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ABSTRACT: Viscoelastic properties of the extracellular matrix (ECM) impact cell processes including proliferation, spreading, and
migration. During these basic cellular processes, cells remodel the ECM by secreting enzymes and applying cytoskeletal tension to
the network. To design cell delivery platforms that mimic physical ECM properties, new designs incorporate viscoelasticity and
moieties that enable cell-mediated network remodeling. In this work, we design and characterize networks with two different types of
cross-links, covalent adaptable and enzymatically degradable. Our networks consist of 8-arm poly(ethylene glycol) (PEG)-thiol,
PEG-thioester norbornene, and a norbornene functionalized matrix metalloproteinase (MMP)-degradable peptide, KKGPQG/|
IWGQKK. We characterize three network compositions with a ratio of 1:1, 3:1, and 4:1 adaptable to MMP-degradable cross-links.
We characterize network mechanical properties using bulk rheology. Using multiple particle tracking microrheology (MPT), we
measure the evolving microstructure of the network during degradation. MPT measures Brownian motion of fluorescently labeled
probe particles, which can be used to calculate rheological properties. Our results show that the elastic modulus increases with an
increasing ratio of adaptable to MMP-degradable cross-links, and all networks have the same extent of stress relaxation. We then
measure degradation of these networks by incubating in L-cysteine, which degrades only the adaptable cross-links by the thioester
exchange reaction. We measure complete degradation of all three compositions using bulk rheology. Networks with 4:1 adaptable to
MMP-degradable cross-links are the slowest to degrade and networks with 3:1 adaptable to MMP-degradable cross-links are the
fastest to degrade. MPT measurements during degradation show networks with 1:1 and 4:1 adaptable to MMP-degradable cross-
links rearrange multiple times before complete degradation. In networks with 3:1 adaptable to MMP-degradable cross-links, we
measure fewer network rearrangements prior to degradation. Using time-cure superposition (TCS), we measure the network
structure at the phase transition. Networks with 1:1 and 4:1 adaptable to MMP-degradable cross-links are elastic and tightly cross-
linked and networks with 3:1 adaptable to MMP-degradable cross-links can range from elastic to open networks. The most open
network structure, networks with 3:1 adaptable to MMP-degradable cross-links, degrade on the shortest time scale. We also measure
>70% hMSC viability in each network after 3D encapsulation. In this work, we characterize different compositions of hybrid
networks that incorporate both adaptable and enzymatically degradable cross-links. This work can enable design that specifies the
mechanical properties and degradation behavior of the material to better mimic aspects of the native ECM.

l INTRODUCTION microenvironments are essential to retain cellular function.’™’

Cells reside in the extracellular matrix (ECM), which provides To use materials as cell delivery vehicles, scaffolds must

a dynamic viscoelastic environment. Mechanical properties of »
the ECM, including viscoelasticity and stiffness, impact basic Received: February 20, 2025 Macromolecules
cellular processes such as motility, proliferation, and differ- Revised: ~ March 28, 2025
entiation." ™ During these basic cellular processes, cells are Accepted:  April 1, 2025
also constantly remodeling their microenvironment by Published: April 8, 2025
secreting matrix metalloproteinases (MMPs). Previous work

has shown that cell-mediated degradation and remodeling of
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instruct cells after implantation, ideally using environmental
cues that mimic aspects of the native ECM. Our work designs
new scaffolds that use a combination of adaptable and
enzymatically degradable cross-linkers to tune viscoelasticity
and stiffness independently to mimic cell-engineered micro-
environments.

Covalent adaptable networks (CANs), polymeric networks
with adaptable cross-links, mimic the viscoelastic properties of
the ECM.*” In these materials, cross-links can be rearranged
by the addition of external stimuli such as pH, shear, or
temperature. The rearrangement of cross-links provides these
networks with stress relaxation properties similar to the ECM
and enables recovery of mechanical properties after being
pushed out of equilibrium.'”"' For cell delivery, these
materials can protect encapsulated cells during injection bg a
syringe and the matrix can reform at the delivery site.'”" "
Different chemistries such as hydrazone,m_17 boronic acid,'®*’
thioester,””*! and Diels—Alder* have been used to make
CANs. The goal of this work is to design a synthetic matrix
that mimics both the viscoelasticity and MMP-degradability of
the ECM.

Hybrid networks with adaptable and MMP-degradable
cross-links have been previously reported. Purcell et al. design
hybrid hydrogels that reduce excess MMP activity after
myocardial infarction.'” These materials are hyaluronic acid
(HA)-based networks with adaptable hydrazone and MMP-
cleavable cross-links. Hydrazone cross-links are used to make
the hydrogel injectable. Hybrid networks with permanent and
MMP-degradable cross-links have also been reported as cell
culture platforms. These materials are HA-based hybrid
hydrogels with variable amounts of permanent and enzymati-
cally degradable cross-links, which are used to encapsulate
human salivary gland stem/progenitor cells (hS/PC).”> They
show that including MMP-degradability enhances the regen-
erative potential of hS/PCs while permanent cross-links
prevent these hydrogels from completely degrading over 15
days. These materials have promise for advanced biological
applications.

In this work, taking inspiration from the native ECM which
is viscoelastic and can be remodeled by cell-secreted MMPs,
we design and characterize networks that mimic these ECM
properties. We design thioester CANs that consist of
poly(ethylene glycol) (PEG)-thiol and PEG-thioester norbor-
nene (PEG-TENB). These hydrogels are adaptable in nature
due to a thioester exchange reaction. When excess thiol is
present in the network, it forms a thiolate ion. Nucleophilic
attack of the thiolate ion in the network cross-links results in a
thioester exchange reaction that rearranges network cross-links.
To make these hydrogels proteolytically degradable, we add a
norbornene functionalized peptide, KKGPQGJIWGQKK,
which can be cleaved by cell-secreted MMPs. We modify a
thioester CAN with 100% excess thiol that we have previously
characterized."> We change the ratio of adaptable to MMP-
degradable cross-links and hypothesize that these materials will
retain the viscoelastic properties of thioester networks with
100% excess thiol. We use bulk rheology to characterize the
mechanical properties of each network, including the storage
modulus, G’, and stress relaxation. We also characterize
network degradation in L-cysteine or collagenase using bulk
rheology. We then characterize the evolving rheology and
structure of these networks during degradation in L-cysteine
using multiple particle tracking microrheology (MPT). MPT
has been used to characterize structural changes in materials
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during degradation and gelation in various networks.”*~>' By
characterizing the structural evolution of these scaffolds, we
can design new materials that precisely control the extent of
scaffold degradation and temporal viscoelastic properties of the
network, both of which can impact and direct encapsulated
cellular processes. We also 3D encapsulate human mesen-
chymal stem cells (hMSCs) and measure cell viability is >70%
in all hybrid networks. Overall, this work designs and
characterizes new hydrogel platforms that mimic ECM
viscoelasticity and enable cell-mediated remodeling.

B MATERIALS AND METHODS

Hydrogel Scaffold Design and Compositions. In this work, we
design three different compositions of thioester networks. These
hydrogels are designed using 8-arm PEG-thiol (M, = 20,000 g/mol, f
= 8, where f is the number of functional groups, JenKem Technology
USA Inc.), PEG-thioester norbornene (PEG-TENB, M, = 3400 g/
mol, f = 2, JenKem Technology USA Inc.) and an MMP-degradable
peptide sequence, norbornene-KKGPQG|IWGQKK-norbornene
(M, = 1595 g/mol, f = 2, Genscript USA) where the | indicates
the cleavage site in the peptide. The MMP-degradable peptide used in
this work is the same sequence that has been studied ;)reviously for
other networks designed for cell delivery applications.”>™>’ For this
work, this sequence is modified with norbornene end groups to form
cross-links with PEG-thiol. Since both cross-linkers have norbornene
functional groups, network formation takes place through thiol:ene
photopolymerization.

All polymer and peptide precursors are used without further
modification and are dissolved in 1X phosphate-buffered saline (1x
PBS, Gibco) at a concentration of 10 wt %. We make three different
networks by varying the amount of PEG-TENB (adaptable cross-
linker) and the MMP-cleavable peptide (enzymatically degradable
cross-linker). Figure 1 shows a schematic for these networks and the
thioester exchange reaction.

Table 1 shows the concentration of each component used for these
networks in this work. The first network composition has 1:1
adaptable to MMP-degradable cross-links. In these networks, there is
100% excess thiol, and 50% of the network cross-links are adaptable
and 50% are MMP-degradable. A 100% excess thiol means the ratio of
the two functional groups, thiol:norbornene, is 2. The network with
3:1 adaptable to MMP-degradable cross-links contains 100% excess
thiol with 75% adaptable and 25% enzymatically degradable cross-
links. The network with 4:1 adaptable to MMP-degradable cross-links
has 60% excess thiol with 80% adaptable cross-links and 20% MMP-
degradable cross-links. In these networks, the thiol:norbornene group
ratio is 1.6. In this work, we refer to previously characterized fully
adaptable networks with 100% excess thiol as a control."> We cannot
form a fully enzymatically degradable control network with only the
MMP-degradable peptide as the cross-linker since these networks do
not gel when the thiol:norbornene ratio is 2. MPT measurements for
these networks are provided in Figure SI in the Supporting
Information.

The precursor solution contains the polymer and peptide described
above and a photocatalyst, lithium phenyl-2,4,6-trimethylbenzoyl-
phosphinate (LAP). This highly water-soluble photocatalyst is
synthesized using previously published protocols.”® To make stock
solutions, we dissolve LAP in 1X PBS at 6.8 mM. The final
concentration of LAP in the precursor solution is 1 mM. Once LAP is
added, the precursor solution is exposed to ultraviolet (UV) light
using a light-emitting diode (LED) UV lamp (M36SLP1-Cl,
Thorlabs, Inc.) for 100 s (365 nm, 10 mW/cm?). A network is
formed by a thiol—ene step-growth photopolymerization.”® For cell
encapsulation, 1 mM norbornene-GRGDS (M, = 611 g/mol, f = 1,
Genscript USA) is added to facilitate cellular adhesion.

For MPT measurements of network degradation, 0.15% solids/
volume fluorescently labeled functionalized probe particles (Poly-
sciences Inc.) are added to the precursor solutions. Probe particles are
functionalized using protocols described in the next section.

https://doi.org/10.1021/acs.macromol.5c00487
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(a) Hybrid networks with adaptable and MMP-degradable cross-links
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Figure 1. Schematic of designs for hybrid networks and thioester
exchange reactions. (a) Hybrid networks in this work are formed by
varying the ratio of adaptable to MMP-degradable cross-links. (b)
Adaptable cross-links in the presence of excess thiol can undergo an
exchange reaction that leads to formation of new thioester and a thiol.

Table 1. Concentrations of Precursors for Each Network

8-arm PEG- MMP-
ratio of adaptable to PEG- thioester degradable
enzymatically thiol norbornene peptide LAP
degradable cross-links (mM) (mM) (mM) (mM)
1:1 1.1 1.1 1.1 1
3:1 1.1 1.65 0.55 1
4:1 1.1 22 0.55 1
control 1.1 22 0 1

Probe Particles. For all MPT measurements, surface-modified
fluorescently labeled polystyrene particles (2a = 0.97 + 0.02 um,
where a is the particle radius, Polysciences Inc.) are added at 0.15%
solids/volume to the precursor solution. This concentration is dilute
enough to limit interparticle interactions but high enough to generate
MPT data with good statistics. Probe particles are modified before
adding them to the precursor solution using the method described
below.

Probe particles used in this work have a short-chain PEG molecule
attached to their surface to limit aggregation or interaction with
polymers that make up the hydrogel scaffold. These particles will be
referred to as PEGylated particles. The surface of the probe is
functionalized by covalently tethering methoxy PEG-amine (mPEG-
NH,, M, = 750 g/mol, Sigma-Aldrich) using the protocol published
by Valentine et al.*® This protocol uses carbodiimide coupling
chemistry. In this reaction, the first step is the formation of a reactive
N-hydroxysuccinimide (NHS) ester and a less stable ester with 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide (EDC) (Sigma-Al-
drich) at pH 6 to activate the carboxylic acid groups on the probe
surface. For this step, probe particles are loaded into dialysis tubes (10
kDa molecular weight cutoff, Spectrum Chemicals). These tubes are
first submerged in 100 mM 2-N-morpholino ethanesulfonic acid
(MES, Sigma-Aldrich) buffer at pH 6 for 2 h. Dialysis tubes
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containing particles are then rinsed and submerged in MES buffer
with 15 mM EDC, 5§ mM NHS, and 10-fold excess mPEG-NH, for 30
min. After forming activated esters on probe surfaces, probes are then
immersed in mPEG-NH, at pH 8.5 in borate buffer. This buffer
contains S0 mM boric acid (Sigma-Aldrich) and 36 mM sodium
tetraborate (Sigma-Aldrich). At pH 8.5, the deprotonation of the
amine group on PEG-NH, increases. The deprotonated amine group
reacts with NHS-ester on the probe surface to form an amine bond.
The reaction in borate buffer proceeds for 8 h and is repeated two
more times with fresh buffer. After the third reaction, probes are
washed with pure borate buffer and stored at 4 °C. These PEGylated
probes can be used for several months.*

Device Fabrication. To make hydrogels for bulk rheology and
MPT measurements, we make sample chambers using glass-bottomed
Petri dishes (d 35 mm, no. 1.5 glass coverslip, MatTek
Corporation) and polydimethylsiloxane (PDMS) rings.

PDMS rings are cut from flat sheets of PDMS. PDMS flat sheets
are prepared by mixing a silicone elastomer base and curing agent
(SYLGARD 184, Dow Corning) at a 10:1 ratio following the
manufacturer’s protocol. This mixture is degassed in a vacuum oven
(Fisher Scientific) and cured at 65 °C overnight.

For bulk rheology, we make PDMS rings with an inner diameter of
8 mm and an outer diameter of 10 mm using biopsy punches (Integra
Lifesciences Prod. Corp). PDMS rings are attached to the glass-
bottomed Petri dishes using a UV-curable adhesive (NOA-81,
Norland Products Inc.) and exposure to UV light. To make gels for
bulk rheology experiments, the hydrogel precursor solution is pipetted
into the PDMS ring and exposed to UV light to form the gel in the
ring. Before bulk rheology measurements, the PDMS ring is removed,
and gel samples are taken out of the Petri dishes and placed on the
Peltier plate of the rheometer.

For MPT measurements, a PDMS ring with an outer diameter of 8
mm and an inner diameter of 4 mm is cut using biopsy punches
(Integra Lifesciences Prod. Corp., Acuderm Inc.) from a flat PDMS
sheet. These rings are attached to a glass-bottomed Petri dish using
uncured PDMS and cured at 65 °C overnight. Gels are made by
adding the precursor solution to the PDMS ring and exposing it to
UV light. PDMS rings are used during MPT measurements to limit
particle drift during network degradation. To encapsulate hMSCs in
networks for cell viability measurements, we use the device made for
MPT measurements.

Bulk Rheology. All bulk rheology experiments are performed on
an AR-G2 rheometer (TA Instruments). We use an 8 mm sand-
blasted parallel plate geometry and all experiments are performed at
37 °C.

All three network compositions in this work are polymerized in the
devices described above. To measure the storage modulus of these
gels, we remove them from the sample chamber and place them on
the rheometer. Before performing a frequency sweep, we determine
the strain that is in the linear viscoelastic region. This is done by
performing a strain sweep, which is shown in Figure S2 in the
Supporting Information for all three networks. Our measurements for
all compositions show that the elastic modulus, G’, is constant
between 0.5 and 2.5% strain at 1 Hz. We then measure the storage
modulus in the linear viscoelastic region using frequency sweeps
between 0.1 and 1 Hz at 1% strain. We measure 3 replicates for each
network composition.

We also measure stress relaxation in all three network
compositions. For these experiments, strain is raised to 10% over
10 s and held for 10 min, and the resulting stress is measured. To
avoid drying of the hydrogel during the experiment, we use an
immersion cup to incubate the gels in 1X PBS during the experiment.
Stress relaxation is measured in 3 replicates of each composition.

Network Degradation. We characterize degradation of the three
different hydrogel compositions by incubating them in L-cysteine or
collagenase and measuring rheological properties using time sweeps.
Incubation in L-cysteine degrades the adaptable cross-links in each
network using the thioester exchange reaction. Incubation in
collagenase enzymatically degrades the MMP-degradable peptide
cross-linker. For all degradation experiments, data are measured on a
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rheometer (AR-G2, TA Instruments) using a time sweep at 1 Hz and
1% strain until the elastic modulus reaches %0 Pa or plateaus. In these
experiments, hydrogels are incubated in S mL of L-cysteine or
collagenase solution at 37°C on the rheometer using an immersion
cup. We measure degradation of 3 replicates for each composition
during each type of degradation.

To characterize network degradation in L-cysteine (Sigma-Aldrich),
we incubate networks in 25 mM L-cysteine solution. L-cysteine is an
amino acid with a single thiol group. Network degradation occurs due
to the exchange reaction between this thiol group and network cross-
links. This reaction is similar to the thioester exchange reaction that
takes place in the network between excess thiol and network cross-
links."*** However, L-cysteine does not become part of the network
because it has a single thiol group; therefore, reaction with L-cysteine
breaks cross-links. Fully adaptable control hydrogels are incubated in
50 mM L-cysteine solution."® This higher concentration of L-cysteine
changes the critical transition time, not the microstructure of the
network during the phase transition.”*** Since the microstructure of
the material does not change with the concentration of the
degradation buffer, the rheology during hydrogel degradation is
comparable between all scaffolds.

To degrade these networks enzymatically, we incubate them in a
0.3 mg/mL collagenase solution (Sigma-Aldrich), which cleaves the
MMP-degradable cross-linker. Collagenase is a mixture of enzymes
secreted by Clostridium histolyticum.*' ~** The main components are
two collagenases, clostripain, and a neutral protease. The activity of
our collagenase is 0.25—1 FALGPA units/mg solid and <125 CDU/
mg solid.**

Degradation of all three scaffold compositions in L-cysteine or
collagenase is also characterized using multiple particle tracking
microrheology (MPT). For bulk rheology and MPT measurements,
the same concentration of L-cysteine or collagenase is used. For each
network, we measure degradation of three replicates.

Multiple Particle Tracking Microrheology. For MPT measure-
ments, fluorescently labeled PEGylated probe particles are embedded
in each sample. We measure Brownian motion of these probe particles
using an inverted microscope (Zeiss Observer Z1, Carl Zeiss AG)
with a 40X water immersion objective with a low numerical aperture
(N.A. 1.2, Carl Zeiss AG). Videos of particle motion are recorded
with a high-speed camera (1024 X 1024 pixels, ILS-S SXGA, Fastec
Imaging) at a frame rate of 30 frames/s with a 1000 s exposure time.
These parameters balance static and dynamic particle tracking errors
in the data.*>*¢ Prior to taking MPT measurements, the camera is
calibrated using glycerine/water solutions of known concentrations
and viscosity. These calibration measurements are shown in Figure S3
in the Supporting Information. MPT measurements of network
degradation are performed at 37°C. For network degradation in L-
cysteine, we measure 3 replicates of each network.

We use classical particle tracking algorithms to identify the position
of each particle in a video using the brightness-weighted centroid.
Then we link the position of each particle in each frame using a
probability distribution function that accounts for Brownian
J6=s0 Ensemble-averaged mean-squared displacement of the
probe particles (MSD, {(Ar*(z))) is calculated in two dimensions
(2D) using

(Ar(2)) = (Ax*(2)) + (Ay* (7)) 1)
where 7 is the lag time and x and y are position coordinates in 2D.
Using the Generalized Stokes—Einstein Relation, rheological proper-

ties, such as the creep compliance, can be calculated from the MSDs
using

(ar@) = 20 o

where a is the radius of the probe particles, k3T is the thermal energy,
and J(7) is the creep compliance.
The logarithmic slope of the MSD, defined as
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o dlog(ArZ(r))

dlog 7 (3)
identifies the state of the material. When o — 0, probe particles are
arrested in a sample-spanning network and have little to no mobility.
When a = 1, the material is in the liquid phase and probes freely
diffuse through the sample. When a values are between 0 and 1,
particle motion is restricted and the material is either a viscoelastic gel
or sol.*¥*7#9752 The state of a viscoelastic material is determined by
comparing « to the critical relaxation exponent, n, of that material. We
use time-cure superposition (TCS) to calculate n.>7**750°3%% o —
is the phase transition of the material. When a < n, the material is a
viscoelastic solid. When a > n, the material is a viscoelastic fluid. The
procedure for TCS is described in detail in the Results and
Discussion.

Cell Culture. Human mesenchymal stem cells (hMSCs) are
purchased from RoosterBio in passage 2. To culture cells, we use
growth media containing two components, RoosterNourish Basal-
MSC-CC and RoosterBooster-GTX, which are used following the
manufacturer’s protocol. We also add 50 U/mL penicillin/
streptomycin (Life Technologies) and 0.5 pg/mL fungizone (Life
Technologies) to limit contamination. Cells are cultured in a cell
culture Petri dish (150 cm? treated cell culture dish, Corning Inc.).
They are grown to ®90% confluency before encapsulating them in
hydrogel networks.

Prior to encapsulation, hMSCs are removed from the plate using
trypsin-ethylene diamine tetraacetic acid (EDTA) (0.125%, Thermo-
Fisher Scientific). hMSCs are then resuspended in 1X PBS and
centrifuged at 2600 RPM for 10 min (Clinical 100, VWR). Cell
concentration is measured using a hemacytometer (VWR). hMSCs
are added at a final concentration of 2 X 10° cells/mL to the hydrogel
precursor solution of each composition. For each composition, we
add 17 puL of precursor solution to the MPT sample chamber
described above. Gels are polymerized by exposing this precursor
solution to UV light.

Once cells are 3D encapsulated in a network, they are incubated in
media. This media contains 10% fetal bovine serum (FBS, Life
Technologies), S0 U/mL penicillin/streptomycin (Life Technolo-
gies), and 0.5 pg/mL fungizone (Life Technologies) in low-glucose
Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies).
Gels are kept in an incubator at 37 °C and 5% CO,. Cell viability is
measured 24 h post-encapsulation by performing a live/dead assay.

Live/Dead Assay. We measure viability of encapsulated hMSCs
using a live/dead staining assay kit (Invitrogen). Before staining,
media is removed from the sample chamber and hydrogels are rinsed
with 1X PBS. Live/dead stain is prepared following the
manufacturer’s protocol. Washed hydrogels are immersed in 200 uL
of the staining solution and placed in an incubator at 37 °C for 20
min. After 20 min, hydrogels are removed from the incubator. Before
imaging, we wash each hydrogel with 1X PBS to remove excess dye.
Images are taken using a Keyence BZ-X 810 fluorescence microscope
with a 10X objective. Images are analyzed using Image] (U.S.
National Institutes of Health) to determine the percentage of viable
cells.

B RESULTS AND DISCUSSION

The goal of this work is to characterize thioester scaffolds with
adaptable and proteolytically degradable cross-links to design
materials that mimic physical aspects of the ECM for cell
delivery. Using bulk rheology, we characterize the elastic
modulus and stress relaxation of these networks. We then
measure the degradation of these networks by incubation in -
cysteine or collagenase solution, which degrades the adaptable
cross-links or enzymatically degradable cross-links, respec-
tively.

We also characterize the degradation of these scaffolds in L-
cysteine using MPT. MPT measurements characterize the
evolving microstructure. During degradation, we measure
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multiple network rearrangements in networks with 1:1 and 4:1
adaptable to MMP-degradable cross-links. We measure fewer
network rearrangements in networks with 3:1 adaptable to
MMP-degradable cross-links. Data are analyzed using time-
cure superposition (TCS), which indicates that networks with
1:1 and 4:1 adaptable to MMP-degradable cross-links have
elastic structures at the phase transition and networks with 3:1
adaptable to MMP-degradable cross-links have a structure that
ranges from elastic to a more open, porous structure. This
supports our degradation measurements, where networks with
3:1 adaptable to MMP-degradable cross-links degrade the
fastest because they have the most open network structure. We
also measure the viability of encapsulated hMSCs in each
network. In all three networks, >70% of the cells are alive 24 h
after 3D encapsulation. Overall, this work provides new
designs of hydrogels that mimic physical aspects of the native
ECM and will enable user-specified control over the
degradation and mechanical properties of these scaffolds.
Bulk Rheological Characterization. Storage Modulus
Measurements. We measure the storage modulus, G', of each
network composition using frequency sweeps between 0.1 and
S Hz and 1% strain. Figure 2 shows values of the storage
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Figure 2. Average storage modulus, G’, is plotted for each
composition and error bars are the standard deviation from 3
measurements. One-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test show that there are significant differences in G’
between the three network compositions and the control gel, which is
a fully adaptable scaffold. *** means p < 0.001.

modulus averaged over 0.1—1 Hz and 3 hydrogels for each
composition. Networks with 1:1 adaptable to MMP-degrad-
able cross-links have the lowest G’ value, G' = 149 + 14 Pa.
Networks with 3:1 adaptable to MMP-degradable cross-links
have G’ = 342 + 5 Pa. Networks with 4:1 adaptable to MMP-
degradable cross-links have the highest G’ value, G' = 588 +
63 Pa.

In these materials, the two cross-linkers are of different sizes.
The approximate contour length of the MMP-degradable
peptide is 4.4 nm, which is estimated from an average contour
length of each amino acid of 4 + 0.2 A> The estimated
contour length of the adaptable cross-linker, PEG-TENB, is
~30 nm.’® The adaptable cross-linker is approximately 7x
larger than the MMP-degradable cross-linker. The difference in
the size of the cross-linkers can lead to the formation of
nonidealities in the network, which could reduce the cross-link
density.”’ ™" For example, PEG-TENB can form loops
between arms of the same PEG-thiol molecule. The MMP-
degradable cross-linker may not form a cross-link due to the
small molecular size, which may cause more dangling ends
where only one end of the peptide is tethered to a PEG-thiol.
Both of these conformations would reduce cross-link density
and lead to decreases in elastic moduli.
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We can use this information to interpret the values of G'.
Networks with 1:1 adaptable to MMP-degradable cross-links
have the lowest value of G’, and the MMP-degradable peptide
cross-linker is 50% of the network cross-links. We hypothesize
that it could be harder for the MMP-degradable cross-linker to
make a cross-link and contribute to the network due to the size
of the molecules, as described above. In networks with 3:1
adaptable to MMP-degradable cross-links, only 25% of the
total cross-links are formed by the MMP-degradable peptide.
This results in a higher value of G, since the amount of MMP-
degradable cross-links is decreased. Networks with 4:1
adaptable to MMP-degradable cross-links have 60% excess
thiol, which makes the total cross-linker concentration the
highest. These scaffolds have more thiols available for cross-
linking, making the cross-linking reaction more favorable than
in the other networks. This results in networks with 4:1
adaptable to MMP-degradable cross-links having higher cross-
link density and value of G’ than the other two networks.

Our previous work measures G’ = 281 + 35 Pa for fully
adaptable networks with 100% excess thiol, which is the
control in Figure 2."* Networks with 1:1 adaptable to MMP-
degradable cross-links have 100% excess thiol, but we measure
a lower elastic modulus. This can be due to network defects. In
networks with 3:1 adaptable to MMP-degradable cross-links,
25% of the adaptable cross-links from fully adaptable networks
are replaced with MMP-degradable cross-links. MMP-degrad-
able cross-links are smaller and can decrease the mesh size of
the network, resulting in an increased modulus when
compared to the fully adaptable network. In networks with
4:1 adaptable to MMP-degradable cross-links, the MMP-
degradable cross-linker is added to the adaptable networks
with 100% excess thiol, which decreases the amount of excess
thiol to 60%. This increases the cross-link density and results in
a higher modulus.

Stress Relaxation Measurements. We measure stress
relaxation in all three compositions by applying 10% strain at
1 Hz over 10 s. The resulting stress is measured over 10 min
and characterizes material viscoelasticity. Figure 3a shows the
average stress relaxation profiles for all three networks and the
fully adaptable control gel."> The solid lines are the average
network response, and the shaded regions are the standard
deviation for each composition. In Figure 3a, we measure a
decrease in stress for all three compositions. Due to the
thioester exchange reaction that takes place in the presence of
unreacted network thiol, all compositions can rearrange,
leading to a decrease in the initial stress. This stress relaxation
response depends on the elastic and viscous components of
each network. In these scaffolds, MMP-degradable cross-
linkers are the elastic component, and excess thiol and
adaptable cross-links are the viscous component that allows
the generated stress to decrease. We measure that the stress
relaxation profiles of all three network compositions are within
the error of each other. This indicates that the stress relaxation
properties do not change significantly by the addition of MMP-
degradable cross-links or higher cross-link density at
physiological pH. Previous work measures that increasing
excess thiol can lead to faster stress relaxation in thioester
networks that are fully adaptable.”” In our systems, a decrease
in free network thiol or the addition of a nonexchangeable
cross-linker such as the MMP-degradable peptide can decrease
stress relaxation. Instead, we measure that viscoelasticity is
constant regardless of composition and we hypothesize this is
because either (1) there are not enough MMP-degradable
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Figure 3. Stress relaxation measurements of the three network
compositions and the fully adaptable control gel. Stress relaxation is
measured by applying 10% strain to each network for 10 min. (a)
Average stress response of each network is the solid line and the
standard deviation is the shaded region. The response is measured as
the stress, o, at any time normalized by the initial stress, 6,. (b) The
ratio of the final stress measured at the end of 10 min, oy,,, to the
initial stress, oy, is calculated for each network to measure the extent
of stress relaxation in each network. n.s means p > 0.0S. There is no
significant difference in the extent each network relaxes stress.

cross-links in these networks to change the viscoelasticity of
the material or (2) network defects from the different sized
cross-linkers could be resulting in a constant ratio of viscous
and elastic components.

We then calculate the extent of stress relaxation using the
ratio of the final stress, 65, to the initial value of stress, oy,
These data are shown in Figure 3b. There is no significant
difference in the extent of stress relaxation between the three
networks. Networks with 1:1 adaptable to MMP-degradable
cross-links have the highest concentration of MMP-degradable
cross-linker, which should result in the lowest extent of stress
relaxation. We hypothesize that network defects can provide a
higher amount of free network thiols, which would lead to
network rearrangement and a similar extent of stress relaxation
as networks with 3:1 and 4:1 adaptable to MMP-degradable
cross-links. Networks with 4:1 adaptable to MMP-degradable
cross-links have a lower amount of excess thiol, 60% excess
thiol. This does not result in a significant decrease in the extent
of stress relaxation compared to the other two networks. For
fully adaptable control networks, we measure 64,,//0, = 0.69 =+
0.02 in 600 s."* These values are similar to those measured in
this work. This confirms that the addition of the MMP-
degradable cross-linker at varying concentrations to these
thioester networks does not alter the viscoelastic nature of the
scaffolds.

Network Degradation Using the Thioester Exchange
Reaction. We measure network degradation by incubating
networks in 25 mM L-cysteine solution. The thiol group from
L-cysteine reacts with the thioester cross-links in the network,
which causes thioester exchange. This exchange reaction leads
to network degradation because L-cysteine has only one
functional group, which means it will not be part of the
network.

We measure decreases in elastic moduli of all three network
compositions as they undergo the thioester exchange reaction
with L-cysteine. Figure 4 plots normalized elastic moduli, G
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Figure 4. Network degradation for all three compositions is carried
out in 0.25 mM L-cysteine. L-Cysteine degrades networks using the
thioester exchange reaction. Using time sweep measurements, we
measure the change in the elastic modulus, G', over time. We plot

G’ which is defined as G, ¢

norm’

normalized elastic moduli,

Go
where Gy is the initial elastic modulus value. Data are plotted until
Grom™ 0.1, which is a 90% decrease in moduli and is directly related
to the amount of cross-links broken. The solid line is the average value
of Gy from three measurements and the shaded area is the standard

deviation.
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the initial value of the modulus. We measure the time required
for the normalized modulus to reach 0.1, which is different for
each network composition. This value quantifies the time
required to reduce the initial cross-link density by 90%. The
time required to reduce the cross-link density of networks with
1:1 and 3:1 adaptable to MMP-degradable cross-links by 90%
is 66 + 10 and 39 + 5 min, respectively. Networks with 4:1
adaptable to MMP-degradable cross-links have the longest
degradation time, 90 + 18 min.

All three networks have different concentrations of adaptable
cross-links that result in different degradation times. Network
degradation can also be affected by defects. As discussed in the
previous section, there is potential for more defects in
networks with 1:1 adaptable to MMP-degradable cross-links,
which could slow degradation due to decreased diffusion of -
cysteine through the scaffold and complex architecture during
material evolution. Additionally, these networks have the
highest number of enzymatically degradable cross-links, which
do not degrade in L-cysteine. Networks with 3:1 adaptable to
MMP-degradable cross-links have higher concentrations of
adaptable cross-links compared to networks with 1:1 adaptable
to MMP-degradable cross-links. This means these networks
can be degraded easily by thioester exchange, which is
measured by faster degradation. Networks with 4:1 adaptable
to MMP-degradable cross-links have the highest cross-link
density, which is likely the reason these networks are the
slowest to degrade. Overall, these data show that even with
varying concentrations of adaptable cross-links, these networks
can be degraded completely by the thioester exchange reaction
initiated by an external source of thiols. This can guide the
design of networks for applications where on-demand
degradation is required.

Network Degradation in Collagenase. We measure
enzymatic degradation of all three network compositions
using time sweep measurements. We carry out enzymatic
degradation by incubating networks in collagenase. Collage-
nase contains clostripain and neutral proteases which only
break the MMP-degradable cross-linker and do not affect the
adaptable cross-links.

over time for all three compositions. G,
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In Figure 5, we compare the temporal change in Gy, of all
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three networks. Since each network composition has a different
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Figure S. Network degradation for all three compositions is carried
out in 0.3 mg/mL collagenase solution. Collagenase degrades MMP-
cleavable peptide cross-links. With time sweep measurements, the
change in the elastic modulus, G’, over time is measured. The plot
shows temporal change in normalized elastic moduli, G/, which is

/ G
defined as G, = @
The solid lines are the average Gy, values and the shaded regions are
the standard deviations from three measurements.

where Gj is the initial elastic modulus value.

amount of enzymatically degradable cross-links, we measure
different extents of degradation. Networks with 1:1 adaptable
to MMP-degradable cross-links degrade the fastest, with
complete degradation in 42 + 14 min. These networks have
a larger amount of enzymatically degradable cross-links, 50% of
the total cross-links. Once a large portion of the MMP-
degradable cross-links break, there is no sample-spanning
network present since at least 3 cross-links per molecule are
required to form a network structure.”’

Networks with 3:1 adaptable to MMP-degradable cross-links
only partially degrade when incubated in collagenase. In these
experiments, we measure that the material degrades to 50% of
the initial value of G’ after ~2.5 h. In this composition, 25% of
the cross-links are enzymatically degradable. After these cross-
links degrade, a sample-spanning gel network with thioester
cross-links can still be present, which will not degrade in
collagenase. After the MMP-degradable cross-links degrade,
any further decrease in modulus is likely due to network
rearrangement under the applied strain of the bulk rheology
measurement.

Networks with 4:1 adaptable to MMP-degradable cross-links
are the slowest to degrade and have the lowest extent of
degradation after 2.5 h. These networks have the highest cross-
link density and only have 20% enzymatically degradable cross-
links. G plateaus at 80% of its initial value, which means that
only 20% of the network cross-links are degraded, which are
the MMP-degradable cross-links. Also, we measure large
deviations in the normalized G’ values of networks with 3:1
and 4:1 adaptable to MMP-degradable cross-links. Such large
deviations are not measured during the degradation of
networks with 1:1 adaptable to MMP-degradable cross-links.
These deviations can be the result of shear-induced rearrange-
ment of these partially degraded networks.

These measurements indicate that we can design networks
that will only partially degrade by cell-secreted proteases. This
can be used in the design of these materials to vary
degradability, specifically during cell-mediated degradation, to
mimic native niches when these scaffolds are used as cell
delivery vehicles.
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MPT Measurements during Scaffold Degradation.
Degradation Using 1-Cysteine. We measure the degradation
of the three network compositions in a 25 mM solution of L-
cysteine using MPT, Figure 6. MPT measures the Brownian
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Figure 6. MPT measurements of degradation of all three
compositions while they undergo the thioester exchange reaction in
response to incubation in L-cysteine. Mean-squared displacements,
(Ar*(z)), measured during degradation of networks with (a) 1:1, (b)
3:1, and (c) 4:1 adaptable to MMP-degradable cross-links. For all
three network compositions the magnitude of and the logarithmic
slope of the MSD, «, increase over time indicating increased probe
mobility and decreased network connectivity.

motion of fluorescently labeled probe particles embedded in
the network and characterizes material properties of the
evolving network. In Figure 6, t 0 min is the time
degradation is initiated by incubation in L-cysteine solution.
The color of the MSD indicates the time of incubation. Warm
colors, such as red, orange, and yellow, indicate short
incubation times. Long times are indicated by blue, green,
and violet, which are cool colors. In all three networks, the

dlog(ArZ(r))
= dlogz ’
magnitude of the MSDs increase over time. An increase in
indicates less restricted particle motion and an increase in the
magnitude of the MSD measures increased probe diffusivity.
When a < 1, this is an apparent diffusivity with units of gm?/
s% and when a = 1, this is the probe diffusivity. This indicates a
decrease in connectivity in the network resulting from the
breaking of cross-links. At the end of each experiment, @ ~ 1
indicates that the material is a sol and probe particles are freely
diffusing in all three network compositions.

In Figure 6a, we measure in a scaffold with 1:1 adaptable to
MMP-degradable cross-links that the magnitude of the MSDs
and a increases over time. This increase is non-monotonic and
can be the result of local network rearrangements. After an
initial increase in probe mobility, we measure a decrease,
indicating that probe particle mobility is becoming more
restricted. This phenomenon occurs several times before we
measure complete network degradation. We measure the initial

logarithmic slope of the MSD, and the
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value of o changes from o & 0 to 1 in 227 min, which is the
longest measured time to degrade. In networks with 1:1
adaptable to MMP-degradable cross-links, there are 50%
MMP-degradable cross-links, which do not undergo the
exchange reaction. Also, the MMP-degradable peptide cross-
linker has a shorter contour length than the PEG-TENB, which
could lead to smaller pore sizes. Smaller pore size can limit the
transport of L-cysteine, which can affect the degradation time
scale since it takes longer for L-cysteine to completely diffuse
into the scaffold.

Figure 6b plots MSDs measured during degradation of
networks with 3:1 adaptable to MMP-degradable cross-links.
These networks degrade over a shorter period of time, 95 min,
compared to the other two networks. These networks have a
higher amount of adaptable cross-links compared to networks
with 1:1 adaptable to MMP-degradable cross-links, which
means there are more cross-links that can undergo thioester
exchange with L-cysteine. This results in a shorter degradation
time.

MSDs measured during degradation of networks with 4:1
adaptable to MMP-degradable cross-links are shown in Figure
6¢. Similar to networks with 1:1 adaptable to MMP-degradable
cross-links, we also measure non-monotonic increases in the
logarithmic slope and magnitude of the MSDs. We attribute
this to network rearrangement resulting in the formation of
polymeric clusters and potentially reforming the network
structure. The degradation time of this network is 169 min,
which is longer than networks with 3:1 adaptable to MMP-
degradable cross-links but slower than networks with 1:1
adaptable to MMP-degradable cross-links. Networks with 4:1
adaptable to MMP-degradable cross-links have the highest
cross-link density, which increases degradation time, and the
most adaptable cross-links, which decreases degradation time,
leading to a degradation time between the other two
compositions.

Although the sample sizes are different, we measure similar
trends in degradation time for MPT and bulk rheology
measurements. The time scales measured by MPT are longer
compared to bulk rheology measurements. Faster degradation
measured with bulk rheology can be due to the addition of
externally applied strain in these measurements, which is not
present in MPT. Due to the externally applied strain, faster
network rearrangement can take place, which could lead to
faster degradation.

We also calculate the logarithmic slope of the MSD, @, using
eq 3. a measures the change in probe mobility over time and is
also indicative of the phase of the material. When a = 1, probes
are freely diffusing in a liquid, and when @ = 0, probes are in a
sample-spanning network and have little to no mobility. Figure
7a—c shows the change in a values for all three network
compositions during degradation. In all three compositions,
the initial value of & & 0 and over time this value increases to 1
as the scaffold degrades. This indicates that there is a phase
transition taking place in all of the networks.

Figure 7a shows a values measured during degradation of a
network with 1:1 adaptable to MMP-degradable cross-links.
The initial @ value is ~0.1, this higher value could be due to
initial scaffold swelling. As time progresses, we measure that
the o values increase. We also measure a non-monotonic
increase in o with time, which we hypothesize is due to
network rearrangement during degradation. In our previous
work with thioester networks with fully adaptable cross-links,
we measured similar non-monotonic increases in « values
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Figure 7. Logarithmic slope of the MSD, a = , increases as

dlog 7
networks degrade by the thioester exchange reaction when incubated
in L-cysteine. The value of a is measured with MPT during
degradation of networks with (a) 1:1, (b) 3:1, and (c) 4:1 adaptable
to MMP-degradable cross-links.

durin% degradation, which we attribute to network rearrange-
ment. > As L-cysteine reacts with adaptable cross-linkers in the
networks, more free thiols are generated. These free thiols can
exchange with remaining network cross-links, leading to the
formation of polymeric clusters or a sample-spanning network.
In networks with 1:1 adaptable to MMP-degradable cross-
links, degradation is slow, meaning during the majority of the
measurement, there is still a network structure which could
limit diffusion of untethered thiols out of the network. Due to
this, some of the untethered thiols may remain in the network
and form new cross-links. Such network rearrangement could
result in restricted probe mobility. After undergoing several
rearrangements, the value of o reaches 1, which means probes
are freely diffusing in a polymeric solution.

Figure 7b shows the change in @ values during degradation
of a network with 3:1 adaptable to MMP-degradable cross-
links. As the exchange reaction with L-cysteine proceeds,
network cross-links break and probe mobility increases. This
results in an increase in a values. Although the increase in a is
non-monotonic, we measure fewer rearrangements compared
to networks with 1:1 adaptable to MMP-degradable cross-
links. These networks have a higher amount of adaptable cross-
links than networks with 1:1 adaptable to MMP-degradable
cross-links, meaning the exchange reaction with L-cysteine can
lead to rapid loss of structure. Due to this, the untethered
polymer can diffuse out of the network quickly and would be
unavailable for rearrangement. These networks are the closest
in structure to the previously studied fully adaptable networks
with 100% excess thiol, which is the control gel in this work. "
Similar to those networks, we do not always measure network
rearrangement in networks with 3:1 adaptable to MMP-
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degradable cross-links.'”> Additionally, fewer network rear-
rangements during degradation could also lead to a shorter
degradation timescale compared to the other network
compositions.

Figure 7c shows changes in a values of a network with 4:1
adaptable to MMP-degradable cross-links. The initial o value is
close to 0.3, which can be due to initial swelling in the r-
cysteine solution. Similar to other networks, we measure a non-
monotonic increase in @ values after 60 min. We hypothesize
this is the result of network rearrangement that takes place
during degradation. In these networks, the high cross-link
density can result in a gradual loss of network architecture.
This could limit the diffusion of untethered polymers out of
the system and lead to the formation of new cross-links that
result in network rearrangement similar to networks with 1:1
adaptable to MMP-degradable cross-links.

During degradation, these networks likely undergo a gel—sol
transition and may even undergo phase transitions during
rearrangement. To pinpoint the gel—sol transition, we analyze
our MPT data using time-cure superposition.

Time-Cure Superposition. Using MPT, we measure the
phase transition of the three network compositions degraded
in L-cysteine solution. A gel is defined as a sample-spanning
network structure. We measure a gel—sol phase transition
when the last sample-spanning network structure breaks. MPT
data are analyzed using time-cure superposition (TCS) to
identify this phase transition. TCS is the superposition of
viscoelastic functions at different extents of reac-
tion,>7/#0:49:50,3,54,60-64 Using TCS, we determine the critical
degradation time, t,, and critical relaxation exponent, n. t, is the
time when the phase transition occurs or the last sample-
spanning network cluster breaks.””°***®> The value of n
defines the phase transition and the material structure at the
phase transition, as described previously.

To calculate the values of £, and n, we first sort MSDs based
on their distinct curvature at the shortest lag times (0.03 < 7 <
1 s) into either pre- or post-degradation MSDs. Short lag times
are chosen because they measure the longest relaxation time of
the material. Pre-degradation MSDs or gel MSDs curve
downward because the longest relaxation time is of a sample-
spanning polymeric network. Post-degradation MSDs or sol
MSDs curve upward because they measure the longest
relaxation time of a polymer solution.””****3%¢!=6%%¢ Uging
shift factor a for the lag time axis and b for the MSD axis, MSD
curves are shifted to form sol and gel master curves.

In Figure 8, we provide an example of TCS for a network
with 3:1 adaptable to MMP-degradable cross-links. TCS plots
for all three hybrid networks are provided in the Supporting
Information in Figures S4—S11. MSDs from Figure Sb are
shifted to create master curves in Figure 8a. The initial MSDs
in the gel master curve in Figure 8a indicate that probes are in
a sample-spanning network and have little to no mobility.
Moving along the gel master curve, as time increases, probe
mobility also increases as the exchange reaction takes place
between L-cysteine and network cross-links, and a sample-
spanning network structure still exists. As the reaction between
L-cysteine and the network continues, the last sample-spanning
cluster remains, and the MSD measured is the last curve on the
gel master curve. MSDs measured after the last sample-
spanning cluster breaks are on the sol master curve, where
probe mobility is still restricted due to the presence of
polymeric clusters, Figure 8a. Eventually, these polymeric
clusters break, and probe motion becomes freely diffusive in a
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Figure 8. Time-cure superposition of a network with 3:1 adaptable to
MMP-degradable cross-links. (a) MSDs from Figure Sb are shifted
into sol and gel master curves using shift factors a and b. (b) Shift
factors a and b go to zero at the critical degradation time, f, = 68.5
min. (c) y and z are calculated by plotting the logarithm of shift

factors a and b against the logarithm of the distance away from the
It—td

critical degradation time, € = . The critical relaxation exponent,

©

n, is calculated from the ratio of scaling exponents y and z.

polymer solution. Where these two master curves meet is the
phase transition, and the slope at this point is the critical
relaxation exponent, n.

The value of n is calculated from shift factors a and b, which
are used to create the two master curves.”****>®* Shift factor a

is related to the longest relaxation time, 7, and the distance
It—t]

away from the critical extent of degradation, € = , by
scaling exponent y using
y
o {u—q]
a~T o~ —
ke (4)

Shift factor b is related to the inverse of the steady-state creep
) 1 . 54,60,63,65
compliance, J; ', and € by scaling exponent z by

t—t]\
b~]§1~(| ; Cl]

(%)
The ratio of these two exponents is the value of n
z
n= -
y (6)

Shift factors a and b are plotted against time in Figure 8b to
calculate the critical degradation time, t. t. is when the last
sample-spanning cluster breaks. The values of shift factors a
and b approach 0 at t.. This is a measure of the elastic modulus
of the network approaching zero in the gel and the viscosity
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becoming infinite in the s0L.9%% Both 7; and J, have power law
behavior before and after the gel point.***>°® In Figure 8c, the
logarithm of the shift factors is plotted versus the logarithm of
the distance away from critical degradation time, In €. Based on
gelation theory, they are fit to a line.”” While the linear fit does
not capture network rearrangement, this method still gives an
accurate measure of the critical relaxation exponent, n, of the
network. The values of the critical scaling exponents y and z
are calculated from this fit, which is described by eqs 4 and 5.
Once these values are known, the value of n is calculated using
eq 6. We compare the critical relaxation exponent and critical
degradation time for all three network compositions.

The values of the average critical relaxation exponent, 7,
and average critical degradation time, t_,., for all three
networks are provided in Table 2. The value of # defines the

Table 2. Critical Values Measured during Network
Degradation

ratio of adaptable to
MMP-degradable cross-

average critical
relaxation exponent,

average critical
degradation time,

links (. e (min)
1:1 0.30 + 0.07 1114 + 18
3:1 0.45 + 0.09 65.1 + 15
4:1 0.34 + 0.08 139.0 + 17
control 0.53 + 0.12 151 + 7.8

phase transition and is also indicative of the network structure
at the phase transition. When 0 < n < 0.5, the material is a
densely cross-linked elastic network that stores energy. When
0.5 < n < 1, the network has an open structure and dissipates
more energy than it stores.””*¥*® We calculate errors for each
n value by propagating errors in y and z, which are propagated
when the average value of n is calculated.

Our measurements indicate that all three network
compositions have n,, < 0.5. This means all compositions
form elastic networks that store more energy than they
dissipate. Also, these networks have n values that are within
error of each other, indicating the network microstructure is
similar regardless of the composition. The n,, values of
networks with 1:1 and 4:1 adaptable to MMP-degradable
cross-links suggest they only form tightly cross-linked net-
works. The n,,, value of networks with 3:1 adaptable to MMP-
degradable cross-links indicates that this composition forms
networks that range from elastic to more open networks.

The structure of the networks in this study is similar to
previously characterized thioester networks that only have
adaptable cross-links. Networks with 1:1 and 4:1 adaptable to
MMP-degradable cross-links have n,,, values similar to fully
adaptable networks with 0% excess thiol, where n,,, = 0.34 +
0.07. These networks are elastic in nature because there are
fewer excess thiols available for rearrangement.m In this work,
even though there are excess thiols present in networks with
1:1 adaptable to MMP-degradable cross-links, the addition of
MMP-degradable cross-links makes their structure more
elastic. In networks with 4:1 adaptable to MMP-degradable
cross-links, the reduced excess thiol and presence of the MMP-
degradable cross-linker make the network structure more
elastic.

Networks with 3:1 adaptable to MMP-degradable cross-links
have structures that range from elastic to open networks. These
networks are slightly more elastic compared to fully adaptable
networks with 100% excess thiol that were characterized
previously."” Fully adaptable control networks have a structure
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that can range from elastic to a more open, porous network
with n,,, = 0.53 + 0.12."° The more elastic nature of the hybrid
network is likely due to the addition of the MMP-degradable
peptide, which does not take part in rearrangement. Networks
with 3:1 adaptable to MMP-degradable cross-links also have
the most open structure, which explains why these materials
consistently degrade the fastest.

Once we measure n values for each network composition, we
plot a values with the phase transition region in Figure S12 in
the Supporting Information. We measure network rearrange-
ment results in the formation of a sample-spanning network for
networks with 1:1 and 4:1 adaptable to MMP-degradable
cross-links. As discussed in the previous section, in networks
with 1:1 and 4:1 adaptable to MMP-degradable cross-links, the
presence of MMP-degradable cross-links can cause more
gradual degradation. Due to this, untethered network thiols
may not easily diffuse out of the network, which could lead to
network reformation. Networks with 3:1 adaptable to MMP-
degradable cross-links undergo fewer network rearrangements,
which do not lead to reformation of a sample-spanning
network. In these networks, most of the network cross-links are
adaptable, and the material has a looser network structure.
Once the adaptable cross-links undergo the exchange reaction,
there is a rapid loss of structure, leading to fewer network
arrangements.

We also compare the average critical degradation time, ¢,

c,avg
for each network. t, values for networks with 1:1 and 4:1

adaptable to MMP-aeggradable cross-links are within error of
each other. In both these networks, we measure multiple
network rearrangements that reform sample-spanning net-
works during degradation. These rearrangements likely slow
overall degradation. Networks with 3:1 adaptable to MMP-
degradable cross-links are the fastest to degrade, which we
hypothesize is correlated with fewer network rearrangements
during degradation and a looser network structure. The trend
measured for ., is similar to the trend measured in network
degradation time with bulk rheology. The data for fully
adaptable control networks are measured with a higher L-
cysteli?e concentration of 50 mM, which leads to the shortest

’1§hese results indicate that network degradation time and
microstructure can be tuned by changing the amount of excess
thiol and enzymatically degradable cross-links in the network.
Decreasing excess thiol or adding enzymatically degradable
cross-links increases the elastic component of the network and
increases degradation time.

MPT Measurements of Enzymatic Degradation. We
incubate all network compositions in 0.3 mg/mL collagenase
to measure enzymatic degradation. Figure S13 in the
Supporting Information shows data measured for all networks
immediately and 2 days after incubation in collagenase. These
networks do not degrade in collagenase over this time period.
Although we measure complete degradation of 1:1 adaptable
to MMP-degradable cross-links using bulk rheology, we do not
measure any degradation with MPT 48 h after incubation. This
could indicate that the shear applied during bulk rheological
characterization is causing network degradation. In networks
with 3:1 and 4:1 adaptable to MMP-degradable cross-links, the
MMP-degradable peptide contributes 25 and 20% of the total
cross-links. These networks may not degrade completely in
collagenase because the majority of the network cross-links are
formed by PEG-TENB, which would not be degraded by
collagenase.
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Cell Viability. We 3D encapsulate hMSCs in a network and
measure viability after 24 h in all three network compositions.
Viability is measured in 4 gels for each network, and in each
gel, we take images in 3 different regions, Figure 9. The
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Figure 9. Average viability of hMSCs 24 h after 3D encapsulation in
the three hybrid networks and fully adaptable control networks.*”
Viability measurements are presented as the average of measurements
in four hydrogels and the error bars are the standard deviation. * and
** represent p < 0.05 and p < 0.01, respectively.

number of live cells is reported as the average of all
measurements. Representative images of live/dead cell data
are shown in Figure S14 in the Supporting Information. In all
three networks, we measure that more than 70% of cells are
viable. Networks with 1:1 adaptable to MMP-degradable cross-
links have a significantly higher percentage of viable cells
compared to the other two networks, 87 + 4% viable cells.
Higher viability in these networks can be the result of a low
cross-link density and a higher amount of MMP-degradable
cross-links. In networks with 3:1 and 4:1 adaptable to MMP-
degradable cross-links, we measure 72 + 5 and 80 + 8% viable
cells, respectively. In fully adaptable control networks, we
measure much lower viability, 64 + 8%.%” Viability measured
in fully adaptable control networks is similar to viability
measured in other adaptable networks with different chemistry
but similar viscoelastic properties.”’ The reduced cell viability
in networks with 3:1 and 4:1 adaptable to MMP-degradable
cross-links compared to networks with 1:1 adaptable to MMP-
degradable cross-links is likely due to the increased amount of
adaptable cross-links, which tends to lower cell viability.

B CONCLUSIONS

In this work, we design and characterize hybrid networks with
adaptable thioester and enzymatically degradable peptide
cross-linkers. The two cross-linkers have different contour
lengths, which we measure leads to non-monotonic changes in
rheological properties likely due to network nonidealities. We
measure the elastic modulus, G’, of networks with varying
ratios of adaptable to MMP-degradable cross-links using bulk
rheology. As the adaptable MMP-degradable cross-link ratio
increases, an increased value of G’ is measured. Higher values
of G’ are a measure of higher cross-link density, which
indicates that as the ratio of cross-linkers changes to a higher
concentration of adaptable cross-links, network formation is
the preferred reaction. This means there is a decrease in
nonidealities likely due to a higher concentration of a single
cross-linker resulting in a more uniform network structure. The
extent of stress relaxation in these networks does not vary
significantly with composition. These results show we can tune
the moduli of these networks without changing the viscoelastic
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properties, which is desirable when mimicking the complex
properties of tissues. To determine the role of each of the
cross-linkers, we degrade them separately. We measure the
degradation of these networks in L-cysteine and collagenase
using bulk rheology and MPT. These networks rearrange
during L-cysteine degradation and have structures at the phase
transition that range from elastic (1:1 and 4:1 adaptable to
MMP-degradable cross-links) to open network structures (3:1
adaptable to MMP-degradable cross-links). This indicates that
the adaptable cross-links are the dominant cross-linker in
network formation and are the major factor that sets the
properties of the material. These results show that the
microstructure of these hybrid materials can be tuned by
varying the composition, while properties of each type of cross-
linker are maintained to varying degrees. Finally, cell viability
measurements show that increasing MMP-degradable cross-
links increases the number of viable cells in these thioester
scaffolds. Adaptable cross-links enable facile rearrangement,
but to maintain cell viability, the cells need an elastic network
for attachment, spreading, and, ultimately, motility. This shows
that a balance in material viscoelasticity is needed to enable
high cell viability and basic cellular processes.

The hybrid networks in this work could better mimic aspects
of the native ECM, balancing the viscous and elastic
components of the scaffold, which can be done by varying
the concentration of adaptable and enzymatically degradable
cross-links. There is a trade-off to using these cross-linkers that
needs to be considered when designing these materials for
their specific application. The enzymatically degradable cross-
links play a smaller role in network formation but provide vital
elasticity, which enables cell viability and motility. The
adaptable cross-linker is the main contributor to network
formation and provides dynamic rheological properties, but
does not provide the needed elasticity for high cell viability. To
use these microenvironments to instruct cell processes, these
results must be considered, and a balance must be struck to
create materials that enhance cell delivery and promote tissue
regeneration. Cell-material interactions in these networks and
their ability to deliver cells will be explored in future work.
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The following files are available free of charge. The Supporting
Information is available free of charge at https://pubs.acs.org/
doi/10.1021/acs.macromol.5c00487.

Networks with fully enzymatically degradable cross-
links: MSDs measured of 3 replicates containing 8-arm
PEG-thiol and MMP-degradable peptide cross-linker
with thiol:norbornene ratio of 2 and photocatalyst LAP
after UV exposure of 100 s; bulk rheological character-
ization: strain sweeps of all three network compositions
measured at 0.1—5% strain and 1 Hz frequency; MPT
calibration: mean-squared displacements (MSDs) of 1
pum probes are measured in different concentrations of
glycerine solutions; time-cure superposition: time-cure
superposition of networks with 1:1 adaptable to MMP-
degradable cross-links (replicate 1); time-cure super-
position: time-cure superposition of networks with 1:1
adaptable to MMP-degradable cross-links (replicate 2);
time-cure superposition: time-cure superposition of
networks with 1:1 adaptable to MMP-degradable
cross-links (replicate 3); time-cure superposition: time-
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cure superposition of networks with 3:1 adaptable to
MMP-degradable cross-links (replicate 2); time-cure
superposition: time-cure superposition of networks with
3:1 adaptable to MMP-degradable cross-links (replicate
3); time-cure superposition: time-cure superposition of
networks with 4:1 adaptable to MMP-degradable cross-
links (replicate 1); time-cure superposition: time-cure
superposition of networks with 4:1 adaptable to MMP-
degradable cross-links (replicate 2); time-cure super-
position: time-cure superposition of networks with 4:1
adaptable to MMP-degradable cross-links (replicate 3);
network rearrangement during scaffold degradation: «
values measured during the degradation of all three
networks plotted with the transition region; MPT
measurements of networks in collagenase: MPT
measurements of thioester networks with 3:1 and 4:1
adaptable to MMP-degradable cross-links incubated in
collagenase; and cell viability: representative images of
viability of hMSCs 24 h after 3D encapsulation in the
three network compositions (PDF)
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