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Abstract

Due to their limited functional range, single-layer engineered scaffolds often fall short
of meeting the complex clinical requirements for corneal stromal engineering (CSE). To
overcome these challenges, bilayer constructs that integrate complementary material prop-
erties have emerged as promising alternatives. In this study, we developed a bilayer
membrane by electrospinning polycaprolactone (PCL) fibers onto a solvent-cast polyvinyl
alcohol/sodium alginate (PVS) membrane. The dense PVS layer provided a smooth, crack-
free surface with favorable physicochemical and thermal stability. In contrast, the PCL
nanofibrous layer (232 £ 44nm) exhibited a continuous, bead-free, and highly aligned
morphology. Comprehensive characterization confirmed the structural integrity of the bi-
layer scaffold, which showed two distinct thermal transitions (~65 °C for PCL and ~225 °C
for PVS), confirming good stability and minimal interfacial disruption. Functionally, the
PCL-PVS bilayer scaffold demonstrated an intermediate contact angle (57.44°), high water
uptake capacity (424.44%), and a high gel fraction (96.12%), along with controlled biodegra-
dation (39.65%), highlighting its suitability for physiological environments. Mechanical
testing revealed a Young’s modulus of 2.60 & 0.20 megapascals (MPa), an ultimate tensile
strength (UTS) of 5.74 £ 0.02 MPa, and an elongation at break of 3.32 £ 0.10%, values
well aligned with the mechanical demands of corneal tissue. Additionally, the construct
achieved 85.01% light transmittance, essential for visual clarity, and supported measurable
cell viability, although additional optimization is required to further enhance cytocompati-
bility. These findings demonstrate that the bilayer combines structural stability, favorable
physicochemical performance, transparency, and biological compatibility, positioning it as
a promising platform for further optimization toward CSE.

Keywords: corneal stromal engineering; bilayer membrane; solvent casting; electrospinning

1. Introduction

The cornea, located at the anterior portion of the eye, serves as a transparent and
protective tissue that refracts incoming light onto the retina, enabling vision [1]. Structurally,
it consists of three primary layers: the epithelium, stroma, and endothelium. Among these,
the stroma constitutes nearly 85% of the total corneal thickness and is mainly composed of
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orthogonally arranged collagen (Col) fibrils, proteoglycans, and keratocytes [2]. The highly
ordered lamellar architecture of these stromal components is crucial for maintaining both
corneal transparency and mechanical stability [3]. Damage caused by trauma, infection,
or degenerative diseases can disrupt this organization, resulting in stromal opacification
and vision loss [4]. Corneal transplantation remains the clinical gold standard for visual
restoration; however, its broad implementation is restricted by the global shortage of donor
tissue, high costs, and potential immune rejection [5]. These limitations have motivated the
development of alternative regenerative strategies, particularly tissue-engineered scaffolds
designed to recapitulate the native stromal structure and function [6].

Among natural polymers, sodium alginate (SA) has attracted attention in corneal stro-
mal engineering (CSE) due to its biocompatibility, hydrophilicity, and structural similarity
to glycosaminoglycans, which support favorable cell-matrix interactions [7]. However,
its intrinsic brittleness, rapid degradation, and limited optical clarity restrict its use as a
standalone material [8]. To address these limitations, SA is often combined with other
natural or synthetic polymers to improve mechanical and physicochemical properties.
For instance, Tonsomboon et al. [9,10] demonstrated that embedding electrospun gelatin
(Gel) nanofibers into SA-Gel hydrogels enhanced mechanical strength by nearly an order
of magnitude while preserving transparency, indicating their potential as scaffolds for
corneal transplantation when donor tissue is unavailable. Furthermore, Datta et al. [11]
showed that SA can be formulated into crosslinked nanoparticles with tunable stability,
high drug loading, and enhanced mucoadhesion, demonstrating the polymer’s versatility
for ocular applications and highlighting its potential for future bioactive or drug-delivering
corneal scaffolds.

Polyvinyl alcohol (PVA) is a promising candidate for CSE due to its optical trans-
parency, flexibility, and tunable biodegradability [12]. PVA-based materials exhibit high
mechanical strength, water retention, and oxygen permeability [13]. The incorporation of
PVA into Col- or chitosan (CS)-based scaffolds enhances their tensile strength and light
transmittance, thereby improving their suitability for corneal applications [14,15]. For
example, Seyed et al. [16] showed that PVA/CS nanofibrous scaffolds support corneal
epithelial cell adhesion, proliferation, and phenotype maintenance while providing me-
chanical stability and transparency. Similarly, Ulag et al. [17] demonstrated that 3D-printed
PVA/CS corneal stroma constructs maintain optical clarity, mechanical robustness, and cell
viability, highlighting the potential of PVA blends for fabricating patient-specific corneal
scaffolds suitable for CSE. Recent studies have further demonstrated the potential of elec-
trospun PVA-based and composite scaffolds for corneal tissue engineering. For example,
Wau et al. [18] developed an aligned PVA /Col nanofibrous scaffold capable of mimicking
the native stromal architecture and promoting cellular organization. Jung et al. [19] fab-
ricated multilayered keratin/PVA electrospun scaffolds with enhanced physicochemical
properties for corneal implantation. Likewise, Bakhshandeh et al. [20] proposed a two-part
artificial cornea consisting of a PVA hydrogel integrated with a polycaprolactone (PCL)
nanofibrous ring, while Mirzaeei et al. [21] developed single- and multilayered PVA /CS-
based electrospun matrices for ocular drug delivery applications. These studies collectively
demonstrate the versatility of PVA-based systems for ophthalmic applications while high-
lighting the continued need for scaffold designs that integrate structural reinforcement,
optical transparency, and biomimetic architecture for CSE.

Nonetheless, while individual PVA- or SA-based systems have shown potential, few
studies have systematically optimized their compositions or fabrication strategies to achieve
the precise balance of transparency, mechanical stability, and hydration necessary for CSE.
Moreover, most reported approaches focus on soft hydrogels or contact lenses, whereas
structured, solvent-cast SA/PVA membranes remain underexplored [18,22-25]. These
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membranes could offer improved stability and handling properties suitable for surgical
manipulation and implantation. Our previous investigations [26] and related studies have
indicated that SA/PVA hybrid films fabricated via solvent casting can yield transparent,
mechanically robust, and cytocompatible membranes, providing a promising foundation
for CSE. However, single-layer membranes are inherently limited in their ability to replicate
the hierarchical and multi-functional nature of the native stroma. The corneal stroma is a
multilayered, anisotropic tissue, where each lamella is oriented to minimize light scattering
while providing directional strength and guiding stromal cell alignment [27]. In contrast,
oversimplified single-layer scaffolds fail to reproduce this complex structure, often resulting
in inadequate mechanical integration and suboptimal cell organization.

Electrospinning has emerged as a particularly effective technique for generating
aligned fibrous layers that replicate the topography of native Col fibrils [28-31]. Electro-
spun nanofibers made from natural and synthetic polymers—including Col, Gel, silk fibroin
(SF), alginate (Alg), PVA, and PCL—have demonstrated the ability to support stromal cell
adhesion, proliferation, and ECM deposition [32]. Among these, PCL stands out for its
biocompatibility, FDA approval, mechanical strength, flexibility, and slow degradation rate,
all of which make it ideal for fabricating the outer layer of a corneal scaffold [33]. Baker
et al. [34] demonstrated that stromal cells exhibit enhanced adhesion and proliferation
on PCL substrates compared to PLGA, a result attributed to the closer mechanical match
between PCL and native stromal tissue. Likewise, Kruse et al. [35] reported that electro-
spun PCL scaffolds provided a supportive environment for cell proliferation, whereas
PMMA scaffolds exhibited cytotoxicity. These findings collectively underscore the potential
of aligned PCL nanofibers to guide stromal cell behavior and mimic the organized Col
structure of the native stroma.

Recent studies have explored bilayer and gradient scaffolds to mimic the layered
architecture of the cornea [36-39]. Esmaeili et al. [36] enhanced the mechanical strength
of the amniotic membrane by coating it with Polydimethylsiloxane (PDMS), forming
an ultrathin, transparent, and suturable bilayer scaffold that promoted epithelial attach-
ment and complete corneal healing in rabbits. Nie et al. [37] developed a hydrogen—
bonding-strengthened gel/carbohydrazide-modified Alg (Alg-CDH) hydrogel with se-
quential crosslinking, producing a tough, transparent, and suturable bilayer scaffold that
supported epithelial-stromal regeneration and reduced scarring in a rabbit anterior lamel-
lar keratoplasty (ALK) model. Wang et al. [38] fabricated a 3D-printed biomimetic limbus
using gelatin methacrylate (GelMA)—poly (ethylene glycol) diacrylate (PEGDA) bioinks
loaded with corneal epithelial and stromal stem cells, restoring transparency and tissue
integrity in a rabbit Limbal stem cell deficiency (LSCD) model. He et al. [39] developed a
3D-printed PEGDA-GelMA bilayer corneal construct that promoted in vivo regeneration.
Although these studies demonstrate advanced biofabrication and in vivo outcomes, none
have combined a solvent-cast PVA/SA membrane with highly aligned electrospun PCL
nanofibers while systematically evaluating the individual components and the integrated
bilayer scaffold through comprehensive physicochemical, mechanical, optical, degradation,
and preliminary biological characterization.

Building on these principles, the present study introduces a bilayer membrane inte-
grating the complementary advantages of both material systems: a solvent-cast SA/PVA
film providing mechanical stability, optical transparency, and hydration at the base, and an
aligned electrospun PCL layer supplying directional topography and structural reinforce-
ment. A three-phase regeneration hypothesis guides this design: (1) transplantation, where
mechanical integrity enables surgical handling and suture retention; (2) recovery, where
transparency and hydration are maintained for optical restoration; and (3) regeneration,
where aligned fibers direct stromal cell migration, elongation, and ECM remodeling toward
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native-like tissue integration [40]. These phases represent the theoretical foundation of the
design and were not directly assessed beyond preliminary cell viability evaluation. As
summarized in Figure 1, the bilayer scaffold was fabricated through a sequential process:
solvent casting forms the base layer, followed by electrospinning to deposit aligned PCL
nanofibers mimicking stromal lamellae. The figure also outlines physicochemical, mechani-
cal, and biological evaluations, with in vitro cell viability as the only biological assessment
in this study. This workflow embodies a biomimetic strategy bridging oversimplified
single-layer constructs and the native cornea’s hierarchical architecture. By reproducing
the native multilayered structure and providing guided cellular orientation, the proposed
bilayer design aims to advance current CSE strategies, offering a versatile and scalable
platform for developing next-generation biomimetic corneal substitutes capable of restoring
both transparency and function [41].
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Figure 1. Schematic representation of the overall workflow and envisioned application of the
engineered bilayer scaffold for corneal stromal engineering (CSE). (A) Fabrication: solvent casting
forms the base layer (SA/PVA), followed by electrospinning of aligned polycaprolactone (PCL)
nanofibers. (B) Physicochemical and mechanical characterization: structural, optical, and tensile
assessments. (C) Biological evaluation: in vitro cell viability assessment performed in the present
study. The scaffold is intended to guide the transplantation, recovery, and regeneration phases
post-implantation, which represent the conceptual basis of this design and will be explored in future
studies. Created in BioRender. Orash, A. (2026) https://BioRender.com/e06k851 (accessed on
3 August 2026).

2. Materials and Methods

2.1. Preparation and Characterization of Solvent-Cast Membranes

Solvent-cast membranes (SCMs)—PVS5, PVS7.5, and PVS10—were fabricated as the
hydrophilic base layer of the bilayer scaffold. PVA and SA were dissolved in deionized
(DI) water at a fixed 70:30 weight ratio, with total polymer concentrations of 5, 7.5, and
10 wt%. The mixtures were stirred at 80 °C for 4 h to ensure complete dissolution, and
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equal volumes were cast into flat-bottomed Petri dishes to maintain uniform thickness,
a key factor influencing transparency and mechanical strength. After drying overnight,
membranes underwent a two-step crosslinking process: thermal crosslinking at 80 °C
overnight followed by immersion in 4 wt% CaCl, solution for 5 min [26].

Morphology was observed by scanning electron microscopy (SEM; TESCAN-Vega 3,
Tescan, Czech Republic) at 20 kV after sputter-coating with gold. Optical transparency was
assessed on circular samples (6 mm diameter) immersed in PBS for 24 h. Transmittance
(415-750 nm) was measured using a SYNERGY Mx spectrophotometer (BioTek, Winooski,
VT, USA) and calculated as

T (%) =107 x 100 (1)

where A is absorbance. Results are presented as mean + SD (n = 3) [42].

Mechanical properties—elongation at break, Young’s modulus, and ultimate tensile
strength (UTS)—were measured. Film thickness was determined by averaging three
random measurements. Tensile tests were conducted using a universal testing machine
(Instron, Norwood, MA, USA) with a 10 N load cell at a crosshead speed of 10 mm /min,
using rectangular specimens (90 x 10 mm) [43].

The SCM, both before and after crosslinking, were characterized by Fourier trans-
form infrared (FTIR) spectroscopy (Frontier, PerkinElmer, Norwalk, CT, USA) in the
400-4000 cm ! range at room temperature to evaluate the chemical structure and to confirm
the occurrence of crosslinking.

2.2. Fabrication and Characterization of Electrospun Fibers

Aligned electrospun membranes—PCL?7.5, PCL10, and PCL12.5—were prepared as
the outer structural layer of the bilayer scaffold. PCL pellets (Mn = 80,000; Sigma-Aldrich,
Co., Ltd., St. Louis, MO, USA) were dissolved in chloroform (Sigma-Aldrich, Co., Ltd.,
St. Louis, MO, USA) at concentrations of 7.5, 10, and 12.5 wt% and stirred at 40 °C for 8 h.
Electrospinning was performed using a rotating mandrel collector (7.5 cm diameter) under
optimized parameters: rotation speed 1200 rpm, flow rate 0.5 mL/h, needle-to-collector
distance 15 cm, applied voltage 16 kV, with a 21-gauge blunt needle and 5 mL syringe. The
process was run for 1 h, yielding membranes ~20 pm thick, which were dried at 37 °C for
24 h to remove residual solvent [29].

SEM (20 kV, gold-coated samples) was used to evaluate fiber morphology. Fiber
diameter and alignment were quantified from SEM images using Image] (version 2.0.7;
Wayne Rasband, National Institute of Health, Bethesda, MD, USA) by analyzing ~100 fibers
per sample (n = 3).

Transparency was measured following the same procedure deed in Section 2.1, using
Equation (1) [42].

Tensile properties (elongation at break, Young’s modulus, and UTS) were determined
in accordance with ASTM D638 using an Instron universal testing machine (TM-SM, Instron,
High Wycombe, UK) with a 10 N load cell and a crosshead speed of 10 mm/min. Data are
reported as mean + SD (n = 3) [43].

2.3. Fabrication of PCL-PVS Bilayer Membrane

To mimic the native layered tissue architecture, a PCL-PVS bilayer scaffold was
assembled by combining solvent-cast and electrospun layers. The inner hydrophilic layer
(PVS7.5) was prepared as described in Section 2.1, while the outer fibrous layer (PCL10) was
deposited directly onto the crosslinked PVS7.5 film by electrospinning under the conditions
described in Section 2.2. The Bilayer constructs were collected on aluminum sheets and
vacuum-dried at 37 °C for 24 h to remove residual solvents.
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2.4. Characterization of PCL-PVS Bilayer Membrane
2.4.1. Morphological Assessment

Bilayer morphology and microstructure were observed by SEM (10 kV, gold-coated
samples). Fiber diameter and alignment were measured from images using Image]
(version 2.0.7; Wayne Rasband, National Institutes of Health, Bethesda, MD, USA).

2.4.2. Chemical Analyses

FTIR spectroscopy was performed on PVS7.5 PCL10, and the bilayer in the
400-4000 cm ! range at room temperature. DSC (DSC200F3, Netzsch-Geratebau GmbH,
Selb, Germany) was used to assess thermal behavior. Samples (5-10 mg) were sealed in
aluminum pans and heated from room temperature to 350 °C at 10 °C/min under nitrogen
(10 mL/min) [44].

2.4.3. Surface Wettability

A contact angle meter measured Static water contact angles (WCA) (OCA 15EC,
DataPhysics, Stuttgart, Germany). A 4 uL DI water droplet was placed on the sample
surface, and the angle was recorded after 30 s. Results represent mean + SD (n = 3).

2.4.4. Water Uptake Capacity

Immersing samples in DI water evaluated swelling behavior at 37 °C for up to 72 h.
Samples were removed, blotted, and weighed at 3, 24, 48, and 72 h. Water uptake (U%) was
calculated as

U (%) = (Wy — Wq)/Wq x 100 )

where W; is the wet weight and W is the initial dry weight. Thickness was also recorded
to monitor dimensional changes.

2.4.5. Gel Fraction

Crosslinking efficiency was determined by gel fraction. Samples were dried at 60 °C
to constant weight (W4;), immersed in DI water for 24 h, rinsed, and redried to obtain W 4,.
The gel fraction was calculated as

Gel Fraction (%) = W, /Wg4; x 100 (3)
Values represent mean =+ SD (n = 3) [45].

2.4.6. Biodegradation Study

Samples were immersed in DI water at 37 °C for 28 days. Atdays 1, 3,7, 14, 21, and

28, samples were removed, oven-dried at 40 °C for 24 h, and weighed. Degradation (AW %)
was calculated as

AW (%) = (Wp — Wq)/ Wy x 100 4)

where Wy is the initial dry weight and Wy is the post-immersion weight. Results are
expressed as mean + SD (n = 3).

2.4.7. Mechanical Properties

Tensile strength, elongation at break, and Young’s modulus were measured using an
Instron universal testing machine (TM-SM, Instron, High Wycombe, UK; 10 N load cell,
crosshead speed 10 mm/min). Rectangular strips (90 x 10 mm) were tested under ambient
conditions [43].
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2.4.8. Optical Properties

Transparency of PVS7.5, PCL10, and the bilayer was determined as in Section 2.1,
using Equation (1). Measurements were made on circular specimens (6 mm) immersed in
PBS for 24 h [42].

2.4.9. Cytotoxicity Assays

Biocompatibility was tested with SVEC 4-10 endothelial cells (ATCC, Rockville, MD,
USA). The samples were UV-sterilized for 30 min per side and preconditioned in medium
for 24 h. After 72 h co-incubation in 96-well plates, cell viability was measured by Alamar
Blue assay, recording fluorescence at 560 nm (excitation) and 590 nm (emission) using a
BioTek spectrophotometer (Winooski, VT, USA) [26,46].

2.4.10. Statistical Analysis

All experiments were conducted in triplicate unless otherwise noted. Data are ex-
pressed as mean £ SD. One-way ANOVA was performed using IBM SPSS Statistics
version 29.0 (IBM Corp., Armonk, NY, USA), with significance at p < 0.05.

3. Results
3.1. Solvent Casting Membrane

Both schematic and spectroscopic analyses were employed to understand the structure—
property relationship of the solvent-cast PVS membranes. As it is described, the fabrication
process involved homogeneous mixing of SA and PVA, followed by casting, thermal drying,
and ionic crosslinking to form stable membranes. This multi-step process was designed
to promote uniform composition and controlled thickness, both of which are critical for
achieving desirable optical and mechanical performance [47].

The surface morphology observed in Figure 2A indicates that the membranes main-
tained continuous, non-porous structures without visible defects, suggesting successful
blending and film formation. The results are consistent with those reported by Dong
et al. [48], who presented SEM images of the PVA-SA blended composite membrane. These
images clearly show that the membrane surface is smooth, free of pores or cracks, while the
internal structure is homogeneous without visible pores or signs of microphase separation.
This confirms strong intermolecular compatibility between PVA and SA, leading to uniform
PVS blended films with good interfacial miscibility.

The mechanical properties of SCM with different polymer concentrations—PVS5,
PVS7.5, and PVS10—were evaluated under dry conditions, as shown in Figure 2B and
Table 1. Although the PVA/SA weight ratio remained constant at 70/30, increasing the
total polymer content led to thicker membranes (PVS5: 92 + 6 pm; PVS7.5: 106 &= 7 pm;
PVS10: 121 £ 7 um). This thickness variation was the main factor influencing both mechan-
ical performance and optical properties, as thicker membranes exhibited denser network
structures, modified stress distribution, and greater light scattering [49,50].

Table 1. Mechanical behavior of the casting films at different polymer concentrations (* p <0.01,
n=23).

Thickness Young’s Modulus

Samples UTS (MPa) Elongation (%)

(um) (MPa)
PVS5 92+ 6 0.97 + 0.01 242 +0.01 2.31 £0.01
PVS7.5 106 =7 1.81 4+ 0.02 445+ 0.05* 248 £ 0.4
PVS10 121 +£7 1.52 +0.01 3.82 +£0.01 2.50 £+ 0.01
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Figure 2. Comprehensive characterization of the polyvinyl alcohol/sodium alginate (PVS) blended
membranes, highlighting their fabrication, structural features, molecular interactions, and functional
properties. (A) scanning electron microscopy (SEM) images of the solvent-cast membranes (SCMs)
show smooth and homogeneous surfaces without visible pores or defects. (B) Mechanical properties
of PVS5, PVS7.5, and PVS10 films. The observed variations in Young’s modulus, ultimate tensile
strength (UTS), and elongation are primarily attributed to differences in membrane thickness, which
increased with higher polymer content (n = 3). (C) Optical transmittance spectra of the membranes
in the 415-750 nm range, where reduced transparency at higher polymer loadings is mainly related
to increased thickness and light scattering (n = 3). (D) Fourier transform infrared (FTIR) spectra of
the PVS blended membranes before and after crosslinking. The non-crosslinked membrane (solid
blue line) shows characteristic hydroxyl (-OH) and carboxyl (-COOH) peaks, while the crosslinked
membrane (dashed red line) exhibits shifts and intensity changes corresponding to hydrogen bonding
and calcium ion-mediated ionic interactions between PVA and SA chains. *p < 0.01.
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Among the three compositions, PVS7.5 exhibited the highest Young’s modulus
(1.81 £ 0.02 megapascals (MPa)), UTS (4.45 & 0.05 MPa), and elongation (2.48 % 0.4%),
indicating an optimal balance between tensile strength, flexibility, and thickness. The
thinner PVS5 film displayed lower mechanical performance. In contrast, the thickest PVS10
film, despite increased stiffness, showed reduced extensibility and slightly lower unifor-
mity in mechanical response, likely due to internal structural heterogeneity arising from
slower solvent evaporation and incomplete polymer chain relaxation [51]. Comparable
effects of thickness on mechanical performance were reported by Zhang et al. [52], who
observed that increasing the thickness of microfibrillated cellulose (MFC) films significantly
enhanced tensile stress and elongation, confirming the strong influence of film thickness on
polymer mechanics.

This can be attributed to less efficient solvent evaporation in thicker films, which often
causes uneven drying, localized plasticization, or microvoid formation—phenomena that
compromise polymer chain entanglement and lead to reduced tensile integrity [53]. Experi-
mental studies on solvent-cast and cast-dry polymer films have demonstrated that drying
dynamics, film formation kinetics, and thickness-dependent solvent retention govern the
development of these stresses and defects, ultimately reducing tensile strength and elonga-
tion when thickness exceeds an optimal range [54]. In support of this, Jansson et al. [53]
observed that the tangent E-modulus of starch-based films initially increased with film
thickness but decreased for films thicker, highlighting that molecular orientation, relaxation,
and crystallization during drying strongly influence mechanical properties. Thin films
dried quickly, inducing molecular stretching and orientation, whereas thicker films allowed
sufficient time for polymer chains to relax, reducing stiffness. This study emphasizes the
critical role of drying kinetics and film thickness in defining the mechanical behavior of
biopolymer films. Similar observations have been reported in solvent-cast biopolymer
films, where increasing thickness beyond an optimal threshold reduced tensile strength
and elongation due to slower evaporation kinetics and residual stress accumulation [50,51].

Interestingly, a moderate increase in film thickness may also decrease the solvent
loss rate during drying, promoting molecular relaxation and reducing surface stresses;
however, beyond a critical thickness, this benefit is outweighed by the formation of internal
stress gradients and reduced structural homogeneity, ultimately lowering mechanical
performance [51].

These findings are consistent with reports showing that moderate incorporation of
SA into PVA matrices improves the mechanical behavior of hybrid casting films, while
higher SA ratios may induce microphase separation or hinder effective crosslinking [48].
This trend reinforces the importance of compositional optimization for achieving scaffolds
with suitable mechanical robustness for CSE applications.

Future investigations could benefit from employing innovative crosslinking chemistries
and fabrication methodologies aimed at improving mechanical resilience while preserving
high optical transparency. In a related study, Wu et al. [18] showed that integrating PVA
into Col-based matrices enhanced mechanical performance, with a formulation containing
9% PVA—-Col reaching strength values comparable to native corneal tissue. Reported
mechanical characteristics of corneal tissue vary widely due to anisotropy, experimental
conditions, and donor variability, but the values in Wu’s study were regarded as optimal
for mimicking native stromal biomechanics [55]. Wu et al. [18] also emphasized that poly-
mer composition, microstructure, and interfacial bonding are key parameters governing
scaffold strength.

Our results follow a similar pattern: adjusting total polymer concentration (and thus
membrane thickness) in PVA-based SCMs significantly modulated mechanical behavior.
Therefore, film thickness acts as a double-edged factor—moderate increases enhance cohe-
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sion, while excessive thickness reduces solvent diffusion and chain mobility, decreasing
tensile uniformity and overall mechanical performance [49,50].

An optimal SA level further enhanced tensile strength and flexibility, whereas excessive
SA loading reduced both parameters. These outcomes agree with previous conclusions
that a balanced polymer ratio is essential to achieve mechanical durability and biomedical
compatibility [56].

In this study, the optical transmittance of the SCMs was assessed over the visible
wavelength range (415-750 nm; Figure 2C). The observed differences in transparency
correlate with membrane thickness: PVS5 (thinnest) exhibited the highest transparency
(91.05%), followed by PVS7.5 (89.45%), and PVS10 (83.14%). These results are consistent
with previous findings that increasing film thickness typically reduces light transmittance
due to enhanced light scattering and internal reflection, leading to decreased optical uni-
formity [50,51]. In our samples, this trend resulted in a clear inverse correlation between
thickness and transmittance, while the PVS7.5 membrane provided an optimal compromise
between mechanical strength and optical transparency for corneal applications [26].

In contrast, the PVSI10 film demonstrated a pronounced reduction in clarity, suggesting
that excessive SA content and thickness may impair visual quality. Wu et al. [18] similarly
reported that higher polymer concentrations in PVA-Col scaffolds decreased transparency
due to microstructural densification, while moderate polymer loading (~7%) yielded su-
perior optical performance. Likewise, Farasatkia et al. [57] observed that transparency
in silk—-GelMA casting films strongly depended on polymer formulation. Together, these
results highlight the importance of fine-tuning polymer ratios to balance transparency and
mechanical robustness in CSE.

FTIR analysis further elucidated the chemical interactions, reinforcing the membrane’s
structure (Figure 2D). These involve hydrogen bonding between PVA —-OH and SA -COOH
groups, along with ionic coordination between Ca?* ions and alginate carboxylates. The
combined effect of thermal and ionic crosslinking yielded both intra- and intermolecular
stabilization within the matrix.

FTIR spectra (4004000 cm ™) confirmed crosslinking-induced structural changes: the
O-H stretching band exhibited a clear shift, reflecting reduced free -OH groups and stronger
hydrogen bonding, while new COO™ stretching peaks around 1647 cm~! appeared, indica-
tive of calcium-mediated ionic interactions. These findings agree with Chhatri et al. [58],
who reported the formation of a stable polymeric network via Ca?*-Alg coordination. The
spectra also revealed subtle changes in C-O-C and C=0 bands, confirming new bond for-
mations and crosslinking between the PVA and SA chains [59]. Collectively, these chemical
modifications confirm the establishment of a robust crosslinked network, which enhances
mechanical strength and aqueous stability—features essential for CSE applications.

3.2. Electrospun Fibers

The second layer of the bilayer scaffold was fabricated using electrospinning, where
nanofibrous structures were produced from PCL solutions at concentrations of 7.5%, 10%,
and 12.5% (w/v) for evaluation before incorporation into the bilayer structure. As shown
in Figure 3A, Mean fiber diameters for the PCL7.5, PCL10, and PCL12.5 scaffolds were
185 + 43 nm, 215 + 48 nm, and 291 £ 42 nm, respectively. The increase in fiber diameter
with higher polymer concentration is consistent with established electrospinning behavior,
where elevated viscosity reduces elongational deformation of the polymer jet under a
constant electric field, resulting in thicker fibers [60]. It should be noted that PCL12.5
exhibited larger fiber diameters than the other samples, and its morphology lacked the
uniformity and alignment observed in PCL10, likely due to reduced jet stretching and
instability of the Taylor cone at higher solution viscosities [61]. As shown in Figure 3B, the
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morphological characterization revealed that the PCL10 formulation produced the most
uniform and aligned fibers. Ghoberia et al. [62] reported that increasing the PCL polymer
concentration led to a statistically significant and progressive increase in fiber diameter,
ranging from 131 nm to 1173 nm. Quantitative fiber orientation analysis, performed using
the Orientation] plugin in Image], color-coded directionality to visualize alignment—the
same color indicated fibers sharing similar orientations. PCL10 exhibited the highest fiber
alignment among the evaluated formulations, suggesting an optimal balance between elec-
trospinning parameters and solution properties. Specifically, this concentration appeared
to promote stable jet formation and consistent fiber deposition, facilitated by favorable
polymer—solvent interactions and sufficient chain entanglement [28-31]. Ghoberia et al. [62]
demonstrated that increasing polymer concentration can enhance fiber alignment. How-
ever, achieving the desired alignment at lower concentrations can provide comparable or
even better results than higher concentrations, while avoiding the drawbacks associated
with excessive polymer loading. It is important to note that higher concentrations, although
potentially improving alignment, also increase fiber diameter, which may negatively affect
scaffold properties. In our study, the highest PCL concentration resulted in larger fibers
with reduced alignment compared to the optimal PCL10, highlighting the need to balance
polymer concentration to achieve both suitable fiber diameter and alignment. All mea-
surements are reported as mean =+ standard deviation (n = 3), with statistical significance
assessed via one-way ANOVA (p <0.05).

Mechanical performance, a critical parameter for load-bearing and structurally stable
scaffolds in corneal applications, was assessed via stress—strain analysis (Table 2; Figure 3C).
PCL10 exhibited the best mechanical performance, with a UTS = 0.49 + 0.01 MPa, Young's
modulus = 0.03 £ 0.001 MPa, and elongation = 2.58 & 0.2%, indicating a favorable balance
between stiffness and extensibility. This can be attributed to its uniform fiber network and
enhanced intermolecular cohesion. In contrast, PCL7.5 showed lower stiffness (Young’s
modulus = 0.005 £ 0.001 MPa) and tensile strength (UTS = 0.02 & 0.001 MPa), but the
highest elongation (2.97 £ 0.1%), characteristic of a soft, ductile structure with limited
load-bearing capacity. PCL12.5 displayed intermediate mechanical properties (Young’s
modulus = 0.008 £ 0.001 MPa; UTS = 0.29 £ 0.01 MPa; elongation = 2.11 &£ 0.1%), possibly
due to poor fiber—fiber adhesion and heterogeneous morphology arising from excessive
viscosity [31]. Thus, increasing PCL concentration from 7.5% to 10% improved mechanical
performance, but further increases reduced it. Ghoberia et al. [62] reported that increasing
fiber diameter results in a progressive and significant decrease in the tensile strength of
fibrous meshes, from 58 MPa to 31 MPa. In addition, fibers with higher alignment exhibited
superior mechanical properties compared to random fibers; therefore, the higher degree
of fiber alignment observed in PCL10 could also contribute to its improved mechanical
performance. These findings are consistent with those reported by Wong et al. [63] and
Kim et al. [64]. Furthermore, comparison with previously reported electrospun PCL-based
scaffolds indicates that the mechanical properties obtained for PCL10 are consistent with the
ranges reported for electrospun scaffolds intended for CSE [18,63,64]. Variations in tensile
strength and Young’s modulus among different studies are expected because they depend
on polymer concentration, fiber diameter, fiber alignment, electrospinning parameters, and
mechanical testing conditions. In particular, aligned nanofibrous scaffolds generally exhibit
superior tensile properties compared with randomly oriented fibers due to more efficient
stress transfer along the fiber axis [63,64]. Therefore, the mechanical performance achieved
by the PCL10 scaffold, together with its uniform fiber morphology and high degree of
alignment, supports its suitability as the reinforcing layer of the proposed bilayer scaffold.
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Figure 3. Structural, optical, and mechanical characterization of electrospun PCL scaffolds pre-
pared at different polymer concentrations. (A) Morphological evaluation of electrospun fibers:
(a—c) SEM micrographs and (d-f) corresponding fiber diameter distributions for (a,d) PCL7.5,
(b,e) PCL10, and (c,f) PCL12.5. (B) Fiber alignment analysis: (a—c) color-coded orientation maps
generated using Orientation] and (d-f) angular distribution histograms for (a,d) PCL7.5, (b,e) PCL10,
and (c,f) PCL12.5. (C) The stress—strain curves of PCL scaffolds highlight variations in mechanical
behavior with different polymer concentrations (n = 3). (D) Optical transmittance of the electrospun
scaffolds was measured across visible wavelengths (415-750 nm), indicating the influence of polymer
concentration on transparency (n =3). *p < 0.01.

Table 2. Average fiber diameters and mechanical properties of electrospun PCL scaffolds at different
polymer concentrations (* p<0.01, n = 3).

Mean Fiber  Young's Modulus .o
Samples Diameter (nm) (MPa) UTS (MPa) Elongation (%)
PCL7.5 185 + 43 0.005 £ 0.001 0.02 £ 0.001 297 +£0.1
PCL10 215+ 48 0.03 £ 0.001 * 0.49 £0.01 % 2.58 £0.2
PCL12.5 291 + 42 0.008 + 0.001 0.29 £0.01 % 211£0.1
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Optical transmittance was measured across the visible spectrum (415-750 nm), and
the results are shown in Figure 3D. Despite PCL’s intrinsic opacity, modulation of polymer
concentration and fiber architecture yielded measurable improvements in transparency.
PCL7.5 demonstrated the highest light transmittance (84.61%), followed closely by PCL10
(83.14%) and PCL12.5 (79.03%). The superior transparency of PCL7.5 can be attributed to
its thinner fiber diameter and lower density, which collectively reduce scattering. Himmler
et al. [60] reported that light transmission through nanofibrous PCL scaffolds decreases
with increasing thickness, with transmittance dropping to around 75% for scaffolds of
approximately 10 um, indicating that thicker mats intensify light scattering and reduce
clarity. Similarly, Stafiej et al. [65] demonstrated that hydrogel composites reinforced with
PCL nanofibers maintained high transparency, with transmittance around 80% at 750 nm.
Adjusting the fiber diameter and the surrounding medium can decouple the effects of
material and structural properties on optical performance [33]. For improved transparency
in nanofibrous scaffolds, it is recommended to employ thin fibers and ensure that the
refractive index of the scaffold matches that of its environment [28-31]. However, the
mechanical limitations of this formulation constrain its practical application. Although
none of the formulations matched the ~90% light transmission of the native cornea at
750 nm, PCL10 presented a favorable compromise between transparency and structural
performance. The relatively high clarity of PCL10, despite its intermediate fiber diameter,
highlights the importance of polymer concentration in tuning optical behavior while
maintaining scaffold integrity.

Collectively, these findings identify PCL10 as the most promising formulation for the
electrospun layer of the bilayer scaffold. Its superior fiber alignment, balanced optical
properties, and enhanced mechanical strength suggest that it can effectively mimic the
biomechanical and optical behavior of native stromal tissue—essential for maintaining
corneal curvature, transmitting light, and supporting cellular attachment and prolifera-
tion in CSE. Future investigations may explore functionalization strategies or the incor-
poration of bioactive cues further to improve cellular responses and integration within
corneal models.

3.3. PCL-PVS Bilayer Membrane
3.3.1. Structural, Chemical, and Thermal Analysis of the Bilayer Scaffold

The bilayer scaffold, composed of electrospun PCL fibers deposited onto a solvent-cast
PVS membrane, was comprehensively characterized to assess its morphology, chemical
composition, and thermal properties (Figure 4). SEM analysis (Figure 4A) revealed the
distinct microstructural features of each component and their successful integration. The
PVS membrane exhibited a smooth and uniform surface, free from cracks, pores, or phase
separations, indicating the formation of a homogeneous polymer blend with strong in-
termolecular interactions. In contrast, the electrospun PCL10 fibers formed a continuous,
bead-free, and highly aligned nanofibrous network, consistent with optimized electrospin-
ning parameters to mimic the anisotropic architecture of Col fibrils in the native corneal
stroma. The average diameter (Table 3) of the PCL nanofibers was 232 + 44 nm, calculated
from 100 random measurements, with individual diameters distributed between 150 and
300 nm (Figure 4A(b)).
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Figure 4. Morphological, Chemical, and Thermal Characterization of the Bilayer Scaffold. (A) SEM
micrographs showing (a) the smooth and homogeneous surface morphology of the solvent-cast
PVS7.5 membrane, (b) the continuous, bead-free, and well-aligned electrospun PCL10 nanofibers,
(c) corresponding fiber diameter distributions, (d) Fiber alignment analysis; color-coded orienta-
tion maps generated using Orientation], and (e) angular distribution histograms of PCL10 fibers.
(B) FTIR spectra of the individual layers—PVS7.5 membrane (red), electrospun PCL10 fibers (green),
and the Bilayer scaffold (blue). Key absorption bands characteristic of each polymer are retained in the
Bilayer, indicating physical coexistence without chemical bonding or structural alteration. (C) DSC
thermograms depicting thermal transitions of PVS7.5 (red), PCL10 (green), and the Bilayer scaffold
(blue). The bilayer displays distinct melting peaks corresponding to both components, confirming
their thermal stability and compatibility within the composite scaffold.

Table 3. Average fiber diameters of PVS7.5, PCL10, and Bilayer scaffolds (n = 3).

Samples Mean Fiber Diameter (nm)
PVS7.5 -

PCL10 215 + 48

Bilayer 232 + 44

https://doi.org/10.3390/polym18151928


https://doi.org/10.3390/polym18151928

Polymers 2026, 18, 1928

15 of 32

Comparable findings have been reported in the literature. For instance, Tiirkkan
et al. [66] demonstrated the fabrication of a bilayer scaffold using PCL fibers, where SEM
images revealed that randomly oriented electrospun fibers formed an interconnected
and highly porous network with fiber diameters ranging from 200 to 800 nm. Elkhouly
et al. [67] reported a mean fiber diameter of 198 & 32 nm for PCL fibers in bilayer scaffolds.
Similarly, Zhu et al. [68] showed that coating a mineralized Col-CS film with electrospun
PCL/polyvinylpyrrolidone (PVP) fibers. Their findings showed that the addition of the PCL
fiber layer not only improved the interfacial adhesion between layers but also enhanced the
scaffold’s surface morphology and mechanical stability. Ozdemir et al. [69] demonstrated
that bilayer constructs with electrospun PCL layers had improved tensile strength and
elasticity, highlighting the influence of fiber diameter and interlayer bonding on mechanical
behaviour. These studies collectively confirm that PCL fibers in bilayer scaffolds improve
scaffold homogeneity, surface roughness, and structural integrity, providing a biomimetic
template for cellular attachment.

Furthermore, SEM micrographs (Figure 4A(c)) confirmed that the electrospun PCL
fibers were deposited with a high degree of alignment, forming parallel nanofiber ar-
rays across the membrane surface. This structural organization closely resembles the
anisotropic arrangement of Col fibrils in the native corneal stroma, which is critical for
guiding cell orientation and maintaining corneal transparency [70,71]. To quantitatively
assess fiber orientation, Image]J analysis was performed (Figure 4A(d)), showing a sharp
distribution peak centered around 0°, indicating that most fibers were aligned along a
single predominant axis. This narrow distribution confirms the reproducibility and pre-
cision of the electrospinning process in generating aligned nanofibers suitable for CSE
applications [72]. Importantly, the solvent-cast PVS supporting membrane significantly
enhanced fiber collection efficiency, resulting in nearly three times greater fiber distribution
compared to electrospinning without the substrate. Although the PVS membrane is a
dielectric polymer and thus partially insulating, its smooth surface and ability to retain
surface charge locally can stabilize the electrostatic field at the collector interface. This
stabilisation reduces the whipping instability of the charged jet and promotes more con-
trolled fiber landing and deposition [73,74]. In other words, the PVS layer acts as a smooth
physical scaffold with favourable electrostatic compatibility, guiding fibers toward the
collection surface, minimizing loss, and supporting aligned deposition. Shao et al. [75]
reported similar findings using cellulose paper substrates, highlighting the pivotal role
of substrate properties in electrospinning performance. Although these substrates are
electrically insulating, they can accumulate localized surface charges during fiber deposi-
tion, which partially stabilizes the electrostatic field at the collector and reduces whipping
instabilities of the charged polymer jet. In addition, the smooth and uniform surface of the
substrate provides physical guidance, minimizing fiber deviation and promoting alignment.
Stanger et al. [76] similarly demonstrated that substrate material strongly influences fiber
deposition efficiency and alignment by modulating the local electric field and providing a
stable landing surface. Xue et al. [77] further explained that the combination of electrostatic
stabilization and mechanical guidance enhances fiber collection density and reproducibility.
Together, these effects increase scaffold homogeneity, improve biomechanical integrity, and
create a more organized template for cell adhesion and proliferation, which is critical for
CSE applications.

FTIR spectroscopy (Figure 4B) further confirmed the chemical composition and inter-
actions of the bilayer scaffold components. The spectrum of the PVS membrane exhibited
a broad absorption band centered around 3249 cm ™!, attributed to O-H stretching vibra-
tions, indicative of extensive hydrogen bonding within the semi-interpenetrating polymer
network. The asymmetric stretching of carboxylate (-COO™) groups at 1647 cm~! con-
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firmed the ionic crosslinking of SA with calcium ions. Peaks in the 1080-1140 cm ! range
corresponded to C-O-C asymmetric stretching vibrations, reflecting the polymer blending
of PVA and SA. Additionally, weaker bands observed at 2930 cm ! were associated with
C-H stretching of methylene groups in PVA [58]. The FTIR spectrum of PCL displayed
sharp and well-defined peaks, characteristic of its semicrystalline polyester structure. The
ester carbonyl stretching at 1724 cm~! and C-O stretching vibrations at 1160-1240 cm ™!
confirmed the presence of the ester functional groups. The CH; bending and rocking
vibrations at 1460 cm~! and 1360 cm ™!, respectively, further supported the semicrystalline
nature of PCL. A detailed summary of all observed characteristic bands and their functional
group assignments for PVA, SA, PCL, and the bilayer scaffold is provided in Table S1.

In the bilayer scaffold, the FTIR spectrum retained all major absorption bands of
both PVS and PCL components without significant shifts or the appearance of new peaks,
suggesting that the layers coexist through physical lamination rather than chemical bond-
ing. This indicates that the individual functional groups of each component remain intact,
preserving their chemical identities. These results are consistent with previous studies by
Maheshwari et al. [78] and Huang et al. [79], who similarly reported preserving character-
istic functional groups in bilayer or composite scaffolds, confirming successful structural
integration without forming new chemical linkages. Overall, the FTIR analysis demon-
strates that the bilayer scaffold maintains the distinct chemical features of both PCL and
PVS, supporting the design strategy of combining a mechanically robust electrospun layer
with a bioactive SCM.

DSC analysis (Figure 4C) was carried out to evaluate the thermal transitions of the
individual layers (PVS7.5 and PCL10) and the Bilayer composite. For the solvent-cast
PVS7.5 membrane, no distinct endotherm attributable to free or weakly bound water is
observed near 100 °C. Instead, the thermogram displays a broad endothermic transition
centered at ~225 °C, consistent with the melting of residual PVA crystalline domains and
potentially overlapping with the onset of thermal degradation of the PVA/Alg blend. The
breadth of this peak is consistent with reduced and heterogeneously distributed crystallinity
of PVA, likely due to miscibility and molecular-level interactions with SA. In line with
Miura et al. [80], PVA/Alg blends typically exhibit an upward shift in Tg with increasing
Alg content, a depression of PVA’s Tm, and suppression of PVA crystallinity at higher Alg
fractions. While neat PVA was not measured here, the overall thermal profile of PVS7.5
(broad, high-temperature endotherm with attenuated enthalpy) is consistent with these
reported trends for miscible crystalline/amorphous polymer blends.

In contrast, the electrospun PCL10 scaffold exhibits a sharp melting endotherm near
~65 °C, characteristic of semicrystalline PCL nanofibers. The narrowness of this peak
indicates the presence of well-defined crystallites, and its position aligns with prior reports
for electrospun PCL [81-83].

The Bilayer scaffold shows two distinct endothermic transitions: a PCL-associated
melting peak at ~65 °C and a broad PVA-dominated endotherm centered at ~225 °C. In
addition, a minor shoulder between ~110-130 °C is visible, which may be related to partial
recrystallization or relaxation phenomena within the laminated structure. No substantial
shifts in the main peak temperatures are observed, confirming that lamination does not
trigger chemical reactions or compromise the thermal identity of the individual layers.
However, the reduced intensity of the PCL peak and the broadening of the high-temperature
endotherm suggest minor interfacial interactions, local changes in crystallinity, and slight
variations in effective heat capacity upon lamination. These changes do not compromise
the constituent layers’ overall thermal stability or distinct thermal signatures.

Overall, the DSC results confirm that the bilayer scaffold preserves the individual
thermal characteristics of PCL and PVS, while the broadening of the PVA-related peak
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suggests subtle polymer—polymer interactions at the interface without affecting the struc-
tural integrity of either layer. These findings indicate that each layer retains its functional
properties, supporting both the mechanical robustness and the biofunctional performance
of the scaffold in CSE applications.

3.3.2. Surface and Environmental Interaction Analysis of the Bilayer Scaffold

The wettability and water interaction behavior of biomaterial scaffolds play a pivotal
role in determining their biological performance, particularly influencing cell adhesion,
proliferation, migration, and matrix secretion—key parameters for successful CSE applica-
tions [84]. In corneal environments, where transparency and hydration are tightly coupled,
maintaining optimal surface energy and moisture balance is essential to mimic stromal
physiology and enable stable tissue integration [85]. Static WCA measurements were thus
performed to quantify the hydrophilicity of the three systems: the solvent-cast PVS7.5 mem-
brane, the electrospun PCL10 fibrous mat, and the laminated bilayer construct (Figure 5A,B).
As the solvent-cast PVS7.5 membrane in this study was fabricated under identical compo-
sition and crosslinking conditions to our previously published work, the corresponding
WCA, water uptake, gel fraction, and biodegradation values were reused for consistency
and comparative analysis [26]. All other physical and morphological characterizations
were newly conducted for the present study.

The PVS7.5 membrane exhibited a notably low WCA (39.02°), confirming its highly
hydrophilic character. This strong water affinity arises from the abundance of -OH and
carboxylate (-COO™) groups on PVA and SA chains, which participate in intensive hydro-
gen bonding with surrounding water molecules [86]. Such polar functionalities not only
enhance hydration but also promote protein adsorption and cell anchorage, both crucial in
corneal scaffolds where optical transparency and cellular integration must coexist [87].

In contrast, the electrospun PCL10 mat displayed a significantly higher WCA (108.31°),
indicative of a hydrophobic surface consistent with PCL’s aliphatic polyester backbone
and limited polarity [88]. While this hydrophobicity may restrict early cell attachment and
wetting, PCL remains indispensable for load-bearing applications due to its mechanical
robustness, slow degradation, and electrospinnability. The bilayer scaffold, featuring a
hydrophobic PCL surface laminated over the hydrophilic PVS hydrogel, exhibited an
intermediate contact angle (57.44°), suggesting enhanced wettability relative to pure PCL.
Although the measurement primarily reflects the outer PCL surface, moisture diffusion
and capillary-driven exchange between layers likely increased effective surface energy [88].
Ahn et al. [89] reported that pure PVA exhibits a highly hydrophilic surface with a WCA
of only 8.3°, reflecting the abundance of -OH groups available for hydrogen bonding
with water molecules. However, the incorporation of hydrophobic PCL nanofibers into
the PVA matrix significantly altered the surface characteristics. As the fraction of PCL
fibers increased, the WCA progressively rose, reaching up to 64.8%. This increase can be
attributed to the reduced surface availability of polar hydroxyl groups and the dominance
of hydrophobic ester groups from PCL, which hinder water spreading. These findings
demonstrate how the balance between hydrophilic and hydrophobic components within a
composite scaffold can modulate surface wettability, a critical parameter for cell adhesion
and scaffold performance [33]. This composite configuration successfully balances the
hydrophilic and hydrophobic characteristics, creating a surface more favorable for cellular
activities. Literature suggests that moderate wettability, typically within 40-60°, promotes
optimal cell adhesion and migration, highlighting the bilayer scaffold’s enhanced suitability
for CSE [90].
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Figure 5. Surface Wettability, Water Affinity, and Stability Analysis of the Individual and Bilayer
Scaffolds. (A) Representative images of microdroplet behavior on each scaffold surface, supporting
the measured contact angle data. Created in BioRender. Orash, A. (2026) https://BioRender.com/
a47q805 (accessed on 3 August 2026); (B) Static water contact angles (WCA) measurements of
the PVA/SA membrane (PVS7.5), electrospun PCL10 nanofibers, and the bilayer scaffold. The
PVA/SA membrane exhibits a low contact angle (39.02°), indicating high hydrophilicity, while
PCL10 displays a significantly higher angle (108.31°), characteristic of hydrophobicity. The bilayer
scaffold shows an intermediate angle (57.44°), reflecting improved wettability due to the presence
of the underlying hydrogel layer (n = 3). (C) Schematic representation of scaffold interaction with
aqueous environments, emphasizing the combined effects of fibrous structure and hydrogel matrix.
Created in BioRender. Orash, A. (2026) https://BioRender.com/u08k413 (accessed on 3 August 2026).
(D) Water uptake capacity of the scaffolds after immersion, showing the highest swelling in the
bilayer scaffold (424.44%), followed by PVA /SA (353.25%) and PCL10 (321.19%) (n = 3). (E) The gel
fraction values indicating crosslinking efficiency and structural stability in wet conditions, with the
bilayer (96.12%) and PVA/SA (90.13%) outperforming the non-crosslinked PCL10 (55.21%) (n = 3).
(F) In vitro biodegradation of the scaffolds after 28 days in PBS, revealing controlled degradation
in the bilayer (39.65%) and PVA/SA (32.16%) compared to the more stable PCL10 (7.92%) (n = 3).
*p < 0.01.

To further understand scaffold—fluid interactions, additional studies assessed water
uptake, gel fraction, and biodegradation—critical parameters for evaluating in vivo per-
formance and scaffold-host integration (Figure 5C-F). The bilayer scaffold demonstrated
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the highest water uptake capacity, reaching 424.44%, compared to 353.25% for PVS7.5 and
321.19% for PCL10 (Figure 5D), i.e., 20.2% higher than PVS7.5 and 32.1% higher than PCL10.
The superior swelling of the bilayer arises from the complementary contributions of the
hydrophilic hydrogel base and the interconnected, highly porous electrospun PCL mat,
which increases accessible surface area and enables capillary-driven imbibition and faster
diffusion pathways, thereby facilitating efficient water absorption and transport. This mech-
anism mirrors findings in bilayer PCL/Gel-bioactive glass scaffolds, which demonstrated
significantly higher swelling rates due to increased surface area and pore volume relative to
single-layer PCL scaffolds [67], and in hydrogel-hybrid electrospun fibers where swelling
induced a 20-30x increase in pore volume, greatly improving fluid uptake [91]. Afzal
et al. [92] reported that the relative concentrations of PVA and PCL strongly influence the
swelling behavior of electrospun fibers. An increase in PVA concentration led to a higher
swelling percentage, attributable to the hydrophilic nature of PVA. The greater availability
of -OH groups at higher PVA content enhances water uptake through hydrogen bonding,
thereby promoting greater swelling. Conversely, the incorporation of hydrophobic PCL
limits water absorption, reducing the overall swelling capacity of the fibers. These findings
emphasize the critical role of polymer composition in tuning the swelling properties of
composite scaffolds. A similar trend is expected in bilayer system, a similarnt-cast PVA/SA
layer provides a high swelling capacity owing to its hydrophilic functional groups, while
the electrospun PCL layer contributes hydrophobicity and dimensional stability. Together,
this layered architecture combines rapid fluid ingress (PCL) with high water retention
(PVS), yielding a net swelling greater than either component alone. These swelling results
should be interpreted alongside the gel fraction (Figure 5E) and biodegradation profiles
(Figure 5F), collectively contextualizing network stability and resorption kinetics relevant
to in vivo performance. In corneal applications, such hydration is indispensable for main-
taining stromal transparency, facilitating nutrient transport, and preserving the native
phenotype of resident cells.

Assessment of gel fraction, determined by solvent extraction under the conditions
described in the Methods, provides a quantitative measure of the insoluble network that
remains after exposure to aqueous media and therefore serves as a proxy for crosslink
density and structural integrity under physiological-like conditions [93]. The bilayer
construct displayed the highest gel fraction (96.12%), exceeding that of the PVS7.5 hy-
drogel membrane (90.13%) and markedly outperforming the PCL10 fibrous mat (55.21%)
(Figure 5E). These differences reflect fundamentally different stabilization mechanisms
in the three materials and directly affect handling, implantation, and in vivo persistence.
For the PVS7.5 membrane, the high gel fraction is primarily attributable to effective ionic
crosslinking of SA by Ca?* (the well-known “egg-box” junctions), which produces a three-
dimensional network resistant to aqueous extraction. Additional hydrogen-bonding and
chain entanglement between PVA and Alg further reduce the extractable fraction and
increase network cohesion, so that the hydrogel retains most of its mass following sol-
vent challenge [94-96]. Synergistic, complementary stabilization mechanisms best explain
the bilayer’s superior gel fraction relative to PVS7.5. Beyond the hydrogel’s intrinsic
ionic crosslinks, the electrospun PCL layer acts as a reinforcing, interpenetrating scaffold:
PCL fibers become mechanically interlocked with the hydrogel matrix during lamina-
tion and swelling, which (i) physically entraps hydrogel chains and reduces leaching of
loosely bound polymer, (ii) limits large-scale network fragmentation during agitation, and
(iii) provides a continuous load-bearing framework that preserves dimensional
integrity [97,98]. The porous geometry of the PCL mat may also moderate swelling stresses
by distributing fluid-induced strains, thereby decreasing the propensity for network rup-
ture and mass loss. This type of fiber-hydrogel synergism, where a fibrous reinforcement
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increases the effective gel fraction and mechanical resilience of a hydrogel, has been re-
ported for other hybrid scaffolds and composite dressings and underpins the practical
advantage of bilayer designs for tissue engineering applications [97,98]. By contrast, the
relatively low gel fraction of the PCL10 mat does not necessarily indicate chemical solubility
but rather reflects the physical robustness of a non-crosslinked fibrous network under the
extraction protocol used. PCL is not ionically or covalently crosslinked in our system; its
integrity in aqueous media depends on fiber-fiber adhesion, packing density, and crys-
tallinity [99,100]. Loose fiber entanglements, incomplete interfiber bonding (typical of
electrospun mats), and the release of small fragments or dust during immersion/agitation
can lead to an apparent reduction in retained mass despite the intrinsic water-insolubility
of PCL. Moreover, slow hydrolytic degradation of PCL under prolonged conditions can
contribute to mass loss over extended incubation times; however, this is a much slower
process than the rapid mass changes controlled by crosslink density in hydrogels [99,100].
In summary, the high gel fraction of the bilayer arises from the combination of (i) dense
ionic crosslinking within the PVS hydrogel and (ii) mechanical reinforcement and physical
entrapment provided by the electrospun PCL layer. This integrated stabilization produces
a construct that better resists aqueous extraction and mechanical perturbation than either
component alone, a desirable feature for corneal scaffold implants where dimensional
stability, controlled resorption, and retention of microarchitecture are critical.

In vitro biodegradation studies conducted over 28 days in PBS provided important
insights into the scaffold’s temporal stability and resorption profile (Figure 5F). The bi-
layer scaffold degraded by 39.65%, which was slightly higher than the 32.16% degradation
observed for PVS7.5 and significantly greater than the 7.92% reported for PCL10. This
degradation pattern primarily reflects the hydrolytic sensitivity of the PVS hydrogel layer,
which undergoes gradual chain scission, fragmentation, and dissolution in aqueous me-
dia [101]. In contrast, the crystalline and hydrophobic nature of PCL accounts for its slower
degradation rate, as ester bond hydrolysis in PCL occurs over extended timescales, often
requiring several months to years under physiological conditions [102]. The bilayer’s
intermediate degradation profile is particularly advantageous for CSE, where scaffolds are
required to provide temporary support while allowing for progressive ECM deposition and
cellular remodeling [36]. The controlled degradation of the hydrogel component promotes
deeper fluid infiltration and exposure of the scaffold’s interior, thereby enhancing nutrient
diffusion and cell penetration. At the same time, the preserved PCL fiber framework
ensures that mechanical integrity is maintained during the early and intermediate phases
of tissue repair, preventing premature scaffold collapse. Similar findings have been re-
ported for hydrogel-electrospun fiber composites, where the synergistic interplay between
a rapidly resorbing hydrophilic phase and a more stable fibrous backbone enables both
initial bioactivity and long-term dimensional stability [36,101,102]. Such a degradation
profile addresses a key design requirement in corneal applications: balancing hydration
and transparency with structural persistence. Too rapid degradation may result in scaffold
disintegration before sufficient ECM deposition occurs, while excessively slow degradation
can impede host tissue integration and remodeling [103-105]. The bilayer’s ability to
undergo controlled and predictable biodegradation makes it a promising candidate for
supporting CSE.

Collectively, these findings underscore the advantages of the bilayer design in com-
bining the favorable physicochemical and mechanical properties of both polymer systems.
Enhanced wettability, high water uptake, robust crosslinking, and a suitable degradation
profile make the bilayer scaffold a promising candidate for CSE. By integrating bioactivity
with mechanical integrity, the bilayer platform offers an effective strategy to mimic the
native corneal microenvironment and guide functional tissue repair.
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3.3.3. Biomechanical, Optical, and Cytocompatibility Evaluation Relevant to Corneal
Stromal Replacement

Maintaining appropriate mechanical properties in engineered corneal constructs is
essential for ensuring long-term stability and functionality during regeneration [106]. The
choice of polymers and the design of hybrid structures are therefore critical in tailoring
mechanical performance to match native tissue. In the corneal stroma, mechanical integrity
provides structural support, elasticity, and ocular protection, while simultaneously trans-
mitting biomechanical cues that regulate stromal cells’ behavior and maintain stromal
homeostasis [107]. Accordingly, bioengineered constructs must exhibit mechanical char-
acteristics that approximate those of native cornea to facilitate graft integration, support
keratocyte repopulation, and enable extracellular matrix remodeling during regenera-
tion. The stress—strain profiles of PVS7.5, PCL10, and bilayer membranes are presented
in Figure 6A-D, while Table 4 summarizes their corresponding Young’s modulus, UTS,
and elongation at break. The Young’s modulus values were 1.81 £ 0.02 MPa for PVS7.5,
0.03 £ 0.001 MPa for PCL10, and 2.60 £ 0.20 MPa for the bilayer construct, indicating a
marked enhancement in stiffness in the bilayer relative to its single-component counter-
parts. Similarly, UTS values were 4.45 £ 0.05 MPa (PVS7.5), 0.49 & 0.04 MPa (PCL10), and
5.74 £ 0.02 MPa (bilayer), confirming the superior load-bearing capacity of the bilayer.
The elongation at break values were 2.48 £ 0.40%, 2.58 =+ 0.20%, and 3.32 £ 0.10% for
PVS7.5, PCL10, and bilayer membranes, respectively, with the bilayer providing a modest
but relevant improvement in extensibility.
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Figure 6. Comprehensive characterization of the bilayer scaffold. (A) Schematic of the mechanical
testing setup used to evaluate scaffold strength. Created in BioRender. Orash, A. (2026) https:
//BioRender.com/e19e145 (accessed on 3 August 2026); (B) Representative stress—strain curves
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obtained from tensile tests (n = 3). (C) Photographs of the bilayer scaffold before and after mechanical
deformation. (D) Quantitative analysis of mechanical properties, including Young’s modulus, UTS,
and elongation at break (n = 3). * p < 0.01. (E) Schematic of the light transmittance measurement used
to assess scaffold transparency. Created in BioRender. Orash, A. (2026) https:/ /BioRender.com/i3
35117 (accessed on 3 August 2026); (F) Light transmittance of the films measured across different
wavelengths, with representative photographs showing transparency in both dry and wet conditions
(n = 3). (G) Cell viability after 72 h exposure to the films, measured by [insert assay, e.g., MTT or
live/dead assay]. Data are presented as mean + SD, n = 5; *** p < 0.001 vs. CT (control cells without
any film).

Table 4. Mechanical properties of PVS7.5, PCL10, and Bilayer scaffolds: Young’s modulus, UTS, and
elongation at break (* p <0.01; n = 3).

Samples Young’s Modulus (MPa) UTS (MPa) Elongation (%)
PVS7.5 1.81 £0.02*% 445+ 0.05* 248 +0.4
PCL10 0.03 £ 0.001 0.49 £ 0.01 258 +0.2
Bilayer 2.60 £0.20% 574 £0.02* 3.32+£0.1
Cornea ~0.3-3 ~5-15 ~10-50

To contextualize these findings, the mechanical properties of native human corneal
stroma vary substantially due to anisotropy, hydration state, donor variability, and testing
conditions, with reported Young’s modulus values ranging between 0.3 and 3 MPa [108].
Engineered scaffolds developed for CSE generally exhibit UTS values of 5-15 MPa and
elongation at break between 10 and 50%, depending on polymer composition and fiber
alignment [109]. Compared to these benchmarks, our bilayer construct demonstrates a
Young’s modulus within the physiological range of the cornea and a UTS approaching the
lower bound of reported biomimetic scaffolds, while its elongation values remain lower
than those typically observed in hydrated native cornea. Nevertheless, the bilayer’s relative
increase in extensibility compared to its single-layer counterparts is noteworthy, as im-
proved flexibility may enhance resilience during surgical handling and implantation [110].
These results are consistent with prior studies showing that polymer composition and
nanofiber alignment strongly influence the tensile properties of corneal substitutes [111].
Wau et al. [18], for example, demonstrated that incorporating PVA into Col-based matri-
ces significantly improved mechanical strength, with optimized formulations achieving
properties comparable to native corneal stroma. Similarly, studies on PVA/SA blends have
highlighted the importance of polymer ratios, where moderate SA incorporation enhances
stiffness and strength, but excessive content reduces tensile properties and elongation at
break [55]. Our findings follow this trend, with the bilayer configuration balancing the
high stiffness of PVA/SA with the toughness of PCL, thereby producing a synergistic
reinforcement effect. Although the elongation at break of our membranes did not reach
the levels reported for hydrated native cornea, the bilayer’s combination of strength, stiff-
ness, and modest extensibility underscores its biomechanical compatibility. Importantly,
too stiff constructs may impair host-graft integration and corneal transparency, whereas
excessively compliant membranes may fail to provide appropriate mechanical cues for
stromal cells” phenotype maintenance and stromal remodeling [112,113]. By achieving
a mechanical balance within the physiologically relevant range, the bilayer construct of-
fers improved durability under physiological stresses such as blinking and intraocular
pressure fluctuations, while maintaining structural integrity for tissue regeneration. In
summary, the bilayer membrane demonstrated mechanical properties that more closely
approximate native corneal stroma compared with either PVS7.5 or PCL10 alone. Its en-
hanced stiffness, superior tensile strength, and modestly improved extensibility highlight
its suitability as a candidate for CSE. Future optimization strategies, including advanced
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crosslinking methods and incorporation of complementary biomaterials, may further refine
its mechanical behavior while preserving optical clarity, thereby advancing its potential for
clinical translation.

This section presents an evaluation and discussion of the light transmittance properties
of the tested samples. Transparency is a critical parameter for engineered corneal tissues,
as it directly impacts visual acuity. High light transmittance ensures that the construct
permits sufficient passage of light to the retina, which is essential for maintaining clear
vision. Conversely, inadequate transparency can result in visual impairment or distortion.
Therefore, developing biomaterials that closely replicate the optical clarity of the native
cornea is essential for cosmetic restoration and achieving functional outcomes in corneal
transplantation [60]. The transmittance measurements, conducted across the 415-750 nm
wavelength range, are shown in Figure 6E,F. For all samples, light transmittance generally
increased with wavelength within the visible spectrum, reflecting improved optical clarity
at longer wavelengths. At the wavelength of 750 nm, the PVS7.5 scaffold exhibited the
highest transmittance (89.45%), followed by the bilayer construct (85.01%) and the PCL10
scaffold (83.14%). These values indicate that the PVS7.5 sample most closely approaches
the transparency of the native cornea, which typically exhibits light transmittance above
90% in the visible spectrum [114].

The bilayer construct demonstrated intermediate transparency, suggesting that com-
bining synthetic and natural polymers can improve optical properties relative to pure PCL.
However, the PCL10 sample showed the lowest transmittance, which may be attributed to
the intrinsic opacity of PCL due to its semicrystalline nature and light scattering at polymer
chain boundaries [60]. Light transmittance in engineered corneal substitutes is governed by
several interrelated factors, including polymer composition, thickness, crystallinity, surface
roughness, and microstructural organization [115]. Materials with high amorphous content,
such as PVA and Alg, exhibit reduced light scattering compared to semicrystalline polymers
like PCL, which explains the superior optical clarity observed in PVS7.5. Additionally,
the presence of hydrated polymer networks can minimize refractive index mismatches
between scaffold and aqueous media, further improving transparency [116].

In contrast, the crystalline domains in PCL induce heterogeneity in the refractive
index, thereby increasing scattering and decreasing overall transmittance [60]. The bilayer
construct demonstrated an interesting balance: although its transmittance did not reach the
level of PVS7.5, it achieved a value (85.01%) still within the range considered acceptable
for corneal applications [117,118]. This result highlights the importance of material inte-
gration, as the bilayer may offer structural robustness, tunable degradation, and adequate
transparency. Indeed, the combination of synthetic and natural polymers is often pursued
to simultaneously optimize mechanical, biological, and optical properties [119]. It is also
important to consider that achieving high transparency alone is not sufficient. Corneal sub-
stitutes must maintain optical clarity under physiological conditions, resist haze formation
due to hydration changes, and preserve stability over the long term [120]. For instance,
swelling behavior, ionic interactions with tear fluid, and long-term degradation may influ-
ence transmittance evolution. Thus, materials such as PVA/Alg blends, which retain water
and form stable hydrogels, may provide sustained transparency in vivo [121]. When com-
pared to the human cornea, which demonstrates more than 90% light transmittance across
most of the visible spectrum [122], the PVS7.5 construct appears to be the most promising
candidate, showing near-native transparency. While slightly lower, the bilayer and PCL10
scaffolds still fall within the functional threshold for engineered corneal tissue, especially if
complemented by superior mechanical or biological performance. Ultimately, transparency
must be considered alongside other critical design parameters, such as anisotropic Col-
mimicking fiber alignment, refractive index matching, and resistance to light scattering,
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in order to develop clinically viable corneal implants [123]. Taken together, these findings
confirm that polymer blending strategies, particularly those involving PVA and Alg, can
significantly enhance the optical performance of corneal scaffolds. Meanwhile, layered
or composite structures such as the bilayer construct provide an attractive compromise
between transparency and functional robustness. Further optimization of scaffold architec-
ture and polymer ratios could help achieve transparency levels indistinguishable from the
native cornea while ensuring the necessary biomechanical integrity and biocompatibility
for long-term success in CSE.

To evaluate the cytotoxic potential of the fabricated scaffolds, endothelial cells were
cultured in contact with the films for 72 h, and cell viability was assessed using the Alamar
Blue assay. As shown in Figure 6G, all fabricated scaffolds induced a reduction in viability
compared to the control group (CT), which maintained close to 100% viability. The mea-
sured viability percentages were 38.94 + 4.77% for PVS7.5, 47.35 & 9.11% for the bilayer
construct, and 52.18 £ 14.78% for PCL10. Statistical analysis confirmed that all scaffolds
exhibited significantly lower cell viability compared to the control (*** p <0.001).

The cytotoxicity results indicate that although the fabricated scaffolds supported mea-
surable cellular metabolic activity, the observed viability remained substantially lower than
that of the CT, indicating that the current scaffold formulations require further optimization
to improve cytocompatibility. Therefore, the biological evaluation presented here should be
considered a preliminary assessment of scaffold biocompatibility rather than evidence of
biological readiness for CSE applications. Among the tested samples, PCL10 exhibited the
highest cell viability (~52%), followed by the bilayer (~47%) and PVS7.5 (~39%). This trend
suggests a clear dependence of cellular response on scaffold composition and degradation
behavior. The relatively higher viability observed in PCL10 may be attributed to the lower
release of ionic degradation products, as PCL is a hydrophobic polymer that degrades
slowly under physiological conditions [124].

In contrast, the reduced viability in PVS7.5 may be associated with releasing ionic com-
ponents (e.g., sodium and calcium from Alg) and possible osmotic stress on the cells [125].
Additionally, the higher hydrophilicity and swelling behavior of the PVA/SA layer may
accelerate ion diffusion and amplify local concentration gradients, further contributing
to reduced cell viability. The bilayer scaffold displayed intermediate viability, suggesting
that combining PCL with PVA /SA mitigated but did not completely eliminate cytotoxic
effects. This partial mitigation likely arises from the barrier effect of the PCL layer, which
may slow the diffusion of ionic species while still allowing interaction with the underlying
hydrophilic phase. It should also be noted that the present study was primarily designed
to develop and comprehensively characterize a bilayer scaffold with appropriate structural,
physicochemical, optical, and mechanical properties. Accordingly, the biological evaluation
was intended as an initial screening of cytocompatibility. Although the current results
demonstrate measurable cell viability, additional optimization of the scaffold composition
and biological functionality will be required before considering advanced in vitro or in vivo
CSE applications.

It is also important to interpret these findings within the biological context of the native
corneal stroma. Unlike highly cellular tissues, the corneal stroma contains a relatively low
density of quiescent keratocytes whose primary physiological function is to preserve
extracellular matrix organization and corneal transparency rather than to undergo rapid
proliferation. Therefore, although improving cellular viability remains an essential objective
for scaffold optimization, the biological requirements of stromal substitutes differ from
those of many other tissue-engineered constructs. Consequently, the present biological
evaluation should be regarded as an initial assessment of scaffold biocompatibility rather
than a definitive predictor of long-term stromal regeneration.

https://doi.org/10.3390/polym18151928


https://doi.org/10.3390/polym18151928

Polymers 2026, 18, 1928

25 of 32

The observed viability values, ranging from approximately 39% to 52%, remain below
the levels generally considered desirable for CSE, where sustained cell survival, prolifera-
tion, and extracellular matrix production are essential for successful tissue regeneration [90].
Therefore, while the present scaffold demonstrated favorable transparency, wettability,
mechanical integrity, and structural organization, these physicochemical advantages alone
are insulfficient to establish biological suitability. Accordingly, the current findings should
be interpreted as demonstrating the feasibility of the bilayer scaffold design rather than
confirming its biological optimization. Moreover, it should be emphasized that the present
study focused primarily on establishing the structural and physicochemical feasibility of
the bilayer scaffold. Consequently, additional biological optimization—including improved
cell adhesion, viability, and long-term cellular functionality—represents the next stage in
the development of this platform.

Several factors such as residual solvent traces, ionic crosslinking density, and degrada-
tion byproducts may contribute to reduced cell viability. Previous studies have shown that
tuning calcium concentrations in Alg-based scaffolds can regulate cell survival and prolif-
eration by minimizing ionic stress while maintaining structural stability [126]. Accordingly,
fine-tuning the crosslinking strategy in the PVA/SA layer represents a promising route to
improve cytocompatibility in future designs. In addition, the absence of biological signal-
ing molecules or extracellular matrix-derived adhesion motifs within the current scaffold
formulation may also have contributed to the limited cellular response. Electrospun PCL
provides excellent mechanical support but possesses an intrinsically hydrophobic surface,
while the PVA/SA hydrogel lacks specific cell-recognition sequences capable of actively
promoting cell adhesion and proliferation. Consequently, although the bilayer architec-
ture successfully reproduces several structural characteristics of the native corneal stroma,
further biological functionalization is expected to be necessary to improve cell-scaffold
interactions. Furthermore, the electrospun PCL layer was primarily incorporated to provide
structural reinforcement and reproduce the anisotropic architecture of the native stromal
lamellae rather than to function as a biologically active surface. Likewise, the solvent-cast
PVA/SA layer was designed to provide hydration, transparency, and mechanical support.
Future incorporation of extracellular matrix-derived molecules, bioactive natural poly-
mers, or peptide-based adhesion motifs is therefore expected to transform this structurally
optimized scaffold into a biologically more favorable microenvironment capable of sup-
porting enhanced cellular attachment and long-term tissue regeneration. Interestingly, in
our previous study, the incorporation of Aloe vera extract into electrospun PCL scaffolds
increased cell viability to values exceeding 90%, demonstrating that appropriate biological
functionalization can substantially enhance cellular responses without compromising scaf-
fold integrity [29]. These findings suggest that the relatively low viability observed in the
present work is unlikely to represent an inherent limitation of the bilayer design itself but
rather reflects the need for further optimization of its biological composition.

Building on this evidence, future work on the present scaffolds could involve the
incorporation of AV or similar natural polymers to counterbalance cytotoxic effects while
preserving optical and mechanical performance. Overall, the present biological results
demonstrate that the developed bilayer scaffold possesses a robust structural and physico-
chemical foundation but requires further biological optimization before it can be considered
a fully developed CSE scaffold. Future investigations will therefore focus on optimizing
polymer composition, crosslinking density, degradation behavior, and incorporating bioac-
tive molecules such as Aloe vera, extracellular matrix-derived proteins, or peptide-based
adhesion motifs to improve cytocompatibility while preserving the favorable optical and
mechanical properties demonstrated in this study.
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4. Conclusions

In this work, we successfully developed and systematically characterized a bilayer
scaffold composed of electrospun PCL nanofibers over a solvent-cast PVS membrane for
CSE. Both individual layers and the bilayer construct were thoroughly evaluated, covering
morphological, physicochemical, thermal, mechanical, optical, and biological properties.
The PVS membrane demonstrated a smooth and crack-free structure with stable ther-
mal transitions, while the PCL fibers exhibited a uniform, bead-free, and highly aligned
nanofibrous morphology. When integrated, the bilayer scaffold preserved both layers’
structural integrity and functional signatures, highlighting good interfacial stability. Func-
tionally, the construct achieved desirable wettability, high water uptake and gel fraction,
controlled biodegradation, and mechanical performance aligned with the requirements of
corneal tissue.

Furthermore, it maintained high transparency, whereas the preliminary biological
evaluation identified the need for further optimization to enhance cellular viability despite
the favorable structural and physicochemical characteristics of the scaffold. Considering
that the native corneal stroma is a relatively hypocellular tissue, the present biological
assessment should be interpreted as an initial evaluation of scaffold biocompatibility rather
than a demonstration of complete biological functionality. The comprehensive characteriza-
tion from the casting membrane to the electrospun fibers and finally to the bilayer construct
demonstrates the robustness and versatility of this design. Compared with previously
reported PVA-based and composite corneal scaffolds, the present study does not propose
an entirely new fabrication technique but rather advances the field through the integration
of a solvent-cast PVA /SA membrane with highly aligned electrospun PCL nanofibers into
a biomimetic bilayer architecture. Furthermore, the systematic evaluation of the individual
layers and the integrated construct across morphological, physicochemical, thermal, optical,
mechanical, degradation, and preliminary biological aspects provides a comprehensive
framework for understanding the structure—property relationships governing scaffold per-
formance in CSE. These findings support the bilayer scaffold as a promising structural and
physicochemical platform that balances mechanical stability, transparency, and interfacial
integrity while providing a foundation for further biological optimization. The present
work therefore establishes a robust structural and physicochemical platform for CSE, while
highlighting that biological optimization through improved cytocompatibility and biofunc-
tionalization constitutes the next critical step toward clinical translation. Although the
present scaffold demonstrated encouraging structural, optical, and mechanical properties,
the observed cellular viability indicates that further refinement of the scaffold formulation
is necessary before considering advanced preclinical or clinical applications. Future stud-
ies will focus on enhancing the biological performance of this system by optimizing the
polymer composition and crosslinking strategy while incorporating bioactive molecules,
extracellular matrix-derived components, natural polymers, or surface functionalization
strategies to further improve cellular viability, proliferation, and differentiation without
compromising the scaffold’s favorable optical and mechanical properties. Integrating
advanced fabrication techniques such as coaxial electrospinning or 3D bioprinting may
provide greater control over microarchitecture and cellular interactions. Together, these
advancements are expected to facilitate the continued development of the PCL-PVS bi-
layer scaffold toward a biologically optimized platform for future CSE applications and,
ultimately, clinical translation.

Supplementary Materials: The following supporting information can be downloaded at

https:/ /www.mdpi.com/article/10.3390/polym18151928/s1: Table S1. Characteristic FTIR absorp-
tion bands and corresponding functional groups of PVA, SA, PCL, and the bilayer scaffold.

https://doi.org/10.3390/polym18151928


https://www.mdpi.com/article/10.3390/polym18151928/s1
https://doi.org/10.3390/polym18151928

Polymers 2026, 18, 1928 27 of 32

Author Contributions: A.O.M.: Conceptualization, Methodology, Investigation, Writing, Original
Draft, Validation, Review and Editing. K.S.C.R.: Investigation, Writing, Original Draft. C.E.G.-B.:
Conceptualization, Methodology, Validation, Writing, Review and Editing. W.O.-L.: Conceptualiza-
tion, Validation, Supervision, Writing, Review and Editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the SECIHTT in the form of a Graduate Studies Scholarship
under grant No. 1246740.

Institutional Review Board Statement: Not applicable.

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

Acknowledgments: All the authors are grateful to Tecnolégico de Monterrey. This work was
supported by the SECIHTI and Tecnologico de Monterrey. A.O.M.S. and K.S.C.R. acknowledge
funding received by SECIHTI in the form of a Graduate Studies Scholarship under grant NO. 1246740.
The authors express their gratitude to Regina Vargas-Mejia for her support in acquiring SEM images.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Jaffet, J.; Pingali, T.; Raut, A.K.; Mohapatra, S.; Singh, V. Eye: Anatomy, Physiology, and Disease. In Complex Ophthalmic Dosage
Forms: Advances in Biomedical Applications and Future Perspectives; Springer: Singapore, 2025; pp. 45-69. [CrossRef]

Ozkan, O.; Utine, C.A. Clinical anatomy: Cornea and ocular surface. Med. Hypothesis Discov. Innov. Ophthalmol. 2025, 14, 60-72.
[CrossRef] [PubMed]

Li, Y.; Wang, Z. Biomaterials for corneal regeneration. Adv. Sci. 2025, 12, 2408021. [CrossRef] [PubMed]

Dumitrache, M. Ophthalmological Pathology and Management in Eye Disease: Cornea. In Clinical Ophthalmology: A Guide to
Diagnosis and Treatment; Springer: Cham, Switzerland, 2024; pp. 139-197. [CrossRef]

Scarabosio, A.; Surico, P.L.; Tereshenko, V.; Singh, R.B.; Salati, C.; Spadea, L.; Caputo, G.; Parodi, P.C.; Gagliano, C.; Winograd, ].M.;
et al. Whole-eye transplantation: Current challenges and future perspectives. World |. Transplant. 2024, 14, 95009. [CrossRef]
[PubMed]

Visalli, F; Fava, F.; Capobianco, M.; Musa, M.; D’Esposito, F.; Russo, A.; Scollo, D.; Longo, A.; Gagliano, C.; Zeppieri, M.
Innovative bioscaffolds in stem cell and regenerative therapies for corneal pathologies. Bioengineering 2024, 11, 859. [CrossRef]
[PubMed]

Morparia, S.; Suvarna, V. Recent advancements in applications of alginates in drug delivery, tissue engineering, and biomedical
field. Nat. Prod. |. 2024, 14, 83-100. [CrossRef]

Avila-Ramirez, A.; Catzim-Rios, K.; Guerrero-Beltran, C.E.; Ramirez-Cedillo, E.; Ortega-Lara, W. Reinforcement of alginate-gelatin
hydrogels with bioceramics for biomedical applications: A comparative study. Gels 2021, 7, 184. [CrossRef] [PubMed]
Tonsomboon, K.; Strange, D.G.T.; Oyen, M.L. Gelatin nanofiber-reinforced alginate gel scaffolds for corneal tissue engineering.
In Proceedings of the 2013 35th Annual International Conference of the IEEE Engineering in Medicine and Biology Society
(EMBC), Osaka, Japan, 3-7 July 2013; pp. 6671-6674. [CrossRef] [PubMed]

Tonsomboon, K.; Oyen, M.L. Composite electrospun gelatin fiber-alginate gel scaffolds for mechanically robust tissue engineered
cornea. J. Mech. Behav. Biomed. Mater. 2013, 21, 185-194. [CrossRef] [PubMed]

Datta, N.; Jinan, T.; Wong, S.Y.; Chakravarty, S.; Li, X.; Anwar, I.; Arafat, M.T. Self-assembled sodium alginate polymannuronate
nanoparticles for synergistic treatment of ophthalmic infection and inflammation: Preparation optimization and in vitro/vivo
evaluation. Int. |. Biol. Macromol. 2024, 262, 130038. [CrossRef] [PubMed]

Rahman Khan, M.M.; Rumon, M.M.H. Synthesis of PVA-based hydrogels for biomedical applications: Recent trends and advances.
Gels 2025, 11, 88. [CrossRef] [PubMed]

Senakham, T.; Sae-oui, P.; Siriwong, C. Chitosan/PVA-based films with mushroom nanofibers for improved water barrier
properties and shelf life of strawberries. Food Packag. Shelf Life 2025, 52, 101631. [CrossRef]

Hmingthansanga, V.; Kumar, L.; Neha; Malayandi, R.; Natesan, S. Chitosan-Based Formulations for Enhanced Topical, Trans-
dermal, and Ocular Drug Delivery. In Chitosan for Biomaterials V; Springer: Cham, Switzerland, 2025; Volume 295, pp. 285-317.
[CrossRef]

Sojdeh, S.; Panjipour, A.; Bejandi, Z.B.; Salehi, M.; Yaghmour, A.; Arabpour, Z.; Djalilian, A.R.; Chan, R.P. Hydrogel-Based
Vitreous Substitutes. Int. J. Mol. Sci. 2025, 26, 8406. [CrossRef] [PubMed]

https://doi.org/10.3390/polym18151928


https://doi.org/10.1007/978-981-96-6306-4_2
https://doi.org/10.51329/mehdiophthal1524
https://www.ncbi.nlm.nih.gov/pubmed/41111639
https://doi.org/10.1002/advs.202408021
https://www.ncbi.nlm.nih.gov/pubmed/39739318
https://doi.org/10.1007/978-3-031-68453-1_7
https://doi.org/10.5500/wjt.v14.i2.95009
https://www.ncbi.nlm.nih.gov/pubmed/38947970
https://doi.org/10.3390/bioengineering11090859
https://www.ncbi.nlm.nih.gov/pubmed/39329601
https://doi.org/10.2174/0122103155284365240103063024
https://doi.org/10.3390/gels7040184
https://www.ncbi.nlm.nih.gov/pubmed/34842681
https://doi.org/10.1109/EMBC.2013.6611086
https://www.ncbi.nlm.nih.gov/pubmed/24111273
https://doi.org/10.1016/j.jmbbm.2013.03.001
https://www.ncbi.nlm.nih.gov/pubmed/23566770
https://doi.org/10.1016/j.ijbiomac.2024.130038
https://www.ncbi.nlm.nih.gov/pubmed/38336323
https://doi.org/10.3390/gels11020088
https://www.ncbi.nlm.nih.gov/pubmed/39996631
https://doi.org/10.1016/j.fpsl.2025.101631
https://doi.org/10.1007/12_2025_190
https://doi.org/10.3390/ijms26178406
https://www.ncbi.nlm.nih.gov/pubmed/40943326
https://doi.org/10.3390/polym18151928

Polymers 2026, 18, 1928 28 of 32

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Seyed, M.A; Vijayaraghavan, K. Evaluation of an improved chitosan scaffold cross-linked with polyvinyl alcohol and amine
coupling through 1-ethyl-3-(3-dimethyl aminopropyl)-carbodiimide (EDC) and 2 N-hydroxysuccinimide (NHS) for corneal
applications. Open Access Maced. . Med. Sci. 2018, 6, 1561-1570. [CrossRef] [PubMed]

Ulag, S.; Ilhan, E.; Sahin, A ; Yilmaz, B.K.; Kalaskar, D.M.; Ekren, N.; Kilic, O.; Oktar, EN.; Gunduz, O. 3D printed artificial cornea
for corneal stromal transplantation. Eur. Polym. J. 2020, 133, 109744. [CrossRef]

Wu, Z.; Kong, B.; Liu, R.; Sun, W.; Mi, S. Engineering of corneal tissue through an aligned PVA/collagen composite nanofibrous
electrospun scaffold. Nanomaterials 2018, 8, 124. [CrossRef] [PubMed]

Jung, S.; Pant, B.; Climans, M.; Shaw, G.C.; Lee, E.J.; Kim, N.; Park, M. Transformation of electrospun Keratin/PVA nanofiber
membranes into multilayered 3D Scaffolds: Physiochemical studies and corneal implant applications. Int. ]. Pharm. 2021,
610, 121228. [CrossRef] [PubMed]

Bakhshandeh, H.; Soleimani, M.; Hosseini, S.S.; Hashemi, H.; Shabani, I.; Shafiee, A.; Nejad, A.H.B.; Erfan, M.; Dinarvand,
R.; Atyabi, F. Poly (e-caprolactone) nanofibrous ring surrounding a polyvinyl alcohol hydrogel for the development of a
biocompatible two-part artificial cornea. Int. . Nanomed. 2011, 6, 1509-1515. [CrossRef] [PubMed]

Mirzaeei, S.; Taghe, S.; Asare-Addo, K.; Nokhodchi, A. Polyvinyl alcohol/chitosan single-layered and polyvinyl alco-
hol/chitosan/eudragit rl100 multi-layered electrospun nanofibers as an ocular matrix for the controlled release of ofloxacin:
An in vitro and in vivo evaluation. AAPS PharmSciTech 2021, 22, 170. [CrossRef] [PubMed]

Teixeira, M.A.; Amorim, M.T.P; Felgueiras, H.P. Poly (vinyl alcohol)-based nanofibrous electrospun scaffolds for tissue engineering
applications. Polymers 2019, 12, 7. [CrossRef] [PubMed]

Orash Mahmoudsalehi, A.; Heidari-Keshel, S.; Poursamar, S.A.; Zarrabi, A.; Sefat, F.; Mamidi, N.; Behrouz, M.].; Rafienia, M.
Bioprinted membranes for corneal tissue engineering: A review. Pharmaceutics 2022, 14, 2797. [CrossRef] [PubMed]

Kostenko, A.; Swioklo, S.; Connon, C.J. Alginate in corneal tissue engineering. Biomed. Mater. 2022, 17, 022004. [CrossRef]
[PubMed]

Uchino, Y.; Shimmura, S.; Miyashita, H.; Taguchi, T.; Kobayashi, H.; Shimazaki, J.; Tanaka, J.; Tsubota, K. Amniotic membrane
immobilized poly (vinyl alcohol) hybrid polymer as an artificial cornea scaffold that supports a stratified and differentiated
corneal epithelium. J. Biomed. Mater. Res. Part B Appl. Biomater. 2007, 81B, 201-206. [CrossRef] [PubMed]

Orash Mahmoudsalehi, A.; Guerrero-Beltran, C.E.; de Lourdes Ortega-Lara, W. Transparent Sodium Alginate Blended Polyvinyl
Alcohol Hybrid Casting Film for Corneal Stromal Regeneration. Mater. Today Commun. 2025, 47, 113153. [CrossRef]

Namli, I.; Gupta, D.; Singh, Y.P,; Datta, P.; Rizwan, M.; Baykara, M.; Ozbolat, I.T. Progressive Insights into 3D Bioprinting for
Corneal Tissue Restoration. Adv. Healthc. Mater. 2025, 15, e03372. [CrossRef] [PubMed]

Orash Mahmoudsalehi, A.; Nourbakhsh, M.S.; Rafienia, M.; Baradaran-Rafii, A.; Keshel, S.H. Corneal stromal regeneration by
hybrid oriented poly (e-caprolactone)/lyophilized silk fibroin electrospun scaffold. Int. |. Biol. Macromol. 2020, 161, 377-388.
[CrossRef] [PubMed]

Orash Mahmoudsalehi, A.; Rafienia, M.; Mamidi, N.; Keshel, S.H.; Baradaran-Rafii, A. Electrospun aloe vera extract loaded
polycaprolactone scaffold for biomedical applications: A promising candidate for corneal stromal regeneration. J. Bionic Eng.
2024, 21, 1949-1959. [CrossRef]

Orash Mahmoudsalehi, A.; Lee, H.; Chae, S.J.; Kim, D.; Hwangbo, H.; Kim, G.H. Aligned alginate based cell-laden nanofibrous
produced by cell electrospinning for corneal stromal regeneration. Tissue Eng. A 2022, 28, 632.

Salehi, A.O.M.; Keshel, S.H.; Rafienia, M.; Nourbakhsh, M.S.; Baradaran-Rafii, A. Promoting keratocyte stem like cell proliferation
and differentiation by aligned polycaprolactone-silk fibroin fibers containing Aloe vera. Biomater. Adv. 2022, 137, 212840.
[CrossRef] [PubMed]

Kong, B.; Mi, S. Electrospun scaffolds for corneal tissue engineering: A review. Materials 2016, 9, 614. [CrossRef] [PubMed]
Salehi, A.O.M.; Keshel, S.H.; Sefat, F,; Tayebi, L. Use of polycaprolactone in corneal tissue engineering: A review. Mater. Today
Commun. 2021, 27, 102402. [CrossRef]

Baker, S.C.; Rohman, G.; Southgate, J.; Cameron, N.R. The relationship between the mechanical properties and cell behaviour on
PLGA and PCL scaffolds for bladder tissue engineering. Biomaterials 2009, 30, 1321-1328. [CrossRef] [PubMed]

Kruse, M.; Walter, P; Bauer, B.; Riitten, S.; Schaefer, K.; Plange, N.; Gries, T.; Jockenhoevel, S.; Fuest, M. Electro-spun membranes
as scaffolds for human corneal endothelial cells. Curr. Eye Res. 2018, 43, 1-11. [CrossRef] [PubMed]

Esmaeili, Z.; Nokhbedehghan, Z.; Alizadeh, S.; Chahsetareh, H.; Daryabari, S.H.; Nazm-Bojnourdi, M.; Kadkhodaie, M.; Ghaffari,
M.; Hashemi, A.; Hamidabadi, H.G.; et al. Biomimetic amniotic/silicone-based bilayer membrane for corneal tissue engineering.
Mater. Des. 2024, 237,112614. [CrossRef]

Nie, X.; Tang, Y.; Wu, T,; Zhao, X.; Xu, Z,; Yang, R.; Sun, Y.; Wu, B.; Han, Q.; Hui, J.; et al. 3D printing sequentially strengthening
high-strength natural polymer hydrogel bilayer scaffold for cornea regeneration. Regen. Biomater. 2024, 11, rbae012. [CrossRef]
[PubMed]

Wang, L.; Nie, X.; Wei, Y.; Chen, Q.; Sun, Y.; Zhao, X.; Xu, X.; Liu, W,; Liang, Q. 3D printed biomimetic bilayer limbal implants for
regeneration of the corneal structure in limbal stem cell deficiency. Acta Biomater. 2025, 193, 157-170. [CrossRef] [PubMed]

https://doi.org/10.3390/polym18151928


https://doi.org/10.3889/oamjms.2018.322
https://www.ncbi.nlm.nih.gov/pubmed/30337966
https://doi.org/10.1016/j.eurpolymj.2020.109744
https://doi.org/10.3390/nano8020124
https://www.ncbi.nlm.nih.gov/pubmed/29495264
https://doi.org/10.1016/j.ijpharm.2021.121228
https://www.ncbi.nlm.nih.gov/pubmed/34715260
https://doi.org/10.2147/IJN.S19011
https://www.ncbi.nlm.nih.gov/pubmed/21845040
https://doi.org/10.1208/s12249-021-02051-5
https://www.ncbi.nlm.nih.gov/pubmed/34085150
https://doi.org/10.3390/polym12010007
https://www.ncbi.nlm.nih.gov/pubmed/31861485
https://doi.org/10.3390/pharmaceutics14122797
https://www.ncbi.nlm.nih.gov/pubmed/36559289
https://doi.org/10.1088/1748-605X/ac4d7b
https://www.ncbi.nlm.nih.gov/pubmed/35051918
https://doi.org/10.1002/jbm.b.30654
https://www.ncbi.nlm.nih.gov/pubmed/16924609
https://doi.org/10.1016/j.mtcomm.2025.113153
https://doi.org/10.1002/adhm.202503372
https://www.ncbi.nlm.nih.gov/pubmed/40999832
https://doi.org/10.1016/j.ijbiomac.2020.06.045
https://www.ncbi.nlm.nih.gov/pubmed/32526297
https://doi.org/10.1007/s42235-024-00520-8
https://doi.org/10.1016/j.bioadv.2022.212840
https://www.ncbi.nlm.nih.gov/pubmed/35929269
https://doi.org/10.3390/ma9080614
https://www.ncbi.nlm.nih.gov/pubmed/28773745
https://doi.org/10.1016/j.mtcomm.2021.102402
https://doi.org/10.1016/j.biomaterials.2008.11.033
https://www.ncbi.nlm.nih.gov/pubmed/19091399
https://doi.org/10.1080/02713683.2017.1377258
https://www.ncbi.nlm.nih.gov/pubmed/29281419
https://doi.org/10.1016/j.matdes.2023.112614
https://doi.org/10.1093/rb/rbae012
https://www.ncbi.nlm.nih.gov/pubmed/38454966
https://doi.org/10.1016/j.actbio.2025.01.011
https://www.ncbi.nlm.nih.gov/pubmed/39798638
https://doi.org/10.3390/polym18151928

Polymers 2026, 18, 1928 29 of 32

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

He, B.; Wang, J.; Xie, M.; Xu, M.; Zhang, Y,; Hao, H.; Xing, X.; Lu, W.; Han, Q.; Liu, W. 3D printed biomimetic epithelium/stroma
bilayer hydrogel implant for corneal regeneration. Bioact. Mater. 2022, 17, 234-247. [CrossRef] [PubMed]

Formisano, N.; van der Putten, C.; Grant, R.; Sahin, G.; Truckenmiiller, R.K.; Bouten, C.V.; Kurniawan, N.A.; Giselbrecht, S.
Mechanical properties of bioengineered corneal stroma. Adv. Healthc. Mater. 2021, 10, 2100972. [CrossRef] [PubMed]

Orash Mahmoudsalehi, A.; Soleimani, M.; Rios, K.S.C.; Ortega-Lara, W.; Mamidi, N. Advanced 3D scaffolds for corneal stroma
regeneration: A preclinical progress. |. Mater. Chem. B 2025, 13, 5980-6020. [CrossRef] [PubMed]

Kim, J.I; Kim, J.Y.; Park, C.H. Fabrication of transparent hemispherical 3D nanofibrous scaffolds with radially aligned patterns
via a novel electrospinning method. Sci. Rep. 2018, 8, 3424. [CrossRef] [PubMed]

Bigham, A.; Salehi, A.O.M.; Rafienia, M.; Salamat, M.R.; Rahmati, S.; Raucci, M.G.; Ambrosio, L. Zn-substituted Mg,SiOy4
nanoparticles-incorporated PCL-silk fibroin composite scaffold: A multifunctional platform towards bone tissue regeneration.
Mater. Sci. Eng. C 2021, 127, 112242. [CrossRef] [PubMed]

Wang, C.; Zuo, Q.; Wang, L.; Long, B.; Salleh, K.M.; Anuar, N.I.S.; Zakaria, S. Diameter optimization of polyvinyl alcohol/sodium
alginate fiber membranes using response surface methodology. Mater. Chem. Phys. 2021, 271, 124969. [CrossRef]

Alavarse, A.C.; Silva, ].B.; Ulrich, H.; Petri, D.ES. Poly (vinyl alcohol)/sodium alginate/magnetite composites: Magnetic force
microscopy for tracking magnetic domains. Soft Matter 2023, 19, 2612-2622. [CrossRef] [PubMed]

Vila-Casahonda, R.G.; Lozano-Aponte, J.; Guerrero-Beltran, C.E. HSP60-Derived peptide as an LPS/TLR4 modulator: An in silico
approach. Front. Cardiovasc. Med. 2022, 9, 731376. [CrossRef] [PubMed]

Filimon, A.; Dobos, A.M.; Onofrei, M.D.; Serbezeanu, D. Polyvinyl Alcohol-Based Membranes: A Review of Research Progress on
Design and Predictive Modeling of Properties for Targeted Application. Polymers 2025, 17, 1016. [CrossRef] [PubMed]

Dong, Y.Q.; Zhang, L.; Shen, J.N.; Song, M.Y.; Chen, H.L. Preparation of poly (vinyl alcohol)-sodium alginate hollow-fiber
composite membranes and pervaporation dehydration characterization of aqueous alcohol mixtures. Desalination 2006, 193,
202-210. [CrossRef]

Silva, EE.; Di-Medeiros, M.C.B.; Batista, K.A.; Fernandes, K.F. PVA /polysaccharides blended films: Mechanical properties.
J. Mater. 2013, 2013, 413578. [CrossRef]

Jeong, J.P; Yoon, I; Kim, K.; Jung, S. Structural and Physiochemical Properties of Polyvinyl Alcohol-Succinoglycan Biodegradable
Films. Polymers 2024, 16, 1783. [CrossRef] [PubMed]

Xie, F; Gao, C.; Avérous, L. Alginate-based materials: Enhancing properties through multiphase formulation design and
processing innovation. Mater. Sci. Eng. R Rep. 2024, 159, 100799. [CrossRef]

Zhang, X.; Yu, Y,; Jiang, Z.; Wang, H. Influence of thickness and moisture content on the mechanical properties of microfibrillated
cellulose (MFC) films. Wood Res. 2016, 61, 851-860.

Jansson, A.; Thuvander, F. Influence of thickness on the mechanical properties for starch films. Carbohydr. Polym. 2004, 56, 499-503.
[CrossRef]

Tirumkudulu, M.S.; Punati, V.S. Solventborne polymer coatings: Drying, film formation, stress evolution, and failure. Langmuir
2022, 38, 2409-2414. [CrossRef] [PubMed]

Ahearne, M.; Fernandez-Pérez, J.; Masterton, S.; Madden, P.W.; Bhattacharjee, P. Designing scaffolds for corneal regeneration.
Adv. Funct. Mater. 2020, 30, 1908996. [CrossRef]

Muangsri, R.; Chuysinuan, P.; Thanyacharoen, T.; Techasakul, S.; Sukhavattanakul, P.;, Ummartyotin, S. Utilization of freeze thaw
process for polyvinyl alcohol/sodium alginate (PVA /SA) hydrogel composite. |. Met. Mater. Miner. 2022, 32, 34—41. [CrossRef]
Farasatkia, A.; Kharaziha, M.; Ashrafizadeh, F,; Salehi, S. Transparent silk/gelatin methacrylate (GeIMA) fibrillar film for corneal
regeneration. Mater. Sci. Eng. C 2021, 120, 111744. [CrossRef] [PubMed]

Chhatri, A.; Bajpai, J.; Bajpai, A.K.; Sandhu, S.S.; Jain, N.; Biswas, J. Cryogenic fabrication of savlon loaded macroporous blends
of alginate and polyvinyl alcohol (PVA). Swelling, deswelling and antibacterial behaviors. Carbohydr. Polym. 2011, 83, 876-882.
[CrossRef]

Niewiadomski, K.; Szopa, D.; Pstrowska, K.; Wrébel, P.; Witek-Krowiak, A. Comparative analysis of crosslinking methods and
their impact on the physicochemical properties of SA/PVA hydrogels. Materials 2024, 17, 1816. [CrossRef] [PubMed]

Himmler, M.; Schubert, D.W.; Fuchsluger, T.A. Examining the transmission of visible light through electrospun nanofibrous PCL
scaffolds for corneal tissue engineering. Nanomaterials 2021, 11, 3191. [CrossRef] [PubMed]

Sharma, S.; Gupta, D.; Mohanty, S.; Jassal, M.; Agrawal, A.K.; Tandon, R. Surface-modified electrospun poly (e-caprolactone)
scaffold with improved optical transparency and bioactivity for damaged ocular surface reconstruction. Investig. Ophthalmol. Vis.
Sci. 2014, 55, 899-907. [CrossRef] [PubMed]

Ghobeira, R.; Asadian, M.; Vercruysse, C.; Declercq, H.; De Geyter, N.; Morent, R. Wide-ranging diameter scale of random and
highly aligned PCL fibers electrospun using controlled working parameters. Polymer 2018, 157, 19-31. [CrossRef]

Wong, S.C.; Baji, A.; Leng, S. Effect of fiber diameter on tensile properties of electrospun poly (e-caprolactone). Polymer 2008, 49,
4713-4722. [CrossRef]

https://doi.org/10.3390/polym18151928


https://doi.org/10.1016/j.bioactmat.2022.01.034
https://www.ncbi.nlm.nih.gov/pubmed/35386466
https://doi.org/10.1002/adhm.202100972
https://www.ncbi.nlm.nih.gov/pubmed/34369098
https://doi.org/10.1039/D5TB00090D
https://www.ncbi.nlm.nih.gov/pubmed/40105794
https://doi.org/10.1038/s41598-018-21618-0
https://www.ncbi.nlm.nih.gov/pubmed/29467436
https://doi.org/10.1016/j.msec.2021.112242
https://www.ncbi.nlm.nih.gov/pubmed/34225882
https://doi.org/10.1016/j.matchemphys.2021.124969
https://doi.org/10.1039/D3SM00053B
https://www.ncbi.nlm.nih.gov/pubmed/36951357
https://doi.org/10.3389/fcvm.2022.731376
https://www.ncbi.nlm.nih.gov/pubmed/35433873
https://doi.org/10.3390/polym17081016
https://www.ncbi.nlm.nih.gov/pubmed/40284281
https://doi.org/10.1016/j.desal.2005.08.023
https://doi.org/10.1155/2013/413578
https://doi.org/10.3390/polym16131783
https://www.ncbi.nlm.nih.gov/pubmed/39000639
https://doi.org/10.1016/j.mser.2024.100799
https://doi.org/10.1016/j.carbpol.2004.03.019
https://doi.org/10.1021/acs.langmuir.1c03124
https://www.ncbi.nlm.nih.gov/pubmed/35175055
https://doi.org/10.1002/adfm.201908996
https://doi.org/10.55713/jmmm.v32i2.1257
https://doi.org/10.1016/j.msec.2020.111744
https://www.ncbi.nlm.nih.gov/pubmed/33545886
https://doi.org/10.1016/j.carbpol.2010.08.077
https://doi.org/10.3390/ma17081816
https://www.ncbi.nlm.nih.gov/pubmed/38673173
https://doi.org/10.3390/nano11123191
https://www.ncbi.nlm.nih.gov/pubmed/34947541
https://doi.org/10.1167/iovs.13-12727
https://www.ncbi.nlm.nih.gov/pubmed/24425860
https://doi.org/10.1016/j.polymer.2018.10.022
https://doi.org/10.1016/j.polymer.2008.08.022
https://doi.org/10.3390/polym18151928

Polymers 2026, 18, 1928 30 of 32

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Kim, H.H.; Kim, M.].; Ryu, S.J.; Ki, C.S.; Park, Y.H. Effect of fiber diameter on surface morphology, mechanical property, and cell
behavior of electrospun poly (e-caprolactone) mat. Fibers Polym. 2016, 17, 1033-1042. [CrossRef]

Stafiej, P; Kiing, F.; Kruse, EE.; Schubert, D.W.; Fuchsluger, T. Mechanical and Optical Properties of PCL Nanofiber Reinforced
Alginate Hydrogels for Application in Corneal Wound Healing. Biomater. Med. Appl. 2018, 2, 2. [CrossRef]

Tirkkan, S.; Pazargeviren, A.E.; Keskin, D.; Machin, N.E.; Duygulu, O.; Tezcaner, A. Nanosized CaP-silk fibroin-PCL-PEG-
PCL/PCL based bilayer membranes for guided bone regeneration. Mater. Sci. Eng. C 2017, 80, 484—493. [CrossRef] [PubMed]
Elkhouly, H.; Mamdouh, W.; El-Korashy, D.I. Electrospun nano-fibrous bilayer scaffold prepared from polycaprolactone/gelatin
and bioactive glass for bone tissue engineering. J. Mater. Sci. Mater. Med. 2021, 32, 111. [CrossRef] [PubMed]

Zhang, Y.; Wang, T,; Li, ].; Cui, X; Jiang, M.; Zhang, M.; Wang, X.; Zhang, W.; Liu, Z. Bilayer membrane composed of mineralized
collagen and chitosan cast film coated with berberine-loaded PCL/PVP electrospun nanofiber promotes bone regeneration.
Front. Bioeng. Biotechnol. 2021, 9, 684335. [CrossRef] [PubMed]

Ozdemir, S.; Oztemur, J.; Sezgin, H.; Yalcin-Enis, I. Optimization of electrospun bilayer vascular grafts through assessment of the
mechanical properties of monolayers. ACS Biomater. Sci. Eng. 2024, 10, 960-974. [CrossRef] [PubMed]

Fernandez-Perez, ].; Kador, K.E.; Lynch, A.P.; Ahearne, M. Characterization of extracellular matrix modified poly (e-caprolactone)
electrospun scaffolds with differing fiber orientations for corneal stroma regeneration. Mater. Sci. Eng. C 2020, 108, 110415.
[CrossRef] [PubMed]

Kong, B.; Sun, L,; Liu, R.; Chen, Y.; Shang, Y.; Tan, H.; Zhao, Y.; Sun, L. Recombinant human collagen hydrogels with hierarchically
ordered microstructures for corneal stroma regeneration. Chem. Eng. J. 2022, 428, 131012. [CrossRef]

Torbet, J.; Malbouyres, M.; Builles, N.; Justin, V.; Roulet, M.; Damour, O.; Oldberg, A Ruggiero, F.; Hulmes, D.J. Orthogonal
scaffold of magnetically aligned collagen lamellae for corneal stroma reconstruction. Biomaterials 2007, 28, 4268-4276. [CrossRef]
[PubMed]

Choi, W.; Kim, G.H.; Shin, ].H.; Lim, G.; An, T. Electrospinning onto insulating substrates by controlling surface wettability and
humidity. Nanoscale Res. Lett. 2017, 12, 610. [CrossRef] [PubMed]

Han, WH.; Wang, M.Q.; Yuan, ].X,; Hao, C.C.; Li, C.J.; Long, Y.Z.; Ramakrishna, S. Electrospun aligned nanofibers: A review.
Arab. J. Chem. 2022, 15, 104193. [CrossRef]

Shao, S.; Ma, T.; Fernando, G.E. Electro-spinning of highly-aligned polyacrylonitrile nano-fibres with continuous spooling.
Sci. Rep. 2021, 11, 21713. [CrossRef] [PubMed]

Stanger, J.; Tucker, N.; Wallace, A.; Larsen, N.; Staiger, M.; Reeves, R. The effect of electrode configuration and substrate material
on the mass deposition rate of electrospinning. J. Appl. Polym. Sci. 2009, 112, 1729-1737. [CrossRef]

Xue, J.; Wu, T.; Dai, Y,; Xia, Y. Electrospinning and electrospun nanofibers: Methods, materials, and applications. Chem. Rev. 2019,
119, 5298-5415. [CrossRef] [PubMed]

Maheshwari, S.U.; Samuel, VK.; Nagiah, N. Fabrication and evaluation of (PVA/HAp/PCL) bilayer composites as potential
scaffolds for bone tissue regeneration application. Ceram. Int. 2014, 40, 8469-8477. [CrossRef]

Huang, Y.; Dan, N.; Dan, W.; Zhao, W.; Bai, Z.; Chen, Y.; Yang, C. Facile fabrication of gelatin and polycaprolactone based
bilayered membranes via spin coating method with antibacterial and cyto-compatible properties. Int. J. Biol. Macromol. 2019, 124,
699-707. [CrossRef] [PubMed]

Miura, K.; Kimura, N.; Suzuki, H.; Miyashita, Y.; Nishio, Y. Thermal and viscoelastic properties of alginate/poly (vinyl alcohol)
blends cross-linked with calcium tetraborate. Carbohydr. Polym. 1999, 39, 139-144. [CrossRef]

Pompa-Monroy, D.A.; Iglesias, A.L.; Dastager, S.G.; Thorat, M.N.; Olivas-Sarabia, A.; Valdez-Castro, R.; Hurtado-Ayala, L.A;
Cornejo-Bravo, ].M.; Pérez-Gonzélez, G.L.; Villarreal-Gémez, L.J. Comparative study of polycaprolactone electrospun fibers and
casting films enriched with carbon and nitrogen sources and their potential use in water bioremediation. Membranes 2022, 12, 327.
[CrossRef] [PubMed]

Gedik, B.; Erdem, M. A. Electrospun PCL membranes for localized drug delivery and bone regeneration. BMC Biotechnol. 2025,
25, 31. [CrossRef] [PubMed]

Longo, R.; Catauro, M.; Sorrentino, A.; Guadagno, L. Thermal and mechanical characterization of complex electrospun systems
based on polycaprolactone and gelatin. J. Therm. Anal. Calorim. 2022, 147, 5391-5399. [CrossRef]

Jafari, M.; Paknejad, Z.; Rad, M.R.; Motamedian, S.R.; Eghbal, M.].; Nadjmi, N.; Khojasteh, A. Polymeric scaffolds in tissue
engineering: A literature review. J. Biomed. Mater. Res. Part B Appl. Biomater. 2017, 105, 431-459. [CrossRef] [PubMed]
Mobaraki, M.; Abbasi, R.; Omidian Vandchali, S.; Ghaffari, M.; Moztarzadeh, F.; Mozafari, M. Corneal repair and regeneration:
Current concepts and future directions. Front. Bioeng. Biotechnol. 2019, 7, 135. [CrossRef] [PubMed]

Gautam, L.; Warkar, S.G.; Ahmad, S.I; Kant, R.; Jain, M. A review on carboxylic acid cross-linked polyvinyl alcohol: Properties
and applications. Polym. Eng. Sci. 2022, 62, 225-246. [CrossRef]

Liu, W,; Deng, C.; McLaughlin, C.R.; Fagerholm, P,; Lagali, N.S.; Heyne, B.; Scaiano, ].C.; Watsky, M.A.; Kato, Y.; Munger, R.;
et al. Collagen—phosphorylcholine interpenetrating network hydrogels as corneal substitutes. Biomaterials 2009, 30, 1551-1559.
[CrossRef] [PubMed]

https://doi.org/10.3390/polym18151928


https://doi.org/10.1007/s12221-016-6350-x
https://doi.org/10.4172/2577-0268.1000118
https://doi.org/10.1016/j.msec.2017.06.016
https://www.ncbi.nlm.nih.gov/pubmed/28866191
https://doi.org/10.1007/s10856-021-06588-6
https://www.ncbi.nlm.nih.gov/pubmed/34453628
https://doi.org/10.3389/fbioe.2021.684335
https://www.ncbi.nlm.nih.gov/pubmed/34350160
https://doi.org/10.1021/acsbiomaterials.3c01161
https://www.ncbi.nlm.nih.gov/pubmed/38196384
https://doi.org/10.1016/j.msec.2019.110415
https://www.ncbi.nlm.nih.gov/pubmed/31924032
https://doi.org/10.1016/j.cej.2021.131012
https://doi.org/10.1016/j.biomaterials.2007.05.024
https://www.ncbi.nlm.nih.gov/pubmed/17618680
https://doi.org/10.1186/s11671-017-2380-6
https://www.ncbi.nlm.nih.gov/pubmed/29185132
https://doi.org/10.1016/j.arabjc.2022.104193
https://doi.org/10.1038/s41598-021-99890-w
https://www.ncbi.nlm.nih.gov/pubmed/34741129
https://doi.org/10.1002/app.29663
https://doi.org/10.1021/acs.chemrev.8b00593
https://www.ncbi.nlm.nih.gov/pubmed/30916938
https://doi.org/10.1016/j.ceramint.2014.01.058
https://doi.org/10.1016/j.ijbiomac.2018.11.262
https://www.ncbi.nlm.nih.gov/pubmed/30502434
https://doi.org/10.1016/S0144-8617(98)00162-3
https://doi.org/10.3390/membranes12030327
https://www.ncbi.nlm.nih.gov/pubmed/35323802
https://doi.org/10.1186/s12896-025-00965-7
https://www.ncbi.nlm.nih.gov/pubmed/40275261
https://doi.org/10.1007/s10973-022-11225-7
https://doi.org/10.1002/jbm.b.33547
https://www.ncbi.nlm.nih.gov/pubmed/26496456
https://doi.org/10.3389/fbioe.2019.00135
https://www.ncbi.nlm.nih.gov/pubmed/31245365
https://doi.org/10.1002/pen.25849
https://doi.org/10.1016/j.biomaterials.2008.11.022
https://www.ncbi.nlm.nih.gov/pubmed/19097643
https://doi.org/10.3390/polym18151928

Polymers 2026, 18, 1928 31 of 32

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.
115.

Malikmammadov, E.; Tanir, T.E.; Kiziltay, A.; Hasirci, V.; Hasirci, N. PCL and PCL-based materials in biomedical applications.
J. Biomater. Sci. Polym. Ed. 2018, 29, 863-893. [CrossRef]

Ahn, K.; Kambiz, S.; Park, K.; Seo, J. Enhancing polyvinyl alcohol surface properties through pre-drying treatment and modified
electrospun polycaprolactone nanofibers. Prog. Org. Coat. 2024, 194, 108621. [CrossRef]

Mahdavi, S.S.; Abdekhodaie, M.].; Mashayekhan, S.; Baradaran-Rafii, A.; Djalilian, A.R. Bioengineering approaches for corneal
regenerative medicine. Tissue Eng. Regen. Med. 2020, 17, 567-593. [CrossRef] [PubMed]

Jin, G.; Lee, S.; Kim, S.H.; Kim, M.; Jang, J.H. Bicomponent electrospinning to fabricate three-dimensional hydrogel-hybrid
nanofibrous scaffolds with spatial fiber tortuosity. Biomed. Microdevices 2014, 16, 793-804. [CrossRef] [PubMed]

Afzal, A,; Jalalah, M.; Noor, A ; Khaliq, Z.; Qadir, M.B.; Masood, R.; Nazir, A.; Ahmad, S.; Ahmad, F; Irfan, M.; et al. Development
and characterization of drug loaded PVA /PCL fibres for wound dressing applications. Polymers 2023, 15, 13-55. [CrossRef]
[PubMed]

Liu, X.; Ma, PX. Phase separation, pore structure, and properties of nanofibrous gelatin scaffolds. Biomaterials 2009, 30, 4094-4103.
[CrossRef] [PubMed]

Draget, K.I; Skjak-Breek, G.; Smidsred, O. Alginate based new materials. Int. J. Biol. Macromol. 1997, 21, 47-55. [CrossRef]
[PubMed]

Lee, K.Y.; Mooney, D.]. Alginate: Properties and biomedical applications. Prog. Polym. Sci. 2012, 37, 106-126. [CrossRef] [PubMed]
Pawar, S.N.; Edgar, KJ. Alginate derivatization: A review of chemistry, properties and applications. Biomaterials 2012, 33,
3279-3305. [CrossRef] [PubMed]

Ma, P.X. Biomimetic materials for tissue engineering. Adv. Drug Deliv. Rev. 2008, 60, 184-198. [CrossRef] [PubMed]

O’Shea, TM.; Miao, X. Bilayered scaffolds for osteochondral tissue engineering. Tissue Eng. Part B Rev. 2008, 14, 447-464.
[CrossRef] [PubMed]

Woodruff, M.A.; Hutmacher, D.W. The return of a forgotten polymer—Polycaprolactone in the 21st century. Prog. Polym. Sci.
2010, 35, 1217-1256. [CrossRef]

Pitt, G.G.; Gratzl, M.M.; Kimmel, G.L.; Surles, J.; Sohindler, A. Aliphatic polyesters II. The degradation of poly (DL-lactide), poly
(e-caprolactone), and their copolymers in vivo. Biomaterials 1981, 2, 215-220. [CrossRef] [PubMed]

Rasyida, A.; Halimah, S.; Wijayanti, I.D.; Wicaksono, S.T.; Nurdiansah, H.; Silaen, YM.T.; Ni'mah, Y.L.; Ardhyananta, H.; Purni-
awan, A. A composite of hydrogel alginate/PVA /r-GO for scaffold applications with enhanced degradation and biocompatibility
properties. Polymers 2023, 15, 534. [CrossRef] [PubMed]

Hou, Y.; Wang, W.; Bartolo, P. Investigation of polycaprolactone for bone tissue engineering scaffolds: In vitro degradation and
biological studies. Mater. Des. 2022, 216, 110582. [CrossRef]

Valdoz, J.C.; Johnson, B.C.; Jacobs, D.J.; Franks, N.A.; Dodson, E.L.; Sanders, C.; Cribbs, C.G.; Van Ry, PM. The ECM: To scaffold,
or not to scaffold, that is the question. Int. J. Mol. Sci. 2021, 22, 12690. [CrossRef] [PubMed]

Zhang, H.; Zhou, L.; Zhang, W. Control of scaffold degradation in tissue engineering: A review. Tissue Eng. Part B Rev. 2014, 20,
492-502. [CrossRef] [PubMed]

Zhang, F,; King, M.W. Biodegradable polymers as the pivotal player in the design of tissue engineering scaffolds. Adv. Healthc.
Mater. 2020, 9, €1901358. [CrossRef] [PubMed]

Bosch, B.M.; Bosch-Rue, E.; Perpifian-Blasco, M.; Perez, R.A. Design of functional biomaterials as substrates for corneal endothe-
lium tissue engineering. Regen. Biomater. 2022, 9, rbac052. [CrossRef] [PubMed]

Wong, H.L.; Poon, S H.L.; Bu, Y,; Lo, A.C.Y,; Jhanji, V.; Chan, Y.K,; Shih, K.C. A systematic review on cornea epithelial-stromal
homeostasis. Ophthalmic Res. 2021, 64, 178-191. [CrossRef] [PubMed]

Labate, C.; Lombardo, M.; De Santo, M.P; Dias, ].; Ziebarth, N.M.; Lombardo, G. Multiscale investigation of the depth-dependent
mechanical anisotropy of the human corneal stroma. Investig. Ophthalmol. Vis. Sci. 2015, 56, 4053-4060. [CrossRef] [PubMed]
Salehi, M.; Arabpour, Z.; Zamani, S.; Alizadeh, M.; Gharibshahiyan, M.; Rezvani, M.; Aldaghi, N.; Yekesadat, S.M.; Djalilian, A.R.
Corneal bioengineering via electrospun nanofibers and nanoparticles. J. Biomater. Appl. 2025, 40, 1094-1140. [CrossRef] [PubMed]
Kong, B.; Chen, Y,; Liu, R;; Liu, X; Liu, C.; Shao, Z.; Xiong, L.; Liu, X.; Sun, W.; Mi, S. Fiber reinforced GeIMA hydrogel to induce
the regeneration of corneal stroma. Nat. Commun. 2020, 11, 1435. [CrossRef] [PubMed]

Himmler, M.; Garreis, F; Paulsen, F.; Schubert, D.W.; Fuchsluger, T.A. Optimization of polycaprolactone-based nanofiber matrices
for the cultivation of corneal endothelial cells. Sci. Rep. 2021, 11, 18858. [CrossRef] [PubMed]

Saraswathibhatla, A.; Indana, D.; Chaudhuri, O. Cell-extracellular matrix mechanotransduction in 3D. Nat. Rev. Mol. Cell Biol.
2023, 24, 495-516. [CrossRef] [PubMed]

Chen, J.; Backman, L.J.; Zhang, W.; Ling, C.; Danielson, P. Regulation of keratocyte phenotype and cell behavior by substrate
stiffness. ACS Biomater. Sci. Eng. 2020, 6, 5162-5171. [CrossRef] [PubMed]

Hassell, J.R.; Birk, D.E. The molecular basis of corneal transparency. Exp. Eye Res. 2010, 91, 326-335. [CrossRef] [PubMed]
Hancox, Z.; Keshel, S.H.; Yousaf, S.; Saeinasab, M.; Shahbazi, M.A.; Sefat, F. The progress in corneal translational medicine.
Biomater. Sci. 2020, 8, 6469-6504. [CrossRef] [PubMed]

https://doi.org/10.3390/polym18151928


https://doi.org/10.1080/09205063.2017.1394711
https://doi.org/10.1016/j.porgcoat.2024.108621
https://doi.org/10.1007/s13770-020-00262-8
https://www.ncbi.nlm.nih.gov/pubmed/32696417
https://doi.org/10.1007/s10544-014-9883-z
https://www.ncbi.nlm.nih.gov/pubmed/24972552
https://doi.org/10.3390/polym15061355
https://www.ncbi.nlm.nih.gov/pubmed/36987136
https://doi.org/10.1016/j.biomaterials.2009.04.024
https://www.ncbi.nlm.nih.gov/pubmed/19481080
https://doi.org/10.1016/S0141-8130(97)00040-8
https://www.ncbi.nlm.nih.gov/pubmed/9283015
https://doi.org/10.1016/j.progpolymsci.2011.06.003
https://www.ncbi.nlm.nih.gov/pubmed/22125349
https://doi.org/10.1016/j.biomaterials.2012.01.007
https://www.ncbi.nlm.nih.gov/pubmed/22281421
https://doi.org/10.1016/j.addr.2007.08.041
https://www.ncbi.nlm.nih.gov/pubmed/18045729
https://doi.org/10.1089/ten.teb.2008.0327
https://www.ncbi.nlm.nih.gov/pubmed/18844605
https://doi.org/10.1016/j.progpolymsci.2010.04.002
https://doi.org/10.1016/0142-9612(81)90060-0
https://www.ncbi.nlm.nih.gov/pubmed/7326315
https://doi.org/10.3390/polym15030534
https://www.ncbi.nlm.nih.gov/pubmed/36771834
https://doi.org/10.1016/j.matdes.2022.110582
https://doi.org/10.3390/ijms222312690
https://www.ncbi.nlm.nih.gov/pubmed/34884495
https://doi.org/10.1089/ten.teb.2013.0452
https://www.ncbi.nlm.nih.gov/pubmed/24547761
https://doi.org/10.1002/adhm.201901358
https://www.ncbi.nlm.nih.gov/pubmed/32424996
https://doi.org/10.1093/rb/rbac052
https://www.ncbi.nlm.nih.gov/pubmed/35958516
https://doi.org/10.1159/000509030
https://www.ncbi.nlm.nih.gov/pubmed/32474566
https://doi.org/10.1167/iovs.15-16875
https://www.ncbi.nlm.nih.gov/pubmed/26098472
https://doi.org/10.1177/08853282251393784
https://www.ncbi.nlm.nih.gov/pubmed/41166373
https://doi.org/10.1038/s41467-020-14887-9
https://www.ncbi.nlm.nih.gov/pubmed/32188843
https://doi.org/10.1038/s41598-021-98426-6
https://www.ncbi.nlm.nih.gov/pubmed/34552187
https://doi.org/10.1038/s41580-023-00583-1
https://www.ncbi.nlm.nih.gov/pubmed/36849594
https://doi.org/10.1021/acsbiomaterials.0c00510
https://www.ncbi.nlm.nih.gov/pubmed/33455266
https://doi.org/10.1016/j.exer.2010.06.021
https://www.ncbi.nlm.nih.gov/pubmed/20599432
https://doi.org/10.1039/D0BM01209B
https://www.ncbi.nlm.nih.gov/pubmed/33174878
https://doi.org/10.3390/polym18151928

Polymers 2026, 18, 1928 32 of 32

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Maranchi, J.P; Trexler, M.M.; Guo, Q.; Elisseeff, ].H. Fibre-reinforced hydrogels with high optical transparency. Int. Mater. Rev.
2014, 59, 264-296. [CrossRef]

Peris-Martinez, C.; Garcia-Domene, M.C.; Penadés, M.; Luque, M.].; Ferndndez-Lépez, E.; Artigas, ]. M. Spectral transmission of
the human corneal layers. J. Clin. Med. 2021, 10, 4490. [CrossRef] [PubMed]

Chi, M.; Yuan, B.; Xie, Z.; Hong, J. The innovative biomaterials and technologies for developing corneal endothelium tissue
engineering scaffolds: A review and prospect. Bioengineering 2023, 10, 1284. [CrossRef] [PubMed]

Farasatkia, A.; Kharaziha, M. Robust and double-layer micro-patterned bioadhesive based on silk nanofibril/ GeIMA-alginate for
stroma tissue engineering. Int. J. Biol. Macromol. 2021, 183, 1013-1025. [CrossRef] [PubMed]

Cejka, C.; Cejkova, J. Oxidative stress to the cornea, changes in corneal optical properties, and advances in treatment of corneal
oxidative injuries. Oxidative Med. Cell. Longev. 2015, 2015, 591530. [CrossRef] [PubMed]

Kamoun, E.A.; Chen, X.; Eldin, M.S.M.; Kenawy, E.R.S. Crosslinked poly (vinyl alcohol) hydrogels for wound dressing applica-
tions: A review of remarkably blended polymers. Arab. ]. Chem. 2015, 8, 1-14. [CrossRef]

Manoochehrabadi, T.; Solouki, A.; Majidi, ].; Khosravimelal, S.; Lotfi, E.; Lin, K.; Daryabari, S.H.; Gholipourmalekabadi, M. Silk
biomaterials for corneal tissue engineering: From research approaches to therapeutic potentials; A review. Int. . Biol. Macromol.
2025, 305, 141039. [CrossRef] [PubMed]

Wu, K\Y,; Qian, S.Y.; Faucher, A.; Tran, S.D. Advancements in hydrogels for corneal healing and tissue engineering. Gels 2024,
10, 662. [CrossRef] [PubMed]

Dias, ].R.; Sousa, A.; Augusto, A.; Bartolo, PJ.; Granja, P.L. Electrospun polycaprolactone (PCL) degradation: An in vitro and
in vivo study. Polymers 2022, 14, 3397. [CrossRef] [PubMed]

Yuan, Y.; Yin, M.; Chen, L, Liu, E; Chen, M.; Zhong, E. Effect of calcium ions on the freeze-drying survival of probiotic
encapsulated in sodium alginate. Food Hydrocoll. 2022, 130, 107668. [CrossRef]

Zhang, J.; Wehrle, E.; Vetsch, J.R.; Paul, G.R.; Rubert, M.; Miiller, R. Alginate dependent changes of physical properties in 3D
bioprinted cell-laden porous scaffolds affect cell viability and cell morphology. Biomed. Mater. 2019, 14, 065009. [CrossRef]
[PubMed]

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

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

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

https://doi.org/10.3390/polym18151928


https://doi.org/10.1179/1743280414Y.0000000032
https://doi.org/10.3390/jcm10194490
https://www.ncbi.nlm.nih.gov/pubmed/34640506
https://doi.org/10.3390/bioengineering10111284
https://www.ncbi.nlm.nih.gov/pubmed/38002407
https://doi.org/10.1016/j.ijbiomac.2021.05.048
https://www.ncbi.nlm.nih.gov/pubmed/33974922
https://doi.org/10.1155/2015/591530
https://www.ncbi.nlm.nih.gov/pubmed/25861412
https://doi.org/10.1016/j.arabjc.2014.07.005
https://doi.org/10.1016/j.ijbiomac.2025.141039
https://www.ncbi.nlm.nih.gov/pubmed/39956223
https://doi.org/10.3390/gels10100662
https://www.ncbi.nlm.nih.gov/pubmed/39451315
https://doi.org/10.3390/polym14163397
https://www.ncbi.nlm.nih.gov/pubmed/36015652
https://doi.org/10.1016/j.foodhyd.2022.107668
https://doi.org/10.1088/1748-605X/ab3c74
https://www.ncbi.nlm.nih.gov/pubmed/31426033
https://doi.org/10.3390/polym18151928

	Introduction 
	Materials and Methods 
	Preparation and Characterization of Solvent-Cast Membranes 
	Fabrication and Characterization of Electrospun Fibers 
	Fabrication of PCL–PVS Bilayer Membrane 
	Characterization of PCL–PVS Bilayer Membrane 
	Morphological Assessment 
	Chemical Analyses 
	Surface Wettability 
	Water Uptake Capacity 
	Gel Fraction 
	Biodegradation Study 
	Mechanical Properties 
	Optical Properties 
	Cytotoxicity Assays 
	Statistical Analysis 


	Results 
	Solvent Casting Membrane 
	Electrospun Fibers 
	PCL–PVS Bilayer Membrane 
	Structural, Chemical, and Thermal Analysis of the Bilayer Scaffold 
	Surface and Environmental Interaction Analysis of the Bilayer Scaffold 
	Biomechanical, Optical, and Cytocompatibility Evaluation Relevant to Corneal Stromal Replacement 


	Conclusions 
	References

