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Despite these challenges, hydrolytically degradable hydrogels
with encapsulated cells have yielded a macroscopic engineered
tissue,4,
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condyles of a 1−3 week old calf (Research 87, Marlborough, MA).
Cartilage slices were rinsed in phosphate-buffered saline (PBS)
supplemented with 50 U/mL penicillin and 50 μg/mL streptomycin
(P/S), 0.5 μg/mL fungizone, and 20 μg/mL gentamicin (Invitrogen,
Carlsbad, CA). Cartilage slices were digested for 15−17 h at 37 °C in
600 U/mL collagenase type II (Worthington Biochemical, Lakewood,
NJ) in Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen,
Carlsbad, CA) with 5% fetal bovine serum (FBS) (Atlanta Biologicals,
Lawrenceville, GA). The cartilage digest was filtered through a 100 μm
cell strainer (Falcon, Corning, NY) and collagenase was inactivated
with 0.02% ethylenediaminetetraacetic acid in PBS (Invitrogen,
Carlsbad, CA). Chondrocytes were recovered and washed in PBS by
several centrifugation steps and resuspended in PBS with antibiotics.
Cell viability was >70% postdigestion as determined using the Trypan
Blue exclusion assay (Invitrogen, Carlsbad, CA).

Chondrocyte Encapsulation and Culture. PEG-CAP-NB was
solublilized in PBS 1 day before cell encapsulation and stored at 4 °C
to minimize hydrolysis. A precursor solution was prepared with 10%
(g/g) PEG-CAP-NB, PEG dithiol (Figure 1B) (PEGdSH 1 kDa,
1:1 moles of thiol to norbornene, Sigma-Aldrich, St. Louis, MO), and
0.05% (g/g) photoinitiator (Irgacure 2959, Ciba Specialty Chemicals,
Tarrytown, NY) in PBS. Freshly isolated chondrocytes were combined
with the precursor solution at 50, 100, or 150 million cells/mL
precursor solution. Cell-laden PEG-CAP hydrogels were formed by
photopolymerization with UV light (352 nm, 6 mW/cm2) for 7 min
(Figure 1C). Hydrogels were rinsed in PBS with antibiotics and then
cultured4.53 T14.8(m)10(L)-3h3.2(on)-7.2(52s)-732793/cm
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describes the hydrogel properties (i.e., cross-linking density and
mechanical properties) that evolve over time as the hydrogel degrades.
At the microlevel, the construct is described by representative volume
elements (RVEs) containing a finite number of cells embedded
in a hydrogel whose cross-link density (ρx) can vary with distance (x)
and time (t) such that ρx(x,t). Diffusion of ECM molecules depends
on hydrogel cross-linking. At the macro level, large populations
of cells are considered as well as their effect on the evolution of
mechanical properties that result from hydrogel degradation and ECM
growth.

The model at the submicroscale was used to describe hydrogel
properties as a function of space and time resulting from hydrogel
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macroscopic point x is represented by a heterogeneous function f(x) a
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density (Figure 7C) conditions, the ECM by week 4 was
interconnected and present throughout all constructs. Similar
results were observed at week 12.

Computational Modeling of Hydrogel Degradation
and ECM Growth. The computational model was then used
to describe the cross-link density, ECM accumulation in the
hydrogel and compressive modulus as a function of culture time
up to 30 days (Figure 8), at which point the hydrogel had
degraded. The model used the cluster analysis described above

for each of the three cell densities and a value of 27 for Rd/Rc.
The remaining model parameters are given in Table 1. The
ECM homeostatic concentration (cm,0) was determined from
the ECM (collagen and GAG) concentration of fresh juvenile
bovine cartilage explants. The ECM production rate per cell
(Jm

0 ) was calculated from the total ECM synthesis produced
over the first 4 weeks divided by 28 days and the total number
of cells at 4 weeks. Jm

0 was assumed to be constant. The
simulation results are shown in Figure 8. The average cross-link
density decreased with time concomitant with an increase in
average ECM accumulation in the hydrogel for all cell densities
(Figure 8A). The high cell density condition, which started
with the lowest initial average cross-link density, led to the
greatest amount of ECM accumulation within the hydrogel
by day 30. Snap shots of cross-link density and ECM
accumulation from 3D simulations are shown at day 0, 15,
and 30 (Figure 8B). The low cell density condition had more
diffuse and less dense regions of accumulated ECM. On the
contrary, regions of dense ECM are observed in the medium
cell density condition and were even more pronounced in the
high cell density condition. The compressive modulus of
the construct, which combines the modulus of the hydrogel and
the modulus of the ECM, as a function of time was also
determined in the simulations (Figure 8C). The modulus
decreased for all conditions, which corresponded to a decrease
in the cross-linking density with minimal deposited ECM.
However, the modulus begins to increase as the ECM forms
its own interconnected matrix. This transition occurred the
earliest in the high cell density condition and took the longest
to occur in the low cell density condition. The experimentally
measured modulus corresponded to the simulation results at
day 28.
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cell clusters, the overall modulus drops by ∼50% at 4 weeks.
This observation is consistent with the idea that, as the
hydrogel degrades primarily through hydrolysis as degradation
by enzymes in serum and/or secreted by chondrocytes has not
been observed (unpublished data), but with limited ECM

interconnectivity, the overall modulus must decrease. On the
other hand, in the medium and high cell density conditions, the
overall modulus increased by ∼3-fold at 4 weeks. This
observation is consistent with the idea that, although the
hydrogel is degrading, there is substantial macroscopic ECM
that forms within the large cluster regions, which contributes to
the overall modulus.

The model was able to capture the overall evolution of ECM
growth and construct modulus as a function of time for the
PEG-CAP hydrogels with varying initial cell concentrations.
Since the model describes hydrogel degradation that is coupled
to ECM molecule transport and deposition, but does not
describe maturation of the ECM alone, the model was limited
to the time scale of hydrogel degradation (∼30 days). Results
from the model provide insights into the spatiotemporal
behavior of the construct as it transitions from hydrogel to
ECM. Experimental limitations prevent the real time
continuous analysis of the modulus evolution. The model
provides insights into the drop in modulus that occurs as the
constructs degrade initially prior to significant ECM deposition
and elaboration. This effect was most pronounced in the low
cell density condition, which reported a ∼70% modulus drop in
the first ∼24 days prior to recovery of the modulus by 30 days.
The medium and high cell density cases reached a minimum
modulus at earlier times and exhibited a greater recovery in the
first 30 days. The simulation results support the idea that higher
cell seeding densities lead to increased ECM connectivity
through the following mechanisms. Encapsulation at high cell
densities leads to an overall lower bulk cross-link density as
single cells in the background and cells within the clusters are
closer together, and this leads to overlapping Rd’s. This effect
causes the hydrogel to reach reverse gelation faster especially in
the clusters, which creates space for ECM transport and
deposition within the clusters. As clusters are closer together,
interconnectivity of the ECM between clusters occurs leading
to an overall ECM interconnectivity within the hydrogel.

Long-term by 12 weeks, the engineered neo-cartilage tissue
was largely similar across all three conditions. The low cell
density condition by week 12 reached a modulus that was
similar to the medium and high cell density conditions at

Figure 6. Characterization of the cell-laden hydrogel constructs as a
function of culture time for (A) compressive modulus, (B) DNA
content, (C) sulfated glycosaminoglycan (sGAG) content per construct,
(D) sGAG per DNA, (E) total collagen content per construct, and
(F) total collagen content per DNA for low (50 M cells/mL) (○),
medium (100 M cells/mL) (□), and high (150 M cells/mL) (◇)
density. Dot plots are shown for individual repeats and the horizontal
line represents the mean. The corresponding ANOVA results are
shown in Table 3.

Table 3. Statistical Analysis of Cell-Laden Hydrogels in Culture

measurement factor DOF SS MS F p

modulus cell density 2 850 430 2.6 0.1
time 2 3800 1900 12 0.001
cell density × time 4 2800 700 4.3 0.015

DNA cell density 2 1200 580 12 <0.001
time 2 15 7.6 0.16 0.86
cell density × time 4 860 210 4.4 0.011

sGAGs cell density 2 2.0 × 1005 1.0 × 1005 2.9 0.084
time 2 1.1 × 1006 5.7 × 1005 16 <0.001
cell density × time 4 2.0 × 1005 5.0 × 1004 1.4 0.27

sGAGs/DNA cell density 2 100 51 3.5 0.052
time 2 1700 860 59 <0.001
cell density × time 4 59 15 1 0.43

total collagen cell density 2 2.8 × 1005 1.4 × 1005 2.9 0.082
time 2 4.4 × 1006 2.2 × 1006 46 <0.001
cell density × time 4 1.1 × 1006 2.8 × 1005 5.8 0.004

total collagen/DNA cell density 2 2 0.98 0.08 0.92
time 2 6300 3200 260 <0.001
cell density × time 4 150 37 3 0.46
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week 4, where the latter two conditions appeared to maintain
their mechanical properties after week 4. The high cell density
condition resulted in the greatest total amount of deposited
ECM per construct and on a per cell basis. These findings
suggest that differences in the spatiotemporal degradation of
the hydrogel due the local heterogeneities have profound
effects on neotissue growth. Herein, our findings indicate that
starting with a lower cell seeding density, which corresponds to
a higher initial modulus, results in less ECM deposition, a
considerable drop in mechanical properties, and a slow
transition to an interconnected neotissue. Alternatively, starting
with a high cell seeding density, which corresponds to a lower
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