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Abstract Understanding how a specific biomaterial may in-

fluence chondrocyte adhesion, proliferation and gene ex-

pression is important in cartilage tissue engineering. In

this study several biodegradable polymers that are com-

monly used in tissue engineering were evaluated with re-

spect to their influence on chondrocyte attachment, prolif-

eration and gene expression. Primary cultures of porcine

chondrocytes were performed in films made of poly-L-lactic

acid (PLLA), poly-D,L-lactic acid (PDLLA), poly-(lactide-

co-glycolide) (PLGA), or polycaprolactone (PCL). Chon-

drocytes adhered to PDLLA or PLGA after 1-day incuba-

tion better than to PLLA or PCL. After 7 or 14 day culture,

the cell numbers on PDLLA or PLGA was still higher than

PLLA or PCL. The results suggested that cell attachment

and growth might depend on degradation rate of biodegrad-

able polymers. Along with the fact that PDLLA or PLGA

supported expression of chondrocyte specific genes more

than PLLA or PCL, the former two materials seemed to

be more suitable for cartilage tissue engineering than the

latter ones. Besides, we found that chondrocyte phenotype

prior to seeding was important in the expression of ECM

proteins.
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Introduction

Articular cartilage, a unique tissue lacking nerves, blood ves-

sels and lymphatic system, covers articulating ends of joints

and resists weight loading. As cartilage’s large ratio of ma-

trix to cells, chondrocytes are scattered in cartilage extra-

cellular matrix (ECM), a highly organized macromolecular

framework [1]. Chondrocytes regulate production, organiza-

tion and degradation of ECM that is responsible for carti-

lage’s mechanical functions. It is generally agreed that adult

articular cartilage with relatively low or no turnover is not

capable of repairing itself [2], although complete recovery

of small full thickness lesions was found in young animals

[3]. As a result, injured articular cartilage would further de-

generate and eventually turn into osteoarthritis. Finally, the

damaged knee needs to be replaced by a metal prosthesis.

Therefore, articular cartilage repair has been one of pri-

mary targets for a newly-emerging biomedical field – tissue

engineering.

Three important elements in tissue engineering include

cells, scaffolds, and biological signals [4]. Scaffolds play a

role like ECM in natural tissues, which support cell attach-

ment, proliferation, and differentiation. The architectural de-

sign of scaffolds, mimicking ECM, is usually a highly porous

and three-dimensional structure which allows enough cells

to accommodate and grow inside, and organizes cells into a

three-dimensional tissue [5]. One of the major challenges in

tissue engineering is to find a suitable material and fabricate

into scaffolds of defined architecture to guide cell growth and

development.

A suitable biodegradable material for fabricating tissue

engineering scaffolds must support cell adhesion, growth,

and differentiated phenotype. Among the materials used

for scaffold fabrication, the most favourable materials

Springer



338 J Mater Sci: Mater Med (2006) 17: 337–343

have been synthetic degradable polymers. Their advantages

include controllable degradation rate, high reproducibility,

and easy fabrication into specific shapes [6]. A variety of

synthetic biodegradable materials have been explored in scaf-

folding for cartilage tissue engineering, including polyesters

like poly-L-lactic acid (PLLA), poly-glycolic acid (PGA),

their copolymer (PLGA), and polycaprolactone (PCL). It is

generally thought that choices in scaffold materials poten-

tially decide outcome of cartilage tissue engineering [5, 7–

11]. For example, Freed et al. [8] showed that chondrocytes

grew in vitro in three-dimensional PGA scaffolds approx-

imately twice as fast as in PLLA scaffolds. Furthermore,

chondrocytes grown in PGA scaffolds produced a cartilage

ECM component, sulfated glycosaminoglycan (S-GAG), at

a high steady rate, while those grown in PLLA scaffolds only

produced minimal amounts of S-GAG. However, the conclu-

sion seems unequivocal. In another study, nonwoven PLA

scaffolds were found more biocompatible with chondrocytes

than nonwoven PGA ones [12].

The effect of scaffolds on chondrocyte performance may

depend on not only materials types and sources but also in

scaffold formats and structures. In Freed et al.’s study [8],

PGA scaffolds were made of PGA fiber (14 μm diameter)

as a non-woven mesh, while PLLA scaffolds were prepared

using a solvent-casting particulate-leaching method. More-

over, porosity of the PGA scaffolds was 97%, while that of

the PLLA ones was 91%. Therefore, it is difficult to decipher

the effect of material types on chondrocyte growth and ECM

production from the results.

Several studies have been focused on evaluating seed-

ing efficiency and growth rates of chondrocytes on sev-

eral biodegradable polymers [13, 14]. However, success to

a functional cartilage tissue engineering product also de-

pends on chondrocyte phenotype. It is well known that

when autologous chondrocytes are propagated in vitro, es-

pecially in monolayer systems such as dishes and flasks,

chondrocytes tend to be de-differentiated. During mono-

layer expansion, chondrocyte’s shape is first changed from

characteristically round shape to a spindle fibroblast-like

morphology [15]. Next, chondrocytes lose their ability

in secreting the cartilage-specific ECM macromolecules,

such as type II collagen and aggrecan, and in stead se-

cret type I collagen [16–20]. De-differentiated chondro-

cytes would lead to formation of mechanically inferior

fibrocartilage.

The purpose of this study was to evaluate the effect

of biodegradable polymer types on chondrocyte adhesion,

proliferation and gene expression. Several commonly used

biodegradable polymers were solvent-cast to glass dishes.

Chondrocytes were then seeded and cultured for up to 2

weeks. Cell adhesion and proliferation were determined as

well as the expression of type I collagen, type II collagen and

aggrecan genes.

Materials and methods

Biodegradable polymers

Poly(lactide-co-glycolide) 85:15 w/w (PLGA) and poly(D,

L-lactide) (PDLLA) were synthesized via ring-opening

polymerization in bulk. 0.01% Lauryl alcohol and 0.03%

stannous octoate were applied as a chain control agent and

catalyst, respectively. Polymerization was carried out for

6 hrs at 180◦C. The molecular weights of the polymers were

measured by Thermo Separation Product GPC system with

tetrahydrofuran as solvent and polystyrene as calibration

standards. For PLGA, the determined molecular weights

were Mn 10,723 and Mw 30,986; For PDLLA, they were

Mn 88,341 and Mw 131,140.

Poly-L-lactic acid (PLLA, I.V. 8.41 dl/g) were purchased

from PURAC Inc. Polycaprolactone (PCL) was obtained

from Aldrich (cat No. 44074–4, Mn = 80,000).

Polymer coating

Glass dishes (I.D. 6 cm) were cleaned with detergent and

then rinsed with 0.1 N HCl followed by rinse with water

thrice. After air-dried, glass dishes were treated with 1 ml

Plus OneTM Repel-silane ES (Amersham Biosciences, cat.

no. 17-1332-01) for 10 min at room temperature. The treated

glass dishes were then rinsed with methanol once and water

twice, and finally air-dried in a hood.

Each polymer was dissolved in dichloromethane to a

15 mg/ml solution and 1.2 ml of polymer solution was

added to each glass dish. A polymer film was formed after

dichloromethane was evaporated in a hood, and the resid-

ual solvent was further removed in a vacuum oven. Polymer

coating was verified by changes in static water contact an-

gle measurement. Static contact angles of water on samples

were evaluated at 24◦C using a contact angle meter with a

goniometer. The polymer-coated dishes were ready for cell

culture after sterilized with 70% ethanol and exposed to UV

for overnight.

Chondrocyte isolation and culture

Articular cartilage samples were dissected aseptically from

pig (9–10 month old) knee joints which were obtained from a

local abattoir. The articular cartilage samples were diced into

approximate 1 mm3 pieces in autoclaved phosphate buffered

saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,

and 1.8 mM KH2PO4, pH 7.4) containing 200 μg/ml gen-

tamicin (Gibco, Cat. no. 1570064) and 25 μg/ml fungizone

(Gibco, Cat. no. 1520018). After rinsed with PBS three times,

1∼2 grams of the cartilage slivers were digested in 10 ml of

DMEM/F12 (Gibco, Cat. no. 12400-024) containing 1 mg/ml

hyaluronidase (Sigma, Cat. no. H-3506) and 1 mg/ml type I
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collagenase (Sigma, Cat. no. C0130) in a 37◦C, 5% CO2

incubator for 18 hrs. The digestate was filtered through a

70-μm filter cell strainer (Falcon, Cat. No. 352350) to re-

move undigested cartilage lumps. The filtrate was then cen-

trifuged at 200 × g for 10 min, and the cell pellet was resus-

pended in chondrocyte medium (DMEM/F12 supplemented

with 2.5 mM, L-glutamine, 200 μg/ml gentamicin, 25 μg/ml

fungizone and 10% bovine calf serum. Cell number and vi-

ability were determined using a hemocytometer with trypan

blue exclusion. The freshly-isolated cells were grown to con-

fluence in T75 flasks and then retrieved by trypsin digestion.

The first passage chondrocytes were used in this study.

Chondrocyte adhesion and culture

Chondrocytes were seeded to polymer-coated glass dishes

(1 × 104 cells/cm2), and then cultured in a humidified 37◦C,

5% CO2 incubator. Culture medium was changed every 2 or

3 days. After incubation for 1, 7 or 14 days, the plates were

rinsed with PBS twice and adherent chondrocytes were lysed

in 10 mM EDTA solution (pH 12.0) and then the lysate was

neutralized with 1 N KH2PO4 solution (pH 4.0). The num-

ber of adherent cells was determined by a Hoechst 33258

assay [21]. Briefly, 100 μl of cell lysate were mixed with 1

ml of Hoechst 33258 solution (0.05 μg/ml H2O) and then

the fluorescence at 456 nm was measured at the excitation

wavelength 348 nm. A series of known numbers of chon-

drocytes (determined by a hemocytometer) was used to gen-

erate a calibration curve, and the numbers of adherent cells

were determined by interpolation. Twelve-well tissue culture

polystyrene plates (TCPS, Costar cat. no. 3513) were used

as control.

RNA harvest and RT-PCR (Reverse Transcriptase—

Polymerase Chain Reaction) analysis

The expression of β-actin, type I collagen, type II colla-

gen and aggrecan was analyzed by RT-PCR analysis. After

the cells were removed from the substrates, the total RNA

of chondrocytes cultured on plasma-treated or untreated

TCPS was extracted by using a single-step method modified

from an acid guanidinium-thiocyanate-phenol-chloroform

extract procedure developed by Chomczyski and Sacchi [22].

Briefly, the chondrocytes were lysed in 1 ml of REzolTM C&T

reagent (PROtech Technology Ent. Co., Taipei, Taiwan) and

total RNA was subsequently isolated according to the man-

ufacturer’s instructions. Complementary DNA (cDNA) was

synthesized from 1 μg of total RNA by SUPERSCRIPTTM

II, RNase H− Reverse Transcriptase (Cat. no. 18064-014,

Invitrogen) using and oligo-(dT) priming, and incubated at

42◦C for 50 min.

The cDNA was then used as the temperate for PCR ampli-

fication. The primer sequences and the length of PCR prod-

ucts forβ-actin, type I collagen, type II collagen and aggrecan

are listed as followed:

β-actin: forward-AAGGGCTCCGGCATGTGC, reverse-

GGGCAGGGGTGTTGAAGG (360 bp)

Type I collagen: forward-GCTGGCCAACTATGCCTC,

reverse-GAAACAGACTGGGCCAATG (318 bp)

Type II collagen: forward-TGCCTACCTGGACGAAGC,

reverse-CCCAGTTCAGGCTCTTAG (449 bp)

Aggrecan: forward-CTGTTACCGCCACTTCCC,

reverse-GGTGCGGTACCAGTGCAC (441 bp)

Amplification was performed in a Gene Amp PCR System

9600 thermocycler for 35 cycles of 95◦C/1 min denaturation,

55◦C/1 min annealing and 72◦C/1 min extension, using re-

combinant Taq DNA polymerase (Promega, Cat. no. M1861).

The PCR products were analyzed by electrophoresis

in a 1% agarose gel. After stained with ethium bro-

mide, the images of resulting bands were taken under UV-

transillumination using Kodak Digital Science DC120 cam-

era. The intensities of bands were analyzed by ONE-DScan

for Windows (Spectra Services Inc. Webster, NY, USA). The

intensities of the bands for type I collagen, type II collagen

and aggrecan were normalized to the intensity of the band for

β-actin from the chondrocytes grown on the same surface.

The expression of mRNA in the primary chondrocytes prior

to seeding was also determined and used as controls.

Statistics

Statistical assessment of significant variations was performed

by GraphPad Instat©R 3.00 (GraphPad Software Inc.). Un-

paired t-test was conducted to determine p-values. All data

were reported as mean±SD.

Results

Polymer coating

Biodegradable polymers were coated to glass surfaces by

solvent casting. Since adhesivity of the biodegradable poly-

mers to glass surfaces was poor, polymer films were prone

to delaminate from glass substrates after incubation in cul-

ture medium for several days. Therefore, before polymer

casting, glass surfaces were precoated with a layer of hy-

drophobic silane, which enhanced the adhesivity between the

biodegradable polymers and glass substrates. Table 1 shows

the measured water contact angles of the untreated glass, the

silane-treated glass, and the polymer-coated surfaces. The

changes in static water contact angles indicated the forma-

tion of polymer films.

Chondrocyte adhesion and proliferation on the

biodegradable films

Figure 1 shows a representative result for 1-day chondro-

cyte adhesion to biodegradable substrates. The number of
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Table 1 Static contact angles of water on samples evaluated at 24◦C using a contact angle meter with a goniometer. Data represent mean ± SD
(n = 6)

Glass Silane-Treated glass PDLLA PLLA PLGA PCL

35.4◦ ± 3.4◦ 93.4◦ ± 1.2◦ 70.8◦ ± 1.1◦ 77.2◦ ± 3.3◦ 91.35◦ ± 1.2◦ 72.8◦ ± 0.4◦

Fig. 1 Chondrocyte adhesion to degradable polymers after 1 day. Cell
seeding density was 1 x 104 cells/cm2. Error bars = standard deviation
(n = 4).

Fig. 2 The cell numbers on the degradable polymers on Day 7 and Day
14. Cell seeding density was 1 × 104 cells/cm2. Error bars = standard
deviation (n = 4).

cells on these surfaces was in the order: PLGA > PDLLA >

PLLA > TCPS > PCL. However, the difference was not

significant (p > 0.05).

Fig. 2 shows a typical result for cell proliferation on

biodegradable films. On day 7, the cell numbers on either

PDLLA or PLGA were significantly higher than those on

PLLA or PCL (p < 0.001). However, the difference in cell

numbers between different polymers was decreased from day

7 to day 14. Although the order in cell numbers on the poly-

mer surfaces was PLGA > PDLLA � TCPS � PLLA > PCL

on Day 14, there was no significant difference between cell

numbers (p > 0.05).

Gene expression analysis by RT-PCR

RT-PCR was chosen in this study to evaluate the gene expres-

sion levels for type I collagen, type II collagen and aggrecan.

Fig. 3 Electrophoresis images for RT-PCR analysis of the genes en-
coding β-actin, type I collagen, type II collagen, and aggrecan in chon-
drocytes. The two lanes for each gene represent duplicates for each
sample.

Figure 3 shows electrophoresis images of the PCR products

for β-actin, type I collagen, type II collagen and aggrecan.

The lengths of the PCR products were as designed.

The intensities of the bands for type I collagen, type II

collagen and aggrecan were normalized by dividing the in-

tensities of the band for β-actin to eliminate the difference

in the cell numbers. We know that this semi-quantitative ap-

proach is not a perfect tool to determine the amount of mRNA

synthesis, but since each of the two sets of RT-PCR results

has been repeated thrice, the results should represent the gene

expression levels.

Primary chondrocytes isolated from porcine cartilage

were used in this study. We found that gene expression pat-

terns of the investigated proteins were varied in cells from

different sources. Figures 4 and 5 show representative data

for the expression of type I collagen, type II collagen and

aggrecan genes in two sets of experiments, between which

the phenotype of chondrocytes prior to seeding was different

(see Control bars in Figs. 4 and 5). In the first set (Fig. 4),

although the chondrocytes prior to seeding expressed type

I collagen (the leftmost bar in Fig. 4A), these cells still ex-

pressed type II collagen (the leftmost bar in Fig. 4B) and

aggrecan (the leftmost bar in Fig. 4C). One the other hand, in

the second set the chondrocytes seeding only expressed type

I collagen prior to seeding (the leftmost bar in Fig. 5A) and

expression of type II collagen (the leftmost bar in Fig. 5B)

or aggrecan (the leftmost bar in Fig. 5C) was not detectable.

In the first set of experiment, type I collagen expression

level was decreased with time on all substrates (Fig. 4A).

The relative intensity for type I collagen expression was

low on PLGA and PCL surfaces compared to PDLLA and

PLLA ones on Day 7. On Day 7, type I collagen expression

was almost undetectable on all surfaces except PLLA. The

expression of type II collagen and aggrecan was detectable

on PLGA and PCL surfaces on Day 7, but was undetectable
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Fig. 4 The normalized band intensity for type I collagen (A), type II col-
lagen (B) and aggrecan (C) PCR products for the first set of experiments.
The error bars represents three independent RT-PCR experiments.

on Day 14 (Figs. 4B and 4C). Differently, expression of type

II collagen and aggrecan was undetectable on the PDLLA

and PLLA surfaces on Day 7, but was induced on Day 14.

In the second set of the experiment, type I collagen gene

was expressed on all surfaces at different levels (Fig. 3B).

Until 14 day, expression of type I collagen was still found

on all surfaces. Expression of type II collagen or aggrecan

was undetectable at most of the conditions, except on PLGA

surfaces on Day 7 and PDLLA surfaces on Day 14 (Figs. 4B

and 5B).

Fig. 5 The normalized band intensity for type I collagen (A), type
II collagen (B) and aggrecan (C) PCR products for the second set
of experiments. The error bars represents three independent RT-PCR
experiments.

Discussion

One challenge in fabricating an appropriate scaffold for

tissue engineered cartilage is searching a suitable ma-

terial that not only supports chondrocyte adhesion and
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proliferation but also maintain chondrocyte differentiated

phenotype. Therefore, knowledge of how a specific material

affects chondrocyte growth and synthesis of chondrocyte-

specific ECM protein is important in leading to construct-

ing an ideal scaffold for cartilage tissue-engineering appli-

cation. In this study, chondrocyte interaction with several

commonly used biodegradable polymers was investigated,

with respect to adhesion, proliferation and gene expression

was investigated.

All of the biodegradable polymers investigated in this

study are polyesters and therefore have similar chemistries.

The polymer physiochemical characteristics are affected by

monomer composition, polymer architecture, and molecular

weight. The major difference between these polymers is the

number and location of methyl and oxygen groups incorpo-

rated into their backbone. PCL contains more methyl groups

along its backbone, which may contribute to its hydrophobic-

ity. The major difference between PDLLA and PLLA is their

crystallinity, an important factor in polymer biodegradation.

The racemic DL polymer is less crystalline than the L-lactide

homopolymers, resulting in amorphous PDLLA more liable

to hydrolysis.

Chondrocytes adhered to PDLLA or PLGA was better

than those to PLLA or PCL (Fig. 1) in spite of no signifi-

cance. However, this trend was also observed from previous

studies [13, 14], which compare human or rabbit chondro-

cytes adhered to a series of biodegradable polymer films.

Besides cell adhesion, cell growth after 7-day incubation on

PDLLA or PLGA was significantly higher than that on PLLA

or PCL (p < 0.001) (Fig. 2). The trend continued to Day 14

despite of the fact that the difference in cell numbers was not

significant (p > 0.05). Therefore, PDLLA or PLGA is more

biocompatible than PLLA or PCL regarding chondrocyte ad-

hesion and growth.

It is generally accepted that the physiochemical properties

of substrates influence cell adhesion and growth. For exam-

ple, surface wettability is considered to strongly influence

cell adhesion and proliferation on a surface [23–27]. How-

ever, we could not find a correlation between chondrocyte

adhesion and surface hydrophobicity of the polyesters. The

same conclusion was also found in a previous study [13]. On

the other hand, our result supports another study which sug-

gests that chondrocyte attachment and growth are correlated

positively with the polymer degradation rates [14]. In the

current study, the attachment and short-term growth (7 days)

of chondrocytes were better on the polyesters with higher

degradation rates, PDLLA and PLGA, than on the polyesters

with lower degradation rates, PLLA and PCL. Particularly,

while PCL degrades much more slowly than other poly(α-

hydroxy acid)s [28], chondrocytes performed worst on PCL

among these materials. Our result confirms a previous study

that partial surface hydrolysis of PLGA films increased

osteoblast and chondrocyte adhesion [29]. Hydrolysis

of polyesters could increase surface functionality and

charges. For example, it has been shown that NaOH treat-

ment of polyesters increased surface carboxylic acid density,

thus enhancing hydrophilicity of polyester surfaces [30]. The

enhancement effects may be via cell direct interaction with

surface functionality, or via indirect interaction through ad-

sorbed serum adhesive proteins such as fibronectin and vit-

ronectin to the substrates.

Another important aspect in chondrocyte culture in scaf-

folds is production of tissue-specific ECM proteins. Produc-

tion of tissue-specific ECM proteins can be evaluated at two

levels: the gene transcriptional level and the protein synthe-

sis level. A positive correlation between these two levels was

found from previous studies from Grande’s group [11, 31].

Based on RT-PCR results, the expression of mRNAs for type

I collagen, type II collagen and aggrecan were transient and

changed with time. For example, the expression of type I

collagen was high on day 7 but decreased on day 14 (Fig.

4A). The expression of type II collagen on the PLGA or PCL

substrates was high on day 7, but ceased on day 14. Previ-

ously, Grande’s group showed a similar transient pattern of

gene expression [31]. They found that type I collagen was

not expressed on the PLLA and PGA matrices at 48 h, but

moderately induced on the PLLA at 72 h. Type II collagen

was up-regulated at 72 h post cell seeding on PLA or PGA

scaffolds, but was not further expressed at 96 h. Since mRNA

expression is transient, it must be careful to use it as an index

of cell phenotype.

We found that gene expression of chondrocytes cultured

on the polymer films is related to the differentiated status of

chondrocytes prior to seeding. The phenotypic characteris-

tics of chondrocytes isolated from adult pigs may be varied

from one pig to another, resulting in the discrepancy in the

RT-PCR results using different cell sources. The chondro-

cytes used in the first set still expressed type II collagen and

aggrecan at the moment of seeding, whereas those in the

second set did not express type II collagen and aggrecan, in-

dicating completely de-differentiated phenotype. In the first

set of RT-PCR experiments, chondrocytes expressed type II

collagen and aggrecan after cultured on PLLA (Day 14) and

PCL (Day 7) (Figs. 4B and 4C), while the cells in the second

set did not express type II collagen or aggrecan on these two

surfaces (Figs. 5B and 5C). The results suggest the pheno-

type of chondrocytes at the moment of seeding is important

for later ECM protein expression. Besides, chondrocytes ex-

pressed type II collagen and aggrecan on PDLLA (Day 14)

and PLGA (Day 7) no matter which kinds of chondrocytes

were used, inferring that PDLLA and PLGA might be more

suitable for inducing chondrocytic phenotype than PLLA

and PCL.

It is noted that the expression of type II collagen and

aggrecan genes is up-regulated or down-regulated concur-

rently on each material (comparing Figs. 4B and 4C, and
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Figs. 5B and 5C). It could be due to that the expression

of Col2a1 and aggrecan is regulated by the same transcript

factor, Sox9 [32]. Sox9 is required for chondrocyte differ-

entiation and for expression of a number of chondrocyte-

specific marker genes, including type II collagen and

aggrecan.

Conclusion

PDLL and PLGA, which degrade faster than PLLA and

PCL, showed better biocompatibility to chondrocytes than

the latter two materials. Furthermore, PDLLA and PLGA

supported the expression of chondrocyte specific ECM pro-

teins, type II collagen and aggrecan, better than PLLA and

PCL. These finding suggest that PDLLA and PLGA seem

to be better materials compared to PLLA and PCL for carti-

lage tissue engineering. Furthermore, PCL is apparently not a

good candidate for cartilage tissue engineering due to its poor

cell compatibility, i.e. not supporting cell adhesion, growth

and expression of chondrocyte ECM proteins. Certainly, the

conclusion based on two-dimensional surfaces cannot always

predict chondrocyte behavior in a three-dimensional envi-

ronment. Further studies on three-dimensional scaffolds are

needed.
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