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Since the last decade, piezoelectric polymer nanoﬁbers have been of great interest in the stimulation of cell
growth and proliferation for tissue engineering and wound healing applications. To date, there is no clear understanding of how the piezoelectric properties of piezoelectric materials can be aﬀected by electrospinning
parameters and how the piezoelectricity from the electrospun polymer nanoﬁbers produced under optimized
electrospinning conditions in vivo would aﬀect cell growth, proliferation and elongation. In this paper, it is
shown for the ﬁrst time how electrospinning parameters, such as solution concentration and collecting distance
(from the needle to the rotating mandrel), can aﬀect the piezoelectricity of the poly(vinylidene ﬂuoride-triﬂuoroethylene) (P(VDF-TrFE)) nanoﬁbers. Here, the optimized electrospinning conditions for P(VDF-TrFE)
nanoﬁbers were achieved and these nanoﬁber scaﬀolds (NFSs) were used for implanted energy harvester in SD
rats, cell proliferation and cell alignment growth applications. During the process of slightly pulling implanted
site of SD rats, the implanted PVDF-TrFE NFSs generated a maximum voltage and current of 6 mV and ~6 nA,
respectively. With great cytocompatibility and relatively large piezoelectric eﬀect, ﬁbroblast cells grew and
aligned perfectly along the electrospinning direction of P(VDF-TrFE) nanoﬁber direction and cell proliferation
rate was enhanced by 1.6 fold. Thus, electrospun P(VDF-TrFE) NFSs show great promise in tissue engineering
and wound healing applications.

1. Introduction
In 1940, Burr et al. found for the ﬁrst time that a surface electropotential exists over the healing section in patients after surgery [1]. In
late 1950s, Fukada et al. ﬁrst reported piezoelectricity in bones [2]. In
the 1960s, Becker discovered that a direct current (DC) existed between
regenerating and nonregenerating tissue in amphibians [3]. In the late
1960's, Assimacopoulos found that a skin defect treated by DC current
in rabbit ears showed 25% acceleration of wound healing as compared
with untreated defective areas [4]. Since then, the potential for wound
healing and the utilization of electrical charges to stimulate cell proliferation have been the subject of intensive research [5,6]. Recently,

studies have demonstrated that piezoelectric and electret materials can
be used to produce enough surface charge to stimulate the proliferation
or diﬀerentiation of a variety of cells [7–10], In this paper, it is shown
for the ﬁrst time how electrospinning parameters, such as solution
concentrations and collecting distances from the needle to the rotating
mandrel, aﬀect the piezoelectricity of the poly(vinylidene ﬂuoride-triﬂuoroethylene) (P(VDF-TrFE)) nanoﬁbers. After the P(VDF-TrFE) nanoﬁbrous scaﬀolds (NFSs) were fabricated under optimized electrospinning conditions, the cell proliferation rate was enhanced 1.6 fold
when the poled P(VDF-TrFE) NFSs were stimulated by mechanical vibration inside a Flexcell culture plate.
From the literature, poly(vinylidene ﬂuoride) (PVDF) and its
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copolymer poly(vinylidene ﬂuoride-triﬂuoroethylene) (P(VDF-TrFE))
exhibit the largest piezoelectric response compared with other piezoelectric polymers such as nylon, poly(lactic acid) (PLA), or polyhydroxybutyrate (PHB) [11]. Most PVDF based polymers possess α, β,
and γ phases, depending on the polymer processing conditions [10].
Normally, stretched PVDF polymer ﬁlms exhibit a much higher crystalline β phase than unstretched ﬁlms [12]. Unlike PVDF, P(VDF-TrFE)
can possess all-trans conﬁguration without mechanical stretching [13].
Recently, due to its relatively large piezoelectricity, chemical stability,
ease of processing, and biocompatibility, P(VDF-TrFE) has been used in
bone regeneration and neural tissue engineering applications [14–16].
Guo et al. have investigated the electrospun PVDF/polyurethene
(PU) membrane as a scaﬀold for wound healing applications [17].
However, an electrospinning process normally possess a lower
stretching ratio than a normal ﬁlm fabrication process. This could be
the reason that the PVDF nanoﬁbers possess low piezoelectricity in that
experiment. Recently, many researchers have also investigated various
PVDF nanocomposites to stimulate various cells or promote bone regeneration [18,19]. However, the piezoelectric nanocomposite normally has much lower biocompatibility with biological systems, which
makes it diﬃcult to use directly on human beings. Previously, we have
shown that electrospinning has been used as a unique method to produce piezoelectricity in various piezoelectric polymers [20–22]. Additionally, due to their high surface-to-volume ratio and substantial
porosity, electrospun nanoﬁbers oﬀer great advantages for applications
in cell adhesion, migration and growth.
In our previous publications, we have shown that the PVDF nanoﬁbers produced by conventional electrospinning methods showed no
piezoelectricity [20]. To produce the piezoelectricity in electrospun
piezoelectric polymers, P(VDF-TrFE) was chosen in this investigation to
study how various electrospinning parameters, such as solution concentration and collecting distance from the syringe needle to the rotating mandrel, aﬀect the morphology of the P(VDF-TrFE) nanoﬁbrous
scaﬀolds. After the optimized electrospinning condition was obtained,
the fabricated P(VDF-TrFE) nanoﬁbers were utilized for cell adhesion,
migration and proliferation applications. From the testing results of 3(4, 5- dimethylthiazol-2yl)-2, 5-diphenyl-2H-tetrazolium bromide
(MTT), it was found that ﬁbroblast cells spread out and align perfectly
along the electrospinning direction of P(VDF-TrFE) NFS. After the cell
proliferation assay, the cell proliferation rate can increase by 60% after
stimulation by the poled P(VDF-TrFE) NFSs. This research result proves
that electrospun P(VDF-TrFE) NFSs have great promise in tissue engineering and regeneration applications.

pressed P(VDF-TrFE) NFS was sputtered with Au electrodes on the top
and bottom sides of the sample and then poled in a silicon oil bath
under an electric ﬁeld of 100 MV/m at 115 °C for 30 min to obtain high
piezoelectricity. Prior to cell culturing, P(VDF-TrFE) NFSs were cut into
a dimension of 2 cm × 2 cm pieces and sterilized in 75% ethanol for
30 min and then exposed to ultraviolet (UV) light for one hour.
The microscopic images of electrospun NFSs were characterized by
a SU8020 scanning electron microscope (Hitachi Ltd., Japan). The
average ﬁber diameter was evaluated using image-J software. The
diﬀerential scanning calorimetry (DSC) measurement of P(VDF-TrFE)
NFSs was analyzed at 10 °C/min in a nitrogen environment by a TGA/
DSC1 (Mettler-Toledo LLC., Columbus, OH, USA) from 40 °C to 180 °C.
X-ray diﬀraction (XRD) patterns were performed by a PANalytical
X′pert3 diﬀractometer (PANalytical Ltd., Netherland) using a Cu Kα
source with a step size of 0.013° from a 10° to 50° range. FTIR spectra
were performed on Vertex80V (Bruker Corp., USA) and Fourier transformation infrared spectrometer analysis was performed in the range of
400–1600 cm−1 with a resolution of 4 cm−1.
Before the piezoelectric properties measurement, the electrospun
PVDF-TrFE nanoﬁbers were pressed under a high pressure using a hot
press machine at room temperature. The pressed electrospun nanoﬁber
ﬁlm was sputter coated with Au electrodes on both sides of the surfaces.
Next, the sample was poled inside a silicone oil at 100 °C under 2 kV for
30 mins in a lab designed poling setup. Afterwards, the sample was kept
under same voltage and cooled down to room temperature slowly.
As explained in previous publications, the piezoelectric coeﬃcient
d31 was measured using a lab-designed piezoelectric coeﬃcient measurement setup, which consists of a supporting frame, a load cell, a
shaker and a lock-in ampliﬁer [23,24]. After being poled at 100 MV/m
at 100 °C for 30 min, the hot-pressed P(VDF-TrFE) nanoﬁber scaﬀold
was cut into a rectangular strip (20 mm × 10 mm). During the piezoelectric coeﬃcient measurement, the force applied to the P(VDF-TrFE)
nanoﬁbers was measured by a load cell (ELPF-50N-C3006, Measurement Specialties Inc, VA, USA). The generated electrical signal was
measured by a lock-in ampliﬁer. (SR830, Stanford Research Systems
Inc., CA, USA).
2.2. In vivo animal assay
Polarized P(VDF-TrFE) NFSs were encapsulated in polydimethylsiloxane (PDMS) using a solution casting method and then
were cut to a dimension of 20 mm (L) × 20 mm (W). To conﬁrm the
piezoelectric response of polarized P(VDF-TrFE) NFS in vivo, these NFS
scaﬀolds were implanted into the subcutaneous thigh region of highly
active Sprague Dawley (SD) rats (male, 200–250 g, the Academy of
Military Medical Sciences, China). To simulate the movement of SD
rate, a linear motor system (LinMot USA, Inc., Elkhorn, WI, USA) was
used to gently pull a leg of the SD rat. The pulling force was around
0.5 N with 1 Hz frequency. The procedures strictly followed the
“Beijing Administrative Rules for Laboratory Animals” and the national
standard “Laboratory Animal Requirements for Environment and
Housing Facilities (GB 14925-2001).” The generated electrical outputs
were recorded by an oscilloscope (DPO3034, Tektronix, USA). The
procedure for anesthetizing the rat started with the intake of isoﬂurane
gas (1–3% in pure medical grade oxygen), followed by the injection of
1% sodium pentobarbital (intraperitoneal, 40 mg kg−1) for anesthesia
induction and maintenance, respectively.

2. Experimental section
2.1. Fabrication of P(VDF-TrFE) nanoﬁbrous scaﬀolds
As explained in previous papers, the P(VDF-TrFE) nanoﬁbers were
fabricated using a lab-designed conventional electrospinning setup
[20]. To prepare the polymer solution, P(VDF-TrFE) (75/25) (Piezotech
Inc., France) was dissolved in a mixture solvent of N-Dimethylformamide (DMF) and acetone (6:4) with varied solution concentrations of
15%, 18% and 20% (w/v). After the polymer solution was injected into
a syringe, the electrospinning process was conducted with a constant
ﬂow rate of 1 ml/h using a syringe pump (KDS101, KD Scientiﬁc, USA).
A DC voltage of 15 kV was applied between the syringe needle and the
rotating mandrel (2000 rpm speed), where the mandrel was wrapped
with 2 cm wide aluminum foil to collect the aligned P(VDF-TrFE) ﬁbers.
The collecting distances were set at varied spaces of 5 cm, 10 cm and
15 cm. Afterward, the fabricated P(VDF-TrFE) NFSs were dried at 65 °C
in an oven for 10 h to completely evaporate the residual solvent. Next,
these nanoﬁbers were annealed in an oven at 135 °C for 4 h to increase
the crystallinity. To obtain a smooth surface, the nanoﬁber samples
were pressed with a hot press machine (TY605-8T, Yuyao Tianyu Machinery Equipment Co. Ltd, China) at room temperature. Further, the

2.3. Primary culture of L929 cells
2.3.1. Dynamic culture of L929 ﬁbroblast cells
In this test, specialized ﬂexible-bottomed culture plates (BF-3001U,
Flexcell International Corporation, USA) were used to culture the ﬁbroblast cells. As shown in Fig. 1(a), the pressed P(VDF-TrFE) NFSs
were glued to the bottom of the bioﬂex culture plate. To generate a
mechanical vibration, a lab-designed speaker was attached tightly on
64
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Fig. 1. (a) Schematic drawing of experimental setup where the
speaker is utilized to excite the piezoelectricity of electrospun P
(VDF-TrFE) scaﬀolds on the ﬂexible bottom culture plate. (b)
Scanning electron microscope (SEM) images of electrospun P
(VDF-TrFE) nanoﬁbers fabricated under varying solution concentrations and various collecting distances after annealing: (I)
15%, 10 cm (II) 18%, 10 cm (III) 20%, 10 cm (IV) 20%, 5 cm (V)
20%, 15 cm (VI) 20%, 10 cm, pressed. The insets are the higher
magniﬁcation of the surface morphologies of the PVDF nanoﬁbers.

the bottom of the ﬂexi-bottom cell culture plates using a silicone rubber
holder. A signal was generated from a function generator (DS345,
Stanford Research Systems, Inc., CA, USA) and then ampliﬁed by a
power ampliﬁer (Xli202, Crown Audio Inc., Elkhart, USA) to control the
frequency and the vibration of the culture plates.
After being cultured for 72 h, L929 ﬁbroblast cells were seeded in
the bioﬂex culture plate with a density of 5 × 104 cells/ml. The poled P
(VDF-TrFE) NFSs were the experimental group, while the unpoled P
(VDF-TrFE) NFSs and tissue culture polystyrenes (TCPS) served as the
control group. Next, the proliferation of the cultured L929 ﬁbroblast
cells was analyzed using a 3-(4, 5-dimethylthiazol-2yl)-2, 5-diphenyl2H-tetrazolium bromide (MTT) assay. The cells were ﬁrst incubated
with the MTT solution (100 μL) in an incubator at 37 °C for 4 h. Then,
the culture medium was removed, and the insoluble formazan was
dissolved in 500 μL dimethyl sulfoxide (DMSO) solvent in each well.
The absorbance of the solution was measured using a microplate reader
(Multiskan MK3, Thermo Fisher Scientiﬁc Inc., USA) at a wavelength of
490 nm. The analytical assays were conducted at day 1, day 3, and day

5 under both static and dynamic vibration conditions. In dynamic vibration condition, the speaker was driven by a 3 Hz sinusoidal signal for
a period of 1 h excitation at an interval of 1 h. This process was repeated ﬁve times per day for every cell culture plate. In this investigation, every experiment was repeated three times to obtain consistent results.
The cytoskeleton and nucleus were stained with Phalloidin and 4′,
6-diamidino-2-phenylindole (DAPI), respectively. Speciﬁcally, the L929
ﬁbroblast cells were ﬁxed by an immunohistochemical (IHC) ﬁxation
method (Beyotime Biotechnology, China) for 30 min, then washed
three times with warm Phosphate Buﬀered Saline (PBS), then blocked
with 0.1% Bovine Serum Albumin (BSA) solution for one hour at 37 °C.
Afterward, the cells were incubated with diluted DAPI (1:400) (SigmaAldrich Corp., MO, USA) and stained by Alexa Fluor 568 phalloidin
(1:200) (Thermo Fisher Scientiﬁc Inc., USA) for two hours at 37 °C.
After 48 h of incubation, the rinsed cells were ﬁxed with 2.5%
glutaraldehyde for two hours. Subsequently, a series of alcohol solutions (30%, 50%, 70%, 80%, 90%, 95%, 98%, and 100%) was applied
65
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characterized by Fourier transform infrared (FTIR) measurement. As
shown in Fig. 2(b), the characteristic absorption bands at 840,
1430 cm−1 are associated with a β phase structure, whereas the absorption peaks at 615, 763, 854, 974 cm−1 are associated with an α
phase structure [25,26]. From the data shown in Fig. 2(b), the nanoﬁbers fabricated at a collecting distance of 10 cm show a much enhanced absorption peak at 1430 cm−1 as compared with the ones
fabricated at collecting distances of 5 cm and 15 cm. This means that
the nanoﬁbers fabricated with a 10 cm collecting distance possess a
much higher β phase than those collected under other electrospinning
conditions. These data is consistent with the XRD results shown in the
last paragraph. There is no observed α phase crystal in the FTIR data,
suggesting that the electrospun P(VDF-TrFE) is mostly in the β phase.
Theoretically, a relative longer collecting distance will improve the
solvent evaporation, and the shear force from the electrostatic force
applied on the P(VDF-TrFE) nanoﬁber will stretch the nanoﬁbers and
make them exhibit more β phase conformation.
The XRD diﬀraction patterns and FTIR spectra indicate that the
optimized electrospinning conditions for P(VDF-TrFE) nanoﬁbers are
with the collecting distance of 10 cm and solution concentration of
20%. The NFSs fabricated under these conditions possess more β phase
than those fabricated under other electrospinning conditions.
The eﬀect of thermal treatment on the Curie transition temperature
(Tc) of NFSs was further analyzed by DSC. DSC thermograms of annealed and unannealed P(VDF-TrFE) nanoﬁbers are shown in
Supporting information in Fig. S2. The Curie transition temperature
(Tc) of annealed P(VDF-TrFE) nanoﬁbers is much higher than the Tc
without annealing. These results demonstrate that the annealing process enhances the crystallinity of electrospun P(VDF-TrFE) nanoﬁbers.
Additionally, from the DSC thermogram, the annealed nanoﬁbers show
much sharper endothermic peaks than the as-spun P(VDF-TrFE) nanoﬁbers. This could result from the enhanced crystallinity in the P(VDFTrFE) NFS after annealing. Further, the melting temperature (Tm) of the
annealed P(VDF-TrFE) nanoﬁbers also was increased. These data are
related to the crystallinity as well as the increased amount of all-trans
conformation (β phase) of NFSs. It can be concluded that thermal
treatment will induce all-trans conformation and thus increase the
crystallinity of the nanoﬁbers.

to dehydrate the cells. The cell SEM images were taken by Hitachi
SU8020 SEM (Hitachi Ltd., Japan).
3. Results and discussion
3.1. Surface morphology
The microscopy images of electrospun P(VDF-TrFE) NFSs are shown
in Fig. 1(b). As shown in the Supporting information in Fig. S1, once the
solution concentrations are increased from 15% to 18% and then to
20% (w/v), the diameters of the nanoﬁbers increase from 350 nm to
360 nm and then to 510 nm. The nanoﬁbers fabricated using the 20%
concentration exhibit more homogenous characteristics and less
branching than under lower concentrations. As Fig. 1(b) shows, the P
(VDF-TrFE) NFSs fabricated under the 5 cm collecting distance (from
the rotating mandrel to the needle) show a large degree of ﬁber surface
adhesion and branches. This phenomenon can be explained by the
observation that the short collecting distance does not completely
evaporate the solvent inside the ﬁber and therefore cause surface adhesion. When the collecting distance is tuned to 10 cm, the P(VDFTrFE) NFSs are perfectly aligned along the electrospinning direction
with great uniformity. From the microscopy images shown in Fig. 1, it is
obvious that the poled P(VDF-TrFE) scaﬀold keeps its porous structure
after annealing. The porous structure could create a transportation path
for nutrients and implanted cells.
This experiment demonstrated that the electrospinning parameters,
such as the solution concentration and the collecting distance, play a
critical role on the morphology of P(VDF-TrFE) NFSs. It was found that
the optimized ﬁber morphology can be obtained once the solution
concentration of 20% (w/v) and collecting distance of 10 cm were
chosen during the electrospinning process. In the following, the crystallinity and the piezoelectricity of the P(VDF-TrFE) NFSs also were
tested under these electrospinning conditions to achieve the maximum
piezoelectricity in P(VDF-TrFE) NFSs.
3.2. Crystalline characterization
The XRD diﬀraction patterns of P(VDF-TrFE) NFSs fabricated at
various electrospinning conditions are shown in Fig. 2(a). From the
data, there is a distinct diﬀraction peak around 20° for all NFSs, which
corresponds to the diﬀraction of the plane (200)/(100) of the β phase
crystal [25,26]. Among the nanoﬁbers fabricated at a distance of 5 cm,
10 cm and 15 cm, the P(VDF-TrFE) NFSs fabricated at a collecting
distance of 10 cm show the highest diﬀraction peak (Fig. 2(a)).
To elucidate the eﬀect of the collecting distance on the crystallinity
of the electrospun P(VDF-TrFE) nanoﬁbers, the crystal structure was

3.3. Piezoelectric coeﬃcient measurement
The piezoelectric coeﬃcient d31 of the electrospun P(VDF-TrFE)
fabricated at various collecting distances was measured using a labdesigned piezoelectric measurement setup as described in our previous
publications [23,24]. The setup mainly consists of a load cell, a loudspeaker and a lock-in ampliﬁer. All the compressed nanoﬁbers were

Fig. 2. Crystallization of electrospun P(VDF-TrFE) with 20% solution concentration and varying collecting distances (a) X-ray diﬀraction (XRD) patterns (b) Fourier transform infrared
spectra.
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Fig. 3. Characterization of electrospun P(VDF-TrFE) nanoﬁber scaﬀolds (a) Piezoelectric coeﬃcient d31 of the scaﬀolds under varying collection distances (from the needle to the rotating
mandrel) (b) Current output (c) Voltage output of the scaﬀolds with diﬀerent thermal treatment.

Fig. 4. In vivo voltage and current output of the electrospun P(VDF-TrFE) nanoﬁber scaﬀolds under pulling conditions. (a) Image of electrospun P(VDF-TrFE) nanoﬁber scaﬀolds before
implantation (left) and the demonstration process of implanting in the subcutaneous thigh region of a Sprague Dawley (SD) rat (upper right) and the implanting site after suturing (lower
right). (b) Current output and (c) Voltage output of the implanted P(VDF-TrFE) nanoﬁber scaﬀolds (d) Current output of the implated scaﬀolds with intermittent pulling (pullingreleasing) (e) Image of the experimental setup.

concentration may induce discontinuity in the ﬁber. Therefore the
electrospinning condition with a solution concentration 20% and the
10 cm distance is the optimized electrospinning conditions to produce
the PVDF-TrFE nanoﬁbers with enhanced piezoelectricity. The measurement result of piezoelectric coeﬃcient is consistent with the XRD
diﬀraction and FTIR results.
Further, the polarization as a function of the electric ﬁeld (P-E) loop
of the electrospun P(VDF-TrFE) NFS was measured by a Precision
Premier II Ferroelectric Tester ( Radiant Technologies Inc., New
Mexico, USA). The P(VDF-TrFE) nanoﬁbers were fabricated under the
optimized electrospinning conditions (20% solution concentration,
10 cm collecting distance). As shown in Supporting information in Fig.
S3, the annealed and unannealed P(VDF-TrFE) NFSs were tested. It was
found that the remnant polarization (Pr) of P(VDF-TrFE) NFS can increase from 45 mC/m2 to 65 mC/m2 after annealing. Similarly, the
saturated polarization (Ps) under the same electric ﬁeld can reach
81 mC/m2 under a 179 MV/m electrical ﬁeld. These results suggest that
the electrospun P(VDF-TrFE) nanoﬁbers performs mostly in the β
crystal phase after annealing treatment.

poled at 100 °C in an electric ﬁeld of 100 V/μm for 30 min. The measurement data is shown in Fig. 3(a). From the data, it is revealed that
the electrospun P(VDF-TrFE) NFSs with collecting distance of 10 cm
show the highest piezoelectric coeﬃcient d31 of 15.73 pC/N.
From the data shown in the SEM images and the XRD results, the
electrospun PVDF-TrFE nanoﬁbers fabricated at the collecting distance
of 10 cm and with the solution concentration of 20% show perfect
alignment. On the other hand, the collecting distance of 15 cm may
reduce the electrostatic force and cause random distribution of the
nanoﬁbers. This is the reason that the electrospun PVDF-TrFE nanoﬁbers fabricated at the collection distance of 15 cm possess a lower
piezoelectric coeﬃcient. Compared with the collecting distance of
5 cm, a longer collecting distance (10 cm) can induce a larger stretching
ratio during the electrospinning process and eventually cause a relative
larger piezoelectric coeﬃcient. Compared with other solution concentrations, the 20% polymer solution produced uniform nanoﬁbers
without beads, which improved ﬁber quality and eventually piezoelectricity. Theoretically, a higher solution concentration normally
cause coagulation in electrospinning process and a lower solution
67
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Fig. 5. In vitro cytocompatibility of L929 ﬁbroblast cells on the stable electrospun P(VDF-TrFE) nanoﬁber scaﬀolds. (a) Photograph (above) and Scanning Electron Microscope (SEM)
(below) of P(VDF-TrFE) nanoﬁber scaﬀolds (b) Fluorescence microscopy images of L929 ﬁbroblast cells on tissue culture polystyrenes (TCPS) (above) and P(VDF-TrFE) nanoﬁber
scaﬀolds (below) after a three-day culture. The actin network was stained by Alexa Fluor 488-labeled phalloidin (green) and the nucleus was stained by 4′,6-diamidino-2-phenylindole
(DAPI) (blue). (c) Enlongation images of L929 ﬁbroblast cells on P(VDF-TrFE) nanoﬁber scaﬀolds with various magniﬁcations.

respectively. The results indicate that the P(VDF-TrFE) NFS implanted
in wound area can also generate adequate piezoelectric output through
the rat's daily activity to stimulate cell activity, and demonstrated the
stability and property for in vivo applications.

3.4. Electric output
During this experiment, the electrospun P(VDF-TrFE) nanoﬁbers
were pressed together using a hot press machine, as explained above.
After the sputter coated samples were poled at 100 MV/m at 100 °C for
half an hours, the output current and voltage of the sample were
measured using the same setup as the one used for the piezoelectric
coeﬃcient d31 measurement. From the data shown in Fig. 3(b) and (c),
it was found that the output voltage could reach more than 1.5 V (peakpeak) and the output current was about 52.5 nA (peak-peak). For annealed and unpoled P(VDF-TrFE) ﬁber scaﬀolds, the samples showed
almost no output signal. Even though the P(VDF-TrFE) nanoﬁbers exhibit mostly β phase conformation after electrospinning, the material
still needs extra-poling steps to obtain piezoelectricity because the dipoles are arranged in random orientation.

3.6. In vitro cytocompatibility of P(VDF-TrFE) NFSs
For tissue engineering and wound healing applications, the cytocompatibility of biological scaﬀolding material is one of the most critical requirements for the use of such material in cell growth, alignment
and proliferation applications [30]. In this investigation, the viability of
L929 ﬁbroblast cells in P(VDF-TrFE) NFSs and tissue culture polystyrenes (TCPS) was evaluated over a three-day period by MTT assay.
As shown in Supporting information of Fig. S2, the results show no
signiﬁcant diﬀerences in the quantity of cells between the stable P(VDFTrFE) NFSs group and the stable TCPS group. The result is consistent
with previous literature in which the P(VDF-TrFE) biomaterial scaﬀolds
have good biocompatibility for various cells such as cardiovascular
cells, nerve cells and human skin ﬁbroblasts [14–16]. As seen in the
confocal ﬂuorescence micrographs shown in Fig. 5(c), the ﬁbroblast
L929 cells align perfectly along the electrospinning direction of P(VDFTrFE) NFSs. On the other hand, the cells cultured on TCPS exhibit relatively random orientation. This demonstrates that P(VDF-TrFE) NFSs
fabricated under the optimized process conditions show excellent cytocompatibility. Moreover, as shown in the SEM graphs in Fig. 5(c), the
L929 cells elongate perfectly along the nanoﬁber direction. This result
indicates that aligned P(VDF-TrFE) NFSs can provide a suitable threedimensional surface for L929 cell adhesion and growth.

3.5. In vivo piezoelectric response
In vivo energy generation by the natural body activity and physiological environment has been reported recently [27–29]. In order to
eﬀectively evaluate the electrical output of the P(VDF-TrFE) NFSs in
wound area, a polarized P(VDF-TrFE) scaﬀold was implanted under the
skin of the leg of SD rats. The action of pulling was used to mimic the
daily activity of rats. In the testing process, a linear motor was used to
pull up the leg of the rat through a wire (Fig. 4c). As shown in Fig. 4(b),
the voltage output of a poled P(VDF-TrFE) NFS can be clearly identiﬁed
by pulling on a rat's leg and then pausing. In the process of pulling up
the rat's leg, the peak output voltage and output current of a polarized P
(VDF-TrFE) NFS reached ~ 6 mV and around ~ 6 nA (Fig. 4e),
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Fig. 6. In vitro piezoelectric eﬀect of electrospun P(VDF-TrFE) nanoﬁber scaﬀolds on L929 ﬁbroblast cell proliferation under dynamic stimulus. (a) Plot and (b) Bar chart of the
proliferation of L929 ﬁbroblast cells on excited tissue culture polystyrenes (TCPS), excited unpoled P(VDF-TrFE) scaﬀolds and excited poled P(VDF-TrFE) scaﬀolds after 1, 2, and 3 days
culture. (c) Fluorescence microscopy images of L929 ﬁbroblast cells on electrospun P(VDF-TrFE) nanoﬁber scaﬀolds and tissue culture polystyrenes (TCPS) after a three-day culture(scale
bar 200 µm).

Flexcell culture plate, which generated much more forces than the ones
used in the pulling leg experiment. As the data shown in Fig. 3(b), the
signals generated from the excited speaker are much more than the ones
from the pulling leg experiment in Fig. 4(b). We believe that the electrical stimulation generated by the poled piezoelectric scaﬀolds plays a
critical role in enhancing the proliferation of L929 ﬁbroblast cells. This
experimental result revealed that cells can be stimulated on a piezoelectric scaﬀold by the surface charge from a mechanical vibration
which can greatly enhance cell proliferation. In addition, the experiment demonstrates that piezoelectric scaﬀolds can be designed for
speciﬁc tissue scaﬀolding purposes to provide the necessary electrical
stimulation for wound healing applications.
In this paper, it was systematically investigated how electrospinning
parameters could aﬀect the piezoelectricity of the electrospun PVDFTrFE nanoﬁbers. Especially, it was found that piezoelectric coeﬃcient
would achieve the maximum value if the collecting distance (between
the needle and rotating mandrel) was set to 10 cm. Previous study indicated that the piezoelectricity can be directly obtained from the asspun PVDF nanoﬁbers17. However in this paper, we found that one has
to use a DC poling method to obtain a stable piezoelectricity in electrospun PVDF-TrFE nanoﬁbers. Next, instead of using complicated
Flexcell tension plus system (Flexcell, FX-4000T, USA), it was designed
for the ﬁrst time in this investigation that a simple speaker structure can
be used to excite the piezoelectricity from the electrospun PVDF-TrFE
nanoﬁbers. Furthermore, it was found that the electrospun PVDF-TrFE
nanoﬁbers can improve the cell proliferation rate by 60% using piezoelectric stimulation.

3.7. In vitro cells proliferation
Before the cell proliferation test, both sides of the ﬁlm surface were
cleaned with Acetone to completely remove the silicone oil and the Au
electrode. Normally a piezoelectric material needs a poling process to
align all the dipoles along one direction in the material. In this investigation, the pressed nanoﬁbers were put inside a PBS solution in the
Flexcell culture plates. When the nanoﬁbers were vibrated by the
speaker underneath the culture plate, the surface charges were generated on the top and bottom electrodes, which can increase the cell
growth and proliferation as result.
In the experiment, the poled and unpoled P(VDF-TrFE) nanoﬁber
scaﬀolds were used to analyze the eﬀect of dynamic piezoelectric stimulus on L929 ﬁbroblast cells. The proliferation assays were divided
into three groups and cultured for three days as standard protocol for
cell proliferation measurement: Group Ⅰ was the poled P(VDF-TrFE)
nanoﬁber scaﬀold as active material; Group Ⅱ was the unpoled P(VDFTrFE) nanoﬁber scaﬀold (NFS). Group III was TCPS. Group I was the
test group, and Groups II and III were the reference groups. The experimental results are shown in Fig. 6. From the data, the quantity of
cells shows no apparent diﬀerences between the three groups over a
one-day culture (Fig. 6a, b). On day 2, it was found that the proliferation of L929 ﬁbroblast cells on TCPS was much higher than the
other two groups under dynamic stimulus, while cell proliferation rates
for all groups were almost equal. As compared to the cells on day 2, the
proliferation rate of the cells in Groups III, II and I after day 3 were
approximately 1.103-, 1.43-, 1.75-fold, respectively. This means that
cell proliferation rate in Group I is increased by 60% in comparison
with the proliferation rate without piezoelectric stimulation. From
Fig. 3(b), the signals generated from pulling the leg of the SD rat were
relatively small. Because the SD rat experiment is for the purpose of
proving the concept, the pulling forces used in that testing were very
gentle (~ 0.5 N). In the cell proliferation test, as shown in Fig. 1, the
pressed nanoﬁber bundles were excited by the speaker underneath the

4. Conclusion
In this paper, it was systematically investigated how electrospinning
parameters could aﬀect the piezoelectricity of the electrospun PVDFTrFE nanoﬁbers. Especially, it was found that piezoelectric coeﬃcient
can be aﬀected by collecting distance (between the needle and rotating
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mandrel) and solution concentration. An intermediate distance (10 cm)
is the optimized electrospinning distance to generate the large piezoelectricity on the PVDF-TrFE nanoﬁbers. After the poling process, the
electrospun PVDF-TrFE nanoﬁbers fabricated under these optimized
electrospinning conditions showed a remnant polarization (Pr) and d31
of poled P(VDF-TrFE) NFSs of ~ 42.5 mC/m2 and 16.17 pC/N, respectively. Under mechanical vibration, the poled P(VDF-TrFE) NFS can
generate an electrical output of 0.75 V and 22.5 nA. After implanted
under the skin of the rat's leg, the peak output voltage and output
current of a polarized P(VDF-TrFE) NFS could reach ~ 6 mV and
around ~ 6 nA. Further, the electrospun P(VDF-TrFE) nanoﬁbrous
scaﬀolds (NFSs) were used for cell alignments and proliferation experiment. The SEM images show that L929 cells align perfectly along
the electrospinning direction of the nanoﬁbers. Further, it was found
that, once the ﬁbroblast cells were stimulated under the surface charges
from the poled electrospun P(VDF-TrFE) nanoﬁber scaﬀolds, the cell
proliferation rate can enhance 1.6 fold as compared with the unpoled P
(VDF-TrFE) scaﬀold. Due to good cytocompatibility, eﬀective cell
elongation, and a greatly enhanced cell proliferation rate, electrospun P
(VDF-TrFE) nanoﬁber scaﬀolds show excellent potential for tissue engineering and bone regeneration applications.
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