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N E U R O S C I E N C E

Bionic microenvironment-inspired synergistic effect 
of anisotropic micro-nanocomposite topology 
and biology cues on peripheral nerve regeneration
Guicai Li1,2,3,4*, Tiantian Zheng1,2,3, Linliang Wu1,2,3, Qi Han1,2,3, Yifeng Lei5, Longjian Xue5, 
Luzhong Zhang1,2,3, Xiaosong Gu1,2,3*, Yumin Yang1,2,3*

Anisotropic topographies and biological cues can simulate the regenerative microenvironment of nerve from 
physical and biological aspects, which show promising application in nerve regeneration. However, their syn-
ergetic influence on injured peripheral nerve is rarely reported. In the present study, we constructed a bionic 
microenvironment-inspired scaffold integrated with both anisotropic micro-nanocomposite topographies and 
IKVAV peptide. The results showed that both the topographies and peptide displayed good stability. The scaffolds 
could effectively induce the orientation growth of Schwann cells and up-regulate the genes and proteins relevant to 
myelination. Last, three signal pathways including the Wnt/-catenin pathway, the extracellular signal–regulated 
kinase/mitogen-activated protein pathway, and the transforming growth factor– pathway were put forward, 
revealing the main path of synergistic effects of anisotropic micro-nanocomposite topographies and biological 
cues on neuroregeneration. The present study may supply an important strategy for developing functional of artificial 
nerve implants.

INTRODUCTION
Peripheral nerve injury (PNI) caused by various traumas including 
crush injuries, ischemia, and traction events can lead to substantial 
patient morbidity (1, 2). In the United States, more than 550,000 
patients are treated surgically each year for PNI, with a cost of ap-
proximately $1.6 billion (3). Considering the limitation of autologous 
nerve grafts such as possible neuroma formation, size mismatch be-
tween donor and injured sites, and permanent trauma of donor sites, 
the artificial nerve implants made from various synthetic or natural 
biomaterials have been developed for treating PNI in clinical settings 
(4). Unfortunately, the repair effect of these artificial nerve implants 
on PNI is still not as good as autologous grafts due to the possible 
immune repelling responses, slow migration of cells and axons, 
and outgrowth of newborn nerve tissues (5), thereby reducing the 
long-term success of their application.

To improve the clinical performance of artificial nerve implants, 
modification of the implants using different physical, chemical, or 
biological methods such as surface charges (6), elasticity (7), surface 
topography (8), specific functional groups including ─NH2, ─COOH 
(9), various growth factors (10), and proteins (11) to promote the 
migration and growth of Schwann cells and axon outgrowth of dorsal 
root ganglia (DRG) have been developed in the last decade (4). 
Among these methods, surface topography, an important physical 
cue for contacting guidance, has been proposed as a promising can-
didate because of its critical role in regulating Schwann cells and DRG 
behavior, such as aligned mobilization, proliferation, differentiation, 

and axon elongation (12, 13). The nerve implants with specific surface 
topography will promote the migration of Schwann cells and DRG 
and provide the necessary platform for accurate repair of injured nerve 
with point-to-point connection of injured nerve fiber, thus achieving 
rapid nerve regeneration (14). However, the lack of specific topography 
on nerve implants’ surface may lead to random growth of newborn 
nerve tissue and delay the regeneration process (15).

Until now, for regulating the behavior of Schwann cells or DRG, 
several attempts have been made to fabricate various micro- or nano-
sized topographies on nerve implants, including ridge/groove struc-
ture, pillars, dots, and aligned fibers through micro/nanoprocessing, 
electrospinning, three-dimensional printing, etc. (16,  17). Never-
theless, these topographies unfortunately suffer from drawbacks 
including their sizes, e.g. single micrometer or nanometers, on 
which it is difficult to simulate the physical microenvironment of 
real nerve tissue composed of micro/nanoelements, such as cells 
and proteins. Therefore, constructing nerve implants by simultane-
ously introducing micro- and nanocomposite topographies with 
uniformly aligned structure is a promising candidate for improving 
nerve regeneration. However, until now, few studies have referred 
to the effect of micro- and nanocomposite topographies on cell 
growth and differentiation (18), whereas there has been no study 
referring to nerve regeneration. Furthermore, the sole topography 
cue is limited in promoting cell attachment and proliferation with-
out specific cell-binding sites on implants, thus the biological mod-
ification of the topological nerve implants with various bioactive 
molecules is invented. To this date, numerous biomolecules such as 
fibronectin, laminin, peptide, and growth factor have been immobi-
lized on nerve implants via physical adsorption, covalent graft-
ing, or chemical cross-linking for accelerating nerve regeneration 
(15, 19). However, these biomolecules could only provide biological 
cues for cell attachment and spreading without regulating migra-
tion and orientation growth of cells. Therefore, strategies on nerve 
implants allowing for simultaneously promoting attachment and 
oriented growth of cells for rapid nerve regeneration are highly 
sought after.
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In the present study, we propose a strategy that uses both aniso-
tropic micro/nanocomposite topography and biological cues simul-
taneously in polycaprolactone (PCL) scaffolds for achieving better 
nerve regeneration. We first developed an aligned composite topography 
with micro-sized ridge/groove structure and nano-sized fibers to-
gether by combining the use of micromolding and electrospinning 
techniques (Fig. 1). Then, the aligned composite topography was 
biomodified via immobilization of IKVAV, a kind of peptide with 
the ability to promote nerve cell attachment, in the framework of 
dopamine. After that, the physicochemical properties of the scaffolds 
were measured, including morphology, stability, wettability, and com-
ponent. The immobilization and release behavior of IKVAV were also 
detected. Last, the synergistic effects of the scaffolds on Schwann 
cells’ behavior including morphology, biofunction, gene, and pro-
tein expression were evaluated, and the effect on vascularization of 
the scaffolds was penetrated. To the best of our knowledge, studies 
that construct nerve scaffolds with biofunctionalized anisotropic 
micro/nanocomposite topography and investigate their synergistic 
effect on peripheral nerve regeneration are rare up to now. These 
bionic microenvironment-inspired scaffolds will enable us to design 
and develop a functional nerve implants, which are likely to be po-
tential candidates for promoting peripheral nerve regeneration in 
clinic. We envision that the presently developed bionic micro-
environment-inspired scaffolds may have wide application in the 
field of nerve regeneration.

RESULTS
Parameter optimization of electrospinning PCL fiber
For parameter optimization, we first observed the PCL electrospinning 
fibers by optical microscope and then statistically analyzed the fi-
bers via orientation angle measurement. Figure S1A shows that the 
control sample on flat receiving plate displayed randomly distributed 

PCL fibers without any orientation. In contrast, the PCL fibers received 
by parallel electrode with various preparation parameters showed 
alignment with different degrees. The orientation angle of PCL fi-
bers was shown in fig. S1B. The smaller the orientation angle, the 
better the fiber alignment. Obviously, according to the analysis of 
orientation angle, the optical parameters for preparing aligned PCL 
fibers were a solution volume of 0.3 ml, electrode interval of 4 cm, 
spinning velocity of 0.088 ml/hour, voltage of 18.8 kV, needle gauge 
of 19#, and receiving distance of 15 cm. We then used the optimized 
parameters for the preparation of micro-nanotopography in the 
following experiments.

Morphology analysis
We analyzed the morphology of the random PCL fibers, aligned 
PCL fibers, micropatterned PCL membrane, and micropatterned 
PCL membrane/aligned PCL fibers(micro/nanocomposite topology) 
using scanning electron microscopy (SEM) and surface profile 
meter, respectively. The results are exhibited in Fig. 2. Obviously, 
the random PCL fibers with the diameter of around 1.1 m showed 
no any orientation behavior, while the aligned PCL fibers displayed 
obvious orientation behavior. The diameter of aligned PCL fibers 
was decreased to around 0.5 m. In addition, the micropatterned 
PCL membrane also showed obvious aligned ridge/groove struc-
ture, and the width of the ridge and groove was measured to be 
around 9 and 11 m, respectively. After the combination of aligned 
PCL fibers and micropatterned PCL membrane, the aligned PCL 
fibers were found to be well parallel to the micropatterned PCL 
ridge/groove structure. The diameter of PCL fiber and width of 
PCL ridge/groove were both similar to that in aligned PCL fibers and 
micropatterned PCL membrane. The morphology analysis indicated 
that the anisotropic micro-nanocomposite topography could be 
successfully fabricated by combining the use of electrospinning and 
micromolding techniques.

Fig. 1. Schematic diagram of sample preparation. Sketch map of the preparation of anisotropic micro-nanocomposite topography. (A) Electrospinning PCL orientation 
fibers. (B) Fabrication of PCL micropatterns. (C) Combination of PCL orientation fibers and PCL micropatterns to form the micro/nano-composite topology. 
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Stability analysis
The stability of the random PCL fibers, aligned PCL fibers, micro-
patterned PCL membrane, and micro/nanocomposite topology af-
ter immersion in phosphate-buffered saline (PBS) for 0, 8, and 25 days 
was shown in Fig. 3. Notably, the random PCL fibers changed from 
dense status to sparse status after PBS immersion. There was no 
obvious variation of morphology and orientation angle of the ran-
dom PCL fibers and micropatterned PCL ridge/groove during 
whole immersion periods. However, the aligned PCL fibers became 
twisted after PBS immersion for 8 days, and the orientation angel 
increased from around 15° to 30°, although no further variation was 
observed after 25 days. In contrast, the PCL fibers in micro-nano-
composite topology became sparse, but no obvious twisted status 
was detected. There was also no obvious orientation variation after 
PBS immersion for different periods. In addition, no orientation an-
gle change was observed for micropatterned ridge/groove (0°). Our 
results here demonstrated that the anisotropic micro-nanocomposite 
topography had good stability, which was critical for potential long-
term implantation.

IKVAV immobilization
We then studied the immobilization of IKVAV on PCL using Fourier 
transform infrared (FTIR), Acid Orange (AO) II test, and bicinchoninic 
acid (BCA) kit. The FTIR spectra in Fig. 4A shows that the pristine 
PCL displayed bands between 2810 and 2980 cm−1, corresponding 

to a stretching vibration of ─CH2 peak, at 1727 cm−1 for a stretching 
vibration of C═O peak, 1293 cm−1 for stretching vibration of C─O and 
C─C peaks, and 1240 cm−1 for a deformed vibration of C─O─C peak. 
The peaks at 2346 cm−1 (shear vibration of C-C) and 2100 cm−1 (stretch-
ing vibration of C═O) were also detected. In contrast to the pris-
tine PCL, after dopamine modification and IKVAV immobilization, 
the intensity of adsorption peaks at 2949, 2865, 3435, and 1724 cm−1 
was obviously strengthened because of the overlap of -CH2, -NH, 
and ─OH contained in PCL, dopamine, and IKVAV, respectively. 
Besides, a peak at 3600 cm−1 appeared after dopamine modifica-
tion, indicating the presence of dopamine on PCL. Furthermore, 
the results of AO II test (Fig. 4B) show a significantly higher amino 
density of PCL/dopamine sample than the pristine PCL, also demon-
strating existence of dopamine on PCL. In addition, the enlargement 
of peaks at 3435 and 1724 cm−1 may suggest the successful immo-
bilization of IKVAV. Then, an enzyme-linked immunosorbent as-
say (ELISA) method was performed to quantitatively detect IKVAV 
for further confirming the immobilization of peptide on PCL.  
Figure 4C shows that, compared with the pristine PCL and PCL/
dopamine samples, the PCL/dopamine/IKVAV sample had a nor-
malized density of around 3 g/cm2. We further detected the varia-
tion of PCL as a function of surface modification. The SEM results 
in Fig. 4D display that the pristine PCL fiber surface was smooth, 
while the surface became rough after dopamine modification and 
IKVAV immobilization. A clear cluster phenomenon was observed 

Fig. 2. Morphological analysis of all the samples. The random PCL fibers, aligned PCL fibers, micropatterned PCL membrane, and micro/nanocomposite topology were 
observed using (A) SEM and (B) surface profile meter. (C) The diameter of PCL fibers and the width of PCL micropatterns were statistically analyzed in terms of SEM 
images, respectively.
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for the particulates after IKVAV immobilization. The results above 
indicated that IKVAV could be immobilized onto PCL. Moreover, 
the immobilized peptide was proven to have good stability after PBS 
immersion for different periods (Fig. 4E). Figure 4F shows the wet-
tability variation as a function of dopamine modification and IKVAV 
immobilization. Obviously, the wettability was increased for all sam-
ples after dopamine and IKVAV treatment because of the existence 
of hydrophilic groups (─OH and ─COOH). Figure 4G further proves 
that the peptide could be well immobilized on to the aligned PCL 
fibers, micropatterned ridge/groove, and micro-nanocomposite to-
pology, and a parallel direction between PCL fibers and PCL ridge/
groove could be seen clearly (red arrows).

Schwann cell evaluation
The effects of IKVAV-immobilized random PCL fibers, aligned PCL 
fibers, micropatterned PCL ridge/groove, and micro/nanocomposite 
topology on Schwann cells growth were evaluated using Toluidine Blue O 
(TBO) staining, immunofluorescence staining, and SEM, respectively. 
TBO staining in Fig. 5A shows that Schwann cells on IKVAV- 
immobilized random PCL fibers (R/IKVAV) displayed random dis-
tribution without orientation behavior, and Schwann cells showed 
obvious spreading behavior compared with that on other samples. 
We used immunofluorescence staining and SEM to observe the 

morphology of cells. Schwann cells on IKVAV-immobilized aligned PCL 
fibers (A/IKVAV) exhibited obvious orientation behavior along with 
the fiber direction, but a manifestly sparse cell distribution was 
observed. However, Schwann cells on both IKVAV-immobilized 
micropatterned PCL ridge/groove (M/IKVAV) and micro- 
nanocomposite topology (M/A/IKVAV) showed well-aligned growth 
along with the topographies. Besides, more blue nucleuses on M/A/
IKVAV samples was observed compared with other samples, indi-
cating the most number of cells on this sample. Figure 5B shows 
that there was significantly more cells on R/IKVAV and M/A/IK-
VAV samples than A/IKVAV and M/A/IKVAV samples (P < 0.05), 
but no obvious difference of cell number was observed for R/IK-
VAV and M/A/IKVAV samples. Figure 5C indicates that Schwann 
cells on R/IKVAV sample had orientation angles from 0° to 90° to 
0° to 35° for A/IKVAV sample, while 0° to 10° for both R/IKVAV 
and M/A/IKVAV samples, indicating the best aligned growth of cells 
on these two samples. The result of cell spreading area in Fig. 5D shows 
that, although cells on R/IKVAV had slightly larger spreading area than 
that on other samples, no obvious difference existed. Last, the length/
width (L/W) ratio was analyzed in Fig. 5E; obviously, cells on R/IKVAV 
displayed a significantly smaller L/W ratio with a value around 2.5 
compared with other samples with values larger than 5 (P < 0.05), 
while no obvious difference existed among other samples.

Fig. 3. Stability analysis of the random PCL fibers, aligned PCL fibers, micropatterned PCL membrane, and micro/nanocomposite topology after PBS immersion 
for 0, 8, and 25 days, respectively. (A) Observation by optical microscope and (B) variation of orientation angle. *P < 0.05, compared with other groups.
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Physiological evaluation
We further evaluated the physiological function of Schwann cells on 
various samples via biofactors release and flow cytometer analysis. 
Figure S2A shows that Schwann cells on micropatterned PCL ridge/
groove had the largest nerve growth factor (NGF) release com-
pared with other samples (P < 0.05), while cells on both random 
and aligned PCL fibers displayed lower NGF release than that on 
micro-nanocomposite topography. The results of brain-derived 
neurotrophic factor (BDNF) release shows that Schwann cells on 
random PCL fibers had significantly larger release amount than M/
IKVAV and M/A/IKVAV samples (P < 0.05), but no difference com-
pared with A/IKVAV. Then, the M/IKVAV sample exhibited the 
lowest glial cell line–derived neurotrophic factor (GDNF) release 
compared with other samples (P < 0.05), while no obvious differ-
ence existed among other three samples. The results indicated that 
the various topographies had different influence on the release of 
growth factors by Schwann cells. Furthermore, the apoptosis of 
Schwann cells on different samples was detected and shown in fig. 
S2B. Fluorescein isothiocyanate (FITC)–conjugated annexin V in 
conjuncting with propidium iodide (PI) could be used to distin-
guish the apoptotic, viable, and necrotic cells. The lower left (LL) of 
the dot plots represents living cells, the upper left (UL) represents 
cells in this area as necrotic cells or fragments due to permeability to 
PI, the lower right represents cells in the early stage of apoptosis 
positive for annexin V binding, and the upper right represents cells 
with advanced apoptosis. Schwann cells on all samples showed the 

highest rise in percentage of living cells (LL), while cells on aligned 
PCL fibers displayed higher percentage of necrotic cells or frag-
ments (UL) than other samples. In addition, notably, cells on micro-
nanocomposite topography exhibited no obvious difference of cell 
apoptosis and necrosis compared with the random PCL fibers. These 
findings suggested that Schwann cells could maintain their normal 
physiological function on different topographies to large extent, al-
though the apoptotic and necrotic status were varied.

Expression of genes and proteins
The expression difference of relevant genes and proteins by Schwann 
cells on various topographies was measured using transcriptome 
sequence, quantitative reverse transcription polymerase chain reac-
tion (qRT-PCR), and Western blot assay and shown in Fig. 6. The 
RNA sequencing (RNA-seq) detected 23,620 to 328,849 genes (reads 
of >5) aligned to rat genome in total 12 libraries. Figure  6A  (A) 
shows that, compared with group A/IKVAV, both the M/IKVAV 
and M/A/IKVAV groups displayed significantly down-regulated 
genes with 271 and 257 genes, respectively, while only 14 genes 
were down-regulated in R/IKVAV group. Besides, compared with 
group R/IKVAV, both the M/IKVAV and M/A/IKVAV groups also 
exhibited obviously down-regulated genes with around 60 genes. 
Further on, after the edgeR analysis of the RNA-seq results, a total 
of 46 differentially expressed genes with obvious up-regulation or 
down-regulation were identified and shown with heatmap in Fig. 6A (B), 
and four genes relevant to cytoskeleton development, proliferation, 

Fig. 4. Treatment and characterization of various PCL fibers, PCL ridge/groove, and micro-nanocomposite topology as a function of dopamine modification 
and IKVAV immobilization. (A) FTIR analysis. (a) Pristine PCL, (b) PCL/dopamine (Dopa), and (c) PCL/Dopa/IKVAV. (B) Amino density using AO II test, *P < 0.05. (C) Densi-
ty of IKVAV peptide, *P < 0.05, PCL versus PCL/Dopa; **P < 0.05, PCL/Dopa versus PCL/Dopa/IKVAV; and ***P < 0.05, PCL versus PCL/Dopa/IKVAV, (D) SEM observation of 
Dopa and IKVAV on PCL fibers. (E) Release behavior of IKVAV from 0 min to 72 hours. (F) Wettability as a function of Dopa and IKVAV treatment, *P < 0.05, compared with 
other groups. (G) Immunofluorescence staining of IKVAV in different samples; seven locations of each sample were randomly captured under the same magnification for 
systematical analysis.
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and myelin formation including myelin basic protein (MBP), Sox10, 
NGF, and -actin were selected for further qRT-PCR analysis. Our 
results in Fig. 6B displays that the gene expression of both MBP and 
Sox10 by Schwann cells on anisotropic micro-nanocomposite to-
pographies was significantly higher than other samples (P < 0.05), 
whereas no obvious difference was observed among other three 
samples. Cells on aligned PCL fibers showed the lowest NGF release 
compared with other samples (P < 0.05) while no obvious difference 
for other three samples. In addition, Schwann cells on anisotropic 
micro-nanocomposite topographies had the least -actin expression 
in contrast to other samples (P < 0.05), but the highest -actin ex-
pression was detected on random PCL fibers. Figure 6C shows that 
Schwann cells on anisotropic micro-nanocomposite topographies 
have significantly higher expression of MBP and -tubulin than other 
samples (P < 0.05) and a relative higher Smad4 expression than that 
on aligned PCL fiber and micropatterned PCL ridge/groove. Schwann 
cells on aligned PCL fibers showed the lowest expression of both Smad4 
and -tubulin than other samples. Otherwise, cell on micropatterned 

PCL ridge/groove displayed the lowest MBP expression. The results 
of gene and protein expression indicated that the various PCL to-
pographies could lead to obvious expression of gene and protein 
relevant to myelination and cytoskeleton development.

Vascularization
We lastly evaluated the vascularization of IKVAV-immobilized ran-
dom PCL fibers, aligned PCL fibers, micropatterned PCL ridge/groove, 
and micro/nanocomposite topology by implanting into chicken 
embryos for 6 days and shown in Fig. 7. The black arrows in Fig. 7A 
shows the implantation location of the samples. The tissue trans-
parency analysis under bright-field and immunofluorescence staining 
in Fig.  7B displays that the R/IKVAV, A/IKVAV, and M/A/IKVAV 
samples had more blood vessels distribution than M/IKVAV. More-
over, all the R/IKVAV, A/IKVAV, and M/A/IKVAV samples ex-
hibited numerous branches of blood vessels and obvious capillary 
network. However, only few blood vessels and branches were ob-
served in M/IKVAV sample. The statistical analysis of vasculariza-
tion in different samples in Fig.  7 (C and D) further verified the 
above results. Both the total length and branches of blood vessels in 
M/A/IKVAV were significantly larger than other samples (P < 0.05), 
while M/IKVAV had the shortest length and least branches. In ad-
dition, Fig. 7E shows that the number of blood vessels with diameter 
less than 50 m were found to be significantly higher than other 
samples (P < 0.05), while no obvious difference of blood vessels with 
diameter larger than 50 m was found for R/IKVAV, A/IKVAV, and 
M/A/IKVAV samples. Notably, M/IKVAV shows the least number 
of blood vessels no matter what the diameter was. Besides, the aligned 
degree between blood vessels and micro-nanotopographies was 
evaluated in Fig. 7F. Obviously, blood vessels in M/A/IKVAV sam-
ple exhibited the most manifest alignment degree with the micro-
nanotopographies, indicating the effective regulation of blood vessel 
growth by surface topology. The results here indicated that the IKVAV-
biofunctionalized micro/nanocomposite topology could effectively 
promote the vascularization of nerve implants and regulate the ori-
entation growth of blood vessels.

DISCUSSION
Numerous artificial nerve implants made from synthetic or natural 
biomaterials have been widely used for peripheral nerve regeneration 
in the last two decades. However, the repair effect is still not satis-
fied with clinical request, especially in comparison with autologous 
grafts. The surface physicochemical properties of nerve implants 
have been found to play a critical role in nerve regeneration. Thus, 
the implants with specific surface properties (physical, chemical, or 
biological, single or combined) represent promising candidates for 
peripheral nerve repair. In the present study, we successfully con-
structed a bionic-inspired scaffold composed of micro-nanocomposite 
topographies and biological cues by a stage-wise strategy, including 
directly electrospinning PCL fibers, micropatterning PCL ridge/
groove, assembling PCL fibers/PCL ridge/groove scaffolds, and bio-
modifying scaffolds with IKVAV. Then, a series of systematical char-
acterizations including physicochemical analysis, in vitro cell culture, 
and molecular biology assessment were performed for evaluating the 
effect of the bionic-inspired scaffold on peripheral nerve regenera-
tion. The purpose of this study is to propose a critical experimental 
and theoretical reference for developing artificial implants with ex-
cellent performance in peripheral nerve regeneration.

Fig. 5. Evaluation of Schwann cells after culture on various IKVAV-immobilized 
random PCL fibers, aligned PCL fibers, micropatterned PCL ridge/groove, and 
micro/nanocomposite topology for 3 days. (A) Morphology observation using 
TBO staining (scale bar, 30 m), immunofluorescence staining (scale bar, 50 m), and 
SEM (scale bar, 20 m); the yellow arrows indicate the cytoskeleton of Schwann cells. 
(B) Number. *P < 0.05, R/IKVAV versus A/IKVAV and M/IKVAV groups and **P < 0.05, 
M/A/IKVAV versus A/IKVAV and M/IKVAV groups. (C) Orientation angle, (D) area, 
and (E) ratio of L/W of Schwann cells on different samples; *P < 0.05, R/IKVAV versus 
other groups. (a) R/IKVAV, (b) A/IKVAV, (c) M/IKVAV, and (d) M/A/IKVAV.
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Various topographies with micro- or nano sizes have been widely 
used in different tissue engineering and regenerative medicine fields. 
Generally, during tissue regeneration process, cells will response to 
implants from both cellular (micro-sized cell) and molecular (nano/
submicrometer-sized proteins) levels. However, most studies only 
focused on topology effect on cell growth or tissue regeneration 
with single micro-sized topologies or nano-sized topologies, where-
as few simultaneously considered the both aspects. Considering the 
naturally physiological structure of peripheral nerve with strip-like 
shape, an aligned microtopography on scaffolds is anticipated to be 
beneficial for nerve regeneration (20). As an aliphatic polyester, PCL 
with good biocompatible and biodegradable properties has been 
approved by Food and Drug Administration for biomedical appli-
cation in clinic (21). Besides, PCL is easy to be manufactured be-
cause of its excellent mechanical property. Thus, in this study, PCL 
is mainly used as the substrate materials. We first optimized the 
electrospinning parameters for preparing aligned PCL fibers as re-
ported by Zhang et al. (22). Then, four topographies including random 
and aligned PCL fibers, micropatterned PCL ridge/groove, and micro-
nanocomposite topographies consisting of aligned PCL fibers and 
micropatterned PCL ridge/groove were fabricated. Previous studies 
also reported the micro-nanocomposite topologies for high-throughput 
screening neuron or Schwann cells (23). However, the micro- and 
nano-topographies were separately located in different places on 
the same chip while not combined together. Unlike that, our pre-
pared micro-nanocomposite topographies showed combined PCL 

alignment fibers (top) and PCL ridge/groove (bottom), thus form-
ing micro-nanocomposite topographies, which was confirmed by 
SEM and surface profile observation. This micro-nanocomposite 
topographies will be better for simulating the physical microenvi-
ronment of natural peripheral nerve from both cellular (microscale) 
and molecular (nanoscale) levels (24, 25). As is known, a good 
stability will be beneficial for the function performance of the 
scaffolds in long-term in vivo implantation (26). The micro-
nanocomposite topographies maintained good stability and orien-
tation even after 25 days, while the random and aligned PCL fibers 
became sparse and twisted after PBS immersion. The reason may be 
ascribed to the micropatterned PCL ridge/groove, which limited the 
deformation of PCL fibers during immersion. In addition, the sub-
strate difference under PCL fibers may be another reason. PCL fibers 
on coverslip may be easier detached than that on micropatterned 
PCL ridge/groove, because the same solvent (1,1,1,3,3,3-hexafluoro-
2-propanol, HFIP) will make PCL fibers and PCL ridge/groove 
adhere tightly.

Topographies could regulate the orientation growth of cells and 
tissue both in vitro and in vivo (27, 28). However, the sole topology 
cue is difficult for cell recognition and attachment because of the 
lack of specific cell-binding site on PCL. Surface biomodification of 
biomaterials scaffolds with various proteins and biomolecules pro-
vides an important strategy for improving cytocompatibility of PCL 
topologies. Here, a functional motif with specific binding capability 
to the laminin receptor, i.e., IKVAV, was used to functionalize PCL 

Fig. 6. Expression of relevant genes and proteins by Schwann cells on various topographies. (A) Transcriptomic sequence. (top) Up-/down-regulated genes in 
Schwann cells, (bottom) heatmap of top differentially expressed genes significantly altered in different groups. (B) Gene expression by qRT-PCR test, *P < 0.05, compared 
with other groups and **P < 0.05, A/IKVAV versus M/IKVAV and M/A/IKVAV groups. (C) Protein expression by Western blot assay. *P < 0.05 versus other groups; 
**P < 0.05, R/IKVAV versus A/IKVAV; and ***P < 0.05, A/IKVAV versus M/IKVAV. (a) R/IKVAV, (b) A/IKVAV, (c) M/IKVAV, and (d) M/A/IKVAV.
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Fig. 7. Vascularization evaluation of various topographies using chicken embryos, experiment for 6 days. (A) Implantation of samples (black arrows) in chicken 
embryos. (B) Tissue transparency analysis under bright-field (BF) and immunofluorescence (IF) staining using CD31 antibody for analyzing newborn blood vessels, 
(C) total length, (D) branches, [(C and D) *P < 0.05, R/IKVAV and A/IKVAV versus M/IKVAV and **P < 0.05 M/IKVAV versus M/A/IKVAV], (E) diameter distribution, and 
(F) aligned degree of blood vessels in different samples [(E and F) *P < 0.05, M/IKVAV versus other groups].
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topologies for promoting cell growth, since IKVAV could promote 
neurite outgrowth and cell adhesion (29). To the date, various phys-
icochemical methods, including physical adsorption and covalent 
grafting, have been used for immobilizing biomolecules on bioma-
terials surface. Physical adsorption is easy to lead to the release of 
biomolecules, although beneficial for maintaining bioactivity, while 
covalent grafting may occupy the cell-binding site and negatively 
affect cell attachment. Dopamine, as a mussel-adhesion protein, 
could easily form polydopamine layer on various materials via oxi-
dization of catechol structure, which could further react with the 
amino group in IKVAV peptide via Schiff base reaction (30). A col-
lagen mimetic peptide was once immobilized onto nanocomposite 
scaffolds using dopamine for improving cell growth and differenti-
ation (31). Thus, in this study, dopamine was used to tether IKVAV 
peptide on various PCL topographies. Our studies in AO II test, 
FTIR, and immunofluorescence staining showed that the topogra-
phies could be well modified with dopamine, and the IKVAV pep-
tide could be successfully immobilized on various topographies via 
dopamine conjunction, which may be promising for promoting 
nerve regeneration. The immobilization of IKVAV peptide using 
dopamine was consistent well with the previous study (31).

Schwann cells are the main glial cells in peripheral nerve system, 
which could be released by degenerated peripheral nerve and par-
ticipate in axon regeneration. They could produce various adhesion 
biomolecules and neurotropic factors for supporting and inducing 
axon regeneration (32). Moreover, Schwann cells could form myelin 
sheaths wrapping around the axons to provide electrical insulation 
between axon and axon, axon, and surrounding tissues and acceler-
ate the signal transmission of action potentials through a mecha-
nism called “jumping conduction.” Our results demonstrated that 
Schwann cells displayed superior alignment growth (orientation 
angle, L/W ratio) with uniform direction on IKVAV-immobilized 
micro-nanocomposite topography. Both aligned fibers and micro-
patterned ridge/grooves have been reported to regulate cell orienta-
tion (33, 34). However, the orientation of cells on signal-aligned PCL 
fibers or micropatterned PCL ridge/groove was not as good as that 
on micro-nanocomposite topography. Notably, all topographies 
were preimmobilization with IKVAV peptide, thus the synergistic 
effect of both micro- and nanotopologies may mainly contribute to 
the difference of cells behavior, such as the actin remolding (35). In 
addition, the influence of various topographies on normal physio-
logical function of Schwann cells (secretion of growth factors and 
apoptosis) was also penetrated, as the normal function performance 
of Schwann cells is the guarantee for nerve regeneration. A previous 
study has proven that the secretion of growth factors could be di-
rectly responsible for cell differentiation because of cell shape vari-
ation (36). In this study, the micro-nanocomposite topography showed 
a relatively higher NGF and GDNF release, and a lower early apop-
tosis of cells compared with other topographies, indicating a good 
physiology function of Schwann cells. Thus, our prepared micro-
nanocomposite topography may be more beneficial for maintaining 
the normal physiological function of Schwann cells after implanta-
tion for nerve regeneration. Moreover, IKVAV was reported to be 
beneficial for mediating revascularization of ischemic tissue by 
inducing angiogenesis, aortic spouting, and tube formation (37). 
Here, the same IKVAV concentration was used for various topog-
raphies, whereas our study indicated that the micro-nanocomposite 
topography loaded with IKVAV had the most obvious vascularization 
compared with other groups. One of the main reason may be ascribed 

to the composite topography, which performed key-inducing 
effect on the newborn blood vessels. Thus, our developed IKVAV-
biofunctionalized micro-nanocomposite topography may have potential 
promising in angiogenesis after implantation for nerve regeneration. 
However, the detailed mechanism needs further investigation.

Furthermore, a summary of possible mechanism for the influ-
ence of various topologies, including random fibers, aligned fibers, 
micropatterned ridge/groove, and micro-nanocomposite topology, 
on Schwann cells behavior and physiological function was put for-
ward in Fig. 8 after transcriptomic sequence, PCR, and Western blot 
tests. Generally, Schwann cells first contact with the physical topol-
ogies and biological peptide via different receptors on cell membrane. 
After that, cells will sense the physical and biological signals and cause 
cytoskeleton variation. This variation will be further transmitted to 
internal cell via various transmembrane proteins. Then, the signal 
pathway will be activated and relevant proteins and genes are se-
quentially up-regulated or down-regulated (15). Last, growth fac-
tors related to cell function may be released by cells. Here, based on 
the results of transcriptomic sequence, we first compared the gene 
variation of Schwann cells among various groups and mainly select-
ed four genes including MBP, NGF, Sox10, and -actin for further 
qRT-PCR test. These genes have been proven to be relevant to cyto-
skeleton development, proliferation, and differentiation of cells (38–41). 
Then, three possible signal pathways including Wnt/-catenin pathway, 
ERK2/MAP pathway, and TGF- pathway are mainly put forward. The 
random PCL fibers, aligned PCL fibers, and micropatterned PCL 
ridge/groove mainly down-regulate the expression of proteins such 
as -tubulin and MBP via Wnt/-catenin pathway and ERK2/MAP 
pathway (42), respectively. Besides, the aligned PCL fibers could also 
down-regulate Smad4 expression via TGF- pathway. However, the 
micro-nanocomposite topographies could up-regulate the expres-
sion of -tubulin, MBP, and Smad4 relevant to cytoskeleton and 
myelination via the three signal pathways. Although it is hard to 

Fig. 8. Mechanism summary. Summary of possible mechanism of various topog-
raphies on Schwann cells' behavior.
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identify the exact pathway in the present study, the reported signal 
pathways above will be important reference for revealing the detailed 
mechanism for our future study. In addition, the micro-nanocomposite 
topographies could up-regulate the expression of genes including 
MBP, Sox10, and NGF while down-regulate -actin expression. In 
contrast, the random PCL fibers could obviously up-regulate -actin 
expression. Both the expression of MPB protein and MPB gene could 
be up-regulated by the micro-nanocomposite topographies, which 
may be an important cues for further revealing the underlying 
molecular mechanism. Otherwise, MBP is a critical marker of 
myelination at the early stage (43), the results here further prove 
that the micro-nanocomposite topographies may be beneficial for 
myelination during nerve regeneration. The activation of signal path-
ways and changes of relevant proteins and genes results in the vari-
ation of cell physiology presenting with secretion of various growth 
factors. The mechanism analysis indicates that the topographies with 
different geometries could activate diverse signal pathways and cause 
variation of proteins and genes related to cytoskeleton development, 
myelination, and growth.

Overall, our present study demonstrates that the micro-nanocomposite 
topographies perform the important synergistic effect of micro-
patterned ridge/groove and nano-sized aligned fibers on regulating 
Schwann cells behavior during nerve regeneration process. The big-
gest advantage of our developed bionic-inspired scaffolds is that the 
micro-, nano-, and peptide elements were integrated together for 
maximum simulating the microenvironment of tissue regeneration, 
from molecular, cellular, and biological levels, respectively. To the 
best of our knowledge, the study here has important significance for 
investigating the synergistic effect of combined micro-nanocomposite 
topographies and biological cues on promoting neuroregenera-
tion. The present study may also supply an important strategy for 
designing functional artificial nerve implants in the future. However, 
it should be mentioned that the detailed mechanism of micro- 
nanocomposite topographies and biological cues on regulating 
Schwann cells behavior and myelination should be further clarified 
by gene-sequencing technique, gene knockout, and molecular biol-
ogy technique, although an initial assessment referring to gene and 
protein expression has been performed in  vitro. In addition, the 
in vivo experiment for better evaluating the effect of the prepared 
scaffolds on nerve regeneration also deserves further investigation 
in the future work.

In summary, we successfully fabricated a bionic microenvironment-
inspired scaffolds integrated with anisotropic micro-nanocomposite 
topographies and IKVAV peptide by micromolding, electrospinning, 
and surface biomodification for synergistically promoting periph-
eral nerve regeneration. The prepared scaffolds with complete and 
stable micro-nanotopographies and biological cues not only had 
excellent properties of inducing Schwann cells orientation growth 
and function performance and vascularization but also could obvi-
ously up-regulate the expression of myelination-related genes and 
proteins (MBP) while without negatively influencing the normal 
secretion of various neurotropic factors (NGF, GDNF), implying an 
excellent potential for peripheral nerve regeneration. In addition, three 
possible signal pathways referring to scaffolds influence on periph-
eral nerve regeneration including Wnt/-catenin pathway, ERK2/
MAP pathway, and TGF- pathway were mainly put forward. As 
far as we know, it will provide important reference for constructing 
the scaffolds integrated with anisotropic micro-nanocomposite 
topographies and biological cues in peripheral nerve regeneration. 

These scaffolds based on bionic-inspired microenvironment may 
also have potential application for repairing the injured peripheral 
nerve in the future. The study is anticipated to develop an important 
experimental and theoretical basis for designing functional artificial 
nerve implants.

MATERIALS AND METHODS
Materials and reagents
HFIP was purchased from Merck, Germany. Polydimethylsiloxane 
(PDMS) was bought from Dow Corning, USA. PCL (molecular 
mass of 80 kDa) was from Sigma-Aldrich, USA. Coverslips with 
smooth surface (φ = 1.2 cm) and bovine serum albumin (BSA) were 
bought from Feiao Co. Ltd., China. IKVAV peptide and FITC-labeled 
IKVAV peptide were purchased from GL Biochem, China. PBS 
(pH 7), AO II, trypsin, and Dulbecco’s modified Eagle’s medium 
(DMEM) were both purchased from HyClone Co. Ltd. Fetal bovine 
serum was from Gibco-Invitrogen, Canada. FITC-labeled phalloidin, 
4′,6-diamidino-2-phenylindole (DAPI), cell counting kit 8, Triton 
X-100, PI, polyvinylidene difluoride (PVDF) membranes, and 
dopamine hydrochloride were all bought from Sigma-Aldrich, USA.  
GDNF kit, BDNF kit, and NGF kit for ELISA test were all purchased 
from Boster Co. Ltd., China. BCA kit was bought from Beyotime 
Co. Ltd., China. Heregulin and forskolin were both purchased from 
Amresco, USA. Rabbit anti-MBP antibody, rabbit anti-Smad4 anti-
body, rabbit anti–-tubulin antibody, and horseradish peroxidase 
(HRP)–conjugated secondary goat anti-rabbit immunoglobulin G 
antibody were all bought from Abcam, UK. All other reagents 
and solvents used in the present study were of reagent grade unless 
otherwise specified.

Fabrication of aligned PCL fibers with nanoscale
The aligned PCL fibers with nanoscale were first fabricated using a 
homemade electrospinning instrument by varying the parameters. 
Briefly, PCL was first diluted in HFIP to obtain a 10% PCL solution. 
Then, the solution was transferred into a 10-ml syringe, which was 
fixed on the electrospinning platform. After that, the PCL solution 
was jetted onto the receiving framework with parallel electrodes to 
get the aligned PCL fibers (Fig. 1A). The detailed parameters in-
cluding electrode distance, voltage, flow velocity, volume of PCL 
solution, receiving distance, and needle gauge are listed in table S1. 
Besides, the PCL fibers without alignment were also prepared using 
electrospinning technique and used as control. Last, all the pre-
pared aligned or random PCL fibers were collected on coverslips 
with a diameter of 14 mm and stored before use. The entire electro-
spinning experiment was performed at room temperature (RT; 
25° ± 2°C) with relative humidity of 45 ± 1%.

Fabrication of micropatterned PCL membrane
The micropatterned PCL membrane was fabricated using micro-
molding method by referring to our previous study (44). In brief, 
the PDMS stamps (VPDMS solution:V curing agent  =  10:1) with surface 
micro-ridge/groove structure (width of 30/30 m) were manufac-
tured on silicon motherboards using solution casting method. Then, 
50 l of PCL solution (10%) was dropped onto coverslips (diameter, 
14 mm) and PDMS stamp (diameter, 20 mm) was pressed on PCL 
solution for 48 hours until completely dry. After that, PDMS stamp 
was peeled off from coverslips, and the obtained micropatterned 
PCL membrane was stored for further use (Fig. 1B).
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Fabrication of anisotropic micro-nanocomposite topography
The fabrication of anisotropic micro-nanocomposite topography is 
shown in Fig.  1C. First, the micropatterned PCL membrane was 
placed at the bottom and then the electrospinned PCL fibers with 
receiving framework were covering onto the micropatterned PCL 
membrane. After that, the micropatterned PCL membrane above 
wrapped with electrospinned PCL fibers were harvested to prepare 
the micro-nanocomposite topography. Notably, both the directions 
of micropatterned PCL ridge/groove and electrospinned PCL fiber 
should be the same to obtain the anisotropic micro-nanocomposite 
topography. All the fabrication process was performed under an 
optical microscope (Leica, Germany).

Surface modification of anisotropic PCL  
micro-nanocomposite topography
For improving the biocompatibility of the prepared random PCL 
nanofibers, aligned PCL nanofibers, micropatterned PCL mem-
brane, and anisotropic PCL micro-nanocomposite topography, the 
surface modification was performed using the following method: 
The samples were first treated with dopamine solution (2 mg/ml) in 
tris buffer (pH = 8.5) for 24 hours. Then, the samples were rinsed 
with PBS for three times and added IKVAV peptide with a concen-
tration of 50 g/ml for 4 hours. Thereafter, the samples were washed 
with PBS for three times again and stored for bioevaluation. Last, all 
the samples after dopamine treatment and IKVAV immobilization 
are named as follows: IKVAV-immobilized random PCL fibers (R/
IKVAV), IKVAV-immobilized aligned PCL fibers (A/IKVAV), 
IKVAV-immobilized micropatterned PCL ridge/groove (M/IKVAV), 
and micro-nanocomposite topology (M/A/IKVAV). The diameter 
of all the samples is 14 mm.

Geometry and architecture analysis
The geometry, structure morphology, and architecture of the pre-
pared samples were characterized using optical microscope (Leica, 
Germany), SEM (Zeiss Gemini SEM 300), and surface profile meter 
(Zygo NewView 9000, United States). For optical microscope ob-
servation, the dried samples were mounted on the measurement 
platform, and nine randomly chosen sight fields were captured for 
statistical analysis of orientation angle. For SEM observation, the 
samples were first attached to aluminum stubs and sputtered with a 
golden layer (~50 nm), and then the samples were observed with a 
vacuum degree of 1.45 × 10−4 Pa at an accelerating voltage of 20 kV 
and imaged using SEM. Seven images were captured, and the fiber 
diameters were determined by measuring 80 fibers on each image 
using ImageJ software (National Institutes of Health). For surface 
profile measurement, the samples were placed on the measurement 
platform, and the sample surface was scanned using surface profile 
meter with the scanning range of 500 by 500 m.

Stability of the topography
The stability of the prepared random PCL nanofibers, aligned PCL 
nanofibers, micropatterned PCL membrane, and anisotropic PCL 
micro-nanocomposite topography was evaluated by PBS immer-
sion for different periods. First, all samples were separately soaked 
into PBS for 8 and 25 days. Then, the samples were taken out from 
PBS and dried naturally. Thereafter, the surface geometry of the 
samples was photographed using an optical microscope. Nine ran-
domly chosen fields of each sample were captured for statistical 
analysis, and three parallel samples were used.

AO II test
AO II test was used to determine the amine concentration of the 
surfaces as a function of dopamine modification. In brief, the sam-
ples were first immersed in 0.5 ml of AO-HCl [500 M (pH 3)] solu-
tion and shaken for 5 hours at 37°C. Then, the samples were washed 
with HCl solution (pH 3) for three times, immersed into 0.5 ml of 
NaOH solution (pH 12), and shaken for 15 min at RT. Afterward, 
0.15 ml of desorbed AO supernatant was transferred to a 96-well 
plate. Last, the absorbance at 485 nm was recorded using a micro-
plate reader (BioTek, USA). The amine concentration proportion 
to AO concentration could be calculated via the calibration curve. 
Five parallel samples were used for AO II test.

Fourier transform infrared
FTIR could be used to detect the vibration of specific chemical 
bonds, which could reflect the pure compound and any functional-
ities presentation in the samples. Here, the infrared absorption 
spectra of the samples before and after dopamine modification and 
IKVAV immobilization were detected by an FTIR (Nicolet iS50) 
spectrometer in reflectance mode. For each spectrum obtained, the 
sample was placed into the measurement chamber, and 64 scans in 
total were accumulated with the resolution of 4 cm−1. Scanning was 
conducted in the wavelength range from 400 to 4000 cm−1.

Quantity of peptide
The amount of immobilized peptide on various samples was mea-
sured using a BCA kit according to the inserted instruction and 
modified here. In brief, all the samples were first placed into a 24-
well plate, and five parallel samples were used for each group. Then, 
200 l of BCA solution was added onto each sample and incubated 
at 37°C for 30 min. After that, 150 l of supernatant from each sam-
ple well was transferred to 96-well plate. The absorbance at 562 nm 
was recorded by a microplate reader. The density of peptide on each 
sample was calculated by referring to the calibration curve with the 
known concentration of IKVAV.

SEM observation
For further confirming the immobilization of peptide on the topog-
raphy, the samples before and after dopamine modification and 
peptide immobilization were also observed by SEM after sputtering 
gold according to the previous method in the “Geometry and archi-
tecture analysis” section.

Wettability
Wettability of each sample before and after dopamine modifica-
tion and peptide immobilization was determined using sessile 
drop by a contact angle measuring apparatus (JY-PHa, Chengde, 
China). The samples were placed on a glass slide, and a droplet of 
Milli-Q water (~10 l) was added to the sample surface and equil-
ibrated for 3  s before recording with a horizontal microscope. 
Then, the digital images were processed to calculate the contact 
angle value via the measurement software. Three individual mea-
surements were taken at different locations of each sample to ob-
tain the mean value of contact angle. Three parallel samples were 
used in this experiment.

Distribution of IKVAV peptide
The distribution of IKVAV peptide on different samples was char-
acterized via FITC-labeled IKVAV peptide. Briefly, the samples were 
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first modified with dopamine (2 mg/ml) at RT for 24 hours and 
washed with PBS for three times. Then, the FITC-labeled IKVAV 
peptide with a concentration of 50 g/ml was added on the samples 
and incubated at 37°C for 4 hours. After rinse with PBS for three 
times, the samples were observed using a fluorescence microscope 
(Leica, Germany). Seven locations of each sample were randomly 
captured under the same magnification for systematical analysis of 
peptide distribution.

Release of IKVAV peptide
The release behavior of IKVAV peptide from various samples was 
evaluated by BCA method after immersing the samples in PBS for 
different time points. Briefly, the samples immobilized with IKVAV 
were immersed into the release medium (PBS) in a 24-well culture 
plate (2 ml per well). Then, the plate was fixed on a horizontal shak-
er and shaken at 37°C with a speed of 100 rpm for 10 min, 20 min, 
30 min, 1 hour, 2 hours, 4 hours, 8 hours, 12 hours, 24 hours, 
48 hours, and 72 hours, respectively. At each time point, the super-
natant belonging to each sample was harvested, and the cumulative 
release of IKVAV peptide was detected using a BCA kit according 
to the inserted instruction. The absorbance at 562 nm was recorded 
by a microplate reader, and three parallel samples were used for 
each group. The concentration of released IKVAV could be ob-
tained using the standard curve.

Schwann cell culture
The primary Schwann cells were firstly isolated and harvested from 
the sciatic nerve of Sprague Dawley rats (1 to 3 days) in terms of the 
previous protocol (45). After incubation for 7 days in a CO2 incuba-
tor, the cells were digested with trypsin and resuspended in DMEM 
before seeding on samples. The samples (diameter, 14 mm) with 
various topographies in triplicate were placed into a 24-well cell cul-
ture plate, first sterilized using ultraviolet irradiation for 1 hour, and 
then soaked in 75% ethanol for 30  min. Then, the ethanol was 
trashed and 1 ml of PBS was added to each well for 15 min. After that, 
1 ml of the cell suspension with a concentration of 1 × 105 cells/ml 
was added on samples and cultured for 3 days.

Schwann cell morphology
The cells were fixed with 4% (w/v) paraformaldehyde for 120 min 
before morphology evaluation. The morphology of Schwann cells 
on various samples was examined using TBO staining, immunoflu-
orescence staining, and SEM observation, respectively. For TBO 
test, the cells were rinsed with PBS for three times and blocked with 
3% BSA at 37°C for 60 min. After that, 1 weight % TBO solution of 
100 l was added to the cells and further incubated for 30 min at 
RT. Last, the stained samples were rinsed thoroughly with dH2O for 
three times and photographed using an optical microscope. For im-
munofluorescence observation, after blocking with BSA, 20 l of 
FITC-phallodin (5 g/ml) and 20 l of DAPI (5 g/ml) were sepa-
rately added onto cells and sequentially incubated at RT for 30 min. 
Thereafter, cells were washed with PBS for three times and observed 
using a fluorescence microscope. For SEM test, the cells were first 
dehydrated using gradient ethanol (50, 75, 90, and 100%) in dH2O 
and then dried naturally. After that, cells were sputtered with a gold 
layer and mounted onto the measurement platform for SEM obser-
vation under the vacuum of 1.4 × 10−4 Pa. For each sample, seven 
sight views were randomly captured for obtaining a statistical sig-
nificance. The cell number was analyzed by averaging the cells on 

the captured images by optical microscope via ImageJ software. In 
addition, other morphological indexes including the area of cell, 
orientation angle, and ratio of L/W of cell were also statistically an-
alyzed according to our previous method (46).

Release of growth factor
The secretion of growth factors by Schwann cells on different sam-
ples was determined using NGF, BDNF, and GDNF kit according to 
the inserted instruction, respectively. In brief, the samples were 
placed into a 24-well cell culture plate, and 1 ml of cell suspension 
with a concentration of 1 × 105 cells/ml was added. After culture for 
3 days, the supernatant was harvested for the detection of various 
growth factors. Six parallel samples were used in this experiment.

Flow cytometer analysis
The early apoptotic changes in Schwann cells were observed using 
annexin V binding assay. Schwann cells were first seeded onto the 
samples with different topologies in a 24-well culture plate for 
3 days. Then, the cells were rinsed with PBS for one time and digested 
using 0.25% trypsin. Afterward, cells were resuspended and detected 
using an annexin V–FITC apoptosis detection kit (Beyotime Co. 
Ltd., China) according to the instructions. Subsequently, a flow cy-
tometer (DakoCytomation, CyAn LX) was used to analyze the 
stained cells at the excitation wavelength of 488 nm and band-pass 
filter of 515 nm. Besides, a 600-nm filter was used for PI detection. 
The four quadrants were defined to represent the early or late apop-
totic cells via positive annexin V–FITC staining and negative 
PI staining.

High-throughput RNA-seq
For the transcriptomic studies, Schwann cells were first seeded onto 
the samples with different topologies in a 24-well culture plate for 
3 days. Then, Schwann cells were harvested and subjected to total 
RNA isolation using an RNeasy mini kit (QIAGEN, Hilden). The 
isolated total RNA was stored at −80°C until use. After that, the 
RNA concentration was determined and the replicate RNA samples 
with the same concentration were submitted for preparing RNA li-
braries. In total, 12 libraries were prepared on the basis of RNA in-
tegrity number values greater than 9.0. Last, the sequencing was 
performed on RNA-seq platform following the manufacturer’s pro-
tocol, and the data were initially processed by Genewiz Co. Ltd. In 
addition, the differential gene expression was evaluated using edg-
eR package.

qRT-PCR
The expression level of various genes by Schwann cells on different 
samples was detected using qRT-PCR. Cells were first cultured on 
samples in triplicate for 3 days, and the total RNA was then extracted 
from Schwann cells with TRIzol (Gibco, USA). cDNA was reverse-
transcribed using the Omniscript RT Kit (QIAGEN, Germany). 
Last, the real-time PCR test was conducted using a DyNAmo Flash 
SYBR Green qPCR kit (Thermo Fisher Scientific, USA) according 
to the supplier’s instruction. The primer sequences used to detect 
MBP, NGF, Sox10, and -actin are listed as follows: rat MBP 
(forward, 5′-ACACGGGCATCCTTGACTC-3′: reverse, 5′-GGTC
CTCTGCGACTTCTGG-3′), rat NGF (forward, 5′-GCTGGAC-
CCAAGCTCAC-30; reverse, 5′-CCCTCTGGGACATTGCTATC-3′), 
rat -actin (forward, 5′-CCTCTATGCCAACACAGT-3′; reverse, 
5′-AGCCACCAATCCACACAG-3′), rat glyceraldehyde-3-phosphate 
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dehydrogenase (forward, 5′-AACGAC CCCTTCATTGAC-3′; re-
verse, 5′-TCCACGACATACTCAGCAC-3′), and rat Sox10 (forward, 
5′-GAGGAACCTCGCTGCCTGTC-30; reverse, 5′-CCGGGAA
CTTGTCATCGTCTG-3′).

Western blot
The protein expression level of Schwann cells on different samples 
was further evaluated using Western blot assay according to stan-
dard protocols. Briefly, cells were first incubated on samples in trip-
licate for 3 days and then radioimmunoprecipitation assay lysis 
buffer containing protease and phosphatase inhibitors was added. 
After that, the lysed cells were centrifuged at 21,000 rpm for 30 min 
at 4°C, and the protein concentration was measured using a BCA kit 
(Beyotime Co. Ltd., China). The total proteins were separated by 
SDS–polyacrylamide gel electrophoresis gels (10%) and then trans-
ferred with a 0.45-mm PVDF membrane. After that, the membrane 
was blocked with 5% of nonfat dry milk for 60 min and then incu-
bated with primary antibodies against MBP, Smad4, and -tubulin 
(1:1000) overnight at 4°C. Subsequently, the membrane was rinsed, 
and HRP-conjugated secondary antibodies (1:500) were added and 
incubated at 37°C for 2 hours. -Actin (1:2500) was chosen as an 
internal reference here. Last, an electrochemiluminescence (ECL) 
Western blotting detection system (Amersham ECL Plus, GE 
Healthcare) was used to detect the bands, and a PDQuest 7.2.0 soft-
ware (Bio-Rad) was used to analyze the data.

Vascularization evaluation
The vascularization of various topographies was evaluated using chicken 
embryos experiment according to shell-free cultivation protocols in 
the previous study (47). Briefly, the fertilized eggs were first incu-
bated at 37°C for 3 days and opened a round window with a diameter 
of around 1.5 cm. Then, the presterile samples with the diameter of 
1 cm were implanted into the egg white with visible capillary net-
work under the chorioallantoic membrane and further incubated for 
6 days at 37°C in an incubator (Nuanlifang, China) with a humidity 
of 60%. After that, the samples were fixed with 4% paraformaldehyde 
for 24 hours and then transferred into a 30% sucrose solution for 
30 min. Subsequently, the samples were immersed into glycerin solu-
tion with a series of gradient concentrations of 50, 70, 85, and 100% 
to perform transparency process, each for 3 hours. Last, the newborn 
blood vessels were observed using an optical microscope. Besides, 
the fixed samples were also performed immunofluorescence staining 
with CD31 antibody for morphology observation of the newborn 
blood vessels. The total length, branches, diameter distribution, and 
aligned degree of blood vessels in various samples were measured 
using an ImageJ software and statistically analyzed. The egg embryos 
were treated gently with humanism after the experiment. Three 
parallel samples were used for each experimental group.

Statistical analysis
All data are expressed as means ± SD. The t test and one-way anal-
ysis of variance (ANOVA) were used to statistically analyze the data 
via SPSS 17.0. The probability (P) value less than 0.05 (P < 0.05) was 
considered as significant difference.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/28/eabi5812/DC1

View/request a protocol for this paper from Bio-protocol.
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