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Guided bone regeneration (GBR) requires membranes that act as a physical barrier while also supporting
osteogenesis. Conventional bilayer membranes, which typically consist of two discrete layers with an
abrupt interface, are usually difficult to meet clinical requirements due to mechanical mismatch and
delamination at the abrupt interface. To overcome these limitations, we developed a one-step
fabrication strategy to prepare a polycaprolactone (PCL) fiber membrane with a continuous gradient in
porosity and fiber orientation controlled by the combination of humidity and collection speed during the
electrospinning process. The fabricated PCL fiber membrane smoothed the interface and eliminated the
inherently weak interfacial region of traditional bilayer membranes, resulting in a 2.4-fold higher peel
strength, a 2.42-fold higher tensile strength, and an approximately 55% reduction in cell stacking.
Furthermore, cells at the non-porous, directional fiber surface of the gradient membrane exhibited
a spindle-shaped, shallow adhesion morphology, while cells at the porous random fiber surface
displayed a spread, stellate-radial adhesion morphology with an infiltration depth more than 2.4 times
greater than that in the non-porous region. Simultaneously, the gradient structure increased collagen
and calcium deposition and enhanced the expression of osteogenic genes. This work presents a novel
gradient structure GBR membrane that integrates superior mechanical properties with bidirectional
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Introduction

To efficiently support new bone growth, GBR membranes have
become a standard in clinics for treating bone defects.! An ideal
GBR membrane should prevent the ingrowth of rapidly prolif-
erating soft tissues into the bone defect site and provide suffi-
cient mechanical properties to maintain the space required for
bone growth. This type of membrane should also permit the
exchange of nutrients and metabolites, guiding the growth,
migration, and functional activities of osteoblasts to promote
osteogenesis and angiogenesis.>® Therefore, to achieve the
requirements of barrier and promotion functions simulta-
neously, current research strategies are to design anisotropic
bilayer membranes.* A typical bilayer membrane consists of
a relatively smooth and dense barrier layer on one side, which
serves to block infiltration of fibroblasts, and a porous func-
tional layer on the other side, which serves to promote
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cellular regulation to enhance bone repair.

osteogenesis.® This intuitive “dual-faced” design has proven
effective in short-term; however, as research and clinical
applications advance, its inherent “abrupt interface” has
become a major challenge.®” Firstly, the interface between the
two material layers, which differ significantly in composition,
density, and mechanical properties, is often a point of struc-
tural weakness. Within the complex mechanical environment in
vivo (e.g., muscle traction and tissue swelling), stress concen-
tration readily occurs at the interface, posing a risk of interlayer
delamination or membrane fracture and potential surgical
failure.® Secondly, from the perspective of cellular behavior,
a sharp physical interface disrupts the continuous growth and
migration of cells and the extracellular matrix.® Cells often
accumulate at the interface, forming a “biological barrier” that
can impede nutrient diffusion into the defect site and create
a localized hypoxic microenvironment, ultimately hindering
bone maturation and mineralization.'®** Therefore, the “inter-
face problem” of bilayer membranes is not merely an engi-
neering mechanics issue but a critical biological problem that
affects the final regenerative outcome.

To resolve the risks associated with “interfaces,” researchers
have turned their attention to “gradient structures.” The core
concept of gradient materials lies in the continuous, gradual
transition of their key parameters, such as composition,
porosity, and modulus, across space, thereby eliminating
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distinct internal boundaries. Luo et al fabricated nano/
microfiber networks with structural gradients via co-

electrospinning, but the gradient remained within the same
plane, failing to achieve optimal bioactivity transfer.'” Lei et al.
exploited the differing charge properties of natural poly-
saccharides and proteins to construct a microstructural
gradient periosteum via electrochemical deposition,* but this
approach failed to address the poor mechanical properties
inherent to natural polymers. Wang et al. employed phase
inversion to fabricate films with porous gradient structures,'*
but the non-interconnected pores hindered nutrient delivery.
Introducing gradients through post-processing techniques,
such as gradient etching’ or gradient crosslinking,® often
involves complex procedures, poor controllability, and potential
damage to the bulk material properties. Another approach
involves using microfluidic devices or specialized collectors to
enable in situ mixing of two different spinning solutions during
the electrospinning process to form a gradient,® but this
gradient is usually formed in a plane and cannot achieve
a better gradient in the thickness direction. Therefore, there is
an urgent need to develop a straightforward single-step process
that allows for precise control of a continuous gradient
throughout the thickness direction.

This study proposes an innovative one-step method for
directly fabricating PCL fiber membranes with continuous
structure and orientation gradients. This method mainly relies
on the linear regulation of environmental humidity during the
electrospinning process to achieve both a gradient change in
the fiber structure through non-solvent-induced phase separa-
tion and a gradient change in fiber orientation through a linear
change in the fiber collection speed. The ordered, non-porous
fiber membrane surface will inhibit cell infiltration, while the
disordered, porous fiber membrane surface will promote cell
migration and adhesion. At the same time, the porous fiber has
a larger specific surface area and can adsorb more biological
molecules, further promoting cell growth in the local area. Our
gradient PCL fiber membrane effectively mitigated the risk of
material delamination, exhibited excellent cytocompatibility,
promoted BMSC adhesion, infiltration, and migration, and
enhanced extracellular matrix secretion. More importantly, the
gradient membranes profoundly upregulated osteogenic gene
expression and promoted spontaneous mineralized matrix
deposition. By adjusting the processing parameters, we can
achieve structural gradients using a single material, which leads
to functional changes. This approach offers a novel solution to
overcome the challenge of interfacial failure in traditional
bilayer GBR membranes.

Experimental

Polycaprolactone (PCL, M, = 80000, Sigma Aldrich), 99%
chloroform (CF), and 99% dimethyl sulfoxide (DMSO, Sino-
pharm) were used as received. Mouse bone marrow mesen-
chymal stem cells (BMSCs, Procell) and standard cell culture
reagents (Gibco) were employed. Cell staining reagents (4%
paraformaldehyde, Triton X-100, FITC-phalloidin, DAPI, crystal
violet) were purchased from Beyotime Biotechnology. Alizarin
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Red S and Sirius Red staining kits were also obtained from
Beyotime Biotechnology for extracellular matrix mineralization
and collagen detection. For gene expression analysis, TRIzol
reagent, SuperScript III reverse transcription kit, and SYBR
Green qPCR mix were purchased from Thermo Fisher Scientific.
A cell counting kit-8 (CCK-8) was obtained from Beyotime
Biotechnology for cell viability evaluation.

Fiber membrane design and preparation

PCL was dissolved in CF/DMSO (9:1, v/v) to form a 15 wt%
homogeneous spinning solution. A customized electrospinning
system equipped with a temperature- and humidity-controlled
environmental chamber was employed. Spinning was con-
ducted at room temperature (20 °C). The spinning solution was
loaded into a 5 mL glass syringe fitted with a 22 G blunt
stainless steel needle, and applied at a feed rate of 0.8 mL h™*,
and an applied voltage of 13 kV. A rotating aluminum drum
(10 cm diameter, 20 cm length) was used as the collector.

To obtain fiber membranes with a continuous gradient
structure throughout the thickness, we employed programmed
control of the environmental humidity and the receiving drum
rotation speed. Ambient humidity was linearly increased from
20 to 70% RH (0.5% RH per min) while the drum speed was
synchronously decreased from 1400 to 500 rpm, achieving
a continuous gradient in fiber porosity and orientation. As
a control, a stepwise method was employed to prepare a bilayer
membrane with a distinct interface. Electrospinning was first
performed at 20% RH/1400 rpm to form the non-porous fiber
layer, followed by immediate switching to 70% RH/500 rpm to
deposit the porous layer. All prepared fiber membranes were left
to stand for 24 h in a fume hood to completely volatilize residual
solvents. Subsequently, they were dried in a vacuum oven for
48 h to prepare the samples for subsequent characterization
and testing. For clarity in the figures, the gradient fiber
membrane is labeled as PCL-G, and the bilayer fiber membrane
is labeled as PCL-B.

Fiber membrane characterization

Scanning electron microscopy (SEM, Hitachi High-Tech 8100)
was used to observe membrane microstructure and fiber
morphology. Fiber diameter, pore size, and orientation index
(determined by FFT analysis) were quantified via Image]. Gray-
scale curves centered on individual fibers were extracted, and
the relative surface roughness was quantitatively compared by
calculating the standard deviation of the gray-scale value
distribution. A larger standard deviation indicated more
pronounced gray-scale variation, corresponding to more pores
or wrinkles on the fiber surface, i.e., higher roughness.

Mechanical properties characterization

Tensile mechanical properties of the fiber membrane were
evaluated using a universal testing machine (Instron 5943,
USA). Gradient membranes and control bilayer membranes
were cut into 3 mm x 30 mm rectangular strips (n = 5), and
a strain rate of 20 mm min ' was applied. To quantitatively
assess interlaminar bond strength and simulate delamination
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risk in vivo, T-peel tests were performed on both gradient and
bilayer membranes. Both membranes were cut into 10 mm x
50 mm samples (n = 5). After soaking in PBS for 1 h, they were
adhered to 20 mm x 80 mm test paper strips to form standard
T-peel samples. The same instrument used for the tensile test
was employed to conduct the T-peel tests at a speed of 10
mm min . Following the tensile fracture and T-peel tests, SEM
images of the specimens were captured.

Physical and chemical properties characterization

Differential scanning calorimetry (DSC) measurements were
performed using a NETZSCH DSC300 Select under a nitrogen
atmosphere to analyze the thermal behavior of raw PCL parti-
cles, PCL-B, and PCL-G. The samples were initially heated from
30 °C to 100 °C, at 10 °C min ™' to erase thermal history, fol-
lowed by a 5 min isothermal hold at 100 °C for complete
melting. They were then cooled to 30 °C at 10 °C min ™" to follow
non-isothermal crystallization, stabilized with a 5 min
isothermal hold at 30 °C, and reheated to 100 °C at 10 °C min*
to record standardized melting behavior. The tests were
concluded by cooling to 25 °C at 20 °C min'. The data were
recorded to characterize the melting and phase-transition
behavior of the samples. The chemical composition of the
fiber membranes was analyzed using Fourier-transform
infrared spectroscopy (FTIR, Nicolet iS50, Thermo Fisher
Scientific) to confirm complete removal of the organic solvents
following electrospinning. The PCL-G, PCL-B, pure PCL raw
material pellets, and solvents CF and DMSO were tested sepa-
rately. The surface hydrophilicity of the fiber membranes was
evaluated at room temperature using a contact-angle measuring
instrument (OCA20, DataPhysics, Germany).

Cell adhesion and migration

PCL-G and control PCL-B were sterilized by UV irradiation on
both sides. BMSCs were uniformly seeded onto the porous side
(bone-facing side) of both types of membranes. After 3 days of
culture, the cytoskeleton of the cells was stained with FITC-
phalloidin, and the cell nuclei were counterstained with DAPI.
The cell adhesion morphology, spreading area and cytoskeletal
structure on the material surface were observed and recorded
using confocal laser scanning microscopy (CLSM, Leica, Ger-
many). Simultaneously, we analyzed cell infiltration depth
through the membrane thickness via Z-axis scanning and 3D
reconstruction.

We used transwell chambers (8 pm pore size) to evaluate the
membrane barrier function. BMSCs were resuspended in
serum-free medium and seeded into the upper chamber of the
transwell, which adhered to the fiber membranes. Complete
medium containing 15% fetal bovine serum was added to the
lower chamber as a chemotactic stimulus, and the culture plate
was incubated in a cell incubator for 72 h. After incubation, the
migrated cells were stained with a 0.1% crystal violet solution.
At least five random fields of view were photographed under
a light microscope to document the cells’ migration onto the
lower chamber membrane surface. Subsequently, the transwell
insert was placed in 33% acetic acid solution and dissolved by
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shaking. The resulting solution was measured for absorbance at
560 nm in a microplate reader for semi-quantitative analysis.
The detailed experimental procedures for all cell assays are
shown schematically in Fig. S4.

Analysis of osteogenic-related extracellular matrix secretion

To evaluate the effect of fiber membranes on cellular osteogenic
differentiation, extracellular matrix-specific staining analysis
was performed. BMSCs were seeded onto the porous side
surface of PCL-G and PCL-B. After culturing for 21 days using
the basic DMEM medium, Alizarin Red S solution was used to
evaluate calcium nodules under an optical microscope. For
semi-quantitative analysis, a 10% hexadecylpyridinium chloride
solution was added to dissolve the bound dye, and the absor-
bance of the resulting solution was measured at 562 nm using
a microplate reader. To detect total secreted collagen, parallel
samples were cultured in an osteogenic induction medium,
composed of basal growth medium supplemented with 10 mM
B-glycerophosphate sodium, 50 pg per mL ascorbic acid, and
100 nM dexamethasone for 14 days. The samples were stained
with Sirius Red. For quantitative analysis, a 0.1 M sodium
hydroxide-methanol solution was added to elute the dye, and
the absorbance of the eluate was determined at 540 nm.

Analysis of osteogenic gene expression

To further clarify the impact of the fiber membranes on osteo-
genic function, we employed quantitative real-time polymerase
chain reaction (QRT-PCR) to detect osteogenesis-related genes.
BMSCs were seeded onto the porous side surface of PCL-G and
control PCL-B with a density of 2 x 10° cells per well in 6-well
plates, and the cells were cultured in osteogenic induction
medium for 7 and 14 days, respectively. At each time point, total
RNA was extracted using the TRIzol method and reverse-
transcribed into ¢cDNA with the SuperScript III First-Strand
Synthesis System. The expression levels of osteogenic marker
genes in BMSCs, including Opn, Ocn, Bmp, Alp, Runx, and Col,
were detected by qRT-PCR, and Gapdh was used as the reference
gene (primer sequences are provided in Table S1). The relative
expression level of each gene was calculated using the 27#4¢t
method. All experiments were performed in triplicate (n = 3) for
each group.

Statistical analysis

All graph results were expressed as mean =+ standard deviation.
Graphs were created and data were analyzed using Origin2025.
Cell adhesion, infiltration and migration data presented in
Fig. 5 and osteogenic-related extracellular matrix secretion data
presented in Fig. 6 were analyzed using a one-way ANOVA fol-
lowed by Tukey's post hoc test. qPCR data for Fig. 7 and cell
viability data in Fig. S3 were analyzed by two-way ANOVA with
Bonferroni's post hoc test for multiple comparisons. All data
were obtained from three independent replicates (n = 3).
Statistical significance is determined at p < 0.05(*), p < 0.01(**),
P < 0.001(***), and p < 0.0001(****),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Preparation of gradient PCL fiber membranes

The fabrication of gradient fibrous membranes was based on
the principle of humidity-induced gradient phase separation
during the electrospinning process. As shown in Fig. 1, the
spinning solution formed a jet under the electric field, with the
programmatically increasing ambient humidity serving as the
key control variable. In the initial low-humidity stage, rapid
solvent evaporation dominated the solidification process,
resulting in fibers with a smooth surface and dense structure,
and the fibers exhibited a high degree of orientation due to their
collection on the high-speed rotating drum. As the humidity
increased linearly to 70% RH, the driving force for the diffusion
of water molecules (non-solvent) into the polymer jet was
enhanced, inducing intense liquid-liquid phase separation,
thereby creating a nanoscale porous structure in subsequently
deposited fibers. The successful construction of a gradient
structure primarily relies on non-solvent-induced phase sepa-
ration.””*® As the humidity of the environment increased line-
arly, more non-solvent water molecules were introduced into
the system. This caused the DMSO in the solvent to preferen-
tially form a new solvent system with water, thereby altering the
dissolution state of PCL in the spinning solution (PCL is
insoluble in DMSO/H,0). Water molecules, acting as an effec-
tive non-solvent for modulating the continuous polymer phase,
were introduced into the spinning process. This resulted in the
formation of a bicontinuous polymer-rich and polymer-poor
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Syringe pump
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phase within the electrospun jet, followed by rapid solvent
evaporation that “froze” this phase-separated structure, gener-
ating a porous morphology both on the fiber surface and
throughout its interior. Meanwhile, a reduction in the collector
drum rotation speed affected the fiber drawing rate, thereby
altering fiber orientation and diameter. Ultimately, under the
mutual influence of these two factors, a continuous structural
gradient was formed, ranging from the bottom (non-porous,
aligned) to the top (porous, random). Just by controlling the
spinning parameters, we seamlessly integrated pore size and
orientation gradients along the thickness direction into
a single-piece fiber membrane via continuous single-needle
electrospinning. In contrast, the bilayer membrane featured
a distinct physical interface created by the abrupt change in
process parameters (Fig. S1A).

Characterization of the morphological and structural features
of the fiber membranes

The macroscopic and microscopic structures of PCL-G were
clearly revealed through systematic characterization. The
macroscopic photograph in Fig. 2A shows an intact, white,
flexible film. The top surface (formed at the end of the deposi-
tion) exhibited a sponge-like porous morphology, while the
bottom surface (formed at the beginning of deposition)
appeared relatively smooth, revealing structural differences
between the two sides. A low-magnification SEM image of the
membrane cross-section (Fig. 2B) and magnified views of its
four characteristic regions visually demonstrated the specific

High
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°~,
_- DMSO )_. DMSO encapsulated
within water
% &
S
r gl © =
0 DMSO evaporation

DMSO was push out by PCL and entrapped by H,O
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Fig. 1 Schematic of the formation mechanism of large pores on the fiber surface and the gradient structure of the PCL fiber membrane.
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Fig.2 Morphological and structural characterization of fiber membranes: (A) macroscopic optical photographs of the gradient membrane and
local optical images of its top and bottom surfaces. (B) Panoramic cross-sectional SEM image of the gradient membrane (left) and local magnified
views of four distinct regions ((i)—(iv), positions indicated in the left image) (right). (C) High-magnification SEM image of the cross-sectional
transition zone (near regions (ii) and (iii)). (D) Radar charts of fiber orientation for the bottom and top surfaces of the gradient membrane. (E)
Statistical analysis of the average fiber diameter for the four regions corresponding to panel (B) (n = 50). (F) Statistical analysis of fiber surface
roughness (characterized by grayscale standard deviation) for the four regions corresponding to panel (B). (G) The pore-size distribution on the

fiber surfaces in the top region (region (iv)) (n > 20).

structure. From region (i) (near the bottom) to region (iv) (near
the top), the fiber morphology underwent a significant evolu-
tion from smooth and dense to highly porous and sponge-like
(Fig. 2B). In contrast, the cross-sectional SEM image of PCL-B
clearly showed a distinct physical interface separating the two
structurally distinct layers (Fig. S1), with the corresponding
surfaces exhibiting porous and non-porous morphologies,
respectively. Fig. 2C showed the intermediate transition zone
between regions (iii) and (iv) of PCL-G, where wrinkled and
porous fibers can be seen interwoven without a clear boundary.
This provided the most direct microscopic evidence for
a “continuous gradient”. Further fiber orientation analysis
(Fig. 2D) revealed the structural anisotropy of the PCL-G. One
side of the membrane (corresponding to the low-humidity
deposition side) exhibited highly aligned fibers, while the
other side (high-humidity deposition side) showed greater
randomness. This bidirectional orientation provided a physical
basis for guiding differential cellular behaviors. Fiber diameter
statistics (Fig. 2E) showed that the average diameter gradually
increased from 1.25 + 0.15 pm in region (i) to 1.41 £ 0.08 pm in
region (iv). This slight but regular increasing trend may be

21070 | RSC Adv, 2026, 16, 21066-21078

related to the synchronous linear decrease in the collector drum
rotation speed. The reduced rotation speed led to a weaker jet
drawing force and an extended time window before fiber
solidification, resulting in a slight increase in fiber diameter.*
Meanwhile, the linear decrease in collection speed achieved
a continuous transition in fiber alignment from highly ordered
to completely random. The SD of grayscale gradually increased
from approximately 5.0 in region (i) to approximately 14.5 in
region (iv), indicating a progressive increase in the fiber surface
roughness of PCL-G (Fig. 2F). Simultaneously, linear fitting was
performed on the data to verify the pattern of roughness vari-
ation. From the non-porous region at the bottom (i) to the
highly porous region at the top (iv), the SD of the grayscale on
the fiber surface exhibited a strictly linear increasing trend,
fitting the formula (R* > 0.98) (1):

y =2.8221x + 2.3447 )

This strict mathematical relationship indicated that the
surface roughening process of the fibers was not random but
a highly controllable and continuous process driven by the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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humidity gradient, thereby confirming the controllability of the
gradient structure. Pore-size statistics for fibers on the high-
humidity side (Fig. 2G) showed a wide distribution range (0-
800 nm), with a concentration around 200 nm. This porous
structure significantly increased the fiber's specific surface area
and surface roughness, which are believed to promote cell
adhesion and tissue fluid permeation, thereby providing an
ideal microenvironment for the spreading and migration of
BMSCs.”

Characterization of the mechanical properties of fiber
membranes

The PCL-G demonstrated superior comprehensive mechanical
properties and structural integrity compared to the PCL-B.
When twisted with tweezers, both fiber membranes showed
excellent flexibility (Fig. 3A and S2), confirming their
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macroscopic operability during surgery. Through tensile testing
and T-peel testing, the mechanical strength, ductility, and
interfacial bonding stability of the membranes were quantita-
tively evaluated to determine whether the gradient structure
could overcome interfacial weaknesses and enhance the
mechanical reliability of the membranes. PCL-G demonstrated
superior extensibility under tensile loading, stretching to
a significantly greater length than PCL-B (Fig. 3A). Starting from
an initial length of 2.5 cm, the PCL-G elongated to approxi-
mately 14.5 cm, whereas the PCL-B reached only about 7.5 cm.
This preliminary result suggested a clear difference in the
fracture behavior of the two membranes. Quantitative tensile
tests revealed the fundamental mechanical differences between
the two (Fig. 3B and C). The stress-strain curve of the PCL-G was
smooth and continuous, exhibiting characteristics typical of
a tough polymer (Fig. 3B). In contrast, the curve for the PCL-B

showed a distinct stress drop inflection point at
B) 124 ——pcLG
—+—PCL-B|
101
]
£
e
2 61
]
A 4
2{ et
ld
0 , : r r .
0 100 200 300 400 500
Strain (%)

Fig. 3 Mechanical properties of the fiber membranes: (A) Demonstration of the macroscopic flexibility of the gradient membrane (torsion with
tweezers, left panel) and morphological comparison between the gradient membrane and the bilayer membrane after stretching (right panel). (B)
Representative stress—strain curves of the gradient membrane and the bilayer membrane. The inflection point on the bilayer membrane curve
(indicated by the square) is presumed to correspond to the initial fracture of one of its layers. (C) Dual-Y-axis bar chart comparing the elongation
at break (left axis) and tensile strength (right axis) of the two membranes. (D) SEM images of the fracture site of the stretched gradient membrane.
(E) SEM images of a magnified view of a single fiber fracture surface. (F) Comparison of the peel strength between the gradient membrane and the
bilayer membrane (inset: photograph of the T-peel test setup). (G) SEM images of the peeled surface of the gradient membrane after a T-peel
test. (H) The deformation and fracture of a single fiber during the peeling process.
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approximately 100% strain, after which the stress increased
again until final fracture. It was inferred that this inflection
point corresponded to the initial fracture of one layer (likely the
porous layer) within the PCL-B (Fig. 3B and Video S2), while the
other layer continued to bear the load. The statistical results
showed the overall fracture elongation of the bilayer membrane
(218% =+ 35%) was lower than that of the PCL-G (521% =+ 62%)
(Fig. 3C). The PCL-G also exhibited a higher average tensile
strength (11.9 + 2.3 MPa), which was approximately 2.4 times
greater than that of the PCL-B (4.9 + 1.0 MPa) (Fig. 3C). This
results clearly indicated that the physical interface presented in
the PCL-B not only acted as a stress concentration point, leading
to premature failure of one layer, but also severely compromised
the overall load-bearing capacity and ductility of the material.

Peel testing further confirmed the advantage of the gradient
structure from the perspective of interfacial bonding. The
average peel strength of the PCL-G (0.018 £ 0.004 N mm ') was
2.4 times higher than that of the PCL-B (0.0075 £+ 0.002 N
mm ") (Fig. 3F). SEM observation of the peeled surface of the
PCL-G indicated that its peeling process involved tearing of the
fiber network itself (Fig. 3H). Following delamination, the fibers
on this surface appeared coarse and loosely arranged (Fig. 3G).
These fibers also showed signs of plastic deformation, charac-
terized by initial flattening followed by pulling apart (Fig. 3H),
which aligned with the tensile fracture features observed in
Fig. 3E. This fracture mode dissipates significant energy,
demonstrating that “peeling” of PCL-G involves tensile failure
of the fiber network rather than interlayer debonding. In
contrast, the low peel strength of PCL-B likely originated
directly from its inherent weakness at the interlayer interface,
where failure predominantly involved interfacial separation.
This observation was consistent with other research,*+** indi-
cating a general advantage of gradient structures in improving
the mechanical properties of layered polymeric materials. This
result also preliminarily indicated that the gradient fiber
membrane structure may reduce the likelihood of fiber
membrane delamination in vivo.

Characterization of the physical and chemical properties of
fiber membranes

To determine whether the performance differences between
PCL-G and PCL-B were due to their microstructures or the
intrinsic material properties, the melting and crystallization
behaviors of the two membranes and the raw PCL pellets were
analyzed using DSC (Fig. 4A). Pure PCL pellets showed only
a strong melting endothermic peak near 60 °C at 3 min and
27 min, with no obvious exothermic peak. Both membranes
(PCL-G and PCL-B) displayed a clear cold crystallization
exothermic peak at approximately 50 °C at 18 min before the
second melting peak. Apart from this exothermic peak, the
positions and intensities of the other peaks were similar to
those of the pure PCL pellets. The exothermic peak was mainly
attributed to cold crystallization of PCL, induced by rapid jet
stretching and solvent evaporation during electrospinning.>
The electrospinning program prevented the polymer chains
from forming perfect crystalline structures within a short
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timeframe, leading to the formation of substantial amorphous
regions. The DSC curves of the PCL-G and PCL-B essentially
overlapped, indicating that despite their markedly different
macroscopic structures, the microscopic state of the polymer
chains was similar. This indirectly suggested that the differ-
ences in the final properties of the two membranes primarily
originated from variations in their macro- and micro-structures,
rather than from differences in the intrinsic thermal properties
of the material itself.

FTIR was employed to verify the chemical structural integrity
of the fiber membranes and to detect potential solvent residues.
Two types of PCL fiber membrane samples, along with raw PCL
material, pure CF, and pure DMSO as controls, were charac-
terized (Fig. 4B). All PCL samples (raw material and fiber
membranes) exhibited their characteristic absorption peaks,
including a strong peak at ~1720 cm ™, attributed to the ester
carbonyl (C=0) stretching vibration, peaks at ~2940 cm ™" and
~2860 cm™', corresponding to the stretching vibrations of
methylene (-CH,-) groups, and a doublet at ~1240 cm™" and
~1160 cm ™, associated with the ester bond (C-O-C) stretching
vibrations. The positions and shapes of these key peaks
remained highly consistent before and after the electrospinning
process, indicating that the inherent chemical structure of PCL
was not altered. To detect residual solvents, the characteristic
absorption regions for CF and DMSO were specifically analyzed.
Pure CF displayed a sharp C-Cl stretching vibration peak at
~750 cm !, a region where no absorption was observed in the
spectrum of either PCL fiber membrane, confirming the
complete evaporation of CF. For DMSO, its pure form showed
an extremely sharp and intense S=O stretching vibration peak
at ~1050 cm™'. Although PCL membranes also exhibited
a broad C-O-C absorption peak in this region, their peak shape
characteristics differ entirely from the sharp profile observed for
DMSO. These features matched well with the pristine PCL
material, confirming the complete removal of DMSO. Given that
both chloroform and DMSO exhibit known cytotoxicity, their
residues could profoundly compromise the biocompatibility of
the material. Consequently, this FTIR analysis chemically
confirmed the absence of the aforementioned solvent residues
in the prepared PCL fiber membranes. To further validate the
biocompatibility and cytotoxicity of PCL-G and PCL-B, the cell
counting kit-8 (CCK-8) assay was employed to quantitatively
assess cell viability and proliferation data on days 1, 3, and 5
(Fig. S3). This evaluation confirmed that the membranes did not
inhibit cell growth, thereby meeting the fundamental biological
requirements for bone tissue engineering. On day 1, the OD
values of both the fiber membranes and the blank control group
were low and comparable (~0.1), indicating consistent initial
cell seeding and the absence of acute toxicity. By day 3, cell
proliferation accelerated, and the OD values for the PCL-B, PCL-
G, and control groups increased to approximately 0.4, 0.45, and
0.65, respectively. On day 5, the OD values of the PCL-B group
(~1.4) and the PCL-G group (~1.38) were higher than that of the
control group (~1.03). There were no significant differences in
OD values among the three groups at each measurement time
point. At day 3, cell proliferation in the fiber membranes was
slower than that in the control group, which was primarily

© 2026 The Author(s). Published by the Royal Society of Chemistry
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gradient and bilayer membranes.

because the control group utilized standard tissue culture
plates, the treated surfaces of which allowed the cells to spread
rapidly and enter the proliferation cycle. In contrast, the 3D
network structure of the fiber membranes initially restricted cell
contact area and extension direction. Cells required more time
to adapt to the fiber topography and form stable focal adhesions
before entering the rapid proliferation phase, resulting in
a delayed proliferation on the fiber membranes.* By day 5, cells
had adapted to the membrane's topological structure.
Compared to the blank wells, the fiber structure of the
membranes provided favorable adhesion sites and nutrient
diffusion channels for the cells, leading to even higher cell
viability in the fiber membrane groups than in the control
group. These findings directly demonstrated that both PCL-G
and PCL-B were non-cytotoxic and supported the proliferation
of BMSCs, thereby complementing the chemical safety evidence
provided by FTIR.

Surface wettability directly regulates cell adhesion and
subsequent biological responses and is closely associated with
the topological and chemical properties of fiber membranes.
Static water contact angle measurements were performed to
quantify the hydrophilic/hydrophobic characteristics of the
different membrane surfaces (Fig. 4C), thereby determining
how the porous fibers influence the surface wettability. For the
PCL-G, the contact angle on its porous side (the high-humidity
deposition side) (107.8 + 7.3°) was significantly lower than that
on its dense, smooth side (129.1 + 1.8°). Similarly, PCL-B
exhibited the same trend, with the contact angle of its porous
layer (106.5 + 4.3°) being lower than that of its dense layer
(129.5 £ 0.5°). No significant difference was observed in the
water contact angle between PCL-G and PCL-B. However,
a significant difference was found between the porous and
dense sides of both membranes, indicating that the surface
wettability of the fiber membranes is primarily determined by
their microstructural characteristics rather than the prepara-
tion process or the material itself. PCL is a hydrophobic poly-
mer,” so the water contact angles on both sides of the two
membranes were >90°. Nevertheless, the porous and rough
fiber surface (porous side) exhibited a significantly lower
contact angle. This variation may be attributed to the combined
effects of surface roughness and pore structure: on one hand,

© 2026 The Author(s). Published by the Royal Society of Chemistry

the porous structure increases the actual solid-liquid contact
area, leading to partial infiltration of water droplets into the
fiber interstices; on the other hand, the rough surface creates
numerous micro-interfaces, which, to some extent, weaken the
hydrophobic interaction between PCL and water molecules.*®
This wettability difference induced by structural variation aligns
with the functional requirements of GBR membranes. The
hydrophobic dense side can inhibit excessive adhesion of soft
tissue cells, while the relatively hydrophilic porous side can
promote the adsorption of biological macromolecules (e.g.,
proteins and growth factors) and the adhesion and spreading of
osteoblasts.””

Cell adhesion and migration of fiber membranes

Cell adhesion is the first critical step in tissue regeneration,
directly determining subsequent cell spreading, proliferation,
and differentiation. To investigate the effect of fiber topography
on cellular behavior, the adhesion morphology and spreading
area of BMSCs on different membrane surfaces were charac-
terized. The structural gradient of the gradient fiber membrane
induced spatially differential adhesion and infiltration behav-
iors of BMSCs. After 3 days of culture, the cells exhibited distinct
morphologies on the two sides of the gradient membrane
(Fig. 5A and B). On the smooth, non-porous side, cells elongated
along the highly aligned fibrous skeleton, displaying a typical
spindle-shaped morphology with a relatively small spreading
area (367.96 + 113.87 um?). In sharp contrast, on the porous
and rough side, the cells were able to spread freely within the
three-dimensional porous network, exhibiting complex stellate
or polygonal morphologies, and the spreading area increased
significantly to 508.13 + 76.57 um” (p < 0.05). This morpho-
logical difference arose from the physical microenvironment;
the fiber alignment on the non-porous side restricted lateral cell
spreading, whereas the disordered structure and surface
topography on the porous side provided abundant sites for
multipoint attachment of cell pseudopodia and expansion of
the cell body. Concurrently, based on the water contact angle
data obtained (Fig. 4C), the porous layer exhibits a lower contact
angle, indicating its relatively hydrophilic nature, which can
enhance initial protein adsorption (e.g. fibronectin) and further
promote cell adhesion and spreading. Some recent studies have
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clearly described a tissue-specific response to fiber alignment:
highly ordered fibrous structures favor the growth of soft
muscle tissue, whereas disordered fibrous networks provide an
optimal microenvironment for osteoblast activity,*®*=** which is
highly consistent with the phenomenon we observed.

The depth of cellular infiltration determines the degree of
tissue integration and nutrient exchange within the membrane,
which is critical for long-term osteogenesis. To investigate
whether a porous structure could promote deeper cellular
penetration, the infiltration of BMSCs along the membrane
thickness was quantitatively evaluated (Fig. 5C and D). On the
non-porous side, the average cellular infiltration depth was
relatively shallow (97.69 + 14.6 um). In contrast, on the porous
side, cells actively migrated and embedded themselves within
the fibrous network, achieving an average infiltration depth of
232.4 £ 26.0 um, approximately 2.4 times that of the dense side.
The continuous gradient of pore size and fiber alignment in
PCL-G provided a gradual transition from large-pore fibers (top)
to smaller, denser fibers (bottom), allowing cells to migrate
progressively into the membrane interior. This observation
directly demonstrates that the sponge-like porous structure on
the gradient membrane's porous side promotes surface cell

21074 | RSC Adv, 2026, 16, 21066-21078

adhesion and significantly enhances cellular infiltration, a crit-
ical factor for osteoblast growth.** The ordered, non-porous
fiber layer features small inter-fiber spacing, low porosity, and
a relatively smooth surface.’*** Due to its low porosity and high
flow resistance, it significantly increases the difficulty for cells
to penetrate the membrane from one side to the other, thereby
providing a barrier against soft tissue invasion.** In contrast,
the randomly aligned porous layer possesses higher porosity,
three-dimensional  interconnectivity, —and  significantly
increased surface roughness.*>*® This rough and porous struc-
ture substantially reduces the physical barrier to cell infiltra-
tion, thereby guiding and promoting the ingrowth and
integration of bone tissue.

To further investigate the ability of the gradient membrane
to eliminate the weak interface zone presented in traditional
double-layer membranes, we conducted a cell migration assay
using a transwell system. Transwell assays were performed to
quantitatively compare the cell migration capacity between the
PCL-G membrane and the PCL-B membrane. Optical photo-
graphs clearly reveal that the gradient membrane exhibits
significantly more cells penetration on the bottom surface of
the transwell membrane compared to the bilayer membrane

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 5E). Quantitative analysis of the migrated cells on the
transwell membrane via crystal violet dissolution assay (Fig. 5F)
revealed that the absorbance value in the bilayer membrane
group was only approximately 45% of that in the gradient
membrane group. This demonstrated that the permeability of
the PCL-G from the porous side to the non-porous side was
significantly superior to that of the PCL-B, which aligns with the
hypothesis of cell aggregation in the bilayer interface. The PCL-
G membrane possessed a seamless, continuous gradient
structure without physical interfacial barriers, resulting in
continuous cell migration pathways that facilitated effective
permeation. In contrast, the PCL-B membrane exhibited an
abrupt interface that impeded cell movement, leading to cell
aggregation and the formation of a barrier that severely
hindered permeability. The migration enhancement conferred
by the gradient structure promoted nutrient diffusion, miti-
gated local hypoxia, and favored osteogenic differentiation and
bone maturation.*”

Analysis of osteogenic-related extracellular matrix secretion

To investigate the effect of gradient structures on bone regen-
eration activity, we performed Alizarin Red staining to detect
calcium nodule formation and Sirius Red staining to detect
collagen secretion (a key component of the bone matrix) on
BMSCs cultured on membranes. Compared with the PCL-B
group, the PCL-G group exhibited more extensive and intense
red staining (Fig. 6A). Semi-quantitative results showed that the
OD value of PCL-G was approximately 0.22, which was signifi-
cantly higher than that of PCL-B (~0.15), indicating enhanced
calcium mineralization in the PCL-G (Fig. 6B). Furthermore, to
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compare the effects of fiber surface topology and fiber align-
ment on osteogenic performance, the calcium deposition
capacity on both sides of the PCL-G membrane was evaluated
(Fig. S5). The porous, randomly aligned side demonstrated
greater calcium deposition than the non-porous, aligned side.
Although the statistical results showed no significant differ-
ence, this may be because the semi-quantitative assay detected
calcium deposition across the entire fiber membrane and could
not precisely distinguish between the porous and non-porous
sides. Under light microscopy, Sirius Red staining revealed
that the PCL-G appeared significantly redder than the PCL-B
(Fig. 6C). Quantitative analysis following elution with sodium
hydroxide-methanol solution indicated that the absorbance
value of the PCL-G was 1.6 times that of the PCL-B (Fig. 6D),
suggesting that cells on the gradient membrane secreted more
collagen. This finding strongly aligns with our prior cytomor-
phological observations: the bone-facing surface of the gradient
membrane exhibits a rough, porous, and randomly arranged
fibrous structure. This not only provides more adhesion sites for
cells, promoting cell spreading and infiltration, but this supe-
rior physical microenvironment may also more effectively
stimulate the synthesis and secretion of extracellular matrix
(particularly collagen) during the early stages of cell differenti-
ation.”™ Collagen serves as the essential organic scaffold for
subsequent mineralization; therefore, increased collagen
deposition is crucial for the formation of mature, mechanically
competent bone.*® The enhanced collagen matrix within PCL-G
served as a more robust organic scaffold, providing abundant
nucleation sites for calcium deposition and accelerated miner-
alization.** Furthermore, the continuous gradient structure

PCL-B PCL-G

PCL-B PCL-G

Fig. 6 Osteogenic-related extracellular matrix secretion on fiber membranes: (A) representative images of Alizarin Red S staining for calcium
nodule formation; the red deposits indicate calcium nodules formed by BMSCs. (B) Semi-quantitative analysis of calcium deposition based on
Alizarin Red S staining. (C) Representative images of Sirius Red staining for collagen deposition. (D) Semi-quantitative analysis of collagen content

based on Sirius Red staining.
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maintained a more stable osteogenic microenvironment,
further promoting the formation of calcium nodules, resulting
in an increased level of mineralization compared to PCL-B.

Osteogenic gene expression of BMSCs on fiber membranes

To further elucidate the effect of gradient fiber structure on the
osteogenic differentiation of BMSCs at the molecular level, the
relative expression levels of key osteogenic marker genes at 7
and 14 days of osteogenic induction were detected by qPCR
(Fig. 7). Using Gapdh as the internal reference, the relative
mRNA expression levels of key osteogenic marker genes (Runx,
Alp, Col, Opn, Ocn, and Bmp) were quantified by qPCR after 7
and 14 days of osteogenic induction. On day 7, PCL-G signifi-
cantly upregulated the expression of early osteogenic tran-
scription factors (Runx: ~6.0-fold vs. PCL-B) and mineralization-
related genes (Opn: ~23.8-fold vs. PCL-B; Alp: ~7.1-fold vs. PCL-
B, p <0.01; Bmp: ~3.9-fold vs. PCL-B). In contrast, the expression
of Ocn (a mature osteoblast marker), although showing
a significant difference (~3.7-fold vs. PCL-B), remained at
a relatively low level. No significant difference was observed in
Col expression, which was maintained at a low level in both
groups. Compared with PCL-B, the expression of all osteogenic
marker genes in PCL-G was further upregulated by day 14,
particularly the late-stage differentiation markers. The Ocn
expression levels in both PCL-B and PCL-G increased by more
than 20-fold compared to day 7, with the PCL-G group exhibit-
ing an Ocn level ~2.76-fold higher than that of PCL-B. The Col
expression level in the PCL-G group increased rapidly, rising 58-
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fold compared to day 7. Although the expression level of Alp,
a key enzyme for initiating mineralization, remained high, its
increasing trend slowed, and the difference between the two
groups diminished (~2.9-fold). Runx expression remained
elevated in both groups, but no significant difference was
observed between them at this time point. Runx and Bmp are
potent regulatory transcription factors for osteogenic differen-
tiation, determining the transformation of BMSCs to the oste-
oblast lineage.*® The significant upregulation of Runx and Bmp
in PCL-G on day 7 indicated that the gradient microenviron-
ment initiated osteogenic differentiation more rapidly and
effectively. Collagen forms the structural basis for bone
formation,* and the mRNA expression upregulation of Col in
PCL-G on day 14 was consistent with our Sirius Red staining
results. As mineralization-regulating genes,*” the sustained
high expression of Alp, Ocn, and Opn in PCL-G on days 7 and 14
further confirmed the mineralization potential of PCL-G, which
aligned with our Alizarin Red staining findings. On days 7 and
14, the wupregulation rate and expression levels of all
osteogenesis-related genes in PCL-B were lower than those in
PCL-G. This was likely attributed to interfacial cell aggregation
and impaired nutrient diffusion, which hindered further acti-
vation of osteogenic signals. These results indicated that the
gradient structure of PCL-G sustained and amplified the oste-
ogenic differentiation of BMSCs.

Although this study has demonstrated the superior
mechanical properties and pro-osteogenic performance of PCL-
G in vitro, certain limitations still exist. Firstly, experimental
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Fig.7 Relative mRNA expression of osteogenic marker genes in BMSCs cultured on the PCL-G and PCL-B membranes was measured at 7 and 14
days of osteogenic induction; gene expression was normalized to Gapdh and expressed relative to PCL-B at 7 days.
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results obtained in vitro cannot substitute for experiments in
vivo. The current research is limited to cell experiments; further
animal studies are required to validate the efficacy of PCL-G.
Secondly, PCL is a bioinert material with inherently weak
osteogenic-promoting effects.*® This is one of the reasons why
no significant differences were observed in the preliminary
calcium deposition staining. In the future, bioactive substances
(e.g., hydroxyapatite and growth factors) could be incorporated
with PCL to further enhance its osteogenic activity. Finally, PCL
is a biodegradable polymer with a relatively slow degradation
rate, which does not match the rate of bone regeneration.*»*
Future modifications of PCL could be explored to adjust its
degradation kinetics.

Conclusions

By integrating humidity-mediated phase separation with
electrospinning, we developed a “one-step” method to fabricate
PCL membranes with a continuous gradient structure in fiber
porosity and alignment. This structure overcame two inherent
limitations of traditional bilayer membranes. The seamless
gradient structure eliminated stress concentration at the bilayer
interface, resulting in a higher peel strength than bilayer
membranes and reducing the risk of interlayer delamination.
Concurrently, the synergy between the low-porosity aligned
fibers and the high-porosity disordered regions induced “bidi-
rectional cell regulation”, where the non-porous fiber layer
inhibited cell infiltration and the porous layer promoted cell
migration. Furthermore, the unique gradient microenviron-
ment enhanced collagen secretion and upregulated the
expression of osteogenesis-related genes, thereby promoting
osteogenic differentiation. Our method thus offers a novel
strategy for designing advanced bone repair membranes.
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