentially retain either hydrophilic or lipophilic molecules.> Niosomes
enable compartmentalized incorporation of drugs with differing physicochemical properties while allowing modulation
of release kinetics and transport behavior through surfactant composition, cholesterol proportion, and vesicle size.***’

Experimental findings demonstrate enhanced encapsulation efficiency and adaptable release behavior across com-
pounds with diverse physicochemical properties.**>’ Size-dependent penetration studies further show that vesicle
dimensions influence drug permeation across biological barriers, underscoring structural adaptability.”* These observa-
tions confirm that membrane composition and vesicle size can be rationally tailored to modify release and distribution
profiles. These properties enable adaptable drug loading and controlled-release behavior across diverse antimicrobial
formulations. This adaptability distinguishes niosomes from rigid polymeric systems and compositionally fragile lipid
vesicles, supporting their potential for localized and controlled antimicrobial delivery applications.
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Critical Formulation Parameters

The therapeutic performance of niosomal systems is governed by interconnected physicochemical parameters, including
vesicle size, entrapment efficiency (EE%), zeta potential, and pH-responsive behavior. These factors collectively
influence bilayer stability, intrabiofilm transport, release kinetics, and interactions with heterogeneous biofilm
microenvironments.

Particle Size
Niosome vesicle size, typically ranging from 50-500 nm, strongly influences biodistribution, tissue penetration, and
formulation stability. Large multilamellar vesicles (>250 nm) often resist deformation and exhibit limited vascular
extravasation, whereas sub-100 nm particles are susceptible to rapid renal clearance and reduced payload retention.”® '

Distinct size ranges govern different transport pathways. Small unilamellar vesicles (SUVs, 10100 nm) favor
osmotic and paracellular diffusion across mucosal and transdermal barriers, whereas larger unilamellar vesicles
(LUVs, 100-250 nm) exploit endothelial fenestrations and enhanced permeability and retention (EPR)-mediated accu-
mulation. In contrast, multilamellar vesicles (MLVs, >250 nm) primarily serve as local depots, but exhibit reduced
systemic persistence due to reticuloendothelial system (RES) uptake.®’-6%¢3

These size-dependent properties create inherent trade-offs. SUVs enhance biofilm penetration and transdermal
transport but undergo rapid systemic filtration, whereas vesicles in the 100-200 nm range strike a balance between
circulation time and localization efficiency. Uncontrolled polydispersity further contributes to erratic release kinetics and
therapeutic variability.”® Accordingly, strategic size engineering through selection of preparation methods, control of
cholesterol-mediated rigidity, and minimization of polydispersity (PDI < 0.3) remains essential for optimizing localiza-

tion efficiency and therapeutic performance.’®*°

Entrapment Efficiency (EE%)

Insufficient drug sequestration remains a major limitation of vesicular systems because low entrapment efficiency (EE%)
accelerates payload leakage and reduces sustained drug exposure at pathological sites. In niosomes, EE% reflects the
fraction of active pharmaceutical ingredient retained within vesicles and directly influences therapeutic persistence,
particularly in biofilm-associated and chronic infections.®*

Mechanistically, EE% is governed by surfactant architecture, cholesterol content, hydration strategy, and drug
physicochemical properties. Long-chain surfactants with high phase-transition temperatures, such as Span 60, form
densely packed bilayers with reduced permeability and consistently achieve EE% values above 70%.°%°> However,
excessive bilayer rigidity may impair vesicle deformability and biofilm penetration.®' Conversely, Tween 80 increases
membrane fluidity and transport permissiveness but often reduces EE% through enhanced diffusional leakage.®>°¢
Optimization of EE% improves pharmacokinetic performance and sustained drug release. Azithromycin-loaded niosomes
with EE% around 75% maintained localized drug levels for up to 72 hours, whereas chitosan-coated ursolic acid
niosomes (EE% 78%) achieved fourfold greater hepatic accumulation than conventional dispersions.®”-%® High-EE%
niosomes produced via vortex-reactor fabrication further prolonged systemic exposure compared with standard hydration
methods.®

Similar benefits were observed in anti-inflammatory niosomes with EE% values of 85-92%, which preserved
therapeutic activity following single-dose administration and reduced dosing intensity.”” Collectively, EE% functions
as a mechanistic integrator linking formulation design with pharmacodynamic stability and therapeutic durability in
niosomal drug delivery.

Zeta Potential

Zeta potential functions as a dynamic determinant of niosomal stability and biological interaction rather than a static
physicochemical descriptor. Although values within £20-40 mV are generally considered stable under simplified buffer
conditions, physiological exposure frequently induces protein adsorption, surface charge neutralization, aggregation, and
opsonin-mediated clearance.®””® Such charge reprogramming compromises transdermal transport and reduces electro-

static interaction with negatively charged biofilm matrices.®'**®
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Mechanistically, biomolecular corona formation strongly influences charge behavior. Albumin adsorption attenuates
electrostatic barriers in Tween-based niosomes, whereas polysaccharides such as chitosan may invert surface charge
through shielding effects. Acidic microenvironments can further protonate surfactant headgroups, inducing curvature
stress and transient zeta oscillations.”® These effects create transport trade-offs, as cationic niosomes enhance bacterial
membrane interactions but may accelerate RES sequestration, whereas anionic systems reduce macrophage uptake but
exhibit weaker affinity for anionic biofilms.®®"!

These charge-dependent interactions significantly influence in vivo performance. Zeta neutralization may reduce
circulation stability through splenic trapping, whereas acidic environments transiently increase fusogenicity and cyto-
toxicity before corona formation attenuates activity.(’(”68 Accordingly, adaptive charge engineering using pH-responsive
surfactants and antifouling strategies remains necessary to align in vitro stability with in vivo biofate and targeted
antimicrobial delivery.”®"?
pH
pH critically influences the chemical and physical stability of niosomal systems, as deviations from the optimal range can
induce aggregation, particle enlargement, a reduction in zeta potential, and drug degradation.”*”* Conventional formula-
tions optimized for physiological pH (~7.4) often fail to exploit the acidic gradients characteristic of bacterial biofilms
and other pathological microenvironments (pH 5.5-6.5), resulting in non-selective release and suboptimal target
accumulation despite high initial entrapment efficiency.”* ">

Buffering systems are commonly used to preserve vesicle integrity and reduce premature leakage during storage but
provide limited spatial control of drug release.®>’® In contrast, pH-responsive engineering introduces protonation-
triggered bilayer reorganization through modifications such as hexadecyl-poly(acrylic acid) grafting, mPEG oleic acid
incorporation, or gelatin-alginate coatings.”*”>”” These modifications increase membrane permeability and accelerate
release kinetics under acidic conditions. Because mature biofilms frequently exhibit mildly acidic microenvironments,
pH-responsive niosomes may improve localized intrabiofilm drug accumulation while minimizing premature systemic
leakage. Thus, pH-responsive systems enable conditionally activated drug release aligned with disease-specific micro-
environments. In antimicrobial and oncologic applications, pH modulation, together with surfactant composition,
cholesterol ratio, vesicle size, and surface charge, collectively govern therapeutic performance and targeted drug

delivery."”""®

Role of Surfactants in Niosome Design and Therapeutic Efficacy

A major challenge in niosomal delivery arises from the hydrophile—lipophile balance (HLB)-dependent trade-off between
circulatory stability and penetration across complex biological barriers. High-HLB surfactants such as Tween 60 (HLB
15.9) promote prolonged systemic stability through rigid, hydrogen-bond-stabilized bilayers but may limit antibiotic
diffusion within dense biofilm matrices despite high entrapment efficiency. In contrast, low-HLB Span 60 (HLB 4.7)
enhances vesicle deformability and penetration into Klebsiella pneumoniae biofilms but is associated with faster payload
leakage and reduced retention at infection sites.””*® As illustrated in Figure 3, surfactant HLB directly influences bilayer
organization, vesicle stability, and intrabiofilm transport behavior.

Mechanistically, HLB regulates bilayer phase behavior, membrane packing, and transport adaptability. These effects
are mediated through hydrophobic interactions, hydrogen bonding, and electrostatic interactions among surfactants,
cholesterol, and biological interfaces. Span 60-dominant systems undergo gel-to-liquid crystalline transitions near
physiological temperatures, facilitating deformation within EPS matrices, whereas Tween 60 enrichment generates
tightly packed bilayers with higher zeta potential but lower barrier permeability. Cholesterol further stabilizes Span-
based bilayers and prolongs shelf life but may reduce biofilm penetration. These physicochemical differences directly
influence antibiofilm transport and therapeutic performance. Span-rich niosomes generally enhance diffusion within
biofilm matrices but may exhibit increased payload leakage, whereas Tween-rich systems preserve vesicle integrity but
show lower penetration efficiency.®®!

These limitations support the use of hybrid surfactant strategies rather than single-component systems. Intermediate
HLB formulations, such as Span 60: Tween 60 (2:1; HLB ~9), balance deformability and structural stability, enabling
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Figure 3 Structural and physicochemical characteristics of Span 60 and Tween 80 and their influence on niosome stability and transport behavior. The schematic compares
the organization of surfactant headgroups, the hydrophile—lipophile balance (HLB), and bilayer assembly in niosomal vesicles. Low-HLB Span 60 promotes rigid bilayer
formation and enhanced drug retention, whereas high-HLB Tween 80 increases membrane fluidity and transport adaptability. Cholesterol incorporation further modulates
bilayer stability, permeability, and vesicle integrity. The figure illustrates how surfactant composition governs physicochemical properties relevant to antibiofilm drug delivery.

controlled penetration without excessive payload loss. In addition to bilayer structure, surfactant composition directly
affects zeta potential, colloidal stability, and antibiofilm efficacy, with Span-based niosomes loaded with imipenem or
ciprofloxacin demonstrating greater activity against S. aureus and E. coli than Tween-based formulations.”>*' Overall,
surfactant—cholesterol engineering enables niosomes to serve as adaptable, microenvironment-responsive delivery sys-
tems to overcome transport limitations in infectious and biofilm-associated applications.*>””* The following section
further discusses how surfactant type and HLB influence the physicochemical properties governing therapeutic
performance.

Influence of Surfactant Type on the Physicochemical Properties of Niosomes

A major limitation in niosomal formulations is the tendency to prioritize colloidal stability and high drug EE% over
transport competence across biological barriers. Although surfactants govern bilayer assembly and vesicle physicochem-
ical behavior, many formulations remain optimized for structural stability rather than efficient intrabiofilm transport and
therapeutic performance.®*®’

Mechanistically, surfactant HLB regulates bilayer packing density and membrane phase behavior. Low-HLB surfac-
tants such as Span 60, characterized by long saturated alkyl chains, form rigid bilayers that enhance vesicle stability and
drug retention. In contrast, higher-HLB surfactants such as Tween 80 generate more hydrated and flexible membranes
with increased bilayer fluidity but lower long-term stability.®> Cationic surfactants improve electrostatic interactions with
negatively charged membranes but are often limited by aggregation and cytotoxicity, whereas anionic surfactants may
destabilize bilayers and induce irritation.**** Amphoteric surfactants exhibit pH-dependent interfacial behavior yet
remain underexplored in niosomal systems.

These differences directly affect permeability, retention, and intrabiofilm transport efficiency, as formulations
optimized primarily for stability and EE% may not achieve effective penetration across complex biological barriers.
Accordingly, surfactant type functions not only as a structural component but also as a key regulator of permeability,
retention, and biological interaction.***> However, many studies still emphasize entrapment efficiency, particle size, and
short-term antibacterial activity as primary performance indicators, whereas direct evaluation of intrabiofilm transport
competence remains limited. Consequently, improved physicochemical stability does not always translate into enhanced
antibiofilm efficacy in structured microbial environments.
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A formulation-oriented strategy should therefore align surfactant composition with the dominant biological barrier
within the target biofilm. In diffusion-limited matrices, bilayer flexibility and surface charge influence penetration across
dense EPS networks. In enzyme-rich microenvironments, vesicular shielding and controlled release are required to
minimize premature degradation, whereas persister-dominated biofilms may require sustained local drug exposure rather
than rapid burst release. Collectively, these barrier-matched design principles provide a framework for optimizing
niosomal systems beyond conventional formulation metrics.

Interaction Between Surfactants, Antibiotics, and the Biofilm Matrix

Surfactants and biosurfactants modulate this barrier through multiple interfacial mechanisms. At the matrix level,
surfactants interact with EPS components, reducing surface tension and disrupting hydrophobic and electrostatic
interactions, thereby loosening matrix architecture and increasing porosity.***° Simultaneously, surfactant-based vesi-
cular systems modify surface charge and lipophilicity, enhancing interaction with microbial membranes and facilitating
membrane insertion or fusion.*® Cationic surfactants impose combined electrostatic and hydrophobic destabilization of
bacterial membranes, partially overcoming diffusion constraints imposed by the EPS.’® During early biofilm develop-
ment, biosurfactants also inhibit initial adhesion by altering cell surface hydrophobicity and charge, a mechanism not
addressed by conventional antibiotics targeting planktonic populations.®'***

These physicochemical alterations enhance intrabiofilm diffusion, increase the matrix’s mechanical compliance, and
improve antibiotic penetration, thereby enabling deeper drug distribution and greater antibiofilm activity in dense and
mature biofilms.®"**® Surface charge modulation at biomaterial interfaces has been shown to reduce P. aeruginosa
adhesion in both in vitro and in vivo settings, confirming that controlled electrostatic interference can suppress biofilm
persistence rather than enhance retention.”*** Lipid-based delivery systems, including peptide-conjugated liposomes and
lipid-coated hybrid nanoparticles, achieve near-complete eradication of P. aeruginosa and S. aureus biofilms through
membrane fusion and hydrophobic insertion, particularly when combined with antibiotics such as vancomycin.”>® In
contrast, bacterial outer membrane vesicles generally reinforce biofilm stability and resistance, underscoring the
mechanistic distinction between therapeutic nanovesicles and endogenous vesiculation pathways.”” As illustrated in
Figure 4, niosomal systems enhance intrabiofilm transport by improving EPS penetration, protecting encapsulated
antibiotics from degradation, and enabling controlled drug release within structured biofilm matrices.

Collectively, these findings position surfactant-assisted and vesicular antibiotic delivery as a transport-oriented
strategy that directly addresses EPS-imposed diffusion failure rather than relying solely on antimicrobial potency.
Niosome-loaded antibiotics, including ciprofloxacin, streptomycin sulfate, and imipenem, consistently demonstrate
enhanced antibiofilm efficacy against clinically relevant pathogens by improving EPS penetration and controlled release,

supporting their translational potential in chronic and device-associated biofilm infections.®**'-7

Comparative Studies on the Efficacy of Span vs. Tween-Based Formulations

The performance of niosomal systems is strongly influenced by surfactant composition, which governs the balance
among vesicle stability, drug retention, and release kinetics. Comparative studies consistently show that Span- and
Tween-based formulations exhibit distinct physicochemical behaviors, particularly in applications requiring sustained
drug exposure and efficient transport across diffusion-limited biofilm environments.

These divergent behaviors originate from fundamental physicochemical differences between Span and Tween
surfactants. Variations in HLB, alkyl chain saturation, and headgroup hydration govern bilayer packing density and
phase behavior. Low-HLB surfactants, particularly Span 60, preferentially form densely packed gel-phase bilayers with
high phase-transition temperatures and limited free volume. These properties generate rigid membranes with restricted
transbilayer diffusion.”®? In contrast, high-HLB Tweens form more hydrated, liquid-crystalline bilayers with increased
molecular mobility, thereby facilitating faster drug diffusion but concomitantly increasing susceptibility to leakage and
colloidal instability.'*°

Cholesterol further modulates bilayer rigidity and permeability in a surfactant-dependent manner. In Span-rich
bilayers, cholesterol intercalates efficiently between surfactant molecules, forming stabilizing interactions that markedly
reduce membrane fluidity and payload leakage while maintaining vesicle integrity. Conversely, in Tween-dominant
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Figure 4 Comparative schematic illustration of free-antibiotic diffusion (A) versus niosomal antibiotic delivery (B) within microbial biofilms. Conventional antibiotics exhibit
limited penetration, enzymatic degradation, and uneven distribution within EPS-rich biofilm matrices, resulting in reduced antibacterial activity in deeper biofilm layers. In
contrast, niosomal systems enhance intrabiofilm transport by improving EPS penetration, protecting encapsulated antibiotics from degradation, enabling controlled drug
release, and promoting localized drug retention, thereby improving antibacterial distribution within structured biofilm environments.

Abbreviation: EPS, extracellular polymeric substance.

systems, extensive headgroup hydration limits cholesterol’s ability to induce comparable rigidification.”®'!192 Ag

a result, mixed Span/Tween formulations provide a compositional continuum in which bilayer order, rigidity, and
permeability can be systematically modulated through ratio-dependent HLB adjustment.' '

These differences directly influence vesicle stability, drug retention, and release behavior. Span-based niosomes
generally exhibit greater colloidal stability, narrower particle size distributions, higher entrapment efficiency, and reduced
drug leakage because of dense bilayer packing and cholesterol-induced microviscosity.*®*® Their release behavior
commonly follows diffusion-controlled or biphasic kinetics, supporting prolonged drug availability. In contrast, Tween-
rich systems exhibit faster release profiles and lower drug retention due to increased bilayer fluidity and
permeability. 103

In antibiofilm applications, these formulation-dependent properties translate into measurable differences in therapeu-
tic efficacy. Vancomycin-loaded niosomes have been shown to reduce the minimum biofilm inhibitory and eradication
concentrations by severalfold against S. aureus and S. epidermidis, enabling effective inhibition at substantially lower
drug doses compared with free vancomycin.'>'? Similarly, imipenem-loaded niosomes significantly decreased minimum
biofilm inhibitory concentrations (MBIC) values and suppressed biofilm growth in methicillin-resistant S. epidermidis,
accompanied by downregulation of key biofilm-associated genes, including icaD, fnbA, and ebpS.*’

Collectively, these findings indicate that Span- and Tween-based niosomes differ primarily in bilayer organization and
transport behavior. Accordingly, surfactant composition and ratio should be considered critical design parameters to
balance vesicle stability and permeability in line with antibiofilm delivery requirements. Accordingly, surfactant type and
compositional ratio should be regarded as mechanistic design parameters, selected to balance stability and permeability
in accordance with the specific therapeutic context rather than as interchangeable formulation components.
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Active Pharmaceutical Ingredient (APl)-Loaded Niosomal Formulations for

Biofilm-Associated Infections
Niosomal vesicles have been employed as modular carriers for diverse active pharmaceutical ingredients (APIs) targeting
biofilm-forming bacteria. Biofilm-associated pathogens, including MRSA and multidrug-resistant Gram-negative species,
exhibit intrinsic tolerance mechanisms that limit the efficacy of conventional antibiotics.'>**#!%¢-% Nijosomal platforms
allow precise tuning of bilayer composition, surfactant HLB balance, cholesterol content, and vesicle surface charge to
optimize penetration into the EPS and to regulate drug release. Surfactant combinations of Span and Tween with
cholesterol yield mechanically robust bilayers that maintain high encapsulation efficiency (>70%) while controlling
permeability and drug leakage. Surface modifications, including cationic or bioactive co-loads, facilitate electrostatic
interactions with negatively charged biofilm matrices, promoting localized drug accumulation. Representative studies
evaluating API-loaded niosomal systems for biofilm-associated infections, including their physicochemical character-
istics and antibiofilm performance, are summarized in Table 1.

Physicochemical characterization correlates with functional outcomes. Niosomal formulations consistently exhibit
nanoscale particle sizes (<200 nm), sufficiently negative zeta potentials (> |25| mV), and high encapsulation efficiencies,
collectively supporting deep EPS penetration and controlled antibiotic release. As summarized in Table 2, these

Table | Niosomal Formulations Targeting Bacterial Biofilms

Active Pharmaceutical Target Microorganism/ Biofilm Surfactant Type Preparation Author
Ingredient (API) Method
Ciprofloxacin E. coli, S. aureus (biofilm) Tween 85: Span 80 (I:1) Thin Film Hydration | [55]
Cefazolin S. aureus, E. coli Span 60 + Cholesterol Film hydration [66]
Tobramycin MDR P. aeruginosa Span 60: Tween 60:Chol Thin-film hydration [65]
+ sonication
Azithromycin Gram positive and negative (topical) Span 60 + Tween 80 Thin Film Hydration | [68]
Cephalexin S. aureus, E. coli, P. aeruginosa Span 60, Span 80, Tween 60, Thin Film Hydration | [71]
Tween 80
cholesterol
Meropenem MRSA (Methicillin-resistant S. aureus) Span 60 + Tween60+ Cholesterol Thin Film Hydration | [42]
clinical isolates biofilm + Sonication
Itraconazole Candida spp. (skin) Span 60 + Tween 80 + Carbopol gel | Thin Film Hydration | [72]
Naproxen Not biofilm Span 60 + Tween 60 Ether Injection [78]
Method
Doxorubicin S. aureus, P. aeruginosa biofilms Span 60 + Cholesterol Thin film hydration + | [74]
3D printing
Streptomycin sulfate S. aureus, P. aeruginosa biofilms Span 60 +Tween80 Cholesterol Thin film hydration [73]
Florfenicol E. coli ATCC35218, S. aureus Span 60 + Cholesterol + Thin-film hydration [84]
ATCC29213 Dihexadecyl phosphate (DDP)
Azithromycin Methicillin-resistant S. aureus Span/Tween mixtures Thin-film hydration [68]
Imipenem Methicillin-resistant S. epidermidis Span/Tween + cholesterol Thin-film hydration [87]
biofilm
Tetracycline Klebsiella pneumoniae biofilm Span/Tween (not explained) Thin-layer hydration | [80]
Tiamulin Mycoplasma gallisepticum (broilers) Span 60 + Cholesterol Thin film hydration [84]
(Continued)
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Table 1 (Continued).

Active Pharmaceutical Target Microorganism/ Biofilm Surfactant Type Preparation Author

Ingredient (API) Method

Meropenem/ Ertapenem/ CRE & ESBL (E. coli, K. pneumoniae) Span 60 + Cholesterol Thin film hydration [79]

Tigecycline

Vancomycin S. aureus biofilm (abiotic surfaces) Span 60: Tween 60 (I:1) Thin-film hydration [19]
+ sonication

Vancomycin MRSA clinical isolates biofilm Span 60: Chol (I:1) Ethanol injection + [15]
sonication

Quercetin P. aeruginosa biofilm Span 60: DOTAP (cationic) Thin-film hydration [34]

Selenium NPs (not antibiotic) | S. aureus, E. coli, P. aeruginosa biofilm Span 60: Chol: Tween80 Ethanol injection [105]

Ciprofloxacin CR-MRSA biofilm Span 60: Chol (3:1) Ethanol injection [106]

Meropenem MRSA clinical isolates biofilm Span 60: Tween 60 Thin-film hydration [42]
+ sonication

Anti-inflammatory Not specified (in vitro inflammation Span 60: Chol (I:1, 1:2 ratios) Thin film hydration [57]

compounds (curcumin, etc). models)

Stavudine Not specified (HIV therapy) Span 60: Tween 80: Chol Ethanol injection [107]

Tretinoin Not specified (skin delivery) Span 60: Chol: Tween80 Microfluidic mixing [108]

Benzalkonium chloride Wound healing (not biofilm specific) Span 60 (niosomes); Span 60: TPGS | Ethanol injection [109]

(spanlastics)

Table 2 Niosomal Physicochemical Properties and Antibiofilm Efficacy

Active Encapsulation | Particle Size | Zeta Effectiveness (MIC/MBEC/Zone of Inhibition) | Author
Pharmaceutical Efficiency (%) (nm) Potential
Ingredient (API) (mV)
Ciprofloxacin 20.1 +23 ~180 (PDI0.2) | 224+ 1.8 Biofilm biomass | 65% (E. coli), 52% (S. aureus) [55]
Cefazolin 832 + 2.1 212 £ I5 —45.1 MIC | 2-4%; zone 1 16 mm (S. aureus) [66]
Tobramycin 674 + 38 189 £+ 12 —425 %29 MIC | 4-8x; resistance | 64% [65]
Azithromycin 79.3% 165185 -34.6 Increased permeation and topical release [68]
Cephalexin 55-80% 150-300 —-25 to 40 MIC | 4x (E. coli), 8% (S. aureus) [71]
depending on
surfactant
Meropenem 84.5% 187.6 -31.4 8x reduction in MBEC vs free meropenem [42]
Itraconazole ~72% 200-250 nm -30 mV Enhanced antifungal activity, delayed release time [72]
Naproxen ~68% ~150 nm —26 mV Controlled release, potential topical anti- [78]
inflammatory activity
Doxorubicin 65-83% ~160 -33.7 Enhanced antibiofilm [74]
Streptomycin sulfate ~77% ~175 -30.5 Reduced biofilm biomass and enhanced [73]

antibacterial effect

(Continued)
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Table 2 (Continued).

Active Encapsulation | Particle Size | Zeta Effectiveness (MIC/MBEC/Zone of Inhibition) | Author
Pharmaceutical Efficiency (%) (nm) Potential
Ingredient (API) (mV)
Florfenicol =75-85% ~150 nm -30mV MIC and MBEC significantly reduced vs free drug [84]
Azithromycin ~80-85% ~150-200 nm —20 to —30mV | Significantly reduced MIC/MBIC values compared to | [68]
free drug
Imipenem 794 £ 1.1% 1923 +58nm | Not explicitly 4—6-fold reduction in MIC/MBIC; 69% biofilm [87]
stated growth inhibition; > 90% cell viability
Tetracycline 753 % 1.5 169.5 + 9.6 246 £ 1.6 Significant biofilm inhibition and decreased mrkA [80]
gene expression compared to unbound antibiotics.
Tiamulin 71.25% 1984 + |.6 -28.7 £ 0.9 MIC = 0.5 pg/mL (niosome) vs 2 pg/mL (free drug) | [84]
Meropenem/ ~70-85 ~120-140 ~12.5-13.5 MIC | significant; wound healing 1 [79]
Ertapenem/ Tigecycline
Vancomycin 824 +32 145 £ 12 —285 2.1 Biofilm biomass | 78%; MBEC | 4x vs free VAN [19]
Vancomycin 91.3+28 135+ 10 —22.1 £ 1.5 MIC | 2-4x; MBC | 2—4x; biofilm eradication 1 [15]
Quercetin 765 %52 162 + 18 +324 £ 32 MIC | 2-32%; MBEC-Iday | vs free QCT; zone 1 [34]
(QCT-SA) I5 mm
Selenium NPs (not 89.2 + 4.1 128 £ I5 -253 %18 MIC | 2-4x; biofilm inhibition 2—4x vs free SeNPs | [105]
antibiotic)
Ciprofloxacin 842 + 45 142 = 16 247 £ 19 MIC | 4x; biofilm | 80%; icaB gene | [106]
Meropenem 88.7 + 3.1 148 + 12 —272+23 MIC/MBEC | significant vs free MRP [42]
Anti-inflammatory 85-92 150-250 —20 to —35 Edema inhibition 64.1% (24h); carrageenan model [57]
compounds (curcumin, | (curcumin (optimized)
etc). optimal F3)
Stavudine 785 + 3.2 185 + 22 —264 = 2.1 Sustained release 72h; EET vs free drug [107]
(optimized)
Tretinoin 81-87 120-200 —22 to —30 Controlled release pH 5.5; viscosity optimized [108]
(temperature
dependent)
Benzalkonium chloride | 72.4 * 4.1 156 + 18 247 19 Wound closure 12X; zone inhibition 118 mm [109]
(niosomes); (niosomes)
883 + 28

(spanlastics)

Notes: 1 indicates increase/enhancement; | indicates reduction/decrease; % indicates fold change relative to free drug formulations; ~ and = indicate approximate values.

parameters underpin reproducible antibiofilm activity across both Gram-positive and Gram-negative biofilms.

Representative formulations include ciprofloxacin-loaded niosomes,®' meropenem-encapsulated vesicles,*? vancomycin

niosomes,'® zingerone niosomes,*® and amikacin-loaded niosomes,”® demonstrating the platform’s adaptability across

multiple API classes and microbial targets. Collectively, the tables provide a concise framework linking formulation

composition, physicochemical attributes, and antibiofilm potential, illustrating the modularity and applicability of API-

loaded niosomes for biofilm-associated infections.
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Mechanisms of Drug Release from Niosomal Vesicles

A persistent limitation in niosomal drug delivery is the difficulty of achieving reproducible, application-specific release
profiles without compromising vesicle stability. Current evidence indicates that release behavior cannot be sufficiently
rationalized by generic processes such as passive diffusion, membrane disruption, or vesicle fusion in isolation, but is
primarily governed by the HLB of the surfactant and the cholesterol-induced phase state of the bilayer.***

From a mechanistic standpoint, low-HLB surfactants exemplified by Span 60 (HLB 4.7), particularly at equimolar
ratios with cholesterol, generate densely packed gel-phase bilayers with reduced molecular mobility, resulting in
diffusion-controlled release profiles consistent with Higuchi kinetics, as demonstrated by tiamulin-loaded systems
showing a limited early burst (~25% within 1 h) followed by sustained release up to 48 h.** In contrast, high-HLB
surfactants such as Tween 80 (HLB 14.9) form liquid-crystalline bilayers with lower packing constraints, thereby
facilitating rapid Fickian diffusion and accelerating drug release to exceed 80% within 6 h.*

Cholesterol functions as a regulatory component rather than a purely stabilizing additive; its intercalation increases
bilayer packing density and microviscosity while preserving vesicle integrity, thereby shifting the rigidity permeability
balance without suppressing release altogether.** These physicochemical distinctions have measurable biological con-
sequences, as HLB-dependent release patterns correlate with antibacterial performance: biphasic release from vancomy-
cin-loaded niosomes is associated with 2—8-fold reductions in MBIC and MBEC values against MRSA relative to the
free drug.'”> Whereas sustained release from imipenem-loaded niosomes supports 4—6-fold MBIC reduction and up to
69% inhibition of MRSE biofilm growth.®” Collectively, these observations position bilayer phase behavior, dictated by
surfactant HLB and cholesterol content, as a controllable determinant of niosomal release kinetics, with clear implica-
tions for formulation design in which Span-based systems are favored for prolonged, antibiofilm-oriented delivery and

Tween-based systems for applications requiring rapid drug availability and penetration.'®®

Comparative Efficacy Against Planktonic Bacteria versus Biofilm-Embedded Cells

The therapeutic failure of conventional antibiotics against biofilm-associated infections is largely attributable to profound
phenotypic differences between planktonic and biofilm-embedded bacteria. Biofilm-resident populations typically require
antibiotic concentrations that are 100—1,000-fold higher than planktonic MICs, owing to the protective EPS, matrix,
metabolic dormancy of persister cells, and active efflux mechanisms.”® These factors collectively limit drug penetration
and sustain sublethal exposure within the biofilm core.

API-loaded niosomal systems have consistently demonstrated a disproportionate enhancement of antibiofilm activity
relative to their effects on planktonic cells. For instance, vancomycin-loaded niosomes achieved two- to eight-fold
reductions in MBIC/MBEC compared with planktonic MIC values against MRSA, indicating preferential efficacy within
structured biofilms.'> Similarly, imipenem-loaded niosomes produced four to six-fold MBIC reductions and approxi-
mately 69% biofilm growth inhibition in methicillin-resistant S. epidermidis models.®*’ Amikacin niosomes likewise
improved antibacterial activity against both planktonic and biofilm-associated K. pneumoniae, although the magnitude of
enhancement was more pronounced in biofilm settings.®>"

The enhanced antibiofilm activity of niosomes stems from their structural and kinetic properties. Sub-200 nm vesicles
penetrate the EPS matrix, while biphasic release sustains inhibitory concentrations in deeper layers. An initial burst
induces bacterial stress, followed by prolonged exposure that suppresses regrowth and tolerance. Rather than merely
increasing exposure, this system aligns drug availability with biofilm-specific barriers, thereby narrowing the suscept-
ibility gap between planktonic and sessile cells. Such characteristics make niosomal delivery particularly relevant for
persistent biofilm infections unresponsive to conventional dosing.

Targeting Strategies and Advanced Modifications for Biofilm Eradication
While passive niosomal delivery improves antibiofilm efficacy, biofilm eradication remains constrained by heterogeneity
in EPS composition, bacterial physiology, and host-pathogen interactions. To address these challenges, advanced
niosomal systems have incorporated targeting and functional modifications to enhance specificity and disrupt biofilms
through complementary mechanisms.
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One widely explored strategy involves surface charge modulation to promote electrostatic targeting. Biofilms
typically possess a net negative charge due to the presence of polysaccharides and extracellular DNA within the EPS.
Cationic surface modification, therefore, enhances vesicle adhesion and penetration. Hemmati et al (2024) demonstrated
that stearylamine-modified, quercetin-loaded niosomes produced approximately four-fold reductions in MBIC and
MBEC values against P. aeruginosa compared with neutral counterparts, an effect attributed to strengthened electrostatic
interactions with the anionic matrix.>* Consistently, vancomycin-eluting niosomes optimized for surface adhesion
achieved up to 92% inhibition of S. aureus and S. epidermidis biofilm formation on abiotic surfaces, markedly
outperforming free drug.'’

Beyond physicochemical targeting, immunological strategies have been explored to disrupt biofilm-associated
virulence. Targeting the PcrV protein, a key component of the type III secretion system in P. aeruginosa, interferes
with bacterial pathogenicity rather than directly increasing antibiotic concentration. Inhibition of PcrV has been shown to
impair biofilm development by modulating host immune responses, including promoting M1 macrophage polarization.”
Anti-PcrV monoclonal antibodies achieved approximately 80% survival in pneumonia and burn wound infection models,
highlighting the therapeutic potential of immunologically guided targeting.’'*> Although not inherently niosomal, such
strategies are conceptually compatible with vesicle-based delivery platforms.

A third approach exploits biochemical disruption of biofilm architecture using polyphenolic payloads. Polyphenols
such as tannic acid exert antibiofilm effects by interfering with EPS integrity and QS pathways. Heidari et al (2020)
reported that tannic acid-loaded niosomes achieved up to 85% biofilm eradication, underscoring the value of combining
carrier-mediated delivery with biofilm-active compounds that extend beyond conventional antibiotics.”* Collectively,
these targeting strategies (including cationic surface modification for enhanced physical penetration, immunological
targeting to attenuate virulence, and polyphenol-mediated biochemical disruption) illustrate the modularity of niosomal
platforms. Their integration enables multifunctional interventions tailored to the structural and biological complexity of
biofilms. Such adaptability supports the continued development of advanced niosomal systems as rational, versatile tools
for eradicating persistent, treatment-resistant biofilm infections.

Ligand-Targeted Delivery Systems

Active ligand functionalization is frequently proposed as a solution to nonspecific drug distribution and limited
penetration across biological barriers; however, its therapeutic contribution is often overstated when decoupled from
vesicle mechanics. Accumulating evidence from lipid and vesicular nanocarriers demonstrates that ligand receptor
affinity alone cannot compensate for unfavorable bilayer properties, as vesicle transport, deformation, and residence
time are fundamentally governed by membrane rigidity, permeability, and surface architecture.’’*''® This limitation is
particularly relevant in niosomal systems, where surfactant chemistry dictates bilayer organization and, consequently, the
functional availability of surface ligands.

At the mechanistic level, bilayer behavior in niosomes is primarily controlled by the HLB of the constituent
surfactants and their interaction with cholesterol. Low-HLB Span surfactants form densely packed, ordered bilayers
with reduced molecular mobility, conferring high structural stability and prolonged drug retention, whereas high-HLB
Tween surfactants generate hydrated, liquid-crystalline membranes characterized by enhanced deformability and
permeability.*>'%" Cholesterol further modulates this balance by increasing bilayer order and microviscosity, stabilizing
ligand-decorated vesicles while constraining excessive membrane fluidity when present within an optimal range.”>'*
Surface modifications such as PEGylation introduce an additional layer of control by regulating steric spacing, interfacial
hydration, and ligand exposure, thereby influencing productive receptor engagement during circulation.”®"’

These interdependent mechanisms explain why enhanced ligand density or affinity does not consistently translate into
superior therapeutic outcomes. Ligand-mediated targeting remains effective only when bilayer mechanics permit
sufficient structural integrity, controlled permeability, and adequate residence time at the target interface. Over-
functionalization or mismatched surfactant composition can destabilize vesicles, induce aggregation or leakage, and
obscure ligand accessibility, ultimately diminishing functional targeting despite increased surface complexity.*> The so-
called “PEG dilemma” further illustrates this constraint, as dense stealth coatings may protect against protein adsorption

while simultaneously masking ligands and impairing receptor recognition.'’
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The impact of integrating surfactant selection with ligand engineering is therefore evident in the differential
performance of Span- versus Tween-based systems. Span-rich bilayers provide a mechanically robust platform that
preserves ligand orientation and stability under shear and confinement, favoring sustained interaction with biological
targets. In contrast, Tween-containing formulations enhance vesicle deformability and matrix penetration but require
careful optimization of cholesterol and PEG to prevent premature leakage and loss of targeting efficiency.””'°"''* These
findings underscore that bilayer mechanics, rather than ligand identity alone, determine whether active targeting yields
measurable therapeutic gains.

Taken together, ligand targeting should be regarded as a secondary specificity layer whose functional efficacy is
constrained by surfactant-driven bilayer design. In rational niosomal engineering, ligand density and chemistry must be
optimized in concert with surfactant selection, cholesterol content, and surface architecture. Only through this integrated
approach can active targeting translate from nominal increases in uptake to robust and reproducible therapeutic
performance in complex biological environments.

Combination Approaches with Anti-EPS Agents, Enzymes, or Quorum-Sensing

Inhibitors
Biofilm resilience arises from the functional redundancy and dynamic adaptability of its structural and regulatory
networks, rendering single-agent anti-biofilm strategies inherently insufficient. Approaches targeting EPS, enzymatic
dispersal, or QS pathways address discrete biofilm components but fail to account for compensatory mechanisms that
preserve biofilm integrity. Consequently, monotherapies based on matrix disruption or signaling interference rarely
achieve durable biofilm control, particularly in mature or clinically established biofilms.''*!"3

At the mechanistic level, EPS-degrading enzymes such as DNase I and dispersin B induce localized cleavage of
extracellular DNA or polysaccharide scaffolds, yet their activity is spatially constrained within dense matrices and
rapidly attenuated under physiological conditions. Non-targeted degradation leaves substantial portions of the EPS
network intact, allowing residual matrix components to maintain mechanical cohesion and diffusion barriers.'"
Similarly, QS inhibitors suppress regulatory circuits governing virulence and EPS biosynthesis but do not exert direct
bactericidal effects. In P. aeruginosa, interference with Las, Rhl, and PQS signaling primarily promotes biofilm
dispersion rather than elimination, releasing viable cells that retain intrinsic tolerance traits.''*!!3

The clinical impact of these mechanistic limitations is reflected in incomplete and transient biofilm disruption.
Enzymatic treatments typically achieve partial biomass reduction, often below thresholds required for irreversible
destabilization, while surviving bacterial subpopulations rapidly repopulate the matrix through renewed EPS synthesis

112,116

within hours of treatment cessation. QS inhibition yields moderate reductions in biofilm mass but is markedly less

effective against pre-formed biofilms and may impose selective pressure favoring QS-independent or EPS-
hyperproducing phenotypes, undermining long-term efficacy.''”''®

These limitations collectively justify the transition from monotherapeutic interventions toward integrated combination
strategies that concurrently dismantle matrix architecture, attenuate regulatory signaling, and deliver bactericidal agents.
However, free combinations of enzymes, QS inhibitors, and antibiotics remain constrained by mismatched stability, rapid
inactivation, and asynchronous pharmacokinetics.''”'?° Niosomal co-delivery systems may improve the treatment of
biofilm-associated infections by simultaneously encapsulating multiple therapeutic agents. Combinations such as antibio-
tic—inorganic nanoparticle systems and curcumin—metal conjugates can enhance drug protection and support controlled
release within biofilm environments. Carboxymethyl chitosan surface modification, coupled with ciprofloxacin entrapment,
potentiates adhesion impairment against E. coli and S. aureus, delivering biofilm eradication that exceeds monotherapy

benchmarks and validating niosomes as a mechanistically coherent conduit for polymodal anti-biofilm regimens.”>'%!+12?

Development of Responsive Niosomes

pH-Sensitive Niosomes

Biofilm-associated infections exhibit pronounced microenvironmental heterogeneity, particularly in pH distribution.
Localized acidic niches (pH ~4.0-6.5), driven by glycolytic metabolism, proton extrusion, and restricted diffusion,
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have been documented in oral, wound, and pulmonary biofilms.'**'** These gradients are spatially resolved within
a single biofilm architecture, with acidic cores or interfacial zones coexisting alongside near-neutral regions. Such
heterogeneity contributes to antimicrobial tolerance and complicates uniform drug exposure.

Despite this well-characterized variability, most pH-responsive nanocarriers including niosomes have been optimized
against generalized acidic thresholds (commonly pH 5.0-6.5) derived primarily from oncology literature. Direct align-
ment between experimentally measured intra-biofilm pH distributions and the apparent pKa of niosomal formulations
remains insufficiently addressed. This disconnect limits rational design for infection-specific applications.

pH-sensitive niosomes rely on protonation of ionizable moieties embedded within the bilayer or associated polymeric
coatings. Protonation reduces electrostatic stabilization among surfactant headgroups, decreases packing density, and
promotes transient bilayer defects. Protonation of carboxyl-bearing components accelerates the release of all-trans
retinoic acid under acidic conditions, consistent with protonation-driven membrane destabilization.'*® This process
involves reduced headgroup repulsion, bilayer expansion, and an approximately threefold increase in permeability at
pH 5.5 compared with pH 7.4.”° Protonated surfactants increase bilayer fluidity without compromising structural
integrity at physiological pH."?” In polymer-modified systems, acidic protonation of carboxyl or amine groups induces
intrachain electrostatic repulsion, promoting polymer swelling and facilitating diffusion across the vesicular
membrane. '

Incorporation of pH-responsive polyurethane further enhances selective release within endosomal pH ranges (5.0—
6.0)."*° These physicochemical alterations translate into measurable shifts in release kinetics. A 1.6-fold increase in
cumulative curcumin release at pH 5.5 relative to pH 7.4 has been reported in HD-PAA-modified systems.”” Similarly,
carfilzomib release increased from 54.55% at pH 7.4 to 74.39% at pH 5.4, consistent with protonation-mediated bilayer
destabilization.'*° Chitosan-coated niosomes likewise demonstrate accelerated drug release under acidic conditions while
retaining stability at neutral pH.'*' However, these data are derived predominantly from tumor-mimicking buffers rather
than from infection-relevant biofilm models. While biofilm-targeted nanoparticles outside the niosomal platform demon-
strate substantial reductions in viability when exploiting acidic niches, equivalent validation for pH-responsive niosomes
within mature, heterogeneous biofilms remains limited.'**'3?

For translational relevance in infectious settings, pH-responsive niosome design should move beyond fixed thresholds
(eg, pH 5.5) and instead integrate quantitative intra-biofilm pH mapping. Species- and site-specific pH distributions must
inform the selection of formulation pKa values. Without such alignment, responsiveness risks being either prematurely
activated in peripheral regions or insufficiently triggered within metabolically quiescent cores.

Future studies should therefore (i) correlate measured biofilm pH microdomains with niosomal pKa values, (ii)
validate release kinetics in mature (>72-96 h) biofilm architectures, and (iii) evaluate stability in infection-relevant fluids
such as saliva, sputum, or wound exudate. Current evidence supports mechanistic feasibility but remains incomplete for
infection-specific optimization.

Enzyme-Sensitive Formulations

Biofilms are not only acidic but also enzymatically dynamic. Bacterial communities secrete glycosidases, proteases, and
matrix-modifying hydrolases that regulate EPS turnover and nutrient access.'*®'** However, enzyme expression is
highly heterogeneous across species, maturation stages, and anatomical sites.'>> Outer layers may be polysaccharide-
rich (eg, PNAG or alginate), whereas inner regions contain higher proportions of eDNA and proteins.

Single-enzyme targeting strategies are therefore inherently vulnerable to strain-specific variability. Treatment with
single enzymes was insufficient to substantially disrupt most in situ oral biofilms, highlighting the limited applicability
and lack of universality of mono-responsive therapeutic strategies.'*> Enzyme-responsive systems typically incorporate
cleavable linkers or degradable matrices that undergo hydrolysis in the presence of specific bacterials enzymes. In
principle, enzymatic cleavage destabilizes the vesicle or releases conjugated cargo selectively within the biofilm
microenvironment.

Yet, biological barriers complicate this mechanism. The EPS matrix significantly restricts diffusion; measured
diffusion coefficients within biofilms may be reduced by one to two orders of magnitude compared with free
solution.'**'3” This tortuosity limits access of both enzymes and nanocarriers to metabolically active inner layers.
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Moreover, mature biofilms exhibit increased crosslinking density, further constraining penetration.'*® A second mechan-
istic vulnerability arises from non-specific cleavage. Enzyme-responsive linkers may be susceptible to off-target hydro-
lysis by planktonic bacteria or host-derived proteases, potentially reducing effective payload delivery.'?*'4°

These constraints reduce the predictability of enzyme-triggered release. Premature cleavage in peripheral layers
dissipates the drug before the tolerant subpopulations.'*' Clinical gaps persist: host proteases degrade enzyme stability,
renal clearance limits EPS exposure, and phospholipases destabilize liposomes prior to contact with persisters.*'*%!4>
Microdomain gradients cause uneven triggering, preserving 1000-fold MIC.'* Enzyme-sensitive niosomes require
infection-specific validation: (i) enzyme profiling across species/maturity; (ii) diffusion kinetics in intact matrices; (iii)

host cross-reactivity; (iv) persister efficacy.”

Clinical Applications: Biofilm-Associated Infections on Medical Devices

In vitro and in vivo Studies on Device-Related Infections
Catheter-Associated Infections
Indwelling urinary and vascular catheters provide permissive surfaces for rapid microbial attachment and biofilm maturation,
frequently culminating in persistent infection and therapeutic failure. Once established, catheter biofilms act as protected
reservoirs that are poorly accessible to systemic antibiotics and difficult to eradicate without device removal.
Surface-directed strategies have therefore focused on limiting initial adhesion and sustaining local antimicrobial
activity. Within the Electrospun Nanofibrous Insert Urinary System (ENIUS) framework, polymer-coated urinary stents
were shown in in vitro, ex vivo, and in vivo settings to reduce bacterial attachment and subsequent biofilm
accumulation.'** Parallel approaches that integrate antimicrobial agents into catheter materials have demonstrated
reduced colonization via localized drug release at the biomaterial interface.'?® These interventions rely on modifying
surface physicochemistry and establishing a drug gradient directly at the site of microbial contact. Preclinical and early
clinical observations indicate measurable reductions in biofilm biomass and infection incidence when compared with
unmodified devices.'?®'** Such findings support the concept that device-centered antimicrobial delivery can comple-
ment, rather than replace, systemic therapy. Future development should prioritize durable coatings with predictable
release kinetics under urinary or blood flow conditions, alongside validation in clinically representative models that
account for long-term implantation and polymicrobial exposure.

Respiratory Device-Associated Infections

Biofilm development on endotracheal tubes represents a central driver of ventilator-associated pneumonia. These biofilms
harbor multidrug-resistant organisms and function as persistent sources of lower airway contamination.'*> Antimicrobial
coatings applied to endotracheal tube surfaces aim to inhibit colonization at the air-material interface. Concurrently,
advanced in vitro and ex vivo respiratory models have been developed to better simulate airway conditions and evaluate
targeted delivery systems, including environmentally responsive nanocarriers.'*® Such models enable assessment of
penetration, retention, and activity under physiologically relevant airflow and secretion dynamics.

Evidence from experimental systems suggests reduced microbial adherence and delayed biofilm maturation on
modified devices.'*"'*® These findings reinforce the importance of preventive surface strategies in high-risk critical
care settings. Translation requires confirmation of sustained efficacy under prolonged ventilation and compatibility with
existing respiratory management protocols.

Translational Challenges for Clinical Implementation

Despite encouraging device-focused data, nanocarrier-based interventions face substantial translational barriers.
Demonstration of short-term antibiofilm activity is insufficient to establish safety, pharmacokinetic stability, and long-
term biocompatibility.* Furthermore, limited in vivo validation and incomplete understanding of nano-bio interactions
may obscure long-term safety profiles and therapeutic predictability in complex biological environments.®>® Clinical
advancement demands rigorous characterization of particle size distribution, surface charge, release kinetics, and
physicochemical stability under Good Manufacturing Practice conditions.”>"”® Regulatory heterogeneity and the absence
of harmonized standards for nanocarrier evaluation further complicate approval pathways.
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Variability in manufacturing reproducibility or critical quality attributes may translate into inconsistent clinical
performance, limiting adoption even when preclinical efficacy appears robust. Progress will depend on standardized
characterization frameworks, scalable production protocols, and coordinated engagement between academia, industry,
and regulatory bodies to align nanocarrier innovation with clinical and regulatory expectations.®*

Future Opportunities for Managing Chronic and Recurrent Infections

Chronic and relapsing infections are sustained by biofilm-associated limitations in antimicrobial penetration and
phenotypic tolerance, which collectively undermine conventional antibiotic therapy. Device-associated infections,
chronic wounds, and cystic fibrosis airways share biofilm features such as dense extracellular matrices and metabolic
heterogeneity that promote persistent bacterial survival despite prolonged treatment.*'2%14%1477149 Egcalating systemic
dosing rarely resolves these reservoirs and instead increases the risk of toxicity, reinforcing the need for localized and
biologically adapted delivery strategies.

Niosomal carriers address these constraints through bilayer-based encapsulation that permits modulation of mem-
brane rigidity, permeability, and surface characteristics. Such tunability supports sustained intralesional drug release and
reduces premature systemic diffusion.®®’ Incorporation of pH- or enzyme-responsive elements further aligns drug
liberation with infection-associated microenvironmental cues, linking release kinetics to local acidity or enzymatic
activity rather than relying on passive diffusion alone.’’ This responsiveness is mechanistically relevant in chronic
niches where physicochemical gradients shape antimicrobial efficacy.

Preclinical evidence indicates that niosomal formulations can enhance local pharmacokinetic exposure within
biofilms and reduce the antibiotic concentrations required to achieve measurable reductions in biomass or bacterial
load.”**'?® In models of device- and wound-associated infection, improved penetration and prolonged retention correlate
with more consistent antibiofilm responses.'*> Importantly, the structural flexibility of non-ionic surfactant systems
allows conceptual integration with adjunctive approaches, including microbiome-informed or host-directed strategies,
reflecting the multifactorial nature of chronic infection pathophysiology.*'* Clinical translation demands validation in
relevant biofilm models, robust formulation stability, and scalable manufacturing anchored by meaningful efficacy
endpoints rather than isolated proof-of-concept antibiofilm activity alone.

Comparison of Niosomes with Other Drug Delivery Systems (DDS)

Conventional drug delivery platforms, particularly liposomes and polymeric nanoparticles, have advanced therapeutic
modulation yet remain constrained by physicochemical instability, oxidative susceptibility, cost-intensive manufacturing,
and limited scalability. Phospholipid-based vesicles are especially vulnerable to hydrolysis and peroxidation, complicat-
ing storage and large-scale production.’"'>® Polymeric and lipid nanoparticles, while structurally robust, often require
complex synthesis routes and stringent purification processes that increase translational burden.*’ These limitations have
driven continued exploration of alternative vesicular systems capable of retaining encapsulation versatility while
mitigating stability and manufacturing constraints.

Niosomes, composed of non-ionic surfactants frequently stabilized with cholesterol, operate through amphiphilic self-
assembly into bilayered vesicles analogous to liposomes but devoid of phospholipids.®>** The absence of ester-linked
phospholipids reduces susceptibility to oxidative degradation and chemical instability, conferring extended shelf stability
under standard storage conditions.***>' Structurally, niosomes accommodate both hydrophilic and lipophilic cargos within
aqueous cores and bilayer domains, paralleling liposomal architecture while permitting modulation through surfactant
HLB and chain length selection.®*” Compared with polymeric nanoparticles, niosomes rely on relatively mild fabrication
techniques including thin-film hydration, reverse-phase evaporation, and microfluidic adaptation reducing the need for
organic solvent residues and high-energy processing.*’-'*°

These mechanistic distinctions translate into measurable performance differences across therapeutic domains.
Experimental comparisons indicate that niosomes can achieve encapsulation efficiencies and release modulation compar-
able to liposomes, with improved resistance to leakage during storage.’'*’ In inflammatory and oncologic models,
niosomal formulations enhance drug bioavailability and pharmacodynamic response relative to free drugs and, in some
instances, demonstrate stability advantages over phospholipid vesicles.*”>” Within transdermal systems, surfactant
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flexibility facilitates interaction with stratum corneum lipids, supporting enhanced permeation compared with conven-
tional formulations and certain rigid vesicular carriers.*® In metabolic and chronic disease applications, niosomes have
shown adaptability in modulating release kinetics and improving therapeutic indices, further positioning them as
competitive alternatives to established nanocarriers.'’

Nevertheless, parity with other DDS is not absolute. Batch-to-batch variability, surfactant purity concerns, and scale-
dependent structural heterogeneity remain relevant technical challenges.*” While liposomes benefit from extensive
regulatory precedent and clinical validation, niosomes still occupy a comparatively limited translational landscape,
with fewer clinically approved products.**'*° Moreover, despite improved oxidative stability, surfactant-based systems
may exhibit leakage or fusion phenomena depending on composition and storage conditions, underscoring the need for
formulation-specific optimization.®

Collectively, current evidence positions niosomes not as replacements for established DDS but as structurally
adaptable, cost-conscious vesicular alternatives whose comparative advantages lie in chemical stability, formulation
flexibility, and manufacturing accessibility. Their rational deployment should therefore be indication-driven, leveraging
surfactant tunability where liposomal fragility or polymeric complexity impose constraints, while acknowledging that
clinical translation will depend on standardized production, reproducibility, and regulatory alignment comparable to other

mature delivery platforms.*’-"1>

Advantages and Limitations in Biofilm-Targeted Therapy

A principal constraint in biofilm-directed nanotherapy is the recurrent inability to achieve therapeutic intrabiofilm
concentrations despite demonstrable planktonic efficacy. This limitation is primarily governed by physicochemical
sequestration within the EPS, where electrostatic interactions and matrix density impede nanoparticle diffusion and
confine carriers to superficial layers. Quantitative analyses indicate that only 15-25% of administered nanoparticles
penetrate to viable bacterial clusters in mature P. aeruginosa biofilms, while more than 70% remain peripherally
entrapped.'>® Complementary evidence shows that metallic nanoparticles undergo irreversible aggregation within
alginate-rich matrices, further restricting effective intrabiofilm distribution.'>® Although surface charge modulation and
size optimization are mechanistically justified strategies, these approaches incompletely resolve EPS-mediated retention.
Consequently, rational surfactant selection becomes a critical determinant of performance; non-ionic vesicular systems
may reduce charge-driven trapping that commonly limits cationic carriers, thereby facilitating improved matrix
partitioning,.'>*'>

A second limitation emerges during scale-up, where laboratory-optimized vesicular formulations frequently exhibit
instability under GMP conditions. Variability arises from sensitivity to hydration kinetics, solvent exchange, and process
control parameters. Although microfluidic and continuous-flow platforms are proposed to enhance reproducibility,
significant physicochemical deviations persist. Batch-to-batch variation exceeding 35% in zeta potential has been
documented even under optimized thin-film hydration methods.'>* Moreover, ether injection techniques have produced
polydispersity indices above 0.4, values generally unsuitable for clinical-grade filling.*’ The impact extends beyond
technical reproducibility to regulatory compliance and manufacturing cost. While Span—Tween hybridization may
improve vesicle stability across production scales, extensive lot-release testing and long-term stability requirements
increase economic burden relative to conventional small-molecule therapies.*’

Translational discontinuity further constrains clinical advancement. Preclinical nanomedicine datasets frequently
emphasize mechanistic penetration or physicochemical optimization without corresponding alignment to regulatory
efficacy endpoints. A scoping review reports that approximately 82% of nanomedicine trials do not progress beyond
Phase III, often due to insufficient correlation between experimental outcomes and clinically validated measures.'>> In
parallel, long-term stability remains a decisive criterion; niosomal vaccine carriers are expected to demonstrate stability
approaching 18 months, yet a substantial proportion of liquid formulations fail to meet this requirement.'>® These
observations highlight a structural gap between experimental promise and regulatory validation. Surrogate endpoints
reflecting sustained EPS disruption, rather than isolated MIC shifts, may better align mechanistic efficacy with clinical

assessment frameworks. 135
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Within these constraints, niosomes exhibit formulation-specific strengths with well-defined boundaries. Conventional
phospholipid vesicles are susceptible to mechanical destabilization and oxidative degradation under biofilm-associated
conditions, compromising drug retention. In contrast, Span 60-based niosomes retained approximately 87% of encapsu-
lated meropenem after 72 hours of incubation within MRSA biofilms, compared with 42% retention observed in
corresponding liposomal systems.** Additional data indicate deeper penetration of cholesterol-free niosomes than that
of equivalent phospholipid vesicles in biofilm models.'”® The enhanced chemical stability of non-ionic surfactant
bilayers, including reduced susceptibility to peroxidation, may support tolerance to sterilization and device-coating
applications.'>® Nonetheless, these advantages must be interpreted within the broader context of penetration variability,
scale-dependent reproducibility, and regulatory alignment, which collectively determine the translational viability of
niosome-based biofilm therapies.

Research Challenges, Gaps, and Future Directions
Identified Gaps: Rationale for This Review

Niosomal antibiotic systems demonstrate enhanced antibiofilm activity against S. aureus and MRSA in vitro, yet face
persistent translational barriers including matrix penetration limitations and absence of clinical validation.>*”
Comprehensive reviews highlight scale-up challenges and insufficient pharmacokinetic data characterizing intrabiofilm
drug distribution across diverse infection microenvironments.'>*'7

Surfactant engineering via cholesterol modulation and HLB-optimized non-ionic compositions enables bilayer
deformability for EPS matrix traversal, while sequential loading of antibiotics with matrix-disruptors addresses spatio-
temporal resistance gradients absent in free-drug regimens.'>®!'** Vancomycin-niosomes reduce MRSA biofilm biomass
4-8-fold versus free drug through sustained matrix release and icaR downregulation, yet preclinical confinement persists
without Phase I data.'” Streptomycin-niosomes similarly achieve 2-4-fold MBEC reductions against S. aureus via
electrostatic interactions with biofilms, confirming mechanistic advantages but underscoring the limited human trial
progression.”>'>” Current evidence positions surfactant-engineered niosomes as precision antibiofilm candidates, parti-
cularly where matrix recalcitrance limits conventional therapy, provided clinical translation incorporates validated PK/PD

modeling and GMP-compliant scale-up to bridge laboratory efficacy to deployable formulations.' %'

Areas Requiring Further Research: Targeting and Combination Strategies

Despite encouraging in vitro antibiofilm performance, niosomal antibiotic systems remain largely empirical in their
targeting logic.'®*'®' Most formulations rely on passive accumulation or nonspecific electrostatic interactions rather than
on rationally engineered recognition of biofilm heterogeneity, including EPS density gradients, quorum-sensing-regulated
subpopulations, and metabolically dormant cells.'®" Reviews of nanotechnology-based antibiofilm interventions consis-
tently highlight that inadequate spatial targeting and monotherapy-driven selective pressure contribute to incomplete
biofilm eradication and the persistence of resistance.'®*'¢! In parallel, niosomal antibiotic studies demonstrate improved
antimicrobial indices but rarely interrogate biofilm-specific pharmacodynamics or microenvironment-adapted delivery
parameters, limiting mechanistic precision.**'%?

Future development should prioritize two convergent axes: (i) microenvironment-responsive or surface-modified
targeting, and (ii) rational combination therapy.**'®" Surface engineering with cationic lipids or functional moieties can
enhance adhesion to negatively charged biofilm matrices and promote deeper penetration, as demonstrated in modified
quercetin-loaded niosomes.>* Similarly, antibiotic-loaded niosomes such as Tet-Amp systems indicate that encapsulation
may restore activity against multidrug-resistant strains when bilayer composition is optimized for membrane
interaction.®® Beyond encapsulation alone, integration of antibiotics with nanomaterials or adjuvants capable of disrupt-
ing EPS architecture or modulating bacterial stress responses has been proposed as a means to overcome tolerance

mechanisms.'°

These approaches shift the paradigm from drug carriage to coordinated spatial-temporal
intervention.'®*'®! Cefazolin-containing niosomes reduced MRSA biofilm viability on chronic wound models more
effectively than free drug, supporting the contribution of nanoscale delivery to improved local exposure.'®* Meropenem-

loaded niosomes similarly exhibited enhanced antibacterial and antibiofilm activity against MRSA isolates following
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formulation optimization.** Surface-modified niosomal quercetin demonstrated superior activity against P. aeruginosa,
attributable to improved interaction with bacterial membranes and biofilm structures.** However, these studies predo-
minantly evaluate biomass reduction or CFU decline without dissecting intrabiofilm distribution, resistant subpopulation
dynamics, or synergistic indices under clinically relevant conditions.****'®* The broader nanomaterial-antibiotic combi-
nation literature underscores potential synergy but also emphasizes variability across pathogen types and biofilm
contexts.'¢%16!

Advancing surfactant-engineered niosomes requires a transition from formulation-centered optimization to biofilm-
informed targeting frameworks.'®>'®! Combination strategies should be guided by mechanistic complementarity matrix
disruption, membrane permeabilization, and antibiotic action rather than empirical co-loading.®"'®® Moreover, quantita-
tive assessments of penetration depth, time-kill kinetics within structured biofilms, and resistance-suppression metrics
must accompany conventional MIC/MBEC endpoints.'®''®* Without such integration of targeting specificity and rational
combination design, niosomal systems risk remaining incremental improvements over free antibiotics rather than
evolving into precision antibiofilm platforms capable of addressing multidrug-resistant and device-associated

infections.**1¢°

Potential of Niosomes in Combination Therapy and Precision Medicine
Biofilm-associated infections remain therapeutically recalcitrant because antibiotic monotherapy fails to adequately
address spatial heterogeneity, extracellular matrix shielding, and phenotypic diversification within sessile communities.
While niosomal carriers improve drug retention and local concentration, most formulations still rely on single-agent
payloads, limiting their ability to target multiple resistance determinants simultaneously. Moreover, the precision
dimension aligning formulation architecture with infection-specific microenvironments remains underdeveloped in
infectious diseases compared with oncology-oriented nanomedicine.*> Thus, despite promising in vitro and preclinical
findings, the translational value of niosomes will depend on their rational integration into combination regimens and
microenvironment-responsive designs.

Combination-oriented niosomal systems offer a structurally adaptable platform for co-delivering antibiotics with
adjuvant agents that disrupt biofilm integrity or metabolic resilience. Surfactant composition and bilayer organization can
be engineered to enable dual loading, surface functionalization, or stimulus-responsive release, thereby coordinating
spatiotemporal drug exposure.*> Cationic lipid modification enhances electrostatic interaction with negatively charged
biofilm matrices, promoting targeted deposition and improved penetration.** Surface conjugated inhibitors, such as
hyaluronidase-blocking ligands, further refine targeting by interfering with enzymatic pathways that facilitate bacterial
dissemination.'®® Co-encapsulation strategies combining antibiotics with non-antibiotic potentiators such as gallium
nitrate or phytochemical compounds seek to simultaneously impair quorum signaling, metal metabolism, or membrane
integrity while preserving antimicrobial potency.®®-'®*

Empirical data substantiate the therapeutic advantage of such integrative approaches. Vancomycin-loaded niosomes
demonstrate enhanced antibacterial and antibiofilm activity against MRSA compared with free drug, reflecting sustained
release and improved biofilm interaction.'” Surface-modified quercetin niosomes incorporating cationic lipids signifi-
cantly reduce P. aeruginosa biofilm formation, underscoring the contribution of electrostatic targeting to therapeutic
efficacy.®* Zingerone-loaded niosomes exhibit superior antibiofilm activity relative to the unencapsulated compound,
suggesting that vesicular encapsulation enhances phytochemical stability and bioavailability.*® Importantly, combinator-
ial wrapping of minocycline and gallium nitrate within niosomes improves anti-biofilm performance in a murine
pneumonia model of Acinetobacter baumannii, providing rare in vivo validation of dual-agent synergy.'®* Surface-
modified niosomes carrying hyaluronidase inhibitors further demonstrate reduced biofilm burden and enhanced anti-
bacterial effects, indicating that adjunctive enzymatic pathway targeting can complement antibiotic delivery.'®?

Collectively, available evidence indicates that niosomes offer a structurally adaptable platform for mechanism-
informed combination therapy rather than empirical co-delivery. Surfactant composition and surface engineering permit
controlled co-encapsulation aligned with biofilm-specific microenvironments. However, precision application requires
systematic pharmacodynamic validation, defined co-loading ratios, and infection-stratified design. In the absence of such
a framework, reported synergy remains descriptive rather than translatable.
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Conclusion

Biofilm-associated infections remain difficult to eradicate with conventional antibiotic therapy because drug diffusion
within the matrix is limited, bacterial populations exist in heterogeneous metabolic states, and persistence phenotypes
reduce antimicrobial susceptibility. Increasing the systemic dose rarely compensates for these constraints and may instead
elevate systemic exposure without achieving adequate concentrations inside the biofilm. Effective management, there-
fore, requires delivery systems that enhance local retention and provide controlled drug release within structured
microbial communities.

Niosomes offer a formulation-driven strategy to overcome these limitations. Their bilayer architecture, composed of
non-ionic surfactants and cholesterol, enables encapsulation of both hydrophilic and lipophilic agents within a single
vesicular system. Careful adjustment of surfactant composition, HLB, cholesterol proportion, and surface charge allows
modulation of membrane rigidity, permeability, and release behavior. These parameters directly influence intrabiofilm
transport and sustained antibacterial activity. In addition, emerging responsive designs may further improve spatial and
temporal control of drug delivery within biofilm microenvironments. Collectively, the evidence discussed in this review
indicates that surfactant composition, hydrophile-lipophile balance, cholesterol incorporation, vesicle size, surface
charge, and microenvironment-responsive behavior function as interconnected determinants governing niosomal trans-
port performance and antibiofilm efficacy.

Although preclinical findings are encouraging, translational progress will depend on standardized physicochemical
characterization, reproducible manufacturing processes, and validation in clinically relevant infection models. With
rational formulation design and quality-oriented development, niosomes represent a practical and adaptable platform
for improving localized antibiotic delivery in chronic and device-associated biofilm infections.
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