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Background: To investigate the biocompatibility of electrospinning polycaprolactone (PCL)
fiber scaffolds and coculture system, which consisted of neural stem cells (NSCs) and activated
Schwann cells (ASCs).
Materials and methods: ASCs were isolated from sciatic nerves, ligated for 7 days, in
4-week-old Wistar rats, and the NSCs were isolated from the hippocampus of E14.5 Wistar rat
embryos. ASCs, NSCs and ASCs combined with NSCs were 3D cultured on the electrospinning PCL fiber scaffolds. Crystal violet staining was used to find the suitable density of ASCs
for growth, and the proliferation of NSCs and ASCs were tested by Cell Counting Kit (CCK)-8
assay, and cell adhesion, differentiation of NSCs and myelin basic protein (MBP) expression of
ASCs were observed by laser confocal microscopy. Distribution and morphology were assessed
by scanning electron microscopy.
Results: The average diameter of fibers in electrospinning PCL scaffolds was approximately
7.93±1.41 μm. ASCs could grow well at the density of 2×104/cm2, and a certain number of cells
extended along the longitudinal axis of fibers, and the shape of the cells was spindle, which
was consistent with crystal violet staining results. The CCK-8 experiment showed ASCs could
proliferate gradually on the PCL scaffold within 7 days, as well as NSCs, and NSCs differentiated into astrocytes, neurons and oligodendrocytes on the PCL scaffold; PCL scaffolds could
improve the differentiation rate of neurons. After NSCs and ASCs were cocultured on electrospinning PCL scaffolds, ASCs could express MBP and NSCs could differentiate into neurons,
which distributed around those ASCs expressing MBP.
Conclusion: Electrospinning PCL fibrous scaffolds showed good biocompatibility, and the fibers
had an inducing effect on the distribution of ASCs. NSCs and ASCs cultured on electrospinning
PCL scaffolds could form 3D culture system, and NSCs could differentiate into neurons which
distributed around the ASCs expressing MBP.
Keywords: neural stem cells, Schwann cells, PCL, scaffold, electrospinning

Introduction
Nerve repair has long been a major issue in medicine which is difficult to overcome.
The current researches focused on cell transplantation, a promising strategy for nervous
system repair.1–4 The transplanted cells could replace the injured cells and remodel the
native tissues. In recent years, a variety of kinds of cells have been used for the neural
repair.2,5–8 However, single-cell transplantation strategy cannot achieve a satisfying
repair effect. In recent studies, combined strategy is widely used.
Tissue engineering involves cells, factors and scaffolds. The cells commonly used
in tissue engineering are neural stem cells (NSCs), Schwann cells, bone marrow mesenchymal stem cells, olfactory cells, etc.9 NSCs, with the ability to differentiate into
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neurons, astrocytes and oligodendrocytes, are the most promising candidate cells for neural repair. A considerable amount
of studies demonstrated that NSCs could repair the damage of
central or peripheral nervous system.10–14 However, transplantation of NSCs has shortcomings: the survival rate of NSCs
is low;15 most NSCs differentiate into astrocytes; and cavities
are observed to exist after NSCs transplantation.10,11,16,17
Another important factor in tissue engineering is growth
factors. The main focus of research is on neurotrophic factors,
which include brain-derived neurotrophic factor (BDNF),
nerve growth factor (NGF) and neurotrophin-3 (NT-3). Generally, neurotrophic factors are added to the scaffold material;18–20
however, this method is not effective. After the peripheral nerve
injury, Schwann cells transform into a nonmyelinated state,
“activated state”.21 Activated Schwann cells (ASCs) could be
isolated from preinjured peripheral nerves.22 ASCs have the
ability to secrete a variety of neurotrophic factors to promote
the growth of axons, such as BDNF and NGF and the myelin
formation of central and peripheral axons, which enhances the
conduction of axons. They also express a variety of adhesion
factors and some membrane receptors, and suppress the formation of scar and cavity.1,23 Thus, ASCs could be the source
of neurotrophic factors to support NSCs.
After cell transplantation, most cells die without the support
of substrate, and especially, the cavity exists after transplantation
in spinal cord injury.24 The scaffolds composed of biodegradable
and biocompatible materials can bridge the cavity and provide
support for the survival of cells.25 Polycaprolactone (PCL) is
nontoxic, biodegradable and has fair mechanical strength. PCL
is decomposed through tricarboxylic acid cycle. PCL has been
approved by the US FDA and used in many products, such as
absorbable sutures, dressings,26,27 contraceptives and internal
fixation.28 It has a longer degradation period, and therefore, it
can be utilized as a carrier for cell transplantation to provide
support for cells. In recent years, PCL was used to repair spinal
cord injury and peripheral nerve injury in many studies,29–31 but
few studies have investigated the biocompatibility of PCL and
coculture system, that is, NSCs combined with ASCs.
In this study, we assessed the proliferation and distribution
of ASCs and NSCs, and the neural differentiation of NSCs on
PCL scaffolds. Finally, the biocompatibility of PCL scaffolds
and coculture system was assessed.

Materials and methods
Isolation and culture of cells
Animals

Four-week-old Wistar rats were purchased from the Laboratory Animal Center of the Academy of Military Medical Sci-
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ences (Beijing, People’s Republic of China). All experiments
were approved by the Ethics Committee of Tianjin Medical
University and complied with the US National Institutes of
Health Guide for the Care and Use of Experimental Animals.

Neural stem cells
The procedure of NSCs isolation referred to the methods of
Azari32 with modification. NSCs were isolated from the hippocampus part of the brain of ED 14.5 Wistar rat embryos.
Papain was utilized to digest tissue pieces. The cells were
plated at a density of 5×105/mL in complete NSCs medium,
and 10 mL complete NSCs medium was used for T75 flasks.
Complete NSCs medium included neurobasal medium
(Gibco 21103-049), 20 ng/mL epidermal growth factor
(Gibco PHG0311), 20 ng/mL basic fibroblast growth factor
(Gibco PHG0026), 0.5% penicillin–streptomycin (Gibco
15140163), 2% B27 supplement (Gibco 17504-044) and 1%
Glutamax (Gibco 35050-061). The third-passage NSCs were
used for further experiment.

Activated Schwann cells
ASCs were obtained from sciatic nerves, preinjured for 7 days
by ligation, in 4-week-old Wistar rats. Rats were immersed
in 75% ethanol for 10 min after sacrifice, and sciatic nerves
were taken out and cut into pieces. Then, the pieces were
digested in collagenase II for 2 h. The digestion was stopped
with complete culture media, and cells were cultured in T75
flasks. Complete medium contained DMEM-F12 (Gibco
11330032), 10% fetal bovine serum (Corning-Cellgro R35076-cv) and 1% penicillin–streptomycin.

Fabrication of PCL scaffolds
PCL fiber scaffolds were prepared by electrospinning. PCL
was dissolved in a mixture of methanol and chloroform at a
ratio of 1:5 (v/v) to obtain 15 wt% PCL spinning solution.
The spinning solution was added to the spinning tube with
a jet flow rate of 6 mL/h, and the electric field strength was
+17 kV at normal room temperature and pressure. The PCL
fibers were collected at 150 rpm on a rotating shaft which
was 17 cm from the discharge port. PCL scaffolds were provided by Key Laboratory of Bioactive Materials, Ministry
of Education, College of Life Sciences, Nan Kai University.

Cell seeding on scaffolds
PCL scaffolds were made to suit 48-well and 96-well plates
by a punch process done under ultraviolet light for 1 h, and
then they were laid in well with a circle to weight it down.
In order to find the suitable density for culturing ASCs on
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PCL scaffolds, we examined different density of cells: 2×104/
cm2, 8×103/cm2 and 6×103/cm2. After 3 days of culture on
the scaffolds, crystal violet staining was performed. The
samples were washed with PBS three times, and fixed in 4%
paraformaldehyde at room temperature for 10 min. They were
again washed with PBS three times, and then crystal violet
solution was added. After 5 min, the samples were observed
under microscope.
For ASCs, single-cell suspension was prepared at a density
of 4×105 cells/mL, and then 50 µL cell suspension was added
on scaffolds. For NSCs, cell suspension was prepared at a
density of 5×105 cells/mL, and then 100 µL cell suspension
was added on scaffolds. Then, 500 µL cell culture medium was
added 2 h later. For coculture, ASCs were cultured on PCL
scaffolds for 3 days, and then NSCs were added on scaffolds.

Proliferation assessment
CCK-8 (C0038; Beyotime Biotechnology, Shanghai, People’s
Republic of China) was used to assess the proliferation of cells
on scaffolds on 1, 3, 5 and 7 days. For this, 2×104 ASCs and
3×104 NSCs were separately seeded on PCL membrane in
48-well and 96-well plates. At every time point, five parallel
samples were measured. First, culture medium was aspirated,
and the prepared CCK-8 solution was added to each well for
2 h at 37°C. Then, the reaction solution was removed into a new
96-well plate, and OD of the solution was measured at 450 nm.

Immunofluorescence staining
Cells cultured on cover glass were fixed in 4% paraformaldehyde at room temperature for 10 min, washed with
PBS three times and incubated in blocking solution (5%
serum+0.25% Triton X-100) for 1 h at room temperature.
The cells were incubated with primary antibodies overnight
at 4°C. Primary antibodies included S-100 (1:200), βIIItubulin (1:500; Abcam, Cambridge, UK), GFAP (1:1000;
Abcam), O4 (1:400; R&D Systems), Nestin (1:100; Abcam)
and myelin basic protein (MBP) (1:200; Abcam). On the
next day, the cells were washed with PBS three times, and
incubated with appropriate secondary antibodies for 2 h
at room temperature. Secondary antibodies included goat
anti-rabbit (1:500; Beyotime Biotechnology), goat anti-rat
(1:500; Santa Cruz), donkey anti-rabbit (1:500; Beyotime
Biotechnology) and donkey anti-goat antibodies (1:500;
ProteinTech, Wuhan, People’s Republic of China). Then,
cells were washed with PBS three times, and incubated
with DAPI (1:100) for 5 min. Finally, after washing three
times with PBS, cover glasses were covered with slides.
Fluorescence was detected by a fluorescence microscope
(IX71; Olympus, Tokyo, Japan).
Journal of Neurorestoratology 2017:5
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Confocal micrographs
The procedure of sample preparation was similar to immunofluorescence staining. The samples were observed with
an Olympus FV300 microscope. Ten distinct images were
acquired for one sample, and eleven photographs per field
were obtained along the z-axis.

Scanning electron microscopy
PCL scaffolds or scaffolds with cells were fixed in 2.5%
glutaraldehyde overnight at 4°C. After washing with PBS
three times, samples were dehydrated with a series of graded
ethanol (60%, 70%, 80%, 90%, 100%), and then freeze-dried
for 2 days. The samples were covered with gold using sputter coating. The morphologies of cells and scaffolds were
observed by using scanning electron microscopy (SEM,
Zeiss Ultra 55; Carl Zeiss, Oberkochen, Germany) under
an accelerating voltage of 15 kV. The images were handled
with an image analysis software (ImageJ; National Institutes
of Health, Bethesda, MD, USA). At least five images from
three samples for each group were used for the quantification.

Statistical analysis
All quantitative data are reported as mean±standard deviation. Two groups were compared using analysis of variance
(ANOVA), and analyses were performed through SPSS
software (version 22.0). P<0.05 was considered to be statistically significant.

Results
Structural characterization of PCL
scaffolds
PCL scaffolds used in the present study were prepared by
electrospinning technique, and the membranes were designed
in two different sizes by a punch process: 0.16 and 0.8 cm2.
Fibers were arranged randomly. The diameter of 100 randomly selected fibers was counted through Image-Pro 6,
and the results showed that mean diameter of these fibers in
PCL scaffolds used in the present study was 7.93±1.41 μm
(Figure 1).

Identification of NSCs and ASCs
The identification of ASCs was examined by S-100/DAPI
immunofluorescence staining at the third generation, and
the results showed that the percentage of cells which could
express S-100 in ASCs was 97.12±0.72%. The morphology
of most cells was spindle type (Figure 2A–C).
NSCs of the third generation were used to detect their
identification and differentiation ability. As shown in
submit your manuscript | www.dovepress.com
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Figure 1 Characteristics of PCL fiber scaffolds observed by SEM.
Notes: SEM images of PCL scaffold at different magnifications (A: 500 µm; B: 300 µm; and C: 50 µm). (D) Histogram of the diameters of 100 PCL fibers selected randomly.
Abbreviations: PCL, polycaprolactone; SEM, scanning electron microscopy.
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Figure 2 Identity of (A–C) ASCs and (D–F) NSCs. Differentiation of NSCs observed using (G) βIII-tubulin, (H) GFAP and (I) O4.
Notes: The cells were observed under a fluorescence microscope. ASCs were stained with S-100 and DAPI, and NSCs were stained with Nestin and DAPI.
Abbreviations: ASCs, activated Schwann cells; NSCs, neural stem cells.

 igure 2D–F, neurospheres expressed Nestin. NSCs could
F
differentiate into neurons, astrocytes and oligodendrocytes,
as examined through βIII-tubulin, GFAP and O4 immunofluorescence staining; most of the NSCs differentiated
into astrocytes and expressed GFAP, while few expressed
βIII-tubulin or O4. The differentiation rate of neurons was
5.91±0.94% (Figure 2G–I).
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Best density of ASCs for culturing on
PCL scaffold
In order to determine the suitable density of ASCs for culturing on PCL scaffolds, 2×104, 8×103 and 6×103 ASCs were
cultured separately on PCL. After 3 days of culture on the
scaffolds, crystal violet staining was performed. The results
showed that the cells were effectively connected and grew
Journal of Neurorestoratology 2017:5
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well at the density of 2×104/cm2 (Figure 3A–D), and the
number of cells in 2×104/cm2 group was largest compared
with the other two groups after 3 days of culture (P<0.001)
(Figure 3F), and there was a certain number of ASCs distributed along the longitudinal axis of fibers (Figure 3E).

A

3D culture of ASCs on PCL scaffolds
Confocal microscopy showed that the spindle ASCs could
grow well on PCL scaffolds. The cells exhibited spindle shape
when examined through S-100/DAPI immunofluorescence
staining (Figure 4A–C), which was consistent with the results
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Figure 3 The best density of ASCs cultured in scaffolds: (A) 6×103, (B) 8×103 and (C–E) 2×104.
Notes: Cells were observed by crystal violet staining, and the density of cells was counted by the area of purple by Image-Pro 6. The ratios between different groups are
shown in F. ***P<0.001.
Abbreviation: ASCs, activated Schwann cells.
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Figure 4 ASCs cultured on PCL fiber scaffold.
Notes: (A–C) S-100 and DAPI staining. (D) The 2.5D picture of ASCs on scaffolds. (E–F) DAPI staining after cells grew on scaffolds for 3 days. The cells were observed
under a confocal microscope.
Abbreviations: ASCs, activated Schwann cells; PCL, polycaprolactone.
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of crystal violet staining. The results of DAPI immunofluorescence staining showed that the oval nucleus distributed
along the PCL fibers (Figure 4E), and also, as shown in
Figure 4D and F, the cells could grow into the inside of the
scaffold, and not just on the surface. Cell proliferation was
detected by CCK-8 test from 1 to 7 days. The proliferation
rate of ASCs was slow from 1st to 3rd day. Nonetheless, the
proliferation rate was significantly higher than the first three
days from 5th to 7th days. The OD reached the peak value
on the 7th day (Figure 5A).

3D culture of NSCs on PCL scaffolds
CCK-8 test was used to detect the proliferation of NSCs
on PCL scaffolds. From 1st to 3rd day, the proliferation of
NSCs was slow, and the proliferation rate was higher than
the previous day, and the growth speed was slow from 5th to
7th day. The OD was maximum on the 7th day (Figure 5B).
NSCs were cultured on the scaffolds by using the differentiation medium, and the cells differentiated for 7 days.
βIII-tubulin, GFAP and O4 were detected by immunofluorescence staining. The effects of PCL fiber scaffolds on the
ability of NSCs to differentiate into three different cell types
were observed by confocal laser scanning microscopy. During
7 days, most of the NSCs differentiated into astrocytes, some
into neurons and a few into oligodendrocytes. It was observed
that the neurons extended long axons, and the cells were surrounded by neurites. Through double-immunofluorescence
staining of βIII-tubulin and GFAP, we found that most cells
were astrocytes, and neurons were surrounded with astrocytes. The differentiation rate of neurons was 24.89±1.20%
A

0.7

ASCs grew rapidly from the 3rd day when cultured on the
scaffolds, which indicated that ASCs adapted to the PCL
fiber material at the 3rd day. Thus, ASCs were cultured on
PCL scaffold for 3 days first, and then NSCs and ASCs
were cocultured on the scaffold for 7 days, and observed by
immunofluorescence staining and confocal microscopy. The
results showed that ASCs and NSCs were able to grow on
PCL. MBP staining showed that ASCs were able to express
MBP in 1 week, and NSCs could differentiate into neurons,
and the neurons attached to ASCs expressing MBP, indicating
that ASCs could express MBP on the PCL material to support axons of neurons (Figure 8). In addition, the coculture
system produced more extracellular matrix components on
the scaffolds (Figure 9).

Discussion
In this study, both NSCs and ASCs were found to proliferate
well on PCL scaffolds. Neurons derived from NSCs could
grow well and distribute around the ASCs, and the axons
could extend along with ASCs which expressed MBP. These
results suggested the good biocompatibility of PCL scaffold.
ASCs have been successfully applied in the repair of
peripheral and central nervous system. However, the low
survival rate of the transplanted cells was a major problem.
Thus, the repair effect was limited.33–35 The loss of the
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(Figure 6). A variety of cell morphologies were seen through
SEM (Figure 7).
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Figure 5 NSCs and ASCs were grown on scaffolds separately.
Notes: CCK-8 test was used to evaluate the proliferation on 1, 3, 5 and 7 days: (A) ASCs and (B) NSCs. Mean ± standard deviation was used in statistical analysis:
***P<0.001; **P=0.001.
Abbreviations: ASCs, activated Schwann cells; CCK-8, cell counting kit-8; NSCs, neural stem cells; OD, optical density.
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Figure 6 NSCs cultured on PCL fiber scaffolds.
Notes: The cells were observed under a confocal microscope. NSCs differentiated into (A) neurons (βIII-tubulin, green), (B) astrocytes (GFAP, red) and (C) oligodendrocytes
(O4, red). Staining with (D) GFAP (red) and (E) βIII-tubulin (green). (F) Double staining.
Abbreviations: NSCs, neural stem cells; PCL, polycaprolactone.
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Figure 7 NSCs cultured on scaffolds observed by SEM.
Note: (A) Cells were connected with each other and could grow in the scaffolds. (B) The cell with several neurites and a long neurite. (C) The cell with several of the same
neurites, which adhered with adjacent fibers. (D) The long neurite of the cell could extend along with the fiber.
Abbreviations: NSCs, neural stem cells; SEM, scanning electron microscopy.

transplanted cells was mainly due to cell apoptosis, which
occurred within the first 3 weeks after transplantation.34 The
microenvironment after injury was adverse for the survival
of transplanted cells, and the presence of low oxygen content and ROS generation and inflammatory cytokines led
to cellular death.34 The loss of trophic factors as well as the
destruction of the matrix for cell adhesion would result in the
Journal of Neurorestoratology 2017:5

phenomenon of anoikis, which may also affect the survival
of transplanted cells.36 The main function of the biomaterial
scaffold is supporting the growth of cells, remodeling the
anatomical structure and improving functional recovery
after nervous system injury. In the present study, randomly
distributed fibers simulated the microenvironment in vivo,
and our results showed that cells could grow well on the
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Figure 8 NSCs and ASCs cocultured on scaffolds observed under a confocal microscope: (A–D) βIII-tubulin and MBP, (E–H) βIII-tubulin, MBP and DAPI and (I–L) merged
with PCL fiber.
Note: The panels show continuous images of different levels of scaffolds from left to right.
Abbreviations: MBP, myelin basic protein; NSCs, neural stem cells; ASCs, activated Schwann cells; PCL, polycaprolactone.
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Figure 9 Coculture system on scaffolds observed by SEM.
Notes: (A) Cells adhered in the fibers and the scaffolds could form a 3D culture system. (B) Cells were overlapped with each other. (C) Cells without obvious neurites.
(D) Cells could create more extracellular matrix.
Abbreviation: SEM, scanning electron microscopy.
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scaffolds, and the long axis of the cells could extend along
the fibers, which indicated the inducing effect of the fibers
on cell distribution.
NSCs, as the most promising candidate for repair of the
nervous system, have the ability to differentiate into neurons, astrocytes and oligodendrocytes. Several studies have
cocultured NSCs and stem cells (SCs) to figure out the effect
of Schwann cells on NSCs. Niapour et al cocultured human
embryonic SC-derived neural progenitor cells (NPCs) and
Schwann cells for 7 days, and found that the rate of expression of GFAP marker was lower, and the rate of expression
of TUJ1 and MAP2 marker was higher in the coculture
group than the NPCs cultured without SCs.37 In addition,
some studies demonstrated that SC transplantation could
promote the formation of myelin, improve the maturation
of regenerated axons and suppress the formation of glia scar
and cavity in spinal cord injury.38,39 Studies have focused on
different methods for coculturing ASCs and NSCs. Thompson and Buettner made an oriented Schwann cell monolayer
by micro-patterns made of laminin, and added NSCs in the
monolayer. They found that Schwann cells could direct
neurite outgrowth,40 which proved that the topography and
morphology formed by Schwann cells could affect axons
of NSCs. ASCs also played an important role in providing
support for axons. When NSCs and SCs are cocultured on
PLGA material with NT-3 distribution, NSCs more effectively differentiate into neurons, neurons form connections
and effective synapses and Schwann cells could express
MBP and provide myelin wrapping41. This phenomenon
was also found in our experiment, in which ASCs provided
myelin support for axons. In addition, a study cocultured
NSCs with astrocytes. Sørensen et al proved that cells in the
central nervous system could survive, differentiate and form
myelin in directional PCL grooves and ridges, and when
cultured on a layer of astrocytes on PCL, cell survival time
and neurite extension length was better than the lysine group
and the simple PCL group.42 In all of these studies, a layer of
cells was prepared, as a feeder, to support the survival and
differentiation of SCs. Thus, ASCs were cultured on PCL
scaffolds first, and then NSCs were added on the scaffold.
Our experiments showed that the proliferation of ASCs
accelerated on the 3rd day of culture on the scaffold, which
indicated that ASCs adapted to the scaffold; thus, we choose
to add NSCs on the 3rd day so that ASCs could provide a
good support for NSCs. PCL fiber scaffolds could form a
3D culture system, indicating that PCL scaffold is a good
cell carrier, providing support for the cells. These results lay
a foundation for further experiment in vivo.

Journal of Neurorestoratology 2017:5
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Generally, the fiber diameter of the electrospinning PCL
scaffolds used in other studies was between 400 and 600
nm.43,44 The proliferation and activity of the cells on the
scaffold reduced with the increase of fiber diameter.45 In this
study, we found that ASCs and NSCs could proliferate on
the scaffold well, which indicated that cells could survive on
this scaffold (fiber diameter, 7.93±1.41 μm). The fibers with
diameters between 400–500 nm were easier to adhere; however, the 3D space was not enough. The scaffolds consisting
of fibers with diameter in the nanometers range cannot form
a 3D culture system effectively. Our present study showed
that PCL fibers distributed randomly and formed a 3D culture system, and ASCs could adhere well on the scaffold,
and provide a better matrix for NSCs adhesion. Further, the
3D culture system mimicked the in vivo microenvironment,
and there was difference between the SCs cultured in 2D and
3D system.46 We also found that after 7 days of coculture,
the cells were able to grow into the material. In this study,
neuronal axons were able to grow along with Schwann cells,
but the fibers of the PCL scaffolds were randomly allocated.

Limitations
Our study had some shortcomings which need to be solved
in the further study. There is still a need to explore the
inducing effect of ASCs on the differentiation of NSCs, the
inducing effect of lined fibers on the distribution of cells
and the repairing effect of coculture system with PCL on
nervous system in vivo. However, according to the results
of this study, a biodegradable material like PCL could act as
a promising scaffold to support the coculture of ASCs and
NSCs for nervous system repair.

Conclusion
Electrospinning PCL scaffolds have a good biocompatibility,
and thus, ASCs and NSCs could grow well on these scaffolds,
and the ASCs could distribute along the fibers. NSCs cocultured with ASCs on electrospinning PCL scaffolds could form
a 3D culture system, and NSCs can differentiate into neurons
distributed around ASCs expressing MBP. Thus, PCL scaffolds can be used as a cell carrier for in vivo transplantation.
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