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The demand for synthetic soft materials with bioinspired structures continues to grow. Material
applications range from in vitro and in vivo tissue mimics to therapeutic delivery systems, where well-
defined synthetic building blocks offer precise and reproducible property control. This work examines a
synthetic assembling peptide, specifically a multifunctional collagen mimetic peptide (mfCMP) either
alone or with reactive macromers, for the creation of responsive hydrogels that capture aspects of
soft collagen-rich tissues. We first explored how buffer choice impacts mfCMP hierarchical assembly, in
particular, peptide melting temperature, fibrii morphology, and ability to form physical hydrogels.
Assembly in physiologically relevant buffer resulted in collagen-like fibrillar structures and physically
assembled hydrogels with shear-thinning (as indicated through strain-yielding) and self-healing properties.
Further, we aimed to create fully synthetic, composite peptide-polymer hydrogels with dynamic responses to
various stimuli, inspired by the extracellular matrix (ECM). Specifically, we established mfCMP—poly(ethylene
glycol) (PEG) hydrogel compositions that demonstrate increasing non-linear viscoelasticity in response
to applied strain as the amount of assembled mfCMP content increases. Furthermore, the thermal
responsiveness of mfCMP physical crosslinks was harnessed to manipulate the composite hydrogel
mechanical properties in response to changes in temperature. Finally, cells relevant in wound healing,
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human lung fibroblasts, were encapsulated within these peptide—polymer hydrogels to explore the
impact of increased mfCMP, and the resulting changes in viscoelasticity, on cell response. This work
establishes mfCMP building blocks as versatile tools for creating hybrid and adaptable systems with
applications ranging from injectable shear-thinning materials to responsive interfaces and synthetic
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rsc.li/materials-b ECMs for tissue engineering.
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Synthetic materials with bioinspired structures, including pep-
tides and polymers, are of continued and growing importance
for a range of applications, including in vitro and in vivo tissue
mimics and therapeutic delivery. The synthetic origins of these
molecules allow precise control of their chemical identity and
complement naturally-derived, harvested extracellular matrix
(ECM) materials, with less batch-to-batch variability in addition
to tunable properties relevant for bottom-up design and
hypothesis testing."” The use of synthetic building blocks
provides molecular-level control over a range of material prop-
erties, including crosslinking, stiffness, degradability, bioactive
content, or dynamic capabilities.>* However, creating synthetic
materials that capture the complexity of tissues of interest
while simultaneously affording control over these properties
remains a challenge.

Tissue characteristics throughout the body can vary widely
based on tissue type and function, ranging from the collagen-rich
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compliant loose connective tissues of skin and lung to the stiff
dense connective tissues of ligament and bone.>” The physical
properties of these systems arise, in part, from the assembly and
hierarchical organization of the large structural proteins and
glycosaminoglycans that comprise the ECM.*° For example,
collagen-based tissues rely heavily on the self-assembly of smaller
collagen units to form multiscale structures of fibrils and fibers,
which are further organized and modified by cells in response to
stimuli (e.g., applied mechanical force) within these tissues."® This
bottom-up (e.g:, assembly) and top-down (e.g:, cellular remodeling)
organization of the ECM allows adaptation of tissue properties in
response to stimuli throughout the body, whether persistent,
chronic, or acute.

Properties and responses of tissues change over time,
whether cyclically or irreversibly. For example, during breathing,
lung tissue non-linearly and reversibly stiffens in response to
forces of expansion during inhalation.'" Additionally, collagen-
rich tissues become stiffer and less compliant with aging or
disease, owing to increased deposition/accumulation and cross-
linking of collagens, and are at an increased risk for injury due to
elevated enzyme-mediated degradation of collagen.'>** The prop-
erties of these complex tissues provide inspiration for the design
of engineered materials with hierarchical structures and adapta-
ble mechanical properties, particularly as the biomaterials com-
munity continues to expand the synthetic materials available for
tissue engineering applications.

Toward capturing some of the structural complexity found
in native tissues, assembling peptides have been established as
an effective approach for the creation of soft materials with
multiscale structures and tunable properties.'®!” Peptides
using amino acid sequences of a minimal length for imparting
desired structure and function inspired by Nature or through de
novo design have been created. Sequences assemble into smal-
ler subunits (e.g., a-helices, triple helices, p-sheets, B-hairpins)
and higher ordered structures (e.g., flat or twisted fibrils,
ribbons, supramolecular structures) through specific physical
interactions, such as hydrogen bonding, n-n stacking, or ionic
interactions, complementing protein-based systems.'®>” Beyond
providing control over nanostructure, self-assembling peptide
hydrogels have been designed using short peptide sequences
functionalized with Fmoc groups and appended with integrin
binding ligands inspired by structural ECM proteins (e.g:, RGD,
IKVAV, and GFOGER variants such as GFFGER) to impart bio-
chemical functionality while spanning a range of moduli relevant
for mimicking soft tissues.”® While these achievements have
demonstrated new methods of creating hierarchical structures
similar to those seen in native tissues, approaches that integrate
strictly physical interactions can lack broad control over the
mechanical properties of the resulting nanostructured hydrogels.

As an approach for imparting additional control over mate-
rial properties with self-assembling peptides, hybrid materials
have been formed to provide additional handles for tuning
mechanical properties while retaining adaptability including
through the reaction of assembling peptides with polymeric
macromers.”® These hybrid hydrogels often exhibit adaptability
to a variety of stimuli, including temperature, applied force,
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and other triggers.*>*' For example, thermoresponsive hydro-
gels have been formed by covalently linking assembled
‘bundlemers’ (reactive subunits made up of assembled coiled-
coil peptides) with poly(ethylene glycol) (PEG) macromers,
imparting cyclic changes in modulus with heating and
cooling.’> Adaptable hydrogels also have been formed with
assembling peptides (WW domain + proline-rich peptides)
and a thermally responsive polymer (PNIPAM) attached to
multiarm PEG, providing tunable mechanical properties and
imparting responses to temperature and shear forces relevant
for injectable applications.®® Advances such as those high-
lighted here demonstrate the utility of combining assembling
peptides with polymer building blocks to create hybrid materi-
als with hierarchical structure, controlled mechanical proper-
ties, and dynamic responsiveness to various stimuli. Such
approaches provide opportunities for mimicking specific native
tissues through bottom-up design paired with careful consid-
eration of bioactivity, where bioactive moieties (e.g., integrin-
binding sequences) and mechanisms for cellular remodeling
processes need to be integrated for promoting specific cell-
matrix interactions.

Informed by advances in synthetic hybrid materials, we have
established an approach for the synthesis of assembling and
reactive multifunctional collagen mimetic peptides (mfCMPs)
that enable the creation of hybrid mfCMP-PEG hydrogels for
three-dimensional (3D) stem cell culture.** Toward designing
synthetic 3D culture systems that better capture the biophysical
and biochemical properties of collagen-rich human loose con-
nective tissues, we now aim to use these building blocks to
create new synthetic hybrid hydrogels with increasing concen-
trations of physically assembled mfCMPs integrated within a
covalently crosslinked PEG-peptide network, imparting collagen-
like structure and responsive properties. Specifically, we have
designed these hydrogels to exhibit dynamic responses of various
material properties (e.g., hierarchical structure, stiffness, viscoe-
lasticity) to applied stimuli, integrating different combinations of
physical and covalent crosslinks, and probe how those properties
impact cellular responses.

We first examined how buffer or salt concentrations influ-
ence the assembly and stability of the mfCMPs from triple
helices to fibrils, where physiologically relevant conditions were
established for forming collagen-like fibrillar structures and
physically assembled, shear-thinning and self-healing hydro-
gels. Robust hybrid peptide-polymer hydrogels then were
formed with physically assembled mfCMP linkers in a photo-
polymerized PEG-peptide network, where incorporating
increasing amounts of assembled mfCMPs imparted increasing
non-linear viscoelasticity and responsiveness to applied strain.
Further, we utilized the thermal responsiveness of the under-
lying mfCMP physical crosslinks to manipulate hybrid hydrogel
mechanical properties with changes in temperature demon-
strating collagen-like dynamic properties, where increased
thermal responsiveness will have implications for the mate-
rials when subjected to physiological conditions. Human lung
fibroblasts, cells relevant in wound healing and found within
the collagen-rich interstitial loose connective tissue, were
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encapsulated within these hybrid materials. Utilizing the modu-
larity of the system, we covalently incorporated an integrin-
binding sequence for cell adhesion while achieving relevant
structure and properties in 3D cultures with and without high
concentrations of mfCMPs. The impact of increased thermore-
sponsiveness, non-linear viscoelasticity, and fibrillar structure
on cell responses was probed. Specifically, cell viability, mor-
phology, and motility were studied to improve our understanding
of how these hydrogels influence cell behavior. Overall, this work
demonstrates how mfCMP-polymer building blocks can be used
for the creation of hybrid and adaptable systems for a range of
applications, from shear-thinning materials relevant for inject-
ables to responsive interfaces and synthetic ECMs for 3D fibro-
blast culture, and of relevance for future applications in tissue
engineering and therapeutic delivery.

Experimental

Methods for multifunctional collagen mimetic peptide
(mfCMP) synthesis and characterization

mfCMP synthesis and purification. The multifunctional
collagen mimetic peptide (mfCMP, (PKG),PK(alloc)G(POG)s-
(DOG),) was synthesized through standard solid phase peptide
synthesis (SPPS) utilizing Fmoc chemistry on TentaGel Resin
(Peptides International, Louisville, KY; 0.19 meq g '). (Note
that K(alloc) is a lysine residue protected with an allyloxycarbo-
nyl group, O is hydroxyproline, and all other amino acids are
standard abbreviations.) A Tribute automated peptide synthe-
sizer (Gyros Protein Technologies, Tucson, AZ) facilitated
the synthesis, where amino acids and HBTU (ChemPep,
Wellington, FL) were loaded into cartridges and double coupled
on resin. Fmoc deprotections were carried out for 30 minutes
each in 20% piperidine (MilliporeSigma, Burlington, MA) in
N,N-dimethylformamide (DMF; Thermo Fisher Scientific, Wal-
tham, MA). Amino acid couplings were executed for 1 hour
each, using 0.4 M 4-methylmorpholine (4-MMP; TCI America,
Portland, OR) in DMF, and the Fmoc of the final amino acid
was removed as the final step of the synthesis. Peptide cleavage
from the resin was conducted for 2 hours in a solution of
trifluoroacetic acid (TFA; Thermo Fisher Scientific, Waltham,
MA), triisopropylsilane (TIPS; Thermo Fisher Scientific, Waltham,
MA), and water (95%, 2.5%, and 2.5% v/v, respectively). Following
cleavage, the peptide was precipitated in ethyl ether (Thermo
Fisher Scientific, Waltham, MA) at 10x excess, refrigerated over-
night, washed 3x with ethyl ether (resuspending, centrifuging for
10 minutes at 4400 rpm and 4 °C, and decanting off the super-
natant for each wash), and allowed to dry at room temperature
overnight. The peptide then underwent desiccation under vacuum
for at least 1 hour prior to reverse phase high performance liquid
chromatography (HPLC) purification (linear gradient from 12 to
22% acetonitrile over 9 minutes using a XBridge C18 OBD 5 um
column; Waters Corporation, Milford, MA; column heater set
to 65 °C, Jasco CO-2060 Plus; JASCO Corporation, Easton, MD).
The collected fractions were frozen and lyophilized, followed
by identification using electrospray ionization (ESI') mass

9602 | J Mater. Chem. B, 2024, 12, 9600-9621

View Article Online

Paper

spectrometry (Xevo G2-S QTof; Waters Corporation, Milford,
MA). Once the identity was verified, the peptide was dissolved
in deionized water (DI H,O, Milli-DI water purification system,
Millipore Sigma, Burlington, MA; approximately 25 mg mL ™ %),
dialyzed against DI H,O for 24 hours to remove any remaining
associated ions (MWCO 100-500 Da membrane; Spectrum
Labs, Boston, MA), and subsequently lyophilized again. The
final peptide product was stored in powder form at —80 °C until
sample preparation.

mfCMP sample preparation. The mfCMP peptide was dis-
solved at the desired concentration (0.3-5 mM) in DI H,O or
buffer (10 mM sodium phosphate or 1X Dulbecco’s phosphate
buffered saline (DPBS; Thermo Fisher Scientific, Waltham,
MA)). Sodium phosphate buffer was prepared with monobasic
and dibasic sodium phosphate (Sigma Aldrich, St. Louis, MO),
dissolving 82 mg of dibasic sodium phosphate (Na,HPO,) and
51 mg of monobasic sodium phosphate (NaH,PO,) in 100 mL
of DI H,O and verifying pH ~ 7.*° The samples then were
heated to 85 °C for 15 minutes (Labnet AccuBlock Digital Dry
Bath; Labnet, Edison, NJ) toward dissociating any triple helices
and allowed to cool slowly to room temperature and assemble
for 48 hours prior to characterization.

Circular dichroism. Triple helix formation and melting
temperatures under various solution conditions (DI H,0, 10
mM sodium phosphate, or DPBS) were assessed using a circular
dichroism (CD) spectropolarimeter (J-810 CD Spectropolari-
meter; JASCO Corporation, Easton, MD). Samples were pre-
pared at 0.3 mM peptide for each solution condition, and the
corresponding peptide-free aqueous solution served as the
background correction. Measurements were conducted in a
quartz cuvette with a 1 mm path length, ranging from
250 nm to 195 nm (scan rate of 50 nm per minute) at specific
temperatures of interest and were averaged over 3 scans for
each condition. Data points were recorded at each nanometer,
and the resulting CD data were transformed to mean residue
ellipticity [0] (deg cm* dmol ') according to the formula:

0
101 = LxcxN
where 0 represents the measured ellipticity (millidegrees), L the
pathlength (mm), ¢ the peptide concentration (mM), and N the
number of amino acids in the peptide. To determine the
melting temperature of the peptide (T,,,, where approximately
50% of triple helices remain intact and 50% have thermally
dissociated), a similar protocol was applied, this time looking
specifically at the values of the 225 nm peak (indicating a
polyproline type II helix) over a temperature range of 4 °C to
80 °C. Data points were collected at every degree over the
temperature range (heating rate of 10 °C per hour) and the
data conversion previously described was performed. The
resulting data were graphed using Origin software (OriginLab
Corporation, Northampton, MA) and fit to a Boltzmann curve.
The temperature at which the second derivative of the curve
crossed the x-axis was used to determine the inflection point,
and therefore the T,.
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Transmission electron microscopy. Carbon-coated copper
grids (200 mesh; Electron Microscopy Sciences, Hatfield, PA)
were subjected to a 1-minute treatment with a glow discharge
plasma cleaner (Plasma Cleaner PDC-32G, Harrica Plasma Inc.,
Ithaca, NY). Subsequently, assembled mfCMP samples (4 pL,
assembled at 1 mM and diluted to 0.3 mM for imaging) were
applied to the grid and allowed to sit for 1 minute prior to
blotting with filter paper. The grids were then air-dried for
10 minutes before negative staining with uranyl acetate.
A solution of 2% uranyl acetate stain (4 pL; Electron Microscopy
Sciences, Hatfield, PA) in DI H,O was applied to the grid for
10-15 seconds and then blotted with filter paper. The prepared
grids were left to air-dry for 1 hour and imaged with transmis-
sion electron microscopy (TEM; TALOS F200C, FEI Company,
Hillsboro, OR).

Methods for hydrogel formation

Preparation of in situ-formed harvested collagen hydrogels.
Control collagen hydrogels, for comparison to mfCMP mate-
rials in rheometry experiments, were prepared from rat tail
collagen (Thermo Fisher Scientific, Waltham, MA) by diluting
the collagen with DPBS to reach the desired concentrations of
1,2 and 3 mg mL~". The acidic solutions were then neutralized
with 0.1 M NaOH (Thermo Fisher Scientific, Waltham, MA) to
induce gelation. Note that all stages of hydrogel preparation
up to this point were conducted on ice to inhibit/slow any
hydrogel formation. The cold solutions (37 pL) were then
quickly pipetted onto a Peltier plate on a rheometer held at
4 °C (AR-G2 rheometer, TA Instruments, New Castle, DE). The
geometry (20 mm 1° cone and plate with a solvent trap;
TA Instruments, New Castle, DE) was lowered to fill the gap;
the solvent trap was filled with DI water; and the Peltier plate
was ramped to 37 °C to trigger gelation and held for 30 minutes
to allow the collagen to fully gel.

Assembly of mfCMPs into in situ-formed physical hydrogels.
mfCMP physical hydrogels for rheometry experiments were
prepared directly on a rheometer. Specifically, stock solutions
of mfCMPs (5 mM mfCMP in DI H,0, 10 mM sodium phos-
phate, or DPBS) were heated on a heating block at 85 °C for
15 minutes prior to measurements. After 15 minutes, 37 puL of
peptide solution was pipetted directly onto a Peltier plate on a
rheometer (AR-G2) held at 60 °C and the top plate (20 mm
1° cone and plate with solvent trap) was lowered to fill the
geometry. The solvent trap then was put into place and filled
with DI water toward preventing sample drying. The Peltier
plate was slowly ramped to 25 °C over 10 minutes and held at
that temperature to allow for mfCMP assembly and any hydro-
gel formation.

Formation of composite mfCMP-PEG hydrogels. Building
blocks for construction of hybrid peptide-polymer hydrogels
included 4-arm thiolated poly(ethylene glycol) macromer (PEG-SH,
M, ~ 20 kDa), non-assembling matrix metalloproteinase (MMP)-
degradable linker peptide (KK(alloc)GGPQG |IWGQGK(alloc)K,
identity confirmed using an Acquity UPLC H-class/SQD2 mass
spectrometer; Waters Corporation, Milford, MA), and photo-
initiator (lithium phenyl-2,4,6-trimethylbenzoyl-phosphinate;
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LAP). These components were synthesized and characterized
using previously published protocols.*® PEG-SH macromer
(~60 mM SH), linker peptide (~50 mM alloc), and photo-
initiator (~40 mM) stock solutions were prepared in DPBS
and concentrations verified with Ellman’s assay or UV-Vis
spectroscopy as previously published.** Component stock solu-
tions were frozen for storage and thawed prior to hydrogel
formation. Stock solutions of mfCMP at 5 mM in DPBS were
melted at 85 °C for 15 minutes and allowed to cool to room
temperature and assemble for 48 hours, as described in
detail above.

Hydrogel precursor solutions in DPBS were prepared at
10 wt% PEG-SH (20 mM thiol functional handles), 2.2 mM
LAP, and different combinations of linker peptide and assembled
mfCMP for a total of 20 mM alloc functional groups (1:1 thiol:
alloc). Specifically, the assembled mfCMP concentration ranged
from 0 mM to 20 mM (with 1 functional handle per individual
peptide resulting in 0 mM to 20 mM alloc functional groups) and
the linker peptide concentration inversely ranged from 10 mM to
0 mM (with 2 functional handles per peptide resulting in 20 mM
to 0 mM alloc functional groups). Specific formulations and
mixing protocols are noted below and concentrations are shown
in Table S1 (ESI). Composite mfCMP-PEG hydrogels then were
formed through irradiation of the precursor solution in geome-
tries of interest (in situ on a rheometer or in molds for hydrogel
equilibrium swelling) using a low dose of long wavelength UV
light (10 mW cm ™2 at 365 nm for 4 minutes; Exfo Omnicure Series
2000 light source with 365 nm bandpass filter; Excelitas Technol-
ogies Corp., Waltham, MA) as noted below.

Hydrogel formulations were prepared with the goal of vary-
ing the percent of peptide linkages from assembled mfCMP
compared to non-assembling linker peptides for imparting
bioinspired structures and responsiveness. As noted above,
the total amount of alloc functional handle (from mfCMP +
linker peptide) in each hydrogel was kept consistent at 20 mM.
To achieve this, when assembled mfCMP was added to the
precursor solution, some amount of non-assembling peptide
was subtracted to maintain a concentration of 20 mM alloc. For
example, for 5 mM mfCMP in the hydrogel precursor solution,
5 mM of the alloc-functionalized peptide linkages (25%) were
from mfCMP and 15 mM of alloc from the non-assembling
linker and accordingly denoted as 25% mfCMP (Table S1, ESIT).
For hydrogels that contained less than 15% of the alloc-
functionalized peptide linkages from mfCMP (ie., <3 mM
alloc from mfCMP, >17 mM alloc from non-assembling
peptide), solutions of 10 wt% PEG-SH, linker peptide, and
assembled mfCMP were prepared with stoichiometric ratios
of thiol groups to alloc groups (20 mM SH:20 mM alloc) and
2.2 mM LAP in the hydrogel precursor solution. For hydrogels
that contained more than 15% of the alloc-functionalized
peptide linkages from mfCMP (i.e., >3 mM alloc from mfCMP),
the assembled mfCMP solution was frozen, lyophilized, and
resuspended in diluted stock solutions of PEG-SH, linker
peptide, and LAP to achieve a final hydrogel precursor solution
of 10 wt% PEG-SH and balance between linker peptide and
assembled mfCMP for achieving a stoichiometric ratio of thiol
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to alloc (20 mM SH:20 mM alloc). This procedure allowed
assembly of the mfCMP at a consistent concentration (5 mM in
DPBS following procedures delineated in mfCMP sample pre-
paration) while still being able to incorporate high amounts of
mfCMP within hydrogels, up to 100% peptide linkages from
mfCMPs (all 20 mM alloc from mfCMP).

Formation of composite mfCMP-RGDS-PEG hydrogels.
In addition to the PEG-SH, non-assembling linker peptide,
and LAP photoinitiator used in the formation of mfCMP-
containing PEG hydrogels, an integrin binding sequence,
K(alloc)GWGRGDS (RGDS, identity confirmed with a Xevo G2-S
QTof mass spectrometer), was synthesized on an automated
Liberty Blue microwave peptide synthesizer (CEM Corporation,
Matthews, NC) according to previously established protocols.®*
This RGDS peptide was incorporated into the hydrogel system to
promote cell-matrix interactions in cell culture applications, as it
is derived from cell-binding proteins (e.g., denatured collagen I,
fibronectin, vitronectin) and binds to a number of integrins.*®*”
Note, for these hydrogel compositions, we increased the thiol
concentration in the hydrogel precursor solution (from PEG-SH)
to 22 mM, as 2 mM theoretically would be attached to the
RGDS pendent peptide and thus not contributing to hydrogel
crosslink density. Toward forming hydrogels with consistent
moduli across different concentrations of mfCMP, we tuned
all compositions to match the modulus of 10 mM mfCMP
with 2 mM RGDS (specific component concentrations available
in Table S2, ESIY).

Similar to the mfCMP-PEG hydrogels without RGDS, stock
solutions of PEG-SH, linker peptide, RGDS, and LAP were pre-
pared in DPBS, and the concentrations were verified with Ellman’s
assay or UV-Vis spectroscopy as previously published.** mfCMP
stock solutions (5 mM in DPBS) were melted at 85 °C for
15 minutes, cooled to room temperature, and assembled for
48 hours. The assembled mfCMP solutions were then aliquoted
for the appropriate formulations, flash frozen in liquid nitro-
gen, and lyophilized. Hydrogel precursor solutions were pre-
pared at 11 wt% PEG-SH (22 mM thiol functional handles), and
contained 2.2 mM LAP, 2 mM RGDS peptide, linker peptide
ranging from 10 mM to 11 mM, depending on the formulation
(Table S2, ESIf), and DPBS. Lyophilized mfCMP was resus-
pended directly in the precursor solution for a final mfCMP
concentration of 0 mM (0% peptide linkages from mfCMP),
5 mM (32% peptide linkages from mfCMP), or 10 mM (50%
peptide linkages from mfCMP), where ‘percent mfCMP”
indicates the percent of alloc coming from mfCMP out of the
total alloc-functionalized peptide linkages (i.e., mfCMP and
non-assembling linker peptide that contribute to crosslink
density, not RGDS). Hydrogel precursor solutions were trans-
ferred to syringe molds (20 pL, 1 mL syringes with the tips
removed; Thermo Fisher Scientific, Waltham, MA) followed by
irradiation with the cytocompatible dose of long wavelength UV
light described above.

Methods for hydrogel property measurements

Mechanical properties of in situ-formed harvested collagen
hydrogels. Collagen hydrogels were prepared at concentrations
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of 1, 2 and 3 mg mL™" according to the protocol described
above. The cold collagen solutions were pipetted onto a Peltier
plate rheometer (AR-G2) held at 4 °C. The 20 mm 1° cone
geometry was lowered to fill the gap, the solvent trap was placed
and filled with DI water, and the Peltier plate was ramped to
37 °C to trigger gelation. After a 30-minute incubation at 37 °C
to allow the collagen to fully gel, the Peltier plate was held at
this temperature for the remainder of the experiment. The
hydrogels were subjected to a strain test, measuring the shear
modulus as the strain was ramped from 1% to 300% strain at
an angular frequency of 1 rad s~ .

Mechanical properties of in situ-formed physical mfCMP
hydrogels. mfCMP stock solutions were prepared at 5 mM
(in DI H,0, 10 mM sodium phosphate, or DPBS) according to
the protocol described above. After heating for 15 minutes at
85 °C, the mfCMP peptide solution (37 pL) was pipetted onto a
heated Peltier plate on a rheometer (AR-G2; 60 °C) and the
20 mm 1° cone top plate was lowered to fill the geometry. The
solvent trap then was put into place and filled with deionized
water toward preventing sample drying. Continuous measure-
ments were taken at 0.1% strain and a frequency of 1 rad s~ " as
the Peltier plate was slowly ramped to 25 °C over 10 minutes
and held there for the remainder of the run. After sufficient
time for assembly and hydrogel formation, physically cross-
linked mfCMP samples were exposed to an increasing amount
of strain, from 0.1% to 300% at a frequency of 1 rad s,
to examine the mechanical properties of the physically cross-
linked hydrogel; this range of strain was selected to probe any
exhibition of strain hardening or non-linear viscoelastic beha-
vior like those that have been reported for hydrogels made from
harvested collagen®® or shear-thinning of interest for injectable
and healable materials.®® After the shearing event, the hydro-
gels were allowed to recover for 5 minutes prior to additional
measurements being taken at 0.1% strain and 1 rad s to
examine any recovery of mechanical properties.

Mechanical properties of in situ-formed composite mfCMP-
PEG hydrogels. Hydrogels with different concentrations of
mfCMP (alloc-functionalized peptide linkages of 0%, 15%,
25%, 35%, 50%, 75%, and 100%) were formed on an AR-G2
rheometer. A UV-visible light accessory with a quartz plate
attached to a filtered mercury lamp using a liquid light guide
enabled in situ gelation. The hydrogel precursor solution
(10 uL) was pipetted on to the center of the bottom quartz
plate and the top plate (8 mm flat plate) was lowered so that the
solution created a column filling the geometry gap. Initial
measurements were collected for 1 minute prior to activating
the light source. The hydrogels were irradiated for 4 minutes
for covalent crosslinking (10 mW cm ™2 at 365 nm) while the
storage (G') and loss (G”) moduli were measured at 1% strain
and a frequency of 6 rad s* (strain and frequency parameters
determined to be in the linear viscoelastic regime for these
hydrogels; irradiation parameters determined previously to create
hydrogels with mfCMPs serving as peptide linkages®***").
Following the measurements in the linear viscoelastic regime,
these hydrogels were then subjected to a similar strain test as the
mfCMP-only hydrogels, measuring the storage modulus as the
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strain was ramped from 1% to 300% at an angular frequency of
1 rad s~ . All measurements were collected at room temperature.

Mechanical properties of equilibrium swollen composite
mfCMP-PEG hydrogels for temperature cycling. Hydrogel
precursor solutions (20 pL) containing either 0% mfCMP or
50% mfCMP were prepared and pipetted into cylindrical molds
(created from 1 mL syringes with the tips removed). These
concentrations were chosen to maximize mfCMP content
within the hydrogels while also maintaining a hydrogel that
allowed easy handling after equilibrium swelling. The syringe
molds were then positioned under the collimated light source
and irradiated (10 mW cm™> at 365 nm). Specifically, the
hydrogels were irradiated for 4 minutes, consistent with the
time used in our previous work to create hydrogels with
mfCMPs serving as peptide linkages.>****! Upon completion
of covalent crosslinking, the hydrogels were removed from the
molds and transferred to a 48-well non-tissue culture treated
plate (CELLTREAT, Pepperell, MA) for swelling. DPBS (500 uL)
was added to each well, and the hydrogels underwent equili-
brium swelling overnight at room temperature. The diameter
of each hydrogel was measured, and the value was input into
the rheometer software for the subsequent measurements.
Measurements of G’ and G” were performed following a
protocol similar to the in situ measurements, replacing the
quartz plate used for irradiation with a Peltier plate which
cycled between 25 °C and 40 °C for temperature control (1%
strain, frequency 2 rad s~ ). The temperature was maintained at
the set point for 5 minutes before the set point was changed,
and measurements were taken throughout the temperature
cycles. To ensure hydrogel samples remained hydrated
throughout the experiment, mineral oil was added around the
hydrogels approximately 1 minute after measurements began.

Circular dichroism on composite mfCMP-PEG hydrogels.
To examine triple helix presence and melting within the
hybrid hydrogels, hydrogel precursor solution was prepared
as described earlier (50% mfCMP formulation), and 35 pL of
this precursor solution was pipetted into a demountable CD
cuvette with a path length of 0.1 mm followed by irradiation for
covalent crosslinking (10 mW c¢m™ > at 365 nm for 4 minutes).
The cuvette was then placed into the J-810 spectropolarimeter
as described earlier. The spectropolarimeter was set to cycle
between 25 °C and 40 °C every 5 minutes starting at 25 °C. The
mfCMP hydrogel was held at the desired temperature for
5 minutes and a wavelength measurement was taken at the
end of the 5-minute hold before the temperature was changed.
The wavelength scan was taken from 250 nm to 195 nm with
a scan rate of 50 nm per minute and averaged over 3 scans.
Data points were recorded at each nanometer, and the resulting
CD data were transformed to mean residue ellipticity [0]
(deg cm® dmol ') using the formula:

0

[0]:L><C><N

where 0 represents the measured ellipticity (millidegrees), L the
pathlength (mm), ¢ the peptide concentration (mM), and N the
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number of amino acids in the peptide. These measurements
were repeated for a total of 3 heating-cooling cycles.

Mechanical properties of equilibrium swollen composite
mfCMP-RGDS-PEG hydrogels under physiological conditions.
Twenty-microliter syringe-mold hydrogels containing 2 mM
RGDS and 0 mM, 5 mM, or 10 mM mfCMP were formed as
described above and transferred to non-tissue culture treated
48-well plates and allowed to equilibrium swell in DPBS
overnight under conditions relevant for mammalian cell
culture (i.e., 37 °C, 5% CO,, humid conditions). Hydrogel
diameters were measured, and hydrogels were transferred to
a Discovery HR-30 rheometer (TA Instruments, New Castle, DE).
Sandblasted geometries were used for both top and bottom,
with the Peltier plate set to 37 °C. The gap height was set to the
height of each hydrogel with a slight axial normal force applied
to the hydrogel (0.01 N, to prevent slip between the hydrogel
and geometry), and G’ and G” measurements were collected
over the course of 90 seconds within the linear viscoelastic
regime (1% strain, frequency 2 rad s ). The hydrogels were
then subjected to a strain test, where the shear modulus was
measured as the oscillation strain was ramped from 0.1% to
300% (frequency of 1 rad s~ ).

Methods for cell experiments and analysis

Culture and encapsulation of human lung fibroblasts.
Human lung fibroblasts (CCL-151; ATCC, Manassas, VA) were
expanded at 37 °C and 5% CO, on tissue culture treated
polystyrene flasks (75 cm?; CELLTREAT, Pepperell, MA) under
sterile conditions and using sterile technique. From thaw,
fibroblasts were cultured in Ham’s F12K media supplemented
with 50 U mL™" penicillin, 50 ug mL ™" streptomycin, 0.2% v/v
amphotericin B/Fungizone, 10% v/v fetal bovine serum (FBS)
(all from Thermo Fisher Scientific, Waltham, MA). During
expansion, the culture media was replaced every 2-3 days and
cells were passaged at approximately 85% confluency. For cell
encapsulation, hydrogel precursor solutions containing RGDS
and mfCMP were prepared as described above, using sterile
stock solutions and sterile DPBS, where either 0% (0 mM
mfCMP) or 50% (10 mM mfCMP) of alloc functional groups
came from assembled mfCMP linker peptide. Fibroblasts were
trypsinized for approximately 6 minutes (0.25% Trypsin/
2.21 mM EDTA solution; Thermo Fisher Scientific, Waltham,
MA) after which complete Ham’s F12K media (described for cell
expansion) was added to neutralize the trypsin. The cell sus-
pension was then centrifuged, resuspended in DPBS, and
counted using a hemocytometer. The fibroblast suspension
was diluted into the hydrogel precursor solutions for a final
cell density of 5 x 10° cells per mL (passage 9). The precursor
solution with fibroblast cell suspension was transferred to
syringe molds (20 pL) and irradiated with a cytocompatible
dose of long wavelength UV light as described above and
transferred to a non-treated 48-well plate with complete Ham’s
F12K media at 37 °C and 5% CO,. The media was replaced after
30 minutes to remove any unreacted hydrogel components
and then cultured at 37 °C and 5% CO,, where the media was
replaced every 2 days for the remainder of the experiment.
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Viability of human lung fibroblasts in composite mfCMP-
RGDS-PEG hydrogels. Fibroblast viability was assessed at 1
and 6 days after encapsulation within hydrogels containing
2 mM RGDS and either 0 mM mfCMP (0% alloc-functionalized
assembled peptide linkages) or 10 mM mfCMP (50% alloc-
functionalized assembled peptide linkages). A live/dead
viability/cytotoxicity kit for mammalian cells (Thermo Fisher
Scientific, Waltham, MA) was used to label live cells with
Calcein AM and dead cell nuclei with Ethidium homodimer-1,
following the protocol provided by the manufacturer, where
22 minutes was used for the incubation time. After washing
with DPBS, the hydrogels were transferred to a Nunc Lab-Tek II 8
well chambered coverglass (Thermo Fisher Scientific, Waltham,
MA). The hydrogels were covered with fresh DPBS followed by
imaging with a Zeiss LSM 800 confocal microscope (3 gels per
condition, 3 images per gel, 100 pum thick z-stacks; Zeiss,
Oberkochen, Germany). Orthogonal projections (maximum
intensity) were made of each zstack, and Fiji (Image])** was
used to count the number of live (Calcein AM, green) and dead
(Ethidium homodimer-1, red) cells in each image.

Cytoskeletal labeling and imaging of human lung fibroblasts
in composite mfCMP-RGDS-PEG hydrogels. Encapsulated
human lung fibroblasts were fixed in 4% methanol-free
paraformaldehyde (PFA; Thermo Fisher Scientific, Waltham,
MA) for 15 minutes after 6 days of culture. The hydrogels were
washed in DPBS and incubated overnight at 4 °C in a 5% w/v
bovine serum albumin/DPBS blocking solution (BSA; Millipore-
Sigma, Burlington, MA). All washes between labeling steps were
conducted in a 1.5% w/v BSA/DPBS solution with 0.2% TWEEN-
20 (MilliporeSigma, Burlington, MA). The fibroblasts were
permeabilized in 0.2% Triton X-100 solution (Thermo Fisher
Scientific, Waltham, MA) for 30 minutes at room temperature.
Hydrogels were then incubated with ActinRed ReadyProbe
(40 L mL " in a 1.5% w/v BSA/DPBS solution; Thermo Fisher
Scientific, Waltham, MA) for 2 hours at room temperature,
followed by an overnight incubation at 4 °C. Finally, hydrogels
were incubated with Hoechst (4 uL mL™" in DPBS; Thermo
Fisher Scientific, Waltham, MA) for 20 minutes at room
temperature. After washing with DPBS, the hydrogels were
transferred to an 8 well chambered coverglass and covered
with fresh DPBS. Encapsulated fibroblasts were then imaged
with a Zeiss LSM 800 confocal microscope (3 gels per condition,
3 images per gel, 100 um thick z-stacks) and the resulting
images were analyzed as 3D renderings using Volocity image
analysis software (PerkinElmer, Waltham, MA).

Cell morphology analysis. Briefly, cell bodies were detected
in Volocity using the red channel (ActinRed-labeled F-actin),
and the detected objects were filtered to improve the accuracy
of object measurements (Close filter, 4 iterations; Fill Holes in
Objects filter; Remove Noise From Objects filter, fine; and
Exclude Objects by Size filter, objects below 5000 um?® were
excluded). Next, nuclei were detected using the blue channel
(Hoechst), and the detected objects were further filtered
(Remove Noise From Objects filter, fine; Exclude Objects by Size
filter, objects below 2000 um® were excluded; and Separate Touch-
ing Objects filter, object size guide 2500 um?®). Some detected
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nuclei were not located within a cell body; the cells associated
with these nuclei were defined as ‘not intact at the time of
fixation’, and were excluded in the nuclei count by using the
Compartmentalize function, where the detected nuclei were
divided between cells or cell clusters. After exporting the Volocity
data, MATLAB (MathWorks, Natick, MA) was used to sort data
and run statistical tests on measurements including shape factor
(i.e., cell and cell cluster sphericity) and number of nuclei per cell
object (i.e., number of cells per cluster). Three hydrogels were
imaged per condition, with >100 intact cells counted per
hydrogel (>300 cells per condition).

Live imaging and cell motility analysis of human lung
fibroblasts in composite mfCMP-RGDS-PEG hydrogels. Live
imaging experiments were performed 24 hours after fibroblast
encapsulation to better understand fibroblast motility in
response to mfCMPs. A Zeiss LSM 800 confocal microscope
equipped with an incubation chamber (37 °C, 5% CO,, with
humidity control) was used to capture brightfield images every
30 minutes over the course of 12 hours (25 timepoints). The
resulting 2D timelapse files were then processed using Fiji
(Image])** to obtain binary masks of the cells, which were
then analyzed using the TrackMate*>** software through Fiji
(Image]). Briefly, Fiji (Image]) was used to subtract the
background from each timelapse file, adjust the contrast and
brightness, set a threshold resulting in a mask, and finally
remove any particles below 100 um?”. This resulted in a binary
mask showing the location of the fibroblasts (both single and
clustered). Using the TrackMate analysis software, cells were
tracked through each frame of the file using the Mask Detector
setting (with simplify contours). As filtering for cell size was
completed during the creation of the mask, no initial
thresholding or filters were used. Fibroblast motility was then
tracked using the linear assignment problem (LAP) tracker with
the following settings: frame to frame linking = 50 pum; track
segment gap closing = 25 pm, 2 frame max gap; track segment
splitting = 10 um; track segment merging = 10 pm. No
additional filters were used on the detected tracks. Both track
and spot results were exported from TrackMate for data sorting
and analysis in MATLAB.

The Spot data were imported to MATLAB, and the data were
sorted by track number then by frame number for each gel
within each condition. To control for hydrogel drift during the
timelapse, the Track output was compared with the original
image file to identify a stationary point within the gel that was
tracked for all 25 frames (for each timelapse file). For each file,
the location (x,y) of the stationary point in each frame was
subtracted from each individual cell/cell cluster location (x,y) in
the corresponding frame. With the hydrogel drift accounted
for, we were then able to measure the total track displacement
(i.e., distance between the Spot in the first and last frames the
Track was detected) and the total distance traveled by the cell/
cluster (i.e., sum of displacement between each frame the Spot
is detected along a Track). The data were then filtered to
remove the stationary points used for subtraction of back-
ground movement as well as any cells that were detected for
less than 6 frames (i.e., only cells/cell clusters that were tracked
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for at least 3 hours were analyzed to avoid bias from cells within
the frame for only a short time). Finally, MATLAB was used to
calculate moments of distribution and individual cell measure-
ments, as well as to run statistical analysis. Specific individual
cell measurements included cell speed (determined from the
total distance traveled divided by the time over which the object
was tracked) and directional persistence (determined by calcu-
lating the directionality ratio, i.e., the ratio of cell displacement,
d, to total distance traveled, D), where values closer to 0 indicate
low directional persistence, or a meandering movement, and
values closer to 1 indicate high directional persistence, or direct
movement.*’

Methods for statistical analysis

All reported values are the mean + standard error for each
condition (excluding box plots), where three independent sam-
ples were measured unless otherwise stated. Statistical signifi-
cance was determined using a one-way ANOVA with Tukey’s
post-hoc test. On plots, statistical significance is displayed as
either not statistically different (n.s.) or as significantly differ-
ent (*p < 0.05; **p < 0.01; ***p < 0.001).

Results and discussion

Hybrid peptide-polymer materials offer the ability to incorpo-
rate properties of interest from both a multiarm polymer (e.g.,
mechanical properties) and assembling peptide (e.g., structural
content) into a single material.>® We previously designed
mfCMPs that integrate the ability to robustly assemble into
fibrils through end-to-end interactions (ionic or aromatic) and
include an alkene functional handle for incorporation into
covalently crosslinked hydrogel materials.***' In our initial
work with the two different mfCMP designs, we characterized
the structure of the assembled peptides in dilute solution,
ranging from triple helix formation to fibrils, and demon-
strated the ability to covalently incorporate the preassembled
peptides into a bulk PEG hydrogel (6 wt% PEG-4SH) at con-
centrations up to 2.5 mM mfCMP. The compatibility (cell
viability and morphology) of these different mfCMP designs
within the covalently crosslinked hydrogels was then examined
with human mesenchymal stem cells.>* Focusing on the ioni-
cally charged designs, we have since rigorously improved upon
our methods for mfCMP synthesis and purification, as well as
mfCMP-PEG hydrogel characterization.*’ Here, in this new
contribution inspired by tissues, we aimed to expand upon
the range of properties that can be created through the incor-
poration of increasing amounts of assembled peptides to
leverage properties from both physically and covalently cross-
linked hydrogels. We hypothesized that hydrogels with high
concentrations of assembling peptides, reminiscent of systems
rich in native collagen, would exhibit strain-yielding behavior
and thermoresponsiveness and promote responses of wound
healing cells (human fibroblasts) found within interstitial
tissues.
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These mfCMPs contain (i) a middle block consisting of
proline-hydroxyproline-glycine (POG) repeats to facilitate
hydrogen bonding between mfCMP strands; (ii) a positively
charged block of proline-lysine-glycine (PKG) repeats and a
negatively charged block of aspartic acid-hydroxyproline-
glycine (DOG) repeats on either end of the POG block to
promote end-to-end interactions and the formation of elon-
gated fibrils; and (iii) an alkene functional group through the
incorporation of an allyloxycarbonyl (alloc)-protected lysine
group that participates in photoinitiated thiol-ene click chem-
istry to create covalent peptide linkages (mass spectrometry
results for mfCMP available in Fig. S1, ESI{). Notably, these
mfCMPs do not contain a specific integrin-binding sequence.
This design choice allows for independent control over hier-
archical structure and biochemical content within the hydro-
gel, which we explore in this work. With this in mind, we
hypothesized that, with increasing concentrations of mfCMP,
hydrogels with physical crosslinks, covalent crosslinks, or a
combination of the two could be formed in a physiologically
relevant buffer and with adaptable properties in response to
applied strain and changes in temperatures. Further, we explored
how these responsive hydrogels could be applied to 3D cell culture
applications toward better recapitulating aspects of responsive,
viscoelastic tissues.

Buffer conditions impact mfCMP assembly from triple helices
to physical hydrogels

We first examined multiple levels of mfCMP hierarchical
assembly and physical hydrogel formation (Fig. 1(A)) in DPBS
(as it has a physiological pH and concentration of salts). We
compared this condition to controls of DI H,O (no salts;
negative control) and 10 mM sodium phosphate buffer
(10 mM salts; positive control previously shown to promote
hydrogel formation with similar charged mfCMP sequences)."’
Here, we will focus on results obtained in DPBS, which are
relevant for use of these materials in a biological context; data
collected for mfCMPs in DI H,0 and 10 mM sodium phosphate
can be found in the ESI,} Fig. S2. In all cases the mfCMPs were
heated to 85 °C for 15 minutes to dissociate any previously
formed triple helices and then slowly cooled to room tempera-
ture and assembled for ~48 hours. Using CD, we observed
that triple helices formed in all conditions. Specifically, these
peptides showed a distinct peak at ~225 nm, which is char-
acteristic of collagen-like triple helices (Fig. 1(B) and Fig. S2A,
B, ESIt). Further, when the samples were progressively heated
and measured, there was a decrease in the 225 nm peak,
indicating the mfCMPs were ‘melting’ (dissociating into indi-
vidual peptide strands). To determine the melting temperature
(T, point at which 50% of the mfCMPs are associated into
triple helices and the remaining 50% are individual peptides),
the value of the peak at 225 nm was measured as the samples
were heated from 4 °C to 85 °C (Fig. 1(C) and Fig. S2C, D, ESI¥).
We observed that salt did influence the stability of the triple
helices as shown by the decrease in melting temperature with
increasing salt concentration, consistent with prior observa-
tions of similar sequences.”® mfCMPs in DI water had the
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Fig. 1 Multiscale characterization of mfCMPs assembled in DPBS, from triple helices to hydrogels. (A) Schematic of mfCMP hierarchical assembly,
starting from the left and moving clockwise (not to scale). Individual mfCMPs associate into triple helices (characterized with circular dichroism, (B) and (C)),
which then further assemble into fibrils (characterized with transmission electron microscopy, (D)). With enough physical interfibrillar interactions, the
mfCMP assembly will result in a hydrogel (characterized with rheometry, (E) and (F)). (B) Wavelength scans at various temperatures for mfCMP (0.3 mM) in
DPBS demonstrates the presence of triple helices, identified through the characteristic peak at 225 nm. (C) Temperature scan for mfCMP (0.3 mM) at
225 nm and resulting melting temperature (T,, ~ 37 °C). (D) TEM image of assembled mfCMP fibrils (assembled at 1 mM, diluted and imaged at 0.3 mM),
counterstained with 2% Uranyl Acetate in water (scale bars = 500 nm). (E) Rheometry of mfCMP hydrogels assembled at 5 mM measured at 0.1% strain and
1 rad s~ over 20 hours, demonstrating hydrogel formation. (F) mfCMP hydrogels exhibited strain-yielding behavior in response to applied strain (indicative
of shear-thinning properties), to the point of reverse gelation (G’ < G”). After reducing the strain, the mfCMP hydrogel underwent 'self-healing’, returning to

a hydrogel and recovering the initial mechanical properties. (Results shown are representative of multiple trials with similar results).

highest Ty, of ~40 °C, and DPBS had the lowest Ty, of ~37 °C.
We hypothesize that this is due to charges from the DPBS salts
screening the ionic amino acids on the ends of the mfCMPs
and therefore destabilizing the triple helices and lowering the
melting temperature.

Similarly, buffer influenced the fibrillar assembly of the
mfCMPs, where different fibrillar morphologies were observed
with TEM (Fig. 1(D) and Fig. S3, ESI{). mfCMP assembly in
DPBS showed long fibrils with a range of diameters: both
thicker and thinner fibrils were present, where thinner fibrils
were integrated into the assembly of much larger fibrils (on the
order of ~250+ nm in diameter) that can span lengths beyond
the field of view (>3.5 um). In contrast, the negative control
(assembly in DI H,0) showed thin fibrils (on a size scale similar
to the thinnest, shortest fibrils in DPBS) sparsely throughout
the sample grid, whereas the positive control (assembly in
10 mM sodium phosphate buffer) showed similarly thin fibrils
but more prevalently throughout the grid and rigid in appearance.
Importantly, hierarchical assembly into larger fibrils was only
observed in DPBS. We speculate that the higher concentration of
salt ions in DPBS are screening charged residues on the mfCMPs,
potentially slowing the rate of assembly while allowing the for-
mation of salt bridges to achieve larger sized fibrils.

9608 | J Mater. Chem. B, 2024, 12, 9600-9621

With these end-to-end fibrillar assembly mechanisms, we
were curious if the physical assembly was strong enough to
produce a stable hydrogel that contained only these mfCMPs in
DPBS. Concentrated solutions (5 mM) of mfCMPs in DPBS were
heated to 85 °C to dissociate all formed triple helices and then
placed on a temperature-controlled rheometer stage at 60 °C.
A 20 mm 1° cone geometry was lowered onto the sample, and a
solvent trap was filled to keep the sample hydrated throughout
the measurement. The temperature was then ramped down to
25 °C over the course of 10 minutes to mimic similar cooling to
when samples were heated and subsequently slowly cooled in a
dry heating block. The samples were then measured at 0.1%
strain and 1 rad s~ over 20 hours (Fig. 1(E)). Specifically, gel
formation was assessed with measurements of storage (G') and
loss (G”) moduli: here, G’ > G” was defined as exhibition of gel-
like properties, where G’ = G” is close to the gel point as defined
by the Winters and Chambon criterion.’® After cooling was
complete, a physically crosslinked hydrogel was observed for
mfCMP in DPBS with a storage modulus of ~4-5 Pa, which is
similar to mechanical properties of a harvested collagen
hydrogel.*”*®* The positive control (mfCMPs assembled in
10 mM sodium phosphate buffer) exhibited a similar modulus
of ~3-5 Pa (Fig. S4A, ESIf), whereas the negative control
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(mfCMPs assembled in DI water) did not exhibit gel formation
under the conditions probed.

Once a physical hydrogel was formed, a strain sweep was
performed to determine the behavior of these mfCMP hydro-
gels outside the linear viscoelastic regime. The physically cross-
linked mfCMP hydrogels were strained from 0.1% to 300% over
3 minutes. In both the DPBS samples and the positive control,
the materials remained within a linear viscoelastic regime at
low strains. As the strain was increased, the materials under-
went strain-yielding and the loss modulus crossed over the
storage modulus (G’ < G”), indicating the materials have
reverted to a liquid-like state and exhibit shear-thinning properties
(Fig. 1(F) and Fig. S4B, ESIt) consistent with previous reports.'*’
Subsequently, the samples were allowed to recover unperturbed
for ~15 minutes after the high strain event, at which point the
strain and frequency were restored to their initial parameters and
the samples were remeasured. In both DPBS and the positive
control, the mfCMP hydrogels returned to similar mechanical
properties as those prior to the strain event, exhibiting self-
healing behavior (Fig. 1(F) and Fig. S4C, ESI{).>***"° Excitingly,
these observations demonstrate similarities between mfCMP
materials and physically assembled harvested collagen hydrogels.
Further, these mfCMP hydrogels exhibit similar properties in
response to strain as natural polymer hydrogels modified for
guest-host interactions (e.g:, hyaluronic acid; alginate and
gelatin),>'** as well as other peptide-based hydrogels with visco-
elastic properties of relevance for applications as cell culture
scaffolds."®**”* Notably, with applications such as tissue engineer-
ing in mind, increased control over mechanical properties and
hydrogel stability in cell culture conditions is vital.

Tuning assembled mfCMP content within a polymer-based
hydrogel affords control over mechanical properties

Having control over the mechanical properties of hydrogels
while also having control over the fibrillar content (provided by
hierarchically assembled mfCMP) is desirable for the design of
materials for specific biological applications. For independent
control of the mechanical and biochemical properties of hydro-
gels, PEG, a biologically inert, hydrophilic polymer, often is
used as a building block. One of the advantages of PEGs as
building blocks is that they are amenable to modification with
a variety of reactive handles, including click chemistries that
are desirable for the formation of hydrogels and tuning of their
mechanical properties in a biological context, as well as allow
the incorporation of specific biological cues for controlled
hypothesis testing.® Toward controlling both mechanical prop-
erties and fibrillar content, hybrid collagen-PEG hydrogels have
demonstrated improved mechanical properties compared to solely
collagen hydrogels while maintaining the shear-thinning and self-
healing properties of harvested collagen.>**®> We hypothesized
that with increasing concentrations of mfCMP in an mfCMP-
PEG hybrid hydrogel, we could similarly capture some of these
collagen-like properties with a fully synthetic material.

Here, we utilized photoinitiated thiol-ene click chemistry
allowing for rapid covalent hydrogel formation with spatiotem-
poral control over the initiation of gelation. Briefly, we used a

This journal is © The Royal Society of Chemistry 2024
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4-arm PEG macromer functionalized with thiol groups (PEG-
SH, Fig. S5, ESIt) that, in the presence of light-activated lithium
phenyl-2,4,6-trimethylbenzoyl-phosphinate (LAP) photoinitia-
tor (Fig. S6, ESIT), could be covalently linked with an alloc-
functionalized non-assembling MMP-degradable linker peptide
(Fig. S7, ESIT) and the assembled mfCMPs to form hydrogels.
To enable integration of high concentrations of assembled
mfCMPs, the assembled mfCMP in DPBS was frozen and
lyophilized prior to resuspension directly into the hydrogel
precursor solution (PEG-4SH, the appropriate balance of linker
peptide, LAP, and DPBS); this approach allowed for consistent
assembly of the mfCMP at 5 mM while incorporating higher
concentrations of mfCMP (up to 20 mM) within the hydrogels.
TEM characterization of assembled mfCMPs after lyophiliza-
tion and resuspension is available in the ESI} (Fig. S8). We used
different ratios of non-assembling peptide to assembling pep-
tide while keeping the concentration of PEG-SH constant and
maintaining a 1:1 alloc: thiol stoichiometry (Table S1, ESIf).
Specifically, the ratio of functional groups within hydrogels is
20 mM thiol:20 mM alloc, and all hydrogel conditions are
presented as ‘“percent mfCMP”, indicating the percent of alloc
linkages coming from mfCMP (where the total alloc linkages
are from assembled mfCMP + non-assembling linker peptide);
for example, 50% mfCMP indicates 10 mM mfCMP where there
is 1 alloc per mfCMP peptide. This approach was taken to
explore the impact of adjusting the peptide structure (i.e., ratio
of non-assembling to assembling linker peptides) on the hydro-
gel mechanical properties and to determine the maximum
amount of mfCMP linkers that could be used to consistently
form these mfCMP-PEG hydrogels.

Hydrogels were formed in situ on a rheometer, and the
mechanical properties were measured (Fig. 2(A)). The storage
moduli of hydrogels made with 10 wt% PEG-SH (20 mM thiol
functional groups) were measured with an increasing percen-
tage of peptide linkages coming from mfCMPs. As assembled
mfCMP content was increased from 0% mfCMP (0 mM mfCMP)
to 15% mfCMP (3 mM mfCMP), there was no statistical change
in the modulus; however, as the percentage of peptide linkages
from assembled mfCMP was increased to 25%, a statistical
decrease in the modulus was observed. This trend continues as
more mfCMPs were added (Fig. 2(B), diagram in Fig. 2(C)).
Encouragingly, robust hydrogels with 100% of the peptide
linkages coming from the assembled mfCMPs (20 mM mfCMP)
were still able to be formed in situ, where previously we had
explored incorporation of mfCMP only up to 2.5 mM.** These
results indicate that the potential design space for high con-
centrations of mfCMP is large.

After establishing the mechanical properties of these mate-
rials within the linear viscoelastic regime, we studied their
response to high strain, similar to the study conducted with
the physically assembled mfCMP-only hydrogels (Fig. 2(C)).
When no mfCMPs were present, the PEG-peptide hydrogels
exhibited a full linear viscoelastic response even at 300% strain.
As the amount of mfCMP within the hydrogel increased, the
deviations from linear viscoelasticity become both greater in
magnitude and happen at increasingly lower strain (i.e., higher
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In situ characterization of mechanical properties of composite mfCMP-PEG hydrogels compared with harvested collagen hydrogels.

(A) Hydrogels (either mfCMP—-PEG hybrid or physically assembled collagen) were formed in situ on a rneometer, where initial modulus measurements
were taken within the viscoelastic regime (B), followed by strain sweeps (C) and (D). (B) Average storage modulus of covalent hydrogels with increasing

amounts of mfCMPs, where % mfCMP corresponds to the % of alloc from alloc-functionalized mfCMP peptide linker (n =

4). Conditions are statistically

different (p < 0.05) unless otherwise noted as not significant (n.s.). (C) Top: Schematic representing the mfCMP—-PEG hydrogel compositions for data
shown in (B) and (C). Bottom: Strain sweeps of hydrogels with increasing amounts of peptide linkages from mfCMPs (n = 4). Loss modulus data are
available in Fig. S9 (ESI). (D) Top: Schematic representing the harvested collagen hydrogel compositions for data shown in (D). Bottom: Strain sweeps of
collagen hydrogels formed at varying concentrations (n = 3). Graph of the initial storage moduli of collagen hydrogels within the viscoelastic regime are
available in Fig. S10 (ESIT) and loss modulus data are available in Fig. S11 (ESIT). (Note: schematics are not to scale).

mfCMP hydrogels exhibit a lower yield strain). For example, in a
mfCMP-PEG hydrogel with 100% mfCMP, deviations from
linear viscoelasticity at ~15% strain were observed, whereas
hydrogels with 50% mfCMP showed deviations only at strains
greater than 100%. As a comparison, physically assembled
harvested collagen hydrogels were formed, and the same strain
procedure was performed on these hydrogels (Fig. 2(D)). In all
conditions a linear regime was observed at low strain, and
then a significant deviation from linear viscoelasticity was
observed at higher strain. This comparison shows some
similarities in the behavior of mfCMP-PEG hydrogels and
collagen hydrogels as shown by the strain-yielding results,
which are indicative of shear-thinning behavior, while the
mfCMP-PEG hydrogels provide tunability in storage modulus.
The strain-yielding demonstrated by the mfCMP-PEG hydro-
gels with increasing fibrillar content further reflects the
strain-yielding nature of various soft collagenous tissues,
including lung.’® Such material properties are of particular
interest toward increasing the complexity of 3D culture plat-
forms and tissue model systems while maintaining the control
afforded by a synthetic system. Ultimately, the approach of
incorporating high concentrations of mfCMPs into a synthetic
PEG-peptide hydrogel produces a hybrid material that exhi-
bits properties of both covalently crosslinked PEG hydrogels

9610 | J Mater. Chem. B, 2024, 12, 9600-9621

(control over modulus) and physically assembled mfCMP
hydrogels (shear-thinning behavior).

Composite mfCMP-PEG hydrogels exhibit dynamic properties
in response to temperature cycling

As these mfCMPs have a distinct melting temperature (Fig. 1(C)),
we aimed to determine if this property could be leveraged to
dynamically change the modulus of these hybrid hydrogels
using temperature after equilibrium swelling in DPBS. Rheo-
metry was used to measure changes in the storage modulus of a
hydrogel that contained 50% mfCMP (10 mM alloc from
mfCMPs; 10 mM alloc from a non-assembling linker peptide)
in response to programmed changes in temperature (Fig. 3(A)).
This hydrogel composition was chosen as the maximum
concentration of mfCMP moving forward, as it maximized
mfCMP content while also maintaining a hydrogel that allowed
easy handling after equilibrium swelling and could withstand
cell culture conditions for at least one week. Temperature was
cycled step-wise between 25 °C and 40 °C to create a state where
the mfCMPs are intact (T = 25 °C < Ty, = 37 °C) and another
where they are partially melted (T = 40 °C > T, = 37 °C).
We hypothesized that this temperature cycling would allow the
mfCMP within the network to assemble and disassemble
according to the temperature, changing the effective crosslink

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Thermoresponsive properties of mfCMP—-PEG hybrid hydrogels. (A) Equilibrium swollen hydrogels with 0% mfCMP (control, 0 mM mfCMP) or
50% mfCMP (10 mM mfCMP) were cycled between 25 °C (T;) and 40 °C (T>,) while measuring the storage modulus (normalized to the initial modulus for
each condition). Loss modulus data are available in Fig. S12 (ESI). (B) Circular dichroism was performed on in situ 50% mfCMP hydrogels after each ramp
between 25 °C (Ty) and 40 °C (T,), where spectra were measured between wavelengths of 190 nm and 250 nm and measurements from 0% mfCMP
hydrogels were subtracted as background. (C) Schematic of potential network morphologies at T; and T,, where relative to T,,,, at Ty all triple helices
should remain intact, and at T, only about 25% of the triple helices should remain intact (schematic not to scale). (Results shown are representative of

multiple trials with similar results).

density and thereby the modulus, serving as a demonstration
that these hybrid hydrogels retain the thermoresponsive prop-
erties of natural collagen and collagen derivatives.*®>”®
Excluding the first 2 temperature steps (the first T; and T,),
where large amounts of variability were observed (perhaps due
to hydrogel equilibration from seasonal ambient temperature
variations from 25 °C), hydrogels with mfCMPs exhibited
average modulus changes of ~260 Pa between temperatures
(a change of 20% based on initial modulus) (Fig. 3(A)).
In hydrogels that did not contain mfCMPs, average changes
of only ~72 Pa (2% based on initial modulus) were observed.

To confirm this change in modulus was due to the assembly
and disassembly of the mfCMPs, CD was performed to observe
the presence of triple helices within mfCMP-PEG hybrid hydro-
gels (Fig. 3(B)). Hydrogels were formed in situ within a demoun-
table cuvette. Peaks at ~232 nm were observed once the
mfCMPs had been incorporated within the hydrogels, rather
than at ~225 nm, as seen in solution. This observed shift in
peak wavelength is similar to other reports, where it is hypothe-
sized that this red shift in signal is due to the PEG hydrogel
providing a more locally hydrophilic environment for the
mfCMPs.>® When the hydrogels were heated to 40 °C and held
there for 5 minutes prior to the measurements being taken, a
decrease in the mean residue ellipticity (MRE) was observed,
indicating that the triple helices of the mfCMPs were disso-
ciating. Upon changing the temperature back to 25 °C, the MRE
increased again, demonstrating the recovery of the mfCMPs
back into triple helices within the hydrogel. This behavior
correlates with what was observed using rheometry. Taken
together, these data support the hypothesis that (i) the decrease
in modulus with increasing temperature is a result of the
‘melting’ of mfCMP triple helices that serve as physical cross-
links with the mfCMP-PEG-peptide hydrogels, and that (ii) the
restoration of mechanical properties upon cooling results from
the assembly of triple helical physical crosslinks. The triple
helices formed upon cooling could be either the same mfCMP
peptides that comprised the original triple helix or different

This journal is © The Royal Society of Chemistry 2024

individual mfCMP peptides, either resulting in a return to
similar original crosslink density.

In short, the mfCMP-PEG hydrogel appears to exhibit
reduced modulus and crosslink density upon melting of the
mfCMP-based crosslinks, and subsequently increased modulus
and crosslink density upon reassembly, similar to hydrogels
utilizing partially-degraded collagen (gelatin) and temperature
sensitive crosslinks.>®°° This heat cycling demonstration estab-
lishes that we retain the reversible unfolding functionality of
collagen in response to changes in temperature. This property
is important as collagen natively is unfolding and refolding
under physiological conditions, which is hypothesized to give
collagen fibers elasticity and strength.®' Aside from better
capturing specific properties of collagenous tissues for 3D
culture and model systems, these hybrid materials offer oppor-
tunities for a range of potential applications. For example, gold
nanorods that convert near-infrared (NIR) light into heat have
been embedded within thermoresponsive hydrogels to locally
and reversibly alter the surface topography.®> With the thermo-
responsiveness demonstrated here, such an approach could
be used within these mfCMP materials in future studies to
create a photo- and thermoresponsive system, where applica-
tion of NIR light in the presence of nanorods would cause
dissociation of mfCMP triple helices and lead to localized
decreases in modulus. Manipulating hydrogel properties in
this manner may permit one to locally direct cell behavior
and fate or could be used as a delivery mechanism for thera-
peutics appended with peptides hybridized with mfCMP fibrils
during assembly.®® Importantly, temperatures up to 40 °C
remain below the threshold for heat shock protein production
in human cells and associated irreversible negative cell
responses; further, mild thermal elevations may even induce
a positive cell response and lead to improved tissue regene-
ration.®*® In this context, such thermal approaches for actua-
tion of material properties would not be expected to inherently
have detrimental effects on cell health, presenting opportu-
nities for future exploration.
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While thermoresponsiveness was examined in this demon-
stration, there are opportunities for future studies to probe the
impacts of other stimuli on these hybrid materials. During the
mfCMP assembly process, we have previously demonstrated the
impact of temperature holds and cooling rates during mfCMP
assembly on final fibril morphology,*' and here we noted that
salt identity and concentration also impact fibril morphology.
These observations point to opportunities for future exploration
of how salt affects mfCMP stability after assembly in DPBS,
covalent incorporation into the mfCMP-PEG hydrogel, and equi-
librium swelling for both mechanistic understanding and actua-
tion. Our thermoresponsive studies above, in addition to prior
work, suggest the retention of assembled mfCMP building blocks
within the hydrogel in physiologically relevant buffer.***' How-
ever, given the influence of salt on mfCMP assembly, opportu-
nities for future responsive materials studies include examining
the impact of changes in buffer identity, salt concentration, and
pH on hydrogel mechanical properties, as well as determining
whether ionic exchange after hydrogel formation impacts fibrillar
structure. Such studies of the effects of ion concentration on
mfCMP-PEG hydrogel properties would be of particular relevance
toward translating these or similar materials into in vivo applica-
tions where salt concentration and pH locally vary.

Tuning composite mfCMP-PEG hydrogel formulations for cell
culture applications

Fully synthetic hydrogels that allow for control over both
modulus and fibrillar structure offer an opportunity to replicate
aspects of the properties for a range of native tissues while
minimizing batch-to-batch variability.®® Toward assessing the
relevance of mfCMP-PEG hydrogels as platforms for applica-
tions in cell culture, wound healing models, or delivery, we
sought to evaluate the impact of high concentrations of mfCMP
on human lung fibroblast cell response. Lung fibroblasts
natively exist within the collagen-rich loose connective tissue
of the lung interstitium and are key players in all stages of
wound healing.®” Fibroblasts are recruited to tissue injury sites
and, when activated, produce various regulatory molecules,
interact with immune cells, promote additional cell migration,
and participate in ECM remodeling through MMP secretion
and protein deposition, including collagens.®®*”7° Due to the
prevalence of these cells in tissue and the active role they play,
particularly during wound healing, we determined fibroblasts
to be an appropriate cell type with which to perform an initial
evaluation of these responsive mfCMP-PEG hybrid hydrogels
with high mfCMP concentrations.

To promote cell-matrix interactions in the mfCMP-PEG
system, we introduced an alloc-functionalized pendent peptide
containing an integrin-binding sequence for covalent incor-
poration into the hydrogel. As previously noted, these mfCMPs
do not contain a specific integrin-binding motif, allowing us to
take a modular approach in tuning the hydrogel properties. In
this case we exploited this modularity to adjust the hierarchical
structural content within the system while maintaining con-
sistent biochemical functionality through the integrin-binding
site present on the pendent peptide. Here, we incorporated an
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alloc-functionalized RGDS pendent peptide into the hydrogel
network at a concentration of 2 mM, which has been shown to
promote adequate cell-matrix interactions in both 2D and 3D
culture applications of synthetic hydrogels and to be uniformly
distributed throughout the hydrogel in similar materials (Fig.
S$13, ESIf).*>7"7® The peptide sequence RGDS is found in a
number of ECM proteins, including fibronectin, vitronectin,
and collagen type I where it typically is only accessible for cell
interactions in thermally unfolded or otherwise damaged col-
lagen type 1.”*7¢ This peptide sequence binds to a number of
integrins presented on the surface of human cells, making it a
useful sequence for integration within synthetic ECMs for
promoting cell adhesion.**”” Notably, as RGDS is a pendent
peptide, its incorporation into the hydrogel networks does not
add to the crosslink density. To maintain consistency with the
hydrogel compositions explored earlier in the work presented
here, we increased the hydrogel thiol concentration from
20 mM to 22 mM (11 wt% PEG-SH) to keep the 1:1 thiol: alloc
ratio while integrating 2 mM alloc from RGDS with the 20 mM
alloc from linker peptides, the same concentration as the prior
experiments without RGDS.

Importantly, under cell culture conditions, these mfCMP-
RGDS-PEG hydrogels would also be exposed to different con-
ditions than in the previous experiments, namely incubation in
cell culture media at physiological temperature (37 °C), which is
similar to the mfCMP T, in DPBS where ~50% of mfCMPs will
be associated into triple helices and contribute to the hydrogel
crosslink density. As previously mentioned, 50% mfCMP was
determined to be the hydrogel composition with the highest
concentration of mfCMP that would maintain robust hydrogel
structure under these physiological conditions. Aiming to tune
these hydrogel formulations to study the impact of different
concentrations of mfCMP on cell response, the goal was to vary
the number of peptide linkages coming from assembled mfCMP
while maintaining a consistent bulk modulus between conditions
to avoid confounding variables. As the 50% mfCMP (10 mM) was
the highest concentration of mfCMP that consistently maintained
a robust hydrogel structure under these conditions for at least one
week, we took advantage of the modularity of this system to tune
all compositions to match the modulus of these hydrogels after
equilibrium swelling at 37 °C (10 mM mfCMP, or 50% of alloc-
functionalized peptide linkage from mfCMP; 2 mM RGDS).
To achieve modulus matching between hydrogel compositions
at 37 °C, the concentration of the linker peptide was decreased as
the mfCMP concentration was decreased (from 10 mM to 5 mM or
0 mM mfCMP, where the mfCMP concentrations were derived
from the 50%, 25%, and 0% mfCMP-PEG hydrogel compositions,
respectively). This resulted in an excess of thiols in the hybrid
mfCMP-RGDS-PEG hydrogels (Table S2, ESIt), leading to lower
crosslink densities and thereby similar moduli amongst the 0 mM
to 10 mM mfCMP formulations at 37 °C.

Cell culture conditions impact mfCMP-RGDS-PEG hydrogel
mechanical properties

Prior to studying cell response to mfCMP-RGDS-PEG hydro-
gels, we wanted to better understand the mechanical properties

This journal is © The Royal Society of Chemistry 2024
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that encapsulated cells would experience in vitro. To do this, we
prepared and maintained the hydrogels under the conditions
that would be used for cell encapsulation and culture and
conducted rheometric measurements at physiological tempera-
tures. Specifically, 20 pL hydrogels with 2 mM RGDS and
different amounts of mfCMP were prepared and allowed to
equilibrium swell in DPBS overnight under mammalian cell
culture conditions (37 °C, 5% CO,, under humidity, Fig. 4(A)).
Rheometric measurements were conducted at 37 °C (ambient
CO,, ambient humidity) on 3 hydrogel compositions: 0 mM, 5
mM, and 10 mM mfCMP with 2 mM RGDS (Fig. 4(B)). Initial
storage modulus (G') measurements were collected within the
linear viscoelastic regime of these hydrogels, which established
that the moduli between the 3 hydrogel compositions were
statistically the same (Fig. 4(C)), demonstrating the modularity
of this system for independently tuning assembled content,
biochemical content, and bulk hydrogel modulus.

After establishing the mechanical properties of these hydro-
gels within the linear viscoelastic regime, we conducted an
experiment to study their response to high strain (Fig. 4(D)).
Under physiologically relevant conditions, all 3 hydrogel for-
mulations exhibited deviations from linear viscoelasticity at
high strains, with an eventual yield strain indicating shear-
thinning properties. Specifically, the 0 mM mfCMP and 5 mM
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mfCMP formulations initially underwent a slight increase in
modulus beginning around 60% strain, followed by a signifi-
cant drop in modulus (strain-yielding) between 200% and 300%
strain. Notably, there were no significant differences in the
modulus-strain profiles between these two conditions. In com-
parison, the 10 mM mfCMP formulation shows deviations from
linear viscoelasticity that were both greater in magnitude and
began at a lower strain than the hydrogels with 0 mM or 5 mM
mfCMP. 10 mM mfCMP hydrogels appear to depart from linear
viscoelasticity around 10% strain, where the strain-yielding
begins around 100% strain, demonstrating significant differ-
ences in modulus from the 0 mM mfCMP control. Interestingly,
the modulus profiles of these hydrogels in response to strain
mirror those of harvested collagen shown in Fig. 2(D). Specifi-
cally, at low concentrations of collagen (1 mg mL ' and
2 mg mL ") as well as our hydrogels without mfCMP and with
a lower concentration of mfCMP (0 mM mfCMP and 5 mM
mfCMP), the moduli undergo a slight increase, or “strain
overshoot”, prior to dropping off as the strain increases.
In contrast, at high concentrations of collagen (3 mg mL ")
and high concentrations of mfCMP (10 mM mfCMP), the
hydrogels do not exhibit this strain overshoot prior to strain-
yielding. Interestingly, in rheological models, stain overshoots
are a result of larger spring constants, which may indicate
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Fig. 4 Equilibrium swollen hydrogel mechanical properties under physiologically relevant conditions. (A) Timeline depicting hydrogel formation,
equilibrium swelling, and rheometry, highlighting the environmental conditions at each step. (B) Schematic representing the mfCMP-RGDS-PEG
hydrogel compositions for data shown in (C) and (D), where compositions for 0 mM and 5 mM mfCMP were adjusted to match the modulus of
equilibrium swollen 10 mM mfCMP hydrogels (50% mfCMP peptide linkages) at 37 °C and concentrations refer to alloc concentration coming from each
type of peptide linker (e.g., 5 mM mfCMP composition contains 5 mM alloc from mfCMP and 10.5 mM alloc from non-assembling peptide linker).
(C) Storage moduli of mMfCMP-RGDS—-PEG hydrogels after equilibrium swelling under physiologically relevant conditions. (D) Strain sweeps of mfCMP—
RGDS—-PEG hydrogels with varying concentrations of mfCMP. Loss modulus data are available in Fig. S14 (ESIT). (All measurements were performed at
37 °C; n = 4; * indicates a significant difference from the control hydrogels (0 mM mfCMP) at the indicated strain (*p < 0.05, ***p < 0.001); n.s. = means
are not significantly different; schematics are not to scale).
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stronger elastic behavior in 0 mM and 5 mM mfCMP hydrogels
and 1-2 mg mL ™" harvested collagen hydrogels compared to
hydrogels with higher concentrations of fibrillar structure
(10 mM mfCMP and 3 mg mL~ " harvested collagen).”®”° These
results highlight similarities in mechanical property trends
with increasing assembled content (e.g., mfCMP or collagen I,
respectively) between the bioinspired synthetic mfCMP compo-
site and the harvested collagen I hydrogels; however, the
mfCMP-RGDS-PEG hydrogels allow for the formation of hydro-
gels at higher moduli and afford more control over hydrogel
modulus, even with significant changes in fibrillar content.
These mfCMP-RGDS-PEG hydrogels offer an approach to
mimic structural and mechanical properties of a wide range
of tissues while providing significant control over the materials
with the potential for minimizing batch-to-batch variability.

Note, the earlier studies in this work indicate that the 0%
mfCMP-PEG (0 mM mfCMP) condition did not deviate from
linear viscoelasticity (Fig. 2(C)), whereas the 0 mM mfCMP-
RGDS-PEG formulation in these later studies does deviate from
linear viscoelasticity. There are a number of factors that may
contribute to this observed difference. For example, the pre-
vious hydrogel properties were measured in situ and at 25 °C,
whereas in this and the following studies, the hydrogels were
equilibrium swelled at 37 °C prior to measurements at 37 °C.
Additionally, the previous hydrogel had 1:1 stoichiometric
ratios of thiol groups:alloc groups, whereas in this and the
following studies, there are fewer non-assembling linker pep-
tides (in order to modulus match to the 10 mM mfCMP-RGDS-
PEG hydrogels), resulting in excess thiol groups and a lower
crosslink density, which may allow for more chain flexibility
within the hydrogel and the resulting response to strain.
Ultimately, the strain-yielding behavior across all three hydro-
gel conditions reflects the strain-responsive properties of soft
collagenous tissues, such as the lungs, making them of interest
as fully synthetic 3D cell culture platforms.>® Nevertheless, by
comparison, 10 mM mfCMP-RGDS-PEG hydrogels (50%
mfCMP) exhibited interesting properties with significant differ-
ences in nonlinear viscoelasticity from the 0 mM mfCMP-
RGDS-PEG control hydrogels (0% mfCMP) and was selected
for further evaluation in 3D cell culture.

High concentrations of mfCMP content significantly impact
cell response

Importantly, viscoelasticity and deviations from linear viscoe-
lastic behavior play a large part in mechanotransduction and is
important in mimicking normal healthy tissues.®*>®' As visco-
elastic and strain responsive hydrogels have allowed for cell
migration not mediated by enzymatic degradation,®* and given
the significant differences in structural content and viscoelastic
response to strain between hydrogel compositions with 0% vs.
50% mfCMP, we were interested in how cells would respond
differently to the two hydrogel compositions. Toward studying
cell response to these materials, healthy human lung fibro-
blasts (CCL 151) were suspended in hydrogel precursor solution
for encapsulation within each hydrogel formulation. The fibro-
blasts were encapsulated at 5 x 10° cells per mL, a cell density
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high enough to support cell viability (e.g., cell-cell interactions
via paracrine signaling) but also low enough to promote pre-
dominantly cell-matrix interactions at the time of encapsula-
tion (e.g., individual to small clusters of cells surrounded by
synthetic ECM), even after equilibrium swelling in media.>®
Specifically, these hydrogel formulations undergo swelling
such that the equilibrium swollen volume is approximately
4.5x the volume immediately after preparation, resulting in a
final fibroblast density of approximately 1.1 x 10° cells per mL.
After encapsulation, cells were cultured for up to 6 days, and
over that time we examined the fibroblasts for any differences
in cell viability, morphology, and motility between the 0% and
50% mfCMP hydrogel formulations as an initial assessment of
the relevance of these mfCMP-RGDS-PEG hydrogels with high
mfCMP concentrations as a 3D cell culture platform.

First, cells were stained for live/dead analysis 24 hours and 6
days after encapsulation, and then cytoskeletal and nuclear
staining of fixed samples was performed at day 6. Following
staining, z-stack images of the fibroblasts were taken using
confocal microscopy (orthogonal projections available in Fig. 5(A)
and Fig. S15, ESIt). Cell viability was quantified for each hydrogel
condition at day 1 (24 hours) and day 6 (Fig. 5(B)), as hydrogels
used for cell culture, as well as other applications including drug
delivery, must support cell viability and function.” There were no
differences in viability between the 0% and 50% mfCMP hydro-
gels at either day 1 or day 6, indicating that the high concen-
tration of mfCMPs within the 50% mfCMP condition did not
impact fibroblast viability relative to the control (0% mfCMP).

For characterizing fibroblast morphology, 3D renderings of
the encapsulated cell bodies and nuclei were generated from
the z-stacks. Qualitatively, the fibroblasts appeared to be elon-
gated in both hydrogel formulations; however, larger clusters
of cells were observed within the 50% mfCMP composition
(Fig. 5(A), right). Qualitatively, the cell morphologies observed
in response to the 50% mfCMP composition are consistent with
published reports of human fibroblasts cultured within har-
vested collagen hydrogels, an encouraging result as we aim to
capture aspects of collagen-rich tissues in these hydrogels.®*"*>
To understand cell morphology more within mfCMP-RGDS-
PEG hydrogels, cell shape and the number of cells per cluster
were quantified. Specifically, 3D shape factor (a measurement
of sphericity) was calculated for each cell object identified
within the images, where a cell object was defined as either a
single cell or a cluster of cells in contact with each other. The
shape factor for each object was sorted into 3 categories
(elongated, spread, and rounded) for comparison between the
two hydrogel conditions. While there is a trend toward more
elongated cells in the 50% mfCMP condition, there was statis-
tically no difference in the average shape factor between the 0%
and 50% mfCMP conditions, and no significant differences
emerged when comparing the fraction of objects within each
shape factor category between the compositions (Fig. S16,
ESIt). In previous work, we observed significant differences
in human mesenchymal stem cell elongation between 6 wt%
PEG hydrogels with 0 mM mfCMP (0% mfCMP peptide lin-
kages) and 2.5 mM mfCMP (25% mfCMP peptide linkages).**

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Human lung fibroblast viability and morphology in response to mfCMP-RGDS-PEG hydrogels. (A) Orthogonal projections of confocal z-stacks of
fibroblasts in 3D culture within mfCMP—-RGDS-PEG hydrogels with either 0% or 50% mfCMP (6 days after encapsulation; scale bars = 100 um): left,
stained for live/dead (green = live cells; red = dead cell nuclei); right, cytoskeletal staining (red = F-Actin; blue = nuclei). (B) Quantification of live/dead in
(A) (see Fig. S15, ESIT for day 1 images). Viability results were normalized to the control condition (0% mfCMP) within each timepoint. (C) Half violin plots
with individual data points indicating the number of individual cells within each object (defined as an individual cell or group of cells in contact).
Associated histograms are available in Fig. S17 (ESIT). (***p < 0.001; n.s. = means are not significantly different).

There are a few factors that may be contributing to the lack of
statistical differences in elongation in this study with fibro-
blasts and the mfCMP-RGDS-PEG formulations. In particular,
the hydrogels in the 3D culture studies have significantly lower
modulus than the mfCMP hydrogels previously examined, as
considerably higher concentrations of mfCMP were incorpo-
rated into these hydrogels, and the hydrogels without mfCMP
were appropriately tuned to exhibit a matching modulus, in
addition to differences between cell types (here, human lung
fibroblast cells vs. previous studies of human mesenchymal
stem cells).

In addition to analysis of cell elongation, cell clustering was
quantified by calculating the number of nuclei contained
within each cell object. Significantly more cells per cluster were
observed in hydrogels with 50% mfCMP compared to hydrogels
with 0% mfCMP (Fig. 5(C) and Fig. S17, ESIT). These results
suggest that mfCMP hybrid hydrogels promote cell clustering
and thereby a related increase in direct cell-cell contact.

The ECMs of native tissues direct cell responses, including
migration, where migration becomes vital in the context of
wound healing as various cell populations, including fibro-
blasts, are recruited to the injury site throughout the wound
healing process.®®®® Because cell migration is a key part of
healthy tissue function, it was important to assess whether the
mfCMP-RGDS-PEG hydrogels allow for cell motility. To probe
the impact of hydrogel composition on fibroblast motility, live
cell imaging was conducted from 24 hours to 36 hours after
encapsulation to monitor cell movement. This time range was
chosen to allow time for hydrogel swelling and the potential for

This journal is © The Royal Society of Chemistry 2024

some initial cell-triggered pericellular degradation of the hydro-
gel and the initiation of general cell-mediated hydrogel remo-
deling based on literature reports.®”*® Each cell object (an
individual cell or cluster of interacting cells) was identified
and tracked over the course of the timelapse imaging. That
information was used to generate track plots of cell motility and
measure the displacement of each cell object from the first
frame it was detected to the last, as well as the total distance
traveled in those frames (Fig. 6(A)). Using the track plots, we
can visualize the displacement and distance measurements of
all the identified cells at once and compare those metrics
between the two hydrogel compositions. Visually, we observed
what appeared to be significantly larger displacements from
the initial fibroblast location in 50% mfCMP hydrogels when
compared to 0% mfCMP hydrogels (quantification in Fig. S18,
ESIY).

To quantify fibroblast motility, we then evaluated 2 mea-
surements: cell speed (total distance, D, traveled over time) and
directional persistence (i.e., the directionality ratio, or the ratio
of displacement, d, to total distance, D). For each cell object, the
speed was determined by dividing the total distance traveled by
the amount of time the object was tracked; for example, if a cell
object traveled a total distance of 75.96 pm over the course of
7.5 hours (16 frames captured every 30 minutes), the speed
would be 10.13 pm h™". Similarly, the directional persistence
was calculated for each object by dividing the displacement by
the total distance traveled; for example, if a cell object traveled
a total distance of 75.96 um with a start-to-finish displacement
of 49.22 um, the directional persistence would be 0.6479, where
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Fig. 6 Impact of mMfCMP-RGDS-PEG hydrogels on human lung fibroblas

directional persistence

t motility. Human lung fibroblasts were encapsulated within mfCMP-RGDS—-

PEG hydrogels (0% or 50% mfCMP compositions) and cell motility was monitored through timelapse imaging (24 hours to 36 hours after encapsulation).
(A) Using timelapse imaging, each cell object (individual cells or clusters of cells) was tracked between frames to determine the total distance traveled
(total distance, D, Fig. S18A, ESIt) and the displacement (d, Fig. S18B, ESIt), which were then used to determine the directionality ratio as a measurement
of directional persistence (left). Track plots of fibroblast motility were generated for 0% mfCMP (center) and 50% mfCMP (right) conditions.
Representative timelapse videos of cell motility are available in online ESIT (Videos S1 and S2). (B) Box plots (with individual data points) representing
the speed of each cell object identified, with the associated histograms below. Individual cell object speed was determined from the total distance
traveled divided by the time over which the object was tracked. (C) Box plots (with individual data points) representing the directionality ratio of each cell
object identified, with the associated histograms below. Values closer to 0 indicate low directional persistence (meandering), where values closer to 1
indicate high directional persistence (direct movement). (***p < 0.001; n.s. = means are not significantly different; whiskers indicate outliers.) Data
presentation for (B) and (C) as the mean + SE is available in Fig. S19 (ESIT).

values closer to 0 indicate low directional persistence (mean-
dering movement) and values closer to 1 indicate high directional
persistence (direct movement). With these measurements, we
found that cells encapsulated within the 50% mfCMP composi-
tion moved significantly faster than the cells encapsulated within
the 0% mfCMP composition (Fig. 1(B) and Fig. S19A, ESIt). While
the bulk modulus between 0% and 50% mfCMP hydrogels were
engineered to be statistically the same, the deviations from linear
viscoelasticity with increasing strain were significantly different.
This difference in non-linear viscoelastic response to strains may
contribute in part to the difference in cell motility. Specifically,
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the increased sensitivity of 50% mfCMP hydrogels to imposed
strains may allow cells to move through the hydrogel by applying
forces to physically rearrange the matrix rather than relying
solely, or primarily, on MMP-mediated degradation of the non-
assembling linker peptide.®> Although we saw significant dif-
ferences in cell speeds, there was no difference in directional
persistence between the two conditions (Fig. 1(C) and Fig. S19B,
ESIt). Taken together, these results suggest that the mfCMP
hybrid hydrogels promote an increase in the rate of cell move-
ment through the hydrogel, but not with any particular direc-
tionality. The lack of directional persistence in response to

This journal is © The Royal Society of Chemistry 2024
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mfCMPs in these hydrogels is not surprising, as the alignment
of fibrillar content has a significant impact on directional cell
migration,®® and here there is no externally imposed direction-
ality to the mfCMPs, synthetic ECM, or more broadly within
microenvironments that are inspired by loose connective tis-
sue. The non-directional, but significant, increase in cell speed
within 50% mfCMP hydrogels compared to hydrogels without
mfCMP demonstrates potential utility in further cell culture
and delivery applications, particularly in the context of loose
connective tissue. Looking forward, approaches to promote
alignment of mfCMP fibrils prior to or during incorporation
into the hydrogel matrix (e.g., applying electrical or magnetic
fields or flow)**™* provide opportunities for further enhancing
motility or even directing migration in future studies with these
materials.

Overall, the structural and mechanical properties of these
mfCMP-PEG hydrogels, and their impacts on cell behavior,
make them relevant for 3D cell culture applications. While
these materials lack the full complexity found in native tissue
ECMs, they provide a model system with high degrees of
control for testing specific hypotheses and limit confounding
variables that are inherent to more complex and in vivo models.
Through the incorporation of high concentrations of mfCMP,
we have aimed to capture some of the structural complexity and
the viscoelastic behavior that structural proteins impart to the
ECM within tissues, while maintaining the ability to modularly
tune the hydrogel to mimic different collagen-rich microenvir-
onments as desired. In particular, RGDS is one of many
integrin-binding sequences found in the native ECM, and the
hydrogel formulations discussed here do not fully capture the
range of prominent integrin-binding sequences of a given
tissue. However, the modular design of these hydrogels allows
for incorporation of a variety of integrin binding peptides based
on the application of interest, or a combination thereof; for
example, peptides that present integrin-binding sequences
found on collagen type-I (GFOGER), laminin (IKVAV, YIGSR,
A5G81), and fibronectin (PHSRN + RGD) are well-defined and
commonly used in synthetic ECMs.”””” Note, these types of
integrin-binding sequences, including the RGDS sequence uti-
lized in these studies, may have non-specific interactions with
assembling peptides, with the potential for formation of
integrin-binding peptide clustering throughout the hydrogel
that may impact cell morphology.®* Given that the PEG-peptide
precursor solution is prepared and then briefly (~ 10 seconds)
and gently mixed with the assembled mfCMPs prior to rapid
photopolymerization (gelation at ~ 60 seconds),>* the time for
non-specific interactions between RGDS and mfCMPs in
solution is limited. However, the possibility for interactions
between integrin-binding peptides and mfCMPs, whether non-
specific or designed, and the control the approach affords over
material formation presents an opportunity for future mecha-
nistic studies around peptide sequestration, including ways to
leverage it. Indeed, while in this work we separated assembling
content from biochemical functionality to allow decoupling
of their effects, another approach would be to incorporate a
collagen-specific integrin-binding motif (e.g., GFOGER) within
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the hierarchically assembling mfCMP itself. Integration of
integrin-binding sequences within the assembled peptide
structure would be of particular interest for future work to
inherently link hierarchical structure and biofunctionality
together in a synthetic material and study the synergistic effects
of structure and function. Further, this system complements
other hydrogen bonding-driven and thermally or ionically
responsive hydrogels, as the modular approach used for con-
trolling mechanics and biochemical content with a combi-
nation of physical and chemical crosslinks could be applied
with other assembling peptides.

Conclusions

In this publication, we have examined how mfCMPs
[(PKG),PK(alloc)G(POG)s(DOG),] can be used for the creation
of synthetic ECMs with a range of compositions and related
responsive properties inspired by collagen-rich loose connec-
tive tissues like the lung interstitium. Specifically, we probed
how assembly, concentration, and physical and covalent cross-
linking conditions can be tuned to achieve responsive and
bioinspired properties relevant for 3D culture. Here we have
shown the influence of buffer and associated salt content on
triple helix stability, fibrillar morphology, and physical hydro-
gel mechanical properties, where high salt concentrations
result in collagen-like fibrillar assembly and physical hydrogel
formation with mechanical properties, strain-response beha-
viors, and affinity for self-healing similar to that of harvested
collagen. These results indicate that one could exploit the use
of salt content even beyond what we have presented here,
whether salt concentration or ion composition, to achieve
specific melting temperatures, fibril morphologies, and hydro-
gel properties with these building blocks for a variety of
applications.

Further, we investigated how much alloc-functionalized,
assembled mfCMP could be incorporated within composite
mfCMP-PEG hydrogels and their resulting responsive proper-
ties. With this approach, we were able to form stable materials
with a spectrum of assembled mfCMP content, creating hydro-
gels with a range of moduli, shear-thinning properties, and
thermoresponsiveness. Harnessing the ability to independently
tune mechanical properties (namely modulus), hierarchical
structure, and biofunctional content, we developed hydrogel
formulations with an integrin-binding peptide and varied
mfCMP content (resulting in different viscoelastic behaviors)
toward implementing these materials in cell culture applica-
tions. Hydrogel formulations with high concentrations of
mfCMP supported cell spreading and elongation, promoted
direct cell-cell interactions, and increased cell motility. These
composite mfCMP-PEG hydrogels provide an opportunity to
mimic the mechanical, structural, and biochemical properties
of a wide range of collagenous tissues in a fully synthetic system
for a variety of biomedical applications.

Ultimately, we have established a workflow to create adap-
table hydrogel materials that exhibit properties associated with
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physically assembling systems and covalently crosslinked mate-
rials. These fully synthetic hydrogels allow control over fibrillar
structure and hierarchical assembly on the nano- and micro-
scale and the assembled content, biochemical functionality,
and mechanical properties on the macro-scale. The extensive
control over material properties and the wide range of proper-
ties that can be achieved sets up these adaptable materials to
provide a platform for mimicking collagenous tissues in vitro
while also allowing for adaptability to thermal stimuli.
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