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Abstract  
In this study, Schwann cells, at a density of 1 × 105 cells/well, were cultured on regenerated silk 
fibroin nanofibers (305 ± 84 nm) prepared using the electrospinning method. Schwann cells cultured 
on the silk fibroin nanofibers appeared more ordered, their processes extended further, and they 
formed more extensive and complex interconnections. In addition, the silk fibroin nanofibers had no 
impact on the proliferation of Schwann cells or on the secretion of ciliary neurotrophic factor, 
brain-derived neurotrophic factor or nerve growth factor. These findings indicate that regenerated 
electrospun silk fibroin nanofibers can promote Schwann cell adhesion, growth and proliferation, 
and have excellent biocompatibility. 
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INTRODUCTION 
    
Schwann cells (SCs) play an essential role 
in peripheral nerve regeneration by 
releasing bioactive molecules and providing 
support for axonal growth and migration. 
SCs not only provide the Bands of Büngner, 
which serve as scaffolds for regenerating 
axons, but they also express adhesion 
molecules on the surface of their plasma 
membrane and produce trophic factors, 
such as brain derived neurotrophic factor, 
glial-derived neurotrophic factor, as well as 
extracellular matrix molecules and growth 
factors[1-5]. Therefore, SCs should be taken 
into consideration when formulating clinical 
treatments for peripheral nerve injury. 
Nerve tissue engineering is a rapidly 

expanding area of research, which provides 
a promising approach for nerve repair and 
regeneration[6]. Scaffold surfaces play a vital 
role in tissue engineering as the interaction 
between cells and scaffolds is critical for 
regeneration[7]. However, due to the 
unavailability of ideal scaffolding materials 
and limited knowledge of the interactions 
between cells and scaffold materials, there 
have been few breakthroughs in nerve 
tissue engineering[8]. Cell affinity towards 
synthetic hydrophobic polymers is poor, as a 
consequence of their low hydrophilicity and 
lack of surface cell recognition sites[9]. 
Fibroin from Bombyx mori silkworm has 
been the dominant source of silk-based 
biomaterials. Silk fibroin in various forms 
(films, fibers, nets, meshes, membranes, 
yarns and sponges) has been shown to
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support stem cell adhesion, proliferation and 
differentiation in vitro, and promote tissue repair       
in vivo [10-17]. However, there have been few reports on 
silk-based materials for peripheral nerve repair. Scaffolds 
suitable for nerve tissue engineering should mimic the 
structural and biological functions of native extracellular 
matrix. Extracellular matrix has a fibrous structure, with 
fiber bundles varying in diameter (50-500 nm)[18-21]. 
Electrospinning is an easy and efficient technique used 
for the fabrication of scaffolds with nanoscale dimensions 
and high porosity. These features allow it to provide a 
large surface area for the attachment of cells, and act as 
a bridge for regenerating axons to traverse large nerve 
defects. Similar to the structure and function of the 
extracellular matrix, electrospun silk fibroin nanofibers 
both support and regulate cell activities[22-23]. 
In this study, we aimed to examine the biocompatibility 
and cytotoxicity of electrospun silk fibroin fibers in vitro, 
using cultured SCs from rat dorsal root ganglia (DRG).  
 
 
RESULTS 
 
Morphology of electrospun silk fibroin nanofibers 
Scanning electron micrographs showed that the 
nanofibers had a smooth surface and formed an 
interconnected porous network, forming a fibriform 
three-dimensional structure. The average diameter of the 
fibers was 305 ± 84 nm (Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
SC morphology on silk fibroin nanofibers 
Inverted phase contrast microscopy 
The growth of DRG-derived cells on silk fibroin fibers 
was observed using inverted light microscopy (Figure 2). 
Cells began to attach on the polylysine and silk fibroin 
surfaces 20-30 minutes after seeding. Cell attachment 
on silk films was compared with that on polylysine at 
different time points. The speed of cell attachment on silk 
fibroin was similar to that on polylysine. This pattern 
continued and was more obvious 4 hours after seeding. 
The majority of SCs were spherical in shape and 
adhered to silk fibroin, although some cells exhibited a 
spindle shape, and a small number of SCs died and 
detached, which were suspended in the culture medium. 

Significant changes in cell morphology were observed on 
polylysine and silk fibroin after 15 hours of culture. A 
large number of the cells attached on polylysine surfaces 
acquired a spindle-like morphology, displaying a random 
orientation with various shapes. In contrast, a number of 
cells had migrated out of the DRGs on silk fibroin and 
commenced forming well-ordered connections. At     
48 hours, with the elongation and spreading of SCs on 
silk fibroin, the cells acquired a bipolar or tripolar shape, 
and spindle-shaped cell bodies were more evident. 
Some SCs formed connections with each other via 
neurites which were observed to elongate from neurons 
in the DRG and extend along the matrix. After 2-3 days, 
a large number of cells migrated out of the DRG, 
gradually forming bipolar and tripolar extensions. At   
72 hours, cell protrusions became long and thin, forming 
long cell chains and complex networks, especially on the 
silk fibroin, while SCs cultured on polylysine were 
randomly distributed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Immunocytochemistry 
In the present study, we observed that SCs formed a 
network on the electrospun silk fibroin using confocal 
microscopy (Figure 3). The cells, which attached to and 
encircled the silk fibroin material, were S-100-positive, 

Figure 1  Scanning electron micrograph of electrospun 
silk fibroin nanofibers (scale bar: 10 μm). 

Figure 2  Schwann cells from the dorsal root ganglia 
cultured on polylysine and electrospun silk fibroin 
nanofibers (light microscopy, scale bars: 40 µm). 
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which indicated that cells on the silk fibroin surface could 
maintain their characteristic SC phenotype. Although 
there was no significant difference between polylysine 
and electrospun silk fibroin in terms of cell morphology, 
cell protrusions on silk fibroin were longer and thinner 
than on polylysine, and the morphology of SCs migrating 
on silk fibroin appeared ordered in comparison with that 
on polylysine. Furthermore, cells on silk fibroin formed a 
more effective and complex interconnecting network, via 
the longer neurites, compared with polylysine (Figure 3). 
In the absence of the topographical guidance provided 
by the scaffold, SCs cultured on polylysine adopted an 
unorganized and disordered morphology, with a random 
orientation (Figure 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scanning electron microscopy 
Micrographs of SCs on electrospun nanofiber scaffolds 
showed normal cell morphology by scanning electron 
microscopy (Figure 4). Cells attached tightly to the silk 
fibroin fibers, and exhibited either a spherical or spindle 
shape. SCs on the silk fibroin surface possessed bipolar 
and tripolar extensions, with a spindle-shaped 
morphology. Neurites elongated from neurons within the 

DRG and extended along the material in an 
interconnected manner. Cell protrusions became long 
and thin, and formed a complex network. A large number 
of cells formed compact arrangements, of an either 
side-by-side or end-to-end configuration, forming a single 
or multi-layered structure along the silk fibroin fibers. 
 
 
 
 
 
 
 
 
 
 
 
 
Cell proliferation assay 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide assay showed that cell numbers increased with 
increasing culture duration. Similar numbers of SCs were 
present on silk fibroin and polylysine between day 1 and 5 
(P > 0.05; Figure 5), indicating similar proliferation rates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Secretion of neurotrophic factors by SCs 
SCs can synthesize and secrete a cocktail of 
neurotrophic molecules, including nerve growth factor, 
brain-derived neurotrophic factor and ciliary neurotrophic 
factor, which act directly and indirectly to promote 
survival of regenerating neurons[24-29]. The levels of 
neurotrophic factors in the culture medium were 
analyzed using enzyme linked immunosorbent assay. 
The expression of these factors increased with culture 

Figure 3  Immunocytochemistry of dorsal root ganglia 
cultured for 2 days (scale bars: 20 µm).  

Red: S-100 immunopositive cells, that might be 
considered Schwann cells; blue: nuclei labeled with 
Hoechst 33342. 
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Figure 4  Scanning electron micrographs of dorsal root 
ganglia-derived cells cultured on electrospun silk fibroin 
nanofibers after 2 days of culture (scale bar: 20 µm in A,  
5 µm in B). 

Figure 5  MTT assay for cell proliferation.  

At least three repeat tests were performed. Data were 
expressed as mean ± SD. One-way analysis of variance, 
followed by Student-Newman-Keuls test, was performed 
to analyze the difference between groups.  

The absorbance values for cells grown on silk fibroin and 
polylysine showed no significant difference during 1-5 
days of culture (P > 0.05). 
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duration. The levels of nerve growth factor, ciliary 
neurotrophic factor and brain derived neurotrophic factor 
were similar between the electrospun silk fibroin surface 
and polylysine (P > 0.05; Figure 6). Our results 
demonstrate that the electrospun silk fibroin surface did 
not affect the expression of neurotrophic factors 
associated with SCs, indicating that electrospun silk 
fibroin is not cytotoxic towards SCs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DISCUSSION 
 
In this study, the feasibility of utilizing electrospun silk 
fibroin scaffolds for nerve tissue engineering was 
assessed by scanning electron microscopy, light and 
fluorescence microscopy, MTT and ELISA assays. The 
results suggest that electrospun silk fibroin nanofibers 
promote the adhesion, proliferation and migration of SCs. 
SCs on nanofibers formed a complex interconnecting 
network via the longer neurites, and mimiced the Bands 
of Büngner to help guide regenerating axons. Thus, our 
results indicate that an electrospun silk fibroin surface 
supports SC viability and maintains cellular phenotype, 
without any negative effect on the expression of 
neurotrophic factors in vitro. 
Electrospinning is a novel technique for producing 
nanofiber scaffolds which mimic the structural and 
functional morphology of the extracellular matrix[23]. 
Nanoscale dimensions have been shown by various 
researchers to influence cell behavior. Cells attach and 
organize around fibers with diameters smaller than those 
of the cells[18]. In our experiment, the average diameter of 

the fibers was 305 ± 84 nm, with randomly oriented fibers. 
Nanoscale features have the potential to improve the 
specificity and utility of materials for a number of neural 
engineering applications, ranging from neural probes to 
guidance channels for neural regeneration[30]. 
An ideal scaffold should be biodegradable, biocompatible 
and mechanically robust, with a large surface area, high 
porosity and interconnected pores[18, 23]. Silk fibroin 
comprises a high ratio of Ala, Asp and Arg residues, and 
less Gly. In addition, it contains more non-polar amino 
acids, with a ratio of polar to non-polar amino acids of 
0.27[31]. Moreover, it is well known that the presence of 
the Arg-Gly-Asp (RGD) tripeptide sequence may act as a 
biological recognition signal to promote cell adhesion[32]. 
Ren et al [33] showed that amino groups are more 
effective than hydroxyl and carboxyl groups in promoting 
nerve stem cell proliferation and migration. Thus, the 
hydrophilicity of a scaffold likely affects the binding of 
serum proteins, thereby influencing biological responses, 
such as cell adhesion and proliferation[34-35]. 
Based on cell morphology under the inverted light 
microscope, there was no difference between polylysine 
and silk fibroin in terms of attachment and migration out 
of the DRG. However, cell protrusions on silk fibroin were 
longer and thinner than on polylysine, and SCs migrating 
on silk fibroin had a more well-organized and complex 
morphology than on polylysine. Thus, silk fibroin is 
suitable for SC adhesion, growth and migration, helping 
them to mimic the Bands of Büngner. 
SCs respond to topographic cues from the randomly 
oriented fibers by stretching across multiple fibers. The 
contact guidance provided by silk fibroin appears to be 
stronger than that provided by polylysine. This results in a 
“hill and valley” distribution of SCs as soon as they become 
confluent[17]. Electrospun silk fibroin is being assessed as a 
biomaterial scaffold due to its unique mechanical properties, 
and recent studies have confirmed its biodegradability, 
biocompatibility and non-cytotoxicity[17, 36-37]. 
The effect of different nanofiber scaffolds with different 
diameters and different structures are as yet unknown. 
Many studies have compared organized scaffolds with 
randomly oriented scaffolds[38-41]. Some researchers 
regard aligned fibers as more suitable to cell growth than 
random scaffolds, because contact guidance provided by 
the aligned fibers appears to be stronger than that 
provided by randomly oriented fibers. When cultured on 
aligned fibers, cells aligned and elongated on the fiber 
axes, emulating the structure of the Bands of Büngner[42]. 
Ghasemi-Mobarakeh et al [35] studied SC migration and 
orientation on both aligned and random nanofibrous 
polycaprolactone/gelatin scaffolds, and suggested that 
fiber surface hydrophilicity plays a critical role in cell 
adhesion, proliferation and morphology. It has also been 
observed that the proliferation of SCs is greater on 

Figure 6  Quantification of NGF, CNTF, BDNF levels in 
culture mediums secreted by SCs after 4 days of culture 
using ELISA analysis.  

Data were expressed with mean ± SD. One-way analysis of 
variance followed by Student-Newman-Keuls test was 
performed to analyze the difference between groups. There 
was no significance of variance difference at NGF, CNTF 
and BDNF levels between silk fibroin and polylysine.  

NGF: Nerve growth factor; CNTF: ciliary neurotrophic 
factor; BDNF: brain-derived neurotrophic factor; SCs: 
Schwann cells. 
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random nanofibers than on aligned fibers; a possible 
reason for this is that random fibers contain many 
interconnected pores and rough surfaces that assist in 
adhesion and proliferation of a greater number of cells[30]. 
In our study, random electrospun silk fibroin nanofibers 
were able to provide contact guidance for SCs, and with 
the migration of cells from the DRG, a greater number of 
cells extended tightly along the silk scaffolds forming 
longer cell chains than on polylysine. Consequently, silk 
fibroin nanofibers are likely to promote the regeneration 
of axons across a nerve gap, such as that caused by a 
lesion. 
Multiple protrusions formed a complex interconnecting 
network, identified by scanning electron microscopy 
starting on day 2, similar to previously published 
reports[43-44]. Therefore, nanofiber scaffolds can serve as 
substrates for cell attachment, migration and proliferation 
better than traditional scaffolds[30-33]. In our study, silk 
fibroin nanofibers provided contact guidance for SCs and 
were beneficial to the adherence, proliferation and 
migration of SCs. Similar effects have been observed 
with other cell types[45-47]. Thus, electrospun silk fibroin 
may provide enhanced biocompatibility and bioactivity for 
neural tissue engineering. 
Although it is still not known whether the level of 
neurotrophins expressed by seeded SCs and 
endogenous SCs are comparable, we believe that the 
possible enhancement in the maturation of SCs in 
contact with electrospun fibers as compared with a flat 
surface may be one of the reasons for the enhanced 
sciatic nerve regeneration observed in a previous 
study[48]. Findings from a number of studies have shown 
that some scaffolds may mimic the structure and function 
of the extracellular matrix. 
Although the mechanisms underlying the ability of the 
extracellular matrix to promote myelination is still not fully 
known, it is possible that integrins may interact with the 
cytoskeleton or regulate myelin-related gene 
expression[49]. Chew et al [41] showed that human SCs 
were induced into the myelinating state by topographic 
cues from electrospun fibers, and that electrospun 
scaffolds had the potential to promote the maturation of 
SCs. The electrospun fibrous scaffolds may, therefore, be 
a better microenvironment for SC attachment and growth 
than a two-dimensional film because they help these cells 
maintain a more physiological phenotype[40, 50]. 
In this study, the feasibility of using electrospun silk 
fibroin scaffolds for nerve tissue engineering was 
assessed by scanning electron microscopy, light and 
fluorescence microscopy, MTT and ELISA assays. The 
electrospun silk fibroin scaffolds supported the growth 
and expansion of SCs, based on cell proliferation, and 
morphological and phenotypic assessment in vitro. 
These results suggest that an electrospun silk fibroin 

surface is a potential candidate for a bioscaffold, since it 
supports SC viability, maintains their phenotype, and 
promotes cellular reorganization without negatively 
impacting neurotrophin expression. Our findings could 
encourage the development of novel biomaterials that 
mimic the chemical and physical microenvironment of 
neural tissues. Thus, future studies should be aimed at 
developing an ideal functional tissue-engineered graft 
based on the results of the present study. 
 
 
MATERIALS AND METHODS 
 
Design 
A bioengineering tissue culture study. 
 
Time and setting 
This experiment was performed at Jiangsu Province Key 
Laboratory of Stem Cell Research and National 
Engineering Laboratory for Modern Silk of Soochow 
University, China, from November 2009 to May 2010. 
 
Materials 
Animals 
Neonatal Sprague-Dawley rats, 1-2 days old, were 
obtained from the Experimental Animal Centre of 
Soochow University (license No. SYXK2002-0037). The 
rats were fed with sterilized water and food in a laminar 
flow room at 18-25°C and 55-58% humidity. All 
experimental procedures were in accordance with the 
Guidance Suggestions for the Care and Use of 
Laboratory Animals, issued by the Ministry of Science 
and Technology of China[51]. 
 
Main materials 
Bombyx mori silk was obtained from the College of 
Textiles and Clothing Engineering of Soochow University 
in China. Raw silk fibers were degummed twice with 
0.5% (w/w) NaHCO3 solution at 100°C for 30 minutes 
and then rinsed thoroughly with deionized water to 
remove glue-like sericin proteins. The extracted silk was 
then dissolved in 9.3 M LiBr solution at 60°C, followed by 
dialysis using cellulose tubular membranes (molecular 
weight cut-off of 8 000-14 000 Da) against distilled water 
for 3 days. The silk fibroin membrane was prepared by 
spreading silk fibroin solution on the polyethylene plastic 
board and dried at room temperature. Silk fibroin 
solutions, 10% concentration, were prepared by 
dissolving the regenerated silk fibroin membranes in 
98% formic acid for 3 hours. In the electrospinning 
process, a voltage of 10 kV was applied to the stainless 
steel needle and a distance of 10 cm between the 
syringe tip and the collecting target were employed. In 
the electrospinning process, different fiber diameters 
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were obtained by adjusting solution concentration, 
spinning voltage and distance. Silk fibroin fiber mats 
electrospun with different solvent were immersed in 
75/25 (v/v) ethanol/water for 30 minutes to induce 
crystallization of silk fibroin, and then dried in vacuum at 
room temperature for 24 hours. We obtained silk fibroin 
with an average diameter of 305 nm. The resulting silk 
fibroin was sterilized by radiation prior to use[52-53]. 
 
Methods 
SC culture with silk fibroin 
Primary cultures of SCs were prepared from rat DRGs of 
neonatal Sprague-Dawley rats[37]. After the epineurium 
and perineurium were removed using dura forceps 
(Dumont, Switzerland), the DRGs were detached and 
placed in Hank’s balanced salt solution and connective 
tissues were stripped carefully from their surface. After 
dissection, the DRGs were placed in 2 mL of chilled 
serum-free DMEM/F-12 (Gibco, Grand Island, NY, USA) 
medium and centrifuged at 1 000 r/min for 5 minutes. 
After discarding the supernatant, the tissue was 
trypsinized with 2.5% trypsin (Sigma, St. Louis, MO, USA) 
for 15 minutes, at 37°C, 5% CO2. Trypsinization was 
terminated using a complete culture medium consisting 
of DMEM/F-12 with 20% fetal bovine serum (Gibco). The 
cells were then suspended in complete culture medium 
and seeded at a density of 1.0 × 105 cells/well on 
pre-wetted cover slips coated with silk fibroin or 0.01% 
polylysine (Sigma) in 35 mm Petri dishes. One milliliter of 
cell suspension was placed in each dish (only on the 
scaffolds) and incubated at 37.1°C in a humidified 5% 
CO2 chamber. Half of the medium was replaced twice 
over 7 days. At different times of culture, SC 
morphological changes were observed under an inverted 
light microscope (Olympus CKX41, Tokyo, Japan). 
 
Identification of SCs by immunocytochemistry 
After days 2, 4, 6 and 7 of culture, cells on electrospun 
silk fibroin were fixed with freshly-prepared 4% 
paraformaldehyde solution for 30 minutes at room 
temperature. The fixed samples were blocked for      
30 minutes in phosphate-buffered saline containing 3% 
bovine serum albumin, 0.2% Triton X-100 and     
0.02% NaN3 (v/v) at room temperature. Cells were then 
incubated with mouse monoclonal anti-S-100 antibody 
(1:500; Sigma) overnight at 4°C in a humidified chamber. 
After washing three times with phosphate-buffered saline, 
the samples were incubated with Cy3-labeled goat 
anti-mouse IgG (1:100; Boster, Wuhan, China) for      
2 hours at room temperature. After washing three times 
with phosphate-buffered saline, cell nuclei were stained 
with Hoechst 33258 (1:100; Sigma) at 37°C for 1 hour. 
Cover slips were washed and mounted with 50% glycerin 
in phosphate-buffered saline before imaging 

(fluorescence microscope AF6000, Leica, Germany). 
 
Observation of SC microstructure by scanning 
electron microscopy 
Cells were washed twice with phosphate-buffered saline 
and fixed in 2.5% glutaraldehyde on days 2, 4 or 6 of 
culture on the 305-nm silk fibroin fibers. Cells were then 
post-fixed with 1% OsO4, dehydrated stepwise in 
increasing concentrations of ethanol, and dried in a 
critical point dryer (Hitachi, Tokyo, Japan). Afterwards, 
the samples were coated with gold in a JFC-1100 unit 
(Jeol Inc., Tokyo, Japan) and scanned with a scanning 
electron microscope (Hitachi S-520, Tokyo, Japan). 
 
MTT cell proliferation assay 
After SCs were seeded at a density of 1 × 104 cells/well 
in a 96-well culture plate, their viability was examined 
using MTT at 1, 2, 3, 4 and 5 days of co-culture. A 
volume of 20 μL of MTT (Sigma), dissolved in 
phosphate-buffered saline at 5 mg/mL, was added to 
each well, and incubation was continued at 37°C for    
4 hours. The reaction solution was carefully removed 
from each well and 200 μL of dimethyl sulfoxide (Sigma) 
was added to each well to dissolve the dark blue crystals. 
The absorbance was measured at 490 nm with a 
reference wavelength of 570 nm in an ElX-800 
microplate reader (Bio-Rad, Hercules, USA). Cell 
number was correlated to absorbance. 
 
Quantification of nerve growth factor, brain derived 
neurotrophic factor and ciliary neurotrophic factor 
levels by ELISA analysis 
After 4 days of culture, the culture medium was collected 
for analysis of neurotrophic factor levels. The levels of 
nerve growth factor, brain-derived neurotrophic factor 
and ciliary neurotrophic factor were analyzed using 
ELISA Kits (Promega, Madison, USA). The assays were 
performed following the manufacturer’s instructions. 
Standard and test samples were incubated for        
90 minutes at 37°C in 96-well plates. The following 
antibodies were used: rabbit anti-rat nerve growth factor 
polyclonal antibody (1:500), rabbit anti-rat brain derived 
neurotrophic factor polyclonal antibody (1:1 000) and 
rabbit anti-rat ciliary neurotrophic factor polyclonal 
antibody (1:800). After incubation for 90 minutes at 37°C, 
goat anti-rabbit IgG conjugated to HRP (1:100) was 
added and incubated for 90 minutes at 37°C. The 
tetramethyl benzidine chromogenic substrate solution 
was added to the plates, and the reaction was stopped 
by adding stop buffer. Absorbance was measured at  
450 nm in a microplate reader (Bio-Rad). Standard 
curves were generated using known amounts of growth 
factors, and diluents were used as controls. The 
standard curves for nerve growth factor, brain derived 



Hu AJ, et al. / Neural Regeneration Research. 2012;7(15):1171-1178. 

 1177

neurotrophic factor and ciliary neurotrophic factor provided 
linear plots of absorbance versus concentration. The 
linear plots were used to determine the concentration of 
nerve growth factor, brain derived neurotrophic factor and 
ciliary neurotrophic factor in the test samples. All 
experiments were performed in triplicate. 
 
Statistical analysis 
At least three repeats were performed and all data were 
expressed as mean ± SD. One-way analysis of variance, 
followed by Student-Newman-Keuls test, was performed 
to analyze differences between groups. The differences 
were considered significant when P was less than 0.05. 
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