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ABSTRACT

Microstructured hydrogels are promising platforms to mimic structural and compositional
heterogeneities of native extracellular matrix (ECM). Current state-of-the-art soft matter patterning
techniques for generating ECM mimics can be limited owing to their reliance on specialized

equipment and multiple time- and energy-intensive steps. Here, a photocrosslinking methodology
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that traps various morphologies of phase-separated multicomponent formulations of
compositionally distinct resilin-like polypeptides (RLPs) is reported. Turbidimetry and
quantitative 'H NMR spectroscopy were utilized to investigate the sequence-dependent liquid-
liquid phase separation (LLPS) of multicomponent solutions of RLPs. Differences between the
intermolecular interactions of two different photocrosslinkable RLPs and a phase-separating
templating RLP were exploited for producing microstructured hydrogels with tunable control over
pore diameters (ranging from 1.5 ym —150 gm) and shear storage moduli (ranging from 0.2kPa —
5 kPa). Culture of human mesenchymal stem cells demonstrated high viability and attachment on
microstructured hydrogels, suggesting their potential for developing customizable platforms for

regenerative medicine applications.

1. Introduction

The native extracellular matrix (ECM) is a three-dimensional (3D) network comprising proteins,
proteoglycans, and glycoproteins which provides structural support to cells along with
sophisticated and dynamic regulatory cues to facilitate cellular processes such as adhesion,
migration, proliferation, differentiation, and survival.! Development of synthetic mimics of the
native ECM has been enabled by hydrogels which are hydrophilic, water-swollen, and crosslinked
polymeric networks.>* The design of such highly tunable and modular synthetic matrices is a
critical consideration when developing model 3D cell culture systems that can mimic structural
and functional features of various organs.’ Cell and organoid culture platforms could benefit
significantly from materials that present spatially distinct biochemical and mechanobiological cues
to regulate cell behavior and yield models of human disease or regenerative therapies.®’

Heterogenous hydrogel scaffolds, which can mimic features of the complex and dynamic nature
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of the ECM, have been particularly useful for directing cell-matrix interactions in 3D cultures, and
have been utilized to guide 3D cell attachment, growth, and patterning.®!° Furthermore,
differences in substrate curvature can influence the morphology of cellular attachment impacting
their migration, differentiation, and spatiotemporal organization.''-!* Hence, there are significant
advantages in advancing methods for producing hydrogels with controlled microarchitectures

characterized by distinct chemical, functional, and morphological domains.!*

A facile one-step method for fabrication of microstructured hydrogels relies on capturing the
phase separation morphology of multicomponent solutions undergoing liquid-liquid phase
separation (LLPS).">"'7 The mechanism of phase separation and the resulting morphologies can be
modulated via parameters such as temperature, pH, molecular weight, concentration, or
macromolecular crowding agents including polyethylene glycol (PEG)."** Nucleation and
growth of spherical domains can be arrested, or percolated bicontinuous structures can be obtained
via spinodal decomposition. Such microstructured hydrogels with interconnected pores (on the
order of tens to hundreds of microns) have demonstrated improved cellular infiltration and
proliferation, and they can also be exploited effectively for directing cell growth and
organization.”26 However, due to its inherent thermodynamic instability, it is challenging to arrest
spinodal decomposition, and percolating structures can rapidly morph into isolated spherical
domains due to percolation-to-cluster transitions.!®?”? Compared to surfactants, colloidal particles
offer a cell-friendly option to kinetically arrest spinodal decomposition and yield fully

interconnected bicontinuous interfacially jammed emulsion gels (bijels).?>2%%
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Other soft matter pattering techniques such as salt/porogen templating, gas foaming,
cryogelation, microfluidics, lithography, photopatterning, electrospinning, and 3D printing have
also been used to generate microstructured hydrogels.'®*° However, the availability of specialized
equipment, fabrication time, and cost must be evaluated for successful translational outcomes.
Owing to its accessibility, salt/porogen templating is one of the most widely implemented
techniques. Irregularly sized salt crystals of sodium chloride and calcium carbonate,?! or
degradable polymeric microparticles with defined sizes and geometries, have been used as
templating agents.>> Despite the simplicity of these methods, complete removal of salt templates
is imperative to maintain osmolarity consistent with physiological conditions.*® In addition to
ensuring the cytocompatibility of the polymeric porogens, their degradation kinetics and degree of
removal need to be consistent across samples to ensure high-fidelity fabrication. Opportunities
therefore remain to develop additional accessible methods to produce well-defined,

microstructured, and porous hydrogels.

Resilin-like polypeptides (RLPs) are recombinant intrinsically disordered protein polymers
(IDPPs) that are derived from resilin, an elastomeric insect protein.**-* Owing to their outstanding
mechanical properties, RLPs have emerged as popular candidates for developing regenerative
therapies for mechanically active tissues.**¥ Compared to reconstituted ECM materials (e.g.,
Matrigel, collagen), or synthetic polymers (e.g., polyethylene glycol), protein-engineered
biopolymers such as RLPs present exceptional opportunities for independent tuning of storage
moduli, degradation rates, and density of bioactive ligands.>*¢*® Furthermore, altering key amino
acid residues in the consensus sequence can trigger potent upper critical solution temperature

(UCST) transitions.**=*! This thermoresponsive LLPS of RLPs has been harnessed for generating
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microstructured materials as cell-instructive matrices with locally heterogeneous micromechanical
properties. Predominantly, the phase separation of multicomponent solutions of RLP and PEG has
been arrested to yield hybrid hydrogels with tunable domain sizes and compositions.!® Mannich-
type reaction with small-molecule crosslinkers,* thiol-ene photocrosslinking for step-growth
networks,* and radical chain-growth via photopolymerization of acrylate/acrylamide groups*
have been used for successfully crosslinking solutions of RLP and PEG of complementary
functionality prior to bulk phase separation. However, formulation of RLP/PEG solutions almost
exclusively yields hydrogels with isolated RLP-rich domains in PEG-rich matrices of high bulk
shear storage moduli ranging from 7.5kPa to 20 kPa.'”* Moreover, capturing complementary
morphologies with PEG-rich domains interspersed in an RLP matrix is challenging due to the high
concentration of the precursor formulations required and their rapid phase separation kinetics. We
have thus sought opportunities for generating microstructured RLP matrices with tunable

mechanical properties across a broader range of storage moduli useful for cell-based applications.

To overcome the challenges associated with traditional porogens, a positively charged and water
soluble RLP was utilized in this study as a templating agent in multicomponent solutions with
other photocrosslinkable RLPs. To alter the thermodynamics of phase separation, precise control
over amino acid composition of the various RLPs was exploited to modulate their intermolecular
and intramolecular interactions. Their thermally triggered phase separation was used to generate
RLP hydrogels; after photocrosslinking, the sacrificial templating RLP could be easily removed
by incubation in a buffer reservoir. Turbidimetry measurements of the different RLPs used in this
system and their multicomponent solutions were performed to determine their thermoresponsive

phase behavior. Quantitative '"H NMR spectroscopy of bulk phase-separated solutions provided
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insight into the differences in their phase separation and allowed for selection of candidates for
formulating multicomponent precursor solutions that could be rapidly photocrosslinked to produce
microstructured hydrogels. Confocal microscopy was utilized to investigate the resulting
microstructures, and oscillatory shear rheology was used to evaluate the effect of generating pores
of different sizes on the bulk mechanical properties of the microstructured hydrogels. Finally, their
compatibility for culturing human mesenchymal stem cells (hMSCs) was assessed via Live/Dead

viability assays.

2. Materials and Methods

2.1. Materials

The plasmid DNA encoding different RLPs (between BamHI and HindIIl in pQE-80L) was
purchased from Genscript Corporation (Piscataway, NJ). See Figure S1 for detailed sequence.
Chemically competent cells of E. coli strain M 15 [pREP4] were purchased from Qiagen (Valencia,
CA) for transformation of recombinant plasmids. Isopropyl [3-D-1-thiogalactopyranoside (IPTG)
for induction of protein expression was purchased from Gold Bio (St. Louis, MO). RNase A for
protein purification was purchased from Qiagen (Germantown, MD). MSP 96 target ground steel
BC plate and Protein Standard II for MALDI-TOF MS were purchased from Bruker (Billerica,
MA). Deuterated NMR solvents were purchased from Cambridge Isotope Laboratories
(Tewksbury, MA). 0.5 mm thick silicone sheets and Smm disposable biopsy punches were
purchased from McMaster-Carr (Elmhurst, IL) and Integra Miltex (Mansfield, MA) respectively

for creating hydrogel fabrication molds. Water for buffers or media was deionized and filtered
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using either a ThermoFisher Barnstead NANOpure diamond water purifier or a Milli-Q Synergy
water purification system. All other reagents were purchased and used as received from Sigma-

Aldrich (St. Louis, MO) or Fisher Scientific (Hampton, NH) unless indicated otherwise.

2.2. Protein expression and Purification

RLP-X sequences (based on the repeat GGRPSDSXGAPGGGN, see Figure S2 for the detailed
sequence) were produced recombinantly; protein expression and purification were performed as
previously reported by our laboratories.*#*4¢ These protocols were developed based on the
QIAexpress system (Qiagen, Valencia, CA);* details can be found in the Supporting Information
(SI). The purity and molecular weight of the different RLP-X constructs were confirmed via
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and corroborated via
matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry (MALDI-TOF-MS)
(Bruker MicroFlex MALDI-TOF, Billerica, MA), and ultra-performance liquid chromatography
(UPLC) and electrospray ionization mass spectrometry (ESI-MS) (Waters Xevo G2-S Q-TOF MS

with Acquity UPLC, Milford, MA) (Figures S3, S4, S5).

2.3. Acrylamide Functionalization and Characterization

The RLP-X constructs were functionalized with acrylamide groups via modification of the
regularly positioned lysine residues encoded in the polypeptide chain with NHS-activated acrylic
acid (NHS-Ac) (see Figure 1a). First, RLP-X was dissolved in 1X phosphate-buffered saline (PBS)

(pH 7.4) at 10 mg/mL via stirring for 15 min. Separately, NHS-Ac was dissolved in anhydrous
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dimethyl sulfoxide (DMSO) to prepare a stock solution (50 mg/mL) which was added drop-wise
addition to the RLP-X solution. The stoichiometric ratio of NHS-Ac to lysine was maintained at
0.5:1 to install 4 acrylamide groups per RLP-X molecule; the reaction was stirred for 4h at room
temperature. To prevent precipitation during purification and to remove DMSO and byproducts,
the reaction solution was diluted 8 times with DI water and transferred to 3.5 kDa dialysis tubing
(Snakeskin™, Thermo Scientific) for dialysis against DI water in the cold room (4°C) with at least
two changes of water with a final change dialyzed overnight. The purified RLP-X-4Ac was sterile-
filtered, lyophilized, and stored at —20°C. The functionality of the RLP-X-4Ac was quantified via
'"H NMR spectroscopy (Figure S6). = 2.5 mg RLP-X-4Ac was dissolved in 500 yL deuterium
oxide (D,O) and analyzed using an AVANCE NEO 400 MHz NMR spectrometer (Bruker,
Billerica, MA).The integration of aromatic protons of one tryptophan residue in RLP-L (‘H NMR
(400 MHz, D,0, §): 7.00 — 7.60 (m, 5H)), and twelve tyrosine residues in RLP-Y tyrosine (‘H
NMR(400 MHz, D,0, 0): 6.67 (d, 2H), 6.98 (d, 2H)), was compared to the integration of the
vinylic protons of the acrylamide that resulted from the reaction of the acrylic acid and lysine

amine groups ('"H NMR (400 MHz, D,0, 9): 5.65 - 6.30 (d, 3H)).

2.4. Turbidimetry Assays

2.4.1. Turbidimetry via UV-Vis Spectroscopy

RLP-X or RLP-X-4Ac (based on the repeat GGRPSDSXGAPGGGN in which X represents W,

Y or L) was dissolved in 1X PBS at various concentrations. The phase separation of solutions of

different RLP-X-4Ac constructs was characterized by temperature-dependent measurements of
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their optical density at 350 nm, via ultraviolet (UV)-visible (Vis) spectroscopy, in a 10 mm path
length quartz cuvette. A Cary 60 UV-Vis spectrophotometer equipped with a thermoelectric
temperature controller and a house air line (to constantly purge the cuvettes of any condensing
water vapor) was used for turbidimetry measurements. Turbidity data were acquired while cooling

from 50°C to 0°C at a rate of 1°C/min.

The baseline was normalized to 0, and the transition temperature was defined as the temperature
at which ODygy first increased above 10% of the maximum value (here 0.3 units above the
baseline). Owing to the lag in the broad absorbance peak in the high concentration samples in the
far UV range of the spectra, changes in OD at 600 nm were used to determine the transition
temperatures instead of changes in OD at 350nm. The turbidity data were fit to the Hill equation
using the sigmoidal Hilll function in Origin in order to compare differences in phase separation
of the samples, and the corresponding Hill slopes are provided Table S1. UV-Vis turbidimetry was
also used to obtain select data points to create the temperature vs composition phase diagram of

psRLP-W in PBS by sequentially diluting 20 wt% solutions to 0.8 wt%.

2.4.2. Turbidimetry via Visual Determination of Cloud Points

RLP formulations of 14 wt%, 20 wt%, 26 wt% (w/v) total polypeptide concentrations were
prepared with various mass ratios (0:100, 20:80, 30:70, 40:60, 50:50, 60:40, 70:30, 80:20, 100:0)
of phase-separating RLP (psRLP-W) and photocrosslinkable RLP (pcRLP-Ac; aliphatic RLP-L-
4Ac or aromatic RLP-Y-4Ac). Solutions were prepared in 1X PBS in a 0.2 mL PCR microtube.

Phase diagrams for the multicomponent formulations were generated via visual turbidimetry. Each
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formulation was warmed up to 85°C in an Eppendorf Mastercycler 5333 (Hamburg, Germany),
and evaluated visually to determine the cloud point upon cooling (in 5°C increments). Transition
from a clear solution to a turbid solution with no passage of light was defined as the cloud point.
Closer to the first appearance of slight cloudiness, the sample was cooled in 0.2°C steps for
obtaining data with higher resolution. The warming and cooling cycles were repeated thrice for

the same solution to confirm the cloud point.

2.5. Characterization of Equilibrium Concentrations

RLP-X and/or RLP-X-4Ac were dissolved in 1X PBS at various concentrations and their
solutions allowed to phase separate overnight at 0°C. Additionally, solutions of psRLP-W were
allowed to phase separate at 0°C, 4°C and 15°C in order to expand the co-existence curve to lower
and higher concentrations than those measured via turbidimetry assays. To plot the co-existence
curve of psRLP-W, the data acquired by UV-Vis spectroscopy and quantitative 'H NMR
spectroscopy were fitted to an asymmetric double sigmoidal curve by using the “Asym2Sig”
function in Origin graphing software. Samples of 10 yL. and 2 uLL were collected carefully from
the top and bottom layers respectively to prevent mixing of the two liquids and were subsequently
dissolved in 500 uL deuterium oxide (D,O) that contained 0.01 mg/mL 44-dimethyl-4-
silapentane-1-sulfonic acid (DSS) as an internal reference. The concentration of each component
was calculated from the 'H NMR spectrum acquired (64 scans) with a Bruker AVANCE NEO 400
MHz NMR spectrometer (Bruker, Billerica, MA) under quantitative conditions (with 0.01 mg/mL

DSS as an internal standard). T, relaxation times for all RLP-X or RLP-X-4Ac constructs were

10
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less than 2 seconds. For quantitative NMR analysis, a 90-degree pulse was used with a relaxation

delay of 15 seconds.

2.6. Hydrogel Formation

RLP-X and RLP-X-4Ac were dissolved in 1X PBS at various concentrations and mixed to
formulate different hydrogel precursor solutions corresponding to various concentrations and mass
ratios. A stock solution of the photoinitiator lithium phenyl-2.4,6-trimethylbenzoyl phosphinate
(LAP) was prepared in PBS at a concentration of 13.4 mg/mL. A 5% volume of LAP solution was
added to the hydrogel precursor solution to obtain a final LAP concentration of 2.2 mM. The
solution was warmed up in an Eppendorf 5333 MasterCycler Thermal Cycler to 70°C for 1 min,
cooled down in an ice bath for 1 min, and transferred to a precooled silicon chamber (5 mm
diameter, 0.5 mm thickness) on a Teflon tape-covered glass slide on ice. This was then covered
with another precooled Teflon tape covered-glass slide to ensure formation of a flat and cylindrical
hydrogel disc. The sample was then allowed to incubate for 5 min on ice to allow maturation of
the phase separation for a set period of time. After 5 minutes, the sample was irradiated with UV
light (365 nm, 5 mW/cm?) for 5 min with a collimated LED UV light source (Thorlabs (Newton,
NJ), Olympus, 365 nm, 745 mW). The UV intensity was confirmed with a radiometer. After 5
minutes of UV irradiation, the hydrogels were transferred to a petri dish containing 3 mL PBS as
a buffer sink to wash out any non-covalently bound sacrificial RLP from the hydrogel. Hydrogels
were stored at 4°C overnight prior to analysis via confocal microscopy and oscillatory shear

rheology.

11
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2.7. Confocal Microscopy for Characterization of Microstructure

Hydrogel microstructure was characterized with a Zeiss 780 multiphoton microscope (Carl
Zeiss, Inc., Thornwood, NY). A Chameleon Vision II Multiphoton laser with a 755 nm wavelength
was used to excite the autofluorescence of the RLP, and an NDD detection system was used to
image the multiphoton fluorescence and acquire confocal Z-stack images. The relatively small
sizes of the pores and their abundance in all planes of the Z-stack resulted in granular rendering of
maximum intensity projections, which made it challenging to visualize pore boundaries clearly for
quantification. Hence, representative planes from the center of respective Z-stacks were used for

visualization and to quantify pore diameters using ImagelJ.

2.8. Oscillatory Rheology

The oscillatory rheology experiments were conducted on a stress-controlled AR-G2 rheometer
(TA instruments, New Castle, DE) using 8 mm diameter stainless steel parallel-plate geometry.
Following fabrication, hydrogels were incubated in PBS overnight at 4°C and warmed to room
temperature at least one hour prior to testing. The swollen hydrogels were mounted on the
rheometer plates at room temperature (24°C), as maintained by a Peltier device during the
measurement. The geometry was set at a gap at which the normal force equaled 0.05 N to prevent
slippage. Shear storage moduli (G’) were recorded via time sweep measurements at a fixed
amplitude strain of 1% and fixed frequency of 1 Hz within the linear viscoelastic regime of the
hydrogels. Experiments were repeated on three individually prepared, synthetic replicates for each

precursor composition.

12
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2.9. In vitro cell culture

Human bone-marrow-derived mesenchymal stem cells (hMSCs) (Lonza, Walkersville, MD,
passage 4-6) were subcultured at a seeding density of 5000-6000 cells/cm? in T-182 flasks
(Corning, New York, NY) at 37 °C with 5% carbon dioxide (CO,) in MSCBM™ mesenchymal
stem cell basal medium (Lonza, MD). Cell culture medium was refreshed every 3 days. Upon
reaching ca. 80% confluence, cells were detached with Accutase™, counted, centrifuged, and
resuspended in MSCBM medium at a cell density of 2x10° cells/mL. In a biosafety cabinet, various
microstructured RLP hydrogels were prepared by adding 8 uL. of hydrogel precursors into each
well of a chambered coverslip (uncoated, x-Slide 15 Well 3D, ibidi, WI) using identical protocols
described in Section 2.6, with the exception that the hydrogels were washed one time with 40 yL.
PBS and incubated in 40 L. MSCBM overnight at 37°C (5% CO,) (rather than incubated in a 3
mL buffer sink). The following day, incubation media was removed and replaced with a cell
suspension to achieve a seeding density of 2x10° cells/mL on the hydrogel surface. h\MSC viability
after 24h and 48h was assessed by performing Live/Dead assays (Invitrogen™, Waltham, MA).
The hydrogels were washed with Hank’s Balanced Salt Solution (HBSS, with calcium and
magnesium) and placed in HBSS containing 2x10°M Calcein AM and 4x10-M ethidium
homodimer for 20 min at 37 °C, 5% CO,. After one wash with HBSS, the cells in and on the
hydrogels were imaged in HBSS while still alive. The cells in and on the hydrogels were then
imaged via laser scanning confocal microscopy on a Zeiss LSM 880 microscope (Carl Zeiss, Inc.,

Thornwood, NY); A, of RLP and Hoechst (405 nm), AeyAen Of calcein-AM (495/515 nm), Aey/Aem

13
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of ethidium homodimer (528/617 nm). Since the cells migrated to different Z-planes in the

hydrogel, maximum intensity projections of representative Z-stack images are reported.

2.10. Statistics

Data are expressed as the mean + standard error of the mean, unless otherwise specified.
Statistical comparisons between pore diameters were performed by one-way analysis of variance
(ANOVA) with Tukey HSD post-hoc tests. A two-way ANOVA was used to analyze differences
in shear storage moduli of non-microstructured control hydrogels or microstructured hydrogels of
different weight percents. If the F-test revealed significant statistical differences at the 0.05 level,
pairwise comparisons were made using Tukey HSD post-hoc. p-values less than 0.05 were
considered statistically significant. Statistical analysis was performed using JMP Pro 17 (JMP

Statistical Discovery LLC).

3. Results and Discussion

14
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Figure 1. Schematic illustration of the different RLPs, their properties, and functionalization. a)
Lysine residues in the aliphatic RLP-L. and aromatic RLP-Y can be functionalized with
photoreactive acrylamide groups via amide bond coupling to produce L-4Ac and Y-4Ac. b) Upon

cooling below its UCST, psRLP-W phase separates and forms protein-rich coacervates.

3.1. Polypeptide Design, Synthesis and Characterization

The polypeptides reported in this study were derived from the consensus sequence of Drosophila
melanogaster and synthesized in recombinant bacterial hosts based on previously reported
protocols (Figures S1,52).40424446 Their successful production and purity were confirmed via
MALDI-TOF-MS (Figure S3), analytical UPLC-ESI-MS (Figure S4), and SDS-PAGE (Figure
S5). All RLPs reported in this study comprise a fibronectin-derived RGD domain for cell adhesion
and a matrix metalloproteinase (MMP-1)%4717 cleavable domain to facilitate enzymatic
degradation and matrix remodeling. An average of four photocrosslinkable groups were installed

on each polypeptide chain to yield a pcRLP-Ac (RLP-X-4Ac) by reacting the primary amine

15
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groups of lysine with acrylic acid N-hydroxysuccinimide ester (Figure 1a). Two different RLPs,
in which the central amino acids were substituted with leucine (RLP-L) or tyrosine (RLP-Y)
residues, were employed to produce the aliphatic pcRLP-Ac (L.-4Ac) and aromatic pcRLP-Ac (Y-
4Ac) respectively (Figure la). 'H NMR spectroscopy was used to confirm the number of
acrylamide groups installed (Figure S6). In a previous study, it was demonstrated that substitution
of the central amino acid in the 12 repeats of GGRPSDSXGAPGGGN with select aromatic or
aliphatic residues could be utilized for precisely tuning their LLPS #° RLP-W, RLP-Y, and RLP-F
constructs in which the central amino acid was substituted with aromatic residues tryptophan,
tyrosine, and phenylalanine respectively, underwent LLPS upon cooling, with RLP-W undergoing
phase separation at transition temperatures 15 degrees higher than other aromatic analogues (RLP-
Y or RLP-F).* For these reasons, RLP-W was employed as the phase-separating RLP (psRLP-W)

for templating purposes (Figure 1b).

3.2. LLPS of psRLP-W/pcRLP-Ac Solutions

To screen favorable candidates for hydrogel formulation, turbidimetry measurements were
performed to determine the UCST cloud points of the different RLP constructs and their mixed
solutions at a final RLP concentration of 8 mg/mL in phosphate-buffered saline (Figure 2a). An
increase in optical density at 600 nm upon cooling from 50°C was indicative of a temperature-
triggered phase separation. At these relatively low concentrations, a UCST-like transition was
observed only in psRLP-W, consistent with our previous investigations in which high
concentrations of ammonium sulfate (a kosmotropic agent) and/or chemical modification with

acrylamide groups were required to induce LLPS in the aromatically enriched sequences.* In this

16
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study, the propensity of psRLP-W to phase separate was exploited to trigger phase separation upon
simple mixing with two different pcRLP-Ac constructs (Figure 2a). The differences (or lack
thereof) between the slopes of the turbidimetry curves of psRLP-W and other psRLP-W/pcRLP-
Ac solutions potentially indicated distinctions between their phase separation. Compared to the
turbidity curve of solutions of psRLP-W alone, a 1:1 mixed solution of W and Y-4Ac had a slightly
lower transition temperature, but a similar slope characteristic of rapid changes in turbidity with
decreasing temperatures (Figure 2a, Tables 1, S1). The slopes of the turbidimetry curves of the
aromatically enriched formulations resembled those reported previously for single component
solutions of polypeptides undergoing UCST-type phase separation.’*#°4% In contrast, a mixed
solution of W and L-4Ac exhibited a higher transition temperature, but a slower, more gradual

change in turbidity upon cooling.

a - 3.0% L-4Ac (8) b 25 e o ¥ Initial concentration
= o T (3 O NMR
8 254 Y-4Ac (8) / @ e UVis
g W (8) 204 @
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Figure 2. Phase separation of solutions of the different RLPs and their multicomponent
formulations. a) UCST transition is observed only in psRLP-W constructs; psRLP-W promotes
UCST transitions in 1:1 mixtures of psRLP-W and pcRLP-Ac solutions. Value in parenthesis
represents polypeptide concentration in mg/mL. Turbidimetry assays were performed in

phosphate-buffered saline, with cooling from 50°C to 0°C at a rate of 1°C/min. (n=3) b) Phase

17
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diagram of psRLP-W. Transition temperatures of psRLP-W are close to room temperature over a
range of concentrations. Solid circles represent data acquired via UV-Vis turbidimetry. Open
circles represent equilibrium concentrations of bulk phase separated emulsions acquired via
quantitative 'H NMR spectroscopy. The co-existence curve of psRLP-W was generated by fitting

the data to an asymmetric double sigmoidal curve (R? =0.96).

Table 1. UCST values of psRLP-W solutions and psRLP-W/pcRLP-Ac (L-4Ac and Y-4Ac)

solutions.

Construct UCST (°C)

L-4Ac (8 mg/mL, 16 mg/mL) -
Y-4Ac (8 mg/mL, 16 mg/mL) -

W (8 mg/mL) 11.0+0.6
W (16 mg/mL) 163+0.3
L-4Ac (8 mg/mL) + W (8 mg/mL) 203+1.5
Y-4Ac (8 mg/mL) + W (8 mg/mL) 73+0.3

Table 2. Equilibrium concentrations of psRLP-W in PBS.

Initial concentration Temperature Top phase Bottom
(Wt%) O (Wt%) phase (Wt%)
24 15 1.1 28.6
24 4 0.7 42.5
23 0 0.3 432

Although this initial screening of trends in phase separation at low concentrations (0.8 wt% or

1.6 wt%) was informative, it was critical to evaluate the phase behavior of hydrogel precursor

18
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formulations above the overlap polymer concentration (c*), to facilitate sufficient inter-chain
crosslinking for the formation of robust networks. A phase diagram of temperature vs. composition
was therefore generated to provide insight into the UCST phase behavior of the templating psRLP-
W over a wide range of concentrations. A combination of UV-Vis turbidimetry and quantitative
'"H NMR spectroscopy (Table 2) were employed to develop the coexistence curve in Figure 2b.
For a wide range of concentrations, psRLP-W phase separated upon cooling below the transition
temperatures which were close to room temperature. Subsequently, the phase separation of high
concentration precursor formulations was characterized for determining the conditions for the
production of microstructured hydrogels, and qualitative phase diagrams were generated via visual
determination of cloud points (Figure 3). Visual turbidimetry permitted rapid assessment of cloud
points while minimizing the quantity of RLP required for assessment. The visual cloud point
values of 14 wt%, 20 wt% and 26 wt% psRLP-W were very close to the values obtained from UV-

Vis turbidimetry and quantitative 'H NMR, thus confirming the utility of this approach.
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Figure 3. Phase diagrams of multicomponent formulations of psRLP-W and pcRLP-Ac. Contour
plots displaying the relationship between the transition temperature and various combinations of
distinct concentrations comprising increasing amounts of psRLP-W. White regions indicate that
the system remained soluble for those compositions. a) Aliphatic pcRLP-Ac (L-4Ac). b) Aromatic

pcRLP-Ac (Y-4Ac).

In the absence of psRLP-W in the formulation, neither aliphatic pcRLP-Ac (L-4Ac) nor aromatic
pcRLP-Ac (Y-4Ac) solutions demonstrated any cloudiness at any of the concentrations or
temperatures tested, indicative of the maintenance of a single phase. In both systems, the UCST
of the mixed solutions increased with increasing amounts of psRLP-W in the formulation (Figure
3). Consistent with UV-Vis turbidimetry assays performed on low-concentration solutions, LLPS
was induced at slightly higher transition temperatures in L-4Ac/W formulations compared to Y-
4Ac/W formulations (Figures 2a, 3, Table 1). The transition temperatures of both L-4Ac/W and
Y-4Ac/W formulations were below near or below room temperature for most compositions,
making them comparable to the transition temperatures reported for other aqueous protein/polymer
solutions, but dissimilar to the previously reported RLP/PEG formulations, which exhibited UCST
values above room temperature.**#-° Even at lower concentrations (4 wt%), the higher UCST
values of RLP/PEG formulations with multiarm PEG were likely due to the reduction in the change
of entropy of PEG arising from differences in architectural symmetry between the RLP and PEG

components.*>?!
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Table 3. Concentrations of pcRLP-Ac (L-4Ac or Y-4Ac) and psRLP-W in the top and bottom
phases of phase separated multicomponent formulations of 14 wt%, 20 wt%, and 26 wt% (w/v)

comprising 50/50 mass ratio.

RLP concentration (wt%, w/v)

L-4Ac/W formulations Y-4Ac/W formulations
L- L- L- Y- Y- Y-
4Ac w 4Ac w 4Ac w 4Ac w 4Ac w 4Ac w

Initial 70 70 100 100 130 130 |70 70 100 100 13.0 13.0
Top 6.9 12 99 1.8 134 48 |12 13 22 15 80 7.7

Bottom 1.7 272 0.6 125 64 137 | 9.8 207 116 155 4.1 23.7

Multicomponent formulations of 14 wt%, 20 wt%, and 26 wt% (w/v) comprising equal parts of
pcRLP-Ac (L-4Ac or Y-4Ac) and psRLP-W (50/50 mass ratio) in PBS remained miscible at room
temperature. Although cooling to 0°C initiated phase separation in all formulations, after overnight
incubation at 0°C, characterization of the composition of the top and bottom phases via quantitative
"H NMR indicated clear differences in their phase separation (Table 3, Figures S7, S8, S9). The
LLPS observed in L-4Ac/W solutions was similar to the previously reported LLPS in RLP/PEG
solutions, in which phase separation over time yielded a PEG-rich top layer and an RLP-rich
bottom layer.**# Comparably, in this report, solutions of L-4Ac and W phase separated over time
to form a L-4Ac-rich top layer and a W-rich bottom layer (Figure S7a, Table 3). Compared to the
initial composition of the formulation, the concentration of L-4Ac in the top phase remained
largely unchanged while the concentration of W decreased. In contrast, the concentration of L-
4Ac in the bottom phase decreased, accompanied by an increase in the concentration of W,
indicating that solutions of L-4Ac and W phase separated from each other. This propensity of L-

4Ac and W to phase separate from each other was also reflected in the higher transition
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temperatures (Figures 2a, 3a, Table 1) and dissimilarity of the slope of the L-4Ac/W formulation
compared to the turbidimetry trace of W alone (Figure 2a). Interestingly, contrasting behavior was
observed in formulations containing Y-4Ac and W in which both components phase separated
together to form a protein-rich bottom phase separated from a solvent-rich top layer, likely due to
favorable interactions between the aromatic amino acids Y and W (Figure S7b, Table 3). For the
14 wt% and 20 wt% 50/50 Y-4Ac/W solutions, after 1 day, the top layer showed substantial
depletion of both RLPs down to concentrations between 1% and 2%. The concentration of both
RLPs in the protein-rich bottom phase increased, with a more appreciable increment in the
concentration of RLP W compared to Y-4Ac. These favorable intermolecular interactions between
the aromatic residues of Y-4Ac and W resulted in more similar compositions and overall lower
transition temperatures (Figure 3b, Table 1). Despite the initial appearance of turbidity within 5
minutes, the highest concentration formulation of 26 wt% 50/50 Y-4Ac/W did not evolve into two
distinct phases after incubation at 0°C overnight. Nevertheless, samples were taken from the top
and bottom of the tube for comparison with the other formulations (Figure S8a, Table 3). After 32
days, two distinct layers appeared; with slow depletion of protein from the top layer which
contained 0.9 wt% Y-4Ac and 7.4 wt% W (Figure S8b). The bottom protein-rich phase contained

7.5 wt% Y-4Ac and 21.9 wt% W.

3.3. LLPS of psRLP-W/pcRLP-Ac Formulations for Fabrication of Microstructured

Hydrogels

Previous reports from our laboratories have demonstrated the utility of arresting the LLPS of

multicomponent solutions of RLP and a macromolecular crowding agent (PEG) to fabricate
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microstructured hydrogels.'*# RLP-rich domains of various diameters were obtained via kinetic
capture of maturing domains of different dimensions by photocrosslinking. Microscale RLP-rich
domains ranging from 10gm to 67um in diameter dispersed in a PEG-rich matrix were obtained
depending on the pre-incubation time of RLP/PEG solutions (e.g., 0 min or 10 min) prior to
photocrosslinking.** However, it has been extremely challenging to capture complementary
morphologies of PEG-rich domains dispersed in an RLP-rich continuous matrix because of the
rapid bulk phase separation at the high concentrations of formulations required. Therefore, the
objective of the studies reported here was to overcome these limitations and to develop a common
fabrication protocol for formulating pore-containing RLP hydrogels comprising different
microstructures. Instead of changing the incubation time prior to crosslinking, modifying the
amino acid composition of two different photocrosslinkable RLPs (L-4Ac or Y-4Ac) and the
differences in their intermolecular interactions with psRLP-W were used to control the pore

diameter and mechanical properties of the resulting microstructured hydrogels (Figures 4.5).

Precursor formulations of 14 wt%, 20 wt% and 26 wt% (w/v) were prepared by mixing equal
parts of hydrogel-forming pcRLP-Ac (L-4Ac or Y-4Ac) and psRLP-W (50/50 mass ratio). The
multicomponent RLP solutions were cooled to 0°C and subsequently photocrosslinked under
cytocompatible conditions to arrest the observed LLPS for producing microstructured hydrogels.
In the presence of cytocompatible, type I photoinitiator LAP, fast photopolymerization methods
were utilized to crosslink formulations containing functionalized pcRLP-Ac upon UV irradiation
(365 nm, 5 mW/cm?). The chain growth polymerization of acrylamide moieties in the pcRLP-Ac-
rich regions resulted in the formation of stable hydrogel networks. RLP-L. and RLP-Y lacking

acrylamide functionalization were incorporated in the formulations as controls to assess the impact
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of including non-phase separating sacrificial agents on network formation. Owing to its highly
charged and hydrophilic nature and lack of photofunctionality, any non-crosslinked RLP was
easily removed upon incubation in excess PBS (Figure S10). Phase separation of the precursor
formulations was reversible upon heating above their UCST (here 20°C) (Figure S11). Hence, of
importance to note, when photocrosslinking was performed above their UCST (20°C) both L-

4Ac/W and Y-4Ac/W formulations yielded hydrogels lacking any microstructure (Figure S12).

3.4. W-rich Coacervates Act As Templating Solutions for Fabrication of Microstructured

hydrogels in L-4Ac/W Formulations

Formulations in which the constituent RLPs L-4Ac and W phase separated from each other
resulted in microstructured hydrogels with decreasing pore diameters and increasing shear storage
moduli as the weight percent of the precursor solutions increased (Figure 4). The morphology of
this phase-separated system was arrested via photocrosslinking to yield crosslinked L-4Ac
matrices comprising non-crosslinked psRLP-W-rich templating solutions (Figure 4a).
Multiphoton microscopy was employed to distinguish between the microstructures obtained by
varying the composition of the multicomponent formulation. The autofluorescence of crosslinked
RLPs upon excitation with a 755 nm laser was used for visualization. Image analysis of
representative Z stacks of microstructured hydrogels revealed that significantly decreasing pore
diameters could be obtained by increasing the weight percent of the precursor solution. (Figure 4
b.c, 50/50 L-4Ac/W formulations, pore diameters of 154 +0.6,6.9+0.4,5.2+0.2 ym for 14wt%,
20wt%, and 26 wt%). In the absence of psRLP-W in the formulation, control hydrogels lacking

any microstructure were generated (Figure 4b, L-4Ac/L formulations).
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Once temperature-triggered phase separation is initiated, nuclei grow in size while the
composition of each phase remains constant, with only the volume fraction of each phase changing
until two distinct bulk phases are formed at equilibrium.>>5> Thus, the final concentration of the
crosslinked phase in the L-4 Ac/W hydrogels is expected to match the composition of the top phase
of the L-4Ac/W formulations in Table 3, indicating that microporous hydrogels of 6.9 wt%, 9.9
wt%, and 13.4 wt% are formed. Hydrogels with compositions closer to the overlap concentration
(ca. 8.75 wt%)*® were more sensitive to changes in concentration, resulting in hydrogels with more
tunable shear storage moduli (Figure 4d). Oscillatory shear rheology data indicate that the shear
storage moduli (G’) of non-microstructured L-4Ac hydrogels significantly increased by an order
of magnitude with increasing precursor concentrations (Figure 4d, 50/50 L-4Ac/L formulations,
with G’ values of 0.5 £ 0.0, and 2.9 + 0.8 kPa for 20 wt% and 26 wt%). Although not statistically
significant, similar trends were observed for the L-4Ac microstructured hydrogels (Figure 4d,
50/50 L-4Ac/W formulations, G’ values of 0.2 = 0.1, 0.8 + 0.1, and 54 + 0.3 kPa for 14wt%,
20wt%, and 26 wt%). Formulations in which the total mass of psRLP-W was kept constant showed

matching trends (Figure S13).

Porous L-4Ac hydrogels had higher or comparable shear storage moduli compared to bulk
hydrogels of the same L-4Ac concentration (Figure S14a), in contrast to systems employing
conventional salt/polymeric porogen templating methods in which an increase in pore volume
results in hydrogels with lower mechanical strength.**>¢ Furthermore, the presence of a phase-
separating templating solution was required for effective interchain crosslinking and network

formation in the 14wt% 50/50 L-4ac/W formulation for fabricating robust 7 wt% microporous
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hydrogels. Bulk hydrogels of 7 wt% L-4Ac, or those prepared from a 14 wt% (50/50 L-4Ac/L)
precursor comprising a non-phase separating templating solution, were too fragile for handling
and characterization (Figures 4, S14a). This observed improvement in the mechanical properties
of microstructured hydrogels (L-4Ac/W formulations) may be ascribed here to increased self-
association and interactions among polypeptide chains upon phase separation (Figures S15, S16,
S17) and is consistent with the improved toughness and viscoelasticity of hydrogels comprising
phase-separated polymer domains.’’ Similar increase in G’ was observed by Guo et al. below the
UCST of dual thermoresponsive hybrid poly(N-acryloylglycinamide) and poly(N-

isopropylacrylamide) hydrogels.>
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Figure 4. Microstructured hydrogels via phase separation of aliphatically enriched L-4Ac and the
aromatic W formulations. a) Schematic illustration depicting the process for fabrication of
microstructured hydrogels with tunable pore diameters and shear storage moduli. Cooling below
the UCST causes L-4Ac and W to phase separate. W-rich coacervates act as microscale templating
solutions during the photocrosslinking of the L.-4 Ac-rich complementary phase. Washing out any
non-crosslinked RLP yields microporous hydrogels. b) Autofluorescence images of
photocrosslinked RLP hydrogels. Maximum intensity projections of Z-stacks appeared grainy
upon superimposition. Hence for clarity of visualization of pore boundaries, representative planes
from the center of respective confocal Z-stacks are presented. The white signal corresponds to the
autofluorescence of RLP. Insets represent expanded micrographs; Scale bars, 100 um and 50 pm
for the inset. c) Pore diameter significantly decreased with increasing weight percent. Box plot
showing statistical distribution of the data for pore diameters obtained for each weight percent. *
represents statistically significant differences between the mean pore diameters (p < 0.05 by
ANOVA with Tukey HSD, n=100). d) Mechanical characterization of RLP hydrogels via
oscillatory rheology demonstrated that shear storage moduli increased with increasing weight
percent. x indicates that the hydrogel was too fragile for handling and characterization. * represents
statistically significant differences between the mean shear storage moduli. (p <0.05 by two-way

ANOVA with Tukey HSD, n=3)

3.5.Solvent-rich Domains Act As Templating Solutions for Fabrication of Microstructured

Hydrogels in Y-4Ac/W Formulations

Formulations in which the constituent RLPs Y-4Ac and W phase separated together from the

solvent resulted in microstructured hydrogels with different pore diameters but similar shear
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storage moduli even as the weight percent of the precursor solutions increased (Figure 5). The
morphology of this phase-separated system was arrested via photocrosslinking to yield crosslinked
Y-4Ac matrices that contained non-crosslinked solvent-rich templating solutions (Figure 5a).
Image analysis of representative Z stacks revealed that microstructured hydrogels could be
obtained for select Y-4Ac/W formulations. Beyond a certain required concentration in which no
pores were observed (14 wt%), pore diameters significantly decreased with increasing
concentrations (Figure 5b.c; 50/50 Y-4Ac/W formulations, pore diameters of 22.0 = 1.8, 16.0 +

0.5 pm for 20 wt% and 26 wt%).

In recent reports from our laboratories, Rekhi et al. showed that decreasing the aromatic
character of similar resilin-derived model artificial intrinsically disordered proteins (A-IDPs)
capable of undergoing UCST behavior, led to fewer interchain contacts in the protein
condensates.”® In the current studies, as indicated by their opacity, it is possible that a higher extent
of interchain contacts and polymerization-induced phase separation (PIPS)®¢! in bulk Y-4Ac
hydrogels afforded them higher shear storage moduli compared to L-4Ac bulk hydrogels of the
same composition (Figures S14, S15, S16). Compared to a non-phase separated hydrogel, local
enrichment of polypeptide likely results in formation of bicontinuous macro networks comprising
crosslinked bundles of polypeptide chains interconnected within a solvent-rich phase (Figure
S17). The possible formation of this macro network and a higher extent of interchain contacts may
lead to the increase in shear storage moduli reported in Figure S14. Furthermore, when W caused
Y-4Ac to separate from the solvent, there was a local increase in the Y-4Ac concentration, above
c*, in the protein-rich phase (Figure S16, Table 3). The resulting Y-4ac concentration in the

protein-rich phase in the Y-4Ac/W formulations was higher than the L-4Ac concentration in its L-
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4Ac-rich protein phase when the different systems phase separated (Table 3). This resulted in
higher G’ values overall (Figure 5d, 50/50 Y-4Ac/W formulations, G” values of 1.9 +0.4,2.7 +
04, and 43 + 1.2 kPa for 14 wt%, 20 wt%, and 26 wt%). Interestingly, the moduli of the
homogeneous (non-microstructured) control Y-4Ac hydrogels were statistically similar to the
corresponding formulations which yielded microstructured hydrogels (Figure 5d, 50/50 Y-4Ac/Y
formulations, G* values of 2.2 + 0.4 and 2.9 + 0.9 kPa for 20 wt% and 26 wt%). Furthermore,
porous Y-4Ac hydrogels had statistically similar shear storage moduli compared to bulk hydrogels
of the same Y-4Ac concentration (Figure S14b). The lack of statistical differences between the G’
values of all the Y-4Ac hydrogels could be attributed to PIPS (Figures S16, S17) and the relative
similarity of the total Y-4Ac concentration in the protein-rich phase, which was well above c*
(Table 3, Figure S14b, Figure S16). Similar trends were observed in microstructured hydrogels via
phase separation of Y-4Ac/W formulations in which the total mass of psRLP-W was kept constant
(Figure S18).

Although this system has been optimized for fabricating thin hydrogels (~ 0.5 mm thickness)
upon irradiation with UV light (365 nm, SmW/cm? for 5 minutes in the presence of 2.2 mM LAP),
Fairbanks et al. have provided that PEG-diacrylate hydrogels with thickness up to 1 cm can be
photocured by decreasing photoinitiator concentration, lengthening exposure times, and/or
increasing irradiation intensity.%?> If robust temperature control can be ensured throughout the
thickness of the hydrogel mold during fabrication, it is expected that this approach could be

extended to the fabrication of thicker hydrogels.
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Figure 5. Microstructured hydrogels via phase separation of aromatically enriched Y-4Ac and W
formulations. a) Schematic illustration depicting the process for fabricating microstructured
hydrogels with constant shear storage moduli and tunable pore diameters. Upon cooling below the
UCST, favorable interactions between Y-4Ac and W causes them to phase separate together from
the solvent. Solvent-rich domains act as microscale templating solutions during the
photocrosslinking of Y-4Ac in the Y-4ac and W-rich phase. Washing out any non-crosslinked RLP
yields microporous hydrogels. b) Autofluorescence images of photocrosslinked RLP hydrogels.
Maximum intensity projections of Z-stacks appeared grainy upon superimposition. Hence for
clarity of visualization of pore boundaries, representative planes from the center of respective
confocal Z-stacks are presented. The white signal corresponds to the autofluorescence of RLP.
Insets represent expanded micrographs; Scale bars, 100 um and 50 pum for the inset. c) Pore
diameter significantly decreased with increasing weight percent. Box plot showing statistical
distribution of the data for pore diameters obtained for each weight percent. § indicates absence of
pores in the resulting morphology. * represents statistically significant differences between the
mean pore diameters (p < 0.05 by ANOVA with Tukey HSD, n=100). d) Mechanical
characterization of RLP hydrogels via oscillatory rheology demonstrated that RLP hydrogels were
produced with no statistically significant differences between their mean shear storage moduli with
increasing weight percent or introduction of microstructure (p > 0.05 by two-way ANOVA with

Tukey HSD, n=3). x indicates that the hydrogel was too fragile for handling and characterization.

3.6. Cell Viability in Microstructured RLP Hydrogels
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20 wt% (L-4Ac/W 50/50)

B RLP, nuclei M Live M Dead

Figure 6. Microstructured RLP hydrogels are highly cytocompatible. Representative maximum
intensity projection images from confocal Z-stacks for 2D culture of hMSCs in 20 wt% L-4Ac/W
and 20 wt% Y-4Ac/W hydrogels at 24h and 48h. Colors indicate autofluorescence of RLP and
nuclei (Hoechst, blue), live cells (calcein, green), and dead cells (ethidium homodimer, red). Scale

bars, 100 um.

The cytocompatibility and ability of microstructured RLP hydrogels to support the attachment
of human mesenchymal stem cells (hMSCs) was evaluated by seeding cells on the surface of 20
wt% hydrogels (L-4Ac/W and Y-4Ac/W formulations) (Figure 6). Microstructured hydrogels with
open and interconnected pore networks are desirable for promoting cell ingrowth, colonization,
and vascularization.>* However, confocal micrographs for both L-4Ac/W and Y-4Ac/W hydrogels
likely suggest the presence of closed pores (Figures 4b,Sb). Hence, MMP-1 cleavable
GPQGIWGQG domains were incorporated in the middle of each RLP chain to allow for matrix
remodeling in the presence of MMP-1 as previously reported.*> Furthermore, all hydrogel
formulations were equipped with RGD domains to promote integrin-mediated cell adhesion. As

indicated by the representative confocal images, hMSCs remained highly viable after 48h; a
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majority of the cells stained green representing metabolic activity. The mainly small and rounded
morphology of the hMSCs was consistent with previous reports of 3D culture of hMSCs in RLP
hydrogels.*¢* After 48h, a small population of hMSCs also demonstrated elongated morphologies
in the 20 wt% Y-4Ac/W hydrogels which had a wider distribution of pore diameters (almost an
order of magnitude higher than the corresponding 20 wt% L-4Ac/W hydrogels (Figure S19)).
Qualitative visual observations indicated that all hydrogels studied degraded over 48h in the
presence of hMSCs, however no elongated morphologies were observed in non-microstructured
RLP hydrogels (Figure S20). These observations are consistent with a similar study by Lee et al.
in which an increasing amount of 10 kDa PEG-diol was employed as a polymeric porogen in
fibrinogen-based hydrogels. Formulations comprising higher concentrations of the sacrificial
PEG-diol increased the hydration and porosity while lowering the storage moduli of the resulting
fibrinogen hydrogels. Smooth muscle cells (SMCs) adopted spindle-like morphologies more
rapidly compared to the control hydrogels lacking the porosity afforded by a sacrificial porogen in

which the encapsulated SMCs remained spherical.

Notably, an overall fewer number of cells and lower cell viability were observed on non-
microstructured hydrogels fabricated from L-4Ac and L-4Ac/L formulations (Figure S20a, b). This
is attributed to potential differences in their nanoporosity compared to hydrogels fabricated from
Y-4Ac and Y-4Ac/Y formulations (Figures S15, S16). Similar trends were observed by Dong et
al.;% in which PIPS was employed to generate nanoporous scaffolds with higher surface-to-volume
ratios and improved permeability. Hep G2 epithelial cells demonstrated enhanced cell adhesion
and viability on the nanoporous scaffolds compared to non-porous controls.®> Similarly, in this

study, the improved cell viability and adhesion on nanostructured (Y-4Ac, Y-4Ac/Y) and
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microstructured (L-4Ac/W, Y-4Ac/W) hydrogels might be a feature of altered cell anchorage

owing to nanoscale topographical structures.56-%

The high cytocompatibility of these microstructured RLP hydrogels presents exciting
opportunities for developing tunable platforms for the culture and spatial patterning of multiple
cell types. Indeed, pore size is a key consideration when developing regenerative therapies** and
the pore sizes of the hydrogel scaffolds reported in this study fit the requirements for various
applications. For example, 5 ym pores are optimal for neovascularization,”® 5-15 ym pores are
preferable for fibroblast ingrowth,” and pores ranging from 20-125 ym have demonstrated success
in regeneration of adult mammalian skin.?*’>73 Importantly, the ability to specifically tune pore
sizes without significantly altering shear storage moduli (Figure 5c,d) provides opportunities for

developing highly modular and customizable cell-instructive platforms.

Efforts are underway to generate scaffolds with bicontinuous phases by arresting the phase
separation of a multicomponent formulation undergoing spinodal decomposition. We intend to
compare the scaffold colonization from the surface in systems with closed pores or bicontinuous
microstructures. It should be noted that this approach for scaffold fabrication was unsuccessful for
encapsulating hMSCs during hydrogel fabrication. Preliminary 3D cell encapsulation studies
indicated that during the wash step to remove the templating psRLP-W phase, cells rapidly and
preferentially migrated to the edges of the microchamber slide instead of attaching to the
microstructured scaffold. Furthermore, it is likely that the presence of cells can alter the phase

separation of the multicomponent formulation as a function of the cell concentration, shape, and
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size. Hence, further optimization of these formulations in the presence of cells will be studied for

their application in 3D cell encapsulation platforms.

4. Conclusions

In this study, the propensity of psRLP-W to undergo phase separation below its UCST was
exploited to trigger LLPS in photocrosslinkable pcRLP-Ac at 0°C. The interactions between
psRLP-W and pcRLP-Ac could be precisely controlled by selectively enriching pcRLP-Ac with
aliphatic leucine residues or aromatic tyrosine residues. Photocrosslinking methods were utilized
for the facile capture of sequence-dependent LLPS of multicomponent formulations of RLPs for
fabricating microstructured hydrogels. 'H NMR spectroscopy and confocal microscopy data
indicate that formulations in which the RLPs L-4Ac and psRLP-W preferred to phase separate
from each other resulted in microporous hydrogels in which psRLP-W-rich domains acted as
templating solutions. In contrast, formulations in which there were favorable intermolecular
interactions between aromatic residues in Y-4Ac and psRLP-W resulted in phase separation of
both proteins from the solvent and yielded solvent-rich domains as microscale templating agents
during photocrosslinking. Furthermore, these materials were successfully employed for the culture
of hMSCs without loss of viability. Hence, these microstructured hydrogels present exciting
opportunities for developing highly customizable platforms for regenerative medicine
applications.
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Figures of RLP-X sequence, MALDI-TOF MS spectra, UPLC MS spectra, and SDS-PAGE of
purified RLP-X constructs, '"H NMR spectra of acrylamide functionalized RLPs, pictures of
various multicomponent formulations undergoing phase separation over time, confocal
micrographs of hydrogels fabricated above the UCST of the formulation (20°C), characterization
of microstructured hydrogels formed via the phase separation of L-4Ac/W or Y-4Ac/W
formulations with the total mass of W kept constant, comparison between the shear storage moduli
of microporous hydrogels and bulk hydrogels of the same concentration, effect of fabrication
temperature on the optical and mechanical properties of bulk hydrogels, schematic summarizing
the differences between the L-4Ac/W and Y-4Ac/W systems, additional confocal micrographs

comparing the cytocompatibility of non-microstructured RLP hydrogels.
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