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Abstract

BACKGROUND: Intervertebral disk (IVD) degeneration, which can cause lower back pain, is a major predisposing factor

for disability and can be managed through multiple approaches. However, there is no satisfactory strategy currently

available to reconstruct and recover the natural properties of IVDs after degeneration. As tissue engineering develops,

scaffolds with embedded cell cultures have proved critical for the successful regeneration of IVDs.

METHODS: In this study, an integrated scaffold for IVD replacement was developed. Through scanning electron

microscopy and other mechanical measurements, we characterized the physical properties of different hydrogels. In

addition, we simulated the physiological structure of natural IVDs. Nucleus pulposus (NP) cells and annulus fibrosus-

derived stem cells (AFSCs) were seeded in gelatin methacrylate (GelMA) hydrogel at different concentrations to evaluate

cell viability and matrix expression.

RESULTS: It was found that different concentrations of GelMA hydrogel can provide a suitable environment for cell

survival. However, hydrogels with different mechanical properties influence cell adhesion and extracellular matrix com-

ponent type I collagen, type II collagen, and aggrecan expression.

CONCLUSION: This tissue-engineered IVD implant had a similar structure and function as the native IVD, with the inner

area mimicking the NP tissue and the outer area mimicking the stratified annulus fibrosus tissue. The new integrated

scaffold demonstrated a good simulation of disc structure. The preparation of efficient and regeneration-promoting tissue-

engineered scaffolds is an important issue that needs to be explored in the future. It is hoped that this work will provide new

ideas and methods for the further construction of functional tissue replacement discs.
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1 Introduction

Intervertebral disk (IVD) degeneration is a common cause

of lower back pain. Globally, approximately 84% of people

have a lifetime prevalence of IVD disorders; among these,

approximately 10% will succumb to IVD degeneration and

thereby develop chronic disability. The high disability

resulting from IVD degeneration considerably increases the

burden of medical costs on society [1–3]. However, ther-

apies against IVD degeneration are currently limited.

Conservative treatment and surgery are common approa-

ches. Conservative treatment includes traction, massage,

physiotherapy, and non-steroidal drug use, whereas surgery

includes removing herniated nucleus pulposus (NP), bone

grafting, and metal implants. Unfortunately, both strategies

can only alleviate symptoms, such as reducing pain or

recovering partial intrinsic properties of the IVD. Addi-

tionally, the height- and weight-bearing capabilities of the

IVD are difficult to restore despite good surgical outcomes.

Moreover, there is a high risk of IVD degeneration due to a

decrease in the stability of the body’s biomechanics.

Internal fixation with large metal implants may also cause

unknown complications. In this context, new effective

therapeutic strategies are urgently needed to combat IVD

diseases [4–7].

In normal cases, human IVDs are located between the

superior and inferior vertebral bodies—a closed microen-

vironment comprising the NP, annulus fibrosus (AF), and

superior and inferior cartilage endplates [8, 9]. In the

process of IVD degeneration, NP tissue changes are an

early indicator, such as decreased cell count, protein

expression, and inflammation processes [10]. The dehy-

drated state of the NP causes an uneven stress dispersion of

the axial load on the adjacent vertebrae, further leading to

the destruction of the surrounding elastic fibers [11]. Most

importantly, the altered microenvironment makes it chal-

lenging for nutrient-deficient cells to complete endogenous

repair [12]. To achieve effective and precise disc repair, we

use tissue engineering techniques, such as cell therapy.

Since NP cells (NPCs) play an important role in main-

taining IVD homeostasis, NPC transplantation can com-

pensate for the loss of cells in degenerative disc disease,

making it an effective strategy for treating disc degenera-

tion. Annulus fibrosus-derived stem cells (AFSCs) have

multi-differentiation potential. While possessing high bio-

logical activity, they can specifically differentiate into AF

cells under the regulation of certain targeted factors. Thus,

cell therapy offers a potential treatment for degenerative

disc disease. The NP tissue belongs to an immune-specific

zone that can allow the proliferation, differentiation, and

expression of the extracellular matrix surrounding the

transplanted cells [13, 14]. However, in the case of disc

degeneration, the altered microenvironment is not suffi-

cient to support the viable state of the transplanted cells.

Therefore, we need to apply a scaffold that can act as a

carrier, promoting cell survival and maintaining the phys-

iological activity of the cells while also being able to

mimic the physical properties of the IVD by acting as a

bionic scaffold.

Tissue engineering techniques have created the condi-

tions for the development of regenerative medicine

[15–17]. These techniques are an important aspect of

regenerative medicine that combines cell transplantation

and scaffolds to promote tissue regeneration. In recent

years, an increasing number of biological materials have

been used in tissue regeneration. Hydrogels are considered

promising biomaterials for bionic tissue engineering based

on a similar structure to that of natural tissue [18].

Hydrogels have gained attention due to their high water

content and good mechanical properties. Currently, the

hydrogels used to evaluate disc bionic scaffolds include

sodium alginate [19], chitosan [20], collagen [21], and

fibrin [22]. Bionic collagen microchannel scaffolds

implanted in spinal cord injuries have shown a significant

effect on nerve regeneration while allowing cell survival

[23]. Photopolymerized bioadhesive hydrogels have shown

outstanding advantages in regenerative medicine, for

example in wound repair [24], bone defect treatment [25],

and corneal transplantation [26, 27]. However, hydrogel-

mimicking disc bionic scaffolds in IVDs are rarely avail-

able. Optimally, a three-dimensional microenvironmentally

functional bionic material that mimics the physiological

structure of a natural IVD requires certain biological

properties, such as degradability, good biocompatibility,

and the ability to promote cell proliferation and secretion

of exosomes. More importantly, since the function is

impaired in IVD degeneration, biomaterials need appro-

priate mechanical properties. However, most of the

developed hydrogels do not meet the above requirements.

For example, collagen is not widely used owing to its poor

mechanical properties and degradability, and fibrin gel is

not stable.

Gelatin methacrylate (GelMA) is a photosensitive

hydrogel that is capable of liquid-to-solid conversion

through initiator cross-linking and UV light. Most impor-

tantly, we can control the mechanical properties and

degradability of the hydrogel by adjusting the GelMA ratio

or the time of photo-crosslinking [28], allowing precise

control of the mechanical properties of the bionic disc

scaffold. Some studies have found that 5% GelMA

hydrogels can better promote NPC survival, proliferation,

and protein expression owing to good biocompatibility[11].

For spinal cord injury repair, 5% GelMA hydrogels have a

significant facilitative effect [29]. Moreover, GelMA

hydrogels have been applied in cartilage regeneration

1002 Tissue Eng Regen Med (2022) 19(5):1001–1012

123



[30–32], nerve regeneration [29, 33], osteogenesis [34, 35],

tumor treatment [36, 37] and wound healing [38]. Most

importantly, in addition to the high water content, the

porous structure is a crucial feature of the GelMA hydrogel

[39], imitating the properties of natural IVD tissue, facili-

tating the transport of nutrients, and providing a suit-

able environment for the transplanted cells. For these

reasons, we considered GelMA hydrogel a promising

candidate for a bionic IVD scaffold.

In this study, we investigated the physical properties of

the hydrogel by adjusting the GelMA hydrogel concen-

tration and performing transplantation of AFSCs and

NPCs, while also evaluating the bioactivity of the cells in

the hydrogel scaffold. Subsequently, a bionic disc scaffold

was constructed using hydrogels with different mechanical

properties to encapsulate the cells, presenting a novel idea

for disc regeneration.

2 Materials and methods

2.1 Preparation and characterization of the GelMA

hydrogels

2.1.1 Sample fabrication

The synthesis of GelMA has been described in the litera-

ture [40]. In brief, methacrylate anhydride (EFL, Suzhou,

China) was gradually dissolved in the gelatin solution,

consisting of gelatin (EFL) and pre-warmed phosphate

buffer solution (PBS; Gibco, Shanghai, China). After a 2-h

reaction, the mixture was dialyzed through dialysis bags

(MW: 8000–14 000) to eliminate unbound impurities.

After seven consecutive days of dialysis, the dialysate was

heated to 60 �C and filtered using a 0.22-lm membrane

filter (Biosharp, Hefei, China). The filtrate was then freeze-

dried and the obtained white solid was prepared for sub-

sequent experiments.

For the fabrication of the 5% (w/v) GelMA hydrogel,

5 g of GelMA were added into the 100 mL standard

solution of 0.25% (w/v) photo-initiator (EFL) dissolved in

PBS (0.01 M, pH 7.4). Followed by sterilization with a

0.22 lm sterile needle filter (Biosharp), during which the

GelMA hydrogel concentration was 5%. The 10% and 15%

(w/v) GelMA hydrogel were prepared by regulating the

GelMA ratio. The prepared GelMA hydrogels were pro-

tected from light and stored at 4 �C. For the photo-

crosslinking formation of GelMA hydrogels, each hydrogel

unit needs to be irradiated by ultraviolet (UV) light

(405 nm, 25 mW/cm2) for 30 s at room temperature.

2.1.2 Nuclear magnetic resonance (NMR)

Gelatin and GelMA monomers were examined separately

through hydrogen-1 nuclear magnetic resonance (1H NMR)

spectroscopy (NMR, Bruker 400 M, Fällanden, Switzer-

land) to detect whether methacrylate anhydride (MA) was

bound to the GelMA. In brief, the gelatin and synthesized

prepolymer GelMA were dissolved in deuterium oxide

(D2O) and detected through 1H NMR spectroscopy. The

data was analyzed using MestReNova software.

2.1.3 Scanning electron microscopy (SEM)

Under the steps for GelMA hydrogel synthesis (discussed

previously), we prepared hydrogels with different concen-

trations, with a diameter of 10 mm and a height of 5 mm.

The surface morphology of all GelMA hydrogels was

monitored by scanning electron microscopy (SEM; Zeiss

Gemini 300, Oberkochen, Germany). Before the observa-

tion, the GelMA hydrogel scaffold was placed in

a - 40 �C freeze-drying cabinet (SIM, Los Angeles, CA,

USA). After freeze-drying, the scaffolds were fractured to

obtain cross-sections and sputter-coated with gold for 30 s.

The pore sizes of the GelMA hydrogel samples were

measured and analyzed using ImageJ software (National

Institute of Health, Bethesda, MD, USA). Briefly, we

randomly selected five regions in the SEM images obtained

from each group of hydrogels and analyzed the pores with

uniform transverse and longitudinal diameters.

2.1.4 Water retention rate

The weight of the freeze-dried hydrogels with different

hydrogel scaffold concentrations was recorded as W1,

while that after soaking PBS for a day at 37 �C was

recorded as W2. Following this, the wet hydrogel scaffold

was weighed at 37 �C as Wt per hour. The water retention

(WR) was recorded every hour as WR = (Wt - W1)/

W2 9 100%. Each treatment was repeated three times, and

each experiment contained three samples.

2.1.5 Young’s modulus

GelMA hydrogels were prepared in advance in a mold

(diameter, 10 mm; height, 5 mm) and every hydrogel unit

was irradiated to gelatinize under a UV light (405 nm,

25 mW/cm2) for 30 s. The UV-gelatinized scaffolds were

then placed in PBS, and soaked for 24 h at 37 �C for

subsequent analysis. A mechanical testing instrument

(E10000, Instron, Norwood, MA, USA) was used to mea-

sure Young’s modulus at 2 mm/min compression speed

and 1.2 mm compression distance. Each group of experi-

ments was repeated three times.
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2.1.6 Water contact angle

Different concentrations of the hydrogel scaffolds were

prepared in advance to evaluate their hydrophilicity by

water contact angle (WCA). First, 2.5 lL of deionized

water was dripped on the surface of the prepared hydrogel

scaffolds during camera recording. Then, a contact angle

goniometer (E10000, Instron, Norwood, MA, USA) was

employed to measure the WCA of each hydrogel scaffold,

using the image of the droplet shape. Each group of

experiments was repeated three times.

2.2 Cell extraction and culture

The NPCs and AFSCs were prepared as described in our

previous work [11, 41]. PBS and 5% penicillin/strepto-

mycin (Beyotime, Shanghai, China) were added to a six-

well plate. The skin and fascia of a rat tail were peeled off

with a scalpel to expose the IVD, which was cut horizon-

tally. The cut disk was placed in PBS for cleaning; the AF

tissue on the outer edge and the NP tissue was removed

with forceps and a scalpel. The stripped NP and AF tissues

were placed in a six-well plate for rapid washing. For the

extraction of NPCs, the removed NP tissue was digested in

2 mL of type-II collagenase (0.2% w/v, Yeasen, Shanghai,

China) for 1 h. The added type-II collagenase should cover

the NP tissue. The digested NP tissue was then washed and

centrifuged. NPCs were cultured in a growth medium

including DMEM/F12 (Gibco) basic medium, 10% fetal

bovine serum (FBS, Gibco), and 1% penicillin /strepto-

mycin (Invitrogen, Carlsbad, CA, USA), and then trans-

ferred to an incubator at 37 �C and 5% CO2. Conversely,

AF tissue digestion required a serum-free medium con-

taining type-I (Yeasen) and type-II collagenase. The cul-

ture was maintained in an incubator, and the culture

medium was replaced regularly.

2.3 Fabrication of graded-3D NPC- and AFSC-

seeded annular scaffolds

The integrated scaffold was designed with a concentric

graded structure having four layers and a 1.5-mm thick-

ness. The diameters of the concentric layers were 1, 2, 3,

and 4 mm from the inner to outer layers, respectively. The

innermost layer had 1 9 105 NPCs encapsulated in 5%

photosensitive GelMA under UV light. The other three

layers (inward to outward) contained AFSCs (1 9 105,

2 9 105, and 4 9 105 cells) encapsulated in GelMA

hydrogel (5%, 10%, and 15%, respectively) (Fig. 1). The

prepared scaffold was placed immediately in a growth

medium and then cultured in an incubator at 37 �C and 5%

CO2. The growth medium was changed every three days.

2.4 Cytocompatibility

2.4.1 Live/dead assay

A total of 4 9 106 cells/mL NPCs and AFSCs were each

suspended and mixed with the GelMA hydrogel at different

concentrations. The suspensions were added to a mold with

a diameter of 5 mm and a height of 2 mm and gelatinized

under UV light. To detect the viability of the different

concentrations, GelMA-encapsulated cells were cultured in

a growth medium in an incubator at 37 �C and 5% CO2. On

days 3 and 7, the hydrogel scaffolds were stained using the

live/dead stain working solution in the Live/Dead Kit

(Yeasen, Shanghai, China), following the manufacturer’s

instructions. Briefly, we first performed a tenfold dilution

of 10 9 Assay Buffer, then thoroughly mixed 5 mL of the

dilution with 15 lL of PI and 5 lL of Calcein-AM, and,

finally, co-incubated the mixture and co-cultured the

scaffold. After incubation at 37 �C for 30 min, 1 9 Assay

Buffer washing was performed three times, and the sur-

vival of the seeded cells was evaluated using a laser

scanning confocal microscope (LSCM; Olympus, Tokyo,

Japan). Subsequently, images were captured and statistical

analysis was performed.

2.4.2 Cell adhesion

Nuclear skeleton staining was conducted on the actin fila-

ments to analyze the cell adhesion in the integrated scaf-

fold. In brief, the GelMA hydrogels of different

concentrations were added to a 96-well plate. NPCs and

AFSCs were seeded into each well at a density of 2 9 103

cells/well. The scaffold with co-loaded cells was cultured

in a growth medium. After incubation for 7 days in the

medium, the cells were washed twice with PBS, fixed with

4% paraformaldehyde (Beyotime) for 30 min, and perme-

abilized with 0.1% Triton (Solarbio, Beijing, China) for

5 min. Staining was then performed with FITC-phalloidin

(Invitrogen, Shanghai, China) in the dark at 25 �C for

20 min, followed by incubation with DAPI solution (1:200,

Cyagen, Guangzhou, China) for 5 min. After washing the

cells with PBS, images were obtained using fluorescence

microscopy (ZEISS). The average cell area of the AFSCs

and NPCs were analyzed using ImageJ software.

2.4.3 Immunofluorescence analysis

Immunofluorescence staining was performed to observe the

expression of Col-I, Col-II, and AGG. In short, the cell-

encapsulated hydrogel scaffolds were prepared as descri-

bed above and cultured in a six-well plate at 37 �C and 5%

CO2 for 14 days, followed by fixation, gradient dehydra-

tion, and OCT (Sakura, Chiba, Japan) embedding.
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Sections were obtained and subjected to antigen repair

using an EDTA antigen repair solution (Servicebio,

Wuhan, China). BSA (Servicebio) was used to block the

sections for 2 h. Dilutions containing primary antibodies

Col-I (1:200, Affinity, Jiangsu, China), Col-II (1:200,

Affinity), and AGG (1:200, Affinity) polyclonal antibodies

were added to the sections at 4 �C overnight, followed by

dilution with goat anti-rabbit, CY3-conjugated secondary

antibody (1:200, Affinity) in the dark for another 2 h.

Finally, glycerol nuclear staining was performed. The

sections were sealed, prepared on slides, and observed

under a fluorescence microscope (ZEISS). Then, the ima-

ges were captured, and statistical analysis was performed.

2.4.4 Migration experiment

The migration of cells was observed using traced cells in

the graded 3D annular hydrogel. In short, the NPC and

AFSC suspensions at 1 9 106 cell/mL were centrifuged

and the supernatant was discarded. The remaining fraction

was cultured in an incubator with a red, green, and orange

tracer reagent (Proteintech, Wuhan, China) for 20 min.

This procedure was repeated twice. The traced cells were

harvested and mixed with hydrogels of different concen-

trations. The annular hydrogel scaffold was prepared as

described above. The NPCs were mixed with 5% GelMA

hydrogel to form the inner layer of the scaffold (1 9 105

cells), and the AFSCs were mixed with 5%, 10%, and 15%

hydrogel to form the three outer layers of the scaffold

(1 9 105, 2 9 105, and 4 9 105 cells), and the constructed

integrated scaffold was cross-linked using UV light.

Finally, the integrated scaffold was placed in a culture

medium for 7 and 14 days and microscopically observed.

The cell migration distances were analyzed using ImageJ

software.

2.5 Statistical analysis

All the obtained data are expressed as the mean ± standard

deviation and were analyzed using SPSS 20.0 and Graph-

Pad Prism 8.0. One-way analysis of variance and two-

sample independent t-tests were used for data comparison

between the groups. Statistical significance was set at

p\ 0.05.

3 Results

3.1 Characterization of GelMA hydrogel scaffolds

with different concentrations

In this study, GelMA was formed by the substitution

reaction between the amino groups of gelatin and the

methacryloyl groups of MA. Consequently, the functional

groups of GelMA were cross-linked under UV irradiation

in the presence of a photo-initiator. To verify the successful

binding of MA to gelatin, the synthesized monomer,

GelMA, and gelatin were dissolved in D2O at room

Fig. 1 Schematic diagram of the experimental idea A Schematic representation of GelMA hydrogel crosslinking. B Schematic representation of

the 3D annular scaffold integrated with graded GelMA hydrogel
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temperature and detected through 1H NMR spectroscopy.

As shown in Fig. 2, the characteristic alkene hydrogen

peak of acrylamide in the GelMA appeared at 5.33 and

5.57 ppm; which is congruent with previously established

research [42].

The hydrogel scaffolds with different concentrations

were fabricated by regulating the GelMA ratio. As shown

in the SEM images in Fig. 2B, the hydrogels with different

concentrations all displayed a honeycomb-like porous

structure, which promoted the transport of nutrients and

provided sufficient space for cell proliferation and adhe-

sion. The average pore size of the 5%, 10%, and 15%

hydrogels was 434.2 lm, 329.4 lm, and 245.9 lm
(Fig. 2D), respectively, indicating that the pore size grad-

ually decreased with increasing hydrogel concentration.

The water retention rate is another important charac-

teristic of the hydrogel water content. Over time, we found

a decreasing trend in the water retention rate of hydrogels

with different concentrations (Fig. 2E). However, the rate

of the 5% hydrogel was always higher than that of the other

two groups; at 12 h the water retention of the 5%, 10%, and

15% hydrogels was 10.33%, 7.67%, 6.23%, respectively.

Hydrogel elasticity also has a critical impact on cell

adhesion. To investigate the relationship between the

mechanical strength and hydrogel concentration, com-

pression tests were conducted using 5%, 10%, and 15% (w/

v) GelMA hydrogels. Results demonstrated that the 5%

hydrogel had the lowest compression modulus compared

with the other two groups, and a positive relationship was

identified between the hydrogel concentration and Young’s

modulus (Fig. 2F).

Hydrogel elasticity plays an essential role in water

contact angle in determining hydrophilicity, and high water

content is more likely to promote cell survival. In our

experiments, the water contact angles of the 5%, 10%, and

15% hydrogels were 27.5� ± 1.4�, 38.75� ± 1.1�,
44.75� ± 0.48� (Fig. 2G), respectively, which may be

related to the level of cross-linking of the hydrogel. The

experiments revealed that the 5% hydrogel had a higher

water content and, therefore, was more favorable for cell

survival.

3.2 Cell survival in the differently concentrated

hydrogel scaffolds

To investigate the viability of cells encapsulated in dif-

ferent concentrations of hydrogels, live/dead staining was

performed to determine cell survival in the integrated

Fig. 2 GelMA hydrogel characterization. A The GelMA hydrogels at

different concentrations. B Scanning electron microscopy (SEM)

images at the micron scale of GelMA hydrogels at different

concentrations (scale bar: 100 lm). C Hydrogen-1 nuclear magnetic

resonance (1H NMR) spectra of gelatin and GelMA hydrogels

prepared in deuterium oxide (D2O) at room temperature. D Average

pores of GelMA hydrogels at different concentrations. E Water

retention property of GelMA hydrogels. F Average compression

modulus of GelMA hydrogels. G Water contact angle (WCA) of

GelMA hydrogels. (*p\ 0.05, **p\ 0.01, ***p\ 0.001)
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scaffold on day 3 and day 7 (Fig. 3). The immunofluo-

rescence results demonstrated that the majority of cells

encapsulated in different concentrations of hydrogels

remained viable on day 3, and hardly any dead cells were

detected. By the time the incubation reached day 7, there

was an increase in dead cells in each hydrogel scaffold

compared to day 3, with no significant difference in the

number of dead cells between the scaffolds. Interestingly,

the cells encapsulated in the hydrogels still maintained a

high activity on day 7. The results showed that the cells

encapsulated in different concentrations of hydrogel pre-

sented a high activity on days 3 and 7, indicating that all

the hydrogel scaffolds exhibited good biocompatibility and

non-toxicity.

3.3 Cell adhesion in the differently concentrated

hydrogel scaffolds

The adhesion of the different scaffolds has an important

effect on cell morphology. Our experiments demonstrated

that the morphology of actin filaments for AFSCs and

NPCs on the surface of 5% hydrogels was ample and dis-

played good ductility (Fig. 4A). Cells were able to adhere

and spread efficiently on the surface of 5% hydrogels. In

contrast, the morphology of the attached cells tended to be

round when AFSCs adhered to the surface of 10% and 15%

hydrogels, and this situation became more evident with

increasing hydrogel concentrations. The average cell area,

which was measured and calculated using Image J soft-

ware, of the AFSCs and NPCs on the surface of 5%

hydrogels was significantly higher than that on the 10%

and 15% hydrogels (Fig. 4B). These differences indicate

Fig. 3 Laser scanning confocal images of the integrated GelMA

hydrogel scaffold at different concentrations, encapsulating NPCs and

AFSCs. A Green fluorescence (Calcein-AM) represents the living

cells, and red fluorescence (PI) represents the dead cells (scale bar:

1000 lm). B Quantitative analysis for the mean PI fluorescence

intensity in GelMA hydrogel of different concentrations (*p\ 0.05,

**p\ 0.01, ‘‘ns’’ for ‘‘not significant’’)

Fig. 4 Adhesion of nucleus pulposus cells (NPCs) and annulus

fibrosus-derived stem cells (AFSCs) on the GelMA hydrogel surface.

A FITC-labeled phalloidin/DAPI staining of actin filaments and

nuclei in NPCs and AFSCs on different concentrations of GelMA

hydrogels after 7 days. B Quantitative analysis for the average cell

area of NPCs and AFSCs on the GelMA hydrogel surface (*p\ 0.05,

**p\ 0.01, ***p\ 0.001, relative to the control group)

Tissue Eng Regen Med (2022) 19(5):1001–1012 1007

123



that 5% hydrogels provide an adhesive surface that

enhances cell–hydrogel interactions compared to 10% and

15% hydrogels, and that the adhesive nature of the high-

concentration hydrogel scaffold limits cell growth; this

may be related to the pore size, with larger pores being

more conducive to cell stretching.

3.4 Immunofluorescence analysis

The expression of proteins for NPCs and AFSCs encap-

sulated in different concentrations of hydrogels was eval-

uated by immunofluorescence. As shown in Fig. 5, the

expression of Col-I was significantly lower in AFSCs

encapsulated in 10% and 15% GelMA hydrogels compared

to the 5% hydrogels. This indicates that as the hydrogel

concentration increases, AFSCs have less effect on the

expression of Col-I, which may be influenced by the photo-

crosslinking density of the hydrogel. This phenomenon

also coincides with the verification of the adhesion prop-

erties for cells in differently concentrated hydrogel scaf-

folds. For NPCs encapsulated in 5% hydrogels, a slight

expression of Col-I was observed. Col II and AGG are

crucial components of the NP tissue. Based on the optical

density measurements, the expression of AGG and Col II in

NPCs in 5% hydrogel was significantly higher than that of

AFSCs in the three differently concentrated hydrogels.

However, there was no significant difference in the

expression of AGG and Col II among the three AFSC

hydrogels (Fig. 5B). Collectively, Col-II and AGG were

more highly expressed in the NP to the AF, which is

consistent with the natural protein expression pattern in the

IVD.

3.5 Hydrogel-encapsulated cell migration in the 3D

annular scaffold

The 3D integrated scaffold is composed of a four-layer

concentric structure where AFSCs and NPCs are encap-

sulated in differently concentrated hydrogel scaffolds.

Figure 6 presents the immunofluorescence image of the

encapsulated fluorescent probe cells in a section on day 1.

In the different levels, cells are labeled with different

colored fluorescent probes. The innermost layer is 5%

GelMA hydrogel encapsulating green probe-labeled NPCs.

From the inside to the outside, the layers contained 5%,

10%, and 15% GelMA hydrogel, encapsulating AFSCs

labeled with red (middle), green (outer), and orange

(outermost) probes. Our success in establishing a graded

3D annular scaffold is shown by the integration of fluo-

rescently labeled cells with hydrogel scaffolds. We also

examined the migration of cells in the bionic scaffold

between the different levels on days 7 and 14. As shown in

Fig. 6B, I/II, II/III, and III/IV refer to the 2D/3D

immunofluorescence image of the junction between the

layers. On day 7, the number of cells inter-migrating

between the layers was low, but the inter-penetration and

migration of cells between the layers could be seen on day

14. Then, by measuring the cell migration distances of the

AFSCs and NPCs between the different layers of the

scaffold using Image J software, we found a significant

difference in the cell spreading distances on day 14 in all

the layers compared to that on day 7. At the interface

between the 5% and 10% hydrogels, it was observed that

the cells have further spreading distances than those at the

interface of the 15% hydrogels on day 14, which may be

caused by the high mechanical properties of the hydrogels

limiting cell spreading, resulting in less efficient cell

Fig. 5 Expression of Col-I, Col-II, and AGG for NPCs and AFSCs

encapsulated in GelMA hydrogel of different concentrations. A
Immunofluorescence expression of Col-I, Col-II, and AGG for NPCs

and AFSCs on day 14 (scale bar: 200 lm). B Quantitative analysis for

the average fluorescence intensity between different groups

(*p\ 0.05, **p\ 0.01, ***p\ 0.001, relative to the control group)
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migration. This also demonstrates that the bionic scaffold

has good biocompatibility and that the integrated scaffolds

acting as a cell carriers can promote cell survival, migra-

tion, and protein expression.

4 Discussion

Tissue-engineered regenerative materials for treating IVD

degeneration have been gaining attention for their well-

suited bioactivity and biocompatibility. The biological

repair strategy based on cell transplantation and scaffolds

has a significant effect on treating disc herniation. In the

present study, an annular integrated scaffold with gradient

concentrations of GelMA, integrated with NPCs and

AFSCs, was constructed. By adjusting the concentration of

the hydrogel, this cell-loaded photo-crosslinked GelMA

hydrogel shows unique biological properties, including cell

survival, cell extension, and protein expression. The

experiments demonstrated that hydrogels with different

mechanical properties were beneficial for cell survival.

Additionally, the corresponding extracellular matrix

(ECM) components are secreted to allow for the simulation

of the natural IVD. The construction of cell-loaded inte-

grated scaffolds will be an effective strategy for treating

disc degeneration.

The NP, surrounded by the AF, produces ECM com-

ponents, mainly proteoglycans and type II collagen

[43, 44]. A healthy nucleus pulposus tissue needs to be soft

and flexible to cope with higher buffering stresses. The

characteristic changes occurring in the NP tissue with age

include apoptosis, and reduction of collagen and other

content, which leads to water loss [45]. These changes may

render the outer AF mechanically impaired, enabling the

NP tissue to protrude, resulting in nerve compression and

clinical symptoms (disc herniation) [46]. Therefore, water

retention and certain mechanical properties of the scaffold

are important for maintaining mechanical stability and

survival of co-loaded cells. The measurements of both the

compressive modulus and water contact angle of hydrogels

with different concentrations revealed good mechanical

and hydration properties, which play a vital role in simu-

lating the physiological structure of IVDs. GelMA hydro-

gel is a popular tissue-engineering material owing to its

Fig. 6 Cell tracing in the integrated scaffold. A Immunofluorescence

image of frozen cell sections of the annular scaffold on day 1 (scale

bar: 1000 lm). B 2D/3D Immunofluorescence images of cell

migration in four different hydrogel layers on days 7 and 14 (scale

bar: 500 lm). The dotted line represents the dividing line between the

different hydrogel layers. C Quantitative analysis for the average cell

migration distance in four different hydrogel layers between days 7

and 14. (*p\ 0.05, **p\ 0.01, ***p\ 0.001, relative to the control

group)
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various advantages, including 3D form, large aspect ratio,

dense fiber network, and strong biocompatibility [47],

which support the multi-differentiation of seeded cells into

bone, nerve, vascular, and IVD tissues. Compared to con-

ventional scaffolds, we can modulate the physical proper-

ties of the scaffolds by changing the GelMA ratio or cross-

linking times [28]. The physical properties include com-

pression modulus [48, 49], porosity, and degradation

properties [50]. The different physical properties and cel-

lular response parameters of GelMA hydrogels allow their

use in different biomedical applications. In natural IVD,

the histologic characteristic of insufficient blood supply

makes cell-seeded grafting a better therapy, but the

bioactivity of the seed cells can be affected by the

physicochemical gradient of tissue-engineered materials

[51–53]. Modulating the physical properties of GelMA

hydrogels by controlling the synthesis process has different

implications for the proliferation, survival, differentiation,

and extension of different cells. Related experimental

studies have shown that the proliferation and differentia-

tion of neural stem cells co-cultured with bone mes-

enchymal stem cells (BMSCs) can be influenced by

modulating the mechanical properties of the hydrogels

[11]. In our experimental study, hydrogels with different

mechanical strengths were tested in vitro for cell viability

to facilitate cell survival. The presence in gelatin of an

arginine-glycine-aspartate adhesion domain and matrix

metalloproteinase (MMP)-sensitive sites allows the com-

bination with different types of growth factors to promote

the proliferation and survival of different types of cells

within the scaffold [54]. Nevertheless, hydrogels with

different physical properties all have a loose and porous

structure, which is more conducive to the exchange and

transport of nutrients. However, with the increase of

mechanical strength, the porosity of the hydrogel becomes

smaller; the low concentration hydrogel is affected by the

large grid size of the low cross-link density, thus the pores

are larger. More importantly, for high concentration

hydrogels, the high crosslink density limits the expansion

of cells (Fig. 4), which is well verified in the present

experimental study [11], where cells wrapped in high

concentration hydrogels exhibit poor ductility.

Cells for culture in three-dimensional (3D) microenvi-

ronments compensate for the limitations of current two-

dimensional cell culture practices. The morphology and

biological properties of cells in different growth microen-

vironments vary significantly [55], and 3D cell cultures can

better reflect the biochemical and physical properties of the

cellular microenvironment [56]. It is critical for the ability

of cells to grow and migrate in 3D microenvironments for

applications in IVD tissue regeneration engineering.

Compared to conventional hydrogels, the ability of GelMA

hydrogels to enhance cell binding is because of the

distribution of binding sites in all the hydrogel chains [11].

The adhesion of cells to the hydrogel is promoted by the

binding sites, and the loose and porous structure promotes

cell growth and ECM secretion. However, hydrogels with

different crosslinking densities have a great influence on

the spatial distribution of ECM components. The

immunofluorescence results showed the differential

expression of Col-I, Col-II, and GAG in different con-

centrations of hydrogels (Fig. 5). This may be related to the

cell type and the physical properties of the hydrogels. In

the case of hydrogels, 5% GelMA hydrogels with a low

crosslink density and larger pore size are more conducive

to cell spreading, thus facilitating the deposition of Col-I,

Col-II, and GAG. This further supports the practicability of

the integrated scaffold. The cells encapsulated in the 3D

GelMA scaffolds showed good migration ability, but we

need to further study the molecular mechanisms and signal

transduction pathways underlying the cell-specific differ-

entiation. In vitro experiments identified the positive bio-

logical properties of the integrated scaffold, allowing a

simulation of the natural tissues with acceptable physico-

chemical and biological properties. The combination of

seeded cells and biodegradable GelMA hydrogel scaffolds

could provide a superior platform for disc degeneration

repair, in which the hydrogel scaffold acts as a carrier for

cell transplantation. Tissue engineering techniques can

provide better treatment options for the serious side effects

and poor clinical outcomes associated with conventional

surgery for disc degeneration [57]. The arginine-glycyl-

aspartate adhesion sites in the GelMA hydrogel readily

bind to a variety of cell types to promote cell growth and

adhesion and the physiological characteristics of the

GelMA hydrogel closely resemble that of the cellular

microenvironment. Therefore, their use could be beneficial

in tissue engineering techniques. The photo-induced cross-

linking properties of the GelMA hydrogel offer many

advantages over other scaffolds, such as injectability, faster

gelation, bioprinting, and improved mechanical properties

[58]. In particular, the injectable properties of the GelMA

hydrogel allow for the combination of seed cells and pre-

cise injection into the degenerating disc [59], which redu-

ces tissue damage and allows for precise treatment

compared to traditional open surgery. Therefore, the bionic

scaffold that was built in this study by constructing a

GelMA hydrogel carrying seeded cells, utilized the

advantageous physical properties of the GelMA hydrogel

and provided a promising design for clinical precision

treatment of disc degeneration, which has certain guiding

significance. Although the cell-encapsulated integration

scaffold was not validated with in vivo experiments, our

study provides a theoretical basis for simulating the

microstructure of natural IVD tissues in vivo and provides a

new approach for treating IVD degeneration.
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