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Abstract
Given the difficulties in accessing articular cartilage as
a source of chondrocytes to be used in fabricating car-
tilage constructs, alternative sources are required. The
present study examined chondrocytes from costal car-
tilage for their suitability in cartilage tissue engineering.
Chondrocytes isolated from rat knee and rib hyaline
cartilage were separately mixed with alginate and
placed in a calcium chloride solution as two mm
beads. The beads were incubated over 2 months, dur-
ing which time the structural features, proliferation
rates, and gene expression levels were determined by
microscopy, [3-(A, 5-dimethylthiazol-2-yl)-1, 5-diphenyl
tetrazulium bromide] (MTT) assay, and real-time PCR
analysis, respectively. The majority of both articular
and costal chondrocytes were observed to be
organelle-rich round to oval cells embedded in lacuna-
like cavities within the alginate beads. The propagation
patterns of both cell types were similar, undergoing
proliferation during the first 40 days and almost ceas-
ing propagation over the remaining 20 days of the cul-
ture period. The levels of aggrecan and type II colla-
gen (cartilage specific) gene expression in costal and
articular chondrocyte cultures were comparable;
expression levels were very low during the initial days
of culturing but were significantly upregulated by study
termination (day 60). Interestingly, in contrast to cul-
tured articular cells, the level of collagen I expression
was negligible in costal cultures (p<0.05). Collectively,
these data suggest that the costal chondrocytes could
provide a beneficial and more accessible source of
chondrocytes for three dimensional (3D) cartilage con-
structs.  
Keywords: Costal and articular chondrocytes;
Alginate; Proliferation; Gene expression;
Ultrastructure

INTRODUCTION

Tissue engineering has recently made considerable

progress in providing reconstructions or replacement

tissues for injuries to the skin, aorta, muscles, bladder,

breast, bones, tendons and cartilage (Bujan et al.,
2005; Butler and Orgill, 2005; Lu et al., 2005; Qin et
al., 2005; Sahoo et al., 2005; Shinoka et al., 2005;

Sodian et al., 2005; Tare et al., 2005; Turhani et al.,
2005; Patrick, 2004). Among these, cartilage repair

using tissue engineering should in theory be more

straightforward given its avascular nature and single

cell type (chondrocytes) construction. (Cao et al.,
1997; Cohen et al., 1993; Vacanti et al., 1991).

Tissue engineering approaches need an appropriate

cell source to provide harvested cells. In addition, sev-

eral appropriate techniques are subsequently required

to seed the carrier scaffold with cells to construct a 3D

tissue implant that is to be transplanted in the defective

site. Traditionally, cells for cartilage engineering are

primarily obtained from articular knee cartilage

(Arøen et al., 2004; Mandl et al., 2004; Brittberg et al.,
2003; Cancedda et al., 2003; Dozin et al., 2002;

Glowacki, 2000; LeBaron and Athanasiou, 2000;

Brittberg, 1999; Brittberg et al., 1996; Benya et al.,
1978). Since articular cartilage is a weight-bearing tis-

sue providing smooth lubricated surfaces for joint

movement, tissue removal impairs its function and

imposes additional defects. Moreover, the non-weight-

bearing region in the joint cartilage would be consid-

ered as the alternative chondrocyte source, but tissue

removal from joint requires an additional manipulation

of the structure and more importantly the amount of

harvestable specimen from that location may be limit-
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ed. This necessitates alternative chondrocyte donor

locations.

Several options can be considered as possible

donor sites. For the intended purpose, fibro cartilage

and elastic cartilage are inappropriate because they dif-

fer from hyaline (articular) cartilage with respect to

their structure, function, cell arrangement, and the

presence or absence of perichondrium (Dehaven and

Arnoczky, 1994). Chondrocytes from other hyaline

sources could theoretically be used in this context. In

this regard, hyaline cartilage at the costal end of tho-

racic cage could provide a viable alternative. To date,

there is very limited information available on the suit-

ability of costal chondrocytes for cartilage tissue engi-

neering (Isogai et al., 2006). 

The objectives of the present study were to examine

chondrocytes from rat costal cartilage in terms of

structure, proliferation, and gene expression in an algi-

nate 3D culture and compare those characteristics with

those of articular chondrocytes. The eventual goal of

this research was to assess the ability of costal chon-

drocytes to provide a viable alternative to articular

chondrocytes for manufacturing 3D cartilage scaffolds

useful for cartilage defect implants. 

MATERIALS AND METHODS

Chondrocyte isolation and culture

Cell harvesting: All animal experiments were

approved by the Ethics Committee at the Royan

Institute, Tehran, Iran. Ten male Wistar rats aged 4-6

weeks were sacrificed by cervical dislocation and used

as a source of cells. Articular chondrocytes were har-

vested by dissecting tissue from the femoral condyles

and tibial plateaus of the right knee of each animal.

Costal cartilage was obtained from the anterior end of

the upper ribs near their sternal attachments. Harvested

tissues were placed in DMEM (Dulbecco’s modified

Eagle’s medium, Gibco, Germany) supplemented with

15% (v/v) fetal bovine serum (FBS), 100 IU/ml of

penicillin (Gibco, Germany) and 100 IU/ml of strepto-

mycin (Gibco, Germany). Under sterile conditions,

cartilage tissue was minced into 1-2 mm pieces,

washed with phosphate buffer solution (PBS) and sup-

plemented with 2 ml of enzymatic solution consisting

of 0.2% (w/v) type I collagenase (Sigma, Germany)

and 0.1% (w/v) pronase (Sigma, Germany) at a 1:1

ratio. Digestion continued at 37°C for 24 h.

Monolayer culture: Chondrocytes were collected and

plated in 75 cm2 culture flasks at 5×104 cells/cm2.

After culturing to confluency at 37°C and 5% CO2,

cells were detached by trypsin/EDTA and subcultured.

To obtain sufficient cells for each experiment, several

additional passages were performed.

Three dimensional cultures in alginate gel:
Approximately 5×106 chondrocytes (passage-5)  from

each source were uniformly and separately suspended

in a 1 ml of 1% alginate gel (Fluka, Germany). The

mixture was then loaded into a 5 ml sterile syringe

with a 22 g needle. Alginate beads, approximately 2

mm in diameter, were then formed by drop-wise addi-

tion of 7 μl of alginate cell suspension (containing

approximately 3.5×104 cells) into a CaCl2 suspension

(102 mM). Each 5-6 beads were washed with PBS and

cultured in 24-well culture plates for a period of 60

days, with the medium being changed twice weekly. At

the end of the cultivation period, the chondrocyte

structures were examined by light and electron

microscopy. Moreover, cultures were quantified

throughout the experiment for chondrocyte prolifera-

tion rates and gene expression levels by the [3-(A, 5-

dimethylthiazol-2-yl)-1, 5-diphenyl tetrazulium bro-

mide] (MTT) assay and real time RT-PCR analysis,

respectively.   

Analytical technique

Microscopy: Cell-alginate constructs were fixed with a

solution consisting of 2.5% (w/v) glutaraldehyde and

1% (w/v) paraformaldehyde buffered with 0.1 M sodi-

um cacodylate pH 7.4, for 24 h at 4°C. Post-fixation

was performed for 1 h at 4°C in 1% (w/v) osmium

tetraoxide in 0.1 M sodium cacodylate. Ascending

concentrations of ethanol and several washes with

pure acetone were used to dehydrate and clear the

specimens, respectively. Specimens were subsequently

embedded in araldite resin, polymerized at 60°C for 24

h, and finally cut into either 300-500 nm semi-thin sec-

tions for toluidine blue staining, or 70-90 nm ultra thin

sections for staining with lead citrate and uranyl

acetate. Ultra-thin sections were observed by transmis-

sion electron microscopy (TEM) (Zeiss EM900,

Germany). Some beads were also prepared for paraffin

embedding. 

Cell proliferation: To quantify and compare the expan-

sion rates of monolayer cultures, 5×104 chondrocytes
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(passage-5) were cultivated in plastic culture dishes for

7 days to determine the fold-increase in cell numbers

for both culture types. A MTT assay was used to count

viable cells. To compare the proliferation capacities of

the cells in 3D cultures, chondrocytes were cultivated

in alginate as previously described for a period of 60

days, during which cells were counted using the MTT

assay at different time points (20, 40 and 60 days). 

To quantify the cells in alginate beads, cells were

released by dissolution in 55 mM sodium citrate (pH

7.4); for monolayer culture quantification, the medium

was discarded. Subsequently, 300 ml of fresh DMEM

and 20 μl of MTT solution (5 mg/ml) were added to

the chondrocytes. Cells were then incubated at 37°C

for 2 h before removing the supernatant to which 200

μl of dimethyl sulfoxide (DMSO, Sigma, Germany)

was subsequently added. Absorbance was recorded at

540-630 nm and compared to a standardized curve for

cell quantification.

Real-time polymerase chain reaction (RT-PCR): Real-

time PCR was performed to assess the expression

ratios of a set of chondrocyte related genes and their

up- or down-regulation at different time points for both

alginate and monolayer cultures. RNA was extracted

from chondrocytes cultivated in alginate at 20, 40 and

60 days using the RNX-PlusTM solution (RN7713C;

CinnaGen Inc., Tehran, Iran) and assayed by a spec-

trophotometer (S2100 Diode Array Spectophotometer,

WPA, UK) at 260 nm. Prior to reverse transcription

(RT) reactions, samples of the isolated RNA were

treated with 1U/ml of RNase-free DNaseI (EN0521;

Fermentas, Germany) per mg of RNA in the presence

of 40 U/ml of ribonuclease inhibitor (E00311;

Fermentas, Germany) and 1X reaction buffer with

MgCl2 for 30 min at 37°C to eliminate residual DNA.

To inactivate DNaseI, 1ml/25mM EDTA for each mg

of RNA in treated sample was added and incubated at

65°C for 10 min.

Standard RT reactions were performed with 2 mg

of total RNA using a random hexamer as a primer and

a RevertAidTM first strand cDNA synthesis kit

(K1622; Fermentas, Germany) according to the manu-

facturer’s instructions. For every reaction sequence,

one RNA sample was prepared without RevertAidTM-

MuLV reverse transcriptase (RT-reaction) to provide a

control for DNA contamination in the subsequent

PCR. To minimize variation in the RT reactions, all

RNA samples from a single experimental setup were

reverse transcribed simultaneously. Afterwards, rela-

tive real-time PCR was applied for quantitative meas-

urement of gene expression; primer efficiency was

determined using standard curves acquired from seri-

ally diluted positive templates for all genes in this

study.

Reaction conditions for the PCR were 40 cycles of a

two phase PCR (denaturation at 95ºC for 15 s; annealing

at 60ºC for 30 s) after an initial denaturation step (95ºC

for 10 min). Reaction mixtures included 2 μl of cDNA as

a template, 12.5 μl of Power SYBRR Green PCR Master

Mix (ABI, USA), and 0.5 mM each of the forward and

reverse primers (Table 1). Each sample employed a

target gene and a reference gene as an internal control. 
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Gene name Sequence Annealing Temperature

Collagen II F: 5´ ACTTTGACCGAGCCCAGCGG3´

R: 5´ CAATGTCAACAATGGGAAGG 3´
60oC

Aggrecan F: 5´ GCCGAGGGCAACAGCAGGTT 3´

R: 5´ CCTTCCCATTGTTGACATTG 3´
60oC

Collagen I F: 5´ ACTGGAGAGGTGGGCACCC 3´

R: 5´GTCTTGGAGGAAACTT TGCT 3´
60oC

GAPDH F: 5´ TGAAGATTGTCAGCAATGCC 3´

R: 5´ AACATCATCTGCTTCTACTG 3´
60oC

Table 1. Primers used in real-time PCR.



Statistical analysis: The Student t-test was used for

comparing the obtained values. All measurement tests

were performed in triplicate. All values are stated as

mean ± standard deviation. A P value of < 0.05 was

considered to be statistically significant.

RESULTS

Cell Morphology: In the monolayer culture, costal

chondrocytes appeared to be morphologically polygo-

nal to round in shape, while those from the articular

cartilage tended to be slightly elongated in appearance

(Fig. 1 A, B). Articular chondrocytes were observed to

be slightly smaller than costal chondrocytes during

primary culture. Following subsequent passages, both

cell types adopted a fibroblastic morphology (Fig. 1 C-

F).

In the case of alginate cultures, cells from both

chondrocyte sources acquired a round to oval cell mor-

phology after being cultivated in the 3D scaffolds (Fig.

2 A-D). Isogenic groups, consisting occasionally of
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Figure 1. Monolayer culture of chondrocytes. A: Costal chondro-
cytes possessed round to polygonal morphology at primary culture.
B: Articular chondrocytes had polygonal to elongated morphology at
primary culture. Cells assumed elongated morphology at passage 3
(C and D) and passage 5 (E and F).

Figure 2. Toluidine blue staining of the sections prepared from the
alginate beads. A: a representative image of 7 micrometer sections
of whole alginate bead prepared from costal chondrocytes. B: the
central region of the same section in higher magnification. C: a rep-
resentative image of 7 micrometer sections of whole alginate bead
prepared from articular chondrocytes. B: the central region of the
same section in higher magnification. In sections, cells can be
observed within the lacuna-like cavities of alginate as either individ-
ual cells or as isogenic groups. The purple stain is indicative of the
metachromatic properties of matrix deposited among the cells.

Figure 3. Transmission electron microscopic images of the cultivat-
ed cells. A-B: Costal and articular chondrocytes had euchromatin
nuclei surrounded with cytoplasm containing lipid droplets. C-D:
Secretory organelles, including well developed RER, GC, and
secretory vacuoles were abundant in the cytoplasm of both cells. E-
F: Deposited matrix around articular chondrocytes was fibrillar com-
pared to the homogeneous matrix of costal chondrocytes.



elongated cells, were found in some regions, indicat-

ing clonal proliferation within the alginate constructs.

Toluidine blue staining indicated a metachromatic

matrix near chondrocytes within the alginate gel for

both cell sources (Fig. 2). Collectively, there were no

observable morphology differences between chondro-

cytes from the two cell sources for 3D cultured cells. 

TEM images indicated that chondrocytes from both

sources possessed an indented euchromatic nucleus

surrounded by an organelle-rich cytoplasm (Fig. 3 A,

B). Cytoplasmic organelles included lipid droplets,

well developed rough endoplasmic reticulum (RER),

Golgi complex (GC) and secretory vacuoles (Fig. 3 C,

D). These morphologic features collectively imply that

the cells were actively engaged in matrix synthesis and

deposition. The only apparent difference identified

between costal and articular chondrocytes was the

appearance of the deposited matrix, which was slightly

fibrillar among articular chondrocytes and somewhat

homogenous among the costal chondrocytes (Fig. 3 E,

F).

Proliferation: The MTT assays indicated that there were

no significant proliferation differences between chondro-

cyte sources in the monolayer culture up to day 3 (Fig. 4

A). After day 4, costal chondrocytes tended to be more

proliferative than their articular counterparts (p < 0.05).

Regarding the 3D cultures, costal chondrocytes prolifer-

ated at a slightly more rapid rate than articular chondro-

cytes. The difference was statistically significant on day

20 (p < 0.05), but on the subsequent days, there were no

statistic differences between the two cell types. By day

40, both cell types proliferated to twice their initial pop-

ulation, with proliferation appearing to become slower

thereafter (Fig. 4 B).
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Figure 4. Proliferation rates of costal and articular chondrocytes. In
monolayer cultures A: proliferation rates were similar up to day 3,
after which costal cultures proliferated significantly more rapidly
(upper graph, * indicates p<0.05). In 3D culture, B: although the dif-
ference on day 20 was significant (* indicates p < 0.05) on the sub-
sequent days, there were no significant differences between the two
cell types. Within the alginate, cells grew to twice the seeding num-
ber by day 40, after which the number remained almost unchanged.

Figure 5. Real-time PCR data of costal and articular chondrocyte
cultures. A: Expression levels of aggrecan were similar. B: Collagen
II followed a pattern similar to aggrecan, with no differences identi-
fied. C: With collagen I expression, articular chondrocytes
expressed some levels of this gene, while costal cultures failed to
express collagen I during the entire culture period. 
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Real-time PCR: The level of aggrecan mRNA pro-

duction by costal chondrocyte cultures in 3D alginate

scaffolds was comparable to that of articular chondro-

cyte cultures; both cultures demonstrated negligible

production during the initial 20 days, followed by a

slight increase after 40 days and a significant increase

when approaching the termination of culturing at day

60 (Fig. 5 A). Type II collagen expression followed a

similar pattern during the culture period (Fig. 5 B). In

contrast, articular chondrocyte cultures demonstrated

increasing type I collagen expression (Fig. 5 C)

throughout the culture period, while costal cultures

had negligible expression at each time point (p <
0.05). 

DISCUSSION

In the present study, cartilage constructs fabricated

using costal chondrocytes cultured on 3D alginate

scaffolds were compared to similar constructs substi-

tuted with articular chondrocytes. Costal chondrocytes

possessed morphological features, proliferation capac-

ity and expression levels of genes typical of hyaline

cartilage that were comparable to articular chondro-

cytes. Despite the fact that costal chondrocytes failed

to produce type I collagen mRNA, which is produced

at minimal levels in the hyaline cartilage, costal chon-

drocytes were able to propagate more rapidly than

articular chondrocytes in the monolayer culture. 

Ultra-structural characterizations in the present

investigation revealed that while alginate culture of

both chondrocyte types were similar in terms of fine

cell structures, some differences were identified in the

deposited matrix. The matrix deposited among articu-

lar chondrocytes had a fibrillar appearance, compared

to a homogeneous matrix accumulated among costal

chondrocytes. This corresponded with real-time PCR

results, which indicated differences in the expression

of type I collagen in articular chondrocyte cultures. 

Currently, there are few reports on the cartilage

regeneration capacity of costal cartilage in vivo.

Sceparowicz et al. (2006) compared costal and articu-

lar chondrocyte transplantations in treating cartilage

defects in rats. They concluded that both chondrocyte

sources produced hyaline-like repair tissue, with no

differences identified. Other studies have indicated the

effective repair capabilities of either costal chondro-

cyte or osteochondral based grafts in vivo (Mori et al.,

2003; Popko et al., 2003; Sato et al., 2003). 

Data from this study demonstrated some advan-

tages in using costal over articular chondrocytes for

cartilage construct fabrication. In this regard, the only

comprehensive study that has been conducted (Isogai

et al., 2006) has compared chondrocytes from different

cartilaginous sites in a bovine model including costal,

auricular, nasoseptal and articular chondrocytes. Cells

were cultivated on a copolymer containing poly-L-lac-

tic acid (PLLA)  and poly-caprolactone (PCL), fol-

lowed by their subcutaneous implantation in athymic

mice for up to 20 weeks. They concluded that chondro-

cytes obtained from different sites may elicit distinct

responses during their respective tissue-engineered

neocartilage development. Furthermore, the highest

expression of type II collagen mRNA was observed in

costal chondrocyte cultures, in agreement with results

of this study. The important point of this research was

that the negligible expression of type I collagen in

costal chondrocyte culture was also demonstrated,

which adds further weight to the potential value of

costal chondrocytes as a cellular material for tissue-

engineered cartilage. 

In a study by van Susante et al. (1995), where an

alginate gel had been used as a carrier for articular

chondrocytes, it was concluded that the number of

chondrocytes diminishes as the time in culture increas-

es. Mierisch et al. (2003) has reported similar findings

following an in vivo study, where rabbit articular chon-

drocytes were cultivated in alginate and implanted in

osteochondral defects in rabbit’s knees. Examination

of the repair processes indicates that cell density

diminishes at the defect site. While this study was per-

formed in vitro, the present findings suggest positive

implications on the proliferation of chondrocytes from

both sources when scaffolded using the alginate gel.

Gagne et al. (2000) has similarly found that human

articular chondrocytes cultivated in alginate undergo

significant proliferation, depending on the initial cell

seeding (Gagne et al., 2000). These discrepancies

could stem from comparing results obtained from dif-

ferent species, different chondrocyte sources and dif-

ferent experimental designs. 

According to the proliferation and gene expression

patterns in the alginate culture of the present study, the

cultivation period could be subdivided into the expan-

sion phase (days 0-40) during which proliferation

appears to be predominant and differentiation phase

(days 40-60) during which proliferation slows down;
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instead, the cartilage-specific collagen II and aggrecan

genes were upregulated. Previous investigation has

shown that proliferation and differentiation are two

contrasting phenomena; the induction of differentia-

tion typically is associated with the progressive loss of

proliferative potential that leads to terminal differenti-

ation (Potten and Lajtha, 1982). In the culture condi-

tions of this study, the expression of aggrecan and col-

lagen II genes were very high on day 60 as compared

to those measured on days 20 and 40. This has

occurred because by the end of culture period, the cells

cultivated in alginate have received inductive influ-

ences from the alginate matrix enough to express the

differentiated phenotype and slow down the prolifera-

tive activity. The other point in the results of this study

that needs to be explained is the issue of the relatively

high expression level of collagen I in the alginate cul-

tures of articular versus costal chondrocytes. The rea-

son is not clear and this point needs further investiga-

tion. 

In summary, costal chondrocytes appear to provide

a suitable source of harvestable cellular material for

subsequent use in cartilage tissue engineering. Since

chondrocyte monolayer multiplication is a necessary

step prior to 3D cultivation due to the limited number

of cells harvested in the hyaline cartilage, costal cells

may provide certain advantages in future applications.

Given that the similarities to articular chondrocytes

have now been identified, additional investigation into

the utility of costal chondrocytes as a harvesting

source for tissue engineering applications is certainly

warranted.  
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