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1. Introduction

Tuning tissue growth with scaffold degradation in
enzyme-sensitive hydrogels: a mathematical model

Umut Akalp, Stephanie J. Bryant and Franck J. Vernerey*

Despite tremendous advances in the field of tissue engineering, a number of obstacles remain that
hinder its successful translation to the clinic. One challenge that relates to the use of cells encapsulated
in a hydrogel is identifying a hydrogel design that can provide an appropriate environment for cells to
successfully synthesize and deposit new matrix molecules while providing a mechanical support that
can resist physiological loads at the early stage of implementation. A solution to this problem has been
to balance tissue growth and hydrogel degradation. However, identifying this balance is di cult due to
the complexity of coupling di usion, deposition, and degradation mechanisms. Very little is known
about the complex behavior of these mechanisms, emphasizing the need for a rigorous mathematical
approach that can assist and guide experimental advances. To address this issue, this paper discusses
a model for interstitial growth based on mixture theory, that can capture the coupling between cell-
mediated hydrogel degradation (i.e., hydrogels containing enzyme-sensitive crosslinks) and the transport
of extracellular matrix (ECM) molecules released by encapsulated cells within a hydrogel. Taking
cartilage tissue engineering as an example, the model investigates the role of enzymatic degradation on
ECM di usion and its impact on two important outcomes: the extent of ECM transport (and deposition)
and the evolution of the hydrogel's mechanical integrity. Numerical results based on finite element
analysis show that if properly tuned, enzymatic degradation yields the appearance of a highly localized
degradation front propagating away from the cell, which can be immediately followed by a front of
growing neotissue. We show that this situation is key to maintaining mechanical properties (e.g.,
sti ness) while allowing for deposition of new ECM molecules. Overall, our study suggests a hydrogel
design that could enable successful tissue engineering (e.g., of cartilage, bone, etc.) where mechanical
integrity is important.

The degeneration of tissue such as cartilage and bone due to
injury, aging or disease is a major source of disability, pain and
economic burden in the U.S. and throughout the world. Current
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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 di usion of most ECM molecules®® and restrict
tissue development to the immediate region surrounding the
cell.*™® 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 degradation®**® 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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cleave existing cross-links following Michaelis-Menten kinetics.*?
The change of cross-link density r, defined as the number of cross-
links per volume of hydrogel in the dry state (i.e. when no solvent is
present) can therefore be written:

Dr r

1 0
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ra/x of its hydrodynamic radius r, and the hydrogel mesh size x
where the latter is defined as the distance between two opposite
polymer chains in the swollen ideal network (Fig. 1). One
well accepted model to describe this relationship was derived
by Lustig and Peppas® and displays a linear relationship
between the di usivity and the relative particle radius ra/x of
the form:

1 1 Ma .
Dafra, r,Jb ¥4 Dy f6J7J0D(1 xér,JD)’ ra<x<x, (2.2)

where the mesh size x implicitly depends on cross-link density
r and equilibrium volumetric swelling ratio J and x. = x(r,J) is
the mesh size when the gel reaches reverse gelation. The
function f(J, Jp) represents the probability for a solute molecule
to find a free volume for di usion. Its expression can be derived
from Eyring’s equation®’ in which the di usivity in a swollen
network di ers from that in a pure solvent due to the entropic
contributions of polymer chains. Cohen and Turnbull®®
and Peppas and Reinhart® particularly showed that a good
approximation of this probability is given by f(J,Jo) = exp( 1/
(JJo 1)). Note that once the hydrogel reaches reverse gelation,
polymer chains are free to di use and assumed to quickly leave
the construct. This means that as r — r,, chains eventually
disappear, and since this process is relatively faster than the
dynamics of growth, one assumes that the function f(J,Jo)
becomes unity as soon as r = r.. We further note that relation
(2.2) is only valid over the defined range r, < X < X; indeed,
when x < rg,, the small mesh size restrict di usion and D, — O.
When x 4 x., however, the mesh disappears (x —» oo0) and
the di usivity becomes that of a particle in a pure solvent, i.e.
D, = DY as given by the Stokes-Einstein relation.*® While the
radii of molecules cannot be changed, it is possible to tune
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the hydrogel mesh size via its cross-link density through the

relation:®
1r
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experienced (such as swelling) by the domain during growth.
This quantity is calculated by ensuring stress-free boundary
conditions as described in ref. 56. Boundary conditions on the
cell surface Sce can further be specified in terms of enzyme and
ECM productions as:

Gals, , ¥4 o (1 %0) (4.3)
where q2 is the production rate of constituent a (= e, m). This
simple relation indicates that cells produce enzyme and ECM
molecule until they reach a homeostatic state, given by a target
concentration ¢2.28
To analyze the solution, we first apply the technique of non-

dimensionalization that consists of rescaling all variables to
reference dimensions and times as:
tD

|_2

X VX, t Y (4.4)
L

This operation aims to simplify the original equations and

reduce the number of physically meaningful parameters for a

better interpretation of the system’s response. Using the above

scaling relations, the new dimensionless variables become:

u E Ca 1/4z—§, D i %, r 1/4r—r0 (4.5)
where the characteristic length scale L is determined by the
average spacing between cells, energies are scaled with the
thermal energy RT and all concentrations are defined in relation
to their threshold value ¢S defined in egn (4.2). Substituting
these variables in the original formulation, our final system
preserves the structure of the original transport and mechanics
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eqn (3.3) and (3.6), for which the critical parameters are
expressed as follows. For the transport phenomena, normalized
permeabilities are written as a fraction of the maximum value
Dy, for ECM molecules and are expressed in terms of swelling
ratio, molecule radius and cross-link density as:

Da
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enables an optimized combination of ECM growth and
mechanical integrity in time.

5.1 Degradation around a single cell
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the point at which r* = 0.99. Similar observations are reported
both numerically and experimentally in ref. 33.
Diffusion-dominated and diffusion-limited systems. Fig. 5a—c
clearly shows that the width and speed of the degradation front,
can be controlled by varying k.* and r.*. For large enzyme radius
(or small hydrogel mesh size), the diffusivity becomes so small
that it is the rate-limiting step. Such a diffusion-limited system
typically exhibits a very sharp degradation front followed by a
region of intact polymer (Fig. 5¢). By contrast, when the enzyme
size becomes small (or alternatively, when the hydrogel mesh size
becomes large), the diffusivity is close to that experienced in a
pure solvent and hydrogel degradation becomes the rate limiting
step. In this case, the system is diffusion-dominated and the
enzyme concentration and cross-link density both display a
diffusion-like profile away from the cell surface (Fig. 5a).
Characterization of the degradation dynamics. At first sight,
our results seem to imply that sharp fronts are faster than their
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continuity of the construct’s mechanical integrity. For this, we
use techniques of numerical homogenization that allows us to
estimate the overall stress-strain response of the unit cell
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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 sti ness; 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
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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 e ectively grow within
the empty interstices left by the propagating front. This eventually
leads to a situation in which both polymer and ECM are connected
and an optimized continuity of the overall construct’s modulus.

6. Discussion and concluding remarks

In summary, we have constructed a multiphasic mixture model
to represent the combined cell-mediated hydrogel degradation
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from each cell. This space creates pockets of unhindered space
enabling the di usion 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 W = 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
the predicted mechanism may be di cult to achieve for high
cell density systems. Interestingly, experimental studies® have
shown that strategies based on hydrolytic (bulk) degradation
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