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Abstract

Degeneration of intervertebral discs (IVDs) results in an overall alteration of the biomechanics of 

the spinal column and becomes a major cause of low back pain. In this study, an injectable 

hydrogel composite is fabricated and characterized as a potential scaffold for the treatment of 

degenerated IVDs. Crosslinking of type II collagen-hyaluronic acid (HA) hydrogel with 1-ethyl-3 

(3-dimethyl aminopropyl) carbodiimide (EDC) increases the gel stability against collagenase 

digestion and reduces water uptake in comparison with non-crosslinked gel. Cell viability assay 

exhibits the proliferation of human nucleus pulposus (HNP) cells in hydrogels. The cells in non-

crosslinked gel and the gel crosslinked with a low concentration of EDC (0.1 mM) show superior 

cell viability and morphology compared with cells in gels crosslinked with higher concentration of 

EDC. Quantitative PCR assay demonstrates the gene expression of extracellular matrix (ECM) by 

cells cultured in the gels. The expression of ECM genes by HNP cells in the gels demonstrated the 

phenotypic change of the cells. This study suggests that the type II collagen-HA hydrogel and 

crosslinked hydrogel (0.1 mM EDC) are permissive matrix for the growth of HNP cells and can be 

potentially applied in NP repair.
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INTRODUCTION

Intervertebral discs (IVDs) are elastic structures situated between adjacent vertebrae in the 

spine. They are composed of fibrocartilage material that includes the external annulus 

fibrosus (AF) and inner nucleus pulposus (NP). The extracellular matrix of the gelatinous 

NP comprises type II collagen, aggrecan, and the aggregating hydrated proteoglycan.1–5 The 

elastic NP functions to distribute hydraulic pressure to the extracellular matrix (ECM) within 

each disc under compressive loads. Degeneration of the NP and breakdown of the AF result 

in low back pain.6–8 Intervertebral disc degeneration is characterized by increased cell death, 

swelling of the disc, immune privilege unbalance, and aberrant gene expression.9,10 During 

degeneration, the resulting dehydration leads to a decrease in the size of the NP and 
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increased stress on the AF with a compensatory increase in functional size. The hydrated 

gelatinous ECM is condensed and replaced by a more fibrous structure.4,5

Advances in the research of biomaterials provide a promising approach to regenerating 

degenerated and damaged intervertebral discs. Biomaterial scaffolds have been investigated 

for in vitro cell-biomaterial interaction and in vivo transplantation into IVDs.11–16 A few 

types of synthetic and natural hydrogels, such as collagen, hyaluronic acid (HA), fibrin, 

gelatin, polyglycolic acid, alginate, and chitosan, have been investigated for their potential to 

replace and regenerate the NP.11–15 Hydrogels of natural biomaterials have exhibited the 

ability to maintain NP cell viability and provide natural cues to cells that may stimulate 

regenerative response. The density of NP cells considerably declines during childhood and 

gradually remains at a low level in adulthood. In adult human NP (HNP), the cell density is 

around 1–5 million cells/ml.17, 18 Though the cell number is low in the NP, these cells 

express high levels of aggrecan and collagen type II that are essential for the maintenance of 

NP tissue.19 During the process of degeneration and aging as the result of damage and stress, 

cells lose their ability to proliferate and be replaced by entering a state of cell senescence. 

NP cells are not readily capable of self-repair.20–22 Intervertebral disc degeneration is 

characterized by alterations at the cellular and molecular level, including increased cell 

death, swelling of the disc, gene polymorphism, immune privilege unbalance, and aberrant 

gene expression.9,10 Transplantation of rabbit NP cells into an animal IVD prevented 

degeneration of the disc.23 Studies have been performed to test the feasibility of HNP cell 

transplantation for the therapy of degenerated rabbit and human discs, and results were 

encouraging.24, 25 Injectable biomaterials that have the ability of self-assembly in vivo can 

deliver NP cells to the IVD for NP regeneration.11, 26–28 It was also reported that 

biomaterials such as alginate hydrogel and lyophilized chitosan-gelatin scaffolds can support 

HNP cell growth.29

Type II collagen and HA, being major components of IVDs, have been studied for their 

potential as biomaterial grafting into the NP. They can be remodeled by endogenous or 

transplanted cells without producing toxic byproducts. One previous study showed that type 

II collagen-HA hydrogel can support the growth of rat mesenchymal stem cells or bovine 

nucleus pulposus cells.11,12 We also showed that collagen neural conduits crosslinked with 

1-ethyl-3 (3-dimethyl aminopropyl) carbodiimide (EDC) can significantly support peripheral 

nerve regeneration.30 In addition, we reported that collagen microspheres crosslinked with 

EDC can support oligodendrocyte precursor growth for myelination in vitro.31 However, 

whether an injectable type II collagen-HA hydrogel crosslinked with EDC can support the 

growth and biological function of HNP has not been reported. In this study, we fabricated an 

injectable type II collagen-HA hydrogel that was crosslinked with a low amount of EDC. We 

characterized the material properties of the hydrogel composite and investigated the long-

term growth and gene expression of HNP cells in the hydrogel. The outcomes of this study 

suggest that type II collagen-HA hydrogel and the gel crosslinked with a low concentration 

of EDC are a suitable matrix for HNP cell growth and can serve as cell carriers for HNP cell 

transplantation into an IVD.
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MATERIALS AND METHODS

Fabrication of type II collagen-HA hydrogels

Type II collagen was extracted from fetal bovine cartilage and dissolved in 0.01 M acetic 

acid at a final concentration of 9 mg/ml. Hyaluronic acid sodium (Sigma-Aldrich, St. Louis, 

MO) was dissolved in Dulbecco’s modified eagles medium (DMEM) (Lifetechnology, 

Grand Island, NY) complemented by 0.4 M NaCl at 1.57 mg/ml. Type II collagen (5 mg/ml) 

and an HA-sodium solution were mixed together following the weight ratio of 9:1. The pH 

of the resulting solution was adjusted to 7 by adding 1 M NaOH aqueous solution and 5× 

phosphate-buffered saline (PBS) solution. The hydrogel was then crosslinked with different 

concentrations of EDC (Sigma-Aldrich, St. Louis, MO) (0.1, 0.5, and 1 mM). Hydrogel 

without adding any crosslinker was used as the control.

HNP cell culture and cell growth in type II collagen-HA hydrogel

Intervertebral disc tissues from three patients with discogenic low back pain were obtained 

during discectomy surgery. The tissue of the central portion of NP was minced to 1 mm3 

segments and digested with 0.25% trypsin for 30 minutes followed by the addition of 0.2% 

collagenase for 4 hours with agitation. After filtration through a 100 um nylon mesh (Fisher 

Scientific, Cat. no. 22363549) to eliminate tissue debris, the isolated cells were pelleted by 

centrifugation at 500 g for 10 minutes. The cells were grown in a DMEM/nutrient mixture 

F12 (Ham) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/

streptomycin (Lifetechnology, Grand Island, NY). The medium was changed every 2–3 

days, and the cell culture was incubated with 5% CO2 at 37°C. The cells of passage 2, 3, and 

4 were used in the studies. Independent experiments were performed on cells from each 

patient.

The type II collagen (0.5 ml, 9 mg/ml) and HA solution were added to the wells of a 48-well 

plate, and the pH of the mixture was adjusted to 7 by adding NaOH. A crosslinker (EDC) in 

different concentrations was added to the gel and mixed thoroughly using a pipette. The 

HNP cells were seeded into the crosslinked and non-crosslinked collagen-HA solution and 

incubated for 15 minutes at 37°C to allow for gel formation, and then the medium was added 

into each cell culture well.

Cell viability assay

The cell viability assay (LIVE/DEAD® Cell Vitality Assay, Lifetechnology, Grand Island, 

NY) was performed after 10 days or after 2 months of cell culture in the hydrogel. Reagents 

for the LIVE/DEAD® assay were ethidium homodimer-1 (Ethd-1), with a molecular weight 

of 856.77, and Calcein AM, with a molecular weight 994.87. Solutions of the assay were 

removed from the freezer and allowed to warm to room temperature. EthD-1 stock solution 

(2 μl, 2 mM) and Calcein AM stock solution (0.5 μl of 4 mM) were added to sterile PBS 

solution (1 ml) and vortexed. The solution (300 μl) was added directly to each cell culture 

well and incubated for 30 minutes at room temperature. The cells were then viewed under a 

fluorescent microscope. At least 3 independent experiments were performed in this study. 

Four images of cells within the gel were recorded in each experiment. The live and dead 

cells in the images were counted, and the ratios of live cells to all cells were quantified.
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AlamarBlue® assay

The viability and proliferation of HNP cells in the hydrogel were studied by monitoring their 

metabolic activity using the alamarBlue® assay (Pierce Biotechnology, Rockford, lL). To 

perform this assay, HNP cells with a density of 50,000 cells were seeded in the hydrogel and 

cultured for 10 days or 2 months. These cells were then incubated with a cell culture 

medium containing 10% (v/v) alamarBlue® reagent for 4 hours. Absorbance was measured 

at wavelengths of 570 nm and 600 nm in a microplate reader (Synergy Mx Monochromator-

Based Multi-Mode Microplate Reader, Winooski, VT).

Infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was performed to study the chemical bond 

formation between the HA and the type II collagen using EDC. Spectra were obtained with a 

Spectrum 100 FT-IR Spectrometer Perkin Elmer (PerkinElmer, Waltham, MA). To obtain an 

IR spectrum, the specimen (hydrogel) was loaded onto a salt plate and placed in a mounting 

plate in the sample loading compartment. The parameters were adjusted. In FTIR, the 

infrared beam enters the compartment, passes through the sample, and finally enters the 

detector area, resulting in a spectrum with peaks.

Swelling test

For the swelling test, crosslinked type II collagen-HA hydrogel specimens and non-

crosslinked control samples were prepared, and the weight of each specimen was measured. 

The hydrogels were soaked in PBS solution and incubated for 2 hours at 37°C. Then the 

PBS solution was removed, and the hydrogels were held over a paper filter until all PBS had 

dripped off. The samples were then observed and weighed again. The weights obtained for 

each type of crosslinked and non-crosslinked hydrogels after soaking in the PBS solution 

were compared.

Degradation test

Non-crosslinked hydrogels and hydrogel specimens crosslinked with 0.1, 0.5 or 1 mM EDC 

were freeze-dried, after which the weight of each sample was measured. Then the samples 

were digested with collagenase from clostridium histolyticum (Sigma-Aldrich, St. Louis, 

MO), which was prepared in 0.1 mM Tris (pH 7.4) containing 0.05 M calcium chloride 

(CaCl2). The samples were incubated in the digestion solution for 5 hours or 11 hours at 

37°C. Then the samples were centrifuged, the supernatant was removed, and the pellets were 

lyophilized. The weight of each sample was measured again. Mass loss was calculated by 

analyzing the initial mass (Wi) with the final mass (Wf) according to the following equation: 

.

Scanning electron microscopy

Cells cultured in the collagen-HA hydrogel were fixed in a 2% glutaraldehyde-PBS solution 

for 30 minutes. The samples were broken into small pieces, dehydrated with graded ethanol, 

and dried with hexamethyldisilazane. Then they were air-dried and subsequently coated with 

gold. The images of the scaffolds with cells were taken by scanning electron microscopy 

(SEM) using a Zeiss Sigma VP (Carl Zeiss Microscopy, LLC, Thornwood, NY).
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Real-time polymerase chain reaction

In order to study the quantitative reverse transcription polymerase chain reaction (qRT-

PCR), 120,000 cells were seeded in each collagen-HA hydrogel. The total ribonucleic acid 

(RNA) of the HNP cells that were cultured for 8 days or 30 days was extracted using an 

RNeasy Micro Kit (Qiagen, Germantown, MD) according to the supplier’s protocol. The 

amount of RNA was determined using a NanoDrop 2000c spectrophotometer (Thermo 

Scientific, Waltham, MA). The complementary deoxyribonucleic acid (cDNA)was reverse-

transcribed from the total RNA using a high-capacity cDNA Reverse Transcription Kit 

(Lifetechnology, Grand Island, NY) according to the manufacturer’s protocol. The qRT-PCR 

was performed using Power SYBR® Master Mix by the StepOnePlus™ qRT-PCR System 

(Lifetechnology, Grand Island, NY) at 95°C for 10 minutes, and then 40 cycles at 95°C for 

15 seconds, followed by 60°C for 60 seconds. Gene transcription was normalized in relation 

to transcription of the housekeeping rat glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). The 2−ΔΔCt method was used to calculate the relative gene expression for each 

target gene. Primers used in the qRT-PCR are provided in Table 1.

STATISTICS

Statistical analysis was done using the two-tailed Student’s t-test, where data are expressed 

as the mean ± standard deviation. Statistical significance was placed at p < 0.05.

RESULTS

EDC-crosslinking reduced degradation rate and controlled swelling of type II collagen-HA 
hydrogel

The type II collagen-HA hydrogels with and without EDC crosslinking were fabricated, and 

all were stable in the cell culture medium (Figure 1A). The increase of EDC concentration 

for crosslinking the type II collagen-HA hydrogel increased the resistance of the gels to 

degradation by collagenase. After incubation with collagenase for 5 hours and 11 hours, the 

degradation rate of the freeze-dried scaffolds decreased from 45.4 ± 1.4% and 99.2 ± 1.2% 

to 14.6 ± 11.9% and 56.1 ± 21.3%, respectively, when the EDC amount increased from 0 

mM to 1 mM (Figure 1B). The swelling tests for the control gel and crosslinked gels were 

assessed by the measure of relative PBS solution uptake. The PBS solution uptake for the 

non-crosslinked gel was 35.5 ± 4.23 mg. The PBS solution uptakes of the hydrogels 

crosslinked with 0.1 mM EDC, 0.5 mM EDC and 1 mM EDC were 30.33 ± 2.86 mg, 27.5 

± 3.94 mg, and 21.16 ± 6.33 mg, respectively (Figure 1C). Results indicate that EDC 

crosslinking significantly reduced uptake of the PBS solution by the hydrogel.

FTIR was employed to determine the functional group of type II collagen and hyaluronic 

acid (Figure 2). Results show the spectra obtained from FTIR for the different crosslinked 

and non-crosslinked type II collagen-HA hydrogels. The formation of amide bonds was 

observed when the hydrogel was crosslinked with EDC.

HNP cells grow and proliferate in type II collagen-HA hydrogel

Cell viability was determined by using a LIVE/DEAD® cell vitality assay kit and viewed 

under a fluorescent microscope (Figure 3). For cells cultured for 10 days, most cells in the 
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control gel (95.21 ± 1.33 %) and hydrogel crosslinked with 0.1 mM EDC (90.92 ± 3.90%) 

were alive, while 76.03 ± 16.34% and 65.69 ± 8.78% of the cells cultured in the hydrogel 

crosslinked with 0.5 mM and 1 mM EDC, respectively, were alive. For cells cultured for 2 

months, the live cells in the control gel and hydrogel crosslinked with 0.1 mM EDC were 

93.86 ± 1.50% and 93.72 ± 0.39%, respectively, while the live cells in the hydrogel 

crosslinked with 0.5 mM EDC and 1 mM EDC were 83.92 ± 8.02% and 50.90 ± 11.60%, 

respectively. Cells cultured in the control gel (Figure 4A) and gel crosslinked with 0.1 mM 

EDC (Figure 4C) after 10 days showed elongated morphology. Cells cultured in the control 

gel (Figure 4B) and gel crosslinked with 0.1 mM EDC (Figure 4D) after 2 months showed 

multiple processes. SEM images indicated the presence of multiple processes of cultured 

HNP cells in the gel (Figure 4E).

The alamarBlue® assay showed that HNP cells proliferated in both the control collagen-HA 

gel and the crosslinked collagen-HA gel. The reduction of alamarBlue®reagent for HNP 

cells cultured for 2 months was significantly higher than that of HNP cells cultured for 10 

days in all the gels. At 10 days, the reduction of alamarBlue® reagent of HNP cells in the 

control gel (22.43 ± 3.11%) was significantly higher than that of HNP cells in the gel 

crosslinked with 0.1 mM EDC (17.5 ± 1.76%) or the gel crosslinked with 1 mM EDC (14.37 

± 0.79%). At 30 days, the reduction of alamarBlue® reagent for HNP cells cultured in the 

gel crosslinked with 1 mM EDC (24.483 ± 0.74%) was significantly lower than the other 

groups (34.28 ± 6.05%, 0.1 mM EDC; 32.31 ± 0.67%, 0.1 mM EDC; 8.44 ± 4.488%, 0.5 

mM EDC).

HNP cells express ECM genes in type II collagen-HA hydrogel

While cell viability assays were performed after the cells were cultured for a long time (2 

months), the gene expression was measured after the cells were cultured for a relatively 

short time. In this assay, we detected the change of cell biological function after culturing for 

1 month. The expression of type II collagen, type I collagen, Sox9, and aggrecan genes of 

HNP cells in the collagen-HA hydrogel were studied after they were cultured for 8 days or 

30 days (Figure 6). The type II collagen gene expression of HNP cells cultured for 8 days in 

the gel crosslinked with 0.1 mM EDC (5.42 ± 1.28) was higher than that of cells cultured for 

30 days (1.32 ± 0.59) (Figure 6A). The expression of type I collagen gene in HNP cells 

cultured for 8 days in the control gel (1.00 ± 0.11) or gel crosslinked with 0.1 mM EDC 

(0.22 ± 0.08) were significantly lower compared to that of HNP cells cultured for 30 days 

(8.95 ± 2.75, control gel; 8.32 ± 2.38, crosslinked gel) (Figure 6C). The aggrecan gene 

expression of HNP cells cultured for 8 days (1.00 ± 0.12) in the control gel was significantly 

higher than that of HNP cells cultured for 30 days (0.36 ± 0.11) (Figure 6B). The Sox9 gene 

expression of HNP cells cultured for 8 days (1.00 ± 0.12) in the control gel was significantly 

higher than that of HNP cells cultured for 30 days (0.36 ± 0.11) (Figure 6B).

DISCUSSION

Injectable materials that can generate minimal injury to animals have attracted considerable 

attention in IVD regeneration studies. Though natural materials allow the process of natural 

remodeling without the production of toxic byproducts, these biomaterials are not easily 
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manipulated. Chemical crosslinking is a common way to enhance the physical and chemical 

properties of natural materials. EDC is a water-soluble zero-length crosslinker and has been 

shown to be less toxic than these bridge-linking crosslinkers. However, the toxicity of EDC 

is obvious at a high level. Previous studies have shown that rat mesenchymal stem cells 

(MSCs) can grow and proliferate in an EDC-crosslinked type II collagen-HA hydrogel.12 

The crosslinking of hydrogel with a high level of EDC (8 mM) significantly increased the 

stiffness of the gel. However, the hydrogel must be washed to remove EDC residues in the 

gel before the cells are seeded in the gel. It is difficult to evenly mix cells and the gel, and 

repeated washing can also remove HA in the gel. In this study, we crosslinked the type II 

collagen-HA hydrogel with a low amount of EDC that allowed the even mixture of the cells 

and the collagen-HA solution before the gel was formed. Because the toxicity of the gel is 

low, the mixture of the type II collagen-HA solution and cells can potentially be injected into 

the disc without a washing procedure. The hydrogel will form in vivo after injection and 

support NP cell growth.

The biological therapy approach attempts to regenerate degenerated tissue and accounts for a 

long-term cure by preventing or reversing degeneration. Effective regeneration would rely on 

the remodeling of the ECM of NP tissue by the biological activity of cells. A number of 

studies have been performed to investigate autologous NPC transplantation in animal models 

of degenerated tissue.23,28,33 This approach has also been applied in clinical trials.34 The 

application of biomaterial hydrogel that delivers therapeutic cells for the regeneration of NP 

provides the initial permissive environment for the cell to cope with the hostile environment. 

The laminin-111 functionalized poly(ethylene glycol) (PEG-LM111) hydrogel was 

developed as a biomaterial carrier for NP cell delivery to the IVD.15 Poly(ethylene glycol) 

(PEG) hydrogels have been widely used in tissue engineering applications because of their 

non-toxic and hydrophilic properties.35 The incorporation of biological signals such as a 

laminin peptide into the PEG significantly improved its biological function of serving as a 

carrier for NP cell delivery.

Collagen type II is the ligand of cell membrane collagen receptors such as integrin β1. The 

interaction between receptors and collagen type II mediates NP cell proliferation, migration, 

and adhesion. Additionally, the binding of HA with its cell membrane receptors may also 

mediate the cell phenotype response to the hydrogel.36 A previous study showed that type II 

collagen-HA hydrogel crosslinked with 4-arm polyethylene glycol succinimidyl glutarate 

Mw10,000 (4S-StarPEG) was not toxic to bovine NP cells that grew in the gel.11 However, 

the gene expression of major ECM components, such as type II collagen, type I collagen, 

and aggrecan, all decreased after culturing for 7 days, compared with cells at day 0. In this 

study, the gene expression of ECM for cells in the non-crosslinked gel and the gel 

crosslinked with a low concentration of EDC (0.1 mM) was studied because the cells 

showed better viability and morphology in these gels compared with those crosslinked with 

higher EDC (0.5 mM and 1 mM) in alamarBlue® assay and LIVE/DEAD® cell viability 

assay.

Since the ratio of type II collagen and HA is 9:1 (w/w) in native NP tissue, a hydrogel that 

mimics the native ECM constituents of NP tissue may produce an optimal environment for 

NP cell growth.32 A previous work studied the growth of porcine NP cells in the type II 
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collagen-HA hydrogel.11 However, the behavior of HNP cells in the type II collagen 

hydrogel for a long-term culture has not been reported. In this study, we isolated NP cells 

from patients with degenerated IVDs and studied the cell viability in the type II collagen-

HA hydrogel. Most HNP cells survived in the type II collagen-HA hydrogel and the 

hydrogel crosslinked with EDC (0.1 mM) after 2 months of cell culture. The NP cells 

showed an elongated cell shape at the early stage of cell culture, and the cells developed 

multiple processes after culturing for 2 months in the hydrogel. The development of multiple 

processes suggested that the cells settled down and generated more contacts with ECM after 

the longer-term cell culture.

In this study, we investigated the cell viability and ECM gene expression at two different 

time points. The study of the ability of hydrogels to support cell growth was performed on 

the cells that were cultured for a long time (2 months). Since this may change after culturing 

for a relatively short time, the ECM gene expression of NP cells was measured after the cells 

were cultured for 1 month using the qRT-PCR. We found that although HNP cells 

proliferated in the type II collagen-HA hydrogel and the hydrogels maintained cell viability 

after culturing for 2 months, the qPCR assay showed the phenotypic drift of NP cells after 

culturing for 1 month. The increased expression of the type I collagen gene was observed 

after cells were cultured for 30 days compared with cells cultured for 8 days. We also 

observed a significant change of type II collagen gene expression of NP cells in the 

crosslinked gel (0.1 mM EDC) and the aggrecan and Sox9 genes of NP cells in the non-

crosslinked gel after a long-term cell culture. The results of gene expression studies may 

indicate the adaption of HNP cells to the 3D cell culture condition. The increased type I 

collagen expression may be due to the cells from degenerated discs, which is a limitation of 

the study of NP cell function in the gel. Though the type II collagen-HA hydrogel provides a 

permissive condition for NP cell growth, mechanical stimulation may be necessary to 

maintain the cell phenotype and restore healthy NP tissue in vivo.

The mechanical properties of materials such as stiffness may affect cell behavior including 

cell attachment and proliferation.37, 38 EDC crosslinking may change the mechanical 

property of the collagen-HA hydrogel and thereby affect HNP cell behavior. In this study, 

we found that increasing the EDC concentration can increase the toxicity to cells. 

Additionally, HNP cells in the hydrogel may also modify the gel composition and 

mechanical properties after long-term cell culturing. In the future study, we will determine 

the effect of material stiffness on HNP cell behavior in the gel. Further experiments are 

required to differentiate the effects of mechanical properties and toxicity on the cells, and the 

cell culture time should be shortened.

CONCLUSION

In this study, we fabricated an injectable type II collagen-HA hydrogel that was crosslinked 

with EDC, and then studied the growth and gene expression of HNP cells in the hydrogel. 

We found that the optimal conditions of the hydrogel for HNP cell growth are the non-

crosslinked type II collagen-HA gel and the type II collagen-HA gel crosslinked with 0.1 

mM EDC. Most cells in these hydrogels were survival cells and developed multiple 

processes after culturing for 2 months. A quantitative PCR study revealed the gene 

Priyadarshani et al. Page 8

J Biomed Mater Res A. Author manuscript; available in PMC 2017 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression profile of HNP cells in the hydrogels after culturing for 8 days and 30 days. The 

differential gene expression of the cells for short- or long-term culturing showed that the cell 

phenotype changed in the hydrogel. The change of gene expression of the cells may be the 

result of their adaption to the hydrogel at different cell culture stages. Results of this study 

suggest that the type II collagen-HA hydrogel and the gel crosslinked with a low 

concentration of EDC are a suitable matrix for HNP cell growth and can serve as cell 

carriers for HNP cell transplantation into the IVD.
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Figure 1. 
Crosslinking of type II collagen-HA hydrogel with EDC showing reduced gel degradation 

rate and water uptake. (A) Type II collagen-HA hydrogels formed in glass tubes with cell 

culture medium and remain stable at bottom of glass tubes after removal of medium; (B) 

Weight deduction of the type II collagen- HA hydrogel after 5 hours and 11 hours of 

collagenase treatment. *, p < 0.05, compared with the corresponding gels of 10 days. ^, p < 

0.05, compared with the non-crosslinked gel. (C) Relative PBS solution uptake of type II 

collagen-HA hydrogels compared with non-crosslinked hydrogel and hydrogels crosslinked 

with EDC at different concentrations. *, p < 0.05, compared with the non-crosslinked gel.
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Figure 2. 
FTIR spectra of type II collagen/HA hydrogels. (A) non-crosslinked hydrogel; (B) gel 

crosslinked with 0.1 mM EDC; (C) gel crosslinked with 0.5 mM EDC; (D) gel crosslinked 

with 1mM EDC.
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Figure 3. 
LIVE/DEAD® cell vitality assay for HNP cells grown for 10 days in gel: (A)–(D) LIVE/

DEAD® cell vitality assay for HNP cells grown in gel for 10 days. (A) non-crosslinked 

hydrogel, (B) hydrogel crosslinked with 0.1 mM EDC, (C) hydrogel crosslinked with 0.5 

mM EDC, and (D) hydrogel crosslinked with 1 mM EDC. (E) – (H)LIVE/DEAD® cell 

vitality assay for HNP cells grown for 2 months in gel: (E) non-crosslinked hydrogel, (F) 

hydrogel crosslinked with 0.1 mM EDC, (G) hydrogel crosslinked with 0.5 mM EDC and 

(H) hydrogel crosslinked with 1 mM EDC. Live cells labeled with calcein AM (green). Dead 

cells labeled with ethidium homodimer-1 (red). (I) Quantification of live cells in the gels. 

Scale bar: 100 μm.
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Figure 4. 
Morphology of HNP cells in hydrogel: (A) HNP cells in non-crosslinked type II collagen-

HA hydrogel for 10 days; (B) HNP cells in non-crosslinked type II collagen-HA hydrogel 

for 2 months; (C) HNP cells in crosslinked type II collagen-HA hydrogel (0.1 mM) for 10 

days; (D) HNP cells in crosslinked type II collagen-HA hydrogel (0.1 mM) for 2 months. 

Cells labeled with calcein AM. Scale bar: 50 μm; (E)–(F) SEM images of HNP cells in 

crosslinked type II collagen-HA hydrogel (0.1 mM). Scale bar: 2 μm.
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Figure 5. 
AlamarBlue® cell viability assay of HNPs growing in non-crosslinked and crosslinked 

collagen type II-HA hydrogel. *, p < 0.05, compared with the corresponding gels of 10 days. 

^, p < 0.05, compared with the gels crosslinked with 0.1mM and 1mM EDC. #, p < 0.05, 

compared with the control gel and the gels crosslinked with 0.1mM and 0.5mM EDC.
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Figure 6. 
Results of qRT-PCR for chondrocytic cell marker genes Sox-9, type II collagen and 

aggrecan, and the fibroblastic marker gene type I collagen. Expressed as fold change 

compared with HNP cells in non-crosslinked type II collagen-HA hydrogel. Each target 

gene normalized to GAPDH. *, p < 0.05, compared with corresponding result at 8 days.
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Table 1

Primers for qRT-PCR

Gene Oligonucleotide (5′-3′)

Type II collagen A1 (COL2A1) F: CCGGGCAGAGGGCAATAGCAGGTT
R: CAATGATGGGGAGGCGTGAG

Aggrecan F: CCAGTGCACAGAGGGGTTTG
R: TCCGAGGGTGCCGTGAG

Sox9 F: CATGAGCGAGGTGCACTCC
R: TCGCTTCAGGTCAGCCTTG

Type I collagen A1 (COLIA1) F: CGATGGCTGCACGAGTCACAC
R: CAGGTTGGGATGGAGGGAGTTTAC

GAPDH F: CGAGATCCCTCCAAAATCAA
R: TTCACACCCATGACGAACAT
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