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Abstract

Hydrogels are highly swollen, insoluble networks which can entrap chondrocytes and provide a 3-D environment necessary for
the re-growth of cartilaginous tissue. In this study, hydrogels were formulated with a synthetic poly(ethylene glycol) (PEG) compo-
nent to provide control over the macroscopic gel properties and from a cartilage specific compound, chondroitin sulfate (ChSA), to
capture features of the chondrocytes’ native environment. PEG was chosen as the base hydrogel chemistry, because it forms a 3-D
environment that maintains chondrocyte function. ChSA, a highly negatively charged main component of proteoglycans, was then
selectively incorporated into the PEG gel. Macroscopic gel properties were manipulated to obtain high compressive moduli coupled
with a high degree of swelling by formulating copolymer gels with these chemistries. The gel compressive modulus of cell-free PEG
gels increased from 34 to 140 kPa with the incorporation of ChSA for similar degrees of swelling. When chondrocytes were encap-
sulated in pure ChSA gels, synthesis of collagen and glycosaminoglycans was inhibited. However, when PEG was introduced into
the copolymer gels, both extracellular matrix components were stimulated. Total collagen content increased from non-detectable in
the pure ChSA gels to 0.48 + 0.05 mg/g wet weight in the copolymer gels (40/60 ChSA/PEG). Gene expression for collagen type 11
was also enhanced by the incorporation of PEG into the gel, illustrating an important influence of gel chemistry on chondrocyte
function; however, aggrecan gene expression was unaffected. This study demonstrates that the macroscopic properties of chondro-
cyte gel carriers can be controlled through the incorporation of charge into networks by ChSA, but the neutral, non-interactive base
PEG chemistry facilitates extracellular matrix deposition.
© 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Numerous chemistries derived from both natural and
synthetic polymers have been used to develop cell-carri-
ers for cartilage tissue engineering. Prefabricated scaf-
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folds prepared from poly(glycolic acid) (PGA), poly
(L-lactic acid) (PLLA), and their copolymers (PLGA)
have been extensively investigated as promising scaffolds
for regenerating cartilaginous tissue [1-3]. Alternatively,
approaches to create 3-D environments that emulate the
natural environment of cartilage offer biomimetic cell
matrices. For example, chondrocytes have been seeded
onto porous scaffolds formulated from type I colla-
gen—glycosaminoglycan (GAG) copolymers [4], type 11
collagen [4], and hyaluronic acid, a molecule that makes
up the backbone structure of proteoglycans [5,6]. The
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scaffold chemistry is an important component in the
scaffold design and can influence chondrocyte metabo-
lism; for example, canine chondrocytes seeded onto type
IT collagen scaffolds had higher biosynthetic activity
than cells seeded onto type I collagen-GAG scaffolds [4].

An alternative scaffold approach uses in situ forming
hydrogels that simultaneously serve as an injectable car-
rier while providing a 3-D niche to support cell function.
A variety of chemistries have been used to form hydro-
gels in the presence of chondrocytes and successfully
generate cartilaginous tissue, e.g. natural polymers de-
rived from alginate [7] and fibrin glue [8,9]. However,
to develop cell-type specific carriers, an important de-
sign feature may be the incorporation of components
that mimic the native extracellular matrix (ECM) of car-
tilage. For example, hyaluronic acid has been modified
by esterification to form hydrogels for chondrocyte car-
riers [10,11]. Chondrocytes cultured in monolayer on
chondroitin sulfate modified chitosan membranes main-
tained their phenotype, as seen by the production of
proteoglycans and type II collagen [12].

Although natural based hydrogels provide an envi-
ronment that facilitates ECM formation, the gel proper-
ties are often limited and typically inferior to that of
native articular cartilage [13,14]. In contrast, synthetic
hydrogels provide the unique advantage of greater con-
trol over the macroscopic gel properties. We are partic-
ularly interested in multifunctional macromers that can
be copolymerized using a photoinitiation process to
form hydrogels. Photoinitiated polymerization of
hydrogels utilizes light to convert liquid macromer solu-
tions to solid gels at physiological temperature and pH
with spatial and temporal control over the initiation
reaction. Furthermore, photocrosslinkable macromers
can be easily synthesized from a variety of chemistries,
and gels with tailored chemistries can be fabricated by
simple changes in the initial macromer compositions in
solution and subsequent copolymerization.

In this study, hydrogels were formulated from
macromers containing a synthetic poly(ethylene glycol)
(PEG) component to control the hydrogel properties
and a natural chondroitin sulfate (ChSA) component
to emulate the native cartilage environment. PEG was
chosen for the base hydrogel chemistry, because it can
easily be modified with photopolymerizable and cross-
linkable groups to form a 3-D matrix which maintains
chondrocyte viability and promotes the deposition of
ECM rich in proteoglycans and type II collagen
[15,16]. Several groups have modified ChSA with photo-
crosslinkable groups [17,18] which allows it to be selec-
tively introduced into the PEG gel by copolymerization.
ChSA has several attractive features that make it desir-
able for tissue engineering scaffolds including: (i) it is
one of the main components of proteoglycans, (ii) it is
highly negatively charged, and (iii) it can be enzymati-
cally degraded by cellular secretion of chondroitinase.

Crosslinked hydrogels were formulated by copoly-
merizing the PEG and ChSA macromers. The resulting
hydrogels were characterized with respect to their swell-
ing and compressive moduli. To assess the ability of
these scaffolds to provide a suitable environment for car-
tilage tissue engineering, chondrocytes were photoen-
capsulated in gels prepared from pure ChSA and from
copolymer gels with varying PEG:ChSA ratios and cul-
tured in vitro. The neotissue formed was analyzed bio-
chemically to quantify GAG and collagen production
and histologically to examine the spatial distribution
of the ECM components. Finally, gene expression was
analyzed by measuring the mRNA levels of collagen
type I, collagen type II, and aggrecan using RT-PCR.

2. Materials and methods
2.1. Macromers

Poly(ethylene glycol) dimethacrylate (PEGDM,
3400 MW) was purchased from Shearwater Polymer,
Inc. and used without further purification. Pendant
alcohol groups on chondroitin sulfate-A (ChSA,
14,000-60,000 MW, Sigma) were modified with methac-
rylate groups to form multivinyl ChSA (ChSA-MA)
macromers [17]. Briefly, ChSA was dissolved in water
and reacted with an excess of methacrylic anhydride at
60 °C overnight at pH ~ 10. The ChSA-MA macromer
was precipitated in methanol and dialyzed in dH»O. The
ChSA-MA employed in this study was modified with
<1 mol% methacrylate groups per molecule. The vinyl
peaks were not detectable by '"H NMR, but their pres-
ence was verified by gel formation. Unmodified ChSA
did not form a crosslinked gel. A simple Baeyer test,
in which potassium permanganate reacted with the vinyl
groups in less than a minute as seen by a shift in the
solution color, provided further evidence of the presence
of methacrylate groups [19].

2.2. Hydrogel synthesis

Hydrogels were formulated using a 10-20% (w/w)
macromer solution. Cytocompatible photoinitiating
conditions were employed [20]. The photoinitiator, 2-hy-
droxy-1-[4-(hydroxyethoxy) phenyl]-2-methyl-1-propa-
none (12959, Ciba-Geigy), was dissolved into the
macromer solution to a final concentration of 0.05%
(w/w). The solution was filter-sterilized using a 0.2 um
syringe filter. The macromer solution was photopoly-
merized using a longwave ultraviolet lamp (UVP, model
XX-20) at an intensity of ~4 mW cm 2 for 10 min. PEG
gels were formed with macromer concentrations ranging
from 10% to 20% (w/w). Gels with tailored chemistries
were formed by copolymerizing 20% (w/w) macromer
solutions of ChSA-MA and PEGDM in the following
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ratios: (i) 100:0, (i) 40:60, (iii) 25:75, and (iv) 10:90
ChSA-MA:PEGDM and used in the cell encapsulation
studies described below.

2.3. Hydrogel characterization

Hydrogel discs (5 mm in diameter and ~2 mm in
thickness) were swollen to equilibrium in phosphate bulff-
ered saline (PBS, pH 7.4) at 37 °C for 24 h. The swollen
discs (n = 3) were weighed and lyophilized to determine
the swollen and dry polymer mass, respectively. The
equilibrium mass swelling ratio, ¢, was determined by
ratioing the equilibrium swollen mass to the dry polymer
mass. The compressive modulus of elasticity was mea-
sured in the elastic region of swollen discs (n = 5) using
a dynamic mechanical analyzer (DMA-7, Perkin—Elmer)
in unconfined compression at a constant stress rate of
40 mNmin~" up to 20% strain at room temperature.

2.4. Chondrocyte isolation and encapsulation

Articular cartilage was obtained under aseptic condi-
tions from the femoral-patellar groove of a young calf
(Research 87, Marlboro, MA) as described elsewhere
yielding 30-40 g of cartilage per joint [21]. The isolated
chondrocytes were resuspended in chondrocyte medium
(DMEM, without phenol red (Gibco), supplemented
with 10 mM Hepes (Gibco), 0.04 mM L-Proline (Sigma),
50 mg 17! L-ascorbic acid (Sigma), 0. M MEM non-
essential amino acids (Gibco), 1% penicillin—streptomy-
cin (Gibco), 0.5 pgml~' fungizone (Gibco), and 10%
fetal bovine serum (Gibco)). Chondrocyte viability was
determined using trypan blue exclusion and a hemacy-
tometer. Isolated chondrocytes were then combined
with the sterile macromer/initiator solution at a concen-
tration of 75 x 10° cells ml~" and encapsulated under the
cytocompatible photoinitiation conditions described
above. The cell-hydrogel constructs (5 mm in diameter
and ~2 mm in thickness) were placed in 12 well plates
and incubated at 37 °C on an orbital shaker in a humid
environment with 5% CO,. The medium was replaced
biweekly. The constructs were cultured for either §
weeks (pure ChSA gels) or for 4 weeks (copolymer gels).
Data resulting from biochemical and RT-PCR experi-
ments were obtained from independent chondrocyte iso-
lations and one to two joints were used per experiment.
Isolated chondrocytes from different joints were thor-
oughly mixed prior to encapsulation.

2.5. Neotissue analysis

At prescribed time points, the constructs (n = 3) were
weighed to determine their wet weight, lyophilized for
24 h to determine their dry weight then digested in a pa-
pain solution (125 ug ml~' papain type III (Worthing-

ton), 10 mM L-cysteine (Aldrich), 100 mM phosphate
(Fisher Scientific), and 10 mM EDTA (Fisher Scientific)
at pH 6.3) at 60 °C for 15h. Total glycosaminogly-
can content was determined using dimethylmethylene
blue and a UV-Vis spectrophotometer (Perkin—Elmer,
Lambda 40) [22]. Total collagen content was measured
by the hydroxyproline content [23] in which collagen is
comprised of 10% hydroxyproline [24]. One cell-hydro-
gel construct from each condition was also fixed
overnight in 10% formalin, embedded in paraffin and
microtomed in 8 um sections following standard
histological techniques. The sections were stained with
Safranin-O and fast green for negatively charged prote-
oglycans (glycosaminoglycans), which stain red and with
Masson’s trichrome for collagen, which stains blue.
Hematoxylin was used to visualize the cell nuclei, which
stain black.

2.6. mRNA isolation and RT-PCR

Immediately after encapsulation and at 3, 7, and 14
days, constructs were removed from culture (n=3)
and their total RNA isolated in a manner similar to that
described by Chomczynski et al. [25]. Briefly, constructs
were homogenized in 1 mL of TRIzol™ Reagent (Invit-
rogen), centrifuged (12,000g, 4 °C, 15 min) to remove
excess scaffold components and incubated for 5 min at
room temperature (RT) to ensure complete dissociation
of nucleoprotein complexes. Chloroform (Sigma, 200 pl)
was added to the samples, which were subsequently vor-
texed and incubated for 10 min at RT. Aqueous and or-
ganic phases were separated by centrifugation (12,000g,
4 °C, 15 min) followed by removal of the RNA contain-
ing aqueous phase. Precipitation of RNA was induced
by adding 0.75 ml 75% ethanol in DEPC treated water
followed by vortexing and a 15 min incubation at RT.
Centrifugation (12,000g, 4°C, 15min) created an
RNA pellet which was washed with 75% ethanol in
DEPC treated water, air dried, and resuspended in
DEPC treated water. Quantification of RNA content
was determined with a UV-Vis spectrophotometer at
260 nm.

Isolated RNA (7 ng) was transcribed to DNA using a
commercially available reverse transcription kit (Invit-
rogen, SuperScript™ First Strand Synthesis System
for RT-PCR) following kit instructions and a thermal
cycler (Eppendorf Mastercycler Personal). Prior to re-
verse transcription, any contaminating DNA was re-
moved from the isolated RNA through amplification
grade DNase I digestion following kit instructions. 500
picograms of the resulting single stranded DNA was
amplified using Platinum zag DNA Polymerase (Invitro-
gen) and gene specific primers (Gibco) following kit
instructions. Glyceraldehyde—phosphate—-dehydrogenase
(GAPDH), an enzyme used in the metabolic pathway
and uniformally expressed across all cell types, was used
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Table 1
Primer sequence and PCR reaction conditions

Gene Strand Primer (5-3) Cycle conditions Number of cycles
Collagen type I* Sence TGCTGGCCAACCATGCCTCT 95°C 30s, 55°C 40
Anti-sence TTGCACAATGCTCTGATC 60s, 72°C 75s
Collagen type 1I° Sence CTGGATGCCATGAAGGTTTT 93°C 60, 58 °C 36
Anti-sence TAGTCTTGCCCCACTTACCG 120s, 72°C 608
Aggrecan® Sence CACTGTTACCGCCACTTCCC 93°C 60, 58 °C 37
Anti-sence GACATCGTTCCACTCGCCCT 120's, 72°C 60 s
GAPDH® Sence AACACCCTCAAGATTGTCAGCA 93°C 60, 58 °C 37
Anti-sence TCCACCACCCTGTTGCTGTA 120s, 72°C 60's

% Primers adapted from Saldanha et al. [48].
® Primers from Allemann et al. [49].
¢ Primers adapted from van Sussante et al. [42].

as the housekeeping gene. Gene expression was deter-
mined for collagen type I, collagen type II, and aggrecan
relative to GAPDH expression. Primers and amplifica-
tion conditions are listed in Table 1. Amplified DNA
was mixed with 10 x BlueJuice™ Loading Buffer (Invit-
rogen), run on a 1.5% agarose gel, and subsequently
stained with 0.5 pgml~! ethidium bromide in 1 x Tris—
Acetate—-EDTA (Fisher) [26]. NIH Image 1.62 was used
to compare the total amount of DNA in each band.

2.7. Statistical analysis

Statistical analysis was performed using one-way
analysis of variance (ANOVA) with a confidence level
of 0.05. All values are reported as the mean * standard
error of the mean unless otherwise stated.

3. Results and discussion

Hydrogels formulated by copolymerizing poly(ethyl-
ene glycol) and chondroitin sulfate macromers form
unique networks that contain both a synthetic and nat-
ural component. A schematic of the network formed
through the copolymerization of these macromers is
illustrated in Fig. 1. Poly(ethylene glycol) was end-
capped with photocrosslinkable methacrylate groups
to form a divinyl macromer while chondroitin sulfate
was modified to form a multivinyl macromer. Upon
copolymerization of these macromers, a final network
structure results with polymethacrylate kinetic chains
connected via PEG and chondroitin sulfate crosslinks.
Since chondroitin sulfate has negatively charged pen-
dant sulfate groups within each repeat unit, the network
charge is readily controlled by compositional changes in
the copolymer solution prior to polymerization. Fur-
thermore, changes in the functionality and concentra-
tion of the macromers in solution enable facile control
of the network structure and crosslinking density. As a
result, the overall macroscopic properties of the final
hydrogel can be widely varied.

3.1. Hydrogel characterization

Crosslinking density influences many of the macro-
scopic properties of hydrogels. Two properties that are
particularly important for cartilage tissue engineering
are the equilibrium water content (equilibrium mass
swelling ratio, ¢) and the compressive modulus. In gen-
eral, an increase in the crosslinking density results in a
decrease in the water content and an increase in the
compressive modulus. By varying the macromer molec-
ular weight, functionality, and the percent macromer in
solution prior to polymerization, networks with a range
of crosslinking densities can be obtained [27-29]. The
macroscopic gel properties of hydrogels synthesized
from PEGDM macromers are summarized in Table 2.
By varying the macromer concentration from 10% to
20% (w/w), ¢ decreased 56% from 9.3*1.0 to
5.2%0.1 (p<0.001), but the compressive modulus in-
creased an order of magnitude from 34%3 to
360 £ 14 kPa (p < 0.001) in these uncharged gels.

In designing an in situ forming cell-scaffold for engi-
neering cartilage at the articulating surface of a joint, the
compressive modulus of the scaffold is an important
parameter. Native articular cartilage has an equilibrium
modulus of elasticity of 500-1000 kPa [30]. Therefore,
the mechanical properties obtained from gels formu-
lated with a 20% PEGDM macromer concentration ap-
proach that of the native tissue. However, we have
shown previously that an equilibrium mass swelling
ratio somewhere between 5.7 and 7.9 is required in these
PEG hydrogels to promote proteoglycan diffusion into
the extracellular regions of the scaffold [31]. Therefore,
a trade-off exists between networks with a high degree
of swelling to facilitate diffusion of ECM molecules
and networks with a high compressive modulus to re-
store function. With the incorporation of degradable
units into the PEG macromer, it is possible to obtain
networks with an initially high modulus, and as the
crosslinks degrade with time, the equilibrium mass swell-
ing ratio increases to facilitate proteoglycan diffusion
[31].
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Fig. 1. An idealized hydrogel network formulated by copolymerizing PEGDM with ChSA-MA. The network consists of polymethacrylate kinetic

chains (——) connected via PEG (-.) and ChSA (—~—) crosslinks.

Table 2 Table 3
Properties of PEG hydrogels Properties of PEG/ChSA hydrogels
% (wiw) Mass equilibrium Compressive % (wiw) Y% (wiw) Mass equilibrium Compressive
PEGDM swelling ratio (q) modulus (kPa) PEGDM* ChSA?* swelling ratio (g) modulus (kPa)
10 93+1.0 34+3 90 10 59+0.1 280 + 20
20 52+0.1 360 + 14 75 25 7.5+£0.2 190 £ 20
Data reported as mean * standard deviation. p < 0.001 for compari- 60 40 9.5+0.6 140£ 10
0 100 209 £0.6 206

sons between gel composition for ¢ and compressive modulus.

In this contribution, we were interested in developing
networks that possess a high modulus and a high equi-
librium swelling ratio. To accomplish this goal, negative
charges were incorporated into the base PEG hydrogel
through the chondroitin sulfate chemistry. When bound
to the network, negative charges repel each other creat-
ing a higher swelling pressure within the gel. The result-
ing macroscopic properties of networks formed by
copolymerizing PEGDM macromers with chondroitin
sulfate macromers are summarized in Table 3. An in-
crease in the ChSA-MA macromer concentration re-
sulted in a 61% increase in the gel water content from
59%0.1t09.5%0.6 (p <0.001). A pure ChSA gel gave
the highest degree of swelling with a ¢ of 20.9 due to its
negative charges and low double bond concentration,

Data reported as mean * standard deviation.

# Macromer concentrations are given as per cent of total macromer
in solution (20% w/w). p <0.001 for comparisons between gel com-
position for ¢ and compressive modulus.

leading to a more loosely crosslinked gel. With the
incorporation of 40% ChSA-MA into the copolymer
network, the compressive modulus increased fourfold
compared to pure PEG gels with statistically similar ¢
values (9.3 vs. 9.5). In addition, gels with a ¢ of 7.5, suf-
ficient for proteoglycan diffusion in pure PEG gels, were
obtained by incorporating 25% ChSA-MA into the net-
work. In these gels, the compressive modulus was
190 £ 20 kPa. By incorporating charge into copolymer
gels, the macroscopic hydrogel properties can be manip-
ulated to obtain networks with properties that are
important for creating permissive 3-D cell environments
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Fig. 2. (a) Glycosaminoglycan content of ChSA hydrogels in the absence of chondroyctes (M) and in the presence of chondrocytes (N) as a function
of culture time in vitro. Panels (b) and (c) are histological micrographs of chondrocytes photoencapsulated in ChSA gels after 6 weeks in vitro.
Safranin-O was used to stain the glycosaminoglycans red which also stains the ChSA within the gel red (b). Masson’s trichrome stain was used to

stain collagen blue (c). Scale bar is 100 um for (b) and (c).

that facilitate tissue formation and restore function
immediately.

3.2. Cell encapsulation studies

Chondrocytes were photoencapsulated into pure
ChSA hydrogels to assess their ability to form cartilag-
inous tissue in vitro in these novel hydrogel matrices.
Interestingly, when the GAG content was quantified
and compared to control ChSA gels in the absence of
cells (Fig. 2a), the GAG content was statistically similar,
suggesting that the embedded chondrocytes did not syn-
thesize any proteoglycan molecules within these con-
structs. Furthermore, collagen was not detected during
the 8 week culture period as measured by the hydroxy-
proline content. When examined histologically, the
micrographs in Fig. 2b show viable rounded chondro-
cytes after 6 weeks. However, it is difficult to assess
the distribution of newly synthesized, if any, GAG mol-
ecules in Fig. 2b since Safranin-O used to stain for neg-
atively charged proteoglycans also stains ChSA within
the hydrogel. The histological micrograph for collagen
(Fig. 2¢) illustrates the absence of collagen, which is in
agreement with the biochemical analysis. Similar histo-
logical results were observed at 4 and 8 weeks (data
not shown). These findings demonstrate that cells are
present and viable (further verified by the gene expres-
sion discussed below) within these novel ChSA gels,
but the ChSA chemistry appears to inhibit synthesis of
extracellular matrix components.

This inhibition of ECM synthesis was further exam-
ined through gene expression for type I collagen, type
II collagen, aggrecan, a proteoglycan composed of
GAGs, and GAPDH, the housekeeping gene. The re-
sults are shown in Fig. 3. The agarose gel demonstrated
the presence of cartilage ECM mRNA (type II collagen
and aggrecan) and the absence of type I collagen
mRNA, an indicator of chondrocyte de-differentiation,
at day 7. When normalized by GAPDH, the mean colla-
gen type II expression decreased, although not statisti-

(b)
5

& 47

]

@

s 3
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h-l

5 2f
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Fig. 3. (a) An agarose gel for gene expression of collagen type II (lane
1), collagen type I (lane 2), aggrecan (lane 3), and GAPDH (lane 4) at 7
days. (b) Expression of collagen type II and aggrecan normalized by
GAPDH immediately after encapsulation (M), after 3 days (N), 7 days
(&), and 14 days (%) in vitro for chondrocytes photoencapsulated in
hydrogels composed of pure ChSA.

cally significantly, with culture time suggesting a
down-regulation of type II collagen mRNA. Aggrecan
expression levels, however, remained constant through-
out the 2 week study. Collagen type I was not expressed
in the ChSA gels over the course of the experiment, but
was detected in controls of chondrocytes cultured on tis-
sue culture polystyrene for 10 days (data not shown).
The absence of type I collagen indicates that the chon-
drocytes maintained their differentiated phenotype while
encapsulated in these gels. These results support the evi-
dence from the biochemical and histological data that
pure ChSA hydrogels inhibit collagen synthesis, and
provide a striking example of the influence of synthetic
ECM analogs on cell expression and function.

In previous studies, our group and others have shown
that PEG, as a crosslinked hydrogel [15,31-33] and as a
highly viscous linear polymer [34], maintains chondro-
cyte viability and promotes the formation of cartilagi-
nous tissue. When chondrocytes were encapsulated in
ChSA/PEG copolymer gels, GAG and collagen synthe-
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Fig. 4. (a) GAG and (b) total collagen contents after 2 (l) and 4 weeks (N) in vitro for chondrocytes photoencapsulated in PEG/ChSA copolymer
hydrogels as a function of ChSA composition. (c) Expression of collagen type II and aggrecan immediately after encapsulation (H), 3 days (N), 7
days (@), and 14 days (X?) in vitro for chondrocytes photoencapsulated in hydrogels composed 25%ChSA/75%PEG. (*) p = <0.05 when compared to
2 week. () p <0.01 when compared to 4 week, 10% ChSA-MA and (}) p <0.05.

sis were stimulated as indicated by the biochemical data
in Fig. 4a and b. GAG stimulation was verified by com-
paring the GAG content at 4 weeks in the copolymer
gels to the pure ChSA gels, which had at least 60% more
ChSA present in the gel (Fig. 2a). The mean GAG con-
tent was higher in all of the copolymer gels compared to
the pure ChSA gels, but the difference was not statisti-
cally significant. The GAG content was similar in all
three gels at 2 and 4 weeks, although the ChSA content
differed from 10% to 40% among the copolymer gels. In
all cases, the mean GAG content decreased from 2 to 4
weeks, and this decrease was statistically significant in
the 25% and 40% ChSA-MA gels. In native cartilage,
chondrocytes remodel their surrounding cartilage by
secreting enzymes that degrade proteoglycans [35].
Therefore, it is possible that the chondrocytes sense
the presence of chondroitin sulfate (the main component
found in proteoglycans) within the hydrogel and secrete
enzymes to degrade the chondroitin sulfate. However,
additional experiments are necessary to elucidate the
role, if any, of enzymatic degradation. Total collagen
content was significantly lower than the GAG content,
a phenomenon which has been observed in non-degrad-
ing gels in vitro [31]. A significant increase in collagen
content was observed in the 40% ChSA-MA gels from
2 to 4 weeks.

10/90 ChSA/PEG

(a)

Gene expression of chondrocytes encapsulated in
copolymer hydrogels formulated with 25% ChSA-MA
was also characterized and the results are shown in
Fig. 4c. As with the pure ChSA gels, collagen type II
expression was down-regulated in the days following
encapsulation. However, by day 14, collagen type 11
expression increased significantly compared to day 7
(p = 0.01). Furthermore, collagen type II expression in
copolymer gels was significantly higher than expression
in pure ChSA hydrogels at day 14 (p = 0.035), suggest-
ing that the presence of PEG up-regulates collagen type
IT mRNA. Expression of aggrecan also appeared to
drop immediately after encapsulation, though not signif-
icantly, but quickly leveled off to approximately the
same expression levels seen in pure ChSA hydrogels.

Histological evidence (Fig. 5) demonstrates viable
rounded chondrocytes in the copolymer gels. Again, it
is difficult to assess the accumulated GAGs due to the
presence of ChSA. The degree of staining appears con-
siderably lighter in the copolymer gels compared to
the pure ChSA gels (Fig. 2b) due to the larger amount
of ChSA in the pure gels. On the other hand, collagen
was present in the copolymer gels as indicated by the
blue staining (panels b and c). Interestingly, collagen
was present in the extracellular regions, a phenomenon
not observed before in non-degrading PEG hydrogels

Fig. 5. Histological micrographs of chondrocytes photoencapsulated in PEG/ChSA hydrogels after 2 weeks of in vitro culture: (a) is a representative
micrograph of Safranin-O which stains proteoglycans red, and subsequently chondroitin sulfate within the gel red (micrograph from the 10%ChSA/
90%PEG gel); and (b) and (c) are histological sections from 10%ChSA/90%PEG and 25%ChSA/75%PEG gels, respectively, stained with Masson’s

trichrome which stains collagen blue. Scale bar is 50 pm.
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[31,32]. This observation suggests that there may be
proteolytic degradation in these copolymer gels, and
additional experiments are ongoing to confirm this
hypothesis. Furthermore, the collagen has an unusal fi-
ber-like morphology not seen before in degrading or
non-degrading PEG gels and this change in collagen
morphology may be due to the presence of ChSA. By
four weeks, the distribution of collagen appeared similar
to the two week gels for all systems including the 40%
ChSA copolymer gel (data not shown).

The results presented here demonstrate that hydro-
gels consisting of pure chondroitin sulfate inhibit colla-
gen and GAG synthesis and down-regulate type II
collagen expression under in vitro culture conditions.
Chondroitin sulfate adds additional components to the
gel system in terms of its potential biological activity
as the primary component of proteoglycans and its neg-
ative charges, which may influence chondrocyte metab-
olism differently compared to the neutral, stealth-like
chemistry of PEG.

There have been several studies investigating the ef-
fects of glycosaminoglycans on chondrocytes. Handley
et al. [36,37] found that the presence of exogenous pro-
teoglycans in suspended cultures of aggregated chondro-
cytes inhibited collagen production due to a decrease in
the synthesis of the collagen polypeptide chain, a precur-
sor of procollagen [38]. It is possible that the presence of
exogenous chondroitin sulfate in the hydrogel may inhi-
bit endogenous secretion of proteoglycans and collagen.
Numerous groups are also investigating novel scaffolds
with chondroitin sulfate [39] and other polysaccharides
[40], but few publications to date report on chondro-
cytes seeded in these scaffolds. One study demonstrated
that chondroitin sulfate modified surfaces of chitosan
did not alter GAG production compared to polystyrene
controls, but did increase type II collagen synthesis by
chondrocytes cultured in monolayer [41]. When chon-
drocytes were seeded onto type I collagen scaffolds, cell
proliferation and total proteoglycan production were
enhanced in scaffolds with covalently linked ChSA,
but collagen synthesis was not addressed [42]. In these
studies, chondroitin sulfate was incorporated into the
scaffold in conjunction with other chemistries. Here,
we demonstrate hydrogel scaffolds comprised of solely
ChSA inhibit chondrocyte biosynthetic activity.

The biological role of glycosaminoglycans was ex-
plored in an effort to elucidate this inhibition. GAGs
are known to interact with a plethora of proteins that
are important in both extracellular and intracellular
events [43]. Interestingly, the dry weights of the ChSA
controls increased significantly from 3.3 + 0.6 mg at 4
weeks to 5.5+ 0.4 mg at 8 weeks (p <0.01), a 67% in-
crease. A similar increase, although not significant,
was observed in the ChSA gels with cells. It is possible,
that proteins (e.g., growth factors and other signaling
molecules) present in the serum interact with the immo-

bilized ChSA causing an increase in the dry mass; and as
a result the proteins are hindered from diffusing to and
interacting with the encapsulated chondrocytes.In addi-
tion, the high concentration of fixed negative charge in
the ChSA gels may attract free cations from the med-
ium, resulting in an increase in osmolality within the
hydrogel. Chondrocytes are known to be highly osmotic
sensitive cells [44]. For example, when the osmolality
was altered by adding sodium ions to the culture med-
ium of suspended isolated chondrocytes, proteoglycan
and collagen synthesis was affected in a concentration
dependent manner [45]. Specifically, maximum synthesis
was observed near physiological osmolality while above
and below the physiological range synthesis decreased.
The osmolality in the ChSA/PEG copolymer gels may
be closer to physiological levels of osmolality compared
to that of the pure ChSA gels. The degree of osmolality
will depend on the amount of free ions in the medium
solution. Therefore exploring different levels of culture
medium osmolality may provide insight into osmolality
effects on chondrocyte biosynthesis within these charged
ChSA gels.

With the incorporation of PEG, a neutral, non-inter-
active molecule, both GAG synthesis and collagen syn-
thesis were stimulated in chondrocytes. How the ChSA,
particularly within the pure ChSA gels, interacts with
the cells to inhibit synthesis of ECM components re-
mains unclear, but is likely a combination of events.
Further studies are necessary to understand this com-
plex interaction between ChSA and the embedded chon-
drocytes. It is important to note that the in vitro
environment is not always a good predictor for what
happens in vivo. For instance, chondrocytes have been
encapsulated in type I collagen gels, and under in vitro
conditions, the chondrocytes dedifferentiated into fibro-
blast-like cells [46]. However, when placed in vivo into
full-thickness articular cartilage defects, hyaline carti-
lage formed in 4 weeks [47]. Our current studies indicate
that the combination of the in vivo environment and the
incorporation of degradation into these copolymer gels
significantly enhances chondrocyte biosynthetic activity
(unpublished data).

PEG gels create a desirable 3-D niche for cell encap-
sulation and this ‘permissive’ environment enables chon-
drocytes to secrete and distribute ECM components
when the degradation is properly tuned [16]. The goal
of incorporating ChSA is to control further the gel mac-
roscopic properties (the degree of methacrylation can be
tightly controlled [17] in order to minimize the ChSA
concentration while maximizing the effects of charge),
but also to create a cell ‘promoting’ environment (e.g.,
cell responsive degradation and biological effects of
ChSA). Interestingly, our results demonstrate that pure
ChSA gels are not ‘promoting’ for chondrocytes and this
may have important implications for tissue engineering.
The gel composition and ChSA levels must be appropri-
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ately tuned to create a developing or healing environ-
ment, rather than a mature extracellular matrix that
down-regulates cell expression of these proteins and
ECM molecules.

4. Conclusions

Hydrogel properties were manipulated by copolymer-
izing a negatively charged chondroitin sulfate macromer
into a base PEG hydrogel cell carrier. For a given equi-
librium mass swelling ratio of ~9, the gel compressive
modulus increased from 34 to 140 kPa with the incorpo-
ration of ChSA into the gel. When chondrocytes were
photoencapsulated in pure ChSA gels, neither GAG
nor collagen was present after 8 weeks in vitro. How-
ever, when PEG was introduced into the network,
GAG and collagen synthesis was stimulated in the
copolymer gels. Gene expression studies confirmed these
results, showing significantly higher collagen type II
expression in PEG/ChSA copolymer gels compared to
pure ChSA gels after 2 weeks. This study demonstrates
that ChSA enhances gel macroscopic properties, but
inhibits chondrocyte biosynthetic activity while the
PEG base chemistry enhances tissue formation that is
comprised of collagen and glycosaminoglycans.
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