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Abstract

In this work, we establish a quantitative correlation between molecular release and material
degradation. We characterize a radical-initiated photopolymerized hydrogel and base-initiated
Michael addition-polymerized hydrogel, which form gels through distinct crosslinking reactions.
Both scaffolds use the same degradable peptide crosslinker, which enables them to be degraded
through the same enzymatic degradation reaction. A fluorescently labeled poly(ethylene glycol)
molecule is chemically conjugated into the scaffold and is released during enzymatic degradation.
Real-time changes in scaffold rheological properties during degradation are measured using

bulk rheology. Molecular release is measured by quantifying the change in fluorescence in

the incubation liquid and the hydrogel scaffold. A complicating factor, previously described in

the literature, is that shear may cause increased crosslinking, resulting in an increase in the
storage modulus after initiation of degradation, which changes release profiles by limiting the
initial release of molecules. Therefore, we also test the hypothesis that shear induces additional
crosslinking in degrading hydrogel scaffolds. To determine whether shear changes rheological
properties during scaffold degradation, enzymatic degradation is characterized using bulk rheology
as materials undergo continuous or minimal shear. To determine the effect of shear on molecular
release, shear is induced by shaking the material during incubation. Release is characterized from
scaffolds that are incubated with continuous or without shaking. We determine that shear does not
make a difference in scaffold degradation or release regardless of the gelation reaction. Instead, we
determine that the type of hydrogel crosslinking reaction greatly affects both material degradation
and molecular release. A hydrogel crosslinking by base-initiated Michael addition does undergo
further crosslinking at the start of degradation. We correlate release with enzymatic degradation
for both scaffolds. We determine that the material storage modulus is indirectly correlated with
release during degradation. These results indicate that rheological characterization is a useful tool
to characterize and predict the release of molecules from degrading hydrogels.
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INTRODUCTION

Novel materials, including biodegradable hydrogels, have been developed and extensively
characterized for their use as vehicles for targeted, controlled drug delivery. Drug delivery
is not a simple process and is affected by many factors including the physicochemical
properties of the drug molecules, the release environment, and the structural characteristics
of the hydrogel.1-3 Hydrogel characteristics of particular interest are the kinetics and
change in the scaffold structure during degradation, which results in molecular release.
Extensive work has been focused on how to tune the degradation of delivery systems by
tailoring material composition or environmental conditions for particular applications.*-9
However, scaffold degradation is generally characterized with swelling or mass loss data.
These experiments can be inaccurate due to the complication of having inconsistent
amounts of water in the scaffold for each measurement.#7-10.11 Recently, techniques to
precisely measure the evolving rheology of the material during degradation have been
developed. These techniques include microrheology,2-16 bulk rheology,1”-20 a combination
of microrheology and bulk rheology,?! and 2rheology (the combination of microrheology
and microfluidics).22:23 In this work, we covalently tether fluorescently labeled molecules
to a hydrogel network and characterize matrix degradation using bulk rheology. We also
quantify the corresponding release profile by measuring the change in fluorescence in the
scaffold and incubation liquid. Our work provides a technique that enables a quantitative
correlation between degradation and molecular release to be built.

For delivery vehicles, scaffolds are designed with tunable degradability to enable release of
molecules. This has resulted in extensive studies that have focused on tuning degradation
by varying the scaffold formulation and responsiveness to environmental cues. Work on
tuning degradability with the scaffold formulation has focused on changing the polymer
concentration, polymer molecular weight, and functionality of molecules.®” Inducing

and tuning degradation through scaffold responsiveness to environmental conditions have
focused on cues such as incubation pH,23:24 enzymes in the fluid environment,2° and
adding ultrasound.26:27 These approaches have also been used to tune molecular release

by changing material properties or stimuli for each application to customize release
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profiles.1:28-34 Varying these parameters requires trial and error experiments and can

be timeconsuming and expensive. Therefore, establishing a correlation between material
rheology and molecular release can enable efficient design of a controlled, targeted delivery
vehicle, especially from new materials.

Our work aims to fill this gap and quantitatively correlate material rheology and

molecular release. Rheology precisely measures the evolution of scaffold stiffness during
degradation. Few studies have linked changes in rheology during degradation to drug
release behavior.19:35 Previous work measures the effect of enzyme concentration on both
bulk rheological degradation and protein release; however, this work does not provide a
direct relation between release and degradation kinetics.1® A correlation between material
rheology and molecular release would enable quantitative predictions of release from
measurements of material degradation. Other studies have correlated molecular release
mechanisms in nondegradable matrices using mathematical models.2-36-38 Duye to the
complexity of degrading scaffolds, it has been difficult, at best, to extend these models

to degradable materials.? Instead, these mathematical models assume that the scaffold is at
equilibrium and a drug is released by the most significant driving force (e.g., drug molecule
diffusion or hydrogel swelling).2 Therefore, model predictions and experimental data do not
always agree, which means that the existing mathematical models may not fully explain

the molecular release mechanism. This is especially difficult in stimuli-triggered delivery
systems where several processes occur simultaneously, resulting in molecular release.
These processes include matrix degradation, drug molecule diffusion within porous media,
and hydrogel swelling. To better understand the release mechanism and predict release
performance, it is critical to quantitatively correlate material degradation and molecular
release.

To establish a correlation between molecular release and hydrogel degradation, we use
enzymatically degradable well-defined poly(ethylene glycol) (PEG)-peptide hydrogels. We
begin with well-defined systems to focus on developing a quantitative correlation that will
inform the design of future advanced drug delivery materials using rheology. Enzymatically
degradable polymeric matrices are made using two types of step-growth reactions: a radical-
initiated thiol:ene reaction and a base-initiated thiol:maleimide reaction. The backbones

of these scaffolds are multi-arm star PEG molecules with distinct end-functional groups.
These PEG molecules are crosslinked with the same enzymatically degradable peptide
sequence, enabling them to be degraded by the same reaction. The radical-initiated hydrogel
is photopolymerized and uses thiol:ene click chemistry. These scaffolds consist of 4-arm star
PEG molecules end-functionalized with norbornene, which chemically crosslink with matrix
metalloproteinase (MMP)-degradable peptides.12:39-41 Base-initiated polymerized hydrogels
use thiol:maleimide chemistry to form covalent bonds. The 4-arm star PEG-maleimide
crosslinks with the same MMP-degradable peptide by step-growth polymerization after
mixing.#2-45 In both scaffolds, PEG—fluorescein is chosen as a model drug molecule. This
molecule has one end functionalized with thiol. This enables the fluorescent molecule to
covalently tether to a free functional group on the polymer backbone during either radical-
initiated or base-initiated crosslinking. These scaffolds are degraded at the MMP-degradable
peptide crosslinker by incubation in collagenase, which is a mixture of enzymes including
MMPs. During degradation, fluorescent molecules are released.
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PEG—fluorescein is chosen as our model cargo due to several characteristics of fluorescein
and PEG that make it ideal for this application. Fluorescein and its derivatives are
commonly used as model therapeutics in drug delivery systems, such as colloid

liquid crystals,*6 microcapsules, silica nanocapsules,*® hybrid materials,® and stimuli-
responsive hydrogels.1:5951 Fluorescein is chosen as a model drug because its features are
similar to those of many traditional therapeutics including hydrophobicity, charge, size, and
the chemical structure.#7:49-51 |n addition, the strong fluorescence from fluorescein makes
this molecule sensitive enough to be detected and precisely measured using fluorescence
spectroscopy and many other fluorescence-reading devices.*’ PEG is chosen because of its
versatile molecular weight, which enables PEG to mimic the size of various therapeutics
from small-molecule drugs to large biomacromolecules. PEG is also easily functionalized
by a wide range of chemistries, enabling PEG to be tethered to a hydrogel scaffold.1:43:52
We would like to emphasize that we begin with idealized hydrogel scaffolds, and PEG-
fluorescein is used as a model cargo to develop techniques and correlations between
rheology and molecular release.

We also investigate the role of shear and crosslinking reaction in the relationship between
molecular release and rheology during scaffold degradation. Shear induced during material
processing or characterization could greatly affect the material structure and change material
properties.18:2242.53 previous work used small amplitude oscillatory shear to measure
degradation kinetics and rheology of an enzymatically degradable hydrogel. An increase

in the modulus was measured after incubating the material in a bath of enzymes, which
should result in material degradation or a decrease in the modulus.18 We test two hypotheses
to explain this: (1) shear induces additional crosslinking or changes in the structure, such

as alignment, during incubation or (2) during swelling, additional crosslinks can form.
Oscillatory shear could create an aligned structure or increase functional group mobility to
crosslinks further causing an increase in the modulus. Additionally, a system that crosslinks
upon mixing could also allow the material to continue to gel during swelling, since the
reaction can continuously occur and functional groups can become available for crosslinking
as the structure swells. We first investigate the effect of shear and crosslinking reaction

on scaffold degradation and release, prior to determining a quantitative correlation between
these processes.

In this work, we measure enzymatic degradation of both radical-initiated and base-initiated
biodegradable hydrogels. We measure the rheological evolution of these scaffolds using bulk
rheology. Release of our covalently tethered fluorescent molecule is measured by changes

in the fluorescence of the incubation media and gel. To determine whether shear changes
scaffold degradation and molecular release, these scaffolds are measured using either
continuous or minimal shear during bulk rheological characterization and molecular release
experiments. These measurements confirm that shear does not affect scaffold degradation

or molecular release regardless of the crosslinking reaction. We do find that changing

the type of crosslinking reaction does change degradation and molecular release. The

release from degrading radical-initiated photopolymerized hydrogels has zero-order kinetics,
indicating that molecular release results from enzymatic degradation. The release from base-
initiated polymerized hydrogels proceeds in two steps: minimal release during additional
crosslinking after incubation and accelerated release during enzymatic degradation. We also
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quantitatively correlate release with scaffold degradation. There is an indirect relationship
between molecular release and the storage modulus during scaffold degradation.

MATERIALS AND METHODS

Gel Fabrication.

Two hydrogel scaffolds are characterized in this work: (1) a radical-initiated
photopolymerized PEG—norbornene scaffold and (2) a base-initiated polymerized PEG-
maleimide scaffold. The photopolymerized hydrogel consists of 4-arm star PEG end-
functionalized with norbornene (M, = 20,000 g mol~1, = 4 where fis the functionality,

3 mM, JemKem Technology) that chemically crosslinks with a biscysteine containing MMP-
degradable peptide sequence (KCGPQGIWGQCK where | is the cleavage site, M, = 1305
g mol™1, £= 2, 7.2 mM, Bachem). The thiol in the cysteine reacts with an —ene group on

the PEG by thiol:ene step-growth photopolymerization. All photopolymerized hydrogels are
made at a thiol:ene ratio of 0.65. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP,
1.7 mM) is the photoinitiator. LAP is synthesized using previously published protocols.>*
The hydrogel precursor solution is a mixture of PEG—-norbornene, MMP-degradable peptide
crosslinker, LAP, and 1x phosphate buffered saline (PBS) (Fisher Scientific, pH 7.2). The
mixed polymer precursor is pipetted into a cylindrical polydimethylsiloxane (PDMS, Dow
Corning) sample chamber, and photopolymerization occurs when the hydrogel precursor
solution is exposed to UV light (6 mW/cm2, 365 nm, collimated UV lamp, Analytik Jena
US) for 3 min. The PDMS chamber is described below.

The base-initiated hydrogel is composed of 4-arm star PEG—maleimide (M, = 20,000 g
mol~1, 7= 4, 3 mM, Jenkem Technology), which chemically crosslinks with the same MMP-
degradable peptide (KCGPQGVIWGQCK, M, = 1305 g mol™1, 7= 2, 3.9 mM, Bachem)
described above. The thiol group in the cysteine covalently crosslinks with a maleimide by
Michael addition via step-growth polymerization. In our system, we use a thiol:maleimide
ratio of 1.2. Polymers are mixed in 1x PBS (Fisher Scientific, pH 7.2) to the specified
concentrations. The gelation reaction spontaneously occurs by mixing PEG-maleimide and
the MMP-degradable peptide crosslinker.

The gelation reaction for thiol:maleimide can be relatively fast at pH 7.2, which could
lead to a heterogeneous network. This reaction can be slowed by crosslinking the PEG-
maleimide with a negatively charged peptide (i.e., a peptide such as our crosslinker that
contains thiol in the amino acid cysteine). This will result in a more uniform hydrogel
network in comparison to gelation at a lower pH or decreased polymer concentration.43
Wehrman et al. also measured heterogeneity of a similar thiol:maleimide hydrogel during
the gelation reaction.*2 This work uses 4-arm PEG-maleimide (M, = 20,000 g mol™1,
= 4) crosslinked with PEG—dithiol (M, = 1500 g mol~1, 7= 2) through step-growth
polymerization, which would be a faster reaction and could result in a heterogeneous
network. The non-Gaussian parameter, ang, is calculated from multiple particle tracking
microrheology data. This value indicates structural heterogeneity. When the polymer
concentration is 3 wt % PEG-maleimide, which is a value below the concentration used
in this work (6 wt %) and below the overlap concentration, they determined that as
gelation proceeds, ang is less than 0.1. This indicates that the network is homogeneous
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throughout the gelation reaction. In addition, ang does not increase post-gelation, indicating
formation of a homogeneous crosslinked structure. They also measured the same scaffold at
a concentration above the one used in this work, 10 wt % PEG—maleimide. They measured
values of apg that are slightly higher, with a maximum value of 0.25. These values are still
very low and indicate that the structure is relatively homogeneous. Therefore, these previous
studies indicate that the structure of our material should be relatively homogeneous.

Once the solution is well mixed, the precursor solution is transferred to a PDMS sample
chamber (Dow Corning), and samples are kept in a humidified environment. We equilibrate
the PEG-maleimide hydrogels for 3.5 h to ensure that the gelation reaction proceeds to
completion. The composition of the material is chosen to ensure that the unswollen moduli
of this scaffold are the same as the unswollen PEG-norbornene hydrogel moduli. This is
determined using bulk rheology and indicates that both scaffolds have a similar crosslink
density at the start of each experiment. A frequency sweep of the two materials is shown in
Figure S1 in the Supporting Information.

All PEG-maleimide samples are equilibrated in a humidified environment to allow the
crosslinking reaction to proceed while also preventing the gel from drying out. The
humidified environment is created using a large Petri dish (150 x 15 mm, Corning Falcon)
filled with 1x PBS. To prevent sample contact with the PBS, PDMS sample chambers are
placed on a piece of transparency (8.5 x 11 in, Apollo), which is separated from the bottom
of the Petri dish using spacers. During gel equilibrium, the Petri dish is sealed with Parafilm
(Fisher Scientific) to prevent evaporation.

All hydrogels are made in cylindrical PDMS sample chambers. PDMS is made by mixing
a curing agent and silicone elastomer base at a ratio of 1:10 (PDMS, Dow Corning). The
mixed PDMS is gently poured into a Petri dish (150 x 15 mm, Corning Falcon) and cured
at 65°C overnight. These chambers are made by cutting a ring from a flat sheet of cured
PDMS with an 8 mm inner diameter and 10 mm outer diameter using biopsy punches
(Integra Biosciences). The PDMS ring is attached to a clean transparency using UV-curable
thiol:ene glue (NOA 81, Norland Products INC). The device is exposed to UV light (6
mW/cm?, 365 nm, Analytik Jena US) for approximately 1 min, which bonds the PDMS ring
to the transparency, completing the sample chamber. The gels are then polymerized in the
sample chamber as described above. After hydrogel fabrication, the PDMS ring is carefully
removed, and hydrogels are ready for bulk rheological measurements.

Preparation of Collagenase.

Hydrogel degradation and molecular release are initiated by incubating scaffolds in
collagenase solution. A total of 1 mg mL~ collagenase solution is made with collagenase
from Clostridium histolyticum (Sigma-Aldrich, activity =125 CDU/mg solid, 0.25-1.0
FALGPA units/mg solid) powder dissolved in 1x PBS (Fisher Scientific, pH 7.2). The
concentration of 1 mg mL~2 collagenase is chosen to ensure that enough data can be
collected of these dynamic processes without the experiment taking an excessive amount
of time. This concentration of collagenase is used for bulk rheological characterization,
dynamic molecular release, and gel size measurements for both types of hydrogels.
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Rheological Characterization of Hydrogel Degradation.

100 4L gels are made as described above with 8 mm diameters in PDMS sample chambers.
After gel fabrication, the sample chamber PDMS ring is removed, and the hydrogel sample
is immediately transferred onto the Peltier plate of the rheometer. A strain-controlled AR-G2
rheometer (TA Instruments) with sandblasted 8 mm parallel plate geometry is used for all
measurements. All rheological measurements are taken from three replicates of each type of
hydrogel, and the storage moduli are reported as the average of these measurements with the
standard deviation reported as the error bars.

For bulk rheological measurements that impart continuous shear, the evolution of material
rheological properties is measured using a time sweep as the gel is soaked in 6 mL of 1 mg
mL~1 collagenase in an immersion cup (TA Instruments). Oscillatory shear is continuously
applied at 1 Hz in the linear viscoelastic regime under constant 1% strain. Degradation
kinetics are measured by the storage, G, and loss modulus, G 7, as a function of time. To
measure the equilibrium moduli at specified time intervals during the degradation reaction,
a frequency sweep in the linear viscoelastic regime from 0.1 to 10 Hz is done at 1% strain
every 10 minutes during the time sweep.

To measure hydrogel rheological properties under minimal shear, bulk rheological
characterization is done on discrete hydrogel samples. A total of 10 separate hydrogel
samples of 100 4L are made using the protocol described in the Gel Fabrication section.
After gel fabrication, each gel is gently moved to different wells in a 12-well plate (127.63
x 85.47 x 20.19 mm, Corning Falcon). After gels are in the wells, each well is filled with
700 2L of 1 mg mL~2 collagenase to incubate and degrade the samples. This amount of
collagenase contacts the sides of the hydrogel but does not cover the top surface, which
mimics the /n situ measurement conditions on the rheometer. Each hydrogel sample has
a different incubation time from 30 to 240 min in 30 min increments. For example, one
hydrogel will be incubated for 30 min and then measured. A second hydrogel will be
incubated for 60 min and then measured. Each hydrogel is incubated for a given time
and measured only once. The equilibrium modulus of different samples is measured with
a frequency sweep at 1% strain from 0.1 to 20 Hz. Samples at 0 min degradation are
immediately measured without collagenase incubation.

Tethering Fluorescent Molecules to the Scaffold and Release Studies.

PEG-fluorescein end-functionalized with thiol (M, = 1,000 g mol~1, £= 1, Nanocs Inc.) is
used as a model cargo for release studies. We chose 1 kDa PEG—fluorescein to mimic the
size of small-molecule drugs.

Each set of release experiments is carried out on three hydrogels with PEG—fluorescein and
one control hydrogel without PEG—fluorescein. PEG—fluorescein is covalently tethered to
each hydrogel during gel fabrication. PEG—fluorescein-loaded PEG-norbornene hydrogels
are fabricated by adding PEG—fluorescein prior to the thiol:ene crosslinking reaction. A total
of 10 yL of the polymer precursor solution with a final concentration of 0.49 mM PEG—
fluorescein is pipetted into a well in a 96-well plate (127.76 x 85.59 x 14.30 mm, Fisher
Scientific). The mixed precursor is exposed to UV for 3 min (6 mW/cm?, 365 nm, Analytik
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Jena US) to gel the scaffold. Similarly, to fabricate PEG—fluorescein-loaded PEG—maleimide
hydrogels, PEG—fluorescein is mixed into the PEG—maleimide precursor solution described
earlier at a final concentration of 0.72 mM. A total of 10 4 of the polymer precursor
solution is pipetted into a well in a 96-well plate (127.76 x 85.59 x 14.30 mm, Fisher
Scientific) and equilibrated for 3.5 h to enable complete gelation. To prevent evaporation,

1x PBS is added to the gaps between the wells, and the plate is covered and sealed with
Parafilm.

The ratio of thiol groups in the PEG—fluorescein to thiol groups in the MMP-degradable
crosslinker is 1:20 in both hydrogels. This low concentration of PEG—fluorescein is chosen
to ensure that covalently tethering this model cargo into the hydrogel during crosslinking
will not affect the storage moduli or crosslink density of the scaffold. We determine

that tethering PEG—fluorescein to the network does not change the scaffold structure or
properties. This is done by measuring the swollen modulus and confirming that it does not
change. Results of these measurements are shown in Figures S2 and S3 in the Supporting
Information. PEG—fluorescein-loaded hydrogels are rinsed three times with 200 /L of 1x
PBS to remove any untethered fluorescent molecules from the scaffold.

Prior to release studies, a calibration curve is made to calculate the concentration of PEG—
fluorescein from measurements of fluorescence intensity. This is done by diluting PEG-
fluorescein to known concentrations and measuring the resulting fluorescence intensity
using a fluorescence imager (Amersham Biosciences, Typhoon Imager model 5). The
fluorescein intensity is read at a laser wavelength of 488 nm with a Cy2 filter at 525 + 20
nm. All calibration curves are provided in Figures S4 and S5 in the Supporting Information.

During our experiments, 10 L. PEG—fluorescein-loaded hydrogels are incubated in 200 wL
of 1 mg mL~1 collagenase in a 96-well plate. Molecular release from the hydrogel to the
surrounding collagenase solution is defined as the sol-sample. The fluorescence intensity of
a sol-sample is measured and used to calculate the release profile. A total of 20 yL of the
sol-sample is taken from the hydrogel incubation fluid every 20 min and replaced with 20
4L of fresh 1 mg mL~2 collagenase solution to maintain the incubation environment. This 20
L sol-sample is put in a separate 96-well plate and diluted 10x in the same concentration
of collagenase before fluorescence is read. Fluorescence intensity of the sol-sample is
measured using a fluorescence imager (Amersham Biosciences, Typhoon Imager model

5) at a laser wavelength of 488 nm with a Cy2 filter at 525 + 20 nm to determine the
amount of fluorescein released into the well. Fluorescein concentration at each time point is
calculated using the appropriate calibration curve. Once the concentration in the sol-sample
is determined, it is used to calculate the cumulative mass released at time # M, using

MIZCIV+ECt_1VS (1)

where C;is the concentration of fluorescein measured at time £ Vis the total volume of
incubation media, which is 200 /1, and V4 is the volume of the sol-sample, which is 20
1L.3355 The release percentage is then calculated using
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M;
Release % = ——— x 100 % @)
M,

where Mc is the total weight of molecules released throughout the experiment.30:33.56 A
experiments measuring molecular release are done in triplicate.

To determine how shear influences molecular release in both hydrogel scaffolds, gels are
incubated in collagenase on a shaker (Thermo Fisher Scientific) at a controlled frequency of
70 rpm, which is equivalent to 1.16 Hz.5” This incubation condition is referred to as shake
release. Samples are also incubated without shaking, which is a minimal-shear condition
and is referred to as nonshake release. In shake release, we constantly shake the material to
induce shear and continuously measure material properties. The shaking conditions chosen
are similar to the shear imparted during the time sweep measured with bulk rheology.

In nonshake release, minimal shear is exerted on the material, and we measure material
properties. These conditions mimic a single frequency sweep after incubation of the gel with
bulk rheology.

Characterization of Gel Volume during Release.

We measure the change in volume of these hydrogels during the degradation reaction.
Each set of experiments contains two samples without PEG—fluorescein and one sample
that includes PEG—fluorescein. A 70 L hydrogel sample is made in a 6 mm diameter
PDMS sample chamber using the same protocols described in the Gel Fabrication section.
Once fabricated, samples are moved to separate wells in a 12-well plate and incubated in
2100 /A of 1 mg mL~1 collagenase. This amount of collagenase completely submerges
the hydrogel samples. The diameter and height of each sample are measured every 20 min
with a micrometer (FunOwlet US) until the gel is fully dissolved. Data are reported as the
average volume with error bars that are the standard deviation from the three replicates. To
make these studies parallel with the bulk rheology and release measurements, the change in
gel size is also measured in samples that are incubated during constant shaking or without
shaking using the same conditions outlined for the release studies.

RESULTS AND DISCUSSION

In this work, two types of enzymatically degradable hydrogels are characterized to establish
a quantitative correlation between material rheology and molecular release. We determine
the role of the crosslinking mechanism by measuring rheology and molecular release

from materials with different crosslinking reactions. We also establish whether shear
imposed on the hydrogels during degradation changes rheological property evolution and
molecular release. This study enables quantitative predictions of molecular release from
material rheological properties, which in turn, advance material design and engineering of a
controlled, targeted drug delivery vehicle.

We measure dynamic molecular release of a model cargo covalently tethered to the
scaffold and bulk rheological evolution during enzymatic degradation. The scaffolds that
are characterized have different crosslinking chemistries: (1) a radical-initiated thiol:ene
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chemistry and (2) a base-initiated thiol:maleimide chemistry. These two types of hydrogels
undergo step-growth polymerization reactions and are both degraded by the same enzymatic
degradation reaction. Due to the difference in the gelation reaction, the effect of the gelation
mechanism on scaffold degradation or molecular release will be investigated.

The effect of shear imparted on the material is also investigated in this work. Of particular
interest is a phenomenon reported in the literature—the modulus increases at the beginning
of degradation in an enzyme-catalyzed disulfide crosslinked hydrogel and then decreases
until reaching a degraded plateau value.18 In this work, they hypothesize that the increase

in the modulus is possibly due to oscillatory shear used to collect rheological measurements
changing the scaffold material properties by potentially creating new structures and enabling
further crosslinking of the material. We also hypothesize that the type of gelation reaction
could promote a scaffold to crosslink more or change the material structure once it

is incubated. For a base-initiated thiol:maleimide crosslinking hydrogel, the crosslinks
react once they find the complimentary chemistry, which could occur as molecular

motion becomes less restricted when the scaffold swells. For a radical-initiated thiol:ene
crosslinking hydrogel, only shear could cause a change in the structure of the material,
potentially inducing alignment, which could increase the material modulus. To explain this
phenomenon, we investigate whether shear or the type of crosslinking reaction is the source
of the measured increase in the modulus after incubation.

To determine the roles of the gelation reaction and shear in scaffold degradation, we
characterize enzymatic degradation of both radical-initiated and base-initiated crosslinking
hydrogels. Bulk rheological characterization imparts either continuous shear (defined

as continuous bulk measurements) or minimal shear (defined as discontinuous bulk
measurements). A continuous bulk measurement is a time sweep of a single sample
throughout the entire degradation reaction. A discontinuous bulk measurement is a single
frequency sweep on multiple identical samples, each with different incubation times in the
enzyme solution. All samples are degraded with 1 mg mL~2 collagenase.

Results from our work will be discussed by first addressing whether shear changes scaffold
degradation and molecular release in both types of hydrogels, and then, we discuss the
impact of the gelation reaction. We will first describe continuous and discontinuous bulk
rheological measurements in the PEG-norbornene hydrogel and then compare these results
to the same measurements in the PEG-maleimide hydrogel. After determining the effect

of shear on degradation and release, we then correlate molecular release with enzymatic
degradation during continuous and minimal shear. We correlate evolution of the normalized
storage moduli with the mass release percentage of molecules in PEG-norbornene and
PEG-maleimide hydrogels and describe differences between these two materials. Then, the
evolution of normalized storage moduli is correlated with the change in normalized gel
intensity and normalized gel volume in release experiments.

Continuous and discontinuous bulk measurements of radical-initiated photopolymerized
PEG-norbornene hydrogels are shown in Figure 1a. The storage moduli are plotted as a
function of degradation time. In PEG-norbornene hydrogels, the crosslinking reaction only
occurs in the presence of UV light. Without UV light exposure, no additional crosslinks
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can be formed. Therefore, in PEG-norbornene hydrogels, we test the hypothesis that

shear added to the material causes an increase in the scaffold modulus. In Figure 1a, the
storage moduli continuously decrease as a function of time until a lower plateau is reached.
This trend is measured in all samples and is independent of the measurement method

used. Additionally, G “values measured for continuous and discontinuous bulk rheological
measurements are within error of each other. This result suggests that shear has no effect
on the rheological evolution of the photopolymerized hydrogel scaffold during enzymatic
degradation. It also indicates that shear does not induce structural changes that would result
in an increase in moduli in the scaffold during degradation.

Rheological characterization of enzymatic degradation of the base-initiated crosslinking
PEG-maleimide hydrogel is shown in Figure 1b. Continuous bulk degradation
measurements show that G “begins at around 600 Pa at #= 0 min. As the hydrogel

is incubated longer, the value of G “increases for the first 40 min. At 40 min, G is
approximately 1200 Pa and reaches a maximum. Then, the value decreases until complete
degradation. This increase in the modulus is similar to that reported in the literature in a
comparable PEG-based hydrogel system.18 For the base-initiated PEG-maleimide hydrogel,
this could be due to either shear or the crosslinking reaction. To determine the role of shear,
we compare continuous and discontinuous rheological measurements. Each measurement of
G “is within error regardless of the measurement technique. This result indicates that shear is
not the reason we measure an increase in the modulus after degradation initiation.

The second possible cause could be the crosslinking reaction. This hydrogel can
spontaneously form crosslinks between unreacted functional groups. We hypothesize that
during swelling, unreacted functional groups are able to find complimentary chemistries
and react to increase the elastic modulus of the gel. There are several mechanisms that can
enable further crosslinking. After degradation initiation by incubation in enzymes, 4-arm
polymers and 2-arm crosslinkers that are not crosslinked in the network can diffuse through
the porous scaffold and out of the structure. This would result in a decrease in the modulus,
if this was the dominant mechanism. During diffusion, these molecules can also react and
attach to the network. In addition, partially crosslinked polymers with unreacted arms can
react further with available partially reacted crosslinkers or unattached crosslinkers that are
diffusing out of the scaffold. These are potential mechanisms that could cause the gel to
crosslink further.

To support our hypothesis, we calculate the gel point and the probability that the 4-arm
PEG molecule will have an unreacted functional group at the gel point. In our system,
the crosslinking reaction occurs between 4-arm polymers and crosslinkers with two
functional groups. Using Flory—Stock-mayer theory, we calculate the critical fraction of

PEG functional sites needed to form a gel, g, using p. = , Where £z

1
JUB=Dfa=-D/r
= 2, which is the functionality of the crosslinker, and 7a = 4, which is the functionality

of the polymer backbone. r = ff—iﬁ is the stoichiometric ratio of the crosslinker to the

backbone, where 715 represents the moles of the polymer backbone and 71 represents the
moles of the crosslinker. We calculate g, = 0.46 for PEG—norbornene gels and g, = 0.63 for
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PEG-maleimide gels. From these calculations, there will be functional groups on the PEG
molecules in both gels that will be available for additional crosslinking.

We then calculate the probability of a 4-arm star PEG molecule having a single unreacted
functional group at the gel point. We do this calculation using the critical fraction of PEG
functional sites needed to form a gel, g, calculated from Flory—Stockmayer theory. This
is the minimal fraction of PEG functional groups that need to be reacted to form a gel.
Since we calculate this at the gel point, there will be additional crosslinks that form as the

gel equilibrates, and this probability will decrease but does indicate that there are unreacted

functional groups when the material has formed a gel. We calculate P(FpiiG), which is the

probability that a reactive site results in a finite chain, which would remain unreacted or

would not continue network growth.%8 P(FpE) is calculated using

0.5
P(FpEg) = (pi - 0.75) -05. ®)
C

We determine P(FpiEG) = 0.69 for PEG—norbornene hydrogels and P(FpiG) = 0.41 for

PEG-maleimide hydrogels. There is a large probability in both materials at the gel point
that there will be at least one functional group that has not reacted and will be available to
form further crosslinks.

For PEG—-norbornene gels, there are unreacted functional groups, but due to the chemistry,
these can only react further when the material is exposed to UV light. Therefore, we do not
measure an increase in the modulus when the material is incubated. For PEG-maleimide
gels, there is also a high probability that there will be functional groups available to

make a crosslink. The PEG-maleimide gel can crosslink further during incubation. As the
material is incubated, molecule arms with functional groups can start to move and react.
The degradation reaction also enhances the transport of molecules through the network.

As degradation proceeds, more crosslinks break, providing more space and freedom for
the materials to transport through the porous scaffold, where unreacted functional groups
can meet and react. The rheology of our base-initiated crosslinked hydrogel has both
additional crosslinking and scaffold degradation. The crosslinking reaction is dominant
when G “increases, and degradation is dominant when G “decreases. Together, the
significant difference in evolution of the storage modulus between our radical-initiated
photopolymerized and base-initiated polymerized hydrogel shows that the crosslinking
reaction plays an important role in rheological evolution during scaffold degradation, which
indicates that it will also change molecular release.

Additionally, the calculations that we have provided assume that network growth is

ideal. Flory—Stockmayer theory assumes that (1) all of the same functional groups are
equally reactive, (2) all groups react independently, and (3) there are no intramolecular
reactions.®8-62 This assumes a very idealized network, which is likely not an accurate
description of either of the scaffolds characterized in this work. In addition, the work

by Miller and Macosko also assumes the same ideal network assumptions of Flory and
Stockmayer.58 Although our networks are not ideal, these calculations indicate that we will
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not have 100% reaction of functional groups. This supports our hypothesis that there will
be remaining functional groups in the PEG-maleimide networks that can react when the
material is incubated in collagenase.

The effect of shear on molecular release is also characterized. These experiments measure
the release profile from materials under constant shaking (defined as shake release) and
without shaking (defined as nonshake release). The results of these experiments for both
scaffolds are shown in Figure 2. The release profile is the cumulative mass release
percentage as a function of time described by eq 2. Figure 2a compares the release profiles
of radical-initiated photopolymerized PEG-norbornene hydrogels under both experimental
conditions. All measurements have a similar release profile with the release percentage
steadily increasing until it reaches a plateau. This is measured regardless of the conditions
during material incubation, either constant or no shaking. Although the trend in release is
the same regardless of incubation conditions, the hydrogels that undergo constant shaking
do release molecules on a shorter time scale. The time to reach 100% release for the gels
that are constantly shook is about 60 min shorter than for the gels that are not shook.
Therefore, shaking a material does facilitate molecular release. When the release percentage

is plotted against normalized time ., = t; where fnax is the time at the end of release
max

measurements), the release percentage is within error of each other at each data point
regardless of experimental conditions, as shown in Figure S6 in the Supporting Information.
This again indicates that shear has no obvious effect on the release mechanism for radical-
initiated crosslinking hydrogels.

Statistical analysis of all three replicates for each experimental condition for molecular
release from PEG-norbornene is done. The time for 100% release is &pae = 169 + 44
min and 4on-shake = 214 £ 14 min for constant and no shaking conditions, respectively.
These values are within error. An Ftest and #test show that the time for 100% release is
statistically insignificant using the threshold p < 0.05. This confirms that shear does not
change molecular release in radical-initiated photopolymerized hydrogel scaffolds.

Figure 2b shows the release profile from the base-initiated crosslinking PEG-maleimide
hydrogel scaffold. PEG—maleimide has slow initial release with around 20% released in 50
min, followed by increased release up to 130 min of incubation and then sustained release
for the remaining time. In PEG-maleimide, the release profiles are the same regardless

of incubation conditions, which indicates that there is no effect of shear on molecular
release from this scaffold. Similarly, an #test and #test show the time for 100% release

is not statistically significant. &pake = 198 = 5 min and 4,gn-shake = 202 £ 27 min for the
constant and no shaking incubation conditions, respectively. This indicates that shear does
not facilitate drug release from the base-initiated polymerized hydrogel scaffold.

Molecular release from both PEG-norbornene and PEG-maleimide hydrogels is shown
in Figure 2. Figure 2a shows molecular release from PEG-norbornene hydrogels, which
shows relatively fast initial release (around 40%) in the first 50 min followed by sustained
release until 200 min. In contrast, Figure 2b shows that there is slow initial release from
PEG-maleimide hydrogels (approximately 20%) in the first 50 min followed by a gradual
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increase in the percentage of released molecules. To further compare the difference in
release profiles, all three replicates in sheared and nonsheared release experiments are fit
with the Korsmeyer—Peppas—Ritger equation®3 to determine the release mechanism and
release kinetic constant. The Korsmeyer—Peppas—Ritger model equation is

— = kt" @)

where M;is the cumulative mass released over time ¢ M is the total mass released
throughout the experiment, n7is the release exponent, which indicates the molecular release
mechanism, and & is the release kinetic constant. It should be noted that data up to 60%
release are used to fit this equation because this is the regime where the model is valid.

All the calculated values from this fitting are listed in Table 1. Statistical analysis shows
that the release exponents are statistically significant (p < 0.05) between the two types

of crosslinking reactions. This indicates that the type of crosslinking reaction changes the
molecule release mechanism. In radical-initiated PEG-norbornene hydrogels, we measure
a zero-order release profile with a release exponent (77) approximately equal to 1. This
indicates that release is driven by enzymatic degradation, as shown in Figure S9a,b in the
Supporting Information. For base-initiated PEG-maleimide hydrogels, we measure a super
case |1 release profile with a release exponent /7> 1, as shown in Figure S9c,d. At the
beginning of degradation, additional crosslinking reactions slow release, which causes n

> 1. After additional crosslinking ends, degradation becomes the dominant reaction, and
release is correlated with enzymatic degradation. For both hydrogels, shear has no effect on
molecular release. Therefore, the role of shear in both enzymatic degradation and molecular
release for either of the scaffolds is minimal. Since shear does not change degradation or
release, we establish a quantitative correlation of release with rheological evolution during
degradation.

The relationship between molecular release and enzymatic degradation is first characterized
when materials undergo continuous shear or constant shaking. These conditions both
impart shear on the material and should increase transport. For the radical-initiated
photopolymerized PEG—norbornene hydrogels, the relation between molecular release and
rheology during degradation is shown in Figure 3a. In this figure, we plot the unreleased

M;
percentage of fluorescent molecules from the gel (Unreleased % = (1 - M—) x 100 %) on
[e¢]

. . G -G.:
the left yaxis and the normalized storage modulus of the gels G’ = =————2—,
G'max = G'min

where G max and G i, are the maximum and minimum value of storage moduli of the

material during degradation) on the right y axis. Unreleased % and G o are plotted as

a function of normalized time ¢ =1 . The unreleased mass percentage decreases as
norm =
max

the normalized storage modulus decreases. These two measurements are directly related
over the entire degradation reaction. This indicates that molecular release from the PEG-
norbornene hydrogel is driven by enzymatic degradation.

Figure 3b shows the unreleased mass percentage of fluorescent molecules and normalized
modulus measurements over normalized time for the base-initiated PEG-maleimide
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hydrogel. Initially, the unreleased percentage decreases slightly, ~10%, as the normalized
modulus percentage increases. This is the part of the reaction where additional crosslinking
is occurring. Only a small amount of release happens because the gel is forming more
crosslinks. More significant release occurs after G yorm passes the maximum value, and
degradation becomes the dominant reaction. After this point, the Unreleased % and G horm
are within error of each other and follow the same trend. These results suggest that the
release of tethered molecules from PEG—-maleimide hydrogels is driven by both network
crosslinking and enzymatic degradation. We also determine that the Unreleased % is directly
correlated with G },orm When degradation dominates.

This quantitative correlation of the unreleased mass percentage of PEG—fluorescein and
normalized storage moduli is further analyzed by plotting these variables against each other
and fitting the data using a linear fit, Figure S8 in the Supporting Information. It should be
noted that since all points are not taken at the same time during the degradation reaction,

the time is approximated to plot these measurements together. A linear correlation is fit
using all data points for the PEG-norbornene hydrogels. For the PEG-maleimide hydrogels,
only data when degradation is dominant are fit. An example dataset for a PEG-maleimide
hydrogel is provided in Table S1 in the Supporting Information. We determine that the
correlation (slope) is statistically insignificant (p > 0.05) for the same scaffold incubated
with constant or minimal shear. In Table S2, PEG-norbornene hydrogels have a slope

of 99.92 + 6.78 under shear and a slope of 94.75 + 4.37 under minimal shear. For PEG—
maleimide hydrogels, the slope is 86.11 + 7.31 under shear, and the slope is 88.78 £ 5.18
under minimal shear. These results indicate that shear has no effect on the correlation of
molecular release with scaffold degradation. In addition, the fit of the correlation for PEG—
norbornene hydrogels is statistically significant (o < 0.05) when compared to that for PEG—
maleimide hydrogels. This result indicates that the type of crosslinking reaction does change
the correlation between molecular release and rheological evolution during degradation.

I = I'mip

We also measure the normalized gel intensity 1,,,,.,, = , Where /is the gel intensity

Imax — Imin
and /may and /yin are the measured maximum and minimum gel intensity, respectively)

V = Vmin

and normalized gel volume V., = , Where Vis the gel volume, Viax is the

Vmax = Vmin
volume measured at £= 0 min prior to incubation in the enzyme solution, and Vjy;y, is the

volume measured at the end of scaffold degradation) and correlate these variables with the
- G/min

normalized storage modulus G,y = . Figure 4a shows this relationship for

- G,min
radical-initiated photopolymerized PEG-norbornene hydrogels. The gel intensity decreases
as G norm decreases until they reach a plateau. Since the photopolymerized gel cannot
form additional crosslinks without additional UV light exposure, molecular release from
this scaffold is only facilitated by enzymatic degradation. This constant degradation is also
measured by measuring the change in the volume of the hydrogel scaffold. The hydrogel
volume decreases as G horm decreases throughout the degradation reaction. This result
further confirms that molecular release from this photopolymerized hydrogel is driven by

enzymatic degradation.

7
G max
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The same measurements are taken for the base-initiated PEG—-maleimide hydrogel and are
shown in Figure 4b. After incubation is begun, the gel intensity increases as the moduli
increase. After the maximum modulus and gel intensity are measured, both quantities
decrease until the material is degraded. The increase in gel intensity is unexpected because
no additional fluorescent molecules are added to the scaffold during the experiment. We
would expect that there would be no change in gel intensity even if the material crosslinks
further. To explain this change in gel fluorescence, we also measure the change in the
volume of the hydrogel during release. The volume of the hydrogel decreases over time
including when the crosslinking reaction is dominant and minimal release is measured.
Taken together, this means that the gel shrinks due to the additional crosslinks formed,
and minimal molecules are released from the scaffold. Therefore, there is a similar amount
of fluorescent molecules in a smaller volume of gel, which increases the PEG—fluorescein
concentration and gel intensity. This relation also confirms that molecular release from the
PEG-maleimide hydrogel is determined by both the crosslinking reaction and enzymatic
degradation.

To correlate molecular release with bulk rheology during degradation for scaffolds

under minimal shear, we compare two parallel experiments: (1) discontinuous bulk
degradation and (2) molecular release when samples are not shook. Figure 5 shows the
unreleased percentage of fluorescent molecules and the normalized modulus for materials
incubated under these conditions. We measure a decrease in the unreleased percentage

of PEG—fluorescein as G porm decreases with time in both hydrogel scaffolds. For the
photopolymerized PEG-norbornene hydrogel, G |,orm and Unreleased % have a direct
correlation over the measured time, with both variables decreasing until they reach a plateau
at 0. This is the same relationship measured when this material is incubated with continuous
shear, Figure 3a. There is more scatter in G oy measurements for early discontinuous bulk
measurements. This is because each measurement is taken in a different gel. Even though
there are larger errors in these measurements, data for both incubation conditions follow the
same trend, and most points are within error. Together, we determine that shear has no effect
on the correlation between degradation and molecular release.

The correlation for molecular release and degradation for base-initiated PEG-maleimide
hydrogels is shown in Figure 5b. Molecular release is low as G f,orm increases; this is when
the crosslinking reaction is dominant. More significant release is measured when G ,orm
decreases, which is when scaffold degradation becomes dominant. Unreleased % of PEG-
fluorescein molecules and G oy are directly correlated after reaching the maximum value
of G ,orm, Which is the same phenomenon measured in Figure 3b. This correlation indicates
that the release of tethered molecules from our base-initiated crosslinking hydrogel is first
minimal due to increased crosslinking and is indirectly correlated with the modulus. Once
the modulus reaches a maximum and starts to decrease, material degradation dominates, and
molecular release and rheological evolution are indirectly correlated. In summary, the same
correlation between molecular release and rheological evolution is measured regardless of
the incubation conditions, indicating that shear does not change these processes.

The correlation of gel intensity, gel volume, and rheological evolution is also measured
when both scaffolds are incubated with minimal shear. In PEG-norbornene hydrogels shown
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in Figure S7a in the Supporting Information, the normalized gel intensity (/,orm) and
normalized gel volume ( Vjorm) decrease as normalized storage moduli (G form) decrease
until they reach a plateau at 0. These correlations are the same as those measured when

the material is incubated with shear in Figure 4a. The base-initiated polymerized PEG-
maleimide hydrogel also has similar results as gels incubated with constant shear. In
minimal shear, gel intensity increases as G nom increases, and the gel volume decreases, as
shown in Figure S7b in the Supporting Information. This is the same trend measured when
incubated with constant shear. Comparing with Figure 4b, we determine a similar correlation
between molecular release and scaffold degradation for this material under minimal shear.

CONCLUSIONS

In this work, we build quantitative correlations between molecular release and

scaffold degradation. Two types of enzymatically degradable PEG—peptide hydrogels are
characterized—a radical-initiated photopolymerized hydrogel (PEG-norbornene) and a
base-initiated polymerized hydrogel (PEG-maleimide). These two materials gel through
step-growth crosslinking reactions. Both scaffolds have the same degradable crosslinker,
which enables them to be degraded by the same enzymatic degradation reaction. To
correlate bulk rheological properties with molecular release, we tether PEG—fluorescein
into our network and characterize the rheological evolution and molecular release from both
scaffolds.

Previous work measured an increase in the modulus during degradation in enzyme
crosslinked hydrogels.18 They hypothesized that shear imparted on the scaffold during
rheological characterization caused a change in the network connectivity and structure.

We tested this hypothesis by characterizing both scaffolds during enzymatic degradation
under continuous and minimal shear during bulk rheological characterization and molecular
release. Bulk rheological and molecular release measurements show that after initiation of
degradation, the radical-initiated PEG—norbornene hydrogel moduli consistently decrease,
and the amount of fluorescent molecules released consistently increases. The material
moduli are indirectly correlated with the percentage of released fluorescent molecules.
These results do not change when the hydrogel is incubated with constant or minimal
shear. For the base-initiated PEG—maleimide hydrogel, we measure an increase in moduli
after we begin incubating the material with enzymes. This increase also corresponds to
minimal release of fluorescent molecules from the scaffold, an increase in the gel intensity,
and a decrease in the gel volume. This change in gel intensity is due to an increase in
fluorescent molecule concentration in the gel because the crosslinking reaction decreases
the gel volume. After the maximum modulus is measured, the material then degrades with
consistent decreases in moduli and increases in molecular release. The material moduli are
indirectly correlated to the percentage of released fluorescent molecules from the scaffold
when degradation is dominant. All results are independent of shear imparted during scaffold
incubation. Together, these results show that the type of crosslinking reaction changes both
material degradation and molecular release and should be considered during design of drug
delivery vehicles.
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Correlating rheology with molecular release is important especially in drug delivery vehicles
that are designed to release molecules as they degrade. We determine that the storage
modulus is quantitatively correlated with release performance in these biodegradable
materials. This work provides a new method to measure and predict drug release using
material rheology and can inform material design and engineering of targeted drug delivery
vehicles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Enzymatic degradation measured using bulk rheology. The degradation reaction is initiated

by immersion of a gel in 1 mg mL™1 collagenase solution. Bulk rheology measures the
elastic moduli, G, as a function of time of (a) radical-initiated photopolymerized PEG-
norbornene (PEG-N) hydrogels and (b) base-initiated polymerized PEG-maleimide (PEG-
M) hydrogels.
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Figure 2.
Molecular release from (a) radical-initiated photopolymerized PEG-norbornene (PEG-N)

hydrogels and (b) base-initiated PEG-maleimide (PEG-M) hydrogels incubated in 1 mg
mL~1 collagenase. The cumulative mass release percentage is plotted as a function of time.
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Figure 3.

tnorm

Unreleased mass percentage of the sol-sample and normalized storage moduli for (a) PEG—
norbornene (PEG-N) and (b) PEG-maleimide (PEG-M) hydrogels under continuous shear

or constant shaking.
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Normalized storage moduli (G ',orm), normalized gel intensity (/,orm), and normalized gel
volume (Vorm) are plotted as a function of normalized time (#orm) for (@) PEG—norbornene

(PEG-N) and (b) PEG-maleimide (PEG-M) hydrogels under constant shear. The dash

vertical line in (b) indicates where the value of G jom reaches a maximum.
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Figure 5.
Cumulative percentage of unreleased PEG—fluorescein and normalized moduli for (a) PEG-

norbornene (PEG-N) and (b) PEG-maleimide (PEG-M) hydrogels under minimal shear.
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