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ABSTRACT: The use of poly(ε-caprolactone) (PCL) for biomedical
applications is well established, particularly for permanent implants, due
to its slow degradation rate, suitable mechanical properties, and
biocompatibility. However, the slow degradation rate of PCL limits its
application for short-term and temporary biomedical applications where
bioabsorbability is required. To enhance the properties of PCL and to
expand its biomedical applications, we developed an approach to produce
PCL membranes with tunable degradation rates, mechanical properties,
and biofunctional features. Specifically, we utilized electrospinning to
create fibrous PCL membranes, which were then chemically modified
using potassium permanganate to alter their degradability while having
minimal impact on their fibrous morphology. The effects of the chemical
treatments were investigated by treating the samples for different time
periods ranging from 6 to 48 h. After the 48 h treatment, the membrane
degraded by losing 25% of its mass over 12 weeks in degradation studies, while maintaining its mechanical strength and exhibiting
superior biofunctional features. Our results suggest that this approach for developing PCL with tailored properties could have
significant potential for a range of biomedical applications.
KEYWORDS: Poly(ε-caprolactone) (PCL), electrospinning, biodegradable membranes, biofunctional membranes, tissue engineering

■ INTRODUCTION
There is growing interest in developing resorbable materials for
use in tissue engineering and regenerative medicine. Poly(ε-
caprolactone) (PCL) is a biocompatible polymer that has been
approved by the U.S. Food and Drug Administration (FDA)
for clinical use. Poly(ε-caprolactone) is widely applied in long-
term surgical implants1−4 and slow-releasing drug-delivery
systems5−8 due to its biocompatibility, biodegradability, and
suitable mechanical properties. In tissue engineering, PCL has
been studied for applications that require slowly degrading
materials, for example, guided bone regeneration9−11 and
vascular grafts.12−14 Researchers have also explored ways to
modify PCL to increase its degradation rate.15,16 One approach
is to make copolymers or to blend PCL with other polymers,
such as polylactic acid,17−19 poly(N-(2-hydroxypropyl)-
methacrylamide),20 alginate,21,22 starch,23,24 and zein.25 How-
ever, blending polymers can result in phase separation,
degrading the mechanical properties of the resulting materi-
al.15,16 In addition, blending may lead to loss of the desired
characteristics of the original system, such as solubility,
biocompatibility, mechanical properties, etc. Alternatively,
surface modification can be used to modify the surface
properties of PCL26−29 without changing its bulk properties
significantly.29 Oxygen plasma treatment is a common method
to modify electrospun PCL scaffolds for mimicking the

extracellular matrix (ECM). Surface plasma oxidation is able
to decrease the hydrophobicity of PCL, thus enhancing cell
adhesion on sample surfaces. However, plasma treatment
introduces unexpected topographical and mechanical changes
to PCL scaffolds by partially melting PCL nanofibers in
scaffolds, as well as significant chemical changes.28

Here, we present a one-step method to modify PCL by using
potassium permanganate (KMnO4), which causes hydrolytic
chain scission while introducing hydrophilic functional groups
to PCL chains. This modification increases the water uptake
and degradation rate of PCL without compromising its fibrous
properties, making it more suitable for biomedical applications
where bioadsorption is required. We first fabricated PCL
membranes using electrospinning, which is widely used in
biomedical applications due to its ability to create highly
porous structures with high surface-area-to-volume ratios. We
then chemically modified these membranes using KMnO4 to
produce a PCL material with tunable degradability. This
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treatment endows the polymer with a targeted degradation
time frame to match the tissue healing timeline to help tissues
restore their function.30 We characterized the modified PCL
using chemical and mechanical tests and evaluated its
biofunctional and cytotoxic properties in vitro. Our findings
demonstrate that PCL modified with our method is a
promising material for use in resorbable implants for
regenerative medicine applications. The one-step method
presented offers a simple and effective way to modify PCL
without sacrificing its desirable characteristics and may pave
the way for new developments in the field of regenerative
medicine.

■ RESULTS AND DISCUSSION
Nanofibrous poly(ε-caprolactone) (PCL) membranes were
fabricated by electrospinning, which requires sufficient
topological entanglement between electrospun molecules to
allow for the formation of a continuous jet during the process.
As a result, electrospinnable molecules typically have high
molecular weights.31,32 For polymers lacking sufficient chain
entanglement, higher concentrations are required, but the high
viscosity of highly concentrated polymer solutions can prevent
fiber formation.32−34 Polycaprolactone with a molecular weight
of 80,000 g/mol is widely used for electrospinning in tissue
engineering applications, but it has a degradation time of two
to three years. In contrast, PCL with a low molecular weight
has a shorter degradation time but may not be suitable for
producing nanofibers using electrospinning. To overcome this
challenge, we first fabricated PCL electrospun membranes by
dissolving PCL in hexafluoroisopropanol (HFIP). We then
chemically modified the electrospun PCL membranes with
sulfuric acid and potassium permanganate, an inorganic
oxidizer commonly used as a disinfectant in superficial wounds
and water treatment. During this process, saturated hydro-
carbons in the PCL backbone were oxidized, producing
functional groups such as hydroxyl, vinyl, carbonyl, and

carboxyl.35 Hydrolysis and degradation were also expected to
occur with the presence of potassium permanganate and
sulfuric acid, lowering the molecular weight of PCL. The
degree of oxidation and degradation of PCL was tuned by
varying the length of the reaction time. We treated electrospun
PCL membranes for 6, 18, 24, 36, and 48 h, producing
“PCL-O” materials, including PCL-6, PCL-18, PCL-24,
PCL-36, and PCL-48, respectively. We fabricated membranes
that were chemically modified by KMnO4 prior to electro-
spinning (O-PCL) (Figure 1). We evaluated the molecular
weights of PCL, O-PCL, and different PCL-O materials using
gel permeation chromatography (GPC), which revealed that
the number-average molecular weight (Mn) of PCL was 8.4
(±0.2) × 104 g/mol. After chemical treatment, the Mn of
PCL-6, PCL-18, PCL-24, PCL-36, PCL-48, and O-PCL
decreased to 7.1 (±0.2) × 104 g/mol, 6.5 (±0.2) × 104 g/
mol, 4.9 (±0.2) × 104 g/mol, 3.0 (±0.2) × 104 g/mol, 2.4
(±0.3) × 104 g/mol, and 2.2 (±0.1) × 104 g/mol, respectively
(Table 1). The Mn of the PCL-O polymers significantly
decreased after the chemical treatment and continued to
decline with longer reaction times. We also investigated the use

Figure 1. Schematic of the fabrication of poly(ε-caprolactone) (PCL) membranes. (a) Poly(ε-caprolactone) is dissolved in hexafluoroisopropanol
and then electrospun into fibrous membranes. (b) Electrospun PCL membranes are plasma-treated to produce hydrophilic PCL-P. (c) Chemically
modified PCL membranes (PCL-O) are created by conducting postmodification on electrospun PCL membranes. (d) Premodified PCL
membranes (O-PCL) are electrospun from PCL that has been treated with potassium permanganate. HFIP: hexafluoroisopropanol.

Table 1. Molecular Weights and Polydispersity Index (PDI)
of Poly(ε-caprolactone) (PCL), Chemically Modified PCL
Membranes (PCL-O), and Pre-Modified PCL Membranes
(O-PCL)

Material Mn (g/mol) PDI

PCL 8.4 (±0.2) × 104 1.29
PCL-6 7.1 (±0.2) × 104 1.33
PCL-18 6.5 (±0.2) × 104 1.38
PCL-24 4.9 (±0.2) × 104 1.46
PCL-36 3.0 (±0.2) × 104 1.59
PCL-48 2.4 (±0.3) × 104 1.73
O-PCL 2.2 (±0.1) × 104 1.52
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of oxygen plasma as an alternative surface modification method
for PCL membranes, producing PCL-P. However, we observed
that PCL-P underwent shrinkage, partial melting, and
increased rigidity after plasma treatment. The unevenness
and rigidity of PCL-P render it unsuitable for tissue
engineering applications. This result is in contrast with the
results of chemical modification with potassium permanganate,
which showed no visual difference in membrane appearance
before and after treatment.
The surface morphology of the PCL, PCL-O, and O-PCL

membranes were investigated using scanning electron micros-
copy (SEM). As observed in the SEM images, PCL-O
membranes were able to maintain their original fibrous
structure after chemical treatment, and no significant differ-
ences were seen when comparing them to untreated PCL
membranes. As shown in Figure 2a and 2b, the porous
structures of the PCL and PCL-O membranes were formed by
fibers with diameters of approximately 800 nm, which provide
support and guidance for cell growth, proliferation, and
differentiation on the membranes. This morphology is well
suited for tissue engineering and other biomedical applica-
tions.33,36−38 However, the O-PCL membranes showed
distinct morphological changes (Figure 2c), with the presence
of beads with diameters ranging from 2 to 5 μm, and decreased
fiber diameter to ca. 150 nm. These changes are due to the
decreased molecular weight of the polymer chains after
chemical treatment and prior to electrospinning, which reduces
their ability to have sufficient entanglement to produce
continuous fibers; instead, beads were formed.41−43 Thus,
the permanganate treatment makes the modified PCL less
electrospinnable.

X-ray photoelectron spectroscopy (XPS) was employed to
investigate the changes in the surface chemistry of PCL
membranes after treatment. The increase in the oxygen 1s peak
indicated the oxidation of PCL during treatment. Quantitative
analysis of the XPS spectrum revealed changes in the carbon
and oxygen atomic ratios in different membranes. The oxygen-
to-carbon ratio increased from 1:3 in PCL to 1.03:3 in PCL-6,
1.07:3 in PCL-24, 1.08:3 in PCL-36, and finally reached 1.09:3
in PCL-48, with the oxygen ratio increasing as the reaction
duration increased (Figure 2e). The increase in oxygen content
provided direct evidence of oxidation and indicated the
introduction of hydroxyl, carbonyl, and/or carboxyl groups in
PCL-O membranes. The C 1s XPS spectra showed that, after
modification, the C−C peak area decreased, and the C−O−C
(C−O−H) peak area increased. Additionally, a new C�O
peak appeared in the modified PCL. The PCL initially has
66.7% alkyl carbon, and this number decreased by 7% in PCL-
36 (Figure 2f). The reduction was accompanied by increases in
the C−O−C/C−O−H and C�O peaks, indicating the
introduction of hydroxyl and carbonyl groups to the alkyl
carbon in the PCL backbones.
Surface hydrophilicity is an important factor that influences

cell adhesion and proliferation on biomaterials. In this study,
water contact angle measurements were carried out to
investigate the surface hydrophilicity of PCL membranes
before and after each modification step. The results showed
significant differences in contact angles between the
unmodified and modified PCL membranes, except for the
O-PCL membranes (Figure 2d, Figure S5). The contact angle
decreased from 133 ± 1.3° on PCL membranes to 130 ± 1.3°,
120 ± 1.8°, 120 ± 1.6°, 119 ± 1.1°, and 118 ± 1.0°, for acid-
treated PCL, PCL-6, PCL-18, PCL-24, PCL-48 respectively,

Figure 2. Scanning electron microscopy (SEM) images of (a) poly(ε-caprolactone) (PCL), (b) post-modified PCL (PCL-O) membranes and (c)
pre-modified PCL (O-PCL) membranes. Chemical properties of PCL membranes using different approaches. (d) Static contact angles on
membranes.****p < 0.0001. (e) Oxygen-to-carbon atomic ratio (O/C) of PCL and PCL-O membranes by X-ray photoelectron spectroscopy
(XPS) characterization. (f) XPS spectra of carbon 1s peaks with assignments.
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indicating increased surface hydrophilicity after treatments.
These results are consistent with the XPS analysis, which
indicated the introduction of hydrophilic hydroxyl and
carbonyl groups to the PCL backbone. We note that PCL is
a semicrystalline polymer, and the KMnO4 treatment can
partially dissolve the amorphous regions of the PCL, resulting
in rough surfaces on the PCL membrane. In contrast, O-PCL
had similar contact angles to PCL. This result can be attributed
to the surface roughness created by the presence of beaded
fibers and the lower abundance of hydrophilic functional
groups on the surface, as compared to PCL-O. After
redissolution, the polymer chains are reoriented, and most of
the modified hydrophilic groups are buried inside the
electrospun fibers. As a result, the concentrations of hydro-
philic groups on the surfaces of the O-PCL membranes are
diluted, making the contact angles similar to those of PCL.
Due to the rough surface and poor hydrophobicity of O-PCL,
we eliminated this group from further studies. Overall, the
contact angle measurements provide evidence that the
chemical modification of PCL can significantly increase the

hydrophilicity of the PCL membranes, which is beneficial for
cell adhesion and tissue engineering applications.
The degradation of PCL and PCL-O membranes was

investigated in simulated body fluid (SBF), which closely
mimics the pH and ion concentrations of human blood plasma.
To accelerate the degradation process, 1% hydrogen peroxide
solution was added to the SBF. Over the 12 weeks of
degradation, the weight of the untreated PCL membranes
remained stable, while the modified PCL membranes showed
increased degradation rates compared to untreated PCL
membranes. Additionally, the longer treatment led to higher
degradation rates, with PCL-48 losing more than 25% of its
initial mass in 12 weeks (Figure 3a). This study demonstrates
that the degradation rate of PCL can be significantly
accelerated by chemical treatment, and the rate can be
adjusted based on the length of the reaction. The degradation
occurs at ester linkages on the PCL backbone through random
hydrolysis. The hydrolytic reaction that occurred during the
chemical modification step acts as a predegradation procedure.
In addition, the oxidation reaction during the treatment can

Figure 3. Accelerated degradation studies performed in 1% H2O2 in simulated body fluid (SBF) at 37 °C. (a) Degradation profiles of post-modified
poly(ε-caprolactone) (PCL-O) reported in % remaining mass. (b) Scanning electron microscopy (SEM) images of crack development in PCL-48
membranes at degradation week 3, week 6, week 9, and week 12. Scale bars = 1 μm.

Figure 4. Mechanical characterization of poly(ε-caprolactone) (PCL) and post-modified PCL (PCL-O) on week 0 and week 12 of degradation:
(a) Elongation at break. (b) Young’s modulus. *p < 0.05.
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also accelerate the degradation process. Electron-withdrawing
groups, such as hydroxyl and carbonyl attached to the
α-carbon, make esters electron-deficient and more easily
hydrolyzed. Scanning electron microscopy was also used to
monitor the changes in nanofiber morphology every 3 weeks
(Figure S1). The process of degradation was confirmed in the
form of crack developments in the PCL-48 fibers (Figure 3b),
with flaws appearing on smooth fibers at week 3, flaws
enlarging and cracks developing at week 6, and fibers breaking
at week 9, ultimately leading to fragmentation and disintegra-
tion of the membrane by week 12, at which point the
degradation study was halted.
To evaluate the mechanical properties of PCL membranes

and their changes after degradation, mechanical tests were
conducted (Figure 4). Unmodified PCL and all PCL-O
electrospun membranes had Young’s moduli of ca. 20 MPa.
The Young’s moduli were not significantly altered by the
KMnO4 treatment, which only modified the surfaces of the
PCL, targeting the amorphous region before affecting the
crystalline region that determines the stiffness of PCL.39,40 As a
result, the chemical modification did not change the
crystallinity, nor did it break the electrospun fibers or interrupt
their entanglements within the membranes. Therefore, Young’s
moduli remained stable before and after the reaction, and there
was no significant difference between the control and modified
PCL membranes. After chemical treatment, elongation at the
break of membranes decreased as reaction time increased,
indicating that the modification influenced the amorphous
regions in the membranes, reducing their extendibility. In
addition to causing differences of elongation at the break
between groups, varied amounts of affected amorphous areas
also result in differences in degradability between PCL
membranes treated for different lengths of time. After
12 weeks of degradation, Young’s moduli of PCL-36 and
PCL-48 significantly decreased to ca. 10 MPa due to polymer
dissolution, the detachment of cross-linked fibers, and the
breakage of scaffolds. After degradation, membrane elongation
at the break also decreased, due to the further weakened
amorphous regions and the failure of the electrospun fibers.
The biofunctionality and cytocompatibility of the unmodi-

fied and treated membranes were tested by performing in vitro
cell studies. Dental pulp stem cells (DPSCs) were cultured on
both PCL and PCL-O membranes for 7 days (Figure 5).
Confocal images taken on day 1, day 3, and day 7 showed that
PCL-O membranes had higher cell viability and better cell

adhesion compared to PCL membranes. We attribute the
increased cell adhesion to the extra hydroxyl, carbonyl, and
carboxyl groups introduced by the chemical modification
process. Furthermore, the degree of cell adhesion was observed
to increase with the duration of the chemical treatment. The
lowest numbers of cells were found on untreated PCL
membranes, and cells had rounded morphologies on PCL.
However, the numbers of cells increased on PCL-18 and PCL-
24 membranes, and cells started to elongate on the latter. The
PCL-36 samples showed even more cell adhesion, with cells
proliferating and spreading out. The PCL-48 samples had the
highest cell confluency and presented the greatest cell
adhesion, indicating that the modification procedure enhances
the cell adhesion, proliferation, and biofunctional features of
PCL and can accelerate tissue regeneration.

■ CONCLUSIONS AND PROSPECTS
Here, we introduced a method to alter the degradability,
mechanical properties, and biofunctionality of electrospun
PCL membranes through a one-step, straightforward chemical
modification procedure. Our findings demonstrate that
chemical modification expands the capabilities of electrospun
PCL membranes, with PCL-O membranes showing increased
degradability, sustained stiffness, higher biocompatibility, and
better cell adhesion. The modification of PCL has broadened
its potential application in tissue engineering, including fast-
resorbable implant materials. In preliminary studies using a
periodontal membrane model, modified PCL has shown
promise as a suitable material for periodontium regeneration.30

Moreover, the use of KMnO4 treatment as an efficient method
can be scaled up to treat larger membranes and surfaces.
Additionally, the proposed method offers a new solution to the
problem of poor electrospinnability of low molecular weight
polymers by first creating high molecular weight electrospun
membranes and subsequently degrading them controllably.
While this study focused on evaluating properties relevant to

tissue engineering applications, further investigations should be
conducted to explore additional properties such as crystallinity,
porosity, and thermal characteristics of the materials and in
vivo studies to evaluate long-term cell adhesion and tissue
integration. By monitoring the molecular weight and
crystallinity through GPC and X-ray diffraction analyses during
the degradation process, mathematical models can be
developed to study the degradation mechanism and to predict
degradation time. Moreover, in vivo studies should be
conducted in order to determine the degradation rate of
these membranes when placed in more complex and realistic
biological environments. We note that although the degrada-
tion rate of PCL-48 was increased compared to its unmodified
counterpart, limitations remain for short-term biomedical
applications that require still higher degradation rates. Further
research aimed at understanding the degradation mechanisms
can enable the controlled design of PCL-O with faster
degradation rates to broaden its application range.

■ MATERIALS AND METHODS

Materials
Cell culture and staining reagents were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). Poly(ε-caprolactone) (PCL,
Mw = 80,000 g/mol), hexafluoroisopropanol (HFIP), potassium
permanganate, citric acid, ethanol, tetrahydrofuran (THF), and
bovine serum albumin (BSA) were obtained from Sigma-Aldrich,
Inc. (St. Louis, MO, USA). Periodontal ligament stem cells (PDLSC)

Figure 5. Cell viability of dental pulp stem cells (DPSC) on poly(ε-
caprolactone) (PCL) and postmodified PCL (PCL-O) membranes
on day 1, day 3, and day 7. Cells were stained with Calcein-AM
(green) and ethidium homodimer-1 (red). Scale bar = 100 μm.
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and dental pulp stem cells (DPSC) were generously provided by Dr.
Bo Yu’s lab at University of California, Los Angeles (UCLA). All
procedures were approved by the Ethics and Institutional Review
Board.

Electrospinning
The PCL was dissolved in HFIP to achieve a 10% w/v solution. The
PCL membranes were electrospun using an electrospinning instru-
ment (NE100, Inovenso, Cambridge, MA, USA) with a constant
infusion rate of 5 mL/h at 20 kV. Each fabrication used 1 mL of PCL
solution and created a membrane with a thickness of ca. 0.05 mm.
The membranes were washed with ethanol and Milli-Q water, then
stored under vacuum to remove residual solvent.

Chemical Modification
The PCL membranes were immersed in 0.2 M potassium
permanganate solution with 1 M sulfuric acid for 6, 18, 24, 36, and
48 h. Modified membranes were washed with 0.1 M citric acid
solution overnight and then rinsed with Milli-Q water to remove the
residual solvent. The O-PCL membranes were electrospun from PCL
that were pretreated with potassium permanganate for 48 h. The
obtained membranes were then cut into the desired sizes and
subjected to different tests. In order to test the absence of trace
amounts of chemicals on the surfaces, we conducted XPS analyses on
PCL and PCL-O membranes. The XPS spectra revealed the absence
of S, K, and Mn peaks, indicating the potential removal of residual
sulfuric acid and potassium permanganate from the near-surface
region within a depth of ca. 10 nm. To test the complete removal of
these residuals beyond the probed depth of XPS, we performed
additional cell viability tests, which were also consistent their absence.
Prior to performing the cell studies, membranes were sterilized using
75% ethanol, then dried with nitrogen gas, and finally exposed to
ultraviolet light for 30 min. The PCL electrospun membranes were
treated with oxygen plasma for 1 min using a plasma cleaner (PDC-
32G, Harrick Plasma, Ithaca, NY, USA) to produce PCL-P.

Degradation Study
The degradation behavior of unmodified PCL, O-PCL, PCL-6, PCL-
18, PCL24, PCL-36, and PCL-48 membranes was studied in
simulated body fluid (SBF) plus 1% H2O2 at 37 °C. PCL membranes
were cut into 0.5 cm × 2.0 cm ribbons, weighed, and placed into the
well of Petri dishes containing the degradation solution. Samples
including fragmentations were filtered out weekly, rinsed with water,
dried overnight, and weighed. Fresh SBF and H2O2 solutions were
replaced on a weekly basis, and samples were placed in a fresh
solution after each weighing step. The degradation rate was
determined by subtracting the initial and weekly weights for samples
in each treatment group.

Scanning Electron Microscopy
The morphology of membranes was imaged using SEM (Supra 40VP,
Zeiss) at 10 kV with an SE2 detector. Samples from different
treatment groups were first mounted on SEM stubs using carbon tape
and then sputter coated with approximately 8 nm of gold before
imaging.

Gel Permeation Chromatography
The molecular weights of the PCL polymers before and after the
chemical modification steps were measured by GPC (LC-2020C 3D,
Shimadzu, Kyoto, Japan; Dawn Heleos-II and Optilab T-rEX, Wyatt
Technology, Santa Barbara, CA, USA) at room temperature.
Tetrahydrofuran was used as an eluent in GPC analysis. Samples
were dissolved in THF to make 2 mg/mL solutions. For each
measurement, 50 μL of the solution was injected.

Water Contact Angle Measurements
Water contact angles on samples were measured using a contact angle
goniometer (FTA1000, First Ten Angstroms, Portsmouth, VA, USA).
Samples from different treatment groups were cut into 0.5 cm ×
2.0 cm ribbons. Their contact angles were measured using a 20 μL
water droplet at room temperature.

X-ray Photoelectron Spectroscopy Measurements
X-ray photoelectron spectroscopy (XPS) was performed (AXIS Ultra
DLD, Kratos Analytical Inc., Chestnut Ridge, NY, USA) with a
monochromatic Al Kα X-ray source in ultrahigh vacuum to access the
surface chemical properties of the PCL membranes before and after
the modification steps. Survey spectra were obtained at 12 kV, 10 mA,
and 160 eV, while high-resolution spectra were scanned using a 20 eV
pass energy.
Mechanical Testing
Electrospun membranes were cut into 0.5 cm × 2.0 cm rectangles and
subjected for mechanical testing (Figure S2). Tensile tests were
performed on an Instron universal testing system (68CS, Norwood,
MA, USA) to determine the tensile stress, which was given by force/
cross-section area, and the tensile strain, which was defined as the
change in length relative to the initial sample length. Young’s modulus
was calculated through the slope of the linear part of the stress−strain
curve.
In Vitro Cell Studies
Culture media used for DPSCs and DPLSCs were alpha minimal
essential medium (α-MEM) containing 15% fetal bovine serum
(FBS), 1% GlutaMAX (100×), and 1% Penicillin-Streptomycin
(100×). Cells were cultured in an incubator at 37 °C and 5% CO2
with saturating humidity. Cell viability assay was conducted using
LIVE/DEAD Kit for mammalian cells. Live cells were stained with
calcein-AM and dead cells were indicated by ethidium homodimer-1.
Adherent cells on membranes were incubated in staining solution for
30 min at room temperature and washed with 1× PBS three times.
For immunofluorescence staining (Figure S3), DPLSCs were fixed
with formaldehyde and blocked using BSA solution. Filamentous actin
(F-actin) was labeled with Alexa Fluor 488 phalloidin, and cell nuclei
were stained with Hoechst 33342. Fluorescent images of cells on
membranes were taken using confocal laser scanning microscopy
(SP8-STED/FLIM/FCS, Leica).
Statistical Analyses
Data are presented as mean values ± standard deviation. Contact
angles were statistically analyzed using a one-way analysis of variance
(ANOVA), and Young’s moduli were analyzed using the Student’s t-
test with a significance level of p = 0.05: *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.
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