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Tuning Reaction and Diffusion Mediated Degradation of
Enzyme-Sensitive Hydrogels
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Jrogel degradation
al approach to identify key design parameters that con-trol reaction-diffusion degradation mechanisms in an enzyme sensitive hydrogel that is being degraded by embedded cells
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a crosslinked solid polymer (i.e., Buorescent regions) to a sol-
uble polymer where the polymer chains rapidly diffuse out into
the bath (i.e., nonRiorescent regions). This critical point is cor-
related to the degree of network connectivity during hydrogel
formation (i.e., the gel point), which has been described for
an ideal network using a statistical network formation model
(Equation (S2), Supporting Information)?! Experimentally, we
observe a degradation front where the region of the hydrogel
adjacent to the enzyme source is completely degraded, which
advances along the length of the hydrogel, away from the
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Figure 1. Characterization of hydrogel degradation in 1D. A) Three hydrogels with differing
enzyme concentrations were investigated with their properties of: enzyme concentration (Cg),
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crosslinked hydrogel case, a wide front that
propagates quickly is observed resulting in
an overall decrease in the crosslink density of
the bulk hydrogel for bnite distances (e.g., at
5 mm) (Figure 1Cvi). In the intermediate and
high crosslink hydrogel cases, a sharp front is
observed and the initial bulk hydrogel proper-
ties are largely maintained (Figure 1Cvii,viii).
We demonstrate that the model is able to
capture the propagating front and front
width, especially for the intermediate and
high crosslink hydrogel cases (Figure S4,
Supporting Information). However due to
limitations in the experimental set-up, the
Ruorescence in the low crosslinked hydrogel
does not directly correlate to crosslink den-
sity and therefore the front width could not
be matched to the model (see Figure S4,
Supporting Information). Nonetheless, the
model can be used to describe the spatiotem-
poral changes in crosslink density for each of
the three hydrogel cases.

We next extended the experimental and
computational analysis to 3D, using a low
and high crosslinked hydrogel with formula-
tions given in Table S1 and initial properties
in Figure 2A. Experimentally, we developed
a Ocell-mimeticO platform (Scheme 1C) using
collagenase-loaded PLGA  microparticles
encapsulated in the enzyme-sensitive PEG
hydrogel. Prior to encapsulation, release of
collagenase from the microparticles was char-
acterized by a rapid burst release followed
by a slow yet sustained release of enzyme
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Figure 2. Characterization of hydrogel degradation in 3D. A) Two hydrogels with the same microparticles were investigated with their properties
of: initial volumetric swelling ratio (Q°), initial compressive modulus (E°), polymer-solvent interaction parameter ( ), network connectivity ( ) as
determined by the model, and initial crosslink density in the swelling solvent (i.e., phosphate buffered saline) ( 3°). In experiments, the set-up
described in Scheme 1D was used with a fluorescently labeled (red) hydrogel. In simulations, the enzyme radius and Michaelis—Menten kinetic
constants determined in the 1D experiments were used and the hydrogel was labeled red. B) Degradation of the low crosslink hydrogel is shown by
representative confocal microscopy images of the hydrogel with void spaces (i), which at 0 h correspond to the microparticles. Over time, the overall
fluorescence (ii) decreased as well as the compressive modulus (iii) for the hydrogel containing the collagenase-loaded microparticles. Hydrogels
with BSA-loaded microparticles showed no change in overall fluorescence (ii) and a slow decrease in the compressive modulus (iii), corresponding
to degradation of the microparticles. Simulation results matched experiments showing a diffuse front surrounding the microparticles (iv) and a rapid
loss in the compressive modulus (v). C) Degradation of the high crosslink hydrogel is shown by representative confocal microscopy images of the
hydrogel with void spaces (i), which at 0 h correspond to the microparticles. Over time, the overall fluorescence was maintained, but the void spaces
became significantly larger in the hydrogel containing the collagenase-loaded microparticles, as shown in the histogram plot (ii). Hydrogels with
BSA-loaded microparticles showed no change in the size of the voids, as shown in the histogram plot (iii). Statistical analysis was performed using
a nonparametrickolmogorov-Smirnov test (= 0.05, n = 800-1300). The compressive modulus (iv) decreased slowly over time in the hydrogels
with the collagenase-loaded microparticles, but no change was observed in the BSA-loaded microparticles. Simulation results matched experiments
showing a relatively sharp front surrounding the microparticles with a slight loss in hydrogel crosslinking (v) and correspondingly a slow loss in the
compressive modulus (vi) over time.
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Figure 3. A) Dimensionless quantities identified by nondimensionalizing the governing equations for diffusion (Fick’s second law) and reaction kinetics
(Michaelis—-Menten kinetics) for enzyme-sensitive hydrogels. These four quantities are based on initial hydrogel properties, enzyme characteristics, and
enzyme-substrate kinetics. The parameters and their description are listed in the table. B) An example of contour plots for front velocity (in mm h®?)
and front width (mm) as a function of and  for the case witha = 0.6, K,, = 10 x 10° m, and characteristic length of 2 mm.

(Figure S5, Supporting Information). This release proble, as a degradation appeared to be restricted more locally in the region
function of time, was input into the computational model to immediately surrounding the cell-mimetic. This observation is
demonstrate the modelOs capability of incorporating complexsupported by the following results: (a) the hydrogeLBrescence
enzyme release probles. Hydrogels were encapsulated withwas largely maintained over time, but the size of the nonBres-
either collagenase-loaded microparticles or BSA-loaded micro-cent regions (originally correlating to the microspheres, which
particles and the spatiotemporal degradation behavior and exhibited a distribution of sizes) increased statistically with time
macroscopic properties were evaluated over time. In the low (Figure 2Cibiii), (b) the compressive modulus decreased over
crosslinked hydrogel, bulk degradation was evident by a rapidtime, but the change was gradual (Figure 2Civ), and (c) hydrogel
and overall decrease in hydrogel RBuorescence (Figure 2Bi,ii)wet weights were maintained over time (Figure S6, Sup-
Further, the compressive modulus (Figure 2Biii) decreased expo-porting Information). Simulations showed similar results with
nentially while the hydrogel wet weights (Figure S6, Supporting a relatively sharp boundary surrounding the cell-mimetic and a
Information) increased over time, consistent with the occurrence modulus that gradually decreased over time (Figure 2Dv,vi). In
of bulk degradation. Simulations showed similar fdings with  addition, dual labeling of the hydrogel and enzyme qualitatively
respect to a diffuse boundary surrounding the cell-mimetic and showed the spatiotemporal distribution of the hydrogel and
a rapid loss in the compressive modulus of the bulk hydrogel enzyme over time, further supporting the above observations
(Figure 2Biv,v). On the contrary in the high crosslink hydrogel, (Figure S7, Supporting Information).
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degradation with enzyme transport. Due to the strong nonlinearity of
the system, we sought a numerical solution of these equations with
a finite-element procedure relying on a Newton-Raphson approach
and an implicit, backward-Euler algorithm for time integration. A
convergence analysis of the method was performed for both the 1D and
3D analyses, which allowed us to select appropriate time step size and
discretization that ensured maximum accuracy and low computational
cost. Algorithms were written in Matlab.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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