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Introduction

Osteoarthritis is a multifactorial degenerative joint disorder 
involving articular cartilage dysfunction, resulting in loss of 
mobility and decreased quality of life (Loeser et  al. 2012). 
Osteoarthritis is a significant public health concern due to 
its prevalence: it is present in approximately 70% of the pop-
ulation older than 55 years of age (Elders 2000). Abnormal 
cartilage ECM metabolism is a hallmark of the condition 
(Aigner et al. 2007), thus chondrocyte activity is a primary 
target for therapeutic intervention (Roach et al. 2007).

There are a variety of behavioral, surgical, pharmaco-
logical, and regenerative therapies currently in use to treat 
osteoarthritis, a review of which is beyond the scope of this 
article (Felson et  al. 2000). Of these, cell transplantation is 
a relatively recent approach that involves enriching the site 
of cartilage pathology with a population of therapeutic cells. 
These cells may assist in direct tissue remodeling or provide 
trophic and anti-inflammatory support (Noth et  al. 2008). 
There are two primary candidate cell types for this therapy: 
bone marrow-derived mesenchymal stem cells (MSCs) and 
cartilage-derived cells (CDCs). MSCs are readily collected 
in large numbers by routine biopsy, are proliferative and 
stable in laboratory culture, have immunomodulatory prop-
erties, and may be induced to differentiate toward cartilage  
(Pittenger et al. 1999, Gupta et al. 2012). In contrast, CDCs are 
relatively difficult to extract and grow, rapidly dedifferentiate 
in monolayer culture, and undergo replicative senescence  
in vivo, yet may be better predisposed to regenerate cartilage 
(Tew et al. 2008, Martin and Buckwalter 2001).

Inspired by the architecture of the cartilage stem cell niche 
in vivo, tissue culture techniques have emerged to control cell 
behavior ex vivo (Pei et  al. 2011). Biodegradable hydrogels 
formed of cross-linked polymers are one such way to provide a 
biomimetic three-dimensional environment for growing cells 
outside of the body (Drury and Mooney 2003). For decades, 
naturally-derived polysaccharides, including agarose, have 
been used as the basis of hydrogel scaffolds for the purposes 
of cartilage tissue engineering (Buschmann et al. 1992, Awad 
et al. 2004), and have made their way into a variety of com-
mercial surgical products (Selmi et  al. 2008, Filardo et  al. 
2013). Agarose-based scaffolds are inexpensive, biologically 
inert, highly permeable, and can be cast in any desired shape 
(Raghunath et al. 2007). Although the resulting constructs do 
not fully replicate the mechanical properties of native tissue, 
agarose provides a stable platform for in vitro growth and dif-
ferentiation of stem cells toward cartilage (Awad et al. 2004).

While agarose has a proven track record in cartilage tissue 
engineering, its utility in regenerative medicine applications 
may be enhanced by the addition of a complex cocktail of 
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Abstract
Cell transplantation is a promising regenerative therapy for 
cartilage degeneration. However, obtaining sufficient numbers 
of cells for this purpose is a challenge, due a lack of autologous 
donor tissue and the difficulty of culturing chondrocytes  
in vitro. Tissue engineering strategies that induce or maintain 
chondrocytic phenotype may solve these problems by  
(1) broadening the range of available donor tissue, and  
(2) facilitating the expansion of these cells while controlling 
phenotypic drift. In this study, bone marrow-derived 
mesenchymal stem cells (MSCs) and cartilage-derived cells 
(CDCs) were cultured on composite hydrogels containing agarose 
and homogenized cartilage extracellular matrix (ECM). MSCs 
cultured on agarose-ECM scaffolds did not show significant signs 
of chondrogenic differentiation in the absence of additional 
cues. However, CDCs cultured on agarose-ECM scaffolds 
proliferated more rapidly than their ECM-free counterparts and 
MSCs, while retaining chondrocytic morphology. These results 
were corroborated via expression of cartilage marker genes: 
in autologous constructs, SOX 9 expression was upregulated 
by 12.6  5.3-fold, and COL II was upregulated by 2.0  0.3-
fold. Agarose-ECM composite hydrogels are therefore useful 
for expanding partially differentiated CDCs for applications in 
regenerative medicine.

Keywords: cartilage, extracellular matrix, mesenchymal stem cells, 
tissue engineering
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ECM components. There is a reciprocal relationship between 
cell phenotype and microenvironment, and the proteins and 
polysaccharides found within cartilage ECM modulate both 
tissue mechanics and cell microenvironments influencing 
phenotype (Muzzarelli et  al. 2012). While phenotype can 
be controlled using conditioned media or other techniques 
(Somoza et  al. 2014, Hwang et  al. 2011), these practices are 
costly and unnatural. Tissue-derived biomolecules promote 
targeted differentiation in other musculoskeletal tissues: cell-
free ECM extract induces proliferation and tenocytic differen-
tiation of human adipose-derived stem cells (Yang et al. 2013), 
and similar behavior was observed using bovine muscle-
derived fibroblasts cultured in standard flasks coated with a 
xenogeneic ECM extract (Ronning et al. 2013). Scaffolds com-
prised entirely of cartilage-derived ECM induce chondrocytic 
differentiation of adipose-derived stem cells without further 
growth factor supplementation (Cheng et al. 2008), but such 
quantities of donor material may be difficult to obtain.

In this study, a hybrid biomaterial was developed to 
reconcile the need for a stable three-dimensional scaffold 
(agarose) containing tissue-specific molecular cues (ECM 
extract) for cartilage tissue culture. The purpose of this inves-
tigation was to determine whether supplementation with 
natural ECM-derived soluble factors and modification of 
three-dimensional microenvironments using novel patient-
derived scaffolds could (1) prime MSCs toward chondro-
genic differentiation and/or (2) prevent dedifferentiation 
of CDCs during in vitro expansion. It was hypothesized that 
agarose-ECM composite hydrogels would promote a more 
chondrocytic phenotype of MSCs or CDCs prior to their use 
in cartilage cell therapy.

Materials and methods

Experimental design
The aim of this study was to elucidate the influence of 
composite hydrogel scaffolds incorporating homogenized 

cartilage-derived ECM on the growth and differentiation of 
human progenitor cells in tissue culture (Figure 1). In the 
first part of this investigation, four human bone marrow MSC 
lines were derived and cultivated in monolayers (BM-M), in 
agarose hydrogels (BM-A), or in agarose-ECM composite 
hydrogels (BM-E). It was hypothesized that MSCs cultured 
in three-dimensional hydrogels would adopt a more chon-
drocytic phenotype versus monolayer, and that this behavior 
would be more pronounced in hydrogels containing carti-
lage ECM. In the second part, two human CDC lines were 
grown in monolayers (C-M), in agarose hydrogels (C-A), in 
agarose composite hydrogels containing allogeneic cartilage 
ECM (C-Eallo), or in agarose composite hydrogels containing 
autologous cartilage ECM (C-Eauto). It was hypothesized that 
CDCs cultured in three-dimensional hydrogels would better 
retain phenotypic markers characteristic of mature chon-
drocytes, and that this effect would be more pronounced in 
composite hydrogels containing cartilage ECM. All samples 
were obtained from patients of mixed gender, more than 
60 years of age, undergoing orthopedic surgeries at the Insti-
tute of Orthopedics and Traumatology in Riga, Latvia, with 
ethical approval from the Institutional Review Board.

Isolation of primary MSCs
Fifty mL of bone marrow was collected from the femoral 
head of four patients. MSCs were isolated using Ficoll-
Paque PLUS (GE Healthcare), following the manufacturer’s  
protocol. Briefly, bone marrow was diluted to a ratio of  
1:3 using 0.9% sodium chloride solution supplemented 
with 100 U/mL sodium penicillin, 100 mg/mL streptomycin, 
2.5  mg/mL amphotericin, and 50 U/mL heparin sodium. 
This solution was strained of clots, set over a 15 mL density  
gradient across four 50 mL centrifuge tubes, and spun for 
22 min at 800 g without brakes. The interphase was collected 
and washed twice in four volumes of the above diluent 
solution, followed by centrifugation for 20 min at 600 g. 
The resulting cell pellet was resuspended in high-glucose  

Figure 1. Experimental design and composition of hydrogel constructs.
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GlutaMAX DMEM with 110 mg/mL sodium pyruvate (Gibco) 
plus 100 U/mL sodium penicillin, 100 mg/mL streptomycin, 
and 20% fetal bovine serum, before being plated in a T-75 
tissue culture flask. The media were changed every 2–3 days 
and non-adherent cells were discarded. Cells were expanded 
to 80% confluence at 37°C, 5% CO2, and 90% humidity, lifted 
with 0.05% trypsin-EDTA, and frozen without passaging 
in media plus 10% dimethyl sulfoxide, until the start of the 
experiment.

Isolation of primary CDCs
Cartilage samples were obtained from the intervertebral disc 
or femoral head of two patients. Cartilage was liberally rinsed 
in phosphate-buffered saline, manually dissected from 
peripheral tissues, and minced using a scalpel. Half of the 
tissue was then set aside for subsequent extraction of ECM 
components. The remaining half was then digested with  
1 mg/mL type-II collagenase (Sigma-Aldrich) in high-glucose 
GlutaMAX DMEM, with 110 mg/mL sodium pyruvate (Gibco) 
plus 100 U/mL sodium penicillin, 100 mg/mL streptomycin, 
and 2.5 mg/mL amphotericin, for either 4 h (intervertebral 
disc cartilage) or 18 h (femoral head cartilage), at 37°C. 
Digested solutions were then spun for 10 min at 100 g and 
resuspended in saline. This washing process was repeated 
twice more, before resuspending the pellet in 1:1 high- 
glucose GlutaMAX DMEM, with 110 mg/mL sodium pyruvate 
(Gibco) and F-12 Nutrient Mixture with GlutaMAX (Gibco), 
plus 100 U/mL sodium penicillin, 100 mg/mL streptomycin, 
15% fetal bovine serum, and 50 mg/mL L-ascorbic acid. A cell 
count was performed, and 100,000 cells were cryopreserved 
in 300 mL of QIAzol lysis reagent (Qiagen) at  80°C as a fresh 
cartilage control for gene expression analysis. The remaining 
cells were plated in T-25 tissue culture flasks and expanded 
at 37°C, 5% CO2, and 90% humidity. The cultures were left 
undisturbed for 7 days. The media were then changed every 
2–3 days, discarding the non-adherent cells and the remain-
ing extracellular matter. Once reaching 80% confluence, 
the cells were trypsinized and frozen until the start of the 
experiment.

Homogenization of ECM components
A portion of each cleaned and minced cartilage sample 
described above was subjected to four repeated freeze/thaw 
cycles between  80°C and 37°C, and completely homoge-

nized using a T10 ULTRA-TURRAX (IKA) in 10 mL of saline. 
Tissue homogenates were centrifuged twice for 10 min at 
250  g, the wet mass of the extract was recorded, and the 
resulting ECM components were resuspended in saline.

Cultivation of hydrogel tissue constructs
Frozen cells (P0) were thawed and plated once all cell lines 
were derived, in order to prepare for tissue culture experi-
ments (Figure 2A). These cells were expanded, as previ-
ously described, to 80% confluence, trypsinized, counted, 
and brought to the desired concentrations. A solution of 
1 g/100 mL (1%) agarose was then prepared in distilled H2O 
in an Erlenmeyer flask by boiling until translucent. This solu-
tion was passed through a 0.45 mm sterile syringe filter and 
divided into three 50 mL conical tubes: two of which were 
supplemented with homogenized cartilage-derived ECM, 
as described above, from each source, formulating a final 
1 g/100 mL solution of 90% agarose and 10% ECM. These 
melted hydrogels were further divided for cell seeding when 
the solution had cooled to approximately 40°C, at which 
point 500,000 cells of each cell type (P1) were added, the 
solution was thoroughly mixed, and 440 mL constructs were 
cast in 24-well flat-bottomed tissue culture plates. Scaffolds 
were set to polymerize for 15 min at 37°C and 90% humidity, 
after which each well was filled with 400 mL of chondrogenic 
media – a 1:1 mixture of high-glucose GlutaMAX DMEM  
with 110  mg/mL sodium pyruvate (Gibco) and F-12 Nutri-
ent Mixture with GlutaMAX (Gibco), plus 100 U/mL sodium  
penicillin, 100 mg/mL streptomycin, 15% fetal bovine serum, 
and 50  mg/mL L-ascorbic acid. These constructs remained 
undisturbed for 18 h before being transferred to 6-well tis-
sue culture plates using sterile forceps, and bathed in 3 mL of  
media each (Figure 2B). Monolayers of all 6 cell types 
(400,000  cells/well) were simultaneously grown as controls 
using the same chondrogenic media, half of which was changed 
every 2–3 days. Monolayers were maintained for 5 days, while 
experimental constructs were maintained for 19 days.

Colony-forming unit assay
Cells from each sample (P1) were plated in 6-well Cell  
tissue culture plates (Sarstedt) at 100–5,000 cells per cm2 in 
MSC media. After 7 days, the resulting colonies were stained 
using 0.05% crystal violet, and quantified by manual counting 
in all wells exhibiting linearity.

Figure 2. CDCs in monolayer (A) and hydrogel (B) culture, and quantification of MSC and CDC CFUs (C). Scale bars are equivalent to 200 mm (A) 
and 22 mm (B).
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with repeated measures. Statistical significance (p  0.05) is 
annotated graphically in figures using asterisks or compari-
son bars.

Results

MSCs and CDCs form monolayer colonies at similar rates
There was no statistically significant difference in the  
frequency of colony-forming units observed between MSCs 
and CDCs at P1 (p  0.4496) (Figure 2C). Values averaged 
2.63  1.20 colonies per 100 cells for MSCs, and 1.48  0.39 
colonies per 100 cells for CDCs.

Cell proliferation is regulated by three-dimensional 
environment
Over the 19-day course, MSCs proliferated in hydrogels, 
increasing their population size by 1.76-fold (p  0.0002) 
in the BM-A group and 1.71-fold (p  0.0038) in the BM-
ECM group (Figure 3A). The population doubling time was 
17.58  4.48 days in the BM-A group and 16.79  4.00 days in 
the BM-ECM group. These groups were not statistically dis-
tinguishable from one another at any time point. Similarly, 
all experimental groups incorporating CDCs underwent 
statistically significant increases in total cell number during 
the experiment (Figure 3B). Cells in the C-A group increased 
in number by 1.93-fold (p  0.0010), in the C-Eallo group by 
3.69-fold (p  0.0002), and in the C-Eauto group by 3.60-fold 
(p  0.0001). There were statistically significant increases 
in CDC count between the C-A group and both the C-Eallo 
and C-Eauto groups by day 12 (p  0.0007 and p  0.0076, 
respectively), and this difference persisted until the conclu-
sion of the experiment. The population doubling time was 
20.23  2.44 days in the C-A group, 10.90  3.30 days in the 
C-Eallo group, and 10.28  0.29 days in the C-Eauto group. There 
were no significant differences in CDC count between the 
C-Eallo and C-Eauto groups at any time point. Final CDC den-
sity of C-Eallo and C-Eauto groups averaged 3900 cells/mm2.  
Final cell densities in the BM-A and C-A groups were not 
statistically different after 19 days (p  0.2038).

CDCs retain chondrocytic morphology in hydrogels
MSCs retained small, fibroblast-like morphologies in all 
hydrogels, and did not change significantly with ECM-
supplementation (Figure 4). In contrast with MSCs, CDCs 
in all hydrogels exhibited characteristically rounded mor-
phologies with enlarged nuclear and cytoplasmic volumes. 
CDCs and their immediate surroundings stained posi-
tive for alcian blue, which was not observed in any of the 
MSC-seeded constructs. The only microscopic difference 

Cell quantitation in hydrogels
One replicate of each experimental group was documented 
every 2–3 days by brightfield microscopy at low magnifica-
tion. Four representative images of each sample at random 
x-y-z coordinates were acquired, and cell counts were 
performed in ImageJ (National Institutes of Health, USA). 
Raw data was correlated with original density immediately 
following seeding, in order to obtain total cell counts per 
construct. Population doubling times were computed using 
initial and final cell numbers.

Microscopic imaging
Images of clonal cell colonies were obtained via phase con-
trast microscopy. Following the conclusion of the experi-
ment, and prior to RNA isolation, a narrow transverse strip 
obtained from the center of each construct, constituting 
approximately 10% of the total volume of each sample, was 
dissected and immersed overnight in 10% buffered forma-
lin. The following day, the fixative was changed out with PBS. 
Samples were stored at 4°C for 1 week before processing. 
Samples were then manually dissected and stained with 
hematoxylin or alcian blue.

Gene expression analysis
Following the experiment, hydrogel constructs assigned 
for gene expression analysis were sectioned into four equal 
pieces and individually lysed with 500 mL of QIAzol (Qiagen). 
These samples were briefly melted in a heated water bath and 
stored at  70°C for 1 week prior to processing. Monolayer 
cells were lysed in 500 mL of QIAzol, and frozen. RNA was 
isolated by chloroform extraction, pelleted in isopropanol, 
washed in ethanol, and resuspended in water, according to 
the manufacturer’s protocol. Further purification was con-
ducted with a total RNA isolation spin kit (AppliChem). Five 
hundred mg of each RNA product was reverse transcribed 
using a RevertAid First Strand cDNA Synthesis Kit (Thermo 
Scientific). Quantitative PCR (Table I) of each sample was 
then run in duplicate 20 mL reaction volumes using SYBR 
Green I Master Mix (Applied Biosystems). Gene expression 
was analyzed using the 2ΔΔCt method (Livak and Schmit-
tgen 2001, Winer et  al. 1999), and reported as fold-change 
with respect to fresh cartilage explants.

Statistics
All data is reported as mean  standard error. Two-tailed 
paired Student’s t-tests on cell counts were conducted 
between experimental groups at each time point and 
between final versus initial counts. Gene expression data was 
analyzed using two-way multivariate analyses of variance 

Table I. Custom qPCR primers were used to evaluate the efficacy of chondrogenesis.

Target Forward Reverse

β-ACTIN AGTGTGACGTGGACATCCG AATCTCATCTTGTTTTCTGCGC
SOX 9 CAACGCCGAGCTCAGCA TCCACGAAGGGCCGC
AGC TCGAGGACAGCGAGGCC TCGAGGGTGTAGCGTGTAGAGA
ALK GCAACCTGCAGTGTTGCATC CGGATCTGCTCGTCCAGCAC
COL I AGGGCTCCAACGAGATCGAGATCCG TACAGGAAGCAGACAGGGCCAACG
COL II GGCAATAGCAGGTTCACGTACA CGATAACAGTCTTGCCCCACTT
COL X CAAGGCACCATCTCCAGGAA AAAGGGTATTTGTGGCAGCATATT
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between the C-A group and the C-Eallo and C-Eauto groups 
was the moderately higher cell density in the ECM-supple-
mented groups.

Gene expression profiles are altered in hydrogels
There were no significant differences between the BM-A and 
BM-E groups in the expression of SOX 9 (p  0.6623), and 
AGC (p  0.6821) or ALK (p  0.5833), or between BM-M and 
either of these groups (Figure 5). COL I was downregulated in 
the BM-A group compared to the BM-M group (p  0.0118), 
but was expressed higher in the BM-E group versus the BM-A 
group (p  0.0449). COL I expression was three orders of 
magnitude greater in the BM-E group than in fresh cartilage. 
COL II was upregulated in the BM-A group versus the BM-M 
group (p  0.0497), but did not reach significance in the 
BM-E group. COL II expression was greater in fresh cartilage 
than in all experimental groups. COL X was upregulated only 
in the BM-E group compared to the BM-A group (p  0.0858), 
but at less than half the rate of fresh cartilage.

SOX 9 expression was significantly increased only in the 
C-Eauto group compared with the C-A group (p  0.0424), 
and 12.6  5.3-fold higher than in fresh cartilage (Figure 6). 
The difference between the C-Eallo group and the C-A group 
only approached significance (p  0.07430). The difference 
between the C-Eallo group and the C-Eauto group did not 
reach significance (p  0.1142). AGN was downregulated 
in the C-M group versus fresh cartilage, but upregulated 

in all ECM-supplemented constructs. The differences did 
not reach significance, though there was a trend toward 
decreased expression in the C-Eallo and C-Eauto groups versus 
the C-A group (p  0.1035 and p  0.0874, respectively). ALK 
was expressed more highly in ECM-supplemented groups 
versus C-M (p  0.0431 for the C-Eallo group and p  0.0659 
for the C-Eauto group). There was a non-significant trend 
toward downregulation of ALK in the C-Eauto group versus 
the C-Eallo group (p  0.0727).

While COL I was more highly expressed in all CDC 
groups than in fresh cartilage, COL I expression was sig-
nificantly lower in the C-Eauto group versus the C-Eallo group 
(p  0.0076). COL II expression was increased in both 
ECM-supplemented experimental groups (upregulated by 
2.03  0.89 in the C-Eallo group and 2.04  0.33 in the C-Eauto 
group). This trend only reached significance versus the 
C-M group in the C-Eallo group (p  0.0032). However, COL 
II expression was significantly higher in the C-Eauto group 
than in the C-A group (p  0.0476). There was no difference 
in COL II expression between the C-Eallo and C-Eauto groups. 
COL X was more highly expressed in the C-Eallo and C-Eauto 
groups than in the C-A group (p  0.0016 and p  0.0024, 
respectively), but was expressed at approximately the same 
level as in fresh cartilage. COL X was downregulated in the 
C-Eauto group versus the C-Eallo group (p  0.0010). Expres-
sion of all target genes in the C-A group was highly variable 
compared with the other experimental groups.

Figure 3. Proliferation of MSCs (A) and CDCs (B) over time.

Figure 4. Histological cross-sections of hydrogel constructs. Scale bars are equivalent to 200 mm.
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A three-dimensional environment is more conducive to 
the development of a rounded cell morphology, and has 
been shown to restore chondrocytic phenotype in early-
passage CDCs (Tew et al. 2008). The first assessment of this 
was undertaken using histological methods. The C-A, C-Eallo 
and C-Eauto groups all stained positive for alcian blue, indic-
ative of new proteoglycan synthesis, and thus chondrogen-
esis (Tare et al. 2005). Cells within the BM-A and BM-ECM 
groups retained a small fibroblast-like morphology and did 
not stain positive for alcian blue. Therefore, microscopic 
evaluation produced evidence of differentiation in all CDCs, 
while MSCs appeared to become quiescent.

The MSC and CDC phenotype was further characterized 
using a panel of six gene expression markers: SOX 9, AGN, 
ALK, COL I, COL II, and COL X. Chondrocytic phenotype 
in tissue engineering has been defined as upregulation of  
SOX 9, AGN, and COL II, with downregulation of COL I  
(Kim et  al. 2013). The serial monolayer culture of CDCs 
results in a loss of this phenotype, including a rapid increase 
in COL I through early passages (Tew et al. 2008), though 
there is evidence that this can be reversed (Benya and 
Shaffer 1982). AGN loss is a hallmark of osteoarthritis, and 
its decreased production is associated with aging (Pollard 

Discussion

The first step in any cell transplantation protocol is obtaining 
a sufficient number of donor cells, and one way to achieve 
this is through in vitro expansion. Agarose hydrogels were 
selected as a foundation for this study due to their favorable 
three-dimensional structure for cartilage tissue engineer-
ing, and their technical simplicity (Zheng et al. 2011). It was 
hypothesized that ECM homogenate as a supplement would 
promote proliferation and differentiation of chondrocytic 
cells by means of physical or biochemical signals provided 
by the extract. MSCs and CDCs did not significantly differ 
in their growth rate or ability to form monolayer colonies, 
yet there were two distinct responses observed over the 
19-day time course: the C-Eallo and C-Eauto groups prolifer-
ated approximately twice as much as the C-A, BM-A, and 
BM-ECM groups. Rapid proliferative activity was observed 
in the first few days following seeding, but this response 
stalled in the C-A, BM-A, and BM-ECM groups, while it 
continued in the C-Eallo and C-Eauto groups. This suggests 
that ECM-supplemented hydrogels are potentially useful in 
improving product yield of CDCs, but not MSCs, if cultured 
for at least 12 days.

Figure 5. Gene expression of MSCs following 19 days in hydrogel culture.

Figure 6. Gene expression of CDCs following 19 days in hydrogel culture.
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extracts such as what is described here may improve the 
efficacy of such techniques.

Agarose-ECM composite hydrogels are inexpensive and 
accessible tools for the expansion and differentiation of 
human CDCs. The ECM extract increases the relatively low 
proliferative capacity of CDCs and promotes retention of a 
chondrocytic phenotype during in vitro culture. However, 
further optimization and characterization is likely necessary 
before this technique finds its way into clinical practice.
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