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ABSTRACT: Nerve guidance conduits (NGCs) can provide suitable microenvironment
for nerve repair and promote the proliferation and migration of Schwann cells (SCs).
Thus, we developed nerve guidance conduits (NGCs) with polypyrrole-coated poly-
caprolactone nanoyarns (PPy-PCL-NYs) as fillers in this study. PCL-NYs with the oriented
structure were prepared with a double-needle electrospinning system and then PPy was
coated on PCL-NYs via the in situ chemical polymerization. Subsequently, PCL
nanofibers were collected around nanoyarns by the conventional electrospinning
process as the outer layer to obtain PPy-PCL-NY nerve guidance conduits (PPy-PCL-
NY NGCs). PPy-PCL-NYs were analyzed by SEM, FTIR and XPS. Results showed that PPy
was homogeneously and uniformly deposited on the surface of PCL-NY. Strain-stress
curves and the Young’s modulus of PPy-PCL-NYs were investigated compared with those
of non-coated PCL-NYs. Studies on biocompatibility with SCs indicated that PPy-PCL-NY
NGCs were more conducive to the proliferation of SCs than PCL-NY NGCs. In summary,
PPy-PCL-NY NGCs show the promising potential for nerve tissue engineering repair and
regeneration.
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1 Introduction

Peripheral nerve injury is a serious problem of clinical
disease. Peripheral nerve defects and injury can cause
severe loss of perception and motor dysfunction. Long
distance peripheral nerve injury is sometimes difficult to
self-repair. Nowadays, autologous nerve transplantation is
the golden standard for the repair of nerve defects.
However, the sources of the donor are limited, and there
are also many drawbacks, such as neural mismatch,
reoperation, loss of function of the transplant area, and
neuroma [1]. Therefore, it is necessary to provide suitable
tissue engineering scaffolds to promote cellular migration
and axonal growth during the nerve repair. At present, most
of nerve conduits used in clinic have hollow structures
which cannot guide the growth of cells and axons, and
during the axonal regeneration, the hollow structure of
nerve conduit may cause disorder of binding sites [2–5].
Hence, it is particularly urgent to design new nerve
guidance conduits (NGCs) that can provide excellent
microstructure for the orientated growth of nerve cells and
axons. Currently, there are many ways to prepare NGCs,
such as phase separation, self-assembly, and electrospin-
ning [2–3,6–9]. Among them, electrospinning is regarded
as the most common and effective technology for tissue
engineering scaffolds. Nanofibers formed by electrospin-
ning have high specific surface area, which can simulate
the structure of the extracellular matrix (ECM) and
facilitate cellular adhesion, proliferation and migration.
Electrospun nanofiber scaffolds have been widely used in
the field of tissue engineering repair such as blood vessels,
nerves, osteogenesis, skin and so on. Interestingly,
nanofiber scaffolds with the oriented structure providing
the “contact guidance” promote Schwann cells (SCs)
unidirectional proliferation and migration, and then the
special topological structure promotes axon growth with-
out nerve growth factor treatment [6,10–11]. Lundborg et
al. [12] fabricated a kind of nerve conduits, silicone tube as
out layer and 8 Nylon threads placed parallel inside the
conduit as filler to repair the injured nerve in rats. The
results showed that the nerve defect segments were
successfully repaired in rats and the axon grew along the
direction of the filler. As a contrast, the axon in silicone

conduits without filler could not grow to the distal end.
Yucel et al. [13] reported a kind of nerve conduits wrapping
aligned micropattern film into electrospinning nerve
conduits. The study demonstrated that the aligned micro-
pattern film facilitate the migration, proliferation and
survival of native cells. These results suggest that materials
with the aligned structure as a filler for nerve conduit be
beneficial to the directional diffusion and proliferation of
cells. In previous studies, Li et al. [14] fabricated
continuous poly(L-lactic acid) (PLLA) nanoyarns using a
dual electrospinning system, and then constructed a nerve
conduit taking PLLA nanoyarns as filler in poly(L-lactide-
co-caprolactone) (PLCL) hollow nerve conduits. The
research showed that the parallel arrangement of nanoyarns
in the lumen contributed to the proliferation and differ-
entiation of SCs within the nerve conduit.
In the current decades, biodegradable materials with

good biocompatibility and mechanical properties have
been extensively applied in nerve tissue engineering.
Polycaprolactone (PCL), certified by the US Food and
Drug Administration (FDA), is the biodegradable polyester
that has excellent biocompatibility and mechanical proper-
ties [15]. However, due to its low hydrophilicity and lack of
corresponding functional groups, PCL-based scaffolds are
inadequate for cell adhesion and proliferation, which limits
its repair ability. A lot of physical chemistry and surface
post-processing technologies have been used to solve the
problem of adhesion and proliferation of cells on the
hydrophobic surface. Conductive polymer materials have
been applied in tissue engineering due to their unique
physical and chemical properties. In some studies,
conductive materials can promote cell proliferation and
migration and it also contributes to tissue regeneration and
repair, especially for nerve, muscle, and heart tissue [16–
17]. Polypyrrole (PPy) is one of the most stable conductive
materials and compared with other ones, it has no toxicity
to cells and has good biocompatibility. Furthermore, some
biodegradable materials such as PCL, PLCL and silk
protein after being coated with PPy show increased
biocompatibility and promoted cell adhesion and prolifera-
tion. Previous studies have shown that conductive
materials play a good role in the axonal growth and
nerve regeneration in clinical applications [12]. The
addition of conductive materials can promote the prolifera-
tion, adhesion and migration of SCs [18–22]. For example,
Sun et al. [23] designed PPy-coated poly(L-lactic acid-co-
ε-caprolactone)/silk fibroin (PLCL/SF) electrospun nano-
fiber scaffolds and it was found that the electospun PLCL/
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SF scaffolds not only increase the mechanical properties
and improve the biocompatibility, but also retain the
morphology of nanofibers. Besides, this study also showed
that the PPy coating significantly promoted the SCs
proliferation on PLCL/SF scaffolds.
In this study, we used double-needle electrospinning

devices to prepare PCL nanoyarns (PCL-NYs) and random
PCL nanofibers were produced by common electrospin-
ning. PPy-coated PCL nanoyarns (PPy-PCL-NYs) were
fabricated by the in situ chemical polymerization, and their
morphology, structure and mechanical properties were
investigated. The lumens of PCL NGCs were filled with
PCL-NYs and PPy-PCL-NYs. SCs were cultured on PPy-
PCL-NY NGCs and PCL-NY NGCs to evaluate the
biocompatibility.

2 Materials and methods

2.1 Materials

PCL (Mn = 80000, IV: 1.145 dL$g–1) was purchased from
Sigma. Pyrrole, iron(III) chloride (FeCl3) and sodium para-
toluenesulfonate (pTS) were purchased from Sigma (St.
Louis, MO, USA). Hexafluoroisopropanol (HFIP) was
acquired from Shanghai Darui Fine Chemlcai Co., Ltd.
(Shanghai, China). Mouse SCs isolated from a sciatic nerve
were supplied by the Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences. All cells culture
medium and reagents were obtained from Gibco Life
Technologies Co., Ltd. (USA), unless otherwise noted.

2.2 Electrospinning of PCL-NYs

PCL-NYs were fabricated by electrospinning as previously
described [14,24–25]. PCL was dissolved via the magnetic
stirrer overnight in HFIP at the 10% (w/v) concentration.
PCL-NYs were prepared by a specific device (TFS-700,
Beijing Technova Technology Co., Ltd., China). The setup
consisted of a high-speed funnel collecting and twisting
nanofibers into yarns and a winder collecting yarns. Two
injection pumps were fixed on both sides of the funnel, and
the pushing speeds were 0.02 and 0.0032 mL/h. Two
needles were separately charged with positive (+10 kV)
and negative ( –10 kV) high voltages. The speed of the
funnel was 450 r/min and nanofibers deposited on the
surface of the funnel were twisted into yarns. The winder
moving horizontally was used to collect nanoyarns. The
horizontal speed was 10 mm/min and the rate of rotating

was 10 r/min. Nanoyarns were placed in a vacuum
drying oven at room temperature to remove residual
solvents.

2.3 Fabrication of PPy-PCL-NYs

PPy-PCL-NYs were prepared by the in situ chemical
polymerization [26]. Firstly, PCL-NYs were soaked in the
pyrrole solution, followed by FeCl3 and pTS, which were
used as the oxidant and catalyst of the reaction solution
(volume ratio of V(pyrrole):V(FeCl3):V(pTS) = 1:2:1). The
original solutions of pyrrole, FeCl3 and pTS were prepared
in advance. The whole polymerization reaction lasted for
12 h at 4°C. Finally, the samples were washed with ethyl
alcohol followed by deionized water for three times, and
dried in a vacuum oven for 24 h.

2.4 Preparation of NGCs containing PCL-NYs and

PPy-PCL-NYs

NGCs have a special structure with nanoyarns as the filler
and the random nanofiber membrane as the shell. Because
of the highly-oriented structure of nanoyarns, it can induce
the proliferation, adhesion, spreading and migration of
nerve cells. A schematic diagram of the preparation of
NGCs containing PCL-NYs and PPy-PCL-NYs was
shown in Fig. 1. PCL-NYs and PPy-PCL-NYs were
prepared as mentioned before [14,23–24]. Then, pre-
prepared PPy-PCL-NYs were arranged in parallel on the
surface of the stainless steel rod and fixed at both ends, and
so were PCL-NYs. The metal rod attached with nanoyarns
was used as collector, electrospinning PCL nanofibers as
the tube shell layer. During the process, the electrospinning
voltage was 12 kV, the flow rate was 1 mL/h and the collect
distance was 15 cm. The metal rod with nanoyarns was
fixed on the electric motor and the rotational speed was 5 r/
min. After electrospinning for 2 h, the metal rod was
removed, and NGCs filled with PPy-PCL-NYs were
obtained. PCL-NY NGCs were prepared by the same
method. The prepared samples were placed in a vacuum
oven for 24 h, and subsequently liquid nitrogen was used to
make them cool down. Finally such samples were cut into
pieces 1 cm in length and stored in 5 mL vial.

2.5 Morphologies of nanoyarns and NGCs

Morphologies and structures of PCL-NYs, PPy-PCL-NYs,
PCL-NY NGCs and PPy-PCL-NY NGCs were observed
by scanning electron microscopy (SEM; Phenom XL,
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Phenom-World B.V., Netherlands). Samples were dried by
a vacuum oven to remove residual solvents.

2.6 Characterization

Chemical properties of PCL-NYs and PPy-PCL-NYs were
detected by Fourier transform infrared spectroscopy (FTIR;
Nicolet 6700, Thermo Fisher Scientific, Inc., Waltham,
MA, USA) and X-ray photoelectron spectroscopy (XPS;
Therom Scientific K-alpha, USA). As the superficial areas
of nanoyarns were too small, it was inconvenient to analyze
their surface chemical properties. Therefore, nanoyarns
were woven into film to characterize above related
properties.
Mechanical properties of PCL-NYs and PPy-PCL-NYs

were tested by tensile and compression testing machine
(HY-940FS, Hengyu Instrument Co., Ltd., China) at the
ambient temperature 20°C and the relative humidity 65%,
and the tensile rate was 10 mm/min. The parallel test on
each sample was performed for five times, and stress–strain
curves were drawn using Origin 9.0 software.

2.7 The proliferation and infiltration of SCs on PCL-NY

NGCs and PPy-PCL-NY NGCs

SCs were used by detecting their morphology and
proliferation effect on different scaffolds. SCs were
cultured in Dulbecco’s modification of Eagle medium
(DMEM) containing 10% fetal bovine serum (FBS) and
1% double antibodies at 37°C, 5% CO2 and 95% humidity.
The medium was changed every two days. Before cells
seeding, the previously prepared NGC samples were
placed in 24-well plates, each group of which was tested

with three parallel samples. The samples were sterilized
with 75% alcohol, washed with phosphate buffer saline
(PBS), treated by DMEM for 2 h at 37°C, and rinsed with
PBS for three times. The SCs with a density of 1�104 were
seeded into the end of each NGC, and the plate containing
NGC scaffolds was cultured on a shaker (60 r/min) in the
incubator. The fresh medium was changed every two days.
After incubation for 1, 3, 5 and 7 d on samples, the SC
proliferation was estimated on PCL-NY NGCs and PPy-
PCL-NY NGCs using the MTT assay (Sigma-Aldrich Co.,
USA) (n = 3). The optical density (OD) value was
measured at the wavelength of 492 nm with an enzyme
labeling instrument, because the amount of the MTT
crystallization was proportional to the number of cells
which was further reflected by the absorbance.
To further observe the proliferation of SCs on different

scaffolds, subsequent culture for 7 d was carried out. After
the medium was removed, the samples were rinsed by PBS
for three times, fixed with 4% paraformaldehyde for 12 h at
4°C, paraffin-embedded, cut into slices, and cleaned with
PBS. After dewaxing with xylene, some scaffolds were
stained with hematoxylin–eosin (HE), while others were
processed with rabbit anti-S-100 antibody (1:100, Thermo
Fisher Scientific, USA) overnight, and then stained with
rhodamine (TRITC)-goat anti-rabbit IgG (1:200, Thermo
Fisher Scientific, USA) and DAPI (1:200) for 30 and 5
min, respectively. The samples were treated with HE
staining and immunofluorescences staining, which were
used to determine the SC infiltration using the inverted
fluorescence microscopy (IX71, Olympus, Japan) and
confocal laser scanning microscopy (CLSM; C2, Nikon,
Japan).

Fig. 1 Schematic diagram of PPy-PCL-NY NGCs fabrication process.
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2.8 Statistical analysis

The experimental data were analyzed by Origin 9.0 (Origin
Lab Inc., USA), and the results were expressed as mean �
standard deviation (SD). Significant difference was
obtained by one-way analysis of variance (ANOVA). The
value of p< 0.05 was considered to be statistically
significant.

3 Results and discussion

3.1 Morphologies of PPy-PCL-NYs and NGCs

Morphologies of PCL-NYs and PPy-PCL-NYs can be
observed by digital and SEM images shown in Fig. 2. In
order to avoid destroying the orientation structure and
morphology of PCL-NYs, PPy was deposited on the
surface of PCL-NYs by the in situ polymerization. The
formation of the PPy coating could be judged by the color
change of the nanoyarns surface. Before polymerization,
PCL-NYs were white (Fig. 2(a)), while after the immersion
in the reaction solution, the in situ polymerization caused
PPy deposited on the surface of nanoyarns and turned the
color black (Fig. 2(d)), indicating that PPy had been
successfully coated on PCL-NYs. As can be seen from
Figs. 2(b) and 2(c), PCL-NYs were composed of
nanofibers with certain orientation and homogeneity.
From Figs. 2(e) and 2(f), it is observed that some PPy
nanoparticles were on the fiber surface of PPy-PCL-NYs
and the polymerization of PPy did not destroy the structure
and morphology of nanoyarns. The overall structure and
morphology of PCL-NY NGCs and PPy-PCL-NY NGCs
are shown in Fig. 3, from which it can be seen that dozens
of PCL-NYs be in the lumen (Figs. 3(a) and 3(b)). The
images of PCL-NYs and PPy-PCL-NYs in NGCs are
shown in Figs. 3(c) and 3(d), respectively. Nanoyarns in the
nerve conduit exhibited unidirectional arrangement, which
is more conducive to the migration and proliferation of SCs
than the hollow conduit.

3.2 Characterization

The coating of PPy on PCL-NYs was analyzed and verified
by FTIR and XPS. FTIR results are shown in Fig. 4, from
which it can be seen that both PCL-NYs and PPy-PCL-
NYs had a strong absorption peak at the wavenumber of
1730 cm–1 corresponding to the C = O stretching vibration,
while those at both 2924 and 2858 cm–1 corresponding to

Fig. 2 Digital and SEM images of (a)(b)(c) PCL-NYs and
(d)(e)(f) PPy-PCL-NYs.

Fig. 3 SEM images of cross-sections of (a) PCL-NY NGCs,
(b) PPy-PCL-NY NGCs, (c) intraductal PCL-NYs, and
(d) intraductal PPy-PCL-NYs.

Fig. 4 FTIR spectra of PPy, PCL-NYs and PPy-PCL-NYs.
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the –CH2 – expansion vibration. For raw PPy, there were
three characteristic absorption peaks at 1557, 1025 and
916 cm–1. The strong absorption peaks at 1557 and
1025 cm–1 were mainly attributed to the stretching
vibration of pyrrole rings (C –C asymmetric stretching
vibration) and the bending deformation of N –H groups,
respectively. The band appearance at 916 cm–1, assigned to
the bending deformation of C –H groups belonging to raw
PPy, indicated that PPy had been successfully polymerized
onto PCL-NYs. However, the characteristic peaks of PPy-
PCL-NYs at 2924 and 2858 cm–1 showed a significant
decrease, mainly due to the polymerization of PPy
weakening original characteristic functional groups in
PCL. XPS spectra and surface element compositions of
both PCL-NYs and PPy-PCL-NYs are revealed in Fig. 5
and Table 1, respectively. In Fig. 5, the PCL-NYs curve
revealed two absorption peaks detected at 284.6 and 533.1
eV respectively representing C 1s and O 1s, while for the
PPy-PCL-NYs curve, also there were two peaks detected at
398.3 and 196.1 eV corresponding to N 1s and S 2p,
respectively. In addition, the quantitative analysis on
surface elemental composition was performed and results
are summarized in Table 1. It reveals that the content of the
N element increased from 0 (PCL-NY) to 1.09% (PPy-

PCL-NY), attributed to the introduction of pyrrole with
intramolecular rings containing the N element. The
additional 0.14% of the S element was detected in PPy-
PCL-NYs, because pTS was added in the polymerization
reaction.

3.3 Mechanical properties

In the process of tissue engineering repair, good mechani-
cal properties can promote cell migration and growth, as
well as tissue regeneration. Figure 6 reveals tensile stress–
strain curves of PCL-NYs and PPy-PCL-NYs, and values
of the tensile stress at break, the elongation at break and the
Young’s modulus of both PCL-NYs and PPy-PCL-NYs are
presented in Table 2. After the coating of PPy on PCL-
NYs, the tensile stress at break decreased from
(76.21�0.50) MPa (PCL-NYs) to (73.66�0.33) MPa
(PPy-PCL-NYs), while the elongation at break also
decreased from (1546.46�25.52)% (PCL-NYs) to
(1004.04�5.91)% (PPy-PCL-NYs). However, the Young’s
modulus increased from (10.55�0.23) to (11.73�0.05)
MPa after coating owing to the brittleness of PPy.

3.4 The SC proliferation in NGCs

Ideal tissue engineering scaffolds can mimic the function of
natural tissues. It is believed that nanofiber scaffolds
prepared by electrospinning can simulate the environment
of ECM and provide a good growth environment for cell
adhesion and proliferation [27–29]. SCs can form Bunger
cell bands on the surface of injured peripheral nerves,
promote myelin formation, and regulate the growth and
maturation of new nerve axons, playing an important role

Fig. 5 XPS spectra of PCL-NYs and PPy-PCL-NYs.

Table 1 Surface elemental compositions of PCL-NYs and PPy-PCL-
NYs

Sample c(C)/% c(N)/% c(O)/% c(S)/%

PCL-NYs 75.11 0.00 0.23 0.00

PPy-PCL-NYs 76.31 4.17 1.09 0.14

Table 2 Mechanical properties of PCL-NYs and PPy-PCL-NYs

Sample Elongation at break/% Tensile stress at break/MPa Young’s modulus/MPa

PCL-NYs 1546.46�25.52 76.21�0.50 10.55�0.23

PPy-PCL-NYs 1004.04�5.91 73.66�0.33 11.73�0.05

Fig. 6 Stress–strain curves of PCL-NYs and PPy-PCL-NYs.
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in promoting regeneration and repair of injured peripheral
nerves [30]. In this research, SCs were cultured for 1, 3, 5
and 7 d, respectively. The proliferation effects of tissue
culture plate (TCP), PCL-NY NGCs and PPy-PCL-NY
NGCs were detected by the MTT method. As shown in
Fig. 7, there was no significant difference in the cell
proliferation among TCP, PCL-NY NGCs and PPy-PCL-
NY NGCs after the culture for 1 d. With the increase of the
culture time, the cell proliferation on different nanofibers
became distinguished. After 3, 5 and 7 d, the extent of the
cell proliferation of PPy-PCL-NY NGCs was significantly
greater than that of PCL-NY NGCs (p< 0.05). The cell
proliferation rate of PPy-coated nanoyarns was higher than
that of uncoated nanoyarns, indicating that PPy-coated
nanoyarns had more cell affinity. It might be owing to that
the mechanical stretching of oriented nanoyarns bring

mechanical stimulation to cells, leading to the cell
proliferation. Moreover, the PPy coating further promoted
the adhesion of nanoyarns to cells, making cells contact
more compactly and enabling more cells grow inside PPy-
PCL-NY NGCs.
In order to further study the proliferation of SCs in

different samples, HE staining and immunofluorescence
staining were performed on different samples. Figure 8
shows the infiltration of SCs in PPy-PCL-NY NGCs and
PCL-NY NGCs after culture for 7 d. It could be seen that
the number of SCs in PPy-PCL-NY NGCs (Figs. 8(a) and 8
(b)) is higher than that of PCL-NY NGCs (Figs. 8(c) and 8
(d)). Moreover, SCs not only grew around each nanoyarn
in both PPy-PCL-NY NGCs and PCL-NY NGCs, but also
filled the space between nanoyarns (indicated by red circles
in Fig. 8).

4 Conclusions

In this study, we prepared a new kind of NGCs with PPy-
PCL-NYs as inner filler and PCL nanofibers as outer shell.
PPy-PCL-NYs were prepared via the in situ oxidative
polymerization. SEM, FIIR and XPS results confirmed that
PPy nanoparticles were deposited on the surface of PCL-
NYs. Compared with PCL-NYs, PPy-PCL-NYs exhibited
better mechanical properties. Results from biocompatibi-
lity experiments showed that PPy-PCL-NY NGCs were
more conducive to the SC proliferation than PCL-NY
NGCs. Our research might provide a new direction for
peripheral nerve repair or regeneration.

Fig. 7 MTT results of the SC proliferation on TCP, PCL-NY
NGCs and PPy-PCL-NY NGCs after culturing for 1, 3, 5 and 7 d.

Fig. 8 (a)(c)HE images and (b)(d) immunofluorescence images with anti-S100 antibody of cross-sections after the SC culture for 7 d on
PPy-PCL-NY NGCs (upper) and PCL-NY NGCs (lower).
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