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ABSTRACT

The extracellular matrix protein collagen | has been used extensively in the field of biomaterials
due to its inherent biocompatibility and unique viscoelastic and mechanical properties. Collagen
| self-assembly into fibers and networks is environmentally sensitive to gelation conditions such
as temperature, resulting in gels with distinct network architectures and mechanical properties.
Despite this, collagen gels are not suitable for many applications given their relatively low storage
modulus. We have prepared collagen-poly(ethylene glycol) [PEG] interpenetrating network (IPN)
hydrogels to reinforce the collagen network, which also induces changes to network plasticity, a
recent focus of study in cell-matrix interactions. Here, we prepare collagen/PEG IPNs varying
collagen concentration and collagen gelation temperature to assess changes in microarchitecture
and mechanical properties of these networks. By tuning these parameters, IPNs with a range of
stiffness, plasticity and pore size are obtained. Cell studies suggest that matrix plasticity is a key
determinant of cell behavior, including cell elongation, on these gels. This work presents a
natural/synthetic biocompatible matrix that retains the unique structural properties of collagen
networks with increased storage modulus and tunable plasticity. The described IPN materials will
be of use for applications in which control of cell spreading is desirable, as only minimal changes
in sample preparation lead to changes in cell spreading and circularity. Additionally, this study
contributes to our understanding of the connection between collagen self-assembly conditions
and matrix structural and mechanical properties and presents them as useful tools for the design
of other collagen based biomaterials.



1. INTRODUCTION

Biomaterials are a diverse class of materials composed of and/or designed to interact with
biological systems. Biomaterials can be designed not only for biocompatibility but also for other
properties including bioactivity, biodegradability, and specific mechanical or structural properties,
lending them great versatility of end uses. One strategy that has been utilized in biomaterial
design is mimicking components of the native cellular environment. Such biomimetic materials
often replicate properties of the extracellular matrix (ECM), maintaining its biocompatibility and
important functions in cell regulation while adding desired properties or functionality.

Interpenetrating polymer networks (IPN) have grown in popularity as biomaterials, as they can
recapitulate key aspects of the complex environment of the ECM. IPNs are complexes of two or
more independent networks that are interlaced or physically entangled but lack covalent
interactions[1,2]. IPNs that include a biological network component typically provide mechanical
reinforcement while preserving native architecture of the network[3,4]. Being the predominant
structural and functional component of mammalian ECM, collagen | has long been used in
biomaterials for bioengineering applications and biophysical studies[5] and has recently found
use as a component in IPNs[6—9]. Among collagen-based IPN biomaterials, some have utilized a
reactive poly(ethylene glycol) (PEG) to form the secondary network, resulting in hydrogels useful
for both cellular studies and tissue engineering scaffolds [8—-10]. These studies have shown
collagen-PEG IPNs support cell viability and that modifications to the PEG network can modulate
cell response, including proliferation, extent of cell spreading, and migration. Most of the
exploration of collagen-PEG IPNs to date has been through alterations to the PEG network,
whereas little attention has been given to modification of the primary collagen network, despite its
importance in cell adhesion and signaling and its high sensitivity to gelation conditions[11,12].

Collagen I in its monomeric form is a left handed helix composed of three polypeptide chains, two
of which are distinct[13]. Both in vivo and in vitro it can self-assemble in an entropically driven
process into fibrils that may further bundle into fibers that can associate to produce a
hydrogel[14,15]. Collagen | self-assembly kinetics and hydrogel equilibrium properties are
sensitive to gelation conditions including concentration, pH, temperature, and type of collagen.
These properties can each affect fibril number and morphology and ultimately network properties,
including pore size and stiffness[16—19]. It has been shown that changes in collagen network
structure correspond to distinct cellular behaviors - for example, for collagen | gels of moderate
to high concentration, self-assembly at lower temperatures supports enhanced cell invasion due
to increased pore size relative to that present in gels that self-assemble at physiological
temperature[20]. As such, gelation conditions can be tuned to lend collagen hydrogels targeted
network properties and biological function. Here, we show that the environmental sensitivity of
the collagen primary network is retained in a collagen/PEG IPN, allowing enhanced variation of
network structure and mechanical properties of such networks and further study of cell response
to a variety of mechano-structural properties.

In the study of cell-matrix interactions, recent attention has been placed on the importance of
mechanical properties, in particular matrix plasticity[21-24], as determinants of cell behavior not
only in vitro but also in vivo. We prepared collagen-PEG IPN hydrogels (Scheme 1) to explore
the extent to which collagen gelation parameters affect the material’s bulk properties including
plasticity and cell spreading behavior. The temperature of collagen gelation and the concentration
of collagen was varied to create IPNs with a wide range of storage modulus, plasticity, and pore
size. While it has been shown that collagen/PEG IPNs can support cell survival, proliferation, and
differentiation within the 3D gel [8—-10], here we interrogate cell behavior atop the 2D substrates.
Such measurements, while lacking some complexity of the 3D environment cells experience in
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vivo, are commonly used in fundamental studies of mechanobiology[25] and allow interrogation
of cell response to materials with distinct mechanical properties without significant influence of
pore size, a key determinant of cell behavior within 3D networks[20,26—29]. Experiments with
both dispersed cells and cells cultured as spheroids atop the IPNs explored here show that within
collagen/PEG IPNs, collagen concentration and gelation temperature can limit or enhance cellular
spreading and elongation, apparently through differences in IPN plasticity. This study
demonstrates that the collagen-PEG hydrogel system can be tuned towards specific desired
structural and mechanical properties as well as cellular responses by modifying the primary
collagen network. This demonstration and exploration of tunable collagen IPNs elucidates the role
of plasticity in cell behavior and will be of value for the design of collagen-based biomaterials with
targeted functionality.
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Scheme 1. Graphical depiction of collagen-PEG IPNs. a) Chemical structures of PEG-NB and PEG-
2SH. b) Reaction scheme for the secondary network of the collagen-PEG IPN and PEG hydrogels. Thiol-
ene click chemistry is used to polymerize norbornene functional groups on the four-armed crosslinker with
dithiol groups on the PEG spacer (highlighted in green and red, respectively). The two reactants are utilized
in a 1:2 stoichiometric ratio of crosslinker to spacer. An idealized diagram of the resulting network is
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presented. ¢) For the primary network, collagen hydrogels are formed at different concentrations and
gelation temperatures leading to hydrogels of varied stiffness and pore size. The PEG solution is placed on
top of the collagen gel and allowed to diffuse for 24 hours, after which polymerization is initiated with
Irgacure 2959 and fifteen minutes of UV exposure.

2. MATERIALS AND METHODS

2.1 PEG-norbornene solution

4-arm poly(ethylene glycol) norbornene terminated (M,,= 10,000 g/mol) and poly(ethylene glycol)
dithiol (M,,= 3,400 g/mol) were purchased from ThermoFisher and prepared in a 2.5:5 mM ratio,
respectively, along with 1% w/w of initiator 2-hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959, ThermoFisher). Reagents and solutions were stored under
nitrogen when not in use.

2.2 Hydrogel preparation
Hydrogels were prepared in circular plastic 25 mm diameter molds in order to match the size of
the parallel plate geometry used for rheological tests.

For PEG-only gels, 600uL of the PEG-norbornene (PEG-NB) solution was dispensed into the
mold and immediately UV cured for 15 minutes, after which it was washed two times with 1X PBS.

For collagen-only gels, 10 mg/mL acid-solublized rat tail collagen (Ratcol, Advanced BioMatrix)
was diluted with 20mM acetic acid to a final concentration of 6 mg/mL or 4 mg/mL Ratcol
(Advanced BioMatrix) to create high concentration and low concentration collagen gels,
respectively. The concentration of collagen in the final preparation for the high and low
concentration gels was 5.4 mg/mL and 3.6 mg/mL, respectively, although concentrations
throughout the paper will refer to the concentration of stock solution employed. 540 uL of collagen
solution was neutralized in a 1.5-mL microcentrifuge tube with a neutralization solution of 10X
PBS and sodium hydroxide to a final pH of 7.2-7.4 and volume of 600 uL, and kept on ice for
approximately five minutes before the solution was deposited into the mold. The mold was then
placed in a 60mm plastic dish with a drop of water and covered with Parafilm to prevent drying
before being placed in an incubator either at 37°C for 2 hours or 15°C overnight.

For IPN gels (Scheme 1), collagen was first prepared as described in the previous paragraph.
After the gelation period, 400uL of the PEG-norbornene solution was dispensed onto the gel such
that it evenly spread over the surface. After wrapping the outer dish in foil to prevent
polymerization initiation from ambient light, the gel sat overnight at room temperature to allow the
PEG-NB solution to diffuse through the collagen gel. After this period, excess solution was gently
wicked off and the gel was washed with 1X PBS two times before placing it under UV light for 15
minutes, followed by two more washes with 1X PBS after curing.

After preparing either single component gels or IPNs as described above, the gels were removed
from their molds with a stainless steel spatula. They were flipped such that the inner-mold side of
the gel faced up towards the measuring plate of the rheometer. Any remaining liquid was wicked
away prior to testing.

To prepare fluorescently labeled collagen for imaging collagen and IPN gels, a stock of AlexaFluor
555 (Thermo Fisher) labeled rat tail collagen was prepared as previously described[30,31] and
mixed with unlabeled collagen to obtain 6 mg/mL and 4 mg/mL stock solutions. A custom mold



was fabricated to allow for imaging the gels without removing them from the mold and potentially
perturbing the network structure. This entailed attaching a 25mm rubber gasket to a glass
coverslip with UV glue. Otherwise, the gels were prepared as described above.

For IPNs used for spheroid deformation and relaxation measurements, Nile Red labeled 1um
diameter FluoSphere bead suspension (Invitrogen) was diluted in 60uL of neutralization solution
to a final concentration of 6 X 10" beads/mL and then added to 540uL of collagen solution. The
collagen network and subsequent IPN gels were then prepared as previously described.

2.3 Rheology

All rheological tests were performed on an Anton-Paar MCR302 rheometer with a 25-mm
stainless steel parallel plate geometry with sandpaper affixed as the top plate and a glass bottom
plate. Rather than gap size control, the measurement gap was set and maintained using normal
force control to a constant normal force of 0.05N both to prevent sample slip and to account for
potential deviations in sample height that would otherwise change the gap size. Storage modulus
and loss modulus were measured in strain controlled mode by oscillatory shear with 0.1% strain
and 1 Hz oscillations. Creep and recovery tests were performed in stress-controlled mode by
applying a constant stress for 30 minutes followed by a recovery period (stress = 0 Pa) of up to
an hour or until strain reached a plateau value and appeared to no longer be evolving. The

plasticity of the hydrogels was determined from creep tests as €jy-/Emax Where Emay is the

maximum strain after creep and &;,, is the irreversible strain after recovery, as defined by Nam
et. al[21].

2.4 Cell Culture and Spheroid Preparation

MDA-MB-231 breast cancer cells were obtained from the American Type Culture Collection.
DMEM high glucose liquid media and phosphate buffered saline (PBS) were obtained from GE
Healthcare HyClone. Fetal bovine serum (FBS) was obtained from Gibco. Accutase and 100x
penicillin-streptomycin-amphotericin B were obtained from MP Biomedicals. 100x MEM
nonessential amino acid solution was obtained from Corning (Corning, NY). Matrigel growth factor
reduced basement membrane extract (BME) and Cell Recovery Solution were obtained from
Corning. ATTO-488 phalloidin and DAPI were obtained from Sigma Aldrich. LIVE/DEAD Cell
Imaging Kit (488/570) was obtained from Molecular Probes by Thermo Fisher Scientific.
CellTracker Green CMFDA was obtained from Invitrogen Life Technologies.

Cells were cultured on tissue culture plastic in 1% high glucose DMEM containing 10% (v/v) fetal
bovine serum, 1% (v/v) 100x% antibiotics solution, and 1% (v/v) 100x MEM non-essential amino
acids solution. Cells were maintained at 37 °C under 5% carbon dioxide. Cells were sub-cultured
when 80-90% confluency was reached and were used from passages 3—-20.

Cells originally plated on tissue culture plastic were detached using Accutase. Cells were then
counted and diluted in DMEM growth culture medium to 100,000 cells/mL. For studies of
dispersed cells on gels, 1.5mL of the cell solution was placed atop the gels. These were then
placed into the incubator at 37 °C under 5% carbon dioxide.

For spheroid formation, 2000 cells were placed in wells of an ultra-low adhesion 96-well plate in
media supplemented with 0.2575 mg/mL BME. Plates were centrifuged for 10 minutes at 1000 x
g. The cells were allowed to compact for 24-48 hours to form spheroids. Before imaging,
spheroids were placed in Cell Recovery Solution on ice for 45-60 minutes to remove the BME.

2.5 Cell Attachment, Viability, and Shape Analysis



For dispersed cells atop gels, cell attachment was assessed by incubating cells with CellTracker
Green for 45 minutes at a concentration of 2uM. 150,000 cells were then plated on the gels and
allowed to attach. After 24 hours, the gels were rinsed with PBS and fixed with 10% formalin
(Thermo Fisher Scientific). Samples were then imaged with a 10X (NA = 0.4) objective on a Zeiss
LSM800 microscope and manually counted.

Cell viability was separately assessed via live/dead imaging after 24 hours. Live Green and Dead
Red stain vials were mixed and the solution was placed atop the cells and incubated at room
temperature for 15 minutes. Samples were then imaged with a 10X (NA = 0.4) objective on a
Zeiss LSM800 microscope. Live and dead cells were manually counted.

For cell shape analysis, at 24 hours after plating,cells were fixed with warmed 10% formalin for
10 minutes and then permeabilized with 0.2% Triton X-100 (EMD Millipore Chemicals) for 10
minutes. Cells were stained using ATTO 488 phalloidin (1:400) and DAPI (1:1000) in PBS
overnight at 4°C. Images were taken on the 10X air (NA 0.4) and 20X air (NA 0.75) objectives of
the Zeiss LSM800 inverted confocal microscope with 405 nm and 488 nm excitation lasers. When
collagen was simultaneously imaged in such gels, a 555 nm excitation laser was additionally
used. Cells were manually segmented and cell shape was quantified via circularity using ImageJ.

2.6 Spheroid Deformation and Relaxation Analysis

Spheroids were placed atop low and high collagen concentration IPN gels and imaged every two
hours for 20 hours. After 20 hours, media was removed and replaced with a solution of 5uM
cytochalasin-D (Sigma Aldrich) and 1% Triton X-100 in culture media. Images were then taken
every hour for up to six hours, though all relaxation was found to occur in the first hour after
application of the relaxation solution. Throughout the experiments samples were held in an
incubator at 37°C with 5% CO.. Imaging was performed on a Zeiss Elyra 7 microscope with a 10x
air (NA 0.3) objective. Z-stacks were taken at 10um intervals to 200um below the top of the gel.

Composite superimposed images of the bead-embedded gels were created using images taken
directly after the addition of a spheroid and 20 hours after spheroid placement to quantify gel
deformation. Composite images of the same type were created using images taken 20 hours after
spheroid placement and two hours after application of cytochalasin-D to quantify relaxation. The
images were drift-corrected with ImagedJ using positions of beads in the lowest collected z-slice
(approximately 200 um below the top of the gel) to account for potential sample drift due to
perturbation upon addition of the relaxation solution. Motion of at least 150 beads per sample
visible in the top slice of the gels was quantified. Vectors were drawn in ImageJ between beads
at the earlier and later time points for both pulling and relaxation ensuring that only readily
identifiable and distinguishable beads were chosen. Bead displacement was then measured using
ImagelJ.

2.7 Pore Size Determination

For pore size determination, collagen imaging was performed on a Zeiss LSM800 inverted
confocal laser scanning microscope with a 555 nm excitation laser using a 63X oil (NA 1.4)
objective in Airyscan mode. Pore size was determined as previously described[32]. Single
confocal slices of collagen gels and IPNs were pre-processed in ImageJ to yield a segmented
image that was then used for pore size determination. Raw images were subjected to a bandpass
filter and rolling ball background subtraction to remove features below a certain size threshold
and reduce out of plane background signal, respectively. A local auto threshold was then used to
obtain a binarized image of the network. Distances between “on” pixels were counted row by row
and column by column in the segmented image. The distribution of gaps between fibers was fit to
an exponential probability density function f(x) = 12 x e~** . The characteristic pore size for the
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network is 1/A. Results from multiple images taken at different locations in a sample were
averaged together to determine a mean pore size for the sample, and this was repeated on n > 3
samples.

2.8 Statistical Analysis

Creep and recovery tests and cell attachment, viability, and shape tests were repeated at least
three times each on independent samples, with the latter three additionally being conducted on
different batches of cells on different days. Oscillatory shear experiments for viscoelastic moduli
of PEG, collagen and IPN gels were performed at least ten times for each sample type. Sample
sizes per replicate of cell experiments included over 160 cells each for cell viability assay, over
thirty cells each for cell shape analysis, and five tiles of ~0.4 mm? each for cell attachment assays.
Spheroid experiments were repeated three times each on low and high concentration IPN gels
formed at 37°C. Welch'’s t-tests were performed for comparisons of storage moduli between
collagen and IPN gels of identical temperature and collagen concentration, and ANOVA was used
to compare storage moduli, pore sizes, cell viabilities and cell attachment counts amongst all
sample types followed by post-hoc Tukey tests. Kolmogorov-Smirnov tests were performed to
compare cell shape distributions. Indicated significance levels are as follows for all described
tests: * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Unless otherwise mentioned, individual data
points represent means and error bars represent standard deviations. Circularity distributions are
presented with kernel smoothing via Origin Pro (v. 2024, Origin Labs).

3. RESULTS
Mechanical Properties of Single Component Hydrogels

First, the properties of the collagen primary network and PEG secondary network were
characterized individually, by preparing collagen and PEG hydrogels separately. Collagen gels
were prepared from stock solutions of 4 and 6 mg/mL and at gelation temperatures of 15°C and
37°C. The PEG hydrogels were prepared at a ratio of 2.5 mM 4-arm poly(ethylene glycol)
norbornene terminated to 5 mM poly(ethylene glycol) dithiol. The dynamic storage and loss
moduli, G’ and G” respectively, of the hydrogels were obtained from oscillatory shear tests, and
creep tests were performed over a range of applied stresses to obtain gel plasticity.

Storage moduli (G’) of collagen gels were found to increase with increasing collagen
concentration and decreasing gelation temperature, consistent with previous results[19] (Fig. 1a).
Indeed, in this study, the low concentration collagen gelled at 15°C showed a similar stiffness to
the high concentration collagen gelled at 37°C, with no significant difference between the two
sample populations. Creep and recovery tests were performed to measure gel plasticity, a
measure of the permanent, irreversible strain experienced in a gel after stress is applied for some
time before the sample is allowed to recover towards its original state. Here, a constant stress
was applied to the sample for 30 minutes and then removed, with percent strain monitored during
stress application and relaxation, as described in Methods. This measurement revealed that both
types of collagen gels displayed stress-dependent plasticity and, at all stresses measured, low
concentration collagen hydrogels displayed a higher plasticity compared to the high concentration
collagen hydrogels (Fig. 1b). As expected, the PEG hydrogels were the least plastic (most elastic)
and showed a stress-independent response, as the covalent crosslinks in these networks limit
plastic deformation relative to the weaker intermolecular interactions and physical entanglements
in collagen networks that allow for dynamic rearrangement. While the PEG hydrogels did show
the lowest plasticity, they displayed a higher degree of irreversible (plastic) deformation after
creep and recovery tests than some covalently crosslinked synthetic networks. Plastic
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deformation is possible in such networks due to, for example, sliding of crosslinks[33]. The
relatively long timescale of the stress application (30 minutes) in these experiments and the
relatively long length of the PEG spacer are likely responsible for the plasticity observed in these
gels[34,35]; indeed, when using a shorter spacer or shorter creep loading times, the observed
plasticity of the PEG gels decreased (Fig. S1a,b). Additionally, creep and recovery tests were
performed on a highly crosslinked 10% polyacrylamide to assure our protocol reported results
consistent with previous findings for highly elastic samples. The polyacrylamide gel was
dominated by elastic behavior and showed virtually no irreversible strain following recovery (Fig.
S1c).
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Figure 1. Rheology of collagen hydrogels as a function of gelation conditions. a) Storage moduli
(G’) of single-component hydrogels as determined by oscillatory rheology with y = 0.1%, f =1 Hz. (n 2 19,
*** = p < 0.001). b) Plasticity of independent hydrogels as determined by creep and recovery tests at
different applied stresses (Pa) (n = 3).

Creep and recovery tests were performed over a range of stresses to assess how the magnitude
of applied stress affects the plasticity of the networks, as stress-dependent plasticity is a feature
of collagen networks but not of most synthetic networks and some other biopolymer networks[21].
The stress ranges interrogated were chosen based on the lowest stress producing reproducible
results and the highest before sample breakage, also ensuring that all samples had portions of
overlapping stresses probed for comparison. The collagen hydrogels displayed stress- dependent
plasticity, while PEG hydrogels displayed constant plasticity over the range tested. The nonlinear
viscoelasticity of collagen gels as evidenced by the stress dependent plasticity is consistent with
previous work by Nam et al.[21]. Here, we also show that higher concentration collagen | gels
display lower plasticity and a lower degree of stress dependence than the lower concentration
counterparts. The former finding is inconsistent with an earlier observation and model of collagen
plasticity, though those experiments were performed over a greater concentration range and
plasticity was not compared at the same stress across samples[36]. For the networks investigated
here, we find that the plastic deformation of collagen gels is primarily dependent on the collagen
concentration and not on gelation temperature, indicating plasticity is not strongly linked to
differences in network structure in collagen gels, as those prepared at 15°C have increased fiber
bundling and pore size relative to those of the same concentration prepared at 37°C[19]. While
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these differences in network structure do not set differences in stress-dependent plasticity, they
do effect differences in storage moduli between such networks at a given concentration (Fig. 1a).

Mechanical Properties and Network Architecture of IPNs

IPN hydrogels of collagen and PEG were then prepared using 4 mg/mL and 6 mg/mL collagen
stock solutions and at collagen gelation temperatures of 15°C and 37°C as shown in Scheme 1
and described in Methods. Thiol-ene polymerization functionalized PEG was chosen for this
purpose, as it reacts bio-orthogonally given that the number of free thiol groups in most proteins,
including collagen, is very low [37]. This ensures that the networks will be physically entangled
rather than covalently attached and suggests the collagen network will remain unperturbed by the
addition of the PEG. Following reinforcement with the PEG secondary network, the IPNs at all
conditions were stiffer than their collagen counterparts as reported by oscillatory rheology (Fig.
2a). As with the pure collagen hydrogels, increase in concentration and decrease in gelation
temperature both increase the storage moduli of the IPNs, suggesting that the structural changes
that occur in pure collagen networks as a function of gelation conditions are maintained in the
IPNs.
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Figure 2. Storage moduli and network structure of IPNs. a) Storage moduli (G’) of collagen-PEG IPN
hydrogels (cross-hatched) compared to those of individual networks (solid fill) for the different collagen
concentrations (left, 4 mg/ml, right, 6 mg/mL) and temperatures (blue, 15°C and red, 37°C). Pure PEG and
collagen gel results are also shown in Fig. 1a. b) Airyscan images of (top row) collagen hydrogels and
(bottom row) collagen-PEG IPN hydrogels at collagen concentrations of 4 and 6 mg/mL and gelation
temperature of 15°C or 37°C. Scale bar = 25um.

To confirm this hypothesis, Alexa Fluor 555 labeled collagen stock solutions were used to prepare
both pure collagen hydrogels and collagen-PEG IPNs, and the samples’ network architectures
were visualized with Airyscan confocal fluorescence microscopy (CFM) (Fig. 2b). The images
were analyzed for characteristic pore size across several positions per sample and across
multiple (n > 3) samples. As expected based on previous results[19,20], pure collagen gels self-
assembled at lower temperatures displayed collagen fiber bundling that results in a large increase
in pore size relative to collagen gels of the same concentrations gelled at higher temperature.
Collagen-PEG IPNs showed no significant structural differences from pure collagen gels formed
at identical gelation conditions, both qualitatively via CFM images and quantitatively from pore
size analysis (Fig. S$2). We note that, with the exception of the 4 mg/mL and 6 mg/mL IPNs
prepared at 15°C, there were no significant differences in pore size for gels formed at the same
temperature despite differences in concentration, indicating temperature as a stronger
determinant in network architecture than concentration in this narrow and relatively high
concentration range. Critically, we have shown that creating the collagen-PEG IPN does not alter
the network structure of the primary collagen network.

Given that the IPNs display similar changes in storage moduli and microstructure as a function of
collagen concentration and gelation temperature as pure collagen gels, we explored whether the
collagen network plasticity was retained in the IPNs. Creep and recovery tests performed on the
IPNs showed a much broader range of plasticity amongst the IPNs compared to the pure collagen
networks, with each IPN showing distinct response to deformation as seen via normalized strain
curves (Fig. S3). These differences are further evident in creep tests across a range of applied
stresses (Fig. 3), with each sample type displaying different degrees of stress- dependent
plasticity, covering a broader range than seen in pure collagen gels (Fig. 1, Fig. $4).
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Figure 3. Stress-dependent plasticity of IPNs. Stress dependence of plasticity in collagen-PEG IPNs for
each gelation condition. Stress indicates the magnitude of applied stress during the creep phase of creep-
recovery experiments.

Cell Activity on IPNs

Next we explored how the material properties and architecture of the networks affect spreading
behavior of MDA-MB-231 cells cultured atop the IPNs. Cell viability tests were first performed on
pure collagen gels and the IPNs. In all cases, cell viability was nearly 100% and no significant
difference in cell viability was seen with addition of the PEG secondary network (Fig. S5a). We
then used Airyscan CFM to image cells atop the IPNs after they had been allowed to spread for
24 hours and analyzed cell shape. It was found that each collagen gelation condition led to diverse
cell spreading behaviors on the IPNs (Fig. 4a). Cell shape distributions were found to be bimodal,
with some cells spreading and displaying a spindle-like morphology and others remaining
compact and nearly circular. To assess whether these differences could be due to differences in
cell attachment propensity across the gels, a cell attachment assay was performed. No significant
differences were found in cell attachment across the gels (Fig. S5b). The proportion of elongated
cells correlated with the plasticity of the hydrogels; the hydrogel with the highest plasticity, the low
concentration 15°C collagen IPN, had a large proportion of extended cells and a small proportion
of circular cells, while the hydrogel least susceptible to plastic deformation, the high concentration
37°C collagen IPN, had a distribution skewed in the other direction, towards high circularity, round
cells (Fig. 4b). This trend follows through the intermediate plasticity samples. In contrast, no clear
relationship was found between IPN pore size and cell circularity, storage modulus and cell
circularity, or loss modulus and cell circularity (Fig. S6).

Since it was observed that the IPNs were less plastic than the corresponding collagen gels, we
also compared cell circularity distributions on the IPNs to those on collagen gels. In particular, we
compared the high collagen concentration gels as those were clearly more plastic than their IPN
counterparts (Fig. S4). Kernel density estimate plots of their distributions show that the collagen
gels had similar distributions to the IPNs, but with greater proportion of elongated cells (Fig. S7).
Together, these results support the assertion that plasticity is a key determinant of cell spreading
and elongation in 2D in these IPNs.
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Figure 4. Collagen-PEG IPN plasticity modulates cell spreading. a) Representative images of MDA-
MB-231 cells on (left) a highly plastic and (right) a highly elastic collagen-PEG IPN gel. b) Circularity
distribution of cells incubated on collagen-PEG IPNs. Points represent mean plasticity of each gel from
creep and recovery tests with an applied stress of 10 Pa (n =2 3) (also shown in Fig. 3). Kolmogorov-Smirnov
tests comparing the indicated distributions are shown (**p< 0.01 and ***p < 0.001).
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To more directly tie the observed cell behavior to plasticity of the underlying gels and to confirm
that cell activity provokes similar changes in gels as the macroscopic creep and recovery tests,
we pursued additional cell experiments. Forces exerted by individual cells plated atop gels led to
small gel deformations that were difficult to quantify. Instead, we quantified deformation induced
by spheroids placed atop gels. Specifically, we placed spheroids atop fluorosphere-loaded IPNs
of high and low collagen concentration formed at 37°C, since these gels had significant
differences in plasticity as measured by creep and recovery tests (Fig. 3) and cell circularity (Fig.
4) but limited differences in gel structure and storage modulus (Fig. 2, Fig. $2). The movement
of embedded beads has previously been shown to correlate closely with traditional imaging of
fiber displacement in collagen matrices, and thus bead mobility is a proxy for matrix
deformations[38,39].

In all cases, spheroids exerted measurable traction forces on the gel within several hours,
consistent with previous measurements of spheroids in or atop gels [39—41]. Following initial force
generation, spheroids began to spread, with some cells migrating away from the spheroids.
Qualitatively, cell shape was similar to that seen for dispersed cell spreading atop gels: both round
and extended cells were seen, with a greater proportion of elongated cells seen on the high
plasticity gels (Fig. 5). In all cases, the spheroids exerted forces on the gel directed inwards
towards the spheroid, with beads in an area of approximately 1 mm? centered on the spheroid
pulled over 20 hours an average of 7.2 + 4.4 um across spheroids (3 spheroids for each condition;
6.2 £ 1.4 um for the high concentration IPNs and 7.9 £ 6.7 um for the low concentration gels).
This amount of matrix displacement at 20 hours is consistent with other studies of MDA-MB-231
spheroid spreading in 2D[39] as well as in 3D for other invasive cell types[40]. While cells exerted
similar traction forces on both gel types, upon treatment with cytochalasin-D, a potent inhibitor of
actin polymerization that causes cells to round up and release from the gels, differences in gel
relaxation were apparent. In the high concentration (low plasticity) gels, beads moved back
towards their original positions following cell treatment, with average relaxation distance of 3.8 +
1.5 um, corresponding to 38.7% plasticity on average. In contrast, the low concentration (high
plasticity) gels showed very little relaxation, indicating significant irreversible deformation, with an
average of 89.4% plasticity. Results from representative experiments showing bead motion during
the pulling and relaxation phases on the two types of IPNs in a smaller (400 um?) region adjacent
to the spheroids are shown in Fig. 5.

These findings suggest that plasticity as measured via bulk creep and recovery tests reflect
microscopic fiber behavior and is relevant for stresses cells may exert. Extrapolating from Fig. 3,
these results suggest cells within and emerging from spheroids may produce stresses of > 20 Pa,
consistent with some previous results of traction forces generated via collective migration [42]
and spheroid wetting [43]. Additionally, these results support that cell-induced gel plasticity affects
cell shape, presumably through a mechanism in which cell-mediated plastic deformation of the
substrate provokes cellular polarization and elongation.

12



£ B Fuling
& 301 I Relaxation
.
207 o
- 151
o
0 104
T 5]
@ of e
4mgmL 6 mg/mL
cl37c - SOt - RO
4 mg/ml’ 100 ym

Figure 5. Spheroid Gel Deformation and Relaxation Experiments. a) Distribution of bead displacements
in representative 37°C collagen-PEG IPNs during spheroid force generation (black) after 20 hours of
incubation and relaxation (red) 2 hours after addition of relaxation solution. These distributions correspond
to the bead displacements in areas shown in (c,d), with local plasticity of 88.0% and 15.3% in the low and
high collagen concentration IPNs, respectively. b) Representative composite image of bead displacement
during spheroid contraction in a high collagen concentration IPN. The bottom right arc represents the
spheroid location with respect to the beads. Left: Red shows initial bead position and green shows bead
position 20 hours after spheroid placement. Right: Red shows bead position after 20 hours of incubation
and green shows bead position 2 hours after addition of the cell relaxation solution. ¢,d) Portion of
representative spheroids spreading atop (¢) a low collagen concentration 37°C IPN and (d) a high collagen
concentration 37°C IPN. Left: Transmitted images of a portion of the spheroids. Middle: Vectors
representing bead motion during spheroid contraction over 20 hours. Right: Vectors representing bead
motion in the 2 hours following cell detachment. All vectors are displayed with the magnitude of
displacement multiplied by a factor of 3, with vector tail placed at the original bead position such that the
scale bar with arrows corresponds to bead motion while the other scale bar corresponds to real space.
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4. DISCUSSION

This study demonstrates that collagen | gelation parameters can be utilized to modify structural,
mechanical, and biofunctional properties of collagen-based IPNs. Here, we tuned collagen
concentration and gelation temperature, which both affect collagen (and IPN) material properties.
Consistent with previous studies, we show that collagen concentration and gelation temperature
affect both network architecture and stiffness, with lower temperatures leading to thicker collagen
fiber bundles, larger pore sizes, and stiffer gels. The effects of concentration and gelation
temperature are maintained in the collagen-based IPNs despite the addition of the synthetic PEG
network, allowing the tunable network architecture and biofunctionality of collagen gels to be
preserved while increasing the storage modulus significantly, an important goal in some
bioengineering applications and to better mimic mechanical properties of many tissues[5,15].
Collagen-IPN networks thus hold promise as highly tunable networks, as both the primary
collagen and secondary synthetic network afford various opportunities for tunability.

The influence of collagen concentration and gelation temperature on plasticity is less obvious than
their effects on microstructure and stiffness in both single component collagen gels and the IPNs.
For collagen gels, it appears the plasticity of the gels depends primarily on the collagen
concentration, while collagen concentration, gelation temperature, and the presence of PEG all
affect plasticity of the IPNs. The IPNs have a broader range of plasticity than pure collagen gels,
with the collagen gels tested showing plasticity ranging from 40-75% compared to the broader
range found in the IPNs (20-90%). IPN systems designed with tunable plasticity often cover a
much smaller range of plasticity than the IPNs described here and typically are more elastic than
their biological component[44—46]. The enhanced range of plasticity of the IPNs studied here
closely resembles that of actual soft tissues, which have been reported to range in plasticity from
20% for stiffer tissues like muscle to over 80% for the softest tissues such as kidney or brain[45].

Models of collagen plasticity[36,47] suggest that irreversible plastic deformation is caused by
dynamic remodeling of collagen fibers as the weak physical crosslinks between fibers break and
reform, and that permanent, covalent crosslinking of fibers substantially reduces plasticity[21].
Within this framework we would expect that the cross-linked PEG network entangled with the
collagen network decreases plasticity in the IPNs relative to pure collagen networks by inhibiting
fiber remodeling. Interestingly, while the two low concentration collagen gels exhibit similar
plasticity as single-component networks, only the 37°C IPN become less plastic following
reinforcement with PEG (Fig. S4). Given the aforementioned model of plastic deformation, this
suggests that dynamic remodeling of the collagen network in the 37°C gels is more hindered by
the addition of PEG than in the 15°C gels. It is possible that the higher fiber density in the 37°C
gels creates tighter entanglements with the PEG network as compared to the 15°C gels, leading
to the observed effect. This is further supported by the observation that the high concentration
15°C IPN is more plastic than the high concentration 37°C IPN.

The collagen-PEG IPNs investigated here were shown to modulate cell spreading based on the
gelation conditions and resulting plasticity of the matrices. In recent years, matrix plasticity has
entered into focus in the study of matrix-cell interactions alongside other factors such as pore
size[26,28,29,48] and stiffness[49-52]. Several studies have found that matrix plasticity is
important in cell spreading and migration on biomaterials including some that are collagen-
based[21-24]. Wisdom et al. used a basement membrane (collagen IV)-alginate IPN with
decoupled plasticity and stiffness, and Grolman et al. used an alginate-PEG system to decouple
plasticity and stress relaxation, both showing that matrix plasticity facilitates cell spreading[22,23].
While the collagen-PEG system does not fully decouple plasticity from other mechanical
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properties, our work suggests that matrix plasticity is a dominant factor in setting cell spreading
on these gels relative to fiber density or storage modulus. This is supported by the fact that IPNs
that show a greater degree of permanent deformation in creep and recovery tests also show this
behavior in microscopic measurements with cell-induced stresses (Fig. 5). Additionally, recent
work exploring the relationship between stiffness and cell spreading of MDA-MB-231 cells found
no clear relationship between the two, even over a broad range of substrate stiffnesses[53]. The
influence of collagen pore size and co-modulation with plasticity in determining cell behavior are
yet to be explored, requiring additional experiments using 3D cell culture. The platform
investigated here should prove suitable for such studies[9].

5. CONCLUSIONS

In this work, a collagen-based interpenetrating network hydrogel in which a PEG secondary
network enhances the material’s storage modulus and allows the material to sustain larger
stresses is presented. These IPNs support cell spreading and span a wider range in plasticity
than previously presented cell-compatible materials, thus more closely resembling tissue, while
preserving the full structural tunability of collagen networks. Cell spreading was found to be
modulated by IPN plasticity, with more plastic networks leading to enhanced cell spreading and
elongation, consistent with previous findings. Microscopic measurements of matrix deformations
due to cell generated forces reflected bulk measurements of plasticity. The IPNs developed and
investigated here are suitable for applications requiring stronger cell culture materials, wider
ranges of viscoelasticity, and mechanical control of cell spreading.
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