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ABSTRACT: Matrix stiffness and fibrous structure provided by the native extracellular
matrix have been increasingly appreciated as important cues in regulating cell behaviors.
Recapitulating these physical cues for cell fate regulation remains a challenge due to the
inherent difficulties in making mimetic hydrogels with well-defined compositions,
tunable stiffness, and structures. Here, we present two series of fibrous and porous
hydrogels with tunable stiffness based on genetically engineered resilin-silk-like and
resilin-like protein polymers. Using these hydrogels as substrates, the mechanoresponses
of bone marrow mesenchymal stem cells to stiffness and fibrous structure were
systematically studied. For both hydrogel series, increasing compression modulus from
8.5 to 14.5 and 23 kPa consistently promoted cell proliferation and differentiation.
Nonetheless, the promoting effects were more pronounced on the fibrous gels than their
porous counterparts at all three stiffness levels. More interestingly, even the softest
fibrous gel (8.5 kPa) allowed the stem cells to exhibit higher endothelial differentiation
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capability than the toughest porous gel (23 kPa). The predominant role of fibrous structure on the synergistic regulation of
endothelial differentiation was further explored. It was found that the stiffness signal activated Yes-associated protein (YAP), the
main regulator of endothelial differentiation, via spreading of focal adhesions, whereas fibrous structure reinforced YAP activation by
promoting the maturation of focal adhesions and associated F-actin alignment. Therefore, our results shed light on the interplay of
physical cues in regulating stem cells and may guide the fabrication of designer proteinaceous matrices toward regenerative medicine.

Bl INTRODUCTION

The native extracellular matrix (ECM) is a highly complex
fibrous network with tunable rigidity and micro/nanohier-
archical structures. It could not only serve as a stable scaffold
for cell organization but also provide a versatile microenviron-
ment with controllable biophysical and biochemical cues for
regulating stem cell behaviors and functions.'™ Increasing
evidence indicates that the cellular response to environment
signaling goes far beyond the biochemical cues.*”® Biophysical

matrix morphology.

.29,
spreading,””

specific cell type.”” Particularly, the stiffness-driven signaling
pathways were continuously revealed, and hence how stiffness
manipulated the cell behaviors were gradually identifie
However, the above studies only emphasized the contributions
of the matrix stiffness to cell fate but ignored the effects of
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The fibrous architecture of matrix has been recently
recognized as a key element to re§ulate cell functions, such
. . 27728 3

as proliferation,

. .. 1,32
and differentiation.’'”*

signals from ECM, especially matrix stiffness and topography,
have gradually been recognized as key factors in regulating
versatile cellular behaviors ranging from cell adhesion to
differentiation.” "

During the past decades, many efforts have been devoted to
the recapitulation of the role of matrix stiffness in regulating
cellular behaviors and functions using various materials
including hyaluronic acid,"*? alginate,13 silk,'* and gelatin.15
By mediating the stiffness of the matrices, the cell spreading
and proliferation rate were well controlled."*™"" In addition,
stem cell fate could also be guided by tuning matrix
stiffness.””*' Evidence indicates that stiffness could not only
induce differentiation of stem cells into various cell types,””
such as neurons, osteoblasts, and endothelial cells, but also
regulate the extent to which stem cells can differentiate into a
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Various natural or synthetic polymers, such as silk,” gelatin,”'
dextran,”® polycaprolactone,”™ and poly(ether carbonate
urethane) urea,”® have been fabricated into diverse materials
with micro/nanofiber topography to regulate cell behaviors.
Despite the positive effects of these fibrous materials on cell
regulation, whether the material stiffness had a role and
synergistic effect remains unclear’” ™ because the fabrication
of diverse topographical structures would simultaneously alter
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multiple material parameters including the stiffness.”” There-
fore, it is essential to design and fabricate ECM-mimic
materials with fibrous structure and tunable stiffness for cell
regulation studies.

Our group has been dedicated to studying how to fabricate
diverse hydrogels with tunable stiffness and fibrous morphol-
ogies based on genetically engineered proteins.”*~*° Notice-
ably, recombinant resilin-like protein hydrogels have been
broadly utilized in the field of tissue engineering due to their
biocompatibility and tuning mechanical features."' Further-
more, resilin-like blocks as the intrinsically disordered
structures could be further designed to contain the chimeric
domain of silk-like blocks to fabricate diblock copolymers with
tunable fibrillization morphologies, which may provide a
feasib}é strategy to fabricate hydrogels with fibrous struc-
tures.

Herein, the RGD-modified resilin-like (RGD-R32) and
resilin-silk-like proteins (RGD-RS) were first designed and
biosynthesized. These proteins were then cross-linked into
porous or fibrous hydrogels with varying stiffness. Utilizing the
fabricated protein hydrogels, we systematically investigated the
effects of stiffness and fibrous structure in regulating bone
marrow mesenchymal stem cells (BMSCs) proliferation,
morphology, endothelial differentiation, and underlying
mechanotransduction. We found that the fibrous topography
and stiffness of these hydrogels synergized to drive
mechanosensitive responses by rearranging cellular focal
adhesions and morphologies. These results shed light on the
interplay of the physical cues in manipulating cell behaviors
and fate and provided a roadmap for designing biomimetic
ECM to meet the need of tissue engineering and regenerative
medicine.

B MATERIALS AND METHODS

Construction of Expression Plasmids. Plasmids pET19b-R32
and pR4S8-5 were reported previously,**** which allowed the
expression of 32 repeats of the resilin-like sequence (GGRPSDSY-
GAPGGGN) and 5 repeats of R4S8 [(GGRPSDSY-
GAPGGGN),(GAGAGS)g]. To meet the demand on cell culture,
an inverse PCR was performed to introduce the Arg-Gly-ASP (RGD)
cell-binding sequence to the aforementioned plasmids using primers
RGD-forward (5'-CGTGGTGATATCGACGACGACGACAAG-3')
and RGD-reverse (5-ATGGCCGCTGCTGTGATGATG-3') by
KOD-Plus-Mutagenesis Kit (TOYOBO, Osaka, Japan). The resulting
constructs were identified by double digest with Ndel and BamHI-HF
and further confirmed by DNA sequencing. Plasmids pRGD-R32 and
pRGD-R4S8-5 were thus obtained that encoded RGD-functionalized
resilin-like protein (RGD-R32) and resilin-silk-like protein (RGD-
RS), respectively, under transcriptional control of the strong T7
promoter.

Expression and Purification of Protein Polymers. The
plasmids pRGD-R32 and pRGD-R4S8-5 were separately transformed
to chemically competent Escherichia coli strain BL21(DE3) to express
the protein polymers according to previously reported protocols.*”**
Briefly, E. coli cells were sequentially cultured in Luria-Bertani (LB)
and Terrific Broth (TB) medium containing 100 yg mL™" ampicillin
at 37 °C with 220 rpm shaking until the optical density at 600 nm
(ODyggo) reached 6—8 and then mixed with 0.1 mM isopropyl f-p-1-
thiogalactoside (IPTG) at 16 °C for 12—14 h with 220 rpm shaking.
The following steps including purification by Ni-NTA agarose resin
affinity columns, dialysis in deionized water, and vacuum lyophiliza-
tion were performed to harvest desired proteins. Protein purity was
confirmed via 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), followed by densitometry analysis of
the gel using Image] software (version Fiji, National Institutes of
Health). The molecular weight of the protein was further identified by
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matrix-assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectrometry (Autoflex Speed; Bruker Daltonics, Leipzig,
Germany).

Characterization of Protein Polymer Assemblies in Sol-
ution. Atomic force microscopy (AFM) images were captured in
tapping mode using an Environment Control AFM System with a
Nanonavi E-Sweep Model (SII Nano Technology Inc., Shizuoka,
Japan). To prepare the specimens, the lyophilized proteins dissolved
in Dulbecco’s phosphate buffer solution (D-PBS, Sangon Biotech.,
Shanghai, China) at a concentration of 100 ng mL™" were incubated
at 37 °C for 0.5 h and then separately cast onto mica surfaces.
Subsequently, the mica surfaces were rinsed with deionized water and
air-dried. The specimens were then analyzed using a commercial
silicon tip probe with the line-scan rate of 2 Hz for 2 ym by 2 pm scan
regions. The acquired images were further processed by the
NanoNavi II analysis software (SII Nano Technology Inc., Shizuoka,
Japan).

Thioflavin-T (ThT)-staining experiment was conducted to
characterize the formation of amyloid-like fibrils in protein solutions
using Spark Multimode Microplate Reader (Tecan, Seestrasse,
Switzerland). Ten microliters of protein solution at the specified
concentrations were separately incubated at 37 °C for 0.5 h and then
put into 100 L of ThT solutions with a final concentration of 220 ug
mL™". Equal volumes of D-PBS solutions were chosen to substitute
protein solutions for background subtraction. Each sample was
thoroughly mixed by pipetting up and down three times and
transferred into a 96-well quartz plate. The fluorescence intensity was
immediately collected on the plate reader by setting excitation and
emission wavelengths to 440 and 480 nm, respectively.

Fabrication of Protein Hydrogels. The photochemical cross-
linking strategy was adopted to fabricate RGD-R32 hydrogels. Protein
solutions dissolved in D-PBS buffer with final concentrations of 8, 10,
and 12% w/v, respectively, were incubated at 37 °C for 0.5 h and then
mixed with [Ru(bpy);]** (final concentration of 0.1 mM) and
ammonium persulfate solutions (final concentration of 10 mM) for
irradiation for S min using a 200 W white-light source. The
horseradish peroxidase (HRP)-catalyzed cross-linking strategy was
adopted to fabricate RGD-RS hydrogels. Similarly, pre-incubated
protein solutions at 37 °C for 0.5 h with final concentrations of 6, 8,
and 10% w/v, respectively, were mixed with HRP (final enzyme
activity of 600 U mL™") and hydrogen peroxide (final concentration
of 0.03% w/w) for 5 min in a 37 °C incubator. Before use, all samples
were rinsed with D-PBS solutions.

Mechanical Testing. The compression testing of the hydrogels
was performed on an Instron 5944 testing machine fitted with a 10 N
loading cell (Instron Corporation, Canton, U.K.) at room temper-
ature with humidity of around 65%. The hydrogel specimens were
prepared inside a cylindrical mold with 8 mm diameter and 3 mm
height. All of the tests were conducted at a loading rate of 0.5 mm
min~! with a compressive strain of 20%. Compressive moduli were
calculated from the slope of the linear elastic region derived from the
compressive stress—strain curves.

Structural and Morphological Characterization. Fourier
transform infrared spectroscopy (FTIR) was conducted on a Nicolet
6700 spectrometer (Thermo Fisher Scientific Inc., Waltham, MA) in
the transmission mode. For the lyophilized gel samples, 64 scans were
co-added in the wavenumber range of 400—4000 cm ™" at a resolution
of 4 cm™'. Amide I region ranging from 1600 to 1700 cm™' was
chosen to analyze the secondary structure of protein hydrogels. The
morphological structures of protein hydrogels were characterized
using a Hitachi S-3400N scanning electron microscope (Hitachi,
Tokyo, Japan). Before imaging, lyophilized hydrogels were mounted
on a copper plate and coated with gold using a Leica EM SCDO050
device (Leica Microsystems GmbH, Wetzlar, Germany).

Cell Culture. Wistar rat bone marrow mesenchymal stem cells
(BMSCs), purchased from the Cell Bank of Chinese Academy of
Science, were cultured in the a-MEM containing 10% fetal bovine
serum (FBS) and 1% streptomycin/penicillin from Gibco (Grand
Island, NY) and placed in an incubator with a constant humidity at 37
°C and 5% CO, atmosphere. For endothelial differentiation,
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Figure 1. Biosynthesis and self-assembly of the recombinant protein polymers. (A) Genetic constructs of recombinant RGD-R32 and RGD-RS. (B)
Ten percent SDS-PAGE analysis of the purified proteins. (C) Representative AFM images of amorphous aggregates from RGD-R32 and self-
assembled nanofibers from RGD-RS upon incubation at 37 °C for 0.5 h. Scale bar: 200 nm. (D) ThT fluorescence assay of the proteins with
varying concentrations upon incubation at 37 °C for 0.5 h. Data are derived from n = 3 biological replicates and presented as mean = s.d. Statistical
significance was determined using one-way ANOVA (NS, not significant with p > 0.05; *p < 0.05).

recombinant rat vascular endothelial growth factor 164 (VEGF164;
Beyotime, Shanghai, China) at a final concentration of 50 ng mL™"
was added into the medium. The hydrogels for cell culture were
prepared as described above in 48-well tissue culture plates (Thermo
Fisher Scientific Inc, Waltham, MA) with 100 uL of premixed
solutions, including pre-incubated protein solutions and various
reactive reagents. Notably, all solutions were filtered using a 0.22 ym
filter before mixing, and all hydrogels were soaked in @-MEM and
sterilized under germicidal UV light for 1 day before seeding cells.
Cells from passages 3—5 were used in all experiments. The culture
medium was replaced every two days.

Cell Viability and Proliferation. To evaluate cell viability and
proliferation, 20,000 cells were separately seeded on each hydrogel
prepared in a 48-well tissue culture plate. For cell viability assay,
BMSCs were cultured on hydrogels for three days and stained with
Live/Dead Cell Imaging Kit (Thermo Fisher Scientific Inc., Waltham,
MA) after rinsing with D-PBS three times. Ultrahigh-resolution
confocal imaging of stained cell samples was performed using a Leica/
TCS SP8 STED X3 confocal microscope (Leica Microsystems
GmbH., Wetzlar, Germany) with 488 nm (green, live cells) and 570
nm (red, dead cells) excitation filters.

For cell proliferation testing, Cell Counting Kit-8 (CCK-8) assay
was performed following the manufacturer’s protocol (Beyotime,
Shanghai, China). Briefly, the cells were separately cultured on
different substrates for 1, 3, 5, and 7 days under standard conditions.
At the appointed time, 200 L of fresh medium and 20 uL of CCK-8
solutions were sequentially added to the rinsed cells with D-PBS and
incubated for 2 h at 37 °C. Absorbance at 450 nm was then collected
to analyze cell proliferation behavior using Spark Multimode
Microplate Reader.

Immunofluorescence Assay. To evaluate the organization of the
cell cytoskeleton, focal adhesion morphology, and YAP location,
10,000 cells were seeded on each hydrogel and cultured in a-MEM
for 1 day at standard conditions. To evaluate the endothelial
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differentiation, 20,000 cells were seeded on each hydrogel and
cultured in a differential medium for 7, 14, and 21 days.

At the appointed time, BMSCs cultured on hydrogels were fixed
with 4% paraformaldehyde (15 min), permeabilized with 0.1% Triton
X-100 for 15 min, and then blocked for 30 min using the QuickBlock
buffer (Beyotime, Shanghai, China) at room temperature. After that,
the cells were incubated with the primary antibodies (diluted in
blocking buffer) and fluorescein isothiocyanate (FITC) labeled
phalloidin (Sigma-Aldrich, St. Louis, MO) for F-actin stain at the
final concentration of 0.01 mg/mL overnight at 4 °C. After washing
thoroughly with D-PBS, the cells were then stained with goat
antimouse polyclonal secondary antibody (diluted in blocking buffer)
for 1 h at room temperature. Before imaging, cell nuclei were
counterstained with 4',6-diamidino-2-phenylindole (DAPI) for 15
min at room temperature. Ultrahigh-resolution confocal imaging of
stained samples was performed using a Leica/TCS SP8 STED X3
confocal microscope. All images were further processed using the
Image] software. Notably, the mouse monoclonal antibody against
CD31 (Abcam, Cambridge, U.K.) diluted to 1:100, mouse
monoclonal antibody against vinculin (Proteintech Group Inc.)
diluted to 1:50, and mouse monoclonal antibody against YAP
(Proteintech Group Inc.) diluted to 1:100 were used to evaluate
endothelial differentiation, focal adhesion morphology, and YAP
location, respectively. FITC-conjugated secondary antibody (Protein-
tech Group Inc.) diluted to 1:10 was used for the analysis of CD31,
and tetraethyl rhodamine isothiocyanate (TRITC) labeled secondary
antibody (Proteintech Group Inc.) diluted to 1:50 was used for the
analysis of focal adhesion and YAP.

Quantitative Image Processing. The cell alignment index was
quantified by the kurtosis of angle distribution based on a two-
dimensional fast Fourier transform (2D FFT) image analysis.*
Briefly, the fluorescent cell images were converted to 8-bit grayscale
and then cropped with the 1024 X 1024 pixel mask to reduce edge
effects. The processed images were then subjected to 2D FFT analysis
via Image]J software to determine the pixel intensity distribution along
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Figure 2. Fabrication and characterization of the protein hydrogels. Schematic illustration of (A) photo-induced cross-linking to fabricate RGD-
R32 hydrogels and (B) HRP-catalyzed cross-linking to fabricate RGD-RS hydrogels. (C) Representative stress—strain curves of the hydrogels under
20% axial compressive load at the strain rate of 0.5 mm min™". The dotted and solid lines represent the RGD-R32 and RGD-RS hydrogels derived
from precursor solutions with the indicated protein concentrations. (D) Compressive modulus of the hydrogels calculated from the linear region
(10% strain) of each stress—strain curve. The open and solid bars represent the RGD-R32 and RGD-RS hydrogels, respectively. (E) Amide I
regions of the FTIR spectra of the hydrogels described in panel C. Data are derived from n = 3 biological replicates and presented as mean + s.d.
Statistical significance was determined using one-way ANOVA (NS, not significant with p > 0.05).

A

RGD-R32

Figure 3. Cross-sectional SEM images of the lyophilized RGD-R32 (A) and RGD-RS (B) hydrogels fabricated from different concentrations of pre-
incubated protein solutions at 37 °C for 0.5 h. Scale bar: 10 ym. Data are representative of five independent experiments.

the radian. The alignment index was defined as the fraction of actin
fibers that were aligned within 20° of the peak angle, and this was
normalized to the fraction of randomly oriented fibers that would lie
within this range. A randomly aligned matrix would have an alignment
index of 1, and the higher the value, the higher the fraction of actin
fibers aligned near the peak angle.

An online Focal Adhesion Analysis Server was used to quantify the
FA area and elongation index per cell according to the protocol.* The
FA elongation index was quantified according to the following
formula: FA elongation = major axis length/minor axis length.
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To evaluate the YAP nuclear location of cells, the nucleus-to-
cytosol intensity ratio was calculated according to the following
formula: intensity ratio (nuc/cyt) = Liue/Lyy where L, and I,
represent the intensity values of the pixels inside the nucleus and
just outside the nucleus region with the same area.

Quantitative Real-Time PCR (qPCR) Analysis. Twenty
thousand cells were seeded on each hydrogel and cultured for 7,
14, and 21 days using the differential medium. At the appointed time,
the total RNA was extracted using a HiPure Total RNA Micro Kit
(Angen Biotech Co., Ltd, Guangzhou, China) following the
manufacturer’s protocol. Complementary DNA (cDNA) was
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Figure 5. Effects of fibrous structure and stiffness of the protein hydrogels on the morphology of BMSCs. (A) Representative confocal images of
the BMSCs stained with Phalloidine-FITC (actin, green) and DAPI (nuclei, blue). The cells were cultured on the hydrogels for 1 day and stained
before imaging. Scale bar: SO pm. Quantification of spreading area (B), circularity index (C), aspect ratio (D), and alignment index (E) of the
BMSCs. The open and solid bars represent the cells cultured on the respective RGD-R32 and RGD-RS gels. Data in (A) are representative of n = 6
biological replicates. Data in (B)—(E) are derived from n = 6 biological replicates (over S00 single cells) and presented as mean =+ s.d. Statistical

significance was determined using one-way ANOVA (*p < 0.05).

synthesized using a RevertAid First Strand ¢DNA Synthesis Kit
(Thermo Fisher Scientific, Waltham, MA). qPCR analysis was
performed using a qTOWER3G touch system (Analytik Jena AG,
Jena, Germany) loaded with mixtures of the Luna Universal gPCR
Master Mix (New England Biolabs Inc., Ipswich, MA), template
DNA, and specific primers. The primers used for housekeeping gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were
GAPDH-forward (S’-AACTTGCCGTGGGTAGAGTC-3’) and
GAPDH-reverse (5'-AACTTGCCGTGGGTAGAGTC-3'). The pri-
mers used for the targeted CD31 gene were CD31-forward (5'-
GGACTGCGCCCATCACTTACC-3') and CD3l-reverse (5'-
TCATCCACCGGGGCTATTACCTT-3'). The relative fold gene
expression of CD31 was calculated using a relative quantitative
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method (the 20AACY method), with normalization to the house-
keeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
and calibration to the sample with the highest /\Ct-value.
Western Blot Analysis. Twenty thousand cells were seeded on
each hydrogel and cultured for 14 days using the differential medium.
The cells were lysed using a RIPA lysis buffer containing 1 mM
phenylmethanesulfonyl fluoride (Beyotime) following the manufac-
turer’s protocols. Total proteins were collected and quantified using a
BCA kit (Thermo Fisher Scientific Inc., Waltham, MA). Proteins were
separated in 10% SDS-PAGE, followed by the transfer to
polyvinylidene fluoride (PVDF) membrane. The PVDF membranes
were blocked using the QuickBlock buffer (Beyotime) for 30 min at
room temperature and incubated with mouse monoclonal antibody
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Figure 6. Effects of fibrous morphology and stiffness on the endothelial differentiation of the BMSCs cultured in the medium with VEGF. (A)
Confocal imaging of the cells cultured for 14 days and immuno-stained for testing CD31 expression (green). The nuclei were stained with DAPI
(blue). Scale bar: 100 ym. (B) Relative CD31 gene expression levels from the cells cultured on the RGD-R32 (open bars) and RGD-RS (solid
bars) gels on days 7, 14, and 21. The fold change values were calculated relative to the cells cultured on the ~8.5 kPa RGD-R32 gel on day 7. (C)
Western blot analysis of the CD31 protein in the cultured cells on day 14. Data in (A) are representative of n = 6 biological replicates, and data in
(B) are derived from n = 3 biological replicates and presented as mean + s.d. Data in (B) and (C) are representative of three independent
experiments. Statistical significance was determined using one-way ANOVA (*p < 0.05).
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Figure 7. Effects of fibrous morphology and stiffness of the protein hydrogels on YAP nuclear localization. (A)—(C) Immunofluorescence labeling
and confocal images of YAP (red) with nucleus (blue) and F-actin (green) counterstain for the BMSCs cultured on the gels with varying stiffnesses.
Scale bar: 25 um. (D) Quantification of the ratio of the fluorescence intensity of nuclear YAP to that in the cytosol (nuc/cyt). The open and solid
bars represent the cells cultured on the RGD-R32 and RGD-RS hydrogels, respectively. Data in (A)—(C) are representative of n = 8 biological
replicates. Data in (D) are derived from n = 8 biological replicates (over 600 single cells) and presented as mean =+ s.d. Statistical significance was
determined using one-way ANOVA (*p < 0.05).

against CD31 (Abcam, Cambridge, U.K.) diluted to 1:200 in blocking
buffer or a mouse monoclonal antibody against GAPDH (Proteintech
Group, Inc.) diluted to 1:1000 in blocking buffer at 4 °C overnight,
followed by HRP-linked horse antimouse secondary antibody
(Proteintech Group, Inc., Philly, PA) diluted to 1:2000 in blocking
buffer for 1 h at room temperature. Autoradiography was performed
to detect the band of CD31 protein using the BeyoECL Moon Kit
(Beyotime).

Statistical Analysis. All data were derived from at least three

biological replicates and presented as mean =+ s.d. Statistical
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differences were analyzed using a one-way analysis of variance
(ANOVA), and a p-value less than 0.05 indicated statistical
significance.

B RESULTS AND DISCUSSION

Biosynthesis and Characterization of Recombinant
Protein Polymers. To design materials suitable for cell
cultures, an Arg-Gly-ASP (RGD) cell-binding domain was
genetically fused to N terminus of protein polymer R32
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Figure 8. Effects of fibrous morphology and stiffness of the protein hydrogels on focal adhesion. (A)—(C) Immunofluorescence labeling and
confocal images of vinculin (red) with nucleus (blue) and F-actin (green) counterstain for the cells cultured on the gels with varying stiffnesses.
Scale bar: 25 ym. (D) Focal adhesion area and (E) elongation index of the cells cultured on the respective RGD-R32 (open bars) and RGD-RS
(solid bars) gels. Data in (A)—(C) are representative of n = 8 biological replicates. Data in (D) and (E) are derived from n = 8 biological replicates
(over 500 single cells) and presented as mean =+ s.d. Statistical significance was determined using one-way ANOVA (*p < 0.05).

containing 32 repeats of the resilin-like sequence
(GGRPSDSYGAPGGGN) and RS containing S repeats of
R4S8 [(GGRPSDSYGAPGGGN),(GAGAGS);], respectively,
termed as RGD-R32 and RGD-RS (Figure 1A). These two
proteins were expressed in the host cell E. coli BL21 (DE3) and
purified using Ni-chelating affinity chromatography. SDS-
PAGE analysis revealed that the purity of both proteins
reached more than 90% (Figure 1B). However, aberrant gel
mobility was consistently observed, which might be due to the
intrinsically disordered structures of target proteins. Thus, we
further identified the proteins by MALDI-TOF MS, which
proved that the molecular weights of RGD-R32 and RGD-RS
proteins were 49,747.57 and 46,144.93 Da (Figure S1),
consistent with their theoretical molecular weights as shown
in Figure 1A. The yields of purified RGD-R32 and RGD-RS
proteins were approximately 45 and 7S mg L™/, respectively, of
bacterial culture in shake flasks.

Resilin-silk copolymers (RS) were reported to have the
capability of self-assembly into fibrillar structures.”” To identify
whether the RGD-functionalized RS proteins still have the
ability, AFM imaging was performed. As shown in Figure 1C,

1783

the RGD-RS protein could form uniform nanofibers exceeding
several micrometers in length and 28 + 6 nm in diameter with
incubation at 37 °C for 0.5 h, which proved that incorporated
RGD did not interfere with the assembly of RS proteins. On
the contrary, the RGD-R32 protein could only form
amorphous aggregates, which was consistent with our previous
findings on the R32 protein.”” To quantify the fibrillar
structures of the RGD-RS protein at different concentrations,
the ThT fluorescence assay was performed. Interestingly, the
ThT fluorescence intensity of RGD-RS almost linearly
increased with protein concentrations while no changes were
observed for RGD-R32, suggesting that the formation of RGD-
RS fibrils profited from the p-sheet formation and was
concentration-dependent (Figure 1D). Taken together, two
types of protein polymers with and without fibrillar assembly
capability have been successfully synthesized.

Preparation and Characterization of Recombinant
Protein Hydrogels. To fabricate the RGD-R32 and RGD-RS
protein hydrogels with comparable mechanical features and
suitable for endothelial differentiation, dityrosine cross-linking
methods catalyzed by ruthenium (Figure 2A) or horseradish
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peroxidase (Figure 2B) were used to cross-link different
concentrations (6—12% w/v) of RGD-R32 and RGD-RS
proteins, respectively. The mechanical properties of these gels
were then determined by compression tests. According to the
stress—strain curves (Figure 2C), the compressive modulus
(defined as the slope of a uniaxial stress—strain curve,
indicative of the gel stiffness) was elevated with an increase
in the precursor protein concentration for both series of the
hydrogels. Notably, similar compressive moduli were obtained
between each group for RGD-R32-8% and RGD-RS-6%, RGD-
R32-10% and RGD-RS-8%, and RGD-R32-12% and RGD-RS-
10%, which were respectively ~8.5, ~14.5, and ~23 kPa
(Figure 2D), covering suitable stiffness for endothelial
differentiation.”>*"*

To understand the conformational structures of the
hydrogels, FTIR analysis was performed. As shown in Figure
2E, RGD-R32 hydrogels showed a major peak at ~1654 cm ',
indicating the existence of predominant random coils. In
contrast, a major peak at ~1637 cm™' was observed for the
RGD-RS gels, suggestive of the formation of S-sheet structures,
which might be attributed to the fibrillar aggregations of silk-
like blocks.

To further identify the internal morphologies of the
hydrogels, SEM analysis was performed. The acquired images
showed that all of the RGD-R32 hydrogels exhibited
homogeneous porous structures, and the pore sizes decreased
as the concentration of protein increased (Figure 3A), while
the RGD-RS hydrogels exhibited fibrous network structures at
both nano- and microscales, which were also adjustable by the
protein concentrations (Figure 3B).

Notably, the tripeptide RGD originally identified within
fibronectin is an important biochemical motif that mediates
cell attachment to the matrix.* With this in mind, we attempt
to fabricate the two series of RGD-tagged protein hydrogels at
three stiffness levels yet with the same protein concentration.
In spite of many attempts, we can only achieve a dissimilar and
limited stiffness range for the porous RGD-R32 and fibrous
RGD-RS hydrogels, which are not suitable for use in studying
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proliferation and endothelial differentiation of the BMSCs.
This reflects the daunting challenge in making mimetic
hydrogels with well-defined compositions, tunable stiffness,
and structures.>” Therefore, we finally choose to vary the
precursor protein concentrations to tune the stiffness of the
resulting hydrogels and minimize the RGD concentration gap
between groups so that uncovering the predominant roles of
matrix structure and stiffness in cell culture is possible.

Viability and Proliferation of BMSCs on Protein
Hydrogels. The cytocompatibility of the RGD-R32 and
RGD-RS hydrogels was first evaluated via the Live/Dead assay
using the bone marrow mesenchymal stem cells (BMSCs).
Confocal images showed that BMSCs could attach and spread
on both series of hydrogels, and almost no dead cells were
detected (Figure 4A), indicating the excellent cytocompati-
bility of those gels. Next, the cell proliferation on both series of
hydrogels was evaluated via the CCK-8 assay. Results showed
that BMSCs could proliferate well on both hydrogels with
stiffness ranging from ~8.5 to 23 kPa, and the stiffer hydrogels
resulted in a higher proliferation rate of cells over the course of
7 days (Figure 4B), which is consistent with earlier studies.*®
More interestingly, the fibrous hydrogels were more beneficial
for cell proliferation than their porous counterparts, revealing
the important role of fibrous topography. This result seems
contradictory to the previous finding that the formation of -
sheets suppressed cell proliferation.”>*” The fibrous structures
of f-sheets could provide a preferable cue to promote cell
proliferation.

Effects of Mechanical and Structural Cues on the
Morphology of BMSCs. It is well known that cell
morphology, such as spreading area, shape factor, and aspect
ratio, plays an important role in regulating the differentiation of
stem cells. We next tested the influences of substrate structures
and stiffness on the cell morphology of BMSCs. Confocal
images showed that the cells exhibited flattened and irregular
shapes on porous RGD-R32 hydrogels with varying stiffness,
whereas narrow and elongated shapes were observed on
fibrous RGD-RS hydrogels (Figure SA), which were similar to
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in vivo cell morphology. Quantitative results showed that the
spreading area on porous hydrogels increased significantly with
an increase in substrate stiffness, whereas on fibrous hydrogels,
changes were not so significant (Figure SB). Notably, the
spreading areas on porous hydrogels were consistently larger
than that on fibrous hydrogels within the tested range of
substrate stiffness, which suggested that the fibrous structure
might restrict the cell spreading. To further quantify cell
morphology, circularity index (C¢;) and aspect ratio (AR) were
also analyzed. Cg¢; represents the degree of similarity to a
circumference with a value ranging from 0 to 1 (perfect circle),
and C,y represents solely the degree of elongation. Analytical
results showed that the cells cultured on the fibrous hydrogels
had significantly lower C; (~0.21) and higher Cup (~4) than
those on the porous gels, which indicated that the fibrous
structure guided the BMSCs to form an elongated morphology
(Figure SB,C).

The cytoskeleton is an essential modulator of cell
morphology; therefore, the actin organization of BMSCs was
then investigated. Typical confocal fluorescence images of
BMSCs stained with phalloidin-FITC (actin, green) and DAPI
(nuclei, blue) are shown as Figure S2A and converted into a
fast Fourier transform (FFT)-based image for cell orientation
analysis (Figure S2B).***® Obviously, the alignment indexes
for cells on the fibrous hydrogels with three stiffness levels
were consistently higher than that on the porous gels (Figure
SD), indicating a well-oriented organization of actin
cytoskeleton. In summary, the fibrous structure of RGD-RS
hydrogels guided the BMSCs to form an in vivo like elongated
cell morphology and rearrange their actin cytoskeleton, which
might be beneficial for cell differentiation.

Effects of Mechanical and Structural Cues on the
Endothelial Differentiation of BMSCs. To clarify the
influences of substrate structures and stiffness on endothelial
differentiation, the BMSCs were seeded on the RGD-R32 and
RGD-RS hydrogels and cultured in the a-MEM medium with
or without recombinant rat vascular endothelial growth factor
164 (VEGF164). The cell samples were periodically taken and
fluorescently labeled for monitoring the expression of the
CD31 protein, a characteristic marker expressed in endothelial
cells. Confocal imaging revealed obvious CD31 expression for
the cells cultured on the protein hydrogels with VEGF in the
medium on day 14 (Figure 6A) and day 21 (Figure S3),
indicating the occurrence of endothelial differentiation of the
BMSCs. Notably, the expression of CD31 for the cells cultured
on fibrous RGD-RS hydrogels was more significant than that
on porous RGD-R32 hydrogels with similar stiffness. However,
none of these hydrogels supported endothelial differentiation
of the BMSCs in the culture medium without VEGF because
expression of the marker protein CD31 was undetectable in
this scenario (Figure S4). These results suggested that external
addition of the differentiation factor was required for the
fibrous protein hydrogels to promote endothelial differ-
entiation of the BMSCs. Although recent studies have
suggested that formation of endothelial tubes and endothelial
sprouting from human umbilical vein endothelial cells could be
promoted by DNA matrices without external differentiation
factors,*° our results are consistent with canonical findings
that treatment with VEGEF is linked to the differentiation of
MSCs into vascular cell types and other lineages.”"*

To further explore the endothelial differentiation, the mRNA
expression levels of the CD31 gene for various groups were
quantified using qPCR analysis (Figure 6B). Results showed
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that the expression of the CD31 gene reached the highest level
on day 14 for cells cultured on both series of hydrogels.
Therefore, we chose the data for day 14 for the following
analysis. The expression levels of the CD31 gene on both
hydrogels with moduli of ~14.5 and ~23 kPa, respectively,
were comparable and around twofold higher than those on gels
with the modulus of ~8.5 kPa, indicating that the appropriate
stiffness of substrates was necessary for cell differentiation.
Interestingly, the cells cultured on the fibrous hydrogels with
three stiffness levels (~8.5, ~14.5, and ~23 kPa) had 2.73-,
3.18-, and 3.09-fold higher levels of CD31 expression,
respectively, than that of their porous counterparts. In
addition, the fibrous hydrogels with the lowest modulus
(~8.5 kPa) promoted the cells to express even higher levels of
CD31 than the porous gels with the highest modulus (~23
kPa), suggesting that fibrous structure could make up for the
role of stiffness cues on cell differentiation and might be a
more powerful one.

Western blot was next performed to quantify the protein
level of CD31. Consistent with the mRNA expression results,
the CD31 protein levels increased with the modulus of both
series of hydrogels and the cells on RGD-RS fibrous hydrogels
exhibited significantly higher levels of CD31 than their porous
counterparts (Figures 6C and SS). These results further
supported the fact that a fibrous structure might be a more
powerful cue on cell differentiation.

YAP-Mediated Mechanotransduction Regulates En-
dothelial Differentiation. It is well documented that the
endothelial differentiation of stem cells is mainly regulated by
the activation of the Hippo transcriptional co-activator Yes-
associated protein (YAP), which is expressed both in the
nucleus as the transcriptional co-activator and cytoplasm as an
inactive component due to phosphorylation.”* As a rheostat
to mediate stem cell behavior, inactive YAP in the cytoplasm is
translocated into the nucleus to induce endothelial differ-
entiation.” To investigate the influence of fibrous structure
and mechanical features on YAP location, BMSCs were
cultured on both series of hydrogels with varying stiffness.
Confocal images showed that the fluorescently labeled YAP
(red) was obviously enriched into the nucleus for cells on the
fibrous hydrogels with varying stiffness, but only for cells on
the porous hydrogels with stiffness reaching ~23 kPa (Figures
7A—C and S6).

Quantitative analysis revealed that YAP exhibited increased
enrichment into the nucleus with increasing stiffness for both
series of hydrogels and YAP nuclear localization (indicated by
nucleus/cytoplasm ratio of YAP*) for cells on the fibrous
hydrogels was significantly higher than that on the porous
hydrogels (Figure 7D). Notably, YAP nuclear localization for
cells on the fibrous hydrogels with a modulus of ~8.5 kPa was
similar to that on the porous hydrogels with ~23 kPa modulus.
These results proved that both structural and mechanical cues
promote YAP activation and nuclear translocation, but a
fibrous structure may be a more powerful signal to mediate
YAP nuclear localization for endothelial differentiation.

Vinculin is a marker protein for focal adhesion, which is
closely related to YAP nuclear localization.””® Therefore, the
cells were fluorescently labeled for vinculin protein to
characterize the difference in focal adhesion formation on
both RGD-R32 and RGD-RS hydrogels (Figures 8A—C and
S7). Immunofluorescence confocal images showed that the
majority of vinculin protein accumulated into clusters
underlying plasma membrane of cells on RGD-R32 hydrogels,
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whereas dash-like vinculin patches were observed at the tips of
actin fibers on RGD-RS hydrogels. Quantitative analysis of
focal adhesion was next performed by an online Focal
Adhesion Analysis Server, which showed that the focal
adhesion area on the porous hydrogels increased significantly
with substrate stiffness and was much higher than that on the
fibrous hydrogels (Figure 8D). This result complied with the
above findings but was contrary to a previous report that a
larger focal adhesion area led to a higher YAP nuclear
localization.”” Therefore, we further identified the maturity of
focal adhesion by elongation index, which was another
important factor affecting the YAP nuclear localization.”>>”
At the three stiffness levels, the elongation indexes of the cells
on the fibrous hydrogels were 2.50-, 2.20-, and 1.95-fold higher
than their porous counterparts (Figure 8E). This result
indicated that a fibrous structure improved the YAP nuclear
localization by promoting the maturity of focal adhesions
instead of expanding the focal adhesion area.

Based on the above results, possible signaling pathways are
summarized to clarify how fibrous structure and stiffness
regulate the endothelial differentiation of BMSCs (Figure 9).
Stiffness signals activated a translocation of YAPs into the
nucleus by facilitating the spread of focal adhesion and actin
fibers. However, the fibrous structure could reinforce the
activation of YAP by promoting the elongation of focal
adhesion and alignment of actin fibers. To the best of our
knowledge, it is the first time to clarify the respective and
synergistic roles of fibrous structure and stiffness signals in
regulating endothelial differentiation.

B CONCLUSIONS

To investigate the synergistic role of fibrous structure and
stiffness in regulating cell behaviors, we designed and
biosynthesized genetically engineered RGD-R32 and RGD-
RS protein polymers. By tuning the concentration and self-
assembling capability of protein solutions, we successfully
fabricated two series of porous and fibrous hydrogels with
varying and comparable stiffness. Utilizing the hydrogels as
substrates for cell cultures, we observed that fibrous hydrogels
favored a higher proliferation of BMSCs than their porous
counterparts and induced BMSCs to form elongated and in
vivo like morphologies. In addition, the fibrous hydrogels
obviously enhanced the endothelial differentiation capacity of
BMSCs, which were ascribed to the reinforced activation of
YAP derived from the elongation of focal adhesion and
alignment of actin fibers. Taken together, the results deepened
our understanding of the synergetic effect of structural and
mechanical cues on cell behaviors and may provide guidance
for designing engineered biomaterials for tissue engineering,
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