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  Introduction 

 Carrier matrices for chondrocyte transplantation to defect 

sites are still a scientifi c interest. Following expansion or 

without expansion in 2 dimensional cultures, chondrocytes 

are seeded into biological or synthetic carrier matrices and 

implanted into lesioned sites of articular cartilage (Keeney 

et   al. 2011). Th e success of a carrier matrix is depended on 

its biocompatibility, biodegradability, affi  nity to chondro-

cytes, and capacity to preserve chondrocytic phenotype 

(Glowacki 2000). Biological and synthetic matrices includ-

ing agarose, alginate, chitosan, collagen gels and sponges, 

fi brin, hyaluronan, polyethylene oxide, polylactic acid and 

others have been used as carrier matrices for regeneration 

of hyaline cartilage (Chang et   al. 2005, Kisiday et   al. 2002). 

Although these materials seem to promote the chondrocytic 

phenotype, the outcome is often inconsistent and irrepro-

ducible (Li and Zhang 2005). 

 Alginate is a polysaccharide composed variable amounts 

of  β -1-4 mannuronic acid and its C-5 epimer,  α -L-glucuronic 

acid. It can be extracted from algae and produced in desired 

features and chain structures (Draget et   al. 1997, Rowley 

et   al. 1999). Alginate can form polyelectrolyte gels in the 

presence of divalent cations (Ca, Mg) and polycations (chi-

tosan, polyethylenimine, polylysin). Th e swelling capacity 

and pore size are important features for a scaff old as these 

parameters are determinants of cell viability as well as trans-

fer of molecules within the scaff old (Gombotz and Wee 1998, 

Illum 1998, Tiyaboonchai et   al. 2003). Importantly, alginate 

is biocompatible, biodegradable, inexpensive and suitable 

for chondrocyte attachment (Li and Zhang 2005). 

 Chitosan is another natural polymer commonly used 

in bioengineering (Suh and Matthew 1999). Chitosan has 

a good capacity of biocompatibility and biodegradability 

(Kim et   al. 2008). With respect to cartilage tissue engineer-

ing, chitosan-based carriers allow matrix synthesis by 

chondrocytes and deposition of synthesized matrix  in vitro  

and  in vivo  (Hoemann et   al. 2005). Due to its polycationic 

feature and thus binding ability, chitosan can also be used 

as a crosslinker to other biomaterials (Chung et   al. 2000). 

Th e alginate-chitosan scaff olds seem to be more eff ective to 

protect chondrocytic phenotype (Li and Zhang 2005). Th e 

alginate-chitosan scaff olds can be synthesized in neutral 

pH and allow uniform deposition of proteins and bioactive 

molecules (Li et   al. 2005). 

 Catechin (epigallocatechin gallate ECG) is a water 

soluble natural polyphenolic compound that has anti-

infl ammatory and strong anti-oxidative eff ects and capac-

ity to capture free radicals (Kapoor et   al. 2004). Recent 

studies showed that catechin augments angiogenesis and 

contributes to regulation of nitric oxide synthetase and 

cyclogenase enzymes (Kapoor et   al. 2004). Catechin has 

no toxic eff ects, but exerts protective eff ects on chondro-

cytes (Adcocks et   al. 2002, Havsteen 2002, Singh et   al. 2002, 

Sin and Kim 2005). It slows down collagen and proteoglycan 
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 Abstract 

 Bovine chondrocytes were seeded into scaff olds of a high 

molecular weight chitosan and alginate with a pore size of 50 –

 350  μ m with or without catechin. In polymerase chain reaction 

(PCR), unlike type II, collagen type I was no longer expressed 

at day 14. The DNA content increased until day 8 and began 

declining, indicating cell detachment. The GAG content increased 

during the fi rst 12 days. The percentage of round and collagen 

type II immunoreactive cells increased over the time. Catechin 

has some protective properties on chondrocytes seeded on the 

alginate-chitosan scaff olds during the fi rst 12 days by means of 

DNA and chondrocyte morphology (p    �    0.05). 

 Keywords:   Alginate  ,   catechin  ,   chitosan  ,   chondrocyte  ,   scaff old 
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degradations (Adcocks et   al. 2002, Sin and Kim 2005, Kut-

tan et   al. 1981, Madhan et   al. 2007), inhibits expression of 

cyclooxygenase-2 (COX-2) and prostaglandin E 2  (PGE 2 ) 

synthesis in chondrocytes (Heinecke et   al. 2010) and regu-

lates the G 0 /G 1  phase of cell cycles and NF-kappa B expres-

sion (Bae et   al. 2010). In addition, catechin interferes with 

synthesis of degradation enzymes such as collagenase and 

elastase in damaged tissues (Havsteen 2002). Catechin 

inhibited expression of tumor necrosis factor-alpha and 

matrix metallprotenases-13  in vitro  (Rasheed et   al. 2009). 

Another study found that catechin inhibits interleukin-

1 β -induced expression of matrix metalloproteinase-1 and 

-13 in human chondrocytes (Ahmed et   al. 2004). 

 It is well known that no ideal scaff old has been fabri-

cated yet for cartilage tissue engineering. As mentioned 

above alginate-chitosan matrix has some capacities to 

preserve the chondrocytic phenotype and to promote 

chondrocyte survival (Li and Zhang 2005, Li et   al. 2005). It 

has been reported that loading bioactive molecules such 

as transforming growth factor  β 1 (Li and Zhang 2005) 

and RGD-protein (Hsu et   al. 2004) can improve alginate-

chitosan matrices to some extent. Th e benefi cial eff ects 

of catechin on chondrocyte metabolism may promote 

chondrocytic phenotype and survival in a suitable car-

rier matrix. Th e aim of the present study was to fabricate 

and evaluate a porous alginate-chitosan scaff old and to 

investigate benefi cial eff ects of catechin on chondrocytes 

seeded into scaff olds.   

 Materials and methods  

 Fabrication of porous scaff old 
 Scaff olds were prepared as follows: 500 mg of a high molecu-

lar chitosan (Sigma-Aldrich, Germany) was dissolved in 

100 ml of freshly prepared acetic acid solution (1% in pure 

water), and 1 g of CaCl 2  (Serva, Israel) was added. Th en, 10 ml 

of 5% alginate solution (pH: 7.4) (Sigma-Aldrich, Germany) 

with or without catechin (75  μ g/ml) was dropped into the 

beaker at a speed of 10 ml per hour while stirring at a speed 

of 200 cycles/min. Th e newly formed scaff olds were further 

stirred for 30 minutes. Upon soaking the surface water by 

fi lter papers, the scaff olds were then placed in a  �   196°C 

liquid nitrogen tank to obtain a porous structure. Th e frozen 

porous scaff olds were then placed into a lyophylizator for 

24 hours at  �   56 ° C to remove excess water. Th e scaff olds 

were then kept in an incubator at 50 ° C to remove any 

remaining water and placed in desiccators until use. Th e 

scaff olds were autoclaved at 121 ° C for an hour prior to 

use in 3 dimensional (3D) cell cultures.   

 Determination of scaff old swelling ratio 
 Th e swelling capacity of the scaff olds was determined using 

a method by Fenercio ğ lu (2003). Briefl y, upon determining 

the dry weight, scaff olds were kept in physiologic saline for 

diff erent lengths of time. After removing the excess surface 

water by a fi lter paper, scaff olds were weighed. Th e swelling 

ratio was calculated using the following equation: Swelling 

ratio (%)    �    wet weight-dry weight/dry weight    �    100. Th e test 

was repeated with three diff erent samples.   

 Determination of catechin release from scaff olds 
 Th e catechin-loaded scaff olds were placed in a 20 ml fl ask. 

Upon adding 5 ml of 0.15 M NaCl, the scaff olds were stirred 

slowly avoiding any harm to scaff olds. Collecting 1 ml of 

liquid containing no scaff olds into eppendorf tubes, the 

amount of catechin was measured in a UV-VIS spectro-

photometer (Shimadzu 1700, Japan) at 280 nm. Th e liquid 

samples were poured back into the fl ask after measuring 

the catechin amount. Th e same procedure was repeated 

every 15 minutes at the beginning and then every day for 21 

days. After that the release study was stopped as the scaff old 

structural deformation was conspicuous. Th e amount of 

catechin released from the scaff olds was calculated accord-

ing to the graphs of the standard previously prepared after 

measuring spectrophotometrically. Th e amount of cat-

echin released was calculated using the formula obtained 

from the standard solution: Y    �    0.0018X. Th e release rate 

was calculated using the following equation: Release rate 

(%)    �    amount of catechin recovered/amount of catechin 

initially loaded    �    100.   

 Scanning electron microscopy for pore size 
 Th e scaff olds were rinsed in PBS (pH 7.4) and kept in a 

solution of 2% gluteraldehyte and 0.6% paraformaldehyte 

at 4 ° C for 24 hours. Th e fi xed scaff olds were dehydrated 

through a series of graded acetone, dried in a critical point 

dryer and coated with gold-palladium. Th e coated scaf-

folds on stubs were then analyzed by a scanning electron 

microscope (SEM) (Jeol JSM5600, Japan) for general fea-

tures and pore diameter. Th e test was repeated with three 

diff erent samples.   

 Chondrocyte culture 
 Articular cartilage was harvested under aseptic conditions 

from the knee joint of young calves that had died following 

various reasons. Th e articular surface seemed healthy with 

no evidence of any joint diseases. Cartilage samples were 

placed in PBS (pH 7.4) and minced into pieces approximately 

1 mm. Cartilage pieces were incubated overnight in serum-

free liquid medium containing 10% collagenase II (Sigma- 

Aldrich, Germany) and 10% trypsin-EDTA (Amresco, Israel). 

Upon washing with sterile physiologic saline, isolated 

chondrocytes were then incubated at 37 ° C in Dulbecco ’ s 

modifi ed Eagle ’ s medium (DMEM) containing 10% fetal 

calf serum (FCS) and 1% antibiotic. Th e culture medium is 

completely replaced every other day. When chondrocytes 

reached confl uence, they were detached by trypsin-EDTA. 

Th e chondrocyte suspensions were placed in 15 ml tubes 

and centrifuged at 3000 rpm for 4 minutes.   

 Chondrocyte seeding 
 Chondrocytes were seeded into catechin loaded and 

unloaded scaff olds at a density of 100.000 per scaff old. 

Chondrocyte-seeded scaff olds were then kept in a carbon 

dioxide incubator and then examined for DNA and GAG 

contents at days 0, 3, 5, 8, 12, 14, and 18 as well for collagens 

types I and II by PCR analysis, cell attachment with scanning 

electron microscopy, histology and immunohistochemical 

analyses at days 3, 5, 8, and 14.   
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 Scanning electron microscopic evaluation of chondrocyte 
loaded scaff olds 
 As also described above for the pore size, a previously 

used protocol (Gille et   al. 2005) was followed in general. 

Chondrocyte-loaded scaff olds were processed for SEM and 

coated with a thing fi lm of gold-palladium. Using the Jeol 

SEM, chondrocyte attachment and chondrocyte general 

morphology were examined. Th e test was repeated with 

three diff erent samples.   

 Quantifi cation of total DNA 
 For DNA quantifi cation, a previously used method was 

followed (Hsu et   al. 2004). Briefl y, the Hoechst 33358 dye 

(Sigma-Aldrich, Germany), previously prepared in pure 

water at a concentration of 1 mg/ml, was further diluted 

in TNE buff er (0.01 M Tris, 0.2 M NaCl, and 0.001M EDTA, 

pH 7.4) to achieve a fi nal concentration of 0.1  μ g/ml. Th en, 

2.25 ml of diluted Hoechst 33358 dye was poured into a tube 

containing 250  μ l of papain-digested scaff old suspension. 

Using a fl uorescence spectrophotometer (Jasco FP 700, 

Japan), fl uorescence was measured at 365 nm excitation 

and at 458 nm fl uorescence emission. Th e DNA content was 

calculated using the formula obtained from the standard, 

which was a commercially purchased fetal calf thymus DNA 

(Amresco, Israel): Y    �    2,8425X. Th e R 2  value obtained from 

the measurement of commercial fetal calf thymus DNA 

at the fl uorescence spectrophotometer was found to be 

0.9922. Measurements were collected from three diff erent 

samples for every time point.   

 Determination of glycosaminoglycan content 
 Th e total sulfated GAG content was determined quan-

titatively by the 1,9-dimethylmethylene blue (DMMB) 

method. Briefl y, the DMB dye solution was prepared as 

previously described (Enobakhare et   al. 1996). Chondro-

cyte seeded scaff olds (1 g) were digested in a solution 

containing 300  μ g/ml papain (Amresco, Israel), 2 nM 

EDTA (Amresco, Israel), and 2 mM N-acetyl L-cysteine 

(Sigma-Aldrich, Germany) at 65 ° C for 1 hour. Th en, 250  μ l 

of solution containing digested scaff olds were poured into 

a tube and then 2.5 ml of DMB dye solution was added. 

Upon mixing in a vortex, samples were read at 535 nm 

using a spectrophotometer (Jasco FP 700, Japan). Using a 

commercial chondroitin sulfate (Sigma-Aldrich, Germany) 

as a standard, the GAG content was calculated using the 

following formula obtained from the standard: Y    �    0,061X. 

Th e R 2  value of the graph obtained from the measurement 

of commercial chondroitin sulfate at 535 nm was found to 

be 0.9773. Measurements were collected from three diff er-

ent samples for every time point.   

 Polymerase chain reaction 
 Polymerase chain reaction (PCR) analyses were conducted 

on total RNA isolated from chondrocytes in 2 dimensional 

(2D) cultures as well as those in 3D cultures. Th e procedure 

was basically same except, the 3D culture was applied fur-

ther treatment prior to RNA isolation: 300  μ g/ml of papain 

digested scaff old suspension was sonicated for 15 minutes, 

homogenized, and then centrifuged at 5000 rpm. Th en the 

supernant containing disrupted chondrocytes were fur-

ther digested with 0.625 U/ml collagenase (Sigma-Aldrich, 

Germany). For RNA isolation, an Rneasy Mini Kit (Qiagen 

74104) was used based on manufacturer ’ s recommenda-

tions. Using a commercial cDNA Synthesis Kit (Roche 1596 

594), cDNA was synthesized in accordance with the man-

ufacturer ’ s recommendations. Primers (Metis, Ankara) 

were as follows: Forward collagen type I- 5 ¢ -cca tcc aaa cca 

ctg aaa-3¢  , Reverse collagen type I- 5 ¢ -tga cga gac caa gaa 

ctg-3  ¢, Forward collagen type II- 5 ¢ -tct ggc aaa gat ggt gct 

aat gg-3¢  , Reverse collagen type II- 5 ¢ -tct tct tgg gaa cgt ttg 

ctg g-3¢  , Forward  β 2 Microglobulin- 5 ¢ -ctc gcg cta ctc tct ctt 

tct gg-3  ¢, and Reverse  β 2 microglobulin- 5¢  -gct tac atg tct 

cga tcc cac tta a-3¢  . 

 PCR conditions were 34 cycles of 60 seconds at 94 ° C, 

30 seconds at 54 ° C, 30 seconds at 72 ° C. Then samples 

were then kept at 4 ° C for 10 minutes to cool. RT-PCR 

products were separated by electrophoresis on an agarose 

gel (Prona 101674PR), stained with Sybr Green I (Sigma 

S9430), and documented by a gel documentation system 

(Uvitec).   

 Histology of chondrocyte seeded scaff olds 
 Chondrocyte seeded scaffolds, incubated in 3D cultures 

for different time periods, were fixed in a commercial 

fixative named Immunofix (Bio-optica, Italy). The fixed 

scaffolds were dehydrated and cleared in graded alcohol 

series and xylol and embedded in paraffin. 7  μ m thick 

sections were cut using a rotary microtome and placed 

on poly-lysin coated glass slides. Deparaffinized sections 

were stained with toluidine blue for GAG presence and 

hematoxylin & eosin for morphology. Chondrocyte mor-

phology was analyzed and round cells were counted in 

10 random microscope fields using the 20X objective of 

a light microscope (Olympus BX-51). The final data were 

expressed as percentage of round cells. Measurements 

were collected from three different samples for every time 

points.   

 Immunostaining 
 Following routine deparaffinization and rehydration 

procedures, sections were incubated in a blocking serum 

(Scytek Lab, USA) for 10 minutes to prevent non-specific 

bindings. Then, sections were incubated either with 

monoclonal anti-bovine collagen type I (Santa-Cruz, USA, 

dilution rate of 1:100) or monoclonal anti-bovine collagen 

type II (Santa-Cruz, USA; dilution rate 1:250) for 50 min-

utes at room temperature. Then, sections were incubated 

with a FITC attached anti-mouse antibody (Chemicon; 

USA; dilution rate of 1:64) for 30 minutes at room tempera-

ture. The sections were then incubated with propodium 

iodide (PI) (Sigma-Aldrich, Germany) for 30 minutes for 

nucleus staining. Upon covering with a water-based glue 

(Scytek Lab, USA), sections were immediately analyzed 

using an inverted microscope (Leica DMIL, Germany) 

and photographed (Leica DF320, Germany). Using the 

20X objective of a light microscope, 10 random fields were 

analyzed for the presence of immunoreactivity, and data 

were expressed as percentage of immunoreactive cells. 
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 Results  

 Determination of scaff old swelling ratio 
 Th e swelling ratio of the scaff old prepared from the high 

molecular chitosan (500 mg/100 ml) and 5% alginate 

was presented in Table I. Th e swelling ratio dramatically 

increased during the fi rst 3 hours. Swelling also continued 

after the fi rst 3 hours, but not as high as during the fi rst 

3 hours. Th e swelling ratio exhibited almost no change after 

the 8th hour of the test.   

 Scanning electron microscopy for pore size 
 Th e pore diameter of the scaff old varied between 50 and 

350  μ m (Figure 1a). Th e SEM pictures of the surface and 

cut-surface of the scaff olds were shown in Figures 2a and 2b, 

respectively.   

 Catechin release from the scaff old 
 Th e catechin release rate from the scaff old is presented 

in Figure 2. Catechin release increased during the fi rst 

5 days of incubation and then began declining. Catechin 

release continued with fl uctuations between days 5 and 

Measurements were collected from three different samples 

for every time point.   

 Statistical analyses 
 Data were presented as mean    �    standard deviation and 

analyzed with Shapiro-Wilk test if they were normally dis-

tributed. Upon confi rming normality, data were analyzed 

with Repeated Measures ANOVA. If there was a diff erence, 

data were further analyzed with Bonferroni test for post-

hoc comparison. A p value of    �    0.05 was considered as sig-

nifi cant. For statistical analyses, MS-Excel 2003 and SPSS 

for Win. Ver. 15.0 (SPSS Inc., Chicago, IL, USA) programs 

were used.    

  Table I. Th e swelling ratio of the scaff old prepared from the high 
molecular chitosan (500 mg/100 ml) and 5% alginate.  

 Time period (h)  Swelling ratio (%) 

1 700    �    57
3 1200    �    43
6 1485    �    18
8 1491    �    20

    Data presented as mean    �    standard deviation.   

  Figure 1.     Scanning electron microscope pictures of the high molecular chitosan (500 mg/100 ml) and 5% alginate. A. Th e surface of the scaff old with 
a pore size approximately 50 – 350  μ m. B. Th e cut surface of the scaff old. C. Chondrocytes (arrows) are well attached to the scaff old. D. Chondrocyte 
attachment (arrow) to the wall of the pores. E. Chondrocytes are covered the entire scaff old surface on the 3rd day of the culture. F. Empty surface 
areas devoid of chondrocytes are visible on the surface.  
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13. No conspicuous structural degenerations of the scaf-

fold occurred by day 19 at which 80 – 85% of catechin was 

released. We stopped the assay at the 21st day of incuba-

tion at which scaff old degradation became conspicuous.   

 Scanning electron microscopy of chondrocyte-seeded 
scaff olds 
 Scanning electron microscopy pictures of the chondrocyte-

seeded scaff olds were taken on days 3, 5, 8 and 14. Th e 

chondrocyte attachment was well on the surface (Figure 1c) 

as well as onto the accessible pore walls (Figure 1d). In scaf-

folds with and without catechin, the surface of the scaff olds 

were fully covered with well attached chondrocytes on day 

3 (Figure 1e). Over time the number of chondrocytes on the 

surface seemed to decline as the empty spaces on the sur-

face were quite visible at day 14 (Figure 1f). We avoided giv-

ing the number of chondrocytes attached to surface counted 

at a certain magnifi cation as inside of the scaff old cannot be 

depicted well.   

 DNA content 
 Table II presents DNA measured in 1 g of scaff old. Th ere 

are signifi cant diff erences for DNA content among diff erent 

time points in both groups (p    �    0.05). Starting from day 0, the 

DNA content increased up to the 8th day of incubation and 

then began declining. Th e decrease is likely related to cell 

detachment from the surface and pore walls. Th e detached 

cells were likely to be discharged during the medium change 

of the culture. Importantly, the amount of DNA content was 

higher in group II at any time points, but only days 3, 8 and 

12 showed statistical signifi cance (p    �    0.003, p    �    0.033 and 

p    �    0.001, respectively).   

 GAG content 
 Th e amount of GAG content increased during the fi rst 12 

days in scaff olds either with or without catechin and then 

slightly decreased (Table III). Th e decline in GAG content in 

scaff olds either with or without catechin was not as dramatic 

as in DNA content. Although scaff olds with catechin had 

higher amount of GAG content at all time points except day 

0, the diff erences were not statistically signifi cant (p    	    0.05).   

 Phenotype characterization with PCR 
 Ribonucleic acid was isolated from all samples. Th e ampli-

fi ed cDNA in 2 dimensional culture at the 7th day of the cul-

ture, prior to loading into the scaff olds, yielded in a strong 

band for collagen type II and a weaker band for collagen type 

I (Figure 3a). Th e collagen type I band was shown until day 

8 of 3D culture of the scaff olds of both groups, but it was no 

longer expressed at day 14 in either group (Figure 3b).   

 Histological evaluation 
 In both groups, the scaff old samples stained with toluidine 

blue showed that all cells expressed metachromatic staining 

that was mainly located in the cytoplasm (Figure 4a). At day 

14, the number of chondrocytes was lower; however, strong 

metachromatic staining is still the feature of chondrocytes 

(Figure 4b). Some metachromatic staining around the close 

surroundings of chondrocytes adhered or embedded in the 

scaff old pore walls was observed in, but the metachromatic 

staining was not convincing enough. 

 Chondrocytes were observed as they were attached to 

the pore walls or some embedded in the walls and even on 

day 14 there were a number of well attached cells (Figure 4c). 

Th e percentage of round cells, indicting the chondrogenic 

morphology, is presented in Table IV. Th e changes in the per-

centage of round shapes over time were signifi cant in both 

groups (p    �    0.01) and became the most dominant cell shape 

by day 14. Th e percentage of the round shape chondrocytes 

in catechin-loaded scaff olds was signifi cantly higher on 

days 5, 8 and 14 (p    �    0.05) compared to scaff olds without 

catechin.   

 Immunostaining 
 No convincing collagen type II immunoreactivity was 

observed in either group at any time points. On the other 

hand, collagen type II immunoreactive chondrocytes were 

observed in both groups (Figure 4c). Table V presents the 

  Table III. GAG content measured in 1 g of scaff old during the incubation 
period.  

 Day  Without catechin μg  With catechin μg 

0 8.88    �    0.99 8.14    �    2.12
3 14.99    �    3.27 16.95    �    3.78
5 15.91    �    4.35 18.86    �    4.55
8 17.19    �    3.98 20.17    �    4.80
12 19.91    �    5.19 23.41    �    5.74
14 16.84    �    4.56 17.62    �    4.36
18 18.79    �    6.16 18.83    �    3.14

    Data presented as mean    �    stantard deviation.   

0

10

20

30

40

50

60

70

80

90

0 10 20 30

c
a
t
e
c
h

i
n

 
r
e
l
e
a
s
e
 
r
a
t
e
 
(
%

)

Time (day)

  Figure 2.     Catechin release from the scaff old prepared from solution of 
the high molecular chitosan (500 mg/100 ml) and 5% alginate.  

  Table II. DNA content measured in 1 g of scaff old during the incubation 
period.  

 Day  Without catechin μg  With catechin μg 

0 4.99    �    1.19 5.06    �    1.36
3 5.47    �    1.63 10.85    �    2.29 ∗ 
5 16.59    �    3.89 24.36    �    7.39
8 14.93    �    4.10 24.69    �    7.44 ∗ 
12 11.29    �    2.43 19.20    �    2.52 ∗ 
14 13.15    �    3.28 14.35    �    4.17
18 9.54    �    2.41 10.39    �    2.93

    Data presented as mean    �    stantard deviation. An asterisk ( ∗ ) indicates a 
signifi cant diff erence between scaff olds with and without catechin.   
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catechin release can still be detected at the 19th day with 

no detectable loss of structural integrity of the scaff old. Th e 

other scaff olds either lost the structural integrity or released 

catechin totally in a short period of time. 

 Th e porous structure is a desired feature in scaff olds 

as pores allow material transport within the scaff old that 

enables cells to reach nutrients. During the characterization 

studies, we measured the pore size as 50 – 350  μ m, a pre-

ferred range for cell growth (Li and Zhang 2005, Hsu et   al. 

2004) for scaff olds to be used in cartilage engineering. Ideal 

scaff olds are expected to allow cell survival, material trans-

port to inside to outside, deposition of newly synthesized 

matrix beside biocompatibility and self degradation after 

retention of the integrity for some period of time (Glowacki 

2000, Chang et   al. 2005, Kisiday et   al. 2002). In addition to 

above, scaff olds to be used in hyaline cartilage engineering 

should also promote chondrocyte phenotype. Induction of 

collagen type II expression is one of the parameters to show 

percentage of collagen type II immunoreactive chondrocytes. 

Th e increase in the percentage immunoreactive chondro-

cytes was statistically signifi cant among diff erent time points 

(p    �    0.001), but there was no diff erences between scaff olds 

with or without catechin at any time points (p    	    0.05).    

 Discussion 

 One of the aims of this study was to fabricate a porous 

alginate-chitosan scaff old that can facilitate catechin release 

for a longer period of time so that we can test possible cat-

echin eff ects on chondrocytes in a 3 dimensional environ-

ment at diff erent time points. We fabricated scaff olds using 

various concentrations (100 – 500 mg/100 ml) of high and 

low molecular chitosan and alginate solutions (1 – 5%) and 

evaluated them for catechin release and structural integrity. 

Th e best result was obtained with the high molecular weight 

chitosan (500 mg/100 ml) and 5% alginate solution as the 

  Figure 3.     Agarose gel documentation PCR analyses of collagen type I and collagen type II. A. A strong collagen type II band and a weaker collagen 
type I bands were expressed until the 8th day of the culture. Th e gel picture belonged to the chondrocyte seeded scaff olds devoid of catechin at 
the 5th day. B. Th e collagen type I band was no longer at the 14th day. Th e gel picture belonged to the chondrocyte-seeded scaff olds loaded with 
catechin at the 14th day. M    �    DNA marker; col1    �    collagen type I, col2    �    collagen type II; b-act    �     β 2-microglobulin.  

  Figure 4.     Histology of the chondrocyte seeded scaff olds. A. Chondrocytes are attached to scaff olds well and exhibited metachromatic staining. B. 
At the 14th day of the culture, chondrocytes with metachromatic staining can be seen C. Chondrocyte attachments onto the wall pore (arrows), D. 
Collagen type II immunoreactive chondrocytes (arrows) and non-immunoreactive chondrocytes (arrow head). Toluidine blue staing (A and B), 
hematoxylin & Eosin (C) and Collagen type immunofl ourecence with FITC maker and propidium iodide nuclear staining. Bar    �    80  μ m in A, B, and 
C and    �    160  μ m.  
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concentrations (20 – 160  μ M) inhibited collagenase activity 

in a dose-depended manner (Madhan et   al. 2007). Catechin 

(100 – 200   m  M) inhibits interleukin-1 β - induced expression of 

matrix metalloproteinase-1 and -13 in human chondrocytes 

(Ahmed et   al. 2004). Another study concluded that catechin 

(25 – 200   m  M) inhibited expressions of TNF- α  and of matrix 

metalloproteinase-13 in glycation end product-activated 

human chondrocytes. In a relatively recent study, Heinecke 

et   al. (2010) tested various concentrations (4 – 400 ng/ml] 

of catechin  in vitro , and they found that catechin inhibited 

COX-2 expression and PGE 2  syntheses in chondrocytes. 

In our study, to decide catechin concentrations to be used 

in the experiment we tried very low concentrations in 2D 

and 3D cultures. As we did not observe any eff ects on cell 

proliferations and GAG synthesis, we decided to use 75  μ g/

ml at which we observed some eff ects on some parameters 

to show chondrogenic potentials. In the present study, 

we investigated catechin eff ects on bovine chondrocytes 

seeded on the alginate-chitosan matrix chondrocytic adap-

tation and survival in three dimensional cultures. We found 

that the amount of DNA increased especially during the fi rst 

5 days in scaff olds with or without catechin. Importantly, 

the amount of DNA was always higher in catechin loaded 

scaff olds at any time points; however, the diff erence was 

signifi cant only at days 3, 8 and 12 and tends to be signifi cant 

at day 5. Th us, we think that catechin seems to have some 

protective properties, especially during the fi rst 12 days 

of the 3D culture, on chondrocytes seeded on alginate-

chitosan scaff olds. 

 As also employed in the present study, GAG content 

is another parameter to show chondrogenic potentials 

(Valonen et   al. 2010). We determined the GAG content 

using dimethylene blue method, in which dimethylene blue 

reacts with sulfate groups of glycosaminoglycans, resulting 

in color changes that can be determined spectrophotomet-

rically at 535 nm wavelength (Enobakhare et   al. 1996). In 

our study, the GAG content increased over time in scaff olds 

with or without catechin although it seemed to be steady or 

even declined to a small degree after day 12. However, the 

degree of decline in GAG content was not as dramatic as in 

DNA content. Th e drop in DNA content began after day 5 

in scaff olds devoid of catechin and after day 8 in catechin 

loaded scaff olds, suggesting that the alginate-chitosan 

scaff old we fabricated through this study promotes GAG 

synthesis in bovine chondrocytes. Catechin seems to have 

some eff ects on GAG synthesis in chondrocytes especially 

during the fi rst 12 days. However, the catechin eff ects on 

GAG content did not turn out to be statistically signifi cant. 

 One of the characteristics of hyaline chondrocytes is their 

typical round shape, and thus, the carrier matrices to be 

used in cartilage engineering are expected either to protect 

or to facilitate regaining the round chondrocyte morphol-

ogy (Mohan and Nair 2010). Th e porous alginate-chitosan 

scaff old fabricated in this study was successful to meet this 

criterion as the percentage of round chondrocytes was signif-

icantly higher on day 14 compared to that of day 3. Catechin 

seems to have some chondrogenic eff ects on chondrocytes 

as the percentage of round chondrocyte is higher catechin-

loaded scaff olds. 

chondrogenic potential of a tested material (Chung et   al. 

2011). Li and Zhang (2005) claimed that alginate-chitosan 

porous scaff olds are suitable for chondrocyte attachment, 

cell proliferation and collagen type II synthesis. Th e alginate-

chitosan scaff old we fabricated in this study is also suitable for 

cell attachment as revealed by SEM analyses. PCR analyses as 

well as histology and immunofl ourecence examinations also 

indicated that the alginate-chitosan scaff olds we fabricated 

promoted hyaline chondrocyte phenotype. In PCR analyses, 

expression of collagen type I disappeared at day 14, indicat-

ing a complete rediff erentiation of dediff erentiated cells. 

Likewise, the percentage of round cells and collagen type II 

immunoreactive cells increased over time. Furthermore, the 

amount of DNA increased especially during the fi rst 5 days 

of 3D culture. Although the increased DNA content was 

eventually decreased during the second half of the 3D cul-

ture, the amount of DNA at the day of the last measurement, 

day 18, was at least two times higher that of day 0 in scaff olds 

with or without catechin. Th us, the alginate-chitosan matrix 

we fabricated through this study seems to promote cell pro-

liferation to a certain degree. Th e decrease in DNA content is 

likely related to cell detachment from the surface and pore 

walls. Th e detached cells were eventually discharged during 

the medium change of the culture. In Li and Zhang (2005) 

study, proliferation of HTB-94 cells, human chondrosarcoma 

cell line, continued for a longer time in the alginate-chitosan 

scaff old at least until the 21st day of the culture. In our study, 

we used chondrocytes isolated from articular cartilage of 

young calves. Further studies should be conducted to deter-

mine if there is a signifi cant diff erence between HTB-94 cells 

and regular chondrocytes by means of cell attachment and 

proliferation in alginate-chitosan scaff olds. 

 Catechin is benefi cial in degenerative joint disease 

due to the fact that it exerts some protective properties on 

chondrocytes even at very low concentrations (Adcocks 

et   al. 2002, Ahmed 2010) It was reported that 20  μ mol of 

catechin can inhibit proteoglycan and type II collagen 

breakdown  in vitro  (Adcocks et   al. 2002). Th e inhibitory 

eff ect was even potentiated when catechin used in com-

bination with avocado soybean unsaponifi ables. Another 

 in vitro  study concluded that catechin used at various 

  Table V. Th e percentage of collagen type II immunoreactive 
chondrocytes at diff erent time point in alginate-chitosan scaff olds.  

 Day  Without catechin (%)  Loaded with catechin (%) 

3 12.7    �    5.0 19.7    �    5.1
5 19.7    �    5.4 31.8    �    6.1
8 31.8    �    7.2 44.8    �    10.1
14 44.8    �    14.1 49.7    �    14.9

   Th e percent data given as mean � standard deviation.   

  Table IV. Th e percentage of round chondrocytes at diff erent time point 
in alginate-chitosan scaff olds.  

 Day  Without catechin (%)  Loaded with catechin (%) 

3 53.8    �    8.7 54.1    �    9.5
5 57.9    �    4.9 72.3    �    9.8 * 
8 66.6    �    6.4 77.6    �    13.4 * 
14 77.6    �    11.2 84.2    �    10.4 * 

   Th e percent data given as mean � standard deviation.   
 An asterisk ( * ) indicates signifi cance between groups for a specifi c time point.    
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 Metachromatic dyes such as toluidine blue, alcian blue, 

safranin O are used to localize GAG presence and often 

used to determine chondrogenic capacity as chondrocytes 

synthesize GAG in bulk quantity (Lee et   al. 2004). In our 

study, chondrocytes had cytoplasmic metachromatic stain-

ing, but metachromasia around the chondrocytes especially 

those embedded in alginate-chitosan matrix is either absent 

or very limited. Th us, we raised a question if the alginate-

chitosan matrix we fabricated is not suitable for deposition 

of newly synthesized GAG. 

 Collagen type II expression is a frequently used parameter 

to show chondrogenic phenotype (Chung et   al. 2011, Mah-

moudifar and Doran 2010). Presence of a strong collagen 

type II amplifi cation band in PCR analysis conducted prior 

to seeding onto scaff olds indicated that most chondrocytes 

had been preserving the chondrogenic phenotype prior to 

seeding. However, presence of a weaker collagen type I band 

also indicated that some chondrocytes were in a state of 

diff erentiation that lasted at least until the 8th day of the 3D 

culture. However, collagen type I expression in PCR analy-

sis was totally disappeared at day 14 in the scaff olds with or 

without catechin. Likewise, immunostaining studies indi-

cated that the percentage of collagen type II immunoreactive 

cells gradually increased over time, suggesting the alginate-

chitosan scaff old is able to promote the chondrogenic phe-

notype. Collagen type I expression in immunofl uorescence 

examination was not convincingly observed although PCR 

analyses indicated some expression at days 3, 5 and 8 of the 

3D culture. Th is may indicate a low rate of diff erentiation. 

Catechin may have some eff ect on collagen type II expres-

sion by chondrocytes as the percentage of collagen type II 

immunoreactive cells was slightly higher in catechin-loaded 

scaff olds; however, such an eff ect was not convincing enough 

as no statistically signifi cant diff erences occurred at any time 

points of the 3D culture. 

 In conclusion, the scaff old with a pore size of 50 – 350  μ m 

fabricated using the high molecular weight chitosan and 5% 

alginate crosslinked by calcium chloride is eff ective promot-

ing chondrogenic phenotype. Once it is relased from the 

carrier matrix, catechin exerts some protective properties, 

especially during the fi rst 12 days of 3D culture, on chondro-

cytes seeded on the alginate-chitosan scaff olds.                   
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