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Abstract

Three dimensional (3D) bioprinting, which involves depositing bioinks (mixed biomaterials) layer by layer to form computer-aided de-
signs, is an ideal method for fabricating complex 3D biological structures. However, it remains challenging to prepare biomaterials with
micro-nanostructures that accurately mimic the nanostructural features of natural tissues. A novel nanotechnological tool, electrospin-
ning, permits the processing and modification of proper nanoscale biomaterials to enhance neural cell adhesion, migration, proliferation,
differentiation, and subsequent nerve regeneration. The composite scaffold was prepared by combining 3D bioprinting with subsequent
electrochemical deposition of polypyrrole and electrospinning of silk fibroin to form a composite polypyrrole/silk fibroin scaffold. Fourier
transform infrared spectroscopy was used to analyze scaffold composition. The surface morphology of the scaffold was observed by light
microscopy and scanning electron microscopy. A digital multimeter was used to measure the resistivity of prepared scaffolds. Light mi-
croscopy was applied to observe the surface morphology of scaffolds immersed in water or Dulbecco’s Modified Eagle’s Medium at 37°C
for 30 days to assess stability. Results showed characteristic peaks of polypyrrole and silk fibroin in the synthesized conductive polypyrrole/
silk fibroin scaffold, as well as the structure of the electrospun nanofiber layer on the surface. The electrical conductivity was 1 x 107°-1 x
10~ S/cm, while stability was 66.67%. A 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide assay was employed to mea-
sure scaffold cytotoxicity in vitro. Fluorescence microscopy was used to observe EdU-labeled Schwann cells to quantify cell proliferation.
Immunohistochemistry was utilized to detect S100p immunoreactivity, while scanning electron microscopy was applied to observe the
morphology of adherent Schwann cells. Results demonstrated that the polypyrrole/silk fibroin scaffold was not cytotoxic and did not affect
Schwann cell proliferation. Moreover, filopodia formed on the scaffold and Schwann cells were regularly arranged. Our findings verified
that the composite polypyrrole/silk fibroin scaffold has good biocompatibility and may be a suitable material for neural tissue engineering.

Key Words: nerve regeneration; composite nanofiber; scaffold; three dimensional bioprinting; electrospinning; silk fibroin; polypyrrole; L929 cells;
conductivity; Schwann cells; biocompatibility; nerve repair; neural regeneration
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Introduction

Damage to neural tissues is often caused by trauma or
neurological condition, and frequently leads to life-long
disability (Adams et al., 2017; Ray et al., 2017). Nerves fail
to regenerate and often die following injury or disease, thus
motivating the development of a viable, synthetic or bio-
logical nerve conduit to overcome limitations of autologous
nerve grafts (Grinsell and Keating, 2014; Zhao et al., 2017).
However, fabricating feasible nerve grafts with outstanding
properties remains a challenge.

The peripheral nervous system involves composite mate-
rials with hierarchical structure, each with specific chemical,
physical, and topographical properties that as cues for cell
behavior; this knowledge helps guide the design of tissue
scaffolds (Trappmann et al., 2012; Di Cio and Gautrot,
2016). In addition to these cues, endogenous electric fields
have been shown to serve as behavioral cues during nerve
reconstruction and neurogenesis (Yao et al., 2011). As a
means to achieve this, researchers have investigated electro-
conductive polymers such as polypyrrole (PPy), polyaniline,
and polyphosphazene (Ravichandran et al., 2010; Baniasadi
et al., 2015; Gh et al,, 2017). PPy has been the most widely
studied because of its excellent electrical properties and
favorable cell and tissue compatibility. However, its poor
solubility and degradation profile demand use of PPy in
combination with other biological materials to develop suit-
able composite materials (Gh et al., 2017; Zhou et al., 2017).
As a native protein, silk fibroin (SF) is one of the most in-
teresting polymers being combined with PPy. In addition to
excellent biocompatibility, its secondary molecular structure
(B-sheets) facilitates combination with PPy (Aznar-Cervant-
esetal, 2012; Kim et al., 2015).

Topographical regulation of cell alignment is clearly ob-
served in many tissues, generating the need for innovative
methods to prepare biomaterials with directional structures
(Leigh et al., 2017; Li et al., 2017). Three-dimensional (3D)
bioprinting, which involves depositing bioinks (mixed bio-
materials) layer by layer to form computer-aided designs, is
ideal for fabricating complex 3D biological structures. In-
deed, 3D bioprinting offers a broad range of applications for
tissue engineering, regenerative medicine, disease modeling,
pharmaceutical research, and cancer research (Mandrycky
et al,, 2016; Ji and Guvendiren, 2017). Although 3D bio-
printing technologies have prospects for generating porous
materials, it remains challenging to prepare biomaterials with
micro-nanostructures that accurately mimic the nanostruc-
tural features of natural tissues (Kador et al., 2016; Lee et al,,
2017). These characteristics have been matched with a novel
nanotechnological tool, electrospinning (Steffens et al., 2017),
that permits processing and modification of proper nanoscale
biomaterials to enhance neural cell adhesion, migration, pro-
liferation, differentiation, and subsequent nerve regeneration
at sites of injury (Wang et al., 2015). Moreover, 3D bioprint-
ing technology can be combined with complex electrospun
surfaces to design novel nerve models or therapies.

We hypothesized that integrating electrical, topographical,
and chemical cues into a tissue scaffold would offer several
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advantages over current technologies and promote nerve
regeneration. Thus, in this study, a PPy-coated SF (PPy/SF)
conductive composite scaffold was fabricated by employing
3D bioprinting and electrospinning. The combination of 3D
bioprinting and electrospinning facilitates optimization of
the architecture of composite scaffolds to enhance nerve re-
generation. The purpose of this study was to evaluate wheth-
er a PPy/SF conductive composite scaffold was suitable for
neural tissue application.

Materials and Methods

Preparation of PPY/SF scaffolds

Preparation of bioink blend

Bombyx mori silk, purchased from the sericulture provider
Xinyuan Co., (Hai’an, Jiangsu, China), was boiled for 30 min-
utes in 0.5% Na,CO, solution, which was repeated three times.
After washing with distilled water several times, degummed
silk fibers (20%) were disposed in a ternary solvent system
of CaCl,/C,H,OH/H,O (molar ratio = 1:2:8) at 75 + 2°C in a
thermostatic bath (Xue et al., 2017). To enhance the strength
and stability of the scaffold, 10% polyethylene oxide (w/v) was
added uniformly to the system at a ratio of 1:10. Solutions
were stored in an incubator at room temperature before use.

3D bioprinting scaffolds and PPy coating
A stereolithography-based 3D bioprinter (Regenovo,
Hangzhou, China) was employed to print aligned scaffolds.
Porous aligned scaffolds with a pre-designed shape were
printed under optimized parameters. Specifically, the nozzle
insulation temperature and printing chamber temperature
were controlled at 4°C and 25°C, respectively, to retain scaf-
fold shape. The nozzle diameter was 0.26 mm. Extrusion
speed was adjusted to best fit the nozzle scanning speed. After
printing, aligned scaffolds were first treated with 75% ethanol,
and then distilled water to remove polyethylene oxide.
Differently aligned PPy/SF was synthesized by coating PPy
on an aligned SF scaffold (Lee et al., 2009). To do this, PPy
(yellow-brown as received; Aldrich Chemical Company,
Milwaukee, WI, USA) was distilled under vacuum to collect
colorless liquid, and then the colorless PPy was stored at 4°C
in the dark until use. Solutions containing 14 mM pyrrole,
14 mM hydrochloric acid, and 38 mM ferric chloride were
prepared separately. The aligned SF scaffold was put into 2
mL of aqueous solution containing 14 mM pyrrole and 14
mM hydrochloric acid in a 60-mm polypropylene dish, fol-
lowed by ultrasonication for 30 seconds to allow the mesh to
be saturated with PPy solution. The scaffold was kept at 4°C
for 1 hour. Afterwards, 2 mL of ferric chloride solution (38
mM) was put into the tube and incubated with shaking at 4°C
for 24 hours to facilitate polymerization and deposition of
PPy on the aligned SF scaffold.

Fabrication of electrospun fiber-3D bioprinted composite
scaffolds

Degummed silk fibers were first dissolved in a ternary sol-
vent system of CaCl,/C,H;OH/H,O (molar ratio = 1:2:8) at
75 + 2°C in a thermostatic bath, and then dialyzed against
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distilled water in a cellulose tube with a 12-14 kDa molec-
ular cutoff for 3 days at room temperature. A portion of the
obtained SF aqueous solution was cast in a stainless steel
tray, which was dried at room temperature to form SF mem-
branes that were subsequently dissolved in formic acid to
acquire 13% (wt/wt) SF spinning solution.

The self-made electrospinning apparatus used in this
study consists of three parts: a high-voltage supplier, mi-
croinjection pump with a blunt needle serving as an anode,
and grounded collection device serving as a cathode. A
high electric potential (18-20 kV) was applied to the anode
with a needle tip (ID 0.9 mm), into which the droplet of
SF spinning solution was loaded. Electrospinning was then
continued until a thin layer of SF nanofibers with desired
thickness was deposited on the aligned PPy/SF scaffold. Af-
ter treatment with ethanol for 20 minutes, fabricated PPy/SF
composite scaffolds were dried at room temperature.

Characterization of PPY/SF scaffolds

Fourier transform infrared spectroscopy (FTIR)

After samples were cleaned with ethanol and dried, the
sample powder was pelleted with potassium bromide and
analyzed using a Nexus 870 Fourier transform infrared spec-
trophotometer (Nicolet Instruments, Madison, WI, USA). All
spectra were acquired in the spectral range of 4000-500 cm ™.

Surface morphology analysis

Surface morphology of the PPy/SF membrane was observed
using optical microscopy (Leica DMI3000 B, Wetzlar,
Germany) and SEM (S-3400 NII; Hitachi, Tokyo, Japan).
For SEM observation, briefly, test samples were fixed to an
aluminum stage, followed by coating with gold (thickness
of ~50 nm). Finally, coated samples were observed by SEM
under vacuum (1.33 x 10" Pa) at an acceleration voltage of
20 kV.

Conductivity

To measure electrical conductivity, the resistivity of pre-
pared scaffolds was measured repeatedly by a two-probe
method at room temperature using a digital multimeter
(Keithley Model 2000, Cleveland, OH, USA). After five mea-
surements, conductivity was estimated using the following
formula (Belavi et al., 2012): p = Rnr’/t, where R is the resis-
tance, r is the radius, and ¢ is the thickness of the sample.

Stability

Samples were immersed in water and Dulbecco’s Modified Ea-
gle’s Medium (DMEM) at 37°C and then shaken (100 r/min) in
a sealed container for 30 days. At 0, 3, 5, 10, 20 and 30 days,
soaked samples were taken out, and the surface morphology
of aligned PPy/SF and composite aligned PPy/SF scaffolds
was assessed by optical microscopy.

Biological performance in vitro

Cell culture

Mouse fibroblast cells (L929) (Aolu, Shanghai, China) were
cultured in a humidified atmosphere of 5% CO, in DMEM

(Gibco, Carlsbad, CA, USA) at 37°C. The culture medium
contained 10% fetal bovine serum (FBS), 100 U/mL penicil-
lin, 100 pg/mL streptomycin, and 4 x 10~ M L-glutamine.

Primary Schwann cells were prepared from bilateral sci-
atic nerves collected from 1- to 3-day-old Sprague-Dawley
rat pups (provided by the Experimental Animal Center of
Nantong University, Jiangsu Province, China), which were
enzymatically digested with 0.125% trypsin and 1% collage-
nase at 37°C for 40 minutes, as previously described (Wang
et al,, 2016). Next, the mixture was centrifuged at 168 X g,
resuspended in DMEM with 10% FBS, and the resulting cell
suspension was put into petri dishes. After incubation for 24
hours, Schwann cells were purified by adding 10 mM cyto-
sine arabinoside to dishes and incubating for an additional
48 hours to remove fibroblasts. Then, 2 mM forskolin and 2
ng/mL heregulin were added to promote cell proliferation.
Thereafter, cells were incubated at 37°C for 7 days in a 5%
CO, atmosphere before use. After 7-day incubation, prima-
ry Schwann cells were digested and cultured on composite
PPy/SF samples as follows: composite PPy/SF samples were
sterilized in 75% alcohol for 30 minutes and washed twice
with sterile deionized water for 2 days to remove unreacted
compounds. Subsequently, all sterilized samples were put
into a 24-well tissue culture plate and 1 mL of cell suspen-
sion was added. The concentration of Schwann cells seeded
onto scaffold samples was 1 x 10° cells/mL. All animal pro-
tocols were approved by the Animal Care and Use Commit-
tee of Nantong University and the Jiangsu Province Animal
Care Ethics Committee, and methods were carried out in
accordance with approved guidelines.

In vitro cytotoxicity

According to ISO-10993 (Zhang et al., 2013), a 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was performed to determine the in vitro cyto-
toxicity of scaffold extracts. L929 cells were seeded on com-
posite aligned PPy/SF scaffolds in a 24-well plate at a density
of 1 x 10" cells per well at 37°C for various time periods; cells
cultured in DMEM with 10% FBS were used as a control. Af-
ter incubation, culture medium from each well was removed
and cells were washed three times with phosphate-buffered
saline (PBS). Next, 100 uL of MTT solution (5 mg/mL) was
added to each well and cells were cultured for an additional
4 hr. The supernatant was discarded and 500 pL of dimethyl
sulfoxide was added to each well. OD values of wells were
measured on an EIX-800 Microelisa reader at 570 nm (Bio-
Tek, Shoreline, WA, USA).

Cell proliferation analyses

A 5-ethynyl-20-deoxyuridine (EdU)-incorporation assay
was performed to further investigate Schwann cell prolifer-
ation on different composite PPY-SF samples using an EdU
labeling/detection kit (Ribobio, Guangzhou, China) accord-
ing to the manufacturer’s instructions. In brief, 50 mM EdU
labeling medium was added to cell culture medium and
cells were incubated for 12 hours at 37°C in 5% CO,. Cells
were fixed with 4% (w/v) paraformaldehyde for 30 minutes,
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Figure 1 Schematic overview of construct generation.

(A) Bioprinting preparation for SF aligned scaffolds. (B) Polymer-
ization of PPy for SF aligned scaffolds. (C) Coating of electrospun SF
nanofibers on aligned PPy/SF scaffolds. (D) Surface morphology of
aligned PPy/SF scaffolds with varying diameters and distances (al-
b3): a1-80/500, a2-120/500, a3-180/500, b1-80/700, b2-120/700, and
b3-180/700. Surface morphology of aligned PPy/SF scaffolds coupled
with electrospun SF nanofiber coating with varying diameters and dis-
tances (al’-b3’): al’-80/500, a2’-120/500, a3’-180/500, b1’-80/700, b2’-
120/700, and b3’-180/700. The number in front of the slash represents
the diameter of PPy/SF scaffolds, while the number behind the slash
represents the distance between channels of PPy/SF scaffolds. Scale bars:
100 pm. SF: Silk fibroin; PPy: polypyrrole; PEO: polyethylene oxide.

followed by incubation with glycine for 5 minutes. After
washing with PBS, cells were reacted with anti-EdU working
solution for 30 minutes at room temperature. Afterwards,
cells were washed with 0.5% TritonX-100, methanol, and
PBS, sequentially, and then stained with 5 mg/mL Hoechst
33342 for 30 minutes at room temperature. Subsequently,
cells were observed using laser-scanning confocal microsco-
py (Leica). Proliferation rates of cells from different samples
were evaluated in terms of percentage of EdU-positive cells,
as calculated from 10 random fields in three wells.

Immunocytochemistry

After 3 days of culturing Schwann cells in composite PPy/
SF samples or complete medium, samples were fixed in 4%
paraformaldehyde for 30 minutes at room temperature,
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Figure 2 Physicochemical properties of scaffolds.

(A) Fourier transform infrared spectra of composites: (a) PPy; (b)
3D-printed SF treated with ethanol; (c) PPy-coated 3D-printed SF; (d)
Py. Dotted lines represent characteristic peaks. (B) Electrical conductiv-
ity of different 3D bioprinted aligned SF scaffolds. Aligned PPy/SF scaf-
folds of varying diameters and distances (al-b3): a1-80/500, a2-120/500,
a3-180/500, b1-80/700, b2-120/700, and b3-180/700. Composite PPy/
SF scaffolds with varying diameters and distances (al’-b3’): al’-80/500,
a2’-120/500, a3’-180/500, b1’-80/700, b2’-120/700, and b3’-180/700. The
number in front of the slash represents the diameter of PPy/SF scaffolds,
while the number behind the slash represents the distance between
channels of PPy/SF scaffolds. Data represent mean + SEM. An unpaired
two-tailed Student’s ¢-test was used to evaluate comparisons between
two groups. For multiple-group comparisons, one-way analysis of vari-
ance with Bonferroni’s post hoc test was performed to estimate differenc-
es among group means. All experiments were carried out in triplicate.
SF: Silk fibroin; PPy: polypyrrole; 3D: three-dimensional.

washed three times with PBS, and n incubated for 1 hour
with blocking buffer containing 3% bovine serum albumin,
10% goat serum, and 0.1% Triton-X 100. Next, samples were
reacted with rabbit anti-rat S100f monoclonal antibody
(1:200; Abcam) in a humidified chamber overnight at 4°C.
After washing three times with PBS, samples were incubated
with 488-labeled goat anti-rabbit IgG (1:400; Sigma) in the
dark at 4°C for 24 hours. After three washes with PBS, sam-
ples were stained with 5 pg/mL Hoechst 33342 (Sigma) at
room temperature for 30 minutes, and washed at least three
times in PBS. All samples were imaged on a fluorescence
microscope (Leica).

SEM

After 3 days of culture, the morphology of adherent Schwann
cells cultured in composite PPy/SF samples or complete me-
dium was examined by SEM. First, all samples were dehydrat-
ed in sequence with increasing alcohol concentrations (50%,
70%, 80%, 90%, and 100%; V conor/ V demineralized water)> a0d then
dried at room temperature. Thereafter, samples were coated
with 10 nm of gold and images were acquired.

Statistical analysis

Data are presented as mean + SEM in graphs. Measurements
of significant differences between means were performed
using SPSS 19.0 software (IBMA Analytics, Armonk, NY,
USA). An unpaired two-tailed Student’s t-test was used to
evaluate differences between two groups. For multiple-group
comparisons, one-way analysis of variance with Bonferroni’s
post hoc test was performed to estimate differences among
group means. A value of P < 0.05 was considered statistically
significant.
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Figure 3 Biological function of scaffolds, as assessed by stability and

cytotoxicity.

(A) Percentage of retained aligned PPy/SF samples after incubation in
water at 37°C. (B) Equalized percentage of retained composite PPy/SF
scaffolds in water at 37°C. (C) Percentage of retained aligned PPy/SF
samples at 37°C after immersion in DMEM. (D) Equilibrium percentage
of retained composite PPy/SF samples in DMEM at 37°C. Aligned PPy/
SF scaffolds with varying diameters and distances (al-b3): al-80/500,
a2-120/500, a3-180/500, b1-80/700, b2-120/700, and b3-180/700. Com-
posite PPy/SF scaffolds with varying diameters and distances (al’-b3’):
al’-80/500, a2’-120/500, a3’-180/500, b1’-80/700, b2’-120/700, and b3’-
180/700. The number in front of the slash represents the diameter of
PPy/SF scaffolds, while the number behind the slash represents the
distance between channels of PPy/SF scaffolds. The higher the sample
content, the more stability the scaffold exhibited. Percentage of retained
scaffolds in different groups was assessed after 1 month. (E) Variation
in cell viability of L929 cells, as determined by 3-(4,5-dimethyl-2-thi-
azolyl)-2,5-diphenyl-2-H-tetrazolium bromide assay, following culture
in DMEM or differently aligned PPy/SF or composite aligned PPy/SF
scaffold extraction fluids for 1, 3, and 5 days. The viability of 1929 cells
cultured on different scaffolds indicated no significant difference over
time. In addition, the amount of L929 cells increased over time. Data
represent mean + SEM. An unpaired two-tailed Student’s ¢-test was used
to evaluate comparisons between two groups. For multiple-group com-
parisons, one-way analysis of variance with Bonferroni’s post hoc test
was performed to estimate differences among group means. All experi-
ments were carried out in triplicate. *P < 0.05, vs. DMEM group (one-way
analysis of variance). SF: Silk fibroin; PPy: polypyrrole; DMEM: Dulbec-
co’s Modified Eagle’s Medium; OD: optical density.

>

1 day

3 days

1 day

3 days

Edu/Hoechst

Culture days

Figure 4 Proliferation of Schwann cells seeded on various PPy/SF
composite scaffolds as determined by EdU staining and Hoechst
33342 labeling.

(A) Proliferation of Schwann cells seeded on PPy/SF composite scaf-
folds with varying diameters and distances: al’-80/500, a2’-120/500,
a3’-180/500, b1°-80/700, b2’-120/700, and b3’-180/700. The number in
front of the slash represents the diameter of PPy/SF scaffolds, while the
number behind the slash represents the distance between channels of
PPy/SF scaffolds after 1 or 3 days in culture, as determined by EdU stain-
ing. Merged image of EdU-positive Schwann cells (red) and Hoechst
33342 labeling of cell nuclei (blue). Scale bars: 50 pm. (B) Proliferation
of Schwann cells cultured on a3’ and b3’ was significantly lower than
in other groups at all time points. Number of EdU-positive cells on all
composite scaffolds increased over time during 3 days of culture. The
major trend of proliferation indicated that the proliferation rate de-
creased as diameter increased. Data represent mean + SEM. *P < 0.05 vs.
other two diameter scaffolds with the same distance (one-way analysis of
variance). All experiments were carried out in triplicate. SF: Silk fibroin;
PPy: polypyrrole; EAU: 5-ethynyl-20-deoxyuridine.

Results

Fabrication and characterization of composite scaffolds
Morphology and structure of PPy/SF scaffolds

This study developed a novel and innovative composite
fabrication system that combines electrospinning with 3D
bioprinting, thus eliminating one of the main limitations of
3D bioprinting alone. Figure 1 shows the manufacturing
process.
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Designed nozzles smoothly deposit the optimized bioink
in the form of aligned scaffolds with different transverse
scales, which is achieved by regulating the size of the nee-
dles. As tiny differences in bioprinting parameters have large
influences on scaffold properties, we investigated the effect
of different sizes on electrical conductivity and biological
function of cells. In total, six PPy/SF scaffolds were charac-
terized as aligned: al1-80/500, a2-120/500, a3-180/500, bl-
80/700, b2-120/700, and b3-180/700. Each has a different
diameter (d1) and distance (d2); the number in front of the
slash represents the diameter of the PPy/SF scaffold, while
the number behind the slash represents the distance between
channels of the PPy/SF scaffold. Electrically conductive
aligned scaffolds were generated by applying the polym-
erizing PPy process to preformed cross-linked aligned SF
scaffolds (Figure 1D) under optimized conditions. PPy/SF
aligned scaffolds maintained the primary aligned structure,
which was similar to non-coated template scaffolds. The
resulting scaffolds with an interpenetrating PPy and SF net-
work, characterized as al’-b3’, appeared to be macroscopi-
cally homogenous and had black features indicating PPy. By
combining electrospinning with bioprinting, we are able to
generate tissue constructs containing a layer of electrospun
SF nanofibers (Figure 1D).

FTIR spectra characterization
To characterize structural changes in SF, Py, PPy, and PPy/
SFE scaffolds, FTIR was performed (Figure 2A). Peaks in the
region of 1527 cm™' and 1627 cm™' were attributed to the
secondary NH bending of amide-II and C=O stretching of
amide-I, respectively, which were ascribed to the presence
of B-sheets in SF (Figure 2A-b). The main characteristic IR
absorption spectra of PPy (Figure 2A-a) revealed that C-H
stretching vibrations of PPy appeared at 2923 cm™' and peak-
ed at 1457 and 1547 cm™', which was attributed to the C-N
and C-C stretching vibration of pyrrole rings, respectively, as
well as a band at 1633 cm™' corresponding to C=C stretching.
After deposition of PPy on aligned SF scaffolds, some
absorption bands associated with vibrational modes corre-
sponding to the conjugated polymers appeared in the spectra
of resulting materials. In the case of PPy/SF, bands appeared
near 1020 cm™ and 800 cm™', which were ascribed to the
C-N in-plane deformation mode and C-H wagging of PPy,
respectively. The presence of both SF and PPy conformed to
their homologous infrared absorption characteristic peaks
of SF and PPY in the spectrum of PPy/SF. The band at 1630
cm’ is a characteristic peak of SF. The two bands at 1544
cm’ and 1040 cm™' are characteristic PPy peaks. All three
peaks are present in the PPy/SF spectrum, verifying that the
composite PPy/SF was successfully synthesized.

Conductivity

The electrical properties of different materials were char-
acterized via measurement of the conductivity of resulting
scaffolds, as described in the Materials and Methods section.
Pristine 3D bioprinted aligned SF scaffolds did not display
any appreciable conductivity (sensitivity of the instrument
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was 1 x 107" S/cm). In contrast, aligned PPy/SF scaffolds
and composite PPy/SF scaffolds showed conductivities in
the region of 1 x 10°-1 x 10~ S/cm (Figure 2B). The results
indicates that deposited PPy polymers formed a coating on
the fibers that constituted an effectively homogenous and
continuous path to promote conductivity in the resulting
scaffolds. The bulk conductivity of pure aligned PPy/SF was
1.82+0.21 x 107 S/cm to 1.13 + 0.19 x 10~ S/cm, increasing
with aligned diameter. The results indicated that the electri-
cal conductivity increased as the size of aligned diameter (d1)
increased, but was not related to distance (d2). Therefore,
aligned scaffolds with bigger diameter exhibit a larger elec-
trical conductivity compared with smaller scaffolds. In addi-
tion, incorporation of electrospun SF nanofibers negatively
affected the electrical properties of PPy/SF aligned scaffolds.
Electrospun-coating in relaxed states was observed from 1.65
+0.12 x 107 S/cm to 1.09 + 0.22 x 10~ S/cm (Figure 2B).
Collectively, these results suggest that deposited PPy poly-
mer is useful for forming electrically conductive domains on
the surface. Moreover, a thin layer of SF nanofibers coated
on the aligned PPy/SF hardly affected the conductivity of
resulting scaffolds.

Stability of composite PPy/SF scaffolds

The stability of scaffolds was evaluated in by incubating
aligned PPy/SF and composite PPy/SF scaffolds in water
and DMEM over the course of 30 days. PPy mixed with
small anions was brittle according to previous reports, thus
preventing its wide application for long-term performance
(Green et al., 2008). Our 4-week stability assay indicated
very little debris or delamination of PPy shells in water, but
the aligned PPy/SF scaffold, especially samples with a large
size (d1) peeled from the substrate when incubation time
was prolonged. It was observed that the stability for aligned
PPy/SF in water was maintained at 33.33% (Figure 3A),
while composite PPy/SF scaffolds maintained 66.67% (Fig-
ure 3B) during the 4-week stability test, which may partly
arise from the stabilization effect of the outer-enclosure
formed by electrospun SF nanofibers.

In contrast to the results described above, significant frag-
mentation and/or delamination was observed in DMEM
during the 4-week stability test. This was especially notable
in samples with a large diameter size (a3, a3’, b3, and b3’),
which showed increased delamination of PPy shells, distor-
tion, falling, or even collapse of some stripes; indeed, a3 and
b3 collapsed at 10 days. Whereas, for the composite sample
(Figure 3D), parallel stripe-like structures were still clearly
observable and maintained during immersion over time, in-
dicating better stability than the aligned sample (Figure 3C),
as demonstrated by a3’ and b3’ maintaining 33.33% during
the 4-week stability test. These results revealed that graphical
construction of PPy/SF aligned micropatterning with a large
size could be broken down to a certain degree by DMEM
immersion, while PPy/SF aligned micropatterning with a
small size was better retained than samples with large size.
Furthermore, the stability of composite PPy/SF scaffolds in
DMEM was superior to most aligned PPy/SF scaffolds, as
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shown in Figure 3. This suggests that PPy/SF scaffolds had
different stability in water and DMEM, indicating that PPy/
SF scaffolds had diverse stability performance in different
solutions, while electrospun-coated scaffolds maintain their

topography.

Biological performance of composite scaffolds

In vitro cytotoxicity evaluation

The mouse fibroblast L929 cell line is routinely used to eval-
uate cytotoxicity according to ISO-10993. The in vitro cell
toxicity of scaffolds was tested using an MTT assay of L929
cells to quantify numbers of living cells. Figure 3E shows
MTT conversion of L929 cells cultured on scaffolds with
varying diameters (PPy contents) at 1, 3 and 5 days. The
results indicated a slight reduction of cells on scaffolds com-
pared with control samples (SF) during culture. However,
as the number of days increased, number cells on samples
gradually increased. According to the decrease of cell ac-
tivity at day 1, the viability of 1929 cells seeded on different
samples followed the trend: al’ > a2’ > a3’, and b1’ > b2’ >
b3’. As cells continued to proliferate, al” and b1’ cells were
significantly increased compared with other groups up to
day 5. Cell viability was observed to decrease as the diameter
of the composite PPy/SF scaffold (d1) increased; although,
it was still almost non-toxic (a3’, b3’), as cells maintained
97.18% of the relative growth rate compared with DMEM
control. The results confirmed that all scaffolds have good
biocompatibility and were not toxic to L929 cells (Figure
3E). This suggests that the combination of electrospinning
and bioprinting did not affect cell viability.

Schwann cell growth on coated fibers

EdU incorporation was carried out to determine the effect of
different scaffolds on Schwann cell proliferation. Schwann
cells were used to evaluate the biocompatibility of prepared
composite scaffolds with different d1 size after seeding
Schwann cells on samples for 1 and 3 days. The cell pro-
liferation rate was determined by counting the number of
EdU-positive cells from day 1 to day 3. A two-fold increase
in the cell proliferation rate was observed in al’ and b1’
compared with a3’ and b3’ (Figure 4). In addition, the num-
ber of cells on all scaffolds increased over time during the
3 days of culture. The general trend showed that as diame-
ter increased, the propagating rate declined. The maximal
number of proliferated Schwann cells in the scaffolds was
29.66% and 32.45% for 1 and 3 days in al’, and 33.22% and
36.27% for b1’. This behavior was attributed to the increased
amount of PPy, in good agreement with decreased MTT
results shown in Figure 3E. This result was consistent with
the study by Shi et al. (2008), which indicated that materials
with lower amounts of conductive polymers are the best
candidates for biomaterial applications.

S100B/Hoechst staining was performed to observe the
morphology and spreading of cells on scaffolds. Fluores-
cence images of Schwann cells stained for S100p (Figure 5)
indicated cells formed processus pseudopodia on all scaf-
folds. Pure electrospun SF nanofiber scaffolds were suitable

for cell adherence and growth. Compared with control-SF
nanofibers, all composite scaffolds revealed lower cell at-
tachment and poorer cell state. Hence, the conjugated PPy
coating was found to inhibit cell adhesion, especially in the
case of large-diameter samples. This may result from the
highly hydrophobic nature of PPy resulting in unsatisfactory
cell adherence properties. Considering the main problems
associated with using pure PPy, PPy has been blended with
other materials to achieve cell attachment (Ateh et al., 2006).
These results clearly indicate that PPy coupled with elec-
rospun SF nanofibers is a potential scaffold for nerve tissue
engineering.

SEM

SEM images showing typical distribution of Schwann cells
after culture on different composite scaffolds of varying sizes
for 3 days are shown in Figure 6. Cells displayed good distri-
bution with elongated podia. The cells seem to have grown
throughout the scaffolds, marking their migration through
the nanofiber surface, either on top of the PPy-containing
printed construct or in the space between prints. After 3
days of culture, Schwann cells exhibited the good adhe-
sion and spreading, and most cells displayed a spindle-like
morphology with long filopodia. Filopodia of different cells
connected to each other and formed a network, indicating
strong cell-cell interactions. The cellular layer is clearly ob-
servable on the surface, indicating the compatibility of com-
posite PPy/SF scaffolds. As exhibited in Figure 6, although
SF nanofibers on the surface of scaffolds were randomly
distributed without orientation, Schwann cells displayed a
spindle-shaped morphology and aligned arrangement. This
may be attributed to the fact that polymerization leads to the
organization of a film with some level of aligned organiza-
tion (Gh et al., 2017).

Discussion
In this study, 3D bioprinting and electrospinning were com-
bined to fabricate conductive composite PPy/SF scaffolds
with aligned conduction and nanofiber structures. Physico-
chemical assessments showed improved performance com-
pared with SF or PPy alone. Furthermore, an assessment of
biological function using neuroglial cells also displayed an
improvement, indicating that conductive composite PPy/SF
scaffolds are potentially useful as a neural tissue material.
Our results demonstrated that polymerization resulted in
the precipitation of PPy formations. It is proposed that these
are then simply adsorbed at the aligned 3D SF scaffolds, as
confirmed by FTIR of aligned 3D PPy/SF scaffolds. Fibroin
is relatively hydrophobic with a high content of aromatic
amino acids, which may favor the adsorption of conjugated
polymers via hydrophobic interactions or n-stacking. More-
over, natural peptide linkages (-CO-NH-) in SF may also
contribute to enhancing polymerization via hydrogen-bond-
ing and electrostatic interactions. Moreover, the electrospin-
ning coating process preserved the morphology, structure,
and most physical properties of aligned 3D PPy/SF scaffolds,
and resulted in nanofibers forming on the surface.
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Figure 5 Immunofluorescence staining of Schwann cells with anti
$100p and Hoechst after 3 days of culture.

Immunofluorescence staining of Schwann cells with anti S100p and
Hoechst after 3 days of culture on various PPy/SF composite scaffolds
with varying diameters and distances: al’-80/500, a2’-120/500, a3’-
180/500, b1°-80/700, b2’-120/700, and b3’-180/700. The number in front
of the slash represents the diameter of PPy/SF scaffolds, while the num-
ber behind the slash represents the distance between channels of PPy/
SF scaffolds. Merged image of immunofluorescence staining for S100p
(green) and Hoechst 33342 labeling of cell nuclei (blue). (A, D) Magni-
fied image of samples in B, C. Scale bars: 100 um for B, C; 50 pum for A, D.
All composite scaffolds showed good cell attachment and proliferation,
and improved problems associated with pure PPy. SF: Silk fibroin; PPy:

polypyrrole.

Preservation of the architecture of resulting composite
PPy/SF scaffolds was confirmed by morphologic obser-
vation. The results indicated that deposited PPy polymers
formed a coating on scaffolds that constituted an relatively
homogenous and continuous path to promote conductivity
in resulting scaffolds. Conductivity experiments demonstrat-
ed that increasing the amount of PPy proportional to 3D
bioprinting diameter greatly increased the electrical proper-
ties of the scaffold, while electrospinning coating had little
effect. This observation indicated the pivotal role played by
the amount of PPy doped onto SF scaffolds in determining
their final electrical conductivity. However, stability tests
indicated that aligned 3D PPy/SF scaffolds are brittle, while
composite PPy/SF scaffolds are stable; thus, composite PPy/
SFE scaffolds were used for biological assessments.

To explore the potential of composite PPy/SF scaffolds in
the biomedical field, for example, as implantable electrodes
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Figure 6 Scanning electron microscopy micrographs of Schwann cells
cultured on various PPy/SF composite scaffolds at 3 days in culture.
(A, B) Magnification of the space between prints (square frame) and
on top of PPy structures (arrows) in C; (E, F) magnification of square
frames and arrows in D. Scale bars: 1 mm for C, D; 100 um for A, B, E,
F. After 3 days of culture, Schwann cells exhibited good adhesion and
spreading, showing strong cell-cell interactions. The cellular layer is
clearly observable on the surface, indicating compatibility of composite
PPy/SF scaffolds. Orange arrows indicate the border of aligned scaffolds.
SF: Silk fibroin; PPy: polypyrrole.

in nerves, their cytocompatibility and ability to sustain cell
adhesion were characterized. To examine the compatibility
of composite PPy/SF scaffolds, in vitro cytotoxicity tests of
scaffold extracts against 1929 cells were conducted accord-
ing to ISO-10993. L929 cells are routinely used for in vitro
cytotoxicity studies because they are easy to prepare and
culture (Cintra et al., 2017). Composite PPy/SF scaffolds dis-
played no obvious cytotoxicity and were a good substrate for
the growth of 1929 cells. In addition, biomedical function-
al evaluation of composite scaffolds was performed using
Schwann cells, which are glial cells found in the peripheral
nervous system that play a vital role in the regeneration and
repair of injured nerves. The results showed that Schwann
cells mainly adhered to the surface of scaffolds, whereby
they maintained their normal configuration (plump, spin-
dle-shaped and glossy), connected to each other, and prolif-
erated well on all composite PPy/SF scaffolds. These results
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demonstrate that the conductive composite PPy/SF scaffolds
showed good compatibility with L929 cells and may enhance
Schwann cell adhesion, differentiation, and proliferation.

It is also demonstrated that topographical effects may be
further enhanced by electrical and chemical cues to promote
nerve regeneration (Jamal and de Guzman, 2017). These
studies show that in designing the next generation of bio-
materials, stimulation signals should be considered to better
mimic the biological microenvironment. Considering the
beneficial effect of electrical stimulation on nerve regener-
ation (Baniasadi et al., 2015; Kabiri et al., 2015), ongoing
studies are focused on investigating the effects of conductive
composite scaffolds coupled with electrical stimulation on
the functional response of Schwann cells.

Our results are consistent with previous results (Liao et al.,
2014; Bhattacharjee et al., 2016) demonstrating the function
of electrospun silk scaffolds and bioactivity of PPy-coated
materials in favor of cell attachment, growth, and spreading.
In conclusion, while peripheral nerve injury remains a com-
mon clinical problem, tissue-engineered nerve grafts have
shown potential to facilitate regeneration and functional
recovery (Tian et al.,, 2015). Although many efforts have
been made (Madduri et al., 2010; Jenkins et al., 2015; Zhao
etal., 2017), it remains a challenge to fabricate feasible nerve
grafts with outstanding properties. Thus, the ability to utilize
topological structures, electrical stimulation, and improved
biomaterials is advantageous. Among these complex cues,
an important aspect of synthetic nerve grafts is their ability
to conduct electricity, as well as their nanoscale features
(Mobini et al., 2017; Poggetti et al., 2017). Conductive nano-
fibrous scaffolds allow for nerve cell migration and promote
nerve regeneration (Jin and Li, 2014). Composite conductive
scaffolds used in the current study were manufactured using
a novel approach involving a combination of PPy deposition
on 3D-bioprinted SF scaffolds and electrospun SF fibers.
Composite PPy/SF scaffolds integrated topographical and
electrical cues within the scaffold, which is advantageous for
providing an alternative to nerve autografts. However, as all
our conclusions rely on biological assessment in vitro, the
effect of composite conductive scaffolds on functional nerve
recovery still needs to be investigated in vivo. In addition,
the exact effects of composite conductive scaffolds are not
fully understood and, thus, precise mechanisms require fur-
ther investigation.
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