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ABSTRACT: Matrix stiness andbrous structure provided by the native extracellular Fibroyg
matrix have been increasingly appreciated as important cues in regulating cell bw
Recapitulating these physical cues for cell fate regulation remains a challenge d t ,’
inherent di culties in making mimetic hydrogels with welledte compositions, g, ’

tunable stiness, and structures. Here, we present two serie®wd and porous

hydrogels with tunable stess based on genetically engineered resilin-silk-like a M
resilin-like protein polymers. Using these hydrogels as substrates, the mechangresp [E—
of bone marrow mesenchymal stem cells toest and brous structure were R

/

o

8.5 to 14.5 and 23 kPa consistently promoted cell proliferation ershtiition.
Nonetheless, the promotingets were more pronounced on th®us gels than their K
porous counterparts at all threen&tss levels. More interestingly, even the softest e i

brous gel (8.5 kPa) allowed the stem cells to exhibit higher endotleeéatidtion e
capability than the toughest porous gel (23 kPa). The predominant tmleusfstructure on the synergistic regulation of
endothelial deerentiation was further explored. It was found that thesstisignal activated Yes-associated protein (YAP), the
main regulator of endothelialatentiation, via spreading of focal adhesions, whoeesstructure reinforced YAP activation by
promoting the maturation of focal adhesions and associated F-actin alignment. Therefore, our results shed light on the interpl
physical cues in regulating stem cells and may guide the fabrication of designer proteinaceous matrices toward regenerative me

%

systematically studied. For both hydrogel series, increasing compression modulus from
N

INTRODUCTION specic cell typé® Particularly, the stiess-driven signaling
; ; ; ; thways were continuously revealed, and hence hegssti
The native extracellular matrix (ECM) is a highly comple>pa ; ) ' ) 26
brous network with tunable rigidity and micro/nanohier-manipulated the cell behaviors were gradually et
archical structures. It could not only serve as a stalole sca However, the above studies only emphasized the contributions

for cell organization but also provide a versatile microenvirogga&?ii mgﬁgﬁoﬁgss to cell fate but ignored theas of

ment with controllable biophysical and biochemical cues f . .

regulating stem cell behaviors and functidnsicreasing Tgenizzrdogss :rﬁzIteecltgr;een?ftomrztrz(latheaieItl)?ﬁrr:ctirgr?semslxch
evidence indicates that the cellular response to environmé@: 9 y g '

JHer h : : . roliferation;”® spreading>*° and di erentiatiori>?
signaling goes far beyond the biochemical Eigisphysical p ' -y i 31
signals from ECM, especially matrixieis and topography, Various natural or synthetic polymers, such asggsin,

. . dextran’ polycaprolacton®, and poly(ether carbonate
have gradually been regognlzed as key factors in regula| gthane) ure%f’, have been fabricated into diverse materials
versatile cellular behaviors ranging from cell adhesion th micro/nanober topography to regulate cell behaviors.

; ot 10
d'ggﬁgt'ﬁ"%ﬁ' ast decades. marorts have been devoted to Despite the positive ects of thesebrous materials on cell
9 P , Mary regulation, whether the material r&tss had a role and

the recapitulation of the role of matrixretss in regulating synergistic @ct remains uncléar’® because the fabrication

cellular behaviors and fuoos8 using various materials ; : :
; . . X ; ) . of diverse topographical structures would simultaneously alter
including hyaluronic acitf;® alginaté? silk!* and gelatin® pograp y

By mediating the stiess of the matrices, the cell spreading ,
and proliferation rate were well contrdffetf. In addition, ~ Received: January 9, 2022
stem cell fate could also be guided by tuning matrikevised: March 1, 2022
sti nes€%?! Evidence indicates that stiss could not only ~ Published:March 21, 2022
induce dierentiation of stem cells into various cell f/pes,

such as neurons, osteoblasts, and endothelial cells, but also

regulate the extent to which stem cells caneditiate into a
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multiple material parameters including theests” There- matrix-assisted laser desorption ionization tintghof{MALDI-
fore, it is essential to design and fabricate ECM-mimi€OF) mass spectrometry (Auéx Speed; Bruker Daltonics, Leipzig,

materials with brous structure and tunable rstiss for cell ~ Germany). ) o
regulation studies. Characterization of Protein Polymer Assemblies in Sol-

. . . __ution. Atomic force microscopy (AFM) images were captured in
Our group has been dedicated to studying how to fabr'cargpping mode using an Environment Control AFM System with a

diverse hydrogels with tunablenstss andbrous morphol-  Nanonavi E-Sweep Model (SII Nano Technology Inc., Shizuoka,
ogies based on genetically engineered prétéfnblotice- Japan). To prepare the specimens, the lyophilized proteins dissolved
ably, recombinant resilin-like protein hydrogels have been Dulbeccts phosphate ber solution (D-PBS, Sangon Biotech.,
broadly utilized in theeld of tissue engineering due to their Shanghai, China) at a concentration of 100 ngwere incubated
biocompatibility and tuning mechanical feattresrther- at 37°C for 0.5 h and then separately cast onto mica surfaces.
more, resilin-like blocks as the intrinsically disorderegubsequently, the mica surfaces were rinsed with deionized water and
structures could be further designed to contain the chimerf¢-dried. The specimens were then analyzed using a commercial
domain of silk-like blocks to fabricate diblock copolymers witf 10" tip probe with the line-scan rate of 2 Hz fan By 2 m scan

L . - - regions. The acquired images were further processed by the
tunable brillization morphologies, which may provide @NanoNavi Il analysis software (SIl Nano Technology Inc., Shizuoka,

feasible strategy to fabricate hydrogels wWithus struc-  janan).

tures™ Thio avin-T (ThT)-staining experiment was conducted to
Herein, the RGD-modid resilin-like (RGD-R32) and characterize the formation of amyloid-liés in protein solutions

resilin-silk-like proteins (RGD-RS) werst designed and using Spark Multimode Microplate Reader (Tecan, Seestrasse,

biosynthesized. These proteins were then cross-linked irdwitzerland). Ten microliters of protein solution at the sgeci

porous or brous hydrogels with varyingrstiss. Utilizing the ~ concentrations were separately incubated®@tf87 0.5 h and then

fabricated protein hydrogels, we systematically investigated PHginto 100 L of ThT solutions with anal concentration of 22

e ects of stiness and brous structure in regulating bone mL ~ Equal volumes of D-PBS solutions were chosen to substitute

marrow mesenchymal stem cells (BMSCs) proliferatiorﬁ)mtem solutions for background subtraction. Each sample was

. . S . thoroughly mixed by pipetting up and down three times and
morphology, endothelial érentiation, and underlying transferred into a 96-well quartz plate. Tioeescence intensity was

mechanotransduction. We found that tiveus topography  immediately collected on the plate reader by setting excitation and
and stiness of these hydrogels synergized to driv@mission wavelengths to 440 and 480 nm, respectively.
mechanosensitive responses by rearranging cellular foc#abrication of Protein Hydrogels. The photochemical cross-
adhesions and morphologies. These results shed light on tin&ing strategy was adopted to fabricate RGD-R32 hydrogels. Protein
interplay of the physical cues in manipulating cell behaviosslutions dissolved in D-PBSdnuwith nal concentrations of 8, 10,

and fate and provided a roadmap for designing biomimet#d 12% w/v, respectively, were incubated®@ 187 0.5 h and then

ECM to meet the need of tissue engineering and regeneratied with [Ru(bpy)®* ( nal concentration of 0.1 mM) and
medicine. ammonium persulfate solutionag] concentration of 10 mM) for

irradiation for 5 min using a 200 W white-light source. The
horseradish peroxidase (HRP)-catalyzed cross-linking strategy was
MATERIALS AND METHODS adopted to fabricate RGD-RS hydrogels. Similarly, pre-incubated
Construction of Expression Plasmids.Plasmids pET19b-R32  protein solutions at 3T for 0.5 h with nal concentrations of 6, 8,
and pR4S8-5 were reported previGifywhich allowed the and 10% wlv, respectively, were mixed with HRE gnzyme
expression of 32 repeats of the resilin-like sequence (GGRPSDS#tivity of 600 U mL%) and hydrogen peroxiden@l concentration
GAPGGGN) and 5 repeats of R4S8 [(GGRPSDSY-0f0.03% wiw) for 5 min in a 3T incubator. Before use, all samples
GAPGGGN)(GAGAGS)]. To meet the demand on cell culture, were rinsed with D-PBS solutions.
an inverse PCR was performed to introduce the Arg-Gly-ASP (RGD) Mechanical Testing. The compression testing of the hydrogels
cell-binding sequence to the aforementioned plasmids using priméf@s performed on an Instron 5944 testing madtedewith a 10 N
RGD-forward (5SCGTGGTGATATCGACGACGACGACAAG-3 loading cell (Instron Corporation, Canton, U.K.) at room temper-
and RGD-reverse (BTGGCCGCTGCTGTGATGATG-B by ature with humidity of around 65%. The hydrogel specimens were
KOD-Plus-Mutagenesis Kit (TOYOBO, Osaka, Japan). The resultimgepared inside a cylindrical mold with 8 mm diameter and 3 mm
constructs were iderdd by double digest wiktdé andBaniHI-HF height. All of the tests were conducted at a loading rate of 0.5 mm
and further commed by DNA sequencing. Plasmids pRGD-R32 andnin * with a compressive strain of 20%. Compressive moduli were
pRGD-R4S8-5 were thus obtained that encoded RGD-functionalizealculated from the slope of the linear elastic region derived from the
resilin-like protein (RGD-R32) and resilin-silk-like protein (RGD-Compressive stressrain curves.
RS), respectively, under transcriptional control of the strong T7 Structural and Morphological Characterization. Fourier
promoter. transform infrared spectroscopy (FTIR) was conducted on a Nicolet
Expression and Puri cation of Protein Polymers. The 6700 spectrometer (Thermo Fisher Scieftic., Waltham, MA) in
plasmids pRGD-R32 and pRGD-R4S8-5 were separately transforrtteitransmission mode. For the lyophilized gel samples, 64 scans were
to chemically competescherichia cstifain BL21(DE3) to express — co-added in the wavenumber range of 4000 cm’ at a resolution
the protein polymers according to previously reported protétols. of 4 cm® Amide | region ranging from 1600 to 1700'cnas
Brie y, E. colicells were sequentially cultured in Luria-Bertani (LB)chosen to analyze the secondary structure of protein hydrogels. The

and Terric Broth (TB) medium containing 10§ mL * ampicillin morphological structures of protein hydrogels were characterized
at 37°C with 220 rpm shaking until the optical density at 600 nmusing a Hitachi S-3400N scanning electron microscope (Hitachi,
(ODgq9 reached 68 and then mixed with 0.1 mM isopropytl- Tokyo, Japan). Before imaging, lyophilized hydrogels were mounted

thiogalactoside (IPTG) at 2€ for 12 14 h with 220 rpm shaking. on a copper plate and coated with gold using a Leica EM SCDO050
The following steps including pudtion by Ni-NTA agarose resin  device (Leica Microsystems GmbH, Wetzlar, Germany).

a nity columns, dialysis in deionized water, and vacuum lyophiliza-Cell Culture. Wistar rat bone marrow mesenchymal stem cells
tion were performed to harvest desired proteins. Protein purity w8MSCs), purchased from the Cell Bank of Chinese Academy of
con rmed via 10% sodium dodecyl sudfgiolyacrylamide gel Science, were cultured in th&EM containing 10% fetal bovine
electrophoresis (SDS-PAGE), followed by densitometry analysis sefrum (FBS) and 1% streptomycin/penicillin from Gibco (Grand
the gel using ImageJ software (version Fiji, National Institutes &fland, NY) and placed in an incubator with a constant humidity at 37
Health). The molecular weight of the protein was further itby °C and 5% C@ atmosphere. For endothelial edéentiation,
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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.
Ten percent SDS-PAGE analysis of thegaugroteins. (C) Representative AFM images of amorphous aggregates from RGD-R32 and self-
assembled narwers from RGD-RS upon incubation at@7or 0.5 h. Scale bar: 200 nm. (D) Thlorescence assay of the proteins with
varying concentrations upon incubation &€3ar 0.5 h. Data are derived from3 biological replicates and presented asirednStatistical

signi cance was determined using one-way ANOVA (NS, notaigniithp > 0.05;*p < 0.05).
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recombinant rat vascular endothelial growth factor 164 (VEGF16di erentiation, 20,000 cells were seeded on each hydrogel and
Beyotime, Shanghai, China) anal concentration of 50 ng ML cultured in a deerential medium for 7, 14, and 21 days.
was added into the medium. The hydrogels for cell culture were At the appointed time, BMSCs cultured on hydrogels weste
prepared as described above in 48-well tissue culture plates (Therwith 4% paraformaldehyde (15 min), permeabilized with 0.1% Triton
Fisher Scientt Inc., Waltham, MA) with 100L of premixed X-100 for 15 min, and then blocked for 30 min using the QuickBlock
solutions, including pre-incubated protein solutions and variod¥! er (Beyotime, Shanghai, China) at room temperature. After that,
reactive reagents. Notably, all solutions ered using a 0.22n the cells were incubated with the primary antibodies (diluted in
lter before mixing, and all hydrogels were soakeMEM and blocking buer) and uorescein isothiocyanate (FITC) labeled
sterilized under germicidal UV light for 1 day before seeding celRhalloidin (Sigma-Aldrich, St. Louis, MO) for F-actin stain at the
Cells from passagesS3were used in all experiments. The culture nal concentration of 0.01 mg/mL overnight &€ AAfter washing
medium was replaced every two days. tho_roughly with D-PBS, the cells_were then s_talned ywth goat
Cell Viability and Proliferation. To evaluate cell viability and ~2antimouse polyclonal secondary antibody (diluted in blockery bu

; ; 1 h at room temperature. Before imaging, cell nuclei were
proliferation, 20,000 cells were separately seeded on each hydr el X ) SN ) ’
prepared in a 48-well tissue culture plate. For cell viability ass unterstained with ,8-diamidino-2-phenylindole (DAPI) for 15

: {n at room temperature. Ultrahigh-resolution confocal imaging of
BMSCs were cultured on hydrogels for three days and stained wi| na . .
Live/Dead Cell Imaging Kit (Thermo Fisher Scientic., Waltham, vy Samp'es was perf_ormed using a Leica/TCS SP8 ST_ED X3
confocal microscope. All images were further processed using the

MA) afte_r rnsing W'th D-PBS three times. Ultrahlgh-rgsolutloqm geJ software. Notably, the mouse monoclonal antibody against
confocal imaging of stained cell samples was performed using a Le 31 (Abcam, Cambridge, U.K.) diluted to 1:100, mouse

TCS SP8 STED X3 confocal microscope (Leica Microsyste : ; : : .
! . onoclonal antibody against vinculin (Proteintech Group Inc.

GmbH., Wetzlar, Germapy)_wnh 488 nm (green, live cells) and 57 iluted to 1:50, anﬁ n?ouse monoclon(al antibody againF;t YA)P
nm (red, dead.cells.) exutaydters. . . (Proteintech Group Inc.) diluted to 1:100 were used to evaluate

For cell proliferation testing, Cell Counting Kit-8 (CCK-8) assayenqothelial dierentiation, focal adhesion morphology, and YAP
was performed following the manufacsurerotocol (Beyotime,  |qcation, respectively. FITC-conjugated secondary antibody (Protein-
Shanghai, China). Brje the cells were separately cultured onech Group Inc.) dilted to 1:10 was used for the analysis of CD31,
di erent substrates for 1, 3, 5, and 7 days under standard conditioggq tetraethyl rhodamine isothiocyanate (TRITC) labeled secondary

At the appointed time, 20Q of fresh medium and 2Q of CCK-8 antibody (Proteintech Group Inc.) diluted to 1:50 was used for the
solutions were sequentially added to the rinsed cells with D-PBS agfhlysis of focal adhesion and YAP.

incubated for 2 h at 3T. Absorbance at 450 nm was then collected  Quantitative Image Processing.The cell alignment index was

to analyze cell proliferation hiagior using Spa Multimode  quantied by the kurtosis of angle distribution based on a two-

Microplate Reader. dimensional fast Fourier transform (2D FFT) image afialysis.
Immuno uorescence AssayTo evaluate the organization of the Brie y, the uorescent cell images were converted to 8-bit grayscale

cell cytoskeleton, focal adhesion morphology, and YAP locaticand then cropped with the 10241024 pixel mask to reduce edge

10,000 cells were seeded on each hydrogel and cultuee M e ects. The processed images were then subjected to 2D FFT analysis

for 1 day at standard conditions. To evaluate the endotheliaialmageJ 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 RG
R32 hydrogels and (B) HRP-catalyzed cross-linking to fabricate RGD-RS hydrogels. (C) Represestativecstingss of the hydrogels under

20% axial compressive load at the strain rate of 0.5 niniTiméndotted 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 reg
(10% strain) of each strestrain curve. The open and solid bars represent the RGD-R32 and RGD-RS hydrogels, respectively. (E) Amide
regions of the FTIR spectra of the hydrogels described in panel C. Data are demiwe8i iiological replicates and presented asimean

Statistical sigréance was determined using one-way ANOVA (NS, notaignvithp > 0.05).

Figure 3.Cross-sectional SEM images of the lyophilized RGD-R32 (A) and RGD-RS (B) hydrogels fabricaeshfroomdéntrations of pre-
incubated protein solutions at°& for 0.5 h. Scale bar: 1M. Data are representative \a&& independent experiments.

the radian. The alignment index wasel# as the fraction of actin To evaluate the YAP nuclear location of cells, the nucleus-to-

bers that were aligned withirf 20 the peak angle, and this was Cytosol intensity ratio was calculated according to the following

normalized to the fraction of randomly orientests that would lie ~ formula: intensity ratio (nuc/cyt) /Iy, Whereln,. and ley

within this range. A randomly aligned matrix would have an a|ignme_rlysl)tpresent the intensity values of the pixels inside the nucleus and

: : . . st outside the nucleus region with the same area.
mbdeer)s( Z];i;r’]j;ietz(: t?g:gat;:‘r\gl:e’ the higher the fraction of act Quantitative Real-Time PCR (gqPCR) AnalysisTwenty

: ; . .. thousand cells were seeded on each hydrogel and cultured for 7,
An online Focal Adhesion Analysis Server was used to quantify t{\g and 21 days using theedéntial medium. At the appointed time,

FA area and elongation index per cell according to the pfoTédl.  the total RNA was extracted using a HiPure Total RNA Micro Kit

FA elongation index was quaedi according to the following (Angen Biotech Co., Ltd., Ggahou, China) following the

formula: FA elongation = major axis length/minor axis length. manufacturés protocol. Complementary DNA (cDNA) was
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Figure 4.Viability and proliferation of the BMSCs. (A) Confocal images of the BMSCs cultured for 3 days on the RGD-R32 and RGD-R!
hydrogels with three stiess levels by Live (green)/Dead (red) staining. Scale bam.1@®) Proliferation of BMSCs on the RGD-R32 (open

bars) and RGD-RS hydrogels (solid bars) with threesgilevels evaluated by CCK-8 assay within 7 days. Data in (A) are representative of
biological replicates. Data in (B) are derivedifrers biological replicates and presented asimealn Statistical sigoance was determined

using one-way ANOVA( < 0.05).

Figure 5.E ects of brous structure and stess 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 stair
before imaging. Scale bar: 50 Quantication 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) arereresentative of
biological replicates. Data in (E) are derived from = 6 biological replicates (over 500 single cells) and presented Assrde&tatistical

signi cance was determined using one-way AN®YA (.05).

synthesized using a RevertAid First Strand cDNA Synthesis Kitethod (the 2  ©Y method), with normalization to the house-
(Thermo Fisher Scienti Waltham, MA). qPCR analysis was keeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
performed using a qTOWER3G touch system (Analytik Jena A@nd calibration to the sample with the higheGt-value.

Jena, Germany) loaded with mixtures of the Luna Universal gPCRWestern Blot Analysis. Twenty thousand cells were seeded on
Master Mix (New England Biolabs Inc., Ipswich, MA), templateeach hydrogel and cultured for 14 days using #remtial medium.
DNA, and spect primers. The primers used for housekeeping gen&he cells were lysed using a RIPA lysisrbeontaining 1 mM
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) wephenylmethanesulfonyloride (Beyotime) following the manufac-
GAPDH-forward (5AACTTGCCGTGGGTAGAGTC-B and turers protocols. Total proteins were collected and oensing a
GAPDH-reverse (PACTTGCCGTGGGTAGAGTC-B The pri- BCA kit (Thermo Fisher Scierttinc., Waltham, MA). Proteins were
mers used for the targeted CD31 gene were CD31-forward (5separated in 10% SDS-PAGE, followed by the transfer to
GGACTGCGCCCATCACTTACC-B and CD31-reverse (5 polyvinylidene uoride (PVDF) membrane. The PVDF membranes
TCATCCACCGGGGCTATTACCTT-3 The relative fold gene  were blocked using the QuickBlockebyBeyotime) for 30 min at
expression of CD31 was calculated using a relative quantitatie®m temperature and incubated with mouse monoclonal antibody
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Figure 6.E ects of brous morphology and stess on the endothelial elientiation 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 D
(blue). Scale bar: 100n. (B) Relative CD31 gene expression levels from the cells cultured on the RGD-R32 (open bars) and RGD-RS (soli
bars) gels on days 7, 14, and 21. The fold change values were calculated relative to the cells cuBlBddParREB®-R32 gel on day 7. (C)
Western blot analysis of the CD31 protein in the cultured cells on day 14. Data in (A) are represenéliidagfical replicates, and data in

(B) are derived from = 3 biological replicates and presented as tneah Data in (B) and (C) are representative of three independent
experiments. Statistical sigance was determined using one-way AN®YA (.05).

Figure 7.E ects of brous morphology and stess of the protein hydrogels on YAP nuclear localizatiofCAhmuno uorescence labeling

and confocal images of YAP (red) with nucleus (blue) and F-actin (green) counterstain for the BMSCs cultured on the gels wébksesrying sti
Scale bar: 25m. (D) Quanti cation of the ratio of thaiorescence 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. [2taia (@presentative ot 8 biological
replicates. Data in (D) are derived from8 biological replicates (over 600 single cells) and presented asrde8tatistical sigoance was
determined using one-way ANOVA € 0.05).

against CD31 (Abcam, Cambridge, U.K.) diluted to 1:200 in blockindi erences were analyzed using a one-way analysis of variance

bu er or a mouse monoclonal antibody against GAPDH (ProteinteclANOVA), and ap-value less than 0.05 indicated statistical

Group, Inc.) diluted to 1:1000 in blocking druat 4°C overnight, signi cance.

followed by HRP-linked horsetiamuse secondary antibody

(Proteintech Group, Inc., Philly, PA) diluted to 1:2000 in blocking RESULTS AND DISCUSSION

bu er for 1 h at room temperature. Autoradiography was performed _. . o .

to detect the band of CD31 protein using the BeyoECL Moon Kit Biosynthesis and Characterization of Recombinant

(Beyotime). Protein Polymers. To design materials suitable for cell
Statistical Analysis. All data were derived from at least three cultures, an Arg-Gly-ASP (RGD) cell-binding domain was

biological replicates and presented as meand. Statistical genetically fused to N terminus of protein polymer R32
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Figure 8.E ects of brous morphology and stess of the protein hydrogels on focal adhesion(QA)mmuno uorescence labeling and
confocal images of vinculin (red) with nucleus (blue) and F-actin (green) counterstain for the cells cultured on the gels withsgas/ing sti
Scale bar: 25m. (D) Focal adhesion area and (E) elongation index of the cells cultured on the respective RGD-R32 (open bars) and RGD-F
(solid bars) gels. Data in (A)C) are representativerof 8 biological replicates. Data in (D) and (E) are derivechfrodrbiological replicates

(over 500 single cells) and presented as meah Statistical sigoance was determined using one-way AN®YA (.05).

containing 32 repeats of the resilin-like sequencthe RGD-RS protein could form uniform naeos exceeding
(GGRPSDSYGAPGGGN) and RS containing 5 repeats skveral micrometers in length and 81m in diameter with
R4S8 [(GGRPSDSYGAPGGGMBAGAGSY], respectively, incubation at 37C for 0.5 h, which proved that incorporated
termed as RGD-R32 and RGD-R#jre A). These two  RGD did not interfere with the assembly of RS proteins. On
proteins were expressed in the hodEcetliBL21 (DE3) and the contrary, the RGD-R32 protein could only form
puri ed using Ni-chelating mity chromatography. SDS- amorphous aggregates, which was consistent with our previous
PAGE analysis revealed that the purity of both proteinsndings on the R32 proteih.To quantify the brillar
reached more than 90%idure B). However, aberrant gel structures of the RGD-RS protein akint concentrations,
mobility was consistently observed, which might be due to thlee ThT uorescence assay was performed. Interestingly, the
intrinsically disordered structures of target proteins. Thus, WenT uorescence intensity of RGD-RS almost linearly
further identied the proteins by MALDI-TOF MS, which increased with protein concentrations while no changes were
proved that the molecular weights of RGD-R32 and RGD-R#bserved for RGD-R32, suggesting that the formation of RGD-
proteins were 49,747.57 and 46,144.93 Fguré S RS brils proted from the -sheet formation and was
consistent with their theoretical molecular weights as showoncentration-dependeritiure D). Taken together, two
in Figure A. The yields of pued RGD-R32 and RGD-RS types of protein polymers with and withdarillar assembly
proteins were approximately 45 and 75 mgdspectively, of  capability have been successfully synthesized.
bacterial culture in shakasks. Preparation and Characterization of Recombinant
Resilin-silk copolymers (RS) were reported to have thBrotein Hydrogels. To fabricate the RGD-R32 and RGD-RS
capability of self-assembly iradllar structure®. To identify protein hydrogels with comparable mechanical features and
whether the RGD-functionalized RS proteins still have thsuitable for endothelial drentiation, dityrosine cross-linking
ability, AFM imaging was performed. As showigime C, methods catalyzed by rutheniufig(re 2) or horseradish
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Figure 9.Schematic illustration of theuences ofbrous structure and stess on the endothelial elientiation of BMSCs. Compared with the
e ect of stiness signals on YAP activatiafocal adhesion and F-actin spreadingoais structure reinforces YAP activation by inducing focal
adhesion elongation and F-actin orientation, resulting in enhanced endothetitihtion capacity of BMSCs.

peroxidase Higure B) were used to cross-link etient proliferation and endothelial elientiation of the BMSCs.
concentrations (612% w/v) of RGD-R32 and RGD-RS This reects the daunting challenge in making mimetic
proteins, respectively. The mechanical properties of these dsldrogels with well-dged compositions, tunable séss,
were then determined by compression tests. According to taad structure¥. Therefore, we nally choose to vary the
stressstrain curvesHgure £), the compressive modulus precursor protein concentrations to tune theests of the
(de ned as the slope of a uniaxial stsgsain curve, resulting hydrogels and minimize the RGD concentration gap
indicative of the gel stiess) was elevated with an increasebetween groups so that uncovering the predominant roles of
in the precursor protein concentration for both series of theatrix structure and stiess in cell culture is possible.
hydrogels. Notably, similar compressive moduli were obtainedViability and Proliferation of BMSCs on Protein
between each group for RGD-R32-8% and RGD-RS-6%, RGDdrogels. The cytocompatibility of the RGD-R32 and
R32-10% and RGD-RS-8%, and RGD-R32-12% and RGD-R&D-RS hydrogels wast evaluatedathe Live/Dead assay
10%, which were respective®.5, 14.5, and 23 kPa using the bone marrow mesenchymal stem cells (BMSCs).
(Figure D), covering suitable stiess for endothelial Confocal images showed that BMSCs could attach and spread
di erentiatiorf>**> on both series of hydrogels, and almost no dead cells were
To understand the conformational structures of thedetected Kigure 4), indicating the excellent cytocompati-
hydrogels, FTIR analysis was performed. As sh&guia bility of those gels. Next, the cell proliferation on both series of
2E, RGD-R32 hydrogels showed a major pedl6&t cm 1, hydrogels was evaluatggithe CCK-8 assay. Results showed
indicating the existence of predominant random coils. Ithat BMSCs could proliferate well on both hydrogels with
contrast, a major peak at637 cm® was observed for the sti ness ranging fron8.5 to 23 kPa, and the sti hydrogels
RGD-RS gels, suggestive of the formatieatafet structures, resulted in a higher proliferation rate of cells over the course of
which might be attributed to thbrillar aggregations of silk- 7 days Eigure 8), which is consistent with earlier stutfies.
like blocks. More interestingly, thérous hydrogels were more beis
To further identify the internal morphologies of the for cell proliferation than their porous counterparts, revealing
hydrogels, SEM analysis was performed. The acquired imatlesimportant role ofbrous topography. This result seems
showed that all of the RGD-R32 hydrogels exhibitedontradictory to the previousding that the formation of
homogeneous porous structures, and the pore sizes decreasmbts suppressed cell proliferdtfdnthe brous structures
as the concentration of protein increaségli(e A), while of -sheets could provide a preferable cue to promote cell
the RGD-RS hydrogels exhibitbtbus network structures at proliferation.
both nano- and microscales, which were also adjustable by th& ects of Mechanical and Structural Cues on the
protein concentration&igure B). Morphology of BMSCs. It is well known that cell
Notably, the tripeptide RGD originally idesdi within morphology, such as spreading area, shape factor, and aspect
bronectin is an important biochemical motif that mediategatio, plays an important role in regulating therelitiation of
cell attachment to the mattiith this in mind, we attempt  stem cells. We next tested theiémces of substrate structures
to fabricate the two series of RGD-tagged protein hydrogelsaatd stiness on the cell morphology of BMSCs. Confocal
three stiness levels yet with the same protein concentratioimages showed that the cells exhiba#ened and irregular
In spite of many attempts, we can only achieve a dissimilar astthpes on porous RGD-R32 hydrogels with varyimessti
limited stiness range for the porous RGD-R32 &mdus whereas narrow and elongated shapes were observed on
RGD-RS hydrogels, which are not suitable for use in studyingrous RGD-RS hydrogelsdgure 3), which were similar to
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in vivocell morphology. Quantitative results showed that théhat the expression of the CD31 gene reached the highest level
spreading area on porous hydrogels increasecksityiwith on day 14 for cells cultured on both series of hydrogels.
an increase in substraterstss, whereas dorous hydrogels, Therefore, we chose the data for day 14 for the following
changes were not so sigant (igure B). Notably, the  analysis. The expression levels of the CD31 gene on both
spreading areas on porous hydrogels were consistently latgafrogels with moduli of14.5 and 23 kPa, respectively,
than that on brous hydrogels within the tested range ofwere comparable and around twofold higher than those on gels
substrate sthess, which suggested that th®us structure  with the modulus of 8.5 kPa, indicating that the appropriate
might restrict the cell spreading. To further quantify celéti ness of substrates was necessary for ezkndiation.
morphology, circularity inde3-() and aspect ratio (AR) were Interestingly, the cells cultured on theous hydrogels with
also analyzedc, represents the degree of similarity to athree stiness levels 8.5, 14.5, and 23 kPa) had 2.73-,
circumference with a value ranging from 0 to 1 (perfect circle3,18-, and 3.09-fold highewvdls of CD31 expression,
andC,g represents solely the degree of elongation. Analyticaspectively, than that of their porous counterparts. In
results showed that the cells cultured ontttmus hydrogels  addition, the brous hydrogels with the lowest modulus
had signicantly loweC¢, ( 0.21) and higheC,g ( 4) than ( 8.5 kPa) promoted the cells to express even higher levels of
those on the porous gels, which indicated thathitoas CD31 than the porous gels with the highest modulk& (
structure guided the BMSCs to form an elongated morpholodyPa), suggesting thdirous structure could make up for the
(Figure B,C). role of stiness cues on cell dientiation and might be a
The cytoskeleton is an essential modulator of celinore powerful one.
morphology; therefore, the actin organization of BMSCs wasWestern blot was next performed to quantify the protein
then investigated. Typical confoaabrescence images of level of CD31. Consistent with the mMRNA expression results,
BMSCs stained with phalloidin-FITC (actin, green) and DAPthe CD31 protein levels increased with the modulus of both
(nuclei, blue) are shown Bgjure S24and converted into a series of hydrogels and the cells on RGBkiR8s hydrogels
fast Fourier transform gFFT)—based image for cell orientatioexhibited signcantly higher levels of CD31 than their porous
analysis Rigure S2B***® Obviously, the alignment indexes counterparts Higures € and S5. These results further
for cells on the brous hydrogels with three siss levels supported the fact that &rous structure might be a more
were consistently higher than that on the porousHiglsg powerful cue on cell direntiation.
5D), indicating a well-oriented organization of actin YAP-Mediated Mechanotransduction Regulates En-
cytoskeleton. In summary, thwous structure of RGD-RS dothelial Di erentiation. It is well documented that the
hydrogels guided the BMSCs to fornmarivdike elongated  endothelial dierentiation of stem cells is mainly regulated by
cell morphology and rearrange their actin cytoskeleton, whithe activation of the Hippo transcriptional co-activator Yes-
might be beneial for cell dierentiation. associated protein (YAP), which is expressed both in the
E ects of Mechanical and Structural Cues on the nucleus as the transcriptional co-activator and cytoplasm as an
Endothelial Di erentiation of BMSCs. To clarify the inactive component due to phosphorylafishAs a rheostat
in uences of substrate structures andests on endothelial to mediate stem cell behavior, inactive YAP in the cytoplasm is
di erentiation, the BMSCs were seeded on the RGD-R32 amdnslocated into the nucleus to induce endotheliat- di
RGD-RS hydrogels and cultured in téEM medium with  entiatior® To investigate the inence of brous structure
or without recombinant rat vascular endothelial growth fact@nd mechanical features on YAP location, BMSCs were
164 (VEGF164). The cell samples were periodically taken aodltured on both series of hydrogels with varyingessi.
uorescently labeled for monitoring the expression of th€onfocal images showed that therescently labeled YAP
CD31 protein, a characteristic marker expressed in endothe(i@d) was obviously enriched into the nucleus for cells on the
cells. Confocal imaging revealed obvious CD31 expression fbrous hydrogels with varying ratiss, but only for cells on
the cells cultured on the protein hydrogels with VEGF in théhe porous hydrogels with stéss reaching23 kPa Figures
medium on day 14F{gure &) and day 21 Kigure SB 7A C andSs9.
indicating the occurrence of endotheliardntiation of the Quantitative analysis revealed that YAP exhibited increased
BMSCs. Notably, the expression of CD31 for the cells culturexhrichment into the nucleus with increasingests for both
on brous RGD-RS hydrogels was more si@mti than that  series of hydrogels and YAP nuclear localization (indicated by
on porous RGD-R32 hydrogels with similatests. However, nucleus/cytoplasm ratio of YAPfor cells on the brous
none of these hydrogels supported endothekakdiiation hydrogels was sigaantly higher than that on the porous
of the BMSCs in the culture medium without VEGF becauskydrogelsKigure D). Notably, YAP nuclear localization for
expression of the marker protein CD31 was undetectable d¢ells on thebrous hydrogels with a modulus 85 kPa was
this scenarioHjgure Sy These results suggested that externabimilar to that on the porous hydrogels wi kPa modulus.
addition of the dierentiation factor was required for the These results proved that both structural and mechanical cues
brous protein hydrogels to promote endotheliagrdi promote YAP activation and nuclear translocation, but a
entiation of the BMSCs. Although recent studies havebrous structure may be a more powerful signal to mediate
suggested that formation of endothelial tubes and endothel\P nuclear localization for endotheliadrdintiation.
sprouting from human umbilical vein endothelial cells could beVinculin is a marker protein for focal adhesion, which is
promoted by DNA matrices without externatréntiation closely related to YAP nuclear localizati5iherefore, the
factor§®° our results are consistent with canoniudings cells were uorescently labeled for vinculin protein to
that treatment with VEGF is linked to theedeéntiation of  characterize the @rence in focal adhesion formation on
MSCs into vascular cell types and other linggges. both RGD-R32 and RGD-RS hydrogElgufes & C and
To further explore the endotheliakdentiation, the mRNA  S7. Immuno uorescence confocal images showed that the
expression levels of the CD31 gene for various groups wen@jority of vinculin protein accumulated into clusters
guantied using gPCR analysisgure 8). Results showed underlying plasma membrane of cells on RGD-R32 hydrogels,
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whereas dash-like vinculin patches were observed at the tips of (Figure S4), quanttation of the CD31 protein
actin bers on RGD-RS hydrogels. Quantitative analysis of  expression levels in the cultured BMSCs (Figure S5),
focal adhesion was next performed by an online Focal imaging of YAP nuclear localization (Figure S6), and
Adhesion Analysis Server, which showed that the focal imaging of focal adhesion (Figure $DH)
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brous hydrogels-igure ®). This result complied with the .
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