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Abstract
Background: Recently, several animal studies have found that spontaneous hyaline cartilage regeneration can be
induced in vivo within a large osteochondral defect by implanting a synthetic double-network (DN) hydrogel, which
is composed of poly-(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) and poly-(N,N’-dimethyl acrylamide)
(PDMAAm), at the bottom of the defect. However, the effect of hydrogel on hyaline cartilage regeneration remains
unexplained. The purpose of this study was to investigate the chondrogenic differentiation of C3H10T1/2 cells on
PAMPS/PDMAAm DN gel.
Methods: C3H10T1/2 cells of 1.0 × 105 were cultured on PAMPS/PDMAAm DN gel in polystyrene tissue culture dishes
or directly on polystyrene tissue culture dishes. We compared cultured cells on PAMPS/PDMAAm DN gel with those on
polystyrene dishes by morphology using phase-contrast microscopy, mRNA expression of aggrecan, type I
collagen, type II collagen, Sox 9 and osteocalcin using real-time RT-PCR, and local expression of type II collagen
using immunocytochemistry.
Results: C3H10T1/2 cells cultured on the PAMPS/PDMAAm DN gels formed focal adhesions, aggregated rapidly
and developed into large nodules within 7 days, while the cells cultured on the polystyrene surface did not. The
mRNA levels of aggrecan, type I collagen, type II collagen, Sox 9 and osteocalcin were significantly greater in cells
cultured on the PAMPS/PDMAAm DN gel than in those cultured on polystyrene dishes. In addition, C3H10T1/2
cells cultured on PAMPS/PDMAAm DN gel expressed more type II collagen at the protein level when compared
with cells cultured on polystyrene dishes.
Conclusions: The present study showed that PAMPS/PDMAAm DN gel enhanced chondrogenesis of C3H10T1/2
cells, which are functionally similar to mesenchymal stem cells. This suggests that mesenchymal stem cells from
the bone marrow contribute to spontaneous hyaline cartilage regeneration in vivo in large osteochondral defects
after implantation of PAMPS/PDMAAm DN gels.
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Background
Articular cartilage injury is a significant and increasing
health care concern. It was previously believed that
hyaline cartilage tissue cannot regenerate in vivo [1,2].
Recently, however, we found that spontaneous hyaline
cartilage regeneration can be induced in vivo within a
large osteochondral defect in the rabbit at 4 weeks by
implanting a synthetic double-network (DN) hydrogel
composed of poly-(2-acrylamido-2-methylpropanesulfonic
acid) (PAMPS) and poly-(N,N’-dimethyl acrylamide)
(PDMAAm) at the bottom of the defect, leaving a 1.5- to
3.5-mm deep vacant space within the defect [3,4]. The
effects of hydrogel on hyaline cartilage regeneration
remain unclear. In our pilot study, the PAMPS/PDMAAm
DN gel surface enhanced differentiation of chondrogenic
ATDC5 cells into chondrocytes in vitro. Moreover,
Kwon et al. reported that changing the ratio of AMPS
and DMAAm could modulate the proliferation and
differentiation of chondrogenic ATDC5 cells [5].
Mesenchymal stem cells (MSC) from adjacent bone marrow represent a candidate cell source. There are numerous
studies on MSC for cartilage regeneration, as they can be
harvested from various tissues and are able to differentiate
into cartilage, bone and muscle. Therefore, we believe that
investigating the behavior of MSC on PAMPS/PDMAAm
DN gel is crucial for the future clinical applications. The
C3H10T1/2 cell line was established in 1973 from C3H
mouse embryos [6]. Under normal culture conditions,
C3H10T1/2 cells display fibroblastic morphology and are
functionally similar to MSC. Specifically, these cells develop into osteoblasts, chondrocytes and adipocytes under
specific differentiation-inducing culture conditions [7,8].
This cell line has therefore been widely used in studies of
chondrogenesis. Denker et al. reported the chondrogenesis of C3H10T1/2 plating using high-density micromass
treatment with bone morphogenetic protein-2 (BMP-2)
[9]. The purpose of this study was to investigate the differentiation of C3H10T1/2 cells on PAMPS/PDMAAm DN
gel without BMP-2. Our hypothesis was that PAMPS/
PDMAAm DN gel is able to enhance chondrogenesis of
C3H10T1/2 without BMP-2.
Methods
Gel preparation

PAMPS/PDMAAm DN gel was synthesized using the previously reported two-step sequential polymerization
method [10]. Briefly, PAMPS hydrogel was obtained by
radical polymerization using N,N’-methylenebisacrylamide
(MBAA) as a cross-linker and 2-oxoglutaric acid was used
as an initiator. PAMPS monomer concentration was
1 mol/l, cross-linker concentration was 4 mol% and initiator concentration was 0.1 mol%. Aqueous solution
containing monomer, cross-linker and initiator was bubbled with nitrogen for 30 minutes, and was then injected
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into a cell consisting of a pair of glass plates separated by
silicone rubber. The cell was irradiated with a UV lamp
(wavelength, 365 nm) for about 6 hours. DN gel was then
synthesized by the sequential network formation technique
(two-step method). The PAMPS hydrogel (1st network)
was immersed in an aqueous solution of 2 mol/L DMAAm,
containing 0.1 mol% MBAA and 0.1 mol% 2-oxoglutaric
acid for one day until reaching equilibrium. The 2nd
network (PDMAAm) was subsequently polymerized in the
presence of PAMPS hydrogel by UV irradiation for 6 hours
between two plates of glass. After polymerization, the
PAMPS-PDMAAm DN gel was immersed in pure water
for 1 week and the water was changed twice daily to
remove any un-reacted materials. Before cell culture, the
gel was punched out at a diameter of 15.4 mm, sterilized by
autoclaving (120°C, 20 min), placed in a 24-well polystyrene
tissue culture dish, and pre-incubated with maintenance
medium overnight.
Cell culture

The C3H10T1/2 cell line was obtained from the RIKEN
cell bank (Tsukuba, Japan). Cells were maintained in
Dulbecco’s modified Eagle’s medium (GIBCO, Tokyo, Japan),
supplemented with 10% fetal bovine serum, in polystyrene
dishes at 37°C under 5% CO2. Differentiation medium was
prepared by supplementing the maintenance medium with
0.1 μM dexamethasone (Sigma-Aldrich, St. Louis, MO),
0.17 mM ascorbic acid (Sigma-Aldrich), 10 μg/ml human
transferrin (Roche Molecular Biochemicals, Mannheim,
Germany), 3.0 × 10−8 M sodium selenite (Sigma-Aldrich).
Maintenance medium or differentiation medium was
changed twice a week without damaging the gels.
Study design

The study was conducted to compare chondrogenic differentiation of C3H10T1/2 cells cultured on PAMPSPDMAAm DN gels with that on polystyrene dishes.
C3H10T1/2 cells (1.0 × 105) were seeded in each well of a
24-well polystyrene tissue culture dish, followed by culture
in medium. Cultured cells were observed by phasecontrast microscopy after 7 days of culture (n = 6). We performed real-time polymerase chain reaction (PCR) analyses
for gene expression of the markers of chondrocyte differentiation and osteogenesis in cultured C3H10T1/2 cells at
3, 7 and 14 days of culture (n = 6 for each time period). On
day 7, we examined the cells for newly formed matrix
using immunocytochemistry for type II collagen (n = 4).
All data are given as means and standard deviation.
Statistical analyses were performed using analysis of
variance (ANOVA) with Fisher’s protected least significance
difference test for post-hoc multiple comparisons. A
commercially available software program (StatPlus 5.8;
AnalystSoft Inc., Vancouver, Canada) was used for statistical
calculations. The significance level was set at p = 0.05.
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Real Time RT-PCR analysis

Results

Total RNA was isolated from C3H10T1/2 cells after 3, 7
and 14 days of culture using the RNeasy Mini Kit (Qiagen,
Valencia, CA). Quality of total RNA was assured based on
A260/280 absorbance ratio determined using a spectrophotometer (NanoDrop Products, Wilmington, DE). Reverse
transcription reactions were performed from 0.2 μg of total
RNA using PrimeScript RT reagent kit (TakaraBio, Ohtsu,
Japan). Real-time PCR for GAPDH, SRY (sex determining
region Y)-box 9 (Sox 9), collagen I, collagen II, aggrecan
and osteocalcin was conducted using the SYBR green
system. Primer sequences are given in Table 1. Real-time
PCR was performed using the Thermal Cycler Dice Real
Time System (Takara). Samples were held at 95°C for
10 min, followed by 40 amplification cycles consisting of a
denaturation step at 95°C for 15 s, and an annulationextension step at 60°C for 1 min. Gene expression levels
were normalized against those of GAPDH.

Morphological evaluation and immunohistocytochemistry

Immunocytochemistry

Immunocytochemistry was also carried out after 1 week
of culture. Cells were fixed with 4% paraformaldehyde in
phosphate-buffered saline without calcium PBS(−), and
were permeabilized with 0.1% Triton X-100 in PBS,
followed by pretreatment to block nonspecific reactions
with 5% nonimmune goat serum in PBS(−). For type II
collagen staining, the primary immunoreaction was
carried out with anti-type II collagen antibody (Abcam,
Cambridge, UK). Secondary immunoreactions were carried out with Alexa 488-conjugated goat anti mouse IgG
(Invitrogen, Carlsbad, CA) in 1% non-immune goat serum
in PBS, followed by rinsing with PBS(−). For cell nucleus
staining, cells were incubated with 1 μg/ml Hoechst 33258
(Dojindo, Tokyo, Japan) for 1 min. Fluorescence images
were observed and recorded with fluorescence microscope
(Biorevo BZ-9000; Keyence, Osaka, Japan).

C3H10T1/2 cells, when seeded on PAMPS/PDMAAm
DN gels, did not attach to the surface and aggregated with
one another to form nodules, which were easily observed
macroscopically. Larger nodules did not attach to the
surface and floated on the medium (Figure 1-A and B).
On the other hand, when cultured on the polystyrene
dishes as controls, cells immediately attached to the
substrata and continued to proliferate until confluence
(Figure 1-C and D). Immunocytochemistry showed
obvious expression of type II collagen by cells cultured on
the PAMPS/PDMAAm DN gels, and the cells showed
weak expression of type II collagen in the peripheral
regions of the aggregated cell on polystyrene dishes after
7 days of culture (Figure 2).
Real-time RT-PCR analysis

ANOVA showed that expression of aggrecan, type I, type II
collagens, Sox9 and osteocalcin genes was significantly
greater in the cells cultured on the PAMPS/PDMAAm DN
gels than on polystyrene dishes (aggrecan: p = 0.00046; type
I collagen: p = 0.00002; type II collagen: p = 0.00000; Sox 9:
p = 0.00000; and osteocalcin: p = 0.0215). In addition, significant interaction effects between time period and culture
condition, i.e., PAMPS/PDMAAm DN gels or polystyrene
dishes, were observed on the expression of type I and type
II collagen, and osteocalcin genes (type I collagen: p =
0.00006; type II collagen: p = 0.00291; and osteocalcin: p =
0.0175). Aggrecan mRNA levels were significantly greater
in cells on PAMPS/PDMAAm DN gels than on polystyrene
dishes on days 3 and 14 (Figure 3-A). The expression of
type I and type II collagen genes was significantly greater in
cells cultured on PAMPS/PDMAAm DN gels than on polystyrene dishes on days 3 and 7 (Figure 3-B and C). The
mRNA levels of Sox 9 were significantly higher in cells
cultured on PAMPS/PDMAAm DN gels than on the

Table 1 List of primers used in the real-time PCR analysis of gene expression in C3H10T1/2 cells
Primer ID

Primers (5′-3′)

Amplicon size (bp)

Accession No.

Aggrecan–F

AGTGGATCGGTCTGAATGACAGG

105

NM007424

Aggrecan–R

TTG GCA GCG TTC ATG TCG TAA
153

NM007742

171

NM031163

81

NM011448

133

NM031368

150

NM001001303

Collagen type I–F

ATGCCGCGACCTCAAGATG

Collagen type I–R

TGAGGCACAGACGGCTGAGTA

Collagen type II–F

AGGGCAACAGCAGGTTCACATAC

Collagen type II–R

TGTCCACACCAAATTCCTGTTCA

SOX9-F

CAGTACCCGCATCTGCAC

SOX9-R

TCTCTTCTCGCTCTCGTT

Osteocalcin-F

CTCTGTCTCTCTGACCTCACAG

Osteocalcin -R

GGAGCTGCTGTGACATCCATAC

GAPDH-F

TGTGTCCGTCGTGGATCTGA

GAPDH-R

TTGCTGTTGAAGTCGCAGGAG
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Figure 1 Phase-contrast microscopy of C3H10T1/2 cells after 7 days of culture. Cells on PAMPS/PDMAAm DN gels formed nodules (A. ×40, B.
×100), while cells on polystyrene dishes attached to the substrata (C. ×40, D. ×100).

polystyrene dishes at each time period (Figure 3-D), while
over-expression of osteocalcin genes was observed in cells
cultured on the PAMPS/PDMAAm DN gel on day 14
(Figure 3-E).

Discussion
We previously reported that PAMPS/PDMAAm DN gel,
which we used in the present study, induces hyaline cartilage regeneration within large osteochondral defects after
implantation at the bottom of defects in vivo [3,4]. The
present in vitro study was conducted to examine whether
mesenchymal stem cells (MSCs) are able to regenerate hyaline cartilage on PAMPS/PDMAAm DN gels. If MSCs are
able to regenerate hyaline cartilage on PAMPS/PDMAAm
DN gel, MSCs from adjacent bone marrow would be a
candidate cell source in the process of hyaline cartilage
regeneration via implantation of PAMPS/PDMAAm DN
gel at the bottom of such defects.

The present study showed that C3H10T1/2 cells cultured on PAMPS/PDMAAm DN gels formed focal adhesions, aggregated rapidly and developed into large nodules
within 7 days, while cells cultured on the polystyrene surface did not form any nodules during the same period.
Our real-time PCR analyses demonstrated significantly
greater mRNA levels of aggrecan, type I collagen, type II
collagen and Sox 9 than cells cultured on the polystyrene
dishes. We also demonstrated that C3H10T1/2 cells
cultured on the PAMPS/PDMAAm DN gels expressed type
II collagen at the protein level, as compared with cells
cultured on the polystyrene dishes. These findings suggest
that the PAMPS/PDMAAm DN gels enhanced chondrogenic differentiation of C3H10T1/2 cells, and support the
findings of our previous in vivo study, which reported spontaneous hyaline cartilage regeneration in vivo for a large
osteochondral defect after implantation of a plug made
from PAMPS/PDMAAm DN gel at the bottom of the

Figure 2 Expression of type II collagen in C3H10T1/2 cells after 7 days of culture. Cells were stained with anti-type II collagen antibody
(green) and Hoechst 33258 (red). Immunocytochemistry showed obvious expression of type II collagen by cells cultured on PAMPS/PDMAAm DN
gels (A), while only weak expression of type II collagen was seen in cells cultured on polystyrene dishes (negative control) (B).
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Figure 3 Gene expression analysis of aggrecan (A), type I collagen (B), type II collagen (C), Sox9 (D) and osteocalcin (E) in C3H10T1/2
cells. Expression of each gene was measured by quantitative real-time PCR and was normalized against GAPDH expression levels. Values are
means ± SEM obtained in five experiments.

defect. The present study also showed that osteocalcin, an
osteogenic differentiation marker, was over-expressed in
aggregated cells on PAMPS/PDMAAm DN gels after
14 days of culture. Previous investigators showed that
three-dimensional aggregation contributes to osteogenic
differentiation of mesenchymal stem cells, as demonstrated
by the expression of numerous standard osteoblastic
markers, including osteocalcin [11]. Long-term aggregation
may induce osteogenic differentiation of C3H10T1/2 cells;
therefore, we did not attempt to prolong cultures for more
than 14 days.
The aggregation of chondroprogenitor mesenchymal cells
into precartilage condensation represents one of the earliest
events in chondrogenesis. This process is dependent on
signals initiated by cell-cell and cell-matrix interactions and
is associated with increased cell adhesion and formation of
gap junctions and changes in cytoskeletal architecture [12].
There are several possible mechanisms by which PAMPS/
PDMAAm DN gels accelerate chondrogenic differentiation

in C3H10T1/2 cells. First, the electrostatic properties of
the PAMPS/PDMAAm DN gel may enhance precartilage
condensation and cell differentiation. We previously
reported that ATDC5 cells cultured on highly negatively
charged gels, i.e., PAMPS gels and PAMPS-co-DMAAm
copolymer gels, formed nodules at day 14, expressing type
II collagen and proteoglycan, while ATDC5 cells cultured
on the standard polystyrene dish did not differentiate into
chondrocytes. Guo et al. also reported that MSCs, when
cultured on polystyrene surfaces modified with poly(ethylene glycol) (PEG), did not attach to the surface and aggregated to form pellets immediately after cell seeding. The
cells in the pellets had a round morphology and a significant expression of collagen and proteoglycans and the
authors concluded that the electrostatic properties of
those biomaterials could affect cell differentiation [13].
Second, the PAMPS/PDMAAm DN gel is not only negatively charged, but also has a sulfonic acid base, which is
similarly present in proteoglycans in the cartilage matrix.
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Recent studies have shown that the chemical characteristics
of biomaterials influence cell-matrix interactions and play
important roles in cell differentiation [14-16]. The PAMPS/
PDMAAm gel may thus work as an effective reservoir of
signaling molecules or growth factors, providing an appropriate biochemical environment for chondrogenic differentiation of immature cells. Third, the mechanical properties
of PAMPS/PDMAAm DN gel may enhance chondrogenic
differentiation of C3H10T1/2 [17,18]. However, in the
present study, we found that C3H10T1/2 cells that had
seeded on PAMPS/PDMAAm DN gel did not attach to the
surface of PAMPS/PDMAAm DN gel. Therefore, it is
unlikely that mechanical properties of DN gel enhances
chondrogenic differentiation of C3H10T1/2 in vitro, and
we were unable to confirm the in vivo effects of the
mechanical properties of DN gel on chondrogenic differentiation of mesenchymal cells.
The limitations of this study were as follows: first, this
in vitro study does not replicate the mechanical environment of our previous in vivo study, in which compression
forces were applied to the tissue during weight loading;
and second, this cell culture model does not reflect the
actual cell supply of the in vivo model, in which bone
marrow cells around the defect may be sequentially
recruited. To elucidate the mechanisms responsible for
spontaneous hyaline cartilage regeneration, imaging studies using cell surface markers, determining the cell origin
and supply are necessary [19]. In addition, in vitro experiments with the addition of cells derived from bone
marrow are considered to more closely mirror the in vivo
situation.

Conclusion
The present study showed that PAMPS/PDMAAm DN
gel enhances chondrogenesis in C3H10T1/2 cells,
which are functionally similar to mesenchymal stem
cells. This suggests that mesenchymal stem cells from
the bone marrow would contribute to spontaneous
hyaline cartilage regeneration in vivo in large osteochondral
defects after implantation of plugs made from PAMPS/
PDMAAm DN gel.
Abbreviations
AMPS: 2-acrylamido-2-methyl-1-propanesulfonic acid; ANOVA: Analysis of
variance; BMP-2: Bone morphogenetic protein-2; DMAAm: N,N’-dimethyl
acrylamide; DN: Double-network; GAPDH: Glyceraldehyde-3-phosphate
dehydrogenase; MBAA: N,N’-methylenebisacrylamide; MSC: Mesenchymal
stem cells; PAMPS: Poly-(2-Acrylamido-2-methylpropanesulfonic acid);
PBS: Phosphate-buffered saline; PCR: Polymerase chain reaction;
PDMAAm: Poly-(N,N’-dimethyl acrylamide); PS: Polystyrene (dish); SOX9: SRY
(sex determining region Y)-box 9; UV: Ultraviolet.
Competing interests
We have no financial or non-financial competing interests. We do not hold
or are not currently applying for any patents relating to the contents of the
manuscript.

Page 6 of 7

Authors’ contributions
YI performed the experiment and microscopic observations. NK performed
RT-PCR analysis. TK and JPG created the DN-gel material. YT contributed to
data analysis. KY designed the study. HT designed the study and drafted the
manuscript. All authors read and approved the final manuscript.
Acknowledgements
This work was supported by Grants-in-Aid for Scientific Research from the
Ministry of Education, Science and Culture, Japan.
Author details
1
Department of Sports Medicine and Joint Surgery, Graduate School of
Medicine, Hokkaido University, Kita-15 Nishi-7, Sapporo 060-8638, Japan.
2
Department of Orthopaedic Surgery, Nara Medical University, 840 Shijo-cho,
Kashihara, Nara 634-8521, Japan. 3Laboratory of Soft and Wet Matter,
Department of Advanced Transdisciplinary Sciences, Faculty of Advanced Life
Science, Hokkaido University, Kita-13 Nishi-8, Sapporo 060-0810, Japan.
4
Faculty of Health Sciences, Hokkaido University, Kita-12 Nishi-5, Sapporo
060-0812, Japan.
Received: 3 March 2014 Accepted: 23 September 2014
Published: 27 September 2014
References
1. Mandelbaum BR, Browne JE, Fu F, Micheli L, Mosely JB Jr, Erggelet C, Minas
T, Peterson L: Articular cartilage lesions of the knee. Am J Sports Med
1998, 26(6)):853–861.
2. Buckwalter JA, Mankin HJ: Articular cartilage repair and transplantation.
Arthritis Rheum 1998, 41(8):1331–1342.
3. Yasuda K, Kitamura N, Gong JP, Arakaki K, Kwon HJ, Onodera S, Chen YM,
Kurokawa T, Kanaya F, Ohmiya Y, Osada Y: A novel double-network
hydrogel induces spontaneous articular cartilage regeneration in vivo in
a large osteochondral defect. Macromol Biosci 2009, 9(4):307–316.
4. Kitamura N, Yasuda K, Ogawa M, Arakaki K, Kai S, Onodera S, Kurokawa T,
Gong JP: Induction of spontaneous hyaline cartilage regeneration using
a double-network gel: efficacy of a novel therapeutic strategy for an
articular cartilage defect. Am J Sports Med 2011, 39(6):1160–1169.
5. Kwon HJ, Yasuda K, Ohmiya Y, Honma K, Chen YM, Gong JP: In vitro
differentiation of chondrogenic ATDC5 cells is enhanced by culturing on
synthetic hydrogels with various charge densities. Acta Biomater 2010,
6:494–501.
6. Reznikoff CA, Brankow DW, Heidelberger C: Establishment and
characterization of a cloned line of C3H mouse embryo cells sensitive to
postconfluence inhibition of division. Cancer Res 1973, 33(12):3231–3238.
7. Katagiri T, Yamaguchi A, Ikeda T, Yoshiki S, Wozney JM, Rosen V, Wang EA,
Tanaka H, Omura S, Suda T: The non-osteogenic mouse pluripotent cell
line, C3H10T1/2, is induced to differentiate into osteoblastic cells by
recombinant human bone morphogenetic protein-2. Biochem Biophys Res
Commun 1990, 172(1):295–299.
8. Tang QQ, Otto TC, Lane MD: Commitment of C3H10T1/2 pluripotent stem
cells to the adipocyte lineage. Proc Natl Acad Sci U S A 2004, 101
(26):9607–9611.
9. Denker AE, Haas AR, Nicoll SB, Tuan RS: Chondrogenic differentiation of
murine C3H10T1/2 multipotential mesenchymal cells: I. Stimulation by
bone morphogenetic protein-2 in high-density micromass cultures.
Differentiation 1999, 64(2)):67–76.
10. Gong JP, Katsuyama Y, Kurokawa T, Osada Y: Double-network hydrogels
with extremely high mechanical strength. Adv Mater 2003, 15:1155–1158.
Publisher Full Text OpenURL.
11. Ferro F, Falini G, Spelat R, D’Aurizio F, Puppato E, Pandolfi M, Beltrami AP,
Cesselli D, Beltrami CA, Impiombato FS, Curcio F: Biochemical and
biophysical analyses of tissue-engineered bone obtained from
three-dimensional culture of a subset of bone marrow mesenchymal
stem cells. Tissue Eng Part A 2010, 16(12):3657–3667.
12. Goldring MB, Tsuchimochi K, Ijiri K: The control of chondrogenesis. J Cell
Biochem 2006, 97:33–44.
13. Guo L, Kawazoe N, Fan Y, Ito Y, Tanaka J, Tateishi T, Zhang X, Chen G:
Chondrogenic differentiation of human mesnchymal stem cells on
photoreactive polymer-modified surfaces. Biomaterials 2008, 29:23–32.
14. French MM, Gomes RR Jr, Timpl R, Höök M, Czymmek K, Farach-Carson MC,
Carson DD: Chondrogenic activity of the heparan sulfate proteoglycan

Inagaki et al. BMC Musculoskeletal Disorders 2014, 15:320
http://www.biomedcentral.com/1471-2474/15/320

15.
16.

17.

18.

19.

Page 7 of 7

perlecan maps to the N-terminal domain I. J Bone Miner Res 2002,
17(1):48–55.
Perrimon N, Bernfield M: Specificities of heparan sulphate proteoglycans
in developmental processes. Nature 2000, 404(6779):725–728.
Kirn-Safran CB, Gomes RR, Brown AJ, Carson DD: Heparan sulfate
proteoglycans: coordinators of multiple signaling pathways during
chondrogenesis. Birth Defects Res C Embryo Today 2004, 72(1):69–88.
Yasuda K, Gong JP, Katsuyama Y, Nakayama A, Tanabe Y, Kondo E, Ueno M,
Osada Y: Biomechanical properties of high-toughness double network
hydrogels. Biomaterials 2005, 26:4468–4475.
Ogawa M, Kitamura N, Kurokawa T, Arakaki K, Tanaka Y, Gong JP, Yasuda K:
Poly(2-acrylamido-2-methylpropanesulfonic acid) gel induces articular
cartilage regeneration in vivo: comparisons of the induction ability
between single- and double-network gels. J Biomed Mater Res A 2012,
100:2244–2251.
Lee HJ, Choi BH, Min BH, Park SR: Changes in surface markers of human
mesenchymal stem cells during the chondrogenic differentiation and
dedifferentiation processes in vitro. Arthritis Rheum 2009, 60:2325–2332.

doi:10.1186/1471-2474-15-320
Cite this article as: Inagaki et al.: Effects of culture on PAMPS/PDMAAm
double-network gel on chondrogenic differentiation of mouse
C3H10T1/2 cells: in vitro experimental study. BMC Musculoskeletal
Disorders 2014 15:320.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

