
INTRODUCTION

Articular cartilage is an avascular connective tissue populat-
ed by chondrocytes and has poor intrinsic regeneration capa-
bility [1-3]. For the cartilage repair and regeneration, cell trans-
plant is considered as one of the most promising treatments [4]. 
In autologous chondrocyte implantation, chondrocytes are 
used to restore damaged cartilage, relieving the pain while im-
proving the joint function [5,6]. However, there are still hurdles 
to use cells as a therapeutic medicine for cartilage tissue regen-
eration. Chondrocytes are easily dedifferentiated in in vitro cul-
tures, and it is difficult to obtain enough population of cells re-
quired. To address this limitation well-designed culture systems 

or 3D scaffolds for chondrocytes should be established [7-10].
Extra cellular matrix (ECM) supports the chondrocytes dur-

ing culture, maintains their characteristics or recovers pheno-
types [11-13]. Hydrogels are widely studied for this purpose to 
provide an in vivo mimic niche for chondrocytes [14]. In fact, 
chondrocytes easily dedifferentiate into fibroblastic cells on 2D 
culture conditions, whereas 3D cultures using hydrogels restrain 
this dedifferentiation [15]. Moreover, the hydrogel matrix prop-
erties can alter the cell survivability and maintenance of cellular 
phenotype [16]. Therefore, finding a suitable matrix compo-
nent, i.e., chondrocyte-favorable ECM, is an important issue in 
cartilage regeneration [17].

Natural polysaccharides including alginate (Alg) and hyal-
uronic acid (HA) are frequently used as a hydrogel matrix due 
to their water-soluble, biocompatible, biodegradable, and non-
immunogenic characteristics [18,19]. Alg is a suitable material 
to encapsulate and deliver cells under mild cross-linking condi-
tions [20]. HA is prevalent in the cartilage and the synovial flu-
id of joints, and has a special role in the retention of proteogly-
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Articular cartilage has limited regeneration capacity, thus significant challenge has been made to restore the functions. The development 
of hydrogels that can encapsulate and multiply cells, and then effectively maintain the chondrocyte phenotype is a meaningful strategy 
to this cartilage repair. In this study, we prepared alginate-hyaluronic acid based hydrogel with type I collagen being incorporated, name-
ly Alg-HA-Col composite hydrogel. The incorporation of Col enhanced the chemical interaction of molecules, and the thermal stability 
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the Alg-HA-Col gel than those cultured within the Alg-HA. Furthermore, the secretion of sulphated glycosaminoglycan, a cartilage-spe-
cific matrix molecule, was recorded higher in the collagen-added composite hydrogel. Although more in-depth studies are required such 
as the in vivo functions, the currently-prepared Alg-HA-Col composite hydrogel is considered to provide favorable 3-dimensional matrix 
conditions for the cultivation of chondrocytes. Moreover, the cell-cultured constructs may be useful for the cartilage repair and tissue 
engineering. Tissue Eng Regen Med 2016;13(5):538-546

Key Words: Chondrocytes; Alginate; Hyaluronic acid; Collagen type I; Cartilage regeneration

Received: April 11, 2016
Revised: May 15, 2016
Accepted: June 1, 2016
*Corresponding author: Hae-Won Kim, Institute of Tissue Regeneration Engi-
neering (ITREN), Dankook University, 119 Dandae-ro, Dongnam-gu, Cheonan 
31116, Korea.
Tel: 82-41-550-3081, Fax: 82-41-550-3085, E-mail: kimhw@dku.edu

538  © The Korean Tissue Engineering and Regenerative Medicine Society  

ORIGINAL ARTICLE

pISSN 1738-2696 · eISSN 2212-5469 
http://dx.doi.org/10.1007/s13770-016-0059-1

Alginate-Hyaluronic Acid-Collagen Composite  
Hydrogel Favorable for the Culture of Chondrocytes  
and Their Phenotype Maintenance



www.term.or.kr  539

cans and water that is important in regenerating cartilage tissue 
[21-24]. Furthermore, HA regulates cellular processes by bind-
ing to cell surface receptors like CD44 [25]. The combination of 
Alg and HA components allowed the hydrogel formation easi-
ly, and produced cartilaginous ECM molecules in the in vitro 
culture of chondrocytes [26-30]. However, Alg has a low bioac-
tivity for the chondrocyte proliferation [31-33] and HA is rap-
idly degraded during cell cultures, thus requiring more opti-
mized physio-chemical properties for cartilage regeneration [34].

Here, we add collagen type I (Col) to the Alg-HA composite 
gel. Col is frequently used in the hydrogel synthesis in concert 
with other biopolymer components to provide structure and 
mechanical stability and/or bioactive and cell stimulating motifs 
[35]. Col is the adhesion molecule enabling many different types 
of cells to recognize the matrix through integrins, like α1β1, 
α2β1, α10β1 and α11β1 [36,37]. Another aspect of Col, partic-
ularly in relation with Alg or HA molecules, is the possible chemi-
cal interactions, i.e., Col amine groups can interact with carboxyl 
groups of Alg or HA, resulting in the improvement of stability of 
the hydrogel. We hypothesize that these characteristics of Col 
and its relation with other components may provide the bio-
physical/chemical environment favorable for the culture of chon-
drocytes and cartilage engineering. In fact some studies have also 
reported the beneficial role of Col in the cell maintenance and 
chondrogenesis [38-40].

The aim of this study is thus to establish an effective 3D ma-
trix based on Alg-HA-Col components for the culture, mainte-
nance, and expansion of chondrocytes without losing their pho-
notype. The Alg-HA-Col hydrogel was engineered to provide 
the chondrocytes with tissue ECM-like conditions, thus to pre-
serve therapeutic requirement of phenotypically stable chon-
drocytes for cartilage tissue engineering.

MATERIALS AND METHODS

Materials
Sodium Alg (MW 32000–250000) was purchased from Duk-

san Science Co. Ltd., (Ansan, Korea), type I collagen solution 
(Col) from rat tail (4 mg/mL) was from BD Biosciences (USA), 
and sodium hyaluronate (HA, MW 4800 kDa) from Genewel 
Co. Ltd. (Hwaseong, Korea). 

Hydrogels fabrication
The sodium Alg and the sodium hyaluronate (HA) were dis-

solved in Dulbecco’s modified Eagle medium (DMEM) by mag-
netic stirring for 24 h at 4°C. The Alg-HA solution was mixed 
with Col solution at an equivalent volume, and the final ratio of 
Alg:HA:Col was 10:2:1 by weight. The pH of the mixture solu-
tion was adjusted to pH 7.4 by the addition of 1 M NaOH aque-

ous solution. This ratio was based on our preliminary works that 
could generate a hydrogel with proper physical stability and suit-
ability for cell culture inside the gel. The composite was cross-
linked by the addition of 50 mM CaCl2, and the gelation was 
made by incubating at 37°C for 15 min in 5% CO2 incubator. 

Characterizations of physico-chemical properties
The chemical bond structure of the samples was analyzed by 

Fourier transform infrared spectrometer (FT-IR; Varian 640-
IR, Varian Australia Pty Ltd., Mulgrave, Australia) in the wave-
length range of 4000 to 400 cm-1 with a resolution of 4 cm-1. 
For the measurement, the samples were lyophilized (Freeze 
dryer, Ilshin Lab. Co. Ltd., Korea). Dynamic mechanical analysis 
was conducted to characterize the viscoelastic mechanical be-
haviors of the hydrogels (6 mm diameter, 4 mm height), ranging 
in the frequency from 0.5 to 10 Hz with a constant amplitude 
displacement of 0.1 mm using a dynamic mechanical analyzer 
(01dB-Metravib, Limonest Cedex, France). All experiments 
were performed at room temperature and the average values 
for storage (E') modulus (E'') were obtained. Differential scan-
ning calorimetry (DSC) was carried out by using a thermal 
analysis system (Setaram Instrumentation, Caluire, France) cali-
brated and operated in the temperature range of 30–400°C. The 
hydrated samples (5 mg) was heated at a rate of 10°C min-1 in an 
aluminum pan sealed by a lid, under a nitrogen atmosphere using 
an empty pan as the reference. 

Chondrocyte preparation
Chondrocytes were isolated from the resting zone of costo-

chondral cartilage growth plate and rib region of adult Sprague-
Dawley rats, and a detail protocol was described elsewhere [41]. 
Briefly, dissected ribs were cut into small pieces and digested 
with 10 mL Dulbecco’s Phosphate-Buffered (DPBS) containing 
0.25% EDTA and incubated for 20 min at 37°C, and then fol-
lowed by an incubation in 0.25% trypsin (Gibco, Invitrogen, 
Carlsbad, CA, USA) for 1 h and 0.2% collagenase type 2 for 3 h. 
The digested tissues were centrifuged at 2000 rpm and then 
filtrated with sterile 45-μm sieve filter (BD Bioscience, Frank-
lin Lakes, NJ, USA). Chondrocytes were plated at a density of 
25000 cells/cm2 and cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM)-low glucose containing 10% fetal bovine se-
rum, 1% penicillin/streptomycin, 50 μg/mL ascorbic acid, 1% 
ITS premix (Sigma-Aldrich Korea Ltd., Korea), in an atmo-
sphere of 5% CO2 and 95% humidity at 37°C. For the in vitro 
cell test, at passage 3, the confluent cells were prepared for en-
capsulating into the hydrogels. 

In vitro cell tests
The samples were divided into two experimental groups; Alg/
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HA/Col and Alg/HA. 3×105 cells were encapsulated in each hy-
drogel of 1 mL. During the chondrocytes culture, the culture 
medium was changed every three days until harvest. 

After culture of 14 days, the viability of cells in the hydrogel 
was examined by a Live/Dead assay (Invitrogen Corporation, 
Carlsbad, CA, USA). In order to evaluate the cell distribution 
inside the hydrogels, the fluorescence images were taken from 
sliced hydrogels at 3 days. The live/dead cell analysis of the con-
structs was made by washing with DMEM medium three times, 
followed by an incubation at 37°C for 30 min in a solution con-
taining 4 μM EthD-1 (ethidium homodimer1) and 2 M calcein 
AM made in sterile PBS. The constructs were observed using a 
fluorescence microscope (Olympus, lX 71, Japan) with excita-
tion filters of 450–490 nm [green, Calcein-acetoxymethyl 
(AM)] and 510–560 nm [red, ethidium homodimer-1 (EthD-
1)], LIVE/DEAD® Kit (Invitrogen, Carlsbad, CA, USA).

DNA quantification assay
The dsDNA content was determined by a fluorescence image 

with excitation at 480 nm and emission at 520 nm in 96 well 
plates using a microplate reader (SpectraMax plus, Microplate 
reader, USA). The binding of Pico Green dye (Invitrogen, Carls-
bad, CA, USA) was used as against standard for calf thymus 
DNA, according to the manufacturer’s protocol. 

Quantitative real-time polymerase chain reaction 
After culture for 7 and 21 days, the expression of the carti-

lage-associated genes, including SOX-9, collagen type II (Col 
II), and Aggrecan (Agg) was confirmed by qPCR. The first 
strand complementary DNA was synthesized from the total 
RNA (1 μg) using a superscript first strand synthesis system for 
RT-PCR (Bioneer Ltd., Daejeon, Korea) according to the man-
ufacturer’s instruction. The reaction mixture was made up to 50 
μL. Real-time PCR was conducted using SYBR GreenER qPCR 
SuperMix reagents (Invitrogen, Carlsbad, CA, USA). The rela-
tive transcript quantities were calculated using the 2-ΔΔCt method, 
with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as 
the endogenous reference amplified from the samples. The prim-
er sequences of cartilage-associated genes (Bioneer Ltd., Dae-
jeon, Korea) used for the real-time PCR are shown in Table 1.

Histological evaluation
For general histological staining, cryocut slides were pre-

pared by fixing hydrogels in 4% paraformaldehyde followed by 
freezing the samples in O.C.T compound (Tissue-Tek, Sakura, 
Japan) at -80°C and sectioning at thickness 10 μm by a cryocut 
microtome (leica CM3050S, GmbH). For Safranin ‘O’ staining 
analysis, cryosections were stained with fast green for 5 min, 
quickly rinsed in 1% acetic acid solution, stained with 0.1% Saf-

ranin O solution for 5 min, and dehydrated in 100% ethanol. 
The slides were mounted by putting cover slip with resin mount-
ing medium. 

To assess immunofluorescence staining for collagen type II, 
cryocut slides as mentioned were rinsed with DPBS to remove 
embedding compound followed by a permeabilization with 
0.1% Triton X-100 for 10 min. The samples were then blocked 
with 1% BSA, after which they were probed with primary an-
tibody (collagen type 2A1, dilution 1:100; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) with incubation overnight at 
4°C, and then washed with DPBS three times. After this, sam-
ples were incubated with TRITC labeled secondary rabbit anti-
mouse antibody (dilution 1:500) (Invitrogen, Carlsbad, CA, 
USA) for 2 h at room temperature, and mounted with VECTA-
SHEILD (H-1000, Victor Lab, Burlingame, CA, USA) for anti-
fade. Images were captured using the fluorescence microscope 
(Olympus lX 71, Olympus Corp., Tokyo, Japan).

GAG content measurement 
At harvest, dissolution buffer (55 mM sodium citrate, 30 

mM EDTA, 0.15 M NaCl) were used to isolate cells followed by 
a digestion in papain digestion buffer containing 1.0 mL of 20 
mM sodium phosphate buffer (pH 6.8) containing 1 mM EDTA, 
2 mM dithiothreitol and 300 g Papain for 40 min at 60°C. GAG 
content was determined spectrophotometrically at 525 nm fol-
lowed by the reaction with 1, 9-dimethylmethylene blue dye 
(DMMB) (Proteoglycan detection kit, Astarte Biologics, Red-
mond, WA, USA) using chondroitin sulfate (Bovine Trachea, 
Astarte Biologic, Redmond, WA, USA) standard 10 μg. 

Statistical analysis
All results are presented as means±one standard deviations 

from four replicate samples (n=4). Statistical analysis was per-
formed by Student’s t-test, and p<0.05 or p<0.01 were consid-
ered to be significant for the statistical analyses. 

Table 1. Primer sequence for chondrogenic specific genes
Gene Sequences 
GAPDH Forward 5'-CTGGAAGATGGTGATGG-3'

Reverse 5'-GATTTGGTCGTATTGGGCG-3' 
Aggrecan Forward 5'-TCGCAAGTCCCTTCCACATC-3'

Reverse 5'-TCAAGGCGTCCTGAAGTGTC-3' 
Collagen  
  type II 

Forward 5'-GCTGGTGCACAAGGTCCTAT-3'
Reverse 5'-AGGGCCAGAAGTACCCTGAT-3' 

SOX9 Forward 5'-CCAGCAAGAACAAGCCACAC-3'
Reverse 5'-CTTGCCCAGAGTCTTGCTGA-3' 

GAPDH: glyceraldehyde 3-phosphate dehydrogenase
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RESULTS 

Characteristics of produced hydrogels
The possible chemical interactions between components were 

characterized by FT-IR (Fig. 1A). In general, pure Col has amide 
peaks at characteristic wavelengths (amide I at ~1610 cm-1, and 
amide II at ~1400 cm-1) [42]. A closer examination of these 
amide peaks in the Alg-HA-Col composite gel showed some 
changes; a significant decrease in the symmetric stretching am-
ide I with a strong amide II peak remained in the composite 
hydrogel. Furthermore, the amide I band appeared to shift to-
ward higher wavenumber (i.e., blue shift, from 1403 cm-1 to 
1408 cm-1), which was attributed to the interactions between 
collagen and other components (primarily HA). When the Col 
molecules form chemical interactions with other molecules 
incorporated, this blue shift in amide band has often been ob-

served [43,44]. The DSC thermal analysis of the composite 
samples revealed that the glass transition temperature (Tg) of 
the composites was higher in Alg-HA-Col than in Alg-HA 
(from 65°C to 72°C) (Fig. 1B), and the result also suggests the 
possible additional chemical interactions between Col and 
Alg-HA because the increase in Tg is implicated in strength-
ening of the chemical bond structures of polymer networks. 
The mechanical properties of the hydrogels were analyzed by a 
dynamic mechanical analyzer. The storage modulus change in 
a frequency sweep of 0.5 Hz to 10 Hz showed a typical hydro-
gel behavior under a dynamic compression and relaxation 
mode (Fig. 1C). The modulus values of both hydrogels were in 
the ranges of ~50–80 kPa, and the Alg-HA-Col hydrogel re-
vealed higher values than the Alg-HA. This modulus range of 
hydrogels is considered to provide matrix stiffness similar to 
the cartilage tissue, which is favorable for cells to sense and se-

Figure 1. Characterizations of composite hydrogels: (A) FT-IR spectra (enlarged spectrum also included), (B) differential scanning 
calorimetry, and (C) dynamic mechanical elastic behavior of samples. FT-IR: fourier transform infrared spectrometer.
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crete cartilaginous matrix [31].

Cellular growth behaviors in hydrogels
Chondrocytes were cultured within the two types of hydro-

gels for up to 21 days, and the cell morphology was examined 
under a phase contrast microscope, as shown in Figure 2. Cells 
were observed to distribute at low density in both hydrogels at 
day 3, and some cellular aggregates were developed in the hy-
drogels at day 7. In particular, the aggregates were larger in 
Alg-HA-Col than in Alg-HA. From days 7 to 21 the cell popu-
lation was substantially enhanced, and spherical aggregates of 
chondrocytes were profoundly observed in Alg-HA-Col hy-
drogel. The cellular behaviors of this spherical aggregate for-
mation (round cell shape not elongated) are indicative of a 
chondrogenic maintenance of chondrocytes, and the volumet-
ric increase of the aggregates is considered to represent the mat-
uration of cells [45,46]. Even the chondrocytes, once deprived of 
their phenotypes in 2D conventional cultures, can regain their 
de-differentiated phenotype when cultured within the proper-
ly-controlled 3D matrices, with the sign of aggregated and 

spherical morphology of cells rather than flattened morpholo-
gy [47]. Thus the morphological data of cell aggregates sug-
gests that the Alg-HA-Col composite hydrogel can be consid-
ered to provide a matrix condition suitable for chondrocytes 
to multiply the number and to maintain phenotype, which is 
ultimately helpful for the production of cartilage ECMs. 

The live/dead assay of cells revealed a major cell population 
was viable in both hydrogels (Fig. 3A). The DNA content of cells 
grown in the hydrogels showed significantly higher level in Alg-
HA-Col than in Alg-HA, particularly at day 21, suggesting the 
chondrocytes proliferated more actively within the Alg-HA-
Col gel during this culture period (Fig. 3B). The reason for this 
improvement in chondrocyte proliferation is that the collagen 
type I can also present essential binding motifs for chondrocytes 
to recognize through integrins, including α1β1, α2β1, α10β1, 
and α11β1 (mainly those with β1 subset) [48-50]. Therefore, 
the addition of collagen to the composite gel is considered to 
favor the cellular recognition of the gel matrix conditions. Con-
sidering that a sufficient cell number is generally required for 
the cell therapy in cartilage engineering, this high proliferative 
nature of chondrocytes supports the merited aspect of the Alg-
HA-Col hydrogels. 

Production of chondrogenic markers 
Next we analyzed the chondrogenic gene expressions of the 

cells within the hydrogels at 7 and 21 days, as shown in Figure 
4. Sox9 is expressed at an early stage of a chondrogenic differ-
entiation, showing higher levels at day 7 than at day 21 for 
both gels. In particular, the gene level was significantly higher 
when cultured within Alg-HA-Col than within Alg-HA. Other 
chondrogenic markers, including collagen type II and aggre-
can, were also analyzed. Cells cultured within Alg-HA-Col ex-
pressed higher gene levels than those within Alg-HA. In par-
ticular, the gene expression levels increased with time (from 
day 7 to 21) for both gels, implying these two genes are late 
chondrogenic markers. 

Next, the safranin-O stain of cells was performed at day 21 to 
evaluate the production of GAG molecules (visualized in or-
ange color). The results showed that the stain in Alg-HA-Col 
gel was higher than that in Alg-HA gel (Fig. 5A). Furthermore, 
the immunofluorescence staining for collagen type II revealed 
more positive stain of cells in Alg-HA-Col gel than in Alg-HA 
gel (Fig. 5B). The DMMB assay showed that the amount of 
GAG content gradually increased from day 7 to day 21, and 
the GAG content was significantly higher in Alg-HA-Col gel 
than in Alg-HA gel, in good agreement with the results of im-
munohistochemistry (Fig. 5C). 

Figure 2. Phase contrast images of the chondrocytes cultured 
within Alg-HA and Alg-HA-Col hydrogels for 3, 7, and 21 days. 
Scale bar: 500 μm.

Day 3
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Alg-HA Alg-HA-Col
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DISCUSSION 

The aim of this study is to evaluate the potential of compos-
ite Alg-HA-Col 3D gel in the culture of chondrocytes and the 

maintenance of chondrogenic phenotypes. The three compo-
nents (alginate, HA, and collagen type I) used herein were 
shown to have chemical interactions as deduced from IR spec-
trum and Tg value; and the modulus values also justify proper 
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Figure 4. Q-PCR mRNA expression of (A) SOX9, (B) collagen type II, and (C) aggrecan, as quantified by 2-ΔΔCt at 7 and 21 days. 
*p<0.05 and **p<0.01 statistical significant between two groups at each period (n=3, Student’s t-test).

Figure 3. (A) Live (green)/dead (red) cell fluorescence images. (B) Quantification of total DNA content. *p<0.05 statistical significant 
between two groups at each period (n=3, Student’s t-test). Scale bar in (A): 100 μm.
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conditions for chondrocyte culture and cartilage engineering. 
In particular, the presence of RGD domains in collagen and 
CD44 ligand in HA can synergistically help the chondrocyte 
attachment and proliferation. These aspects of the gels engi-
neered herein may provide 3D matrix conditions favorable for 
the culture of chondrocytes and their phenotype maintenance. 

The spherical aggregate formation (round cell shape not elon-
gated) of cells in the composite gel is indicative of a chondro-
genic maintenance, and the volumetric increase of the aggre-
gates is considered to represent the maturation of cells [45,46]. 
Even the chondrocytes, once deprived of their phenotypes in 
2D conventional cultures, can regain their de-differentiated 
phenotype when cultured within the properly-controlled 3D 
matrices, with the sign of aggregated and spherical morpholo-
gy of cells rather than flattened morphology [47]. Thus the 
morphological data of cell aggregates suggests that the Alg-
HA-Col composite hydrogel can be considered to provide a ma-
trix condition suitable for chondrocytes to multiply the number 
and to maintain phenotype, which is ultimately helpful for the 
production of cartilage ECMs. 

Cells were shown to have higher proliferation potential in 
collagen-containing gel. The reason might be that the collagen 

type I also presents essential binding motifs for chondrocytes 
to recognize through integrins, including α1β1, α2β1, α10β1, 
and α11β1 (mainly those with β1 subset) [48-50]. Therefore, 
the addition of collagen to the composite gel is considered to 
favor the cellular recognition of the gel matrix conditions. Con-
sidering that a sufficient cell number is generally required for 
the cell therapy in cartilage engineering, this high proliferative 
nature of chondrocytes supports the merited aspect of the Alg-
HA-Col hydrogels. 

The gene expression results demonstrated the essential chon-
drogenic phenotypes were highly stimulated in proper time 
courses when cultured within the Alg-HA-Col gel matrix, con-
firming that the cells substantially proliferated and aggregated 
during the period became highly functional with significant ex-
pressions of chondrogenic markers. Moreover, the quantifica-
tion assays to confirm the collagen type II and GAG contents 
demonstrated the cellular aggregates were highly functional in 
producing major ECM molecules in cartilage, suggesting the 
Alg-HA-Col gel could provide biophysical (mechanical and sta-
bility) and biochemical (adhesion motifs) environment for 
chondrocytes to develop cartilage-like matrix during the long-
term in vitro cultures. Another aspect in the later stage is to 

Figure 5. Observation of ECM production in chondrocytes within the hydrogels: (A) Safranin ‘O’ staining for GAG, and GAG quantifi-
cation by DMMB assay, showing total sulphated proteoglycan. (B) Immunostaining for collagen type II. **p<0.01 statistical significant 
between two groups at each period (n=3, Student’s t-test). 
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overcome the hypertrophy as this is critical for the chondrocyte 
maturation and deregulation of ossification, which must be ad-
dressed in future study.

Conclusively, the incorporation of Col to Alg-HA gel en-
hanced the physico-chemical stability through chemical interac-
tions and provided a binding motif for chondrocytes, which re-
sulted in a higher proliferation capacity. The chondrogenic ph-
enotypes were well preserved in the composite gels over the 
culture of 3 weeks, demonstrating the expression of a series of 
chondrogenic genes and the production of cartilage ECMs. The 
findings suggest that the Alg-HA-Col composite gel may provide 
3D matrix conditions mimicking native cartilage ECM, and thus 
find a suitable matrix for future cartilage tissue engineering. 

Conflicts of Interest
The authors have no financial conflicts of interest. 

Ethical Statement
The chondrocyte isolation from Sprague-Dawley rats was ac-

cording to the consent from Dankook University Institutional 
Animal Care and Use Committee (DKU-IRB-2014-039).

REFERENCES

1. Cuevas P, Burgos J, Baird A. Basic fibroblast growth factor (FGF) promotes 
cartilage repair in vivo. Biochem Biophys Res Commun 1988;156:611-
618.

2. Brenner JM, Kunz M, Tse MY, Winterborn A, Bardana DD, Pang SC, et 
al. Development of large engineered cartilage constructs from a small 
population of cells. Biotechnol Prog 2013;29:213-221.

3. Lach M, Trzeciak T, Richter M, Pawlicz J, Suchorska WM. Directed dif-
ferentiation of induced pluripotent stem cells into chondrogenic lineages 
for articular cartilage treatment. J Tissue Eng 2014;5:2041731414552701.

4. Jin ES, Jeong JH, Min JK, Jeon SR, Choi KH. Implantation of adipose tis-
sue-derived mesenchymal stem cells in degenerative intervertebral disc 
of rat: when is the most effective time during the degeneration period. 
Tissue Eng Regen Med 2014;11:195-202.

5. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L. 
Treatment of deep cartilage defects in the knee with autologous chondro-
cyte transplantation. N Engl J Med 1994;331:889-895.

6. Rahman RA, Radzi MAA, Sukri NM, Nazir NM, Sha’ban M. Tissue en-
gineering of articular cartilage: from bench to bed-side. Tissue Eng Regen 
Med 2015;12:1-11.

7. Yang JW, Heo MS, Lee CH, Moon SW, Min BH, Choi BH, et al. The effect 
of the cell-derived extracellular matrix membrane on wound adhesions 
in rabbit strabismus surgery. Tissue Eng Regen Med 2014;11:155-162.

8. Jin GZ, Kim JJ, Park JH, Seo SJ, Kim JH, Lee EJ, et al. Biphasic nanofi-
brous constructs with seeded cell layers for osteochondral repair. Tissue 
Eng Part C Methods 2014;20:895-904.

9. Faikrua A, Wittaya-areekul S, Oonkhanond B, Viyoch J. A thermosensi-
tive chitosan/corn starch/β-glycerol phosphate hydrogel containing 
TGF-β1 promotes differentiation of MSCs into chondrocyte-like cells. 
Tissue Eng Regen Med 2014;11:355-361.

10. Seo SJ, Mahapatra C, Singh RK, Knowles JC, Kim HW. Strategies for os-
teochondral repair: focus on scaffolds. J Tissue Eng 2014;5:2041731414 
541850.

11. Sun H, Liu Y, Jiang T, Liu X, He A, Li J, et al. Chondrogenic differentia-

tion and three dimensional chondrogenesis of human adipose-derived 
stem cells induced by engineered cartilage-derived conditional media. 
Tissue Eng Regen Med 2014;11:59-66.

12. Hoshiba T, Yamada T, Lu H, Kawazoe N, Chen G. Maintenance of carti-
laginous gene expression on extracellular matrix derived from serially 
passaged chondrocytes during in vitro chondrocyte expansion. J Biomed 
Mater Res A 2012;100:694-702. 

13. Shetty AA, Kim SJ, Shetty V, Stelzeneder D, Shetty N, Bilagi P, et al. Au-
tologous bone-marrow mesenchymal cell induced chondrogenesis: sin-
gle-stage arthroscopic cartilage repair. Tissue Eng Regen Med 2014;11: 
247-253.

14. Callahan LA, Ganios AM, Childers EP, Weiner SD, Becker ML. Primary 
human chondrocyte extracellular matrix formation and phenotype 
maintenance using RGD-derivatized PEGDM hydrogels possessing a 
continuous Young’s modulus gradient. Acta Biomater 2013;9:6095-6104.

15. Caron MM, Emans PJ, Coolsen MM, Voss L, Surtel DA, Cremers A, et al. 
Redifferentiation of dedifferentiated human articular chondrocytes: com-
parison of 2D and 3D cultures. Osteoarthritis Cartilage 2012;20:1170-
1178.

16. Kisiday J, Jin M, Kurz B, Hung H, Semino C, Zhang S, et al. Self-assem-
bling peptide hydrogel fosters chondrocyte extracellular matrix produc-
tion and cell division: implications for cartilage tissue repair. Proc Natl 
Acad Sci U S A 2002;99:9996-10001.

17. El-Sherbiny IM, Yacoub MH. Hydrogel scaffolds for tissue engineering: 
progress and challenges. Glob Cardiol Sci Pract 2013;2013:316-342.

18. Kontturi LS, Järvinen E, Muhonen V, Collin EC, Pandit AS, Kiviranta I, 
et al. An injectable, in situ forming type II collagen/hyaluronic acid hy-
drogel vehicle for chondrocyte delivery in cartilage tissue engineering. 
Drug Deliv Transl Res 2014;4:149-158.

19. Sheehy EJ, Mesallati T, Vinardell T, Kelly DJ. Engineering cartilage or 
endochondral bone: a comparison of different naturally derived hydro-
gels. Acta Biomater 2015;13:245-253.

20. Palazzolo G, Broguiere N, Cenciarelli O, Dermutz H, Zenobi-Wong M. 
Ultrasoft alginate hydrogels support long-term three-dimensional func-
tional neuronal networks. Tissue Eng Part A 2015;21:2177-2185.

21. Hulmes DJ, Marsden ME, Strachan RK, Harvey RE, McInnes N, Gardner 
DL. Intra-articular hyaluronate in experimental rabbit osteoarthritis can 
prevent changes in cartilage proteoglycan content. Osteoarthritis Carti-
lage 2004;12:232-238.

22. Ishikawa M, Yoshioka K, Urano K, Tanaka Y, Hatanaka T, Nii A. Bio-
compatibility of cross-linked hyaluronate (Gel-200) for the treatment of 
knee osteoarthritis. Osteoarthritis Cartilage 2014;22:1902-1909.

23. Yu CJ, Ko CJ, Hsieh CH, Chien CT, Huang LH, Lee CW, et al. Proteomic 
analysis of osteoarthritic chondrocyte reveals the hyaluronic acid-regu-
lated proteins involved in chondroprotective effect under oxidative 
stress. J Proteomics 2014;99:40-53.

24. Baboolal TG, Mastbergen SC, Jones E, Calder SJ, Lafeber FP, McGonagle 
D. Synovial fluid hyaluronan mediates MSC attachment to cartilage, a 
potential novel mechanism contributing to cartilage repair in osteoarthri-
tis using knee joint distraction. Ann Rheum Dis 2016;75:908-915. 

25. Ishida O, Tanaka Y, Morimoto I, Takigawa M, Eto S. Chondrocytes are 
regulated by cellular adhesion through CD44 and hyaluronic acid path-
way. J Bone Miner Res 1997;12:1657-1663.

26. Akmal M, Singh A, Anand A, Kesani A, Aslam N, Goodship A, et al. The 
effects of hyaluronic acid on articular chondrocytes. J Bone Joint Surg Br 
2005;87:1143-1149.

27. Yoon DM, Curtiss S, Reddi AH, Fisher JP. Addition of hyaluronic acid to 
alginate embedded chondrocytes interferes with insulin-like growth fac-
tor-1 signaling in vitro and in vivo. Tissue Eng Part A 2009;15:3449-3459.

28. Yoshikawa K, Kitamura N, Kurokawa T, Gong JP, Nohara Y, Yasuda K. 
Hyaluronic acid affects the in vitro induction effects of synthetic PAMPS 
and PDMAAm hydrogels on chondrogenic differentiation of ATDC5 
cells, depending on the level of concentration. BMC Musculoskelet Dis-



Mahapatra et al.
Alg-HA-Col Hydrogel for Chondrocytes

546  Tissue Eng Regen Med 2016;13(5):538-546

ord 2013;14:56.
29. Coates EE, Riggin CN, Fisher JP. Matrix molecule influence on chondro-

cyte phenotype and proteoglycan 4 expression by alginate-embedded 
zonal chondrocytes and mesenchymal stem cells. J Orthop Res 2012;30: 
1886-1897.

30. Moshaverinia A, Xu X, Chen C, Akiyama K, Snead ML, Shi S. Dental 
mesenchymal stem cells encapsulated in an alginate hydrogel co-deliv-
ery microencapsulation system for cartilage regeneration. Acta Biomater 
2013;9:9343-9350.

31. Mhanna R, Kashyap A, Palazzolo G, Vallmajo-Martin Q, Becher J, 
Möller S, et al. Chondrocyte culture in three dimensional alginate sulfate 
hydrogels promotes proliferation while maintaining expression of chon-
drogenic markers. Tissue Eng Part A 2014;20:1454-1464.

32. Gründer T, Gaissmaier C, Fritz J, Stoop R, Hortschansky P, Mollenhauer 
J, et al. Bone morphogenetic protein (BMP)-2 enhances the expression 
of type II collagen and aggrecan in chondrocytes embedded in alginate 
beads. Osteoarthritis Cartilage 2004;12:559-567.

33. Re’em T, Tsur-Gang O, Cohen S. The effect of immobilized RGD peptide 
in macroporous alginate scaffolds on TGFbeta1-induced chondrogene-
sis of human mesenchymal stem cells. Biomaterials 2010;31:6746-6755.

34. Guha Thakurta S, Budhiraja G, Subramanian A. Growth factor and ultra-
sound-assisted bioreactor synergism for human mesenchymal stem cell 
chondrogenesis. J Tissue Eng 2015;6:2041731414566529.

35. Frantz C, Stewart KM, Weaver VM. The extracellular matrix at a glance. 
J Cell Sci 2010;123(Pt 24):4195-4200.

36. Loeser RF. Integrins and chondrocyte-matrix interactions in articular 
cartilage. Matrix Biol 2014;39:11-16.

37. Yu HS, Kim JJ, Kim HW, Lewis MP, Wall I. Impact of mechanical stretch 
on the cell behaviors of bone and surrounding tissues. J Tissue Eng 2016;7: 
2041731415618342.

38. Enomoto-Iwamoto M, Iwamoto M, Nakashima K, Mukudai Y, Boettiger 
D, Pacifici M, et al. Involvement of alpha5beta1 integrin in matrix interac-
tions and proliferation of chondrocytes. J Bone Miner Res 1997;12:1124-
1132.

39. Chen CW, Tsai YH, Deng WP, Shih SN, Fang CL, Burch JG, et al. Type I 

and II collagen regulation of chondrogenic differentiation by mesenchy-
mal progenitor cells. J Orthop Res 2005;23:446-453.

40. do Amaral RJ, Matsiko A, Tomazette MR, Rocha WK, Cordeiro-Spinetti 
E, Levingstone TJ, et al. Platelet-rich plasma releasate differently stimu-
lates cellular commitment toward the chondrogenic lineage according to 
concentration. J Tissue Eng 2015;6:2041731415594127.

41. Shimomura Y, Yoneda T, Suzuki F. Osteogenesis by chondrocytes from 
growth cartilage of rat rib. Calcif Tissue Res 1975;19:179-187.

42. Liu Y, Chen M, Yao X, Xu C, Zhang Y, Wang Y. Enhancement in dentin 
collagen’s biological stability after proanthocyanidins treatment in clini-
cally relevant time periods. Dent Mater 2013;29:485-492.

43. Tampieri A, Sandri M, Landi E, Pressato D, Francioli S, Quarto R, et al. 
Design of graded biomimetic osteochondral composite scaffolds. Bio-
materials 2008;29:3539-3546.

44. Mandair GS, Morris MD. Contributions of Raman spectroscopy to the 
understanding of bone strength. Bonekey Rep 2015;4:620.

45. Benya PD. Modulation and reexpression of the chondrocyte phenotype; 
mediation by cell shape and microfilament modification. Pathol Immu-
nopathol Res 1988;7:51-54.

46. Bush PG, Hall AC. The volume and morphology of chondrocytes within 
non-degenerate and degenerate human articular cartilage. Osteoarthritis 
Cartilage 2003;11:242-251.

47. Benya PD, Shaffer JD. Dedifferentiated chondrocytes reexpress the differ-
entiated collagen phenotype when cultured in agarose gels. Cell 1982;30: 
215-224.

48. Quarto R, Dozin B, Bonaldo P, Cancedda R, Colombatti A. Type VI col-
lagen expression is upregulated in the early events of chondrocyte differ-
entiation. Development 1993;117:245-251.

49. Xu H, Bihan D, Chang F, Huang PH, Farndale RW, Leitinger B. Discoidin 
domain receptors promote α1β1- and α2β1-integrin mediated cell adhe-
sion to collagen by enhancing integrin activation. PLoS One 2012;7:e52209.

50. Marlovits S, Hombauer M, Truppe M, Vècsei V, Schlegel W. Changes in 
the ratio of type-I and type-II collagen expression during monolayer 
culture of human chondrocytes. J Bone Joint Surg Br 2004;86:286-295.


