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Abstract

Nucleus pulposus‐like differentiation is always the challenge with application of stem

cells for intervertebral disc repair. The combination of injectable biomaterials and

stem cells may provide a resolution for this problem, as the transmembrane force

can affect the intracellular environment through integrin αβ. In this study, we devel-

oped a strategy of photo‐crosslinked gelatin‐hyaluronic acid methacrylate (GelHA)

hydrogel to commit the nucleus pulposus‐like differentiation of adipose stromal cells

(ASCs) for intervertebral disc repair. ASCs were isolated and cultured in GelHA hydro-

gel to evaluate nucleus pulposus‐like differentiation. The function of integrin αvβ6

was investigated with neutralising antibody. The efficacy of ASCs with GelHA hydro-

gel for intervertebral disc repair was studied in a rat model of intervertebral disc

degeneration. The results showed that GelHA hydrogel promoted ASCs nucleus

pulposus‐like differentiation and that integrin αvβ6 neutralising antibody prevented

ASCs from expression of nucleus pulposus matrix in vitro. The combination of GelHA

hydrogel and ASCs promoted quality intervertebral disc repair in rats with much more

nucleus pulposus matrix and significantly higher disc height index. The findings have

demonstrated that the combination of photo‐crosslinked GelHA hydrogel and ASCs

can commit ASCs to nucleus pulposus‐like differentiation and improve the efficacy

of ASCs for intervertebral disc repair. These findings suggest a promising stem cell‐

based strategy for intervertebral disc repair.
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1 | INTRODUCTION

Intervertebral disc degeneration (IVDD) is a global health problem that

has caused serious social and economic consequences (Carlesso, Raja

Rampersaud, & Davis, 2017). In the United States, the total cost of

low back pain caused by IVDD is about 1.5% of the gross domestic

product (Patrick, Emanski, & Knaub, 2014). Conservative treatment

and surgery are the primary approaches at present. However, the

function of the disc cannot be re‐established through these ways

(May, 2013).

The intervertebral disc is a special organ composed of a nucleus

pulposus (NP), an annulus fibrosus (AF), and two cartilage endplates
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that connect adjacent vertebrae (Colombier, Clouet, Hamel,

Lescaudron, & Guicheux, 2014). The NP is the central part of the

intervertebral disc. Previous study has elucidated the phenotype of

NP cells, including PAX1, OVOS2, CD24, CA12, ACAN, and COL2A1

markers (Minogue, Richardson, Zeef, Freemont, & Hoyland, 2010).

Also, studies have identified relevant markers for NP cells in rats,

including GLUT‐1, MMP‐2, GPC3, and K19 (Anderson et al., 2005;

Yang & Li, 2009). NP cells play a vital role in producing the NP extra-

cellular matrix (ECM). The decrease in the activity of NP cells is one

of the major causes leading to irreversible degeneration of the NP

and the complete loss of biomechanical properties of the interverte-

bral disc.

In early‐ or middle‐stage IVDD, replenishing stem cells into the NP

may be a promising method to reconstruct the functions of the inter-

vertebral disc (Chaofeng et al., 2013). Bone marrow mesenchymal

stem cells (BMSCs) and adipose stromal cells (ASCs) were the most

common cells used for study. One study showed that BMSCs have

the ability to differentiate into NP‐like cells (Steck et al., 2005). Mean-

while, ASCs also had this potential for NP‐like cell differentiation

(Clarke et al., 2014; Minogue et al., 2010). However, the problem of

the multidirectional differentiation of stem cells still exists when

applied to intervertebral disc. A study reported that the injection of

stem cells into NP may lead to the formation of osteophytes, which

aggravated the degeneration of intervertebral disc (Vadala et al.,

2012). Therefore, it is of great importance to develop a program that

can differentiate stem cells into NP‐like cells with the same phenotype

and biological activity.

The combination of injectable biomaterials and stem cells may pro-

vide a resolution for this problem. Research found that ASCs cultured

in alginate hydrogels showed an increase of cartilage‐related gene

expression (Zeng et al., 2015). Our previous studies also found that

photo‐crosslinked gelatinmethacrylate (GelMA) hydrogels can promote

the expression of articular cartilage ECM (Chen et al., 2016). However,

the mechanical properties of the GelMA hydrogel cannot reach the nat-

ural level of the NP. The addition of hyaluronic acid methacrylate

(HAMA) may help to increase its mechanical properties (Camci‐Unal,

Cuttica, Annabi, Demarchi, & Khademhosseini, 2013).

It has been known that the physical properties of biomaterials,

such as mechanical stiffness, permeability, and microenvironment,

can regulate the reprogramming and differentiation of stem cells

(Downing et al., 2013). A study reported that transmembrane force

can affect the intracellular environment through integrin αβ (Dong

et al., 2017). Integrin is a heterodimer consisting of alpha and beta

subunits (Ye, Lagarrigue, & Ginsberg, 2014). Integrin αvβ6 can trans-

fer mechanical stimulation between the extracellular ligand and the

actin cytoskeleton. Integrin αvβ6 binds to the predomain, exerts a

force, and releases transforming growth factor beta (TGF‐β) growth

factor in the activation of transforming growth factor beta 1

(TGF‐β1) precursors. And TGF‐β1 plays an important role in the

development of intervertebral discs (Baffi et al., 2004). One study

has reported that the intervertebral disc (IVD) was greatly reduced

or missing in the axial skeleton of mice in which TGF‐β Type 2

receptor (Tgf‐β RII) was deleted in Col2a‐expressing cells. Also,

Tgf‐β RII was required to maintain the boundary between the verte-

brae and IVD (Baffi, Moran, & Serra, 2006). However, there is no

research about how integrin promote the NP‐like differentiation.

In this paper, the combination of photo‐crosslinked gelatin‐

hyaluronic acid methacrylate (GelHA) hydrogel and ASCs was used

to reconstruct the intervertebral disc. First, the crosslinking GelHA

hydrogel was prepared and the tissue‐engineered NP was con-

structed in vitro. Second, we explored the role of GelHA hydrogel

in the proliferation and differentiation of ASCs in vitro. We also

determined how the hydrogel affect the integrin αvβ6‐TGF‐β path-

way through mechanical stimulus as well as the possible mechanism

of NP‐like differentiation. Finally, rat model was used to evaluate the

efficacy of optimised GelHA hydrogel and ASCs in repairing IVDD.

2 | MATERIALS AND METHODS

2.1 | Materials

Gelatin (Type A, 300 bloom from porcine skin) and methacrylic anhy-

dride (MA) were purchased from Sigma‐Aldrich (St. Louis, Missouri).

Sodium hyaluronate (Molecular weight: 403.3) was purchased from

Aladdin Chemistry Co., Ltd. (Shanghai, China). All other chemicals

were purchased from Sigma‐Aldrich unless specifically mentioned.

2.2 | Synthesis of polymer precursors

GelMA was synthesised according to a procedure described previ-

ously (Chen et al., 2016). Briefly, gelatin was mixed into

phosphate‐buffered saline (PBS) at a concentration of 10% (w/v).

MA was added to the gelatin solution and allowed to react for

1 hr. Following a 5× dilution PBS to stop the reaction, the mixture

was dialyzed for 1 week. The solution was lyophilised for 1 week

and stored at −80°C. The degree of methacrylation was determined

as ~78% by 1H NMR (Figure S1). HAMA was also synthesised fol-

lowing a previously described procedure (Burdick, Chung, Jia, Ran-

dolph, & Langer, 2005). Briefly, 1 g hyaluronic acid sodium salt

was dissolved in 100 mL distilled water. MA was then added to this

solution and the reaction was performed for 24 hr. The resulting

solution was dialyzed for 3 days and lyophilised, which was then

kept at −80°C until further use. The methacrylation degree was

measured as ~25% by 1H NMR (Figure S1). The prepolymer hydrogel

solution was prepared by mixing 5 wt% GelMA solution and 1 wt%

HAMA into PBS containing 0.5% (w/v) 2‐hydroxy‐1‐ (4‐

(hydroxyethoxy)phenyl)‐2‐methyl‐1‐propanone (Irgacure 2959, CIBA

Chemicals, Basel, Switzerland) as a photoinitiator at 80°C. The

prepolymer solution was vigorously stirred at room temperature for

10 min to generate a homogeneous solution, which was pipetted

into a 24‐well culture dish (200 μL/well) and exposed to ultraviolet

(UV) light (365 nm, 7.0 mW/cm2) for 2 min to allow for photo‐

crosslinking. The samples were incubated in a free‐floating manner

at 37°C in PBS for 24 hr, followed by storage at −20°C.
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2.3 | Mechanical testing

After UV crosslinking, the hydrogels were rinsed with PBS and further

maintained in PBS for 24 hr. The hydrogels were punched using a 5‐

mm biopsy punch prior to mechanical testing. The excess liquid from

the hydrogel discs was removed using Kimwipes. Compression testing

was carried out by applying a strain rate of 0.2 mm/min using an

Instron testing machine (Model 5543; Instron, Canton, Massachu-

setts) and software (Bluehill V2.0; Instron). We determined the com-

pressive modulus by taking the slope in the linear section of the

stress–strain curve at 5%–10% strain area. Five replicates were used

for each group.

2.4 | Scanning electron microscopy characterisation

To characterise the internal microstructures of the materials, the sam-

ples were frozen at −80°C and lyophilised. The dried samples were

mounted on aluminium stubs, sputter‐coated with gold, and observed

under a scanning electron microscope (Hitachi S3000 N) at an acceler-

ating voltage of 15 kV.

2.5 | Isolation of rat ASCs and NP cells

Rat ASCs were isolated from the inguinal area of 6‐week‐old male

Sprague–Dawley rats weighing 160 ± 5 g, as described previously

(Zhu et al., 2014). The cells were cultured in Dulbecco's modified

Eagle's medium (DMEM) supplemented with 10% foetal bovine

serum (Gibco, Grand Island, New York, http://www.invitrogen.com).

The fourth to sixth passage cells were used for the experiments.

Cultured cells were in monolayers on tissue culture polystyrene at

103 cells/cm2 (ASCs group) or in GelHA hydrogels (GelHA + ASCs

group). For cells in hydrogels, they were detached from tissue

culture plate and mixed with prepolymer hydrogel solution at a final

concentration of 5 × 106 cells/ml supplemented with 10% FBS

(Invitrogen). Then the mixture was photo‐crosslinked and used for

further investigation. To promote ASCs differentiation, the cells were

cultured in DMEM supplemented with 50 mg/ml ascorbic acid

(Sigma‐Aldrich), 10 mM of b‐glycerol phosphate (Sigma‐Aldrich),

and 1 mM of dexamethasone (Sigma‐Aldrich). The ASCs cultured

in DMEM without supplements were regarded as the control group.

For integrin αvβ6‐TGF‐β1 pathway blocking, neutralising antibody of

integrin αvβ6 (10D5, 100ug/ml) was added into the medium.

NP tissues were macroscopically isolated from the lumbar IVD of

4‐week‐old male Sprague–Dawley rats. Next, the tissues were diced

into small pieces and treated with 0.025% collagenase II (Roche

Diagnosis, Tokyo, Japan) at 37°C for 4 hr. NP cells were cultured

in DMEM supplemented with 10% foetal bovine serum in a humid-

ified incubator containing 5% CO2. Second‐passage cells were used

in the following experiments.

2.6 | Cell viability detection

Live and dead assay was used to observe the cell status in GelHA

hydrogel by fluorescence microscope (Nikon Eclispse Ti‐S). Calcein‐

AM (2 μM, Dojindo) and Propidium Iodide (10 μg/ml) were used to

dye live cells and dead cells, respectively. All these experiments were

repeated three times.

2.7 | Quantitative reverse transcription polymerase
chain reaction

Total RNA was extracted from mashed hydrogel using Trizol reagent

(Invitrogen) following the manufacturer's instructions. The cDNA was

reversely transcribed with Moloney Murine Leukemia Virus (MMLV)

reverse transcription reagents (Takara). Glyceraldehyde 3‐phosphate

dehydrogenase were applied as normalisation control. Real‐time PCR

was done using SYBR premix qPCR kit (Takara). The primers being

used were listed in Table 1. All experiments were performed in tripli-

cate on three separate occasions.

2.8 | Rat IVDD model and animal experiments

Sprague–Dawley rats, aged at 12‐weeks, weighing approximately

200 g, were used in this study (n = 16). All rats were treated according

to the standard guidelines approved by the Zhejiang University Ethics

Committee. Animals were anaesthetised with a combination of keta-

mine and xylazine (10:7, 100 mg/kg injected intraperitoneally).

The coccygeal intervertebral spaces Co5–6, Co6–7, Co7–8, and

Co8–9 were selected for the study and were performed with the nee-

dle puncture. The selected coccygeal intervertebral levels were identi-

fied by digital palpation and confirmed by fluoroscopy. After tail skin

antisepsis with alcohol iodate and using fluoroscopy, a 20‐gauge nee-

dle was inserted at the level of the AF, crossing the NP up to the con-

tralateral AF. After full penetration, the needle was rotated 360° twice

and held for 30 s. The depth of needle penetration was controlled by

the resistance of the contralateral AF.

4 weeks after initial operation, the selected coccygeal interverte-

bral levels were identified by digital palpation and confirmed by fluo-

roscopy. Then, the injured disc Co 5–6 remained no treatment as a

degenerated sham group. Co6–7 was injected with 10 μl of 1 × 105

ASCs (ASCs group). Co7–8 was transplanted with 10 μl GelHA with-

out cells (GelHA group). Co8–9 was injected with 10 μl GelHA with

1 × 105 ASCs (GelHA + ASCs group). In all animals, intact disc Co9–

10 was served as noninjured control (NC group). For injection, 10 μl

GelHA, with or without ASCs, was placed in a microsyringe with a

33‐gauge needle (Hamilton 1700; Hamilton, Switzerland). After

2 min of photo‐crosslinking, the hydrogel was injected into the inter-

vertebral disc of the rat. Observation points included 0, 4, 8, and

12 weeks post treatments. The changes in coccygeal discs were

assessed using radiographs, magnetic resonance imaging, and histolog-

ical staining of NP tissue.
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2.9 | Histological analysis and
immunohistochemistry of IVD motion segments

Sample of IVD motion segments from in vivo studies were fixed in

cold 10% neutral‐buffered formalin for 1 week. Then, the samples

were immerged into the decalcifying liquid (14% EDTA) for 6 weeks,

shaking gently at room temperature. Decalcifying liquid was changed

every 2 days. Subsequently, the samples were dehydrated in an alco-

hol gradient, cleared, and embedded in paraffin blocks. Histological

sections (8 μm) were prepared using a microtome. Six representative

sections of each sample from various depths were mounted on slides,

stained with safranin‐O, and photographed digitally under a

microscope.

Sections evaluated by immunofluorescence were blocked by incu-

bation with 5% (w/v) BSA, incubated with primary antibodies for αvβ6,

COL2A1 and aggrecan, incubated with corresponding secondary anti-

bodies conjugated to AlexaFluor 488 fluorescent dye (Invitrogen), and

stained with DAPI (Beyotime Institute of Biotechnology). After stain-

ing, the histological sections were viewed under a microscope. The

number of positively stained cells on the NP was counted in five

sequential sections per sample in each group.

2.10 | Statistical analysis

All quantitative data are presented as mean ± SD. Statistical data were

analysed using one‐way analysis of variance/Tukey's post‐hoc test.

For all experiments, p < 0.05 was considered to be significant and is

indicated by *. P < 0.01 is indicated by **.

3 | RESULTS

3.1 | Preparation and characterisation of GelHA
hydrogels

The GelHA hydrogel was fabricated by UV‐induced crosslinking in

the presence of a photoinitiator (Figure 1a). Figure 1b showed the

gelation of the hydrogel after UV crosslinking. We can see from

the electron micrographs that the hydrogel had uniformly distributed

pores (50–100 μm, Figure 1c). Our previously study showed that

photo‐crosslinked GelMA hydrogel can promote expression of artic-

ular cartilage ECM. In the previous study, a 5% GelMA gel with a

compressive modulus of 7.32 ± 0.61 kPa was used (Chen et al.,

2016). In this study, the compressive moduli for hybrid hydrogels

were found to be mechanically tunable by mixing HAMA and GelMA

hydrogels at different concentrations (Figure 1d, Figure S2). Amongst

them, we found that by adding 1% HAMA to 5% GelMA gel, its

compressive modulus can be increased to 13.44 ± 0.60 kPa, which

was similar to normal NP (13.44 ± 2.70 kPa) as reported (Zeng et al.,

2015; Figure 1d). As the physical properties of biological materials

might regulate the differentiation of stem cells, this optimised hydro-

gel was utilised for further evaluation.

3.2 | Biological characteristics of ASCs‐laden GelHA
hydrogels

To evaluate whether GelHA hydrogel could provide ASCs with an

appropriate microenvironment for NP‐like cell differentiation, the cell

growth and multiple gene expression of ASCs cultured in the hydrogel

were evaluated. Live and dead staining revealed that a large sum of

live cells was observed after the GelHA culture of different time points

(Figure 2a). Compared with the control group without supplements,

the expressions of stem cell‐related genes (OCT4, SOX2, and Nanog)

in the ASCs group were significantly reduced (p < 0.05, Figure 2b).

These genes in the GelHA + ASCs group were significantly down‐

regulated compared with the ASCs group (p < 0.05, Figure 2b). More-

over, the marker genes of NP cells in the GelHA + ASCs group were

significantly up‐regulated compared with the ASCs group and control

group (p < 0.01, Figure 2c). Compared with the control group, only

some marker genes (PAX1, COL2A1, ACAN, and MMP2) were up‐

regulated in the ASCs group (p < 0.01, Figure 2c). Similarly, immunoflu-

orescence staining showed that the expressions of ACAN and

COL2A1 in the GelHA + ASCs group were increased (Figure 3a–c).

TABLE 1 Primer sequences for QRT‐PCR

Gene Sense Antisense

Col2a1 5′‐AGTCGCTGGTGCTGCTGAC‐3′ 5′‐GGGGTCCTTTAGGTCCTACG‐3′

ACAN 5′‐CTGCTACACAGGTGAAGACTTTGTAGACATCC‐3′ 5′‐TGCTGTGCCTCCTCAAATGTCAGAGAGTATCT‐3′

CD24 5′‐GGACATGGGCAGAGCGAT‐3′ 5′‐TTTCTTGGCCTGAGTCTCTAACAGT‐3′

PAX1 5′‐TGGCCCTCGGCTCATTC‐3′ 5′‐GCCCCTGTTTGCTCCATAAA‐3′

OVOS2 5′‐CCTCCAAGCAGGGAGTTTTG‐3′ 5′‐TATCCCCCACAACAGTGAAAAAG‐3′

GLUT‐1 5′‐TCTCTGGGTAAACAGGGATCAAACA‐3′ 5′‐ACTGCAACGGCTTTAGACTTCGAC‐3′

MMP‐2 5′‐GGCCCTGTCACTCCTGAGAT‐3′ 5′‐GGCATCCAGGTTATCGGGGA‐3′

GPC3 5′‐GGCCCTGAGCCAGTGGTT‐3′ 5′‐TTTACCCTTGGGCACAGACAT‐3′

K19 5′‐CCAGGACCGACCTGGAGAT‐3′ 5′‐ACTAATTTCCTCCTCGTGGTTCTTC‐3′

GAPDH 5′‐ATCACTGCCACCCAGAAGAC‐3′ 5′‐ATGAGGTCCACCACCCTGTT‐3′

Note. QRT‐PCR: quantitative reverse transcription polymerase chain reaction.
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Safranin O staining revealed that glycosaminoglycan deposition of the

GelHA + ASCs group was also increased although compared with the

control group (Figure 3d). After a 21‐day culture, ASCs in the GelHA

group exhibited similar morphology to the normal NP cells as shown

in scanning electron microscope images (Figure 3e). Our results sug-

gested that GelHA might provide ASCs with an appropriate microenvi-

ronment to differentiate into NP‐like cells.

3.3 | Mechanisms in the NP‐like differentiation of
ASCs

We further explored the possible mechanisms in ASCs differentiation.

Previous study had shown that TGF‐β1 could synergistically drive the

NP‐like differentiation process. As shown in Figure 4a, TGF‐β1 and

TGF‐β RII genes were all up‐regulated in GelHA + ASCs group after

14‐ and 21‐day culture as compared with normal cultured cells. Study

reported that in activation of the TGF‐β1 precursor (pro‐TGF‐β1),

integrin bind to the prodomain, apply force, and release the TGF‐β

growth factor (Dong et al., 2017). After 21‐day culture, the expression

of integrin αvβ6 was significantly elevated in GelHA + ASCs group

compared with the control group (Figure 4b, Figure S3). Further, by

utilising the neutralising antibody of integrin αvβ6 (10D5, 100ug/ml),

the up‐regulation of NP cell marker genes was significantly retarded

(p < 0.01, Figure 4c). These results suggested that the GelHA hydrogel

might promote the NP‐like differentiation of ASCs by activating the

integrin αvβ6‐ TGF‐β1 pathway.

3.4 | In vivo application of GelHA‐ASCs to alleviate
IVDD

Next, GelHA‐ASCs were utilised in rat IVDD model. We evaluated

the disc space by X‐ray images and disc height index analysis

(Figure 5a,b). Four weeks after operation, the disc space observed

in all other groups was narrower than the NC group. Also, we found

the disc height in the experimental groups continued to decline dur-

ing the whole experimental period. However, disc height in ASCs

FIGURE 1 Preparation and characterisation of gelatin‐hyaluronic acid methacrylate (GelHA) hydrogels. (a) Molecule structures and synthesis of
polymer precursors of GelHA hydrogels. (b) GelHA hydrogels can be formed by ultraviolet (UV) irradiation for 1 min (left, before irradiation; right,
after irradiation). (c) Microscopic structure of the hydrogels (low and high magnification). (d) The compressive moduli for the hydrogels, GelMA,
gelatin methacrylate; HAMA, hyaluronic acid methacrylate [Colour figure can be viewed at wileyonlinelibrary.com]
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group and GelHA group were significantly higher than the sham

group in all time points. disc height index in GelHA + ASCs group

declined slower than other treated groups at 4, 8, and 12 weeks.

Throughout the study, mean signal intensity (SI) in NP tissue in NC

group did not change (Figure 5c,d). Compared with NC group, the

mean SI in all treated groups was significantly lower after the initial

operation. The mean SI in GelHA + ASCs group was significantly

higher than other treated groups 4, 8, and 12 weeks. There was

FIGURE 2 Biological characteristics of adipose stromal cells (ASCs)–laden gelatin‐hyaluronic acid methacrylate (GelHA) hydrogels. (a) Live‐dead
cell staining of the ASCs cultured in GelHA hydrogels, scale bars = 200 μm. (b) Expressions of stemness genes OCT4, SOX2 and Nanog of ASCs
were downregulated in GelHA hydrogels at Day 2 of culture. The gene expressed at Day 2 in ASCs cultured without supplements was used as a
control. (c) The expression of ACAN, COL2A1, CD24, OVOS2, PAX1, GLUT‐1, MMP‐2, GPC3, and K19 was analysed by reverse transcriptase
quantitative polymerase chain reaction at 7, 14, and 21 days of culture. The gene expressed at Day 7 in ASCs cultured without supplements was
used as a control. n = 3 (biological replicates), *p < 0.05, **p < 0.01 (one way analysis of variance) [Colour figure can be viewed at
wileyonlinelibrary.com]
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no significant difference between ASCs group and GelHA group, but

the mean SI in these two groups was significantly higher than the

sham group.

Twelve weeks after treatment, discs were collected for histological

evaluation (Figure 6a). Discs from sham group exhibited severe

degenerated NP tissues with narrowing discs. Although in NC group,

intact NP tissues without narrowing discs can be observed. All other

treated groups showed moderately degenerated NP tissues, whereas

the narrowing disc spaces were restored. Amongst these groups,

GelHA + ASCs group exhibited most satisfying results on NP tissues

regeneration and disc spaces restoration. The results in GelHA group

were similar with ASCs group. The GelHA hydrogel was degraded

and cannot be found at 12 weeks.

Expression levels of ACAN and COL2A1 in NP tissues were

compared amongst all groups by immunofluorescence (Figure 6b).

Generally speaking, the results in GelHA + ASCs group were the

most satisfying amongst all treated groups. Compared with ASCs

group and GelHA group, expressions of ACAN and COL2A1 were

significantly up‐regulated in GelHA + ASCs group. Compared with

sham group, expressions of ACAN and COL2A1 in ASCs group and

GelHA group were significantly elevated. Further, we compared the

expression levels of integrin αvβ6 between GelHA + ASCs group

and ASCs group. Both GelHA and GelHA + ASCs groups significantly

increased the protein levels of integrin αvβ6 compared with ASCs

group, suggesting the GelHA hydrogel might activate the integrin

αvβ6 in vivo.

FIGURE 3 Evaluation of adipose stromal cells (ASCs) differentiation in gelatin‐hyaluronic acid methacrylate (GelHA) hydrogels. (a and b)
Immuno‐staining of COL2A1 and aggrecan showing the secretion of nucleus pulposus‐related extracellular matrix at Day 21, scale
bars = 200 μm. (c) Quantification of the COL2A1 and aggrecan content. n = 3 (biological replicates), **p < 0.01 (one way analysis of variance).
(d) Safranin O staining of GelHA hydrogels showing the glycosaminoglycan deposition at Day 21, scale bars = 200 μm. (e) Scanning electron
microscope micrographs of ASCs and normal nucleus pulposus cells [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Mechanisms in the nucleus pulposus ‐like differentiation of adipose stromal cells (ASCs). (a) Transforming growth factor beta 1
(TGF‐β1) and TGF‐β Type 2 receptor (TGF‐β RII) gene expression of ASCs seeded in gelatin‐hyaluronic acid methacrylate (GelHA) hydrogels
at Days 1, 14, and 21. (b) Immuno‐staining of integrin αvβ6 in ASCs after 21‐day culture, scale bars = 100 μm. (c) The gene expression of
ACAN, COL2A1, CD24, OVOS2, PAX1, GLUT‐1, MMP‐2, GPC3, and K19 was analysed after using the neutralising antibody of integrin αvβ6.
n = 3 (biological replicates), *p < 0.05, **p < 0.01 (one way analysis of variance) [Colour figure can be viewed at wileyonlinelibrary.com]
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3.5 | Summary of the therapeutic mechanism

In Figure S4, we speculated the therapeutic mechanism of

GelHA + ASCs. The mechanical stress from hydrogels activated

TGF‐β1 via the integrin αvβ6. Activation of TGF‐β1 led to the

enhancement of NP‐like differentiation of ASCs and ECM (ACAN

and COL2A1) secretion.

4 | DISCUSSION

In this study, we developed a new stem cell‐based strategy for IVDD

repair, in which photo‐crosslinked GelHA hydrogel and ASCs were

applied. Our study had several major findings. First, by adjusting the

ratio of hydrogel, the compressive modulus of the hydrogel can be

modified similar to normal NP. Second, this hydrogel committed the

ASCs to NP‐like differentiation by effectively regulating the integrin

αvβ6‐ TGF‐β1 pathway. Finally, the strategy of application GelHA

hydrogel and ASCs improved the efficacy of ASCs for IVDD healing

in rat model. These data suggest that the combination of GelHA

hydrogel and ASCs can commit ASCs to NP‐like differentiation and

improve the efficacy of ASCs for IVD repair.

The present study has shown that ASCs cultured in GelHA

hydrogel can differentiate into NP‐like cells. ASCs could be an alter-

native autologous cell source for intervertebral disc regeneration

that is easier to obtain, has lower donorsite morbidity, and is avail-

able in larger numbers than stem cells harvested using bone marrow

aspiration (Strong et al., 2012). Generally, in vitro NP‐like differenti-

ation of ASCs can hardly be achieved. Research reported that the

combination of TGF‐β1 and the growth differentiation factor 5 can

synergistically drive the NP‐like differentiation process (Colombier

et al., 2016). However, many issues still need to be considered, such

as whether during induction of NP‐like in vitro, cells adopt natural

differentiation stages, and whether they can form ectopic stable

NP‐like tissue that is resistant to pathological changes in vivo.

Previously, we reported that GelMA hydrogel can protect cartilage

from deterioration by promoting the accumulation of cartilage extra‐

cellular matrix (Chen et al., 2016). In this study, we used an optimised

hydrogel to facilitate the ASCs' NP‐like differentiation by supplying an

appropriate micro‐environment. For IVDD, many surgical treatments

involving autologous BMSC implantation have been successfully used

in animal studies (Longo et al., 2012; Wang, Wu, & Wang, 2010).

However, these therapeutic methods mainly focused on the supply

of cells and ignored the possibilities of osteogenic or adipogenic of

the stem cells. In our study, we developed a strategy of combination

FIGURE 5 In vivo application of gelatin‐hyaluronic acid methacrylate (GelHA)–adipose stromal cells (ASCs) to alleviate intervertebral disc
degeneration. (a and c) Representative X‐ray and magnetic resonance imaging images of the discs at −4, 0, 4, 8, and 12 weeks from different
groups, including injection groups of free cells (ASCs, Co6–7), GelHA without cells (GelHA, Co7–8), and GelHA with ASCs (GelHA+ASCs, Co8–9).
Degeneration group (sham, Co5–6) and intact group (noninjured control group, Co9–10) were taken as positive and negative control. (b and d)
Disc height index (DHI) and T2‐weighted signal intensity in different groups at 4, 8, and 12 weeks after the treatment. n = 12 (biological replicates).
“#,” “^,” and “*” refers to GelHA + ASCs group compared with GelHA group, ASCs group, and sham group, respectively; “△”refers to ASCs group
compared with sham group, “˅” refers to GelHA group compared with sham group. #, ^, *,△, ˅ = p < 0.05, ##, ^^, * *,△△, ˅˅ = p < 0.01 (one way
analysis of variance) [Colour figure can be viewed at wileyonlinelibrary.com]
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GelHA hydrogel and the ASCs to commit the NP‐like differentiation of

ASCs for IVDD repair. The results demonstrated that GelHA + ASCs

have advantages over ASCs or GelHA alone in the treatment of IVDD

and disc height restoration in rat model. In this study, the regeneration

of NP tissue included two aspects. At the initial time of implantation,

GelHA hydrogel promoted the differentiation of ASCs into NP‐like

FIGURE 6 Effect of gelatin‐hyaluronic acid methacrylate (GelHA)– adipose stromal cells (ASCs) on nucleus pulposus related matrix in vivo. (a)
Safranin O staining of different groups at 12 weeks, scale bars = 200 μm. (b) Immunohistochemistry of MMP13, COL2A1, aggrecan, and
integrin αvβ6 (12 weeks), Scale bars = 100 μm. (c) Quantification of COL2A1‐positive, aggrecan‐positive, and integrin αvβ6‐positive‐cells. n = 12
(biological replicates), *p < 0.05, **p < 0.01 (one way analysis of variance) [Colour figure can be viewed at wileyonlinelibrary.com]
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cells. Then, the GelHA hydrogel gradually degraded and was replaced

by the ECM produced by the NP‐like cells. These processes guaran-

teed effective therapeutic IVD repair.

Previous studies have shown that GelMA hydrogels have the char-

acter of adhesion domains (Nichol et al., 2010), thermosensitivity (Van

den Bulcke et al., 2000), and enzymatic degradability (Benton, DeFor-

est, Vivekanandan, & Anseth, 2009), and support the formation of new

ECM (Levett et al., 2014). In this study, GelHA hydrogels showed sat-

isfying mechanical properties; these findings are consistent with previ-

ous studies that appropriate mechanical properties can be achieved by

adjusting the components of the hydrogels (Camci‐Unal et al., 2013).

Also, in this study, we found by constructing an NP‐like microenviron-

ment, the integrin αvβ6‐ TGF‐β1 pathway was activated. Hence,

GelHA hydrogel might exert a certain therapeutic effect in IVDD

treatment. There are also some limitations in this study. For example,

UV irradiation may have a negative effect upon cell's DNA. In the

future, we will focus on investigating a hydrogel with suitable mechan-

ical strength, by using shorter‐duration UV irradiation or visible light

cross‐linking.

5 | CONCLUSION

In this study, we have shown that the combination of photo‐

crosslinked GelHA hydrogel and ASCs can commit ASCs to NP‐like

differentiation and improve the efficacy of ASCs for intervertebral disc

repair by activating the integrin αvβ6‐ TGF‐β1 pathway.
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Figure S1: 1H‐NMR spectra of gelatin, hyaluronic acid and their

methacrylamide forms. (a) 1H‐NMR spectra of gelatin (left) and GelMA

(right). The peaks in GelMA between 5 and 6 ppm shows the

methacrylation of gelatin. (b) 1H NMR spectra of hyaluronic acid (left)

and HAMA (right). The peaks between 1.5–2 ppm represents the

methacrylation of hyaluronic acid.

Figure S2: Mechanical characterisation of GelHA hydrogels at differ-

ent concentrations. The compressive moduli for hybrid hydrogels are

found to be mechanically tunable. n = 5 (biological replicates),

*p < 0.05, **p < 0.01 (one way ANOVA).

Figure S3: Negative control of integrin αvβ6 immunostaining, scale

bars = 100 μm.

Figure S4: Diagram illustrating the proposed mechanism of action of

integrin αvβ6‐TGF‐β pathway in intervertebral disc.
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