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Production of chitosan scaffolds by lyophilization or 
electrospinning: which is better for peripheral nerve 
regeneration?

Yu-Xuan Wu1, #, Hao Ma2, #, Jian-Lan Wang3, Wei Qu1, *

Abstract  
Both lyophilization and electrospinning are commonly used to make chitosan scaffolds. However, it remains unknown which method is 
better for cell growth. In this study, we established the following groups: (1) lyophilization group—chitosan scaffolds were prepared by 
lyophilization method and seeded with Schwann cells from Sprague-Dawley rats aged 3–5 days; (2) electrospinning group—chitosan scaffolds 
were prepared by electrospinning method and seeded with Schwann cells; (3) control group—Schwann cells were cultured on culture dishes. 
The growth of Schwann cells was evaluated by immunofluorescence and scanning electron microscopy. Western blot assay was performed 
to explore the mechanism of Schwann cell growth. Both materials were non-toxic and suitable for the growth of Schwann cells. The pores 
produced by electrospinning were much smaller than those produced by lyophilization. The proliferation rate and adhesion rate of Schwann 
cells in the electrospinning group were higher than those in the lyophilization group. Schwann cells cultured on electrospinning scaffolds 
formed a Bungner band-like structure, and a much greater amount of brain-derived neurotrophic factor was secreted, which can promote 
the growth of neurons. Our findings show that the chitosan scaffold prepared by the electrospinning method has a nanofiber structure 
that provides an extracellular matrix that is more favorable for cell-cell interactions. The electrospinning method is more suitable for nerve 
regeneration than the lyophilization method. This research was approved by the Medical Ethical Committee of Dalian Medical University 
(approval No. AEE1-2016-045) on March 3, 2016.
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Introduction 
With the development of neural tissue engineering, artificial 
scaffolds have been widely used to bridge peripheral nerve 
defects (Li et al., 2018a; Rao et al., 2019). Biocompatibility 
between the biomaterial and living cells is essential for an 
effective tissue engineered nerve graft. Artificial scaffolds 
are needed for mechanical support and to recreate an 
environment conducive to cell attachment and proliferation. 
Chitosan, a derivative of chitin, is a natural material that 
is mainly composed of N-glucosamine. Because of its 
excellent biodegradability, antibacterial activity and non-
toxicity, chitosan is a wonderful biomaterial for neural tissue 

engineering for treating peripheral nerve injury (Wang et al., 
2016; Li et al., 2018a; Zhang et al., 2018).

Various cell types have been seeded onto artificial scaffolds 
for treating never injury (Merolli et al., 2019; Onesto et 
al., 2020). Schwann cells (SCs) are the most commonly 
used seed cells, and can promote the growth of the axon, 
stimulate remyelination and reduce the formation of cysts 
(Deng et al., 2015). Animal studies show that chitosan 
scaffolds transplanted with SCs produce satisfactory results 
in repairing the nerve defect (Carvalho et al., 2018; Zhu et 
al., 2018). Traditionally, lyophilization was usually used in the 
preparation of chitosan scaffolds (Ariani et al., 2013; Xiao et 
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al., 2019). Scaffolds made in this manner have the benefit 
of increasing the contact area because of high porosity. 
SCs can easily adhere to these scaffolds. However, several 
investigators have proposed that artificial scaffolds should 
have the ability to promote the directional guidance of 
regenerating axons and migrating SCs. The electrospinning 
method generates a scaffold with a nanostructure and high 
porosity (Teo and Ramakrishna, 2006; Liu et al., 2017; Sandri 
et al., 2019). With this method, the scaffolds can provide an 
aligned extracellular matrix for the oriented growth of SCs and 
axons. Both lyophilization and electrospinning are favorable 
methods for the preparation of chitosan scaffolds. However, 
to our knowledge, the relationship between the substrate 
microstructure and SC characteristics remains unknown.

In this study, we used lyophilization and electrospinning 
to prepare chitosan scaffolds, and investigated their 
microstructure and toxicity, and the proliferation and adhesion 
of SCs. The morphology of SCs growing on the scaffold was 
assessed by immunofluorescence and scanning electron 
microscopy. Western blot assay was used to compare the 
secretion of S100 and brain-derived neurotrophic factor 
(BDNF), which are associated with the biological activity of 
SCs. Our aim was to compare the biological characteristics of 
the scaffolds prepared by the two techniques after co-culture 
with SCs, and to determine which technique is more suitable 
for SC growth. Probing these physically-induced biochemical 
changes in SCs may contribute to optimizing the application of 
nerve tissue engineered scaffolds.
 
Materials and Methods
Animals
Twenty male Sprague-Dawley rats, aged 3–5 days and 
weighing 5–10 g, were included in this study. All the rats were 
supplied by the Specific-Pathogen-Free Animal Laboratory of 
Dalian Medical University, China (license No. SCXK (Liao) 2008-
0002). This research was approved by the Medical Ethical 
Committee of Dalian Medical University (approval No. AEE1-
2016-045) on March 3, 2016.

Group assignment
To compare the morphology, proliferation rates, adhesion 
rates and protein levels of SCs, the following three groups 
were established: (1) lyophilization group, in which chitosan 
scaffolds were prepared by the lyophilization method and 
implanted with SCs; (2) electrospinning group, in which 
chitosan scaffolds were prepared by the electrospinning 
method and implanted with SCs; (3) control group, in which 
SCs were cultured on culture dishes.

To evaluate the toxicities of the scaffolds, the toxicities of the 
scaffold leachates were compared by CCK8 assay. The leachate 
was then diluted into four different concentrations, and seven 
groups were established, including (1) 100% electrospinning 
group: 10% fetal bovine serum (FBS) in electrospinning 
primary leachate; (2) 50% electrospinning group: 10% FBS 
and 40% Dulbecco’s modified Eagle’s medium (DMEM) in 
electrospinning primary leachate; (3) 25% electrospinning 
group: 10% FBS and 65% DMEM in electrospinning primary 
leachate; (4) 100% lyophil ization group: 10% FBS in 
lyophilization primary leachate; (5) 50% lyophilization group: 
10% FBS and 40% DMEM in lyophilization primary leachate; 
(6) 25% lyophilization group: 10% FBS and 65% DMEM in 
lyophilization primary leachate; (7) control group: 10% FBS in 
DMEM. Purified SCs were added to each group of leachate to 
prepare cell suspensions at 5 × 104 cells/mL.

Lyophilization
The chitosan (medium molecular weight; Sigma-Aldrich, St. 
Louis, MO, USA) was fully dissolved in 1% acetic acid (First 
Hospital of Dalian Medical University, > 99.5%) by magnetic 
stirrer. The bubbles were ultrasonically removed, and the 

concentration was 2% w/v. The chitosan solution was poured 
into the mold and frozen at –20°C for 4 hours. The frozen 
materials were disposed in the freeze dryer (Dalian University, 
China) for 12 hours to completely sublimate the water in 
the material to maintain the pore structure in the chitosan 
scaffold. Next, the material was placed in a 5% sodium 
hydroxide solution for 20 minutes to neutralize the acetic acid 
molecules. Finally, the material was frozen again for 12 hours, 
and the chitosan material displayed a porous structure.

Electrospinning
The chitosan was dissolved in 1% w/v hexafluoroisopropanol 
(52517 MSDS; Sigma-Aldrich) at 37°C for 24–48 hours. After 
it was completely dissolved, the solution was poured into a 
syringe and mounted on a flow pump (First Hospital of Dalian 
Medical University). The spinning conditions were set to a 
voltage of 15 kV, a nozzle and aluminum foil at a distance 
of 10 cm, a flow rate of 1 mL/h, a temperature of 25°C, a 
humidity of less than 35%, and a spinning time of 2 hours. The 
chitosan was collected on a foil as a white round film with a 
thick central edge.

Comparison of the microstructure on different scaffolds by 
scanning electron microscopy
Scaffolds were sprayed with gold, and the surface morphology 
of the material was observed by scanning electron microscopy 
(Dalian University of Technology, China). The size of the voids 
in the lyophilization group and the fiber diameter of the 
electrospinning group were measured by Photoshop, and the 
void width distribution was calculated. 

Isolation and purification of SCs
The sciatic nerve was excised from rats and enzymatically 
dissociated with 1% collagenase and 0.125% trypsin. The 
mixture was triturated, centrifuged, and resuspended in 10% FBS 
(Thermo Fisher Scientific, Waltham, MA, USA) in DMEM (Thermo 
Fisher Scientific) for 24 hours. Afterwards, cytosine arabinoside 
(C3350000 MSDS; Sigma-Aldrich) was added and incubated 
for an additional 48 hours to remove fibroblasts. Subsequently, 
the cells were cultured in DMEM supplemented with 10% FBS, 
forskolin and heregulin for proliferation (Gu et al., 2014).

Comparison of SCs seeded on different scaffolds by scanning 
electron microscopy
The  morpho logy  o f  SCs  on  the  l yoph i l i zat ion  and 
electrospinning scaffolds after 3 days of culture was observed. 
Scaffolds were soaked in 95% ethanol overnight, irradiated 
with ultraviolet light for 1 hour, washed three times with PBS 
solution, and then immersed in low-sugar DMEM containing 
10% high-quality fetal bovine serum for 2 hours. They were 
cut into 1 cm × 1 cm flakes, placed on the bottom of a 24-
well plate, and implanted with SCs at 5 × 104 cells/mL. The SCs 
were cultured for 3 days. The scaffolds and cells were fixed 
with paraformaldehyde and sprayed with gold after drying, 
and then observed by scanning electron microscopy (Carl 
Zeiss, Germany).

Comparison of SCs in different scaffolds by 
immunofluorescence microscopy
In the lyophilization and electrospinning groups, the scaffolds 
were cultured with cells for 3 days. In the control group, the 
SCs were transferred to culture dishes and cultured for 3 days. 
Then, all samples were fixed with paraformaldehyde, and 
rinsed with 0.01 M PBS. Thereafter, 0.2% Triton X-100 (Sigma), 
50 μL, was added to the scaffolds. After permeabilization for 
5–10 minutes, the samples were rinsed again, and treated 
with 1% bovine serum albumin (Sigma), 50 μL, for 20 minutes. 
The samples were incubated with S100 rabbit anti-mouse 
primary antibody diluted in PBS (1:100), 20 µL, overnight in a 
4°C wet box. The slides were then rinsed with PBS and treated 
with bovine serum albumin. FITC-labeled secondary antibody 
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(goat anti-rabbit IgG), 20 µL, was then added and incubated in 
the dark for 1 hour. DAPI staining was conducted after a PBS 
rinse. Images were captured under a fluorescence microscope 
(E-200, Nikon, Tokyo, Japan).

Comparison of the toxicity of scaffold leachates by CCK8 
assay
The SCs were cultured with leachate for 1, 3, 5 or 7 days, and 
toxicity was tested by CCK8 assay. The optical density (OD) 
value of the cells was recorded. Preparation of leachate was 
as follows: scaffolds were soaked in 75% alcohol for 48 hours, 
and under an ultraviolet lamp for 12 hours. Then, the cells 
were immersed in serum-free DMEM at 37°C for 72 hours, 
and finally placed in a refrigerator at 4°C for later use. The 
ratio of material to DMEM was 0.1 g/mL. Primary leachates in 
the lyophilization and electrospinning groups were prepared 
by soaking with the respective scaffold. The leachates were 
prepared into four different concentrations, which were then 
used to produce the seven groups described above.

Cell suspensions were sequentially added to a 96-well plate, 
200 μL (1 × 104 cells) per well, with 5 wells per group, and 
then cultured in the incubator. After 1, 3, 5 or 7 days, 20 μL 
CCK8 (0.1 mg/mL; Thermo Fisher Scientific) reagent was 
added into each well, and cultured for 2 hours. The OD value 
was calculated following enzyme-linked assay. Relative growth 
rate (RGR, %) was calculated as follows: (OD value in the 
experimental group / OD value in the control group) × 100%. 
The toxicity rating of the material was evaluated based on the 
RGR value. Evaluation criteria were as follows: RGR ≥ 100% is 
level 0; RGR = 75–99% is level 1; RGR = 50–74% is level 2; RGR 
= 25–49% is level 3; RGR = 1–24% is level 4; RGR = 0 is level 5. 
Level 0 or 1 is qualified; level 2 should be evaluated with cell 
morphology; level 3–5 is unqualified.

Comparison of the proliferation of SCs on different scaffolds 
by CCK8 assay
The proliferation of SCs on scaffolds was tested after 3 days of 
culture. Scaffolds were cut into 1 cm × 1 cm pieces (thickness 
of 0.5 mm) and soaked in 75% alcohol for 48 hours. They 
were then laid flat on the bottom of a 96-well plate to ensure 
the films entirely covered the bottom of the well. SCs were 
digested to prepare 40 × 103 cells/mL cell suspensions, and 
equal amounts of cell suspension were added to the wells 
and incubated for 3 days. Finally, CCK8 20 μL was added for 
detection. The OD value, indicative of cell proliferation on the 
scaffolds, was measured. The proliferation rate was calculated 
as follows: (OD value in the lyophilization/electrospinning 
group / OD value in the control group) × 100%. 

Comparison of cell adhesion on scaffolds
The adhesion of SCs on the scaffolds was tested after 2, 6, 
12 and 24 hours of culture. Scaffolds were cut into 1.5 cm 
× 1.5 cm pieces (thickness of 0.5 mm) and soaked in 75% 
alcohol for 48 hours, and then laid on the bottom of a 6-well 
plate. Thereafter, 1 mL of cell suspension (1 × 104 cells/mL) 
was added to each well, and equal amounts of suspension 
was added to an additional 6-well plate without scaffold as 
a control group. After culture for 2, 6, 12 or 24 hours, the 
cells were removed by washing the plate three times with 
PBS, and the cells were digested by trypsinization to prepare 
cell suspensions. Finally, the cells were counted in each well. 
Cell adhesion rate (%) was calculated as follows: (number of 
adherent cells / 10,000) × 100%.

Western blot assay
BDNF is one of many neurotrophins in the brain that help 
stimulate and regulate neurogenesis. S100 protein is the 
most widely used marker of the peripheral nerve sheath 
and SCs. The levels of BDNF (0.1 µg/mL dilution, rabbit/
IgG, polyclonal; Thermo Fisher Scientific) and S100 (1–3 
µg/mL dilution, mouse/IgG2a, monoclonal; Thermo Fisher 

Scientific) were verified by western blot assay after 3 days of 
culture. Proteins from SCs were extracted with RIPA buffer 
(PMSF:RIPA = 1:100; Solarbio Science Technology, Beijing, 
China). Protein lysates were separated on 8–12% SDS-PAGE 
gels. The proteins were transferred to polyvinylidene fluoride 
membranes by electrophoretic transfer. The primary antibody 
(1:800–1:1000) was diluted with 5% skimmed milk according 
to the instructions and incubated overnight in a shaker at 
4°C. Horseradish peroxidase-labeled secondary antibody (IgG, 
rabbit and mouse, 1:3000–1:5000) was diluted with antibody 
diluent and incubated at room temperature for 1 hour. Blots 
were developed with the chemiluminescence system, and the 
bands were measured by ImageJ software (National Institutes 
of Health, Bethesda, MD, USA).

Statistical analysis
Statistical analysis was performed using SPSS 16.0 software 
(SPSS, Chicago, IL, USA). Data are presented as the mean ± 
SD. Comparisons between two groups were performed with 
Student’s t-test. One-way analysis of variance followed by the 
Tukey–Kramer post hoc test, and two-way analysis of variance 
with repeated measures were used to evaluate the statistical 
significance among the three groups. A value of P < 0.05 was 
considered statistically significant.

Results
Microstructure of the scaffolds
Scaffolds prepared by lyophilization had a porous structure. 
The average size of the pore was 10,185.36 ± 5402.44 
μm2, with a diameter of 50–200 μm (Figure 1A). The 
electrospinning scaffolds had a nanofiber structure, with a 
mean size of 55.57 ± 28.54 μm2, and a fiber diameter of 0.2–2 
μm (Figure 1B). Both types had a uniform microstructure. 
However, lyophilization mainly produced sponge-like pores, 
while the electrospun scaffolds had nanofibers with a criss-
cross arrangement. The surface of the electrospinning 
scaffolds was aligned.

Characterization of SCs cultured on the scaffolds
SCs displayed clustered growth in both scaffolds by scanning 
electron microscopy. In the lyophilized scaffold, the cells 
were distributed in the voids (Figure 1C and D), whereas they 
adhered to the surface of the nanofibers in the electrospun 
scaffolds (Figure 1E and F). By immunofluorescence for S100, 
the SCs were well-distributed on the electrospinning scaffolds 
and were growing and proliferating uniformly. In comparison, 
the SCs clustered together in the voids of the lyophilization 
scaffolds. The distribution of the cells was uneven and not 
on the same plane of the scaffolds. In the control group, SCs 
cultured without a scaffold grew in a disordered manner 
(Figure 1G–I). In co-cultures of Schwann cells and scaffolds, 
the morphology of Schwann cells was not significantly 
different between the two groups by microscopy.

Safety evaluation
The OD value of cell proliferation in each leachate group 
gradually increased at 1, 3, 5 and 7 days (Figure 2A). There 
were no significant differences among the groups (P > 0.05). 
The RGR values of the two different scaffold types at each 
time point were between 90% and 110%, showing that both 
were conducive to SC growth (Figure 2B and Tables 1, 2).

Proliferation and adhesion of SCs on the scaffolds
The mean proliferation rate was 102.49 ± 5.07% in the 
lyophilization group and 129.67 ± 1.24% in the electrospinning 
group, with a significant difference between them (P < 0.001). 
The electrospinning group had a higher proliferation rate 
(Figure 2C and Table 3). Over time, more cells adhered to 
both scaffolds. After 24 hours, the adhesion rate was 39.11 
± 2.53% in the lyophilization group and 63.01 ± 3.23% in the 
electrospinning group. The difference between the two groups 
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Table 3 ｜ OD value and proliferation rate of the Schwann cells cultured 
with scaffolds for 3 days

Group OD value Proliferation rate (%)

Lyophilization 1.402±0.077 102.49±5.07
Electrospinning 1.774±0.027*** 129.67±1.24***

Control 1.368±0.010 –

***P < 0.001, vs. lyophilization group. Data are expressed as the mean ± SD 
(n = 5; one-way analysis of variance followed by Tukey-Kramer post hoc test 
and Student’s t-test). Proliferation rate = (OD value in the scaffold group / OD 
value in the control group) × 100%. OD: Optical density.

Table 1 ｜ Optical density (OD) value, representing proliferation of 
Schwann cells cultured in scaffold leachates assessed by CCK-8 assay

Group 1 d 3 d 5 d 7 d

25% 
Electrospinning

0.503±0.029 0.923±0.123 1.808±0.079 2.164±0.096

50% 
Electrospinning

0.531±0.043 0.966±0.093 1.865±0.109 2.286±0.156

100% 
Electrospinning

0.496±0.046 0.924±0.069 2.035±0.035 2.192±0.910

25% Lyophilization 0.543±0.123 0.970±0.058 1.904±0.057 2.280±0.053
50% Lyophilization 0.537±0.042 0.898±0.094 1.934±0.046 2.345±0.084
100% Lyophilization 0.538±0.136 0.971±0.011 1.825±0.145 2.194±0.112
Control 0.547±0.061 0.929±0.085 1.990±0.102 2.353±0.032

Data are expressed as the mean ± SD (n = 5; two-way analysis of variance with 
repeated measures). No significant difference was found among the various 
groups (P > 0.05).

Table 2 ｜ Relative growth rate (%) of the Schwann cells cultured in 
different scaffold leachates

Group 1 d 3 d 5 d 7 d

25% Electrospinning 91.96 99.35 90.85 91.97
50% Electrospinning 97.07 103.98 93.72 97.15
100% Electrospinning 90.68 99.46 102.16 93.16
25% Lyophilization 99.27 104.41 95.68 96.90
50% Lyophilization 98.17 96.66 97.19 99.66
100% Lyophilization 98.35 104.52 91.71 93.24

Relative growth rate = (optical density value in the experimental group / 
optical density value in the control group) × 100%.

Table 4 ｜ Adhesion rate (%) of Schwann cells on the scaffolds

Group 2 h 6 h 12 h 24 h

Lyophilization 35.12±1.53 36.61±3.60 37.02±4.45 39.11±2.53
Electrospinning 54.51±3.23*** 57.85±4.28*** 60.92±2.58*** 63.01±3.23***

Control 55.61±2.23*** 57.25±1.87*** 61.13±2.23*** 63.22±2.56***

***P < 0.001, vs. lyophilization group. Data are expressed as the mean ± SD  
(n = 5; two-way analysis of variance with repeated measures).

was significant (P < 0.001), with the electrospinning group 
having a higher adhesion rate (Figure 2D and Table 4).

Expression of growth-related proteins by Schwann cells on 
the scaffolds
Western blot assay showed that S100 and BDNF protein levels 
in the lyophilization and electrospinning groups were both 
significantly increased compared with the control group. 
For S100: control vs. lyophilization, P = 0.0067; control vs. 
electrospinning, P = 0.0139; lyophilization vs. electrospinning, 
P = 0.0374. For BDNF: control vs. lyophilization, P = 0.0395; 
control vs. electrospinning, P = 0.0105; lyophilization vs. 
electrospinning, P = 0.0346 (Figure 3).

Discussion
Based on previous studies, the ideal tissue engineering 
material should have the following characteristics: good 
biodegradability, biocompatibility, three-dimensional structure, 
good mechanical properties, and conducive to cell adhesion 
and proliferation (Larsen et al., 2006; Benhabbour et al., 
2008; Sofi et al., 2018; Ranganathan et al., 2019). Chitosan 
is a derivative of chitin, which is a natural material mainly 
composed of N-glucosamine. It is widely used in the field 
of biomedicine because of its excellent biocompatibility, 
biodegradabil ity, absorbabil ity, antibacterial activity, 
anticoagulant activity, and ability to promote wound healing 
(Senel and McClure, 2004; Li et al., 2018b). Chitosan has been 
seeded with Schwann cells, chondrocytes and epidermal cells 
to treat peripheral nerve injury (Keilhoff et al., 2006; de Ruiter 
et al., 2009; Li et al., 2017; Boecker et al., 2019), spinal cord 
injury (Li et al., 2009; Boido et al., 2019), articular surface 
damage (Montembault et al., 2006), skin defects (Mi et al., 
2001) and other diseases (Whu et al., 2013). Our current 
findings show that chitosan scaffolds prepared by lyophilization 
and electrospinning provide good biomechanical support.

SCs are the most important glial cells, and play critical roles in 
stimulating axonal growth and reducing cyst formation (Deng 

et al., 2015; Jessen and Mirsky, 2016; Clervius et al., 2019; 
Torii et al., 2019). When damage occurs to the peripheral 
nerve, SCs assist in the organization of the neural extracellular 
matrix, participate in the myelination of regenerating axons, 
provide structural support for axon regeneration, and supply 
nutrients. Previous animal studies have already demonstrated 
the beneficial effects of SC transplantation for peripheral 
nerve defects. Moreover, the role of SCs in promoting axon 
regeneration was shown using a chitosan conduit (Zhu et al., 
2018).

In our study, two protocols were used to engineer nerve 
scaffolds for culturing SCs, and both methods provided a 
perfect growth environment. The principle of the lyophilization 
method is to freeze the plastic solution and then sublimate 
the solvent under vacuum to retain the solute, thereby 
producing a scaffold with a void structure (Ariani et al., 2013; 
Pisano et al., 2019). The structure of the lyophilization scaffold 
is sponge-like, which has the advantage of increasing contact 
area and porosity. In the electrospinning method, the material 
is processed into a jet stream with an electrostatic charge 
under the action of an applied high-voltage electric field force, 
and is collected by the receiver and dried to obtain a material 
with a nanofiber structure (Senel and McClure, 2004). 
The materials prepared by this method have a nanometer 
structure, a fiber network, a large specific surface area and 
high porosity (Teo and Ramakrishna, 2006). As seen from 
the scanning electron microscopy images, the lyophilization 
chitosan scaffold has a 50–200 μm uniform pore structure, 
while the electrospinning scaffold has a 0.2–2-micron uniform 
nanoscale fiber structure. Both scaffolds stimulate the 
growth of SCs, but to different degrees, mainly because the 
microenvironment provided by the two structures to Schwann 
cells is significantly different.

Scaffolds seeded with SCs were examined by immunofluorescence 
and scanning electron microscopy to assess biocompatibility. 
The results provide an important basis for further applications 
of the two techniques in tissue engineered nerve scaffolds. 
The leachate toxicity assay showed that the different leachates 
had similarly low toxicity. The proliferation assay showed that 
the electrospinning scaffold was significantly better than the 
lyophilization scaffold in supporting cell division. This might be 
because the electrospun scaffold has a better microstructure, 
with reticulated nanostructures that provide better support 
for SCs. The adhesion assay showed that electrospun scaffolds 
retain more adherent cells. Together, these results show that 
the electrospinning of nanofibers allows for a connected and 
porous scaffold, which can mimic the extracellular matrix 
structurally, chemically and mechanically (Ladd et al., 2011).
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In a chitosan scaffold prepared by lyophilization, the pore 
diameter is larger, and the cells grow in clusters in the pores. 
The poor penetrability of the pores reduces contact with 
clustered SCs in other pores. The diameter of nanofibers in 
the electrospun structure is smaller than that of the cells, 
and SCs show a tendency for planar growth on the material. 
The cell poles are fully fused with the fiber structure, and 
the distribution of cells is relatively more uniform, which is 
beneficial to the interaction of the SC clusters. Furthermore, 
the SCs are able to align to form a Bungner band-like 
structure, which can direct axon regrowth to the target and 
are indispensable for nerve repair (Jessen and Mirsky, 2016).

Previous studies show that a favorable extracellular matrix 
can mediate cell interactions in an optimal manner. Not only 
the biochemical substances, but also physical interactions 
affect cell behaviors and their internal environment (Guilak 
et al., 2009; Teixeira et al., 2009; Gilbert et al., 2010; Hughes 

and Nibbs, 2018). Various cells, such as fibroblasts, articular 
chondrocytes, muscle cells, smooth muscle cells and bone 
marrow mesenchymal stem cells, are significantly affected by 
the physical properties of the extracellular matrix. Previous 
studies show that SC adhesion is affected by the stiffness and 
elasticity of the extracellular matrix (Pek et al., 2010; Gu et 
al., 2012). Western blot assay results showed that adhesion-
related proteins are significantly differently expressed. 
Furthermore, differences in the microtopography of the 
scaffolds significantly affects cellular adhesion, activation 
and gene expression (Thery et al., 2006; Bashur et al., 
2009). For example, scaffolds with a nanofiber structure 
distinctly promote chondrogenic redifferentiation and growth 
compared with lyophilization scaffolds, as demonstrated by 
reverse transcription-polymerase chain reaction and western 
blot assay (Noriega et al., 2012). Different fiber diameters 
also differentially influence gene expression. Internal stress 
is generated among cells because of the attachment to the 
nanofibers, which retain more non-adherent cell borders 
(Geiger et al., 2001; Burute and Thery, 2012).

In the present study, scanning electron microscopy showed 
different arrangements of SCs on lyophil ization and 
electrospinning scaffolds. Furthermore, western blot assay 
revealed that the expression levels of BDNF and S-100 were 
significantly different because of different extracellular matrix 
structures. S100 expressed in motor and sensory neurons was 
shown to promote neuronal survival and neurite extension 
in vitro (Fardell et al., 2018). The increased expression of 
BDNF can promote the growth of neurons and the elongation 
of axons. BDNF also promotes a series of neural responses 
by binding to specific cell surface receptors (Yeung et al., 
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Figure 1 ｜ Observation by scanning electron microscopy and fluorescence 
microscopy.
(A) Surface morphology of the lyophilization scaffold. (B) surface morphology 
of the electrospinning scaffold. (C, D) Schwann cells (SCs) were cultured on 
the lyophilization scaffold, and the cells clustered together in the voids. (E, F)  
SCs were cultured on electrospinning scaffold, and the cells adhered to the 
surface of the nanofibers. (A–F) SCs were observed by scanning electron 
microscopy. (G) Immunofluorescence S100 staining of SCs on a lyophilization 
scaffold. The distribution of the cells was uneven and not on the same 
plane of the scaffolds. (H) Immunofluorescence S100 staining of SCs on an 
electrospinning scaffold. SCs were well-distributed and grew in sequence (red 
dotted line). (I) SCs cultured without a scaffold grew in a disordered manner. 
(G–I) SCs were observed under a fluorescence microscope: Blue represents 
the nucleus and green represents cytoplasm. Red arrows point to SCs.
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Figure 2 ｜ Relative growth rate, cell proliferation and cell adhesion.
(A) Comparison of the toxicity of leachates of the scaffolds by CCK8 assay: The 
OD values representing SC proliferation in each leachate were not significantly 
different at 1, 3, 5 or 7 days (P > 0.05, two-way analysis of variance with 
repeated measures). (B) RGR of leachate at 1, 3, 5 and 7 days. RGR ranged 
from 90% to 110%. (C) Proliferation rate of SCs on the electrospinning 
scaffold was greater than that on the lyophilization scaffold (***P < 0.001, 
vs. lyophilization group; Student’s t-test). (D) Adhesion rate of SCs on the 
electrospinning scaffold was higher than that on the lyophilization scaffold, 
and there was no significant difference between the electrospinning group 
and the control group. ***P < 0.001, vs. lyophilization group; #P < 0.05, vs. 
control group. Data are expressed as the mean ± SD (n = 5; two-way analysis 
of variance with repeated measures). OD: Optical density; RGR: relative 
growth rate; SCs: Schwann cells.
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Figure 3 ｜ Western blot assay for S100 and BDNF after 3 days of culture.
Western blot assay of protein levels of S100 and brain-derived neurotrophic 
factor (BDNF) in each group and quantification. The S100 and BDNF protein 
levels in both lyophilization and electrospinning groups were significantly 
increased compared with the control group. *P < 0.05, vs. lyophilization 
group; #P < 0.05, vs. control group. Data are expressed as the mean ± SD (n = 5; 
one-way analysis of variance followed by the Tukey-Kramer post hoc test).
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2005). A previous FITC-phalloidin study showed that the actin 
microfilaments exhibited various arrangements on substrates 
of different stiffness. A favorable stiffness contributed to a 
conducive internal environment for the expression of various 
neurotrophic factors (ciliary neurotrophic factor, nerve growth 
factor, BDNF) and adhesion-related proteins (N-cadherin and 
β-catenin) by SCs (Ladoux et al., 2010). Our current findings 
are consistent with these previous studies. A favorable 
structural extracellular matrix contributes to coordinated cell 
interactions and a conducive environment.

Although our results show that the microtopography of the 
extracellular matrix impacts the growth and proliferation of 
SCs, the molecular mechanisms, including molecular pathways 
and upstream and downstream regulatory proteins, remain 
unknown. In future studies, we plan to investigate genomics 
and proteomics, and clarify the physical properties that affect 
SC characteristics. These studies should help identify the SC 
proteins that play key roles in nerve repair mediated by the 
different scaffolds.

In summary, both the lyophilization and electrospinning 
scaffolds are non-toxic and permissive to SC growth. 
However, SCs formed a Bungner band-like structure in the 
electrospun scaffolds, and much more BDNF and S100 were 
secreted. The nanofiber structure of chitosan scaffolds 
produced by electrospinning could be a better matrix for 
neuroregeneration. The favorable physical structure of the 
extracellular matrix contributes to coordinated cell-cell 
interactions and an environment conducive to regeneration. 
In future experiments, we will make chitosan conduits using 
these two methods, and assess nerve regeneration using a 
sciatic nerve injury model on rats for in vivo studies so as to 
clarify the specific molecular mechanism and important signal 
pathways of chitosan scaffolds involved in nerve regeneration. 
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