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Abstract 

Cell-based therapies may hold significant promise for the treatment of early stage 

degeneration of the intervertebral disc (IVD). Given their propensity to proliferate and ability 

to form multiple tissue types, mesenchymal stem cells (MSCs) have been proposed as a 

potential cell source to promote repair of the nucleus pulposus (NP). However, for any 

successful cell-based therapy a carrier biomaterial may be essential for targeted delivery 

providing key biophysical and biochemical cues to facilitate differentiation of MSCs. Two 

widely used biomaterials for NP regeneration are chitosan and alginate. The primary 

objective of this study was to assess the influence of alginate and chitosan hydrogels on bone 

marrow (BM) MSCs and NP cells in isolation or in co-culture. A secondary objective of this 

study was to investigate co-culture seeding density effects of BM and NP cells and 

simultaneously explore which cell type is responsible for matrix formation in a co-cultured 

environment. Porcine NP and BM cells were encapsulated in alginate and chitosan hydrogels 

separately at two seeding densities (4x106 and 8x106 cells/ml) or in co-culture (1:1, 8 x106 

cells/ml). Constructs (diameter:5mm, height:3mm) were maintained under IVD-like 

conditions (low-glucose, low (5%) oxygen) with or without TGF-β3 supplementation for 21 

days. Results demonstrated differential viability depending on hydrogel type. NP cells 

remained viable in both biomaterial types whereas BM viability was diminished in chitosan. 

Furthermore, hydrogel type was found to regulate sGAG and collagen accumulation. 

Specifically, alginate better supports sGAG accumulation and collagen type II deposition for 

both NP and BM cell types compared to chitosan. Having identified that alginate more 

readily supports cell viability and matrix accumulation we further explored additional effects 

of seeding density ratios (NP: BM – 1:1, 1:2) for co-culture studies. Interestingly, in co-

culture conditions, the BM cell population declined in number while NP cells increased 

indicating that MSCs may in fact be signalling NP cells to proliferate rather than contributing 



 

 

to matrix formation. These findings provide exciting new insights on the potential of MSCs 

for NP tissue regeneration strategies. 

 

 



 

 

Introduction 

Degeneration of the intervertebral disc (IVD) is a normal part of the aging process, and is 

typically characterized by a loss in key extracellular matrix (ECM) components such as 

collagen and sulphated glycosaminoglycans (sGAG) which are responsible for maintaining 

tissue hydration thereby providing mechanical functionality. In addition, aging is associated 

with increased cellular senescence and changes in cellular phenotype that result in cells with 

decreased matrix synthesis capacity and/or altered matrix production (1-8). 

Autologous Disc Cell Transplantation (ADCT) therapy has been proposed as a 

potential treatment for IVD degeneration (9) with recent studies in various animal models 

demonstrating that re-implantation of autologous nucleus pulposus (NP) cells delays 

degenerative changes in the disc (10, 11). However, the number of NP cells that can be 

harvested and expanded in vitro are insufficient to meet requirements for successful treatment 

(12). In addition, culturing primary NP cells for disc repair is challenging due to their limited 

expansion capability (13, 14).  Furthermore, tissue harvesting may induce degeneration at the 

donor site or initiate degeneration in healthy IVDs (15). These issues have motivated the 

exploration of mesenchymal stem cells (MSCs) as an alternative cell source due to their 

propensity to proliferate and ability to form multiple tissue types (16, 17). MSCs possess 

significant potential and perhaps provide a more readily available and clinically feasible 

source of cells to promote the repair of NP tissue. In addition, in vivo studies have shown that 

implantation of MSCs into experimentally induced degenerate animal discs leads to improved 

disc height and accumulation of proteoglycans (18-20).  

Several groups have explored co-culture systems of NP cells and MSCs since 

signalling between these cell types will ultimately occur in situ during MSC-mediated disc 

regeneration (21-24). However, there is still uncertainty regarding the exact mechanisms by 

which MSCs stimulate repair when transplanted into the IVD, as it may be due to 



 

 

differentiation of the injected MSCs themselves and/or stimulation of native resident NP 

cells.  

For any cell-based therapy to be successful a carrier biomaterial may be required to 

prevent cell leakage, permit targeted delivery and to provide key biophysical and biochemical 

cues to facilitate differentiation of MSCs (12). Two naturally derived biomaterials widely 

used for biomedical applications include chitosan and alginate; both, by virtue of their 

properties and mild gelation conditions, have gained the acceptance of researchers as 

matrices for the purpose of cell based delivery strategies (25-28).  

Alginate is a natural water soluble anionic polysaccharide which exhibits excellent 

biocompatibility and hydrophilic properties. It may be readily combined with cells to form a 

three-dimensional hydrogel structure under mild crosslinking conditions using calcium 

chloride (CaCl2). Alginate has been shown to support a wide variety of cell types including 

NP cells (29-31) and MSCs (32, 33).  

Chitosan is also a natural, however, cationic polymer and is theoretically superior to 

alginate in terms of biocompatibility and biodegradability. Previous work has demonstrated 

that chitosan can help restore the function of NP cells during the early stages of IVD 

degeneration (34) and that MSC-seeded chitosan gels may be used clinically for the 

regeneration of degenerated human IVD (17).  

The primary objective of this study was to explore the influence of alginate and 

chitosan hydrogels on bone marrow derived MSCs (BM) and NP cells in isolation at two 

different cell seeding densities and in co-culture. A secondary objective of this study was to 

investigate co-culture seeding density effects of BM and NP cells and simultaneously explore 

which cell type is responsible for matrix formation in a co-cultured environment. 

 

 



 

 

Methods 

Nucleus pulposus (NP) cell isolation and culture 

Intervertebral discs (IVDs) from the lumbar region were harvested from the spine of porcine 

donors (N=3, 3-4 months, 20-30kg) within three hours of sacrifice. Under aseptic conditions, 

IVDs were carefully exposed and the gelatinous nucleus pulposus tissue removed from the 

central section of the disc. To confirm the absence of bacterial growth, dissected tissue was 

cultured overnight at 37°C, 5% CO2 in a humidified atmosphere in serum-free low-glucose 

Dulbecco’s Modified Eagles Medium (LG DMEM, 1 g/L D-glucose) supplemented with 

antibiotics/antimycotics (100U/ml penicillin, 100µg/ml streptomycin). NP tissue was 

enzymatically digested in 2.5mg/ml pronase solution for 1 hour followed by 4 hours in 

0.5mg/ml collagenase solution at 37°C under constant rotation in serum free LG DMEM 

containing antibiotic/antimycotics (100U/ml penicillin, 100µg/ml streptomycin). Digested 

tissue/cell suspension was passed through a 100µm cell strainer to remove tissue debris 

followed by 70 µm and 40 µm cell strainers to separate notochordal cells (NC) from the 

desired nucleus pulposus cells (NP) as previously described (35). Cells were then washed 

three times by repeated centrifugation at 650G for 5 minutes. NP cells were cultured to 

confluence in T-75cm2 flasks with LG DMEM, supplemented with 10% Foetal bovine serum 

(FBS), 100U/ml penicillin, 100µg/ml streptomycin, 2.5µg/ml amphotericin B, 5ng/ml 

Fibroblast Growth Factor-2 (FGF-2; ProSpec-Tany TechnoGene Ltd, Israel) at 37°C in a 

humidified atmosphere containing 5% CO2, and expanded to passage 2 (P2) with medium 

exchanges performed every 3 days.  

 

Bone marrow (BM) derived MSC isolation and culture 

Donor matched bone marrow-derived stem cells (BM) were isolated from the femora of 

porcine donors (N=3, 3-4 months, 20-30kg) within 3 hours of sacrifice as previously 



 

 

described (36). Briefly, mononuclear cells were isolated from the femora and plated at 

10×106 cells in T-75cm2 flasks to allow for colony formation (P0). MSCs were maintained in 

low-glucose Dulbecco’s Modified Eagles Medium (LG DMEM, 1 g/L D-glucose) 

supplemented with 10% foetal bovine serum (FBS), penicillin (100 U/ml)-streptomycin (100 

µg/ml) (all GIBCO, Invitrogen, Dublin, Ireland) and amphotericin B (0.25µg/ml, Sigma-

Aldrich, Arklow, Ireland). After P0, MSCs were re-plated at 5×103 cells/cm2 and expanded to 

passage two (P2) in a humidified atmosphere at 37°C and 5% CO2.  

 

Alginate Hydrogel Encapsulation 

Expanded cells (NP and BM) were trypsinised and counted using trypan blue staining and  

encapsulated in 1.5% alginate (Pronova UP LVG, FMC NovaMatrix, Norway) in isolation at 

two different cell seeding densities (4x106 cells/ml and 8x106 cells/ml) and in 1:1 NP to BM 

ratio maintaining the concentration of NP at 4x106 cells/ml to yield a final concentration of 

8x106 cells/ml. For alginate co-culture studies two different NP to BM ratios were 

investigated (NP: BM – 1:1, 1:2) resulting in final cell densities of 8 x 106 (1:1) and 12 x 106 

(1:2) cells/ml. Alginate/cell suspensions were pipetted into 3% agarose/100mM CaCl2 

cylindrical moulds, slabs of the same were mounted onto the wells to allow gelation from the 

top as well and gels were allowed to ionically crosslink at 37°C for 30 minutes to form 

cylindrical constructs (Ø5xH3mm).  

 

Chitosan hydrogel encapsulation 

Expanded cells (NP and BM) were trypsinised and counted using trypan blue staining and 

encapsulated in 1.5% chitosan (Protasan UP CL 214, FMC NovaMatrix,  Norway)  in 

isolation at two different cell seeding densities (4x106 cells/ml and 8x106 cells/ml) and in 1:1 

NP to BM ratio maintaining the concentration of NP at 4x106 cells/ml to yield a final 



 

 

concentration of 8x106 cells/ml. Chitosan was dissolved in ultra-pure water (UPW) to create a 

3% (w/v) solution and autoclaved to render sterile. Chitosan solution was mixed with a 

concentrated stock solution of filter-sterilized B-glycerophosphate (B-Gly), to yield a liquid 

chitosan/B-Gly solution (pH = 6.9). Cells were re-suspended in LG chemically defined 

medium and mixed with filter-sterilized hydroxyethyl cellulose (HEC) to form a cell/HEC 

solution. Both solutions were homogeneously mixed and allowed to set at 37oC for 30 

minutes in 3% agarose moulds to form cylindrical constructs (Ø5xH3 mm).  

 

Hydrogel culture  

Alginate and chitosan constructs were cultured under identical conditions. Briefly, constructs 

were maintained in a chemically defined medium (CDM) consisting of low glucose (1g/L) 

medium supplemented with penicillin (100 U/ml)-streptomycin (100 μg/ml) (both GIBCO, 

Biosciences, Ireland), 100 μg/ml sodium pyruvate, 40 μg/ml L-proline, 50 μg/ml L-ascorbic 

acid-2-phosphate, 1.5 mg/ml BSA, 1× insulin–transferrin–selenium, 100 nM dexamethasone 

(all from Sigma-Aldrich, Ireland) and 10 ng/ml recombinant human transforming growth 

factor-β3 (TGF-β3; ProSpec-Tany TechnoGene Ltd, Israel). Hydrogel constructs were 

cultured in standard 12 well plates with one construct per well in a low oxygen (5%) 

environment as previously described (37). Each construct was maintained in 2mL of 

supplemented medium with complete medium exchanges performed twice weekly for the 

total culture duration of 21 days. Constructs were assessed at days 0 and 21 in terms of cell 

viability, biochemical content (DNA, sulfated-glycosaminoglycan (sGAG) and collagen 

content) and histologically.  

 

 

 



 

 

Cell viability, Fluorescent cell labelling and Cell Counting 

For non-fluorescence labelled groups, cell viability was assessed using a LIVE/DEAD® 

Viability/Cytotoxicity Assay Kit (Invitrogen, Bio-science, Ireland). At day 0 and day 21, a 

single construct from each group was removed from culture and cut in half, rinsed three times 

with PBS and incubated for 1 hour at 37ºC in live/dead solution containing 2 μM calcein AM 

and 4 μM ethidium homodimer-1 (EthD-1). After incubation, segments were washed three 

times with PBS and imaged with an Olympus FV-1000 Point-Scanning Confocal Microscope 

(Southend-on-Sea, UK) at 488 and 543 nm channels and analysed using FV10-ASW 2.0 

Viewer software. 

PKH67 and PKH26 Fluorescent Cell Linker Kits (Sigma-Aldrich, Ireland) were used 

to label the cell membrane of NP and BM cell populations for use in alginate co-culture 

studies comparing two different cell ratios (NP: BM – 1:1, 1:2). Both cell types were labelled 

separately; BM cells were stained with PKH67 and NP cells were stained with PKH26. The 

cell suspension of desired concentration and the dye solution (both in a diluent supplied with 

the kit) were mixed and incubated briefly at room temperature. The labelling reaction was 

terminated by addition of FBS.  Labelled cells were washed 3 times with complete medium to 

remove unbound dye. All steps were performed at room temperature in accordance with the 

manufacturer’s instructions (Sigma-Aldrich Corporation, St. Louis, MO, USA). For these 

fluorescent cell labelled groups, constructs were incubated for 1 hour at 37ºC in live/dead 

solution containing 3µM Draq-7 which stains nuclei in dead cells. Its far-red emission (665 

nm and beyond) permits its use in parallel with that of PKH labels. Day 0 and day 21 gels 

were imaged with an Olympus FV-1000 Point-Scanning Confocal Microscope (Southend-on-

Sea, UK) at 546, 488 and 663 nm channels and analysed using FV10-ASW 2.0 Viewer 

software. 



 

 

For cell counting of fluorescently labelled co-culture groups, the images were 

separated so that each cell type was visible in isolation; a separate image was used to count 

each cell type. Briefly, the captured image of the cross-section of the gel was overlaid with a 

5x3 grid pattern with each grid equivalent to 1mm2 of gel area. Three fields of view were 

chosen in a diagonal pattern across the image. 

 

Quantitative biochemical analysis 

Samples were digested with papain (125µg/ml) in 0.1M sodium acetate, 5mM L-cysteine 

HCl, and 0.05 M EDTA (Sigma–Aldrich, Ireland) at 60°C under constant agitation for 

18hours. Alginate samples were digested in papain (pH 6.5) and chitosan samples were 

digested in papain (pH 7.5) (38). DNA content was quantified using the Quant-iT PicoGreen 

dsDNA kit (Molecular Probes, Biosciences, Ireland) with a lambda DNA standard. 

Proteoglycan content was estimated by quantifying the amount of sulphated 

glycosaminoglycan (sGAG) in constructs using the dimethylmethylene blue dye-binding 

assay (DMMB Blyscan, Biocolor Ltd., Northern Ireland), with a chondroitin sulphate 

standard. Total collagen content was determined by measuring the hydroxyproline content. 

Samples were hydrolysed at 110°C for 18 hours in concentrated hydrochloric acid (HCl) 

(38%) and assayed using a chloramine-T assay (39), using a hydroxyproline-to-collagen ratio 

of 1:7.69 (40).  Due to the interference of chitosan with the DNA assay (38, 41) and to allow 

comparisons to be made with alginate hydrogels, biochemical data (sGAG and collagen) is 

normalised on a per cell basis in figures 2 and 4. 

 

Histology and immunohistochemistry 

Constructs were fixed in 4% paraformaldehyde (PFA) overnight, dehydrated in a graded 

series of ethanol, embedded in paraffin wax, sectioned at 8 μm and affixed to microscope 



 

 

slides. Sections were stained for glycosaminoglycans (GAGs) using aldehyde fuschin and 1% 

alcian blue 8GX (Sigma–Aldrich, Ireland) in 0.1M HCl (42). The deposition of collagen 

types I and II were identified through immunohistochemistry. Briefly, sections were 

quenched of peroxidase activity, rinsed with PBS before treatment with chondroitinase ABC 

in a humidified environment at 37°C. Slides were rinsed with PBS and non-specific sites 

were blocked with goat serum. Sections were then incubated for 1 hour at 4°C with the 

primary antibody; collagen type I (ab6308) (1:200; 1 mg/ml) or collagen type II (ab3092) 

(1:80; 1 mg/ml) antibodies (mouse monoclonal, Abcam, Cambridge, UK). After washing in 

PBS, sections were incubated for 1 hour in the secondary antibody; anti-mouse IgG biotin 

antibody produced in goats (1:133; 2.1 mg/ml). Colour was developed using the Vectastain 

ABC reagent followed by exposure to peroxidase DAB substrate kit. Negative and positive 

controls of porcine ligament and cartilage were included for each batch. 

 

Statistical analysis 

Statistical analyses were performed using GraphPad Prism (version 4) software with 6 

samples analysed for each experimental group. Two-way ANOVA was used for analysis of 

variance with Bonferroni post-tests to compare between groups. Numerical and graphical 

results are displayed as mean ± standard deviation. Significance was accepted at a level of p 

< 0.05. 

 

 

 

 

 

 



 

 

Results 

Bone marrow (BM) cell viability is dependent on hydrogel type 

For both alginate and chitosan, NP encapsulated gels increased in DNA content for both 

seeding densities (Fig 1A). Results from DNA analysis were confirmed through confocal 

imaging of live and dead cells (Fig 1B). NP cell viability was maintained in both hydrogels 

for both cell seeding densities (4x106 and 8x106 cells/ml) (Fig 1A). It may be noted that an 

increased number of dead cells (yellow/red) were observed in the NP 4x106 cells/ml chitosan 

construct compared with NP 8x106 cells/ml. For BM alginate constructs an increase in DNA 

content was observed compared to day 0. However, for BM encapsulated chitosan constructs, 

DNA content significantly decreased from day 0 to day 21 for both cell seeding densities 

(4x106 and 8x106 cells/ml). Also, we observed less proliferation and a minor increase of dead 

cells in the BM 8x106 cells/ml alginate construct compared to the BM 4x106 cells/ml. In 

addition, a change in cell morphology was observed for NP and BM encapsulated chitosan 

constructs whereby rounded cells became more spread-like by day 21 compared to day 0 and 

for alginate hydrogels, the rounded cell morphology of both NP and BM cells was maintained 

(Fig. S1). 

 

Alginate better supports sGAG accumulation and collagen type II deposition compared to 

chitosan for NP and BM cell types  

sGAG content normalised on a per cell basis was significantly higher in alginate compared to 

chitosan for both NP and BM and for both cell seeding densities (Fig 2A). This difference 

was also observed when sGAG was normalised to wet weight (Fig 2B). There was no 

difference observed in collagen content normalised on a per cell basis between the two 

hydrogel types (Fig 2C). However, when normalised to wet weight, chitosan displayed 

significantly greater collagen content compared to alginate for both NP and BM and for both 



 

 

cell seeding densities (Fig 2D). This may be explained by the differences in weights between 

alginate and chitosan hydrogels whereby chitosan gels were approximately half the weight of 

alginate hydrogels. The GAG:Collagen ratio was also found to be higher for alginate 

hydrogels compared to chitosan (Fig 2E) approaching that of native NP tissue where the 

GAG to collagen ratio is as high as 3.5:1 (43). 

Increased seeding density resulted in significantly increased sGAG accumulation in 

both alginate and chitosan for both NP and BM cell types (Fig 2B). Similar results were 

obtained for collagen accumulation, however, BM-encapsulated chitosan at 8x106 cells/ml 

displayed significantly less collagen content compared to 4x106 cells/ml (Fig 2D). Also, the 

GAG:Collagen ratio was found to be greater for BM-encapsulated alginate and NP-

encapsulated chitosan in higher seeding density groups compared to lower seeding density 

groups (Fig 2E). 

Histological evaluation demonstrated greater sGAG accumulation and robust collagen 

II deposition in alginate compared to chitosan (Fig 3). Aldehyde fuschin/alcian blue staining 

revealed greater sGAG accumulation in alginate (Fig 3A-3D) constructs for both NP and BM 

at both cell seeding densities (4 x 106 cells/ml and 8 x 106 cells/ml) compared to chitosan 

constructs (Fig 3E-3H). Immunohistochemistry for collagen type I exhibited limited 

deposition in BM encapsulated alginate constructs at both seeding densities (Fig 3K and L). 

For NP encapsulated alginate constructs, collagen type I deposition was observed in the 

higher seeding density group only (Fig 3I and J). In addition, chitosan suppressed collagen 

type I accumulation for the same groups (Fig 3M-3P). Robust collagen type II deposition was 

observed in alginate for NP and BM in isolation at both seeding densities compared to 

chitosan (Fig 3Q-3X). Constructs maintained in medium without TGF-β3 supplementation 

resulted in negligible accumulation of matrix (data not shown). 

 



 

 

Alginate better supports matrix formation in co-culture of NP and BM cells.  

DNA content of co-cultured constructs significantly increased from day 0 to day 21 in 

chitosan compared to alginate (Fig 4A). However, sGAG content normalised on a per cell 

basis was significantly higher in alginate compared to chitosan (Fig 4B) and this difference 

was also observed when total sGAG is normalised to wet weight (Fig 4C). In addition, 

collagen content, normalised on a per cell basis, was significantly increased in alginate (Fig 

4B). However, when collagen is normalised to wet weight chitosan exhibited significantly 

higher collagen content compared to alginate (Fig 4C). As highlighted earlier, this is most 

likely due to the difference in weights between alginate and chitosan hydrogels whereby the 

chitosan hydrogels were approximately half the weight of the alginate hydrogels. 

GAG:Collagen ratio was also found to be higher in alginate compared to chitosan (Fig 4D). 

Results from DNA analysis were supported by confocal imaging of live and dead 

cells with greater cell proliferation occurring in chitosan. Aldehyde fuschin/alcian blue 

staining revealed greater sGAG accumulation in alginate constructs (Fig 4F). 

Immunohistochemistry results revealed limited collagen type I accumulation for either 

alginate or chitosan hydrogels (Fig 4G). Immunohistochemistry results demonstrated robust 

collagen type II deposition in alginate compared to chitosan (Fig 4H). Constructs maintained 

in medium without TGF-β3 supplementation resulted in negligible accumulation of matrix 

(data not shown). 

 

BM cells decreased in number and NP cells proliferated in co-culture conditions 

DNA content of the 1:2 co-culture constructs significantly increased from day 0 to day 21 

reaching a maximum of 268.8 ± 11.2 % compared to 1:1 co-culture constructs with 127.3 ± 

5.2 % (Fig 5A). Cell labelling illustrated BM cells decreased in number and NP cells 

proliferated from day 0 to day 21 for both 1:1 and 1:2 co-culture groups (Fig 5B). This was 



 

 

confirmed through semi-quantitative analysis (Fig 5C); a cell count of NP and BM cells 

illustrated a significant increase in NP cell number from day 0 to day 21 for both 1:1 and 1:2 

co-culture groups with approximately 2 fold and 4 fold increases, respectively. An average of 

391.67 ± 8.62 for NP and 108± 14 for BM were counted per field of view at day 21 for 1:1 

ratio and 454.3 ± 5.86 for NP and 55.3± 18.15 for BM for 1:2 ratio. A significant decrease in 

BM cell number was observed with a 24.7% percentage decrease in the 1:1 co-culture group 

and a 73.8% percentage decrease in the 1:2 co-culture group from day 0 to day 21. Of note, 

cell viability was maintained in all groups (data not shown). 

 

Effect of co-culture cell ratio on matrix accumulation  

Biochemical analysis showed increased total sGAG in 1:2 co-culture group compared to 1:1 

group (Fig 6A). Similar results were obtained when sGAG was normalised to wet weight and 

to DNA (Fig 6B and 6C). It may be noted that, although the ratio of BM to NP is double in 

the 1:2 co-culture group, the increase in sGAG is not doubled compared to the 1:1 co-culture 

group.  No difference was found in total collagen content between 1:1 and 1:2 co-culture 

groups (Fig 6A – 6C). Increased sGAG:Collagen was obtained for 1:2 compared to 1:1 (Fig 

6D). Histological evaluation confirmed biochemical analysis findings illustrating greater 

sGAG accumulation in 1:2 compared to 1:1 constructs (Fig 6E). Immunohistochemistry 

results revealed no differences in the amount of collagen accumulation in 1:2 compared to 1:1 

constructs, although there appears that more collagen type II was deposited compared to type 

I (Fig 6E). Constructs maintained in media without TGF-β3 supplementation resulted in 

negligible matrix accumulation (data not shown). Also, it should be noted that this 

experiment was performed on alginate constructs only. 



 

 

Discussion 

Previous studies have shown that NP and BM cells remain viable, proliferate and 

synthesise matrix (collagen type II and GAG) in alginate (30, 31, 47-50) and chitosan (17, 34, 

51). In our hands and culture conditions, alginate more readily maintained and supported NP 

and BM cell viability with increased cell proliferation compared to chitosan at both seeding 

densities when cultured in isolation. At the lower seeding density  (4x106/ml) for NP chitosan 

we observed yellow cells in the live/dead imaging indicative of cells undergoing cell death 

and at the higher seeding density (8x106/ml) for NP chitosan, there was an increased number 

of dead cells. This may be a time lag effect due to initial seeding density whereby given 

further time the 4x106/ml NP chitosan constructs would result in increased cell death to the 

same extent as  the 8x106/ml NP chitosan group. Additionally, alginate supported greater 

accumulation of sGAG and increased collagen II deposition compared to chitosan yielding a 

higher GAG:Collagen ratio approaching that of native porcine NP tissue. The production of a 

high GAG:Collagen ratio may provide an appropriate metric of  identifying an NP-like tissue 

type. If stem cells are to be differentiated towards a disc cell phenotype, it will be essential to 

verify that the ultimate matrix that they produce has an appropriate GAG to collagen ratio 

which, for native NP, is approximately 3.5:1 (43). While this ratio may not help in 

determining whether ultimate differentiation has occurred, it provides an indication for the 

correct composition of the tissue that the cells produce (43). 

Alginate maintained the typical rounded cell morphology of NP cells suggesting that 

the NP cell phenotype was preserved throughout culture. This may explain the improved 

accumulation of matrix observed in alginate compared with chitosan since a change in NP 

cell morphology from round to a more spread-like shape in chitosan hydrogels was observed 

possibly suggesting a change in cell phenotype. This is in agreement with several studies 

which have previously shown that NP cells remain phenotypically stable in alginate 



 

 

throughout the culture period (47, 48). Since chitosan is a cationic polymer NP and BM cells 

adhered to it and developed focal adhesions as compared to alginate, which is an anionic 

polymer and does not permit cell adhesion or binding. It is well known that cell shape and 

spreading are influential in regulating stem cell proliferation and differentiation (52-55). In 

general a more rounded cell type lends itself to a more chondrogenic like phenotype 

producing higher amounts of sGAG and collagen type II (56). In comparison a spread 

morphology, as observed for chitosan, results in a more fibroblastic like cell producing less 

sGAG and more collagen type I. Interestingly, Dadsetan et al. reported that significantly 

enhanced production of chondrocyte-specific proteins was induced when chondrocytes were 

cultured on negatively charged hydrogels (53). This is in agreement with results obtained in 

this study; alginate, a naturally occurring anionic polymer, supported the production of sGAG 

and collagen type II. Furthermore, we hypothesize that perhaps positively charged chitosan 

decreased the adhesive activity of BM MSCs in this study and this unstable adhesion state 

might have led to increased cell death and as a result the BM MSC population formed limited 

extracellular matrix. In addition, previous work has shown that biomaterial type strongly 

influences cell metabolism or nutrient demands of encapsulated cells (57). Interestingly, NP 

viability was maintained in chitosan hydrogels in contrast to BM cells which decreased in 

viability. It should be noted that in this work, a low oxygen and low glucose culturing regime 

was utilised to simulate the microenvironment of the IVD. BM cells may have a higher 

nutrient requirement compared to NP cells which may adapt more readily to these conditions. 

Further studies on the effects of biomaterial type on oxygen and glucose nutrient demands 

warrant further investigations. 

When NP and BM cells were co-cultured in a 1:1 NP:BM ratio, alginate more readily 

supported matrix accumulation compared to chitosan, however, compared with NP and BM 

cell encapsulated alginate in isolation there was no significant difference in matrix 



 

 

accumulation. This is similar to the findings by Le Visage and colleagues who employed a 

3D co-culture system, and established that a random mixture of MSC and degenerative NP 

cells did not increase GAG production beyond single-cell type controls (23).  However, this 

is in contrast to previous work by Gaetani et al, of NP cells and adipose tissue derived non-

adipocyte fraction cells (nAFs) in an alginate co-culture system demonstrating improved 

quality of the in vitro reconstructed tissue in terms of extracellular matrix production and 3D 

cell organization (59). Another study by Yamamoto reported significant increases in 

proteoglycan synthesis and cell proliferation when non-degenerative NP cells and MSCs 

were cultured with direct cell-cell contact (21). This leads to question the exact mechanisms 

by which MSCs stimulate repair when transplanted into the IVD, as it may be due to 

differentiation of the injected MSCs themselves and/or stimulation of native endogenous NP 

cells. 2D co-culture systems have previously demonstrated that NP cells induce MSCs to 

differentiate into an NP-like phenotype as assessed by gene expression (22). Also, Vadala et 

al have shown that 3D unstructured co-cultures of MSCs and NP cells up regulated key 

differentiation markers in MSCs (24). However, previous work of human MSC:NP co 

cultures has shown that the interaction is a dual process with MSCs differentiating towards an 

NP-like phenotype and the NP degenerate cell population regaining the ability to secrete new 

matrix (60). It has previously been established that the mode of culture condition (i.e. direct 

or indirect) can significantly influence the response of MSCs. Specifically, direct co-culture 

has been shown to stimulate MSC differentiation and indirect co-culture appears to stimulate 

MSCs to release trophic factors. Scuteri et al demonstrated that direct contact between MSCs 

and pancreatic islets was able to trigger the differentiation of MSCs and indirect co-cultures 

resulted in increased cell survival of the pancreatic islets’ possibly mediated by the trophic 

factors released by MSCs (61). The present study suggests that under indirect 3D hydrogel 

co-culture conditions (i.e. cells do not appear to have cell-cell contact when encapsulated in a 



 

 

hydrogel), BM MSCs act as supporting cells, which enhance the ability of NP cells to 

proliferate and secrete matrix. This is in agreement with the work of Richardson et al. who 

showed that in direct co-culture (2D monolayer system) of NP and MSCs that MSCs 

differentiated into an NP-like phenotype and indirect co-cultures (separation of MSCs and NP 

cells through a semi-permeable membrane) had no effect on MSC differentiation (22). It is 

most likely that indirect co-culture of MSCs and NP exert a trophic effect on the NP cell 

population by secreting important growth factors such as cartilage-derived morphogenetic 

protein-1 (CDMP 1), transforming growth factor beta-1 (TGF-β1), insulin-like growth factor 

1 (IGF-1) and connective tissue growth factor (CTGF) which have been previously reported 

(60). 

It is well established that in a degenerated IVD, the number of resident cells is 

reduced and the ability of viable NP cells to generate new matrix is diminished. Whether the 

implantation of MSCs can rescue the NP phenotype of degenerated NP cells to secrete new 

matrix in vivo warrants further investigation. An important key question with MSC based 

regeneration strategies is to identify the optimal number of MSCs that may be required to 

elicit a positive response. In this work, when the number of BM MSCs was increased by a 

factor of two in alginate co-culture, higher accumulation of sGAG was observed although the 

increase was not proportional to the initial seeding ratio. Interestingly, based on the results 

from cell labelling experiments, the BM population diminished with time, with NP cells 

increasing in number. This suggests that the NP cell population is most likely responsible for 

any matrix accumulation observed in the co-culture system investigated in this work.  This 

finding highlights important questions as to the exact role and efficacy of implanting MSCs 

for IVD repair. The observation that there was limited benefit to increasing the number of 

BM to NP cells by a factor of two is important from a clinical viewpoint whereby obtaining 



 

 

sufficient cell yields may pose an issue and may not be required to elicit a beneficial 

response.  

There are inherent limitations of using porcine tissue as a model for NP given that 

porcine tissue contains a population of notochordal cells which respond differently to adult 

NP cells (62). In early foetal life, human NP contains clusters of large vacuolated cells, called 

notochordal cells which are later replaced by smaller cells of chondrocyte-like appearance 

seen in the adult NP (63, 64). However, in pigs these notochordal cells persist well into 

adulthood and even throughout life (4).  In an attempt to separate nucleus pulposus (NP) cells 

from notochordal (NC) cells during the cell isolation steps by way of filtration; we isolated 

NP cells by filtering through a 40-µm cell strainer and collecting the filtrate. This is in 

contrast to the protocol described by Spillekom’s (35) where NCs were collected by reverse 

rinsing a 40-µm cell strainer after the cell suspension was filtered through it and the clusters 

of NCs remained in the strainer. Morphological examinations of the freshly isolated NP cells 

revealed that the cell population primarily consisted of spindle like cells which is a key 

characteristic of NP cells (data not shown). Unlike the NCs, NP cells have a relatively 

uniform phenotype with a rounded nucleus. NCs are mostly organized in large clusters and 

almost the entire NC volume is occupied by vacuoles. Also, NC nuclei appear quite irregular 

in shape and size (35). Another limitation of this work is the absence of a single cell type 

control for the 1:2 co-culture alginate group. However, for BM cells cultured in isolation at 

either 4x106 or 8 x106 cells/ml, these cells were observed to maintain viability, proliferate, 

producing sGAG and collagen over 21 days when encapsulated in alginate. However when in 

co-culture at 1:1 (4x106 BM cells) or 1:2 (8x106 BM cells), BM cells did not proliferate and 

reduced in number over the 21 day period of culture. Also, it is unlikely that the decrease in 

BM numbers is due to nutrient limitations alone since no variation in spatial distribution 



 

 

(periphery to central region) of cell viability for either NP or BM cells was observed at the 

higher seeding ratio of 1:2. 

Taken together these results suggest that alginate supports MSC viability to a higher 

extent compared to chitosan when cultured under IVD like conditions in isolation and in co-

culture. It is important for future studies to consider the co-culture conditions being adopted 

(either direct or indirect) when assessing biomaterial types as this will influence the 

behaviour or response of MSCs.  If the intended function of implanted MSCs is to 

differentiate towards an NP-like phenotype rather than acting as a supporting cell type, 

producing trophic factors, then a direct co-culture with cell-cell contact may be required. In 

this work, we found that in indirect co-culture (i.e. NP and BM cells do not appear to have 

cell-cell contact in 3D alginate hydrogel) MSCs acted as supporting cells enhancing NP 

proliferation and subsequent matrix production by NP cells. Furthermore, the observation that 

there is limited benefit to increasing the number of BM to NP cells by a factor of two is 

important from a clinical viewpoint whereby obtaining sufficient cell yields may pose an 

issue and may not be required to elicit a beneficial response. Whether these findings would 

translate to an in vivo scenario of disc degeneration is unknown and warrants further 

investigation. 
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Figure legends 

 

Fig. 1: (A) Percentage DNA increase at day 21 for nucleus pulposus (NP) and bone marrow 

stem cells (BM) at two different cell seeding densities (4 x 106 cells/ml and 8 x 106 cells/ml), 

* denotes significance; p<0.05 compared to chitosan for same given seeding density; data 

represents mean ± SD (n=6). (B) Cell Viability; Green Fluorescence indicates viable cells 

(Calcein) and red indicates dead cells (Ethidium Homodimer-1). Scale bar =1mm.  

 

 

 

 



 

 

 

Fig. 2: Biochemical analysis at day 21 for nucleus pulposus (NP) and bone marrow stem cells 

(BM) at two different cell seeding densities (4 x 106 cells/ml and 8 x 106 cells/ml); (A) sGAG 

content normalised on a per cell basis; (B) sGAG normalized to wet weight; (C) Collagen 

content normalised on a per cell basis; (D) Collagen normalised to wet weight and (E) 

sGAG/Collagen ratio. * denotes significance compared to chitosan (p<0.05); # denoted 

significance compared to 8x106 cell/ml seeding density group (p<0.05). 

 



 

 

Fig. 3: Histological evaluation at day 21 for nucleus pulposus (NP) and bone marrow stem 

cells (BM) in isolation at two different cell seeding densities (4 x 106 cells/ml and 8 x 106 

cells/ml). Sections were stained with aldehyde fuchsin and alcian blue to identify sGAG; (A-

D) In alginate constructs, deep purple staining indicates GAG accumulation and light blue 

staining indicates residual alginate, (E-H) deep purple and cyan blue staining in chitosan 

indicate GAG accumulation. (I-P) Immunohistochemistry for Collagen I. (Q-X) 

Immunohistochemistry for Collagen II. Scale bar = 1mm 

 

 

 

 

 



 

 

 

Fig. 4: Co-culture of nucleus pulposus (NP) and bone marrow stem cells (BM) in alginate 

and chitosan hydrogels. (A) Percentage DNA increase at day 21 for co-culture of NP and BM 

(final seeding density = 8 x 106 cells/ml). (B) sGAG and Collagen content normalised on a 

per cell basis at day 21. (C) sGAG and Collagen content normalised to wet weight at day 21. 

(D) sGAG:Collagen ratio at day 21. * denotes significance; p<0.05 compared to chitosan; 

data represents mean ± SD (n=6).  (E) Cell viability at day 21 for co-culture of nucleus 

pulposus (NP) and bone marrow stem cells (BM); green fluorescence indicates viable cells 

(Calcein) and red indicates dead cells (Ethidium Homodimer-1). Scale bar =1mm. (F) sGAG 



 

 

histological evaluation. Sections were stained with aldehyde fuchsin and  alcian blue to 

identify sGAG; in alginate constructs deep purple staining indicates GAG accumulation and 

light blue staining indicates residual alginate, deep purple and cyan blue staining in chitosan 

indicate GAG accumulation. (G) Immunohistochemistry for collagen type I and (H) collagen 

type II. Scale bar = 1mm. 



 

 

 



 

 

Fig. 5: Co-culture of nucleus pulposus (NP) and bone marrow stem cells (BM) in alginate 

constructs at different cell ratios. (A) Percentage DNA increase at day 21 for co-culture of 

nucleus pulposus (NP) and bone marrow stem cells (BM) in a ratio of 1:1 (final seeding 

density = 8 x 106 cells/ml) and 1:2 (final cell seeding density = 12 x 106 cells/ml); * denotes 

significance; p<0.05 compared to ratio of 1:2; data represents mean ± SD (n=3). (B) 

Fluorescent Cell Labelling at day 0 and day 21; magenta fluorescence indicates PKH26 

labelled porcine NP cells; blue fluorescence indicates PKH67 labelled porcine BM MSCs. 

(C) Cell number/mm2 of NP and BM in 1:1 and 1:2 co-culture groups at day 0 and day 21; * 

denotes significance; p<0.05 compared to BM. # denotes significance (p<0.05) compared 

with Day 0. 

 



 

 

 

Fig. 6: Biochemical analysis at day 21 for co-culture of nucleus pulposus (NP) and bone 

marrow stem cells (BM) in a ratio of 1:1 (final seeding density = 8 x 106 cells/ml) and 1:2 

(final cell seeding density = 12 x 106 cells/ml); (A) Total sGAG and collagen content (µg); 

(B) Total sGAG and collagen normalized to wet weight (% w/w); (C) Total sGAG and 

collagen normalized to DNA (µg/µg); (D) sGAG/Collagen ratio. * denotes significance; 

p<0.05 compared to 1:2 NP:BM. (E) Histological evaluation. Sections were stained with 

aldehyde fuchsin and alcian blue to identify sGAG; deep purple staining indicates GAG 



 

 

accumulation and light blue staining indicates residual alginate; Immunohistochemistry for 

collagen type I and collagen type II. Scale bar = 1mm. 

 

 

Fig. S1: Cell Morphology of nucleus pulposus (NP) and bone marrow derived MSCs (BM) at 

two different cell seeding densities (4 x 106 cells/ml and 8 x 106 cells/ml) in alginate and 

chitosan hydrogels, Cell Viability; Green Fluorescence indicates viable cells (Calcein) and 

red indicates dead cells (Ethidium Homodimer-1). Scale bar =100µm. 
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