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Abstract

Delivering drugs effectively to the ocular surface is challenging due to rapid clearance mechanisms, including blinking, tear
turnover, and protective barriers of the conjunctival and corneal epithelium. As a result, conventional options such as eye
drops often fail to provide sustained therapeutic effects and require frequent dosing, leading to reduced patient compliance.
Mucoadhesive nanofiber systems offer a promising solution by enhancing drug retention and enabling controlled release at the
ocular surface. These nanofibers, produced primarily through electrospinning, provide a high surface area, tunable mechanical
properties, and compatibility with mucoadhesive polymers, collectively improving drug bioavailability, extending residence
times, and minimizing systemic side effects. This review comprehensively explores the fundamentals of mucoadhesion,
including the structural and compositional characteristics of ocular mucosal surfaces and the molecular interactions essential
for optimized drug delivery. It examines advanced strategies for incorporating mucoadhesive features into nanofibers, such
as polymer blending, surface modification, and molecular imprinting, and assesses their influence on therapeutic outcomes.
Finally, recent advancements and their potential for clinical translation are discussed. By presenting a thorough analysis of
current techniques and emerging innovations, this review aims to guide researchers in developing next-generation mucoad-
hesive nanofiber platforms that improve therapeutic efficacy and patient compliance in ocular drug delivery.

Keywords Nanofibers - Ocular drug delivery - Mucoadhesion - Electrospinning - Mucosa - Ocular surface

Introduction

In recent years, pharmaceutical research has undergone a
significant shift. Traditionally focused on discovering mol-
ecules with improved pharmacokinetics and pharmacody-
namics, the field now increasingly emphasizes advanced
drug delivery systems enabled by multifunctional biomateri-
als [1]. These systems address biological and physicochemi-
cal barriers to enhance bioavailability, sustain therapeutic
levels, and improve patient compliance [2]. The emphasis
has moved toward controlled and sustained release to reduce
side effects and achieve targeted, patient-centered therapy
[3]. Ocular drug delivery remains particularly challenging
due to the eye’s unique anatomy and physiology. The con-
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[6, 7]. Many therapeutics are further limited by poor com-
patibility with ocular surface delivery and enzymatic deg-
radation in the tear film [8]. These limitations highlight the
need for delivery systems that improve ocular retention and
therapeutic efficiency.

Recent advances in nanotechnology and biomaterials
have introduced nanofiber-based platforms as promising
solutions for ocular drug delivery. Nanofibers, typically
fabricated via electrospinning, offer high versatility and
robustness. This technique uses an electric field to draw
ultrafine fibers from a polymer solution or melt, yielding
structures with high surface area-to-volume ratios that
support enhanced drug loading [9]. Their porous archi-
tecture accommodates both hydrophilic and lipophilic
drugs [10]. Nanofibers are also mechanically stable and
suitable for ocular conditions [11]. Through optimized
polymer blends and electrospinning parameters, nanofib-
ers can be tuned for controlled drug release, from imme-
diate to sustained delivery for acute or chronic conditions
[12]. Their large surface area ensures close contact with
the ocular mucosa, increasing absorption and local drug
concentration [13]. A key advancement is the integra-
tion of mucoadhesive properties into nanofiber systems.
Mucoadhesion allows polymers to bind to the mucin-rich
tear film, prolonging residence time on the ocular surface
via hydrogen bonding, van der Waals forces, and electro-
static interactions [14]. These interactions, influenced by
material composition and fabrication conditions, enhance
ocular retention and drug delivery efficiency. Strengthen-
ing mucoadhesive properties can reduce dosing frequency
and improve outcomes, overcoming limitations of conven-
tional methods [15].

This review examines the integration of mucoadhesive
properties into nanofiber-based drug delivery systems. It
first discusses the ocular mucosa and its barriers to drug
absorption, followed by an exploration of mucoadhesion
mechanisms and the advantages of nanofibers over traditional

drug delivery methods (like eye drops, ointments, and
intravitreal injections). The latter sections focus on the design,
fabrication, and application of mucoadhesive nanofibers
in managing various ocular diseases, highlighting their
transformative potential in achieving targeted, sustained, and
effective therapy.

Understanding the ocular surface
and mucoadhesion

Structure and role of the ocular surface

The conjunctiva is a specialized ocular mucosa or mucous
membrane that protects and lubricates the anterior surface
of the globe (bulbar conjunctiva) and the posterior surface
of the eyelids (palpebral/tarsal conjunctiva), thus main-
taining ocular surface homeostasis and offering protection
from infections [16]. This tissue consists of a modified
non-keratinizing stratified squamous epithelium that tran-
sitions to stratified columnar epithelium containing goblet
cells, overlying a loose connective tissue layer known as
the lamina propria or stroma. The goblet cells, along with
other glandular structures, secrete mucins, which are high-
molecular-weight glycoproteins critical for tear film stability
and ocular surface protection [17] (Table 1). For instance,
gel-forming mucins such as MUC2, MUCS5AC, and MUC19
are primarily secreted by goblet cells [18], with MUCSAC
also present at the apical surface of goblet cells and in the lid
wiper, contributing to the tear film’s viscosity and aiding in
debris clearance [19]. Transmembrane mucins like MUC1,
MUC4, and MUC16, produced by the lacrimal glands and
apical corneal and conjunctival epithelial cells, are found in
the extracellular domain of tears, where they help anchor
the tear film to the ocular surface and provide a protective
barrier [20, 21]. In contrast, soluble MUC7 from the lac-
rimal glands and stratified epithelium [22, 23], as well as

Table 1 Ocular mucins type and location. Reproduced with permission from [17], Copyright Elsevier 2019

Type of mucins Ocular location

Identified in tears

MUCI1 Transmembrane, Lacrimal glands, Apical corneal and conjunctival epithelial cells Yes (Extracellular domain)
MUC2 Gel-forming, Goblet cells Yes
MuUC4 Transmembrane, Cornea, conjunctiva, lacrimal glands, Apical conjunctival epithelial cells Yes (Extracellular domain)
MUCSAC Gel-forming, Apical surface of GCs, Lid wiper Yes
MUC7 Soluble, Lacrimal glands, Stratified epithelium No
MUC13 Transmembrane No
MUC15 Transmembrane No
MUCI16 Transmembrane, Apical corneal epithelial surface, Lacrimal gland ductal epithelial cells Yes (Extracellular domain)
MUC17 Transmembrane No
MUCI19 Gel-forming, Goblet cells No
MUC20 Transmembrane, Basal and intermediate epithelial cell layer No
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transmembrane mucins such as MUC13, MUC15, MUC17,
and MUC20 from basal and intermediate epithelial layers,
are not typically detected in tears, suggesting a more local-
ized role in cellular protection rather than tear film composi-
tion [24]. In-depth details about ocular mucins are covered
in paper [25].

The conjunctiva also houses accessory lacrimal glands,
such as the glands of Krause located in the fornices and
glands of Wolfring along the upper border of the tarsus,
which secrete aqueous tear constituents essential for hydra-
tion and lubrication [26]. Additional mucus is produced by
the glands of Henle, and lipid production originates from
the Meibomian glands within the tarsal plates and the glands
of Zeis at the eyelid lash follicles (Fig. 1A) [27, 28]. The
primary source of aqueous tears is the lacrimal gland, situ-
ated in the superolateral orbital quadrant just behind the

Fig. 1 A Anatomical depiction
of the ocular mucosa, show-
casing the locations of glands
responsible for the secretion

of mucin, aqueous, and lipid
components. B Schematic
representation of the three-layer
tear film model, highlighting
the mucin, aqueous, and lipid
layers. Reproduced with permis-
sion from [35], Copyright
Wiley, 2014
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orbital margin. The tear film, measuring approximately 7
to 9 um thick, comprises three distinct layers (Fig. 1B). The
superficial lipid layer, secreted by the tarsal Meibomian and
Zeis glands, minimizes evaporation, preserves the aqueous
content beneath, and provides tear film stability. The aque-
ous layer, primarily produced by the lacrimal gland with
dispersed mucin from conjunctival sources, facilitates hydra-
tion, nutrient transport, debris clearance, and antimicrobial
protection through lysozyme activity [29]. The innermost
mucus layer, secreted by conjunctival goblet cells and epi-
thelial cells and anchored to the conjunctival and corneal
epithelial cell microvilli, ensures the adhesion of the aque-
ous layer to the conjunctival surface, promoting tear film
stability and smooth ocular functionality [30].

Tears serve critical functions, including moistening
the ocular surface to prevent damage to delicate tissues,
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smoothing corneal surface irregularities, delivering oxy-
gen and nutrients, and acting as a pH buffer to ensure
ocular surface stability. In the human eye, tear volume
is typically around 7 to 9 puL, with a maximum capac-
ity of 30 pL before blinking induces drainage. The tear
fluid contains electrolytes, glucose, and numerous proteins
including enzymes, maintaining a pH range of 7.0 to 7.5,
regulated by a bicarbonate-carbon dioxide buffer system
that adjusts dynamically based on whether the eye is open
or closed, influencing carbon dioxide levels and acid-base
balance [31, 32]. Lacrimation, or tear production, oper-
ates autonomously under parasympathetic control to main-
tain continuous ocular lubrication and also functions as a
reflexive response to stimuli such as irritants or foreign
bodies, triggering excess tear production to flush away irri-
tants, with hormonal influences present though not clearly
defined [33]. Additional mucin secretion is contributed by
Manz glands and Henle crypts, complementing the goblet
cells. Blinking ensures the even distribution of tears and
mucus across the ocular surface, promoting hydration and
a smooth, while reflex tearing in response to severe irri-
tation generates an overflow that clears foreign material
from the ocular surface [25]. The lacrimal apparatus, com-
prising the lacrimal gland, puncta, canaliculi, nasolacri-
mal sac, and nasolacrimal duct, facilitates tear elimination.
Eyelid movements create pressure changes that force tears
through this collecting system into the nose [34].

The ocular mucosa, despite its protective roles, is vul-
nerable to pathologies and presents significant challenges
for drug delivery. First, this delicate tissue is susceptible to
various conditions. Dry eye syndrome, resulting from dimin-
ished tear production or excessive evaporation, compromises
tear film integrity, causing irritation, corneal damage, and
visual impairment [36]. Conjunctivitis, an inflammation of
the conjunctiva triggered by infections or allergies, disrupts
the mucosal barrier, exacerbating discomfort and redness
[37, 38]. Ocular surface cancers, such as conjunctival mela-
noma, squamous cell carcinoma, or sebaceous carcinoma,
further highlight the fragility of these tissues, as tumor
growth undermines structural integrity and complicates
localized therapeutic approaches [39, 40]. Second, the physi-
ological and histological architecture of the ocular mucosa
and cornea creates substantial barriers to drug penetration.
The corneal epithelium, a lipophilic layer with tight junc-
tions, restricts the penetration of hydrophilic drugs, allow-
ing efficient permeation only for small, lipophilic molecules
with an optimal log P of 2 to 3 [41]. Beneath this, the hydro-
philic stroma poses an additional barrier to lipophilic drugs,
necessitating amphiphilic properties for effective corneal
penetration [42]. Third, pre-corneal drug clearance mecha-
nisms significantly reduce the residence time of topically
applied drugs, with less than 5% typically reaching thera-
peutic targets. Reflex tearing, blinking, and nasolacrimal
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drainage, combined with enzymatic degradation within the
tear film, further limit drug stability, complicating efforts to
maintain therapeutic concentrations [43, 44]. The emergence
of mucoadhesive drug delivery systems offers a promising
strategy to overcome these interconnected challenges by
enhancing drug retention and aligning structural innovation
with therapeutic efficacy, thereby improving the potential for
effective ocular drug delivery.

Theories/mechanism of mucoadhesion

Mucoadhesion has been a key area of research since the
1980 s, offering deep insights into how formulations interact
with mucus and the factors that influence these interactions.
Over the years, numerous theories have emerged to explain
the mechanisms behind mucoadhesion. Generally, these
mechanisms can be categorized into two primary stages.
The initial contact stage involves the bioadhesive forming
a close connection with the mucosal membrane, aided by
processes like wetting or swelling [45]. In the subsequent
consolidation stage, the bioadhesive becomes hydrated and
swells, either by penetrating the mucosal tissue or adhering
to the mucous membrane's surface through a process called
interpenetration [46, 47]. These stages are fundamental to
mucoadhesion and are described by several established theo-
retical frameworks (Fig. 2).

e Wettability theory: This theory is primarily applied to
mucoadhesive systems that are liquid or have low vis-
cosity. Wettability refers to a material's ability to adhere
to mucosal surfaces via intermolecular interactions [48].
It is influenced by the balance between adhesive forces
(liquid—solid interactions) and cohesive forces within
the liquid. Upon contact, the mucoadhesive penetrates
surface irregularities and adheres due to changes in sur-
face and interfacial energies [49]. Contact angle goni-
ometry evaluates wettability by measuring the contact
angle; smaller angles indicate stronger adhesion [50].
This mechanism reflects the energy needed to overcome
the surface tension at the interface between the mucoad-
hesive and the mucosa, promoting effective biological
substrate spreading and exposure [51]. Experimentally,
the contact angle (8) is linked to the interfacial tension
(y) between the mucosal surface and the mucoadhesive
system according to the equation:

ySV —ySL = yLVcosO

Here, ySV is the tension between the solid and vapor,
ySL is the tension between the solid and liquid, YLV is the
liquid's surface tension, and 0 represents the contact angle.
According to this concept, bioadhesive systems designed
with structures and functional groups that align with and
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Mucoadhesive
System

Interpenetration

Stage 1: N
and Mucoadhesion

Initial contact

Stage 2: Wetting
and swelling
—

Mucous Membrane

Fig.2 The process, stages, and proposed theories of mucoadhe-
sion. The first stage (contact stage) involves the mucoadhesive drug
delivery system making close contact with the mucous membrane,
primarily through a wetting process. The second stage (consolida-
tion) strengthens this contact through various physicochemical inter-

conform to the mucosal surfaces exhibit improved physico-
chemical compatibility, ensuring optimal wettability, adhe-
sion, and sustained drug retention across the ocular surface.
The spreading efficiency of a bioadhesive polymer increases
as its contact angle nears zero, facilitating mucin interaction
with the polymer, which enhances its ability to spread [52].

e Adsorption theory: This theory proposes that mucoad-
hesion primarily results from secondary interactions
between the mucoadhesive material and mucosal tissues.
These include van der Waals forces, hydrogen bonding,
and electrostatic interactions, which together form a sta-
ble adhesive interface [53].

Van der Waals forces, though weak, arise from transient
electrical interactions and become relevant when numer-
ous contact points are involved between the adhesive and
mucosal surface [54, 55]. Hydrogen bonds, which are
stronger, typically form between electronegative atoms
(e.g., N, O, or F) and hydrogen atoms on polymer func-
tional groups such as hydroxyl, carboxyl, or amino, and
complementary groups in mucins [56, 57]. Additionally,
electrostatic attractions often develop between oppositely
charged regions, especially when mucoadhesive materials
are designed to align with the ionic nature of mucosal sur-
faces [58]. The overall bond strength and duration depend
on the polymer's chemical structure, physical state, and the
mucosal surface’s properties [59].

Wettability Theory: Adhesion through wetting and surface
/ spreading facilitated by adhesive forces.

/ Adsorption Theory: Formation of secondary bonds (van
der Waals, hydrogen, electrostatic) with mucus.

Electronic Theory: Electron transfer forms an electric
double layer enhancing electrostatic attraction.

Fracture Theory: Mechanical integrity is evaluated by the
\ energy required to fracture the adhesive bond.

\| Diffusion Interlocking Theory: Polymer chains diffuse and
intertwine with mucus glycoproteins for strong adhesion.

actions, ensuring prolonged adhesion and effective drug delivery.
Several theories that explain how drug delivery systems interact and
adhere to mucosal membranes have been proposed (summarized in
the right panel). Created with BioRender.com

¢ Electronic theory: This theory explains mucoadhesion
based on electrostatic properties and electron transfer
between materials with differing electronic characteris-
tics [60]. When a polymer with higher electron density
(or lower work function) contacts one with lower density
(or higher work function), electrons transfer and form
an electric double layer at the interface, consisting of
oppositely charged regions on each surface [61, 62].

This double layer generates electrostatic attraction, signif-
icantly reinforcing the adhesive bond. Charge redistribution
at the interface can induce dipole moments even in initially
non-polar materials, expanding the zone of electrostatic
interaction [63]. The work function of a material, defined
as the energy required to remove an electron, plays a cen-
tral role in this process. Polymers with low work functions,
such as chitosan or polyaniline, donate electrons more read-
ily, promoting adhesion with negatively charged mucins. In
contrast, polymers like polyacrylic acid and alginate have
higher work functions and tend to accept electrons, sup-
porting electrostatic and hydrogen bonding interactions
[64]. Understanding how work function differences between
polymers and mucin influence electron transfer helps predict
the strength and direction of adhesion [65].

¢ Fracture theory: This theory evaluates the mechanical

integrity of mucoadhesive bonds by treating the inter-
face as a separate material layer and analyzing the energy
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required to break it. The central idea is that the bond
behaves as a distinct mechanical interface subjected to
external force [66, 67]. The fracture strength () can be
calculated using the relationship between Young's modu-
lus of elasticity (E), the fracture energy (¢), and the criti-
cal crack length (L) with the equation:

c=+(Exe)/L

Fracture mechanics are classified into cohesive fractures,
which occur within the adhesive, and adhesive fractures,
which occur at the polymer—mucosa interface [68, 69]. The
bond strength depends on the fracture energy, defined as the
work done per unit area to create a new surface. Fracture
can occur in different modes: Mode I (tensile separation),
Mode II (shear displacement), and Mode III (torsional shear)
[70]. These dynamics are influenced by properties like poly-
mer elasticity and viscosity, mucosal surface roughness and
hydration, as well as environmental conditions such as tem-
perature and humidity.

¢ Diffusion interlocking theory: This theory suggests that
mucoadhesion results from the diffusion of polymer chains
into the mucus gel layer on mucosal surfaces. The degree
of interpenetration and entanglement between polymer
and mucus chains determines the strength and duration of
adhesion [71]. The process begins when a mucoadhesive
polymer contacts the mucus layer and swells, increasing
the contact area and promoting chain interaction. Slight
solubility in mucus is essential for effective swelling and
diffusion [72]. The extent of diffusion depends on fac-
tors such as polymer molecular weight, flexibility, and
chemical compatibility with mucus. Entanglement occurs
when the polymer chains interlock with mucin glycopro-
teins, and this is further stabilized by entropic mixing
forces [73]. Higher molecular weight polymers diffuse
more slowly but form stronger bonds. Increased polymer
concentration can raise viscosity, slowing diffusion yet
enhancing chain density and interlocking potential, espe-
cially when the number average molecular weight is high
[74]. Recent research using Fourier Transform Infrared
(FTIR) spectroscopy and rheology has validated the esti-
mated time (t) needed to achieve optimal adhesion through
interpenetration [75, 76]. This duration can be mathemati-
cally represented by the equation:

T =1%/Db

Here, L denotes the penetration depth, and Db represents
the diffusion coefficient. This formula helps predict the opti-
mal interaction time for achieving the strongest mucoadhe-
sive bond. The penetration depth of polymer chains into the
mucus layer is crucial. The bonding process, encompassing
diffusion and entanglement, is time-dependent; initial con-
tact may lead to weak adhesion, strengthening gradually as
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more polymer chains diffuse and intertwine with the mucus
network. Deeper penetration can result in a more substan-
tial entanglement and, thus, a stronger mucoadhesive bond
[77, 78]. However, too much diffusion can complicate the
removal of the delivery system, which is an important con-
sideration for products that require quick turnover, such as
those used in gastrointestinal drug delivery [79].

While each mucoadhesion theory offers valuable insights,
real-world applications often require a combination of these
principles rather than reliance on a single model. Electro-
static interactions (electronic theory) and hydrogen bonding
(adsorption theory) enhance mucin-polymer interactions, but
prolonged adhesion also depends on polymer interpenetration
(diffusion interlocking theory). Wettability theory applies
mainly to liquid formulations, whereas fracture theory is cru-
cial for solid dosage forms like nanofibers. It must be men-
tioned that not all theories apply equally to every mucoad-
hesive system. For ocular drug delivery, strong interfacial
interactions (adsorption and diffusion interlocking theories)
are more relevant than mechanical interlocking (fracture the-
ory), which suits tissue adhesives. Optimizing mucoadhesive
nanofibers requires selecting polymers and fabrication tech-
niques that align with the dominant adhesion mechanisms.
Achieving strong yet reversible adhesion while maintaining
biocompatibility and sustained drug release depends on bal-
ancing polymer flexibility, charge distribution, and hydration
properties. In practice, this often requires integrating materi-
als, such as hydrophilic polymers with cationic copolymers,
to achieve synergistic improvements in adhesion and efficacy
across different ocular disease environments.

The physiology of ocular mucosa, along with the exten-
sive theories on mucoadhesion discussed previously, high-
lights several key factors that are crucial for developing an
effective mucoadhesive drug delivery system for the eye.
These factors include various chemical, physical, and bio-
logical aspects affecting mucoadhesive polymers'interaction
with mucosal tissues [80]. Each of these factors has a spe-
cific role in enhancing or restricting drug delivery efficiency
through mucosal barriers. Table 2 details a comprehensive
description and discussion of these factors and their impact
on mucoadhesion.

Potential of nanofiber technology

Nanofibers are fibrous structures with diameters typically
below 100 nm, though electrospun fibers in practice often
range from 100 to 1000 nm. Despite this, the electrospinning
community commonly classifies fibers below 1 um as nanofib-
ers due to their high aspect ratio and nanoscale effects. These
fibers are particularly useful in drug delivery and biomedi-
cal contexts, where they can be crafted from either natural or
synthetic polymers. Due to their high aspect ratio (length to
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Table 2 Insights into the factors influencing mucoadhesion

Factor

Description

Impact on Mucoadhesion

Ref

Molecular weight of polymer Refers to the polymer size, typically measured by the mass of one mole of

Concentration of polymer

Swelling factor

Stereochemistry of polymer

Flexibility of polymer

Mucin turnover rate

pH at the site of application

chains; higher molecular weights indicate longer chains

Refers to the polymer’s ratio within a formulation; higher concentrations
create a denser polymer chain network

Refers to the ability of a polymer to absorb water and swell on mucosal
contact, essential for hydrophilic polymers to achieve adhesion

Refers to the spatial arrangement of atoms in a polymer, influencing its
alignment and interaction with biological structures

Refers to the ease with which polymer chains can move and conform to
mucosal surfaces, influenced by chemical structure and cross-linking
density

Refers to the rate at which mucin is secreted by mucosal glands and
removed through degradation or shedding

Refers to the microenvironmental pH that affects the ionization states of
both the polymer and the mucosal surface

e Higher molecular weights promote stronger mucoadhesion by enabling
extensive chain entanglement and multiple interaction sites with mucosal
surfaces, resulting in more durable adhesive bonds

e Excessively high molecular weights may impair polymer flexibility and
processability, potentially limiting formulation efficiency and mucoadhe-
sive performance

e Higher polymer concentrations enhance mucoadhesion by increasing the
density of adhesive sites, which is particularly beneficial in environments
with high mucosal turnover

e Excessive polymer concentrations can lead to high viscosity, making
formulations difficult to apply and potentially hindering drug release

e Polymer swelling increases contact area and promotes deeper mucosal
penetration, enhancing mechanical interlocking and overall adhesive
strength

e Controlled swelling is essential to maintain structural integrity, prevent-
ing the polymer from becoming too soft or disintegrating, which could
weaken mucoadhesion

e It influences mucoadhesion through geometric and chemical comple-
mentarity, affecting how polymers align and interact with mucin fibers

e Specific configurations enhance hydrogen bonding and non-covalent
interactions, improving adhesion strength, while misaligned structures
may reduce bonding efficiency

e Greater polymer chain flexibility facilitates better conformation and
penetration into mucosal layers, enhancing mechanical entanglement and
chemical bonding for stronger mucoadhesion

e Excessive flexibility may reduce mechanical integrity, potentially com-
promising bond durability and long-term adhesion performance

e In conditions like ocular inflammation, accelerated mucin turnover
and tear instability reduce mucoadhesive bond duration, challenging
sustained drug delivery

e Requires mucoadhesive polymers to quickly establish strong bonds for
effectiveness

o pH influences the charge profile of both polymers and mucin, directly
impacting electrostatic interactions that are crucial for mucoadhesion

e pH-sensitive polymers can be tailored to enhance adhesion by optimizing
hydrogen bonding and electrostatic interactions under specific mucosal
pH conditions, especially in disease-altered environments

[81, 82]

[83, 84]

[84, 85]

[86, 87]

[88, 89]

[90, 91]

[92, 93]
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diameter) and large surface area-to-volume ratio, nanofibers
can be tailored to possess distinct physical and chemical prop-
erties, allowing drugs/biomolecules to be loaded within their
matrix [94]. This customization is often achieved by modify-
ing the polymer composition, molecular weight, crosslinking
density, or surface chemistry to tailor mechanical strength,
degradation rate, and mucoadhesive properties for specific bio-
medical applications. Key applications of nanofibers include
controlled drug release [95-97], tissue engineering [98—100],
wound healing [101-103], and biosensing [104—-106].

Nanofibers present unique structures that can facilitate
drug delivery to both local and systemic sites. Various manu-
facturing methods have been utilized to create nanofibers suit-
able for drug delivery applications. Among the most preva-
lent methods is electrospinning, along with self-assembly
and phase separation [107]. Electrospinning stands out for its
ability to generate nanofibers with precise control over their
diameter and structure, utilizing a charge-driven process. This
technique can produce a range of fiber arrangements such as
non-woven, aligned, patterned, randomly distributed, and con-
voluted dimensions [108]. The core process of electrospinning
involves high electrostatic forces that counteract the surface
tension of a viscous polymeric solution at the tip of the nozzle.
This results in the formation of a charged droplet that extends
into a Taylor cone, creating ultra-thin fibers that are collected
on a charged substrate. Nanofibers fabricated through electro-
spinning can be modified pre- or post-production to incorpo-
rate drugs/biomolecules [109].

Effective drug uptake via transmucosal delivery is hin-
dered by several inherent challenges, including the presence
of keratinized tissues, low patient compliance, and variable
drug absorption areas [110]. Moreover, the efficacy of a
drug's in vivo performance can significantly depend on its
therapeutic window and specific physicochemical proper-
ties. The mucus-lined cellular barrier further defines the
transmucosal interface, highlighting the importance of drug
residence time at the absorption site for optimal therapeutic
outcomes [111, 112]. Nanofibers inherently exhibit mucoad-
hesive properties due to their high surface-to-volume ratios
and nonwoven, interconnected structures, which provide
extensive surface areas for enhanced mucosal interactions.
Specifically, finer nanofibers amplify the specific surface
area available for contact with mucosal surfaces [113]. Elec-
trospinning, a charge-driven fabrication technique, further
augments this innate mucoadhesivity by depositing charges
on the fiber surfaces. These charges foster electrostatic inter-
actions with anionic mucin threads, significantly bolstering
the mucoadhesive capabilities of nanofibers [114].

Electrospinning relies on the rapid evaporation of the
solvent during fiber formation, which can trap drugs in
an amorphous state rather than their crystalline form.
This transformation enhances solubility and may improve
drug bioavailability [115]. This technique is particularly
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beneficial for drugs with poor water solubility, as it enables
the incorporation of hydrophobic drugs into nanoscale fibers
using amphiphilic polymers like poly(vinyl alcohol) (PVA)
and polyvinyl pyrrolidone (PVP), which improve drug dis-
persion and solubilization. Additionally, for hydrophilic
drugs, PVA nanofibers enhance membrane wettability and
increase bound water content, facilitating their paracellular
transport across mucosal barriers [116]. Studies indicate
that drug delivery through nanofibers offers more consist-
ent release compared to the pure drug, which shows fluctu-
ating levels [117-121]. This suggests that nanofiber-based
delivery systems are particularly advantageous for drugs
categorized under the Biopharmaceutics Classification Sys-
tem (BCS) class IV, which struggle with both solubility and
permeability challenges [122]. In the context of ocular drug
delivery, examples include brinzolamide (for glaucoma)
[123], natamycin (for fungal keratitis) [124], and acyclovir
(for viral keratitis) [125], all of which suffer from poor aque-
ous solubility and limited corneal penetration.

Although nanofibers can deliver drugs almost instantane-
ously for immediate release, this rapid release often leads to
the drug being quickly washed out from mucosal surfaces
[126]. To manage drug release kinetics effectively, various
polymer combinations and modified electrospinning tech-
niques, such as core—shell electrospinning, are utilized [127].
Beyond polymer selection, factors such as fiber diameter,
porosity, and surface topography significantly influence
drug diffusion rates and retention at the application site
[128, 129]. Additionally, post-processing modifications,
including crosslinking and surface functionalization, can
further regulate drug release profiles by enhancing struc-
tural stability or introducing stimuli-responsive properties.
While drug loading efficiency is a crucial parameter, it does
not solely determine release behavior. High encapsulation
efficiency in electrospun nanofibers minimizes wastage and
enhances cost-effectiveness, but controlled drug release is
more dependent on polymer-drug interactions, the presence
of diffusion barriers, and degradation rates of the carrier
material [130]. By optimizing the excipient-to-drug ratio,
alongside structural modifications, it is possible to fine-tune
release kinetics for sustained therapeutic effects while ensur-
ing economic viability for clinical use [131].

Designing mucoadhesive nanofibers
Fundamentals of electrospinning

Electrospinning is extensively documented, with numerous
high-quality reviews exploring its core principles, adjust-
able parameters, suitable materials, and fiber collection
techniques [132—136]. Briefly, it is a versatile technique
that utilizes electrostatic forces to produce fine fibers from
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a polymeric solution [137]. When a high-voltage field, typi-
cally ranging between 5 and 30 kV, is applied, the liquid
becomes charged, and electrostatic repulsion overcomes
surface tension, forming a Taylor cone at the needle tip,
from which a thin polymer jet is ejected [138, 139]. This
jet undergoes stretching and thinning as it travels towards
the collector, influenced by varicose (axisymmetric) and
sinuous (non-axisymmetric) instabilities, particularly the
Rayleigh-Plateau instability, which minimizes fiber diameter
and enhances uniformity [140]. Solvent evaporation refines
fiber morphology, with factors like temperature, humidity,
and solvent properties affecting the final fiber structure and
mechanical properties [141-143]. A standard electrospin-
ning system includes several key components that dictate
fiber formation (Fig. 3). A syringe pump controls the poly-
mer flow rate, typically within 0.1 to 2 mL/h, ensuring uni-
form fiber deposition [144]. The needle or spinneret, with
diameters ranging from 0.1 to 1.0 mm, serves as the exit
point for the charged polymer jet, and the needle-to-collector
distance, usually set between 10 and 30 cm, allows suffi-
cient time for solvent evaporation to prevent fiber fusion
[145]. The collector design, whether a stationary plate or
a rotating drum, determines fiber alignment and structural

organization. Environmental control units regulate condi-
tions to maintain jet stability, and safety measures mitigate
risks associated with high-voltage equipment. By optimizing
these parameters, electrospinning enables the fabrication of
mucoadhesive nanofibers for ocular drug delivery, where
fiber adhesion and controlled drug release are critical for
therapeutic efficacy [146—150]. It is worth noting that elec-
trospinning can also produce micro-sized fibers depending
on solution properties and processing conditions. These
microfibers often share structural and functional similarities
with nanofibers. However, this review specifically focuses on
sub-micron electrospun fibers, given their enhanced interac-
tion with mucosal tissues.

Understanding the relationship between various
electrospinning parameters and their effects on the fabrication
process is crucial for optimizing the characteristics of the
resultant nanofibers. Each parameter, from voltage settings to
environmental conditions, plays a specific role in defining the
nanofibers'morphology, uniformity, and structural integrity.
Accurate control and adjustment of these parameters enable
the tailored design of nanofibers for their use as a drug
delivery platform. Table 3 summarizes the key parameters
and their impacts on electrospinning and nanofiber properties.
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Fig.3 Schematic representation of an electrospinning setup highlighting critical components and variables that affect nanofiber properties. Cre-
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Ref

Impact on Nanofiber Characteristics

Impact on Electrospinning Process

Table 3 Electrospinning parameters and their effects on nanofiber formation and attributes

Parameter

@ Springer

[151,152]

Produces finer fibers with greater stretching. Excessive voltage can

Sufficient voltage is essential for jet initiation. Higher voltages enhance

Electrical field (voltage)

cause jet instability and bead formation

polymer jet stretching and solvent evaporation, but overly high values

disrupt Taylor cone stability

[153, 154]

Optimal concentrations yield uniform, smooth fibers. Too low causes

Influences solution viscosity. Low concentrations result in weak chain

Polymer concentration

beading; too high impedes continuous fiber formation

entanglement; high concentrations may clog the needle

[155, 156]

Stable flow ensures uniform fiber diameter and smooth morphology.

Regulates solution delivery. High flow can overwhelm the electric field,

Flow rate

Poor control leads to defects and inconsistent thickness

causing jet instability or ribbon-like structures. Low flow may lead to

clogging or jet disruption

[157,158]

Proper distance allows fibers to fully dry and solidify, influencing the

Affects the time available for solvent evaporation. Improper distances

Needle-to-collector distance

uniformity and mechanical strength of the fibers. Too short a distance

leads to wet, merged/fused fibers; too long a distance may cause fib-

ers to break mid-air

hinder fiber solidification

[159, 160]

Improved conductivity results in more uniform fibers and reduces bead-

Solution conductivity and solvent Higher conductivity improves charge transfer and jet elongation. Sol-

ing. The solvent choice should ensure optimal drying times to prevent

surface defects

vent properties influence viscosity and evaporation rate

(161, 162]

Higher temperatures reduce viscosity, yielding finer fibers. High

Temperature affects the viscosity of the polymer solution, while humid-

Environmental parameters

humidity causes beading; low humidity can result in brittleness

ity influences the solvent evaporation rate

Advances in electrospinning: nanofiber composites
and multiaxial setup

There has been growing interest in developing nanofiber-
based hybrid composites, advanced platforms where elec-
trospun nanofibers, inherently capable of drug delivery, are
paired with secondary drug delivery systems to precisely
tune release profiles and achieve additional therapeutic
benefits (Fig. 4). This approach enhances the properties of
nanofibers by combining them with materials that introduce
new functionalities, making them valuable in biomedi-
cal applications [163]. In these composites, electrospun
nanofibers often serve as the reinforcing phase, providing
mechanical strength and structural integrity, while the sec-
ondary phase, such as hydrogels [164—166], microparti-
cles [167-169], nanoparticles [170-172], or carbon-based
materials like graphene and carbon nanotubes [173-175],
offers additional drug-loading capacity, controlled release,
or responsiveness to external stimuli. Among these, nano-
particles are the most commonly used due to their small size,
which facilitates seamless integration into the polymeric
matrices utilized in electrospinning. This combination may
improve the mechanical and structural properties of nanofib-
ers and introduces new features, such as responsiveness to
magnetic, optical, or thermal stimuli [176].

Multiaxial electrospinning represents a positive evolution
in electrospinning technology, enabling the fabrication of
complex nanofiber-based composites without the need for
secondary drug delivery phases. This method overcomes
the limitations of traditional single-needle electrospinning
and coaxial electrospinning by allowing the fabrication
of fibers with multiple concentric layers, each capable of
incorporating distinct materials tailored for mucoadhesive
applications. The typical setup for multiaxial electrospinning
includes a multi-needle or multi-channel spinneret, where
each channel delivers a different polymer solution, facilitat-
ing precise layering and material distribution (Fig. 5). By
carefully designing layer composition and thickness, multi-
axial electrospinning can create protective barriers around
biomolecules, safeguarding them from enzymatic degra-
dation and shear forces present in mucosal environments
[182]. Additionally, the outermost layers can be engineered
using bioadhesive polymers, enhancing their interaction with
mucins and prolonging retention at the target site [183]. The
ability to incorporate hydrophilic and hydrophobic layers
enables better drug encapsulation and sustained release,
which is particularly beneficial for mucoadhesive systems
aimed at localized and prolonged therapeutic effects. The
release dynamics of active agents can be finely controlled
through the manipulation of layer permeability and thick-
ness. For instance, a thicker and denser outer layer may slow
diffusion, promoting a prolonged release, while a thinner
or more porous layer can accelerate the release [184, 185].
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Fig.4 Types of electrospun composites. A Nanofibers with nano-
particles. (i) Schematic of nanoparticle-loaded fibers; (ii) SEM of
nanofibers with drug-loaded chitosan nanoparticles. Reproduced
with permission from [177], Copyright Springer Nature, 2011. (iii)
TEM of silver nanoparticle-embedded fibers. Reproduced with per-
mission from [178], Copyright American Chemical Society, 2008. B
Nanofibers with microparticles. (i) Schematic of microparticle-loaded
nanofibers. (ii) SEM image of nanofiber/microparticle hybrid com-
posite. Reproduced with permission from [167], Copyright Frontiers
Media S.A, 2023. (iii) TEM of a drug loaded nanofiber/microparti-

Moreover, stimuli-responsive polymers can be selectively
introduced into designated layers, allowing the fibers to alter
their properties in response to pH variations, ionic strength,
or enzymatic activity within the mucosal environment. This
adaptability can further optimize drug release kinetics while
maintaining adhesion to biological surfaces [186].

Strategies to incorporate mucoadhesive features

This section explores a range of techniques aimed at enhanc-
ing the mucoadhesive properties of nanofibers specifically
for ocular drug delivery applications. Although some of
these strategies have not yet been directly applied or reported
in the context of ocular nanofibers, they have shown promise
in other types of biomaterial systems. The core scientific

cle hybrid composite prepared via coaxial electrospinning. Repro-
duced with permission from [179], Copyright Springer Nature, 2022.
C Nanofiber-hydrogel composites. (i) Schematic of nanofiber-loaded
hydrogel composite. (i) SEM of a gelatin nanofiber-reinforced
hydrogel composite. Reproduced with permission from [180], Copy-
right Elsevier, 2017. (iii) Composite scaffold integrating nanofibers
and 3D-printed hydrogel. Reproduced with permission from [181],
Copyright Springer Nature, 2024. All original images created with
BioRender.com

principles underlying these methods remain broadly appli-
cable and suggest strong potential for translation to nanofiber
platforms, providing a foundation for future innovations in
ocular drug delivery.

Polymer blending

Polymer blending is a versatile and cost-effective strat-
egy for developing materials with tailored properties. This
approach combines two or more polymers to create compos-
ites with functionalities not achievable by individual com-
ponents [187]. One common method involves physically
mixing polymers in the molten state using equipment such
as extruders or melt-compounders, where miscibility and
phase behavior determine blend homogeneity [188, 189].

@ Springer
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Fig.5 Schematic representation
of different types of spinnerets
used in electrospinning. Single-

—— Single Needle —» \C=

needle spinnerets (top) are
commonly used for producing
uniform nanofibers. Multi-nee-
dle spinnerets (middle) enable
high-throughput fiber produc-
tion. Coaxial spinnerets (bot-

tom) facilitate core—shell fiber
Types of

Multi N

Al

fabrication, with bi-axial and
tri-axial configurations allowing

Spinnerets

for advanced structural designs
for drug delivery applications.
Created with BioRender.com

— Co-axial

Thermal properties such as glass transition and melting
temperatures depend on the characteristics and interactions
of the component polymers [190]. However, many polymer
pairs are immiscible, resulting in phase-separated structures
that require compatibilizers to enhance interfacial adhesion
and improve mechanical properties [191-193]. While melt
blending is traditionally used in thermoplastic processing,
it can also serve as a preliminary step for creating uniform
polymer blends that are subsequently dissolved in a suitable
solvent for electrospinning. In electrospinning, direct solu-
tion blending is more typical, especially for temperature-
sensitive or bioactive compounds [194, 195]. The resulting
spinnable solution's composition, including polymer ratios
and solvent compatibility, directly influences nanofiber mor-
phology, drug encapsulation, and in vivo performance.

In mucoadhesive drug delivery systems, the combination
of bioadhesive agents with synthetic polymers is especially
advantageous. Synthetic polymers like poly(lactic-co-gly-
colic acid) (PLGA) and poly(e-caprolactone) (PCL) are
preferred for electrospinning due to their processability and
mechanical strength but typically lack effective mucoadhe-
sion, essential for successful transmucosal drug delivery.
In contrast, natural bioadhesive materials such as chitosan
and hyaluronic acid excel in mucoadhesion but often face
challenges in electrospinning related to solubility and drug-
loading capabilities [196]. By blending these two polymer
types, the goal is to leverage the mucoadhesive qualities of
natural materials alongside the favorable processing attrib-
utes of synthetic polymers, thus enhancing the mucoadhe-
sion of the resulting nanofibers [197, 198].
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Tri-axial

Bi-axial

Table 4 provides a brief overview of bioadhesive agents
that can be incorporated into the polymer matrix to enhance
the adhesion of nanofiber formulations to mucosal tissues. The
intermolecular interactions between the polymers increase both
the mechanical strength and the adhesiveness of the nanofib-
ers to mucosal tissues, ensuring a more robust and durable
attachment. This is crucial for prolonging the mucoadhesive
effect and achieving sustained therapeutic agent release [199].
Furthermore, the use of natural polymers typically increases
the hydrophilicity of the blend, which is favorable for main-
taining moisture at the mucosal surface. This enhanced hydra-
tion improves adhesion by promoting interactions between the
nanofibers and the mucosal tissues, thus enhancing the comfort
and effectiveness of the drug delivery system.

The proportion (relative ratio) of each component in the
blend is a vital parameter that must be carefully optimized to
meet predetermined requirements for biocompatibility, deg-
radation properties, mechanical strength, and drug release
kinetics. The optimal blending ratio affects the nanofibers’
structural integrity, chemical interactions, and overall effi-
cacy [227-229]. For instance, Brako et al. demonstrated that
blending polyethylene oxide (PEO) with increasing amounts
of CMC significantly enhanced the mucoadhesive proper-
ties of progesterone-loaded nanofibers, as measured by both
texture analysis and atomic force microscopy (AFM) [230].
Specifically, higher CMC content led to stronger mucoadhe-
sive interactions and smoother fiber—mucosa interfaces, con-
firming the positive correlation between blend composition
and mucoadhesion. Similarly, in another study, nanofibers
prepared from blends of PEO with various mucoadhesive
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Table 4 Bioadhesive agents and their properties

Bioadhesive Agent Key Properties

Ref

Chitosan

Cationic biopolymer derived from chitin; possesses strong mucoadhesivity due to electrostatic

[200-202]

interactions with negatively charged mucosal surfaces; enhances penetration through tight junctions.
Also, it is biodegradable and has antimicrobial properties

Hyaluronic acid

Naturally occurring glycosaminoglycan with high viscoelasticity; promotes prolonged retention on

[203-205]

mucosal surfaces through receptor-mediated (CD44) adhesion; excellent biocompatibility and

promotes cell proliferation
Thiomers

Modified polymers with pendant thiol groups; form strong disulfide bonds with cysteine-rich mucins,

[206-208]

increasing mucolytic degradation resistance and improving the mucoadhesive bond's stability

Alginate

Anionic polysaccharide that forms hydrogels in the presence of calcium ions; its gel formation at

[209-211]

physiological pH and ionic strength mimics the natural mucus, providing sustained adhesion and

compatibility
Cellulose derivatives

It includes hydroxypropyl cellulose and carboxymethyl cellulose (CMC) and exhibits excellent water-

[212-214]

holding capacity and film-forming ability, facilitating extended mucoadhesion through hydrogen

bonding and mechanical interlocking

Pectin

Plant-derived polysaccharides that gel in the presence of divalent cations form a bioadhesive barrier

[215-217]

sensitive to pH changes, which can be exploited for targeted drug release

Carbopol

Cross-linked polyacrylic acid that can absorb and retain large amounts of water, forming thick gels;

[218-220]

these gels significantly increase the residence time on mucosal surfaces, enhancing sustained drug

release
Polyvinyl alcohol (PVA)

Synthetic polymer notable for its high hydrophilicity and excellent film-forming abilities; the forma-

[221-223]

tion of a hydrogel layer on mucosal surfaces facilitates strong mucoadhesion through physical

entanglements

Polyvinylpyrrolidone (PVP) Water-soluble polymer with good adhesion and film-forming properties; forms a non-ionic bond with

[224-226]

the mucosal surface, making it suitable for sensitive mucosal applications where ionic interactions

are undesirable

polymers such as sodium alginate and polyacrylic acid
showed that the incorporation of 25 wt% CMC or alginate
resulted in fibers with superior mucoadhesive potential com-
pared to those composed solely of synthetic polymers [231].

It should be noted that an excess of synthetic polymer
might yield fibers with excellent mechanical properties but
insufficient mucoadhesion and biodegradability. Conversely,
excess bioadhesive agents can improve mucoadhesion but
at the expense of structural and processing qualities [232].
Achieving the ideal balance demands extensive experimental
efforts involving iterative adjustments and testing to tailor
the fibers” performance to therapeutic objectives.

Surface modification

Surface modification of nanofibers encompasses a variety
of techniques designed to alter the surface attributes of the
fibers post-production, thereby improving their functionality.
This process targets only the exterior layer of the nanofib-
ers, ensuring that their core structural properties remain
unchanged while introducing functional groups or structural
modifications that improve adhesion to mucosal tissues [233,
234]. These modifications can generally be categorized into
two main types: physical and chemical methods, both of

which play a significant role in enhancing the mucoadhesive
potential of nanofiber-based drug delivery systems.

Physical treatments

Physical surface modification techniques, such as plasma
treatment, corona discharge, and UV irradiation, alter
nanofiber properties without chemical additives, expand-
ing surface area or introducing functional groups via physi-
cal interactions. These methods enhance mucoadhesion by
increasing surface roughness, hydrophilicity, or mucin-bind-
ing functional groups, and are adaptable to various polymers
with precise control over modification. However, scaling these
processes industrially remains challenging due to difficulties
in ensuring uniform treatment across large volumes [235].

¢ Plasma treatment: This technique employs ionized gas
to induce physicochemical changes in nanofibers via
high-energy interactions. The process cleaves molecu-
lar bonds, introducing functional groups (e.g., carboxyl,
hydroxyl, amine) that enhance mucoadhesion through
hydrogen bonding and electrostatic interactions with
mucins [236]. Additionally, plasma exposure increases
surface reactivity, hydrophilicity, and energy, improv-
ing adhesion properties [237]. For example, Das et al.
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found that dielectric barrier discharge plasma treatment
of electrospun PVA/chitosan nanofibers significantly
reduced water contact angles and increased polar surface
energy, leading to enhanced wettability and cell compat-
ibility, which are crucial for mucoadhesion [238]. The
high-energy species can also etch the surface, increas-
ing roughness and facilitating physical interlocking
with mucosal surfaces, further enhancing mucoadhe-
sive potential [239]. In a related study, Li et al. reported
that composites based on electrospun PCL membrane
achieved prolonged gastric retention and robust mucoad-
hesive strength, supporting the role of plasma-processed
electrospun membranes in optimizing drug delivery
to mucosal tissues [240]. Additionally, plasma polym-
erization, a process where plasma polymerizes gaseous
monomers (e.g., acrylic acid) to deposit thin functional
coatings, can be used to tailor nanofibers’ mucoadhesive
properties [241, 242].

Corona discharge: The principle of corona discharge
relies on the high electric field gradient at sharp edges
or points, which exceeds the air's dielectric breakdown
strength. As a result, electrons are accelerated to high
energies and ionize the air molecules, leading to the for-
mation of ions, free electrons, and other reactive species.
These reactive species, including ozone and various radi-
cals, interact with the surface of the nanofibers placed
near the corona discharge. This interaction alters the
surface properties of the nanofibers by introducing polar
functional groups that increase the surface energy and
hydrophilicity of the nanofibers, enhancing their adhesive
properties and compatibility [243]. Detailed discussions
on the mechanisms and broader bioadhesive applications
of corona discharge are available in other sources [244,
245]. Importantly, beyond conventional surface treat-
ment, corona discharge can be incorporated directly into
the electrospinning process to generate nanofibers with
tailored porosity and surface characteristics, which can
support improved mucoadhesion. For example, Song
et al. demonstrated that corona-assisted electrospinning
produced three-dimensional nanofiber matrices with fea-
tures that facilitate better cell interaction and tissue inte-
gration, attributes that are equally valuable for maximiz-
ing mucoadhesive performance in drug delivery systems
[246].

Ultraviolet (UV) irradiation: This process exposes
nanofibers to high-energy photons, breaking chemical
bonds within the polymer matrix and generating reactive
radicals on the surface [247]. These radicals may form
new functional groups or trigger cross-linking, enhancing
mucoadhesion through covalent and non-covalent mucin
binding [248]. Additionally, UV-induced cross-linking
can delay polymer degradation, enabling sustained drug
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release at mucosal sites. While UV irradiation has not
been widely studied for ocular mucoadhesion, Rabiatul
et al. found that UV-treated nanofibers had a lower water
contact angle and greater cell attachment, both indicative
of improved adhesive properties [249].

Chemical treatments

Chemical surface modification enables precise tailoring of
nanofibers to enhance molecular recognition and adhesion to
mucosal membranes. These treatments improve durability,
reactivity, and material interactions, optimizing drug deliv-
ery efficiency. However, the use of harsh chemicals or sol-
vents raises environmental and safety concerns, necessitat-
ing careful handling and disposal, which may limit broader
applicability [250].

Grafting: This method attaches polymeric chains or
functional groups to nanofiber surfaces, enhancing func-
tionality via"grafting to"and"grafting from"methods.
For mucoadhesion, polymers like chitosan, poly(acrylic
acid), or thiolated polymers are grafted to strengthen
hydrogen bonding and covalent mucin interactions [251,
252]."Grafting to"bonds pre-synthesized chains to active
sites, offering precise control over molecule orientation
and density, though steric hindrance can limit high-den-
sity grafting [253, 254]. For example, chitosan grafted
onto electrospun poly(DL-lactide) fibers increased sur-
face wettability and cell proliferation [255]. Caffeic acid
grafted to poly(L-lactic acid) nanofibers also improved
hydrophilicity and cell attachment, both of which support
mucoadhesive performance [256]. In contrast,"grafting
from"initiates polymerization from surface-bound
groups, forming dense polymer layers that can enhance
barrier and adhesive properties, although excessive
growth may affect porosity [257]. For instance, surface-
initiated polymerization grafting of poly(ethylene glycol)
methacrylate from electrospun polycarbonate urethane
fibers significantly increased hydrophilicity and pro-
moted cell adhesion [258]. Similarly, photografting of
2-hydroxyethyl acrylate onto electrospun poly(ethylene-
co-vinyl alcohol) mats improved wetting characteristics
and enhanced overall surface compatibility for mucoad-
hesive applications [259].

Etching: It selectively removes surface layers of nanofib-
ers using chemical reagents, resulting in increased
roughness, porosity, and availability of reactive sites
[260]. By dissolving surface components and breaking
down polymer chains or amorphous regions, this pro-
cess optimizes the surface topology, promoting greater
mechanical interlocking and more effective interactions
with mucosal tissues for enhanced mucoadhesion [261].
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Experimental evidence shows that sodium hydroxide-
treated electrospun poly(e-caprolactone) membranes dis-
play markedly higher surface roughness and a dramatic
reduction in water contact angle, leading to improved cell
attachment and spreading. The resulting nanoscale fea-
tures and increased wettability provide additional binding
sites, further strengthening adhesion to biological sur-
faces [262]. Despite its potential, this approach remains
relatively underexplored for ocular applications.

¢ Layer-by-layer (LbL) assembly: It enables precise dep-
osition of multilayered coatings on nanofibers, utilizing
electrostatic attraction between charged entities such as
polyelectrolytes, nanoparticles, and proteins [263]. While
primarily driven by electrostatic interactions, hydrogen
bonding, van der Waals forces, and covalent bonding
also contribute to layer stability [264]. The process
alternates material deposition via dipping, spraying, or
spin-coating, progressively building layers with tunable
properties [265]. By selecting specific mucoadhesive
polymers, LbL assembly enhances nanofiber interactions
with mucosal tissues, improving adhesion [266]. Moreo-
ver, this method allows for controlled drug encapsulation
within the layered structure, optimizing targeted delivery
[267, 268]. For example, Miiller et al. demonstrated that
polyelectrolyte multilayers of poly(allylamine hydrochlo-
ride) and poly(styrenesulfonate) can be deposited onto
electrospun fiber surfaces to tailor hydrophilicity, sur-
face charge, and potentially bioadhesive properties [269].
Similarly, Chunder et al. showed that pH-responsive and
temperature-sensitive multilayers, such as poly(acrylic
acid)/poly(N-isopropylacrylamide), can be built onto
electrospun fibers via LbL assembly to provide tunable
release and controlled surface functionality, both impor-
tant for achieving enhanced mucoadhesion and drug
delivery performance [270].

Molecular imprinting

Molecular imprinting is an emerging technique that seeks to
create highly specific binding sites within a cross-linked pol-
ymer matrix. The theoretical goal is to achieve binding sites
that match the size, three-dimensional structure, and chemi-
cal functionality of a target"template"molecule, in a manner
similar to the selective binding seen with antibodies and
antigens [271]. In principle, this method could be applied
to functionalize nanofiber surfaces in order to achieve selec-
tive and robust adhesion to mucosal tissues. The general
process involves polymerizing monomers that are chosen for
their potential to form covalent or non-covalent interactions
with the template, in the presence of cross-linkers, which
results in a rigid polymer network formed around the tem-
plate. There is growing interest in the possibility that adding
bioadhesive ligands, mucin-mimicking functional groups, or

glycoproteins into such matrices could significantly enhance
the mucoadhesive properties of nanofibers and help achieve
prolonged drug retention at mucosal sites [272]. However,
these ideas are still under investigation, and practical valida-
tion remains limited.

After polymerization, the extraction of the template is
typically performed through careful washing procedures,
in an attempt to leave behind the specific binding sites.
Alternatively, in solid-phase imprinting, the template may
be pre-immobilized on a solid support, such as glass, sili-
con, or iron oxide, before polymerization. This strategy is
expected to simplify template removal or allow for tem-
plate reuse, and it is also supposed to ensure that bioadhe-
sive functional sites are accessible on the nanofiber sur-
face for optimal mucosal adhesion [273]. Although such
imprinted sites have been reported to offer stability and
reusability, these claims and the broader utility of molecu-
larly imprinted polymers (MIPs) in drug delivery systems
that require extended residence at mucosal interfaces are
still being assessed. The main categories of this technique
that are currently being explored include the following:

¢ Molecular imprinting during electrospinning: This
approach involves incorporating the template molecule
directly into the electrospinning solution, with the aim
of achieving a uniform distribution of imprinted sites
within the resulting nanofibers. However, this method
presents several practical challenges. There is a funda-
mental conflict between the requirements for molecu-
lar imprinting, which depend on a stable, cross-linked
polymer network to maintain the functionality of the
binding sites, and the requirements for electrospinning,
which need soluble polymers to produce uniform fibers
[274]. The insolubility of cross-linked MIPs generally
limits compatibility with electrospinning, but research
is ongoing to overcome these obstacles. Some potential
solutions under investigation include the use of par-
tially cross-linked polymers, fine-tuning the cross-link-
ing density to balance solubility and structural integ-
rity, or adding solubility-enhancing cross-linkers in an
effort to create electrospinnable mixtures that retain
imprinting capability [275].

Additionally, it is theorized that functional groups able
to interact with mucosal surfaces, such as thiolated poly-
mers or lectin-like structures, could be incorporated into
the electrospinning process. This could result in nanofibers
that adhere to mucus layers through both molecular rec-
ognition and covalent interactions [276, 277]. It is impor-
tant to note that careful optimization of electrospinning
parameters is essential, as electrostatic forces during fiber
formation might otherwise disrupt the formation of the
intended imprinted sites.
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e MIP layer formation onto nanofibers: This approach
relies on post-processing surface modification techniques,
such as dip-coating or layer-by-layer (LbL) assembly, to
introduce molecularly imprinted sites without compro-
mising the mechanical stability of the nanofiber scaf-
fold [278, 279]. By separating fiber fabrication from the
imprinting step, it is hypothesized that tailored surface
functionalization can be achieved while maintaining fiber
integrity, which could enhance mucoadhesion. The MIP
layer is generally created by polymerizing monomers in
the presence of a template molecule directly on the fiber
surface. This method is intended to leave the imprinted
cavities exposed and accessible for selective interactions
with mucins or other biological targets [280, 281].

Researchers are interested in incorporating mucin-mimick-
ing glycoproteins or sialic acid structures by this method, with
the aim of improving mucoadhesion, prolonging drug resi-
dence time, and enabling controlled drug release in mucosal
environments. Following polymerization, the template mol-
ecules are typically removed via solvent extraction, which
is intended to leave behind highly specific binding sites that
match the template’s shape, size, and functional groups [282].
While there is much promise in this approach, consistent prac-
tical demonstration of these benefits remains to be seen.

¢ Solid-phase imprinting: In this technique, template
molecules are immobilized on a solid substrate, and a
monomer mixture is then polymerized around the tem-
plate to create molecularly imprinted sites within the
structure. For mucoadhesive applications, this approach
is believed to allow precise positioning of bioadhesive
functional groups on nanofibers, which could optimize
their interactions with mucosal surfaces [283].

A notable variant of this method uses electrospun fibers
as the substrate, either by coating them with a template-
incorporated polymer or by integrating the template during
electrospinning. This is designed to preserve the fibers’ high
surface area while embedding mucin-mimicking structures
to achieve targeted and robust bioadhesion [284]. The poten-
tial benefits of this approach include compatibility with a
wide variety of solvents and polymer-template chemistries,
which could broaden the range of mucoadhesive materials
and improve control over specific interactions. Improved
accessibility of imprinted cavities may also help to support
prolonged adhesion and sustained drug release [285].

Assessment of mucoadhesion
The development of mucoadhesive nanofiber systems

depends on pre-clinical tests that quantify their adhesion
to mucosal tissues, ensuring targeted drug delivery and
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sustained release. These tests enable the optimization of
polymer composition, surface properties, and formulation
parameters before clinical translation, ensuring efficacy and
safety [286].

Mucoadhesion can be assessed using either isolated mucin
or intact mucosal tissues, depending on the study objectives.
When focusing on molecular interactions and binding affini-
ties, nanofibers are typically incubated with purified mucin
solutions, whether self-extracted or commercially obtained.
Alternatively, studies involving excised or in vitro cultured
mucosal surfaces better approximate physiological condi-
tions, enabling direct evaluation of adhesion strength and
distribution on biological tissues [287]. Commonly studied
tissues for mucoadhesion include buccal, intestinal, and nasal
mucosa, while ocular tissues are less frequently investigated
due to limited access to physiologically relevant ex vivo or
in vitro models. However, the assessment techniques outlined
in this section are broadly applicable and can be adapted for
ocular scenarios using excised corneal or conjunctival tis-
sues, cultured ocular epithelial cells, or simulated tear film
environments. Table 5 summarizes widely used methods for
evaluating nanofiber mucoadhesion, including their potential
adaptations for ocular applications, where standardized pro-
tocols remain limited.

Natural mucins are typically extracted from porcine stom-
ach (Type II mucin) or bovine submaxillary glands, reflect-
ing their presence in human mucus but notably not sourced
from ocular tissues [288]. In this process, mucosal tissues
are mechanically homogenized in a buffer solution, typically
containing a protease inhibitor to prevent mucin degrada-
tion, and then centrifuged to remove debris. Solvents (e.g.,
ethanol) or high-salt solutions are added to precipitate mucin
from the supernatant, effectively separating it from non-
mucin proteins and other impurities [289]. The precipitated
mucin is dialyzed against a suitable buffer (often a saline
or Tris—HCI buffer) to remove the precipitating agent and
any remaining low-molecular-weight contaminants [290].
This step is crucial for achieving the purity required for reli-
able testing. Finally, the dialyzed mucin is lyophilized, pro-
ducing a dry powder that can be reconstituted in buffers of
various concentrations for mucoadhesion testing [291]. The
use of non-ocular mucins in ocular surface models raises
important considerations. While porcine and bovine mucins
share structural similarities with human mucins, such as
high molecular weight and glycosylation patterns, they dif-
fer from ocular mucins like MUC5AC and MUCI16, which
are specifically expressed in the tear film and conjunctival
epithelium [292, 293]. These ocular mucins contribute to
the tear film’s unique viscosity, hydration, and protective
properties, which may not be fully replicated by gastric or
submaxillary mucins [294, 295]. For researchers aiming
to mimic the ocular surface, this discrepancy could affect
mucoadhesion, drug release profiles, and interactions with



Table 5 Test methods for assessing the mucoadhesive properties of nanofibers in vitro

Method

Description

Application Ref

Nuclear magnetic resonance (NMR) spectroscopy

Attenuated total reflectance-Fourier transform
infrared spectroscopy (ATR-FTIR)

Confocal laser scanning microscopy (CLSM)

Atomic force microscopy (AFM)

Tensile testing

o '"HNMR (Proton NMR) is a highly sensitive spectroscopic
technique used to analyze the magnetic environment of
hydrogen atoms, providing detailed information on proton
distribution and molecular structure

o '3C NMR (Carbon-13 NMR) is less sensitive due to the lower
natural abundance of '3C but offers insights into the carbon
skeleton of organic molecules

o ATR-FTIR uses infrared light to detect molecular vibrations,
revealing detailed information about a sample’s chemical
structure and composition

o [t requires minimal sample preparation and is versatile,
allowing analysis of solids, liquids, and gels

o It provides high-resolution, 3D imaging of biological speci-
mens by scanning with a laser and excluding out-of-focus
light

o [t enables detailed visualization of cellular structures and
molecular interactions within thick tissue sections

e It is a scanning probe technique that offers high-resolution
imaging down to the atomic level

o It measures the force between a sharp probe and the sample
surface to analyze topography, material properties, and
nanoscale interactions

o Texture analysis measures the force needed to pull a sample
apart, revealing its tensile strength and elongation behavior

o It evaluates mechanical properties such as elasticity, deforma-
tion resistance, and structural integrity under stress

e Proton selective relaxation rate NMR measures binding [301, 302]
affinity and interaction dynamics between nanofibers and
mucins, highlighting the impact of structural modifications on
mucoadhesion

o Pulsed-gradient spin-echo NMR assesses how these interac-
tions affect nanofiber mobility in mucin solutions, offering
insight into mucoadhesive behavior under physiological
conditions

o ATR-FTIR detects specific bonding interactions involved [303, 304]
in mucoadhesion by identifying chemical changes when
nanofibers contact mucosal surfaces

o It also evaluates how surface modifications affect nanofiber—
mucin interactions and the stability of the adhesive complex

e This technique enables the high-resolution, three-dimensional [305, 306]
imaging of nanofibers within biological tissues, making it
possible to observe their interaction with mucosal surfaces in
real-time
e By tagging nanofibers with fluorescent markers, CLSM can
be used to trace their distribution and retention on mucosal
tissues after administration

o AFM force spectroscopy quantifies adhesive interactions by ~ [307, 308]
measuring force-distance profiles between a nanofiber-tipped
probe and mucosal surfaces, revealing adhesion strength and
work of adhesion
o AFM imaging provides visual assessment of nanofiber
conformation and distribution on mucosal surfaces before and
after contact

e By attaching nanofiber samples to a probe and immersing [309, 310]
them in a mucus mimic, texture analyzers can measure the
force required to detach the nanofibers, quantifying their
adhesive strength
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the tear film, potentially leading to less accurate models of
ocular drug delivery or surface protection. However, porcine
and bovine mucins can still serve as a reasonable mimic for
preliminary studies, as they replicate general mucoadhesive
properties and can be more readily sourced and purified in
large quantities, offering a practical alternative when ocular-
specific mucins are unavailable.

For consistency and ease of use, commercially available
purified mucin is frequently employed, offering a standard-
ized alternative to self-extracted preparations [296]. Regard-
less of the source, it is essential to thoroughly characterize
the mucin to confirm its suitability for mucoadhesion tests.
Characterization involves determining the protein concentra-
tion through assays such as Bradford or BCA protein assays,
which provide insights into the purity and concentration of
mucin proteins [297]. Rheometric analysis determines the
viscoelastic properties of the sample, confirming its abil-
ity to replicate the mechanical behavior of natural mucus
[298]. Electrophoretic analysis, typically with SDS-PAGE,
is employed to verify the molecular weight and purity of the
mucin proteins, confirming that the extraction and purifica-
tion processes have not degraded the essential properties of
mucin [299]. Furthermore, gel permeation chromatography
is used to assess the molecular size distribution, ensuring the
consistency and uniformity of the mucin preparation [300].
Together, these characterization techniques ensure that the
mucin used in mucoadhesion tests is reliable, reproducible,
and biologically relevant, providing a solid foundation for
the testing of mucoadhesive nanofiber formulations.

State-of-the-art applications

This section examines recent advancements in mucoadhesive
nanofibers for ocular drug delivery, focusing exclusively on
studies published after 2021 to reflect the latest developments
in the field. These investigations harness nanofiber technology
to target a range of ocular conditions, including glaucoma,
bacterial and fungal infections, and corneal wounds, show-
casing its adaptability across diverse therapeutic contexts.
Through a critical analysis, we compare these nanofiber-based
systems with other biomaterial-based approaches, such as
in situ gels, nanoparticles, and hydrogels, to elucidate their
distinct benefits, including extended drug release profiles,
enhanced bioavailability, and potential for improved patient
adherence. Where relevant, we identify critical challenges,
such as scalability of production, mechanical constraints
under physiological conditions, and the need for adjustable
release kinetics to balance rapid onset with sustained delivery.
By critically assessing these developments, we aim to under-
score the transformative potential of mucoadhesive nanofibers
while pinpointing opportunities for future refinement to drive
innovation and support clinical translation.
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Delivery of antimicrobials

Ofloxacin (OFX) is a fluoroquinolone antibiotic known for
its broad-spectrum antibacterial activity, making it effec-
tive against various Gram-positive and Gram-negative
organisms. In ophthalmology, it is commonly prescribed to
treat bacterial eye infections. Mirzaeei et al. [311] designed
mucoadhesive nanofibers for delivery of OFX, leveraging
the inherent bioadhesive properties of chitosan (CS) to
tackle short residence times in treating bacterial conjunc-
tivitis. Their approach utilized electrospun single-layered
nanofibers composed of CS and polyvinyl alcohol (PVA),
with some formulations further enhanced by multi-layered
designs incorporating hydrophobic Eudragit RL100 (a syn-
thetic, pH-independent, cationic copolymer) coatings and
glutaraldehyde (GA) cross-linking. The mucoadhesive
nature of CS was pivotal in extending drug retention on
the corneal surface. This was evidenced by in vivo rabbit
studies, where cross-linked multi-layered nanofibers (OFX-
MG) maintained OFX concentrations in tear fluid above the
minimum inhibitory concentration for an impressive 95 h
which far surpasses the 10-h duration of a standard OFX
solution. This prolonged retention translated to a 9.23-fold
increase in bioavailability (AUC,_g¢) compared to the solu-
tion, underscoring the role of mucoadhesion in reducing
dosing frequency and enhancing therapeutic efficacy. The
addition of Eudragit RL100 layers and GA cross-linking fur-
ther refined this system by tempering the initial burst release
seen in non-cross-linked single-layered fibers (93.8% OFX
released in 103 h) to a more controlled 39.82% over the
same period, highlighting a synergy between mucoadhe-
sion and structural design (Fig. 6). Notably, the nanofibers’
mechanical robustness, with folding endurance exceeding
200 folds, suggests durability under the dynamic conditions
of blinking, a practical advantage for patient comfort. Safety
was affirmed by minimal ocular irritation in Draize tests and
over 70% cell viability in 1929 fibroblast assays, despite
minor concerns about residual GA. However, the study stops
short of quantifying mucoadhesion strength directly, a gap
that limits full appreciation of CS’s contribution relative to
structural factors.

While these chitosan nanofibers offer significant advan-
tages, other researchers have explored alternative mucoadhe-
sive systems for ocular drug delivery. For example, Salama
et al. [312] developed mucoadhesive ofloxacin-loaded poly-
meric nanoparticles using polycaprolactone (PCL) and chi-
tosan hydrochloride (CS-HCI). These nanoparticles were
integrated into in situ gels (LPCL-NP2-ISG4) and preformed
gels (LPCL-NP2-G4), exhibiting sustained drug release
and enhanced antimicrobial efficacy in rabbit models. The
in situ gel formulation (LPCL-NP2-ISG4) showed superior
corneal penetration and prolonged residence time, driven
by its mucoadhesive properties and temperature-triggered
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Fig. 6 Multi-layered electro-
spun nanofibers as an ocular
matrix for the controlled
Ofloxacin release. (i) SEM
cross-section of multi-layered
electrospun nanofibrous struc-
tures after glutaraldehyde cross-
linking (OFX-MG formulation),
with magnified areas of top
Eudragit RL100 layer (ii), CS-
PVA-OFX at the core (iii), and
bottom Eudragit RL100 layer
(iv). (v) In vitro cumulative
release behavior of ofloxacin
from the various formulations.
Reproduced with permission
from [311], Copyright Springer
Nature, 2021
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gelation. However, its release duration was notably shorter
than that of the chitosan nanofibers, which sustained ofloxa-
cin release for 103 h. This prolonged profile likely arises
from the nanofibers’ fibrous matrix, which provides superior
surface-area-to-volume ratios and mechanical interlocking
with ocular mucin, outpacing the electrostatic adhesion of
the nanoparticles. Such extended delivery could reduce
dosing frequency, improving patient compliance, while the
nanofibers’ planar structure may ensure more uniform drug
distribution, potentially surpassing the irregular penetra-
tion seen in LPCL-NP2-ISG4. Similarly, Dey et al. [313]
developed a locust bean gum (LBG)-based in situ gel for
ocular OFX delivery, employing N-isopropyl acrylamide
(NIPAAm) grafting for temperature sensitivity. This gel
achieved sustained drug release over 24 h and fully healed
bacterial keratitis in rat models. Although it underscored
the value of mucoadhesion and temperature sensitivity in

Time (h)

enhancing drug retention and efficacy, its release profile (~
90% over 24 h) was faster than the ~40% release over 103
h observed with the nanofibers. This indicates that while
in situ gels excel in rapid and sustained release, nanofibers
provide a more prolonged and controlled release, making
them better suited for chronic conditions requiring long-term
drug delivery. Although the nanofiber system shows great
promise, future studies should investigate incorporating
burst-release mechanisms to address acute infections while
preserving sustained release for chronic conditions. Further
research is also needed to assess the safety and efficacy of
these nanofibers in human subjects.

Moxifloxacin (MOX) is a fourth-generation fluoroqui-
nolone antibiotic known for its broad-spectrum antimicro-
bial activity. In ocular applications, it is commonly used to
treat infections such as bacterial conjunctivitis, keratitis, and
postoperative prophylaxis due to its excellent penetration

@ Springer
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and rapid action. Caglar et al. [314] developed electrospun
PCL/PLA nanofibers coated with a novel hyaluronic acid
(HA) and xanthan gum (XA) blend for ocular moxifloxa-
cin (MOX) delivery, targeting bacterial infections. This
work harnesses mucoadhesion to counter rapid precorneal
clearance, transforming hydrophobic nanofibers into bio-
adhesive ocular inserts. The HA/XA coating, leveraging
HA'’s hydrogen bonding and XA'’s ionic interactions with
mucin, enhanced retention, with ex vivo goat cornea tests
showing the 0.2% HA/XA variant (ESC2-MOX) achiev-
ing a work of adhesion (0.0475 +0.0128 N-s) sufficient to
resist blinking forces. Unlike uncoated fibers, where static
charge drove adhesion, the coating’s mucoadhesive capacity
tuned release: ESC1-MOX (0.1%) delivered ~80% MOX in
10 days (60% in 24 h) for acute needs, while ESC2-MOX
slowed to ~30%, ideal for prophylaxis. Antimicrobial effi-
cacy was demonstrated by the large inhibition zones, par-
ticularly for Staphylococcus aureus (~ 42 mm) and Pseu-
domonas aeruginosa (~ 39.67 mm), confirming potent
activity against common ocular pathogens (Fig. 7). Remark-
ably, the coated nanofibers also supported L929 fibroblast
viability (up to 115.49 £2.14% for ESC2-MOX), hinting at
tissue-healing potential beyond drug delivery. However, the
study’s reliance on ex vivo rather than in vivo retention data
limits its translational certainty, and the interplay between
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coating-induced film formation and release kinetics warrants
deeper mechanistic exploration. Compared to single-poly-
mer coatings (e.g., alginate or chitosan), the HA/XA blend
increases mucoadhesion by integrating HA’s hydrogen bond-
ing with XA’s ionic effects, though the sodium salt form
of XA may weaken these interactions, a detail future work
could optimize.

In comparison, Youssef et al. [315] developed a moxiflox-
acin-loaded nanoemulsion (NE) with mucoadhesive agents
(MOX-NEM), revealing distinct differences. The MOX-NE
and MOX-NEM formulations exhibited sustained release
over 12 h and a 2.1-fold improvement in transcorneal per-
meation compared to Vigamox® eyedrops. However, the
mucoadhesive nanofibers provide a far more prolonged
release, with only 30% of the drug released over 10 days,
outlasting the nanoemulsion’s 12-h profile. This extended
release is vital for conditions requiring sustained antibiotic
exposure. Another study by Gade et al. [316] developed a
drug-eluting polymeric contact lens for delivering moxiflox-
acin and dexamethasone, achieving sustained release up to
24 h and improved corneal drug distribution compared to
standard solutions. Yet, the nanofibers offer a non-invasive
alternative, avoiding the contact lens’s potential drawbacks,
such as discomfort, blurred vision, or altered corneal oxygen
permeability from prolonged wear. The nanofibers adhere
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Fig.7 Mucoadhesive electrospun nanofibrous PCL/PLA matrices for
the ocular delivery of moxifloxacin. (i) Schematic of the developed
nanofiber matrix and its application to the eye. (ii) Results of ex vivo
bioadhesion studies. (iii) and (iv) show inhibition zones caused by
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blank and MOX-loaded formulations in S. aureus and P. aeruginosa,
respectively. Reproduced with permission from [314], Copyright Tay-
lor & Francis, 2024
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to the ocular surface without requiring direct corneal place-
ment. Future work could focus on optimizing HA/XA con-
centrations or combining the nanofibers with additional
therapies to address diverse treatment needs, such as rapid
high-level antibiotic release for acute bacterial loads and
sustained delivery for prophylaxis or healing, alongside
extended in vivo studies to confirm safety, mucoadhesion,
and therapeutic effectiveness on the ocular surface.

Mehrandish et al. [317] investigated mucoadhesive elec-
trospun nanofibers as an innovative platform for sustained
ocular delivery of itraconazole (ITZ), a potent antifungal
agent. The study employed polyvinyl alcohol-cellulose
acetate (PVA-CA) and polycaprolactone-polyethylene gly-
col (PCL-PEG) blends to fabricate nanofibers tailored for
enhanced corneal retention. Mucoadhesion arises from
PVA’s hydroxyl groups, which facilitate hydrogen bonding
with corneal mucin, and PEG’s hydrophilic domains, which
promote water retention and matrix swelling. These prop-
erties enable PVA-CA nanofibers to exhibit greater swell-
ing capacity than PCL-PEG variants, resulting in a matrix-
erosion-driven ITZ release spanning 55 days, compared to
the diffusion-dominated profile of PCL-PEG. This extended
release, underpinned by mucoadhesive interactions,
addresses the challenge of rapid precorneal clearance inher-
ent to conventional eye drops, offering a potential reduction
in dosing frequency for fungal keratitis management. The
mucoadhesive nature of PVA-CA also enhances antifungal
efficacy, with superior drug diffusion against Candida albi-
cans and Aspergillus fumigatus relative to PCL-PEG formu-
lations. Furthermore, PVA and PEG improve the mechanical
flexibility and tensile strength of CA and PCL, respectively,
ensuring durability under ocular shear forces, as validated
by irritation-free outcomes in a 7-day Draize test.

In comparison, a layer-by-layer biopolymer-coated
deformable liposome—in situ gel system developed by
Badran et al. [318] reveals the nanofibers’ superior sus-
tained release characteristics. The deformable liposomes
(DLs), coated with chitosan (CS) and hyaluronic acid (HA)
to improve ocular retention, exhibited significantly faster
drug release than nanofibers. While DLs offered enhanced
corneal epithelium permeability and higher bioavailability,
they relied on additional in situ gel formulations to prolong
retention. The liposomal system excelled in transcorneal
permeation and rapid antifungal effects, making it advanta-
geous for acute infections. However, the nanofiber system
outperforms liposomes in sustained release and prolonged
bioavailability, minimizing the need for frequent appli-
cation. A similar contrast emerges with thermosensitive
and mucoadhesive in situ ocular gels for ITZ nanocrystals
(NCs) reported by Permana et al. [319]. The NC-based
thermosensitive in situ gel improved aqueous solubility and
corneal penetration, achieving a 93% reduction in Candida
albicans population within 48 h in an ex vivo model. This

rapid action renders NC-based gels highly effective for
acute fungal infections, yet their shorter retention times
necessitate frequent dosing. Conversely, the mucoadhesive
nanofibers deliver a gradual and sustained release, reducing
the need for multiple daily applications. This difference
is pivotal for tailoring ocular drug delivery platforms to
distinct clinical needs. While both deformable liposomal
systems and nanocrystal-loaded in situ gels enhance ITZ
bioavailability, their faster release kinetics make them less
suited for long-term treatment of chronic infections. By
contrast, the mucoadhesive nanofiber system uniquely
integrates high drug-loading capacity, sustained release,
and robust bioadhesion, overcoming a critical limitation
in ocular drug retention.

Glaucoma therapy

Glaucoma, a leading cause of irreversible blindness, is char-
acterized by elevated intraocular pressure and progressive
optic nerve damage. A range of advanced drug delivery sys-
tems are being developed to overcome limitations of conven-
tional eye drops, reduce dosing frequency and the number
of different drops, ultimately improving patient adherence.
In a recent study, Cegielska et al. [320] developed mucoad-
hesive brinzolamide (BRZ)-loaded nanofibers for sustained
ocular delivery, offering an alternative to the conventional
eye drop formulation typically used for glaucoma treatment.
The nanofibers were fabricated using electrospinning with
B-cyclodextrin (f-CD), hydroxypropyl cellulose (HPC), and
PCL blends, achieving smooth morphology with fiber diam-
eters ranging from 300 nm to 1 um. BRZ was encapsulated
with an exceptionally high efficiency in certain formula-
tions, attributed to drug-polymer interactions and B-CD's
drug solubilization properties. In vitro drug release studies
showed sustained and controlled BRZ release for over 72
h, with no burst release, and exhibited a biphasic profile.
Among the tested formulations, H3cd_BRZ, which had a
PCL-rich composition, provided optimal drug delivery
kinetics. Ex vivo corneal permeation studies using sheep
corneas demonstrated enhanced delivery, with H3cd_BRZ
achieving the highest cumulative permeation of 61.76 pg/
cm? and a steady-state flux of 0.1914 pg/cm?*/min, signifi-
cantly outperforming the commercial eye drop formulation
Optilamid® (cumulative permeation 44.5 pg/cm? and flux
0.143 pg/cm?*min). The strong mucoadhesion of HPC-rich
formulations (H7cd_BRZ) improved the nanofibers’ resi-
dence time on the corneal surface, addressing challenges
associated with rapid clearance (Fig. 8). Although Cegielska
et al.’s study presents promising in vitro and ex vivo results,
it lacks in vivo data to support these findings. Additional
mechanistic insights into mucoadhesion dynamics and long-
term stability data would further strengthen its potential for
clinical translation.
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Fig.8 Mucoadhesive brinzo-
lamide-loaded nanofibers for

alternative glaucoma treatment.
(i) Schematic representation of

texture analyser

the experimental setup used for

the mucoadhesion study on the

corneal surface. (ii) Representa-
tive time-force curves obtained

during the mucoadhesion test

under dry conditions, illustrat- nonwoven

ing the adhesion behavior of
BRZ-loaded nanofiber. (iii)
Representative curve showing
the calculated average work of
mucoadhesion for the BRZ-
loaded nanofiber. Reproduced
with permission from [320],

Copyright Elsevier, 2022 m
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In comparison, Huang et al. [321] solid drug nanoparti-
cles (SDNs) to improve ocular bioavailability of hydropho-
bic antiglaucoma drugs, highlighting distinct differences.
The SDNs, engineered with brimonidine (BM) and betaxolol
(BX) via flash nanoprecipitation, produced uniform sizes
(=150 nm BM, ~80 nm BX), threefold enhanced corneal
permeation (> 30% vs. < 10% for BT/BH in 4 h ex vivo),
and sustained IOP reduction (2.91 mmHg vs. 0.88 mmHg
in normotensive rats, lasting 120 h). Trehalose-stabilized
SDNs exhibited batch consistency, 7-day colloidal stability
at 4 °C, and prolonged release (< 40% BM, <55% BX in
4 h vs. >60% BT, >70% BH), improving bioavailability
and reducing dosing frequency. However, their dependence
on hydrophobic drugs raises risks of systemic absorption,
potentially causing side effects (e.g., cardiovascular effects
from beta-blockers), and their release profile, though sus-
tained, may be less ideal for acute glaucoma needing rapid
IOP reduction. By contrast, the mucoadhesive nanofibers,
loaded with brinzolamide, utilize HPC-rich compositions for
superior corneal adhesion (ex vivo sheep cornea testing) and
a burst-free release over 72 h, ensuring localized delivery.
Similarly, Lin et al. [322] developed an in situ-crosslinked
hydrogel for inducing chronic ocular hypertension (COH) in
a glaucoma model, using an injectable hydrogel of hyper-
branched poly(ethylene glycol) (HB-PEG) and thiolated
hyaluronic acid (HA-SH) to block aqueous humor outflow,
resulting in sustained IOP elevation and retinal ganglion cell
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(RGC) loss. While effective, this invasive method involves
risks like injection-related discomfort, potential tissue dam-
age, and the need for clinical oversight. The mucoadhesive
nanofibers, applied topically to the ocular surface, offer a
non-invasive alternative. Despite challenges such as the lack
of a rapid-onset mechanism for acute IOP spikes, limited
data on mechanical robustness under blinking or tear fluid
dynamics, and scalability issues with electrospinning for
commercial production, the HPC-based nanofiber platform
uniquely integrates strong mucoadhesion with controlled,
extended release. This makes it particularly well-suited for
chronic glaucoma management, where patient adherence and
minimized ocular irritation are critical.

Corneal wound healing

Insulin’s role in ocular surface homeostasis, mediated
by receptors on the cornea and lacrimal gland, under-
pins its potential to promote wound healing and mitigate
dry eye syndrome and corneal lesions, particularly in
diabetic patients. This has driven the development of tar-
geted delivery systems to optimize its therapeutic impact.
Voronova et al.’s [323] photothermally activated mucoad-
hesive nanofiber mats, constructed from poly(acrylic acid)
(PAA) and reduced graphene oxide (rGO) crosslinked with
p-cyclodextrin, exemplify this approach. These nanofibers,
with an average diameter of 400 + 150 nm, adhere robustly
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to the corneal mucosa, leveraging mucoadhesion to extend
insulin residence time. Photothermal activation via a 980 nm
near-infrared laser (500 mW/cm?) elevates the fiber surface
temperature to 51 +2 °C, triggering a controlled release that
achieves an insulin flux of 24.3 +3.1 pg/cm*h across por-
cine corneas ex vivo—outpacing buccal mucosa (e.g., ~ 10
pg/cm?/h) and skin-based systems. Over 6 h, 37 + 1% of the
loaded insulin permeates the cornea, with 25% remaining
adhered to the corneal tissue, highlighting the mats’ capac-
ity for sustained, localized delivery. However, the need for
laser activation introduces complexity and raises safety con-
cerns about repeated exposure, suggesting exploration of
alternatives like pH- or temperature-responsive polymers to
simplify clinical use.

Comparative analysis with other ophthalmic insulin strate-
gies reveals the mucoadhesive nanofibers’ advantages. Chen
et al. [324] employed insulin eye drops at 1.5 IU/mL, adminis-
tered four times daily to STZ-induced diabetic mice, achieving
significant corneal epithelial closure within 72 h (assessed via
fluorescein staining) and a 30% increase in nerve density (via
substance P and CGRP immunofluorescence). These results
confirm insulin’s regenerative potential, but the frequent dos-
ing, driven by rapid tear turnover (clearance half-life ~2-5
min), reduces practicality and risks inconsistent drug levels.
In contrast, the nanofibers leverage mucoadhesion to anchor
insulin, potentially reducing dosing to once daily or less,
while their photothermal control could maintain therapeutic
concentrations (e.g., > 1 pg/cm*h flux) beyond the transient
peaks of drops. This extended contact may enhance insulin’s
interaction with corneal receptors, amplifying nerve regen-
eration and epithelial repair beyond the eye drop outcomes.
Likewise, Cruz-Cazarim et al. [325] improved retention using
chitosan microparticles and chitosan/poloxamer thermos-
reversible gels, delivering insulin at 1 IU/mL once daily to
diabetic Wistar rats. After 5 days, tear secretion doubled from
~5 mm to > 10 mm on Schirmer’s test (p <0.05) compared
to untreated controls, and by day 15, corneal epithelial thick-
ness increased by ~20 pm, indicating enhanced regeneration.
The mucoadhesive chitosan and poloxamer 407’s gelation at
ocular temperature extends residence time, but the passive
release from these systems lacks precise kinetic control,
resulting in a steady yet unoptimized insulin profile with
potential variability in bioavailability. The nanofibers, how-
ever, combine mucoadhesion with tunable release, achieving
a higher flux (24.3 vs. estimated < 15 pg/cm?h for gels) and
retaining insulin at the cornea longer (25% vs. likely <10%
for GELMP), offering a more efficient delivery mechanism.
The nanofibers’ advantage lies in maximizing insulin-tissue
intimacy. Their adhesion, driven by PAA’s carboxyl groups
and p-cyclodextrin’s hydrogen bonding, creates a stable drug
reservoir, contrasting with the brief exposure of the eye drops
(cleared within minutes) and the less adhesive microparticles
in the gels (dispersed but not inherently fibrous).

Corneal trauma presents significant challenges to effective
healing, as the natural repair process often results in fibro-
sis and scar formation, which can severely impair vision.
Recently, Zhang et al. [326] developed electrospun collagen
nanofibers (eCFs) with enhanced mucoadhesive properties,
aiming to reduce inflammation, inhibit fibrosis, and promote
wound healing on the ocular surface. The nanofibers, fabri-
cated from type I collagen, exhibited diameters of 301 + 58
nm with uniform, interconnected porosity, mimicking the
natural extracellular matrix (ECM). The mechanical prop-
erties of eCFs, with a tensile strength of 3.2 +0.3 MPa and
elongation at break of 29.4 +4.1%, support their ability to
adhere to the ocular mucosa while maintaining flexibility,
a crucial factor in minimizing mechanical irritation during
blinking. In vitro, eCFs significantly mitigated inflamma-
tion in lipopolysaccharide (LPS)-stimulated human corneal
epithelial cells (hCECs) and stromal fibroblasts (hCSFs).
The nanofibers reduced IL-6, IL-8, and TNF-a mRNA
levels by 64%, 58%, and 71%, respectively, while protein
levels decreased by up to 75% (p <0.001). The mucoad-
hesive nature of eCFs plays a vital role in their ability to
modulate corneal wound healing. The nanofibers enhanced
cell viability under inflammatory conditions, increasing
hCEC and hCSF survival by 29% and 34%, respectively,
respectively, compared to untreated controls. Additionally,
eCFs prevented excessive fibrosis by suppressing a-SMA
expression by 63% while upregulating ALDH3A1 by 72%,
thereby maintaining keratocyte quiescence and inhibiting
myofibroblast differentiation. These effects, facilitated by
the prolonged retention of eCFs on the mucosal surface, con-
tribute to their ability to promote regenerative healing while
preventing corneal scarring. In vivo, eCFs accelerated epi-
thelial closure in an alkali-burned mouse model, achieving
92% defect closure by day 3, compared to 65% in controls,
reinforcing their role as an effective mucoadhesive scaffold
for corneal repair. Corneal opacity was reduced by 45%,
with significant restoration of stromal transparency (Fig. 9).
Histological analysis confirmed reduced neutrophil infiltra-
tion, suppressed fibrotic remodeling, and enhanced epithelial
and stromal regeneration after 7 days of treatment. These
findings highlight their potential as a promising scaffold for
corneal injury repair.

In comparison, a gelatin-based photocurable hydrogel
system for corneal wound repair developed by Li et al. [327]
reveals distinct therapeutic differences. The thiol-acrylate
crosslinked gelatin hydrogels offered an injectable, photocur-
able platform with tunable mechanical properties, addressing
a limitation of eCFs’ fixed mechanical characteristics post-
fabrication. While eCFs provide sufficient robustness and
flexibility for topical ocular use, their lack of in situ adapt-
ability contrasts with the hydrogels’ ability to adjust stiffness
and elasticity for customized defect repair. These hydrogels
demonstrated excellent biocompatibility, supported corneal
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Fig.9 In vivo evaluation of

electrospun collagen nanofibers
(eCF) for enhanced wound heal-
ing in alkali-burned corneas.
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epithelial regeneration, and achieved rapid defect closure in
rabbit models within three days, matching eCFs’ timeline.
However, their reliance on UV irradiation for crosslinking
raises concerns about phototoxicity and DNA damage in
ocular tissues. Moreover, despite high transparency and
adaptability to irregular defects, they lack the nanofibrous
architecture of eCFs, which guides cellular migration and
promotes organized tissue regeneration. Another compari-
son with GelCORE, a visible light-crosslinked bioadhesive
hydrogel for corneal repair, developed by Shirzaei Sani
et al. [328], further highlights eCFs’ strengths. GelCORE
exhibited strong bioadhesion, rapid defect sealing, and high
transparency, making it a robust option for corneal stromal
regeneration. Unlike eCFs, which rely on passive integration
with host tissue, GelCORE actively adheres to the defect
site, providing immediate stabilization. However, while
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GelCORE excels in mechanical tunability and adhesion
strength, it does not inherently deliver sustained anti-inflam-
matory effects or mimic the native ECM as effectively as
eCFs. This reveals a trade-off between bioadhesion and bio-
activity: eCFs create a biologically favorable environment
for tissue repair but need mechanical optimization, whereas
hydrogels offer structural support but may not fully replicate
native corneal ECM interactions. Given these comparisons,
the electrospun collagen nanofibers present a compelling
case for biomimetic corneal regeneration, particularly in
reducing inflammation and fibrosis. Future work should
focus on enhancing their mechanical stability and long-term
integration, potentially by hybridizing eCFs with adhesive
hydrogels to merge bioactivity with mechanical resilience,
enabling both sustained regenerative benefits and immediate
wound stabilization.
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Translational challenges
and recommendations

Ocular drug delivery systems leveraging mucoadhesion
face distinct technical challenges due to their prolonged and
modified interaction with the ocular mucosa. In the case
of electrospun nanofibers, biocompatibility is an important
consideration as the materials used must not only be effec-
tive in adhering to mucosal surfaces but also remain safe
for long-term exposure without causing adverse reactions.
Studies on mucoadhesive systems suggest that adhesion
times can vary widely, ranging from several hours to days,
depending on factors like material composition, formula-
tion design, and the ocular environment, particularly in the
context of disease conditions, though specific durations are
often tied to the experimental models and materials being
investigated [329]. While blending synthetic polymers is
a favored approach for enhancing adhesion, the chemical
makeup and breakdown products of these polymers can
be cytotoxic, particularly at high concentrations or with
extended use [330, 331]. In contrast, natural polymers such
as chitosan, hyaluronic acid, and alginate have demonstrated
superior biocompatibility and lower cytotoxicity due to their
structural similarity to biological macromolecules and their
enzymatic degradation pathways, which produce non-toxic
byproducts [332]. Studies have shown that natural polymers
generally exhibit better cell viability, reduced inflamma-
tory responses, and enhanced tissue integration compared
to some synthetic alternatives, making them attractive for
biomedical applications [333, 334]. Continuous exposure to
synthetic polymers can irritate or damage cellular structures,
compromising mucosal barrier integrity. Surface treatments
using harsh chemical processes to modify nanofiber surfaces
may worsen these effects by introducing reactive or unstable
groups that increase cytotoxicity risks, particularly in sensi-
tive nasal or ocular mucosa [335]. Moreover, the degradation
byproducts of non-biodegradable or slow-degrading poly-
mers can persist in tissues, potentially triggering toxicity
or inflammation if they interfere with cellular function or
the local microenvironment. Polymers degrading into acidic
components may also alter mucosal pH and homeostasis,
heightening irritation or infection risks [336].

Ensuring long-term biocompatibility is a major challenge
for mucoadhesive nanofibers, given the delicate nature and
rapid renewal of mucosal tissues. These materials must be
non-irritating, avoid disrupting normal tissue healing or
turnover, and produce degradation products that remain
harmless throughout their lifecycle, a critical requirement
for treating chronic conditions at these sites [337]. The con-
tinuous turnover of mucosal surfaces, combined with the
potential for inflammatory responses or delayed adverse
effects, complicates the assurance of long-term safety.

Standard in vitro methods, such as monolayer cell cultures
(e.g., human corneal epithelial cell lines) or simple co-
culture systems, are widely used to assess biocompatibility
and cytotoxicity [338, 339]. However, these models fail to
replicate the dynamic physiological environment of the ocu-
lar mucosa. They lack the complex multilayered structure
of the corneal epithelium, a functional tear film, and the
constant blinking mechanics that influence mucosal turno-
ver and material interactions in vivo. Additionally, these
static systems inadequately address immune responses or
the gradual degradation of nanofibers over time, which
may result in unforeseen inflammatory reactions or delayed
adverse effects, complicating predictions of long-term tis-
sue compatibility. To address these shortcomings, advanced
systems such as organ-on-chip platforms [340-342] provide
more accurate representations of the eye’s dynamic condi-
tions, incorporating its multilayered structure and mechani-
cal interactions. While accelerated degradation studies
conducted in the lab can offer insights into polymer break-
down, they frequently misrepresent real-time degradation
and byproduct interactions in vivo. Extensive in vitro testing
remains critical, utilizing controlled conditions to assess bio-
compatibility, cytotoxicity, and degradation behavior. Since
short-term cytotoxicity assays may not detect the effects of
chronic exposure, advanced techniques such as long-term
co-culture systems, repeated dosing studies, and real-time
degradation monitoring are increasingly utilized to minimize
adverse biological effects prior to preclinical evaluation
[343, 344]. Preclinical testing in animal models, adapted to
include prolonged observation periods, repeated dosing regi-
mens, and environments that closely mimic human mucosal
tissues, further evaluates safety and efficacy over extended
durations. These modifications allow for detailed assess-
ment of inflammatory responses, tissue regeneration capa-
bilities, and potential adverse reactions under physiological
conditions, providing a comprehensive understanding of
nanofiber behavior in complex biological systems [345].
Collectively, these rigorous in vitro and preclinical testing
stages are essential for validating the safety and effectiveness
of mucoadhesive nanofibers, ensuring their suitability for
advancement to clinical trials [346].

Scaling up nanofiber-based drug delivery systems to indus-
trial and clinical levels also presents significant challenges,
due to the complex nature of their fabrication. These chal-
lenges are aggravated when incorporating mucoadhesive
properties into the nanofibers [347]. The process of electro-
spinning, used in the fabrication of these nanofibers, is highly
susceptible to slight variations in operational conditions and
environmental factors. These minor changes can result in sig-
nificant inconsistencies in the nanofibers'diameter, porosity,
and surface structure [348]. The effectiveness of mucoadhe-
sion in these nanofibers largely depends on the quality of the
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polymer used. Variations in the polymer's molecular weight
distribution, purity, or processing conditions can lead to
irregularities in the strength and longevity of adhesion. When
mucoadhesive properties are enhanced by blending different
polymers, maintaining a consistent ratio and even distribution
becomes more challenging at a larger scale, affecting the over-
all mucoadhesive performance [349, 350]. Moreover, achiev-
ing uniform surface chemistry across extensive batches poses
difficulties, especially when surface treatments/functionali-
zation are applied. To ensure reliable mucoadhesive perfor-
mance, the product specification for these nanofibers should
clearly define critical parameters such as polymer composi-
tion (e.g., specific molecular weight range and purity levels),
blend ratios (e.g., a fixed percentage of each polymer type),
and target mucoadhesive strength (e.g., measured in terms
of adhesion force in Newtons or duration of adhesion under
physiological conditions). Additionally, the specification
should include standards for surface chemistry consistency,
such as the degree of functionalization (e.g., percentage of
active sites) and uniformity of coating thickness (e.g., within
a tolerance of +5 nm). These metrics provide a benchmark
for quality and performance, ensuring the nanofibers meet
intended therapeutic or functional requirements. Implement-
ing real-time monitoring and developing quality control pro-
tocols for raw materials during the electrospinning process,
as implemented in non-medical fields using nanofibers, could
help maintain output quality. The adoption of closed-loop sys-
tems that allow real-time adjustments to critical parameters
could further ensure that the final product remains consistent
between batches [351, 352].

The final hurdle to the commercialization of mucoad-
hesive nanofiber drug delivery systems lie in overcoming
regulatory challenges. These innovative technologies involve
new materials, fabrication techniques, and drug delivery
methods, which must meet stringent safety, efficacy, and
quality requirements set by regulatory bodies like the FDA
(Food and Drug Administration), EMA (European Medi-
cines Agency), and other national agencies [353, 354]. As
highlighted in the pre-clinical studies from the previous
section, many mucoadhesive nanofiber systems incorporate
novel polymers, additives, or modified biomaterials, some
of which have not yet been approved for drug delivery. This
raises concerns about their long-term safety. Regulatory
agencies usually require these new materials to undergo
evaluation under ISO 10993 standards for biological safety,
which include tests for cytotoxicity, sensitization, and gen-
otoxicity, among others [355, 356]. Beyond these safety
requirements, the cost of regulatory approval is a major lim-
iting factor. Extensive toxicology studies, stability testing,
and large-scale manufacturing validation require substantial
financial investment, often making it impractical to intro-
duce entirely new polymeric materials into the market [357].
As a result, most commercially viable technologies rely on a
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small number of well-established, regulatory-approved poly-
mers (such as PLGA, PCL, and chitosan) where safety pro-
files and biocompatibility data are already well-documented.
While this accelerates regulatory approval, it also restricts
innovation by discouraging the exploration of novel, poten-
tially more effective biomaterials [358].

Nanofibers are a relatively new drug delivery platform, and
the limited clinical experience makes it difficult for regula-
tory bodies to thoroughly assess their safety and efficacy. A
key challenge is determining the regulatory classification of
these systems; whether they will be regulated as a drug, bio-
logic, or medical device. This classification impacts the regu-
latory approval process, timelines, and requirements [359].
While not strictly predefined, the regulatory classification
of mucoadhesive nanofiber-based systems depends on their
primary mode of action. If the system functions mainly as
a drug carrier, where the therapeutic effect comes from the
active pharmaceutical ingredient (API), it is regulated as a
drug product. In some cases, it may be classified as a com-
bination product, requiring both the drug and the nanofiber
carrier to meet regulatory standards. If the nanofiber itself
provides therapeutic benefits, such as promoting wound heal-
ing or acting as a physical barrier, it may be classified as a
medical device. [360]. Different classifications require distinct
approval pathways and testing protocols. For example, combi-
nation products need to undergo both drug and device evalu-
ations, which complicates the approval process by requiring
compliance with standards for both categories. Additionally,
regulatory agencies typically demand comprehensive clinical
data to demonstrate the safety and effectiveness of new drug
delivery technologies [361]. The novel nature of nanofibers
complicates this process, as there are often no established
clinical pathways for evaluating them. This when combined
with the high cost of extensive safety testing, stability stud-
ies, and large-scale manufacturing validation can be prohibi-
tive, particularly for small companies and academic innova-
tions. To facilitate the clinical transition of next-generation
nanofiber-based drug delivery systems, collaboration between
regulatory bodies, researchers, and industry stakeholders is
essential. Clearer regulatory pathways can be established by
reaching consensus on testing standards, clinical endpoints,
and acceptable risk levels. This will be key in advancing these
systems from the laboratory to the market [362].

Concluding remarks

Mucoadhesive nanofibers represent a transformative innova-
tion in ocular drug delivery, addressing many limitations of
traditional systems. By leveraging the high surface area and
tunable properties of nanofibers alongside the adhesive capa-
bilities of mucoadhesive polymers, these systems achieve
enhanced retention on the ocular surface, improved drug
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bioavailability, and controlled release profiles. This review
has showcased how mucoadhesive nanofibers effectively
surmount the structural and functional challenges of the
ocular surface, outperforming conventional drug delivery
alternatives in overcoming these barriers.

The electrospinning process enables the production of fib-
ers with tunable diameters, morphologies, and mechanical
properties, tailored to meet the demands of ocular drug deliv-
ery. By adjusting key parameters such as polymer concentra-
tion, applied voltage, and environmental conditions, research-
ers can design nanofibers optimized for drug encapsulation
and sustained release. Additionally, advancements in polymer
blending, surface modification, and molecular imprinting have
enhanced the mucoadhesive properties of nanofibers, facilitat-
ing stronger adhesion to the ocular surface. Polymer blending
allows the incorporation of bioadhesive components, enhanc-
ing covalent and non-covalent interactions with mucins. Sur-
face modifications, such as plasma treatment or grafting,
improve wettability and charge distribution, promoting elec-
trostatic and hydrogen bonding with the tear film. Molecu-
lar imprinting enables the creation of mucin-specific bind-
ing sites, optimizing drug retention and controlled release.
Together, these strategies prolong nanofiber residence time
on the ocular surface, allowing for sustained drug diffusion
through the cornea and conjunctiva, leading to enhanced drug
absorption and bioavailability. These innovations position
mucoadhesive nanofibers as a highly effective solution for
achieving localized drug delivery in the eye, reducing dosing
frequency, and minimizing systemic side effects.

Despite their immense potential, challenges remain in
translating mucoadhesive nanofibers into clinical applica-
tions for ocular therapies. Ensuring biocompatibility with
the delicate tissues of the ocular mucosa is paramount,
especially with synthetic polymers, where factors like the
nanofibers’ increased surface area or the eye’s heightened
sensitivity could potentially amplify irritation or adverse
reactions, even with well-studied, generally well-tolerated
materials. While electrospinning at a commercial scale has
been successfully implemented by several companies, chal-
lenges can persist in maintaining batch-to-batch consistency,
optimizing fiber reproducibility, and ensuring cost-effective
scalability for pharmaceutical applications. Additionally,
regulatory frameworks must continue evolving to accom-
modate the unique nature of these systems, particularly in
defining standardized testing protocols for mucoadhesion,
ocular retention, and long-term biocompatibility. Existing
guidelines for ophthalmic drug delivery primarily focus on
conventional formulations, and there is a lack of specific
criteria for nanofiber-based systems, including stability,
degradation kinetics, and patient safety over prolonged use.
Establishing clear regulatory pathways tailored to these
advanced biomaterials will be essential for their clinical
translation and approval.

Nonetheless, the future of mucoadhesive nanofibers in
ocular drug delivery is highly promising. Their ability to
provide targeted, sustained, and efficient drug release opens
the door to innovative treatments for a wide range of ocular
diseases, including dry eye syndrome, conjunctivitis, kera-
titis, and ocular surface cancers. Additionally, the adapt-
ability of these systems to incorporate both hydrophilic and
lipophilic drugs ensures their applicability across diverse
therapeutic landscapes. The potential for personalized ocu-
lar therapies, where nanofibers are tailored to the specific
needs of individual patients, represents a paradigm shift in
patient care, offering solutions that are both effective and
patient-friendly.

In conclusion, mucoadhesive nanofibers are poised to
redefine the field of ocular drug delivery, providing ground-
breaking advancements in both therapeutic efficacy and
patient experience. Ongoing research tackling current hur-
dles will likely cement their role in advancing ophthalmic
medicine and translating innovative biomaterials into practi-
cal treatments.
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