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A B S T R A C T   

Intervertebral disc (IVD) degeneration occurred with the increasing age or accidents has puzzled peoples in daily 
life. To seal IVD defect by injectable hydrogels is a promising method for slowing down IVD degeneration. 
Herein, we reported a rapidly in situ forming injectable chitosan/PEG hydrogel (CSMA-PEGDA-L) through 
integrating photo-crosslink of methacrylate chitosan (CSMA) with Schiff base reaction between CSMA and 
aldehyde polyethylene glycol (PEGDA). The CSMA-PEGDA-L possessed a stronger compressive strength than the 
photo-crosslinked CSMA-L hydrogel and Schiff-base-crosslinked CSMA-PEGDA hydrogel. This chitosan/PEG 
hydrogel showed low cytotoxicity from incubation experiments of nucleus pulpous cells. When implanted on the 
punctured IVD of rat’s tail, the CSMA-PEGDA-L hydrogel could well retard the progression of IVD degeneration 
through physical plugging, powerfully proven by radiological and histological evaluations. This work demon-
strated the strategy of in situ injectable glue may be a potential solution for prevention of IVD degeneration.   

1. Introduction 

Intervertebral disc (IVD) degeneration caused by aging or accidents 
has disturbed peoples of all ages especially for elders around the world. 
IVD degeneration always leads to some prevalent symptoms such as low 
back pain (LBP), dysfunction on movement even disability, which 
greatly increased the socioeconomic burden [1,2]. Clinical treatment for 
IVD degeneration always involves administrating the anti-inflammatory 
or analgesia drugs in an early stage, while surgical operation has to be 
carried out when patients are suffered from severe IVD degeneration. 
Conventional surgical interventions aim to remove the pathological 
nucleus pulposus (NP) or annulus fibrosus (AF) to prevent the nerve root 
from being compressed by the deteriorated NP as well as AF [3,4]. 
Immediately as the painfulness can be relieved in some extent, however, 
due to the intricate structure and unique biologic milieu in vivo of IVD, 
NP or AF is hard to replenish, resulting in the recurrence of herniation 
after surgery therapy [5,6]. Specially, the unique lamellar structure of 
collagen fibers in AF makes it very difficult to be well reorganized for 

reconstructing the biomechanical function of IVD [7]. Rigid artificial 
IVD prosthesis is a current popular solution for replacing IVD, but it is 
lack of regenerative capability [8]. To overcome these challenges, many 
efforts have been proposed to mimic or reconstruct IVD function, and 
similar mechanical performances to native IVD are realized [9–11]. 
Wherein, the injectable hydrogels are promising biomaterials for treat-
ing the degenerated IVD after discectomy because of their flexible 
adaptability to irregular wounds, and high loaded capacity for thera-
peutic drugs [12–14]. However, low gelation speed, sophisticated 
manufactures, or poor biocompatibility of the existed injectable 
hydrogels are still critical issues for hindering clinical use in IVD 
treatment. 

Chitosan, a natural linear polysaccharide with β-1, 4-glucosamine 
structure similar to hyaluronic acid which is an essential component 
in extracellular matrix (ECM) and articular cartilage fluid, has been 
widely used as biomaterial scaffolds in tissue engineering due to its high 
biocompatibility, degradability as well as low immunogenicity [15,16]. 
Nevertheless, the inherent strong hydrogen bonds make chitosan 
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difficult to be directly used as regenerative biomaterials in form of in situ 
gelling unless modify chitosan into water soluble state. Fortunately, the 
amino groups on chitosan can provide reactive positions to fabricate 
dynamic hydrogels [17–19], or serve as an adhesive bridge between 
hydrogel and tissue [20,21]. Conventionally, the pure injectable chito-
san hydrogel is always in low mechanical strength thus presents to 
limited applications such as wound dressings [22,23], or drug releasing 
[24]. Chemical modifications or crosslinking additives are potential 
strategies to improve the mechanical strength of injectable chitosan 
hydrogels [25–28]. Polyethylene glycol (PEG) has been clinically used 
as a traditional biomedical hydrogel matrix in early 1960s because of its 
high biocompatibility to mammalian cells and tissues [29]. Functional 
groups such as diacrylate, aldehyde, thiol, or N-hydroxy succinimide are 
always tailored on the end of PEG chain to form a crosslinking point for 
designing injectable hydrogels [30,31]. Although many reported 
injectable chitosan/PEG hybrid hydrogels exhibit good therapeutic ef-
ficiency as tissue engineering scaffolds [32–36], to combine fast gelation 
and improved mechanical strength together still remains a challenge for 
injectable chitosan hydrogels. The inherently abundant amino groups 
and introduced functional binding groups on chitosan chain can syner-
gistically strengthen the hydrogel network and rapidly in situ form the 
hydrogel, which may be applicable in high stress dependent tissue en-
gineering scaffold [37]. 

Herein, we reported a rapidly in situ forming injectable chitosan/PEG 
hydrogel through two-syringes mixing of methacrylate chitosan (CSMA) 
and PEGDA for retarding the degeneration of IVD (Scheme 1). The 
chitosan hydrogel (CSMA-L) showed fast gelation under 405 nm light 
irradiation, and the dynamic imine bond of Schiff base reaction could 
further improve the mechanical strength of chitosan/PEG hydrogel 
(CSMA-PEGDA-L). The hydrogel was effective in promoting the prolif-
eration of nucleus pulpous cells. In vivo experiment on rat’s tail claimed 
the hydrogel could well seal the punctured IVD, protecting it from 
further deterioration. Radiology and histology evaluations on the IVD of 
rat’s tail distinctly showed the importance of chitosan/PEG hydrogel in 
retarding the IVD degeneration. 

2. Results and discussion 

The inherent undissolved property of chitosan in aqueous or most 
organic solvents impeded its wide applications, and modifications on 
chitosan chains based on amine group at C2 position or hydroxyl group 

at C3 and C6 position are always used to fabricate the water-soluble 
chitosan-based materials for further use especially in biomedical appli-
cations [38]. As illustrated in Fig. 1a, chitosan could be directly dis-
solved in water or PBS at neutral pH for biological applications after 
grafted with methacrylic group. The chemical shifts at 5.6 ppm, 5.3 ppm 
or 1.9 ppm presented the ethylene (=CH2) or methyl (-CH3) of meth-
acrylic group (Fig. 1b), suggesting the successful synthesis of methac-
rylate chitosan (CSMA) [39]. With the methacrylic anhydride amount 
increased, the degree of methacrylic group on chitosan were also 
enhanced from 18% (CSMA1), 21% (CSMA2), to 27% (CSMA3) ac-
cording to the portion of chemical shifts between 4.5 and 2.5 ppm. FT-IR 
spectra also showed the successful synthesis of CSMA (Fig. 1c). The 
stretching vibration at 1730 cm− 1 (C––O) had no obvious change but the 
amide group (-CO-NH-) at 1560 cm− 1 significantly increased especially 
in CSMA3, which indicated the graft of methacrylic group on chitosan. 
The Zeta potentials of chitosan and different CSMA samples were 13.1, 
31.0, 40.2, and 47.2 mV respectively (Fig. 1d), also indicating an in-
crease in the substitute content of methacrylic group on chitosan chain 
from CSMA1 to CSMA3. Because the inherent hydrogen bonds in chi-
tosan were destroyed through introducing methacrylate group, the 
dissolution ability of CSMA in water was obviously improved [39]. The 
CSMA can be quickly in situ gelled under blue light irradiation and is 
beneficial to cell adhesion, but the mechanical strength of injectable 
hydrogel is always lower than that of the preformed gel [40]. The amino 
group on chitosan and aldehyde group on PEG can quickly form an 
imine group (-N––CH-) through Schiff base reaction under mild envi-
ronment, which may synergistically enhance the strength of CSMA 
hydrogel. The hydroxyl group on PEG chain could be easily substituted 
by 4-formylbenzoic acid to form the terminal dialdehyde group modified 
PEG, coded as PEGDA (Fig. 1e). Both the chemical shifts at 10.1 ppm 
(-CHO), 8.2 ppm and 7.9 ppm (aromatic hydrogen atom) in Fig. 1f, and 
stretching vibration at 1706 cm− 1 (C––O) in Fig. 1g well showed the 
successful synthesis of PEGDA. The typical absorption at 256 nm of ar-
omatic group in ultra violet spectra were obvious in PEGDA while not in 
PEG (Fig. 1h). PEGDA can act as a crosslinker for CSMA to construct a 
dual network hydrogel with existence of 405 nm light and initiator. The 
light initiator in this work preferred to LAP (Fig. S1), because it has 
already been proved to be much safer than Irgacure2959 when applied 
in cell incubation by Fairbanks et al. [41]. 

The conceptional rapidly in situ forming injectable hydrogel con-
structed by CSMA and PEGDA was illustrated in Fig. 2a. Firstly, both 

Scheme 1. Illustration of the rapidly in situ forming injectable chitosan/PEG hydrogel for intervertebral disc degeneration repair.  
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water-soluble CSMA and PEGDA were dissolved in water in a certain 
weight percent, and then homogeneously mixed through two-channel 
syringes for producing a dynamic covalently crosslinked hydrogel 
(Gel1, CSMA-PEGDA). After irradiation by 405 nm blue light in seconds, 

the CSMA could further quickly polymerize, and ultimately form a dual 
network hydrogel (Gel2, CSMA-PEGDA-L). The hydrogel consisted of 
CSMA and PEGDA through dynamic Schiff base reaction almost needed 
60 s, while the gelation process was greatly accelerated with light 

Fig. 1. Synthesis and characterization of methacrylate chitosan (CSMA) and dialdehyde group modified polyethylene glycol (PEGDA). Synthetic route (a), 1H NMR 
spectra (b), FT-IR spectra (c) and Zeta potentials (d) of chitosan with different substitution degree of methacrylic groups (n = 3). Synthetic route (e), and 1H NMR (f), 
FT-IR (g) and UV–vis spectra (h) of PEG and PEGDA. 
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irradiation which merely about 10 s according to the vial inversion 
experiment (Fig. 2b). The hydrogel was also proved to be smoothly 
injectable as “SUST” characters (Fig. 2c), which can further be 
strengthened through light-mediated crosslinking. To be noted, the 
mechanical property of the dual crosslink hydrogel was mainly influ-
enced by both the content of polymer matrix and substituted degree of 
methacrylate group on chitosan. As for the single CSMA-L hydrogel, the 
mechanical strength was proportional to the substituted degree of 
methacrylic group (MA), as visually shown in Fig. S2. Compared to 
CSMA3-L, the hydrogel with low substitution degree of MA on chitosan 
(CSMA1-L) even cannot be well-shaped under a concentration of 1 wt % 
because the low crosslink density cannot maintain the network. How-
ever, higher crosslink density in CSMA3-L may not present lower 
swelling ratio as the solubility of chitosan was also increased when the 
substitution of MA on chitosan was enhanced (Fig. S3). This meant two 
factors, crosslink density and solubility of CSMA, were responsible for 
the swelling property of CSMA-L single network hydrogel. Meanwhile, 
the dynamic covalent crosslink hydrogel of CSMA-PEGDA also presented 
high hydrophilic performance, which can be fully hydrated in minutes, 
and these results were even obvious in CSMA3-PEGDA group (Fig. S3). 

When these two crosslink manners were combined together, the dual 
network hydrogel exhibited a lower swelling ratio compared to single 
network. Although the compressive stress in different CSMA groups with 
light or Schiff base crosslink did not show significant difference, ranging 
from 20 to 50 kPa (Fig. S4), the compressive modulus was actually 
enhanced in dual network hydrogel group. The introduction of PEGDA 
improved the hydrogel modulus, calculated at 56 Pa, 103 Pa and 67 Pa 
for CSMA1-3/PEGDA, and further increased to 88 Pa, 151 Pa and 117 Pa 
after 405 nm light irradiation (Fig. 2d–f). The compressive stress and 
modulus of CSMA and PEGDA hybrid gels were determined by the de-
gree of MA and the content of PEGDA. Although the high substitution of 
MA possessed higher crosslink density, it also led to a decrease in the 
amount of amino group on chitosan chain, weaking the Schiff base 
interaction between chitosan and PEGDA, and finally resulting in low 
mechanical strength. Besides, the increasement of PEGDA (from 2 wt % 
to 12 wt %) indeed facilitated the gelation process (from 90 s to 36 s), 
but it was difficult to be further speeded up at high dose of PEGDA 
because of the limited amino groups on chitosan. The detailed results 
about different chitosan/PEG hydrogels were summarized in Table S1. 
Taking the mechanical performance and gelation speed of injectable 

Fig. 2. Preparation and presentation of chitosan/PEG hydrogels. Schematic illustration of CSMA-PEGDA (Gel 1) and CSMA-PEGDA-L (Gel 2) (a). Digital photos for 
showing the comparison between Schiff base reaction hydrogel and dual crosslink hydrogel through simple vial inversion method (b). Photos for proving the 
injectability of CSMA-PEGDA hydrogel stained by orange dye (c). Statistics of compressive modulus on different CSMA hydrogels in the absence or presence of light 
or PEGDA (d)–(f) (n = 3, ***p < 0.001, *p < 0.05). (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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hydrogels into consideration, we selected the CSMA2 (2 wt %) and 
PEGDA (4 wt %) group for in vitro cell experiments and in vivo implants. 

To further evaluate the mechanical performance of the above 
crosslinked hydrogels, rheological analysis, chemical and physical ma-
terial characterizations were carried out. The storage modulus (G′) and 
loss modulus (G″) were recorded under a fixed frequency to demonstrate 
the viscous and elastic property of different hydrogel groups (Fig. 3a). 
All samples were in viscous state when they were injected on the plate 
(G′<G″), and then gradually gelled through Schiff base reaction, which 
finally in a stable G′ value approximately at 100 Pa (CSMA1-PEGDA), 

300 Pa (CSMA2-PEGDA) and 35 Pa (CSMA3-PEGDA) respectively. The 
higher storage modulus in CSMA2 group further proved that the suitable 
substitute degree of methacrylic group on chitosan was beneficial to 
Schiff base crosslinking, which was approximately in accordance with 
the mechanical testing results (Fig. 2d–f). Besides, the FT-IR spectra at 
1650 cm− 1 and 1720 cm− 1 ascribed to the stretching vibration of imine 
group (-CH––N-) and amide group (-CO-NH-) respectively [42], which 
highlighted the existence of PEGDA in the hydrogels (Fig. 3b and 
Fig. S5). The high-resolution spectra of XPS also well explained the 
crosslinking interaction between CSMA and PEGDA (Fig. 3c–e). Each 

Fig. 3. Characterization on chitosan/PEG hydrogels. Rheology property of different CSMA-PEGDA groups at a fixed strain of 5% (a). FT-IR of three kinds of chitosan/ 
PEG hydrogels (b). XPS high-resolution spectra about C1s (c), N1s (d) and O1s (e) of different chitosan/PEG hydrogels. SEM images of different lyophilized chitosan/ 
PEG hydrogels (f). 
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sample with 2 wt % solid content was lyophilized to explore the 
chemical and physical property to explain the enhanced performance of 
dual network hydrogels. The portion of C–C at 284.7 eV was about 37% 
in CSMA-L group, obviously higher than CSMA-PEGDA (24%) and 
CSMA-PEGDA-L (34%). The C––C, π-π* at 283.8 eV, C–O–C at 286.2 eV, 
and C––O at 287.5 eV shown in CSMA-PEGDA and CSMA-PEGDA-L 

groups confirmedly indicated the existence of PEGDA and Schiff base 
reaction (Fig. 3c). This could also be reflected on the variation of N––C at 
399.2 eV, N–C at 402.0 eV (Fig. 3d) and O––C at 532.6 eV, C–O–C at 
530.6 eV (Fig. 3e). These binding energy results well proved the exis-
tence of photo-crosslinking and Schiff base interaction between CSMA 
and PEGDA. Besides, the morphology variation of different hydrogels 

Fig. 4. In vitro cell biocompatibility of chitosan/PEG hydrogels. Hemolysis ratio of the chitosan/PEG hydrogels with rat blood cells (a) (n = 5, ***p < 0.001), and cell 
viability with nucleus pulposus cells in cck-8 kit assay (b) (n = 3). Live/dead staining of nucleus pulposus cells on the surfaces of different chitosan/PEG hydrogels at 
1, 2 or 3 days respectively, and the statistics of related fluorescence intensity in each group (c). Live/dead staining of nucleus pulposus cells in CSMA-PEGDA-L 
hydrogel network with 3D incubation protocol during 24 h. 
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could also explain the difference about their mechanical strength. All 
samples possessed porous structures, which became much denser when 
the substitute degree of MA was increased from CSMA1 to CSMA3, and 
the Schiff base crosslinked hydrogels also presented the same tendency 
(Fig. 3f). The high photo-crosslinking density accompanied with Schiff 
base crosslinking in CSMA2-PEGDA-L group exhibited more denser 
structure which may explain its outstanding compressive modulus 
compared to the CSMA1 or CSMA3 groups. 

Biocompatibility of implant hydrogels is vital for tissue repair and 
hemolysis ratio is a typical index to evaluate the blood compatibility 
before implanted in vivo [43]. As shown in Fig. 4a, the photo-crosslinked 
CSMA-L hydrogel, Schiff base crosslinked CSMA-PEGDA hydrogel, and 
dual crosslinked CSMA-PEGDA-L hydrogel were all presented low he-
molysis ratio (<5%) compared to the positive group 0.1% Triton X-100, 
indicating an excellent compatibility with blood cell. The NP cells 
showed greater activity than the blank group through CCK-8 kit assay 
within three days incubation with different hydrogel leaching solution 
(Fig. 4b), claiming the low cytotoxicity of the hydrogels. The fluores-
cence intensity of live/dead staining on cells with 2D co-culture on 
hydrogel surface also presented good attachment as well as proliferation 
(Fig. 4c). Although the hydrogel morphology in CSMA-PEGDA or 
CSMA-PEGDA-L was not intact under bright field, induced by the de-
gradability of hydrogel under cell culture medium, the fluorescence 

signal was comparable to CSMA-L group. Importantly, the fluorescence 
density in all groups after three days cultivation showed a low red 
fluorescence signal (<2%). We also evaluated the degradability of chi-
tosan/PEG hydrogel in vitro and found that it remained about 50% 
weight remaining in lysozyme solution or 90% in PBS during 4 weeks 
incubation (Fig. S6). Moreover, the cells cultured in the hydrogel 
network through 3D incubated protocol can greatly simulate the 
inherent microenvironment of cells, which can better evaluate the 
biocompatibility of hydrogel [44]. We found that the cells seeded in the 
CSMA-PEGDA-L hydrogel presented high activity during 3D incubation 
after 24 h, which may guarantee the activity of NP or AF cells when 
implanted on rats (Fig. 4d). 

Considering the mechanical strength and the cyto-biocompatible 
property of CSMA and PEGDA hybrid hydrogel, we made it as defect 
IVD plugging hydrogel (CSMA-PEGDA-L, code as Gel group). The animal 
experiment schedule and surgery procedure on Sprague Dawley rats 
with the as-prepared hydrogel were shown in Fig. 5a and b. The 
degenerated IVD model was created by needle puncture which can 
stimulate the pathological state of IVD under physiological pressure 
[45]. Always, radiology and histology on rat’s tail were carried out to 
evaluate the therapeutic efficiency after 4 or 8 weeks. The Micro-CT and 
its reconstructed 3D model could intuitively show the disc information 
(Fig. 5c and d). The disc height index was calculated according to the 

Fig. 5. Animal experiment on IVDD model of the 
injectable chitosan/PEG hydrogel. Protocol of Gel2 
for IVDD model on rat’s tail (a). Digital photos of 
surgery: i, exposure of intervertebral disc; ii, annulus 
fibers punctured by 26 G needle; iii, blue light 405 nm 
irradiation on injectable hydrogel; iv, hydrogel seal-
ing on the punctured disc; v, suture after hydrogel 
formation (b). Micro-CT scanning processing by 2D 
plane shadow and the disc height index calculation 
methods (c), 3D reconstruction views of Micro-CT (d) 
and DHI statistics histogram (e). MRI on sagittal T2 
weighted and mapping (f), and Pfirrmann grading 
scores statistics (g). (n = 5, p***<0.001, p**<0.01, 
p*<0.05. ns, no significant difference). (For inter-
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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distance of vertebra and IVD. At the beginning 4 weeks, the IVD in 
experiment groups were slightly degraded compared with the normal 
group, but only the defect group showed significant difference with 
normal or sham group. With time prolonging to 8 weeks, the defect 
group was further deteriorated which was compared with the hydrogel 
treatment or control group, while the gel therapeutic IVD was in good 
disc height index compared with control group (Fig. 5e). These results 
indicated the hydrogel was able to be a sealing glue at punctured IVD. 
MRI images on rat’s tail in T2-weighted signal can directly reflect the 
health state of nucleus pulposus by grading the hydration content in 
IVD. As shown in Fig. 5f, the hyperintense was observed in both normal 
and sham group, and the gel treatment group was slightly lower than 
sham group but higher than defect group at 4 weeks. However, the water 
enrichment state of nucleus pulposus in defect group disappeared while 
it was still good in the gel or control group at 8 weeks. The Pfirrmann 
grading analysis on each group showed that the gel treatment indeed 
prevented the degradation of IVD (Fig. 5g). 

To further observe the morphology of NP and AF in different groups, 
histology analysis on caudal vertebra were conducted (Fig. 6). The 
lamellae structure of collagen fibers and gelatinous NP was clearly 
observed both in the sham and normal group at 4 or 8 weeks. The NP 
was slightly collapsed at 4 weeks as well as 8 weeks in gel group, while it 
obviously decreased at 4 weeks and significantly deteriorated at 8 weeks 
in the defect group (Fig. 6a). Safranin O-Fast green was used to directly 
evaluate the collagen level in IVD. The inner NP, stained in red, was 
intact both in the sham or normal group, and slightly degenerated in gel 
group. However, it significantly shrank at 4 weeks and absolutely 

disappeared at 8 weeks (Fig. 6b). Masson staining, which reflected the 
fibers of AF [46], also presenting the same tendency as the H&E and 
Safranin O-Fast green staining (Fig. 6c). Immunohistochemistry on 
degenerated disc in each group was further used to evaluate the 
expression of aggrecan and type II collagen after degeneration. As shown 
in Fig. 7a, aggrecan was highly expressed both in NP and AF, which 
presented the organized lamellae structure in former and round state in 
later. The gel group showed an intact morphology of aggrecan compared 
to the defect group after 8 weeks. Type II collagen existed in NP also 
distinctly reflected the health state of the gel treated group (Fig. 7b). 
Histological grade statistics was used to evaluate the degenerated degree 
of IVD [47], and proved the high grade of the morphology as well as 
cellularity in the gel treated degenerated disc compared to defect group 
(Fig. 7c). The H&E staining on main organs of rat also claimed the 
biosafety of the as-prepared implanted hydrogel (Fig. S7). These results 
claimed the well ability of the chitosan/PEG hydrogel for preventing the 
IVD degeneration, and the potential mechanism for IVD repair might be 
explained as the physical plugging of chitosan/PEG hydrogel (Fig. 7d). 

3. Conclusion 

A rapidly in situ forming injectable chitosan/PEG hydrogel for 
retarding IVD degeneration was reported. The CSMA-PEGDA could be 
quickly gelled as injectable hydrogel through Schiff base reaction, which 
could be further strengthened after blue light irradiation in seconds. The 
biocompatibility and proliferation to nucleus pulposus cells in the 
injectable chitosan/PEG hydrogel made it as a potential plugging glue to 

Fig. 6. Histology analysis of intervertebral disc on rat’s tail. H&E (a), Safranin O-Fast green (b), Masson (c) staining for morphology evaluation at 4 weeks and 8 
weeks respectively. (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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retard IVD degeneration. In vivo experiment on the punctured IVD of 
rat’s tail claimed well therapeutic effect by the chitosan/PEG hydrogel 
through radiology evaluations such as Micro-CT and MRI at 4 and 8 
weeks. Histological analysis including H&E, Safranin O-fast green, 
Masson staining, and immunohistochemistry staining with aggrecan and 
type II collagen distinctly showed the positive effect of injectable chi-
tosan/PEG hydrogel on IVD repair. This in situ injectable chitosan/PEG 
hydrogel is expected to as a biomedical sealing glue in tissue repairing. 

4. Experiment 

Material. Chitosan (viscosity at 100–200 Pa s− 1), polyethylene gly-
col (PEG, molecular weight 2000 g mol− 1), methacrylic anhydride, 2, 4, 
6-trimethylbenzoyl chloride, dimethyl phenylphosphonite, 2-butanone, 
and lithium bromide (LiBr), lysozyme (from egg, bioactivity 20000 U/ 
mg) were from Aladdin. 1-(3-Dimethylaminopropyl)-3- 

ethylcarbodiimide hydrochloride (EDC⋅HCl), 4-dimethylaminopyridine 
(DMAP), sodium chloride, sodium bicarbonate, hydrochloric acid, 
dichloromethane and 4-formylbenzoic acid were from Sinopharm 
Chemical Reagent Co., Ltd. DMEM with low concentration of glucose 
(1.0 g/L), penicillin-streptomycin, and PBS were purchased from 
HyClone. Fetal bovine serum was from Gibco. Triton X-100 and CCK-8 
were from Beyotime Biotechnology. Calcein-AM (2 mM) and PI (1.5 
mM) were from YEASEN Biotech Co., Ltd. Hematoxylin-Eosin (H&E) 
staining kit, Safranin O-fast green staining kit, Masson staining kit, anti- 
collagen II (1:100, rabbit resource), anti-aggrecan (1:100, rabbit 
resource), goat anti-rabbit IgG conjugated by HRP (1:500) were pur-
chased from Servicebio, China. All reagents were used as received. 

Fig. 7. Immunohistochemistry staining of intervertebral disc on rat’s tail. Aggrecan (a) and collagen II (b) to evaluate the state of nucleus pulposus and annulus 
fibrous. Histological grade statistics by histochemistry and immunohistochemistry evaluation (c) and the overview of the designed chitosan/PEG hydrogel for IVD 
repair (d). (n = 5, p***<0.001, p**<0.01, p*<0.05, ns, no significant difference). 
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4.1. Preparation of light initiator lithium phenyl-2, 4, 6,-trimethylbe-
noylphosphinate (LAP) 

The blue light initiator LAP was synthesized according to the pre-
vious report [41]. Briefly, 3.2 g (18 mmol) 2, 4, 6-trimethylbenzoyl 
chloride was added dropwise into 3.0 g (18 mmol) dimethyl phenyl-
phosphonite in 250 mL round-bottomed flask and stirring 18 h under 
nitrogen protection at room temperature. 4-folds equivalent for LiBr 
(6.1 g, 72 mmol) dissolved in 100 mL 2-butanone was added into flask 
and heated to 50 ◦C. White solids LAP can be acquired in 10 min and 
washed three times by 2-butanone. The product was dried in vacuum 
drying oven overnight and stored in − 20 ◦C for use. 1H NMR (400 MHz, 
D2O) of LAP, δ 7.73 (s, 1H), 7.56 (s, 1H), 7.48 (s, 1H), 6.90 (s, 1H), 2.25 
(s, 3H), 2.03 (s, 3H). 

4.2. Preparation for methacrylate chitosan (CSMA) 

1.0 g chitosan (amino groups about 6 mmol) was dissolved in 1 wt% 
acetic acid with mechanical stirring, and then different mount of 
methacrylic anhydride was dropwise into chitosan solution to react 12 h 
under room temperature. The acrylate groups were 5, 10 and 15 mmol in 
different systems and the ratio of acrylate group to amino group were 
0.83, 1.67 and 2.5, respectively. After dialysis by deionized water about 
3 days and lyophilization, the water-soluble CSMA with different 
substituted degrees was obtained as sponge-like products, which were 
coded as CSMA1, CSMA2 and CSMA3. 1H NMR, (400 MHz, 1%DCl in 
D2O): δ 5.61 (s, 1H), 5.30 (s, 1H), 3.68 (d, J = 41.5 Hz, 19H), 2.88 (s, 
5H), 2.20–1.60 (m, 13H). 

4.3. Preparation for aldehyde group modified polyethylene glycol 
(PEGDA) 

The synthesis of PEGDA was similar to the previous report [48]. 
Briefly, 3.26 g PEG (hydroxyl groups were about 3.26 mmol) was dis-
solved in 100 mL anhydrous CH2Cl2 with 250 mL round-bottom flask, 
and then 3.26 mmol 4-carboxybenzaldehyde, 3.26 mmol EDC⋅HCl, 1.63 
mmol DMAP were subsequently added into the flask to react 24 h in 
37 ◦C under N2 protection. Then 0.1 M HCl, saturated NaHCO3 and NaCl 
solution were alternatively used to wash the residual reactions, and the 
organic layer was combined after dried with MgSO4 anhydrous. After 
rotatory evaporation under vacuum to remove organic solvent, the 
white wax-like product was acquired and preserved in drier for use. 1H 
NMR, (400 MHz, CDCl3): δ 10.10 (s, 1H), 8.22 (s, 1H), 7.96 (s, 2H), 4.51 
(s, 2H), 3.78 (d, J = 66.6 Hz, 63H). 

4.4. Preparation for chitosan based dual crosslink hydrogel modified with 
polyethylene glycol (CSMA-PEGDA-L) 

The single or dual crosslink hydrogels were prepared through two 
channels pre-mixed syringe. Briefly, 1 mL 2 wt % CSMA and 1 mL 
PEGDA were loaded in the syringe respectively and then shaped by 
Schiff base reaction with or without light exposure under 405 nm LED, 
25 mW per cm2. Three kinds of hydrogels were prepared in there: photo- 
crosslink chitosan hydrogel (CSMA-L), Schiff base crosslink hydrogel 
(CSMA-PEGDA), and photo-crosslink combined with Schiff base reac-
tion hydrogel (dual crosslink hydrogel, CSMA-PEGDA-L). 

4.5. Characterizations for different hydrogels 

All hydrogel samples were lyophilized two days under − 48 ◦C before 
used for FT-IR, XPS, and SEM analysis. In FT-IR (Thermo Fisher Scien-
tific), samples mixed with potassium bromide was compressed into 
tablets for analysis, detecting the degree of transmittance in range of 
400–4000 cm− 1. In XPS (Thermo Fisher Scientific K-Alpha), the radia-
tion source is Al Kα (1486.6 eV) with a beam spot at 400 μm and the 
take-off of the photoelectron was set as 90◦. The binding energy was 

calibrated by C1s 284.8 eV. In SEM (Regulus 800, Japan), all lyophilized 
hydrogels were coated by a thin film of gold before morphology images 
capture. Compressive strength on hydrogel samples were carried on 
mechanical testing machine (Instron 68TM-5, USA) at a speed of 2 mm/ 
min under a 50 N sensor. Rheology property for Schiff base cross-link 
group hydrogels (CSMA-PEGDA) were performed on rheometer 
(HAAKE MARS III, Thermo Fisher) with time sweep test model under a 
fixed strain of 5% at 25 ◦C. UV–vis spectrophotometer (UV-2600, SHI-
MADZU) was used to confirm the successful synthesis of PEGDA in 
water. The Zeta potential value of chitosan and different CSMA samples 
in diluted solution were obtained by Zetasizer Nano-3000 (Malvern In-
struments). The swelling ratios of all the samples were determined by 
weighting the weight of hydrogel which immersed in water with time 
prolonging. As for biodegradation, the selected sample was immersed in 
1 × PBS which contained 50 μg/mL lysozyme or free, and then shaken 
with 70 rpm at 37 ◦C about 4 weeks. The hydrogel samples were 
weighted after lyophilized to export the degradation curve. 

4.6. Hemolysis ratio and degradability of chitosan/PEG hydrogel 

Hematocytes were isolated from the whole blood of rats through 
rinsed with PBS in many times to remove plasma. Three kinds of 
hydrogels (CSMA-L, CSMA-PEGDA, and CSMA-PEGDA-L) were incu-
bated with blood cells at 37 ◦C in minutes with 0.1% Triton X-100 or PBS 
as positive or negative control respectively. Absorption for 100 μL so-
lution in each group at 540 nm with microplate reader were used for 
evaluated the hemolysis ratio. The biodegradability of CSMA-PEG-L 
group hydrogel was evaluated in PBS alone or with 50 μg/mL lyso-
zyme in PBS under 37 ◦C for 4 weeks [49]. The incubated solution was 
exchanged every two days and samples were weighted after 
lyophilization. 

4.7. Isolation for nucleus pulposus (NP) cells 

NP cells were extracted from the caudal vertebras of Sprague-Dawley 
(SD) rats as following. Tails from SD rats were immersed into 75% 
ethanol at 10 min after the skin was scrapped. The gel-like NP were 
acquired after rinsed and isolated the anadesma tissue with 0.1% 
penicillin-streptomycin containing PBS. The gel-like NP were cut into 
pieces and centrifugated at 1000 rpm 2 min, and then incubated in 0.5% 
Trypsin about 30 min which finally blocked by 10% FBS. Resining with 
1% penicillin-streptomycin containing PBS many times, and incubated 
with 0.1% collagenase II in PBS at 37 ◦C cell incubator about 4 h until no 
bulk tissue was existed. The NP cells finally can be acquired by incu-
bation with DMEM complete medium. 

4.8. Cell incubation of NP cells with hydrogel 

4.8.1. Cytotoxicity assay with hydrogel leaching solution 
Three kinds of hydrogels were immersed in DMEM at 37 ◦C about 24 

h respectively. After filtrated by 0.22 μm filter and diluted into 50 mg/ 
mL, 5 × 103 NP cell were co-cultured with the leaching solution in 96 
well plates for 1, 2, or 3 days respectively. 10 μL CCK-8 kit was mixed in 
100 μL medium for another 1 h incubation before 450 nm detected on 
microplate reader. 

4.8.2. 2D cells incubation on hydrogel surface 
400 μL precursor of three kinds of hydrogels were put into 24 well 

plates with another 2 min light exposure for gelation. 2 mL DMEM were 
added on hydrogel and incubation with 10 min before cells loading. 1 ×
105 NPs cell were seeded on hydrogel surface for incubation at 1, 2, or 3 
days respectively. Then 1 mL Calcein-AM and PI with a staining con-
centration at 2 μM and 4.5 μM in 1 × assay buffer respectively was added 
into each hole for another 30 min incubation before observing under 
Fluorescent Inverted Microscope. 
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4.8.3. 3D cells incubation in hydrogel network 
200 μL sterilized CSMA precursor (0.2 wt% LAP) was spread on the 

bottom of 3.5 cm diameter confocal culture disc. Then 5 × 105 NP cells 
were resuspended with 200 μL DMEM with PEGDA (0.2 wt% LAP) 
contained 40 μL FBS and uniformly mixed with CSMA. Blue light (405 
nm) was used for the double network formation, and 1 mL DMEM was 
pre-soaked into culture disc about 10 min. Another 1 mL culture me-
dium was replaced for incubation about 24 h. After that, 1 mL Calcein- 
AM and PI with a working concentration at 2 μM and 4.5 μM in 1 × assay 
buffer was added into culture disc, and further detected by confocal laser 
scanning microscope (CLSM, Zeiss) in Z stack model with a thickness at 
5 μm in each slice. 

4.9. Animal surgery with injectable hydrogel 

Twelves Sprague-Dawley rats (male, average weight 300–350 g, 8 
weeks old) were randomly categorized into two groups, and further 
experiments were ethically approved by animal experimentation com-
mittee of Southern University of Science and Technology (SUSTech- 
JY202111008). After anaesthetized by isoflurane, the caudal vertebrae 
on 3 to 7 were exposure by surgery knife on each rat. And then four 
intervertebral discs were used as experimental object, which coded as 
sham group (Co3/4), gel group (Co4/5), defect group (Co5/6), and 
normal group (Co6/7) respectively. Briefly, the anadesma between two 
caudal vertebrae was cut off without further destruction on annulus 
fiber in sham group. The intervertebral disc both in gel group and defect 
group were acupunctured by 26 G needle with rotating 360◦ after 
passing through the annulus and holding for 30 s. The hydrogel pre-
cursor was coated on the pinhole in gel group with 405 nm blue light 
irradiation 2 min while no further treatment in defect group. The inci-
sion in normal group was directly closed by 6–0 sutures after exposure 
by surgery knife. All animal tails were daily wiped with iodophor and 
administration of 500 μL penicillin solution (100 mg/mL) on each rat 
through intraperitoneal injection to prevent infection in first week. 

4.10. Radiology and MRI analysis 

After recovery at 4 or 8 weeks, all rats were anaesthetized by Zole-
til®50 (50 mg/kg) through intramuscular injection for radiology and 
MRI evaluations. Micro computed tomography (Micro-CT, SkyScan126, 
Bruker) with Al 1 mm as filter and magnetic resonance imaging (MRI, 
1.5 T vPetMR, GSMED) with slice thickness in 3 mm were used to 
evaluate the condition of degenerated IVD. The reconstruction from the 
batch scan can intuitively reflect the IVD health condition, which can 
further calculate the disc high index (DHI) according to the previous 
report [50]. T2-weight and mapping in sagittal sections were performed 
and further evaluated by Pfirrmann grading method [51]. 

4.11. Histological evaluation 

All the rats were sacrificed after 4 or 8 weeks. The experimental tails 
with the detached skin were separated from the rat, and fixed by 4% 
paraformaldehyde solution for 48 h. After decalcified in 10% EDTA 
phosphate solution about one month (decalcified solution was replaced 
every 3 days) and dehydrated by gradient alcohol, the sample was 
embedded with paraffin and then sliced for hematoxylin and eosin 
(H&E), Safranin O-Fast green (S–O) and Masson solution staining. 
Sagittal sections on each experimental IVD were obtained with 5 μm 
thickness on slide for further staining analysis. Immunohistochemistry 
staining for type II collagen and aggrecan were also performed to 
evaluate the treatment effect of the as-prepared hydrogel. Briefly, the 
tissue slice was blocked with 3% BSA about 30 min under room tem-
perature. After removed the sealing fluid, the samples were incubated 
with anti-collagen II or anti-aggrecan at 4 ◦C overnight. With another 1 h 
incubation with goat anti-rabbit IgG conjugated by HRP after rinsed by 
PBS, the samples were fixed on slide for further observation. H&E 

staining for heart, liver, spleen, lung and kidney on experimental rats 
were also acquired to evaluate the biocompatibility of hydrogel in vivo. 
All histological staining experiment protocols were performed according 
to previous reports [47,52]. 

5. Statistical analysis 

All data were analyzed through one-way analysis of variance 
(ANOVA) with Tukey’s comparisons tests to evaluate the significant 
difference of each group. Significance threshold was set as *p < 0.05, 
**p < 0.0.1, ***p < 0.001 for all results. 
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