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Abstract: Articular cartilage has limited potential for re-
pair. Current clinical treatments for articular cartilage dam-
age often result in fibrocartilage and are associated with joint
pain and stiffness. To address these concerns, researchers
have turned to the engineering of cartilage grafts. Tissue
engineering, an emerging field for the functional restoration
of articular cartilage and other tissues, is based on the utili-
zation of morphogens, scaffolds, and responding progeni-
tor/stem cells. Because articular cartilage is a water-laden
tissue and contains within its matrix hydrophilic proteogly-
cans, an engineered cartilage graft may be based on syn-
thetic hydrogels to mimic these properties. To this end, we
have developed a polymer system based on the hydrophilic
copolymer poly(propylene fumarate-co-ethylene glycol)
[P(PF-co-EG)]. Solutions of this polymer are liquid below
25°C and gel above 35°C, allowing an aqueous solution
containing cells at room temperature to form a hydrogel
with encapsulated cells at physiological body temperature.
The objective of this work was to determine the effects of the

hydrogel components on the phenotype of encapsulated
chondrocytes. Bovine articular chondrocytes were used as
an experimental model. Results demonstrated that the com-
ponents required for hydrogel fabrication did not signifi-
cantly reduce the proteoglycan synthesis of chondrocytes, a
phenotypic marker of chondrocyte function. In addition,
chondrocyte viability, proteoglycan synthesis, and type 1II
collagen synthesis within P(PF-co-EG) hydrogels were inves-
tigated. The addition of bone morphogenetic protein-7 in-
creased chondrocyte proliferation with the P(PF-co-EG) hy-
drogels, but did not increase proteoglycan synthesis by the
chondrocytes. These results indicate that the temperature-
responsive P(PF-co-EG) hydrogels are suitable for chondro-
cyte delivery for articular cartilage repair. © 2004 Wiley
Periodicals, Inc. ] Biomed Mater Res 71A: 268-274, 2004
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INTRODUCTION

Native articular cartilage is a durable long-lasting
tissue, with an extracellular matrix consisting mostly
of proteoglycans and type II collagen. Cartilage matrix
proteoglycans, most notably aggrecan, are negatively
charged molecules that induce both a repelling force,
due to charged proteoglycans repulsion of negatively,
and an osmotic swelling force, as water moves into the
tissue to ensure electroneutrality.! The resulting stress
that is induced in articular cartilage allows the tissue
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to withstand large loads by virtue of the matrix’s
tensile strength and the exudable water held within
the tissue. As a result, articular cartilage possesses
significant mechanical properties, with a compressive
modulus of 0.79 MPa, a shear modulus of 0.69 MPa,
and a tensile modulus varying between 0.3 and 10.2
MPa.” Nevertheless, mechanical loads may be applied
to articulating joints with such great magnitude and
swift rate, that cartilage is not able to accept the force
and thus fails by either surface or both surface and
subchondral bone disruption.

The surgical options for articular cartilage repair
typically include graft implantation and subchondral
bone microfractures. Grafting procedures entail the
implantation of autologous osteochondral plugs, allo-
grafts, periosteal grafts, and perichondrial grafts.3
Subchondral bone penetration procedures include
subchondral drilling, microfracture, and spongializa-
tion. Thus, although both procedures rely on growth
factors, differentiated cells, and pluripotent mesen-
chymal cells to repair the damaged site, the grafting
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strategies implant these participants directly, whereas
subchondral bone penetration methods initiate their
migration from the underlying bone.* Unfortunately,
the clinical outcomes of these treatments often result
in the formation of fibrocartilage and are associated
with joint pain and stiffness. The inadequacies of cur-
rent treatments for articular cartilage defects have led
us and others to consider the development of articular
cartilage grafts by following the principles of tissue
engineering.

The properties of an ideal engineered articular car-
tilage graft include biocompatibility, mechanical
strength, and implantability. Furthermore, the graft
typically would contain encapsulated chondrocytes
for the reconstruction of the damaged tissue matrix,
and therefore must be able to deliver a viable and
functional cell population. Thus, the graft must not
disturb the chondrocyte’s native phenotype. It was
shown more than 20 years ago that the phenotype of
chondrocytes includes a rounded cell morphology,
type II collagen synthesis, and glycosaminoglycan
synthesis.”® This phenotype can be maintained in vitro
by controlling cell shape, either by supplementing the
media with growth factors or through physical means,
such as high-density culture or, most relevant to this
discussion, suspension culture.”® In addition, the graft
must also be permeable enough to allow for cell nour-
ishment, but dense enough to maintain its shape and
provide structural support both to the surrounding
cartilage and the subchondral bone. Finally, such a
graft would be degradable, so as to leave uninter-
rupted, regenerated articular cartilage tissue.

The strategy that we seek to develop for the treat-
ment of articular cartilage defects involves the injec-
tion of a chondrocyte suspension into the defect site.
The chondrocytes would be initially held within a
solution containing the temperature-sensitive, poly-
(propylene fumarate-co-ethylene glycol) [P(PF-co-EG)]
copolymer which, when exposed to the in vivo 37°C
environment, forms a hydrogel by the association of
the copolymer chains. This study explores the efficacy
of this system. Specifically, we seek to determine the
effects of the hydrogel components and hydrogel sus-
pension culture on chondrocyte phenotype, as well as
bone morphogenetic protein-7 (BMP-7) augmentation
of chondrocyte phenotype within hydrogel suspen-
sion culture.

MATERIALS AND METHODS

Chondrocyte isolation and culture

Fresh cartilage was harvested from the metatarsal phalan-
geal joint of calves, washed three times in Dulbecco’s mod-
ified Eagle medium (DMEM)/F12 (1:1) media (Gibco, Carls-
bad, CA), and digested in a 0.2% collagenase P (Sigma-
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Aldrich, St. Louis, MO) DMEM/F12 (1:1) media solution
overnight at 37°C. Released chondrocytes were then filtered
with a 70-pm nylon mesh, washed three times in media with
10% fetal bovine serum (Gibco), and then allowed to recover
from the enzyme digestion for 2 h in serum-supplemented
media. Standard culture conditions included DMEM/F12
media with 50 pg/mL ascorbic-2-phosphate (Sigma-Al-
drich), 1 mg/mL bovine serum albumin (Sigma-Aldrich), 1.2
mg/mL sodium bicarbonate (Sigma-Aldrich), 1% penicillin/
streptomycin (Gibco), and 10% fetal bovine serum (Gibco).
In some cultures, BMP-7 (a gift from Dr. David Rueger,
Creative Biomolecules) was also added to the culture media
at concentrations ranging from 10 to 100 ng/mL. Cell via-
bility was assessed using methylthiazolyldiphenyl-tetrazo-
lium bromide (MTT, Sigma-Aldrich), where 200 nL of 5 mg
MTT/mL phosphate-buffered saline was added to the cul-
ture and incubated for 2 h. MTT stain intensity was quanti-
fied using National Institutes of Health Image software.

Copolymer synthesis and hydrogel fabrication

P(PF-co-EG) was synthesized by the copolymerization of
poly(propylene fumarate) (2000 g/mol), itself a polyester
synthesized from diethyl fumarate (Acros, Fairlawn, NJ) and
propylene glycol (Acros), and methoxy poly(ethylene gly-
col) (550 g/mol, Sigma-Aldrich), as previously described.®’
P(PF-co-EG) hydrogels were formed by first dissolving the
copolymer (0.05 g/mL) and glycerol (0.3 mL/mL) into
DMEM/F12 media; the solution was subsequently brought
to pH 7.4. When placed in a 37°C environment, the solution
formed a thin hydrogel. All cultures were performed with
10 X 10° chondrocytes per milliliter of copolymer solution.

To form a P(PF-co-EG) hydrogel containing bovine chon-
drocytes, the procedure indicated above was first performed
so as to form a cell-free hydrogel on the bottom of the tissue
culture polystyrene (TCPS) dish; this was necessary to en-
sure that the chondrocytes did not attach to the TCPS. Next,
chondrocytes were suspended within the copolymer/media
solution and then added above the cell-free P(PF-co-EG)
hydrogel. After incubation, a hydrogel with encapsulated
chondrocytes was formed. To remove the copolymer hydro-
gel from the constructs for the assays described below, the
construct was placed in a 4°C refrigerator for 10 min. The
reduced temperature environment allows the temperature-
sensitive hydrogel to dissolve.

Control hydrogel constructs

Chondrocytes were cultured in agarose and alginate gels
as control groups. For agarose hydrogels, a 4% agarose
(BioRad, Hercules, CA) aqueous mixture was autoclaved to
form an aqueous agarose solution. One milliliter of the pure
agarose solution, warmed to 37°C, was added to the TCPS
dish and subsequently refrigerated for 10-15 min to allow
the solution to gel. A cell-free hydrogel layer is required so
that hydrogel-encapsulated chondrocytes do not attach to
the underlying TCPS. Next, a separate agarose solution was
added to pelleted chondrocytes, the chondrocytes were sus-
pended within this agarose solution, and then the suspen-
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TABLE I
Primer Sequences for Quantitative RT-PCR Assays
Protein Segment Sequence
Type II collagen Forward primer GCATTGCCTACCTGGACGAA
Reverse primer CGTTGGAGCCCTGGATGA

Probe

Fibronectin Forward primer
Reverse primer
Probe

GAPDH Forward primer

Reverse primer
Probe

TGCTGGCAACCTCAAGAAGGCTCTG
GGCATTGATGAAGAACCCTTACAG
GGTGAGGCCCGTCAAGGT
CCGAGTTCCTGGAACCTCTGCTAGTGC
GGCGCCAAGAGGGTCAT
GTGGTTCACGCCCATCACA
TCTGCACCTTCTGCCGATGCCC

sion was added above the cell-free agarose hydrogel. This
agarose solution containing chondrocytes was then gelled
by refrigeration. Finally, for the assays described below, the
agarose hydrogel was removed from the construct by phys-
ical disruption.

For the alginate hydrogels, a 1.2% alginate (Sigma-Al-
drich) aqueous solution with 0.15M NaCl and 0.025M
HEPES (Sigma-Aldrich) was first created (pH 7.4). This so-
lution was then autoclaved and subsequently filter steril-
ized. One milliliter of the alginate solution was added to the
TCPS dish and gelled by the addition of 0.15 mL of 0.10M
CaCl, (Sigma-Aldrich). The gel was allowed to set for 10-15
min. This cell-free hydrogel layer is required so that hydro-
gel-encapsulated chondrocytes do not attach to the under-
lying TCPS. Next, a separate alginate solution was added to
pelleted chondrocytes, the chondrocytes were suspended
within this alginate solution, and the suspension was added
above the cell-free alginate hydrogel. This alginate solution
containing chondrocytes was also gelled with the addition of
0.15 mL of 0.10M CaCl,. Finally, the addition of 0.5 mL of 1.0
mM ethylenediaminetetraacetic acid allowed for easy re-
moval of the alginate hydrogel from the construct for the
assays described below.

All cultures were performed with 10 X 10° chondrocytes
per milliliter of either agarose or alginate.

Proteoglycan synthesis assay

Proteoglycan synthesis was assessed by measuring the
amount of radioactive >S incorporated into matrix proteins
by cultured chondrocytes. First, 40 upCi/mL S
(PerkinElmer, Wellesley, MA) in the form of sodium sulfate
was added to the chondrocyte culture and incubated for 4 h.
Free *S was removed by phosphate-buffered saline washes
and then 10% serum-supplemented DMEM/F12 media was
added to the culture. After disruption of the sample (as
described above), the sample and media were centrifuged.
The supernate was removed by aspiration and the sample
incubated in a proteinase K solution (Sigma-Aldrich, 10
mg/12 mL TE buffer) overnight at 56°C. After digestion, a
200-uL sample, followed by 1.5 mL of elution buffer (4M
guanidine HCI, 0.050M sodium acetate, 0.5% Triton-X; all
Sigma-Aldrich), was added to a Sephadex column. The elu-
ate, which contains *°S incorporated into primarily sulfated
glycosaminoglycans, was collected from the column and 18
mL of scintillation cocktail was added to the eluted sample,
which was subsequently read with a LS 6500 Scintillation

Counter (Beckman Coulter, Fullerton, CA). Radioactivity
was normalized to DNA content, which was determined by
a picogreen DNA assay (Molecular Probes, Eugene, OR).

RNA isolation

Total RNA was isolated from experimental samples using
a RNeasy Mini Kit (Qiagen, Valencia, CA). Initially, experi-
mental samples were collected and the hydrogel matrix was
removed as described above. Following established proce-
dures, the chondrocytes were lysed and the DNA was di-
gested using a 15-min RNase-free DNase I treatment (Qia-
gen). The RNA was then isolated and collected in RNase-
free water.

Quantitative reverse transcriptase polymerase chain
reaction (RT-PCR)

Quantitative RT-PCR was performed using a TagMan EZ
RT-PCR kit (Applied Biosystems, Foster City, CA) as well as
oligonucleotide primers and probes for type II collagen,
fibronectin, and GAPDH control (Applied Biosystems). The
primer and probe sequences are detailed in Table I. The
reaction was conducted on an ABI Prism 7700 sequence
detector (Applied Biosystems), using thermal cycling condi-
tions of 2 min at 50°C, 30 min at 60°C, 5 min at 95°C, and 40
cycles of 20 s at 94°C and 1 min at 62°C. Each RNA sample
was studied in triplicate for each mRNA of interest.

Statistical analysis

Sets of data were first inspected with an F-test for treat-
ments.'” The null hypothesis, that the means of each set
were equal, was evaluated with a 95% confidence level (o =
0.05). If the null hypothesis was found to be false, indicating
that the means of the different experimental treatment sets
were not equal, then Tukey’s multiple comparison test was
performed.ll Tukey’s multiple comparison test then indi-
cated, in a pair-wise manner, the relationship between the
different sets.
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RESULTS

Initial studies examined the effects of P(PF-co-EG)
and glycerol addition to culture media upon the sub-
sequent 4 h of proteoglycan synthesis by freshly iso-
lated chondrocytes cultured in monolayer on TCPS
[Fig. 1(A)]. The addition of P(PF-co-EG) was studied at
concentrations varying from 0.1 to 5.0 wt %, where 5.0
wt % copolymer is used in the fabrication of the P(PF-
co-EG) hydrogels. Similarly, the addition of glycerol
was studied at concentrations varying from 1 to 30 vol
%, where 30 vol % glycerol is used in hydrogel fabri-
cation. Results showed that chondrocytes are viable in

Prateoghycan Synthesis (cpming DMA)

Media

BMP-T

5% Copolymer
3% Copolymer
0.1% Copriymer
3% Blyceral
10% Glyceral
3% Glyceral

1% Glycerol

(B)

Figure 1. (A) The effect of P(PF-co-EG) hydrogel compo-
nents, namely, the P(PF-co-EG) copolymer and glycerol, on
the proteoglycan synthesis of chondrocytes cultured in
monolayer for 4 h on TCPS. Results showed that the general
trends of increasing copolymer concentration and decreas-
ing glycerol concentrations result in an increase in proteo-
glycan synthesis. Only the highest concentration of copoly-
mer (5 wt %) showed a statistically significant increase in
proteoglycan synthesis over the normal media and BMP-7-
augmented media controls. The mean and standard devia-
tion (n = 3) are reported. (B) Micrograph of chondrocytes
cultured in monolayer with 30 wt % glycerol.
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Figure 2. Chondrocyte proliferation as assessed by MTT
stain intensity, in the experimental P(PF-co-EG) copolymer
hydrogels as well as the control alginate and agarose hydro-
gels after 8 days of culture. Chondrocyte proliferation within
the P(PF-co-EG) hydrogels was found to be at an intermedi-
ate level between the two control groups. The mean and
standard deviation (n = 3) are reported.

media augmented with up to 5 wt % copolymer and
30 vol % glycerol [Fig. 1(A,B)]. Results also indicated a
general trend of increasing proteoglycan synthesis
with increasing P(PF-co-EG) copolymer concentration
in the culture media. Alternatively, a general trend of
decreasing proteoglycan synthesis was observed
when glycerol concentration was increased from 1 to
10 vol %. Although the mean proteoglycan synthesis
in 30 vol % glycerol cultures was higher than that in
the 10 vol % cultures, it was not significantly different
than in any of the other glycerol cultures. Only the
highest concentration of copolymer (5 wt %) showed a
statistically significant increase in proteoglycan syn-
thesis over the normal media and BMP-7-augmented
media control groups (p < 0.0003). The addition of
BMP-7 to the DMEM/F12 media did not significantly
increase proteoglycan synthesis over the unaug-
mented-media control culture during the 4-h incuba-
tion.

Further studies examined bovine articular chondro-
cytes at days 1 and 8 when cultured within P(PF-co-
EG), agarose, and alginate hydrogels. Results showed
that chondrocyte proliferation after 8 days of culture
within P(PF-co-EG) hydrogels was at a level between
that in alginate and agarose hydrogels (Fig. 2). How-
ever, proteoglycan synthesis was significantly lower
in P(PF-co-EG) hydrogels than in the alginate and
agarose hydrogels after both 1 and 8 days of culture
[Fig. 3(A)]. The addition of BMP-7 did not significantly
alter the level of proteoglycan synthesis in any case
[Fig. 3(B)]. Furthermore, chondrocytic expression of
extracellular matrix proteins was studied in these hy-
drogels, showing that chondrocytes cultured within
P(PF-co-EG) produced 25% of the type II collagen and
44% of the fibronectin produced by chondrocytes cul-
tured in agarose hydrogels (Fig. 4).
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Figure 3. Chondrocytic proteoglycan synthesis with P(PF-
co-EG), agarose, and alginate hydrogels after 1 and 8 days of
culture in normal DMEM/F12 media (A) and DMEM/F12
media with 100 ng/mL BMP-7 (B). Proteoglycan synthesis
was reduced in the P(PF-co-EG) hydrogels compared with
the two control hydrogels and the addition of BMP-7 did not
significantly alter this response. The mean and standard
deviation (n = 3) are reported.

Final studies investigated the effects of BMP-7 con-
centration (from 1 to 100 ng/mL) on extracellular ma-
trix production when cultured in P(PF-co-EG) hydro-
gels. Results showed that increasing BMP-7
concentration improved cell viability, with the highest
levels of BMP-7 (100 ng/mL) resulting in a statistically
significant (p < 0.039) increase in cell viability over
normal media [Fig. 5(A)]. At this level of BMP-7 con-
centration, however, proteoglycan synthesis was
found to be significantly lower than when cultured in
normal media (p < 0.010), with a general trend of
increasing BMP-7 concentrations resulting in de-
creased proteoglycan synthesis [Fig. 5(B)].

DISCUSSION

Articular cartilage disruption due to trauma is a
significant clinical concern because of the paucity of
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inherent healing by the tissue. Clinical treatments of-
ten lead to the formation of fibrocartilage and are
associated with discomfort, pain, and lack of mobility
in the articulating joint. We have investigated the use
of a temperature-sensitive hydrogel for the delivery of
articular chondrocytes and morphogens to the defect
site as a means for cartilage repair. The objectives of
this work were to determine the effects of (1) hydrogel
components on chondrocyte phenotype, (2) hydrogel
suspension culture on chondrocyte phenotype, and (3)
BMP-7 augmentation of chondrocyte phenotype
within hydrogel suspension culture.

The results of this initial study show that the P(PF-
co-EG) hydrogels show promise as a delivery vehicle
for chondrocyte transplantation. The initial study in-
vestigated the effect of the components necessary for
hydrogel fabrication on the proliferation and function
of the entrapped chondrocytes. Results showed that
the addition of either the copolymer or glycerol to the
culture media did not cause a decrease in proteogly-
can synthesis [see Fig. 1(A,B)]. The successful augmen-
tation of the cell culture media with glycerol was
cautiously expected, because the use of glycerol for
cryopreservation and specifically cartilage graft pres-
ervation, has been previously examined.'*'*

The next series of experiments sought to compare
the chondrocyte’s phenotypic expression of proteogly-
cans and type II collagen when cultured in the P(PF-
co-EG) hydrogels to that seen in the control alginate
and agarose hydrogels. Both alginate and agarose hy-
drogels have been studied as suspension culture ma-
terials for chondrocytes, and generally promote in vivo
chondrocyte function despite their in vitro environ-
ment.®'>"'? Results showed that chondrocyte prolifer-
ation within the P(PF-co-EG) hydrogels was compara-
ble to that in agarose and alginate hydrogels (see Fig.

| Fibronectin

OType Il Collagen

Fold Change

I .

Copolymer Agarose Alginate
Figure 4. Type II collagen and fibronectin synthesis by
bovine articular chondrocytes after 8 days of culture in
P(PF-co-EG), agarose, and alginate hydrogels, as measured
by quantitative RT-PCR. Type II collagen synthesis by chon-
drocytes cultured in P(PF-co-EG) hydrogels was 14% of that
seen in alginate hydrogels and 25% of that seen in agarose
hydrogels. The mean and standard deviation (n = 3) are
reported.
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Figure 5. The effect of BMP-7 addition on chondrocyte
proliferation and proteoglycan synthesis when cultured
within P(PF-co-EG) hydrogels. Results showed the expected
increase in chondrocyte proliferation and decrease in pro-
teoglycan synthesis as BMP-7 concentration was increased
from 0 to 100 ng/mL. The mean and standard deviation (n =
3) are reported.

2). Furthermore, the results confirm that chondrocytes
cultured within the P(PF-co-EG) hydrogels produce
significant levels of both proteoglycans and type II
collagen. However, proteoglycan synthesis at both
day 1 and day 8 as well as the type II collagen syn-
thesis at day 8 were significantly lower than that in the
control settings [see Figs. 3(A) and 4]. Specifically,
type II collagen synthesis was 14% of that seen in
alginate hydrogels and 25% of that seen in agarose
hydrogels. The addition of BMP-7 to these cultures did
not significantly alter the proteoglycan synthesis, re-
gardless of the hydrogel used for chondrocyte encap-
sulation [Fig. 3(B)].

The well-known role of BMPs in skeletal tissue for-
mation, repair, and regeneration led us to investigate
whether BMP-7 could improve chondrocyte viability
in the P(PF-co-EG) hydrogels.”?°~2? Thus, the effects of
BMP-7 concentration on chondrocyte viability and
proteoglycan synthesis were examined. Here, the re-
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sults show an expected increase in chondrocyte pro-
liferation with increasing BMP-7 concentration [Fig.
5(A)]. Furthermore, the chondrocyte proliferation was
confirmed by the decrease in proteoglycan synthesis
with increasing BMP-7 concentration [Fig. 5(B)], as
gene expression shifted from an extracellular matrix
production scheme to a cellular division scheme.
Thus, the results presented herein show the BMP-7 is
effective in expanding chondrocyte population when
cultured within P(PF-co-EG) hydrogels. Additional in-
creases in extracellular matrix production would
likely require continued incubation of the expanded
chondrocyte population. The results suggest that the
P(PF-co-EG) hydrogels are a promising construct for
chondrocyte encapsulation, suspension culture, and
subsequent delivery to articular cartilage defects.
These purely synthetic constructs form without the
use of a crosslinking agent and thus are able to sustain
a significant level of articular chondrocyte prolifera-
tion and function.

CONCLUSION

We have developed a synthetic, temperature-re-
sponsive polymer system suitable for chondrocyte de-
livery to articular cartilage defects. This system, based
on the copolymer P(PF-co-EG), gels at 37°C, entrap-
ping the suspended chondrocytes within the hydrogel
matrix. Results indicated the components involved in
the hydrogel fabrication do not significantly reduce
the chondrocyte’s phenotypic expression of proteogly-
cans. Chondrocyte viability was confirmed in the
P(PF-co-EG) hydrogels. The addition of the morpho-
gen BMP-7 increased chondrocyte proliferation within
the hydrogels in a dose-dependent manner. Thus, the
results show that these P(PF-co-EG) hydrogels are vi-
able biomaterials for the engineering of articular car-
tilage grafts.

This work was supported by Lawrence Ellison Chair En-
dowment for Musculoskeletal Molecular Biology and Re-
generative Medicine as well as a grant from the National
Institutes of Health to A. G. Mikos.
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