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a b s t r a c t 

Spinal cord injury (SCI) can result in severe loss of motor and sensory function caused by ischemia and 

hypoxia, which are the key limiting factors of SCI rehabilitation. Vascularization is considered an effective 

way to resolve the issues of ischemia and hypoxia. In this regard, we first fabricated prevascularized 

nerve conduits (PNC) based on the prevascularized stem cell sheet and evaluated their repair effects 

by implanting them into transected SCI rats. A better healing effect was presented in the PNC group 

than in the control group and the nonprevascularized nerve conduit (NPNC) group as shown in H&E 

staining and the Basso, Beattie, Bresnahan (BBB) Locomotor Rating Scale assessment. In addition, the 

expression of β-III tubulin (Tuj-1) in the PNC group was higher than that in the control group and the 

NPNC group because of the introduction of MSCs. Conversely, the expression of the glial fibrillary acidic 

protein (GFAP) in both experimental groups was lower than that in the control group because of the 

inhibitory effect of MSCs on glial scar formation. Taken together, the introduction of prevascularization 

into the neuron conduit was an effective solution for improving the condition of ischemia and hypoxia, 

inhibiting glial scar formation, and promoting the healing of SCI, which implied that the PNC may be a 

potential alternative material to biomaterials for SCI rehabilitation. 

Statement of significance 

1. Prevascularized stem cell sheet was first used to repair spinal cord injury (SCI). 

2. Prevascularized stem cell sheet use can effectively resolve the challenges faced during SCI, including 

ischemia and hypoxia and the limited regenerative ability of the remained neurons. 

3. Prevascularized stem cell sheet was found to accelerate the healing of SCI as compared to those in the 

control group and the pure stem cell sheet group. 

4. The introduction of stem cells can effectively inhibit the formation of a glial scar. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Spinal cord injury (SCI) is a devastating injury to the structure

nd function of the spinal neuron, resulting in the loss of motor

nd sensory function below the damaged point, which causes pa-

ients to suffer huge economic loss burden and endless pain [1 , 2] .

CI can be divided into two stages: primary and secondary injury

3] . After mechanical trauma, the destruction of the spinal cord and

ts surrounding vascular tissues leads to local edema, ischemia, and
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ypoxia, which are the causes of primary injury [4] . The main in-

ucements to secondary injury are ischemia and hypoxia derived

rom the primary injury, causing infiltration of inflammatory cells

nd apoptosis and necrosis of neurons [5] . Thus, ischemia and hy-

oxia have the potential to worsen the pathological process and

elay the recovery of SCI. In addition, the limited regenerative abil-

ty of the remained neurons is the second reason for the delayed

ealing of SCI [6] . 

To resolve the issues of ischemia and hypoxia, the present

ethods focus on the angiogenesis around the SCI sites, including

he application of vascular endothelial growth factor (VEGF) and

ngiopoietin-1 [7–9] , the addition of endothelial progenitor cells
scularized nerve conduit based on a stem cell sheet effectively 
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[10] , and the application of vascularized nerve flap [11] , where

agreement can be reached that vascularization effectively pro-

motes SCI recovery. However, it is difficult to effectively control

the release of growth factors in the spatiotemporal dimensions.

For endothelial progenitor cells, only limited vascularization can

be produced because of the application of the single cell source.

Another injury can result from vascularized nerve flap obtained

from patients’ tissues. 

To overcome the second issue, that is, the limited regenera-

tive ability of the remained neurons around the damaged area,

various stem cell sources have been used for SCI repair, including

mesenchymal stromal cells (MSCs) [12] , neural stem cells [13] ,

embryonic stem cells [14] , and induced pluripotent stem cells

[15] . MSCs can be easily isolated and cultured with high potential

for multilineage differentiation. More importantly, MSCs have

minimal or no immunoreactivity and graft-versus-host reaction of

transplanted allogeneic MSCs [16] . Presently, MSC injections and

MSC seeding in scaffold materials are the two commonly used

methods with the drawbacks of low seeding density, cell loss,

and immunogenicity of the scaffold materials, which limit their

application in SCI repair [17–19] . 

An innovative technology, termed cell sheet technology (CST), is

used to fabricate the cell sheet. An intact and contiguous cell sheet,

composed of cells and extracellular matrix (ECM), can be obtained

without enzymatic digestion, and this enables cell bioactivity to

be kept completely and the adverse impact of biomaterials to be

avoided effectively [20] . Additionally, the cell sheet has a high

adhesive ability depending on fibronectin, which can be trans-

planted or grafted to the host tissues without using any suture

[21] . Therefore, cell sheet is widely applied in the repair of various

tissues including the skin, liver, heart, cornea, and periodontal

tissues [21–25] . Unfortunately, only few studies have reported

its application in neuron repair. Hence, it is highly urgent and

necessary to explore the repair potency of stem cell sheet for SCI. 

By employing CST, a prevascularized cell sheet can be fabricated

by co-culturing two different kinds of cells, namely, MSCs and en-

dothelial cells (ECs), to facilitate the formation of microvascular

networks on the cell sheet [26] . Prevascularization plays an impor-

tant role in maintaining the survival of the transplanted tissues as

well as in accelerating the repair of the defect area by supplying

sufficient nutrition and oxygen. As reported, ischemia and hypoxia

are the main causes of the primary and secondary injury of SCI. If

a prevascularized cell sheet is used to repair the SCI, then these

causes may be addressed effectively. We previously fabricated a

prevascularized cell sheet by co-culturing MSCs and ECs and found

that the differentiation potency of MSCs can be effectively kept

[27] , which could provide hope to improve the poor regenerative

ability of the remained neurons around the damaged area. 

Herein, to resolve the two key issues of SCI recovery, namely,

ischemia and hypoxia and the limited regeneration ability, first,

we originally prepared prevascularized nerve conduits (PNC) based

on the stem cell sheet and then the fabricated nerve conduits

(NC) were implanted into the transected SCI of SD rats to assess

the healing effect during 8 weeks of experiment. The locomotor

behaviors were assessed by the BBB method. The healing effect

was quantified through histochemistry and immunohistochemistry

with an aim to provide a new repair solution for SCI and expand

the range of cell sheet application in clinic. 

2. Material and method 

2.1. Rabbit MSC isolation and culture 

Chinese big-ear white rabbits aged 2 weeks and weighing 180

to 200 g were provided by the Lanzhou Veterinary Research Insti-

tute of the Chinese Academy of Agricultural Sciences without sex
Please cite this article as: Z. Fan, X. Liao and Y. Tian et al., A preva

promotes the repair of transected spinal cord injury, Acta Biomaterialia
imitation. All experiments were performed under the guideline of

aring laboratory animals of the Ministry of Science and Technol-

gy of the People’s Republic of China. 

The rabbits were anesthetized and soaked entirely in 75% al-

ohol for 20 min. The tibia and femur were isolated on an aseptic

able and then quickly soaked in PBS buffer. After removing the

oft tissues attached to the tibia and femur on a super-clean work-

able, both ends of the tibia and femur were cut with an asep-

ic scissors. Next, the bone marrow was flushed out 4–5 times

sing a 5 mL syringe containing DMEM. The obtained bone mar-

ow solution was centrifuged (1200 rpm) for 5 min. Accomplishing

his, the sediment was resuspended in 8 mL DMEM/F12 medium

fter removing the supernatant, and then sub-packed in aseptic

5 cm 

2 culture flasks. Further, the flasks were incubated at 37 °C
n humidified air containing 5% CO 2 . Twenty-four hours later, the

asks were gently shaken to suspend the unattached cells. Four

illiliters of DMEM/F12 medium was used to refresh the culture

edium. Subsequently, the culture medium was changed every

8 h to further purify the cells. The growth status of cells was

ecorded using an inverted optical microscope. When the conflu-

nce of the cell clones reached more than 80%, the cells were pas-

aged and cultured. The induced differentiation of BMSCs was also

onducted, including osteoblastic, adipogenic, and neurogenic dif-

erentiation, to identify the multipotency of the MSCs. In addition,

he stemness of the obtained BMSCs was identified by immunoflu-

rescence staining, including CD 29, CD 44, and CD 90. 

.2. MSC cell sheet preparation 

MSCs were seeded into 6-well plates at a density of 9 × 10 4 

ells/cm 

2 and cultured in DMEM complete medium. To accelerate

he secretion of ECM and promote cell sheet formation, 30 mM glu-

ose and 50 μg/mL ascorbic acid were added to the DMEM com-

lete medium. The medium was changed every two days, and the

ells were cultured for 14 days to obtain a dense and contiguous

ell sheet. 

.3. Prevascularized MSC cell sheet preparation 

After 14 days, human umbilical vein endothelial cells (HUVECs)

ere seeded onto the surface of the MSC cell sheet at a density

f 5 × 10 4 cells/cm 

2 and cultured for another 7 days. The culture

edium was refreshed every two days. 

.4. Nerve conduit based on MSC cell sheet and prevascularized MSC 

ell sheet 

After incubating for 14 days in the 100 × 100 mm culture dish,

he obtained MSC cell sheet and prevascularized MSC cell sheet

ere cut into several strips with a width of 20 mm and rolled layer

y layer into nonprevascularized nerve conduits (NPNC) and PNC

y using PTFE tube (diameter = 1.6 mm) as a model, respectively.

hen the conduits were cultured in different culture media for

nother 7 days, the cell sheets fused with each other and the thick-

ess of the conduit was reduced. The NC could stand on a flat sur-

ace independently when the PTFE tube was removed, indicating it

as successfully prepared. 

.5. SEM sample preparation 

The obtained NPNC and PNC were fixed in 4% paraformaldehyde

olution for 24 h, washed with PBS three times, and dehydrated

sing graded ethanol, followed by drying at room temperature and

oating with gold for SEM observation (SEM, JEOL JSM-6701F). 
scularized nerve conduit based on a stem cell sheet effectively 

, https://doi.org/10.1016/j.actbio.2019.10.042 
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Fig. 1. Schematic illustration of the preparations of prevascularized cell sheet, PNC, 

SCI model, and the implantation of PNC into the SCI rat. 
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.6. Mechanical measurement 

Uniaxial tensile testing was performed for the obtained sam-

les with an electronic universal testing machine (AGS-X 5 KN, Shi-

adzu, Japan) with 500 N load at a speed of 5 mm min 

−1 . 

.7. SCI model construction 

The animal experiments were approved by the Institute’s An-

mal Ethics Committee. Sixty female Sprague Dawley (SD) rats

eighing approximately 200 g were randomly divided into three

roups, namely, control group, NPNC group, and PNC group, and

nesthetized with 10% chloral hydrate (1 mL/250 g). Using eye scis-

ors, the hair on the operational site was removed. The vertebral

olumn was exposed by incising the skin along the midline of

he back, followed by T-9 laminectomy under a surgical micro-

cope ( Fig. 1 ). After laminectomy, a segment of the spinal cord

ith 2 mm length was completely cut and removed. The NPNC and

NC were put into the broken ends to connect the ends. The NC

ere not sutured to the broken ends; instead, they adhered to the

roken ends through the fibronectin secreted from the ECM of the

ell sheet. A titanium mesh was used as the immobilized mate-

ial to provide the necessary protective support, effectively avoid-

ng the secondary trauma caused by the rats’ motion (Fig. S1). Non-

bsorbable surgical sutures were used to sequentially suture the

uscle and skin of the rats. The rats were fed with cyclosporin A

t a dose of 5–10 mg/kg every day to inhibit the immunological re-

ection reaction. The bladder was squeezed twice a day to help in

rination until the function of the bladder rehabilitated. 

.8. Behavior assessment 

The locomotor behavior was assessed using Basso, Beattie, Bres-

ahan (BBB) Locomotor Rating Scale [28] . The rats without ob-

ervable hindlimb movement were scored “0.” Those with normal

indlimb movement were scored “21.” Before the assessment was

one by two blinded observers, the rats were allowed to walk in
Please cite this article as: Z. Fan, X. Liao and Y. Tian et al., A preva

promotes the repair of transected spinal cord injury, Acta Biomaterialia
n open field for 5 min. The whole assessment process lasted until

he 8th week. 

.9. H&E staining 

The NPNC and PNC were fixed in 4% paraformaldehyde for

0 min, and then, they were sectioned to 5 μm slices to be

mmersed in hematoxylin for 1 min and stained by eosin for 30 s.

ubsequently, the stained slices were washed with water, dehy-

rated using graded alcohol, cleared in xylene, and sealed for mi-

roscopic observation. After completion of the experiment, the rats

ere perfused with 4% paraformaldehyde. The spinal cord was re-

rieved from the rats and postfixed in 4% paraformaldehyde solu-

ion for another 4 h; and then it was immersed in 30% sucrose so-

ution overnight. The fixed spinal cord was sliced into 15 μm slices,

hich were further stained by H&E staining. 

.10. Immunohistochemistry staining 

The obtained cryosections were firmly attached to the glass

lides, and then they were blocked with 1% BSA for 1 h. After

hat, primary antibodies including mouse anti-CD31, mouse antifi-

ronectin, and mouse anticollagen I were used for the immuno-

istochemical staining of the prepared neuron conduits. Mouse

nti-CD31, mouse anti-Tuj-1, and chicken anti-GFAP were used for

he immunohistochemical staining of the repaired spinal neurons.

fter incubation at room temperature for 2 h, the sections were

insed thrice with PBS. Secondary antibodies including goat anti-

ouse Alexa Fluor®647 for neuron conduits and spinal neurons

nd goat antichicken Alexa Fluor®405 for spinal neurons were ap-

lied for 1 h at room temperature in the dark. The sections were

ashed thrice with PBS. The experimental procedure of myelin ba-

ic protein (MBP) immunofluorescence staining (mouse anti-MBP)

as similar to the above-mentioned methods in addition to the

pplication of DAB as a color-developing reagent. All slides were

ealed with the addition of an antifluorescence quenching agent

nd were observed and imaged using a laser scanning confocal mi-

roscope (Olympus FV 10 0 0). 

.11. Luxol fast blue (LFB) staining 

The fixed spinal cords were sectioned to 5 μm slices and stained

ith Luxol fast blue (LFB). Subsequently, the stained slices were

ashed with water, dehydrated using graded alcohol, cleared in

ylene, and sealed for microscopic observation. 

.12. Statistical analysis 

All statistical analyses were analyzed using OriginPro 9.0 soft-

are. Experimental data were analyzed with Student’s t -test, in

hich data were expressed as means ± standard deviations (SD).

 < 0.05 was considered to indicate significance. 

. Results and discussion 

We successfully developed the prevascularized cell sheet to

onstruct NC for SCI repair. Briefly, with an aim to address the is-

ues of ischemia, hypoxia, and the limited regenerative ability of

he remained neurons, the innovative idea was to introduce the

icrovascular networks and MSC resources into the neuron con-

uits. The prevascularized cell sheet was fabricated based on our

reviously reported methods by culturing the HUVECs on the pre-

ormed stem cell sheet, after the formation of the prevascularized

tem cell sheet, which can be easily lifted with the help of the

orceps and rolled into the needed tube-like structure (denoted as

erve conduit, NC) by using the PTFE as the model. To assess its
scularized nerve conduit based on a stem cell sheet effectively 

, https://doi.org/10.1016/j.actbio.2019.10.042 
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Fig. 2. Photographs of MSC cell sheet (a); prevascularized MSC cell sheet (b); rolling 

into NPNC based on MSC cell sheet (c); rolling into PNC based on prevascularized 

MSC cell sheet (d); NPNC based on MSC cell sheet after removal from the PTFE 

model (e); PNC based on the prevascularized MSC cell sheet after removal from the 

PTFE model (f). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. SEM images of NPNC (a and c) and PNC (b and d) at different magnifications, 

and the cross profile images of NPNC (e) and PNC (f). 
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healing effect in different time intervals, the prepared NC was im-

planted into the SCI rat. The specific marks of MSCs were iden-

tified by immunofluorescence staining, including CD 29, CD 44,

and CD 90 (Fig. S2). In addition, the differentiation potential of

the MSCs was characterized by osteogenic induction, adipogenic

introduction, and neurogenic introduction (Fig. S3). The surface of

MSCs presented specific markers of rabbit MSCs, including CD 29,

CD 44, and CD 90 (Fig. S2), which verified that the obtained MSCs

have the characteristics of rabbit MSCs [ 29 , 30 ] as well as mul-

tipotency, which can differentiate into the osteoblasts, adipocytes,

and neurons under differently induced conditions (Fig. S3). Ascor-

bic acid can promote the secretion of ECM and facilitate the self-

assembly of the cell sheet [31] . A complete and contiguous cell

sheet ( Fig. 2 a) and prevascularized cell sheet ( Fig. 2 b) were formed

and could be easily lifted from the surface of the petri dish us-

ing the forceps. After being rolled as a tubular structure and cul-

tured for another 7 days, the cell sheet could be removed from the

PTFE model ( Fig. 2 c and 2 d) and remained complete ( Fig. 2 e and

2 f) depending on the self-supporting mechanical reinforcement.

Further confirmation can be found from the mechanical measure-

ment (Fig. S4), and the results showed that the tensile strength of

PNC was approximately 1.5 MPa, and the strain could reach 45%.

The good mechanical properties of PNC ensure that it could not

be broken easily when it was applied at the extension site of

the spine. The layers fused together and integrated into an inte-
Please cite this article as: Z. Fan, X. Liao and Y. Tian et al., A preva

promotes the repair of transected spinal cord injury, Acta Biomaterialia
ral structure without noticeable gaps between the layers relying

n the fibronectin, which can be further revealed from the re-

ults of H&E staining and immunohistochemical staining (Figs. S5

nd 4 ). The average thickness of the MSC cell sheet was approxi-

ately 478.5 μm; however, after the formation of the prevascular-

zed MSC cell sheet, the average thickness was reduced to approx-

mately 424.3 μm. Regarding NPNC, the average thickness could

each 3200 μm. After the formation of PNC, the thickness of the NC

educed, and the average thickness was approximately 2800 μm.

he reason may be that the prevascularization could have made

he cell sheet become tighter, causing reduction in thickness. 

The SEM images of the NPNC and PNC are shown in Fig. 3 . The

ell sheet surface of the NPNC was smooth and surrounded by a

arge amount of ECM, whereas the cell sheet surface of the PNC

ecame coarser and had many microvessel-like structures, indicat-

ng the formation of microvessel networks. 

We performed immunohistochemistry staining to further prove

he fusion of the cell sheet and prevascularization formation

 Fig. 4 ). It has been reported that collagen I and fibronectin are

wo kinds of proteins important for cell sheet assembly and fusion

32] . The expression of collagen I protein was almost the same be-

ween the NPNC and PNC groups. Differently, the expression of the

bronectin protein in the PNC group was higher than that in the

PNC group; this was why the layers between cell sheet could fuse

nto a whole and the thickness could present a reduced trend after

he formation of prevascularization (Fig. S5d). Further, the arrange-

ent of both proteins became more orderly after the formation of

he prevascularized cell sheet ( Fig. 4 b and d). CD 31 staining was

ound as a negative result in the NPNC group, while it was posi-

ive in the PNC group with the appearance of several lumen with

 microvessel-like pattern in the sample ( Fig. 4 f), showing that

revascularization played an important role in promoting the for-
scularized nerve conduit based on a stem cell sheet effectively 

, https://doi.org/10.1016/j.actbio.2019.10.042 
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Fig. 4. Immunofluorescence images stained with Collagen I (a, NPNC; b, PNC), Fi- 

bronectin (c, NPNC; d, PNC), and CD31 (e, NPNC; f, PNC). The white lines denote the 

ordered arrangement of related proteins. The white circles denote the microvessel 

(scale bar = 200 μm). (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 
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Fig. 5. BBB scores: BBB scores of the control group, NPNC group, and PNC group 

( ∗: P < 0.05 vs. blank group). 
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ation of the microvessel-like pattern by co-culturing MSCs with

Cs. The importance of prevascularization has been confirmed in

any studies. For example, in the study by Yang et al., to construct

ascularized bone grafts, the prevascularized cell sheet was used

s the biomimetic periosteum, which could enhance angiogenesis

nd functional anastomosis between the in vitro preformed human

apillary networks and the mouse host vasculature [33] . For the

reatment of large bone defects, Ren et al. applied the prevascu-

arized cell sheet as the biomimetic induced membrane, verifying

hat the constructed composite membrane showed rapid vascular-

zation and anastomosis with the host vascular system and formed

unctional blood vessels in vivo [34] . As mentioned above, the in-

roduction of microvessels in the PNC can promote microvessel re-

onstruction and anastomosis with the host vascular system, hop-

ng that it can address the issues of ischemia and hypoxia in the

ehabilitation of SCI. 

In this study, heterogeneous cells were used to repair the SCI of

D rats, which may cause immunogenicity. To avoid immunological

ejection, the animals were fed with cyclosporin A, an immuno-

uppressant that is widely used to prevent rejection in response

o organ transplantation. Furthermore, we implanted the prevascu-

arized cell sheet into the subcutaneous pocket of the SD rats to

bserve the growth status of the cell sheet and inflammatory reac-

ion through H&E staining. The results showed that the PNC group

ormed more microvessels than the NPNC group in the 2nd and

he 4th week, and we also observed that the NPNC group and the

NC group had a lower inflammatory reaction, indicating the in-

roduction of human ECs had no or low immunoreactivity to the

ost animal (Fig. S6). The reason may be that the MSCs secreted

n amount of ECM that could enclose the human ECs, leading to
Please cite this article as: Z. Fan, X. Liao and Y. Tian et al., A preva

promotes the repair of transected spinal cord injury, Acta Biomaterialia
 decrease in the immunogenicity. On the basis of low immunore-

ctivity, the NPNC group and the PNC group were implanted into

he area of SCI of SD rats to observe the healing effect in vivo.

o quantify the repair efficiency of SCI, BBB score is an effective

ption. The BBB score in the PNC group ( Fig. 5 ) was higher than

hat in the control group with a statistically significant difference

 p < 0.05) from the 2nd week. However, no statistically significant

ifference could be observed between the NPNC group and the

ontrol group within 4 weeks. From the 4th week, the BBB score

n the PNC group was far higher than that in the NPNC and control

roups, indicating that prevascularization can accelerate the repair

rocess of SCI. To record the healing effect, we captured videos.

or rats in the control group, the hind limbs could not be moved

ven after 8 weeks (Supporting Information, Video S1). For the rats

reated with NPNC, partial movement was recovered and the hind

imbs of the rat could swing back and forth (Supporting Informa-

ion, Video S2). As we have predicted before, the rats treated with

NC could crawl on the ground depending on the support of its

ind limbs (Supporting Information, Video S3). 

The photographs of the spinal cord are shown in Fig. S7. In the

nd week, the damaged area of the control group presented obvi-

us atrophy (Fig. S7a), but there was no atrophy in the NPNC and

NC groups (Fig. S7b and c). In the 8th week, there was slight atro-

hy in the control group (Fig. S7d). In contrast, the NPNC showed a

welling trend (Fig. S7e). Completely different from the control and

PNC groups, neither atrophy nor swelling appeared in the dam-

ged area after treatment with PNC (Fig. S7f). 

The foregoing morphological observations can be further sub-

tantiated by H&E staining ( Fig. 6 ). In the 2nd week, the control

roup showed significant atrophy and the surrounding tissues of

he lesion area became looser; in addition, many inflammatory

ells infiltrated into the damaged area ( Fig. 6 a). For NPNC, there

as slight atrophy, and the damaged area and its surrounding tis-

ues were filled with inflammatory cells. A portion of the cell sheet

id not fuse with its surrounding tissues ( Fig. 6 b). The PNC group

id not present noticeable atrophy, and the inflammatory response

n this group was lower than that in the control group and the

PNC group. Further, the cell sheet completely fused with its sur-

ounding tissues ( Fig. 6 c). In the 8th week, slight atrophy could

e observed in the control group, and although the inflammatory

ells remained, their number was less than that in the 2nd week

 Fig. 6 d). The morphology of NPNC recovered to its previous vol-

me, some inflammatory cells remained, and the cell sheet did not

ompletely fuse with its surrounding tissue ( Fig. 6 e). When com-

ared with the control and NPNC groups, the PNC group did not
scularized nerve conduit based on a stem cell sheet effectively 

, https://doi.org/10.1016/j.actbio.2019.10.042 
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Fig. 6. Light microscopic images of H&E staining. a, Control group at 2 weeks; b, 

NPNC group at 2 weeks; c, PNC group at 2 weeks; d, Control group at 8 weeks; e, 

NPNC group at 8 weeks; f, PNC group at 8 weeks (scale bar = 100 μm). 
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have noticeable atrophy, and fewer inflammatory cells infiltrated

into the damaged area ( Fig. 6 f). 

In addition to the overall observation of H&E staining, local

observations was also done by magnifying the repair location

( Figs. 7 and S8). In the 2nd week, relatively fewer neurons ap-

peared around the repair area of the control group ( Figs. 7 a and

S8a). In contrast, when treated with NPNC and PNC, the repair area

contained many neurons, which may be derived from the in-

duced differentiation of MSCs in vivo. Moreover, further valida-

tion was provided in subsequent immunohistochemistry experi-

ments ( Figs. 9 b and 9 c). Further, we could observe some small

nerve fibers appearing in the repair area in the 2nd week. Com-

pared to the other two groups, more nerve fibers could be ob-

served in the PNC group ( Figs. 7 c and S8c). In addition, more

vacuoles appeared in the control group than in the other two

groups ( Figs. 7 a and S8a). At the 8th week, more vacuoles re-

mained in the control group than in the other two groups

( Figs. 7 d and S8d). Moreover, a decreasing trend in the num-

ber of neurons but an increasing trend in the number of nerve

fibers could be observed. The nerve fibers of the control group

were less in number, smaller, and more disordered than those

of the other two experimental groups ( Figs. 7 d and S8d). Af-

ter treatment with NPNC, the nerve fibers presented a more

orderly arrangement than those of the control group ( Figs. 7 e and

S8e). When the prevascularized network was introduced into the

NC, the nerve fibers became thicker, longer, and more orderly than

those of the other two groups ( Figs. 7 f and S8f). Among the three

groups, more astrocytes appeared in the control group, which were

clearly associated with the formation of the glial scar [35] . As men-

tioned above, the introduction of vascularized networks into the

NC can be approved to effectively improve the healing of the dam-

aged spinal cord by decreasing the inflammatory response, pro-

moting the formation of more neurons, and inhibiting the prolif-

eration of astrocytes. 

Prevascularization is vital to sustaining the survival of the cells

around the damaged area by supplying sufficient nutrients and

oxygen [36] . The prevascularization effect can be quantified by the
Please cite this article as: Z. Fan, X. Liao and Y. Tian et al., A preva

promotes the repair of transected spinal cord injury, Acta Biomaterialia
D31 immunohistochemistry because CD31 is a biomarker of ECs

37] . In the 2nd week, the expression of CD31 in the control group

as the least among the three groups ( Figs. 8 a and 8 g). Although

he expression in both experimental groups was almost the same,

t was higher than that of the control group ( Fig. 8 b–c and 8 g). At

he time point of 8th week, the expression of CD31 dramatically

ecreased in the control group as compared to the counterpart of

he 2nd week. However, a significant increase in the expression

an be observed in both experimental groups. It was revealed that

he PNC group had the highest expression among the three groups

 Figs. 8 f and S8a), which indicated that prevascularization was an

ffective way to promote the vascularization of the grafted NC, sus-

ain its survival, and finally resolve the issues of ischemia and hy-

oxia, which are the two key issues a challenge in the SCI ther-

py. The prevascularized cell sheet has been proven to play an im-

ortant role in repairing the bone and skin tissues as determined

y the supply of necessary nutrients and oxygen, enabling to pro-

ote the survival of transplanted tissues [38 , 39] . However, as to

euron repair, there are no related reports. Therefore, our research

ot only first proved the important role of the prevascularized cell

heet in SCI repair but also paved the way for expanding the ap-

lication of prevascularized cell sheet in SCI repair. 

A neuron-specific beta III microtubule, termed Tuj-1, was

hought to be one of the earliest biomarkers of stem cell differen-

iation to neurons, whose antibodies are often used to mark the

arly stages of neuron differentiation [40] . Glial fibrillary acidic

rotein (GFAP) is one of the best biomarkers for the activation of

strocytes following injury or stress in the central nervous system

41] . Therefore, these two kinds of proteins were analyzed by im-

unohistochemistry, and the corresponding results are shown in

igs. 9 and 10 ; in the 2nd week, the expression of Tuj-1 in the

ontrol group was lower than that in both experimental groups

 Figs. 9 a, S10a, and S12a), while it was significantly increased after

he addition of MSCs and almost similar to each other ( Figs. 9 b, 9 c,

10b, S10c, and S12a). With prolonging time to the 8th week, the

xpression of Tuj-1 in the control group showed a slight increase

ut was still lower than that in both experimental groups ( Figs. 9 d,

10d, and S12a). In contrast, the expression of Tuj-1 in both exper-

mental groups increased dramatically ( Figs. 9 e, 9 f, S10e, S10f, and

12a). Noticeably, the expression of Tuj-1 in the PNC group was the

ighest as compared to that of the other two groups ( Figs. 9 f, S10f,

nd S12a). There may be three reasons for enhancing the expres-

ion of Tuj-1. The first reason is that some neonatal neurons prob-

bly come from the differentiation of MSCs. The second reason is

hat some neonatal neurons may be derived from the local neu-

ons of the spinal cord because the gap between both broken ends

s so short that the local neurons of the spinal cord can migrate to

he defect site ( Fig. 9 d). The third reason is that the preformed mi-

rovessels can provide ample oxygen and nutrition, sustaining the

urvivor of the neonatal neurons. To determine the detailed mech-

nism, immunofluorescence tracking methods can be used in fur-

her study to determine where the neonatal neurons come from.

s to the GAFP expression, a contrasting trend could be observed

s compared to that of Tuj-1. In the 2nd week, the highest expres-

ion appeared in the control group ( Figs. 10 a, S11a, and S12b). The

xpression in both experimental groups was almost the same but

as lower than that of the control group ( Figs. 10 b, 10 c, S11b, S11c,

nd S12b). In the 8th week, the expression of GAFP in the control

roup exhibited a significantly increasing trend ( Figs. 10 d, S11d,

nd S12b). Conversely, a slightly increasing trend of GAFP could be

bserved in both experimental groups, but it was still far lower

han that of the control group ( Figs. 10 e, 10 f, S11e, S11f, and S12b).

We also quantified the expression of myelin by MBP im-

unofluorescence staining and LFB staining in the 8th week, and

he corresponding results are shown in Figs. S13 and S14. As shown

n Fig. S13a, MBP staining in the control group presented a spot-
scularized nerve conduit based on a stem cell sheet effectively 
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Fig. 7. H&E staining images of the injured site. a, Control group at 2 weeks; b, NPNC group at 2 weeks; c, PNC group at 2 weeks; d, Control group at 8 weeks; e, NPNC 

group at 8 weeks; f, PNC group at 8 weeks. A, denotes the astrocyte; F, denotes the neuron; N, denotes the neuron fibers; V, denotes the vacuole (scale bar = 200 μm). (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Images of CD31 immunofluorescence staining; CD31 is marked with red fluorescence, and cell nuclei are marked with blue fluorescence. a, Control group at 2 weeks; 

b, NPNC group at 2 weeks; c, PNC group at 2 weeks; d, Control group at 8 weeks; e, NPNC group at 8 weeks; f, PNC group at 8 weeks (scale bar = 100 μm). (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. Images of Tuj-1 immunofluorescence staining; Tuj-1 is marked in green color, and while cell nuclei are marked in blue color. a, Control group at 2 weeks; b, NPNC 

group at 2 weeks; c, PNC group at 2 weeks; d, Control group at 8 weeks; e, NPNC group at 8 weeks; f, PNC group at 8 weeks (scale bar = 250 μm). (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 10. Images of GFAP immunofluorescence staining. GFAP is marked in green color, and while cell nuclei are marked in blue color. a, Control group at 2 weeks; b, NPNC 

group at 2 weeks; c, PNC group at 2 weeks; d, Control group at 8 weeks; e, NPNC group at 8 weeks; f, PNC group at 8 weeks (scale bar = 250 μm). (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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like pattern, and the number of myelinated axons was the least

(Fig. S14a), indicating that severe demyelination still existed in the

control group. However, when the rats were treated with NPNC

and PNC, a linear staining pattern of MBP rather than a spot-like

pattern was observed (Figs. S13b and S13c), and the number of

myelinated axons in both groups was higher than that of the con-

trol group (Fig. S14a). Among the three groups, the PNC group had

the highest number of myelinated axons (Fig. S14a), and the lin-

ear staining pattern of MBP in this group was more obvious (Fig..

S13c), implying more MBP regeneration in this group. In the LFB

staining, the staining area in the PNC group was larger than that

in the other two groups (Figs. S13f and S14b), further confirming

the regeneration of more myelinated axons in the PNC group. The

results of Tuj-1 immunofluorescence staining and myelin staining

confirm that more new neurons come from the differentiation of

BMSCs are involved in the SCI repair. 

Some research confirms that the expression of GFAP is con-

sidered to be negatively correlated with the formation of the in-

hibitory glial scar. Thus, the reduction in the expression of GFAP is

more desirable for the SCI repair [42 , 43] . After SCI, the astrocytes

show hypertrophy, hyperplasia, and reactive gliosis, leading to the

formation of the glial scar. In the early stage, the astrocytes can

fill the damaged area and prevent the change in the spinal cord

morphology, which can play the role of a scaffold [44] . The glial

scar secreted by the astrocytes can also protect the neural tissues.

In the late stage, the astrocytes have an inhibitory effect on neural

development. The formation of the glial scar will affect the regen-

eration and growth of axons [45] . In the H&E staining, the num-

ber of astrocytes in the control group was higher than that of the

other two experimental groups, which was consistent with the re-

sults of immunohistochemistry ( Figs. 7 , 10 a, and 10 d). Further, the

poorest healing effect appeared in the control group, implying that

the GFAP expressed by astrocytes had an inhibitory effect on the

neural development. 

SCI repair is a huge challenge faced by clinical medicine, and

how to improve the repair effect is scientists’ unswerving pursuit.

Presently, stem cell therapy and composite scaffolds are commonly

used. Stem cell therapy was known to be an effective method in

the rehabilitation of SCI for their multipotency [46] . Particularly,

stem cell injection is being commonly used, which can be intro-

duced into the defect site through intravenous injection; however,

the repair effect was unsatisfactory because of the existing draw-

backs including the clearance of MSCs in the immune system and
Please cite this article as: Z. Fan, X. Liao and Y. Tian et al., A preva

promotes the repair of transected spinal cord injury, Acta Biomaterialia
he loss of MSCs in the injection site [47] . To overcome the draw-

acks of MSC injection, the composite scaffolds composed of MSCs

nd scaffold materials were an alternative method to MSC injec-

ion. The problems of scaffold materials lie in the immunogenicity,

ncontrollable degradation, and acid production in the process of

egradation [48] . In addition, there was limited repair effect for

ost reported composite scaffolds lacked a hollow structure so

hat it was very difficult to allow the axon to freely grow. With

he advancement of research, an increasing number of scientists

egan to realize that NC was an effective method in the rehabil-

tation of SCI because it could not only provide bridging between

oth ends of the nerve defect but also provide guidance cues to the

egeneration of the nerve defect [49 , 50] . Therefore, this method

as considered an ideal repair method for the rehabilitation of SCI.

o obtain a better repair effect, various molecular cues were in-

roduced into the NC, such as nerve growth factors (NGFs), brain-

erived neurotrophic factor (BDNF), and steroid [51 , 52] . Although

 large number of methods were used by researchers to construct

he NC, the above-mentioned key limiting factors of SCI repair re-

ained neglected in their studies. With an aim to overcome the

xisting drawbacks in the MSC injection and scaffold material ap-

lication, we originally used the cell sheet, composed of MSCs, ECs,

nd their secreted ECM, as a new repair material for SCI rehabil-

tation. The MSCs in the cell sheet have the multipotency, which

an be differentiated into neurons in vivo and resolve the prob-

em of limited regeneration of the remained neurons in the defect

ite (Figs. S2, S3, and 9). The ECM not only had good biocompat-

bility and biodegradation but also contained various growth fac-

ors that were beneficial to nerve regeneration, avoiding the ad-

ition of molecular cues [53 , 54] . As an important constituent of

CM, fibronectin was highly expressed in the PNC group than in

he control group and the NPNC group and arranged along with

 fixed orientation ( Figs. 4 c and d). Numerous studies have high-

ighted that the fibronectin expressed in distinct spatial and tem-

oral patterns benefits the natural healing processes of the nervous

ystem [55] , which may be one reason why the PNC can promote

he healing of transected SCI. More importantly, we introduced mi-

rovessels in the NC by co-culturing ECs and MSCs, ensuring the

ermeability of NC and providing the necessary blood, oxygen, and

utrition supply to the cells present in nerve tissues, thereby suc-

essfully resolving the two key issues faced by SCI repair ( Figs. 3 ,

 , and 8 ). Thus, a more ideal repair effect is generated ( Fig. 5 and

ideo S3). When compared with some injection methods, the BBB
scularized nerve conduit based on a stem cell sheet effectively 
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core in the 8th week in our study was higher than some reported

alue [56 , 57] . Similarly, the BBB score was also higher than some

eported value by using the methods of scaffold materials [58 , 59] ,

howing that the introduction of microvessels in the NC is an ef-

ective way to promote the repair of transected SCI. 

Although a better repair effect was obtained, there was much

cope for enhancing the healing effect of SCI, including the in-

roduction of growth factor delivery carriers, improvement in the

aturity and stability of microvessels, and application of elec-

ric stimulation. In addition, further studies on the repair mech-

nism based on molecular biology and the role of stem cells in the

egeneration of the nerve are needed. As much more attention is

aid to the prevascularized NC, more healing effect on SCI repair

ill be achieved to eventually recover the motor and sensory func-

ion of patients with SCI to improve their life quality. 

. Conclusions 

With an aim to resolve the challenges of ischemia and hypoxia

aced by SCI repair, new NC based on the prevascularized cell sheet

ere fabricated, which can supply sufficient nutrition and oxygen

o sustain the survival of the transplanted cell sheet and its sur-

ounding host damage tissues. More importantly, they can effec-

ively enhance the BBB score and promote a higher expression of

uj-1 than that in the control group and the MSC cell sheet group,

ndicating their better repair effect on SCI. The novel conduits not

nly provide a new therapeutic method for SCI but also expand the

pplication range of the cell sheet. 
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