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Abstract Decellularized nerve extracellular matrix

(NECM) composited with chitosan are moldable

materials suitable for spinal cord repair. But the rapid

biodegradation of the materials may interrupt neural

tissue reconstruction in vivo. To improve the stability

of the materials, the materials produced by NECM and

chitosan hydrogels were crosslinked by genipine,

glutaraldehyde or ultraviolet ray. Physicochemi-

cal property, degradation and biocompatibility of ma-

terials crosslinked by genipin, glutaraldehyde or

ultraviolet ray were evaluated. The scaffold cross-

linked by genipin possessed a porous structure, and the

porosity ratio was 89.07 ? 4.90%, the average

diameter of pore was 85.32 ? 5.34 lm. The cross-

linked degree of the scaffold crosslinked by genipin

and glutaraldehyde was 75.13 ± 4.87%, 71.25 ±

5.06% respectively; Uncrosslinked scaffold disinte-

grated when immerged in distilled water while the

scaffold crosslinked by genipin and glutaraldehyde

group retained their integrity. The scaffold crosslinked

by genipin has better water absorption, water retention

and anti-enzymatic hydrolysis ability than the other

three groups. Cell cytotoxicity showed that the

cytotoxicity of scaffold crosslinked by genipin was

lower than that crosslinked by glutaraldehyde. The

histocompatibility of scaffold crosslinked by genipin

was also better than glutaraldehyde group. More cells

grew well in the scaffold crosslinked by genipin when

co-cultured with L929 cells. The decellularized nerve

extracellular matrix/chitosan scaffold crosslinked by
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the genipin has good mechanical properties, micro

structure and biocompatibility, which is an ideal

scaffold for the spinal cord tissue engineering.

Keywords Decellularized nerve extracellular

matrix � Chitosan � Cross-linking � Genipin

Introduction

Repair of spinal cord injury (SCI) in adult mammals is

still challenging due to extensive cell loss, axonal

disruption, glial scar formation, and deficiency of the

regeneration in the mature neurons (Barclay et al.

2016; Cripps et al. 2011). The defect or cystic cavity

that develops following injuries to spinal cord is also a

major obstacle for tissue repair (Kashif et al. 2019;

Milbreta et al. 2014). More than 50% of patients

develop posttraumatic spinal cord cysts or syringo-

myelia (Badenhorst et al. 2019). Then, restoration of

the neural tissue architecture and functions plays a

crucial role in the treatment of the SCI.

Various tissue-engineered scaffolds were devel-

oped and implanted to reconstruct the damaged neural

tissue. One of these scaffolds is decellularized nerve

extracellular matrix (NECM), which is derived from

the natural nerve, mainly composed of collagen,

laminin, fibronectin, chondroitin sulfate and so on. It

possesses physicochemical properties similar to autol-

ogous nerve with minimal immunological rejection

(Lin et al. 2018; Starnecker et al. 2018; Leiva et al.

2018; Zhang et al. 2014). In our recent study, we

optimized the decellularization technique of NECM,

and confirmed both the NECM and cells-loaded

NECM can promote axonal regeneration and con-

struction of spinal cord neuron conduction function in

animal models of SCI (Tian et al. 2017; Wang et al.

2014). But NECMs may not fit the irregular and

unpredictable geometry cystic cavities of SCI in

clinical practice for their poor biological plasticity

and the biomechanical properties (Hong et al. 2017;

Zhang et al. 2014).

Chitosan (CS) is a polysaccharide obtained from

N-deacetylation of chitin, which has been extensive

used in treatment of SCI for its good and unique

biocompatibility, biodegradability and bioactivity of

supporting the adhesion, migration and proliferation

of Schwann cells and suppressing the formation of

scabs (Fang et al. 2019; Meyer et al. 2016; Schnell

et al. 2007). It is a feasible way to prepare a moldable

or injectable material by blending CS and hydrogel of

NECM for construction the lesion of SCI.

When implanted in the lesion of SCI, the degrading

biomaterials should be gradually replaced by endoge-

nous cells to build a new tissue equivalent as opposed

to scar (Saldin et al. 2017). Then the control degra-

dation of the scaffold is essential in for the regener-

ation process. As shown in previous studies, CS and

hydrogel of NECM with a poor mechanical property

and degrade rapidly in vivo (Tian et al. 2017;

Tukmachev et al. 2016). Therefore, a challenging

problem that implementation of non-toxoc, biocom-

patible techniques to prolong the biodegradation of the

scaffold appeared.

Crosslinking can increase the stability of biomate-

rials and improve their mechanical properties. Both

chemical and physical crosslinking methods have

been used to crosslink CS-based materials (Lau et al.

2018; Li et al. 2015).

Physical crosslinking methods include microwave

energy, UV-irradiation, and dehydrothermal (DHT)

treatment (Fang et al. 2019). Physical methods do not

cause potential harm, whereas their main drawback is

the difficulty to obtain the desired crosslinking degree.

Aldehydes (formaldehyde, glutaraldehyde, glyceralde-

hyde), carbodiimides and polyepoxy compound are

chemical crosslinkers commonly used. Chemical

crosslinking can obtain a high crosslining degree,

but the presence of some unreacted crosslinker inside

the materials and the risk of formation of toxic

products by reaction between the substrate and the

crosslinker during biodegradation limited the use of

chemical chemical crosslinking (Fajardo et al. 2019;

Gao et al. 2017).

For those reasons, naturally derived crosslinking

agents draw much interest recently for their low

toxicity. Genipin (GP) is a natural crosslinker

obtained from geniposide, an iridoid glucoside iso-

lated from the fruits of Genipa Americana and

Gardenia jasminoides Ellis, which have been applied

as herbal medicine. (Lau et al. 2018; Li et al. 2015).

Its ability to crosslink CS and proteins containing

residues with primary amine groups has been found

recently. And genipin has been recently used as a

crosslinker of CS particles for drug delivery and of

gelatin for peripheral nerve regeneration (Chiono

et al. 2008). Studies have compared genipin with
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other widely used crosslinker such as glutaraldehyde,

formaldehyde and epoxy compounds, which proved

lower cytotoxity, higher biocompatibility, comparable

mechanical strength and resistance against enzymatic

degradation of the materials crosslinked by genipin

(Lau et al. 2018; Lewandowska-Lancucka et al. 2019;

Li et al. 2015). GP crosslinking of extracellular matrix

hydrogel was also found had the potential as a scaffold

for neural tissue regeneration (Vyborny et al. 2019).

However, the study about crosslinking CS/NECM

blends was not found.

In this study, we produced the moldable scaffold by

CS and NECM, crosslinked by genipin, glutaralde-

hyde and UV-irradiation to improve the stability.

Surface morphology, porosity, swelling, crosslinking

degree, dissolution, cytotoxicity, cytocompatibility

and histocompatibility of scaffold crosslinked by

different methods were compared, with the aim to

find out the optimal crosslinking mathod for CS/

NECM blends.

Materials and methods

Prepare of nerve acellular matrix

Fresh sciatic nerves were harvested from adult pig aged

12-15monthes, slaughtered by China certified butcher

(Fuzu Ltd, Yantai, China). The nerves were stored and

processed by a modified methods previously reported.

In brief, the nerves were immersed in distilled water,

shocked for 1 h, the water was substituted with 0.5%

Triton X-100 shocked for another 24 h, 4% sodium

deoxycholate 6 h on the shaker at room temperature.

Then the nerves were submerged in liquid nitrogen for

2 min and transferred to a 37 �Cwater bath for 30 min.

This freeze–thawcyclewas repeated5 times. Finally the

nerveswere digested inDNase-I, RNase-A (Aspergillus

niger, Sigma-Aldrich, USA) at 37 �C for 8 h, rinsed by

distilled water 3 times, crushed in the pulverizer,

centrifuged, lyophilized by the vacuum freeze dryer,

sterilized with 20 kGy irradiation from Cobalt 60

according to sterilization process validation of Osteorad

Ltd, and stored at- 20 �C for 2 weeks until required.

Prepare of extracellular matrix/chitosan scaffolds

The extracellular matrix and chitosan were mixed with

the mass ratio 7:3, dissolved in 1% of glacial acetic

acid, stirred rapidly 1 h at room temperature. Genipine

(GP) was added to the extracellular matrix/chitosan

solution at the concentration of 0.5% (w/v), then

stirred by the maglev agitator 20 min until fully

mixed, crosslinked at 4 �C for 24 h. For glutaralde-

hyde (GTA) crosslinking group, GTA solution was

added to the extracellular matrix/chitosan solution at

the concentration of 0.5% (w/v), then stirred by the

maglev agitator 20 min until fully mixed, crosslinked

at 4 �C for 24 h; For ultraviolet crossliking group, the

extracellular matrix/chitosan solution was irradiated

with the ultraviolet (UV) radiation generator for 6 h at

a dose of 500uw at room temperature. The different

groups of extracellular matrix chitosan solution were

added into the 6 hole plate, 2 ml each hole, placed at

room temperature 12 h to remove the bubbles,

neutralised with a 0.1 M NaOH (Merck) solution in

demineralised water, rinsed several times in deminer-

alized water until pH was neutral and then dried in a

vented oven for 48 h at 37 �C, then lyophilized by the
vacuum freeze dryer.

Scanning electron microscopy (SEM) observation

Each bracket was cut into a sample of

0.2 9 0.2 9 0.2 cm3 size. Then surface morphology

of the samples was studied using scanning electron

microscope (SIGMA 300,CARL ZEISS, Germany) at

an accelerating voltage of 10 kV and a vacuum of

60 Pa at different magnifications.All specimens were

pre-coated with a conductive layer of sputtered gold.

All experiments were repeated three times.

Swelling tests

The samples (0.5 9 0.5 9 0.5 cm3) were weighed

and then put in phosphate buffered saline (PBS) at pH

7.4 at 37 �C. Samples were drawn after 24 h, dried

superficially by gentle contact with a filter paper and

weighed agian. The swelling percentage was calcu-

lated as:

W1, and the water uptake ratio of the specimen was

calculated as

%Sw ¼ W1 �W0ð Þ=W0 � 100%

where W0 and W1 are the sample weights before and

after swelling respectively. Each test consisted of three

replicate measurements and result was expressed as an

average value.
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Porosity tests

The samples (0.5 9 0.5 9 0.5 cm3) were weighed

and then immersed in anhydrous ethanol. Samples

were drawn after reached saturation, dried superfi-

cially by gentle contact with a filter paper and weighed

agian. The porosity of samples were calculated as:

%P ¼ ðW1 �W0Þ=q=V0 � 100%

where W0 and W1 are the sample weights before and

after swelling respectively, q is the density of anhy-

drous ethanol, V0 is the volume of the sample. Each

test consisted of three replicate measurements and

result was expressed as an average value.

Crosslinking degree tests

20 mg of samples were weighed and incubated in

boiling water for 20 min with 1 mL of ninhydrin

solution (1 mg/mL). Then the optical density (OD) at

570 nm was determined using a spectrophotometer

(Bio-Rad Model 550), and the free amino acid content

in the specimen was determined according to a

predetermined glycine standard curve with known

concentrations (0, 0.2, 0.4, 0.6, 0.8, 1.0 mL). The

crosslinking degree was eventually calculated as:

(Chen et al. 2009; Liu and Kim 2012)

%Ci ¼ M0 �M1ð Þ=M0 � 100%

where %Ci is the crosslinking index (%), M0 is free

amino acid content in uncrosslinked scaffold materi-

als, M1 is free amino acid content in crosslinked

scaffold. Each test consisted of three replicate mea-

surements and result was expressed as an average

value.

Dissolution tests

The samples (0.5 9 0.5 9 0.5 cm3) were weighed

and then incubated in 5 ml mixed solution of 0.2 mg/

ml Collagenase (Solarbio, China) and 1 mg/ml

lysozyme (Solarbio, China). Samples were drawn

and lyophilized at different time points (12 h, 1d, 3d,

5d, 7d, 14d).The degradation rate of samples at each

time point were calculated as (Zhou et al. 2010):

D% ¼ W0 �W1ð Þ=W0 � 100%

where W0 and W1 are the sample weights before and

after dissolution at each time point respectively. Each

test consisted of three replicate measurements and

result was expressed as an average value.

Cytotoxicity and cytocompatibility tests

The extract liquids were prepared by incubating the

samples in the culture medium at a ratio of 0.1 g/ml

72 h at 37 �C. 10% fetal bovine serum (FBS,

Hyclone), 100 IU/ml penicillin and 100 IU/ml strep-

tomycin were supplemented in the extract liquids. The

negative control group was composed of nontoxic

polyethylene disks. The reagent control group was

composed of the medium.

L929 cells (CC-Y2049, EK-bioscience) were

seeded on a 96-well culture plate with 100lL with a

cell density of 1 9 104 cell/mL. Extract liquids were

changed after incubated in a humidified atmosphere of

5% CO2 at 37 �C for 24 h. The cell viability was

determined using CCK-8 (Dojindo, Kumamoto,

Japan) assay at 1, 3 and 7 days after treatment. At

the end of the culture period, 10 lL of the CCK-8

solution was added to each well of the culture plate.

After 6 h incubation, absorbance at 450 nm was

measured with a microplate reader (Bio-Rad, Her-

cules, USA). The cell viability was indicated as a value

of absorbance (value of absorbance = absorption of

sample-absorption of background). For each group

extract, the experiments were repeated three times

with five samples at each time point. Culture medium

was changed twice a week. Then the cytotoxicity was

graded by the International Standard (ISO

10993-5:2009).

The samples were placed singly in a 6-well plate.

Then 1 mL L929 cells suspension with densities about

5 9 105 cells/mL were seeded on the samples and

2 mL culture medium were added to each well 2 h

later. After incubated for 24 h, culture medium was

removed the samples with attached cells were rinsed

with PBS gently. Attached cells were fixed in 4% (v/v)

paraformaldehyde solution in PBS for 10 min, rinsed

with PBS, stained with 0.1ug/ml of DAPI (Beyotime

C1005) for 10 min, rinsed with PBS and then visual-

ized by fluorescence microscopy (ZEISS, LSM 510

META).
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Histocompatibility tests

The samples were implanted into muscles on both

sides of the rat spine to evaluate histocompatibility.

All procedures involving animals performed in this

study were in accordance with NIH guidelines (NIH.

Pub. No. 85-23, revised 1996) and approved by the

Medical Ethics committee of Binzhou Medical

University. 12 SD (Sprague–Dawley) rats, with

weighing of 180 * 200 g (Peng Yue experimental

animal breeding Co., Ltd, Jinan, China) anesthetized

by intraperitoneal injection with 4% chloral hydrate

(1 mL per 100 g) and the skin of the back was cut

open. Then the samples (0.5 9 0.5 9 0.5 cm3) were

implanted singly into muscles on both sides of the rat

spine. All the operations were handled by the same

operator in a sterile environment.

At 1 and 4 weeks after the operation, 6 SD rats were

sacrificed, transcardially perfused with 4%

paraformaldehyde (PFA, Sigma) in 0.1 M phosphate

buffer. Then tissue around the samples was harvested,

fixed in 10% formalin, embedded in paraffin. And

4 lm histological sections were obtained and stained

with hematoxylin and eosin (H&E) according to

standard protocols. Three discontinuous sections of

each sample were studied using a microscope (DP70,

Olympus, Japan) and the Image Capture System

(CX41-70, Olympus, Japan). All the slides were

examined in a blinded manner.

Statistical analysis

Statistical study was performed using SPSS 18.0

statistical software (Statistical Package for Social

Sciences; release 18.0). All data is reported as

mean ± standard deviation of the mean. Significant

differences between groups were assessed by a One-

Way ANOVA (LSD, least significance difference).

Differences were considered significant at p\ 0.05.

Results

Observed grossly, samples crosslinked by three

methods looks smooth, homogeneous and porous.

Color of the samples crosslinked by GP was blue

(Fig. 1a), color of the samples crosslinked by GTA

was dark yellow (Fig. 1b), while color of the samples

crosslinked by UV was pale yellow (Fig. 1c). The

samples crosslinked by the GP and the UV were soft

with good elasticity, and the elasticity of the GTA

group was poor.

SEM observation

Observed by SEM, the microstructure of the sample

crosslinked by GP showed a uniform honeycomb

porous structure, pore size was about

85.32 ? 5.34 lm (Fig. 2a); the sample crosslinked

by the GTA (Fig. 2b) and the UV (Fig. 2c) and the

sample not crosslinked (Fig. 2d) were arranged plate

shaped, did not form the honeycomb porous structure.

The thickness layer of the sample crosslinked by the

GTA was similar with the sample crosslinked by UV

and the sample not crosslinked.

Swelling tests

The swelling tests showed that the swelling degrees of

the sample crosslinked by the GP and the GA were

741 ? 85.04% and 696.75 ? 50.4% respectively.

And the swelling degrees of the sample crosslinked

by the UV and the sample not crosslinked were

578.50 ? 50.78% and 565.40 ? 49.36% respec-

tively. The swelling degrees of the sample crosslinked

by the GP and the GTA were higher than the other two

groups. The differances between them were statisti-

cally significant (p\ 0.05). The differances between

swelling degrees of the sample crosslinked by the GP

and the GTA were not statistically significant (p

C 0.05). And the differances between swelling

degrees of the sample crosslinked by the UV and the

sample not crosslinked were not statistically signifi-

cant (p C 0.05), too (Fig. 3a).

Porosity tests

The porosity tests showed the porosity rate of the

samples crosslinked by GP was highest. In more

detail, the porosity rate of the samples crosslinked by

GP was 89.07 ? 4.90%, and the samples crosslinked

by GTA group was 73.91 ? 6.14%, the samples

crosslinked by UV was 80.71% ? 7.27%, and the

sample not crosslinked was 74.48 ? 5.63%. The

porosity rate of the samples crosslinked by GP was

higher than the other three groups. The differances

were statistically significant (p\ 0.05) (Fig. 3b).
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Crosslinking degree tests

The results showed that the cross-linking degree of the

samples crosslinked by GP and GTA were

75.13 ± 4.87%, 71.25 ± 5.06%, respectively. The

differences between them were not statistically sig-

nificant (p C 0.05). The cross-linking degree of the

samples crosslinked by the UV and the sample not

crosslinked were not statistically significant (p

C 0.05), too (Fig. 3c).

Fig. 1 The cross-linked DNEM/chitosan scaffolds. a Scaffold cross-linked by GP; b scaffold cross-linked by GTA; c Scaffold cross-
linked by UV

Fig. 2 Scanning electron micrographs of the cross-linked DNEM/chitosan scaffolds. a Scaffold cross-linked by GP; b scaffold cross-

linked by GTA; c Scaffold cross-linked by UV; d scaffold not cross-linked
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Dissolution tests

The dissolution tests showed that dissolution beha-

viour of the sample crosslinked in different method

varied. Diddolution degree of the samples crosslinked

by GP, GA, UV and the sample not crosslinked

increasing time, reaching a value of 27.36 ? 1.49%,

30.46% ? 2.15%,48.23 ? 1.16% and 56.12 ? 2.2%,

respectively after 14d. The differences The degrada-

tion rates of the samples crosslinked by GP, GTA was

lower than that of the samples crosslinked by UV and

the sample not crosslinked. The differances were

statistically significant (p\ 0.05). The differences

between the degradation rates of the samples cross-

linked by GP, GTA were not statistically significant

(p C 0.05).The differences between the degradation

rates of the samples crosslinked by UV and the sample

not crosslinked were also not statistically significant

(p C 0.05) (Fig. 3d).

Cytotoxicity and cytocompatibility tests

For all groups, cells attached and distributed evenly on

the scaffolds, number of cells adhered to the scaffolds

crosslinked by GP were most (Fig. 4a). and a small

amount of cells adhered to the scaffolds crosslinked by

the GTA and UV (Fig. 4b, c), while there was the least

cells on the sample not crosslinked (Fig. 4d).

Number of cells determined by CCK-8 assay was a

statistically significant difference between the differ-

ent groups at each time point (p\ 0.05). There were

no statistical differences among absorbance value of

GP crosslinked group, UV crosslinked group and

negative control group at each time point. Absorbance

values of not crosslinked group and GTA crosslinked

group were significantly lower than that of GP

crosslinked group, UV crosslinked group and negative

control group.

Cytotoxic grading of GP crosslinked group, UV

crosslinked group were 0, cytotoxic grading of not

crosslinked group was 1, while cytotoxic grading of

GTA crosslinked group was 2 (Fig. 4e).

Histocompatibility test

After the materials was implanted into the subcuta-

neous tissue of rats, the rats in each group had no

abnormal eating, drinking and activities,there was no

Fig. 3 Physicochemical property of the cross-linked DNEM/chitosan scaffolds. a Swelling degree of the scaffolds; b porosity rate of

the scaffolds; c Crosslinking degree of the scaffolds; d dissolution degree of the scaffolds
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swelling, sclerosis, leachate, and infection at the

incision.

At 1 week after surgery, HE staining showed that a

large number of inflammatory cells gathered around

the scaffold material (Fig. 5b), which implied the

inflammatory reaction of the GTA group was serious.

And in the GP group, the UV group and the NCL

group, a small amount of inflammatory cells were

scattered around the scaffold (Fig. 5a, c, and d). At

4 week after surgery, the scoffolds of UV group and

the NCL group had been completely degraded and

absorbed, while the scaffold residue of GP and GTA

group still observed. And the inflammatory reaction of

GTA group decreased compared with that at 1w, but

still some inflammatory cells around the scaffolds

(Fig. 5e). Almost no inflammatory cells were

observed in GP group (Fig. 5f).

Discussion

Biomaterial scaffolds can give guidance cues to

promote cell survival and axon growth through the

injury field contains inhibitory molecular cues (Diet-

zmeyer et al. 2019; Johnson et al. 2013). Nerve or

spinal cord extracellular matrix is used as materials to

reduce these barriers and provide a multimodal

approach to bridge the gap and promote tissue repair

(Liu et al. 2013; Schnell et al. 2007). And ECM in the

form of hydrogels is acceptable in clinical practice to

fill the lesion with irregular and unpredictable geom-

etry and offer minimally invasive delivery techniques.

In this study, we prepared a moldable nerve-repair

scaffold by blending NECM and CS to fill the irregular

cysts in SCI. To cover the shortage of scaffold with

weak structural stability rapid degradation in vivo, the

feasibility of three kinds of crosslinking motheds was

evaluated to select the optimal way to enhance the

stability in vivo.

Genipin, glutaraldehyde and UV-irradiation are

commonly used for crosslinking of natural scaffolds.

All of three crosslinking agents bind chitosan or

proteins. Crosslinking degree and stability of the

scaffold crosslinked by various crosslinking agents are

different. Observed by SEM, the scaffold crosslinked

by genipin showed a homogeneous porous structure,

while the GA group and the UV crosslinked group

showed multilayer sheet structure. The reason was that

the scaffold material first formed a stable hydrogel

under the action of genipin, and the gel occurred

before the solid–liquid phase separation, so the porous

sponge liked structure formated. The scaffolds of other

three groups directly experience the process of solid–

liquid separation, the scaffolds is affected by the

crystallization of glacial acetic acid, showing a flake or

layer. Because of the high crosslinking degree of the

GA group, compared with the UV and NCL group, the

scaffolds showed a tighter and orderly arrangement

between layers. The porosity rate of all the scaffolds of

four groups produced in this study was more than 80%.

Cell proliferation and migration is known to be

connected with surfaces and porosity of the material

(Vila-Sanjurjo et al. 2019). The transportation of the

metabolites and nutrients of the cells is improved with

the increased of the porosity, which is beneficial to the

migration and proliferation of the cells. But as the

porosity increased, the strength of the scaffold will be

weakened accordingly (Biswas et al. 2017; Kang et al.

2017). The porosity rate of the GP group was higher

than that of the other three groups. The result also

Fig. 4 Cytotoxicity and cytocompatibility of the cross-linked

DNEM/chitosan scaffolds. a Cells adhered to the scaffolds

crosslinked by GP; b cells adhered to the scaffolds crosslinked

by GTA; c cells adhered to the scaffolds crosslinked by UV;

d cells adhered to the scaffolds not crosslinked. e absorbance

values of CCK-8 assay about cytotoxicity of the scaffolds
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proved the scaffold crosslinked by genipin was more

beneficial to cells penetrate and adhere than the other

groups.

Furthermore, the scaffold pore sizes also influence

the function of cells for they play an essential role in

nutrient and oxygen diffusion and waste removal. And

the ideal pore sizes for cell adhesion, cell–cell

interaction, cell transmigration and differentiation

depending on the various tissue regeneration. It was

shown that PCL scaffolds with a pore size of 125 lm
best supported PC12 cells neural differentiation

in vitro (Vijayavenkataraman et al. 2018). The axon

growth along the longitudinal direction of 3D hydro-

gel alginate displayed the highest axon density within

the scaffold capillary diameter of 71–86 lm (Pawar

et al. 2011). It was found that glial and axonal grew

better on the pore sizes of collagen I scaffold ranging

from 20 to 50 lm (Bozkurt et al. 2009). And collagen

membrane with pore sizes of 100 lm was proper for

the transplantation and differentiation of neural stem

cells (Yuan et al. 2014). As a comprehensive analysis

of previous studies, the ideal pore sizes of scaffold for

nerve regeneration are depending on the origin of

biomaterial. Scaffolds with pore sizes around 100 lm
seem to be more suitable for the regeneration of

neurons (Bruzauskaite et al. 2016). In this study, the

scaffold crosslinked by GP showed a uniform honey-

comb porous structure with the pore sizes about

85.32 ? 5.34 lm which were closed to the reported

ideal pore sizes. We will prepare the scaffold with

different pore sizes and screen out the scaffold with

best pore sizes for nerve regeneration in further study.

To evaluate the water absorption and retention of

the scaffold, swelling ratio of the scaffolds were

measured. The material with high swelling ratio has a

better hydrophilic group and porous structure. After

implantation, the scaffold with better liquid affinity

can keep body fluid between the pores and provide the

more necessary nutrients for cells (Hong et al. 2017;

Huang et al. 2018). At the same time, the swelled

scaffold provide greater space for cell adhesion and

migration and a better local growth microenvironment

(Wang et al. 2017). The swelling ratio of the scaffolds

crosslinked by genipin and glutaraldehyde was

741 ? 85.04% and 696.75 ? 50.4% respectively,

which was higher than that of UV group and the

NCL group (578.50 ? 50.78%, 565.40 ? 49.36).

Then the scaffold crosslinked by genipin can provide

a better microenvironment for cells.

The main aim of crosslinking is to obtain better

mechanical strength and anti enzymatic ability. With

the increase of crosslinking degree, mechanical

strength will increase, while the tensile strength and

elongation will decrease. The ideal scaffold should

maintain a both elasticity and mechanical strength

(Chen et al. 2009; Chiono et al. 2008; Li et al. 2015).

Fig. 5 H&E-stained histologic sections of the materials was

implanted into the subcutaneous tissue of rats at various time.

a Scaffold cross-linked byGP at 1 week after surgery; b scaffold
cross-linked by GTA at 1 week after surgery; c scaffold cross-

linked by UV at 1 week after surgery; d scaffold not cross-

linked at 1 week after surgery; e scaffold cross-linked by GP at

4 week after surgery; f scaffold cross-linked by GTA at 4 week

after surgery (bar = 200 lm)
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Measured by ninhydrin method, the crosslinking

ability of GP went near to GA, was 75.13 ? 4.87%

and 71.25 ? 5.06%, respectively. Dissolution tests

showed that the scaffolds crosslinked by the GP group

and the GA group degradated slowly relatively. The

degradation rates of them were lower than that of the

NCL group and the UV group. After implanted in the

body, the scaffold can be degraded by the various

components, especially the lysozyme and cathepsin.

The dissolution tests reflected that scaffold crosslinked

by the GP group and the GA group had better ability to

resist the enzyme compared to the UV group and the

NCL group. Therefore, their structure andmorphology

can be maintained and play the role in mediating cell

and tissue growth and guiding the axon regeneration

within a certain period.

As a material implanted in the body, the scaffold

must meet the standard of cytotoxicity. The cytotox-

icity test in vitro is a fast, standardized, and sensitive

method to determine whether the material contains

significant amounts of extractable substances that may

harm the host. And the results showed that a strong

correlation with those in vivo studies of short-term

implants (Zhang et al. 2014, 2018). In this study,

CCK-8 assay of the proliferation of L929 cells used to

determine the cytotoxicity in vitro, which is recom-

mended by the international standardization organi-

zation (ISO). There were no significant cytotoxicity of

the scaffolds of the GP group and the UV group, while

the proliferation of L929 cells was significant influ-

enced by the scaffold of GA group. The cells grew

well in the scaffold crosslinked by GP, while the

scaffold of NCL group also had an effect on the cells.

Maybe the scaffold of NCL group which was lack of

stability, dissolve in the culture medium during the

extraction. The intrinsic components of the medium

were affected, and inhibited the proliferation of the

cells.

When scaffolds were implanted in the muscles of

rats, the scaffolds crosslinked by GP, UV-irradiation

and the NCL showed good histocompatibility while

there was inflammatory reaction around the scaffold

crosslined by GA. And the scaffolds of GP group and

GA group still remained at 4 weeks, while that of UV

group and the NCL group have been degraded

completely.

In summary, we used GP, GA and UV-irradiation to

crosslink chitosan and NECM in this study. Both GP

and GA enhanced scaffold stability in vitro and

in vivo, while the effective crosslinking degree of

UV is very low. What’s more, the scaffold crosslinked

by GP had a lower cytotoxicity and better biocompat-

ibility than that of scaffold crosslinked by GA. To

evaluate the feasibility of the NECM/CS crosslinked

by GP in treatment of SCI repair, further in vitro and

in vivo study is required.

Conclusion

The genipin crosslinked nerve acellular matrix/chi-

tosan scaffold has more excellent microstructure,

mechanical properties and biocompatibility, which is

the best crosslinking scheme. Then GP was turning to

be a safe and effective technology to crosslink nerve

acellular matrix/chitosan scaffold.
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