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development of engineered cartilage.3 Indeed, on the one hand,
nondegradable hydrogels possess a network of cross-links that
inhibit the diffusion of most ECM molecules9,10 and restrict
tissue development to the immediate region surrounding the
cell.11–13 On the other hand, degradable cross-links may solve
the problem in the short-term, but ultimately leads to the loss of the
hydrogel’s load carrying capacity (and thus construct failure) before
the neotissue is formed. Solutions have been suggested to address
this issue, such as introducing cell-mediated degradation14,15 but
they often make the design more complex and harder to predict
without theoretical guidance.

In contrast to most engineering materials, a major hindrance in
hydrogel design has been the lack of theoretical and computational
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polymer cross-link density (blue) and linked ECM concentration
(red) are also depicted at three characteristic times during the
construct’s evolution.

When deposition is slow compared to degradation (Fig. 7a
and b), results show that the mechanical integrity of the
construct monotonically drops with time until it completely
dissolves ( %E = 0). A closer look at the ultrastructure evolution
clearly shows that regardless of the sharpness and speed of the
degradation front, ECM deposition lags behind and is unable
to produce a well-connected phase before the hydrogel fully
degrades. Interestingly, we note that a sharper degradation
front yields a faster loss in construct’s stiffness; a phenomenon
that can be attributed to the fact that sharper fronts move
relatively faster than wide ones (Fig. 5b and d). When ECM
deposits fast (relative to degradation) one predicts that it can
reach connectivity before the hydrogel is completely degraded.
As a consequence, even in the case of a wide degradation front,
the model suggests that the construct does not completely lose
its mechanical integrity. Indeed, while there exists a time interval
for which none of the phases are connected, their mechanical

interactions allow for a load transfer between them and an overall
non-zero (although small) elastic modulus. In the situation of a
sharp degradation front however, ECM can effectively grow within
the empty interstices left by the propagating front. This eventually
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from each cell. This space creates pockets of unhindered space
enabling the diffusion of large ECM molecules. If the rate of
ECM linkage is significantly faster than the rate of hydrogel
degradation (and therefore the degradation front velocity), the
model suggests that spherical bodies of solid ECM may grow
within cavities left by degradation and eventually connect in
time. In this case, the construct structure displays a double
connected network of ECM and hydrogel, which eventually
allows a smooth transition between hydrogel and tissue and
continuous mechanical integrity. In a nutshell, the model therefore
points out that continuous mechanical integrity of the construct can
be achieved by tuning the hydrogel design to achieve both a sharp
and slow moving degradation front.

Although it does not appear explicitly, the model also
captures the role of cell density during growth. Indeed, due to
the non-dimensionalization procedure, the typical width w̃ = w/L
of the front is measured relative to the cell spacing L. Since L
increases with decreasing cell density f as shown in eqn (4.1), a
degradation front appears sharper, and thus more favorable to
the growth process for low cell densities. This also means that
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