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A B S T R A C T   

Long-range peripheral nerve defect is a severe and worldwide disease. With the increasing development of tissue 
engineering, the excellent ability of nerve extracellular matrix (ECM) in peripheral nerve injury (PNI) has been 
widely studied and verified. Here, we present a novel microtube that contains gradient decellularized porcine 
sciatic nerve ECM hydrogel (pDScNM-gel) from microfluidics for sciatic nerve regeneration. The pDScNM is 
confirmed to enhance cell proliferation and migration, and improve the axon growth of primary dorsal root 
ganglions (DRGs) in a concentration-related manner. These behaviors were also achieved when cells were co- 
cultured in a gradient pDScNM microtube. The in vivo sciatic nerve regeneration and functional recovery were 
also demonstrated by assembling the gradient pDScNM microtubes with a medical silicon tube. These results 
indicated that the microtubes with gradient pDScNM could act as a promising alternative for repairing peripheral 
nerve defects and showed great potential in clinical use.   

1. Introduction 

Peripheral nerve injury (PNI) caused by diseases or trauma is 
becoming increasingly common in modern society [1,2]. In many cases, 
lacking timely and effective treatment often results in restricted activity 
or further life-long disability in patients with severe PNI, especially with 
long segmental nerve defects [3,4]. To treat severe PNI, an autologous 
nerve graft is usually regarded as a golden standard in clinical practice 
despite the donor nerve shortage and secondary damage to the donor 
site [5]. Fortunately, the emergence of tissue engineering, which aims to 
repair and regenerate damaged tissues or organs by using bioactive 
materials, has provided patients with another choice [6–10]. Generally, 
nerve guidance conduit combined with nerve growth factors and stem 

cells successfully improve axon regeneration and nerve functional re
covery [11–15]. Thus, several FDA-approved nerve guidance conduits 
such as Nerbridge™ have already been used in clinics and yielded good 
outcomes [16]. Although tissue engineering has achieved excellent ad
vancements over the past 20 years in addressing PNI and other critical 
health issues, its wide applications in nerve regenerations are still 
restricted by the absence of the desired scaffold that meets the 
requirement of low immunogenicity, favorable biodegradability, and 
certain mechanical and nutrition support after PNI [17–19]. Therefore, 
the creation of scaffolds with the abilities to mimic peripheral nerve 
regeneration microenvironment and promote its reconstruction as well 
as functional recovery remains a huge challenge for researchers 
worldwide. 
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In this paper, we propose a novel microtube with gradient decellu
larized porcine sciatic nerve matrix for sciatic nerve regeneration by 
using a multi-injection microfluidic method, as schemed in Fig. 1. 
Decellularized porcine sciatic nerve extracellular matrix (ECM) is a 
three-dimensional (3D) network that provides biochemical and struc
tural support to surrounding cells [20,21]. As the ECM is the natural 
template of scaffold derived from mammalian organs and tissues, the 
tissue-specific composition made it an ideal scaffold to keep the struc
tural integrity of complex organisms [22,23]. In addition, the main 
components of ECM including collagen, laminin, and fibronectin can 
regulate cell behavior and support organization after transplantation 
[18,24–28]. In clinic, a variety of decellularized porcine tissues have 
been used and provide an appealing alternative to human tissues. 
Porcine nerve ECM also showed a comparable effect on neurite 
outgrowth to the rat nerve ECM, with the benefit of low immunogenicity 
and excellent biocompatibility [26,27]. Although the promising func
tion of ECM has already been studied and confirmed in various fields 
[29–32], the practical values of the raw ECM with bulk sizes are still 
limited as it was just simply sterilized after decellularization or further 
processed to ECM hydrogel, which was usually with a stubborn and fixed 
structure [33]. Therefore, the ECM with a controllable and designed 
shape that is suitable for in-depth use, especially in a blood vessel, nerve, 
and bone reconstruction, is helpful and necessary in clinical situations. 

Herein, we employed microfluidics to generate microtubes that 
contain gradient decellularized porcine sciatic nerve ECM hydrogel 
(pDScNM-gel) for peripheral nerve regeneration (Fig. 1). The pDScNM- 
gel was obtained from digesting and neutralizing the decellularized 
porcine sciatic nerve ECM, which contained most structural proteins 
while removing nuclei and several nerve inhibitory components. To 
achieve gradient pDScNM encapsulation, the pDScNM was mixed with 
sodium alginate to prepare precursors of higher concentration and lower 
concentration, both of which were then introduced to different injection 
channels of the microfluidic device for the continuous generation of 
microtubes. Benefitting from the precise control of fluids in microfluidic 
channels, the generated microtubes were imparted with controllable 
morphology like diameters and gradient encapsulation of pDScNM-gel. 
It was demonstrated that this gradient pDScNM microtube could sup
port cell growth and migration, and promote neurite extending for in 
vivo nerve regeneration. All of the results indicated that the microtubes 
with gradient decellularized porcine sciatic nerve matrix are valuable 
for providing a favorable microenvironment for cell growth and axon 
elongation and holding great promise for long-segment nerve defect 
repair. 

2. Materials and methods 

2.1. Preparation of pDScNM-gel 

The preparation of pDScNM-gel was processed by mildly adjusting 
the reported protocol. Briefly, fresh porcine sciatic nerves were har
vested from male or female miniature pigs (8–12 weeks) and immersed 
in 1% Triton X-100/PBS solution overnight. After washing three times 
with 0.01 M phosphate buffer (PBS), they were rinsed in 1% sodium 
dodecyl sulfate (SDS) for 48 h and changed solution every 12 h. 
Following another three times washing with PBS, the decellularized 
samples were lyophilized and smashed to powder. Next, the powder was 
digested with 1 mg/mL pepsin/0.01 M hydrochloride (HCl) solution 
under stirring for 48 h at room temperature. Finally, using HCl, NaOH, 
and 10 × PBS solution to adjust the pH value to ~7.4. The whole process 
was conducted with agitation at 120 rpm and under 4 ◦C unless other
wise stated. The prepared pDScNM pre-gel solution was separated and 
stored at − 80 ◦C. 

2.2. Characterization of pDScNM-gel 

The residual DNA in pDScNM was extracted and purified by a com
mercial E.Z.N.A.®Tissue DNA kit based on the recommended protocol. 
The residual dsDNA was then determined by agarose gel electrophoresis 
in contrast with standard DNA ladders. Meanwhile, major components 
of the sciatic nerve after decellularization were tested by histology and 
immunohistochemistry evaluation. Briefly, both fresh porcine sciatic 
nerve and pDScNM were fixed for 12 h at 4 ◦C, following cryoprotected 
with a graded series of sucrose solutions, and the samples were then 
embedded. 5-μm-thick sections were sliced by a freezing microtome. 
Sections were performed to H&E and Masson’s trichrome staining. Then 
slides were immunostained according to the procedures described pre
viously with PBS or several primary antibodies: mouse anti-Fibronectin 
(1:100, ab6328, Abcam), rabbit anti-Laminin (1:200, ab11575, Abcam), 
rabbit anti-Collagen IV (1:300, ab6586, Abcam), rabbit anti-Myelin 
associated glycoprotein (MAG) (1:100, DF7669, Affinity), mouse 
monoclonal anti-Chondroitin Sulfate (CS-56) (1:200, ab11570, Abcam). 
Following incubation with goat anti-rabbit or goat anti-mouse IgG H&L 
(HRP) (1:1000) secondary antibody for 1 h at 37 ◦C, sections were then 
treated with the DAB chromogen kit. All images were captured and the 
different antibody immunoreactivities were calculated from at least 
three images using ImageJ software. The micromorphology of the fresh 
porcine sciatic nerve, pDScNM, and pDScNM-gel was analyzed by a 

Fig. 1. (a) Scheme of the fabrication process of gradient pDScNM microtube; (b) Scheme of gradient pDScNM microtube assembled with silicon conduit used in 
repairing sciatic nerve defect. 
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scanning electron microscope (SEM; Hitachi, SU8000, Japan). Fresh 
porcine sciatic nerve and pDScNM were fixed overnight with 2.5% 
glutaraldehyde, washed with saline solution, dehydrated, and stored in 
tert-butyl alcohol until subjected to critical point drying, whereas 
pDScNM-gel was freeze-dried immediately. All dried samples were 
immobilized on a carbon tape, sputter-coated with gold, and observed. 

2.3. Fabrication of gradient pDScNM microtube 

The assembling of the microfluidic device that can generate gradient 
pDScNM microtube was conducted according to the protocol reported 
earlier. The device was composed of a tapered injection capillary array 
of which several inner capillaries were inserted into each barrel of the 
tapered capillary to introduce the inner phases. The orifice of the 
tapered capillary was around 600 μm and that of the collection channel 
was 800 μm. In the process, different pDScNM solutions were pumped at 
a flow rate of 2 mL/h while the 10% polyvinyl alcohol (PVA) solution 
was at 0.5 mL/h. Additionally, the gradient pDScNM microtubes could 
be generated by switching different pDScNM and sodium alginate mix
tures. The fast gelation of alginate and calcium ions allowed the 
continuous generation of the microtube and the programmable injection 
of inlet solutions imparted the resultant micro tube with concentration 
gradient. 

2.4. Characterization of gradient pDScNM microtube 

The morphology of the prepared microtube was observed and the 
outer diameters of these tubes were measured. The microstructure of the 
microtube was observed by SEM after dehydrating with a gradient series 
of ethanol. To make the concentration gradient more visible, red fluo
rescent nanoparticles and green fluorescent nanoparticles were added in 
two pDScNM solutions, respectively. Then the images of the achieved 
fluorescent microtubes were captured by a confocal laser microscope 
(Nikon). 

2.5. Rat Schwann cell culture, proliferation, and migration assessment 

Rat Schwann cells (RSC96) purchased from Sciencell Research Lab
oratories were cultured in recommended medium. We firstly assessed 
the cell viabilities in different concentrations of pDScNM-gel. The cell 
viability (CCK-8; Beyotime Biotechnology) assay was performed after 
co-culturing SCs with pDScNM-gel at different concentrations for 24 and 
72 h. At each time point, the absorbance of 450 nm was assessed. For 
further confirmation, the cells co-cultured with different concentrations 
of pDScNM-gel were fixed and conducted to crystal violet staining. We 
then investigated the effect of different concentrations of pDScNM-gel 
on SCs migration using an optimal transwell migration assay. Briefly, 
100 μL SCs (1 × 105 cells) were pipetted to the upper chambers, and 500 
μL complete medium only or containing 1 mg/mL or 5 mg/mL pDScNM- 
gel were pipetted into the lower chambers. Following incubating for 24 
h, cells on the bottom surface were fixed and stained. The number of 
migrated cells was measured after. 

2.6. Rat pheochromocytoma cell culture, proliferation, and migration 
assessment 

Rat pheochromocytoma cells (PC12) purchased from Sciencell 
Research Laboratories were cultured in recommended medium. The 
PC12 cells were co-cultured with different concentrations of pDScNM 
following the procedures performed above. Particularly, in the migra
tion assay, the number of PC12 cells was changed to 1 × 104 cells. 

2.7. Dorsal root ganglion (DRG) culture 

The effect of different concentrations of pDScNM and different types 
of gels on the extension of neurites from the postnatal day 1 SD rat dorsal 

root ganglions (DRGs) was further investigated. All DRGs were isolated 
from the postnatal rat and cut nerve roots via sterile microdissection. 
Then, the DRGs were seeded onto the 35 mm2 cell culture dish (6 DRGs 
per dish) or different gel and cultured in a Neurobasal™ medium sup
plemented with 1% P/S only, additional with 1 mg/mL pDScNM, 5 mg/ 
mL pDScNM, respectively. After incubation for 7 days, DRGs were fixed 
and incubated with beta III tubulin primary antibody (1:500, ab18270, 
Abcam) overnight. Following staining with donkey anti-rabbit IgG H&L 
(Alexa Fluor 488) (1:1000, ab150073, Abcam) and DAPI, the micro
graphs were captured using the inverted fluorescence microscope. The 
lengths of the extended neurites of DRGs in different groups were 
measured and calculated. 

2.8. Growth and distribution of SCs in pDScNM microtube 

To evaluate the survival and distribution of Schwann cells in 
microtubes, 100 μL cell suspension (2 × 105 cells) were injected into the 
tubes using a 1 mL syringe capable of 32G needle and cultured for 1, 3, 
and 5 days. On day 5, the cells in each microtube were stained with 
Calcein-AM to assess the live cells. Images were captured at each time 
point and the distance of SCs migration (length) and the diameter of cell 
fiber (width) on day 5 were measured and calculated using ImageJ 
software. The cell viability at each time point was also assessed by the 
CCK-8 assay. Additionally, to further confirm the growth of SCs in the 
tubes, SCs were stained by DiI cell-labeling solutions following the 
recommended protocol before being encapsulated in different micro
tubes. The day 5 DiI-labeled SCs were imaged after being stained with 
DAPI. 

2.9. Animal surgery 

All animal procedures were conducted under ethical approval from 
the Animal Experimental Committee of Wenzhou Medical University. 36 
Male SD rats (200–230 g) were divided into six groups randomly: sham 
group; 1% Ca-Alginate group; 1 mg/mL pDScNM group; 5 mg/mL 
pDScNM group; gradient pDScNM group and Autograft group. The extra 
silicone tube was used to load the microtubes and stitched with the 
nerve ends to support the hydrogel-like microtubes in this study. The 
rats were housed in a specific-pathogen-free (SPF) breeding facility at a 
12:12 light-dark cycle. The animals have free access to the chaw and 
water. Before the surgery, rats were fasted for 12 h without water 
deprivation. During surgery, after anesthetized by intraperitoneal in
jection of pentobarbital sodium, the right sciatic nerve of the rat was 
exposed and cut, leaving almost a 10-mm long defect. Different types of 
conduits were then used to bridge these nerve gaps using end-to-end 
epineurial suture with 8-0 nylon sutures under a surgical microscope. 
For the Autograft group, a 10-mm nerve was cut off, inverted and su
tured with the nerve ends immediately. Make sure that the proximal and 
distal nerve stump has no torsion and is in its original position. Finally, 
the muscles and skin were sutured with 4-0 silk sutures and all groups 
received intramuscular injections of 800,000 units of penicillin to pre
vent post-surgery infection. 

2.10. Walking track analysis and electrophysiological assessment 

The analysis was conducted to evaluate the muscle reinnervation at 
2, 4, and 8 weeks after surgical procedures. As illustrated in Fig. S6, 
there are several parameters needed to be assessed. The SFI was then 
calculated based on the SFI formula. The value of SFI close to 0 repre
sented better recovery while approaching − 100 indicated total impair
ment. At 8 weeks post-transplantation, the motor nerve function of the 
regenerated nerve was evaluated by electromyography (NeuroExam M 
− 800, medcomtech, China) according to the protocols recommended. 
The stimulating mode was set as follows: stimulus intensity 30 mV, 
frequency 1 Hz, and duration 1 ms. The compound muscle action po
tentials (CMAP) in each group were recorded and the amplitudes of 
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CMAP were calculated. 

2.11. Histological assessment of the regenerated nerve and gastrocnemius 
muscle 

8 weeks after surgery, animals were sacrificed and the right regen
erated nerves and bilateral gastrocnemius muscle were isolated. After 
fixing for 24 h in PFA, the nerve samples were embedded in OCT and cut 
into either longitudinal sections or transverse sections for future use. In 
the case of gastrocnemius muscles, one part of them was embedded in 
OCT and cut into longitudinal sections. For another part, they were 
embedded in paraffin and cut into transverse sections. The nerve and 
longitudinal muscle sections were then immunostained according to the 
procedures described previously. Briefly, after being antigen retrieved 
by 0.25% trypsin and blocked with 5% BSA, sections were incubated at 
4 ◦C overnight with the primary antibodies: chicken anti-NF200 
(1:1000, ab4680, Abcam), rabbit anti-MBP (1:300, ab40390, Abcam), 
rabbit anti-s100β (1:300, ab40390, Abcam), mouse anti-α SMA (1:500, 
ab7817, Abcam), rabbit anti-CD31 (1:100, AF6191, Affinity) and rabbit 
anti-CD68 (1:200, DF7518, Affinity). Following incubation with corre
sponding fluorescent secondary antibodies (1:1000), sections were 
mounted with DAPI Fluoromount-GTM. The cross-sections of muscle 
were performed with H&E staining. All pictures were captured either on 
a light microscope or an inverted confocal laser microscope (Nikon) and 
the different antibody immunoreactivity and the CSA of the muscle fi
bers were calculated from at least three images using ImageJ software. 

2.12. Statistical analysis 

The statistical analysis was performed with a one-way analysis of 
variance (ANOVA). The value of P less than 0.05 was considered to 
determine statistical significance. 

3. Results and discussion 

3.1. Preparation and characterization of pDScNM and pDScNM-gel 

To prepare the pDScNM-gel, we firstly decellularized the porcine 
sciatic nerve (pScN) and characterized the microstructure and compo
sition of the pDScNM. To achieve this, fresh sciatic nerves were cut into 
pieces, decellularized, and lyophilized (Fig. S1a, Supporting Informa
tion). Decellularization was identified by H&E staining. As displayed in 
Fig. 2a i, there were no nuclei remained in decellularized samples. 
Masson and immunohistochemistry staining were then conducted to 
determine the reservation of Fibronectin, Collagen IV, and Laminin after 
the decellularization, which was beneficial for cell adhesion, migration, 
and proliferation [20,23,27] (Fig. 2a ii-v). Furthermore, the removal of 
inhibitory components such as myelin-associated glycoprotein (MAG) 
and chondroitin sulfate were detected (Fig. 2a vi-vii). As demonstrated 
in Fig. 2b, pDScNM emitted higher immunochemistry against Collagen 
IV and Laminin, while extremely lower against MAG and chondroitin 
sulfate compared with pScN. Scanning electron microscopy (SEM) un
covered the micromorphology of pDScNM, showing its distinctive 
fibrous structure compared with pScN (Fig. 2c). Afterward, the pDScNM 
was digested with pepsin and then neutralized to form the pDScNM-gel 
(Fig. 2d i-ii). The SEM image of pDScNM-gel demonstrated its mesh-like 
microarchitecture (Fig. 2d iii). Additionally, the base-pair length of 
dsDNA in pScN and pDScNM were evaluated. The absence of dsDNA 
fragments greater than 200 bp in pDScNM revealed that the decellula
rization was complete, which is crucial since cellular remnants may 
provoke severe immunological reactions (Fig. S1b, Supporting 
Information). 

Fig. 2. (a) Representative images of porcine sciatic nerve characterization before and after decellularization including (i) H&E, black triangle indicates nucleus; (ii) 
Masson, the red star indicates collagen; immunostaining of (iii) Fibronectin, (iv) Laminin, (v) Collagen IV, (vi) MAG, (vii) Chondroitin Sulfate and negative controls, 
black arrow indicates positive expression, scale bar indicates 200 μm; (b) Quantification of positive area percentage (PAP) of (i) Fibronectin, (ii) Laminin, (iii) 
Collagen IV, (iv) MAG, (v) Chondroitin Sulfate (CS) immunoreactivity (%) as characterized in (a) for each group. The values are presented as the mean ± SD, n = 4; 
(c) SEM images of (i) porcine sciatic nerve and (ii) decellularized porcine sciatic nerve matrix, scale bar indicates 200 μm; (d) Photographs of decellularized sciatic 
nerve being (i) digested, (ii) neutralized to form pDScNM-gel, (iii) SEM image of the pDScNM-gel, scale bar indicates 50 μm ** and **** indicate statistical sig
nificance at P < 0.01 and P < 0.0001, respectively. 
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3.2. In vitro SCs, PC12 cells migration, and DRGs neurite outgrowth 

Before it was used to generate microtubes, the in vitro cytocompati
bility of pDScNM-gel, both on SCs and PC12 cells was studied. After co- 
culturing SCs and PC12 cells with different concentrations of pDScNM 
for 24 and 72 h, CCK-8 assay and 0.1% crystal violet staining showed a 
concentration-related manner between cell viability and concentration 
of pDScNM (Fig. S2 and Fig. S3, Supporting Information). Based on 
these, we selected 1 mg/mL and 5 mg/mL as the interested concentra
tions and evaluated their effect on cell migration. Following the exper
imental design (Fig. 3a), both the number of migration Schwann cells 
and PC12 cells per field in the pDScNM group went beyond that in the 
control group. Meanwhile, the cell number increased when the con
centration of the pDScNM increased (Fig. 3b–c and f-g). This data 
revealed that pDScNM-gel can promote the migration of SCs and PC12 
cells, in a concentration-related manner. To further confirm this effect of 
pDScNM-gel, we co-cultured primary DRGs with both 1 and 5 mg/mL 
pDScNM-gel (Fig. 3d). The immunostaining of β III tubulin, a neuronal 
marker, indicated that pDScNM-gel can enhance the axonal outgrowth 
compared to the control group (86.14 ± 47.73 μm) (Fig. 3e). Addi
tionally, axon length in the 5 mg/mL group is longer than the 1 mg/mL 
group with the value of 2147.3 ± 477.1 μm and 1018.8 ± 390.3 μm, 
respectively (Fig. 3h). 

3.3. Preparation and characterization of gradient pDScNM microtube 

Based on the results confirmed above, in this study, we fabricated a 

gradient pDScNM microtube to not only promote SCs proliferation and 
axonal elongation but also lead SCs migration and nerve regeneration. 
The device used for microtube generation was constructed of a tapered 
seven-barrel injection capillary and several inserted capillaries with 
spindle tips (Fig. 4a). During the microtube generation, the sacrificing 
core fluid of PVA flowed in the central channel of the injection capillary 
while different mixtures of sodium alginate with pDScNM flowed in six 
surrounding channels, respectively. Through controlling the appropriate 
flow ratio of sheath and core fluids, the microtubes with uniform inner 
and outer diameters were achieved (Fig. 4c). In addition, the inner 
diameter of the microtube increased in a flow rate-dependent manner of 
the PVA flow that varied from 0.2 to 1.7 mL/h for fixed sheath flow 
rates, showing about 200 μm increases (Fig. S4, Supporting Informa
tion). Furthermore, benefitting from the precise control of fluids in 
different microfluidic channels [8], the gradient pDScNM microtubes 
could be generated by switching different pDScNM and sodium alginate 
mixtures. To make it clear, we use different fluorescent nanoparticles 
and sodium alginate mixtures to prepare the gradient microtube for 
microstructure observation. The cross-sectional CLSM images of the 
microtube showed that it not only kept a homogeneous core-shell 
structure but also showed gradient compositions in different regions 
(Fig. 4d). 

3.4. In vitro DRGs neurite outgrowth and SCs growth and distribution in 
gradient pDScNM microtube 

We prepared the gradient pDScNM gel on a 35 mm2 dish and seeded 

Fig. 3. (a) Scheme of experimental design for the SCs and PC12 cells migration assay; (b, c) Transwell assay of migration ability of SCs and PC12 cells in different 
concentrations of pDScNM-gel, (i) control group, (ii) 1 mg/mL pDScNM, (iii) 5 mg/mL pDScNM, scale bars indicate 200 μm and 50 μm; (d) Schematic illustration of 
DRGs co-culturing with pDScNM; (e) Immunofluorescence of β III tubulin and DAPI images of DRGs, (i) control group, (ii) 1 mg/mL pDScNM, (iii) 5 mg/mL pDScNM, 
scale bar indicates 500 μm; (f, g) Statistical analysis of the migration SCs and PC12 cells per field for each group. (h) Statistical analysis of the average axon length for 
each group. The values are presented as the mean ± SD, n = 3. *, **, *** and **** indicate statistical significance at P < 0.05, P < 0.01, P < 0.001 and P < 0.0001. 
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primary DRGs on it. 1% Ca-Alg, 1 mg/mL pDScNM, and 5 mg/mL 
pDScNM gels were also made for comparison. After incubating for 7 
days, samples from each group were immunostained with β III tubulin 
and the lengths of axons were measured. As shown in Fig. S5a, neurites 

extended from both sides of the DRGs. The concentration-related 
manner of pDScNM on axon outgrowth was verified that the lengths 
of neurites were increased when DRGs were seeded on the 5 mg/mL gel 
compared to that on the 1 mg/mL (Fig. S5c, Supporting Information). 

Fig. 4. (a) Schematic illustration of the cross-section of capillary microfluidic chips for gradient pDScNM microtube; (b) SEM images of microtube, scale bars indicate 
100 μm and 500 μm; (c) Statistical analysis of outer and inner diameter of the gradient pDScNM microfiber. The values are presented as the mean ± SD, n = 5; (d) 
Cross-sectional CLSM image of different parts of the gradient pDScNM microtube, scale bar indicates 200 μm. 

Fig. 5. (a) Optical images and fluorescent images of SCs-laden microtubes during a 5-day culture, the live SCs were stained with Calcein-AM at day 5, scale bar 
indicates 200 μm; (b) Statistical significance of 1–5 mg/mL gradient pDScNM microtube in terms of SCs fiber formation and SCs migration after culturing for 5 days, 
compared to the 1% Ca-Alginate microtube, 1 mg/mL pDScNM microtube and 5 mg/mL pDScNM microtube; (c) Proliferation of SCs cultured on different microtubes 
during 5 days. The values are presented as the mean ± SD, n = 3. * indicates statistical significance at P < 0.05. 
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Furthermore, the axon lengths on gradient gel were longer than that on 
the uniform gel, suggesting that the gradient distribution of pDScNM 
could accelerate the growth speed of the axon. It should be noted that 
when DRGs were cultivated on the gradient gel, there was a substantial 
variation in length between the left and right sides, indicating that the 
growth cones of the neurites were orientated to expand with the 
increased concentration of pDScNM. To corroborate our findings, we 
applied gradient gel to an electrospinning aligned nanofiber membrane 
to mimic the architecture guidance of the microtube. The staining mi
crographs and lengths evaluated 7 days after culture produced consis
tent outcomes to those on the dishes (Figs. S5b and S5d, Supporting 
Information). Taken together, our findings suggest that the gradient 
pDScNM may both accelerate and direct axonal development. 

Because the proliferation and migration of Schwann cells (SCs) are 
two key factors for peripheral nerve regeneration [3], SCs suspension 
with a certain density was injected into the microtubes to demonstrate 
their feasibility when applied to nerve injury. The growth process of SCs 
in the microtube was first investigated and recorded continuously for 5 
days, as shown in Fig. 5a. It was found that the SCs could proliferate and 
form cellular fiber gradually in pDScNM microtubes because pDScNM 
microtubes can provide an excellent three-dimensional microenviron
ment for the cells to grow. Further, we measured the diameter of the 
cellular fibers and the distance of cell migration. Fig. 5b showed that 
when SCs were cultured in the gradient pDScNM microtubes, both SCs 

proliferation and migration were significantly promoted, compared to 
the 1% Ca-Alginate microtube, 1 mg/mL pDScNM microtube, and 5 
mg/mL pDScNM microtube (the light brown, pink and orange regions). 
Additionally, the result of DiI labeled SCs co-culturing with different 
microtubes for 5 days was consistent with the previous data (Fig. S6, 
Supporting Information). The proliferation of SCs seeded in the micro
tube was further investigated by CCK-8 assay (Fig. 5c). On day 1, the cell 
number in five groups displayed no apparent difference, proving the 
same initial cell seeding density. Further, the number of cells showed a 
significant increase in all pDScNM microtube groups compared to the 
1% Ca-Alginate microtube group on day 3 and day 5, which indicated 
that the pDScNM may play a critical role in enhancing the SCs 
proliferation. 

3.5. In vivo sciatic nerve regeneration 

The practical value of the gradient pDScNM microtube was then 
realized by assembling them with a medical silicon tube to achieve a 3- 
channel conduit, whose peripheral nerve repair performance was 
checked after transplantation into the 1-cm sciatic nerve defect models 
(Fig. S7a and Fig. 6a, Supporting Information). The rats were divided 
into six groups, named sham group, 1% Ca-Alg group, 1 mg/mL pDScNM 
group, 5 mg/mL pDScNM group, gradient pDScNM group, and Autograft 
group, respectively (Fig. S7b, Supporting Information). After 8 weeks, 

Fig. 6. (a) Digital images of the nerve transplantation site; (b) Immunofluorescence images of NF-200, MBP, and DAPI of regenerated nerves in the middle of the 
graft 8 weeks post-surgery. Scale bar indicates 50 μm; (c, d) Quantification of positive area percentage (PAP) of NF-200 and MBP immunoreactivity (%) as char
acterized in (b) for each group; (e) Illustration of the calculation of orientation angle θ (i) and orientation angles of regenerated nerve fibers on (ii) sham, (iii) 1% Ca- 
Alg, (iv) 1 mg/mL pDScNM, (v) 5 mg/mL pDScNM, (vi) gradient pDScNM and (vii) Autograft groups. The values are presented as the mean ± SD, n = 3. * indicates 
statistical significance at P < 0.05 (versus 1% Ca-Alg). 
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the regenerated sciatic nerves in each group were collected. Both nerve 
regeneration and functional recovery were detected through several 
strategies. As displayed in fluorescence images of regenerated nerves in 
the middle of the graft, axons (NF-200 marker, green) and myelination 
(MBP marker, red) are arranged orderly in the gradient pDScNM group 
while in other groups the fluorescence distribution of axons and mye
lination were sparse and disordered (Fig. 6b). Furthermore, the distri
bution of two fluorescence in all pDScNM groups was far greater than 
that in the 1% Ca-Alg group, indicating a higher axonal regeneration and 
remyelination ability caused by pDScNM (Fig. 6c and d). Notably, there 
is no significant difference in the expression of NF-200 and MBP be
tween the autograft and gradient groups. Specifically, regenerated nerve 
fibers in gradient pDScNM group had orientation angles from 0◦ to 30◦, 
while 0◦ to 67◦, 0◦ to 70◦, 0◦ to 80◦ for 1% Ca-Alg, 1 mg/mL pDScNM 
and 5 mg/mL pDScNM group, suggesting a superior axonal directing by 
gradient pDScNM (Fig. 6e). 

As building blocks of glial bands of Büngner formation, the prolif
eration and migration of Schwann cells from both proximal and distal 
nerve stumps play a key role in nerve repair [15]. The fluorescence 
micrographs of s100 β and NF-200 stained sections uncovered that the 
host Schwann cells had migrated into the microtube and the regenerated 
axons had extended to different degrees in each group (Fig. S8, Sup
porting Information). Importantly, the expression of both s100 β and 
NF-200 were enhanced in the gradient pDScNM group, showing a better 
recovery level with chemotactic treatment. The represent 
immuno-stained photos of transverse nerve sections in the proximal, 
middle, and distal segments have further verified the promoting effect of 
gradient microtube on axonal regeneration and remyelination. 

Angiogenesis is a vital process when wound healing and tissue 
reproduction [8,30]. After nerve injury, the newborn microvessels that 
offer oxygen and nutrients to the injured nerve are critical for nerve 
regeneration. Hence, the vascularization of the regenerated nerve in 
each group was evaluated. The more expression of CD31 found in the 
gradient pDScNM group revealed that the gradient microtube can pro
mote nerve repair by stimulating angiogenesis and the effect is close to 
the autograft group (Fig. S9, Supporting Information). Additionally, the 
immune response in different groups was detected as well and the data 
showed no severe inflammation in all groups. To access the locomotor 
function recovery of the defected nerves, walking track analysis, elec
trophysiological assessment, and re-innervation and amyotrophy of 
target muscle were evaluated (Fig. S10 and Fig. S11, Supporting Infor
mation). The data indicated that the pDScNM microtube could promote 
nerve repairing and inhibit muscular atrophy. Meanwhile, using the 
gradient pDScNM microtube could further improve this therapeutic 
effect. 

4. Conclusion 

Herein, we developed a novel gradient pDScNM integrated micro
tube by using a programmable multiple-flow microfluidic method. After 
decellularization, digestion, and neutralization, the pDScNM hydrogel 
which retained most ECM components (Fibronectin, Laminin, and 
Collagen IV) and removed nuclei and nerve inhibitory components 
(MAG and chondroitin sulfate) were obtained. Additionally, the 
concentration-related manner of pDScNM in promoting the proliferation 
of SCs, PC12 cells, and axon outgrowth were observed in an in-vitro cell 
co-culturing study. Benefitting from the advanced control of fluids in 
microfluidic spinning, the ECM hydrogel microtubes were with tunable 
structures and sizes, especially the gradient dispersion of ECM, which 
enabled the SCs encapsulated in microtubes to form cellular fibers. The 
effect of the pDScNM microtube to improve nerve regeneration in vivo 
was assessed by bridging a 10-mm nerve defect. Consequently, the his
tomorphology of the regenerated nerve and the cross-section area (CSA) 
of the muscle fibers and SFI showed better axon regeneration and 
remyelination as well as functional recovery in the gradient pDScNM 
group than those in other groups. All of these attractive features 

convinced us that these gradient pDScNM microtubes will be a potential 
alternative nerve graft in repairing peripheral nerve defects. 
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