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A biomaterial-mediated immune response is a critical factor to determine the cell fate as well as
the tissue-regenerative outcome. Although piezoelectric-membranes have attracted
considerable interest in the field of guided bone regeneration thanks to their biomimetic
electroactivity, the influence of their different surface-charge polarities on the immune-
osteogenic microenvironment remains obscure. The present study aimed at investigating
the interaction between piezoelectric poly (vinylidene fluoridetrifluoroethylene) [P (VDF-TrFE)]
membranes with different surface polarities (negative or positive) and macrophage response,
aswell as their subsequent influence on osteogenesis froman immunomodulating perspective.
Specifically, the morphology, wettability, crystal phase, piezoelectric performance, and surface
potential of the synthetic P (VDF-TrFE) samples were systematically characterized. In addition,
RAW 264.7 macrophages were seeded onto differently charged P (VDF-TrFE) surfaces, and
the culture supernatants were used to supplement cultures of rat bone marrow mesenchymal
stem cells (rBMSCs) on the corresponding P (VDF-TrFE) surfaces. Our results revealed that
oppositely charged surfaces had different abilities in modulating the macrophage-immune-
osteogenic microenvironment. Negatively charged P (VDF-TrFE), characterized by the highest
macrophage elongation effect, induced a switch in the phenotype of macrophages from M0
(inactivated) to M2 (anti-inflammatory), thus promoting the osteogenic differentiation of
rBMSCs by releasing anti-inflammatory cytokine IL-10. Interestingly, positively charged P
(VDF-TrFE) possessed pro-inflammatory properties to induce an M1 (pro-inflammatory)
macrophage-dominated reaction, without compromising the subsequent osteogenesis as
expected. In conclusion, these findings highlighted the distinct modulatory effect of
piezoelectric-P (VDF-TrFE) membranes on the macrophage phenotype, inflammatory
reaction, and consequent immune-osteogenic microenvironment depending on their
surface-charge polarity. This study provides significant insight into the design of effective
immunoregulatory materials for the guided bone regeneration application.
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1 INTRODUCTION

Guided bone regeneration (GBR) is recognized as a minimally
invasive bone augmentation technique for the reconstruction of
maxillofacial bone defects, involving a combined application of
bone graft with a barrier membrane (Omar et al., 2019). The GBR
barrier membrane not only maintains the space stability of the
graft fillings but also prevents bone-healing areas from gingival-
fibrous tissue invasion, thereby promoting new bone regeneration
(Sasaki et al., 2021). To date, bioinert GBR barrier membranes
have been used in clinical applications, including the alveolar
bone defects secondary to periodontitis, tumor, and maxillofacial
trauma (Omar et al., 2019; Balbinot et al., 2021). However,
considering the biological mechanisms of GBR treatment, the
barrier membranes with potential osteoinductivity are required to
further improve new bone formation and regeneration.

Endogenous electrical signals are characterized by the
promotion of bone growth and reconstruction, but they are
compromised when bone defects occur (Hassler et al., 1977;
Isaacson and Bloebaum, 2010; Liu et al., 2017). It is well
known that an external electrical stimulation can promote
bone healing by restoring the electrical potential at the site of
the bone defect (Fonseca et al., 2019; Rohde et al., 2019).Whereas,
the clinical application of this approach is limited by its poor
efficiency and inconvenience (Zhang et al., 2018). To overcome
this shortcoming, the implantation of inherently charged
biomaterials is a promising strategy for providing localized
electrical stimulation to precisely modulate bone regeneration
(Rajabi et al., 2015; Zhang et al., 2018). Piezoelectric materials are
characterized by a unique polarization performance that can be
switched by mechanical stimulation or an external electric field
(Tandon et al., 2018; Khare et al., 2020). After electric polarization
in a direct-current (DC) electric field, the generation of aligned
dipoles creates polarized charges distributed on the surface of
piezoelectric materials (Lee et al., 2015; Khare et al., 2020). The
application of these piezoelectric polymers can be considered in
bone regeneration thanks to their biomimetic electroactivity and
proved the promotion of osteogenesis by mimicking the
endogenous electrical microenvironment both in vitro and in
vivo (Zhou et al., 2016; Gorodzha et al., 2017; Tang et al., 2017;
Chudinova et al., 2019; Wang et al., 2020). In that, piezoelectric
membranes have also been concerned in the research and
development of GBR barrier membranes (Teixeira et al., 2011;
Bai et al., 2019). Especially, the in vivo osteogenic effect of
piezoelectric barium titanate/poly (vinylidene
fluoridetrifluoroethylene) [BTO/P (VDF-TrFE)] membrane,
superior to PTFE (Poly tetra fluoroethylene) barrier membrane
commonly used, inspires the potential clinical application of
piezoelectric membrane (Bai et al., 2019). Nonetheless, the
influence of the surface charge polarity of the piezoelectric
materials (negative or positive charges) on their osteogenic
performance has been controversially discussed. Zhang et al.
demonstrated that the negatively charged poly (vinylidene
fluoridetrifluoroethylene) [P (VDF-TrFE)] membranes with
excellent biocompatibility induce osteogenesis both in vitro
and in vivo (Zhang et al., 2018). Conversely, some conflicting
reports revealed that positively charged substrates with

piezoelectricity exert the most significant osteogenic effect on
either osteoblasts (Vanek et al., 2016) or mesenchymal stem cells
(MSCs) (Liu et al., 2017).

In principle, the implantation of biomaterial inevitably
triggers an immune response mediated by the innate immune
cells. The extent of this response plays a crucial role in the
initiation of bone regeneration (Seebach and Kubatzky, 2019;
Sadowska and Ginebra, 2020). In that, macrophages are
recognized as forerunners to discern and respond to
foreign biomaterials (Miron and Bosshardt, 2016; Ogle
et al., 2016). During the early stages after implantation of
biomaterials, the macrophages migrate to the implant area
and differentiate into the pro-inflammatory M1 phenotype
(classical type), triggering the defensive inflammation by the
release of pro-inflammatory molecules, such as interleukin
(IL)-1, tumor necrosis factor (TNF)-α and inducible nitric
oxide synthase (iNOS) (Wu et al., 2020). The phenotype
plasticity allows macrophages to switch into different
phenotypes in response to distinct material signals (Miron
and Bosshardt, 2016; Xu et al., 2020). Subsequently, anti-
inflammatory M2 macrophages (alternative type) participate
in bone reconstruction by the production of anti-
inflammatory molecules, including arginase-1 (Arg-1), IL-
10, and IL-4 (Wei et al., 2018). Moreover, the prolongation of
the M1 phenotype state causes the rejection of the
biomaterial, thereby compromising bone regeneration
(Amengual-Penafiel et al., 2019). Under favorable
conditions, the conversion of macrophage into the M2
phenotype ends the pro-inflammatory state and induces a
beneficial immunological memory, in turn inducing a
favorable osteogenic environment to accelerate bone
repairing (Brown et al., 2017; Wang X. et al., 2021). Based
on the above considerations, the regulative effect of
biomaterials on macrophage-mediated osteogenesis is an
important criterion for evaluating their potential for bone-
regenerative application (Neacsu et al., 2014; Jin et al., 2019;
Zhang et al., 2019). To date, only a few studies reported the
regulation effect of piezoelectric materials on the immune-
osteogenic microenvironment. The M2 macrophages could
be induced by an electrical environment built by charged P
(VDF-TrFE) coatings (Wang Z. et al., 2021). Nevertheless, an
inconsistent result showed that the surface charges of
piezoelectric PVDF could cause a M1 macrophage-
dominated response, thus promising in the field of tumor
immunotherapy (Kong et al., 2021). Moreover, previous
studies demonstrated that the cation (positive potential)
triggers inflammation, whereas the anion (negative
potential) ameliorates the inflammatory response
(Brodbeck et al., 2002; Ding et al., 2020; Xie et al., 2020).
Based on the controversy regarding the macrophage response
to the charged piezoelectric material, our hypothesis was that
the surface-charge polarity (negative or positive) of the
piezoelectric material might be an essential factor in
determining the inflammatory response by macrophages.

Herein, given the potency of piezoelectric membranes to be
applied for GBR treatment, it is imperative to clarify whether
their different-charge characteristic could differentially affect the
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macrophage behavior and thus osteogenesis, aiming to promote
the development of piezoelectric GBR membranes. In the present
study, the P (VDF-TrFE) membrane was used as an experimental
material thanks to its good piezoelectricity for generating stable
surface charges and excellent biocompatibility suitable for
medical application (Zhang et al., 2018; Wang Z. et al., 2021).
Moreover, negatively (poled -), positively (poled +), and neutrally
(nonpoled) charged P (VDF-TrFE) membranes were fabricated,
and their regulative effect on phenotype and inflammation of
RAW 264.7 macrophages were determined. To further
understand the critical role of macrophage response in the
osteogenic differentiation induced by differently charged P
(VDF-TrFE), rat bone marrow mesenchymal stem cells
(rBMSCs) were further characterized after establishing an
immune-osteogenic microenvironment model consisting of P
(VDF-TrFE)–macrophage–BMSC using indirect co-culture
method.

2 MATERIALS AND METHODS

2.1 Fabrication and Characterization of P
(VDF-TrFE) Membranes
For fabrication of P (VDF-TrFE) membrane, a total of 3 g
powdered P (VDF-TrFE) polymer (Arkema, Paris, France)
were added to 20 ml N, N-dimethylformamide (Aladdin Chem
Co., Ltd., Shanghai, China) and stirred at 60°C until the powder
was entirely dissolved. The P (VDF-TrFE) solution was dripped
onto a sandblasted titanium substrate, then placed in a drying
oven at 80°C to allow the evaporation of the solvent, and it
subsequently underwent isothermal crystallization, as described
in our previous study (Zhou et al., 2016). A DC electric field
(6 kV/cm, 60 min, 120°C) was used for poling the P (VDF-TrFE)
membranes.

Scanning electron microscopy (SEM; Gemini 300, Zeiss,
Germany) was used to analyze the surface morphology of the
P (VDF-TrFE) membranes. The wettability of differently
charged materials was measured using a water contact
angle test. X-ray diffraction (XRD, SmartLab, Rigaku,
Japan) and Fourier-transform infrared spectroscopy (FTIR,
IRAffinity-1s, Shimadzu, Japan) were used to determine the
crystal phase composition of the material before (“nonpoled”)
and after (“poled −” and “poled +”) the poling treatment. The
piezoelectric coefficient (d33) of the P (VDF-TrFE)
membranes immersed in DMEM for 6 weeks was measured
using a piezoelectric response instrument (YE2730A,
Sinoceramics, China) to determine the stability of
piezoelectricity and electroactivity. Kelvin probe force
microscopy (KPFM) measurements were conducted using
the KPFM mode in a scanning probe microscope
(Multimode 8, Bruker, Germany) to measure the relative
surface potential of the poled P (VDF-TrFE) membranes,
using the characteristics of neutrally charged P (VDF-
TrFE) membrane (“nonpoled”) as a reference. According to
the charge characteristics of the membranes, this experiment
was divided into “poled −,” “poled +,” and “nonpoled” groups,
the latter used as the control group.

2.2 Macrophage Response to Differently
Charged P (VDF-TrFE) Membranes
2.2.1 Direct Contact Test
RAW 264.7 cells (ATCC number: TIB-71, American Type
Culture Collection, USA) were cultured in DMEM/high
glucose media (Thermo Fisher Scientific, USA), supplemented
with 10% fetal bovine serum (FBS, ExCell Bio, Shanghai, China)
and 1% penicillin/streptomycin (Thermo Fisher Scientific, USA).
The cells were digested and passaged using 0.25% trypsin
(Thermo Fisher Scientific, USA) after reaching 80%
confluence. The “nonpoled,” “poled −,” and “poled +” P
(VDF-TrFE) membranes were disinfected overnight in 75%
ethanol at room temperature, then exposed to ultraviolet light
for 1 h prior to tests. The RAW 264.7 cells were then seeded on
the different P (VDF-TrFE) membranes at a cell density of 2 × 104

cells/cm2. After 3 days of culture, the phenotype and
inflammation response of the macrophage was determined.

2.2.2 Cell Viability
Lactate dehydrogenase (LDH) levels were determined using the
LDH assay kit (Beyotime Biotechnology, Shanghai, China) to
clarify whether the presence of surface charges compromises cell
viability. The culture supernatants were collected, and the LDH
release was measured according to the manufacturer’s
instructions.

2.2.3 Cell Adhesion and Morphology
The number of macrophages adhering to the P (VDF-TrFE)
membranes was assessed after being fixed with 4%
paraformaldehyde. The nuclei were stained with 4,6-
diamidino-2-phenylindole dilactate (DAPI) solution
(Invitrogen, USA), the cells were visualized using a
fluorescence microscope (DM4000B, Leica, Germany) and
quantified using ImageJ software. The morphology of
macrophages on the P (VDF-TrFE) membrane was
observed by fluorescence microscopy, and the images were
acquired after staining with both DAPI and fluorescein
isothiocyanate (FITC)-phalloidin solution (Invitrogen,
USA). The morphology was characterized by ImageJ by the
determination of the cell surface area (μm2), cell perimeter
(μm), Feret’s diameter (μm) and cell diameter aspect ratio
(maximum diameter/minimum diameter, Dmax/Dmin, %), as
previously reported (McWhorter et al., 2013; Cipriano et al.,
2015; Fahlgren et al., 2015).

2.2.4 Macrophage Phenotype Analysis
The surface markers of M1 (CCR7) and M2 (CD206)
macrophages were analyzed using flow cytometry. After the
removal of the RAW 264.7 cells from the P (VDF-TrFE)
membranes, they were rinsed with phosphate buffered saline
(PBS) and resuspended in 100 μl PBS (1 × 106 cells per analysis
tube). The cells were incubated with PE-labeled CD206 antibody
(Biolegend, USA) and APC-labeled CCR7 antibody (Biolegend,
USA) and analyzed by flow cytometry (Cytoflex, Beckman, USA).
The distribution of the positive markers was evaluated using Flow
Jo software.
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2.2.5 Pro-/anti-inflammatory Protein Expression and
Cytokine Secretion
The expression of M1/M2 macrophage-related protein iNOS
and Arg-1 was detected by western blot analysis. Briefly, the
total protein was extracted from RAW 264.7 cells using lysis
buffer mixed with a protease inhibitor, and the concentration
was quantified. For each group (“nonpoled,” “poled −,” and
“poled +” groups), a total of 20 μg protein was separated by 12%
SDS-PAGE, and the bands were transferred to PVDF
membranes. The membranes were blocked by 5% bovine
serum albumin (BSA), subsequently incubated with the
GAPDH (Boster, China), iNOS and Arg-1 primary antibodies
(Proteintech, China) overnight at 4°C, and then with the
appropriate secondary antibody (Boster, China) for 1 h at
room temperature. The PVDF membranes were rinsed with
tris-buffered saline/Tween, the protein bands were visualized
using enhanced chemiluminescence, and the images were
captured. The protein expression was determined from the
grayscale values of the protein bands using ImageJ software.
The secretion of the pro/anti-inflammatory cytokines TNF-α,
IL-10 was measured using Enzyme-linked immunosorbent
assay (ELISA) kits (Elabscience, China). After 3 days of
incubation, the cells were rinsed and then cultured in a
serum starvation media for 6 h. Next, the supernatants were
extracted and centrifugated for 10 min at 1,000 rpm and 4°C,
followed with the storage at −80°C before use. The concentration
of the above cytokines in each group was measured according to
the manufacturer’s instructions. The optical density (OD) of
each well was measured using a microplate reader (ELX808, Bio-
Tek, USA) at a wavelength of 450 nm.

2.2.6 Pro-/anti-inflammatory Gene Expression
The mRNA expression of pro-inflammatory genes (iNOS and
TNF-α) and the anti-inflammatory ones (Arg-1 and IL-10) was
quantified by quantitative real-time polymerase chain reaction
(qRT-PCR). Briefly, the total RNA from macrophages was
extracted using the TRIzol reagent (Invitrogen, USA) and then
quantified using a Nanodrop 2000 spectrophotometer (Thermo
Fisher Scientific, USA). An amount of 1,000 ng total RNA was
used to synthesize cDNA using a FastKing gDNA Dispelling RT
SuperMix kit (Tiangen, China). Next, RT-PCR was performed
using a FastKing One-Step RT-qPCR kit (SYBR Green, Tiangen,
China) by a PCR instrument (CFX Connect, Bio-Rad, USA). The
primers used are listed in Table 1.

2.3 Osteogenic Differentiation of rBMSCs
on Different P (VDF-TrFE) Surfaces in
Conditioned Media
2.3.1 Conditioned Media Preparation and rBMSC
Culture
We further investigated whether the macrophage response,
mediated by differently charged P (VDF-TrFE) membranes,
may influence the osteogenic differentiation of rBMSCs cultured
on charged P (VDF-TrFE) membranes. As shown in Figure 1, the
macrophage supernatants were collected as described above (the
Materials and Methods 2.2.5) and were diluted one-fold with a
fresh complete DMEM/F12 containing an osteogenic induction
medium (Cyagen Biosciences, Guangzhou, China), thus
constituting the conditioned media (CM) for each group,
followed by the storage at −80°C before use. The rBMSCs
(Cyagen Biosciences, Guangzhou, China) were seeded on P
(VDF-TrFE) membranes at a density of 2 × 104 cells/cm2, then
cultured in DMEM/F12 media supplemented with 10% FBS and
1% penicillin/streptomycin. After 24 h of culture, the complete
culture media was replaced with CM. rBMSCs were located in two
environments, one represented by the P (VDF-TrFE) surfaces, and
the other by the corresponding macrophage-CM, divided into the
“poled −/CM,” “poled +/CM” and “nonpoled/CM” groups. The
rBMSCs cultured on the corresponding P (VDF-TrFE) membrane
without CMwere used as a control, named for the “poled -,” “poled
+” and “nonpoled” groups.

2.3.2 Cell Morphology
The DAPI nuclear staining and cytoskeleton-phalloidin staining
were performed as mentioned above (the Materials and Methods
2.2.3) to determine whether the CM from the macrophage culture
influenced the cell spreading of rBMSCs on differently charged P
(VDF-TrFE) membranes at 1 and 3 days of culture. The results
were observed by fluorescence microscopy.

2.3.3 Alkaline Phosphatase Staining and Gene
Analysis
To clarify whether the CM from macrophage-P (VDF-TrFE)
culture modulates osteogenic differentiation, alkaline
phosphatase (ALP) staining and gene expression analysis were
performed after 7 days of culture, as reported before (Purohit
et al., 2020). In short, the cells were rinsed three times in PBS,
fixed with 4% paraformaldehyde for 10 min, then incubated in

TABLE 1 | Primer sequences of qRT-PCR.

Genes Forward primer sequences
(59-39)

Reverse primer sequences
(59-39)

Mouse-iNOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC
Mouse-TNF-α CTGAACTTCGGGGTGATCGG GGCTTGTCACTCGAATTTTGAGA
Mouse-Arg-1 TTGGGTGGATGCTCACACTG GTACACGATGTCTTTGGCAGA
Mouse-IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
Mouse-GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
Rat-ALP CCTAGACACAAGCACTCCCACTA GTCAGTCAGGTTGTTCCGATTC
Rat-GAPDH GGCAAGTTCAACGGCACAGT GCCAGTAGACTCCACGACAT
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ALP staining solution (Beyotime Biotechnology, Shanghai,
China) at room temperature for 1 h. The gene expression was
evaluated as described in paragraph 2.2.6 and the primers used
are listed in Table 1.

2.3.4 Alizarin Red Staining
The culture of rBMSCs with or without CM was performed for
14 days. Then, the cells were washed in PBS, fixed, and the
mineralized nodules produced by the rBMSCs were visualized
by the incubation with 2% alizarin red solution (Cyagen
Biosciences, China) at room temperature for 1 h. According to
the manufacturer´s instructions, the mineralized nodules were
quantified at 562 nm using a microplate reader.

2.4 Statistical Analysis
Statistical analysis was performed using SPSS 22.0 software
(IBM Corporation, Chicago, USA). The results were
expressed as mean and standard deviation. Where
applicable, the Shapiro-Wilk test was performed to analyze
the normal distributions of all experimental data sets.
Statistical comparisons between two groups were
calculated using a paired Student’s t-test. Comparisons of
three groups were performed using one-way analysis of
variance (ANOVA) followed by post hoc Tukey’s multiple
comparison tests if normality tests passed. Non-parametric
data sets were analyzed by the Kruskal-Wallis test followed by
Bonferroni’s multiple comparisons test. A p-value less than
0.05 was considered statistically significant.

3 RESULTS

3.1 P (VDF-TrFE) Membrane
Characterization
The P (VDF-TrFE) membranes used in this study were
approximately 50 μm in thickness. The P (VDF-TrFE)
membranes were electrically poled, followed by the detection of
the β-phase content and piezoelectric coefficient (d33) constant
that are common parameters for characterizing the electroactivity
of the piezoelectric materials to reflect whether the electrical poling
successfully alters the direction of the electric dipoles (Bai et al.,
2019; Khare et al., 2020). In addition, FTIR and XRD were used to
determine the β-phase content of P (VDF-TrFE). After the poling
treatment, both the “poled −” and “poled +” P (VDF-TrFE)
displayed typical β-phase peaks (840 cm−1, 1,400 cm−1) in the
FTIR mapping (Figure 2A). The XRD analysis (Figure 2B)
revealed that the “poled -” and “poled +” P (VDF-TrFE)
membranes had a more distinct peak at approximately 20°

when compared to that of the nonpoled samples. This implies
that the poled P (VDF-TrFE) had the high content of the β-phase,
as previously reported (Zhang et al., 2018). The d33 test results
showed that the d33 values increased from 0.4 pC/N to
approximately 15 pC/N after the poling treatment. From the
stability analysis of piezoelectric performance (Figure 2C), one-
way ANOVA analysis demonstrated that the d33 value of poled
membrane did not change significantly with increased immersion
time (F (5, 12) � 2.987, p � 0.06), stable at approximately 15 pC/N.
The poled membranes possessed a macroscopic polarity, resulting

FIGURE 1 | Schematic illustration of the conditioned-media preparation. The supernatants were collected from macrophage-P (VDF-TrFE) culture and the
conditioned media were further prepared to cultivate BMSCs.
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in a “poled −” face and a “poled +” face. The “poled -” and “poled
+” faces were toward the negative and positive pole of the DC
electric field and adsorbed the negative and positive polarized
charges in terms of theory, respectively (Zhou et al., 2016; Khare
et al., 2020; Dai et al., 2021).

The SEM images of the P (VDF-TrFE) membranes showed
relatively smooth surfaces, indicating no apparent differences
between “poled −,” “poled +” and “nonpoled” surfaces
(Figure 3A). Furthermore, statistical analysis by one-way
ANOVA indicated no significant differences in water contact
angles (F (2, 6) � 0.040, p � 0.961), with values of 73.20 ± 16.90°,
77.11 ± 18.66°, and 75.09 ± 14.83° for the “poled −,” “poled +” and
“nonpoled” surfaces, respectively (Figure 3B). The surface
potential was further measured by KPFM to confirm the
surface-charge polarities, as displayed in Figure 3C. The

results revealed that the relative surface potential values of the
“poled −,” “poled +,” and “nonpoled” were −0.846 ± 0.020 V,
1.20 ± 0.451 V, and 0.333 ± 0.162 V, respectively. The obtained
negatively and positively charged P (VDF-TrFE) membranes
were used as model materials for subsequent experiments, and
the nonpoled membrane was used as the control group.

3.2 Macrophage Response to P (VDF-TrFE)
Membrane in vitro
The ability of the differently charged P (VDF-TrFE) membranes to
modulate the inflammatory behavior of macrophages was
evaluated after 3 days of incubation. RAW 264.7 cells seeded on
P (VDF-TrFE) membranes were used to determine cell adhesion,
cell elongation, M1/M2 phenotype markers, the expression of the

FIGURE 2 | Piezoelectric characterization of P (VDF-TrFE) membranes. (A) FTIR images and (B) XRD patterns for “poled −,” “poled +” and “nonpoled” P (VDF-TrFE)
samples, demonstrating the content of electroactive β-phase. (C) Piezoelectric coefficient (d33) of the poled P (VDF-TrFE) membranes immersed in DMEM for 6 weeks,
indicating the stable electrical properties.

FIGURE 3 | Physical characterization of P (VDF-TrFE) membranes with different polarities. (A) Representative SEM micrographs at 500×magnification (scale bar:
50 μm). (B)Water contact angle analysis. (C) KPFM images displaying the relative surface potential distribution of the negatively, positively, and neutrally charged P
(VDF-TrFE) membranes.
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phenotype-related protein, the secretion of inflammatory
cytokines, and the expression of inflammatory genes. Statistical
analysis by one-way ANOVA showed no significant differences in
LDH release among the different groups at 1 d (F (2, 6) � 0.869, p �
0.466) and 3 d (F (2, 6) � 0.397, p � 0.689) of culture (Figure 4A).
Regarding the initial adhesion of macrophages as demonstrated by
the fluorescence images and corresponding quantitative analysis,
one-way ANOVA test exhibited significant differences in the
macrophage adhesion induced by differently-charged surfaces at
2 h (F (2, 6) � 16.778, p � 0.003), 4 h (F (2, 6) � 89.126, p < 0.0001)
and 6 h (F (2, 6) � 27.810, p � 0.001) of incubation. The pairwise
comparisons showed a higher number of DAPI-positive cells were
attached to the “poled −” surface when compared to those attached
to the “poled +” (p < 0.001) or “nonpoled” (p < 0.001) surfaces after
4 h of incubation (Figures 4B,C).

Regarding cell-morphology images, RAW 264.7 cells cultured
on the “poled −” surface possessed an elongated morphology, in
comparison to the cells on the “poled +” and “nonpoled” surfaces
showing a round shape with filopodia (Figure 5A). Generally, the
cell elongation is characterized by the quantitative analysis of cell
aspect ratio. The Kruskal-Wallis test showed a significant
difference in cell aspect ratio among the different groups (H
(2) � 21.998, p � 0.00002). Specifically, Bonferroni’s multiple
comparisons showed a significantly higher ratio in the “poled −”
(3.01 ± 1.65%) group when compared to the “nonpoled” (1.33 ±
0.31%, p < 0.001) and “poled +” (1.93 ± 1.06%, p < 0.05) groups
(Figure 5B). Meanwhile, the “poled −” and P (VDF-TrFE)
resulted in increased cell area, perimeter and Feret’s diameter

(Figures 5C–E), indicated by the statistical result of Kruskal-
Wallis test for cell perimeter (H (2) � 30.931, p < 0.001) and
Feret’s diameter (H (2) � 32.250, p < 0.001) and one-way
ANOVA test for cell area (F (2, 42) � 22.100, p < 0.001).

Flow cytometry was used to confirm the dominant phenotype
of macrophages, showing a significant difference in M1 (F (2, 6) �
33.363, p � 0.001) and M2 (F (2, 6) � 9.689, p � 0.013)
macrophage phenotypes induced by the three surface types.
According to Tukey’s multiple comparisons, the “poled −”
group exhibited the highest proportion of CD206-positive M2
macrophages (17.57 ± 5.41%) than the “poled +” (6.86 ± 4.37%,
p < 0.05) and “nonpoled” (3.74 ± 0.71%, p < 0.05) groups.
Furthermore, the proportion of CCR7-positive M1
macrophages significantly increased from 3.19 ± 4.70% in the
“nonpoled” group to 26.47 ± 3.87% in the “poled +” group (p <
0.01) (Figures 6A,B). Moreover, the results of cytokines secretion
measured by ELISA revealed that IL-10 secretion was shown to be
significantly increased in RAW264.7 cells cultured on the “poled
−” surface (p < 0.01), whereas the highest secretion of TNF-α was
observed in the “poled +” group (p < 0.01) (Figure 6C).

Additionally, the inflammatory protein determined by western
blot revealed that the expression of anti-inflammatoryArg-1 protein
(F (2, 6) � 9.134, p � 0.015) and pro-inflammatory iNOS protein (F
(2, 6) � 8.722, p � 0.017) was significantly different among the
different groups. Subsequently, Tukey’s multiple comparisons
exhibited an increased expression level of Arg-1 in the “poled −”
group compared with the “poled +” and “nonpoled” groups (p <
0.05). On the contrary, the stimulation of the “poled +” surface

FIGURE 4 | Detection of cell adhesion and viability of macrophages cultured on P (VDF-TrFE) membranes. (A)Measurement of the LDH activity to evaluate the cell
viability of the charged P (VDF-TrFE) membranes (neutrally charged surfaces as control). (B) Representative fluorescence images displaying the initial adhesion of
macrophages on the P (VDF-TrFE) membranes after 2, 4, and 6 h of incubation (scale bar: 100 μm). (C)Quantification of adhesive cells. *p < 0.05; **p < 0.01; ***p < 0.001.
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significantly increased iNOS protein expression (p < 0.05) (Figures
6D,E). Concerning the gene expression analysis, statistically
significant differences of the gene expression of Arg-1 (H (2) �
17.623, p � 0.0001), IL-10 (H (2) � 17.464, p � 0.00012), iNOS (H
(2) � 8.802, p � 0.012) and TNF-α (H (2) � 18.224, p � 0.0001) were
confirmed by Kruskal-Wallis test. Post hoc pairwise comparisons
showed a significantly higher Arg-1 and IL-10 expression in the
RAW264.7 cells cultured on the “poled −” surface compared to the
“poled +” (p < 0.01) and “nonploed” (p < 0.001) surfaces, whereas a
significantly higher iNOS expression in the “poled +” surface
compared to the “poled −” (p < 0.05) and “nonploed” (p < 0.05)
surfaces. The expression of TNF-α was significantly increased upon
the stimulation of the “poled +” surface when compared with the
“poled -” surface (p < 0.001) (Figure 6F).

3.3 Association Between Macrophage
Response and Osteogenic Differentiation of
rBMSCs on P (VDF-TrFE) Membrane
The supernatants of the macrophage cultures on differently
charged P (VDF-TrFE) membranes were used to prepare the
CM to stimulate the rBMSCs cultured on the corresponding P
(VDF-TrFE). From cell-fluorescence images, the rBMSCs were
prone to attach on the P (VDF-TrFE) surfaces at 1 d of culture

with the CM incubation, compared with the corresponding
control groups (without the CM incubation). However, there
was no distinct difference in the adhesive cells among the
different groups at 3 d of culture, regardless of the CM
stimulation. These indicated that the CM from macrophages
cultured on the differently charged surfaces might be more
conducive to the initial adhesion of rBMSCs on the
corresponding surfaces. Additionally, the rBMSCs on the
“poled −” and “poled−/CM” condition obviously spread better
than those on the other four groups at 1 and 3 d of culture, with
the most remarkable spreading shape in the “poled−/CM” group
of 3 d (Figure 7).

ALP, as an early-essential indicator of BMSC differentiation to
osteoblast (Wang et al., 2017), was stained in this work to
investigate the osteogenic ability of macrophage-CM and
charged P (VDF-TrFE) membranes. Both the macroscopic and
microscopic images showed that ALP staining was increased in
the “poled −” and “poled −/CM” groups, and the most distinct
effect was observed in the rBMSCs cultured on the “poled −”
surface upon CM stimulation. Otherwise, the CM from “poled +”
surface-macrophage culture slightly increased ALP staining of
rBMSCs on the “poled +” surface (Figure 8A). Regarding the ALP
gene expression, it demonstrated no significant differences in
ALP expression among the three groups without CM stimulation

FIGURE 5 | Macrophage morphology and elongation. (A) Representative fluorescence images of the morphology of RAW 264.7 macrophages after the nucleus
(blue) and cytoskeleton (green) staining (top scale bar: 50 μm, bottom scale bar: 25 μm). (B) Cell diameter aspect ratio (Dmax/Dmin) obtained by the cell morphology
analysis, and the fluorescence images simply illustrating the cell-diameter measurement. Quantitative analysis of (C) cell surface area, (D) cell perimeter and (E) Feret’s
diameter. *p < 0.05; **p < 0.01; ***p < 0.001.
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(H (2) � 3.227, p � 0.199), as well as the highest ALP expression in
the “poled −/CM” group compared to the “poled +/CM” and
“nonpoled/CM” groups (F (2, 6) � 16.632, p � 0.004). ALP gene
expression of rBMSCs on the “poled −” surface was significantly
enhanced by the addition of the corresponding CM (p < 0.05)
(Figure 8C). The alizarin red-staining images showed that the
rBMSCs on the “poled -” surface generated a greater number of
mineralized nodules than that on the “poled +” and “nonpoled”
surfaces after 14 days of culture, regardless of CM stimulation.
Interestingly, the staining was slightly enhanced in the “poled
+/CM” group compared with the “poled +” group (Figure 8B).
The quantitative analysis by ANOVA confirmed the higher
mineralized nodule-generative ability of rBMSCs on the “poled
-” surface when compared with the other two surfaces without
CM stimulation (F (2, 6) � 18.759, p � 0.003), as well as the most

generated mineralized nodules in the “poled −/CM” group when
compared with the “poled +/CM” and “nonpoled/CM” groups (F
(2, 6) � 53.630, p � 0.0001). The CM from the “poled −” surface-
macrophages culture further increased the generation of
mineralized nodules of rBMSCs on the “poled −” surface (p <
0.05) (Figure 8D).

4 DISCUSSION

In the field of biomaterial medicine, numerous previous studies
demonstrated that macrophages, as the primary innate immune
cell type, play a pivotal role in the material-mediated immune
response, thus determining the outcome of tissue regeneration
(Miron and Bosshardt, 2016; Sadowska and Ginebra, 2020) and

FIGURE 6 | Phenotype analysis of RAW 264.7 macrophages. (A) Flow cytometric analysis of the M1 macrophage marker CCR7 and the M2 macrophage marker
CD206. (B) Quantitative analysis of CD206 and CCR7-positive cells by flow cytometry analysis. (C) Secretion of inflammatory cytokines as measured by ELISA. (D)
Western bolt analysis of the inflammatory proteins iNOS and Arg-1. (E)Quantification of proteins by western blot analysis (GAPDH served as the internal control). (F) The
expression of inflammatory genes as measured by qRT-PCR (“nonpoled” group as control). *p < 0.05; **p < 0.01; ***p < 0.001.
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tumor immunotherapy (Zhang et al., 2020; Kong et al., 2021).
Macrophages are characterized by remarkable plasticity, exhibiting
different phenotypes with distinct functions under varyingmaterial

stimulation. The M1 pro-inflammatory macrophages activate the
inflammatory response and inhibit bone healing, whereas the
M2 anti-inflammatory macrophages suppress the inflammation

FIGURE 7 | Representative fluorescence microscopy images of rBMSCs cultured in normal media or conditioned media for 1 and 3 days. Blue fluorescence
represents the nucleus stained with DAPI, and the green fluorescence indicates the cytoskeleton, stained with phalloidin (scare bars: 50 μm).

FIGURE 8 | Osteogenic differentiation of rBMSCs cultured on P (VDF-TrFE) membranes with/without CM. (A) Alkaline phosphatase staining of rBMSCs after
7 days of induction (top: macroscopic images, bottom: microscopic images, scare bar: 100 μm). (B) Alizarin red staining of rBMSCs after 14 of induction (top:
macroscopic images, bottom: microscopic images, scale bar: 100 μm). (C) Expression of the osteogenic gene ALP (“nonpoled” group as control). (D) Quantitative
analysis of the mineralized nodules by alizarin red staining. *p < 0.05; **p < 0.01; ***p < 0.001.
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induced by foreign materials, providing a favorable osteogenic
environment (Ogle et al., 2016; Brown et al., 2017). Additionally, an
electrical signal can mimic the endogenous electrical
microenvironment, promoting wound healing, bone
reconstruction (Rohde et al., 2019; Khare et al., 2020), and
nerve regeneration (Cangellaris and Gillette, 2018; Fonseca
et al., 2019). Hence, inherent electroactive biomaterials,
especially piezoelectric materials, received wider attention in
search of an appropriate electrostimulation therapy (Rajabi
et al., 2015; Zhang et al., 2018; Toledano-Osorio et al., 2021).
Previous numerous studies demonstrated the osteoinductivity of
piezoelectric materials through a direct-contact testing, in which
the surface properties directly affect the bone-related cells
(Marchesano et al., 2015; Zhang et al., 2018). Nonetheless, to
the best of our knowledge, only a few studies focused on the effect
of charged-piezoelectric materials on the immune-osteogenic
microenvironment. To date, it remains obscure how the
piezoelectric membranes with different surface polarities affect
the immune-osteogenic microenvironment. Based on the
consideration above, representative piezoelectric P (VDF-TrFE)
membranes for the GBR application were used as a model material.
In addition, the macrophage response to the differently-physical
charge of piezoelectric P (VDF-TrFE) membranes was determined.
Furthermore, the potential osteoinduction and osteoimmunology
properties were further demonstrated through the establishment of
the material-macrophage-BMSC microenvironment.

4.1 Macrophage Adhesion and Morphology
Affected by the Surface-Charge Polarity of
P (VDF-TrFE) Membranes
In the present study, the electrical dipoles of piezoelectric P
(VDF-TrFE) were generated by electrical poling treatment,
thus creating net surface charges on the surfaces. The results
were indirectly reflected by the increased β-phase contents and
d33 values, in line with previous studies (Zhang et al., 2018; Khare
et al., 2020; Dai et al., 2021). Moreover, the wettability is a critical
factor in determining cell behavior, which can be influenced by
the surface topography and roughness (Kim et al., 2016; Kumar
and Hiremath, 2019). Based on our results of surface topography
and surface roughness measured by previous studies (Zhang et al.,
2018; Bai et al., 2019), there were no significant differences in
surface roughness and topography of P (VDF-TrFE) membranes
before and after poling treatment. No alternations in surface
roughness and topography may lead to the effect that no
significant differences in water contact angle of differently
charged P (VDF-TrFE) surfaces. Therefore, the interference of
the topography and wettability of biomaterials with the behavior
of macrophages reported in numerous studies (Hotchkiss et al.,
2016; Hamlet et al., 2019) were excluded in this work. Combining
surface-potential results to analyze, the three P (VDF-TrFE)
membranes with similar surface topography and wettability
but different surface charge polarity, such as negatively (poled
-), positively (poled +) and neutrally (nonpoled) charged P (VDF-
TrFE) membranes, were fabricated in this study. Herein,
macrophage function is mainly determined by the surface-
charge polarity of P (VDF-TrFE) membranes.

After demonstrating no cytotoxicity due to the surface
charges, a direct contact test (i.e., seeding cells directly onto
the material’s surface) was applied to observe the adhesion and
morphology of macrophages on the P (VDF-TrFE) surface.
Notably, RAW 264.7 macrophages were more prone to adhere
on the negatively charged surface, in accord with previous study
demonstrating that the stronger cell adhesion with larger focal
adhesions (FAs) was found on the negatively charged surface of
piezoelectric Lithium Niobate, compared with the positively
charged surface (Marchesano et al., 2015). These results might
be explained by the ion attraction in the electric double layer
(Marchesano et al., 2015; Chen et al., 2017; Chakraborty et al.,
2020). In other words, when the negatively charged surface was in
direct contact with macrophages in the ion-containing media,
cations (Ca2+, Mg2+) were predominantly adsorbed on the
surface, thereby attracting electronegative cell adhesion
proteins that were distributed on the cell membrane and
exhibited divalent cation-dependent ligand binding (Hynes,
1987; Marchesano et al., 2015). However, the absence of
divalent cation adsorption on the positively and neutrally
charged surfaces caused a weaker bond with macrophages.
The association between cell adhesion and cell shape has been
reported, suggesting that the cell shape is stretched under strong
adhesive forces and spherical under poor adhesive forces (Ribeiro
et al., 2020). Additionally, a report showed that charged PVDF
polymer could promote cell elongation (Ribeiro et al., 2020), and
our findings are in accordance with these results. The results
obtained by cell surface area, perimeter, Feret’s diameter and
aspect ratio showed that RAW 264.7 macrophages seeded on the
negative surface possessed more elongated morphologies when
compared to the round-shaped macrophages with filopodia on
the positive and nonpoled surfaces. Unlike other cells, the distinct
morphology of macrophages symbolizes and even influences
their biological behaviors and functional state (Kang et al.,
2017; Yang et al., 2021b). Indeed, the elongation of
macrophages triggers the M2 phenotypic state and induces the
secretion of anti-inflammatory molecules (McWhorter et al.,
2013). These findings mentioned above indicate that the
adhesive property of macrophages depend not only on the
presence of the surface charges of the piezoelectric P (VDF-
TrFE), but also on their surface charge polarity, with the highest
cell adhesion and cell elongation effect of the negative surface.

4.2 Differently Charged P (VDF-TrFE)
Membranes Characterized by Discrepant
Preferences in Regulating the
Macrophage-Immune Response
Undoubtedly, an appropriate macrophage phenotype induced by
biomaterials is a prerequisite for immunotherapeutic materials in
specific biomedical applications. The in vitro influence of
differently charged P (VDF-TrFE) on the macrophage
phenotype and functional secretion must therefore be
determined. The RAW 264.7 cells on the negatively charged
surface exhibited a predominant proportion of CD206+ M2
macrophages, indicating that M2 macrophage-dominated
reaction was induced, in contrast to the M1 macrophage-
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mediated inflammation induced by the positively charged surface
up-regulating the proportion of CCR7+ M1 macrophages.
Correspondingly, macrophages with different phenotypes
secret diverse functional molecules to modulate subsequent
tissue repairing processes (Ogle et al., 2016; Chen et al., 2020).
Among these inflammatory molecules, TNF-α and iNOS with
pro-inflammatory effects compromise bone healing, whereas
Arg-1 and IL-10 with anti-inflammatory effects increase the
reaction against foreign bodies and induce osteogenesis (Ogle
et al., 2016; Ding et al., 2020). Both pro-inflammatory iNOS and
TNF-α expression were the highest on the positive surface.
Nevertheless, RAW 264.7 cells on the negative surface
significantly possessed the highest Arg-1 expression and IL-10
secretion as well as the lowest iNOS expression, consistent with
the phenotype analysis mentioned above. In addition, the qRT-
PCR analysis further confirmed that the negatively and positively
charged P (VDF-TrFE) induced the anti-inflammatory and pro-
inflammatory response of macrophages, respectively.

Based on our results, negatively charged membranes induced
macrophage phenotype from M0 to M2, probably contribute to
the following factors. The negatively charged surface adsorbing
divalent cations created a double electric layer (Marchesano et al.,
2015), thereby promoting cell adhesion and elongation (Ribeiro
et al., 2020), which ultimately determine the macrophage
phenotype and functional secretion (McWhorter et al., 2013).
Thangam et al.manipulated the adhesive protein of macrophages
to reveal that the enhanced cell adhesion and elongation of
macrophages can induce an M2 macrophage-dominated
reaction (Thangam et al., 2021). Cell elongation without
exogenous interference leads to the prominent M2 phenotype
environment and anti-inflammatory molecules secretion by
activating the rho-associated protein kinase (ROCK) signaling
pathway (McWhorter et al., 2013; Yang et al., 2021c; Thangam
et al., 2021). The immunoregulatory properties of the negatively
charged P (VDF-TrFE) were in agreement with previous studies
suggesting that synthetic polymer particles with negative charges
reduce the immune response of macrophage and inhibit the
inflammatory secretion by down-regulating the Toll-like
receptor (TLR)-4 signaling pathway (Casey et al., 2019). In
addition, the positively charged P (VDF-TrFE) exhibited
positive surface potential that restricted the adhesion of
proteins as well as cells (Dubey and Basu, 2014; Khare et al.,
2020), activated the inflammatory response of macrophages
(Brodbeck et al., 2002), and stimulated the pro-inflammatory
TNF-α secretion (Liu et al., 2014). However, the exact mechanism
still remains to be studied in depth.

4.3 The In Vitro Osteogenesis Mediated by
Macrophage-Surface Charge Interaction on
P (VDF-TrFE) Membranes
It is well-known that MSCs are sensitive to the charges of
piezoelectric P (VDF-TrFE) polymers, which have been
considered as potential promising bone regenerative materials
(Zhang et al., 2018; Khare et al., 2020). Nevertheless, the in vivo
and in vitro osteogenic effect of biomaterials are often
inconsistent due to the discrepancies between in vitro cell

culture conditions and in vivo complex physiological
environments involving the host immune response to
“foreign” biomaterials and its subsequent interaction with the
skeletal system (Seebach and Kubatzky, 2019; Ding et al., 2020).
Therefore, the in vitro studies of P (VDF-TrFE) polymers must
focus on the type of immune response they cause and whether
this response affects the subsequent osteogenesis.

In this study, after the preparation of the CM with the
supernatants from macrophages cultured on different P (VDF-
TrFE) surfaces, the ability of CM on affecting the interaction
between the charged P (VDF-TrFE) and the rBMSCs was further
investigated. The results demonstrated that the negatively
charged P (VDF-TrFE) accelerated cell adhesion and cell
spreading without CM incubation, which was consistent with
a previous report indicating that MSCs can favor the adhesion
and the spreading morphology on negatively P (VDF-TrFE)
(Zhang et al., 2018). The CM from macrophage-negatively P
(VDF-TrFE) is characterized by M2-anti-inflammatory
properties as mentioned above, thus synergistically enhancing
the effect of the negatively P (VDF-TrFE) on rBMSC spreading.
The CM fromM2macrophages has been reported to enhance the
secretion of extracellular matrix (ECM) components, especially
COL-1 and integrin β1 proteins, thereby promoting rBMSC
attachment and differentiation reflected by cell spreading (He
et al., 2018; Peng et al., 2020; Tang et al., 2021). Moreover, the
osteogenic differentiation induced by differently charged
surfaces-macrophage CM was further confirmed by the
mineralized nodule, ALP staining and ALP gene expression
(Salamanca et al., 2021). Simply considering the direct effect
of differently charged P (VDF-TrFE) on osteogenic
differentiation of rBMSCs, the rBMSCs induced by the
negatively P (VDF-TrFE) surface exhibited the most
production of mineralized nodules and ALP protein, in
accordance with the previous study suggesting a favorable
osteogenic property of the negatively charged P (VDF-TrFE)
(Zhang et al., 2018). After taking the macrophage-CM into
consideration, a remarkably enhanced generation of ALP
protein and mineralized nodules was observed, as well as ALP
gene expression in the negative P (VDF-TrFE)-CM-BMSC co-
culture compared with the negative P (VDF-TrFE)-BMSCmono-
culture, indicating that the macrophage response was essential for
the negatively charged P (VDF-TrFE) to exert a pro-osteogenic
effect. These phenomena might be explained by a considerable
level of IL-10 secretion induced by the negative P (VDF-TrFE),
promoting the osteogenic differentiation of rBMSCs through the
supernatant stimulating method. IL-10 secretion is a confirmed
molecular mechanism used by M2 macrophage-CM to promote
the osteogenic differentiation of MSC, and the inhibition of IL-10
compromises the osteogenic effect of M2 macrophage-CM
(Valles et al., 2020).

Interestingly, although M1 macrophage-CM damaging
osteogenesis has been widely reported (He et al., 2018; Biguetti
et al., 2021), some recent reports showed that the low
inflammatory M1 macrophage state (Yang L. et al., 2021) and
low concentration of TNF-α (Valles et al., 2020) play a vital role in
the osteogenic differentiation of MSC. Herein, the
M1 macrophage-dominated response mediated by the positive
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P (VDF-TrFE) did not compromise the osteogenic differentiation
of rBMSCs and even slightly enhanced mineralized nodule
generation. In summary, the surface-charge polarity (negative
or positive) of piezoelectric P (VDF-TrFE) resulted as an
important parameter to determine the immune-osteogenic
environment as it affected macrophage-inflammatory
behaviors, which in turn influenced rBMSC osteogenic activity.
These findings illustrate an indispensable role of the macrophage
response to electroactive P (VDF-TrFE) in regulating
osteogenesis and thus emphasize the critical role of the
immune-osteogenic environment and the need of multicellular
co-culture (direct or indirect) with biomaterials whose in vivo fate
was determined jointly by a multi-system and multi-cell (Chen
et al., 2019; Sadowska and Ginebra, 2020). Therefore, although
the disparate immunoregulatory preferences of differently
charged P (VDF-TrFE) membranes have been observed, the
mechanisms by which piezoelectric-charged material interacted
with macrophage and modulated immune-osteogenic
microenvironment are still not fully understood and should be
further investigated.

5 CONCLUSION

In this study, three types of charged P (VDF-TrFE) surfaces
(negative or positive, and neutral as control) were fabricated
and characterized, highlighting how the charge polarities of
the piezoelectric P (VDF-TrFE) induced the switching in
macrophage phenotype and immune-osteogenic
microenvironment. Discrepant preferences of differently
charged P (VDF-TrFE) in modulating the macrophage-
inflammatory response were elucidated, indicating that the
negatively and positively charged P (VDF-TrFE) drove
macrophages towards the M1 pro-inflammatory and
M2 anti-inflammatory states, respectively. Furthermore, an
immune-osteogenic microenvironment model consisting of P
(VDF-TrFE)–macrophage–BMSC was established using
indirect co-culture with macrophage CM. The results
showed that the negatively charged P (VDF-TrFE) with
direct pro-osteogenic effect also elicited the release of M2-
anti-inflammatory cytokines by macrophages to act on
rBMSCs, thereby synergistically inducing the osteogenic

differentiation. The positively charged P (VDF-TrFE)-
mediated M1 pro-inflammatory condition did not damage
the rBMSC osteogenesis on the corresponding surface as
expected. To sum up, the differently charged piezoelectric
materials had discrepant preferences in regulating the
inflammatory phenotype switching and functional
secretion of macrophages, thereby impacting osteogenesis
in a different way. The negatively charged-P (VDF-TrFE)
membrane has a superior regulation effect on the immune-
osteogenic microenvironment. These findings have
significant implications regarding the piezoelectric
materials as a promising biomaterial for guided bone
regeneration application.
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