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Highlights

o  Template molding created nanofiber-clustered structures on P(VDF-TrFE) films.
e Poled films exhibited enhanced piezoelectric response and surface potential.

e  Poled films promoted BMSC adhesion, proliferation, and ALP activity.

e Topographical and electrical changes were linked to cell-material interactions.

Abstract

Surface morphology and electrical characteristics are key factors affecting cell-material
interactions on electroactive polymer films, but their coupled effects remain unclear. In this
study, P(VDF-TrFE) nanofiber-clustered films were fabricated using an anodic aluminum
oxide (AAO) template-assisted molding method, and their surface electrical properties were
subsequently tailored by corona poling. The nanofibrous structure was formed without
substantially disrupting the characteristic polar 3 phase. Compared with the planar film,
the water contact angle (WCA) of the nanofiber-clustered film increased from 74.8° to 132.5°,
indicating markedly enhanced hydrophobicity. Furthermore, corona poling increased the
magnitude of the piezoelectric coefficient (1d33 |) and altered the surface potential state.
Protein adsorption and cell studies further showed that polarized nanofiber-clustered
surfaces exhibited greater protein adsorption, more extensive cell spreading, and higher
CCK-8 signals and alkaline phosphatase (ALP) activity. These results indicate that the
biological interfacial response of P(VDF-TrFE) films is regulated by surface morphology,
wettability, and polarization-induced electrical characteristics. This work provides insight
into the combined roles of nanofiber-clustered topography and electrical characteristics in
regulating cell-material interactions on P(VDF-TrFE) surfaces.

Keywords: P(VDF-TrFE); nanofiber cluster; template-assisted molding; surface potential

1. Introduction

The cell-material interface plays a central role in regulating cellular behavior [1,2].
At this interface, cells respond to multiple physicochemical cues, including surface micro-
/nanotopography and electrical characteristics [3,4]. Micro-/nanotopography can modify
interfacial physicochemical properties, protein adsorption, and cell adhesion, thereby

Coatings 2026, 16, 1173

https://doi.org/10.3390/coatings16101173


https://crossmark.crossref.org/dialog?doi=10.3390/coatings16101173&domain=pdf&date_stamp=2026-10-02
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0009-0005-8151-7072
https://doi.org/10.3390/coatings16101173

Coatings 2026, 16, 1173

2 of 15

influencing cellular responses [5-7]. Electrical cues, including surface charge, surface
potential, and piezoelectricity, may likewise modulate interfacial interactions and cell
behavior [8,9]. Accordingly, material platforms that allow the coordinated regulation of
surface topography and electrical properties provide a useful approach for investigating
cell-material interactions [10,11].

Electroactive polymers are attractive for this purpose because of their flexibility and
processability [12,13]. Among them, poly(vinylidene fluoride-trifluoroethylene) [P(VDF-
TrFE)] is a representative ferroelectric copolymer with good film-forming capability, chemi-
cal stability, and piezoelectric and ferroelectric properties [14-16]. Its crystalline organiza-
tion and electroactive behavior can be regulated through processing conditions and thermal
treatment, while electrical poling promotes dipole alignment and can further modify its
piezoelectric response and surface potential [13,17]. Compared with rigid piezoelectric
ceramics, P(VDF-TrFE) films exhibit greater mechanical compliance and interfacial adapt-
ability, making them suitable for investigating the relationships among film structure,
electrical properties, and cellular behavior. These characteristics have motivated extensive
efforts to regulate the morphology and electrical performance of P(VDF-TrFE)-based materi-
als. Previous studies have explored various P(VDF-TrFE) micro-/nanostructures, including
micropatterns, nanorods, nanofibers, and porous architectures [18-21]. These structures
can affect crystalline organization, localized mechanical properties, surface wettability, and
the resulting electromechanical response [22,23]. In particular, the effects of P(VDF-TrFE)
fibrous structures on cell behavior have received increasing attention. Azimi et al. reported
that electrospun P(VDF-TrFE) fibers with different structural arrangements influenced the
osteogenic responses of human mesenchymal stromal cells [24]. Ribeiro et al. constructed
P(VDF-TrFE)-based scaffolds and found that more regularly organized fibrous structures
guided osteoblast-like cells to align and spread along the fibers [25]. In addition, Tai et al.
showed that fiber diameter affected cell behavior [26]. Meanwhile, the polarization states
and surface electrical properties of P(VDF-TrFE) can also influence stem-cell behavior.
Zhang et al. prepared P(VDF-TrFE) films with different surface potentials by corona poling
and found that these electrical states could regulate BMSC osteogenic or lineage commit-
ment [27]. However, the interfacial physicochemical changes induced by the formation of
nanofiber-clustered surfaces and subsequent poling, together with their relationship to the
cellular responses, remain to be further investigated.

In this study, nanofiber-clustered P(VDF-TrFE) films were prepared by anodic alu-
minum oxide (AAO) template-assisted molding. The confined nanopores of AAO facilitate
polymer infiltration and nanoscale shape replication, providing a relatively simple route
to construct nanofibrous surface architectures. Corona poling was applied to modify the
polarization-related electrical properties of the films. Planar films, unpoled nanofiber-
clustered films, and poled nanofiber-clustered films were compared to evaluate the changes
in surface morphology, crystalline phase, wettability, piezoelectric response, surface po-
tential, and protein adsorption associated with surface nanostructuring and electrical
poling. The comparison between PF and PN-UP focused on the changes accompanying the
formation of the nanofiber-clustered structure, whereas the comparison between PN-UP
and PN-P evaluated the additional changes introduced by corona poling. Bone marrow
mesenchymal stem cell (BMSC) adhesion, proliferation, cell morphology, cytoskeletal orga-
nization, and ALP activity were further evaluated to examine how these interfacial changes
were associated with early cellular responses. Through these sequential comparisons, this
study aimed to characterize the interfacial evolution of P(VDF-TrFE) films during surface
nanostructuring and poling. The resulting interfacial changes were further examined in
relation to early BMSC responses.
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2. Materials and Methods
2.1. Materials

Porous anodic aluminum oxide (AAQO) templates with a nominal pore diameter of
approximately 200 nm were manufactured by Whatman (Marlborough, MA, USA). The
P(VDE-TrFE) powder with a VDF:TrFE molar ratio of 70/30 was acquired from Piezotech
(Paris, France). N,N-dimethylformamide (DMF), sodium hydroxide (NaOH) and absolute
ethanol were analytical-grade reagents purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China).

2.2. Preparation of P(VDF-TrFE) Films

P(VDE-TrFE) powder was dissolved in DMF to prepare a 15 wt% solution. The mixture
was stirred for 4 h to yield a homogeneous solution. The resulting solution was cast onto a
clean glass substrate and dried at room temperature for 2 h to remove residual solvent. The
dried film was annealed at 210 °C for 1 h to form the P(VDF-TrFE) film.

2.3. Fabrication of P(VDF-TrFE) Nanofiber-Clustered Films

The AAO templates were ultrasonically cleaned in absolute ethanol for 5 min to
remove surface contaminants, followed by drying at room temperature. P(VDF-TrFE)
nanofiber-clustered films were fabricated by an AAO template-assisted melt infiltration
method. The planar P(VDF-TrFE) film was placed onto the cleaned AAO template and
heated on a hot plate at 160 °C for 5 min, allowing the molten polymer to infiltrate into
the nanochannels of the AAO template. The assembly was then cooled naturally to room
temperature. To promote uniform heating and reduce temperature fluctuations, the assem-
bly was covered with aluminum foil during the heating, holding and cooling processes.
The AAO template was subsequently removed by immersion in 2 mol/L NaOH solution
at room temperature for 2 h. The P(VDF-TrFE) nanofiber-clustered film was thoroughly
rinsed with deionized water until a neutral pH was achieved, followed by rinsing with
ethanol and drying at room temperature.

2.4. Corona Poling

Corona poling was performed using a needle-to-plate configuration. The P(VDF-TrFE)
nanofiber-clustered film was placed on a grounded metal electrode with the nanofiber-
clustered side facing the corona needle. A negative DC high voltage was applied to the
needle electrode, and the needle-to-sample distance was maintained at 1 cm. For clarity, the
planar P(VDF-TrFE) film, unpoled P(VDE-TrFE) nanofiber-clustered film, and corona-poled
P(VDE-TrFE) nanofiber-clustered film were denoted as PF, PN-UP, and PN-P, respectively.
In this study, the PN-P samples used for subsequent KPFM characterization and cellu-
lar experiments were poled at —8.2 kV for 40 min. Unless otherwise specified, sample
preparation and characterization were conducted under ambient laboratory conditions
at approximately 25 °C and 50% relative humidity. The fabrication and corona poling
processes are schematically illustrated in Figure 1.

2.5. Characterization of P(VDF-TrFE) Nanofiber-Clustered Films

The surface and cross-section morphologies of the films were observed using a scan-
ning electron microscope (GeminiSEM 300, Zeiss, Jena, Germany) at an accelerating voltage
of 3 kV. Before observation, the samples were gold sputter-coated to enhance surface
conductivity and minimize charging during SEM imaging. The diameter and height dis-
tributions of the nanofibers were statistically analyzed from SEM images using Image]
(version 1.53k, National Institutes of Health, Bethesda, MD, USA). The crystal phase struc-
ture was examined using an X-ray diffractometer (X-Pert Powder, PANalytical, Almelo,
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The Netherlands) with Cu K radiation (A = 1.5406 A) at a scanning rate of 2°/min over
a 20 range of 10-80°. Fourier transform infrared (FTIR) spectra were collected using an
attenuated total reflectance FTIR spectrometer (Nicolet 5700, Thermo Fisher Scientific,
Madison, WI, USA). The relative 3-phase fraction in P(VDF-TrFE) was calculated from
the characteristic absorption bands of the « and 3 phases according to the following
equation [28]:
Ap

(KB /K“)A(x + AB

where F(B) is the relative 3-phase fraction; A and Ag are the absorbance values at 766

F(B) = x 100% 1)

and 840 cm~!; and K« and K are the corresponding absorption coefficients, with values
of 6.1 x 10* and 7.7 x 10* cm? mol~!, as reported by Gregorio and Cestari [28]. Static
water contact angles were determined at room temperature using an optical contact angle
meter (OCA 20, DataPhysics Instruments GmbH, Filderstadt, Germany). Deionized water
droplets with a volume of 1 uL were used for the measurements. The piezoelectric perfor-
mance of the films was evaluated by measuring the quasi-static piezoelectric coefficient dz3
with a d33 m (Z]-3A, Institute of Acoustics, Chinese Academy of Sciences, Beijing, China).
Three independent samples (1 = 3) were tested, with five measurements per sample. The
surface potential distribution of the samples was characterized by Kelvin probe force mi-
croscopy (NTEGRA Spectra, NT-MDT, Russia) with an SCM-PIT platinum-iridium-coated
silicon probe.

Template molding Template dissolution Corona poling
P(VDF-TrFE)

Figure 1. Schematic illustration of the fabrication and corona poling processes of P(VDF-TrFE)
nanofiber-clustered films. Planar P(VDF-TrFE) films were first prepared by coating a P(VDF-
TrFE) /DMF solution onto a glass substrate. Nanofiber-clustered surfaces were then constructed
by AAO template-assisted molding. After dissolution and removal of the AAO template using
NaOH, the resulting nanofiber-clustered films were subjected to corona poling. In the corona-poling
schematic, the upper needle electrode is connected to a negative high-voltage source (—), while the
lower electrode is grounded.

Protein adsorption was evaluated using bovine serum albumin (BSA; Aladdin, Shang-
hai, China). The samples were incubated with 500 uL of 10 mg/mL BSA solution in
phosphate-buffered saline (PBS; Cellmax, Beijing, China) at 37 °C for 24 h. After incubation,
the samples were rinsed with PBS for 10 s and then immersed in 300 uL of 1 mg/mL
sodium dodecyl sulfate (SDS; Aladdin, Shanghai, China) solution at room temperature
for 8 h to desorb the adsorbed protein. The protein content in the solution was measured
using a BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA), with three
independent samples tested for each group (n = 3).

2.6. Cell Culture and Biological Evaluation

All animal experiments were approved by the Laboratory Animal Welfare and Ethics
Committee of Zhejiang University (Ethics Code: ZJU20220279). Bone marrow mesenchy-
mal stem cells (BMSCs) were isolated from the bone marrow of 3-week-old male Sprague-
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Dawley rats (Hangzhou Medical College) and cultured in low-glucose Dulbecco’s modified
Eagle’s medium (DMEM; Cellmax, Beijing, China). The culture medium was supple-
mented with 10% fetal bovine serum (FBS; Cellmax, SA211.02, Beijing, China) and 1%
penicillin-streptomycin solution (Gibco, Grand Island, NY, USA), corresponding to final
concentrations of 100 U/mL penicillin and 100 pug/mL streptomycin. The cells were
cultured at 37 °C under humidified conditions with 5% CO,. Before cell seeding, the
P(VDE-TrFE) film samples were sterilized by ultraviolet irradiation. The cells were then
detached with 0.25% trypsin and seeded on the samples in 24-well plates at a density of
5 x 10* cells per sample.

After 1 day of culture, BMSC cytoskeletal organization and morphology on the dif-
ferent samples were examined. For fluorescence staining, the cells were fixed with 4%
paraformaldehyde (PFA; Solarbio, Beijing, China) and permeabilized with 0.4% Triton
X-100 (Sigma-Aldrich, St. Louis, MO, USA). The samples were then blocked with PBS
containing 2% BSA and 2% bovine serum for 1 h. F-actin was stained with phalloidin
(AAT Bioquest, Pleasanton, CA, USA), and the cell nuclei were counterstained with DAPI
(Beyotime, Shanghai, China). The stained samples were observed using a confocal laser
scanning microscope. For SEM observation, the cell samples were fixed with 4% PFA and
dehydrated through a graded ethanol series. Cell adhesion and spreading morphology on
the different film surfaces were then observed using SEM.

BMSCs adhesion and proliferation on different samples were evaluated using a Cell
Counting Kit-8 assay (CCK-8; Dojindo Laboratories, Kumamoto, Japan) after 1 and 3 days
of culture, respectively. For the assay, the samples were transferred to new 24-well plates to
avoid interference from cells attached to the original well bottoms. Subsequently, 500 pL
of low-glucose DMEM and 50 uL of CCK-8 reagent were added to each well, followed
by incubation at 37 °C for 2 h in the dark. After incubation, the reaction solution was
transferred to a 96-well plate, and the optical density (OD) was measured at 450 nm with
a microplate reader (Multiskan MK3, Thermo Fisher Scientific, Shanghai, China). Three
independent biological replicates were performed for the CCK-8 assay (1 = 3).

The early osteogenesis-related activity of BMSCs was evaluated based on alkaline
phosphatase (ALP) activity. From day 3 onward, the cells were cultured in osteogenic
induction medium containing 1 pM dexamethasone (Sigma, St. Louis, MO, USA), 12 mM
-glycerophosphate (Sigma, St. Louis, MO, USA) and 50 uM ascorbic acid (Sigma, St. Louis,
MO, USA). After 7 days of culture on the samples, the culture medium was removed, and
the cells were washed two to three times with phosphate-buffered saline (PBS; Cellmax,
Beijing, China). Then, 60 uL of cell lysis buffer (Boster, Wuhan, China) was added to each
sample, followed by lysis on ice for 30 min. The lysates were collected into centrifuge tubes
and centrifuged at 12,000 rpm for 15 min at 4 °C. The supernatants were collected, and
the total protein content and ALP activity were determined using a BCA Protein Assay
Kit (Thermo Fisher Scientific, Waltham, MA, USA) and a LabAssay ALP kit (Wako Pure
Chemical Industries, Osaka, Japan), respectively. ALP activity was normalized to the total
protein content to compare the early osteogenesis-related activity of BMSCs cultured on
different samples. Five independent biological replicates were performed for the ALP assay
(n=>5).

2.7. Statistical Analysis

All quantitative data are presented as the mean & standard deviation. Statistical
analyses were performed using OriginPro 2026 (OriginLab Corporation, Northampton,
MA, USA). Differences among multiple groups were analyzed using one-way analy-
sis of variance followed by Tukey’s post hoc test. A value of p < 0.05 was considered
statistically significant.

https://doi.org/10.3390/coatings16101173


https://doi.org/10.3390/coatings16101173

Coatings 2026, 16, 1173

6 of 15

3. Results and Discussion
3.1. Fabrication and Morphology of P(VDF-TrFE) Nanofiber-Clustered Films

The P(VDF-TrFE) planar films and nanofiber-clustered films were prepared through
solution casting and AAO template-assisted molding. The AAO template exhibited a
nanoporous surface with an average pore diameter of approximately 200 nm, and vertically
aligned channels in the cross-sectional view, providing a negative mold for the formation
of surface nanostructures (Figure 2a,b). In the molding process, the AAO membrane
allowed thermally softened P(VDF-TrFE) to infiltrate the nanopores. After removal of the
AAO template, the replicated polymer structures remained on the film surface, forming
nanofiber clusters. As shown in Figure 2¢, the solution-cast P(VDF-TrFE) planar film,
denoted as PF, exhibited a wrinkled surface morphology, which can be associated with
crystallization-induced surface roughening in semicrystalline polymer films. Then the
molding temperature was fixed at 160 °C, and the samples were heated for 5, 10, and 15 min,
respectively, as shown in Figure 2d—f. After heating for 5 min, protruding nanofibers were
formed on the film surface and assembled into relatively uniform clustered structures
(Figure 2d). After heating for 10 min, the nanofibers exhibited increased bending and
overlap, resulting in a less uniform clustered morphology (Figure 2e). When the heating
time was further extended to 15 min, neighboring nanofibers tended to coalesce, forming
more evident but still organized nanofibrous clusters (Figure 2f). These results indicate that
heating time strongly affected nanofibrous morphology. Based on the surface morphology,
the film prepared at 160 °C for 5 min was selected for subsequent characterization and
biological evaluation because it showed a relatively uniform morphology. This clustered
nanofibrous film was denoted as PN-UP before corona poling and PN-P after corona poling.

Figure 2. Morphological characterization of the AAO template and P(VDF-TrFE) films. (a) Top-view
and (b) cross-sectional SEM images of the AAO template. (c) Surface morphology of the solution-cast
P(VDF-TrFE) planar film. Surface SEM images of P(VDF-TrFE) films treated at 160 °C for (d) 5 min,
(e) 10 min, and (f) 15 min.

To further illustrate the possible origin of the clustered morphology, a schematic repre-
sentation of the proposed formation process is presented in Figure 3. Prolonged heating
may have promoted deeper polymer infiltration into the AAO nanopores, potentially
resulting in replicated nanofibers with a higher aspect ratio. The formation of clustered
nanofibrous structures may be associated with the high aspect ratio of the replicated fibers
and the template removal process. After removal of the AAO template, the high-aspect-
ratio fibers were no longer laterally constrained by the pore walls. During alkaline etching,
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washing, and drying, the capillary force and surface tension pull the high-aspect-ratio
nanofibers to bend and come into contact with each other, thereby adhering together and
forming a clustered structure [29,30].

W W W W

Evaporation

R

Figure 3. Schematic illustration of the proposed formation mechanism of the P(VDE-TrFE) nanofiber-
clustered morphology. Feap represents the capillary force. The light blue area represents the liquid,
the dark grey structures represent the P(VDE-TrFE) nanofibers, and the light grey area at the bottom
represents the underlying film.

Cross-sectional SEM imaging was further performed to verify their protruding mor-
phology and structural continuity with the underlying film. As shown in Figure 4a, a
distinct nanofibrous surface layer extended from the P(VDF-TrFE) film and was directly
connected to the base film, with no obvious interfacial delamination. This morphology
is consistent with AAO-assisted molding, in which thermally softened P(VDE-TrFE) infil-
trated the AAO nanopores and retained replicated high-aspect-ratio features after template
removal. The dimensions of the nanofibers were analyzed from SEM images. As shown
in Figure 4b, the average fiber diameter was 321 £ 58 nm. This diameter was larger than
the pore size of the AAO template, suggesting that the replicated structures did not strictly
preserve the original pore geometry. This mismatch may be related to dimensional re-
laxation or slight expansion after template removal, washing, and drying [31]. Similar
deviations between template pore size and replicated polymer nanostructure dimensions
have been reported in AAQO-assisted polymer molding systems [32]. The average nanofiber
height was 3.88 £ 0.72 um, with an approximately normal distribution (Figure 4c), sug-
gesting relatively uniform polymer infiltration under the selected condition. Slight height
variations may result from local differences in polymer flow, pore filling, and template
removal. Overall, the cross-sectional morphology and dimensional statistics demonstrate
the successful construction of a clustered nanofibrous P(VDF-TrFE) surface with relatively
consistent dimensions.

3.2. Physicochemical and Electrical Characterization of P(VDF-TrFE) Films

Figure 5a shows the XRD characterization results. PE, PN-UP, and PN-P all exhibited a
prominent diffraction peak at 20 ~ 19.9°, corresponding to the overlapping (110)/(200) re-
flections of the polar 3 phase [33]. The distinct diffraction peak suggests a relatively ordered
crystalline structure in the films. This polar crystalline phase is closely associated with
the ferroelectric and piezoelectric properties of P(VDF-TrFE). The nearly unchanged peak
positions indicate that the 3-phase structure was preserved after AAO-assisted molding
and corona poling. The FTIR spectra of PF, PN-UP, and PN-P are presented in Figure 5b. All
three samples exhibited characteristic 3-phase absorption bands at approximately 840, 1285,
and 1400 cm~!. No obvious shifts in the major peak positions were observed after mold-
ing and poling, indicating the preservation of the electroactive 3-phase structure [34-36].
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Among the three spectra, the a-phase-related absorption band near 766 cm~! gradually
decreased from PF to PN-UP and PN-P, whereas the (3-phase-related band near 840 cm~1
remained relatively stable. The 1285 and 1400 cm ™! bands showed higher intensities in
PN-UP and PN-P than in PE. Consistent with these spectral changes, the relative 3-phase
fractions calculated using Equation (1) were approximately 75.49%, 82.44%, and 87.82% for
PF, PN-UP, and PN-D, respectively. The gradual increase in the 3-phase fraction suggests
that the nanofiber-cluster fabrication process and corona poling may have promoted the

formation or retention of 3-phase chain conformations. This result is consistent with the
XRD analysis.
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Figure 4. (a) Cross-sectional SEM image of the P(VDF-TrFE) nanofiber-clustered film. Statistical
distributions of the nanofiber (b) diameters and (c) heights. The solid lines represent Gaussian fits to
the distributions.
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Figure 5. (a) XRD patterns, (b) FTIR spectra, and (c) water contact angles of the planar P(VDF-TrFE)
film and nanofiber-clustered films before and after corona poling. The inset images in (c) show
representative water droplets for contact-angle measurements.

As shown in Figure 5¢, the WCA values of PE, PN-UP, and PN-P were 74.8°,132.5°, and
126.3°, respectively. Compared with the planar PF surface, the WCA of PN-UP increased
markedly, which may be related to its nanofiber-clustered surface morphology. According
to the Wenzel model, surface roughness can amplify intrinsic wettability; however, the
pronounced increase in WCA of PN-UP suggests that a Cassie—Baxter-like wetting state
may be more relevant [37-39]. In this case, the rough surface structure may trap air within
the gaps between nanofibers, thereby reducing the effective solid-liquid contact area and
resulting in a higher apparent WCA. After corona poling, the slight decrease in WCA
may be associated with changes in the surface electrical state of P(VDF-TrFE). Poling can
promote dipole alignment and induce the accumulation and trapping of surface or near-
surface charges, which may enhance the interaction between polar water molecules and the
film surface and thereby increase wettability [40]. Minor surface chemical changes during
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corona treatment may also contribute to this decrease. Nevertheless, the PN-P surface
remained highly hydrophobic.

Figure 6a compares the quasi-static ds3 coefficients of the planar (PF) and nanofiber-
clustered (PN) films under different corona poling voltages. At poling voltages of —8.2 and
—10 kV, the planar films showed ds3 values of —11 and —16 pC/N, whereas the nanofiber-
clustered films showed values of —15 and —19 pC/N, respectively. Previous studies
have reported absolute d33 values reaching approximately 30-40 pC/N for conventionally
processed and poled P(VDE-TrFE) films [41,42]. The d33 values measured in this study
were within this reported range, although they remain moderate compared with some
highly polarized films. The differences may be related to coating methods, film thickness,
crystalline state, and poling conditions [43,44]. For both film types, the absolute ds3 value
increased with the magnitude of the poling voltage. At both tested poling voltages, the
nanofiber-clustered films exhibited higher absolute d33 values than the planar films. This
difference may be related to the altered local stress distribution and structural compliance
of the nanofiber-clustered layer.

(@)= RO 0.09+:0.06V [ 3
=25
2_20 *% ’_‘
Q15 ’—‘ $ >
132-104'|—)—‘
-5
0 7

8.2 10
Poling field (kV/cm)

Figure 6. (a) Piezoelectric coefficients of the films under different corona poling voltages (** p < 0.01).
KPFM surface potential maps of (b) PF and (c) PN-UP.

The surface potentials of the P(VDF-TYFE) films were measured with KPFM (Figure 6b,c).
The images showed nonuniform potential maps, suggesting spatial heterogeneity in the
surface electrical state. Quantitative analysis showed that PF had an average surface
potential of 0.09 & 0.06 V, whereas PN-UP showed a substantially higher surface-potential
magnitude, with an average value of —2.45 £ 0.66 V. This result indicates that nanofiber-
clustered construction altered the surface electrical state of P(VDF-TrFE). The increased
absolute surface potential may be related to nanofiber-induced surface curvature, localized
charge trapping, and spatial variations in dipole distribution. After corona poling, the
KPFM signal of PN-P reached the upper measurement limit under the selected conditions
(approximately 12 V) and became saturated. Therefore, the surface potential of PN-P
could not be reliably quantified, although the saturated KPFM response qualitatively
indicated that the surface electrical state was altered after poling. This change may arise
from electric-field-induced dipole orientation and surface charge deposition during corona
poling. KPEM analysis confirmed that both nanofibrous construction and corona poling
effectively modulated the surface potential of P(VDE-TrFE) films.

Taken together, the d33 and KPFM results demonstrate that the nanofibrous structure
and corona poling treatment jointly altered the electrical characteristics of the P(VDF-TrFE)
films, which may contribute to the differences in subsequent cell-material interactions.
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3.3. Cellular Responses to P(VDF-TrFE) Films

To further evaluate the effects of the nanofiber-clustered structure and surface electrical
properties on cell-material interactions, protein adsorption and early BMSC responses on
the P(VDE-TrFE) films were investigated.

As shown in Figure 7a, the protein adsorption results showed that the PN-UP group,
in which only the surface morphology was modified, exhibited reduced protein adsorp-
tion, whereas the adsorption capacity increased after polarization in the PN-P group.
Protein adsorption on material surfaces is generally influenced by multiple factors, in-
cluding surface morphology, wettability, and surface electrical properties [45]. Although
the nanofiber-clustered structure increased the hydrophobicity of the material surface,
polarization-induced changes in surface electrical properties may further regulate elec-
trostatic and interfacial interactions between proteins and the material. Therefore, the
relatively higher protein adsorption on the PN-P surface may provide a more favorable
interfacial environment for subsequent cell adhesion.

(=]

~~
mw

[N
o

BSA adsorption (pglcmz)

Figure 7. (a) Protein adsorption on different films after 24 h (* p < 0.05, ** p < 0.01, ** p < 0.001).
(b—d) Fluorescence images of BMSCs on PE, PN-UP, and PN-P after 1 day of culture. F-actin and cell
nuclei are shown in red and blue, respectively. (e-g) SEM images of BMSCs on PF, PN-UP, and PN-P
after 1 day of culture.

Fluorescence images (Figure 7b—d) revealed differences in cell distribution and cy-
toskeletal organization among the three groups. Cells on the PN-P surface exhibited more
evident spreading and a more developed F-actin cytoskeleton, suggesting that both the
nanotopographical structure and polarization-induced electrical changes may contribute to
cell-material interfacial interactions.

SEM images (Figure 7e—g) showed that cells on the PF surface exhibited a relatively
contracted morphology, whereas cells on the PN-UP surface adhered and spread more
extensively. Cells on the PN-P surface showed more pronounced spreading, with distinct
filopodia-like extensions observed at the cell periphery. These observations suggest that
the nanotopographical structure may contribute to improved early cell morphology, while
polarization may further enhance cell spreading and cytoskeletal organization. This trend
was generally consistent with the fluorescence results.

The CCK-8 results after 1 day of culture are shown in Figure 8a. Differences in OD
values were observed among PF, PN-UP, and PN-P. Compared with PF, PN-UP showed
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a lower OD value, suggesting that the nanofiber-clustered surface alone did not improve
early cellular metabolic activity or the number of viable attached cells. This result may be
related to the markedly increased hydrophobicity caused by the nanofibrous structure [46].
In contrast, PN-P exhibited a higher OD value after 1 day, indicating that corona poling
improved the early cellular response on the nanofiber-clustered film. This improvement
may be associated with polarization-induced electrical properties, which could partly
offset the unfavorable influence of increased hydrophobicity. After 3 days of culture, PN-P
still showed the highest OD value among the three groups (Figure 8b), suggesting that
the poled nanofibrous surface was more favorable for maintaining BMSC viability and
early proliferation. However, the increase in OD values from day 1 to day 3 was limited
for all groups, supporting that overall cell proliferation was not pronounced under the

present conditions.
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( a) N 1 Day| (b) s 3 Days (C)’E = 7 Days|
[ 1 *kk ! 2 *

*kk *kk ° 40 = 1
o 1 o s
3 : 2 I g’
© * [ =
>0.5 >0.5 J =2 = {
o Q 2
(¢] o S 20
£
(&
©
a 10
-
<
0.0—=pF PN-UP PN-P 0.0 PF PN-UP PN-P O—"pF PN-UP PN-P

Figure 8. (a) The adhesion (1 d) and (b) proliferation (3 d) behaviors of BMSCs on different films.
(c) ALP activity of BMSCs on different films after 7 days of culture (* p < 0.05, *** p < 0.001).

ALP activity was used to evaluate the early osteogenesis-related activity of BMSCs
(Figure 8c). Compared with PF, PN-UP did not markedly increase ALP activity. In contrast,
PN-P showed higher ALP activity than PF and PN-UP, indicating that corona poling im-
proved the early ALP-related activity of BMSCs. This may be associated with polarization-
induced electrical properties, including altered surface potential and piezoelectric response.

Although statistically significant differences were observed among the groups, the ab-
solute CCK-8 OD values and ALP activities remained relatively low under the present exper-
imental conditions, suggesting that the overall magnitude of the cell responses was modest.

Collectively, the protein adsorption, cell morphology, CCK-8 and ALP results indicate
that nanofiber clusters alone did not consistently improve BMSC responses, whereas corona-
poled nanofiber-clustered films showed greater protein adsorption, more favorable cell
spreading and cytoskeletal organization, higher cell viability and ALP activity. These
results suggest that the cellular response to P(VDF-TrFE) films was not governed by surface
topography alone, but by the combined effects of surface morphology, wettability, and
polarization-induced electrical properties.

The nanofiber-clustered structure increased surface roughness and provided micro-/
nanoscale topographical cues for cells, which may affect the contact mode between cells
and the material surface, thereby influencing protein adsorption, adhesion-related structure
formation, and cytoskeletal organization [6,47]. SEM observations showed that BMSCs on
PN-UP were able to attach and spread, indicating that the nanotopography itself could pro-
vide morphological cues for cell spreading. However, the total protein adsorption on PN-UP
was lower than that on PF, which may be related to the markedly increased hydrophobic-
ity. Excessive hydrophobicity can affect the amount and interfacial behavior of the initial
protein adsorption layer, thereby influencing subsequent cell-material interactions [48,49].
Notably, although individual cells on PN-UP showed spreading in SEM images, this was
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not accompanied by an increased CCK-8 signal. Therefore, the response on PN-UP may
reflect a balance between favorable topographical cues and unfavorable wettability.

Corona poling appeared to shift this balance and was accompanied by increased
absolute d33 values and the qualitative change in the KPFM response of PN-P. It should
be noted that the cells in this study were cultured under static conditions. Since dynamic
piezoelectric signals generally require mechanical deformation, the direct contribution
of changes in ds3 to the observed cellular responses may be limited under the present
conditions. In contrast, poling-induced dipole orientation, surface charge state, and surface
potential can persist without continuous mechanical stimulation, and may therefore be
more relevant to the observed cellular responses under static culture conditions.

For P(VDE-TrFE), the polar 3 phase provides the structural basis for electroactivity,
while corona poling may promote dipole alignment and surface charge deposition or trap-
ping. In addition, the surface curvature and increased interfacial area of the nanofiber
clusters may contribute to spatially heterogeneous charge distribution [44,50]. These
electrical features may influence protein adsorption, cell membrane-related electrical inter-
actions, and early osteogenesis-related signaling [27]. Consistent with this, PN-P showed
higher protein adsorption than PN-UP, while fluorescence staining and SEM observations
showed more extensive cell spreading and f-actin organization on PN-P. Thus, the higher
CCK-8 signal and ALP activity on PN-P may be associated with the combined effects of
nanofiber-clustered topography and polarization-induced electrical properties, rather than
nanofibrous morphology alone [27].

This study shows that surface structuring combined with corona poling can regulate
the morphology, wettability, piezoelectric response, and surface electrical state of P(VDF-
TrFE) films without introducing inorganic fillers. However, several limitations remain.
A poled planar control (PF-P) was not included in the present study. Therefore, the
separate effects of surface morphology and corona poling could not be fully distinguished.
ALP activity only reflects early osteogenesis-related activity; therefore, osteogenic gene
expression, mineralization staining, and longer-term culture are required to further verify
osteogenic differentiation. In addition, the protein adsorption assay only quantified the
total amount of adsorbed protein, while the SEM and fluorescence observations were
qualitative. The causal relationships among surface potential, protein adsorption, and
cellular behavior should be further clarified through surface potential decay measurements
and more systematic cellular mechanism studies.

4. Conclusions

This study presents a simple approach for preparing nanofiber-clustered structures on
the surface of P(VDF-TrFE) films. The resulting nanofibrous structures showed a relatively
organized surface distribution and good dimensional uniformity, with an average fiber
diameter of 321 4= 58 nm and an average height of 3.9 &= 0.7 pm. Surface nanostructuring
altered the wettability and interfacial characteristics of the films while maintaining the
characteristic polar 3 phase of P(VDF-TrFE). Corona poling further increased the absolute
dz3 values and altered the surface electrical state. However, nanofiber clustering alone
did not consistently improve the measured BMSC responses, whereas subsequent poling
was accompanied by enhanced protein adsorption, more extensive cell spreading, higher
CCK-8 signals and increased ALP activity. These cellular responses therefore appear
to be associated with the sequential interfacial changes following nanostructuring and
poling rather than with nanofibrous morphology alone. A strength of this study is the
combination of a relatively simple fabrication strategy with physicochemical, electrical,
protein adsorption, and cellular evaluations. However, the biological evidence in the
present study is limited to early cellular responses and ALP activity, and the control-group
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design could be further strengthened. Overall, this strategy offers a practical route for
tailoring both the surface structure and electrical state of P(VDF-TrFE) films. With further
biological validation, it may support the development of electroactive polymer surfaces for
bone repair and regeneration.
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