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Abstract: Effective Schwann cells (SCs) attachment is a pre-

requisite for the successful construction of tissue-engineered

nerve. The present study aimed to investigate the role of an

avidin-biotin binding system (ABBS) for neural tissue engi-

neering. The attachment, proliferation, and morphology of

biotinylated SCs on avidin-treated scaffolds were examined,

and the effects of avidin, biotin, and the avidin-biotin bind-

ing system on SCs gene expressions were also studied. The

results indicated that the attachment of biotinylated SCs

onto avidin-treated scaffolds was promoted obviously within

a short time (10 min). Meanwhile, there were no great dif-

ferences in terms of proliferation and morphology of SCs

between the two groups after cultivation for 14 days. The

gene expressions of S100, GDNF, BDNF, NGF, CNTF, and

PMP22 were up-regulated significantly by biotin rather than

aligned scaffolds or avidin. The present study demonstrated

that ABBS enhanced the attachment and maturation of SCs

onto the electrospun scaffolds without adverse effects on

the proliferation of SCs in the long term, suggesting the

potential application of ABBS in the neural tissue engineer-

ing. VC 2011 Wiley Periodicals, Inc. J Biomed Mater Res Part A: 97A:

321–329, 2011.
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INTRODUCTION

Peripheral nerve defect remains an unsolved clinical chal-
lenge due to the limitation of autologous nerve supplies.
Tissue-engineered nerve, combining scaffolds and Schwann
cells (SCs), is a very promising way to replace the tradi-
tional autologous nerve graft.1–3 An ideal scaffold onto
which SCs attach, proliferate, and migrate plays a key role
in neural tissue engineering.4 So far, synthetic degradable
polymers have shown outstanding biocompatibility, control-
lable degradation, high reproducibility, and favorable plastic-
ity.5 But these synthetic polymers lack adhesion proteins for
cells attachment. It has been demonstrated that effective
SCs attachment was a prerequisite for the successful con-
struction of tissue-engineered nerve.6

Several strategies have been used to promote SCs attach-
ing onto the scaffolds, and the most favored method is to
physically absorb or chemically conjugate extracellular ma-
trix (ECM) adhesion proteins to biomaterial surfaces,7,8

which is based on the formation of integrin-mediated bonds
between cell adhesion molecules on substrata and integrin

receptors in the cell membrane. But there are two disadvan-
tages of this approach. One is that the efficacy of cells
attachment depends on the availability of cell membrane
integrin receptors, so this integrin-mediated mechanism
may not be beneficial for those cells possessing few integrin
receptors. The other is that the ECM from nonhuman spe-
cies contains exogenous proteins, which may induce immu-
noreaction and severe fibroplasia in neural tissue, and sub-
sequently hinder the repair of peripheral nerve.9,10

Recently, an avidin-biotin binding system (ABBS), a novel
integrin-independent binding system, has been applied to tis-
sue engineering. ABBS utilizes a pair of molecules of avidin and
biotin, which binds to each other. When used in tissue engineer-
ing, biotin is conjugated to the cell membrane, and avidin is im-
mobilized to biomaterial surfaces.11 The bond formation
between these two molecules could mediate cells attaching
onto biomaterial surfaces. A major feature of ABBS is its ex-
traordinarily high affinity, which increases the cell adhesion
strength. The bond affinity of avidin for biotin is 1015 M�1, as
compared with that of the integrin receptors for fibronectin
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which is 106 M�1.12,13 Kuo and Lauffenberger therefore have
predicted an increase in the cell adhesion strength by a factor of
2–3 for the avidin-biotin binding system over the integrin-se-
rum protein system.14 Another feature of ABBS is the fast bond-
ing between avidin and biotin to form a strong noncovalent bio-
chemical bond. Tsai et al. demonstrated that more than 70%
biotinylated cells attached onto the avidin-treated substrate,
while less than 32% normal cells attached onto the untreated
substrate in the first hour.15 The study of Kojima et al. suggested
that ABBS significantly improved initial cell attachment onto
biodegradable polymer surfaces in 10 min, while more time
was required (over 10 min) to form a stable adhesion complex
between integrin and collagen.16 Bhat et al. reported that the
high affinity of the avidin-biotin binding system increased initial
cell adhesion, cell spreading rate, and strength of cell attach-
ment.17 ABBS seems to be a promising way to promote cell
attaching onto scaffolds; however, its role in neural tissue engi-
neering has not been reported so far. The present study is to
investigate the effects of ABBS on the SCs’ attachment, prolifera-
tion, and gene expressions.

MATERIALS AND METHODS

Materials
Schwann cells lineage. Schwann cells (SCs) lineage
(RSC96) was purchased from ATCC (USA). The cells were
cultivated in a mixture of Dulbecco’s modified Eagle’s cell
growth medium: nutrient mixture F-12 (DMEM-F12, 1:1;
Gibco, USA) containing 10% fetal bovine serum (Hyclone,
Israel) and penicillin/streptomycin (100 U/ml; Gibco, USA),
in a humidified environment at 37�C/5% CO2 on poly-L-ly-
sine coated tissue culture flasks. The cell culture medium
was changed every day.

Preparation of scaffolds. We chose synthetic degradable
copolymer of poly(L-lactic acid-co-e-caprolactone) (molar ra-
tio: 75:25), which has been proved favorable for tissue engi-
neering.18 By the technology of electrospinning, the syn-

thetic copolymer was prepared into linear nanofibers, which
could be received in order and made into 2D membranes.
Aligned P(LLA-CL) (75:25) nanofiber scaffolds was prepared
by the State Key Laboratory for Modification of Fibers,
Donghua University (Shanghai, China). The P(LLA-CL)
(75:25) copolymer was dissolved with acetone in a water
bath at 45�C. Polymer concentration of the solution was 8
wt %. For the process of electrospinning, the polymer solu-
tion was placed in a 20-mL plastic syringe fitted with a nee-
dle with a tip diameter of 0.8 mm. P(LLA-CL) (75:25) nano-
fibers were fabricated by electrospinning process at applied
voltage 15 kV using a high-voltage power supply (Gamma
High Voltage Research). A syringe pump was used to feed
the polymer solution into the needle tip and the feeding
rate of syringe pump was fixed at 1.2 mL/h. An aluminum
rotating disk (220 mm in diameter with a thickness of 10
mm) was located as the fiber collector at a fixed distance of
15 cm from the needle tip. Rotation speed of 500 rpm was
used in this study. The polymer solution formed a Taylor
cone at the tip of the needle by the combined force of grav-
ity and electrostatic charge. A positively charged jet formed
from the Taylor cone and sprayed to the grounded alumi-
num rotating disk, which collected the aligned nanofibers
and kept their orientation. As-spun nanofibers were dried
under vacuum at room temperature overnight. Morphology
of the nanofiber mats was observed using a scanning elec-
tron microscope (SEM; JSM-5800LV, Jeol) (Fig. 1). The
design parameters and performance indexes of scaffolds are
shown in Table I.

Methods
Biotinylation of SCs. EZ-LinkVR Sulfo-NHS-Biotin (Pierce,
Rockford, IL), a commercially available reagent, was applied
to the biotinylating progress of SCs according to the operat-
ing manual. After being washed with the phosphate-buffered
saline (PBS) at 37�C thrice, SCs adhering in a flask were
treated with 2 mL of the biotinylating reagent (0.5 mM in
PBS) in a CO2 incubator for 30 min. Then the cells were
washed with PBS at 37�C thrice, and immersed in iced PBS
for 5 min. After shedding from the bottom of flask, the SCs
were concentrated and resuspended to the desired
concentration.

In order to identify the biotinylation of SCs, cells in the
adhering and suspending state were fixed with 4% parafor-
maldehyde for 30 min, and so were the normal SCs (not bi-
otinylated) as control. After being washed with PBS thrice,

FIGURE 1. The SEM micrograph of P(LLA-CL) (75:25) nanofibers.

TABLE I. The Design Parameters and Performance Indexes

Component P(LLA-CL) (75:25)

Concentration (wt%) 8
Solvent 1,1,1,3,3,3-hexafluoro-2-propanol
Voltage (kV) 12
Flow rate (ml/h) 1.2
Collecting distance (cm) 15
MW (Da) 3.5 � 105

Fiber diameter (nm) 857.6
Thickness (lm) 100
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cells were incubated with FITC-avidin (1:64 diluted in PBS;
Boster, China) at room temperature for 5 min. After another
three washes, cell nuclei were counterstained with the
DAPI-staining solution (5 lg/mL in PBS; Beyotime, China)
at room temperature for 20 min. After the final washes with
PBS, the SCs were observed under a fluorescence micro-
scope and the images were digitally recorded.

Avidin-treated scaffolds. Round 2D scaffolds of 7 mm in
diameter were prepared and sterilized with ethanol (75%)
overnight in a 96-well culture plate for all experiments. Af-
ter three washes with PBS, the scaffolds were incubated
with avidin (1 mg/mL in PBS; Sigma-Aldrich) at room tem-
perature for 2 h. After other three washes with PBS, the
scaffolds were prepared for use.

Cultivation of SCs. During the examination of attachment,
proliferation, and morphology, two groups were designed,
including the normal SCs on untreated scaffolds (the normal
group) and the biotinylated SCs on avidin-treated scaffolds
(the ABBS group).

In the detection of gene expressions, five groups were
designed, including the normal SCs in the flask as control
(the control group), normal SCs on untreated scaffolds (the
normal group), normal SCs on avidin-treated scaffolds (the
avidin group), the biotinylated SCs on avidin-treated scaf-
folds (the ABBS group), and the biotinylated SCs on
untreated scaffolds (the biotin group).

In all groups, the SCs suspended in PBS with desired
concentration were injected into each well. Then the culture
wells were shaken at 100 rpm for 3 min and incubated at
37�C/5% CO2 in a humidified environment. The complex of
SCs and scaffolds was ready for further assays.

Attachment assay. As shown above, 2 � 104 cells sus-
pended in PBS with a total volume of 20 lL were seeded
onto scaffolds. In order to protect the growth and prolifera-
tion of cells, 200 lL of DMEM-F12 medium was injected
into wells at 3 h after seeding. After incubation for 10 min,
30 min, 1 h, 3 h, 12 h, and 24 h, scaffolds were removed
from the wells and washed with PBS gently to remove the
nonattached cells. The cells on the scaffolds were then
transferred onto a glass slide and fixed with 4% paraformal-
dehyde at room temperature for 30 min. After being washed
for 3 times with PBS, cell nuclei were stained by the DAPI-
staining solution (5 lg/mL in PBS) at room temperature for
20 min. After the final washes with PBS, the samples on
glass slides were mounted with mounting fluid (50% glyc-
erin in PBS) and covered with cover glass. All samples were
observed with UV light using a fluorescence microscope. Six
images (�400) randomly from either the middle or the bor-
der of each cultivation condition were taken and the stained
cell nuclei in the images were counted. The number of cells
in each display window was analyzed. Each experiment was
performed six times in parallel.

Proliferation assay. SCs were seeded onto scaffolds with a
density of 2 � 103 in PBS with a total volume of 20 lL and

cultivated in 96-well culture plates up to 20 days. There
were scaffolds in the blank wells without SCs as baseline. At
regular two-day intervals (0, 2, 4, 6, 8, 10, 12, 14, 16, 18,
and 20 days of cultivation after seeding), the proliferation of
SCs was analyzed by Alamar blue assay, which is an estab-
lished method for the fluorimetric measurement of cell
growth as a function of mitochondrial activity in living
cells.19 Each experiment was performed six times in paral-
lel. Two hundred microliters of fresh medium and 10 lL of
Alamar blue dye were added to each well and incubated at
37�C/5% CO2 for 4 h. Subsequently, 200 lL of the mixture
of medium and Alamar blue dye was removed to the black
wells and the fluorescence intensity (RFU) was detected
with the exciting light of 545 nm and emitted light of 590
nm using a microplate reader (Bio-Rad, Munich, Germany).

Morphology
Immunostaining characterization. After cultivation for

4 and 14 days, respectively, the scaffolds were transferred
onto the glass slides and fixed with 4% paraformaldehyde
at room temperature for 30 min followed by washes for
three times with PBS, and then blocked with 10% bovine
serum albumin in PBS at room temperature for 30 min and
washed again with PBS. Scaffolds were then incubated with
rabbit anti-S100 (polyclonal; 1:100 diluted in PBS; Boster,
China) at 4�C overnight. Scaffolds without primary antibody
incubation served as a blank control. After another three
washes with PBS, the scaffolds were further incubated with
Cy3-goat anti-rabbit IgG (Beyotime, China) at room tempera-
ture for 2 h. Cell nuclei were counterstained with DAPI (5
lg/mL in PBS) at room temperature for 20 min. After the
final washes with PBS, the scaffolds on glass slides were
mounted with mounting fluid and covered with cover glass.
Labeled samples were visualized under a laser scanning
confocal fluorescence microscope (LSCM) and the images
were digitally recorded.

Scanning electron microscopy. After cultivation for 14
days, the samples were removed from the wells and fixed
with 2.5% glutaraldehyde solution at 4�C overnight. Subse-
quently, the samples were postfixed with 1% OsO4, dehy-
drated in graded acetone, and dried with a critical point
drier (Hitachi, Tokyo, Japan). After this, the samples were
coated with gold in a JFC-1100 unit (Jeol Inc., Japan) and
observed under a SEM (JEM-T300, Jeol Inc., Japan). The
images were digitally recorded.

Detection of gene expressions. In order to investigate
the effect of ABBS on SCs gene expressions clearly, five
groups were designed as shown above, including the control
group, the normal group, the avidin group, the ABBS group,
and the biotin group. The expressions of S100, brain derived
neurotrophic factor (BDNF), glia derived neurotrophic factor
(GDNF), nerve growth factor (NGF), ciliary neurotrophic fac-
tor (CNTF), and peripheral myelin protein 22 (PMP22) were
detected by the real-time reverse transcription polymerase
chain reaction (real-time PCR).
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After cultivation for 14 days, total RNA was extracted
from the SCs in all groups by homogenizing in TRIzol rea-
gent (Invitrogen, Carisbad, USA). RT-PCR analysis was per-
formed at 37�C for 15 min, followed by 85�C for 15 s in 20
lL of reaction mixture (as described by TAKARA, Japan)
with Ready-To-Go You-Prime First-Strand Beads (Bio Rad,
USA). Real-time PCR was performed using the Light Cycler
rapid thermal cycler system (Bio Rad, IQ5, USA). Amplifica-
tion reactions were performed in 25 lL of reaction mixture
(TAKARA, Japan). The amplification protocol consisted of
one cycle at 95�C for 10 s followed by 40 cycles at 95�C for
5 s, 60�C for 20 s, and 72�C for 30 s. Detection of the fluo-
rescent products was carried out at the end of the 72�C
extension period.

The gene of b-actin was performed as the internal con-
trol. The following forward (F) and reverse (R) primers of
all genes (Sangon, Shanghai) were designed and applied in
the present study (Table II).

Statistical analysis
All data were first adjusted by the square root transforma-
tion using Student’s t test or Mann-Whitney U-test. If data
were normally distributed and the variances between all
groups were homogeneous prior to analysis, they would be
presented as the mean values 6 standard deviation of six
replicates for each sample using Student’s two tailed t test;
or they would be analyzed using Mann-Whitney U-test. Par-
ticularly, the relative quantitative method of (1þE)-DDCt
was applied in the analysis of real-time PCR.20

RESULTS

Identification of biotinylated SCs
After being incubated with avidin-FITC, all biotinylated SCs
on the bottom of the flask showed a green appearance
around the cell membrane under the fluorescence micro-
scope [Fig. 2(a)], while the normal cells that were not bio-
tinylated did not show any green fluorescence (images not
shown). Figure 2(b) further demonstrated that when the bi-
otinylated SCs detached from the bottom of flask and

TABLE II. The Designed Primers of Seven Genes for Real-Time PCR

Gene Primer sequence Gene bank Length

b-Actin F:50-CACCCGCGAGTACAACCTTC-30 NM_031144 207
R:50-CCCTATCCCACCATCACACC-30

S100b F:50-GGGTGACAAGCACAAGCTGAA-30 NM_013191 117
R:50-AGCGTCTCCATCACTTTGTCCA-30

GDNF F:50-GGCGACGGGACTCTAGAATGA-30 NM_019139 194
R:50-GTCAGGATAATCTTCGGGCATATTG-30

BDNF F:50-TCCTGATAGTTCTGTCCATTCAGCA-30 NM_012531 93
R:50-GCCATTCATTCAGGCTTCCA-3

NGF F:50-TGATCGGCGTACAGGCAGA-30 XM_227525 107
R:50-GAGGGCTGTGTCAAGGGAAT-30

CNTF F:50-TTTGCGAGAGCAAACACCTCT-30 NM_013166 67
R:50-TGCTAGCCAGATAGAACGGCTAC-30

PMP22 F:50-TGTACCACATCCGCCTTGG-30 NM_017037 138
R:50-GAGCTGGCAGAAGAACAGGAAC-30

FIGURE 2. Fluorescent micrographs of biotinylated SCs attaching

onto the bottom of the flask (a) and suspending in PBS (b). [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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suspended in PBS, the FITC-avidin still attached onto the
membrane of SCs, which meant that the molecules of biotin
kept around SCs.

Attachment assay
The curves in Figure 3 indicated that the number of SCs in
the ABBS group were much higher than that of SCs in the
normal group within 24 h. Especially at 10 min, the
attached biotinylated SCs were about 24 times more than
the attached normal SCs (173.81 6 14.35 vs. 7.33 6 1.20; p
< 0.05). The number of attached SCs in the ABBS group
decreased with the attaching time and downed to the least
at 12 h, which was still higher than that in the normal
group (144.36 6 9.65 vs. 69.95 6 9.24; p < 0.05). But after
12 h, the number of attached SCs in the ABBS group began
to increase and reached a peak value at 24 h, which was
even higher than that at 10 min.

Proliferation assay
Figure 4 showed the proliferation of SCs on scaffolds in the
normal groups and ABBS group. The curves indicated that
the proliferating tendency of SCs in the normal group kept
increasing within 14 days. On the other hand, the prolifera-
tion of SCs in the ABBS group decreased in the first 2 days
and even did not return to the initial level at 4 days. But af-
ter 4 days, it began to increase and kept increasing at high
speed until 14 days. The peak value of the proliferation of
SCs in the ABBS group was a little higher than that of SCs
in the normal group (p < 0.05).

Morphology of SCs
After cultivation for 4 days, the morphology of SCs between
the two groups was greatly different. Most of the SCs in the
normal group showed the typical spindle-shape [Fig. 5(a)],
while most of SCs in the ABBS group kept the spherical

shape still and did not proliferate [Fig. 5(b)]. But after culti-
vation for 14 days, there were no great significant differen-
ces of the SCs’ morphology between the two groups, which
all showed a mature bipolar shape. Additionally, fluorescent
micrographs showed the alignment of SCs clearly. The scan-
ning micrographs of Figure 6(a,b) further proved that the
orientation of SCs was along with the alignment of nanofib-
ers. Furthermore, Figure 6(a,b) showed that the ECM
secreted by SCs spread around the cell membrane and upon
the surface of scaffolds. The autogenous ECM combined SCs
together, forming a membrane on the surface of the
scaffolds.

Detection of gene expressions
The gene expressions of S100, GDNF, BDNF, NGF, CNTF, and
PMP22 are displayed in Figures 7 and 8. Compared with the
gene expressions of SCs in the control group, those of SCs
in the normal group were down-regulated slightly (p <

0.05) except the gene of S100, while those of SCs in the avi-
din group were maintained mostly except those of BDNF
and NGF which were down-regulated (p < 0.05). On the
other hand, all gene expressions of SCs in both the ABBS
group and biotin group were greatly up-regulated signifi-
cantly (p < 0.05). In particular, the S100 gene expression of
biotinylated SCs was up-regulated more greatly. In addition,
the up-regulation of S100, BDNF, and NGF gene expressions
of SCs in the biotin group was even higher than that of SCs
in the ABBS group.

DISCUSSION

Effective SCs attaching onto scaffolds steadily is a critical
step for the fabrication of tissue-engineered nerve. Recently,
ABBS was found to be a powerful tool that enhanced cell
attaching onto synthetic scaffolds in tissue engineering. The
interaction between avidin and biotin is the strongest

FIGURE 3. The mean number of attached SCs in per display window

from the normal group (the normal SCs on untreated scaffolds) (- - -)

and the ABBS group (the biotinylated SCs on avidin-treated scaf-

folds)(—) after attaching for 10 min, 30 min, 1 h, 3 h, 12 h, and 24 h,

respectively.

FIGURE 4. Proliferation curve for SCs. The SCs proliferation in the

normal group (the normal SCs on untreated scaffolds) (- - -) and the

ABBS group (the biotinylated SCs on avidin-treated scaffolds) (—)

was detected after cultivation for (0), 2, 4, 6, 8, 10, 12, 14, 16, 18, and

20 days, respectively.
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known noncovalent biochemical bond that provides a mech-
anism for the quick and stable attachment of cells onto scaf-
folds.21 With this advantage, ABBS has been used in hepatic
tissue engineering and cartilage tissue engineering in in
vitro tests.15,16 However, the effect of ABBS on the SCs
attaching onto the electrospun scaffolds has not been
determined.

In former studies, ABBS was suggested to promote the
attaching of cells onto the surface of scaffolds obviously
even within a very short time, which was also proved in the
present study. Within 10 min, the biotinylated SCs attached
onto avidin-treated scaffolds more rapidly than the normal
SCs attaching onto untreated scaffolds, and the difference of
cells number/display window between the two groups was

FIGURE 5. LSCM fluorescent micrographs of SCs. (a) and (c) are micrographs for SCs in the normal group (the normal SCs proliferating on

untreated scaffolds) after cultivation for 4 and 14 days, respectively. (b) and (d) are micrographs for SCs in the ABBS group (the biotinylated

SCs proliferating on avidin-treated scaffolds) after cultivation for 4 and 14 days, respectively. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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significant (p < 0.05). This result conformed to the finding
of Kojima et al., which suggested that momentary contact
might be sufficient to stably trap hepatic cells on surfaces
when ABBS was used.16 But we further found that the num-
ber of attached biotinylated SCs in the ABBS group began to
decrease slightly after 4 h, and downed to the least at 12 h,
but was still apparently higher than that of the attached
normal SCs in the normal group (p < 0.05). This finding
was similar to what Tsai et al. found,15 which might be due
to the internalization of membrane-conjugated biotin mole-
cules. It has been reported that fluorescence-labeled avidin
binding throughout biotinylated cells shifted to the cell inte-
rior at 24 h.22 Therefore, biotinylated cells attaching onto
avidin-treated scaffolds might detach because of the loss of
biotin. But the number of attached biotinylated SCs begun

to pick up and kept increasing from 12 to 24 h, which indi-
cated that there were other factors contributing to the SCs’
attachment. We supposed that the ECM secreted by SCs
might play a role. The ECM bonds complemented the bind-
ing strength after the loss of ABBS. The autogenous ECM
could combine ordered SCs of single layer together and
form a membrane upon the surface of the scaffolds [Fig.
6(b)]. Kojima et al. also considered that the hepatic cells

FIGURE 6. SEM scanning micrographs of SCs in the normal group

(the normal SCs proliferating on untreated scaffolds) (a) and SCs in

the ABBS group (the biotinylated SCs proliferating on avidin-treated

scaffolds) (b) after cultivation for 14 days. The micrographs showed

the SCs ( ), ECM ( ), and nanofibers ( ) clearly.

FIGURE 7. The real-time PCR analysis of S100 of the normal SCs on

untreated scaffolds (the normal group), the normal SCs on avidin-

treated scaffolds (the avidin group), the biotinylated SCs on avidin-

treated scaffolds (the ABBS group), and the biotinylated SCs on

untreated scaffolds (the biotin group) after cultivation for 14 days,

with the gene expressions of the normal SCs in the flask as control

(the control group).

FIGURE 8. The real-time PCR analysis of GDNF, BDNF, NGF, CNTF,

and PMP22 expressions of the normal SCs on untreated scaffolds (the

normal group), the normal SCs on avidin-treated scaffolds (the avidin

group), the biotinylated SCs on avidin-treated scaffolds (the ABBS

group), and the biotinylated SCs on untreated scaffolds (the biotin

group) after cultivation for 14 days, with the gene expressions of the

normal SCs in the flask as control (the control group).
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trapped with ABBS on an avidin-absorbed surface could
finally spread using their own adherent molecules, such as
integrin.16 These analyses indicated that the role of ABBS
might provide high affinity binding that stabilized cell mem-
brane attachment onto the surface and enabled increased
binding of ECM to the surface of scaffolds, thus increasing
the membrane/substrate contact area.23 The high affinity
binding provided by ABBS was necessary and critical for the
promotion of SCs attachment with lack of ECM in early
time.

Enhancement of cell attaching onto synthetic scaffolds
was an initial step for applying ABBS to tissue engineering.
The next step was to ensure that attached biotinylated SCs
could proliferate and perform their normal functions. In the
study of Prichard et al., the biotinylated adult adipose-
derived stem cells (ASCs) were seeded onto avidin/fibronec-
tin-treated biomaterials, and at last no significant differen-
ces in proliferation, metabolism, intracellular ATP, or intra-
cellular caspase-3 activity were observed.24 In the present
study, the proliferation assay showed that the fluorescence
intensity of the ABBS group decreased in the first 2 days
and downed to the least at 4 days, which meant that the
rate of the metabolism and proliferation of biotinylated SCs
on avidin-treated scaffolds decreased. So the SCs’ morphol-
ogy was investigated after cultivation for 4 days. The micro-
graphs indicated that compared with the morphology of SCs
in the ABBS group, that of SCs in the normal group was
more mature and atypical, which was another evidence of
the temporary effect of ABBS on SCs’ proliferation [Fig.
5(a,b)]. Tsai et al. assumed that the temporary decrease of
the proliferation of biotinylated cells might be due to the
internalization of membrane-conjugated biotin molecules.15

Nevertheless, biotinylated SCs began to proliferate at higher
speed with the culturing time than the normal SCs after-
ward. After cultivation for 14 days, SCs not only in the nor-
mal group but also in the ABBS group proliferated remark-
ably (Fig. 4), and there were no significant differences of
SCs’ morphology between the two groups [Figs. 5(c,d) and
6(a,b)]. The possible reason might be that the surface-bound
avidin was replaced by autogenous ECM which was very
suitable for SCs’ growth. This result eliminated the adverse
effect of ABBS on the proliferation of SCs in the long term.

Another crucial issue regarding the application of ABBS
to neural tissue engineering was whether ABBS altered the
SCs’ phenotype. After cultivation for 14 days, when the pro-
liferation of SCs reached its peak, the expressions of six im-
portant genes, including S100, GDNF, BDNF, NGF, CNTF, and
PMP22, were detected by real-time PCR. S100, as the special
marker of SCs, was known to be released into the extracel-
lular space to stimulate neuronal survival, proliferation, and
differentiation.25 Furthermore, the presence of S100 has
been found to be related to the nutrition of SCs and consid-
ered as a sign of SCs’ maturation.26 GDNF, BDNF, NGF, and
CNTF, as the most familiar four kinds of neurotrophin so far,
were considered to nourish different kinds of neurons.27

Brandt et al. proved that the acutely dissociated SCs used in
tendon autografts promoted axonal outgrowth more greatly
than untreated SCs in peripheral nerve defects, which was

attributed to the up-regulation of neurotrophin.28 Previous
studies proved the promotion of the regeneration of axons
by complementing exogenous neurotrophin or up-regulating
neurotrophic gene expression.29–32 PMP22, as the primary
component of myelin protein, was known to be involved in
controlling myelin thickness and stability. It played an im-
portant role in the formation of myelin sheath.33 D’Urso
reported that the overexpressing or underexpressing PMP22
did not affect the myelination greatly in vitro test.34 But
Magyar et al. found that the transgenic mice that carried
additional copies displayed a severe congenital hypomyeli-
nating neuropathy as characterized by an almost complete
lack of myelin and marked slowing of nerve conductions.35

In the present study, the comparison of the five groups
obviously indicated that all gene expressions of SCs in the
normal group were down-regulated slightly except the S100
gene, which conformed to the result of Chew et al.36 But all
gene expressions of SCs in the avidin group were main-
tained except those of BDNF and NGF which were down-
regulated slightly (Fig. 7). These analyses showed that the
avidin-treated scaffolds could provide a more favored envi-
ronment for SCs than the untreated scaffolds. On the other
hand, all gene expressions of SCs in both the ABBS group
and the biotin group were up-regulated significantly (p <

0.05) (Figs. 7 and 8). It was clear from the foregoing that
the up-regulation of gene expressions was induced by biotin
rather than aligned scaffolds or avidin-treated scaffolds.
According to the report of Tsai et al.,15 the membrane-con-
jugated biotin molecules might be internalized into the
plasma or nuclei of SCs, thus regulating gene expressions.
Additionally, that the up-regulation of the gene expressions
of SCs in the biotin group was even higher than that of SCs
in the ABBS group indicated that avidin weakened the effect
of biotin on SCs’ gene expressions. One of the reasons might
be that the stable binding between avidin and biotin could
prevent the internalization of membrane-conjugated biotin
molecules. These hypotheses need to be proved in the
ongoing study. Nevertheless, the significant up-regulation of
S100 mRNA might indicate further differentiation and matu-
ration of SCs, which could benefit axonal regeneration. In
addition, the obvious up-regulation of neurotrophin gene
expressions resulting from the stimulation of ABBS would
provide a more favorable microenvironment for the repair
of the peripheral nerve. But the result of up-regulation of
the PMP22 gene is still not clear, and its effect on myelina-
tion needs further investigation in in vivo tests.

CONCLUSIONS

The present study first demonstrated that ABBS could help
SCs attach onto the surface of scaffolds effectively within a
short time, providing a feasible approach toward the fabri-
cation of tissue-engineered nerve. Meanwhile, ABBS
enhanced SCs to mature and synthesize more neurotrophin
without adverse effects in the long term, fabricating a more
favorable microenvironment for the repair of the peripheral
nerve. The current study provided an insight into the appli-
cation of ABBS in promoting neural tissue engineering.
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