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Abstract: Hydrogels provide an ideal environment for en-
capsulating chondrocytes and facilitating the production of
cartilaginous tissue. However, the deposition of extracellu-
lar matrix (ECM) and ultimate tissue function are signifi-
cantly affected by degradation of gel scaffolds. It was hy-
pothesized that a bimodal degradation process would
capture the critical features necessary for neotissue develop-
ment. Specifically, most of the initial crosslinks would de-
grade quickly and enable ECM deposition, whereas a critical
amount would remain or degrade much more slowly to
provide structural integrity over a longer time period. In this
study, chondrocytes were encapsulated in copolymer gels of
nondegradable [poly(ethylene glycol) dimethacrylate] and
degradable [poly(lactic acid)-b-poly(ethylene glycol)-b-poly-
(lactic acid) dimethacrylate] macromers to investigate the
effects of gel degradation on ECM evolution. All gels were
synthesized from 10 wt % total macromer solutions consist-
ing of 0, 19, 21, 23, 25, or 100 mol % nondegradable units.
The copolymer constructs were found to have lower DNA
content than completely degradable constructs after 8

weeks. However, total biochemical content was very similar
among the various copolymer constructs. Histological anal-
ysis gave more interesting insight, showing a more uniform
spatial distribution of ECM components in copolymer sam-
ples than in constructs with 100 mol % nondegradable units.
In addition, a number of major structural defects were
present in constructs with 0 mol % nondegradable units that
became less apparent as the amount of nondegradable units
was increased. Overall, the copolymer gels had a higher
compressive modulus during neotissue development and
also showed no evidence of chondrocyte dedifferentiation.
With their bimodal degradation profile, copolymer gels with
carefully selected ratios of degrading to slow or nondegrad-
ing crosslinks provide distinct advantages for ECM devel-
opment in tissue-engineered cartilage. © 2004 Wiley Period-
icals, Inc. J Biomed Mater Res 70A: 560–568, 2004
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INTRODUCTION

In native articular cartilage, chondrocytes maintain
a rounded morphology and exist in small pockets in
the tissue called lacunae.1 The lacunae are surrounded
by an extracellular matrix (ECM) that has a network-
like structure of insoluble collagen surrounded and
permeated by an aqueous phase containing proteogly-
cans.2 Hydrogels are a natural scaffold choice for tis-
sue-engineered cartilage for a few reasons. First, the
physical properties of the gel capture many features of

native cartilage. Hydrogels have very high water con-
tent and a network structure that can be adjusted to
control the initial diffusivity and compressive proper-
ties of the gel. Next, the encapsulation of chondrocytes
in hydrogels allows them to maintain their rounded
morphology and desired cell behavior. Finally, hydro-
gels have the potential to be formed in situ, exactly
replicating and adhering to a defect, by injecting an
aqueous macromer solution and then initiating poly-
merization or gelation.

Although there are many types of hydrogels,3 of
interest here is the formation of hydrogels with de-
gradable crosslinks created by photopolymerizing
multifunctional macromers with a hydrophilic poly-
mer core attached to degradable blocks capped with
vinyl end groups. Macromolecular monomers com-
posed of poly(ethylene glycol) (PEG) or poly(vinyl
alcohol) (PVA) with or without degradable poly(lactic
acid) (PLA) blocks and acrylate or methacrylate end
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groups have been explored previously in cartilage
tissue engineering applications.4–7 Increasing the ini-
tial crosslinking density of these types of gels by in-
creasing the initial macromer concentration or func-
tionality has been shown to decrease the equilibrium
swelling ratio and diffusion coefficient of ECM mole-
cules while increasing the compressive modulus.7–9

The diffusion coefficient and compressive modulus
are especially important in the development of a chon-
drocyte delivery system because cartilage is an avas-
cular tissue with load-bearing responsibilities. To syn-
thesize gels that have initial compressive moduli on
the order of native cartilage (�500–1000 kPa),10 the
crosslinking density must be relatively high, which
limits the facile distribution of ECM components se-
creted by encapsulated chondrocytes. As a result, a
number of recent studies have explored the develop-
ment and distribution of cartilage ECM in degrading
PEG-based hydrogels.4,11,12 In PEG-based systems,
histological results have shown that gel networks de-
grading too slowly cause collagen to localize only in
the pericellular region, although gel networks that
degrade too quickly often result in major defects in the
developing tissue.7,12 Thus, the degradation profile of
the gels in which chondrocytes are encapsulated has a
major effect on the quality of neocartilage that will be
produced.

Hydrogel networks formed from the multifunc-
tional macromers described above follow a bulk deg-
radation pathway in which mass loss initially ad-
vances slowly and somewhat linearly as individual
crosslinks are cleaved from the network and diffuse
out of the gel. When the weight-average number of
crosslinks per kinetic chain becomes less than two, the
network itself can become solubilized, and the remain-
ing mass is lost in one final burst. The point at which
this final burst occurs has been previously described
as the reverse gel point.13 Recently, statistical kinetic
models have been developed to describe the mass loss
in this type of hydrogel network.8,13,14 A plot of mass
loss with time, using a simplified version of this model
for an ideal network structure, is shown with solid
and dotted lines in Figure 1. The solid line in Figure 1
represents a homopolymer gel with completely de-
gradable crosslinks, and it exhibits a reverse gel point.
It is important to note that the region on this curve just
before the reverse gel point represents the time when
the gel has maximum diffusion properties but also
retains some semblance of structural integrity that
could help developing neocartilage maintain proper
shape and a degree of load-bearing function. Addition
of a critical amount of very slowly degrading poly-
(ethylene glycol) dimethacrylate (PEG-DM) has been
shown to alter the degradation behavior of copolymer
gels. Specifically, a bimodal mass-loss profile results in
which crosslinks are degraded quickly, but enough
very slowly degrading crosslinks remain to prevent

reverse gelation and allow diffusion of ECM compo-
nents.15 Over a much longer period of time, these
slowly degrading crosslinks are eroded and the gel is
completely resorbed. An example of the fast-degrad-
ing part of this bimodal degradation profile is shown
as the dotted line in Figure 1. At longer times, this
profile levels out, as the only mass loss comes from the
very slow degradation of the remaining crosslinks.

This study aims to give new insight related to the
effects of a bimodal degradation profile on ECM evo-
lution and to elucidate its advantages in PEG-based
chondrocyte carriers by examining a narrow compo-
sitional range of copolymer gels synthesized from
PEG-DM and PEG-LA-DM macromers. The composi-
tions were selected such that the fraction of fast-de-
grading crosslinks narrowly spans the reverse gel
point, measured by gel degradation in the absence of
chondrocytes. Through this analysis, the goal was to
maximize the gel’s compressive modulus of elasticity
while maintaining the desired chondrocyte behavior
during neocartilage development by using copolymer
gels rather than gels made from only the fast-degrad-
ing PEG-LA-DM macromer. Because the reverse gel
point corresponds to a region of rapid and dramatic
changes with respect to gel properties, this narrow
compositional space actually elucidates a wide range
of gel properties. An additional aim was to further
investigate whether copolymer gels have specific ad-
vantages, especially with respect to ECM distribution
and biomechanical properties over time, over ho-
mopolymer gels synthesized from the very slowly
degrading PEG-DM macromer alone.

Figure 1. Predicted and experimental mass-loss profiles as
a function of degradation time. Predicted profiles were cal-
culated for a bulk degrading homopolymer gel (solid line)
and copolymer gel (dashed line) with a critical amount of
nondegradable crosslinks that prevent complete degrada-
tion. Experimental mass-loss profiles include the following
copolymer molar ratios (moles PEG-DM:moles PEG-LA-
DM): crosses, 19:81; circles, 21:79; triangles 23:77; and
squares, 25:75 gels.
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MATERIALS AND METHODS

Isolation of chondrocytes

Chondrocytes were isolated from the femoral-patellar
groove and femoral condyles of knee joints harvested from
a young calf (Research 87, Marlboro, MA). Cartilage blocks
were excised under aseptic conditions, diced into small
pieces, and digested on an orbital shaker at 37°C with the
use of a solution of 0.2% collagenase type II (Worthington,
Lakewood, NJ) and 5% fetal bovine serum (Gibco) in Dul-
becco’s modified eagle medium (DMEM, Gibco) without
additives. After a digestion period of 15–17 h, the solution
was centrifuged at 1200 rpm for 10 min; the supernatant was
aspirated off; the cells were resuspended in warm phos-
phate-buffered saline (PBS, Gibco, pH 7.4) supplemented
with 1% penicillin/streptomycin (P/S, Gibco) and 0.02%
ethylenediaminetetraacetic acid (EDTA, Aldrich); this cell
suspension was then filtered through a 100-�m cell strainer.
Cells were then centrifuged and resuspended in PBS with
1% P/S two additional times. Cells were counted and the
viable fraction was determined with the use of trypan blue
staining and a hemacytometer.

Preparation of hydrogels

Linear poly(ethylene glycol) (Fluka) with an average mo-
lecular weight of approximately 3000 Da was used to syn-
thesize poly(ethylene glycol) dimethacrylate (PEG-DM), as
well as a triblock copolymer, poly(lactic acid)-b-poly(ethyl-
ene glycol)-b-poly(lactic acid) dimethacrylate (PEG-LA-DM)
as described previously.16 Macromer structures are shown
in Figure 2. Although the PEG-DM macromers form hydro-
gel crosslinks that are nondegradable on the time scale of the
experiments performed in this work (�8 weeks), the lactic-
acid repeat units of the PEG-LA-DM macromers are hydro-
lytically degraded under culture conditions and completely
degrade on the time scale of these experiments. NMR anal-
ysis of the PEG-LA-DM molecules revealed an average of
four lactic-acid repeat units per side of the PEG core mole-
cule.

To prepare gels, the individual macromers or mixtures
of the two were dissolved in sterile PBS to a final concen-
tration of 10% by weight. Each gel fabricated from
comonomer mixtures is identified in terms of the mol % of
PEG-DM macromer and mol % PEG-LA-DM macromer.
For example, hydrogels with 19 mol % PEG-DM and 81
mol % PEG-LA-DM are referred to as 19:81 gels. The UV

photoinitiator, 2-hydroxy-1-[4-(hydroxyethoxy) phenyl]-
2-methyl-1-propanone (D2959, Ciba-Geigy, Ardsley, NY),
was added to a final concentration of 0.05% by weight.
The resulting solution was sterilized by filtration through
a 0.2-�m syringe filter.

Encapsulation of chondrocytes

Chondroctyes were added to sterile macromer/initiator
solutions to a final seeding density of 75 million cells per
milliliter. Individual 40-�L aliquots of the resulting suspen-
sions were polymerized under 365-nm UV light for 10 min at
an intensity of approximately 10 mW/cm2. Following poly-
merization, the constructs were incubated in untreated 24-
well plates at 37°C and 5% CO2 in a humid environment.
Constructs were cultured statically in Dulbecco’s modified
eagle medium (DMEM, Gibco) supplemented with 1% P/S,
10 mM HEPES (Gibco), 0.1 mM MEM nonessential amino
acids (Gibco), 0.4 mM L-Proline, 0.05 mg/mL L-Ascorbic
acid, 0.5 �g/mL Fungizone (Gibco), and 10% fetal bovine
serum (Gibco). Constructs received 2 mL of fresh media
every 2–3 days.

Hydrogel degradation

Copolymer hydrogels, in the absence of cells, were pre-
pared from 10 wt % macromer solutions consisting of 19, 21,
23, and 25 mol % PEG-DM macromer. The hydrogels were
degraded for a period of up to 2 weeks at 37°C in the same
culture media described above. During this degradation
period, samples were removed every 1–2 days, freeze-dried
for 24 h, and weighed to determine the mass loss to that
point. Percent mass loss was determined by comparison to
the average dry mass of hydrogels with the same composi-
tion freeze-dried immediately after polymerization. A sam-
ple size of three was used.

Biochemical analysis

Constructs were freeze-dried for 24 h and digested with a
papain solution for 18 h at 60°C. The papain was in aqueous
solution consisting of 125 �g/mL papain (Worthington), 10
mM L-cysteine (Aldrich), 100 mM phosphate, and 10 mM
EDTA at a pH of 6.3. Total GAG content was measured with

Figure 2. Macromers used to synthesize the gels analyzed in this study, poly(ethylene glycol) dimethacrylate (PEG-DM) and
poly(lactic acid)-b-poly(ethylene glycol)-b-poly(lactic acid) dimethacrylate (PEG-LA-DM).
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the use of a dimethylmethylene blue assay.17 Total collagen
content was determined by a hydroxyproline assay,18 which
measures 10% of the total collagen.19 DNA content was
measured by Hoechst 33258 (Polysciences, Inc., Warrington,
PA) and related to cell number by dividing DNA content by
7.7 pg per chondrocyte.20 GAG and total collagen content
were reported as values per chondroctye to account for any
differences in cell proliferation with gel composition. A sam-
ple size of three was used.

Histology and immunohistochemistry

Constructs were fixed in 10% formalin for 18–24 h, dehy-
drated, paraffin-embedded, and microtomed into 8-�m-
thick sections. Sections were stained without further treat-
ment with the use of fast green and safranin-O, which stains
GAGs red, or Masson’s trichrome method, which stains
collagen blue. Sections designated for immunohistochemical
staining were treated with a pepsin solution [1 mg/mL
pepsin (Sigma) in Tris HCl, pH 2.0] for 15 min at room
temperature. After treatment with pepsin, sections were
incubated with primary antibody for either type I collagen
(Sigma) or type II collagen (Research Diagnostics, Inc.,
Flanders, NJ) followed by treatment with a biotin-avidin
immunoperoxidase kit (Vectastain Elite ABC, Vector Labs,
Burlingame, CA) and visualization with Vector NovaRED
(Vector Labs). Native bovine articular cartilage was stained
as a positive control for type II collagen, and additional
samples were stained without primary antibody as a nega-
tive control for each construct.

Mechanical testing

The compressive modulus of elasticity of polymer/cell
constructs was measured for both homopolymer composi-
tions and a 23:77 copolymer after in vitro culture periods of
1, 3, 6, and 8 weeks. Measurements were made with the use
of a dynamic mechanical analyzer (DMA-7, PerkinElmer,
Wellesley, MA) in unconfined compression at room temper-
ature. Samples were initially unloaded, and then subjected
to a static load that increased at a rate of 50 mN/min. The
compressive modulus was determined by analyzing the lin-
ear region of the stress versus strain curve on samples at low
deformation (�10% strain). A sample size of 3–5 was used.

Statistical analysis

Statistical analysis was performed with the use of single-
factor analysis of variance with a confidence interval of 0.05.
All values in this text are reported as the average plus or
minus one standard deviation.

RESULTS AND DISCUSSION

Understanding the physical and biochemical conse-
quences of gel degradation profiles on encapsulated

chondrocytes is critically important when attempting
to regenerate cartilaginous tissue with the use of cell-
laden hydrogel scaffolds. In this study, a narrow range
of copolymer hydrogels was synthesized from de-
grading (PEG-LA-DM) and nondegrading (PEG-DM)
macromers, focused on a region near the reverse gel
point in the polymer erosion profile. The first part of
this study consisted of degradation of these gels in
cell-culture media and examination of the mass-loss
profiles. In the second part of this study, chondrocytes
were encapsulated in these gels and the resulting neo-
cartilaginous tissue was examined biochemically, his-
tologically, mechanically, and immunohistochemi-
cally. Homopolymer gels made from PEG-LA-DM or
PEG-DM served as controls for the encapsulation ex-
periments.

Degradation of copolymer hydrogels

Copolymer hydrogels without cells were synthe-
sized by photopolymerization of 10 wt% macromer
solutions. The copolymer networks were fabricated
from comonomer solutions containing 19, 21, 23, or 25
mol% PEG-DM, with the balance being PEG-LA-DM.
Results of the degradation mass-loss studies are
shown in Figure 1. In an ideal gel, two nondegradable
crosslinks must exist per kinetic chain to prevent re-
verse gelation. If the kinetic chains are on average 100
repeat units long, a 2:98 ratio of PEG-DM:PEG-LA-DM
would be near this critical point of preventing com-
plete degradation. However, because of numerous
nonidealities and shorter kinetic chains that result
when polymerizing these high-molecular-weight mac-
romers in 10% solutions, it was found that a ratio close
to 20:80 is near this critical point. Thus, a narrow
compositional range was selected based on this prox-
imity to the reverse gel point, and a variety of degra-
dation profiles were found to exist with gels fabricated
at these ratios. The gels incorporating the least amount
of PEG-DM macromer, 19:81 gels, reached the reverse
gel point and completely degraded after 11 days. On
the other end of this narrow range, 25:75 gels ap-
peared to lose mass at a similar rate for the first 7 days;
this rate then begins to level off as degradation moves
into a region of very slow degradation of the PEG
crosslinks without LA (nondegradable on the time
scale and conditions of this experiment). The initial
burst of mass loss shown in the experimental data
between days 0 and 2 is the loss of soluble unreacted
monomer. The model used to calculate the degrada-
tion profiles shown as lines in Figure 1 do not take this
loss into account.

Between the two copolymer composition extremes,
a distribution of gel degradation profiles exist. How-
ever, it is important to note that the presence of chon-
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drocytes tends to slow down the degradation process
because the cells are producing an ECM as the
crosslinks are being cleaved. Thus, a composite net-
work evolves with time, which includes the newly
secreted ECM network distributed throughout the
resorbing synthetic network. This compositional range
was examined further because it appears to produce
gels very near the reverse gel point, and with encap-
sulated cells, these gels may likely have a desirable
bimodal degradation profile. The first part erodes
quickly, as the degradable crosslinks cleave and pro-
duce a highly swollen gel, and then mass loss essen-
tially stops for the time scale of these encapsulation
experiments.

Encapsulation experiments

Chondrocytes were encapsulated in homopolymer
gels made from PEG-LA-DM or PEG-DM, as well as
copolymer gels with the same compositions that were
used in the degradation studies. Constructs were re-
moved from culture after 1, 2, 3, 4, 5, 6, and 8 weeks

for biochemical analysis and compared as a function
of copolymer composition. Results of this analysis are
shown in Figure 3. Data from 2-, 3-, and 4-week time
points are not shown because they do not show sta-
tistically significant differences among the homopoly-
mers and varying copolymer compositions. Although
the encapsulated chondrocytes may be slightly more
active in producing GAGs and collagen in 100:0 gels, it
is difficult to glean a trend from these data, especially
when comparing among only the copolymer gels.
Thus, analysis of the biochemical data might lead one
to believe that the ECM composition and amount are
relatively unaffected by the gel composition. How-
ever, an interesting aspect of the biochemical analysis
in Figure 3 is the chondrocyte proliferation data.
Chondrocytes do not generally proliferate at a very
high rate in three-dimensional culture,21 but the cells
in the 0:100 constructs showed much higher prolifer-
ation than in any of the copolymer gels or the 100:0
constructs in the final 3 weeks of this study. A high
rate of proliferation is one characteristic of dedifferen-
tiated chondrocytes that is expressed when chondro-
cytes are cultured in monolayers.21

Figure 3. GAG, total collagen, and cell content as a function of culture time and gel composition. Data for each composition
are shown at time points of 1 week, white bars; 5 weeks, light gray bars; 6 weeks, dark gray bars; and 8 weeks, black bars.
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Constructs were examined histologically after 4
and 8 weeks of culture to examine the proteoglycan
and collagen distribution. Figure 4 shows the pro-
teoglycan staining at four weeks in the 23:77 exper-
imental copolymer gel, as well as both homopoly-
mer control gels. As anticipated, major defects were
present in the 0:100 control constructs [Fig. 4(a)].
Because this gel was comprised completely of de-
gradable PEG-LA crosslinks, the gel clearly de-
graded too quickly and left major holes in the de-
veloping tissue at 4 weeks. Minor defects persist in
the copolymer sample, but the construct appears to
retain most of its structure. No defects associated
with gel degradation appear to be present in the gel
made from completely nondegrading macromer
[Fig. 4(c)]. In general, the copolymer gels appear
similar, and all gels maintained macroscopic integ-
rity during neocartilage development (data not
shown). Though the constructs with a higher frac-
tion of nondegradable crosslinks were slightly more

homogeneous, all of the copolymer gels appeared to
maintain a critical amount of structural integrity
while also allowing distribution of proteoglycans
throughout the developing neotissue. The remain-
ing data comparisons are made among one copoly-
mer composition (23:77 constructs) and the two con-
trol conditions (0:100 fast-degrading and 100:0
nondegrading constructs) to give insight related to
the advantages and effects of a bimodal degradation
profile on ECM evolution.

Histological stains of constructs at 4 and 8 weeks
for the two control conditions and one copolymer
gel are shown in Figure 5. Figure 5(a– c)] shows the
GAG distribution at 8 weeks. Interestingly, the 0:100
constructs no longer show the defects present at 4
weeks [Fig. 4(a)], and the neotissue formed in this
gel appears to be uniformly distributed with GAGs.
The copolymer and the 100:0 constructs also show a
similar, and relatively uniform, distribution of
GAGs at 8 weeks. This distribution of GAGs is

Figure 4. Histological staining of GAGs as a function of hydrogel composition after a period of 4 weeks of in vitro culture.
Safranin-O stains proteoglycans red. Micrographs (a–c) are 0:100, 23:77, and 100:0 constructs, respectively. Area in the bottom
left of (a) is a surface artifact present in all compositions. Dark areas in (c) are histological artifacts resulting from tissue section
folding and do not represent areas of higher proteoglycan content.

Figure 5. Histological staining for GAGs where safranin-O stains proteoglycans red (a–c), and for collagen where Masson’s
trichrome method stains collagen blue (d–i). Original magnification of (a–e) and (g–h) is 100�, (f) is 400�, and (i) is 200�.
Light gray colors in (d–i) are processing artifacts.
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encouraging, but a great deal of the strength of
native cartilage is derived from a network-like
structure of intertwined insoluble collagen.2

Clearly, this cannot form if all the collagen being
produced by the chondrocytes is trapped in the local
region of the cell. Although collagen was localized
to the pericellular region in the 100:0 constructs [Fig.
5(f,i)], this was not the case with either the copoly-
mer or 0:100 constructs [Fig. 5(d,e,g,h)]. In addition,
it appears that after 8 weeks, the chondrocytes in the
0:100 constructs filled in the major defects that were
present at 4 weeks. Further examination shows that
the cells in these constructs have filled in these holes
by flattening out and entering a proliferative mode.
This flattened shape is most apparent in large re-
gions with low collagen content but can also be seen
in some cells that appear to be surrounded by nor-
mal, rounded chondrocytes. This change in cell
shape is another indicator of chondrocyte dediffer-
entiation and corroborates the chondrocyte prolifer-
ation data shown in Figure 3, discussed previously.

Histological analysis of the major defects formed in
0:100 constructs was supported by mechanical testing
of constructs after 1, 3, 6, and 8 weeks of in vitro
culture. The results of these compression tests are
shown in Figure 6. It is interesting to note the profiles
for the different compositions in Figure 6. In both
constructs that contained fast-degrading crosslinks (0:
100 and 23:77), the compressive modulus first de-
creased and then began to increase with additional
culture time. This indicates that the hydrogel scaffold
initially degraded faster than the encapsulated cells
could produce ECM. At some point between 1 and 6
weeks, all of the fast-degrading crosslinks were
cleaved and the constructs were being supported ei-
ther by the ECM that had been secreted by the cells
(0:100 gels) or by a combination of ECM and slow-
degrading crosslinks (23:77 gels). As shown in Figure

6, the 23:77 gels had significantly higher compressive
modulus than the 0:100 gels after 3 and 6 weeks of in
vitro culture. This is likely due to the presence of
slow-degrading crosslinks in the 23:77 gels that did
not exist in the 0:100 gels. The constructs with a bi-
modal degradation profile thus maintained a mechan-
ical advantage over the 0:100 constructs during the
early stages of neotissue development.

The profile of compressive modulus over time in the
100:0 constructs is also worth noting. These gels did
not show any initial decrease that would have been
due to hydrogel degradation, and actually show a
significant increase in compressive modulus over the
timescale of this experiment. This increase is likely a
result of charge interactions among distributed GAGs,
and also between the GAGs and the aqueous environ-
ment. It is unlikely that collagen content played a
major role in the compressive modulus of the 100:0
gels because histological analysis showed collagen to
be primarily localized to the pericellular region [Fig.
5(f,i)]. Although one result of the slow-degrading hy-
drogel network in the 100:0 gels was localization of
collagen to the pericellular region, another result was
high retention of differentiated chondrocyte morphol-
ogy.

Dedifferentiation of chondrocytes in these gels is
a major concern because it also means that the cells
may be producing large amounts of type I collagen
instead of type II collagen,22,23 which would lead to
fibrocartilage (nonarticular) with inferior mechani-
cal properties. Immunohistochemistry was per-
formed on 0:100, 23:77, and 100:0 constructs after 8
weeks to assess collagen type, and the results are
shown in Figure 7. The left column of micrographs
in Figure 7 shows type II collagen found near cells
with a rounded morphology that appear to be em-
bedded in neocartilage but also shows significant
type I collagen production in 0:100 gels. By compar-
ison, chondrocytes in the 23:77 copolymer appear to
have produced significantly less type I collagen and
still manage to show reasonable distribution of type
II collagen. The micrographs in the right column of
Figure 7 show almost exclusive staining for type II
collagen in the 100:0 homopolymer gels, but it is
clear that nearly all of the collagen in these gels is
localized to the pericellular region. Thus, it appears
that when these gels degrade too quickly, the com-
position of the ECM is clearly shifted to favor type
I collagen production. However, when the encapsu-
lated chondrocytes continue to be surrounded by
even a minimal amount of intact PEG crosslinks, the
cells maintain the correct morphology and clearly
have a better chance of producing the desired col-
lagen type. The addition of a second, slower mode
of degradation may therefore improve the macro-
scopic distribution of type II collagen by decreasing
or eliminating defects that fill with proliferating

Figure 6. Compressive modulus of developing constructs
as a function of time and gel composition. Data for each
composition are shown at time points of 1 week, white bars;
5 weeks, light gray bars; 6 weeks, dark gray bars; and 8
weeks, black bars. *p � 0.05
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cells producing type I collagen. A bimodal degrada-
tion profile in chondrocyte cell carriers thus has a
likely biochemical advantage over gels with a fast,
monomodal degradation profile.

CONCLUSIONS

These studies attempt to elucidate the physical and
biochemical advantages of using gels with a bimodal
degradation profile for tissue-engineered cartilage ap-
plications. Manipulations in a narrow range of copol-
ymer compositions can create bimodal degradation
profiles that allow for the distribution of large ECM
components while maintaining a minimum, but criti-
cal, level of structural integrity. The structural integ-
rity is not only important for the mechanical support
of developing tissue but also to maintain the correct
phenotype of encapsulated chondrocytes. It has been
shown that copolymer constructs have a significantly
higher compressive modulus than degrading ho-
mopolymer (0:100) constructs during the early stages
of neocartilage development. In addition, when com-
pared to fast-degrading homopolymer (0:100) con-
structs, chondrocytes encapsulated in the copolymer
compositions studied did not proliferate as much or
form regions of elongated cells producing primarily
type I collagen. Also, 23:77 constructs allowed colla-
gen to distribute outside of the pericellular region,
which is a clearly preferable result that was not seen in
the 100:0 systems. The quality of tissue-engineered
cartilage produced in these hydrogel systems will con-
tinue to improve with better understanding and
thoughtful manipulation of the gel degradation pro-
files.

The authors thank the DOEs Graduate Assistantships in
Areas of National Need program for a fellowship to MAR.
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