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Abstract
Degenerative disc disease is the leading cause of lower back and leg pain, considerably impacting daily life and 
incurring substantial medical expenses for those affected. The development of annulus fibrosus tissue engineering 
offers hope for treating this condition. However, the current annulus fibrosus tissue engineering scaffolds fail 
to accurately mimic the natural biological environment of the annulus fibrosus, resulting in limited secretion 
of extracellular matrix produced by the seeded cells and poor biomechanical properties of the constructed 
biomimetic annulus fibrosus tissue. This inability to match the biomechanical performance of the natural annulus 
fibrosus hinders the successful treatment of annulus fibrosus defects. In this study, we fabricated decellularized 
annulus fibrosus matrix (DAFM)/chitosan hydrogel-1 (DAFM: Chitosan 6:2) and DAFM/chitosan hydrogel-2 (DAFM: 
Chitosan 4:4) by varying the ratio of DAFM to chitosan. Rat annulus fibrosus (AF)-derived stem cells were cultured 
on these hydrogel scaffolds, and the cell morphology, AF-related gene expression, and Interleukin-6 (IL-6) levels 
were investigated. Additionally, magnetic resonance imaging, Hematoxylin and eosin staining, and Safranine and 
Fast Green staining were performed to evaluate the repair effect of the DAFM/chitosan hydrogels in vivo. The gene 
expression results showed that the expression of Collagen type I (Col-I), Collagen type I (Col-II), and aggrecan by 
annulus fibrosus stem cells (AFSCs) cultured on the DAFM/chitosan-1 hydrogel was higher compared with the 
DAFM/chitosan-2 hydrogel. Conversely, the expression of metalloproteinase-9 (MMP-9) and IL-6 was lower on the 
DAFM/chitosan-1 hydrogel compared with the DAFM/chitosan-2 hydrogel. In vivo, both the DAFM/chitosan-1 
and DAFM/chitosan-2 hydrogels could partially repair large defects of the annulus fibrosus in rat tail vertebrae. 
In conclusion, the DAFM/chitosan-1 hydrogel could be regarded as a candidate scaffold material for the repair of 
annulus fibrosus defects, offering the potential for improved treatment outcomes.
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Introduction
Lumbar disc herniation is a prevalent spinal disorder and 
one of the main causes of lower back and leg pain, lead-
ing to considerable implications for global health and 
socio-economic progress [1, 2]. There are various treat-
ment options available for lumbar disc herniation, which 
can be broadly categorized into conservative treatment 
and surgical intervention. Conservative treatment meth-
ods include bed rest, physical therapy, and medication 
therapy. However, in cases where conservative treatment 
fails or when there is a progressive deterioration of neu-
rological symptoms, surgical intervention is often neces-
sary [3, 4]. Endoscopic discectomy has gained increasing 
popularity in clinical practice because it involves minimal 
trauma, quick recovery, and short hospital stays [5–7]. 
Nevertheless, endoscopic removal of the nucleus pulpo-
sus can potentially lead to further intervertebral disc 
degeneration, and improper postoperative activity may 
result in the recurrence of herniation caused by ruptures 
in the annulus fibrosus [8]. The annulus fibrosus, being 
a relatively enclosed avascular tissue, has limited self-
healing capabilities [9, 10]. The annulus fibrosus encap-
sulates the nucleus pulposus, and is rich in collagen type 
I, imparting elasticity and resistance to lateral expansion, 
as well as withstanding axial loads and various stresses 
of the spine. It serves as the principal load-bearing tis-
sue of the intervertebral disc and plays a crucial role in 
maintaining the initial morphology and position of the 
nucleus pulposus and sustaining physiological pressure 
within the disc [11]. Currently, an annulus fibrosus suture 
method is commonly used to treat defects. Although 
direct suturing of the annulus fibrosus can reduce the 
recurrence rates, the repaired annulus fibrosus is only 
mechanically closed and the physiological structure is not 
restored [12, 13]. Thus, the mechanical characteristics of 
the annulus fibrosus under pressure are not fully restored 
to the original physiological state. Therefore, fully repair 
of annulus fibrosus defects cannot be achieved solely 
through straightforward annulus fibrosus suturing [14]. 
Consequently, there is a high demand for tissue-scaffold-
based strategies to repair and regenerate annulus fibro-
sus tissue, and tissue engineering has emerged as a new 
method for annulus fibrosus repair in recent years [15, 
16]. The tissue engineering scaffold is a vital component 
of annulus fibrosus tissue engineering, primarily provid-
ing a suitable environment for cell survival and prolifera-
tion [17, 18].

Of the various available biomaterials, hydrogels have 
considerable value for annulus fibrosus repair because 
of the highly customizability and mechanical adjustabil-
ity [19, 20]. Currently, gel materials are often crosslinked 
with other composite materials to improve the perfor-
mance. Numerous studies have demonstrated that the use 
of decellularized matrix can eliminate immunogenicity, 

while preserving the majority of the remaining functional 
constituents of cells, such as cytokines and the micro/
nanostructure of the native tissue [21]. Chitosan exhibits 
excellent biodegradability, biocompatibility, and antimi-
crobial properties, which is rich in hydroxyl and amino 
groups, exhibits excellent water absorption properties, 
making it an ideal material for preparing hydrogels [22, 
23]. Additionally, chitosan shares an extremely similar 
molecular structure with glycosaminoglycans, which is 
a constituent of the native annulus fibrosus tissue [24]. 
Therefore, chitosan could be regarded as a kind of scaf-
fold for annulus fibrosus tissue engineering. Genipin has 
been widely used in articular cartilage and intervertebral 
disc tissue engineering research because of its low cyto-
toxicity and good biological stability [25, 26].

Insufficient extracellular matrix secretion of the annu-
lus fibrosus secreted by the seeded cells is one of the main 
reasons for the failure of tissue engineering in the treat-
ment of annulus fibrosus defects. Therefore, different cell 
growth factors have been grafted into scaffolds to provide 
specific growth and differentiation signals to promote 
targeted cell differentiation [27, 28]. In a previous study, 
we used a genipin crosslinked decellularized AF matrix 
(DAFM)/chitosan hydrogel scaffold with basic fibroblast 
growth factor (bFGF), which combined the advantages 
of DAFM and chitosan. The bFGF can be incorporated 
as a sustained-release formulation [29]. However, there 
are limited reports on the use of scaffolds loaded with 
growth factors for annulus fibrosus defect repair in vivo 
[30], with results available only up to 8 weeks of release 
[31]. Annulus fibrosus defect repair is a lengthy process 
and while bioactive factors have potential application in 
the treatment of early annulus fibrosus injuries, the short 
half-life of bioactive factors may mean that an insufficient 
amount of extracellular matrix is deposited before the 
bioactive factors are degraded. Therefore, relying solely 
on the use of growth factor-loaded scaffolds to enhance 
extracellular matrix secretion by fibrochondrocytes is not 
feasible [32]. Therefore, we investigated whether adjust-
ing the ratio of DAFM to chitosan could provide a suit-
able hybrid hydrogel that would promote the secretion of 
extracellular matrix in the annulus fibrosus without the 
need for the addition of growth factors.

Herein, we designed two types of hybrid hydrogels 
using different ratios of DAFM to chitosan. Atomic force 
microscopy (AFM) and scanning electron microscopy 
(SEM) were used to observe the surface and internal 
structures of these hydrogels. Rat annulus fibrosus stem 
cells (AFSCs) were implanted into the hybrid hydro-
gels to investigate the cell proliferation and extracellular 
matrix secretion of the annulus fibrosus from AFSCs. 
Additionally, the hybrid hydrogels were implanted into 
defects of the annulus fibrosus in the rat caudal vertebrae. 
The repair effect of annulus fibrosus defects was assessed 



Page 3 of 11Liu et al. Journal of Orthopaedic Surgery and Research          (2024) 19:535 

using magnetic resonance imaging (MRI), Hematoxylin 
and eosin (HE) staining, and Safranine and Fast Green 
staining.

Materials and methods
Fabrication of the DAFM/chitosan hybrid hydrogels
All animal procedures were approved by the Institutional 
Review Board of Yijishan Hospital of Wannan Medical 
College (Wuhu, China). Decellularized annulus fibrosus 
matrix (DAFM) was prepared following the protocol as 
the previous study reported [33]. A chitosan solution was 
prepared by dissolving 1.5  g of chitosan powder in 100 
mL of 3% acetic acid. A genipin solution was obtained 
by dissolving 0.1  g of genipin powder in 10 mL of 75% 
ethanol. Two types of DAFM/chitosan hybrid hydrogels 
were prepared as follows: DAFM/chitosan 6:2 hydro-
gel (DAFM/chitosan-1) was prepared by mixing 6 mL 
of DAFM solution, 2 mL of chitosan solution, and 1 mL 
of 1% genipin solution by stirring; DAFM/chitosan 4:4 
hydrogel (DAFM/chitosan-2) was prepared by mixing 4 
mL of DAFM solution, 4 mL of chitosan solution, and 1 
mL of 1% genipin solution by stirring.

Atomic force microscopy
A portion of the prepared DAFM/chitosan hybrid hydro-
gel was cut off, PBS was added, and the hybrid hydrogels 
were kept moist before being placed under an atomic 
force microscope to observe the surface microstructure 
of both types of the DAFM/chitosan hybrid hydrogels.

Morphological characterization of DAFM/chitosan hybrid 
hydrogels
For SEM analysis, the two types of hybrid hydrogels were 
shock-frozen in liquid nitrogen and immediately trans-
ferred to a freeze dryer for lyophilization. The dry hybrid 
hydrogel surfaces were then coated with a thin layer of 
gold and measured using a Hitachi JSM-840 microscope.

Cell morphology observations
300 µl of DAFM/chitosan-1 hybrid hydrogel solution and 
DAFM/chitosan-2 hybrid hydrogel solution was added 
per well in each of six wells of the 24-well plate, respec-
tively. And the hybrid hydrogels were formed after 24 h 
at room temperature. Following 60Co irradiation steril-
ization, 2000 rat AFSCs were seeded onto the two types 
of hybrid hydrogels. After culturing for 3 days, cytoskel-
eton staining was performed. FITC-phalloidin solution 
(200 µl) at a concentration of 5 µg/mL was added to each 
well and the wells were incubated in the dark for 5 min. 
The AFSC-hybrid hydrogel complexes were then washed 
three times in PBS with agitation on a shaker for 5 min 
each time. After removing the PBS solution, 200  µl of 
DAPI solution at a concentration of 5 µg/mL was added 
to each well to stain the cell nuclei and the wells were 

incubated in the dark for 5 min. The AFSC-hybrid hydro-
gel complexes were then washed three times in PBS with 
agitation on a shaker for 5 min each time. The morphol-
ogy of the AFSCs on the hybrid hydrogels was observed 
using inverted immunofluorescence microscopy. After 
being cultured for 3 days, the cell morphology was also 
examined by SEM analysis. Rat AFSCs on the hybrid 
hydrogels were rinsed with PBS twice, fixed with 2.5% 
glutaraldehyde for 2  h, and then rinsed with deionized 
water three times. The cell-hybrid hydrogel complexes 
were dehydrated using a series of ethanol concentrations 
(50%, 60%, 70%, 80%, 90%, 95%, and 100%) for 10  min 
each time. The dried samples were subsequently sputter-
coated with gold and visualized by SEM using an acceler-
ating voltage of 3 kV.

AF-related gene expression analysis
Aliquots of the hybrid hydrogel liquid (3 ml) were placed 
in a 6-well culture plate, and the hybrid hydrogels were 
formed after 24 h at room temperature. After 60Co irra-
diation sterilization, 1 × 104 rat AFSCs were planted on 
the hydrogel. After being cultured for one week, RT-
qPCR was conducted to analyze the expression of annu-
lus fibrosus-related genes, including Col-I, Col-II, and 
aggrecan; and MMP-9 and inflammatory mediators, 
including IL-6. RNA extraction utilized TRIzol reagent 
(Invitrogen, USA), with subsequent reverse transcription 
using the a Revert-Aid™ First-Strand cDNA Synthesis Kit 
(K1622; Fermentas, Lithuania) and oligo (dT) primers 
according to the manufacturer’s instructions. RT-qPCR 
were performed using the Bio-Rad CFX96™ Real-Time 
System (Roche, Switzerland) to assess the expression of 
the above genes. The primer sequences for Col-I, Col-
II, aggrecan, MMP-9, IL-6, and GAPDH are provided in 
Table 1. The relative expression levels of these genes were 
calculated using the 2−∆∆Ct method and normalized to 
GAPDH, which served as an internal control. Each sam-
ple was analyzed in triplicate.

Animal study
Sixteen Sprague-Dawley rats were divided into four 
groups, with four rats in each group. The first group was 
the DAFM/chitosan-1 hybrid hydrogel group. The sec-
ond group was the DAFM/chitosan-2 hybrid hydrogel 
group. The third group was the control group, which had 
annulus fibrosus defects. The fourth group was the sham 
group, which did not receive any treatment. The specific 
procedure was as follows: 1% pentobarbital sodium was 
administered intraperitoneally to anesthetize the rats at a 
dose of 0.08 mL of 1% pentobarbital sodium solution per 
20 g of body weight. The rats were placed in a prone posi-
tion, and the tail vertebrae of the rats were disinfected 
and draped. A 1-cm incision was made on the dorsal side 
of the tail vertebrae at the end of the trunk. All animal 
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experiments were conducted by the same skilled spi-
nal surgeon to ensure uniformity in defect creation. The 
posterior part of the tail vertebrae was exposed layer by 
layer, and a 2  mm×2  mm square section of the annulus 
fibrosus was removed under microscopic guidance using 
microsurgical instruments. In the annulus fibrosus defect 
group, the wound was sutured layer by layer after par-
tial removal of the annulus fibrosus. In the experimen-
tal groups, Then DAFM/chitosan-1 hybrid hydrogel and 
DAFM/chitosan-2 hybrid hydrogel with a size of about 
2 mm×2 mm with square shape were implanted into the 
AF defect. After implantation, the surrounding tendons 
and muscles were sutured with 5 − 0 absorbable suture 
to assist in retaining the hydrogel within the defect site. 
After the surgery, the incision was sutured layer by layer, 
and the surgical site was washed with diluted iodine. Pen-
icillin was injected into the buttocks of the SD rats twice 
a day for three consecutive days, at a dosage of 80,000 U 
of penicillin each time. The rats were free to move, eat, 
and drink in cages.

Magnetic resonance imaging
At 12 weeks after surgery, magnetic resonance imag-
ing was performed to evaluate the structural changes in 
targeted intervertebral discs (PharmaScan 7.0 T, Bruker, 
Germany). T2-weighted sections in the sagittal plane 
were obtained using the following settings: Fast spin echo 
sequence with time to repetition of 2500 ms and time to 
echo of 33 ms, percent phase field of view of 260. The 
section thickness was 1 mm with a 0-mm gap.

Histology analysis
Rat tail samples were collected and fixed using 10% 
formalin. Following decalcification and dehydration, 
the samples were embedded in paraffin. Paraffin sec-
tions were stained with HE staining and Safranine and 
Fast Green staining according to the manufacturer’s 
instructions.

Statistical analysis
The results were reported as mean ± standard deviation 
(SD), and significance was defined as p < 0.05. Statistical 
comparisons of RT-qPCR between the two groups were 
assessed using student t-test. Statistical analyses were 
conducted using IBM SPSS software version 19.0. Graph-
ical representations of the data were generated using 
GraphPad Prism 5 software (GraphPad Software Inc., 
San Diego, CA).

Results
Characterization of DAFM/chitosan hybrid hydrogels
The surfaces of both types of the DAFM/chitosan hybrid 
hydrogels demonstrated clear collagen fiber distribution 
when observed using AFM. Notably, the DAFM/chito-
san-1 hybrid hydrogel exhibited a higher concentration of 
collagen fibers than the DAFM/chitosan-2 hybrid hydro-
gel (Fig. 1A, B). The SEM image showed that both types 
of DAFM/chitosan hybrid hydrogels had a three-dimen-
sional porous structure, although the pore density in the 
DAFM/chitosan-1 hybrid hydrogel was greater compared 
with the DAFM/chitosan-2 hybrid hydrogel (Fig. 2A-D). 
Additionally, interconnected micropores were observed 
on the surfaces of both types of the DAFM/chitosan 
hybrid hydrogels, indicating an increased facility for 
nutrient and metabolic exchange.

Cell morphology on the hydrogels
The cytoskeleton staining (Fig.  3A-F) and SEM images 
(Fig. 4A-B) indicated that the rat AFSCs exhibited excel-
lent spreading characteristics on both the DAFM/chito-
san-1 and DAFM/chitosan-2 hybrid hydrogels. Notably, 
it was observed that the rat AFSCs displayed a higher 
proliferation rate on the DAFM/chitosan-1 hybrid hydro-
gel compared with the DAFM/chitosan-2 hybrid hydro-
gel through cytoskeleton staining results.

Gene expression
The level of expression of the AF-related metabolic genes 
col-I, col-II, and aggrecan at 1 week after culture was 

Table 1  The sequence of the genes
Gene Sequence Accession number
Collagen-I Forward: 5’-​C​T​A​C​A​G​C​A​C​G​C​T​T​G​T​G​G​A​T​G​G​C-3’

Reverse: 5’-​A​T​G​A​T​G​G​G​C​A​G​G​C​G​G​G​A​G​G​T-3’
NM_053304.1

Collagen-II Forward: 5’-​T​G​T​A​T​G​G​A​A​G​C​C​C​T​C​G​T​C​C​T-3’
Reverse: 5’-​T​G​C​C​C​C​T​T​T​G​G​C​C​C​T​A​A​T​T​T-3’

NM_001414896.1

Aggrecan Forward: 5’-​T​G​G​C​A​G​G​G​C​G​G​T​A​T​G​G​A​C-3’
Reverse: 5’-​G​G​C​G​T​C​G​T​A​G​C​G​G​G​A​T​G​A​G-3’

NM_022190.2

IL-6 Forward: 5’- ​C​A​G​C​G​A​T​G​A​T​G​C​A​C​T​G​T​C​A​G-3’
Reverse: 5’-​C​G​G​A​A​C​T​C​C​A​G​A​A​G​A​C​C​A​G​A-3’

NM_012589.2

MMP-9 Forward: 5’-​G​A​T​C​C​C​C​A​G​A​G​C​G​T​T​A​C​T​C​G-3’
Reverse: 5’-​G​T​T​G​T​G​G​A​A​A​C​T​C​A​C​A​C​G​C​C-3’

NM_031055.2

GAPDH Forward: 5’-​G​G​A​A​A​G​C​T​G​T​G​G​C​G​T​G​A​T-3’
Reverse: 5’-​T​C​C​A​C​A​A​C​G​G​A​T​A​C​A​T​T​G​G​G-3’

NM_017008.4



Page 5 of 11Liu et al. Journal of Orthopaedic Surgery and Research          (2024) 19:535 

twice as high in the DAFM/chitosan-1 hybrid hydrogel 
compared with the DAFM/chitosan-2 hybrid hydrogel 
(Fig. 5A-C). However, the level of expression of the AF-
related catabolic gene, MMP-9, was twice as high in the 
DAFM/chitosan-2 hybrid hydrogel compared with the 
DAFM/chitosan-1 hybrid hydrogel (Fig.  5D). The level 
of expression of the inflammatory factor gene, IL-6, was 
1.5 times higher in the DAFM/chitosan-2 hybrid hydro-
gel compared with the DAFM/chitosan-1 hybrid hydro-
gel (Fig. 5F). The differences were found to be statistically 
significant (p < 0.05) for the expression of all five genes.

MRI
The 12-week postoperative MRI sagittal T2-weighted 
images showed a mild reduction in the intervertebral disc 
height in both the DAFM/chitosan-1 hybrid hydrogel and 
the DAFM/chitosan-2 hybrid hydrogel groups, with the 
disc signal not completely turning dark. Conversely, the 
annulus fibrosus defect group exhibited notable interver-
tebral disc degeneration accompanied by a loss in disc 

height. In contrast, the sham group displayed normal 
intervertebral disc height and signal intensity (Fig. 6A-D). 
These results indicated that the DAFM/chitosan-1 hybrid 
and DAFM/chitosan-2 hybrid hydrogels had a partially 
repair effect on annulus fibrosus defects.

Histology evaluation
HE staining and Safranine and Fast Green staining were 
employed to assess the repair of the annulus fibrosus 
defects. The macroscopic view of rat caudal vertebrae is 
depicted in Fig.  7A-D. In the DAFM/chitosan-1 hybrid 
hydrogel group, partial preservation of annulus fibrosus 
was observed (Fig.  7E, I), while the DAFM/chitosan-2 
hybrid hydrogel group showed a limited presence of 
annulus fibrosus structure (Fig. 7F, J). The anulus fibrosus 
defect group exhibited a substantial absence of distinct 
annulus fibrosus structure, indicating concurrent impair-
ment of the annulus fibrosus and nucleus pulposus, lead-
ing to endplate damage (Fig.  7G, K). Beside, annulus 
fibrosus-resembling tissue (marked with black triangle 

Fig. 1  Atomic force microscopy of DAFM/chitosan-1 hydrogel (A and B) and DAFM/chitosan-2 hydrogel (C and D)
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Fig. 3  Cytoskeleton staining of annulus fibrosus-derived stem cells [FITC-phalloidin (green) and DAPI (blue)] on DAFM/chitosan-1 hydrogel (A–C) and 
DAFM/chitosan-1 hydrogel (D–F). Scale bar: 400 μm

 

Fig. 2  Scanning electron microscopy images of DAFM/chitosan-1 hydrogel (A and B) and DAFM/chitosan-2 hydrogel (C and D). Scale bar: 100 μm (A, 
C) and 200 μm (B, D)
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Fig. 6  At 12 weeks post-surgery, magnetic resonance imaging revealed a slight decrease in intervertebral disc height in both the DAFM/chitosan-1 
hybrid hydrogel (A) and DAFM/chitosan-2 hybrid hydrogel (B) groups. However, the AF defect group (C) exhibited a loss of intervertebral height and 
noticeable changes in intervertebral disc signal. The intervertebral height and intervertebral disc signal remained normal in the sham group (D)

 

Fig. 5  After 1 week of culture, the expression of Col-I (A), Col-II (B) and aggrecan (C) by AFSCs cultured on DAFM/chitosan-1 hydrogel was higher com-
pared with on the DAFM/chitosan-2 hydrogel. In contrast, the expression of MMP-9 (D) and IL-6 (E) was lower on DAFM/chitosan-1 hydrogel compared 
with on DAFM/chitosan-2 hydrogel (n = 3). *p < 0.05

 

Fig. 4  Scanning electron microscopy images of AFSCs on DAFM/chitosan-1 hydrogel (A) and DAFM/chitosan-2 hydrogel (B). Scale bar: 20 μm
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in Fig. 7E, F, I, J) could be observed at the site of annu-
lus fibrosus defect in DAFM/chitosan-1 hybrid hydro-
gel group and DAFM/chitosan-2 hybrid hydrogel group, 
whereas irregular scar tissue (marked with black triangle 
in Fig. 7G, K) was visible at the site of annulus fibrosus 
defect in the annulus fibrosus defect group. In compari-
son, the sham group displayed an intact annulus fibrosus 
enveloping the nucleus pulposus structure (Fig. 7H, L).

Discussion
In the present study, we prepared two types of DAFM/
chitosan hybrid hydrogels by altering the ratio of DAFM 
to chitosan. Rat AFSCs were able to adhere, proliferate, 
and secrete annulus fibrosus-related extracellular matrix 

on both types of DAFM/chitosan hybrid hydrogels. In 
vivo experiments further demonstrated the reparative 
effects of both of the DAFM/chitosan hybrid hydrogels 
on defects in the rat tail annulus fibrosus.

The AFM images revealed the presence of collagen 
fibers on the surface of the hybrid hydrogels. SEM anal-
ysis revealed that both the DAFM/chitosan-1 hybrid 
hydrogel and the DAFM/chitosan-2 hybrid hydrogel 
exhibited a porous structure. Following cell implantation, 
the rat AFSCs were observed to grow, not only on the 
hydrogel surface, but also within the internal structure, 
facilitated by interconnected micropores that enhanced 
the nutrient exchange. Cell cytoskeleton staining showed 
that the AFSCs showed superior proliferation on the 

Fig. 7  Gross specimen images of DAFM/chitosan-1 hybrid hydrogel (A), DAFM/chitosan-2 hybrid hydrogel (B), the AF defect group (C), and the sham 
group (D) 12 weeks after surgery. HE and Fast Green-Safranin staining indicated partial preservation of the annulus fibrosus of the DAFM/chitosan-1 
hybrid hydrogel (E, I) and DAFM/chitosan-2 hybrid hydrogel (F, J) groups; and H&E and Fast Green-Safranin staining indicated there was an absence of 
distinct annulus fibrosus structure in the control group (G, K) and an intact nucleus pulposus-annulus fibrosus structure in the sham group (H, L). Annulus 
fibrosus-resembling tissue (marked with black triangle) could be observed at the site of annulus fibrosus defect in DAFM/chitosan-1 hybrid hydrogel 
group and DAFM/chitosan-2 hybrid hydrogel group, whereas irregular scar tissue (marked with black triangle) was visible at the site of annulus fibrosus 
defect in the annulus fibrosus group. Scale bar: 200 μm
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DAFM/chitosan-1 hybrid hydrogel, compared with the 
DAFM/chitosan-2 hybrid hydrogel, which was potentially 
attributable to the higher DAFM content, which was also 
indicated by AFM analysis. In another study, human der-
mal fibroblasts and human epithelial keratinocytes have 
been shown to be able to attach and proliferate on decel-
lularized, dehydrated human amniotic membrane. In 
contrast, dehydrated human amnion/chorion membrane 
did not support cell attachment and proliferation under 
the same conditions [34]. Li et al. [35] have fabricated a 
decellularized matrix hydrogel using human dental pulp 
(hDDPM-G) and observed that surfaces coated with 
hDDPM-G promoted adhesion, migration, and prolifera-
tion of human dental pulp stem cells.

According to the gene expression results, AFSCs exhib-
ited higher expression levels of annulus fibrous extracel-
lular matrix-related metabolic genes, including Col-I, 
Col-II, and aggrecan genes, in DAFM/chitosan-1 hybrid 
hydrogels compared with the expression in DAFM/chi-
tosan-2 hybrid hydrogels. In contrast, the expression of 
the degradation-related gene MMP-9 was found to be 
lower in DAFM/chitosan-1 hybrid hydrogels compared 
with DAFM/chitosan-2 hybrid hydrogels. These findings 
suggested that DAFM enhanced the expression of meta-
bolic genes but suppressed the expression of a degrada-
tion-related gene associated with the annulus fibrosus 
extracellular matrix. Bioscaffolds originating from the 
decellularized extracellular matrix of tissues have the 
capacity to replicate the complex extracellular microenvi-
ronment by preserving the specific composition, biome-
chanics, and structure of the native extracellular matrix. 
Previous studies have demonstrated that decellularized 
matrix can enhance the secretion of decellularized-
derived extracellular matrix. For instance, Fu et al. have 
developed a blood vessel matrix (BVM) hydrogel and 
demonstrated that coating a plate with the BVM hydro-
gel enhanced the tube formation of human umbilical vein 
endothelial cells in vitro. Furthermore, when injected into 
skin flaps, the BVM hydrogel improved the flap survival 
rate and increased blood perfusion and capillary density 
[36]. Bahrami et al.. [37] have created a scaffold using 
decellularized sheep knee cartilage for osteochondral tis-
sue engineering. This scaffold not only facilitated EnSC 
osteogenic differentiation, but also induced the chondro-
genic differentiation of stem cells. In vivo, acellularized 
scaffolds have demonstrated a good ability to support cell 
adhesion and proliferation, leading to improved regen-
eration of articular lesions in rats after 4 weeks. Huang 
et al. [38] have prepared human periodontal ligament 
cell decellularized matrix (PDLC-DCM), dental pulp cell 
decellularized matrix (DPC-DCM), and gingival fibro-
blast decellularized matrix (GF-DCM) and found that 
PDLC-DCM facilitated osteogenic differentiation and 
periodontal ligament differentiation of PDLSCs, while 

DPC-DCM and GF-DCM promoted osteogenic differen-
tiation. In our previous study, we also observed increased 
gene expression and extracellular matrix secretion of col-
I, col-II, and aggrecan in annulus fibrosus-derived stem 
cells cultured on DAFM/PECUU electrospun scaffolds, 
compared with cells cultured on PECUU fibrous scaf-
folds [39]. It is of interest that DAFM can downregulate 
the expression of MMP-9. It is widely recognized that 
disc degeneration is characterized by the accelerated 
degradation of elastin, which is caused by an increase in 
the expression of MMP-9 [40], MMP-9 degrades dena-
tured collagen molecules and basement membrane col-
lagens, which has been shown to be correlated with the 
lumbar intervertebral disc disease grade [41]. Kao et al. 
[42] have observed that the expression of the Lipocalin-2 
gene and protein in rat AF cells was upregulated upon 
Nerve Growth Factor stimulation, resulting in increased 
MMP-9 activity and glycosaminoglycan release, which 
are likely to potentiate the degeneration of AF tissue 
in vivo. A similar result was found in another study in 
which AF cells were cultured on a plastic surface coated 
with fibronectin, vitronectin, col-I, gelatin, and a cell-
free matrix deposited by human nucleus pulposus cells. 
The results showed that fibronectin, collagen, and gelatin 
downregulated the expression of MMP-2 and MMP-9 in 
the culture media [43].

The expression of IL-6, an inflammatory mediator, was 
lower in DAFM/chitosan-1 hydrogel than in DAFM/
chitosan-2 hydrogel, indicating that DAFM could down-
regulate the expression of IL-6. Similar results have 
also been found in the study of Ahmed et al. in which 
an injectable hydrogel enriched with liver extracellular 
matrix and silver nanoparticles was developed for the 
treatment of acute liver failure, and significant reductions 
in the expression of IL-6 and transforming growth factor-
beta were observed [44]. This decreased expression of 
pro-inflammatory factors resulted in a weaker immune 
response of the cells toward the material.

In the present study, we employed microsurgical 
instruments to generate defects in the annulus fibrosus 
of rat caudal vertebrae. After 3 months, MRI was con-
ducted, which revealed that both the DAFM/chitosan 
hybrid hydrogel-1 and DAFM/chitosan hybrid hydro-
gel-2 groups had experienced some loss of interverte-
bral space height and darkening of disc signals, although 
a discernible intervertebral space was still present. The 
annulus fibrosus defect group exhibited a significant loss 
of intervertebral space height and indications of fusion. 
The sham group did not show any significant abnor-
malities in the intervertebral space height, and the disc 
signal remained normal. The results of HE staining and 
Safranine and Fast Green staining demonstrated simi-
lar findings to the MRI results. Furthermore, Safranine 
and Fast Green staining resulted in distinct visualization 
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of the annulus fibrosus and nucleus pulposus tissue in 
the sham group, showing normal endplate morphology. 
The DAFM/chitosan-1 hybrid hydrogel and the DAFM/
chitosan-2 hybrid hydrogel groups showed partial end-
plate morphology, while no obvious endplate morphol-
ogy was observed in the annulus fibrosus defect group. 
Degeneration of the annulus fibrosus results in altered 
spinal stress distribution, sustained irregular stress, and 
aggravated intervertebral disc and spinal degeneration, 
ultimately leading to loss of intervertebral space height 
[45]. The nucleus pulposus was also hardly visible in 
DAFM/chitosan-1 hybrid hydrogel and the DAFM/chi-
tosan-2 hybrid hydrogel groups. We hypothesize it was 
due to substantial annulus fibrosus defects and disrupted 
nucleus pulposus. The results of MRI, HE staining, and 
Safranine and Fast Green staining all demonstrated that 
the DAFM/chitosan hybrid hydrogels were incapable of 
sustaining the signal of the intervertebral disc; neverthe-
less, the hydrogels could partially mend defects in the 
annulus fibrosus, retard intervertebral disc degeneration, 
and forestall additional loss of intervertebral disc height. 
Our previous study also demonstrated that the implan-
tation of a DAFM/PECUU blended fiber scaffold at the 
site of an annulus fibrosus defect in rats could partially 
maintain disc height in degenerated intervertebral space 
and potentially contributed to the reversal of disc degen-
eration. Studies have also demonstrated that the implan-
tation of biomaterials can help maintain the height of 
degenerated intervertebral space. In a study by Li et al., 
the in vivo repair efficacy of hydrogels was assessed using 
a rat AF defect model. The findings indicated that the 
implantation of PEGDA/DAFM/TGF-β1 hydrogels suc-
cessfully sealed the AF defect, prevented nucleus pulp-
osus atrophy, preserved the disc height, and partially 
restored the biomechanical properties of the interverte-
bral disc [46].

There are some limitations with the present study. 
Annulus fibrosus is a heterogeneous tissue with con-
siderable variations in the cell type, extracellular matrix 
composition, and mechanical properties along the radial 
regions. On the basis of the differences in mechanical 
properties and biochemical composition, previous stud-
ies have divided the annulus fibrosus into inner and outer 
regions. The radial heterogeneity of the actual annulus 
fibrosus was overlooked in the present study. In future 
studies, we will extract the inner and outer regions of the 
annulus fibrosus separately and prepare decellularized 
extracellular matrix. These matrices will be crosslinked 
with chitosan to create hydrogels. We will observe the 
proliferation of rat annulus fibrosus stem cells on these 
two hydrogels and monitor the secretion of extracellular 
matrix by annulus fibrosus stem cells. Besides, nucleus 
pulposus was hardly visible in hybrid hydrogel groups, 
we hypothesize it was due to substantial annulus fibrosus 

defects and disrupted nucleus pulposus. we propose uti-
lizing a needle puncture method to induce AF defects, 
simultaneously with hybrid hydrogel implantation in the 
future study, Thus would allow for a clearer observation 
of nucleus pulposus and annulus fibrosus defect repair.

Conclusions
In conclusion, DAFM/chitosan-1 and DAFM/chitosan-2 
hydrogels were fabricated by changing the ratio of DAFM 
to chitosan. Rat AFSCs tended to show higher gene 
expression of Col-I, Col-II, and aggrecan and lower gene 
expression of MMP-9 and IL-6 on the DAFM/chitosan-1 
hydrogel compared with those on the DAFM/chitosan-2 
hydrogel. Furthermore, an in vivo experiment indicated 
that the DAFM/chitosan-1 and DAFM/chitosan-2 hydro-
gels were able to partially repair large defects of the annu-
lus fibrosus. Thus, the DAFM/chitosan-1 hydrogel could 
be regarded as a candidate scaffold for annulus fibrosus 
tissue engineering.
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