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Piezoelectric fibers based on silk fibroin with
excellent output performance
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The self-powered tissue engineering scaffold with good biocompatibility is of great significance for stimulating nerve
cell growth. In this study, silk fibroin (SF)-based fibers with regulatable structure and piezoelectric performance are fabri-
cated by dry-spinning and post-treatment. The concentration of SF and calcium ion in spinning dope and the post-treatment
affect the conformation transition and crystallinity of SF. As a result, the SF fibers exhibit high piezoelectric coefficient
dz3 (3.24 pm/V) and output voltage (~ 27 V). Furthermore, these piezoelectric fibers promote the growth of PC-12 cells,
demonstrating the promising potential for nerve repair and other energy harvester.

Keywords: silk fibroin, piezoelectric fiber, dry-spinning, conformation transition

PACS: 87.85.jf, 77.84.—s, 81.05.Lg, 83.80.Mc

1. Introduction

The peripheral nervous system (PNS) is crucial for
managing the body’s physiological functions and activities.
There are more than 3 x 10° cases of PNS damage per year
worldwide,!"?! which seriously affects the functions of other
parts of the human body. Therefore, the effective repair
of damaged PNS is of great clinical significance and scien-
tific value. Tissue engineering scaffolds based on polylac-
tic acid (PLA), chitosan, and inorganic boron materials have
been widely used in the clinical surgery.l*>! In addition, it
has been confirmed that electrical stimulation (ES) can re-
store the electrical signal around the PNS to induce axon elon-
gation and myelin sheath regeneration, thus promoting tis-
sue regeneration.®) Compared with the traditional autograft
method, the scaffold materials with self-powered function not
only avoid self-injury, but also realize continuous in vivo elec-
trical stimulation treatment. Piezoelectric material, which
can convert mechanical energy into electric energy, has been
widely used in self-powered devices. Currently, the piezo-
electric materials including piezoelectric crystals, piezoelec-
tric ceramics, and piezoelectric polymers are extensively stud-
ied. Among them, piezoelectric crystals and piezoelectric
ceramics display excellent piezoelectric properties, however,
the lack of flexibility makes them difficult to match with soft
nerve tissues. The biocompatibility of piezoelectric polymer
should be furtherly evaluated in the long term. In addition,
the subsequent removal of piezoelectric non-biodegradable
polymers inevitably causes secondary damage to patients.[’"]
Therefore, it is urgent to develop flexible, biocompatible and
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biodegradable bio-scaffold materials with good piezoelectric
performance.

As one of the most promising natural polymers, silk fi-
broin (SF) not only possesses adjustable water solubility, light
weight, ease of processing, adjustable piezoelectricity and ex-
cellent biocompatibility, but also provides cell adhesion bind-
ing sites.!'%! SF piezoelectric materials are sensitive to small
changes in the surrounding environment,!'!] which is benefi-
cial for inducing the growth and orientation of neural cells.!'?!
What is more important is that SF exhibits both shear piezo-
electric and longitudinal piezoelectric properties.[!*14 The
piezoelectricity can be optimized by adjusting the content of
B-sheet. Therefore, SF is expected to prepare wearable and
implantable bio-piezoelectric devices, such as electronic skin
and bio-therapeutic electronics. For example, Kim et al.!!3)
prepared polyvinylidene fluoride (PVDF)/SF composite mats
through electrospinning technique and found that the addition
of SF maintained the similar piezoelectric voltages of pris-
tine PVDEF, but exhibited improved tensile strength and cell
proliferation rate. Pillai er al.l'®! coated electrically conduc-
tive carbon nanofiber (CNF) into SF-woven neural scaffolds
to enhance neuronal cell activity. The cell attachment, growth
and proliferation on this scaffold were significantly enhanced,
demonstrating the great potential for inducing peripheral nerve
regeneration and recovery. Therefore, we believe that SF is
an ideal material to prepare nerve tissue engineering scaf-
fold. However, at present, the effect of piezoelectric perfor-
mance of SF-based scaffolds on nerve repair was rarely re-
ported due to the weak piezoelectric property of SF. For ex-

[17]

ample, Fukada'’' ! reported that the piezoelectric coefficient
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(d33), one of the most important piezoelectric coefficients, was
only 1 pm/V in term of silk. The electrical output of a piezo-
electric energy harvesting skins based on SF hydrogel was
only 1.5 V.I"8! In addition, the electrospun pristine SF mem-
brane exhibited an open-circuit maximum output voltage of
4.5 V after methanol post-treatment.''”) Asmita®"! prepared a
bendable SF-metal-free perovskite (SF-MFP) composite film
with an enhanced piezoelectric response of 4.5 V. Lisal?!! pre-
pared a flexible SF-based piezoelectric nanogenerator through
the electrodeposition technique. This SF-based nanogenerator
was capable of generating a maximum open-circuit voltage of
1.02 V under bending. Sohn??! prepared an electrospun SF
piezoelectric film with the output voltage of about 7 V after al-
cohol post-treatment. The above reported performances were
lower than those of inorganic and organic piezoelectric ma-
terials. Therefore, it is crucial to improve the piezoelectric
property of SF.

In this paper, we fabricated SF piezoelectric fiber through
dry spinning method, and regulated the condensed structure of
SF molecules through post-treatment. The obtained SF fiber
displays superior piezoelectric properties, including the output
voltage of 27 V and high d33 value of 3.27 pm/V. In addition,
the slight finger movement can produce obvious output perfor-
mance. These SF piezoelectric fibers display the potential to
promote the growth of the neural cell, indicating the applica-
tion value in the field of peripheral nerve injury repair in the
future.

2. Experimental methods
2.1. Materials

Bombyx mori cocoons were sourced from Zhejiang
Province, China, while calcium chloride (CaCl,, 99.9%) was

Formic acid (FA, 98%) and
sodium carbonate (NayCO3, 99.9%) were both acquired from

obtained from Alfa Aesar.

Sinopharm Chemical Reagent Co. Ltd.

2.2. Preparation of dry-spun fibers

The Bombyx mori cocoons underwent a dual degumming
process, involving the use of a 0.005-wt% Na,COj3 solution
at 100 °C for 30 min each time.
thoroughly rinsed with distilled water to effectively remove

Subsequently, they were

sericin. The dried degummed silk was promptly dissolved in
CaCl,—FA solutions with concentrations of 12%, 15%, and
18% (w/v) for a duration of 8 hours at 25 °C, respectively.
This process yielded spinning dopes with various SF concen-
trations (w/v) of 25%, 30%, and 35%, respectively. Conse-
quently, the obtained spinning dopes were named as 25%SF-
129%CaCl,, 30%SF-15%CaCl,, and 35%SF-18%CaCl,. Ro-
tational rheometer (Anton Paar, MCR 302) was used to test the
rheological properties of the spinning dopes at (25 +0.5) °C.

The amplitude scanning was performed at a fixed frequency of
10 rad~!, and the shear strain range was ranging from 0.1 s~!
to 100 s~ 1.

The above SF-CaCl,—FA solutions were used to dry-spin
fiber at room temperature (25 °C) through a custom-made
equipment (Fig. 1(a)). The needle length was 38 mm, the
take-up rates of the collector were 2.62 m/min for 25%SF—
12%CaCl, solution, and 1.05 m/min for 30%SF-15%CaCl,
and 35%SF-18%CaCl, solutions. The obtained as-spun
SF fibers were named as a-25%SF-12%CaCl,, a-30%SF-
15%CaCl,, and a-35%SF-18%CaCl,, respectively.

2.3. Post-treatment of SF fibers

To improve the mechanical properties and piezoelectric
properties, the as-spun SF fibers were manually stretched at
a draw ratio of 3 times, then immersed in 90 vol% ethanol
aqueous solution for 1 hour. The post-treated SF fibers were
named as p-25%SF-12%CaCl,, p-30%SF-15%CaCl,, and p-
35%SF-18%CaCl,, respectively.

2.4. Characterization of SF fiber

Morphology characterization: The surface morphology
of the fibers was characterized by SU1000 high-resolution
field emission scanning electron microscopy (SEM) at a volt-
age of 5.0 kV.

Structural characterization The secondary structure of
each fiber was characterized by Fourier transform infrared
spectroscopy (FTIR). The ATR accessory was used in the test.

The wavenumber range was 600 cm™'—4000 cm™!.

Syn-
chrotron radiation wide-angle x-ray diffraction (SR-WAXD)
experiments were performed at Shanghai Synchrotron Ra-
diation Facility hard x-ray microfocus beamline station
(BL15U1). The test parameters were as follows: energy stor-
age ring energy: 3.5 GeV, x-ray energy: 16 keV, x-ray wave-
length: 0.07746 nm, spot size: 4.0 umx2.5 um, detector
model: Rayonix SX-165, diameter: 195 mm, the test distance:
155 mm, exposure time: 60 s, the standard sample: cerium
oxide. The 1D-WAXD curve was obtained by azimuthally in-
tegrating 2D-WAXD diffractograms. The crystallinity (X;) of
the crystal region was calculated by

I
X, = —— x 100%,
I.+1,

where I, and I, were the intensities of crystallization zone and
amorphous zone, respectively.[>’]

Piezoelectric coefficient The piezo-force microscopy
(PFM) mode of atomic force microscope (AFM) (Bruker’s
Dimension Fast Scan) was used to characterize oscillation
amplitude (A) of SF fibers and the scan size was set to
10 wumx 10 pm, and the scan rate was maintained at 1 Hz.
The test temperature and humidity were (25 +0.5) °C and
(40 = 5) RH%, respectively. Finally, the effective piezoelec-
tric coefficient d33 was calculated from the measured A and
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the voltage applied to the sample (Vac) according to the fol-

lowing equation: >4
A

Electrical output of dry-spun fiber: A homemade equipment
(Fig. S3 in supporting information) was used to test the piezo-
electric output of SF fibers at (2540.5) °C and (40+£5) RH%.
The SF fibers were pasted by a conductive copper glue.

Cell proliferation PC-12 cells are a commonly used neu-
ronal cell line and are neuronally responsive to nerve growth
factor (NGF) and sensitive to electrical signals. Among them,
undifferentiated PC-12 cells are spherical in shape and with-
out protrusion, which is beneficial to observe the growth be-
havior of PC-12 cells. Therefore, undifferentiated PC-12 cell
was used for cell proliferation experiments. Eighty thousand
PC-12 cells were inoculated into each well of a well plate,
the substrate of which was covered with SF fibers. The cell
culture medium (500 pL/well, 79% RPMI-1640, 15% horse
serum, 5% bovine serum, and 1% penicillin—streptomycin so-
lution (P/S)) were added to each well and placed in a 37 °C
cell culture incubator for incubation. To assess cell viability,
the cell counting kit-8 (CCK-8) was employed. Specifically,
500 pL of CCK-8 solution was added to each well and incu-
bated at 37 °C for 2.5 h. Subsequently, 200 uL of the solution
from each well was transferred to a 96-well cell counter and
measured using a microplate reader at 450 nm.

Cell growth Undifferentiated PC-12 cells (8 x 10*/well)
were inoculated into the well plate covered with SF fibers.
The well plates with cell culture medium (1.5 mL/well, 96%
RPMI-1640, 2% horse serum, 1% bovine serum, 1% P/S, and
20 ng/mL NGF) were incubated in a cell culture incubator at
37 °C. Subsequently, the well plates were ultrasonically stim-
ulated for 10 min every day with the ultrasound intensity of
0.6 W/cm?. The stimulation was performed with ultrasound
and sustained for five consecutive days with a distance of
5 mm between the probe and SF fibers. The growth condition
of cells on fibers was observed by polarized light microscope
on the first, third and fifth day of the growth experiment, re-
spectively.

3. Result and discussion

The piezoelectric fibers were prepared through dry-
spinning method (Fig. 1(a)). All of the SF concentrations
in the spinning dopes were higher than 20 wt%, since the
SF molecules may be entangled and form interlaced network
structures within the solution when the spinning dope exceeds
20 wt%.!>! In order to investigate the spinnability of the three
SF-CaCl, solutions, the rheological properties were charac-
terized (Fig. 1(b)). In the initial state, the viscosity of 35%SF—
18%CaCl, spinning dope was the highest. As the shear pro-
cess proceeded, shear thinning behavior was observed in all of

the spinning solutions, which was attributed to the presence of
the entangled chain network in the solution.?! In addition, the
35%SF-18%CaCl, solution showed the fastest decay of the
viscosity. In the initial stage of shear, the shear force destroyed
the entanglement between SF molecules, thereby reducing the
viscosity of the solution. At this time, SF moved along the
shear direction, and molecular chain rearrangement occurred
under the influence of shear force,[?! which was beneficial
for the following spinning. The viscosity of spinning dope
affected the spinning process, including spinnability and spin-
ning parameter, then resulting in different morphology, struc-
ture and property of the obtained fibers. If the viscosity was
low, the low entanglement degree of SF molecular chain re-
sults in the difficulty of dry-spinning. That is, the spinning
solution tends to form a droplet at the spinneret rather than
the uniform fiber when the spinning speed is low. If the vis-
cosity was high, the degree of entanglement of SF molecular
chains increased, leading to large intermolecular force. In or-
der to overcome these forces and promote the movement of
SF, the relative slow spinning speed should be used to in-
duce the formation of uniform fiber. Hence, the spinning
speed of the 30%SF-15%CaCl, and 35%SF-18%CaCl, sys-
tems (1.05 m/min) was slower than that of 25%SF-12%CaCl,
system (2.62 m/min). In addition, the high viscosity of spin-
ning solution leaded larger fiber diameter (Fig. 1(c)). The di-
ameters of the as-spun fibers obtained from low to high solu-
tion concentrations were 30 wm, 70 wm, 60 pm, respectively.

There were cracks along the fiber axis on the surface of
the SF fibers (Fig. 1(c)). This may be attributed to the evapora-
tion of formic acid. During the dry spinning process, the fiber
interior became denser under the action of stretching. The
evaporation of the formic acid inside of the fiber lead to the
formation of cracks on the fiber surface. Note that the sur-
face of the as-spun fibers was smooth apart from the cracks.
However, the rough morphology with axial grooves was ap-
peared after post-drawing the as-spun fiber for three times and
immersing in 90-vol% ethanol solution. In addition, the diam-
eters of the fibers were reduced after post-treatment (Figs. 1(c)
panels (iv)—(vi)).

The secondary structure of SF is usually analyzed in
amide I region (1508 cm~!-1720 cm™!) and amide IIT re-
gion (1180 cm™'-1300 cm™') of FTIR spectra.*”] In amide
I region, the characteristic peaks of §-sheet, B-turn, and ran-
dom coil/helix are located at 1611 cm™', 1696 cm~!, and
1650 cm™!, respectively. In amide III region, the character-
istic peaks of B-sheet and random coil/helix are centered at
1233 cm™! and 1266 cm ™!, respectively.!?’-2° All of the as-
spun SF fibers only displayed two broad peaks at 1640 cm™!
and 1539 cm™!, indicating the amorphous structure (Fig. S1
in supporting information). After post-treatment, the char-

1

acteristic peak at amide I was shifted to 1620 cm™", and
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became sharper (Fig. 2(a)), which suggested that the post-
treatment induced the conformation of SF molecule from ran-
dom coil/helix to B-sheet. Meanwhile, the quantitative analy-
sis of the secondary structure in the fibers was performed ac-
cording to the reported method.[?*) From Table 1, the content
of B-sheet structure of p-30%SF-15%CaCl, was the highest
and about 64.0%. This might be attributed to that the higher
the SF concentration, the greater entanglement degree among
molecular chains, which was negative to the conformational
transition. As a result, the SF molecular chains did not have
enough space to rearrange to form 3-sheet structure. Mean-
while, calcium ions in the spinning dope may chelate with

() 25%SF —12%CaCl,

As-spun fiber

Post-treated fiber

30%SF—15%CaCl,

carboxyl groups of SF molecules, leading to the cross-linking
between the hydrophilic portion of SF molecular chain. Con-
sequently, more random coil structures were formed. In addi-
tion, water molecule was trapped by calcium ions, then formed
hydrogen bonds with SF molecular, which served as cross-
linking points.3%! Therefore, when the concentration of cal-
cium ions increases, more randomly curled chains are bound
by water molecules and thus cannot be converted to [3-sheet.
This explains why the f3-sheet content increases first and then
decreases. In addition, the ethanol solution can evidently in-

duce the transformation of SF from random coil to 3-sheet. [>3]

(b)

 —25%SF—12%CaCl}
| — 30%SF—15%CaCl,
—— 35%SF—18%CaCly
0.1 1 10 100
Shear rate (s71)

Viscosity (10* mPa-s)
T S N =

35%SF—18%CaCl,

Fig. 1. The preparation of piezoelectric SF fibers. (a) Schematic diagram of the dry-spinning process of SF fibers. (b) Rheological properties
of SF solution. (c) SEM images of dry-spun fibers based on different SF—CaCl, solutions.

Table 1. The content of secondary structure and crystallinity of post-treated SF fibers.

Sample B-sheet (%) B-turn (%) Random coil/helix (%) Crystallinity (%)
P-25%SF-12%CaCl, 56.9 7.3 35.8 41.70
p-30%SF-15%CaCl, 64.0 115 24.5 52.23
P-35%SF-18%CaCl, 61.1 8.5 30.4 48.19

Crystalline structures of SF mainly consist of silk I and
silk II. The characteristic diffraction peaks of silk II are
mainly located at 9.91°, 10.3°, 12.0°, and 12.7°, which cor-
respond to the lattice planes of (020), (200)/(210), (021),
(002), respectively.l*=3*l Among them, three lattice planes
of (200), (020), (002) represent the direction perpendicular to
the molecular chains, the direction perpendicular to the two-
dimensional plane, and the direction parallel to the molec-

ular chains, respectively.**! Compared with the as-spun SF
fibers, the post-treated fibers showed the new characteristic
diffraction peaks at about 10.3° and 21.4°, which implied the
formation of crystalline structure (Fig. 2(b) and Fig. S2 in
supporting information). According to the crystallinity cal-
culation method,!?*! we obtained that the crystallinities of
pP-25%SF-12%CaCl,, p-30%SF-15%CaCl,, and p-35%SF-
18%CaCl, were 41.7%, 52.23%, and 48.19%, respectively,
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which was consistent with the result of FTIR. As the con-
centration of calcium ions increases, the number of calcium
chelates also increases leading to higher cross-linking between
SF molecules. At the meantime, more water molecules were
trapped by SF molecular chains to enhance cross-linking re-
action. This limited the movement of SF molecules, result-
ing in lower crystallinity.% This is attributed to the struc-
tural transformation caused by the synergistic effect of the

(2)

p-25%SF —12%CaCl,
p-30%SF —15%CaCl,

=
1264 em~" J937 e

-1 1512 -l
20 cm-! 15 C}?—%S%SF—IB%C&CIQ

1600 1400 1200
Wavenumber (cm~1)

Transmittance (%)

1800 1000

(c) o

v

AN

o5

As-spun fiber

% B-sheet

random coil/a-helix

ethanol molecule and post-stretching. In the post-treated pro-
cess, ethanol molecules penetrated into the fibers and induced
the conformation transition of SF molecular from random
coil/helix to B-turn or -sheet (Fig. 2(c)), the crystal struc-
ture is generated. Simultaneously, the tensile force further im-
proved the crystallization. As a result, the crystallinity of SF
fibers was enhanced after post-treatment, which were benefi-
cial for the improved piezoelectric performance.

(b) [020] — p-25%SF —12%CaCl

@ »  — p-30%SF—15%CaCl
g — p-35%SF —18%CaCl
:f [021]
2 i\
< 1\ 1 [002]
ey I\ [040]
a 1™ ' .[025§]/ [420]
40-'7) | ! X A
| Lo NS

1 1 : | 1

Lo -

5 10 15 20 25
20 (°)
S A0
L
s ) R o
T e
T
i

Post-treatment fiber

B-turn

Fig. 2. The structure of dry-spun SF fibers after post-treatment. (a) ATR-FTIR spectra. (b) 1D WAXD diffractograms. (c) The schematics of
conformation transformation of SF molecules during the post-treatment process.

(a) 16 — a-25%SF—12%CaCl, (b) 20 — P-25%SF—-12%CaCl, (© ¢ 1 p-25%SF—12%CaCl,
1.2 — a30%SF—15%CaCl; 40¢ — p-30%SF—15%CaCl 5 3 p-30%SF—15%CaCl,

- —— a-35%SF—18%CaCl, = 307 — P-35%SF—-18%CaCl, ~ [ p-35%SF—18%CaCl,
z 0.8} Z 20} i 4r
o] o L
& 0.4 e 10 é 3l
= ol s Or =
2 S 10} < 2

—0.4} —20} 1} ﬁ

—-0.8 —30¢1 0

Sample Sample Sample
(d) 250 (e) 140 (f) 140
= 200} T 201 7 120
N £ 100} £.100
150}
g .°§ 80 2 80f
£ 100} £ 60 £ 6oy
2, B 40l e 40t
£ so0f g 40 &
< < 20} < 20
O- —“4— 0 — .I— X X O' — |

10 =5 0 5 10
Tip bias (V)

10 =5 0 5 10
Tip bias (V)

“10 =5 0 5 10
Tip bias (V)

Fig. 3. The piezoelectric performance of different SF fibers. (a)-(b) The output voltage of as-spun (a) and post-treated (b) SF fibers under
machine tapping. (c) The d33 coefficient of post-treated SF fibers. (d)—(f) Butterfly curves of different SF fibers: p-25%SF-12%CaCl, (d),

p-30%SF-15%CaCl; (e), and p-35%SF-18%CaCl, (f).
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Moreover, the piezoelectric voltage output of SF fibers
was studied. All of the as-spun fibers display output volt-
age under the external force although the values of the volt-
age were low (0.6 V-0.9 V) (Fig. 3(a)), demonstrating the in-
trinsic piezoelectric feature of SF. When a compressive force
was applied, the amide dipoles of SF molecules might rotate,
resulting in the internal net polarization.!'3l After the post-
treatment, the output voltage of the p-25%SF-12%CaCly,
p-30%SF-15%CaCl,, and p-35%SF-18%CaCl, were drasti-
cally improved to 6 V, 27 V, and 10 V, respectively. These
results suggested that the output voltage of SF fiber increased
with the increase of crystallinity. In addition, piezoelectric
coefficient d33 and butterfly curve were used to characterize
piezoelectric performance directly (Figs. 3(d)-3(f)). The ds3
of p-30%SF-15%CaCl, fiber was about 3.24 pm/V, which was
calculated according to d33 = A/Vac (Fig. S4 in supporting
information), and three times higher than that of pristine silk
(1 pm/V).l'71 In addition, this value was larger than those of
P-25%SF-12%CaCl, (1.14 pm/V) and p-35%SF-18%CaCl,
(1.7 pm/V) fibers. The magnitude of d33 could also be qual-
itatively analyzed by the interval between the lowest points
of the butterfly curve. Therefore, we could also deduce that
the piezoelectric coefficient of p-30%SF-15%CaCl, system
was the largest (Figs. 3(d)-3(f)). These results were consis-
tent with the output voltages (Figs. 3(a) and 3(b)) and solidly
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confirmed that the crystallization and -sheet of SF molecu-
lar chains were of great significance for the improvement of
piezoelectric performance. Based on the performance of the
three SF fibers mentioned above, the subsequent study focused
on p-30%SF-15%CaCl, SF fibers.

In order to characterize the output performance of piezo-
electric SF fiber, a custom made test equipment was adopted
(Fig. S3). The SF fibers were fixed in the middle of two con-
ductive copper layers. Under the external force of 5 N, the
output voltage of post-treated fiber was about 5 V, which was
higher than that of as-spun fiber (1.5 V) (Figs. 4(a) and 4(b)).
With the increase of the amplitude of the external force, the
output voltage increased. The highest output voltage reached
up to about 20 V under the external force of 25 N (Fig. 4(b)),
which outperforms other reported SF-based piezoelectric ma-
terials. For example, the output voltage of the electrospun SF
composite fibers was only 0.8 V under pressure.>3 The thin
SF film doped with ZnO particles output the voltage of 1.7 V
at low bending level and 11.2 V at high bending level.*®! In
addition, this SF-based piezoelectric device was used to mon-
itor the finger bending deformation (Figs. 4(c) and 4(d)). The
output voltages of as-spun and post-treated SF fibers under the
slight figure bend were 2 V and 15 V, respectively, suggesting
the potential in the application of self-powered tissue scaffold
and bio-electronics.

(d)

Voltage (V)

—10}

—-20

Time (s)

Fig. 4. The piezoelectric performance of [panels (a) and (c)] the as-spun SF fiber and [panels (b) and (d)] the post-treated fiber obtained from
30%SF-15%CaCl, system. (a)—(b) Output voltage under external forces with different amplitudes.

To verify the effect of piezoelectric performance of SF
fibers on the cell proliferation, PC-12 cells were cultured on p-

30%SF-15%CaCl, SF fibers. The result of cell proliferation

(Fig. 5(a)) showed that the cell viability gradually increased
with time, indicating that the piezoelectric SF fibers displayed
good biocompatibility.
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Fig. S. The proliferation condition of PC-12 cells incubated on the p-
30%SF-15%CaCl, SF fibers for 1, 3, and 5 days.

Meanwhile, to observe the effect of piezoelectric perfor-
mance of SF fibers on the cell growth, PC-12 cells were cul-
tured on p-30%SF-15%CaCl, SF fibers under ultrasonic stim-
ulation. Furthermore, the piezoelectric SF fibers had the pos-
itive effect on the cell growth especially under the ultrasound

stimulation (Fig. 6). After incubating for 1 day, the PC-12
cells tended to adhere on the surface of SF fibers in the shape
of a round ball no matter ultrasound stimulation was applied
(Figs. 6(a) and 6(d)). When the continuous stimulation lasted
for 3 days, the PC-12 cells began to grow to cell protrusions
along the axial direction of the fibers (Fig. 6(e)). However,
the PC-12 cells still remained a round ball shape without stim-
ulation (Fig. 6(b)). With the ultrasound stimulation was ap-
plied for 5 days, the cell protrusions of PC-12 cells continued
to grow along the SF fiber axial direction (Fig. 6(f)), while the
cell protrusions length of PC-12 cells without ultrasound stim-
ulation hardly increased (Fig. 6(c)). The piezoelectric output
of the SF fibers might stimulate the growth of PC-12 cells un-
der ultrasound.3”! Moreover, the SF fibers guided the growth
direction of the cell protrusions. The above results suggested
that the piezoelectric SF fibers promoted the proliferation and
growth of PC-12 cells.

100 pm

Fig. 6. The growth condition of PC-12 cells incubated on the p-30%SF-15%CacCl, SF fibers. Without [(a)—(c)] and with [(d)—(f)] ultrasound
stimulation for different days. Panels (a) and (d), (b) and (e), and (c) and (f) are 1 day, 3 days, and 5 days, respectively.

4. Conclusions

In summary, we prepared SF fibers with superior piezo-
electric performance through dry spinning and confirmed that
the high crystalline and -sheet were beneficial for the im-
provement of piezoelectric output. The d33 and maximal
output voltage of the post-treated SF fiber reached up to
3.24 pm/V and 27 V, respectively. In addition, the SF fibers
displayed good piezoelectric sensitivity to detect slight finger
bending motions. Benefiting from the good biocompatibility
and piezoelectric performance, the SF piezoelectric fibers pro-
moted the growth of PC-12 cells under ultrasound stimulation.
This indicated the great potential in the application of the fu-
ture self-powered tissue engineering scaffolds.
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