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Biodegradable polymers in chondrogenesis of human articular chondrocytes

Abstract The aim of this study was to evaluate the potential
role of polyglycolic acid (PGA), poly(glycolic acid-e-
caprolactone) (PGCL), poly(L-lactic acid-glycolic acid)
(PLGA), poly(r-lactic acid-e-caprolactone, 75:25 (wiw))
[P(LA-CL)25], poly-g-caprolactone (tetrabutoxy titanium)
[PCL(Ti)], and fullerene C-60 dimalonic acid (DMA) in
cartilage transplants. After 4 weeks of culture of human
articular cartilage, the levels of cell proliferation and differ-
entiation and the expression of cartilage-specific matrix
genes were estimated. The relationship between cell differ-
entiation and gap junction protein connexin 43 (Cx43) was
also evaluated. All materials except PCL(Ti) retained cell
proliferation activities similar to the controls. Cell differen-
tiation levels from the highest to the lowest were in the
following order: PGA >> PLGA > PGCL > Control =
DMSO > P(LA-CL)25 = PCL(Ti) >> fullerene C-60 DMA.
Expression of the collagen type II gene was selectively
upregulated for PGA, PGCL, and PLGA and slightly in-
creased for P(LA-CL)25 polymers but was downregulated
for fullerene C-60 DMA. Aggrecan gene expression was
strongest with PGA and was consistently expressed with
other matrices, especially with PGCL and PLGA. However,
the expression patterns of the connexin 43 gene were differ-
ent from the former two genes. Multiple regression analysis
revealed a high correlation between cartilage proteoglycans
production and expression levels of these three genes.
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Introduction

A shortage of donor tissue restricts the successful applica-
tion of tissue reconstruction for various cartilage injuries.
Tissue engineering is a relatively new and promising field
directed at the evolution of new tissues that will offer hope
to orthopedic patients with a variety of injuries. To permit
repair of cartilage defects, many researchers are turning
toward a tissue engineering approach involving cultured
cells and biomaterials. Although these biomaterials,
especially polyglycolic acid (PGA) and poly(r-lactic acid)
(PLLA), play an increasingly important role in orthopedics,
adverse reactions to these biomaterials have been reported
in animal experiments. PLLA produces toxic substances
due to acidic degradation,' and long-term implants of PLLA
produced tumorigenicity in rats.” Despite these setbacks,
numerous studies have documented the biocompatibility
of these bioabsorbable polymers.*” PLLA, PGA, and their
copolymers also have been used in clinical practice.>® More
recent studies have indicated that copolymers of glycolic
acid promoted peripheral nerve regeneration in a rat
model”® These polymers are degraded by hydrolysis and
enzymatic activity and have a range of mechanical and
physical properties that can be engineered appropriately to
suit a particular application.

Knowledge of the biological interactions between
chondrocytes and biodegradable polymers is needed to
design novel biomaterials and to develop new strategies
for cartilage repair. Therefore, further experimental eluci-
dation of these polymers, their combination -with other
biomaterials, and new materials to find good substrates is
essential to attain satisfactory conditions for their. clinical
application. In this study, along with PGA and poly(rL-lactic
acid-glycolic acid) (PLGA), we investigated the copolymer
poly(glycolic acid-e-caprolactone) (PGCL), the copolymer
poly(L-lactic acid-e-caprolactone) 75:25 (wiw) P(LA-



CL)25, and poly-g-caprolactone (tetrabutoxy titanium)
[PCL(Ti)] to determine their effects on human articular
chondrocyte (HAC) proliferation, differentiation, and phe-
notypic expression with the aim of clarifying their suitability
as carriers for future clinical cartilage transplants. Fullerene
C-60 dimalonic acid (DMA) has been reported to stimu-
late and inhibit"” proliferation and differentiation of rat
embryonic limb bud cells and mouse embryo midbrain cells,
respectively, and in the present study we also investigated
the effect of fullerene C-60 DMA on HACs.

Gap junctions are intercellular channels supporting di-
rect cell-to-cell communication and tissue integration.”
Connexins, the family of proteins that form vertebrate gap
junctions, play key roles during development and in the
adult. Among the 19 connexins that have been identified in
mammals, the gap junction protein connexin 43 (Cx43) is
the most abundant member of the channel-forming proteins
in chondrocytes."" The distribution of Cx43 in hyaline car-
tilage and in the perichondrium of mouse and rat knee
joints suggested a possible involvement of connexins in car-
tilage development.' It has been indicated that the early
stage of in vitro chondrocyte differentiation is the formation
of cell condensations and the ability to establish cell-to-cell
communication. Cx43, together with other molecular
mechanisms, mediates the condensation phase of chondro-
genesis.”” In the present study, we investigated the role of
gap junctional protein Cx43 in the process of chondrocyte
differentiation.

Materials and methods
Materials

HACs from knee joints and chondrocyte growth medium
were commercially obtained from BioWhittaker
(Walkersville, MD, USA). Chondrocyte growth medium
contains bovine insulin, basic fibroblast growth factor, insu-
lin-like growth factor-1, transferrin, gentamicin sulfate, and
fetal bovine serum (5% v/v). PGA (mw 3000) and PLGA
(mw 5000) were purchased from Nakalai Tesque (Kyoto,
Japan) and PGCL (mw 3000) was from Taki Chemical
(Hyogo, Japan). P(LA-CL)25 (mw 10000) and PCL(Ti)
(mw 130000) were synthesized in our laboratory and
fullerene C-60 DMA was obtained from Dr. T. Mashino."

Synthesis of P(LA-CL)25

L-Lactide (Tokyo Kasei Kogyo, Tokyo, Japan) 7.5g and
-caprolactone (Wako Pure Chemical Industries, Osaka,
Japan) 2.5g were put into a reactor as monomers. As a
catalyst, tetrabutoxy titanium (Wako) 0.03g was added.
Furthermore, n-octyl alcohol (Wako) 0.001g was added.
Thes¢ were completely dissolved in methylene chloride
(Wako) 50mL at room temperature. Methylene chloride
was removed by decompression and a uniform mixture was
left. The reactor was filled with nitrogen and was sealed.
The contents were mixed and heated to 140°C. Polymeriza-
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tion was carried out for 4h. After the reaction, the reactant
was cooled to room temperature, and was dissolved in tet-
rahydrofuran 100mL. The solution was dropped into cold
methanol and a colorless precipitate was obtained. This was
dried under reduced pressure and precipitation was done
once again. This was again dried under reduced pressure
and the polymer was obtained. The yield was 58.2%
(5.82g).

Synthesis of PCL(Ti)

Synthesis was done using the same method as described
for the synthesis of P(LA-CL)25 except that the monomer
was only caprolactone (Wako). The yield was 87.1%
(8.71g).

Preparation of materials

PGA, PGCL, PLGA, and P(LA-CL)25 were dissolved in
dimethy! sulphoxide (DMSO) at a concentration of 50ug/
0.8ul of DMSO (Sigma-Aldrich, Irvine, CA, USA) and
then dissolved in chondrocyte growth medium to give a
final concentration of 50pg/ml. PCL(Ti) was dissolved in
tetrahydrofran (THF) at a concentration of 5mg of PCL/ml
of THF. Glass wells were coated with this solution to give a
final concentration of 2mg PCL(Ti)/well. A homogenous
solution of fullerene C-60 DMA was made with the chon-
drocyte growth medium.

Cell culture

In vitro high-density micromass cultures of HACs were
initiated by spotting 4 x 10° cells in 20l of medium onto
each well of 12-well microplates for tissue culture (Costar
Type 3513, Corning, Corning, NY, USA) and PCL(Ti)-
coated glass wells (diameter 22mm). After 2h in a 5% CO,
incubator at 37°C, the wells were flooded with chondrocyte
growth medium (2ml/well). The medium was supplemented
with DMSO (0.8ul/ml), PGA (50pg/ml), PGCL (50 ug/ml),
PLGA (50pg/ml), P(LA-CL)25 (50pg/ml), or fullerene C60
DMA (50pg/ml). HACs cultured on tissue culture polysty-
rene but not exposed to any biomaterials served as a con-
trol. The media were changed in every 3 days and culture
was continued for 4 weeks.

Cell morphology assay

Cell morphology was determined by inverted light micros-
copy. Twice weekly observations were done and photo-
graphs were taken with Fuji film.

Proliferation assay

Cell proliferation was quantitatively measured by alamar
blue (Biosource International, Camarillo, CA, USA) assay
after 4 weeks of culture, as previously described.” The assay
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demonstrates the metabolic activity of the cells by detection
of mitochondrial activity. The indicator dye alamar blue is
incorporated into the cells and reduced and excreted as a
fluorescent product. At the end of the 4-week culture
period, the medium from all wells was discarded and
the culture wells and three blank wells were filled with 1ml/
well of 5% alamar blue solution in fresh medium. The
culture plates were incubated: at 37°C for 4h. After the
incubation  period, - two  aliquots. of 100p] of solution
from each well were transferred to new wells of a Costar 96-
well tissue culture rmcroplate (Costar Type 3595, Corning).
The extent of cell prohferatlon was ‘quantitated by a
Cytofluor II fluorescence multiwell cell reader (PerSeptive
Biosystems, Frammgham MA, 'USA) at 535nm for
excitation and 590nm for emission. The intensity of the blue
color obtained was directly proportional to the metabolic
activity of the cell populations. Blank values were sub-
tracted from experimental values to eliminate background
readings.

Proteoglycan production assay

Proteoglycans are typical components of the cartilage ma-
trix. The extent of chondrogenesis was determined by stain-
ing the cartilage-specific proteoglycans with alcian blue
(Wako) as described previously."" Briefly, the cultures and
three blank wells were stained overnight at 4°C (0.5 ml/well)
with 1% (v/v) alcian blue, pH 1.0. The alcian blue solution
was then removed and the micromass cultures and blank
wells were rinsed with 3% (v/v) acetic acid and distilled
water to completely remove the free dye. The cartilage
proteoglycans were extracted using 4-M guanidine hydro-
chloride, and the absorbance was measured at a wavelength
of 600nm using an enzyme-linked immunosorbent assay
(ELISA) reader (Bio-Tek Instruments, Winooski, VT,
USA). Blank values were subtracted from experimental
values to eliminate background readings.

RNA harvest

After the 4-week culture period, RNA was extracted from
all matrices except the PCL(Ti) matrix. For the PCL(Ti)
matrix, we did not have enough samples to harvest RNA
because cells from 50% of the cultured wells became de-
tached overnight following cell spotting. Total cellular
RNA was extracted from cultured cells of four wells (for
each material) in 0.5ml Trizol reagent (Life Technologies,
Frederick, MD, USA) according to the manufacturer’s in-
structions. The concentration of total RNA was determined
using a UV spectrophotometer (Gene Quanta, Pharmacy
Biotech, Piscataway NJ, USA) at 260nm.

Reverse transcription (RT) and polymerase chain
reaction (PCR)

The matrix molecules probed as part of this study were
collagen type II and aggrecan. The gap junction protein

gene Cx43 was also studied. Single-strand cDNA was pre-
pared from 1 ug of total RNA by reverse transcription (RT)
usmg a commercially available First-Strand cDNA synthe-
sis kit (Amersham Pharmacia Biotech, Uppsala, Sweden).
After optimization of PCR conditions, subsequent PCR was
performed with 4 g of cDNA in a 20-pl reaction mixture
(10 x PCR buffer 2, dNTP 1.6pl, forward and reverse
primer 0.4ul, Taqg DNA polymerase 0.1ul, and distilled
water to make up 20p1). The codon sequence used for the
primer sets was as follows:

Collagen type 1I:
forward 5-GGCAATAGCAGGTTCACGTACA- 3
reverse 5' CGATAACAGTCI IGCCCCAC’IT 3’

Aggrecan:

forward 5-TCGAGGACAGCGAGGCCS

reverse 5. TCGAGGGTGTAGCGTGTAGAGA-3.
Connexin 43 (Homo sapiens):

forward 5-ATGGGTGACTGGAGCGCCTITAGGCAA
ACTC-3
reverse
TAG-3

5-GACCTCGGCCTGATGACCTGGAGATC

For collagen type II and Cx43, an initial denaturation
step at 94°C was carried out for 5min, followed by 40 cycles
of 94°C for 1 min, 60°C for 1min, and 72°C for 1 min, with a
final extension at 72°C for 10min. For aggrecan, an initial
denaturation at 95°C was carried out for 10min, followed
by 40 cycles of 95°C for 15s, 60°C for 1min, and 72°C for
1min), with a final extension at 72°C for Smin. The poly-
merization of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was accomplished by 25 cycles with a corre-
sponding PCR program. Electrophoresis of PCR products
was done on 3% agarose gel for visualization of collagen
type II and aggrecan and on 1% agarose gel for Cx43 after
staining with SYBR Green I (BioWhittaker Molecular Ap-
plications, Rockland, ME, USA). The relative intensity of
signals from each lane was analyzed with a computerized
scanner. For relative quantitation, the signal intensity of

each lane was standardized to that of a housekeeping gene,
GAPDH:

forward 5-CCCATCACCATCTTCCAGGAGCGAGA-
3[

reverse 5-TGGCCAAGGTCATCCATGACAACTTTG
G-3'.

Statistical analysis

Comparing the control with samples exposed to various
materials assessed the statistical significance of the cell
proliferation and cartilage proteoglycans production.
Student’s ¢ test was used to assess the statistical significance.
Statistical significance wa¥ taken as P < 0.05. Data were
indicated as the mean * SD (standard deviation). Four or
five cultures were run for each biomaterial. All experiments
were repeated at least twice, and similar results were
obtained.
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Fig. 1A-D. Light microscopic appearance of cultured human articular
chondrocytes spotted as a high-density micromass cuiture with differ-
ent biodegradable polymers for 4 weeks. A Control, B polyglycolic acid
(PGA), C poly(glycolic acid-g-caprolactone) (PGCL), D poly(i-lactic
acid-glycolic acid) (PLGA). Original magnification x200

Results
Cell morphology

Cells were aggregated as high-density micromass cultures
2h after cell spotting. After 4 weeks of culture, the
chondrocytes mainly formed a uniform sheet of chondro-
genic cells with nodules. The cartilage nodules were first
observed in the first week of the culture. These nodules
were better visualized by staining the proteoglycans with
alcian blue after 4 weeks of culture. The control cells
showed less nodule formation and they were poorly defined
(Fig. 1A). The cultures exposed to the PGA and PLGA had
more distinct nodules and greater numbers of nodule for-
mations than the controls (Figs. 1B and 1D). The nodules
formed in the culture exposed to PGCL were less distinct
and fewer in number than the nodules in the cultures ex-
posed to PGA and PLGA, but were more distinct and nu-
merous than the nodules of the control cultures (Fig. 1C).
After alcian blue staining, light microscopic examination
also revealed that PGA-, PGCL-, and PLGA-treated cul-
tures contained denser extracellular matrix (ECM) than the
controls. Cells extended from the edge of all micromass
cultures, and the extending cells were spindle-shaped.

Cell proliferation assay

The proliferation rates of all the matrices are shown in Fig.
2, with error bars representing the standard deviation of
the mean. All values for the samples exposed to the
biomaterials were expressed as a percentage of the control
average value, which was taken as 100%. The effect of
DMSO on cell proliferation was not significant (99.3% =+
1.6%). The cell proliferations for PGA, PGCL, and PLGA

187

120

100 +

80 +

40 +

20 +

Fiuorescence O.D. (% of control)
(@)}
[aw]

PGA
PGCL
PLGA

T3
g =
S A

P(LA-CL)25
PCL(Ti)
C-60 DMA

Fig. 2. Cell proliferation of human articular chondrocytes as deter-
mined by alamar blue assay after culturing with synthetic biodegrad-
able polymers for 4 weeks. The proliferation in all samples exposed to
dimethyl sulfoxide (DMSO) and biomaterials were calculated as a
percentage: of control values. P(LA-CL)25, poly(i-lactic acid-g-
caprolactone) 75:25 (w/w); PCL(Ti), poly-g-caprolactone (tetrabutoxy
titanium); C-60 DMA, fullerene C-60 dimalonic acid. *P < 0.05 and
error bars represent standard deviations of the mean

were fairly parallel to that of control cell proliferation. The
cell proliferation for P(LA-CL)25, PCL(Ti), and fullerene
C-60 DMA. were significantly inhibited compared to the
control. The inhibitions for P(LA-CL)25 and fullerene C-60
DMA were mainly due to the small variation of the stan-
dard deviation. Despite being significantly different from
the control, both proliferation values were fairly close to the
control proliferation value.

Therefore, from the standpoint of cell proliferation, all
materials except for PCL(Ti) remained viable candidates
for tissue engineering. The values of cell proliferation for
the samples exposed to PGA, PGCL, PLGA, P(LA-CL)25,
PCL(Ti), and fullerene C-60 DMA were 101% % 2.7%,
101.6% * 2.2%, 103.5% + 4.8%, 93.2% + 1.4%, 84.3%
5.1%, and 93.6% = 3.7%, respectively.

Proteoglycan synthesis

The proteoglycans bound with alcian blue were extracted
with 4-M guanidine hydrochloride. Their levels were ex-
pressed as a percentage of the average control value, which
was taken as 100% (Fig. 3). The intensity of alcian blue
staining was found to be higher in PGA-, PGCL-, and
PLGA-containing cultures than in the control culture.
Among the biomaterials, PGA caused a significant 3.1-fold
increase in cartilage proteoglycans compared to the control
(P < 0.05). The samples exposed to PGCL (1162% =+
10.1%) and PLGA (128.4% =+ 11.1%) also produced
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Fig. 3. Cartilage proteoglycan content of human articular

chondrocytes as determined by the alcian blue staining method after
culturing with synthetic biodegradable polymers for 4 weeks. The val-
ues are expressed as a percentage of control values. *P < 0.05 and
P < 0.01

significantly higher cartilage proteoglycans than the control.
Copolymers P(LA-CL)25 (92.7% + 10.5%) and PCL(Ti)
(90.8% *9.1%) did not induce significant changes in carti-
lage proteoglycans compared to the control. Fullerene C60
DMA acted as a potent inhibitor (66.1% + 4.7%) and
caused a significant inhibition of cartilage proteoglycans
(P < 0.01) compared to the control. The effect of DMSO
(96% + 1.1%) on cell differentiation was negligible.

Extracellular matrix gene expression

RT-PCR and corresponding National Institutes of Health
(NIH) image analysis showed that all matrices consistently
supported the expression of the collagen type II gene and
that the PGA matrix had the strongest induction (Fig. 4).
Slight increases in expression of the collagen type II gene
were noted with PGCL, PLGA, and P(LA-CL)25 matrices.
Expression of the collagen type II gene for fullerene C60
DMA was similar to the control. The PGA matrix also
showed the strongest induction of the aggrecan gene (Fig.
5). Aggrecan gene expression was slightly increased in
PGCL and PLGA matrices. The P(LA-CL)25 matrix
caused an expression of this gene similar to that of the
control, but the fullerene C60 DMA matrix caused de-
creased expression of this gene.

Expression of gap junction protein connexin 43 gene

To determine the expression of gap junctions during in vitro
chondrocyte differentiation, RT-PCR and corresponding
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Collagen type II/GAPDH

Fig. 4. Reverse transcription polymerase chain reaction (RT-PCR)
analysis (A) and National Institutes of Health (NIH) image analysis
quantitation of RT-PCR bands (B). In both figures, the level of col-
lagen type-I1 gene expression was represented by the mRNA level of 4-
week cultured human articular chondrocytes treated with different
types of biodegradable polymers. The mRNA expression of house-
keeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used for comparing the level of expression. A Lane 1, Control; lane
2, PGA,; lane 3, PGCL; lane 4, PLGA; lane 5, P(LA-CL)2S5; lane 6,
Fullerene C-60 DMA. B Bar 1, Control; bar 2, PGA; bar 3, PGCL; bar
4, PLGA,; bar 5, P(LA-CL)25; bar 6, Fullerene C-60 DMA
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Fig. 5. RT-PCR analysis (A) and National Institutes of Health (NIH)
image analysis quantitation of RT-PCR bands (B). In both figures, the
level of aggrecan gene expression was represented by the mRNA level
of 4-week cultured human articular chondrocytes treated with different
types of biodegradable polymers. The mRNA expression of house-
keeping gene GAPDH was used for comparing the levels of expres-
sion. Lanes and bars as defined in Fig. 4
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Fig. 6. RT-PCR analysis (A) and National Institutes of Health (NIH)
image analysis quantitation of RT-PCR bands (B). In both figures, the
level of connexin 43 gene expression was represented by the mRNA
level of 4-week cultured human articular chondrocytes treated with
different types of biodegradable polymers. The expression of GAPDH
mRNA was used as an internal control. Lanes and bars as defined in
Fig. 4

NIH image analysis was performed with connexin 43 in 4-
week cultured human articular chondrocytes treated with
various biodegradable biomaterials. Cx43 expression was
normalized by comparison to the expression of GAPDH.
Figure 6 shows that PGA induced the highest level of Cx43
mRNA expression, and a decreased level of expression was
noted in the PLGA- and PGCL-treated cultures. A faint
expression for P(LA-CL)25- and almost zero expression for
fullerene C-60 DMA-treated cultures were observed.

Multiple regression analysis

Using multiple regression analysis, the correlation was
investigated between cartilage proteoglycan production
by the alcian blue method and the three gene expression
levels. There was a high correlation between cartilage
proteoglycan production and the three gene expression
levels (data not shown).

Discussion

The evolution of new biodegradable polymers has drawn
much attention in recent years, mainly because of growing
application in clinical use. PCL is being utilized for biomedi-
cal applications such as controlled drug delivery systems™
and also as surgical implants in rabbits.* Just as for PGA
and PLLA, PCL degrades to a naturally occurring metabo-
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lite, 6-hydroxyhexanoic acid. To date, research to improve
materials and the bioactivity of materials for tissue engi-
neering has centered on PGA and PLLA; however, a short
resorption time and low strength characteristics are two
major drawbacks of these biodegradable materials. To
widen the spectrum of biomaterial choices in tissue engi-
neering, we investigated a copolymer of PGA and PCL,
namely, PGCL, and copolymers of PLLA and PCL namely,
P(LA-CL)25, PCL(Ti), and fullerene C60 DMA. To com-
pare the bioactivity of these materials with commonly used
materials, PGA and PLGA were included in this study. We
also included PCL(Sn), synthesized using stannous 2-ethyl
hexanoate as the catalyst, in our initial study, but following
overnight culture after cell spotting, the cells were detached
as a white condensed mass from 15 of 16 PCL(Sn)-coated
glass wells in repeated studies. Therefore, PCL(Sn) was
excluded from this study. Cells were also detached from 8
(50%) of a total of 16 glass wells coated with PCL(Ti). Thus,
both PCL(Ti) and PCL(Sn) matrices were harmful to the
cell attachment process. Decreased attachment of human
articular chondrocytes with PCL matrix was previously re-
ported.” After culture periods of 4 weeks, cell proliferation
was significantly inhibited by the PCL(Ti) matrix, and to-
gether with its poor cell attachment ability, this ruled out
PCL(Ti) as a matrix for future chondrocyte culture. The
significant inhibition of cell proliferation by P(LA-CL)25
and fullerene C60 DMA matrices was a result of their nar-
row range of standard deviation, but, with proliferation
levels of 93% of that for the control, they remain feasible
candidates for tissue engineering biomaterials. Other matri-
ces had comparable cell proliferation to the control.

During differentiation, chondrocytes secrete extracellu-
lar matrix (ECM) molecules characteristic of cartilage, such
as type II collagen, aggrecan, and link protein, offering an
environment that preserves the chondrocyte phenotype.
Therefore, chondrocytes are defined both by their morphol-
ogy and their ability to produce these characteristic ECM
molecules. Collagen type II is regarded as the most impor-
tant component among the ECM molecules. Previous study
detected type II collagen as early as 7 days after beginning
3-D culture, and at 21 days, the matrix of the entire aggre-
gate contained type II collagen.”” Among the ECM mol-
ecules, aggrecan is a major proteoglycan.® It has been
reported that in chick cartilage, aggrecan expression starts
at embryonic day 5 in limb rudiments, continues through
the entire period of chondrocyte development, and remains
a biochemical marker of the cartilage phenotype
thereafter.”

In this study, we demonstrated good cell differentiation
with the formation of cartilaginous nodules on culture
plates by alcian blue staining, which is commonly used for
identification of cartilage, and by expression of ECM mol-
ecules collagen type I and aggrecan. The morphology after
the designated culture period revealed that cells aggregated
on the culture plate and formed cartilaginous nodules (Fig.
1). These nodules were first observed after 1 week of culture
and progressively became denser as culture continued.
These nodules contained copious amounts of ECM, which
became stained intensely with alcian blue. The greatest cell



