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Abstract: Electroactive biomaterials can influence the microenvironment between cells and a mate-
rial’s surface by controlling surface electrical signals, thereby affecting cellular physiological activities.
As the most commonly used ferroelectric polymer, Poly(vinylidene fluoride-trifluoroethylene) (PVTF)
has attracted widespread attention due to its good stability, biocompatibility and mechanical proper-
ties. However, it has limitations such as non-degradability. In this study, PVTF nanoparticles (PVTF
NPs), prepared using a phase separation method, were compounded with polylactide (PLA) to pre-
pare PVTF NPs/PLA composite membrane (PN/PLA), which simultaneously achieved electroactivity
and degradability. PVTF NPs containing ferroelectric β phase were evenly distributed on the PLA
substrate, forming negative potential spots through corona polarization. The PLA substrate gradually
degraded in a simulated body fluid environment. The negative surface potential provided by PVTF
NPs in PN/PLA enhanced the adhesion, proliferation, and early-stage osteogenic differentiation of
bone marrow mesenchymal stem cells (BMSCs). The electrical bioactivity and degradability could be
joined together in this study, which is promising for tissue regeneration biomaterials, such as guided
bone regeneration membrane.

Keywords: electroactive biomaterial; degradable material; PVTF; PLA

1. Introduction

Electroactive biomaterials can influence the microenvironment between cells and a
material’s surface by controlling surface electrical signals, thereby affecting cellular physio-
logical activities [1–4]. Electroactive biomaterials include ferroelectric, piezoelectric [5,6],
electret [7,8], and conductive materials [9], among others. The electroactivity of ferro-
electrics derives from bound charges of ferroelectric domains. As the centers of positive
and negative charges in their lattice are misaligned, they can produce an electric dipole
moment even in the absence of an applied electric field.

The application of electroactive materials in bone repair can be traced back to the
discovery of the piezoelectric effect in bone in 1957 [10]. Bioelectrical signals play an
important role in regulating cell growth and osteogenesis. Building a reasonable electri-
cal microenvironment at the bone defect area through tissue engineering materials can
accelerate the repair process. Under the action of electric field polarization, ferroelectric
materials can maintain their surface potential for a long time, which can simulate the
natural electrical signals of natural bone tissue. Polyvinylidene fluoride (PVDF) stands
as one of the most prevalent organic ferroelectric materials. Acclaimed for its superior
stability, biocompatibility [11,12], and mechanical performance, it is widely used in the
field of bone repair.
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The significant difference in electronegativity between the F and H atoms in the PVDF
molecular chain forms electric dipole moments from F to H. The directional arrangement
of dipole moments creates macroscopic potential [13]. PVDF has four crystal phases, of
which the β-phase has a trans conformation and exhibits the largest piezoelectric prop-
erties [14]. By inserting trifluoroethylene units into the PVDF molecular structure, the
crystallinity of the β-phase can be significantly enhanced; hence, various copolymer ra-
tios of Poly(vinylidene fluoride-trifluoroethylene) (PVTF) are widely utilized [15]. Tang
et al. [16] designed PVTF membranes with different surface potentials and found that
surface potential can regulate the binding state of proteins and integrins, thereby affecting
the level of cellular osteogenic differentiation. Zhang et al. [17,18] combined magnetic
particles CoFe2O4 with PVTF, utilizing the magnetostrictive effect driven by a magnetic
field to induce the piezoelectric response of PVTF, thus promoting the osteogenesis of
stem cells.

Apart from membrane, PVTF can also be fabricated into other structures such as
nanoparticles, nanofibers [19,20], and hydrogels [21]. For instance, Mishra et al. [22]
utilized a dual-solvent phase separation technique to prepare δ-phase PVTF nanoparticles
(PVTF NPs), which achieve nanoscale ferroelectricity and piezoelectricity. Fu et al. [23]
synthesized PVTF NPs of around 60 nm and 250 nm in size via phase separation, managing
to adjust the crystallinity and the β-γ ferroelectric phase ratio by modulating the interfacial
energy between DMF and water.

Electroactive materials represented by PVTF are widely used in bone tissue regenera-
tion. However, most electroactive materials are not biodegradable. Poor biocompatibility
and the need for secondary surgical removal have restricted their application. The trend
towards biodegradability is a significant one in the evolution of biomaterials [24]. De-
termining how to combine electroactivity with biodegradability is a challenge. Natural
materials and biodegradable polymers are two common approaches. Bio-based materials,
such as bones [25], collagen [26], and various protein-based materials, exhibit piezoelec-
tric characteristics. However, the piezoelectric performance of these natural materials is
relatively weak, so various strategies need to be employed to enhance their macroscopic
piezoelectricity [27,28]. Another approach involves biodegradable polymers.

Polylactide (PLA) is a polymer with good biodegradability, biocompatibility, and
suitable mechanical properties. PLA can be degraded by simple hydrolysis of ester bonds
in aqueous environments such as body fluids, and the degradation products are carbon
dioxide and water that the human body can metabolize. PLA has been widely used in tissue
engineering scaffolding materials [29], absorbable surgical sutures, controlled-release drug
carriers, etc. In addition to degradability, PLA exhibits shear piezoelectricity [30–32], which
is due to the displacement of C=O bonds when subjected to shear stress, thus engendering
net dipole moments and electrical charges. Researchers fabricated PLA nanofiber networks
via electrospinning and found that dipoles undergo favorable orientation under tensile and
polarizing conditions [33]. Moreover, the shear piezoelectric properties of PLA nanowires
were discerned using piezoresponse force microscopy [34].

In this study, a PVTF NPs/PLA (PN/PLA) composite membrane was prepared by
combing ferroelectric PVTF NPs with PLA to integrate electroactivity and biodegradability.
This study investigated the ferroelectricity of PVTF NPs, the surface potential of the
composite membrane, and its degradation. The impact of polarization and PVTF NPs
on biocompatibility and the promotion of bone differentiation was also studied. This
research presents a strategy for integrating electroactivity and biodegradability, paving
new pathways for the development of high-performance biomaterials.

2. Materials and Methods
2.1. Preparation of PVTF NPs

P(VDF-TrFE) (Piezotech, Paris, French, VDF:TrFE = 70:30) was dissolved in DMF
(Aladdin Chemical Reagent, Shanghai, China) to form Solution A at a concentration of
15 mg/mL, while deionized water served as Solution B. After that, 2 mL DMF was added
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to a test tube as a buffer layer. Next, 10 mL Solution A was slowly introduced on top of
the DMF, and 10 mL Solution B was slowly injected beneath the DMF layer, then it was
left to stand at 25 ◦C for 120 min to produce a stable stratification. The lower layer was
collected and centrifuged to obtain PVTF NPs precipitates. Anhydrous ethanol was added
to the PVTF NPs precipitates, and the mixture was thoroughly vortexed and sonicated to
uniformly disperse the PVTF NPs into anhydrous ethanol.

2.2. Preparation of PN/PLA Membrane

PLA (Huanuo Biomaterials, Changchun, China, molecular weight 200,000) was dis-
solved in 1,4-dioxane, coated onto a flat glass plate to form a membrane, dried at 37 ◦C,
and cut into 1 cm × 1 cm. The PVTF NPs ethanol dispersion was spin-coated onto the PLA
membranes to obtain the PN/PLA membranes. The spin coating speed was 5000 r/min
and the spin coating time was 15 s. Then, PN/PLA membranes were heated at 160 ◦C for
30 s and allowed to cool naturally. PN/PLA was subjected to corona polarization under
10 kV for 30 min.

2.3. Characterization of Mateials

The surface morphology of nanoparticles and membranes was characterized by scan-
ning electron microscopy (FE-SEM, Hitachi SU-70, Tokyo, Japan). The crystal phase struc-
ture was analyzed using an X-ray diffractometer (PANalytical X’Pert PRO, Almelo, The
Netherlands) equipped with a Cu Kα radiation source at 30 kV and the scan rate was
2◦/min for the range of 5–50◦. The FTIR spectrum was analyzed via infrared spectrometer
(Nicolet 5700, Thermo Fisher Scientific, Waltham, MA, USA) at a range of 500~2000 cm−1

using an attenuation total reflection (ATR) mode. The surface topology and roughness
of the membranes were characterized by atomic force microscopy (NTEGRA Spectra,
NT-MDT, Moscow, Russia). The ferroelectric properties of PVTF NPs were characterized
using piezoresponse force microscopy (PFM)(NTEGRA Spectra, NT-MDT, Moscow, Russia),
where a bias voltage ranging from −10 V to 10 V was applied at the tip. Surface potential
measurements were conducted using scanning Kelvin probe microscopy (SKPM) (NTEGRA
Spectra, NT-MDT, Moscow, Russia). Zeta potential was analyzed using a Solid Surface Zeta
Potential Tester (Anton Paar surpass, Graz, Austria) at pH = 7.4.

2.4. Cell Vitality Assays and ALP Assays

Bone marrow mesenchymal stem cells (BMSCs) were isolated from 3-week-old male
Sprague Dawley rats. The cells were plated onto the membrane’s surface at a seeding
density of 50,000 cells/cm2 and cultured in low-glucose Dulbecco’s Modified Eagle Medium
(DMEM, Cellmax, Beijing, China) supplemented with 10% fetal calf serum. At 1 and 3 days
post-seeding, a CCK-8 solution (Dojindo Laboratories, Kumamoto, Japan) was added to the
sample at a 1:10 concentration ratio. After 2 h of incubation, a microplate reader (Multiskan
MK3, Thermo Fisher Scientific, Shanghai, China) was used to measure the optical density
(OD) of the solution at 450 nm.

For morphological assessment, BMSCs were seeded at a density of 5000 cells/cm2 on
the membranes. After three days, the cells were stained with DAPI (Sigma, Ronkonkoma,
NY, USA) for nuclei and Alexa Fluor 594 phalloidin (ATT Bioquest, Pleasanton, CA, USA)
for F-actin. The stained cells were then observed under a laser scanning confocal microscope
(CLSM, ZEISS LSM780, Oberkochen, Germany).

The early osteogenic differentiation of the BMSCs was quantified by alkaline phos-
phatase (ALP) activity. BMSCs were seeded at 50,000 cells/cm2 and, from the third day
onwards, cultured with osteogenic induction factors (10 mM ascorbic acid, 1 mM dexam-
ethasone, and 1 mM β-glycerophosphate sodium). After 7 and 14 days, the cell lysates were
analyzed using the LabAssay ALP kit (Wako, Japan) and BCA protein assay kits (Thermo
Fisher Scientific, Waltham, MA, USA).
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3. Results
3.1. Preparation Principle and Morphology of Materials

PVTF NPs were prepared via a phase separation method [22,35] (Figure 1a). PVTF
molecular chains and water molecules diffused at the phase boundary. Due to the hy-
drophobic interaction between water molecules and the -CF2- in PVTF, the diffusion of
PVTF molecular chains into the aqueous phase will disrupt the hydrogen bond network
among water molecules. To compensate for the disrupted hydrogen bonds, water molecules
formed additional bonds with adjacent ones, creating “ice-like cage hydrates” [36], which
enveloped the PVTF molecular chains in a hydrogen bond network. The PVTF molecular
chains tended to reduce their surface area in the aqueous phase, thus folding into nanopar-
ticles. Then, nanoparticles formed at the phase interface and settled into the lower aqueous
layer under gravity.

Coatings 2024, 14, x FOR PEER REVIEW 4 of 13 
 

 

The early osteogenic differentiation of the BMSCs was quantified by alkaline phos-
phatase (ALP) activity. BMSCs were seeded at 50,000 cells/cm2 and, from the third day 
onwards, cultured with osteogenic induction factors (10 mM ascorbic acid, 1 mM dexa-
methasone, and 1 mM β-glycerophosphate sodium). After 7 and 14 days, the cell lysates 
were analyzed using the LabAssay ALP kit (Wako, Japan) and BCA protein assay kits 
(Thermo Fisher Scientific, Waltham, MA, USA). 

3. Results 
3.1. Preparation Principle and Morphology of Materials 

PVTF NPs were prepared via a phase separation method [22,35] (Figure 1a). PVTF 
molecular chains and water molecules diffused at the phase boundary. Due to the hy-
drophobic interaction between water molecules and the -CF2- in PVTF, the diffusion of 
PVTF molecular chains into the aqueous phase will disrupt the hydrogen bond network 
among water molecules. To compensate for the disrupted hydrogen bonds, water mole-
cules formed additional bonds with adjacent ones, creating “ice-like cage hydrates” [36], 
which enveloped the PVTF molecular chains in a hydrogen bond network. The PVTF 
molecular chains tended to reduce their surface area in the aqueous phase, thus folding 
into nanoparticles. Then, nanoparticles formed at the phase interface and settled into the 
lower aqueous layer under gravity. 

 
Figure 1. Preparation process of PN/PLA (a) and SEM images of PVTF NPs (b) and PN/PLA (c). 

PVTF NPs were standard spherical shapes with smooth surfaces. The diameters of 
PVTF NPs were distributed between 200 and 800 nm, most of which were around 500 nm 
(Figure 1b). 

In order to allow the PVTF NPs to function on the membrane surface and minimize 
the amount of non-degradable PVTF NPs, the PVTF NPs were spin-coated onto the sur-
face of the PLA substrate and fixed by heating. The thermal treatment was performed at 
160 °C, a temperature slightly above the melting point of PVTF (150.2 °C) and within the 
processing temperature range of PLA (148.2–187.4 °C). PVTF NPs melted during heating 
and crystallized during the cooling process. This resulted in striated crystallization on the 
surface of the PVTF NPs (Figure 1c), consistent with the characteristics of fibrillar stria-
tion in PVTF membranes after annealing [16]. Simultaneously, the bottom of the PVTF 
NPs melted and integrated with the PLA substrate. If the heating temperature was set to 
be above 160 °C, the PVTF NPs completely melted on the PLA substrate, forming blotchy 
crystalline patterns and losing their spherical shape. In subsequent experiments, the 

Figure 1. Preparation process of PN/PLA (a) and SEM images of PVTF NPs (b) and PN/PLA (c).

PVTF NPs were standard spherical shapes with smooth surfaces. The diameters of
PVTF NPs were distributed between 200 and 800 nm, most of which were around 500 nm
(Figure 1b).

In order to allow the PVTF NPs to function on the membrane surface and minimize
the amount of non-degradable PVTF NPs, the PVTF NPs were spin-coated onto the surface
of the PLA substrate and fixed by heating. The thermal treatment was performed at
160 ◦C, a temperature slightly above the melting point of PVTF (150.2 ◦C) and within the
processing temperature range of PLA (148.2–187.4 ◦C). PVTF NPs melted during heating
and crystallized during the cooling process. This resulted in striated crystallization on the
surface of the PVTF NPs (Figure 1c), consistent with the characteristics of fibrillar striation
in PVTF membranes after annealing [16]. Simultaneously, the bottom of the PVTF NPs
melted and integrated with the PLA substrate. If the heating temperature was set to be
above 160 ◦C, the PVTF NPs completely melted on the PLA substrate, forming blotchy
crystalline patterns and losing their spherical shape. In subsequent experiments, the bond
between the PVTF NPs and PLA was tight, with no evident detachment of PVTF NPs from
the PLA substrate.

PN/PLA composite membrane was subjected to corona polarization. When a strong
electric field was applied between the needle-tip electrode and the grounded metal plate
where the sample was placed, the gas molecules near the polarizing electrode tip ionized,
producing ions with the same polarity as the electrode. Under the electric field, these ions
gathered on the surface of the membrane at the grounded electrode, creating an internal
electric field within the membrane [37,38], which induced the alignment of PVTF dipoles.
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3.2. Composition and Ferroelectricity

PVTF has four crystal forms: α, β, γ, and δ [13], among which the β-phase exhibits the
strongest polarity due to its all-trans TTTT arrangement. As indicated by XRD (Figure 2a),
β-phase diffraction peak of PVTF NPs was observed at 2θ = 19.8◦, corresponding to the (110)
and (200) crystal faces [39]. In the XRD patterns of PLA and PN/PLA, the characteristic
peaks of PLA were observed at 2θ = 14.7◦, 16.6◦, 19.0◦ and 22.3◦. To further obtain molecular
structural information of PVTF NPs, FTIR testing was performed (Figure 2b), revealing
two distinct piezoelectric phase absorption bands. The absorption peaks at 848 cm−1

corresponded to the symmetric stretching vibrations of CF2 and the peak at 1402 cm−1 was
a mixed peak of the β and γ phases, corresponding to the non-planar rocking vibration of
CH2. Compared with PLA, PN/PLA showed characteristic peaks of PVTF NPs at 848 cm−1

and 1402 cm−1. The XRD and FTIR spectra confirmed that the β-phase was the dominant
crystal formed in PVTF NPs, laying the foundation for the manifestation of macroscopic
ferroelectricity. PN/PLA contains the characteristic peaks of PLA and PVTF NPs, indicating
that the spin coating–heating method successfully combined PLA and PVTF NPs.
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Figure 2. XRD pattern (a) and FTIR spectrum (b) of PVTF NPs, PLA and PN/PLA. Hysteresis loop
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Atomic force microscopy was employed to measure the polarization behavior of
single-PVTF NP. In KPFM mode, a voltage Vtip = VDC + VAC was applied to the probe tip.
VDC was set between −10~10 V to create a polarization electric field within the probe’s
range, flipping the dipoles of the sample. VAC = V0 cos(ωt) induced vibration in the sample
due to the reverse piezoelectric effect. VAC was used to detect the vibration signals, which
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represent the polarization intensity of the domains. PVTF NPs were placed on a silicon
substrate, and Vtip was applied at a fixed point on the probe tip. As shown in Figure 2c,
when VDC increased from −4 V to 4 V, there was a 75◦ phase shift, indicating that the
dipoles of the PVTF NPs adjusted their direction in the electric field until saturation at
VDC = 4 V. When a reverse voltage of 4 V to −4 V was applied, the dipoles reversed,
achieving saturated polarization strength at VDC = −4 V. The phase change of PVTF NPs
with probe tip voltage was nonlinear and showed hysteresis, forming a hysteresis loop in
the ferroelectric hysteresis curve.

Similarly, as shown in Figure 2d, when a bias of −4 to 4 V was applied, the polarization
strength of the sample dropped to its lowest at 1.2 V and then reached saturation at 4 V with
the increase in electric field strength. This indicated that when the direction of the electric
field was opposite to the intrinsic polarization direction of the domains, the net dipole
moment gradually decreased with the increasing electric field, eventually generating a
reverse dipole moment. The polarization strength lagged behind the electric field strength,
forming a butterfly curve. The hysteresis loop and butterfly curve demonstrated the
ferroelectricity of PVTF NPs.

3.3. Surface Morpholigy and Potential of PN/PLA

Samples without corona polarization were labeled as Unpoled and those undergoing
corona polarization were labeled as Poled. Four groups were established: PLA-Unpoled,
PLA-Poled, PN/PLA-Unpoled and PN/PLA-Poled. The surface morphology of PLA and
PN/PLA is shown in Figure 3a. PLA is a semi-crystalline polymer. After heat treatment,
its surface was smooth with uniformly distributed striated crystalline patterns. There was
no obvious difference in surface morphology before and after polarization. In PN/PLA-
Unpoled and Poled, PVTF NPs maintained their independent spherical structures, which
were evenly distributed on the PLA surface. After heat treatment, the bottom of the PVTF
NPs and the PLA substrate melted and combined.
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Figure 3. SEM images (a) and AFM scanning (b) of PLA and PN/PLA.

Atomic force microscopy was employed to characterize the membrane’s topographic
morphology and surface roughness (Figure 3b). The surface roughness (Ra) of PLA-Unpoled,
PLA-Poled, PN/PLA-Unpoled and PN/PLA-Poled was, respectively, 36.7 ± 3.2 nm,
37.5 ± 3.5 nm, 49.8 ± 10.1 nm and 53.5 ± 6.9 nm. The roughness of the membranes
before and after polarization showed no significant difference, indicating that corona polar-
ization did not alter the surface roughness. PVTF NPs were distributed on the PLA surface,
forming high protrusions in the 3D morphology; hence, the roughness of PN/PLA was
higher than that of PLA.

The surface potentials of PLA and PVTF NP were measured by KPFM, as shown in
Figure 4a. During scanning, the tip and the sample do not make direct contact, creating a
capacitor-like structure. There is a work function difference between the tip and sample,
so when moving the tip to change the distance between “capacitor”, there is electron flow
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(i.e., current) in the circuit between the sample and the tip. If voltage compensation is
applied to the tip, and this compensation exactly matches the work function difference
between the tip and sample, the circuit’s current will be zero. Therefore, when the current
between the tip and sample is zero, the surface potential of the sample can be determined
from the applied compensating voltage and the known work function of the tip [40,41].
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The surface potentials of PLA-Unpoled and PLA-Poled were −215 mV and 5.57 V,
respectively. After corona polarization, the polarity of PLA’s surface potential significantly
changed. The surface potential of a single PVTF NP was 130 mV before polarization and
−177 mV after polarization. PLA and PVTF NP exhibited completely opposite potential
changes after polarization. During corona polarization, the positively charged tip ionizes
positive ions in the air, which then concentrate on the membrane surface under the influence
of an electric field. Two phenomena occur: 1. Surface ions interacting with and being
injected into the polymer are fixed or trapped by the polymer. 2. A strong electric field
is formed between the surface ions and the metal plate beneath the sample, aligning the
dipoles within the polymer [42]. For PLA, the former effect may be stronger than the latter,
with the injection of charge leading to a significant increase in surface potential to 5.57 V.
This was much higher than the potential level generated by typical dipole alignment. For
PVTF NP, a strong ferroelectric material, the latter effect may be stronger. Under the electric
field, PVTF NP’s dipoles align, causing negatively charged fluorine atoms to migrate
towards the upper surface, thereby generating a potential opposite to the electric field [16].

The surface potentials in a wet state were characterized by the zeta potentials at
pH = 7.4. As shown in Figure 4b, the zeta potentials of PLA-Unpoled, PLA-Poled, PN/PLA-
Unpoled and PN/PLA-Poled were −60.3 mV, −27.0 mV, −63.4 mV and −51.7 mV, re-
spectively. Firstly, the difference in surface zeta potentials between PLA-Unpoled and
PN/PLA-Unpoled was minor, indicating that the surface potential of PVTF NPs before
polarization was negligible. Secondly, after polarization, the surface potentials of both
PLA and PN/PLA shifted in the positive direction, consistent with the trend observed in
KPFM, which may be attributed to the positive shift in PLA’s potential. Lastly, the zeta
potential of PN/PLA-Poled was more negative than PLA-Poled and the potential shift of
PN/PLA-Poled after polarization (+11.7 mV) was lower than that of PLA-Poled (+33.3 mV).
It is speculated that the negative shift in PVTF NPs’ potential counteracted part of PLA’s
positive potential shift. Therefore, PVTF NPs possibly formed potential low points and
evenly distributed on the PLA substrate surface.
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3.4. Degradability of PN/PLA

PN/PLA was immersed in simulated body fluid (SBF, 37 ◦C) for 4 weeks to observe
its degradation. As shown in Figure 5a, the surface morphology of PN/PLA underwent
significant changes. On the surface of PLA, fine pores began to appear and expanded
between the crystalline stripes. After four weeks of immersion, a net full of pores formed,
constituted by stripe-like crystalline frameworks. The surface of PVTF NPs remained
stable, maintaining their individual spherical shapes with no pores or cracks on the surface.
The bond between PVTF NPs and the PLA substrate remained tight over the four weeks,
with essentially no detachment observed. In an ideal scenario, in the early stages of
implantation, PVTF NPs bond to PLA substrate tightly and exhibit electroactivity. In the
later stages, as PLA gradually degrades, PVTF NPs detach from the PLA surface, becoming
free nanoparticles, and are excreted from the body with the metabolism of body fluids.
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The crystallinity of PN/PLA over 4 weeks of degradation was characterized by XRD
(Figure 5b). At 2θ = 14.7◦, 16.6◦, and 19.0◦, PLA exhibited its characteristic diffraction
peaks, showing typical crystalline polymer features. During the process of degradation,
the intensity of PLA characteristic peaks noticeably decreased, indicating a reduction
in crystallinity.

In a simulated body fluid environment, PLA underwent uneven hydrolytic degrada-
tion. The ester groups on the molecular chains reacted with water, leading to the breakage
of PLA molecular chains, gradually disordering the neatly arranged molecular chains.
PLA transitioned from a crystalline state to an amorphous state, resulting in decreased
crystallinity [43]. The degradation rate of PLA is related to its crystallinity. Amorphous
regions degrade first, while crystalline parts degrade gradually from the outside in [44,45].
The pores resulting from the degradation of amorphous regions in Figure 4a created a
network structure made of stripes.

3.5. Biocompatibility and Osteogenesis of PN/PLA

To assess the biocompatibility of the membranes, BMSCs were seeded and cultured
on the surface of membranes. CCK-8 assays were conducted on the first and third days
to evaluate cell adhesion and proliferation, and the results are shown in Figure 6a. The
y-axis in the figure represents the absorbance of CCK-8, where higher absorbance indicates
a higher cell count. The OD value of the first day evaluates the number of cells adhering to
the membrane, and the value obtained on the third day is used to assess cell proliferation.
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After 1 and 3 days, there was no significant difference in cell numbers between
PLA-Unpoled and PLA-Poled, indicating that the potential changes in PLA after corona
polarization have limited effect on cell behaviors. Moreover, the cell counts on PLA-
Unpoled and PN/PLA-Unpoled were comparable, so the influence of the morphology
and composition of PVTF NPs can be eliminated. The cell number on PN/PLA-Poled was
significantly higher than that of the other three groups, indicating that polarized PVTF NPs
can promote cell adhesion and proliferation.

After culturing BMSCs on the membrane surface for 3 days, the cell morphology was
observed, as shown in Figure 6b. Cells on the surface of PLA-Unpoled, PLA-Poled and
PN/PLA-Unpoled appeared elongated. However, the cells on PN/PLA-Poled were in
good condition, with significantly increased spreading area and perimeter. This result
was consistent with the result of CCK-8 assay, indicating a significant improvement in the
biocompatibility of PN/PLA-Poled, which is attributed to the surface PVTF NPs.

ALP activity, a marker of early osteogenic differentiation, was used to assess the
osteogenic response of BMSCs (Figure 7). After seven days of culture, there was no
notable difference in ALP activity among PLA-Unpoled, PLA-Poled and PN/PLA-Unpoled.
PN/PLA-Poled achieved the highest ALP activity, which was 39.52% and 36.96% higher
than PLA-Poled and PN/PLA-Unpoled, respectively. The results from 14 days were
consistent with the trend observed on the seventh day.

The above results indicated that the morphology and composition of PVTF NPs, as
well as the potential shift in PLA after polarization, had no significant effect on promoting
osteogenic differentiation of BMSCs. PVTF NPs after polarization significantly enhance the
early osteogenic differentiation of BMSCs.

PVTF NPs formed dispersed spots with negative potentials on the PLA substrate. It
is speculated that such negative potentials regulate the distribution of integrins on the
material surface, thereby regulating cell fate. The mechanism of PVTF NPs promoting
osteogenic differentiation requires further exploration. There are several mechanisms that
explain this phenomenon. Cells attach to material surfaces mainly by recognizing proteins
on biological surfaces and establishing binding through integrins and proteins. The surface
potential of PVTF affects the protein configuration, thereby affecting the integrin-mediated
osteogenic differentiation signaling pathway. Tang et al. [16] found that on the surface
of different potentials, the exposure degree and relative distance between the two main
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adhesion sites RGD and PHSRN between integrin α5β1 and ankyrin FN changed. Under an
appropriate surface potential, integrin α5β1 and ankyrin FN can be fully bound to enhance
the activation of the osteogenic differentiation pathway. Patterned material surfaces with
electrical potential gradients also have an impact on osteogenic differentiation. Zhang
et al. [17,18] found that locally distributed electrical signals caused local differences in
integrin expression and distribution. The skeleton state of cells on the surface of the
material is regulated by integrins, thereby enhancing the osteogenic differentiation ability
of the cells.
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4. Conclusions

In this work, ferroelectric PVTF NPs were incorporated onto the degradable PLA
surface to create PN/PLA membrane. PVTF NPs with ferroelectric β phase exhibited
negative potentials after corona polarization. Therefore, it is speculated that PVTF NPs
formed dispersed spots with negative potentials, thereby modulating the overall surface
potential of PN/PLA membrane. Such negative surface potential promoted the adhesion,
proliferation and early osteogenic differentiation of BMSCs. Meanwhile, PN/PLA showed
degradability in simulated body fluid. The electroactivity and degradability could be joined
together in this study, which is promising for tissue regeneration biomaterials, such as
guided bone regeneration membrane.
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