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Abstrate

Hydrogels with tunable mechanical properties have provided a tremendous opportunity to regulate

stem cell differentiation. Hydrogels with osteoid (about 30-40 kPa) or higher stiffness are usually

required to induce the osteogenic differentiation of mesenchymal stem cells (MSCs). It is yet

difficult to achieve the same differentiation on very soft hydrogels, because of low environmental

mechanical stimuli and restricted cellular mechanotransduction. Here, we modulate cellular spatial

sensing of integrin-adhesive ligands via quasi-hexagonally arranged nanopatterns to promote cell

mechanosensing on hydrogels having low stiffness (about 3 kPa). The increased interligand spacing

has been shown to regulate actomyosin force loading to recruit extra integrins on soft hydrogels. It
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therefore activates mechanotransduction and promotes the osteogenic differentiation of MSCs on
soft hydrogels to the level comparable with the one observed on osteoid stiffness. Our work opens

up new possibilities for the design of biomaterials and tissue scaffolds for regenerative therapeutics.
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1. Introduction

Bone tissue transplantation presents many problems due to the source limitation and
the risk of infection and immunogenicity [1]. Biomaterials used as artificial
extracellular matrix (ECM) play an important role to regulate stem cell differentiation,
providing tremendous promise for regenerative therapies [2].

Stem cells are surrounded by ECM in vivo, which provides both biochemical
factors (chemical composition, molecular chirality, growth factors, etc.) [3] and
physical cues (matrix elasticity, surface topography, ligand dynamics, and etc.) [4, 5],
i.e. microniche, to mediate biological processes [6], Besides biochemical factors,
physical cues regulate cell behaviors and fate determination alone or synergistically [7-
10]. Substrate stiffness is one of the major factors, which can be easily controlled and
has been widely considered to regulate stem cell differentiation.[11, 12] It has been
shown that stem cells cultured on hydrogels with stiffness above 30 kPa undergo
osteogenic differentiation, while adipogenic differentiation is favored on the soft

hydrogels with stiffness lower than 10 kPa [13-17].



Cells sense and respond to microniche mechanics via mechanotransduction, which
converts mechanical cues into biochemical signals [18]. Normally, only the substrates
matching the stiffness of osteoid tissue (about 30 kPa) or higher stiffness stimulate the
generation of intracellular force based on the formation of actomyosin cytoskeleton.
The force-induced signaling cascades are further initiated to regulate transcription
factors and activate the expression of osteogenic genes. However, the high stiffness of
hydrogels is achieved by either high concentration of backbone polymers or high degree
of crosslinking. The degradation of such stiff or rigid hydrogels takes long time and
requires high level of enzymatic digestion, which may cause local toxicity or immune
response [19].

The distribution of cell adhesive ligands is essential for integrin clustering and
subsequent cell spreading. An interligand spacing < 70 nm in two dimensions is
required for the formation of stable focal adhesions on stiff or rigid substrates [20, 21].
The unliganded integrins can be recruited and activated to bridge the nanopatterned
adhesive points.[22] Controlling ligand spacing can regulate osteoblast maturation [23]
and stem cell fate.[24] The order distribution of the nano-ligand also affects cell
adhesion and differentiation [25, 26]. However, in these studies, cell osteogenic
differentiation was still only achieved on stiff or rigid substrates. Recent work
demonstrated that the increasing distance of cell adhesive ligands promotes the length
of focal adhesions increased on soft substrates, while the adhesions collapse on stiff

substrates. The individual integrin-ECM bonds (the molecular clutches) responsed to



force loading, recruited extra integrins, and thus generated more clutches on soft
hydrogels with increasing ligand distance. This process redistributed the overall force
among clutches to reduce the force loading per clutch [27]. Since the fate of stem cells
is directly regulated by the focal adhesion induced mechanosensing [28], it would be
interesting and reasonable to explore the cell mechanotransduction and differentiation
behaviors on soft hydrogels with controllable ligand nanopatterns.

In this study, quasi-hexagonally arranged nanoarrays were employed to precisely
control ligand distribution on physiologically stiff (about 30 kPa) and soft (about 3 kPa)
hydrogels. The mechanoresponse and mechanotransduction of human mesenchymal
stem cells (MSCs) were systematically studied for focal adhesion assembly, myosin
motor activity, nuclear mechanics, ion channel activation, as well as the measurements
of cellular traction forces. The spatial surface patterning of ligands at a distance of about
230 nm, which failed to support cell spreading on stiff hydrogels, was identified to
promote cell adhesion and osteogenic differentiation on soft hydrogels to the
comparable level as on stiff hydrogels. Our study is a breakthrough in bone tissue

engineering, which opens a new route to design tailor-made biomaterials.

2. Experiment process
2.1. Preparation of Nanostructured Substrates.
Commercial glass coverslips (24 mm x 24 mm x 0.15 mm, Carl Roth & Co. GmbH

Germany,) were cleaned with piranha solution (H2SO4:H202=3:1) for 4 h. After



washing with Milli-Q water for 3-5 times (Milli-Q Millipore System, USA), the

coverslips were dried with Na.

2.2. Preparation of Au Nanoparticle (AuNP)-Decorated Glass Coverslips.

AUNP array was determined by both speed and polymer block size, which has been
sufficiently studied in our previous publications [29, 30]. Thus, we only used the
determined parameters to fabricate the AuNPs with required spacing in this study and
focused on the cell responses to the ligand spacing. Briefly, block copolymer PS(288)-
b-P2VP(119) was stirred overnight in dry o-xylene under atmospheric condition. Then,
the HAuUCI4s-3H,O precursor was added (loading amount, L=0.5, L =
units(HAuUCI4)/units(P2VP)), and the solution was kept stirring overnight to obtain the
Au loading micellar solution. Clean coverslips were spin-coated with the micellar
solution and etched by plasma with W10 (10% hydrogen and 90% argon ) in a Tepla
PS210 microwave plasma system (PVA Tepla, Germany). The lateral distance between
AuUNPs was adjusted to 30 nm by varying the velocity of the spin-coating process. The
block copolymers, PS(1200)-b-P2VP(556) (L=0.4), PS(3120)-b-P2VP(875) (L=0.3),
PS(5348)-b-P2VP(713) (L=0.5), were used for the nanoarray-decorated coverslips with

lateral distances of 70 nm, 150 nm, 230 nm between AuNPs.

2.3. Transfer of Nanopatterns to polyacrylamide Gels.



The fabrication of AuNPs decorated polyacrylamide (PAM) hydrogels was performed
according to a protocol similar to our previously method [26]. Glass slides decorated
with quasi-hexagonal gold nanoarrays were immersed in 10 mM N, N’-
bis(acryloyl)cystamine ethanol solution at the dark condition for 4 hour, and washed
thoroughly with pure ethanol. The glass-bottom dishes (diameter 10 mm) were
incubated in mixed solution of acetic acid, 3-(trimethoxysilyl)propyl methacrylate
(Sigma) and ethanol (1/1/14), and washed three times with 96% ethanol. A solution
containing 10% ammonium persulphate, 0.05% tetramethylethylenediamine (Sigma),
and fluorescent 500-nm green carboxylated nanobeads (only for TFM test) was mixed
with acrylamide and bis-acrylamide in different concentrations to make hydrogels with
different stiffness. After drying both nanoarrays and acrylate-modified glass with Na,
10 pL of this solution were then dipped in the center of AuNP patterned glass and
covered with acrylate-modified glass. After 20 min of gel polymerization, the samples
were soaked in phosphate-buffered saline (PBS) and incubated in the oven for 72 hours
at 37°C, allowing them to swell. The substrate glass of the AuNPs were carefully
removed from the glass to the hydrogels and the samples were gently immersed in PBS
for sufficiently cleaning. The cyclo-RGDfK used in our study mimics the loop of the
cell binding domain present in fibronectin [31], which has been proven to have high
affinity to avp3 and a5B1 integrins [32-34]. Thus, hydrogels with nanopatterned AuNP
were incubated with 25 pM ¢cRGD-thiol (cyclic (RGDfK)-(PEGs),-C, PCS-31062-PlI,

Peptides International) overnight at 4°C. Afterwards, cRGD-conjugated nanopatterned



hydrogels were washed five times with PBS (for at least 10 min each time) to remove

unbound peptides before cell seeding.

2.4. Stiffness Measurements.
The stiffness of the hydrogels was measured using a rheometer (Kinexus, Malvern,
USA) at 25 “C. The parameters were setted as follows, the preload force was about 0.2

N, the shear strain was 1% and the frequency was 1 Hz.

2.5. Scanning Electron Microscopy (SEM).

Surfaces with AuNP patterns were sputtered with carbon (low-vacuum coater EM
ACE200, Leica) and imaged by SEM (Le01530, Zeiss) with an in-lens detector and 5
kV acceleration voltage. PAM hydrogels embedded AuNP arrays were vitrified and
mounted in a liquid-nitrogen-cooled stage, before being transferred to a freeze-fracture
system (EM BAF060, Leica). Samples were cooled to -90°C and kept in vacuum for
45 min to sublimate the water at the interfaces. Samples were then coated with carbon
and transferred to the cryo-SEM (Ultra 55 FE-SEM, Zeiss) by an evacuated liquid-
nitrogen-cooled shuttle (BAL-TECH VLC 100). Images were recorded at low-
temperature conditions (T = —130 + 5°C) and low acceleration voltages of 1-1.5 kV
due to the low conductivity of the samples. The obtained electron micrographs were
analyzed by ImageJ (National Institutes of Health) to measure the distance between a

gold nanoparticle and its 6-nearest neighbours.



2.6. Cell Experiments.

Human Mesenchymal Stem Cells (hMSCs) were cultured in Dulbecco’s modified
Eagle’s medium (Gibco, 21885-025) with 10% foetal bovine serum (FBS), 1%
penicillin streptomycin, and maintained at 37°C in a humidified atmosphere with 5%
COz. The osteogenic induced medium (A10069-01) and adipogenic induced medium
(A10070-01) were obtained from Gibco. The cells were passaged once a week
according to the standard protocols. The fifth to seventh passages of MSCs were used
in this study.

Prior to cell seeding, the AuNP functionalized hydrogels were sterilized with UV
light for 10 min and then washed twice with sterilized PBS and once with media. After
being treated with 0.05% trypsin- EDTA (Gibco, Thermo Fisher Scientific, USA),
centrifuged, and resuspended in culture media, cells were seeded to the surfaces of the

hydrogels and maintained under standard culture condition.

2.7. Immunofluorescent Staining.

Samples were washed twice with PBS (pH=7.4), followed by fixing with 4%
paraformaldehyde (Sigma, Germany) at room temperature for 15 min. Then, the
samples were washed three times with cold PBS and treated with 0.25% (v/v) Triton-
X 100 (Sigma, Germany) in PBS for 10 min at room temperature, followed by washing
with PBS to remove the remains. The samples were then incubated with 1% (w/v)

bovine serum albumin (BSA) in PBST (0.1% v/v Triton-X 100 in PBS) at room



temperature for 45 min to block nonspecific antibody binding. After briefly washing
with PBST, the samples were incubated with the primary antibody in PBST with 1%
BSA for 1 h at room temperature. The primary antibodies were used as follows: mouse
monoclonal [clone 349] paxillin (610052, DB biosciences, 1:200 dilution), rabbit
polyclonal anti-YAP (4912S, cell signaling technology, 1:200 dilution), rabbit
monoclonal anti-Phospho-Myosin lla (ser 1943, D7Z7T, cell signaling technology,
1:200), mouse monoclonal anti-Lamin A + C (mab636, NB100-74451, Novus
Biologicals, 1:200). Afterward, the samples were washed twice with PBST and three
times with PBS and were then incubated in the dark for another 1 h in a mixed solution
of Alexa Fluor 488 phalloidin (1:1000 dilution, Life Technologies, Thermo Fisher
Scientific, USA), anti-rabbit secondary antibody fluorescent dye Alexa Fluor 568
(1:200 dilution, A11011, Invitrogen, Germany), and anti-mouse secondary antibody
fluorescent dye Alexa Fluor 647 (1:200 dilution, A21235, Life Technologies, Thermo
Fisher Scientific, USA) in PBST with 1% BSA. Finally, the samples were washed twice
with PBS and imaged under an inverted fluorescence microscope (Axiovert 200 M or
an Imager. Z1, Germany). All acquired images were handled as 16-bit files and
processed with the software Image J to adjust image settings and create the overlay

fluorescence images.

2.8. Traction Force Microscopy (TFM).



AuNP functionalized PAM hydrogels containing 0.5 um fluorescent carboxylated
polystyrene beads (latex beads, carboxylate-modified polystyrene, fluorescent green,
Sigma) were fabricated as previously described.[35] The beads were mixed in the
hydrogel precursors and sunk during polymerization due to their own weight. After
converting the hydrogels, the micro-beads were kept near the surface of the hydrogels.
After immobilization of RGD peptide, the cells were seeded on the hydrogels.
Fluorescent microscopy was used to take images of beads as well as spread cells.

Finally, the cells were removed by treating with 1% SDS for 10 min on the
microscopy stage. The images were utilized for defining the original position of the
dye-labeled beads.

Imagel plugin “Align slices in stack” was used to correct the experimental drift of
the samples. The displacement field in a spread cell region was subsequently calculated
by a “particle image velocimetry” plugin in ImageJ. The obtained result was
reconstructed using the “Fourier transform traction cytometry” plugin in order to
generate the traction force field as a vector plot.

2.9. Ca?* concentration

Fluo-4 AM (4 uM) was used for Ca?* staining after the cells were cultured on the
substrates for 24 h. The fluorescent intensity was marked as F. Moreover, Moreover,
the fluorescent intensity of Fluo-4 AM that did not enter into the cell was marked as Fo.
The related fluorescent intensity of Ca2* in the cells was defined as AF/Fo, where AF=F-

Fo [36]. The detail procedure was followed the manufacturer's protocol. Cells were then
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washed with Hanks’ Balanced Salt Solution and then the fluorescent signals were

captured by Inverted Zeiss Axiovert 200 M.

2.10. MSC Differentiation.

The MSCs were seeded on the hydrogels surfaces with density of 6000 cell/cm? in
growth media for 1 day. Afterwards the cells was cultured in three different medium
conditions, including osteogenic and adipogenic mixed (1:1) induction media for 7 days,
growth media for 4 weeks, and adipogenic differentiation media for 2 weeks,
respectively. The media were replaced every 3 days.

Alkaline phosphatase (ALP) was recognized as the biomarkers to examine cells
osteogenic differentiation. The cells were stained by Leukocyte Alkaline Phosphatase
Kit based on Naphthol AS-BI and fast blue BB salt (86C, Sigma-Aldrich). The detailed
procedure was followed the manufacturer's protocol. The detailed procedure was
followed the manufacturer's protocol. DAPI was then added to track the nuclei. The
stained cells were observed in the inverted fluorescence microscope (Axiovert 200 M
or an Imager. Z1, Germany) mounted with a color camera. The ratio of osteogenic
differentiated cells on different hydrogels were calculated by counting the number of
cells at least in five randomly selected fields (10X magnification) and normalizing to
the total number of cells detected by DAPI staining.

Alizarin Red S was also used to analyze the late stage of cell osteogenic

differentiation. The MSCs were seeded on the hydrogels surfaces with density of 6000
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cell cm in growth media for 1 day. Afterwards the media was replaced by osteogenic
induced media for 15 days, and the media was replaced every 3 days. After removing
the media, and the cells were gently washed with PBS for two times. The cells were
then fixed with 4% paraformaldehyde for 15 minutes at room temperature, before
washing with diH2O three times to eliminate the Ca®* in the hydrogels. Cells were
further stained with 1 mL 0.5% alizarin red solution at room temperature for 30 minutes.
The cells were washed with ddH2O for 5 times and stained with DAPI. The results were

obtained according to the methods described above in ALP section.

2.9.10. Statistical Analysis

All statistical analyses were performed with GraphPad Prism 8. Group differences were
conducted by one-way ANOVA with Tukey’s post -hoc test. P-values < 0.05 were
considered as statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001). Data are represented as mean + standard deviation (S.D).

3. Results

3.1. Hydrogels with controllable stiffness and ligand spacing.

The hydrogels presenting hexagonally nanopatterned ligands were fabricated via a
transfer strategy. The fabrication procedure was illustrated in Figure la. The
hexagonally ordered gold nanoparticle arrays were fabricated via block copolymer
micelle nanolithography (BCMN) on glass coverslips, which were further transferred
to the polyacrylamide (PAM) hydrogels (detailed process in Materials and Methods).
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The cyclic RGDfK was then immobilized onto the nanopatterns. The distance between
the nanoparticles was adjusted by the chain length of block copolymers. The distance
about 30, 70, 150, and 230 nm was designed (Figure 1c, , and ) to
precisely control the distribution of RGD ligands. The size of a single gold nanoparticle
is approximately 8 nm. Since integrin dimers have a lateral size of approximately 12
nm [20, 37, 38], one nanoparticle could only activate a single integrin dimer.

The stiffness of the hydrogels was controlled by varying the concentration of
monomer and cross-linker. By adjusting the contents of monomer and cross-linker, the
PAM hydrogels with different mechanical properties were prepared on the gold
nanoparticle arrays to transfer the nanoparticles. The storage modulus G* was about 3
and 30 kPa (Figure 1b, ), mimicking the stiffness of adipose
and osteoid tissue, respectively [16, 17]. The swelling of these hydrogels was not
observed. The distance of the nanoparticles was not obviously increased after transfer
(Figure 1c and e). In order to investigate the transfer process, the nanoparticles on glass
coverslips were imaged before and after transfer. A boundary of nanoparticle array with
highest tested density (distance at about 30 nm) was detected under SEM (Figure 1d).
Almost no nanodots left in the area attached by soft hydrogels (left in image),
suggesting the removal of nanoparticles by hydrogels. The hydrogel surfaces with
transferred gold nanoparticle arrays were further imaged by cryo-SEM. As shown in
Figure 1e and S3, the spacing of the nanodots on hydrogels was a little larger than that

on glass surfaces due to hydrogel swelling. The deformation also slightly disordered
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the nanopattern. The tendency of the nanodot distance on different samples was still

maintained after transfer, the distance of nanodots on the hydorgels was summarized in

Table S1.
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Figure 1. Hydrogels with controllable stiffness and ligand spacing. (a) Schematic
illustration of the preparation of polyacrylamide (PAM) hydrogels with controllable
ligand spacing. The hexagonally ordered gold nanoparticle array were fabricated via
block copolymer micelle nanolithography (BCMN) on glass coverslips, and were
further transferred to the polyacrylamide (PAM) hydrogels (detailed process in

Materials and Methods). The cyclic RGDfK was then immobilized onto the
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nanopatterns. The distance between the nanoparticles was adjusted by the chain length
of block copolymers. (b) Average modulus of soft and stiff pristine PAM hydrogels or
hydrogels functionalized with AuNPs and RGD peptides (3 technical replicates). SEM
images of gold nanoparticle arrays with interparticle distance of 30 nm on glass
coverslips (c) before and (d) after transfer to soft PAM hydrogels (about 3 kPa). Note
that the hydrogel was only fabricated and removed on the left half of the glass coverslip
in (d). (e) Cryo-SEM image of gold nanoparticle arrays with interparticle distance 30

nm on the soft hydrogels. Scale bar 200 nm.

3.2. Cell spreading and focal adhesion assembly are regulated by ligand spacing
and substrate stiffness

Cell adhesion is directly related to the cytoskeleton formation [39-41]. The MSCs were
stained with filamentous actin (F-actin) after 24 h on the RGD nanopatterned hydrogels.
As shown in Figure 2a and c, the smaller ligand distance promoted cell spreading on
the stiffness hydrogels, but larger distance promoted cell spreading on the soft
hydrogels. The area reached about 6000 um? on the surface with 30 nm ligand distance
and decreased with the increasing ligand distance on 30 kPa hydrogels. Oppositely, the
cell spread area increased stepwise with the increasing interligand distance on 3 kPa
hydrogels, and was 600 and 4000 um? for the distance 30 and 230 nm, respectively. In
addition, aligned F-actin could be observed in well spread cells. Long actin filaments

were not detectable on the soft hydrogels with the ligand distance of 30 and 70 nm.
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Free cRGD (20 nM) was added in media during cell culture to inhibit integrin-based
adhesion. As shown in Figure S4, cell adhesion failed regardless of ligand spacing and
hydrogel stiffness in the presence of free cRGD. Therefore, cell adhesion and spreading
on hydrogels were induced by specific integrin-ligand interaction.

Focal adhesions (FAs), which serve as the linkages between cells and
microenvironment, transmit the environmental physical cues into cells and initiate
mechanotranduction pathways [42, 43]. Therefore, the FA assembly on the hydrogels
with different ligand space and stiffness was analyzed by immunostaining of paxillin.
As shown in Figure 2b and d, the assembled FAs were mostly detected near cell
periphery. The average FA length reached about 3.5 um on the soft hydrogels with 230
nm ligand distance, and decreased significantly when the distance was reduced. The

trend of FA formation was inverted on the stiff hydrogels.
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Figure 2. Cell adhesion on RGD-nanopatterned PAM hydrogels. (a) Fluorescence
images of stained F-actin (green) and nucleus (blue) in cells cultured on the substrates
for 24 hours. (b) Fluorescence images of cells stained for paxillin after 24 hours in
culture. (c) Cell spread area after 24 hours (n = 60, 3 independent experiments). (d)

Length of focal adhesion in cells after 24 hours (n = 15, 2 technical replicates).

3.3. Myosin Il-dependent cell contractile forces mediate mechanosensing on

nanopatterned hydrogels
Actomyosin contractility is the key regulator for cellular mechanotransduction, and

directly related to cytoskeleton assembly and cell adhesion [44]. The role of myosin 11
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activity on cellular response to substrate stiffness and ligand spacing was therefore
explored. The phosphorylation of myosin 11 was first analyzed by immunostaining with
phospho-myosin Ila (Ser1943) antibodies (Figure 3a and d). The phosphorylation was
promoted by the large ligand spacing on the soft hydrogels but small ligand spacing on
the stiff hydrogels, which was consistent with the trend of cell adhesion. To further
confirm the function of myosin 11, the cells were treated with blebbistatin, a myosin Il
inhibitor. As shown in Figure 3b and e, the difference of cell adhesion induced by
stiffness and ligand spacing was not observed after blebbistatin treatment. The
assembly of actin cytoskeleton was absolutely limited and the cells spread area changed
to the same level (3000 um?2) in all conditions. Therefore, the myosin I1-based cellular
tension mediated cellular mechanosensing on ligand nanopatterned hydrogels.
Interestingly, the cell spread area increased after blebbistatin treatment on soft
hydrogels with ligand space of 30 nm. Cells spread on the matrix with two mainly
different ways, intracellular force dependent and independent ways. On the one hand,
inhibition of myosin Il attenuates the contractile force of actomyosin, which is critical
for the mechanical signal transduction process caused by the ligands distance or
substrate stiffness [27]. Thus, the cell spread area on the soft hydrogel with large
distance ligands or stiff hydrogel decreased. On the other hand, inhibition of myosin 11
reduced actin retrograde flow. Thus, the leading-edge membrane tension increases to

induce the formation of lamellipodia and filopodia, which widens the cell periphery
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[45]. The intracellular force is already very limited in the cells on soft hydrogels with
small ligand space, so the myosin Il inhibition mainly exhibits the latter effects.

Since the myosin Il-based cellular force acts upon ECM and substrate materials
[35, 46], the force was further investigated by traction force microscopy employing
fluorescently labeled beads embedded in PAM hydrogels. The cells adhering on the
hydrogels could deform the substrates and cause a displacement of the embedded beads;
this was recorded by microscopy to calculate cellular traction force. As shown in
Figure 3c and f, large ligand spacing resulted in the enhanced traction force, while
small ligand spacing limited force generation on the soft hydrogels. The mean traction
force ranged from about 20 to 200 Pa on the soft hydrogels with ligand distance from
30 to 230 nm. On the stiff hydrogels, the traction force was in general larger than on
the soft hydrogels. However, the highest force was generated on the surface with
smallest ligand spacing (30 nm). The increased spacing limited the force generation.
The frequency distribution of the traction force was also provided in Figure S7. The
distribution of traction force gradually shifted to larger value on the soft hydrogels with
increasing ligand distance, while the opposite trend was observed on the stiff hydrogels.
The results of the traction force microscopy clearly show the force-dependent cell

adhesion on the hydrogels with controllable ligand spacing.
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Figure 3. Myosin ll-based cellular force generation. (a) Fluorescence images of cells
immunostained for phospho-myosin lla (Ser1943) after being cultured for 24 hours.
The high resolution images were shown in . (b) Fluorescent microscopy
images of cells stained for F-actin (green) after being treated with 20 uM blebbistatin
for 24 hours. More treated cells were shown in . (¢) The traction fields of a
single cell adhered on ligand nanopatterned PAM hydrogels with embedded fluorescent
beads after 24 hours. (d) The relative total fluorescent intensity of stained phospho-

myosin lla (Ser1943) in cells after 24 hours (n = 30, 2 technical replicates). (e) Cell

20



spread area after being treated with 20 uM blebbistatin for 24 hours (n = 25, 2 technical
replicates). The cell area without blebbistatin treatment from Figure 2c was added for
comparison. (f) Mean traction force of different single cells after being cultured for

24 hours (n = 15, 2 technical replicates).

3.4. Cell nuclear mechanics and nuclear chromatin organization are affected by
ligand spacing and substrate stiffness

The cytoskeleton is linked to the nucleus through the linker of nucleus and cytoskeleton
(LINC) complexes on the nuclear membrane [47]. Cytoskeletal tension can be
transmitted from cytoplasm to the nucleus, causing nuclear deformation and altering
the conformation of DNA or chromatin structures, as well as transcriptional activities
[48]. The actin cap, which is composed of highly contractile actomyosin filament
bundles that continuously bend to cover the top of the nucleus, is directly connected to
the nuclear membrane for regulating nuclear shape [47]. The actin cap on both soft and
stiff hydrogels was imaged and shown in Figure 4a. The fibers were disrupted and
almost disappeared, when cells were cultured on soft hydrogels with ligand distances
of 30 and 70 nm. The fibers emerged and the length increased with the increasing ligand
distance. On stiff hydrogels, clear cap fibers were observed but gradually decreased,
when the ligand distance increased from 30 to 230 nm. The actin cap generated tension
can change the nuclear morphology [49]. The nuclear area was calculated in Figure 4d,

which responding to the formation of actin cap. Strong actin cap fibers generated high
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tension to compress the nucleus and increase the nuclear area. These results indicated
the transmission of actomyosin-based cellular tension to the cell nucleus.

Cell nuclear mechanics was therefore investigated by immunostaining of nuclear
skeleton lamin A/C. The expression and organization of lamin A/C reflect the nuclear
stiffness and tension [50]. High tension inhibits the phosphorylation and further
degradation of lamin A/C [51]. As shown in Figure 4b, deep wrinkles formed on the
nuclear surface, when cellular tension was limited on the soft hydrogels with small
ligand distance, i.e. 30 and 70 nm. The nuclear surfaces were getting smooth and the
fluorescent intensity of the stained lamin A/C increased with the increasing ligand
distance. On the stiff hydrogels, all of the nuclear surfaces were relatively smooth, but
the fluorescent intensity decreased gradually with increasing ligand distance. These
results demonstrate the response of cell nuclear mechanics to ligand nanopatterns on

stiffness tunable hydrogels.

In addition, cell actin cap was disrupted with low concentration of latrunculin B
(1 uM) to block cytoskeleton connection to nucleus [52]. Although the basal stress
fibers were almost not affected (Figure S8 a and b), latrunculin B treatment decreased
the amount of nuclear skeleton lamin A/C to the same level in all conditions (Figure
S8 ¢ and d). The results indicated that the nucleoskeleton assembly is caused by the
actomyosin-based traction force.

The heatmap of DAPI intensity was subsequently created in Figure 4c. The nuclei
on soft hydrogels with small ligand distance exhibited higher fluorescence intensity
confirming the trend of high degree of chromatin condensation and low nuclear
mechanics, which is consistent with previous studies [53, 54]. In line with lamin A/C-

based nuclear tension, the nuclei exhibited overall low intensity when high level of
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lamin A/C was detected. This indicates that chromatin was efficiently deformed in the
stiff nucleus. Thus, cell mechanosensing induced by ligand spacing and substrate
stiffness, was physically transmitted into cell nucleus and affected chromatin

organization.
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Figure 4. Cell nuclear mechanics regulated by ligand spacing and substrate stiffness.
(a) Fluorescence images of the nuclear and perinuclear area of the cells stained for F-
actin (green) and nucleus (blue) after being cultured for 24 hours. (b) Representative
fluorescence images of cell nuclei stained for lamin A/C after 24 hours (n = 17, 2
technical replicates). (c) Representative heatmap of DAPI intensity of the cells after 24

hours. (d) Nuclear area of the cells after 24 hours (n = 15, 2 technical replicates). (e)
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Relative average fluorescent intensity of lamin A/C of the cells (n = 18, 2 technical

replicates).

3.5. Cell transcriptional activity and ion channel activation
The transcriptional regulators YAP/TAZ can regulate the expression of multiple
mechanosensitive genes [55]. The subcellular distribution of YAP/TAZ responds to
cytoskeleton tension and cell nuclear mechanics [50]. The generation of intracellular
tension induces the shuttling of YAP/TAZ from the cytoplasm to the nucleus via the
regulation of Ras-related GTPase RAP2 [56] and the ARID1A-containing SWI/SNF
complex [57] as well as the tension-stretched nuclear pore opening [58]. Usually, only
cells on stiff substrates exhibit nuclear localization of YAP/TAZ [59]. Here, the
subcellular distribution of YAP/TAZ was investigated by YAP immunostaining
(Figure 5a, c). As expected, YAP was mainly distributed in the cytoplasm when the
ligand distance was 30 nm on soft hydrogels, but more concentrated in cell nucleus
when the distance increased. In contrast, increasing ligand distance caused YAP
deactivation from nucleus on stiff hydrogels. Therefore, cell transcriptional activity was
synergistically regulated by ligand spacing and substrate stiffness.

Besides the transcriptional activity, the differentiation of MSCs is also mediated
by the uptake of extracellular calcium ion [60]. Thus, the expression of ion channel
transient receptor potential vanilloid-4 (TRPV4), which is widely expressed in

osteoblasts [61], was investigated. As shown in Figure 5b and d, the activation of
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TRPV4 matched cell spreading and tension generation. More TRPV4 was activated on
soft hydrogels with ligand distance 230 nm. The results agreed with previous studies
that TRPV4 could be activated in a force-dependent manner, triggered by either
membrane stretching [62] or the force applied by B1 integrin [63].

The activation of TRPV4 was further investigated by quantifying the Ca?*
permeability (Figure 5¢c and f). The cells expressed more TRPV4 that indicated by
immunostaining also obtained more Ca?*. On the soft hydrogels, the Ca?* intensity
increased with the increasing ligand space. While on the stiff hydrogels, the intensity

gradually decreased with the increasing ligand distance.
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Figure 5. Cell transcriptional activity and ion channel activation. (a) Fluorescence

images and (c) the related nuclear-to-cytoplasmic ratios of YAP for the cells after
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cultured for 24 hours (n = 12, 2 technical replicates). The high resolution images were
shown in . (b) Fluorescence images and (d) related fluorescent intensity of the
cells stained for TRPV4 after 24 hours (n = 10, 2 technical replicates). (c) Fluorescence
images and (f) related fluorescent intensity for the cells stained for Ca?* after cultured
for 24 hours, where F is the fluorescence intensity of calcium ion in the cells and Fo is
the background fluorescence intensity of Fluo-4 AM. (AF=F-Fo, n=50, 2 technical

replicates).

3.6. Ligand spacing drives cell osteogenic differentiation on soft hydrogels

Osteogenic differentiation of stem cells can be regulated by mechanotransduction and
ion channel activation. The up-regulated mechanotransduction and enhanced ion
channel activation on soft hydrogels with large ligand space resulted in the high level
of alkaline phosphatase (ALP) positive cells in multiple cell culture conditions,
including in the 1:1 mix of osteogenic and adipogenic induction media for 1 week
(Figure 6a and b), growth media for 4 weeks ( ), and adipogenic induction
media for 2 weeks ( ). In mixed differentiation media, the ratio reached
about 60% for ligand distance of 230 nm, while it was only 30% for the 30 nm distance.
In comparison, the highest ratio of ALP positive cells was about 75% on the stiff
hydrogels presenting inter-ligand distance of 30 nm, while the ratio decreased to 50%
when the distance increased to 230 nm. The trend of the osteogenic differentiation of
MSCs was similar in the growth media and the adipogenic induction media. The

adipogenic differentiation of MSCs was investigated by oil red O staining was not
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detectable in these conditions. This is because the bone marrow-derived MSCs used in
our study have high tendency for osteogenic differentiation but low tendency for
adipogenic differentiation.

The minerals deposition, late marker of osteogenic differentiation, was detected by
imaging calcium deposition with Alizarin Red S (ARS). As shown in Figure 6 ¢ and d,
the ratio of ARS positive cells increased from 5% to 35% with the increasing ligand
distance on the soft hydrogels, and the opposite tendency was observed on the stiffness
hydrogels. These results together demonstrate that the osteogenic differentiation of
MSCs on soft hydrogels could be promoted to the level comparable with that on stiff

hydrogels by controlling ligand spacing.

SRR SRR

Substrate Young’s modulus (kPa)

Ligands spacing (nm)
C
[ 2t g » d 60 ™ 3kPa “
5 . I 30 kPa
™ : ¢ % *
2 < % 540- —_—
) ‘ ®
2 O 204
o
s -
100 pm 0-
3 s Q AQ Q a0 A0 (O 0
s D AE DAL P
30 70 150 230
. Ligands spacing (nm
Spacing (nm) g pacing (nm)

27



Figure 6. MSC osteogenic differentiation. (a) Representative micrographs of MSCs
stained with ALP after cultured for 1 day in growth media and 6 days in the 1:1 mix of
osteogenic and adipogenic differentiation media. (b) Quantitative ratio of ALP positive
cells after 7 days in culture in differentiation media (n = 200, 2 technical replicates). (c)
Representative micrographs of MSCs stained with ARS after cultured for 15 days in
osteogenic differentiation media. (d) Quantitative ratio of ARS positive cells after

cultured for 15 days in differentiation media (n = 35, 2 technical replicates).

4. Discussion

In the current view, only hydrogels with high stiffness and high ligand density are
designed to promote cell adhesion and stem cell osteogenic differentiation [64, 65].
Strikingly, in the study presented here, soft hydrogels with large ligand spacing promote
stem cell osteogenic differentiation. We systematically explored the entire force
transmission pathway (Scheme 1). Force sensing at cell-materials interface was
monitored thourgh focal adhesion formation and cytoskeleton assembly (Figure 2).
The intracellular force generation in cell was analyzed through molecular motor myosin
Il and the traction force quantification (Figure 3). The force transmission into cell
nucleus and genes were investigated through the formation of actin cap and
nucleoskeleton as well as the gene distribution (Figure 4). The force-induced

transcriptional activity was detected through YAP location (Figure 5). These results
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together indicated the increased ligand spacing enhanced cell mechanosensing and
mechanotransduction on soft hydrogels.

As shown in previous work, the increased ligand spacing results in the decreased
number of individual integrin-ligand bonds, i.e. the molecular clutches [27]. Therefore,
more myosin motors could distribute on one clutch to exert larger force per clutch[66].
When the force exerted on single clutches was above the threshold to unfold talin, an
adaptor protein between actin filaments and integrin [67], the integrins could be
recruited leading to adhesion growth. This recruitment promoted adhesion growth,
which was supported by soft substrates. However, the growth rapidly reached
maximum and the extra force loading caused adhesion collapse on stiff substrates [27].
Due to the enhanced force generation on single clutches of the MSCs adhered on the
soft hydrogels with large ligand spacing, the nucleoskeleton lamin A/C was activated
to increase the nuclear mechanics and trigger the activation of transcriptional regulators
YAP/TAZ. Combined with the increased expression of ion channels, the osteogenic
differentiation of MSCs was promoted on soft hydrogels to a level comparable to the
one observed on stiff hydrogels. The osteogenic differentiation on such soft hydrogels
was only achieved in very few reports. We recently achieved it on the soft hydrogels
with large surface roughness [68, 69]. However, the high surface roughness increases
the specific contact area between materials and biosystems, which might cause other

unexpected immunoresponse in vivo.
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This phenomenon was not detected in previously reported soft hydrogels with low
density of randomly immobilized ligands [64, 65]. The ligand disordered distribution
altered the stiffness regime for adhesion collapse [27]. Randomly immobilized ligands
actually decreased the ligand distance in local, which limited the force generation on
molecular clutches and the recruitment of extra integrins on soft hydrogels. Therefore,
well-ordered ligand nanopatterns are required to promote cell adhesion and osteogenic
differentiation on soft substrates.

Ding et al. also studied the synergistic effects of matrix stiffness and ligand
spacings on stem cell fate determination [23, 70]. Interestingly, large ligand spacing
(135 nm) on stiff (130 kPa) and rigid (3170 kPa) substrates limited cell adhesion but
promoted stem cell osteogenic differentiation comparing with small ligand spacing (49
nm). It should be noted that the tested stiffness in these experiments was above the
physiological stiffness that cells are sensitive to (< 100 kPa) [71]. We also examined
cell adhesion and differentiation on hydrogels with such high stiffness and different
ligand spacing. Our results are in agreement with Ding et al.’s results (data not shown).
Unlike the presented hydrogels with physiological stiffness, YAP/TAZ were highly
concentrated in cell nucleus even when cell adhesion was relatively limited on the rigid
hydrogels with large ligand spacing (Data not shown). Our hypothesis is that the nuclear
concentration of YAP/TAZ is above the required threshold on these rigid substrates
with large ligand spacing, thus other factors appear to be determinant in mediating cell

fate determination in this case. Nevertheless, this is out of the scope of the current study.
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Actomyosin-based mechanotransduction and YAP/TAZ are still the dominant
regulators as shown above for the cell differentiation on hydrogels with physiological

stiffness in the present study.
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Scheme 1. Schematic illustration of the effects of ligands density on the surface of

matrix and the force transmission process from the substrate to cell nucleus.

5. Conclusion

In this study, we developed the functional soft hydrogels with quasi-hexagonally
arranged ligand nanoarray to stimulate cellular mechanotransduction and promote stem
cell osteogeinc differentiation. The controllable ligand spacing initiates
mechanotransduction pathways: focal adhesion formation — actomyosin assembly —
nucleoskeleton assembly —activation of transcriptional regulators, as well as expression

of ion channels. These factors synergize to drive the osteogenic differentiation of stem
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cells on the 3 kPa soft hydrogels, which are usually expected to inhibit cell osteogenic
differentiation. This unusual phenomenon can be explained by the optimized force
loading on single molecular clutches to activate focal adhesion formation. Our study
will provide new methods to regulate stem cell fate determination and extend the choice

of biomaterials in regenerative applications.
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