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A B S T R A C T   

Low back pain is one of the most serious public health problems worldwide and the major clinical manifestation 
of intervertebral disc degeneration (IVDD). The key pathological change during IVDD is dysfunction of the 
annulus fibrosus (AF). However, due to the lack of an in-depth understanding of AF biology, the methods to 
reconstruct the AF are very limited. In this study, the mice AF cell atlas were decoded by single-cell RNA 
sequencing to provide a guide for AF reconstruction. The results first identify a new population of AF cells, 
fibrochondrocyte-like AF cells, which synthesize both collagen I and collagen II and are potential functional cells 
for AF reconstruction. According to the dual features of the AF extracellular matrix, a composite hydrogel based 
on the acylation of methacrylated silk fibroin with methacrylated hyaluronic acid was produced. To obtain the 
ability to stimulate differentiation, the composite hydrogels were combined with a fibrochondrocyte-inducing 
supplement. Finally, reconstruction of the AF defects, by the novel AF stem cell-loaded composite hydrogel, 
could be observed, its amount of chondroid matrices recovered to 31.7% of AF aera which is significantly higher 
than that in other control groups. In summary, this study decodes the AF cell atlas, based on which a novel 
strategy for AF reconstruction is proposed.   

1. Introduction 

Low back pain is a public health problem with high morbidity, of 
which the combined lifetime prevalence can reach approximately 47% 
in many countries [1]. The main cause of low back pain is intervertebral 
disc degeneration (IVDD), which also leads to skin paresthesia, muscle 
paralysis, and even paraplegia in patients, seriously affecting their 
quality of life [2,3]. Annulus fibrosus (AF) defects are the key patho
logical changes during IVDD, which directly cause herniation of the 
nucleus pulposus (NP) and subsequently lead to the release of inflam
matory factors and compression of the nerve root and spinal cord. 
Therefore, reconstructing AF defects is the key problem when treating 
IVDD [4]. 

To date, there is a lack of satisfying clinical methods for AF repair. 
Surgical suturing is one such method to repair AF injury. However, the 
natural repair process of the sutured AF mainly occurs by scar healing, 
which is a potential risk for injury recurrence because of changes in the 
local mechanical properties [5]. In addition, the direct suturing of AF 
defects of a certain scale would cause considerable tension, which would 
delay healing and produce a larger amount of scar tissue [6–8]. In 
addition to sutures, annular closure devices (ACDs) have been recently 
developed and applied in the clinic to block off the AF defect [9]. 
However, because the shapes of ACDs are immutable, they are not 
suitable for use in large or irregularly shaped AF defects. In addition, 
with limited biocompatibility, biological fusion between the ACDs and 
AF is difficult, which affects its long-term therapeutic effects [9–11]. 
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To improve upon the above drawbacks, tissue engineering tech
niques have shown promise for AF repair. Previous studies have used 
natural biomaterials, such as high-density collagen gel or fibrin gel, to 
reconstruct AF defects, which have the advantage of high biocompati
bility and the disadvantage of low stretching resistance [12–14]. Syn
thesized polymer materials, such as polyglycolic acid/polyvinylidene 
fluoride (PAPF) and poly lactic-co-glycolic acid (PLGA), have been used 
to reconstruct AF defects to increase mechanical strength at the expense 
of biocompatibility [15,16]. In recent years, a tissue engineering strat
egy combining both seeding cells and diverse scaffolds has been applied 
to the reconstruction of the AF. AF-derived stem cells are the multi
potent stem cells obtained from AF tissue, which are eligible seed cells 
for AF repair because of the closest relatives [17]. In addition, as they 
are convenient to obtain and readily proliferate, mesenchymal stem cells 
(MSCs) have also been used for AF repair. Both AFSCs cell-laden 
decellularized matrix/chitosan hydrogels [18] and MSC-laden cross
linked high-density collagen gels [19] were suggested to be more 
effective than acellular biomaterials for AF reconstruction. 

Even so, there are still some problems waiting to be solved in terms of 
AF reconstruction with cells and biomaterials. Cell-laden or acellular 
materials mostly restore fibrous tissue in the outer AF (oAF) with little 
restoration in the chondroid components of the inner AF (iAF) [13,15, 
19–21]. There are several reasons for these results. First, AF cells are 
heterogeneous, and restoring multiple types of AF cells and extracellular 
matrix by using a single kind of seed cell and a single inductive envi
ronment is difficult [22]. In addition, the local microenvironment of the 
areas being repaired in vivo affects the expected differentiation of seed 
cells, making it uncontrollable. Therefore, developing a novel inductive 
biomaterial to match the multiple types of AF cells and matrix is 
essential for AF reconstruction. 

To resolve the above problems, the following research gaps need to 
be filled. First, the heterogeneity of AF cells should be fully understood 
to establish the targets of the induction strategy. In addition, a com
posite hydrogel with inductive activity should be designed and con
structed to adapt to a variety of AF cell and matrix types. Therefore, in 
this study, we aimed to use single-cell RNA sequencing (scRNA-seq) 
technology to decode the AF cell atlas, provide a guide for AF 

reconstruction, explore an inductive composite hydrogel, and finally test 
its reparative effects in an AF defect model in vivo. In this way, we can 
propose a novel strategy for AF reconstruction to advance the thera
peutic methods for AF injury and IVDD (Scheme 1). 

2. Experimental section 

2.1. Single-cell RNA sequencing 

Isolation of single cells: All animal experiments were performed in 
accordance with a protocol approved by the Institutional Animal Care 
and Use Committee of AFMU. Primary AF tissues were collected from 
C57BL/6J mice at the ages of postnatal 1 and 10 months (P1 M and P10 
M). The time from AF sample collection to processing was 30 min or less. 
Single-cell suspensions of AF tissues were obtained by mechanical 
dissociation and enzymatic digestion, and the resulting cell suspensions 
were filtered through a 40 μm nylon cell strainer. Dead cells were 
removed with a Dead Cell Removal Kit (Miltenyi Biotec), and the cell 
survival rate was generally above 99%. A total of 50000 cells were 
loaded onto an individual 10–17 mm integrated fluidic circuit mRNA 
sequencing chip in a C1 Single-Cell Auto Prep System (Fluidigm), and 
the loaded chips were microscopically examined to verify single-cell 
loading. 

2.2. cDNA amplification 

For cell lysis and cDNA synthesis and amplification, a SMARTer Ultra 
Low RNA Kit (Clontech) was used following the manufacturer’s in
structions. RNA spike-ins 1, 4, and 7 (ArrayControl RNA Spikes, Thermo 
Fisher) were added to the lysis mix. The quantity and quality of the 
amplified cDNAs were measured using a Qubit 2.0 fluorometer (Life 
Technologies) and 2100 Bioanalyzer (Agilent Technologies), 
respectively. 

2.3. Droplet-based scRNA-seq 

scRNA-seq was performed at Genergy Bio (Shanghai, China). In total, 

Scheme 1. Schematic illustration of A novel strategy for disc reconstruction based on single-cell RNA sequencing and composite hydrogel. VB, vertebra 
bone; iAF, inner AF; oAF, outer AF; AFSC, AF stem cells; cAF, chondrocyte-like AF cells; fAF, fibroblast-like AF cells; SF, silk fibroin; HA, hyaluronic acid; MA, 
methacrylate; FCI, fibrochondrocyte-inducing supplement. 
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3000 single-cell cDNAs were subjected to RNA sequencing. Briefly, 
single-cell suspensions were converted into barcoded scRNA-seq li
braries by using a Chromium Single Cell 3′ Reagent Kit v2 (10 × Ge
nomics). Libraries were sequenced on an Illumina HiSeq4000. Data were 
analyzed and mapped to the mouse genome (mm10) using CellRanger 
software (10 × Genomics) [23]. 

2.4. Isolation and culture of mouse AFSCs 

AFSCs were isolated from C57BL/6J mouse (2–4 weeks old) AF tissue 
and cultured in DMEM F12 1:1 (HyClone) supplemented with 10% fetal 
bovine serum (FBS; HyClone) as described previously [24]. Briefly, we 
harvested mouse spinal columns from T10 to L5 and C2–C8 in a sterile 
environment and carefully removed the surrounding muscles and liga
ments. Then, the spinal column of each IVD was transversally sectioned. 
After carefully removing the NP, the pure AF tissue was minced and 
digested in DMEM with collagenase P (1 mg/mL) for 2–4 h. The obtained 
suspension was then centrifuged at 1000 rpm for 5 min, and then the cell 
pellet was resuspended in DMEM containing 10% FBS, 100 U/mL 
penicillin, and 100 μg/mL streptomycin and maintained in a humidified 
incubator at 37 ◦C with 5% CO2 at a density of 200–500 cells/mL. The 
culture medium was changed every 2 days until the cells became sub
confluent. The cells were then harvested using 0.25% trypsin-EDTA. In 
our research, we used third to fifth passage AFSCs. 

2.5. Animals and treatments 

We purchased LepR-Cre mice (stock no. 008320), R26R-TdTomato 
mice (stock no. 007909) from the Jackson Laboratory (Bar Harbor, 
ME, USA). Male C57BL/6 mice of all ages were obtained from the 
Experimental Animal Center of the Fourth Military Medical University 
and housed in cages at 22 ◦C on a 12 h light/dark cycle. All animal 
procedures were performed with the approval by Institutional Animal 
Care and Use Committee (IACUC) of Fourth Military Medical University 
(No. 20200526). 

Mice (P1M) were divided into six groups of six mice each as follows: 
baseline (BL) group, control (Con) group, AF injured group, SFMA/ 
HAMA group, SFMA/HAMA + Cell group, and SFMA/HAMA/FCI + Cell 
group. The mice in the BL group were sampled before the start of the 
experiment to determine the baseline conditions. The control group was 
defined as those without AF injury, and the AF injured group was 
defined as those subjected to only AF injury and repair by treatment with 
normal saline. The other three groups underwent surgical trans
plantation with the corresponding composite hydrogels after induced AF 
injury. Surgery was performed under general anesthesia using 2.5% 
isoflurane inhalation while in the prone position. The base of the tail was 
avascularized using rubber bands. The tail IVDs Cy 5/6, 6/7, and 7/8 
were exposed in each animal. A 0.8 × 0.5 mm defect, approximately 0.4 
mm deep (without releasing the NP tissue), was generated on each 
mouse using a microscope. Subsequently, for the repair groups, the 
appropriate composite hydrogels were directly dropped into the AF 
defects and cured by irradiation with 405 nm light. Then, after 2 months 
of modeling, the mice were euthanized and sampled. 

2.6. Preparation of the FCI 

Fibrochondrogenic inductive medium was used to induce AFSC dif
ferentiation into fcAFs. After the formulation and dosage were explored 
in preliminary experiments in vitro, the composition of inductive me
dium we finally used in this study was 10% FBS, 10 mM β-glycer
ophosphate, 10 ng/mL TGF-β3, 37.5 μg/mL ascorbic acid, and 0.1 μM 
dexamethasone in DMEM. 

2.7. Synthesis of SFMA 

Methacrylated SF (SFMA) was synthesized as described previously 

[25]. Briefly, 40 g of silkworm cocoon was boiled in 2 L of 2% Na2CO3 
solution for 30 min at 100 ◦C and then washed several times with 
distilled water. Subsequently, the degummed silk was dried in an oven at 
40 ◦C, and 424 mM glycidyl methacrylate (GMA) solution was added at a 
rate of 0.5 mL/min to a 20% (w/v) solution of SF in 9.3 M lithium 
bromide (LiBr) under constant stirring for 3 h at 60 ◦C. After the reac
tion, the resultant polymer solution was dialyzed against distilled water 
for 4 days. Finally, the freeze-dried SFMA samples were stored at − 80 ◦C 
for further use. 

2.8. Synthesis of HAMA 

Methacrylation of HA was performed by the dropwise addition of 
1.1 mL of 1% (v/v) MA to 100 mL of a 1% (w/v) HA solution in PBS pH 
7.4, at 4 ◦C under magnetic stirring for 24 h. The pH of the solution was 
maintained between 8 and 10 with the addition of 5 M NaOH until no 
further pH changes were detected, which indicated that the reaction was 
complete. The solution was dialyzed for 4 days in a 12–14 kDa mem
brane in deionized water at 4 ◦C. HAMA was frozen in liquid nitrogen 
and lyophilized, and the obtained powder material was stored at − 20 ◦C 
until further use [26]. 

2.9. Preparation of the SFMA/HAMA/FCI 

After the preliminary experiment to optimize hydrogel concentra
tion, we finally determined that the SFMA/HAMA composite hydrogel 
should be formed by mixing 4% (w/v) SFMA and 2% (w/v) HAMA. The 
mixture was heated in 65 ◦C waterbath for 30 min to accelerate the 
dissolution and acylation. Then, 10 mM B-glycerophosphate, 10 ng/mL 
TGF-β3, 50 μg/mL ascorbic acid, and 0.1 mM dexamethasone were 
added to the SFMA/HAMA composite hydrogel. The composite hydro
gels were mixed with a photoinitiator (0.25% lithium phenyl (2,4,6- 
trimethylbenzoyl) phosphinate (LAP)) and stored shielded from light 
[27]. 

2.10. Statistical analysis 

The experimental data were statistically analyzed with the SPSS 19.0 
software. The data were expressed as the mean ± SD of at least three 
independent experiments in vitro and six independent experiments in 
vivo. Comparisons of normally distributed data between two indepen
dent groups were performed using a two-tailed t-test. One-way analysis 
of variance (ANOVA) followed by Dunnett’s test was conducted to test 
the normally distributed continuous variable from more than two in
dependent groups. Comparisons of discontinuous variable data, histo
logical scores, used Kruskal-Wallis h-test followed by Dunn’s multiple 
comparisons tests. A P value of less than 0.05 was considered significant. 

3. Results 

3.1. Single-cell RNA sequencing of mouse AF cells reveals 10 populations 

To gain greater insights into the heterogeneity of AF cells, we per
formed scRNA-seq on AF tissues from P1 M and P10 M mice. In total, we 
sequenced 3555 individual AF cells for subsequent analysis after 
rigorous filtration. We charted the microenvironment landscape in the 
AF cells of mice with t-distributed stochastic neighbor embedding (t- 
SNE) plots (Fig. 1a). Based on our comprehensive analysis, we identified 
10 major cell populations: AF stem cells (AFSCs), chondrocyte-like AF 
progenitor cells (cAF progenitors), fibroblast-like AF progenitor cells 
(fAF progenitors), prechondrocyte-like AF cells (pre-cAFs), 
prefibroblast-like AF cells (pre-fAFs), immature chondrocyte-like AF 
cells (immature cAFs), immature fibroblast-like AF cells (immature 
fAFs), mature chondrocyte-like AF cells (mature cAFs), mature 
fibroblast-like AF cells (mature fAFs), and fibrochondrocyte-like AF cells 
(fcAFs). The differentially expressed genes (DEGs) that defined each 
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Fig. 1. scRNA-seq reveals 10 major cell populations in the murine AF. (a) Visualization of the t-SNE plots colored according to cell populations for mouse AF cell 
single-cell transcriptomes. (b) Dot plots showing the expression of the indicated markers for the populations on the t-SNE map. (c) Pseudo-time trajectory analysis 
revealing AF cell lineage progression colored according to cell population. (d) Heatmap showing the pairwise correlations of AF populations. (e) Violin plots showing 
the expression levels of representative candidate marker genes for the five main AF populations. (f) PCA visualization showing the affinity-disaffinity relationship 
among AF populations. (g) Representative immunofluorescence assay of the indicated marker genes in IVD tissues. Scale bars, 50 μm. (h) Schematic diagram of the 10 
AF populations in the IVDs. 
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population are presented in the Supporting Information (Supplementary 
Fig. 1). the distribution of the representative markers CD44, Col1a1 and 
Col2a1 in the t-SNE map showed that the AF cells were divided into 
three main categories: progenitor cells, fibroblast-like cells, and 
chondrocyte-like cells (Fig. 1b). Further pseudo-time analysis revealed 
their differentiation relationship, and the AF cells were arranged into 
three major clades that indicated the two directions of differentiation 
from progenitor cells: fibrogenic differentiation and chondrogenic dif
ferentiation (Fig. 1c). Furthermore, pairwise correlation analysis and 
principal component analysis (PCA) (Fig. 1d and e) revealed close re
lationships among the AFSCs, fAF progenitors and cAF progenitors as 
well as the pre-fAFs and pre-cAFs. With continued differentiation, the 
relationships became somewhat distant among immature fAFs, imma
ture cAFs, mature fAFs and mature fAFs. By analyzing the molecular 
signatures of these populations with scRNA-seq, we found that the genes 
Car1, Adgrg1, Fcer1g, Serpinf1 and Cnmd were specifically highly 
expressed in AFSCs, fAF progenitors, cAF progenitors, mature fAFs and 
mature cAFs, respectively (Fig. 1f). We then performed an immunoflu
orescence assay to validate these markers for the five main populations 
and detected their locations in vivo (Fig. 1g). The results revealed that 
AFSCs, fAF progenitors and cAF progenitors were distributed in the area 
adjacent to the epiphyseal plate, which has been defined as the stem cell 
niche of the intervertebral disc (IVD). Mature fAFs and mature cAFs 
were distributed in the oAF and iAF, respectively. Therefore, our data 
revealed that AFSCs are located in IVD niches and begin to differentiate 
into one of two directions, fibrogenic or chondrogenic, at the beginning 
of migration. Along with the following migration process, the AFSCs 
gradually go through three cell stages: progenitor cells, pre-AF cells and 
immature AF cells, finally differentiating into mature fAFs and cAFs 
(Fig. 1h). Our study decodes the AF cell atlas, providing a cytological 
basis for AF biology. 

3.2. AFSCs are eligible cells for AF reconstruction with the potential to 
differentiate into AF cells 

By analyzing the scRNA-seq data, we found specific marker genes of 
AFSCs, including CD69, CD105, Gata2 and Tnfaip3 (Fig. 2a). Immuno
fluorescence staining of GATA2 further verified the scRNA-seq data and 
confirmed that the AFSCs were located in IVD niches (Fig. 2b). To 
investigate the differentiation of AFSCs under normal physiological 
conditions, we discovered that CD63 and Bgn gradually became upre
gulated in the process from AFSCs to mature fAFs; similarly, CD24a and 
Higd1a were upregulated in the process from AFSCs to mature cAFs. 
These data indicated that these genes were related to AFSC 
differentiation. 

On the other hand, as CD105 is a marker of AFSCs and we found that 
the majority of CD105+ cells were leptin receptor (LepR)-positive cells 
(Fig. 2d), we used LepR+ cells to represent AFSCs and investigated their 
migration by tracing LepR+ lineage cells using genetic labeling. LepR 
has been reported as an important marker of bone marrow mesenchymal 
stem cells (BMSCs) and labels the progenitor subpopulation, which 
subsequently differentiates into both osteoblasts and adipocytes [28, 
29]. We crossed LepR-Cre mice with R26R-tdTomato mice to generate 
LepR-Cre; R26R-tdTomato mice and then traced the tdTomato+ cells in 
the IVD. We confirmed the colocalization of the CD105 and 
LepR-tdTomato signals by immunostaining (Fig. 2e). Moreover, we 
observed the migration route of tdTomato+ cells in both the niche and 
AF area in P2W LepR-Cre; tdTomato mice (Fig. 2f). Over time, the 
tdTomato+ cells migrated into the AF area from the IVD niches and 
gradually diffused throughout the AF. At the age of P10 M, the pro
portion of tdTomato+ cells in the AF was approximately 42.8% (Fig. 2f 
and Supplementary Fig. 2). The three-dimensional perspective of the 
IVD further demonstrated that the tdTomato+ cells were distributed 
uniformly in the AF of adult mice (Fig. 2g). Aside from the AF area, we 
noticed that tdTomato+ cells were also located in the NP, which is 
consistent with our previous report [30]. To verify the migration of this 

population, we established distinct AF damage models interrupting 
either the AF migration route or niche at P2W, with sampling and 
observation at P6W. In the migration route damage model, we found 
that the number of tdTomato+ cells was reduced to almost zero after 
eliminating the migration route (Fig. 2h). In the niche damage model, 
the number of tdTomato+ cells was also reduced to almost zero after 
thermal ablation of the niches (Fig. 2j). Thus, for the first time, our study 
identified the migration of AFSCs by lineage tracing. 

To further explore the possibility of culturing AFSCs in vitro to pro
vide a better strategy for AF construction, primary AFSCs were isolated 
and purified from the IVDs of P1M mice. The cultured AFSCs were 
fusiform or polygonal as previously reported [17,31,32] (Fig. 2i). Flow 
cytometric analysis showed that the primary AFSCs highly expressed the 
stem cell markers CD90 and CD105 but did not express the hemato
poietic markers CD34 and CD45 (Fig. 2l), which is consistent with 
previous reports [33]. Further immunofluorescence assays showed that 
the cultured AFSCs expressed GATA2, which is consistent with our 
scRNA-seq results (Fig. 2k). These data demonstrated that the AFSCs 
located in the IVD niches can migrate and differentiate into AF cells and 
might be appropriate for AF reconstruction. 

3.3. A novel AF population expressing typical molecular markers of both 
the iAF and oAF was identified 

By analyzing the scRNA-seq data, we found that fcAFs combined the 
features of both fAFs and cAFs. fcAFs expressed not only fibrogenic 
markers, such as Col1a1, Col1a2, and Serpinf1, but also chondrogenic 
markers, such as Col2a1, Acan, and Sox9 (Fig. 3a). Further immuno
fluorescence analysis showed that COLI and COLII were colocalized in 
the middle layers of AF tissue, indicating that these cells could produce 
and synthesize both COLI and COLII (Fig. 3b and c). These populations 
were consistently found in the AF of both newborn and adult mice 
(Fig. 3e). After further exploration, we found specific molecular markers 
of fcAFs by scRNA-seq, including Igfbp6 and Tnxb (Fig. 3e and Sup
plementary Fig. 3). By immunofluorescence, these two markers were 
verified to be specifically located in the middle layers of AF tissue 
(Fig. 3f, h). According to the above results, we first identified a novel cell 
type, fcAFs, that existed in the middle layers of AF and appeared to have 
characteristics of both fibroblast-like and chondrocyte-like AF cells. 
Additionally, KEGG analysis showed that focal adhesion and ECM- 
receptor interaction signaling pathways were enriched in fcAFs, which 
strongly correlate with important biological processes, including cell 
motility, differentiation, and survival (Fig. 3g). We then compared the 
differences between fcAFs and fAFs/cAFs and found that the TGF-β, 
PI3K-AKT and glycan biosynthesis signaling pathways were highly 
expressed in fcAFs (Fig. 3i and Supplementary Fig. 4), indicating that 
fcAFs are a population of cells with high metabolic activity in AF tissue. 
Therefore, it is promising to use fcAFs as the seed cell induction target to 
repair AF injury through tissue engineering based on its high activity 
and the ability to synthesize the matrix of both the oAF and iAF. 

3.4. AFSCs were induced and differentiated into fcAFs in vitro 

Determining how to enhance the inductive ability and control the 
differentiation process of seed cells are critical problems in AF recon
struction strategies. To enhance the directed induction ability of the 
biomaterial scaffold, we designed a fibrochondrogenic inductive sup
plement (FCI), which consisted of β-glycerophosphate, TGF-β3, ascorbic 
acid, and dexamethasone. To examine the inductive effects of the FCI, 
AFSCs were cultured in medium with FCI for 2 weeks. The expression 
levels of the fibrogenic markers Col1a1, Scx, Sp7, Bglap and Tnmd, 
which were reported previously [34–36], were upregulated in fibro
genic or fibrochondrogenic medium but not in chondrogenic medium 
(Fig. 4a). Moreover, the expression levels of the chondrogenic markers 
Col2a1, Acan, Sox9, Prg4 and Cnmd, which were reported previously 
[37,38], were upregulated in chondrogenic or fibrochondrogenic 
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Fig. 2. AFSCs are appropriate seed cells for AF reconstruction with the abilities to migrate and differentiate. (a) Violin plots showing the expression levels of stem cell 
markers for AF populations. (b) Immunofluorescence staining of GATA2 in mouse IVDs (P2M). (c) Violin plots showing the expression levels of differentiation-related 
genes in AF populations. (d) Dot plots showing the LepR+ cells in the CD105+ cells on the t-SNE map. (e) Immunofluorescence staining of CD105 in the IVDs of LepR- 
cre; tdTomato mice (P2M). Scale bar, 50 μm. Arrowhead, colocalization of CD105 and tdTomato. M, metaphysis; N, niche. (f) Immunofluorescence images of LepR- 
cre; tdTomato mice of different ages. Scale bar, 100 μm. P, postnatal. W, weeks. M, months. (g) 3D reconstruction of the immunofluorescence images of lumbar IVDs 
in LepR-cre; tdTomato mice (P2M). Schematic diagrams, immunofluorescence images, and the tdTomato+ cells statistical data of (h) the migratory route injury model 
and (j) the niche injury model of LepR-cre; tdTomato mice. Scale bar, 100 μm. (i) Cell morphology of cultured AFSCs. Scale bar, 50 μm. (k) Immunofluorescence 
staining of GATA2 in cultured AFSCs. Scale bar, 20 μm. (l) Flow cytometric analysis of CD105, CD90, CD34, and CD45 expression in cultured AFSCs (n = 6, ***P <
0.001 vs. control group. For all the above-mentioned statistical analyses, significance was determined by student’s-t tests and the results were shown as mean ± SD.). 
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Fig. 3. The identity of a novel population of AF cells, fcAFs. (a) Violin plots showing the expression levels of classical oAF and iAF markers in AF populations. 
Immunofluorescence staining of COLI and COLII in the IVDs of (b) P0day and (c) P2M mice. Scale bars, 100 μm (left), 20 μm (right). (d) Violin plots showing the 
expression levels of representative fcAF markers. (e) Statistical data of AF Col1+Col2+ cells. Immunofluorescence staining of the specificity markers (f) IGFBP6 and 
(h) TNXB in the IVDs of P2M mice. Scale bars, 100 μm (left), 20 μm (right). (g) KEGG analysis of the DEGs showing the enriched signaling pathways in fcAFs. (i) Gene 
set enrichment analysis (GSEA) showing the enrichment of pathways between fcAFs and fAFs or between fcAFs and cAFs. 
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medium but not in fibrogenic medium (Fig. 4b). Similar results were 
observed at the protein level, and both fibrogenic and chondrogenic 
markers were simultaneously upregulated by fibrochondrogenic induc
tion (Fig. 4c and d). Further dual-color immunostaining results showed 
that some AFSCs expressed both SP7 and Sox9 after FCI induction, 
indicating that these AFSCs were undergoing a differentiation process 
toward fcAFs (Fig. 4e). These cells synthesized and secreted both COLI 
and COLII (Fig. 4e and f) as extracellular matrix (Fig. 4f). Based on the 
above results, we successfully induced AFSCs to generate fcAFs in vitro 
by using the FCI. With the ability to simultaneously express and secrete 
COLI and COLII, fcAFs are the ideal target for induction during AF 

reconstruction. 

3.5. SFMA/HAMA/FCI composite hydrogels could induce AFSC 
differentiation into fcAFs 

Since AF tissue is composed of a fibrinoid matrix in the oAF and a 
chondroid matrix in the iAF, it is unbefitting to repair the full-thickness 
AF defects with a single biomaterial, as in most previous studies [39]. To 
match the structural and biomechanical characteristics of the two kinds 
of AF matrices, we chose silk fibroin (SF) and hyaluronic acid (HA) as 
the basal components of the composite hydrogel. SF is a natural, high 

Fig. 4. Verification of the inductive effects of FCI on AFSCs in vitro. Real-time RT-PCR analysis of the expression of (a) fibrogenic markers and (b) chondrogenic 
markers in primary AFSCs after different inductions. (c) Western blot analysis of fibrogenic markers and chondrogenic markers in primary AFSCs after different 
inductions and (d) the corresponding statistical data. (e) Immunofluorescence staining of Sp7 and Sox9 in primary AFSCs after different inductions. Scale bar 50 μm. 
(f) Immunofluorescence staining of COLI and COLII in primary AFSCs after different inductions. Scale bar, 50 μm (n = 3, *P < 0.05 vs. control group, **P < 0.01 vs. 
control group, NS: not statistically significant vs. control group. For all the above-mentioned statistical analyses, significance was determined by one-way ANOVA 
followed by Dunnett’s multiple comparisons test and the results were shown as mean ± SD.). 
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molecular weight fiber protein extracted from silk that has appropriate 
flexibility, tensile strength, moisture permeability and controlled release 
ability. Many studies have shown that SF hydrogels can stimulate MSCs 
to differentiate into fibroblasts or osteoblasts and were usually used to 
repair fibrous tissues such as tendons and bones [40–42]. In addition, 
HA is a high molecular weight polysaccharide composed of two disac
charide units, D-glucuronic acid and N-acetylglucosamine, which has 
high water retention, viscoelasticity, and biocompatibility. HA hydro
gels can induce the differentiation of MSCs into chondrocytes and is 
usually used to repair articular cartilage [43–45]. Based on the above 
characteristics, we combined SF and HA to form composite hydrogels for 
AF repair. To optimize the curing process of the composite hydrogel, we 
methacrylated both SF and HA (SFMA and HAMA) to make the hydrogel 
photocurable [46]. To enhance the inductive capacity, FCI was also 
added to the composite hydrogel. 

We prepared the SFMA/HAMA/FCI composite hydrogel, which was 
cured for 30–40 s under blue light (Fig. 5a). Fourier transform infrared 
(FTIR) analysis found that the characteristic peaks of SFMA were at 
1644 cm− 1 (amide I) and 1535 cm− 1 (amide I), and the characteristic 
peaks of HAMA were found at 1602 cm− 1 and 1030 cm− 1, which were 
consistent with those reported previously [47–49]. The characteristic 
peaks of SFMA/HAMA were mainly superposed by those from SFMA and 
HAMA. In addition, the 1743 cm− 1 peak (ester bond) was enhanced in 
SFMA/HAMA, indicating that acylation or esterification could be 
strengthened by the hybrid reaction of SFMA and HAMA (Fig. 5b). 
Compared with SFMA/HAMA, the amide II peak at 1535 cm− 1 gradually 
shifted to 1515 cm− 1, and the amide III absorption peak at 1235 cm− 1 

increased slightly in SFMA/HAMA/FCI, indicating that the number of 
β-sheets in the composite hydrogel had increased [50,51] (Fig. 5b and 
Supplementary Fig. 5). Furthermore, we performed 1H-NMR to analyze 
the differences between SFMA/HAMA and SFMA/HAMA/FCI, and we 
found that the peaks at 3.6 ppm and 4.1 ppm were the characteristic 
peaks from β-glycerophosphate in SFMA/HAMA/FCI. Moreover, the 
relative abundance of the methacrylate structure (2.0 ppm) was 1.04 in 
SFMA/HAMA/FCI, which was 18.2% higher than that in the SFMA/
HAMA spectrum, indicating that methacrylation was promoted and 
further contributed to the composite hydrogel light curation (Fig. 5c and 
Supplementary Fig. 6). 

By scanning electron microscopy (SEM), we found that the composite 
hydrogel formed a relatively uniform void structure. The pore sizes of 
the composite hydrogels were between that of the SFMA hydrogel (68.4 
± 13.9 μm) and that of the HAMA hydrogel (152.3 ± 30.7 μm), and the 
difference in pore size between the SFMA/HAMA composite hydrogel 
(92.3 ± 17.9 μm) and SFMA/HAMA/FCI composite hydrogel (97.3 ±
15.1 μm) was not significant (Fig. 5d, f). Further energy spectral analysis 
showed that the SFMA/HAMA/FCI composite hydrogel had increased 
phosphorus and sodium contents compared with the SFMA, HAMA and 
SFMA/HAMA composite hydrogels (Fig. 5e). In addition, the mechani
cal test results showed that the mechanical properties of the SFMA/ 
HAMA composite hydrogel were between those of the SFMA hydrogel 
and HAMA hydrogel, and the compression modulus of the SFMA/ 
HAMA/FCI composite hydrogel was higher than that of the SFMA/ 
HAMA composite hydrogel (Fig. 5g and h), which is indicative of 
changes in the molecular structure of the composite hydrogel caused by 
the mixing with FCI. Further testing of drug release from the light-cured 
hydrogel showed that FCI mixing improved the controlled release ability 
from the composite hydrogel and prolonged the release period of TGF-β3 
and β-GP (Fig. 5i and Supplementary Fig. 7). Further cell loading ex
periments showed that these four kinds of hydrogels were biocompat
ible, and AFSCs grew uniformly in each of them (Fig. 5j). Further qRT- 
PCR analysis showed that the SFMA/HAMA/FCI composite hydrogel 
significantly upregulated the mRNA levels of the fibrogenic markers 
Col1a1, Scx, Sp7, Bglap and Tnmd. Moreover, the mRNA levels of the 
chondrogenic markers Col2a1, Acan, Sox9, Prg4 and Cnmd were 
significantly upregulated in the SFMA/HAMA/FCI composite hydrogel 
(Fig. 5k and l). 

In summary, we developed a novel composite hydrogel that could 
induce AFSC differentiation into fcAFs and found that it was promising 
for AF reconstruction. 

3.6. AFSC-laden SFMA/HAMA/FCI composite hydrogels showed 
significant therapeutic efficacy after AF injury 

We found that the SFMA/HAMA/FCI composite hydrogel had bright 
application prospects for AF reconstruction from the in vitro experi
ments, so we further tested the effects of this composite hydrogel on the 
reconstruction of AF defects in vivo. A box-shaped defect was established 
on mouse coccygeal IVDs, and then the AFSC-laden SFMA/HAMA/FCI 
composite hydrogel was dropped into the AF defect region followed by 
curing with blue light irradiation (Fig. 6a). First, we used tdTomato- 
labeled AFSCs to verify the survival of the implanted cells, and we 
found that most of the implanted cells survived for 3 weeks post- 
transplantation (Fig. 6b). Moreover, by examining the fluorescence in
tensity, the composite hydrogels were proven to be relatively stable after 
subcutaneous implantation for 4 weeks (Supplementary Fig. 8). 

Two months after AF modeling and defect reconstruction, the sam
ples were collected to detect the effects of the hydrogel on AF recon
struction. Safranin O/Fast Green staining showed that, in the baseline 
(BL) and control (Con) groups, the AF lamellae were highly aligned and 
the Safranin O stains were more than 60% of AF aera. In the AF injured 
group, the AF lamellae were replaced by fibrous scars that were ar
ranged in a disorderly manner, and distance between bilateral growth 
plates was significant decreased (Supplementary Fig. 9). In the SFMA/ 
HAMA and AFSC-laden SFMA/HAMA group, the AF lamellae had 
partially recovered, but no more than 10% of AF aera was stained by 
Safranin O dye, suggesting that the chondroid matrix of the iAF had 
barely recovered. In the AFSC-laden SFMA/HAMA/FCI group, in addi
tion to the recovery of AF lamellae, 31.68% of AF aera was stained by 
Safranin O dye which was significantly more intense than that in the 
other hydrogel groups, indicating that the chondroid matrix was 
partially restored (Fig. 6c, e). Further quantitative histological assess
ments showed that the AF histological scores of the AF injured group, 
SFMA/HAMA group, and AFSC-laden SFMA/HAMA groups were 
significantly higher than those of the Con group, while the score of the 
AFSC-laden SFMA/HAMA/FCI group had partially retreated (Fig. 6d). 

To observe the microstructure of the repaired areas, we conducted 
SEM examinations and found that the AF lamellae of the AF injured 
group, SFMA/HAMA group, and AFSCS-laden SFMA/HAMA group were 
disordered and that cracks remained in the repaired areas. However, the 
AF lamellae were partially re-established in the AFSC-laden SFMA/ 
HAMA/FCI group. Moreover, the repaired area was tightly integrated 
with the original fibers without the appearance of any cracks (Fig. 6f). In 
addition, immunofluorescence tests showed that the main matrix of the 
repaired AF area was COLI, and COLII was hardly detectable in the AF 
injured group, SFMA/HAMA group, and AFSC-laden SFMA/HAMA 
groups. However, in the AFSC-laden SFMA/HAMA/FCI group, there was 
more COLII staining in the inner part of the repaired area (Fig. 6g), and 
the number of COLII-positive cells was significantly greater than that in 
the other groups (Fig. 6h). In addition, there were some areas in which 
COLI and COLII had colocalized. suggesting that fcAFs were successfully 
induced in the AFSC-laden SFMA/HAMA/FCI group (Fig. 6g). Based on 
the above results, we verified that the AFSC-laden SFMA/HAMA/FCI 
hydrogels were more effective during AF reconstruction because of their 
capacity to recover the chondroid matrix. 

4. Discussion 

Millions of people are suffering from low back pain and nerve irri
tation caused by IVDD, which significantly reduces quality of life and 
shortened life expectancy. The lack of repairing strategy of AF defects is 
held accountable to the poor treatment approaches of IVDD, largely. In 
this study, a deeper insight to the nature of AF was obtained by using the 
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Fig. 5. The characterization and inductive effects of the SFMA/HAMA/FCI composite hydrogel. (a) Gross view of the composite hydrogels. (b) FTIR spectra of the 
composite hydrogels. (c) 1H-NMR spectra of SFMA/HAMA and SFMA/HAMA/FCI. (d) Representative SEM images of the composite hydrogels. Scale bars, 100 μm. (e) 
Energy spectrum analysis of the composite hydrogels. (f) Bore diameters statistics of the composite hydrogels. (g) Load-deflection curves of the composite hydrogels. 
(h) Compression modulus of the composite hydrogels. (i) Drug release curves of the SFMA/HAMA and SFMA/HAMA/FCI composite hydrogels. (j) 3D reconstruction 
immunofluorescence images of tdTomato-labeled AFSCs cultured in the composite hydrogels. Real-time RT-PCR analysis of the expression of (k) fibrogenic markers 
and (l) chondrogenic markers in AFSCs cultured in the composite hydrogels (n = 3, *P < 0.05 vs. SFMA group, **P < 0.01 vs. SFMA group, ***P < 0.01 vs. SFMA 
group, NS: not statistically significant vs. SFMA group. For all the above-mentioned statistical analyses, significance was determined by one-way ANOVA followed by 
Dunnett’s multiple comparisons test and the results were shown as mean ± SD.). 

H. Wang et al.                                                                                                                                                                                                                                   



Bioactive Materials 14 (2022) 350–363

360

Fig. 6. Evaluation of repair efficacy in a mouse AF defect model. (a) Schematic diagram illustrating the experimental design. (b) Immunofluorescence image of the 
AF defects repaired by tdTomato-labeled AFSCs for 3 weeks. Scale bar, 50 μm. (c) Safranin O/Fast Green Staining of AF defects repaired by the composite hydrogels 
for 2 months. Scale bar, 100 μm. (d) The AF histological scores and (e) COLII areas in different groups. (f) Representative SEM images of AF defects repaired by the 
composite hydrogels for 2 months. Scale bars, 500 μm (top), 100 μm (bottom). (g) Immunofluorescence staining of COLI and COLII in the AF defects repaired by the 
composite hydrogels for 2 months. Scale bar, 100 μm. (h) The statistics of the number of Col2+ cells in the AF-repaired areas in different groups. (n = 6, *P < 0.05, 
**P < 0.01, ***P < 0.01, NS: not statistically significant. Statistical analyses of COLII areas and Col2+ cells used one-way ANOVA followed by Dunnett’s multiple 
comparisons test; statistical analyses of AF histological scores used Kruskal-Wallis h-test followed by Dunn’s multiple comparisons tests, and the results were shown 
as mean ± SD.) 
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scRNA-Seq, and an atlas of AF cells was decoded, based on which a novel 
and translation-promising strategy for AF reconstruction was proposed. 

Unlike tendons or cartilages, which show a uniform matrix compo
sition, AF matrix is composed of fibrinoid and chondroid matrices. This 
dual feature makes AF reconstruction a complex challenge. To solve this 
problem, identifying the cell composition contributed to this unique 
feature is the priority. Previous study reported that the AF cells can be 
roughly divided into three main categories, based on their anatomy 
location: inner AF cells, outer AF cells and other small populations, such 
as peripheral cells and interlamellar cells [22], and found the gene 
expression profiles of these populations were different from each other 
[52–55]. Such classification is quite simple and may mask the deeper 
physiological functions and connections between tissues and cells. 
Recently, Several subgroups of AF and NP were further revealed by 
scRNA-Seq [56–59]. However, the biological function and significance 
of AF subgroups still need to be further discovered. In our study, we 
detected and analyzed the AF cells by scRNA-Seq, identified the cell 
populations in histology, and proposed a naming system of AF cell 
populations by their biological functions and differentiation states 
instead of anatomic locations. 

To reconstruct the AF injury exploiting tissue engineering strategy, a 
detailed atlas of AF cells is urgently needed. Besides, as AFSCs are a 
suitable candidate for seed cells in AF reconstruction, thus, it is neces
sary to sufficiently understand the in vivo evolution process of AFSCs. As 
previous studies reported, AFSCs were isolated and identified in vitro 
[17] and labeled with BrdU in vivo [60,61]. However, more evidence is 
still needed to further reveal the normal physiological status of AFSCs 
and provide a basis for their further application in tissue engineering for 
AF reconstruction. In this study, together with sequencing data, lineage 
tracing and histological verification, more evidences regarding the dif
ferentiation and migration of AFSCs were emerged, which increased the 
understanding of AFSCs. 

Meanwhile, a new population of AF cells, fcAFs, was identified, 
which were detected to be in the middle layers of AF. Previous studies 
have also indicated that the middle layers of AF are different from oAF or 
iAF at the aspects of magnetic resonance imaging [62] and biomechanics 
[63]. Taking these differences into consideration, fibrous scaffirstfolds 
with various fiber diameters and orientation were used to repair oAF, 
iAF, and middle layers of AF respectively [64]. In our study, the new cell 
population provides the cytological reason of the morphology and 
structure differences among middle layers of AF, oAF, and iAF. Besides, 
this newly identified cell population could produce the two main matrix 
of the AF tissue, which could be regarded as a potential functional cell in 
AF reconstruction. Despite the significant translation potential, the 
current study also showed a temporal and spatial sequence of AF cells’ 
differentiation and migration, which helped us to put more insight into 
the fundamental nature of AF, in both development and maturation 
aspects. Altogether, the results of the current study unmask the vague 
and constricted vision of the AF cellular composition, based on which a 
novel repairing strategy of AF defects were put forward. 

Previous attempt to repair AF defects exploiting single component is 
not satisfying, due to the dual feature of the AF. In a number of studies, 
the chondroid matrix was barely formed if the high-density collagen gel 
or fibrin gel were applied and the defect was mainly repaired by fibrosis 
tissue [12–14]. A recent study tried to solve this problem by heteroge
neous electrospun fibrous scaffolds. The study demonstrated that AFSCs 
could be induced to fibrogenic or chondrogenic differentiation by 
changing the diameter and direction of fibrous scaffolds [64]. In this 
study, we selected SF and HA composite hydrogels to match the two 
matrix components, fibrinoid and chondroid matrices, of the AF, 
respectively. Besides, the inductive effect of this hydrogel was enhanced 
by the inductive supplement we developed, FCI, which could induce 
AFSCs differentiation into fcAFs to synthesize and secrete the exact two 
main AF matrices. After the implantation of this novel hydrogel, 
together with the interaction of surrounding tissue, a suitable micro
environment was provided for the proper AF reconstruction. And the 

differentiation of seed cells was under control in this repair microenvi
ronment, and achieved better effect by improved the chondroid content 
during AF reconstruction. 

Limitations of this study include that the work is based on murine, 
whose IVD may not be quite the same with human. Studies based on 
human samples are still needed to further verified the scRNA-seq data 
and evaluate the therapeutical effect of this AF reconstruction strategy. 
Also, since the lamellar structure woven by parallel fibers of AF could be 
perfectly reconstructed by 3D bioprinting, more attempts should be 
made to produce a lamellar-structuralized hydrogel 3D bioprinting to 
meet the specific mechanical property of the AF. 

5. Conclusion 

To summarize, the AF cell atlas were decoded by scRNA-Seq and 
based on such deeper understanding of the fundamental nature of the 
AF, a novel strategy for AF reconstruction was proposed. This strategy is 
superior to the previous documented ones in the following three aspects: 
a newly identified seed cells with dual differentiation ability, a com
bined scaffold materials perfectly matching the dual features of the AF 
matrix components, and a formulated inductive supplement controlling 
the differentiation of implanted cells. By this way, this study innova
tively developed a novel bioactive material for AF reconstruction and 
advanced the development of AF repair technology. 
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