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Poly(L-Lactic Acid) Nanofiber-Based Multilayer Film for the

Electrical Stimulation of Nerve Cells

Fengying Jiang, Yizhu Shan, Junyuan Tian, Lingling Xu, Chaohai Li, Fang Yu, Xi Cui,

Chengwei Wang, Zhou Li,* and Kailiang Ren*

Poly(L-lactic acid) (PLLA) films have excellent piezoelectric properties, but the
strong hydrophobicity of the surface makes it difficult for cells to attach there.
PLLA nanofibers have good biocompatibility, but the weak piezoelectric coef-
ficient limits the ability of the nanofibers to stimulate cell growth. Therefore,
the PLLA piezoelectric film is combined with the PLLA nanofibers to make

a multilayer film. In our tests, the piezoelectric output of the multilayer film
=260 mV. In the biological experiments section, without piezoelectric stimula-
tion, the cell length on the nanofibers is approximately twice that of the cells
in the blank control group. The length of cells cultured on piezoelectric-based
stimulated nanofibers is more than twice that of cells cultured on nanofibers
without piezoelectric stimulation. Therefore, it is confirmed that under the
dual action of nanofiber guidance and piezoelectric stimulation, the growth
rate of cells is four times faster than that in ordinary Petri dishes. Intracellular
calcium imaging experiments confirmed that the concentration of Ca?* in

1. Introduction

Tissue engineering utilizes known
knowledge to improve the repair pro-
cess of tissue in vivo or cellular products
in vitro.l3l Because of the response to
electrical stimuli in tissues, external elec-
trical stimulation has been widely used
to treat cell injuries and neurodegen-
erative diseases.*® Electrical stimulation
can be realized using several approaches,
including electric current stimulation, tri-
boelectric stimulation, and piezoelectric
stimulation.”®! Distinguished from direct
electrical stimulation using direct cur-
rent (DC) or alternative current (AC),
piezoelectric materials can directly stimu-

electrically stimulated cells is approximately twice that of ordinary cells. It is
also confirmed that piezoelectric materials can complete electrical stimulation

of cells in indirect contact with cells.
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late the cell surface via material deforma-
tion, which is compatible with the human
body.*® Hence, developing piezoelectric
materials with good biocompatibility and
piezoelectric stimulation effects is crucial.

Poly(vinylidene fluoride) (PVDF)-based
piezoelectric polymers have been widely employed in many
applications, including sensors, and transducer and energy har-
vesting devices, because of their large piezoelectric coefficients,
high impedance matching with the environment, and ease of
processing.'> Over the last decade, researchers have found
that by using electrospinning methods, piezoelectric PVDF
nanofibers can be produced with high piezoelectricity.>1]
Therefore, significant research effort has been devoted to using
electrospun PVDF nanofibers for applications in tissue engi-
neering.!® In 2018, Wang et al. (who are part of our research
group) found that the electrospun PVDF-TrFE nanofiber-based
scaffold showed good cell compatibility and a relatively large
piezoelectric effect.’”) The proliferation rate of fibroblast cells
cultured on the PVDEF-based nanofibers increased by =1.6 times.
In 2019, Maria Kitsara et al. attempted to use nanofibrous
PVDF scaffolds to stimulate the growth of osteoblast cells. They
found that the cell concentration on PVDF-based nanofibrous
scaffolds was =9 times that of the control group.?’! However,
the nonbiodegradability of PVDF materials limits their biomed-
ical-related applications.

Because of their biocompatibility, relatively large piezoelec-
tricity, and temperature stability, poly(lactic acid) (PLA)-based
piezoelectric polymers have been widely used in biosensors,
artificial blood vessels, artificial cartilage and other tissue engi-
neering fields.?!! In 2018, Xia et al. modified the surface of
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electrospun PLLA nanofiber scaffolds and found that the modi-
fication significantly improved angiogenesis and nerve repair
in rats.??l In 2019, Gilbert et al. showed that rough and porous
PLLA nanofibers were more conducive to the growth of dorsal
nerve cells and arrangement of the axons along the fiber direc-
tion.[?3 In addition, electrospun PLLA fibers showed a relatively
low piezoelectric coefficient (dy4 = 2.3 pC/N), which is much
lower than that of stretched PLLA films (dy, = 10 pC/N).24%]
Therefore, in this application, we combined PLLA nanofibers
(NFs) with a PLLA thin film to prepare the multilayer structure of
PLLA NF/PLLA film (PNFF). The pi ezoelectric properties, fiber
uniformity, water contact angle and orientation of the PNFF struc-
ture were compared with the electrospun PLLA NFs and stretched
PLLA film. Furthermore, the axonal outgrowth of rat pheochromo-
cytoma-12 (PC-12) cells on the multilayer film was tested for cell
elongation and proliferation. This result was also compared with
the blank control group and other experimental groups.

2. Results and Discussion

2.1. Surface Morphology of Nanowires

The surface morphology of the PLLA nanofibers was examined
using a scanning electron microscope (SEM) (SU 8020, Tokyo,
Japan), and the images are shown in Figure 1. As the solution
concentration of the PLLA solution was increased from 6% to
9% (all concentrations in this investigation are represented as
wt.%), the average sizes of the PLLA nanofibers were increased
from 600 to 1500 nm (Figure la—c). The reason is the increasing
viscosity of the PLLA solution at high concentrations, in which
the polymer solution overcomes more force to be split to a
smaller size during the electrospinning process.?3! As shown
in the SEM images in Figure 1b, the nanofibers showed excel-
lent uniformity when the solution concentration was 7.5%. The
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gap distance can largely affect the crystallinity, alignment, and
piezoelectric properties of the PLLA nanofibers.[*’] Therefore,
the effect of the gap distance on the surface morphology of
the PLLA NFs was assessed, such as gap distances of 15 cm,
20 cm, and 25 cm. As shown in the SEM images (Figure 1d-f),
the PLLA NFs partially diffused and twisted together slightly.
The reason may be the unevaporated solvent on the PLLA
NFs after the electrospinning process due to the short gap dis-
tance. When the gap distance increased to 20 cm (Figure le),
the PLLA NFs became uniformly distributed with fiber sizes of
=700 nm. With the increasing gap distance to 25 cm, the PLLA
fibers become randomly distributed (Figure 1f). Therefore, the
optimized conditions for electrospun PLLA fibers were chosen
as a 7.5% solution concentration and a gap distance of 20 cm. In
addition, The expansion of water contact angle was not condu-
cive to cell attachment.?!l The water contact angle of the PLLA
nanofibers was measured (Figure S1, Supporting Information).
The water contact angle was slightly increased to 85.1° for the
PLLA NFs produced with a 7.5% PLLA solution.

2.2. Crystallization Analysis

Differential scanning calorimetry (DSC, Mettler Toledo LLC,
OH, USA) can be used to measure the enthalpy of mate-
rials, and the data are shown in Figure 2a. The DSC data of
the annealed PLLA film showed only one melting peak (T;,)
at =169 °C that slowly increased with increasing annealing
temperature. In addition, the crystallinity of the PLLA was
calculated using the equation below.

w=| 28 1 100% (1
AH;
where AH;represents the melting enthalpy of the PLLA films

with 100% crystallization, and AH,, is the melting enthalpy

Figure 1. SEM images of PLLA nanofibers fabricated using various solution concentrations and gap distances: a) 6%, 20 cm; b) 7.5%, 20 cm;

) 9%, 20 cm; d) 7.5% 10 cm; €) 7.5%, 15 cm; f) 7.5% 25 cm.
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Figure 2. a) differential scanning calorimetry (DSC) of PLLA nanofibers (annealed at 135 °C) and PLLA films annealed at various temperatures. b) X-ray
diffraction (XRD) patterns. c) Fourier transform infrared (FTIR) spectra of PLLA films and nanofibers. d) Polarized FTIR spectra of annealed PLLA film
at 135 °C measured using the polarized incident beam along the parallel and perpendicular directions of the stretching direction.

of the PLLA film.?”) From the data, the crystallinity increased
with increasing annealing temperature. As the calculated result
shows in Table 1 (in the supporting information). The crystal-
linity of the PLLA film increased with increasing annealing
temperature, and the PLLA nanofibers showed the lowest
crystallinity. The highest crystallinity reached 60% for the film
annealed at 155 °C. However, the increased temperature also
increases the brittleness of PLLA films.*® Therefore, 135 °C
was chosen as the annealing temperature for the remaining of
the investigation.

Figure 2b shows the XRD patterns of annealed PLLA film
with various annealing temperatures and annealed PLLA film.
The diffraction peak at 26 of 16.9° (110/200, ¢ phase) of the
annealed PLLA film was much higher than that of the PLLA
nanofibers, indicating increasing crystallinity in the PLLA
film.BY The diffraction peak at 16.9° for the PLLA nanofibers
was much smaller than that of the PLLA films. The annealing
temperature markedly influenced the crystallinity of the PLLA
material. With increasing annealing temperature, the crystal
size increased gradually. The Fourier transform infrared (FTIR)
spectra of the PLLA film and nanowires are shown in Figure 2c.
The characteristic peaks at 1092 cm™ and 1759 cm™ are associ-
ated with C=0 and —C—O—C— functional groups in a PLLA
material. The piezoelectric property of the PLLA material arises
from the polarization of C=0 dipoles in the material.l*! There-
fore, the increasing absorption peak at 1092 cm'corresponds
to the increasing fraction of C=0 groups, causing increased
piezoelectricity in the PLLA film. Furthermore, to assess the
alignment of the functional groups during the stretching
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process, polarized infrared (IR) light was incited along the per-
pendicular and parallel directions of the stretching direction of
the PLLA film.?2 The enlarged FTIR spectra between 871 and
960 cm™! for the PLLA film are shown in Figure 2d. The char-
acteristic peaks at 871 and 960 are much larger in the perpen-
dicular direction than in the direction parallel to the stretching
direction of the PLLA film. Previous literature has revealed
that, C=0 dipoles feature 125° with the main carbon chain of
the PLLA film, and the vibration direction of C=0 dipoles is
mainly perpendicular to the stretching direction of the PLLA
film. Therefore, most of the PLLA molecule chains are oriented
parallel to the stretching direction after stretching.

2.3. Measurement of Piezoelectric Performance

Because of the 125° angles between the C=0 dipoles and main
carbon chain of the PLLA materials, the dipole component per-
pendicular to the main chain will cancel each other out, and
only the component parallel to the main polymer chain can
show polarity. Therefore, the PLLA film only showed piezo-
electric properties along the dy, direction. The piezoelectric
coefficient dy4 of the PLLA film can be calculated using the
equation below:

-1

d14 — Dsur — Q,sur i — Acro X Jldt (2)
T4 ASUI Acm Asur F

where Dy, is the surface charge density, T, is the applied stress

along the shear direction, Qy,, is the generated surface charge,
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Figure 3. a) Schematic diagram of the piezoelectric coefficient measurement setup. b) Output charge as a function of applied stress for the PLLA films
annealed at various temperatures. c) Schematic drawing of the PNFF multilayer film. d) Comparison of the output voltage of the PNFF film scaffold
and PLLA nanofiber scaffold with an input voltage of 3 V at 10 Hz on the bottom speaker of the culture plates.

Agy, is the surface area, F is the applied force, A, is the cross
sectional area, I is the current, and t is the time.3%! Figure 3A is
A schematic diagram of an experimental apparatus for meas-
uring piezoelectric coefficients. It mainly consists of a load cell,
an SRS power amplifier, a phase-lock-in amplifier and a shaker.
The lab-designed piezoelectric coefficient setup comprises a
load cell, an SRS power amplifier, a phase-lock-in amplifier
and a shaker (Figure 3a). The piezoelectric coefficients of the
PLLA films with various annealing temperatures (115, 135, and
155 °C) were measured. The measurement results for the dy,
of the PLLA film at various annealing temperatures are shown
in Figure 3b. The dy4 of the PLLA film slowly increased from
8.85 to 13.1 pC/N with increasing annealing temperature, indi-
cating that the piezoelectric properties of the PLLA film slowly
increased with the enhanced crystallinity. At the same time, we
also performed a statistical error analysis of the piezoelectric
coefficient (Figure S3a, Supporting Information). In addition,
the stress—strain curve of the annealed PLLA film was meas-
ured, and the data are shown in Figure S3b in the supporting
information. The film annealed at 155 °C was easily damaged
with a lower force at 4% strain, a level much lower than that
with the other PLLA films. The reason is mainly attributed to
the increased brittleness of the film with increasing crystal-
linity. Therefore, as explained above, the PLLA film annealed at
135 °C was chosen for the remainder of the study. Piezoelectric
fibers have been shown to benefit cell elongation along the
fiber directions.

Therefore, the PLLA nanofibers were glued to the top of
the PLLA film using a low melting temperature polycapro-
lactone (PCL) nanofiber. A schematic drawing of the PLLA
NFs/film (PNFF) multilayer film is shown in Figure 3c. The
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output performance of the PLLA NFs and PNFF multilayer
film were measured, and the measurement results are shown
in Figure 3d. The data indicate that the open circuit voltage of
the PNFF film reached 200 mV, which is >90-fold higher than
that of the electrospun PLLA NFs. Therefore, the output signal
of the PNFF film mainly arises from the stretched PLLA film
inside the multilayer PNFF film. The electrospun PLLA fibers
were shown to benefit the elongation of fibroblast cells along
the fiber direction. Therefore, the PNFF multilayer film was uti-
lized for the remainder of the cell experimental process.

The schematics of the lab-designed flexible bottom culture
plate are shown in Figure 4a. The culture plate comprises two
thick acrylic plates (>5 mm in thickness), PNFF multilayer
film, and a small speaker (Edifier Technology Inc., Guangdong,
China). In the culture plate, two thickness acrylic pieces were
drilled into a 35 mm hole in the middle, and the PNFF mul-
tilayer film was sandwiched between them as the base of the
culture plate, which was then glued to a speaker using a thick
double -sided glue (3 M Co. Ltd., MN, USA). Before the PNFF
film was glued in the middle of the culture plate, Au electrodes
(2 cm in diameter) were sputter coated on the top and bottom of
the PNFF film as the active layer of the plate. Before testing the
electric output of the culture plate, the culture plate was filled
with saline solution to simulate the cell growth condition. The
open circuit voltage (V) of the device changed slightly with
the frequency of the vibration signal (Figure 4b). This finding
may be related to the resonance frequency of the speaker. The
V,. of the culture plate reached its maximum value of =1.5 V
at an input voltage of 2 V at 50 Hz. Afterward, the V. of the
culture plate was slightly increased to =2 V with an input signal
of 3 V at 50 Hz (Figure 4c). Furthermore, with the increasing

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U8017 SUOWILIOD BAIIEID) 3|cedldde aus Aq peuenob are ssoiie YO ‘8sn JO Sa|nJ Joj Ariq18UlIUO AB|IA UO (SUORIPUOD-pUe-SLLBY/LICO" A3 1M ARl 1o [UO//SdNY) SUORIPUOD Pue SWB | 8U 88S *[£202/70/92] Uo AReiqiTauliuo A8|1m ‘O uonminsul Builleg-sed Aq /4202202 Wpe/z00T OT/I0p/Woo" A3 1M Ake.d 1 puljuo//Sdny wouy pepeo|umoq ‘0 ‘0SE.96T2



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

INTERFACES

— D
www.advmatinterfaces.de

1 Input 2 V)

10 20 30 40 50
Frequency (Hz)

(©) [mputv)
2

Output (V)
<

-1

T——10 Hz—=—20 Hz
—+—30 Hz—~—40 Hz |
500——50 Hz

10 20 30 40 50
Frequency (Hz)

—

Output
o 1] w
[—3 [(—3 >
. 2.9
" \%
g
u.-

3
Input (V)

Figure 4. a) Schematic diagram of the lab-designed cell culture plate. Voltage output of the PNFF-based culture plates at different frequencies and input
voltages: b) 2V, 10-50 Hz. c) 3V, 10-50 Hz. d) Output voltage of the PNFF-based culture plate as a function of input voltage on the bottom speaker

at various frequencies, 10-50 Hz. Samples > 15.

input signal, the vibration of the culture plate became very
strong with increasing frequency, which may generate standing
waves on the PNFF substrate and damage the cells on the cul-
ture plate. Therefore, an AC signal of 3 V at 50 Hz was chosen
as the input signal to the speaker for the remainder of the cell
experimental process (Figure 4d).

2.4. Biocompatibility Test

Biocompatibility is an important parameter to evaluate the
compatibility of biomaterials with cells or living body.*¥ This
is the premise of whether the materials we choose can be used
in biological systems. The state of cell viability and proliferation
could reflect the toxicity of the materials. Biocompatibility can
also provide a reliable reference for the future clinical applica-
tion of this kind of biomaterials.l*® In this study, we used Live/
Dead stain and Cell Count Kit-8 (CCK-8) test to evaluate the
biocompatibility of the PLLA multilayer film.

For the live/dead stain, Calcein-AM is a cell staining rea-
gent for fluorescence labeling living cells with green fluores-
cence (E, = 490 nm, E, = 515 nm). Once the reagent enters
the cell, Calcein-AM (which does not fluoresce itself) is cleaved
by intracellular esterases to form the membrane-impermeable
polar molecule Calcein, then Calcein retained in the cell and
emits strong green fluorescence. Due to the lack of esterases
in dead cells, Calcein-AM is only used to label live cells. Pro-
pidium iodide (PI) could not pass through the cell membrane
of living cells, but can only pass dead cell membranes to
reach the nucleus and produce red fluorescence (E, = 535 nm,
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E, = 617 nm). We cultured PC-12 cells on the multilayer film
for up to five days and stained the cells of 1, 3, and 5 days. The
viability of cells on the multilayer films and tissue cell plates
showed no significant difference (Figure 5a,b). Live cells could
react with CCK-8 reagent and produce orange precipitate —
Formazan. The more living cells, the more Formazan produced
and the darker the color. The absorbance of the cells at 405 nm
on the multilayer films and tissue cell plates indicated no
obvious differences at 1,3, and 5 days (Figure 5c).

2.5. Effect of Multilayer Films on Cell Differentiation
and Growth

In this study, we chose PC-12 cells as the experiment cells.
Which have the general characteristics of neuroendocrine cells,
and are widely used in neurophysiological and neuropharma-
cological research.l3”3¢ The morphology of the rat pheochro-
mocytoma (PC-12) cells on the PNFF multilayer films was first
observed using SEM images (Figure 6a,b). Poly(lactic acid)
(PLA) materials have been demonstrated to feature both a levo-
(1) helical structure and dextral- (p) helical structure.?! There-
fore, PLA materials show nonpiezoelectric properties. However,
Young's modulus and the chemical properties of PLA materials
are similar to those of PLLA materials. Therefore, in the PC-12
cell test, the PLLA NFs were combined with a PLA film as one
of the control groups. In the biocompatibility test of the PNFF
film, PLLA nanofibers were glued on the nonpiezoelectric PLA
film as a control group to compare with the PNFF film. Four
experimental groups were set up as follows: i) blank control

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Cytobiocompatibility of the multilayer films. a) Live/dead staining of PC-12 cells on cell culture plates (control group) and fiber/PLLA films.
b) The viabilities of PC-12 cells in the control and fiber/PLLA film groups were the same. c) PC-12 cell viability determined by the CCK-8 assay. ns: p > 0.05.

group; ii) PNFF film with no excitation, iii) PLLA NFs/PLA
film with excitation at 50 Hz, £3 V signal to the speaker, and
iv) PNFF film with excitation of £3 V at 50 Hz to the speaker.
Immunofluorescence staining and SEM photographs were then
performed to evaluate the cell morphology on different culture
plates (Figure 6a).

The experimental results indicate that the PC-12 cells in
the blank control group showed much less directionality than
the PC-12 cells grown on the PLLA NF-based culture plates
(Figure 6a). However, no significant difference was found in
the directionality of PC-12 cells in the experimental groups with
(group (iv)) or without piezoelectric stimulation (groups (ii) and
(iii)). This finding indicates that the orientation of PC-12 cells
mainly arises from the alignment of the PLLA nanofibers on
the cell culture plate, which is not associated with piezoelectric
stimulation. Furthermore, the differentiation rate and average
neurite length of PC-12 cells in the experimental and control
groups were calculated using confocal fluorescence microscopy
(CFM), and the histogram results are shown in Figure 6¢,d.
The histogram results showed that the cell differentiation rate

Adv. Mater. Interfaces 2023, 2202474 2202474 (6 Ole)

in Group (IV) (with piezoelectric stimulation) was 41% higher
than that in the control group (56.3%). (Figure 6¢). Compared
with the experimental group using the same culture plate, the
cell differentiation rate of PC-12 cells in Group IV (with piezo-
electric stimulation) was 11% higher than that without piezo-
electric stimulation (Group ii). Even compared with the PLLA
NFs/PLA scaffold with the same excitation, the differentiation
rate in the PNFF scaffold film was 77% higher. This result indi-
cates that the piezoelectric stimulation from the PNFF scaffold
can substantially benefit the differentiation rate of PC-12 cells.
The histogram results in Figure 6d showed that the average cell
length of Group (iv) reached 142.76 um, which is 4.15-fold and
~2-fold that of the control group (34.37 um) and other experi-
mental groups (Group (ii): 70.2 um; Group (iii): 65.6 um),
respectively. The experimental results of the groups (i) and
(ii) showed that the surface morphology of the material would
promote the growth of cells. But the effect is limited. The
experimental results of the groups (ii) and (iii) showed that
mechanical vibration did not promote the growth of cells.
The experimental results of the groups (iii) and (iv) show that
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Figure 6. Growth results of PC-12 cells in different situations. a,b) SEM images of PC-12 cells aligned on the fiber/PLLA films. c) Fluorescence image of
cellular filamentous actin (green) and nuclei (blue) of different groups. d) Corresponding angular histograms of cell nuclear angles from the results in

(c). e) Statistical results of the percent of cell differentiation and average neurite length (um). p values

the growth of cells is mainly caused by the stimulation of
cells by the charge generated on the surface of the PLLA film
under vibration. This experimental process proved that the
PNFF-based scaffold could generate electric signals, markedly
improving the cell elongation and differentiation rate.

2.6. Intracellular Calcium lon Level Test and the Gene
Expression of Neurons

Calcium is a critical parameter that indicates the cellular
responses to electrical stimulations, such as cellular metabo-
lism, synaptic transmission, regulation of the cell cycle, and
intracellular communication processes of neural cells.[¥ The
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“p <0.001, “p < 0.01 0r “p < 0.05.

Figure 7a showed the underlying molecular mechanism of the
PC12 differentiation by PLLA piezoelectric stimulation. This
kind of stimulation method could activate Ca?* channel and
promote calcium influx, then trigger downstream signaling
pathway. The increased Ca?* concentration activates calmodulin
directly and leads to the activation of adenylyl cyclase (AC).
Downstream pathways directly are regulated by cyclic adeno-
sine monophosphate (cAMP) including the core gene protein
kinase phosphokinase A (PKA) that activates this pathway. B3
To confirm that the cell growth and differentiation in this exper-
imental process were excited by the piezoelectric stimulation
from the PNFF film, the intracellular Ca?" concentrations were
measured using the calcium fluorescence staining method.
In this method, once cells are combined with Ca?* ions, the
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Figure 7. Intracellular Ca%" level of PC-12 cells and The growth of primary neurons of rats under different conditions. a) Mechanism diagram of calcium
ion promoting nerve cell growth under electrical stimulation. b) Confocal fluorescence images of PC-12 cells stained with Fluo-4 AM after piezoelectric
stimulation for five days. c) Statistical graph of the mean fluorescence intensity acquired from the confocal photos. n = 15. d) Immunofluorescence
staining of neurons, red 3- Tubulin positive cells. ) The expression of growth related genes Tubala, GAP43 and MAP2 expressed by neurons of control
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fluorescent indicator can enter the cells with Ca?" ions, and the  were stained using Flou4-AM (acetoxymethyl) ester for both the
concentration of Ca’* ions can be detected according to fluo-  intracellular and extracellular fluids. During the experimental
rescence intensity. During the experimental process, Ca** ions  process, both the control and experimental groups utilized
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the PNFF film as the scaffold film for the cell test. The con-
trol group was kept still without vibration, and the experimental
group was subjected to vibration using a 3 V AC signal at
50 Hz. After five days of the piezoelectric stimulation process
(2 h/time, 2 times/day), CFM images of the PC-12 cells were
taken using a laser scanning confocal microscope (SP8, Leica,
Germany), and the images are shown in Figure 7b. Experi-
mental results showed that the Ca?* concentration in the exper-
imental group was much higher than that in the control group
(Figure 7c), indicating that the piezoelectric stimulation in this
study can open Ca?* channels in cells and increase the intracel-
lular Ca?* concentration of PC-12 cells.

Although PC12 cells have been used as substitutes in many
experiments for nerve cells. However, for the sake of experi-
mental rigor, a direct experiment on real nerve cells is still
needed to verify the effect of PNFF on nerve cells. The dorsal
root ganglia neurons (DRGs) used in this experiment were
derived from rats. B3-Tubulin is kind of neuron microtubule-
associated proteins and a common neuronal maker. This pro-
tein is a common indicator of the growth of nerve cells for it
relates to the axon migration and orientation. We conducted
the immunofluorescence staining of three groups (i:Control,
ii: PNFF No Excit, iii: PNFF Exict) of neurons(Figure 7d). The
experimental results showed that f3-Tubulin was expressed
in all three groups of experiments. However, the staining was
most pronounced in the third group. The experimental results
show that PNFF has a very good promoting effect on the growth
of nerve cells under the condition of vibration.

To get direct evidence that PNFF stimulates neurons. we
analyzed the distribution of the neuron microtubule-associated
proteins Tubala and MAP2 and neuron growth related pro-
tein gene GAP43 in control and PNFF with excitation neurons
(Figure 7e). The results show that: The expression of Tubala
gene in the experimental group was 1.3 times that of the con-
trol group. The expression of GAP43 gene in the experimental
group was 2.2 times that in the control group, and the expres-
sion of MAP 2 gene in the experimental group was 3.9 times
that in the control group.

Through the above experiments, we systematically demon-
strated that the electric charge generated by the multilayer film
could stimulate the growth and differentiation of nerve cells
through the nanofiber.

3. Conclusion

In this study, we prepared PLLA nanofibers by electrostatic
spinning, and adjusted various parameters to improve their
biological properties. At the same time, we prepared PLLA
piezoelectric thin films by hot stretching and annealing. PLLA
piezoelectric thin films and PLLA nanofibers were then pressed
together using the hot-pressing method to prepare multilayer
thin films. The experimental results showed that the voltage
output performance of the multilayer film was slightly lower
than that of the single piezoelectric film and higher than that
of the single nanofiber film. Subsequently, we used this mul-
tilayer to grow neuron-like cells. The multilayer films were
much better than single nanofibers or piezoelectric films in
promoting cell-oriented growth. We experimentally proved that
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this mode of piezoelectric stimulation activated calcium ion
channels and increased the intracellular Ca?* concentration.
Additionally, By measuring the expression of important genes
in nerve cells in different environments, it was confirmed that
PNFF has a positive effect on stimulating nerve cell growth.
Overall, because of the good performance of the PLLA multi-
layer films prepared, these piezoelectric multilayer materials
have high potential in tissue engineering, particularly for elec-
trically responsive tissue-like nerve cells.

4. Experimental Section

Fabrication of PLLA and PCL: As described in a previous article, PLLA
nanofibers were fabricated using a conventional electrospinning (CES)
method.% First, an appropriate PLLA solution, PLLA (molecular weight:
260 000; Daigang biomaterial, China), was dissolved in hexafluoro-
isopropanol (HFIP) solvent (Aladdin, Shanghai, China) to make a 7.5%
(w/t) PLLA solution. In addition, the PLLA solution was poured into a
syringe, which was then placed on an injection pump (KDS101; KD
Scientific, USA). The electrospinning speed was set at 0.5 ml h™', and
a voltage of 12 KV/-3 KV was applied to the syringe needle (21 G) and
rotating mandrel. Before spinning, a 2 cm-wide Al foil was attached to the
rotating mandrel (800 rpm). The gap distance between the needle and
mandrel was set to 20 cm. Next, a 7.5% PCL solution was prepared, by
dissolving PCL (molecular weight of 240000; Daigang biomaterial, China)
in a methylene chloride (Macklin Biochemical Co., Shanghai, China)
solvent. Next, the PCL solution was loaded on the injection pump, and
the same spinning conditions were applied to fabricate PCL NFs. Finally,
in order to remove the residual solvent in PLLA and PCL nanofibers. The
nanofibers should be kept warm for 10 h in a drying oven at 40 °C.

Fabrication of the PLLA Film: PLLA (0.8 g) was dissolved in 20 mL
chloroform solvent (Macklin Biochemical Co., Shanghai, China),
and the PLLA solution was stirred for one hour until the solution was
completely dissolved. The solution was then poured into a special mold
(10 cm x 10 cm) in a desiccator to dry for 24 h. The PLLA film was placed
on the Lab-designed film stretching machine. The speeds of the front
motor and rear motor of the film stretching machine were set to 0.08 and
0.02 mm min~, respectively. The temperature of the heating wire was
set at 60 °C. The PLLA film was annealed in an incubator at 135 °C for
8 h. The annealed PLLA film was then cut into 3.5 cm squares, and hot-
pressed together with the PLLA NFs using a hot-press machine at 55 °C.

The microstructure of the nanofibers was characterized by SU8020
scanning electron microscope (SEM). Nano Measure software was
then used to evaluate the size distribution of the PLLA nanofibers. The
hydrophilicity of the nanofibers was evaluated using a contact angle
measuring instrument (OCA25; Data Physics Corporation, Germany).
X-ray diffraction (XRD) was performed with a PANalytical X'Pert3
diffractometer (PANalytical Ltd., Netherlands) loaded a Cu Ko source
with a step of 0.013° and a 26 range from 10° to 50°. FTIR spectra
were obtained using Vertex 80 V (Bruker Corp, MA, USA), and Fourier
transform infrared spectroscopy was performed in the wavenumber
range of 400-1600 cm™ with a resolution of 4 cm™. The stress versus
strain curve of the PLLA films was measured using a universal testing
machine (Q800; TA Instruments Corporation, USA).

During the measurement of the piezoelectric coefficients, the force
exerted on the PLLA multilayer nanofibers was measured using a load
cell (ELPF-50N-C3006; Measurement Specialties Inc., VA, USA). The
resulting electrical signal was measured using a phase-locked amplifier.
(SR&30; SRS, California, USA).

Biocompatibility Test: The Live/Dead and Cell Count Kit-8 (CCK-8)
assays were used to evaluate the biocompatibility of the PNFF film. A
calcein-AM/PI double-labeled kit (CA1630; Solarbio, China) was used to
stain the live/dead PC-12 cells. The cells at 1, 3, and 5 days were gently
washed three times using phosphate-buffered saline (PBS) solution to
clear the external esterase activity. To stain the PC-12 cells at a density
of 1% 10°° uL mL™, 1 uL mL™" of calcein-AM and 3 uL mL™ of PI
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solution were added. Thereafter, 1X Assay Buffer (diluted to one-tenth
the concentration of the original solution) was added, and the mixture
was added to the PC-12 cells and incubated at 37 °C for 15 min. Next, the
PC-12 cells were observed using an inverted fluorescence microscope
(FSM) (DM6000; Leica, Germany) at a wavelength of 490 £10 nm to view
the live and dead cells at the same time and at a wavelength of 545 nm
to view the dead cells only. For statistical analysis, five images of each
group were chosen, and the proportions of live cells and dead cells were
counted using Image| (National Institutes of Health, USA).

CCK-8 (CA1210, Solarbio, China) was also used to quantify cell
viability. After removing the culture medium and washing the cells with
PBS, a mixture of medium and CCK-8 (ratio: 10:1) solution was added
to the PC-12 cells. Following incubation for 2 h, 200 puL of the culture
supernatant was transferred to a 96-well plate, and the absorbance was
measured at 450 nm using a microplate absorbance spectrophotometer
(Bio-Rad Laboratories, Inc., Japan). For each of the groups, three wells
were tested to ensure the correctness of the results (Figure 5).

Cell Culture and Differentiation: Cell differentiation was evaluated in PC-12
cells (ATCC CRL-1721). After culture to a stable stage, the PC-12 cells were
collected and seeded on the PNFF scaffold and tissue culture polystyrene
(TCPS; Corning Inc., USA) plates at a density of 6 x 10* cells ml™. The
PC-12 cells were then cultured in Dulbecco’s modified Eagle medium
(Solarbio, China) containing 10% horse serum (HS; TMO, USA), 5% fetal
bovine serum (FBS; TMO, USA), 100 1U/mL of penicillin, 100 ug mL™ of
streptomycin, and 2 mm L-glutamine. The cells were maintained at 37 °C
in a saturated humidity atmosphere with 95% air and 5% CO,. To study
the differentiation of PC-12 cells, 50 ng mL™ of nerve growth factor (NGF,
Solarbio, China) was added to the cell medium to inhibit cell proliferation
and generate long neurites in the PC-12 cells. Afterward, the cells were
cultured on differentiation medium for five days for the next step.

Evaluation of the Cell Morphology: The cytoskeleton and nucleus were
stained with Phalloidin (Proteintech, USA) and DAPI (Solarbio, China).
The PC-12 cells of various groups after five days of electrical stimulation
were assessed using the immunofluorescence staining method. First,
PC-12 cells were fixed with paraformaldehyde (4%; Aladdin, Shanghai,
China) for 20 min and washed three times with PBS. The cells were then
permeabilized with Triton-X-100 (0.1%; Aladdin, Shanghai, China) for
10 min, washed three times with PBS again and stained with phalloidin
(Proteintech, USA) for 40 min at room temperature. Finally, 4,
6-diamidino-2-phenylindole (DAPI; Solarbio, China) was added, and the
PC-12 cells were stained for 10 min. The immunofluorescence staining
images of cells were taken using a laser scanning confocal microscope
(SP8; Leica, Germany). The directionality of the PC-12 nerve cell was
measured by selecting five images of each group and measuring the
sharp angles between the axon and horizontal direction in 20 different
cells using Image]. The average neurite length and differentiation rate of
PC-12 cells were also counted using the same method.

After five days of incubation of PC-12 cells on the PNFF film, the
cells were fixed with 4% paraformaldehyde for 20 min and washed three
times with PBS. Next, a series of ethanol solutions (15%, 30%, 50%,
60%, 70%, 80%, 90%, and 100%) were used to dehydrate the cells on
the substrate at each concentration for 10 min. Before observation under
electron microscopy, the films with cells were sputtered with gold for
40 s. Finally, SEM images of PC-12 cells were taken using a scanning
electron microscope SU8020 SEM (Hitachi Ltd., Japan).

Measurement of Intracellular Calcium Levels and the Gene Expression
of Neurons: To test the intracellular Ca2* levels, the PC-12 cells were
cultured and stimulated for five days, after which the cell medium was
removed. Next, Hank's balanced salt solution (HBSS; Solarbio, China)
was used to wash the cells three times, and then a working solution
of Fluo 4-AM solution (Dojindo, Japan) was added to cover the cells.
Next, the cells were incubated for 30 min at 37 °C. After removing the
Fluo-4AM solution, the cells were washed with HBSS again three times
and incubated for another 30 min with the HBSS solution. Finally, cell
images were taken using a laser scanning confocal microscope at an
excitation wavelength of 494 nm and an emission wavelength of 516 nm.

Dorsal root ganglia neurons (DRGs) were isolated from postnatal
day 3 rat following a previously described procedure.! The culture
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medium is Neurobasal (Gibco, USA) with 2% B-27 (Gibco, USA) and
1% penicillin-streptomycin. All the culture medium was changed every
two days. After culturing, DRGs were fixed in 4% paraformaldehyde for
30 min, permeabilized with 0.5% Triton X-100 solution for 5 min, and
incubated with 10% goat serum (Solarbio, China) for 30 min at room
temperature. Next, neurons were incubated with rabbit anti-beta Il
Tubulin antibodies (abcam, UK) at 4 °C overnight and then secondary
antibodies with the goat anti-rabbit antibodies (IgG H-+L, Alexa Fluor
594, Abcam, USA) for one hour in the dark at room temperature. After
washing three times with PBS, the cells were observed via confocal laser
scanning microscopy (SP8, Leica, Germany)

Total RNA of the cultured neurons in different groups were extracted
and affinity purified with the FastPure Cell/Tissue Total RNA Isolation
Kit (Vazyme, China). cDNA synthesis was performed using =10 ng
of mRNA and HiScript® Il Q Select RT SuperMix for gPCR (Vazyme,
China). After mix the cDNA with Taq Pro Universal SYBR qPCR Master
Mix (Q712, Vazyme, China), Real-time PCR was performed in triplicate
with Real-time fluorescence quantitative PCR instrument (BIOER,
China). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as
an endogenous control (primer sequences and product sizes are listed
in Table S2, Supporting Information). All the analyses were repeated in
three independent experiments.
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