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Coupling of electrospinning and photo-induced processes for 
advanced nanofibrous polymeric materials: current state-of-the-
art and future perspectives  

Thi Nhung Vua and Alessandra Vitale*a 

Electrospinning is a versatile and widely adopted technique for the fabrication of nanofibrous polymeric materials with high 

surface area, interconnected porosity, and tunable architectures. However, conventional electrospun mats often suffer from 

limited mechanical robustness, poor resistance to water or solvents, and restricted control over functionality, which 

hampers their deployment in advanced applications. In recent years, the integration of electrospinning with photo-induced 

processes has emerged as a powerful strategy to overcome these limitations by enabling controlled polymerization, 

crosslinking, and surface functionalization under mild and spatially selective conditions. This review provides a 

comprehensive overview of the current state of the art in coupling electrospinning with photo-induced reactions for the 

design of advanced nanofibrous polymeric materials. Both in situ photopolymerization during fiber formation and post-

spinning photo-induced crosslinking or grafting are discussed, with emphasis on the underlying chemistries, including free-

radical (meth)acrylate systems, thiol–ene click reactions, photocycloaddition-based processes, and cationic 

photopolymerization. Representative examples spanning low-molecular-weight precursors, macromers, polymers, and 

hybrid organic–inorganic systems are critically analyzed to highlight structure–property–function relationships and 

processing–reactivity interplay. Beyond summarizing recent advances, this review outlines key challenges and future 

perspectives, including reaction–jet coupling, scalability, sustainability, and the development of dynamic and multifunctional 

fibrous systems. By framing electrospinning as a reactive manufacturing platform enabled by photochemistry, this work aims 

to guide future research toward the rational design and translation of next-generation nanofibrous materials for biomedical, 

environmental, energy, and smart-material applications.

1. Introduction 

Electrospinning has emerged as a powerful and versatile 

technique for the fabrication of polymer nanofibers and 

nanofibrous assemblies with exceptionally high surface area, 

interconnected porosity, and tunable micro- to nanoscale 

morphology.1,2 Owing to these features, electrospun materials 

have attracted sustained interest across a broad range of fields, 

including biomedical engineering, filtration, energy storage, 

catalysis, sensing, and smart textiles.3 The simplicity of the 

process, combined with its compatibility with a wide variety of 

polymers and composite formulations, has contributed to the 

widespread adoption of electrospinning as a platform for soft 

and functional materials. 

Despite its many advantages, conventional electrospinning also 

presents inherent limitations that can restrict the performance 

and practical deployment of electrospun nanofibers. These 

include limited mechanical robustness, poor resistance to water 

or solvents for many polymer systems, broad fiber diameter 

distributions, and challenges associated with post-processing, 

long-term stability, and large-scale production. In particular, the 

absence of covalent network formation in many electrospun 

mats results in structural fragility under mechanical stress, 

humid environments, or physiological conditions, which is 

detrimental for advanced and application-driven uses. 

To address these challenges, significant efforts have been 

devoted to the development of reactive electrospinning 

strategies, in which electrospinning is coupled with chemical 

reactions such as polymerization or crosslinking.4 Among these 

approaches, the integration of electrospinning with photo-

induced processes has emerged as a particularly attractive 

solution. Light-driven reactions enable polymerization or 

crosslinking to occur either in situ during fiber formation or as a 

post-spinning treatment, providing spatial and temporal control 

over network formation under mild conditions.5,6 Compared to 

thermal or chemical curing, photo-induced processes offer 

advantages such as low energy consumption, rapid reaction 

kinetics, compatibility with temperature-sensitive substrates, 

and the possibility of patterning or selective activation. 

In recent years, the coupling of electrospinning with photo-

induced polymerization and crosslinking has enabled the 

fabrication of nanofibrous materials with enhanced mechanical 

integrity, solvent and water stability, controlled degradation, 

and tailored surface functionality. Importantly, this strategy has 
a. Department of Applied Science and Technology, Politecnico di Torino, 10129 

Torino, Italy. 
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expanded the range of processable materials to include low-

molecular-weight monomers, oligomers, macromers, and 

functional additives, while also providing powerful tools for 

post-spinning surface modification and hierarchical structuring. 

As a result, photo-assisted electrospinning has become a key 

enabling technology for the design of advanced nanofibrous 

polymeric materials with precisely engineered properties. 

This review focuses on the current state of the art and emerging 

trends in coupling electrospinning with photo-induced 

processes for the fabrication and functionalization of 

nanofibrous polymeric materials. Both in situ 

photopolymerization during electrospinning and post-spinning 

photo-induced crosslinking or grafting are discussed, 

highlighting the underlying chemistries, processing strategies, 

structure–property relationships, and representative 

applications. Particular emphasis is placed on radical, thiol–ene, 

cycloaddition, and cationic photochemical systems, as well as 

on their integration with electrospinning to overcome key 

limitations of conventional fibrous materials. 

It is important to note that this review does not cover photo-

responsivity phenomena of electrospun nanofibers, such as 

fluorescence, photochromism, photocatalysis, photo-induced 

wettability and shape-memory effects, which have been 

comprehensively addressed in a recent dedicated review.7 

Instead, the present work is specifically devoted to photo-

induced reactions as synthetic and processing tools for 

stabilizing, structuring, and functionalizing electrospun polymer 

nanofibers. 

By providing a critical overview of recent advances and 

identifying current challenges and future perspectives, this 

review aims to serve as a useful reference for researchers 

working at the interface of electrospinning, photochemistry, 

and soft matter design. 

 

1.1 Electrospinning 

Electrospinning is a versatile, simple, and cost-effective 

technique for generating nanofibers and nanofibrous 

membranes from polymer solutions or melts, with fiber 

diameters ranging from nano to a few micrometers.8,9 

Generally, the electrospinning setup consists of four main 

components (Figure 1): (i) a spinneret connected to a syringe 

containing the polymer fluid, (ii) a metering pump to regulate 

flow rate, (iii) a high-voltage power supply, and (iv) a grounded 

collector, which may be a static plate or a rotating drum. When 

the working voltage is applied to the spinneret, the polymer 

solution or melt becomes highly charged, and charges 

accumulate at the droplet surface at the spinneret tip. When 

electrostatic repulsion exceeds surface tension, the droplet 

deforms into a “Taylor cone”, from which a charged liquid jet is 

emitted toward the grounded collector. While traveling through 

the air, the jet bends and stretches in a complex spiral motion 

due to electrostatic repulsion within the jet itself. Concurrent 

solvent evaporation (for solutions) or cooling (for melts) results 

in solidification of the jet. Finally, the solidified nanofibers are 

deposited randomly on the collector, forming a non-woven 

membrane characterized by high porosity, large surface area, 

and tunable micro- to nanoscale morphology.2 Fiber 

characteristics can be modulated through solution parameters 

(e.g., viscosity, concentration, conductivity), processing 

conditions (e.g., voltage, flow rate, tip-to-collector distance), 

and environmental factors such as temperature and humidity.10 

Electrospinning is compatible with a broad range of polymers, 

including synthetic and natural macromolecules, blends, and 

polymer (nano)composites. Functional additives such as 

nanoparticles, small molecules, proteins, or enzymes can be 

directly incorporated, enabling the preparation of nanofibers 

with tailored optical, electrical, catalytic, or biological 

properties.1 In addition to conventional single-fluid spinning, 

more advanced approaches such as coaxial, triaxial, and 

emulsion electrospinning allow fabrication of core–shell, 

hollow, or multicompartment fibers, offering further control 

over structure and function.3 

Recent developments have expanded the processing window 

and scalability of the technique. Needleless electrospinning 

configurations employing rotating wires, drums, or discs enable 

higher throughput, while multi-needle arrays support 

parallelized production.11 These advances have facilitated the 

translation of electrospun membranes into technologically 

relevant settings. 

Owing to its structural tunability and broad material 

compatibility, electrospinning is now employed across diverse 

areas of soft matter research. Applications span filtration and 

environmental remediation,12 energy storage, flexible 

electronics, smart textiles, catalysis, food packaging,8 and 

particularly biomedical engineering,13,14 where electrospun 

scaffolds, wound dressings, and drug delivery systems leverage 

their ability to mimic extracellular matrix-like architectures. As 

electrospinning continues to integrate with emerging 

fabrication strategies and post-processing methods, such as 

light-driven reactions, its relevance within soft matter science is 

expected to grow further. 

 

1.2 Photo-induced reactions 

In polymer science, light‐driven reactions play a pivotal role in 

enabling and complementing traditional thermally activated 

processes, with applications spanning polymer synthesis, 

modification, and processing.5,15 Photochemistry offers unique Figure 1. General set-up of the electrospinning process. 
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advantages over thermal methods, most notably wavelength-

selective activation, high energy efficiency, and exquisite 

spatio-temporal control. A wide range of photochemical 

processes illustrates how polymers interact with light.6 These 

include photopolymerization, in which photons directly trigger 

chain propagation; photo-induced polymerization, in which 

photoexcited species initiate free-radical or ionic 

polymerizations; photocrosslinking, the formation of covalent 

junctions between macromolecular chains; and photocuring, 

referring to light-induced solidification of monomeric, 

oligomeric, or polymeric systems.16 Additional transformations 

such as photografting (light-driven graft copolymerization on 

polymer backbones or surfaces) and photodegradation (photo-

oxidative chain scission) further highlight the breadth of 

photochemical pathways relevant not only to synthesis and 

processing but also to polymer recycling and end-of-life 

considerations. 

The appeal of photo-induced polymerizations derives from their 

distinctive operational and mechanistic advantages. Light-

driven reactions proceed efficiently under mild, often ambient 

conditions, which allows polymerization on thermally sensitive 

substrates, within temperature-sensitive environments, or 

even in the presence of biological matter. Reaction kinetics can 

be modulated simply by adjusting the light intensity or 

wavelength, and the ability to rapidly switch irradiation on and 

off provides unmatched temporal control compared to thermal 

processes. Moreover, because photon absorption is localized to 

specific regions, photochemical activity can be confined 

spatially, enabling patterning, lithography, and advanced 

additive manufacturing techniques such as stereolithography, 

digital light processing, and direct laser writing. 

The chemistry underlying photo-induced reactions17 relies on 

the generation of reactive species (i.e., radicals, cations, or 

anions) via photoexcitation. In photo-induced free-radical 

polymerization, the most widely adopted mechanism, 

photoinitiators undergo Norrish Type I cleavage or Type II 

hydrogen abstraction to form radicals capable of initiating 

polymerization of (meth)acrylates and related vinyl monomers 

(Figure 2a). (Meth)acrylate-based systems are attractive due to 

their broad monomer availability, fast propagation rates, and 

high functional-group tolerance. However, their chain-growth 

mechanism is often associated with oxygen inhibition, 

polymerization-induced shrinkage, heterogeneous network 

formation, and residual internal stresses, particularly under 

diffusion-limited conditions. Oxygen scavenging typically 

requires higher photoinitiator concentrations or increased light 

doses,18 which may raise concerns in biomedical or 

biofabrication contexts. 

In contrast, thiol–ene photopolymerization proceeds through a 

radical-mediated step-growth mechanism involving alternating 

propagation and chain-transfer reactions between thiol and ene 

functionalities (Figure 2b). This mechanism generally yields 

more homogeneous network structures, reduced volumetric 

shrinkage, and lower residual stress compared to 

(meth)acrylate systems. Importantly, thiol–ene reactions 

exhibit significantly reduced sensitivity to oxygen, as peroxy 

radicals can abstract hydrogen atoms from thiols to regenerate 

reactive thiyl species, enabling efficient curing under ambient 

conditions. Reaction kinetics can be tuned through ene 

structure: electron-rich or strained vinyl groups typically afford 

faster kinetics, whereas electron-poor enes or those forming 

stabilized radical intermediates react more slowly. Although 

(meth)acrylates often display very high initial propagation rates, 

thiol–ene systems frequently achieve rapid overall conversion 

(often within seconds) with improved network uniformity, 

which has contributed to their adoption in precision fabrication 

techniques.19 

From a comparative perspective, (meth)acrylate systems offer 

synthetic versatility and high reactivity but may suffer from 

shrinkage and oxygen inhibition, whereas thiol–ene chemistries 

provide improved curing robustness, network homogeneity, 

and reduced stress at the expense of requiring stoichiometric 

balance and, in some cases, more complex precursor design. 

These complementary features underpin their widespread use 

in both in situ and post-spinning photo-reactive electrospinning 

strategies discussed below. 

Beyond radical systems, cationic photopolymerization provides 

access to high-performance materials, particularly through the 

ring-opening polymerization of epoxides and related 

monomers. Upon photolysis, onium salts generate strong 

Brønsted acids that initiate cationic propagation, which may 

continue even after irradiation ceases (dark curing), greatly 

enhancing cure depth and efficiency in highly filled or optically 

dense systems (Figure 2c). While anionic photopolymerization 

remains less developed due to the scarcity of suitable 

photobase generators and greater sensitivity to impurities, 

advances in photolatent base chemistry are opening new 

opportunities for oxygen- and moisture-tolerant processes. 

In the last decade, the integration of photochemistry with 

advanced polymerization methodologies has transformed the 

synthetic landscape.20,21 Light-driven strategies have been 
Figure 2. Representative mechanisms of photo-induced polymerization: (a) free-radical 

initiation and propagation, (b) thiol–ene step-growth radical process, and (c) cationic 

ring-opening polymerization. 
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successfully integrated with controlled/living polymerizations 

and extended to other reaction pathways, enabling 

unprecedented control over polymer growth and architecture. 

These approaches leverage the precision, orthogonality, and 

tunability afforded by light to access complex macromolecular 

architectures, block copolymers, gradient structures, 

sophisticated constructs, and even single-chain nanostructures 

formed through intramolecular photodimerization. 

 

1.3 Coupling of electrospinning and photo-induced reactions 

Despite their well-established suitability for electrospinning, 

single-component polymeric systems often fail to meet the full 

set of requirements demanded by advanced applications. 

Synthetic polymers typically provide adequate mechanical 

strength but lack intrinsic bioactivity, whereas natural polymers 

often exhibit limited structural stability and rapid degradation, 

particularly in biomedical environments. To address these 

limitations, a wide range of polymer modifications, blends, and 

advanced electrospinning strategies have been developed to 

enhance the performance of electrospun membranes. In this 

context, coupling electrospinning with photo-induced reactions 

offers a particularly effective route to expand the structural and 

functional diversity of nanofibrous polymeric materials. 

Electrospinning is generally conducted at ambient temperature 

(except for melt electrospinning) and pressure, making it 

compatible with temperature-sensitive materials. Although the 

process employs high electric fields and often volatile solvents, 

it remains comparatively mild from a thermal and processing 

standpoint. Electrospinning yields fibers with high surface area 

and rapid solvent evaporation, features that are particularly 

compatible with light-driven chemistries. Photo-induced 

reactions can be activated during jet formation, upon fiber 

deposition, or as post-spinning treatments, thereby enabling 

multiscale control over crosslinking, network formation, and 

surface functionality. 

A widely explored approach involves the incorporation of 

photoinitiators or photoactive monomers directly into the 

spinning solution. In such systems, UV or visible irradiation 

during or immediately after electrospinning induces 

photopolymerization or photocrosslinking, stabilizing 

nanofibers that would otherwise be soluble, mechanically 

fragile, or even flowing liquids due to low viscosity. The 

irradiation can occur both during or immediately after 

electrospinning, depending on the set-up and the processed 

material. Free-radical photopolymerization is the most common 

mechanism employed, particularly for acrylate- and 

methacrylate-based formulations, owing to its fast kinetics and 

broad monomer scope. Thiol–ene photopolymerizations have 

also gained attention in electrospun systems because of their 

reduced susceptibility to oxygen inhibition and their ability to 

form uniform, low-shrinkage networks. Cationic 

photopolymerization, especially of epoxy monomers, provides 

an alternative route to robust nanofibers and benefits from dark 

curing behavior, which can improve crosslinking efficiency in 

dense or thick fibrous mats. 

Photo-induced reactions also enable post-spinning 

functionalization, including photografting, photodimerization, 

and photoreduction. These approaches allow precise tuning of 

fiber surface chemistry, the immobilization of functional 

molecules, or the generation of nanoparticles within the fibers, 

capabilities that are particularly valuable for applications in 

sensing, catalysis, and biomedicine. 

In discussing photo-induced reactions in electrospun systems, it 

is important to recognize that nanofibrous mats cannot be 

treated as optically transparent media. Typical electrospun fiber 

diameters range from approximately 100 to 1000 nm, which is 

comparable to the wavelength of visible and near-UV light. 

Under these conditions, light–matter interaction is governed 

predominantly by Mie scattering rather than simple absorption, 

leading to strong diffuse scattering within the porous 

network.22 The high density of fiber/air interfaces, which arise 

from large surface area and interconnected porosity, creates 

multiple refractive index discontinuities (n ≈ 1.0 for air vs. n ≈ 

1.4–1.6 for polymers), leading to repeated reflection and 

refraction events. As a result, electrospun membranes appear 

opaque white and behave as highly scattering porous media.23 

Macroscopically, light attenuation in such systems is governed 

by an effective attenuation coefficient that includes both 

absorption (μa) and scattering (μs) contributions. In most 

nanofibrous mats, μₛ dominates, and the optical density 

increases with fiber packing density and membrane thickness. 

Consequently, photon flux decays with depth, generating a 

gradient in light intensity from the irradiated surface toward the 

interior. Because photopolymerization rates depend on local 

light intensity, this spatial attenuation directly affects cure 

depth and crosslinking homogeneity. In thick or highly porous 

membranes, reduced photon flux in the inner layers may lead 

to lower radical generation, slower polymerization kinetics, and 

gradients in crosslink density across the thickness. These effects 

become particularly relevant in high-throughput configurations 

such as multi-needle or needleless electrospinning, where thick 

fibrous deposits are rapidly accumulated. 

Importantly, the optical response of electrospun membranes is 

intrinsically linked to structural parameters such as fiber 

diameter, refractive index contrast, porosity, and thickness. 

Increasing fiber packing density or reducing pore size enhances 

the number of scattering events per unit path length, thereby 

increasing μₛ and reducing cure depth. Conversely, thinner 

mats, lower refractive index contrast (e.g., through filler or 

solvent retention), or longer irradiation wavelengths can 

improve effective light penetration. 

From a processing perspective, these considerations highlight 

that scaling up photo-assisted electrospinning is not solely a 

matter of increasing throughput, but also requires careful 

control of optical transport within the growing fibrous layer. 

Achieving homogeneous crosslinking in thick, highly porous, or 

multilayered assemblies may require optimized irradiation 

geometries (e.g., dual-side exposure), higher-intensity or 

longer-wavelength sources, staged curing strategies, or 

chemistries capable of post-irradiation propagation. 

Beyond optical transport, the non-equilibrium nature of 

electrospinning also raises important kinetic-mechanical 
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considerations during ultrafast photo-crosslinking. The 

molecular orientation imparted to polymer chains during 

electrospinning is intrinsically coupled to the kinetics of photo-

crosslinking, with direct consequences for the mechanical 

response of the resulting membranes.24,25 Electrospinning 

subjects the jet to intense extensional flow, inducing chain 

alignment and storing elastic energy within the stretched 

macromolecular network. When ultrafast photo-crosslinking 

occurs concurrently with rapid solvent evaporation, this 

oriented state can be “frozen in”, trapping the system in a 

mechanically strained configuration far from equilibrium.26 

Solidification during jet flight is spatially heterogeneous. Solvent 

evaporation proceeds from the surface inward, leading to the 

formation of a partially solidified skin that undergoes continued 

stretching while the core remains fluid-like.27 This radial 

gradient in viscoelastic properties can generate residual pre-

strain at the fiber surface. Subsequent crosslinking of the inner 

region may continue even after fiber deposition, further locking 

in stress gradients. 

From a kinetic perspective, when the polymerization rate 

exceeds the relaxation rate of the stretched polymer chains, 

covalent bonds form before elastic stresses can dissipate. Under 

these conditions, the network vitrifies in a constrained 

configuration,28 leading to residual internal stresses, increased 

brittleness, and potential latent shrinkage upon thermal or 

solvent exposure. Such frozen-in stresses may compromise 

long-term mechanical integrity, particularly in soft or 

elastomeric fibrous systems where stress relaxation would 

otherwise contribute to toughness. 

Mitigation strategies include moderating irradiation intensity or 

implementing “soft-start” protocols, in which gradual light 

exposure allows partial chain relaxation prior to rapid network 

formation and vitrification.29,30 Controlling the relative 

timescales of chain relaxation, solvent evaporation, and 

crosslinking is therefore critical to balancing structural fixation 

with mechanical resilience in photo-assisted electrospinning. 

Beyond internal stress considerations, photo-induced 

crosslinking also plays a crucial role in permanently fixing the 

molecular anisotropy generated during jet stretching. During 

electrospinning, polymer chains are subjected to intense 

deformation arising from (i) shear stresses near the spinneret 

and (ii) strong Coulombic and extensional forces generated by 

the applied electric field. These forces induce significant chain 

alignment along the jet axis, leading to pronounced molecular 

orientation within the developing fibers.31 The final degree of 

orientation reflects the competition between extensional flow, 

which stretches and aligns chains, and entropic relaxation, 

which drives the system back toward an isotropic random-coil 

configuration.32 

In conventional (non-reactive) electrospinning, molecular 

ordering may be partially preserved through crystallization or 

rapid vitrification. In highly crystalline polymers, oriented nuclei 

can form during jet stretching, and subsequent crystal growth 

constrains chain mobility, limiting relaxation.24 In weakly 

crystalline or amorphous systems, rapid solvent evaporation 

can kinetically trap oriented chains by inducing vitrification.33 

However, in these cases, orientation is not thermodynamically 

fixed and may relax over time under thermal, mechanical, or 

solvent exposure. In reactive electrospinning, photo-induced 

crosslinking introduces covalent bonds while the chains are still 

in a stretched, non-equilibrium state.34 If crosslinking occurs on 

timescales shorter than orientation relaxation, the aligned 

configuration becomes permanently “locked” into the network 

architecture. This covalent fixation suppresses entropic recoil 

and prevents return to a random-coil conformation after 

deposition. As a result, reactive electrospinning enables 

permanent stabilization of molecular anisotropy, distinguishing 

it fundamentally from purely physical fiber formation 

mechanisms. 

Overall, integrating photo-induced processes with 

electrospinning offers a versatile platform for tailoring fiber 

morphology and functionality, supporting the development of 

advanced nanofibrous materials with improved stability, 

hierarchical structuring, and stimuli-responsive behavior. 

However, reactive electrospinning must be viewed as a strongly 

non-equilibrium process in which light transport, solvent 

evaporation, chain relaxation, and crosslinking kinetics are 

tightly coupled. Electrospun mats behave as highly scattering, 

optically diffusive media, while ultrafast network formation can 

freeze internal stress and molecular anisotropy into the fiber 

architecture. Accounting for these coupled optical and kinetic-

mechanical effects is therefore essential to achieve uniform 

network formation, controlled structure–property 

relationships, and reliable scalability of photo-assisted 

electrospinning platforms. 

2. Electrospinning and in situ 
photopolymerization 

The integration of electrospinning with in situ 

photopolymerization represents a powerful strategy to expand 

the range of processable materials and to precisely control the 

solidification and stabilization of nanofibrous structures. In this 

combined approach, light irradiation is applied during fiber 

formation (i.e., jet flight) or immediately after deposition 

(Figure 3a), enabling photo-induced reactions to occur 

synchronously with electrospinning. Depending on the 

molecular characteristics of the precursor system, irradiation 

can trigger either polymerization (build-up of long polymer 

chains from monomers/oligomers) or crosslinking (network 

formation within pre-existing polymers), resulting in solid fibers 

with tailored structure and properties. 

When applied to low-molecular-weight systems, in situ 

photopolymerization enables electrospinning of precursors that 

are liquid at room temperature, such as monomers, oligomers, 

or macromonomers. In these cases, the electrospinning jet is 

generated from a low-viscosity formulation, often assisted by 

additives or carrier polymers, and irradiation triggers photo-

induced polymerization during jet flight or immediately upon 

deposition. Rapid covalent network formation leads to fiber 

solidification during processing, effectively converting liquid 

precursors into stable thermoset nanofibers (Figure 3b). This 

approach is particularly attractive for solvent-free or solvent-
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minimized processing and grants access to fibrous materials 

that are otherwise difficult to obtain by conventional 

electrospinning. 

By contrast, when in situ irradiation is applied to polymeric 

systems, the fibers are typically produced by conventional 

solution- or melt-electrospinning, and light exposure primarily 

induces photocrosslinking rather than chain-growth 

polymerization (Figure 3c). Network formation within and/or 

between fibers enhances mechanical integrity, solvent and 

humidity resistance, thermal stability, and long-term 

morphological retention. This strategy is especially valuable for 

water-soluble polymers, elastomers, and functional blends that 

require stabilization to preserve fiber structure under 

application-relevant conditions. 

From a soft matter perspective, the extreme confinement 

experienced by polymer chains within the electrospinning jet 

and nascent fibers fundamentally alters reaction kinetics and 

network formation, leading to photo-induced processes that 

differ markedly from their bulk counterparts. Accordingly, the 

following subsections address the coupling of electrospinning 

and in situ photopolymerization separately for low-molecular-

weight precursors and polymeric systems, emphasizing their 

distinct processing requirements and resulting material 

properties. 

 

2.1 Processing of low molecular weight molecules 

Conventional electrospinning, whether from melts or solutions, 

typically relies on polymers of sufficiently high molecular 

weight, viscosity, and chain flexibility to enable stable jet 

formation. These requirements inherently limit the scope of 

materials suitable for electrospinning. Consequently, increasing 

attention has been directed toward processing low-molecular-

weight molecules, either as primary precursors or as functional 

modifiers. However, these systems often lack the viscosity, 

conductivity, or surface tension required for defect-free 

spinning, so careful tuning of the spinning dope is essential. 

Coupling electrospinning with in situ photopolymerization 

provides an effective way to overcome these constraints. In 

particular, integrating electrospinning with rapid photo-induced 

polymerization/crosslinking can yield thermoset fibers directly 

from small molecules or oligomers, often without solvents, 

elevated temperatures, or post-processing, making this strategy 

attractive as a greener and energy-efficient route. A key 

practical requirement is that curing kinetics must be fast 

enough to match continuous fiber formation. During 

electrospinning, the jet experiences rapid acceleration and 

complex velocity variations. After leaving the Taylor cone at 

relatively low speeds, the jet undergoes elongation and 

whipping instabilities, reaching axial velocities typically on the 

order of 1–15 m/s, while local transverse velocities during 

whipping can reach several tens of m/s.35,8 Considering typical 

tip-to-collector distances of 10–20 cm, the overall jet flight time 

is therefore on the order of 10–100 ms. For in situ 

photopolymerization of low-molecular-weight precursors, the 

characteristic curing time must be comparable to or shorter 

than this timescale to ensure sufficient network formation 

before fiber deposition and relaxation. If polymerization is 

significantly slower, the jet may undergo excessive thinning, 

bead formation, or loss of structural integrity. 

Simultaneously, solvent evaporation and extensional thinning 

dramatically reduce the jet cross-section during flight. The final 

cross-sectional area of the dried fiber can be several orders of 

magnitude smaller than that of the initial jet, typically resulting 

in fiber diameters ranging from the nanoscale to several 

micrometers, depending on formulation and processing 

conditions.8,36 Notably, when electrospinning low-molecular-

weight systems, particularly under solvent-free or highly 

concentrated conditions, the achievable diameters are often in 

the micrometer range due to limited chain entanglement and 

higher effective viscosity, as illustrated in Figure 4. This 

highlights the delicate balance between rheology, elongational 

flow, and curing kinetics in reactive electrospinning of small-

molecule precursors. 

Importantly, electrospinning combined with photo-induced 

reactions represents a strongly non-equilibrium process, in 

Figure 3. Schematic of the electrospinning process coupled with in situ irradiation: (a) set-

up, (b) photo-induced chemical modification for low molecular weight monomers, and (c) 

higher molecular weight systems. 
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which rapid solvent evaporation, intense extensional flow, and 

millisecond-scale irradiation collectively dictate network 

formation pathways that differ fundamentally from bulk or 

equilibrium curing conditions. 

A common route to improve electrospinnability is 

compositional tuning through conductive additives or rheology 

modifiers. For example, Zhu and co-workers electrospun two 

commercial multifunctional acrylate monomers (i.e., hexa-

functional acrylic polyester and tri-functional aliphatic urethane 

acrylate) by integrating electrospinning with in situ 

photopolymerization. To overcome the inherently low 

conductivity of the solutions, tetrabutylammonium bromide 

was added (1–10 wt%), resulting in increased conductivity and 

enabling the formation of continuous, uniform fibers.37 

Low-molecular-weight species can also be exploited as reactive 

building blocks to tailor the mechanical response of electrospun 

networks. The group of Ellison, for example, integrated thiol–

ene photopolymerization with electrospinning to produce 

solvent-free, crosslinked elastomeric fibers from 

multifunctional acrylate and thiol monomers. An optimized 

acrylate-to-thiol ratio provided the appropriate viscosity for 

stable jet formation and enabled rapid in situ curing, resulting 

in defect-free fibers. The obtained single fibers exhibited 

elongations at break of 8–12% and ultimate tensile strengths of 

approximately 80–120 MPa.38 Replacing the acrylate monomers 

with vinyl ethers led to even faster curing and more 

homogeneous network formation. Moreover, the inclusion of a 

small amount of high-molecular-weight poly(methyl 

methacrylate) (PMMA, 0.6 wt%) increased solution elasticity 

and produced fibers with excellent recovery under cyclic 

loading (Figure 4).39 Related solvent-free and heat-free 

elastomeric fibers were reported by the group of Vitale using 

liquid polybutadiene and polybutadiene-graft-maleic 

anhydride. Electrospinning was coupled with thiol–ene 

photopolymerization using a trifunctional thiol crosslinker, 

while oleic acid served as a polar additive to adjust viscosity and 

charge density. Irradiation initiated a rapid and chemically rich 

process involving thiol–ene crosslinking as well as oxidation of 

the polybutadiene backbone and esterification of maleic 

anhydride moieties. The resulting membranes exhibited 

excellent morphological stability, high insolubility, good 

thermal resistance, and a pronounced hydrophobicity.40 

In parallel with these developments, the drive toward 

sustainable materials have stimulated interest in low-

molecular-weight photocurable monomers derived from 

renewable feedstocks. Vegetable-oil derivatives such as 

acrylated epoxidized soybean oil (AESO) can be electrospun and 

photopolymerized into fibrous networks when formulated with 

multifunctional thiols. Incorporation of dipentaerythritol 

pentaacrylate, which provides a higher density of acrylate 

functions than AESO, improved curing kinetics, crosslinking 

efficiency, and overall fiber quality.41 Carbohydrate-derived 

dienes (e.g., isosorbide 10-undecenoate and glucarodilactone 

10-undecenoate) have similarly been combined with thiols to 

generate fibers containing up to 94% biobased carbon, with 

mechanical properties readily tuned via monomer ratio.42 

Low-molecular-weight photoactive components have also been 

used to tune wettability and biointeractions. Poly(ethylene 

glycol) (PEG) acrylate and methacrylate monomers, in 

particular, are widely employed to increase hydrophilicity and 

improve biological response owing to their surface properties, 

biocompatibility, and straightforward photo-induced network 

formation. Incorporating poly(ethylene glycol) methacrylate 

(PEGMA) into polyurethane (PU) enabled the fabrication of 

nanofibrous vascular scaffolds with markedly reduced water 

contact angles (from 118° for pure PU to 20° for a PU/PEGMA 

50/50 blend), while the fibrous morphology remained largely 

unchanged despite the presence of the photoactive 

component.43 Rapid network formation under UV irradiation 

was confirmed, and the enhanced hydrophilicity promoted 

improved cell adhesion.44 Similarly, poly(ethylene glycol) 

diacrylate (PEGDA) was used to tune polyvinylidene fluoride 

(PVDF) membrane wettability, achieving crosslinking 

efficiencies above 80% and enabling a transition from 

hydrophobic to superhydrophilic behavior with increasing 

PEGDA content.45 

The architectural versatility of low-molecular-weight precursors 

also enables the fabrication of core–shell fibers, most 

commonly through coaxial electrospinning, in which two 

solutions are delivered independently through a coaxial needle. 

For example, Miranda et al. encapsulated aniline in the fiber 

core while incorporating an oxidizing agent (ammonium 

persulfate) into a photocrosslinkable acrylamide/acrylic acid 

shell, enabling localized in situ polymerization of polyaniline 

Figure 4. Highly stretchable thiol–ene thermoset fibrous non-wovens: (a) SEM and (b) digital images of PETT/TVE non-woven mat showing 

its flexible and stretchable nature; (c) stress/strain cycling behavior (at 20 °C, stress: dotted line, strain %: solid line). Figure adapted from 

Ref 39 with permission from American Chemical Society, Copyright © 2014. 
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within the nanofibers.46 Alternatively, core–shell architectures 

can also be obtained using a single spinneret via phase 

separation. When incompatible polymeric components are 

processed, spontaneous phase separation during jet formation 

can give rise to core–shell morphologies, which can be “fixed” if 

at least one phase is photocurable (Figure 5a). Ma and 

colleagues electrospun a polyvinylpyrrolidone (PVP)/thiol–ene 

mixture and irradiated the jet in flight, yielding a PVP-rich core 

and a photocured shell when the PVP:thiol–ene mass ratio 

reached 3:1.47 A similar strategy was used to fabricate 

polyacrylonitrile (PAN)/polydimethylsiloxane (PDMS) core–

shell fibers: poor miscibility between PAN and acrylic PDMS 

drove phase separation during electrospinning, while 

simultaneous photopolymerization stabilized the PDMS shell. 

Well-defined core–shell structures were achieved at a 

PAN/PDMS mass ratio of 2:1 (Figure 5b).48 Beyond morphology 

control, in situ photochemistry has been used to stabilize 

semicrystalline polymer composites. Poly(ε-caprolactone) 

(PCL)/polyhedral oligomeric silsesquioxane (POSS) composite 

fibers with enhanced structural stability were fabricated by 

integrating electrospinning with thiol–ene photochemistry. 

During electrospinning, acrylic-functionalized POSS and 

multifunctional thiols were excluded from the PCL crystalline 

phase and reacted preferentially within the amorphous regions 

under UV irradiation, effectively “locking” amorphous PCL 

chains and improving fiber stability.49 

Finally, coupling electrospinning of low-molecular-weight 

precursors with photoreactions shows considerable promise for 

biomedical applications. For example, electrospun 

poly(decanediol-co-tricarballylate) meshes exhibited high 

porosity (~78%) and supported robust cell adhesion and 

proliferation, outperforming particulate-leached controls.50 

Nanofibrous hydrogels are also promising because the fibrous 

format offers abundant anchoring sites and improved mass 

transport compared with bulk hydrogels; however, 

conventional hydrogels are typically non-spinnable because 

their crosslinked networks swell in water without dissolving. 

One solution is to electrospin precursor (monomer/oligomer) 

mixtures prior to gelation and then photocure the fibers. Pre-

oligomerized 2-hydroxyethyl methacrylate (HEMA), for 

example, yielded photocured pHEMA fibers (100–500 nm 

diameter) that swelled substantially in water while retaining 

elasticity.51 Hybrid fibers combining hydrogel formation with 

electroactive components have also been demonstrated: 

electrospinning was coupled with in situ photopolymerization 

and concurrent oxidative polymerization of aniline to obtain 

conductive, elastic fibrous actuators with tunable mechanical 

behavior, highlighting opportunities for bioactuation and soft 

robotics.52 

Overall, in situ photopolymerization enables low-viscosity 

monomers/oligomers to be processed into robust nanofibers by 

coupling jet formation with rapid network build-up, offering a 

direct route to solvent-free or solvent-minimized thermoset 

fibrous materials with tunable structure and function. The 

examples described clearly illustrate how nanoscale fiber 

morphology, network topology, and crosslinking density are 

intrinsically coupled, giving rise to emergent mechanical, 

transport, and biological properties that are unique to 

nanofibrous soft matter systems. 

 

2.2 Processing of polymeric systems 

Although polymers are generally well suited for electrospinning, 

electrospun polymer membranes may exhibit limited thermal 

resistance and poor environmental stability (e.g., sensitivity to 

water, humidity, or solvents), which constrains their use under 

demanding conditions. Photo-induced processes provide a 

convenient route to crosslink or chemically modify polymer 

structures, thereby improving mechanical integrity, thermal 

performance, solvent resistance, and long-term durability. 

Polyimide (PI) is a representative high-performance fiber-

forming material: its aromatic heterocyclic backbone provides 

outstanding thermal stability, mechanical robustness, and 

biocompatibility. Electrospun PI fibers can be produced from 

pre-imidized soluble polyimides (SPI), but these materials may 

suffer from limited solvent resistance and environmental 

durability. UV-assisted electrospinning has therefore been 

explored as a strategy to stabilize SPI fibers through in situ 

photocrosslinking. Qui et al.53,54 demonstrated that fibers 

prepared from a photosensitive SPI retained high thermal 

stability (>500 °C) irrespective of UV exposure, while UV-treated 

Figure 5. Core–shell fiber architecture generated through phase separation and photopolymerization during electrospinning: (a) schematic 

representation of the process; (b) TEM images of PAN/PDMS nanofibers prepared at a 2:1 mass ratio. Figure reproduced from Ref 48 with 

permission from Elsevier B.V., Copyright © 2017. 
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fibers displayed markedly enhanced solvent resistance. When 

immersed in N,N-dimethylacetamide (DMAc), non-irradiated 

PI fibers dissolved rapidly, whereas UV-treated fibers retained 

their morphology with only minor shrinkage, confirming the 

formation of a robust crosslinked architecture (Figure 6).54 In a 

related study, the same group implemented UV-assisted 

electrospinning of PI ultrafine fibrous membranes from ester-

type negative photosensitive PIs, using diethylene glycol 

diacrylate as crosslinker, followed by thermal imidization at 350 

°C under nitrogen. UV-induced crosslinking was necessary to 

preserve the fibrous morphology during imidization, and 

enhanced the solvent resistance of the membranes.55 

A similar stabilization concept has been applied to 

polyethyleneimine (PEI), a versatile cationic polymer whose 

electrospun membranes can suffer from solvent-induced 

leaching. This limitation was assessed by introducing 

photocrosslinkable groups via functionalization of linear PEI 

with glycidyl methacrylate. To ensure stable jet formation, a 

small amount (2 wt%) of high-molecular-weight PVP was added 

as a chain-entanglement enhancer, followed by rapid UV-

induced crosslinking. By adjusting the degree of methacrylation 

and irradiation conditions, membrane stability, solubility, and 

mechanical performance could be systematically tuned.56  

In biomedical contexts, combining electrospinning of polymeric 

systems with photo-induced crosslinking has enabled fibrous 

hydrogels, wound dressings, and drug-delivery materials with 

improved stability and function. In a representative example, 

Cho et al.57 fabricated electrospun fibrous hydrogels featuring a 

double-network architecture. Double networks, which consist 

of interpenetrating physically and chemically crosslinked 

networks, are particularly effective in enhancing mechanical 

strength, toughness, and resistance to deformation. In this 

system, agarose formed the first network through physical 

gelation, while polyacrylamide (PAAm) constituted the second 

network via UV-induced chemical crosslinking (Figure 7). 

Simultaneous electrospinning and UV exposure produced 

uniform fibers (down to ~187 nm diameter) and delivered 

mechanical and thermal performance superior to single-

network agarose and uncrosslinked agarose/PAAm 

membranes.57 

Photocrosslinking has also been used to tailor drug release by 

stabilizing hydrophilic domains in composite fibers. For 

instance, PU/PEGDA nanofibers with monolithic, blended, and 

coaxial core–shell architectures were prepared to modulate 

meloxicam release. UV curing stabilized PEGDA-rich regions, 

reducing swelling and enabling more controlled release profiles 

in core–shell designs.58 Beyond this example, photo-crosslinked 

nanofibrous systems have been engineered to provide stimuli-

responsive release: a 3D reversible gel-like nanofibrous mat 

based on a pH-responsive methacrylate copolymer enabled 

sustained, pH-controlled drug release for >80 h, with release 

kinetics dependent on environmental pH.59 A related strategy 

has recently been applied to liver-targeted chemotherapy 

through the development of galactose-decorated core–shell 

nanofibers fabricated by coaxial electrospinning combined with 

in situ photopolymerization (Figure 8). In this design, the fiber 

core consisted of N-succinyl chitosan (NSC), which provided pH 

responsiveness and functional groups suitable for electrostatic 

loading of the anticancer drug doxorubicin. The shell was 

formed from a photocrosslinkable copolymer of poly(vinyl 

alcohol) grafted with glycidyl methacrylate (PVA-g-GMA) and 

galactose-based acrylamide (Gal-acryl), simultaneously 

protecting the drug-loaded core and enabling liver-specific 

targeting via galactose-based interactions (Figure 8). The 

resulting nanofibers exhibited enhanced drug release under 

tumor-mimicking acidic conditions, negligible hemolysis, and 

time-dependent cytotoxicity, highlighting their potential as a 

scalable and targeted platform for chemotherapeutic 

delivery.60 

For wound-dressing materials, photo-induced crosslinking has 

been particularly valuable to stabilize polysaccharide-based 

fibrous networks in aqueous environments. The aqueous 

instability of maleinated hyaluronate (MHA) was mitigated by 

Figure 6. Solvent-resistant polyimide fibrous membranes obtained by UV-assisted 

electrospinning: (a–c) immersion tests comparing the solvent resistance of PI fibers 

produced by conventional electrospinning and PI-UV fibers prepared with simultaneous 

photocrosslinking; (d–e) SEM images of the corresponding samples after immersion. 

Figure reproduced from Ref 54 with permission from Wiley Periodicals LLC., Copyright © 

2020. 

 

Figure 7. Electrospinning and photocrosslinking for the fabrication of double network 

agarose/PAAm nanofibers. Figure reproduced from Ref 57 with permission from Wiley 

Periodicals Inc., Copyright © 2015. 
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forming a photocrosslinked network with methacrylated 

poly(vinyl alcohol) (MPVA): at an MHA/MPVA ratio of 25:75, 

uniform bead-free fibers were obtained, showing low 

cytotoxicity and supporting cell adhesion and proliferation.61 

Comparable strategies with maleinated chitosan (MCS) 

confirmed that water-stable fibrous structures require 

appropriate blending ratios with MPVA.62 Along similar lines, 

methacrylated dextran has been used to photocrosslink 

polylactic acid (PLA)/dextran scaffolds, allowing hydrophilicity 

tuning and controlled effects on cell attachment, 

differentiation, and biological activity.63 

Elasticity and mechanical resilience are also central 

requirements for soft-tissue scaffolds and compliant vascular 

grafts. A recent study reported electrospun membranes with 

high resilience prepared by blending electrospinning of PCL with 

methacrylated poly(glycerol sebacate) (PGS) and in situ 

photocrosslinking using PEGDA. The resulting membranes 

showed minor hemolysis, low platelet adhesion, and favorable 

cytocompatibility; in wet conditions, compositions with 

PCL/PGS mass ratios of 5/5 or 4/6 exhibited reduced modulus 

and reversible deformation, with compliance comparable to 

human saphenous vein.64 In a related approach, in situ 

photocrosslinking has been combined with wet electrospinning 

(i.e., electrospinning into a liquid coagulation bath rather than 

onto a solid collector). Collecting fibers in a non-solvent bath 

can reduce instantaneous drying, promote controlled phase 

inversion and swelling, and facilitate concurrent or subsequent 

chemical reactions (including crosslinking). Using this strategy, 

Jeshvaghani et al. fabricated elastomeric scaffolds from blends 

of PCL and its photocrosslinkable derivative polycaprolactone 

fumarate (PCLF). By varying the PCL/PCLF ratio and the 

concentration of the photoinitiator, the authors identified 

conditions that balanced morphology, crosslinking density and 

elastomeric performance: bead-free fibers were obtained when 

PCLF exceeded 70 wt%, and swelling decreased with increasing 

photoinitiator content, consistent with higher crosslink 

densities.65 

Composite electrospun scaffolds incorporating inorganic fillers 

have been extensively explored as a means to enhance both 

mechanical properties and functional performance, including 

biological activity and adsorption capability. For instance, 

nanofiber scaffolds prepared by blending hydroxyapatite 

modified with 4-vinylbenzene boronic acid into poly(vinyl 

alcohol) (PVA), followed by collagen surface deposition, 

exhibited excellent cell adhesion and proliferation, 

underscoring their potential for tissue engineering 

applications.66 Similarly, incorporating Si–Mg co-doped 

fluorapatite nanoparticles (0, 5, and 10 wt%) into PCLF/gelatin 

fibers resulted in composite membranes with enhanced 

mechanical performance and controlled degradation behavior, 

making them suitable for guided bone and tissue regeneration. 

The nanoparticles were uniformly distributed along the fibers 

(Figure 9), with mechanical properties optimized at 5 wt% 

loading, while higher contents (10 wt%) significantly 

Figure 8. Photocrosslinked stimuli responsive galactose-decorated core–shell nanofibers 
fabricated by coaxial electrospinning combined with in situ photopolymerization. Figure 
reproduced from Ref 60 with permission from Elsevier B.V., Copyright © 2025. 

Figure 9. Composite electrospun fibers: TEM images of the PCLF/gelatin membrane 

containing Si–Mg co-doped fluorapatite nanoparticles. Figure reproduced from Ref 67 

with permission from Elsevier B.V., Copyright © 2019. 
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accelerated membrane degradation. Cell studies confirmed 

good biocompatibility, with cells readily adhering to and 

proliferating on the composite membranes.67 Beyond 

biomedical applications, nanocomposite electrospun fibers 

have also been developed for environmental remediation. In 

one example, a metal–organic framework was decorated onto 

UV-crosslinked PVA nanofibers, where crosslinking was initiated 

during electrospinning using TiO₂ and ZnO as photocatalysts in 

combination with citric acid as a crosslinker. While swelling and 

solubility depended on formulation parameters, incorporation 

of the metal–organic framework significantly increased the 

specific surface area and enhanced phosphate adsorption 

performance.68 

Finally, dual-crosslinking strategies based on UV-

photocrosslinking and sol–gel processes have been 

implemented by Mentbayeva et al. for electrochemical energy-

storage applications. A PVA-based dual-crosslinked nanofibrous 

membrane was developed as matrix for gel polymer 

electrolytes by combining maleated PVA (PVA-MA), PEGDA, and 

tetraethyl orthosilicate (TEOS). UV crosslinking of PVA-MA and 

PEGDA was followed by sol–gel crosslinking of TEOS (Figure 10), 

yielding membranes with uniform morphology, enhanced 

mechanical strength, improved ionic conductivity 

(outperforming commercial separators and pure PVDF), and 

superior liquid retention.69 In a related separator design, photo-

crosslinked lignin/PAN membranes were developed for safer 

lithium-ion batteries. Alkali lignin was maleated to enhance 

reactivity and mechanical properties, then blended (up to 30 

wt%) into UV-curable formulations containing PEGDA and 

hydrolyzed 3-(trimethoxysilyl)propyl methacrylate (HMEMO) as 

crosslinkers, with PAN as the carrier polymer. UV-assisted 

electrospinning produced crosslinked membranes featuring a 

three-dimensional, highly porous, and interconnected fibrous 

network. These separators exhibited high ionic conductivity, 

elevated discharge capacity, excellent rate performance, and 

enhanced thermal and mechanical stability, highlighting the 

effectiveness of dual crosslinking for advanced energy-storage 

materials.70 

Collectively, these examples demonstrate that irradiation 

during electrospinning enables controlled photocrosslinking of 

polymer-derived nanofibers, enhancing durability and 

functional performance while preserving the defining 

morphological features of electrospun architectures. 

3. Photocrosslinking of electrospun mats 

As an alternative to in situ photopolymerization during 

electrospinning, light irradiation can also be applied after fiber 

deposition, as schematically illustrated in Figure 11. In this case, 

a two-step process is employed: (i) electrospinning to generate 

Figure 10. Dual-crosslinking of electrospun fibers based on UV-photocrosslinking and sol–gel processes: preparation 

procedure of the dual crosslinked PVA/PVA-MA/TEOS membrane by UV-electrospinning as a matrix for gel polymer 

electrolyte. Figure reproduced from Ref 69 with permission from Elsevier B.V., Copyright © 2021.  

Figure 11. Schematic of the set-up of the electrospinning process coupled with subsequent light irradiation. 
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the fibrous mat, followed by (ii) photo-induced crosslinking to 

stabilize and functionalize the structure. This approach is most 

often used with high-molecular-weight polymers that are 

readily spinnable from solution or melt, but whose as-spun mats 

may lack adequate resistance to water and humidity or show 

insufficient mechanical and thermal stability. Nonetheless, 

several studies also exploit low-molecular-weight photoactive 

additives incorporated into electrospun mats, which can 

contribute to network formation or secondary functions upon 

irradiation. 

In general, coupling electrospinning with post-spinning photo-

induced crosslinking provides a versatile strategy to introduce 

covalent networks within and/or between fibers, thereby 

improving solvent resistance, mechanical integrity, and long-

term dimensional stability while largely preserving the 

nanofibrous morphology. In the following subsections, 

representative systems are organized by crosslinking chemistry: 

(meth)acrylate radical systems, thiol–ene click reactions, other 

radical pathways including photocycloadditions and hydrogen-

abstraction strategies, and cationic photopolymerization. The 

proposed works show that post-spinning photo-induced 

crosslinking provides a powerful and modular toolbox for 

stabilizing electrospun mats and imparting advanced 

mechanical, chemical, and functional properties, further 

underscoring the strong synergy between electrospinning and 

photochemistry in soft matter design. 

 

3.1 (Meth)acrylic systems 

(Meth)acrylate photocrosslinking is a free-radical process 

initiated by UV or visible light that converts 

acrylate/methacrylate functionalities into covalently 

crosslinked polymer networks. Owing to fast curing kinetics, 

broad monomer/macromer availability, and highly tunable 

network properties, (meth)acrylate chemistries dominate 

photopolymerization and have become a standard toolbox for 

stabilizing electrospun mats. In electrospinning, (meth)acrylate-

functionalized polymers can be spun into fibrous architectures 

and subsequently cured to yield mechanically robust, solvent-

resistant membranes while retaining the high surface area and 

porosity intrinsic to nanofibrous mats.71 Acrylic reactivity can be 

introduced in two main ways: (i) adding low-molecular-weight 

multifunctional acrylate crosslinkers to the spinning 

formulation, or (ii) covalently installing (meth)acrylate groups 

onto polymer backbones to render them intrinsically photo-

reactive. Both strategies are widely applied to both synthetic 

and natural polymers, including poly(ethylene oxide) (PEO), 

PVA, polysaccharides (e.g., chitosan, hyaluronate, dextran, 

alginate), proteins (e.g., gelatin, silk fibroin), and polyesters. 

(Meth)acrylic photocrosslinking thus represents a versatile 

platform for the post-spinning stabilization and functional 

modification of electrospun fibrous mats, enabling systematic 

tuning of crosslink density, aqueous stability, degradation, and 

mechanical response. 

PEO-based mats. PEO is frequently used in electrospinning 

(notably in biomedical formulations) thanks to its solubility and 

chain entanglement, but its high-water solubility and modest 

mechanical strength often require stabilization. Post-spinning 

photocrosslinking with multifunctional acrylates has therefore 

been used to convert PEO mats into water-resistant networks. 

The group of Vitale introduced multifunctional acrylate 

crosslinkers into PEO formulations, enabling photocuring after 

electrospinning. The influence of crosslinker type (i.e., PEGDA 

or trimethylolpropane triacrylate, TMPTA) and content was 

systematically investigated, confirming successful network 

formation. In particular, when TMPTA was used at 25–45 wt.%, 

the resulting PEO membranes exhibited homogeneous fibrous 

morphology and high resistance to water.72 Beyond aqueous 

stability, photocrosslinked PEO/TMPTA mats also showed 

improved thermal and shape stability, retaining integrity over 

repeated heating–cooling cycles and exhibiting high latent heat 

values, demonstrating potential for thermal energy storage 

applications.73 More recently, irradiation has been exploited 

not only to crosslink the PEO/TMPTA matrix but also to 

synthesize or activate/modify nanofillers in situ. In one 

example, UV exposure enabled simultaneous PEO crosslinking 

and partial photoreduction of graphene oxide, improving shape 

stability under heat and solvent exposure and thermal transport 

in nanocomposite mats.74 In another study, AgNO₃-containing 

PEO formulations were irradiated to induce the concurrent 

photo-induced PEO crosslinking and photo-induced synthesis of 

Ag nanoparticles by photoreduction of Ag⁺ ions. Importantly, 

nanoparticle formation slightly altered fiber morphology but did 

not prevent acrylate conversion, and the resulting mats 

combined antibacterial performance with cytocompatibility 

exhibiting promising potential for wound healing applications.75 

Acrylic-crosslinked PEO networks have also been proposed as 

Figure 12. Photocrosslinked PVA-based mats: schematic diagram of crosslinking mechanism between PVA 

and DMAAm under UV irradiation. Figure reproduced from Ref 79 with permission from Elsevier B.V., 

Copyright © 2023. 
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functional supports beyond biomedicine: PEO/PEGDA blends 

were optimized to yield water-stable nanofibrous mats that 

could host heterogeneous catalysts (Au/Pd on TiO₂), enabling 

aqueous-phase catalysis while maintaining the fibrous 

structure.76 

PVA-based mats. PVA is another readily electrospinnable, 

water-soluble polymer widely considered for wound dressings 

and hydrogel-like mats; however, dissolution in aqueous media 

necessitates post-spinning stabilization. Methacrylated PVA 

(MPVA) is a common route: increasing methacrylation (degrees 

of substitution DS 0.01–0.07) reduced hydrophilicity and 

enabled UV-crosslinked MPVA mats to preserve fibrous 

morphology in water (with limited swelling at fiber junctions), 

unlike non-irradiated controls.77 A complementary strategy 

combined MPVA with PEGDA and used multi-step UV curing to 

generate stable fibrous hydrogels: ribbon-like fibers (~1.02 μm) 

maintained morphology after phosphate buffered saline (PBS) 

immersion despite pronounced swelling and supported cell 

viability/adhesion.78 Beyond biomedical uses, 

photopolymerization has also been integrated with PVA 

electrospinning to address separator limitations in lithium-ion 

batteries: PVA was combined with N,N-dimethylacrylamide 

(DMAAm) to form crosslinked hydrogel nanofiber membranes 

(Errore. L'origine riferimento non è stata trovata.), where 

drying protocols (e.g., freeze drying) controlled porosity and 

electrolyte uptake, delivering high ionic conductivity and 

thermal stability.79 

Polysaccharide-based mats. Electrospinning of polysaccharides 

(e.g., chitosan, hyaluronic acid, dextran, alginate) is inherently 

challenging due to their rigid molecular backbones, strong 

intermolecular hydrogen bonding, and limited chain 

entanglement. These limitations are commonly addressed by 

blending with carrier polymers (e.g., PEO, PVA) and then 

“locking”/stabilizing the structure via photocrosslinking and/or 

by directly introducing (meth)acrylate groups. Chitosan (CS), 

despite its excellent biofunctionality, is a classic example: 

CS/PVA formulations crosslinked with PEG dimethacrylate 

yielded mats whose swelling decreased as crosslinker content 

increased, consistent with higher network density.80,81 

Alternatively, methacrylated chitosan (MACS) blended with PVA 

could be photocrosslinked and subsequently water-treated to 

remove PVA, producing stable MACS fibers with a diameter 

controlled by the MACS/PVA ratio.82 Related methacrylation 

approaches have also been developed with scalability in mind: 

MACS/PEO blends were electrospun and UV-cured to yield 

markedly improved aqueous stability, in a workflow positioned 

for continuous production. This very recent work compared 

different crosslinking methods (Figure 13) and showed that 

photocrosslinked nanofibers exhibited greater stability than 

those crosslinked thermally and perform comparably to 

chemically crosslinked samples in terms of structural integrity.83 

Hyaluronic acid (HA), a naturally occurring, highly hydrophilic 

glycosaminoglycan of the extracellular matrix whose excellent 

biocompatibility and chemical tunability make it an attractive 

candidate for electrospinning into bioactive nanofibrous 

scaffolds, has likewise been processed via carrier-assisted 

electrospinning and stabilized by UV chemistry. In one 

approach, HA was electrospun with PVA as carrier (PVA/HA = 

75/25), and the resulting mats were UV-crosslinked using 

maleic anhydride (5–15 wt%) as crosslinker. Increasing the 

crosslinker content led to a reduction in fiber diameter and 

significantly improved the structural stability of the mats in 

aqueous environments.84 In a related strategy, methacrylated 

HA further enabled photocrosslinking spatial control: after 

electrospinning methacrylated HA with PEO as a template, 

irradiation through photomasks produced localized 

polymerization and macroscopic channels throughout the 

scaffold, generating a multiscale porous architecture (Figure 14) 

that helped mitigate the limited cell infiltration typical of dense 

electrospun mats.85 

Dextran and alginate provide additional examples of how acrylic 

functionalization expands polysaccharide processability. For 

instance, dextran–maleic anhydride (Dex-Ma), blended with 

gelatin at contents ranging from 0 to 30%, was successfully 

electrospun and photocrosslinked to obtain fibrous membranes 

for tissue engineering. Increasing Dex-Ma content resulted in 

progressively thinner fibers and, at 30% Dex-Ma, led to reduced 

Figure 13. Comparison among three different crosslinking methods for MACS/PEO mats: 

SEM images of nanofiber samples crosslinked via thermal treatment, chemical 

crosslinking with glutaraldehyde vapors, and photocrosslinking, after 24 h of water 

immersion. Figure reproduced from Ref 83 with permission from Springer Nature, 

Copyright © 2025. 

Figure 14. Combination of electrospinning with photopatterning to create multiscale porous scaffolds: (a) schematic representation of the technique to 

photopattern macro-channels into electrospun scaffold; (b) light micrographs of photomasks and top-view of patterned HA scaffolds (scale bars = 100 µm); and 

(c) SEM image of electrospun scaffold structure after unreacted HA and PEO removal (scale bar = 50 micrometers). Figure reproduced from Ref 85 with 

permission from Wiley-VCH, Copyright © 2010. 
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water uptake and a higher elastic modulus while preserving 

cytocompatibility.86 In a related approach, methacrylated 

alginate derivatives and methacrylated heparin were 

electrospun with PEO (1:1) and subsequently photocrosslinked. 

After removal of the PEO carrier to improve cell accessibility, 

the resulting mats retained their fibrous morphology over short 

culture periods and underwent gradual degradation over 

several weeks, while the presence of biofunctional motifs 

promoted enhanced cell interactions and controlled release 

behavior.87 

Protein-based mats. Protein-based electrospun mats are 

particularly attractive for biomimetic applications but generally 

require crosslinking to prevent rapid dissolution and to enable 

control over mechanical properties and degradation behavior.88 

Methacrylated gelatin (GelMA), a denatured collagen 

derivative, is among the most widely used examples: it can be 

readily electrospun and subsequently UV-cured to yield stable 

fibrous hydrogels. GelMA mats have been employed as 

antibiotic-releasing membranes (e.g., azithromycin-loaded 

systems) with controlled degradation and release kinetics,89 

and more broadly as mechanically reinforced fibrous scaffolds 

through blending with synthetic polymers and/or fillers.90–94 

These strategies have enabled fine tuning of stiffness, 

extensibility, and cellular response across a wide range of 

tissue-specific applications.95 More recently, GelMA has been 

combined with elastin-like peptides (ELPs) to fabricate 

biomimetic, suturable, and extensible electrospun scaffolds 

(Figure 15). By optimizing composition, a 5:5% (w/v) ELP/GelMA 

formulation was identified as providing the best balance of 

mechanical compliance, degradation rate, biocompatibility, and 

cell proliferation, closely matching the requirements of lower 

urinary tract tissues.96 

Beyond improving intrinsic fiber stability, (meth)acrylic 

photochemistry also enables hierarchical structure of 

electrospun mats, including core–shell, multilayer, and 

composite architectures with spatially separated functions. 

Coaxial electrospinning, for example, has been used to produce 

core–shell fibers comprising a PCL core and a photocrosslinked 

GelMA shell for vascular tissue engineering applications.97 

Similarly, poly (lactic-co-glycolic acid) (PLGA)/gelatin 

methacrylamide core–shell fibers benefited from crosslinking 

the shell in gelatin solution, improving mechanical and 

biological performance.98 Another interesting structure was 

presented by the group of Ferreira, who functionalized both 

gelatin and chitosan with methacrylic functions (GelMA and 

ChMA), and integrated them into a bilayer wound-dressing 

membrane. The mesh was fabricated by sequential 

electrospinning of a hydrophobic PCL/PLA top layer (protective 

barrier) followed by a GelMA/ChMA underlying layer, then UV 

irradiation to crosslink the bioactive phase. The barrier layer 

Figure 15. Schematic representation of the synthesis and evaluation of ELP/GelMA fibrous scaffolds:  the 

process includes electrospinning, photocrosslinking, mechanical characterization, in vitro cell seeding, 

and in vivo biocompatibility assessment via subcutaneous implantation in a rat model. Figure 

reproduced from Ref 96 with permission from Wiley-VCH, Copyright © 2025.  
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limited external water infiltration, whereas the GelMA/ChMA 

layer provided high wettability and an ECM-like morphology 

supportive of cell proliferation. After photocrosslinking, the 

GelMA/ChMA layer showed minimal mass loss (~6%), while 

non-crosslinked meshes dissolved completely.99 

Methacrylated silk fibroin systems further highlight the 

multifunctionality achievable through the combination of 

electrospinning and photocrosslinking. Depending on 

formulation and secondary interactions (e.g., metal 

coordination), these systems have supported antibacterial 

activity, angiogenic and osteogenic responses, controlled drug 

release, and regenerative functions.100–102 

Finally, photocrosslinking has also been extended to plant-

derived proteins. Although soy protein isolate (SPI) shows 

promise for biomedical, food, and filtration applications, its 

electrospinnability and stability under physiological conditions 

are limited. Methacrylation of SPI to obtain a photo-

crosslinkable derivative, followed by electrospinning with PEO 

as a carrier and UV curing, significantly improved both 

processability and aqueous stability compared to unmodified 

SPI.103 

Polyester-derived acrylic systems. Acrylated polyesters have 

also been used to obtain mechanically reinforced mats through 

post-spinning photo-induced curing. Ye et al. synthesized 

acrylate-terminated random copolyesters of poly(ε-

caprolactone-co-L-lactide) (PCLA) and achieved efficient 

photoinitiator-free UV crosslinking. The tensile strength of the 

resulting fibrous membranes increased with irradiation time, 

from approximately 13 to 21 MPa, while early-stage 

degradation was significantly reduced, enabling preservation of 

mechanical integrity for at least one month.104 In a related 

strategy, polyester-based porous ultrafine fibers were 

fabricated using a phase-separation-assisted approach. Blends 

of unsaturated polyester macromonomer (UPM) and poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) were 

electrospun, with PHBV serving as an electrospinnable carrier to 

compensate for the low viscosity and molecular weight of UPM. 

The resulting fibers exhibited a cylindrical morphology with 

average diameters ranging from 0.5 to 20 μm. After 

electrospinning, UPM was photocrosslinked under UV 

irradiation, and the membranes were subsequently subjected 

to selective solvent extraction (e.g., chloroform). Due to the 

immiscibility of UPM and PHBV, phase separation occurred 

during fiber formation, and removal of PHBV generated a 

porous nanofibrous structure (Figure 16).105 For higher 

throughput, free surface electrospinning (FSES) (i.e., process in 

which jets originate from the free surface of a polymer solution 

under a high electric field rather than from a needle) has been 

combined with UV curing to produce scalable nanofibrous 

membranes. Using this technique with aqueous solutions of 

vinylbenzylated gelatin (gelatin-4VBC) and PCL dimethacrylate 

(PCL-DMA), UV curing created a covalently integrated co-

network; varying the gelatin-4VBC/PCL-DMA ratio and 

photoinitiator concentration enabled tuning of crosslinking 

density, wettability, and degradation behavior, with PCL-DMA 

acting as a hydrophobic degradable crosslinker that also 

mitigated steric hindrance during curing.106 

Taken together, these studies demonstrate that (meth)acrylate 

post-spinning photocrosslinking of polymeric systems provides 

a general and highly adaptable route to stabilize water-soluble 

electrospun polymers, while preserving nanofibrous 

morphology and enabling fine control over mechanical 

properties, degradation, and biointeractions. 

Macromers and liquid-crystalline building blocks. Even in post-

spinning curing approaches, limited segmental mobility within 

highly entangled polymer chains can restrict crosslinking 

efficiency, motivating the use of more reactive low-molecular-

weight (meth)acrylic species or oligomers. Macromers and 

prepolymers offer an effective intermediate strategy between 

small monomers and high-molecular-weight polymers, 

combining sufficient processability for electrospinning with a 

high density of photoreactive functional groups. A wide range 

of acrylic-based macromers has been synthesized and 

electrospun either alone,107 with PEO as a carrier,108,109 or 

blended with gelatin,110 yielding photo-crosslinkable nanofibers 

suitable for hydrogel formation and tissue-regeneration 

scaffolds. Crucially, rational molecular design enables fine 

control over photoreactivity, crosslinking efficiency, fiber 

morphology, solubility, and mechanical performance, making 

macromer-based systems highly versatile platforms for 

integrating electrospinning with photochemistry. 

A distinct yet related class is represented by reactive mesogens 

(RMs), liquid-crystalline monomers bearing polymerizable 

terminal groups and exhibiting intrinsic molecular alignment in 

their mesophases. Upon UV irradiation, these monomers 

undergo photopolymerization, permanently fixing the ordered 

structure into oriented polymer networks. This self-organizing 

behavior offers a unique route to high-performance 

electrospun fibers. In this context, Yao et al. combined acrylate-

functional RMs with polyamide 6 (PA6) or PMMA, obtaining 

improved mechanical properties at RM contents between 20 

and 33 wt%, while higher loadings were detrimental.111 A 

closely related class involves light-responsive liquid crystal 

elastomer (LCE) fibers and yarns fabricated by electrospinning 

followed by photocrosslinking. In advanced designs 

incorporating photothermal additives such as gold nanorods 

(AuNRs), electrospinning was combined with molecular 

synthesis and a two-step crosslinking strategy (Figure 17). 

During solution preparation, the acrylic liquid-crystal monomer 

(RM257) and polymerizable AuNRs underwent an initial Michael 

addition with a thiol-containing chain extender, forming short 

liquid-crystalline oligomers that were electrospun and collected 

as aligned yarns using a funnel-shaped collector. Subsequent 

UV-induced acrylic crosslinking and roller drafting fixed 

Figure 16. Porous photocrosslinked nanofibrous structure obtained by phase separation 

and selective solvent extraction: SEM images of UPM/PHBV (4/1) after 1 h (a) and 24 h 

(b) washing step with chloroform. Figure reproduced from Ref 105 with permission from 

Wiley Periodicals Inc., Copyright © 2009. 
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molecular orientation within the fibers. Owing to the 

interconnected “spider-web-like” fiber architecture, high 

molecular alignment, and robust covalent bonding at the 

organic–inorganic interface, the resulting LCE yarns exhibited 

large, reversible actuation strains (≈81%) and stable light-driven 

shape-morphing behavior under varying irradiation 

intensities.112 

Together, macromers and liquid-crystalline building blocks 

illustrate how molecular design and photochemistry can be 

leveraged to overcome mobility limitations in electrospun 

systems, enabling hierarchical organization, efficient network 

formation, and emergent mechanical and functional properties 

unique to nanofibrous soft matter. 

 

3.2 Thiol–ene systems 

The thiol–ene “click” reaction is a hydrothiolation process 

between thiol groups and carbon–carbon double bonds that 

combines the hallmark features of click chemistry (i.e., high 

efficiency, selectivity, and orthogonality) with the advantages of 

photopolymerization. Upon light activation, thiol–ene reactions 

proceed through a radical-mediated step-growth mechanism, 

leading to uniform network formation with reduced oxygen 

inhibition and low polymerization shrinkage.113 These features 

make thiol–ene chemistry particularly well suited for coupling 

with electrospinning to fabricate crosslinked nanofibrous 

membranes with controlled morphology and functionality. By 

selecting the thiol crosslinker and tuning the thiol-to-ene ratio, 

both the structural and functional properties of electrospun 

mats can be precisely tailored. 

A representative example is provided by Sharma et al., who 

combined electrospinning with thiol–ene crosslinking to 

fabricate fibrous PEG hydrogels that better mimic the fibrous 

architecture and biological microenvironment of native tissues 

compared to bulk hydrogels. In this approach, four-arm PEG-

norbornene (PEG-NB) was electrospun using PEO as a sacrificial 

carrier and subsequently crosslinked with multifunctional 

thiols. The influence of different thiol crosslinkers (2,2′-

(ethylenedioxy)diethanethiol EDT, pentaerythritol tetrakis(3-

mercaptopropionate) PETMP, and poly(ethylene glycol) dithiol 

PEGDT) was systematically investigated. The molecular weight 

and functionality of the thiol crosslinker affected solution 

viscosity and fiber diameter, which ranged from 0.5 to 3.5 mm 

in dry state, with PEGDT yielding the largest fibers. The 

mechanical properties of the fibrous hydrogels were governed 

by UV exposure time, solvent conditions, and crosslinker type, 

with longer irradiation increasing shear modulus. PETMP-

crosslinked fibers exhibited the highest shear modulus (~2.7 

kPa) after 30 min UV exposure, consistent with its higher thiol 

functionality.114 Thiol–norbornene photochemistry has also 

enabled elastomeric and bioactive hydrogel fibers based on 

synthetic polyesters. Norbornene-functionalized PGS-co-PEG 

macromers were electrospun with PEO as a carrier and 

subsequently crosslinked with dithiols to form fibrous 

hydrogels. This approach overcame the limitations of 

conventional thermally cured PGS and yielded cytocompatibility 

scaffolds with tunable elasticity, highlighting the versatility of 

thiol–ene chemistry for fabricating fibrous elastomers.115 In 

vascular tissue engineering, PEG-NB has been used to create 

Figure 17. Light-driven liquid crystal elastomer (LCE) active yarn fabricated by 

electrospinning and subsequent photocrosslinking strategies: (a) molecular structure of 

monomers and chain extenders; (b) and (c) schematic diagram of internal molecular 

chain and fibers network structure changes in the electrospun yarn soft actuator; (d) 

schematic diagram of the preparation process of the AuNRs@LCE active yarn soft 

actuator. Figure reproduced from Ref 112 with permission from Wiley-VCH, Copyright © 

2024. 

Figure 18. Photo-crosslinked poly(aspartic acid) fiber networks via electrospinning and subsequent alkaline hydrolysis. 

Figure reproduced from Ref 117 with permission from Elsevier Ltd., Copyright © 2024.  
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hybrid electrospun grafts with tunable mechanics and porosity. 

Core–sheath fibers comprising a PEG-NB shell and hydrophobic 

cores (PCL or PLCL) were photocrosslinked via thiol–ene 

reactions (with PEG-thiol crosslinkers), and post-processing by 

freeze-drying further enhanced porosity and tensile properties. 

The choice of core polymer and processing route enabled 

independent control of stiffness, degradation rate, and cell 

infiltration, demonstrating the adaptability of thiol–ene 

crosslinking for vascular graft design.116 NB-based chemistry has 

also been applied to polypeptide systems. Norbornene-

modified polysuccinimide (PSI-NB) was electrospun and 

crosslinked with multifunctional thiols to yield stable fiber 

networks that were subsequently hydrolyzed to poly(aspartic 

acid) (pAsp) (Figure 18). Although hydrolysis induced fiber 

swelling, the photocrosslinked structure remained intact, 

illustrating how thiol–ene networks can stabilize otherwise 

water-soluble fibrous assemblies.117 

Functional bioactive fibers have further been realized using 

thiol–ene reactions. Methacrylated HA combined with PEG-

thiol crosslinkers enabled the fabrication of biodegradable nitric 

oxide (NO)-releasing nanofibers for wound healing. By tuning 

HA concentration and NO-donor content, fiber diameter, NO 

payload, and release duration were precisely controlled, while 

maintaining cytocompatibility.118 

Beyond hydrogels, thiol–ene crosslinking has been exploited to 

stabilize elastomeric and rubbery electrospun mats. Vitale et al. 

demonstrated morphology-controllable styrene–butadiene 

rubber (SBR) nanofibers crosslinked via thiol–ene reactions. 

Different process parameters (e.g., flow rate, time between the 

electrospinning and the irradiation) were demonstrated to be 

efficient in controlling the fiber diameter up to the nanometer 

range and of the membrane porosity. Crosslinking prevented 

cold flow and provided long-term dimensional stability. 

Moreover, adjusting the thiol-to-vinyl molar ratio and the 

irradiation dose enabled precise control over the density of 

residual functional groups available for post-

functionalization.119 In a subsequent study aligned with 

sustainability principles, SBR-based electrospun membranes 

were prepared from aqueous SBR latex in water rather than 

organic solvents, and crosslinked with thiols. PEO was used as a 

template polymer to make the suspension electrospinnable, 

and was then removed after electrospinning and UV irradiation 

by water washing, yielding raspberry-like fibers composed 

solely of SBR nanoparticles (Figure 19). The formation of a 

three-dimensional crosslinked network, which imparted 

excellent structural stability after water treatment and 

enhanced thermal performance, was confirmed. Tuning the 

composition of the electrospinning suspension allowed to finely 

control the chemical composition, morphology, water solubility, 

and thermal properties of the nanofibrous membranes.120 

Thiol–ene chemistry has also been applied to polyester systems, 

including elastic polyurethane fibers with shape-memory 

behavior121 and copolyesters based on alkyne-functionalized 

and thiol-bearing moieties with biodegradable grafts capable of 

sustained hydrogen sulfide release to promote endothelial cell 

growth.122 

Overall, thiol–ene photochemistry provides a robust and 

versatile platform for the photocrosslinking of electrospun 

mats, enabling efficient network formation under mild 

Figure 19. SBR fibrous membranes by latex electrospinning and thiol–ene photocrosslinking: (a) schematic illustration of the process, and 

(b) morphology of the photo-crosslinked electrospun membranes after water treatment for PEO removal. Figure adapted from Ref 120 

with permission from Springer, Copyright © 2024. 

Figure 20. Photocrosslinking mechanism of highly modified CS-Az. Figure reproduced 

from Ref 123  with permission from Wiley-VCH, Copyright © 2022.  
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conditions and offering fine control over fiber morphology, 

mechanical properties, and surface functionality. 

 

3.3 Other radical systems 

In addition to (meth)acrylate and thiol–ene chemistry, several other 

radical-mediated photocrosslinking mechanisms have been 

employed to stabilize electrospun mats, each offering distinct 

advantages in terms of efficiency, stability, and functional control. 

For instance, nitrene-based crosslinking relies on highly reactive 

species generated from arylazide groups under UV irradiation. Christ 

and Menzel functionalized fungal chitosan with photoreactive 

arylazides (CS–Az) and blended it with ultrahigh-molecular-weight 

PEO to obtain smooth, defect-free fibers. Upon irradiation, arylazides 

generated nitrenes that can work as either diradical (triplet state) or 

as electrophile (singlet state) by bimolecular insertion into C–H or N–

H bonds of adjacent chains, producing a water-stable crosslinked 

network (Figure 20). Fiber morphology was mainly governed by PEO 

content and solvent volume, highlighting the importance of 

formulation design.123 

Photocycloaddition reactions, particularly [2+2] cycloadditions 

of cinnamate or styryl groups, constitute another widely used 

strategy. For example, methylene cinnamate pendants were 

introduced into polystyrene, enabling photoinitiator-free UV 

crosslinking through cyclobutane formation. The resulting fibers 

(≈350 nm) exhibited excellent solvent resistance and reversible 

crosslinking under deep-UV exposure (<260 nm),124 although 

such high-energy irradiation may limit penetration depth and 

raise photodegradation concerns in thicker assemblies. Similar 

reversible stabilization was achieved in an interesting work, 

where highly hydrophilic poly(2-ethyl-2-oxazoline) (PEtOx) 

nanofibers functionalized with cinnamoyl moieties were 

dimerized under UVB irradiation, while UVC exposure enabled 

controlled disintegration.125  

A closely related family relies on styrylpyridinium (SbQ) groups, 

which undergo [2+2] cycloaddition under UV light and have 

been extensively used to stabilize PVA. PVA–SbQ nanofibers 

retained morphology and exhibited low mass loss upon 

prolonged water immersion.126 Moreover, irradiation with 

linearly polarized light enabled directional crosslinking, yielding 

anisotropic, dichroic fibrous membranes.127,128 Related 

photocycloaddition strategies based on thienyl acrylate 

substituents yielded water-resistant PVA fibers with reduced 

diameters (100–200 nm).129 This photocrosslinking strategy has 

recently been translated to scalable, needle-free 

electrospinning (production ≈15 g/h; Figure 21) for high-flux 

water purification membranes, where double-bond addition 

cyclopolymerization-based photocrosslinking controlled 

swelling and pore structure while maintaining high permeability 

and high rejection efficiency.130 Beyond membranes, SbQ 

photochemistry has also enabled nanofiber-based 

microparticles: electrospinning of PVA–SbQ followed by 

photopatterning generated detachable, shape-defined fibrous 

microstructures that were collected in water and functionalized 

with Ag nanoparticles as capture substrates for surface-

enhanced Raman spectroscopy (SERS)-based multiplex 

immunoassays.131 

While these reversible photochemical motifs enable dynamic 

behavior in nanofibrous systems, their practical 

implementation in thick or multilayered architectures may be 

constrained by light-penetration limitations, particularly in 

highly scattering fibrous mats where photon flux decays rapidly 

with depth. 

Radical pathways based on hydrogen abstraction and 

recombination provide an alternative to photocycloaddition. 

Benzophenone-functionalized poly(2-ethyl-2-oxazoline) 

underwent UV-induced crosslinking via hydrogen abstraction 

and radical coupling; among different irradiation strategies, 

post-spinning curing proved most effective in achieving water-

stable membranes.132 Similarly, Kianfar et al. stabilized 

chitosan-containing electrospun mats using PEO as a carrier and 

Figure 21. Scalable and durable electrospun photocrosslinked PVA-SbQ nanofibers-based membranes: (a) schematic 

diagram of the changes of functional groups in the molecular chain; (b) schematic of the preparation process of the 

nanofibrous membranes; (c) physical image of the electrospun membrane. Figure reproduced from Ref 130  with 

permission from Elsevier B.V., Copyright © 2025.  
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benzophenone as a hydrogen-abstraction photoinitiator, 

avoiding additional crosslinkers or polymer functionalization. 

Despite partial chitosan degradation at high doses, the 

membranes showed improved thermal and water resistance 

while preserving biocompatibility.133 

Beyond amorphous polymers, photocrosslinking of ordered and 

functional systems has also been demonstrated. Liquid-crystal 

elastomer fibers with uniformly aligned nematic directors were 

produced by electrospinning photoactive main-chain polymers 

followed by UV curing under orientation fields.134 In parallel, 

photo-responsive conjugated polymers such as polydiacetylene 

(PCDA) have been incorporated into electrospun fibers for 

sensing applications. It was shown that embedding PCDA in PEO 

or PU matrices enabled bead-free fibers with preserved 

conjugation and colorimetric response to bacteria and pH, 

provided that solution viscosity and composition were carefully 

controlled.135,136 

Overall, these examples demonstrate that grouping 

photocrosslinking strategies by reaction mechanism (e.g., 

nitrene insertion, photocycloaddition, radical recombination) 

provides a useful framework for rationally designing 

electrospun mats with tailored stability, functionality, and 

responsiveness, further highlighting the strong synergy 

between electrospinning and photochemistry. 

 

3.4 Cationic systems 

Cationic photopolymerization is a light-initiated process in 

which strong acids are generated from onium salts to initiate 

polymerization of monomers such as epoxides, vinyl ethers, and 

related functionalities. This mechanism offers several 

advantages over free-radical photopolymerization, including 

negligible oxygen inhibition, low volumetric shrinkage, and the 

formation of mechanically robust networks. Moreover, the 

monomers employed in cationic systems are often less toxic 

than the acrylate and methacrylate monomers commonly used 

in radical photopolymerization. A distinctive feature of cationic 

photopolymerization is its ability to proceed even after the light 

source is removed (dark curing), owing to the relatively long 

lifetimes of the photogenerated acidic species.137 In highly 

scattering fibrous systems, this post-irradiation propagation can 

partially compensate for limited photon penetration, 

promoting improved cure depth compared to radical systems. 

Nevertheless, the initial spatial distribution of acid generation 

still depends on the local light intensity, and therefore remains 

influenced by the scattering coefficient and optical density of 

the mat. 

The advantageous features of cationic mechanism have been 

successfully exploited in electrospinning. Iregui et al. fabricated 

shape-memory fibers by electrospinning blends of bisphenol A 

diglycidyl ether (DGEBA), high-molecular-weight PCL, and 

iodonium salt, followed by UV curing. The resulting membranes 

exhibited excellent shape-memory performance, with shape-

fixity ratios of 95–99% and shape-recovery ratios of 88–

100%.138 Electrospun fibers exhibited superior fixity and 

recovery, attributed to a highly anisotropic “shish kebab” 

crystalline morphology in which oriented PCL chains were 

covalently linked to the epoxy network. This unique 

morphology conferred exceptional solvent resistance, shape-

memory properties, and enabled potential applications in 

unconventional fields such as chloroform sensing.139  

Cationic photopolymerization has also been integrated with 

electrospinning and photolithography to create functional 

fibrous architectures. Electrospun membranes were fabricated 

from SU-8, an epoxy-based negative photoresist, and 

subsequently patterned using conventional photolithography 

with controlled UV exposure through photomasks of varying 

periodicity. After patterning, a thin silver layer was deposited by 

thermal evaporation to produce SERS substrates. The resulting 

membranes consisted of uniform fibers with average diameters 

of approximately 200 nm and featured well-defined 

micropatterns (100–400 μm). The homogeneous fibrous 

structure provided highly reproducible SERS performance, with 

enhancement factors on the order of 10⁸ for Rhodamine 6G 

detection.140 

4. Photo-induced grafting/surface modification 
of electrospun mats 

Beyond bulk crosslinking, photo-induced reactions offer 

powerful routes for the surface modification and 

functionalization of electrospun mats, enabling the fabrication 

of coated fibers, core–shell architectures, and multilayered 

systems with tailored interfacial properties. Owing to the spatial 

and temporal control afforded by light, photografting and 

photocuring are particularly well suited for introducing 

bioactivity, tunable wettability, or stimulus responsiveness 

while preserving the intrinsic fibrous morphology. Because 

electrospun mats are dominated by interfacial area rather than 

bulk volume, surface chemistry plays a disproportionate role in 

governing their macroscopic behavior, making photo-induced 

grafting particularly impactful in these soft, high-surface-area 

systems. 

One common strategy consists of coating electrospun fibers 

with a photocrosslinked hydrogel layer. For example, cellulose 

acetate nanofibers loaded with ibuprofen were coated with a 

poly(acrylamide) hydrogel formed by UV photopolymerization 

of acrylamide, yielding drug-delivery systems with sustained 

release profiles and excellent cytocompatibility. Compared to 

uncoated fibers, the hydrogel shell suppressed burst release 

and enabled near-complete drug delivery at higher loadings.141 

Similarly, temperature-responsive fibers were fabricated by 

electrospinning PCL fibers followed by coating through in situ 

UV photopolymerization of poly(N-isopropylacrylamide) 

(PNIPAM) layer. The PNIPAM layer enabled temperature-

dependent wettability and antibiotic release, resulting in 

effective antibacterial activity against both E. coli and S. 

aureus.142 Photocrosslinked gelatin-based coatings have also 

been applied to electrospun PCL scaffolds for vascular tissue 

engineering, where GelMA, PEG acrylate, and PEG diacrylate 

hydrogels improved hemocompatibility and endothelial cell 

interactions.143 
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Photo-induced surface grafting has further enabled direct 

immobilization of bioactive macromolecules onto fibrous 

substrates. In one example, azidobenzoic-acid-modified gelatin 

was photochemically grafted onto PHBV/PEO electrospun mats 

without additional crosslinkers, significantly enhancing cell 

adhesion and proliferation relative to ungrafted controls. 

Although grafting increased fiber diameter and slightly reduced 

porosity and mechanical strength, optimized formulations 

showed balanced morphology, permeability, and mechanical 

performance suitable for artificial skin scaffolds.144 

Beyond biomedical coatings, photografting has been recently 

exploited for wearable and sensing platforms. Patterned 

polystyrene-block-polybutadiene-block-polystyrene (SBS) 

nanofibers fabricated using structured collectors were 

rendered hydrophilic through benzophenone-initiated 

photografting of PEGMA (Figure 22), enabling uniform hydrogel 

integration. Subsequent selective photopolymerization of 

PEGDA hydrogels containing enzymatic and pH-responsive 

reagents produced power-free, colorimetric sweat sensors 

capable of real-time glucose and pH monitoring, with 

demonstrated on-body performance and biocompatibility. The 

photografted PEGMA layer was essential for stable hydrogel 

anchoring, enhanced wettability, and reliable analyte 

diffusion.145 

These coating-based approaches illustrate how photo-induced 

grafting can selectively modify surface chemistry without 

perturbing bulk fiber structure, enabling independent 

optimization of interfacial and mechanical properties, and 

allowing relatively thin grafted layers to dictate wetting, 

biointeraction, and transport behavior of the entire fibrous mat. 

Photo-induced grafting has also been exploited to create core–

shell nanofibers and polymer brush architectures. In one 

example, fluorinated photoinitiators preferentially migrated to 

the fiber surface during electrospinning of PAN, enabling 

surface-initiated photopolymerization of acrylate monomers 

and the formation of functional polymer shells under UV 

irradiation.146 pH-sensitive drug-delivery fibers were fabricated 

using a similar approach, where PLA-based core fibers loaded 

with combretastatin A4 were coated with UV-polymerized 

acrylic shells, yielding controlled drug release under acidic 

conditions.147 

Even more complex architectures can be achieved through 

photo-assisted multilayer fabrication. Bilayer and trilayer 

nanofibrous membranes with asymmetric wettability and pore 

gradients were produced by combining electrospinning of 

PU/PEGDA blends with subsequent PEGDA photocuring. By 

controlling UV irradiation time and coating thickness, 

directional moisture transport was achieved, enabling efficient 

sweat management in advanced textile systems.148,149 

Photo-induced grafting is particularly effective for tailoring 

surface chemistry, wettability, and biological interactions. 

Extensive work by Ramesh and co-workers demonstrated how 

photografting hydrophilic, zwitterionic, or amino-acid-based 

moieties onto electrospun poly(ethylene-co-vinyl alcohol) 

(EVAL) fibers modulated wettability and blood compatibility. 

Grafting of 2-hydroxyethyl acrylate, sulfobetaine 

methacrylates, or glycine enabled systematic control over 

leukocyte adhesion, red blood cell recovery, and hemolysis, 

highlighting the complex interplay between surface hydration, 

charge, and blood–material interactions.150–152 Beyond 

hemocompatibility, photografting has been applied to  

immobilize therapeutic biomolecules on electrospun scaffolds. 

Perfluorophenyl azide bearing a N‐hydroxysuccinimide (PFPA-

NHS) active ester group enabled UV-initiated covalent 

attachment of proteins and enzymes to PCL fibers while 

preserving biological activity, offering sustained presentation of 

Figure 22. Schematic illustration of the fabrication and surface modification of patterned SBS nanofibers: (a) 

electrospinning using a patterned collector to create structured nanofibers with controlled alignment; (b) surface 

modification of SBS nanofibers via PEGMA grafting using benzophenone-initiated UV polymerization to enhance 

hydrophilicity. Figure reproduced from Ref 145  with permission from Elsevier B.V., Copyright © 2025. 

Page 20 of 28Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

1:
31

:4
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6SM00041J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sm00041j


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 21  

Please do not adjust margins 

Please do not adjust margins 

bioactive cues for regenerative medicine and photodynamic 

therapy.153 

Photochemical surface modification has also enabled 

multifunctional materials with specific surface properties for 

antimicrobial and environmental applications. Poly(methacrylic 

acid) brushes were photografted onto PHBV fibers and used to 

complex in situ photogenerated silver nanoparticles, yielding 

scaffolds with strong antibacterial activity against S. aureus and 

E. coli.154 Selective photografting was further used to fabricate 

asymmetric PLA/PVA meshes with controlled moisture 

transport and high cell viability for wound-dressing 

applications.155 In another example, hydrophobic/oleophilic 

rubber nanofibrous membranes were fabricated via suspension 

electrospinning of SBR followed by photo-induced crosslinking 

and thiol–ene grafting of vinyl-terminated PDMS (Figure 23). 

The resulting membranes exhibited stable hydrophobicity, 

strong oleophilicity, and excellent oil–water separation 

efficiency (>99%) with high flux, underscoring their potential for 

oily wastewater remediation.156 

Overall, these studies demonstrate that photo-induced grafting 

transforms electrospun mats into modular platforms, where 

surface functionality, responsiveness, and interfacial 

interactions can be programmed independently from fiber 

formation. 

Finally, photografting strategies have been extended to stimuli-

responsive and energy-storage systems. Hierarchical 

polystyrene fibrous membranes grafted with pH-responsive and 

fluorinated acrylates exhibited switchable wettability and 

enabled gravity-driven oil–water separation with high 

efficiency.157 In parallel, composite polymer electrolytes were 

fabricated by electrospinning poly(vinylidene fluoride-co-

hexafluoropropylene) (PVDF-HFP) and PAN hybrid fibers loaded 

with metal-organic framework particles, followed by UV-

initiated polymerization of a liquid precursor. The resulting 

interconnected 3D fibrous networks enabled continuous Na⁺ 

transport, high ionic conductivity, and excellent electrochemical 

performance in quasi-solid-state sodium batteries.158 

In conclusion, photo-induced grafting and surface modification 

provide exceptional versatility for engineering electrospun mats 

with controlled interfacial chemistry, hierarchical architectures, 

and application-specific functionalities. By decoupling bulk fiber 

formation from surface functionalization, these strategies 

Figure 23. Scheme of the process to prepare PDMS-grafted electrospun rubber membranes: electrospinning of SBR/PEO suspension, 

irradiation to promote the photo-induced crosslinking, water treatment to remove PEO template, and photo-induced functionalization with 

vinyl terminated PDMS. The thiol–ene grafting reaction is also reported. Figure reproduced from Ref 156  with permission from Elsevier B.V., 

Copyright © 2025. 
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greatly expand the design space of electrospun materials for 

biomedical, environmental, and smart-textile applications. 

5. Conclusions and perspectives 

The coupling of electrospinning with photo-induced processes 

has emerged as a powerful and versatile strategy for the design 

of advanced nanofibrous polymeric materials. As illustrated 

throughout this review, light-driven polymerization, 

crosslinking, and grafting reactions provide effective solutions 

to several intrinsic limitations of conventional electrospinning, 

including insufficient mechanical robustness, poor resistance to 

water or solvents, and limited control over functionality. By 

enabling in situ or post-spinning network formation under 

controlled light-mediated conditions, photochemistry expands 

both the materials palette and the architectural complexity 

accessible through electrospinning. 

From a materials perspective, the integration of photo-induced 

reactions has significantly broadened the range of processable 

systems, encompassing low-molecular-weight monomers and 

oligomers, macromers, high-performance polymers, natural 

polymers, and hybrid organic–inorganic formulations. The 

reviewed studies demonstrate that careful selection of 

photochemical mechanisms (e.g., free-radical (meth)acrylic, 

thiol–ene, cycloaddition, or cationic) allows precise tuning of 

crosslinking density, degradation behavior, mechanical 

response, and surface chemistry. Beyond illustrating the 

breadth of available chemistries, several general design 

principles emerge from the studies discussed in this review. 

First, the choice of photochemical mechanism should be aligned 

with the required network homogeneity and stress tolerance: 

chain-growth (meth)acrylate systems offer high reactivity and 

broad synthetic versatility but may induce shrinkage and 

residual stress, whereas step-growth thiol–ene chemistries 

provide improved network uniformity and reduced oxygen 

sensitivity, making them attractive for soft or biomedical 

systems. Second, optical penetration and curing depth must be 

considered in relation to fiber thickness and mat density; 

cationic systems with dark-curing capability can mitigate light-

attenuation limitations in thick assemblies, while reversible 

photochemistries are more suitable for thin or surface-

accessible architectures. Third, the relative timescales of jet 

stretching, solvent evaporation, and polymerization should be 

balanced to control internal stress and molecular orientation, 

particularly in in situ reactive electrospinning. Finally, 

application-specific constraints, such as biocompatibility, 

mechanical compliance, chemical resistance, or 

reconfigurability, should guide the selection of wavelength, 

initiator type, and reaction pathway. Together, these 

considerations provide a framework for rationally selecting 

photochemical strategies tailored to the structural, optical, and 

functional requirements of a given nanofibrous system. 

Importantly, the nanofibrous morphology actively influences 

reaction efficiency and final properties, as high surface area, 

rapid solvent evaporation, and confined geometries influence 

polymerization kinetics and network formation in ways that 

differ fundamentally from bulk systems. 

From a processing standpoint, photo-assisted electrospinning 

offers unique opportunities for temporal, spatial, and 

hierarchical control. Irradiation during jet flight, upon 

deposition, or as a post-processing step enables stabilization of 

otherwise unprocessable liquids, fixation of phase-separated or 

core–shell architectures, and selective surface functionalization 

without compromising the fibrous structure. The compatibility 

of photochemistry with patterned irradiation, photomasks, and 

wavelength-selective activation further opens routes toward 

multiscale structuring, gradient materials, and multifunctional 

membranes. In this respect, photo-induced processes 

transform electrospinning from a purely shaping technique into 

a reactive manufacturing platform. 

Despite these advances, several challenges remain and define 

important directions for future research. First, a deeper 

understanding of reaction–flow–solidification coupling during 

electrospinning is still needed. Most current studies rely on 

empirical optimization, while predictive models linking 

photopolymerization kinetics, jet dynamics, and fiber 

morphology remain scarce. Addressing this gap will be essential 

for rational process design and reproducibility, particularly 

when scaling up. 

Second, scalability and sustainability represent critical 

bottlenecks for translation beyond the laboratory. While 

needleless electrospinning, free-surface electrospinning, and 

roll-to-roll UV curing have shown promise, systematic studies 

integrating high-throughput electrospinning with energy-

efficient and solvent-free photoprocesses are still limited. 

Future efforts should prioritize visible-light photochemistry, 

bio-based photoreactive monomers, and water-based 

formulations to align photo-assisted electrospinning with green 

chemistry principles. 

Third, there is significant untapped potential in dynamic and 

adaptive fibrous systems. Photo-induced reactions enable not 

only permanent stabilization but also reversible crosslinking, 

latent reactivity, and multi-step functionalization. Exploiting 

these features could lead to reconfigurable nanofibrous 

materials capable of on-demand property changes, self-healing, 

or programmable degradation, which are concepts that are 

particularly appealing for soft robotics, wearable devices, and 

responsive biomedical scaffolds. However, dynamic and self-

healing fibrous systems based on reversible photochemistry 

face intrinsic optical-depth limitations. In highly scattering 

nanofibrous mats, photon flux decays rapidly with depth, 

restricting efficient bond reformation primarily to regions near 

the irradiated surface. Consequently, bulk reconfiguration or 

healing in thick or multilayered architectures may be 

significantly less effective than in thin films or surface-grafted 

systems. Strategies such as longer-wavelength 

photochemistry,159 light-induced frontal polymerization,160 or 

hybrid dual-curing approaches161 may help mitigate these 

constraints. Nevertheless, light attenuation remains a 

fundamental design parameter when translating dynamic 

photochemical concepts to scalable nanofibrous materials. 

Finally, closer integration between photochemistry, 

electrospinning, and application-driven design will be crucial. 

While many studies demonstrate proof-of-concept 
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functionalities, future work should emphasize structure–

property–function relationships under realistic operating 

conditions, including long-term mechanical loading, biological 

environments, or cyclic stimuli. Multidisciplinary approaches 

combining polymer chemistry, process engineering, modeling, 

and advanced characterization will be key to unlocking the full 

potential of this field. 

In conclusion, coupling electrospinning with photo-induced 

processes represents more than an incremental modification of 

an established technique: it constitutes a paradigm shift toward 

reactive, programmable, and multifunctional nanofibrous 

materials. Viewed through a soft matter lens, photo-assisted 

electrospinning represents a non-equilibrium, confinement-

driven route to hierarchical materials in which interfacial 

chemistry and nanoscale structure jointly dictate macroscopic 

function. Continued advances in photochemistry, light sources, 

and scalable electrospinning technologies are expected to 

further consolidate this approach as a cornerstone in the 

development of next-generation soft matter systems for 

biomedical, environmental, energy, and smart-material 

applications. 
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