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Purpose. Synthetic hydrogels fabricated from photopolymerization are attractive for tissue engineering
for their controlled macroscopic properties, the ability to incorporate biological functionalities, and cell
encapsulation. The goal of the present study was to exploit the attractive features of synthetic hydrogels
to elucidate the role of gel structure and chemistry in regulating biomechanical cues.
Methods. Cartilage cells were encapsulated in poly(ethylene glycol) (PEG) hydrogels with different
crosslinking densities. Cellular deformation was examined as a function of gel crosslinking. The effects of
continuous versus intermittent dynamic loading regimens were examined. RGD, a cell adhesion peptide,
was incorporated into PEG gels and subjected to mechanical loading. Chondrocyte morphology and
activity was assessed by anabolic and catabolic ECM gene expression and matrix production by collagen
and glycosaminoglycan production.
Results. Cell deformation was mediated by gel crosslinking. In the absence of loading, anabolic activity
was moderately upregulated while catabolic activity was significantly inhibited regardless of gel
crosslinking. Dynamic loading enhanced anabolic activities, but continuous loading inhibited catabolic
activity, while intermittent loading stimulated catabolic activity. RGD acted as a mechanoreceptor to
influence tissue deposition.
Conclusions. We demonstrate the ability to regulate biomechanical cues through manipulations in the gel
structure and chemistry and cartilage tissue engineering.
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INTRODUCTION

Tissue engineering is a promising approach for replacing
damaged and/or diseased tissues with healthy living tissues
that can ultimately restore long-term tissue and/or organ
function. One common approach is to utilize a 3D scaffold
that serves as a temporary support for cell growth and new
tissue development.

Photopolymerized hydrogels are particularly attractive as
tissue engineering scaffolds for several reasons. Hydrogels, in
general, exhibit high water contents, often greater than 80%
water, and exhibit tissue-like elastic properties making them
ideal candidates for creating environments that promote cell
and tissue growth (1). Photopolymerization allows for spatial
control over the polymerization reaction enabling facile
fabrication of complex 3D architectures. The mild reaction
conditions, which can be performed at physiological pH and
temperature, enable cell and protein encapsulation as well as
in vivo gelation (2–4). In addition, macroscopic gel properties
(e.g., mechanical properties, water contents) and degradation
profiles are readily tunable through changes in the degree of
crosslinking and the gel chemistry (1,5,6). Lastly, synthetic

and natural polymers which exhibit appropriate functional
groups can be modified with photoreactive moieties (e.g.,
(meth)acrylate) to create 3D environments suitable for a wide
range of tissue engineering applications (7–14).

Together, these attributes make photopolymerized
hydrogels particularly attractive for tissue engineering. As
such, photopolymerized hydrogels have been used as cell
carriers for a number of tissue engineering applications
including cartilage (14–18), bone (19–21), nerve (22), liver
(23), and more recently for maintaining undifferentiated
human embryonic stem cells in long term 3D cultures (24).
Our research group is particularly interested in exploiting the
gel architecture and chemistry of photopolymerized hydrogels
to promote functional tissue growth for cartilage tissue
engineering.

One of the attractive features of synthetic hydrogels is
the ability to control the macroscopic properties of the gel
through simple changes in gel crosslinking. For example, the
crosslinking density influences many properties important in
the design of a tissue engineering scaffold including the
compressive modulus, water content, and diffusion (25–27).
In designing an in situ forming hydrogel cell carrier for tissues
where mechanical forces are prevalent, the gel structure will
also play a key role in translating the applied mechanical
forces into biomechanical cues (e.g., through cell deformation
and mechanoreceptors). Because cells and proteins do not
interact with poly(ethylene glycol) (PEG), it serves as an
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excellent base from which to explore the role of cell
deformation on cell function. Matrix analogs can then be
systematically incorporated into the PEG gels to introduce
cell-matrix interactions to study the role of mechanoreceptors
in a highly controlled environment. In this study, we examine
the roles of (1) gel structure in controlling cell deformation
and chondrocyte activity; (2) two dynamic loading regimes
(continuous versus intermittent) in controlling chondrocyte
activity; and (3) RGD, a well-known cell adhesion moiety, as
a mechanoreceptor in controlling chondrocyte activity. Chon-
drocyte activity was assessed by gene expression for anabolic
and catabolic extracellular matrix molecules or newly synthe-
sized tissue deposition. Together, this information will aid in
designing hydrogels to regulate biomechanical cues to facil-
itate optimal cartilage growth.

MATERIALS AND METHODS

Hydrogel Formation

Poly(ethylene glycol) (PEG, 3,000 Da, Fluka) was
reacted with methacryloyl chloride (Sigma) or acryloyl
chloride (Sigma) in the presence of triethylamine (Sigma)
for 24 h at 4°C. The final PEG macromer product, poly
(ethylene glycol) dimethacrylate (PEGDM) or polyethylene
glycol diacrylate (PEGDA), was purified by precipitations in
ethyl ether and analyzed using 1H NMR (Varian YVR-500S).
The degree of substitution was greater than 80%. To create
cylindrical gels (5×5 mm), PEGDM was dissolved in
phosphate buffered saline (PBS, pH 7.4, Invitrogen) at 10%,
20% or 30% (w/w) and mixed with 0.05%, 0.0125%, or
0.0056% (w/w) photoinitiator (Irgacure I2959, Ciba Specialty
Chemical), respectively, and exposed to 365 nm light (UVP,
Model XX-20) at 6 mW/cm2 for 10 min to form low, medium
and high crosslinked gels, respectively.

To study the role of cell–matrix interactions in the form
of mechanoreceptors, the cell adhesion ligand, RGD, was
incorporated into the PEG hydrogel network. In brief, a 10%
molar excess of NH2-Tyr-Arg-Gly-Asp-Ser-COOH (YRGDS,
Bachem) (1 mg/ml) was reacted with acryloyl-PEG-N-
hydroxysuccinimide (ACR-PEG-NHS) (3,400 Da, Nektar)

(10 mg/ml) in 50 mM of bicarbonate buffer (pH=8.4) for 2 h.
A fluoraldehyde assay (Pierce) was used to assess indirectly
the efficiency of the reaction by measuring the amount of
unreacted primary amines, which was determined to be
greater than 85%. The final product, ACR-PEG-RGD was
dialyzed overnight and lyophilized for 24 h. ACR-PEG-RGD
(0, 0.1, 0.4, and 0.8 mM) was added to 10% w/w PEGDAwith
0.05% w/w Irgacure 2959 and polymerized as described
above.

Cell Isolation and Culture

Chondrocytes were isolated from full depth articular
cartilage harvested from the patellar-femoral groove of 1- to
3-week-old calves (Research 87) or from the metacarpalpha-
langeal joints of front feet from 2- to 4-year-old steers
(Arapahoe Packing) within 24 h of slaughter. The former
isolation was employed in studies described by Figs. 2 and 3
and the latter isolation was employed for studies described by
Figs. 1 and 4. Explanted cartilage was digested in 500 U/ml
collagenase II (Worthington Biochemical) in Dulbecco’s
minimal essential medium (DMEM, Invitrogen) supple-
mented with 5% fetal bovine serum (FBS, Invitrogen) for
16 h at 37°C. Isolated chondrocytes were washed and
resuspended in chondrocyte media (DMEM supplemented
with 20% FBS (v/v), 0.04 mM L-proline (Sigma), 50 mg/l L-
ascorbic acid (Sigma), 10 mM HEPES buffer (Invitrogen),
0.1 M MEM-nonessential amino acids (Invitrogen), 1%
penicillin–streptomycin (Invitrogen), 0.5 μg/ml fungizone
(Invitrogen), and 20 μg/ml gentamicin (Invitrogen)). Chon-
drocytes at 50 million cells/ml were combined with sterile
macromer solution and photopolymerized as described
above. Cell-laden hydrogel constructs were allowed to
equilibrate under free swelling conditions for 24 h in cell
culture media in a humid environment at 37°C and 5% CO2

prior to loading mechanically.

Cell and Matrix Visualization

To visualize chondrocytes encapsulated into hydrogels, a
fluorescent membrane integrity assay, LIVE/DEAD® Assay
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Fig. 1. A live cell encapsulated in a low crosslinked PEG hydrogel subjected to no strain (a) and subjected to a 15% strain (b). Cell
deformation was quantified by diameter ratio as a function of gel crosslinking under no strain (black bars) and subjected to an applied 15%
strain (gray bars). The macroscopic properties (i.e., equilibrium water content (%) and compressive modulus (kPa)) of the gels are also
provided as a function of gel crosslinking. (*p<0.05; ***p<0.001).
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(Invitrogen) where live cells fluoresce green and dead cells
fluoresce red was employed. Hydrogels were treated with
5 μM calcein-AM and 2 μM ethidium homodimer for 30 min.
For matrix visualization in situ, an immunofluorescent
approach was employed. The hydrogels were placed in PBS
supplemented with 0.5 U/ml Chondroitinase ABC (Sigma)
and 1% BSA (Sigma) to expose the chondroitin sulfate
epitope for 1 h. Hydrogels were treated with anti-chondroitin-
6-sulfate (clone MK-302, Chemicon) (1:50) in DMEM+20%
FBS for 1 h, rinsed with Earle’s Balanced Salt Solution
(EBSS, Gibco), and placed in DMEM+20% FBS with goat
anti-mouse IgG labeled with Alexa Fluor 546 (1:20) (Invi-

trogen) for 1 h. Cytoplasm was counterstained with 5 μM
calcein-AM for 30 min.

Cell Deformation

Chondrocyte-laden hydrogel constructs were allowed to
swell for 72 h prior to placing in a custom designed hydrogel
strainer apparatus similar to that described by Knight et al.
(28). The hydrogel strainer sits on the stage of an inverted
microscope associated with a confocal laser scanning unit
(Zeiss LSM 510). Hydrogels were subjected to 15% com-
pressive strain. Images were captured at full width half
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Fig. 2. A live cell (green) surrounded by a newly synthesized pericellular matrix (red) 3 days post-encapsulation in a low crosslinked PEG
hydrogel (a). The effects of hydrogel structure in the form of crosslinking density and culture time on anabolic and catabolic gene expression
(b, c). Anabolic gene expression was measured by collagen type II (b, solid line) and aggrecan (c, solid line). Catabolic gene expression was
measured by MMP-1 (b, dotted line) and MMP-3 (c, dotted line). The data were normalized to day 0 expression levels.
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Fig. 3. The effects of dynamic loading regime on chondrocyte anabolic and catabolic activity within a low crosslinked PEG gel. Two loading
regimes were examined: continuous dynamic loading at 0.3 Hz and 15% amplitude strains (black bars) and intermittent dynamic loading at
0.3 Hz and 15% amplitude strains (12 h off, 1 h on/1 h off for 12 h) (gray bars). Gene expression was normalized to day 0 time point (i.e., 24 h
post-encapsulation and immediately prior to loading). *p<0.05 compared to day 0, †p<0.05 compared to continuous loading. a represents
anabolic gene expression and b represents catabolic gene expression.
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maximum height immediately after the application of the
applied strain. The level of cellular strain remained constant
during the experiment (∼1 h, unpublished results). A total of
48 cells were imaged from three regions of interest per
hydrogel composition (two gels were imaged per formulation,
n=96). Cell morphology was quantified by a diameter ratio
(x/y) where x represents the cell diameter parallel to the
applied strain and y represents the cell diameter perpendic-
ular to the applied strain (28,29).

Mechanical Loading

Custom-built loading apparatuses previously described
by the authors were employed to apply dynamic compressive
strains to the cell-laden hydrogel constructs (30,31). Briefly,
each loading apparatus uses a standard 24-well tissue culture
plate in which one gel is placed in each well and has a
corresponding loading platen. Frequency, strain and duration
are readily controlled by an external computer. The low
crosslinked gels were employed in the dynamically loaded
experiment. Due to the weight of the platen, a 5% offset
strain was applied to the hydrogel. Dynamic loading was
performed by applying a sinusoidal waveform from 5% to
20% maximum strain with a frequency of 0.3 Hz. For data
presented in Fig. 3, the gels were dynamically loaded for 1
and 7 days either continuously or intermittently (12 h off, 1 h

on/1 h off for 12 h). For data presented in Fig. 4, the gels were
dynamically loaded for 2 days continuously. At specified time
points, samples were removed. Chondrocyte media was
replaced every 2 days. Free swelling gels were cultured in
24 well culture plates and used as unstrained controls. Cell
viability was qualitatively assessed using a LIVE/DEAD®
Assay (Invitrogen) and was high under all conditions.

Gene Expression

At specific time points, loaded or unloaded gels were
removed and immediately homogenized under liquid nitro-
gen and subsequently processed with TRI Reagent (Sigma) to
isolate total RNA (32). RNAwas quantified using Ribogreen
RNA Quantification Kit (Invitrogen) or the Nanodrop (ND-
1000, Thermo-Fisher). RNA (100 ng to 1 μg) was treated with
Turbo DNA-free (Ambion) and transcribed using the High
Capacity cDNA Kit (Applied Biosystems). Real-time RT-
PCR (ABI 7500Fast) was performed using custom designed
and validated D-LUX primers for L30, collagen II, aggrecan,
MMP-1, and MMP-3 with the Taqman® Fast Universal PCR
Master Mix (Applied Biosystems). Primers for L30, collagen
II and aggrecan have been previously reported by the authors
(31). For MMP-1, forward primer is cggtcAGAAGT-
GATGTTCTTCAAAGAC[c-FAM]G and reverse primer is
TCCACTTCTGGGTACAAGGGATTT resulting in an
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Fig. 4. Schematic of PEG-RGD gels in which the RGD ligand binds to its corresponding integrin on the cell membrane (a). When a
compressive strain is applied to the PEG-RGD constructs, the RGD ligand-integrin bond may act as a mechanoreceptor to regulate
chondrocyte function (b). Chondrocyte response was measured by newly synthesized matrix, total collagen production (black bars) and
glycosaminoglycan production (gray bars), in the absence of loading (c) and when subjected to dynamic loading (0.3 Hz, 15% amplitude
strains) (d). The data was normalized to the 0 mM RGD hydrogel. Data is reported as mean±standard deviation. An asterisk(s) above a bar
indicates a significant difference from 0 mM RGD (*p<0.05; **p<0.01; ***p<0.001). In d, asterisk(s) also indicates a significant difference
compared to 0.1 and 0.4 mM RGD samples (p<0.01).
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amplicon length of 68 bp. For MMP-3, forward primer is
cgttcCTCCAGCACTCAACCGAA[c-JOE]G and reverse
primer is AGGTCTGTGCGAGGGTCGTAG resulting in
an amplicon length of 67 bp. Data are presented as:

Normalized Expression ¼
E

$CT GOIð Þ Calibrator�sampleð Þ
GOIð Þ

E
$CT HKGð Þ Calibrator�sampleð Þ

HKGð Þ

where E is the efficiency of the gene amplification, GOI is the
gene of interest, HKG is the housekeeping gene (L30), and
CT is the cycle threshold point. The samples were normalized
to a calibrator (e.g., day 0 samples). L30, a mitochondrial
ribosomal protein, was used as the HKG (33) because it was
stable throughout the experiments (unpublished data). A
sample size of three was used.

Biochemical Analysis

At specified time points, gels were removed, homoge-
nized and digested in a papain enzymatic solution [125 mg/ml
of papain (Worthington Biochemical), 10 mM of L-cysteine–
HCl (Sigma), 100 mM of phosphate (Sigma) and 10 mM of
ethylenediaminetetraacetic acid (Biorad) at a pH of 6.3 for
16 h at 60°C]. Hydroxyproline was measured as an indication
of the total collagen content in the digests (34). Glycosami-
noglycan content was measured in the papain digests using
the dimethylmethylene blue dye (Sigma) method (35).
Hoeschst 33258 fluorescence assay (Polysciences) was used
to quantify total DNA content in the papain digest (36). All
biochemical data were normalized to total DNA content. A
sample size of three was used.

Hydrogel Characterization

Cell-free cylindrical hydrogels (5×5 mm) were swollen
for 24 h to equilibrium in PBS at 37°C. To measure the
equilibrium water content, the equilibrium swollen mass was
measured. The gel was subsequently dried by lyophilization
for 24 h and the dry polymer mass measured. The tangent
compressive modulus (MTS Synergie 100) was determined by
applying a constant strain rate of 0.02 mm/s to the hydrated
hydrogels in unconfined compression and the resulting stress
recorded. A sample size of five to six was used for gel
characterization.

Statistical Analysis

Data are represented as mean±standard deviation. Nor-
malized gene expression values were analyzed using ANOVA
and Tukey post hoc to determine the statistical significance. A
confidence level of 0.95 was considered significant.

RESULTS AND DISCUSSION

The Role of Hydrogel Structure in Regulating Cell
Deformation

Cell deformation is thought to be one mechanism by
which chondrocytes sense mechanical loads (37,38). To
explore the role of gel structure in regulating cell deforma-

tion, chondrocytes were encapsulated in PEG hydrogels of
three crosslinking densities (i.e., low, medium and high) and
cultured under free swelling conditions for 3 days. At day 3,
the gels were subjected to a 15% compressive strain and their
morphology assessed. A representative image of a chondro-
cyte encapsulated in the low crosslinked PEG hydrogel and
subjected to no strain and a gross 15% compressive strain is
shown in Fig. 1a and b, respectively. Cell deformation was
quantitatively assessed by a diameter ratio where a value of
one indicates a spherical cell and a value less than one
indicates the cell has deformed under the applied gross
strains. The results are shown in Fig. 1c. In the absence of
an applied strain, the diameter ratios were unity for all gel
crosslinking densities suggesting the encapsulated cells adop-
ted a round morphology. However, the application of a
compressive strain resulted in a significant decrease in the
diameter ratio in all three gels. Interestingly, the level of cell
deformation was dependent on the degree of crosslinking and
was highest in gels with the highest crosslinking density. The
hydrogel macroscopic properties were also evaluated (Fig. 1c)
in which the water contents were greater than 80% in all gels,
while the compressive moduli spanned from 60 to 900 kPa.
Our findings suggest that synthetic crosslinked hydrogels
offer a mechanism to control the level of cell deformation
through changes in the crosslinking density. A recent study by
our group described the effects of PEG gel crosslinking on
early chondrocyte response when subjected to static or
dynamic loading for 48 h. Cell proliferation and proteoglycan
synthesis were found to be highly dependent on the degree of
crosslinking and the loading regimen suggesting that the
degree of cell deformation may, in part, control chondrocyte
activity (30).

The Role of Hydrogel Structure in Regulating Chondrocyte
Activity

In cartilage homeostasis, chondrocytes are responsible
for turnover of new matrix where there is a balance between
anabolic and catabolic activities. Elucidating these activities
as a function of scaffold and culture environment is important
in designing a scaffold to promote new tissue growth. In the
absence of an applied load, the hydrogel structure may
influence chondrocyte activity due to the crosslinks. Previous
studies by Bryant and Anseth (1) demonstrated that the
crosslinking density of PEG gels influences the distribution of
newly synthesized matrix where gels with high crosslinking
restrict diffusion of matrix molecules into the extracellular
regions of the gel. Therefore in this study, we initially
assessed the role of gel structure in regulating anabolic and
catabolic activities under free swelling conditions.

Within several days post-encapsulation chondrocyte
anabolic activity involves depositing a pericellular matrix.
Fig. 2a illustrates a representative image of a live chondrocyte
after being encapsulated in a low crosslinked gel for 3 days.
The cell is surrounded by newly synthesized matrix where
proteoglycans are stained red. It is likely that the formation of
this pericellular matrix is an innate response of the chon-
drocyte when placed in a new environment (39). To assess
anabolic and catabolic chondrocyte activities as a function of
gel crosslinking, free swelling hydrogels of two different
crosslinking densities were examined. Specifically, we chose
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to explore the low and medium crosslinked gels. Gene
regulation of two major extracellular matrix (ECM) proteins,
collagen II and aggrecan, was assessed for anabolic activity.
Gene regulation for catabolic activity was assessed by
measuring matrix metalloproteinases (MMP). Specifically,
we examined MMP-1, which is responsible for cleaving
collagen (including collagen II) and MMP-3, which is
responsible for cleaving aggrecan. The results are shown in
Fig. 2b for collagen II and MMP-1 expressions and in Fig. 2c
for aggrecan and MMP-3 expression.

Gene expression was normalized to day 0 expression and
followed over a 20 day culture period. Collagen II expression
increased slightly in the low crosslinked gel up to day 10, but
by day 20, expression levels were similar to day 0. A decrease
in collagen II expression, however, was observed with the
medium crosslinked gel with culture time. Aggrecan expres-
sion for the low crosslinked gels significantly increased with
culture time up to day 10 but by day 20 was statistically
similar to day 0. For the medium crosslinked gel, aggrecan
expression did not significantly change with culture time, but
was statistically lower compared to the low crosslinked gel at
days 5 and 10. Overall, catabolic activities were significantly
down regulated within 5 days of culture by 10-fold for MMP-1
and 100- to 1,000-fold for MMP-3 regardless of gel cross-
linking. These results suggest that free swelling PEG hydro-
gels support anabolic gene expression, with the highest
expression levels seen in the low crosslinked gel, and inhibits
catabolic activities.

The Role of Dynamic Loading Regime in Regulating
Chondrocyte Activity

Mechanical loading plays an integral role in cartilage
homeostasis but the optimal conditions for in vitro culture
remain elusive and is likely to be dependent on the scaffold
architecture and its chemistry. Here, we chose to utilize the
low crosslinked gel because of its role in enhanced anabolic
activities to explore two loading regimes. Specifically, a
continuous and intermittent dynamic loading regime was
chosen to understand the importance of loading duration on
chondrocyte activity during early culture times of up to
1 week. Dynamic compressive strains were applied for 1 week
continuously or intermittently (12 h off, 1 h on/1 h off for
12 h). During each loading cycle the cell will undergo
deformation in which cells cultured under the continuous
loading regime will experience four times more cycles (and
deformations) compared to the intermittent regime. Early
chondrocyte response was assessed by measuring anabolic
and catabolic gene expression at day 0 (i.e., 24 h post-
encapsulation), day 1, and day 7. Gene expression was
normalized to day 0 time point and the results are given in
Fig. 3.

Gels cultured under continuous dynamic loading con-
ditions led to an up-regulation in anabolic activities (specif-
ically aggrecan) and a down regulation in catabolic activities.
By day 7, a threefold increase in aggrecan expression, fivefold
decrease in MMP-1 expression, and 10-fold decrease in
MMP-3 expression were observed. When gels were subjected
to intermittent loading conditions, chondrocytes behaved
much differently. By day 7, collagen II and aggrecan
expression were up-regulated by approximately twofold;

however, MMP-1 and MMP-3 levels increased by approxi-
mately 180-fold and sevenfold, respectively.

Our results illustrate that continuous dynamic loading
moderately stimulates anabolic activity, but down regulates
catabolic activity while intermittent dynamic loading leads to
a moderate stimulation of anabolic activity but a significant
up-regulation in catabolic activities. Our findings are contrary
to our expectations in which others have suggested that
intermittent loading is desirable for tissue deposition while
continuous loading may be interpreted as overloading and
negatively impact tissue growth (40,41). There are several
possible explanations. During the off period in the intermit-
tent loading regime, the gels are subject to the weight of the
loading platen, which for the low crosslinked gels, inherently
causes a ∼5% strain on the gels. Static strains have been
shown to increase MMP activity in cartilage explants (42) and
in chondrocyte seeded scaffolds (43,44). However, an integral
part of the remodeling process of the ECM is the initial
breakdown of matrix following reorganization and synthesis
of new matrix. Therefore, stimulation of both anabolic and
catabolic activities may be important in improving overall
tissue formation (43). Additional studies, however, are
needed to understand fully the responses observed here.

The Role of Mechanoreceptors in Regulating Chondrocyte
Activity

The ECM of cartilage is comprised predominantly of
collagen II and aggrecan. However, chondrocytes are sur-
rounded by a very different matrix called the pericellular
matrix (PCM), which is rich in collagen types II, VI, IX,
fibronectin and aggrecan (39,45). Cellular interactions with
the “information rich” PCM result in “outside-in” signaling
mechanisms, which regulate many biological processes such
as cell growth, differentiation and overall tissue maintenance
(39). Fibronectin, one of the proteins found in the PCM,
binds to cell surface receptors through the short oligopeptide
sequence, Arg-Gly-Asp (RGD) (46). The RGD sequence has
been shown to be essential for chondrocyte adhesion to
fibronectin coated surfaces (47) and has been shown to
enhance chondrogenesis of human mesenchymal stems when
encapsulated in PEG hydrogels (48).

Therefore, this study investigated if RGD can act as a
mechanoreceptor and its biomechanical role in regulating
chondrocyte function and tissue deposition. Specifically,
RGD was tethered to a low crosslinked PEG hydrogel as
depicted in Fig. 4a by incorporating varying concentrations of
an acryloyl modified RGD (0, 0.1, 0.4 and 0.8 mM). It is
important to note that the final concentration of RGD was not
assessed in the gels. In addition, the incorporation of RGD did
not affect the mechanical properties (i.e. compressive modu-
lus) or the water content of the hydrogels. When subjected to
an applied compressive strain, the integrin–ligand interaction
may also undergo strain and serve as a mechanical transducer
(Fig. 4b). In order to elucidate concentration effects of RGD,
we chose to study chondrocyte response at very early culture
times of up to 3 days (1 day of free swelling culture and 2 days
of loading) to minimize the cell–matrix interaction that result
from newly synthesized matrix.

Initially, we explored the role of RGD on matrix
production in the absence of mechanical loading. To isolate
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the effects of RGD, PEG-RGD gels were normalized to PEG
gels which did not contain RGD. Newly synthesized matrix
molecules were analyzed by measuring total collagen and
glycosaminoglycan contents. Interestingly, the incorporation
of RGD into the hydrogels had little effect on matrix
production (Fig. 4c). Specifically, there was no affect on
collagen production at the RGD concentrations studied. A
down regulation in GAG production was observed in the
0.4 mM RGD gels, but reached similar values with 0.8 mM
RGD. To study the effects of RGD as a mechanoreceptor,
dynamically loaded PEG-RGD gels were normalized to
loaded PEG gels which did not contain RGD. Interestingly,
the addition of 0.1 mM RGD resulted in a significant
inhibition in total collagen production, but this inhibition
was fully recovered with higher amounts of RGD. On the
contrary, GAG production was not affected by the addition of
low amounts of RGD, but 0.8 mM RGD resulted in a
threefold increase in GAG production. Our results suggest
that RGD can act as a mechanoreceptor to inhibit collagen
production (at low RGD concentrations), but stimulate GAG
synthesis (at higher RGD concentrations).

CONCLUSIONS

We demonstrate the ability to regulate biomechanical
cues through manipulations in the gel structure, which
influences the level of cell deformation, and the gel chemistry
to introduce cell–matrix interactions, which serve as mecha-
noreceptors. The type of loading regime greatly influences
the anabolic and catabolic activities of chondrocytes, and
therefore may significantly affect the overall quality of the
engineered tissue. Together, our long-term research goals are
to exploit the gel architecture and chemistry to develop tissue
engineering strategies that guide functional tissue growth for
cartilage repair.
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