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1. Introduction

Native extracellular matrix (ECM) exhibits dynamic change in the ligand posi-

tion. Herein, the ECM-emulating control and real-time monitoring of stem
cell differentiation are demonstrated by ligand nanoassembly. The density of
gold nanoassembly presenting cell-adhesive Arg-Gly-Asp (RGD) ligand on
Fe;O, (magnetite) nanoparticle in nanostructures flexibly grafted to mate-
rial is changed while keeping macroscale ligand density invariant. The ligand
nanoassembly on the Fe;O, can be magnetically attracted to mediate rising

Dynamic movement of ligands, such as
the cell adhesive tripeptide Arg-Gly-Asp
(RGD) motif, is observed in native extra-
cellular matrix (ECM).l' A variety of tis-
sues, including tendons,? intervertebral
disks,Pl and bone, present ligand nano-
structures that can regulate the dynamic

and falling ligand movements via linker stretching and compression, respec-
tively. High ligand nanoassembly density stimulates integrin ligation to activate
the mechanosensing-assisted stem cell differentiation, which is monitored via
in situ real-time electrochemical sensing. Magnetic control of rising and falling
ligand movements hinders and promotes the adhesion-mediated mecha-
notransduction and differentiation of stem cells, respectively. These rising and

adhesion and differentiation of cells.’!
Collagen ECM proteins that comprise the
predominant population in native bone
exhibit nanostructured RGD ligand.’
Controlling the movement of cell-adhesive
ECM proteins regulates dynamic integrin-
RGD ligation to mediate intracellular

falling ligand states yield the difference in the farthest distance (=34.6 nm) of
the RGD from material surface, thereby dynamically mimicking static long and
short flexible linkers, which hinder and promote cell adhesion, respectively.
Design of cytocompatible ligand nanoassemblies can be made with combina-
tions of dimensions, shapes, and biomimetic ligands for remotely regulating
stem cells for offering novel methodologies to advance regenerative therapies.

assembly of F-actin cytoskeleton and focal
adhesion complexes that trigger mecha-
notransduction signals to facilitate stem
cell differentiation.”! Designing ECM-
mimicking materials with movement
controllability of ligand nanostructures
can assist the elucidation of dynamic
nanoscale cell-material interplay to
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regulate and monitor cell adhesion and differentiation in situ.l!
The development of dynamic ECM-emulating materials®! with
remote controllability can regulate dynamic cell-material inter-
play, respectively.l'’! Remotely activatable signals include light!!"
and magnetic fields.!"

Light irradiation can control ligand-tethered light-activat-
able materials®! but is limited due to high absorption of light,
such as ultraviolet-light-controlled cell adhesion in vivo.' The
nanoscale presentation of bioactive ligand™ has been modu-
lated on a planar array of largely static homogeneous ligand-
tethered nanoparticlesl'® by changing spatial density and
interparticle spacing,l"”l local versus macroscale density,'¥! clus-
ters,””! ordering versus disordering,? micropatterned nano-
particles,?l and among others. However, in these prior studies,
the complex nature of ligand distribution in natural tissues
was not presented. The nanoscale display of a bioactive ligand
has been dynamically controlled by manipulating the movement
of individual ligand-tethered magnetic nanoparticles via mag-
netic field,?? which is distinct from the integrated ligand nano-
structures shown in this study.?}! Recently, our group has dem-
onstrated the magnetic manipulation of the linear alignment,?l
expansion,®! and planar movement!?®l of the ligand to regulate
cellular adhesion and differentiation. Furthermore, magnetic con-
trol of restricting ligand mobility suppressed colony development
with cancer stem-like cell?] or promoted stem cell differentia-
tion,?8l which was also regulated by controlling ligand exposure.*’!

Herein, we report the change of the density of a ligand-
presenting gold nanoparticle assembly on a Fe;O, (magnetite)
nanoparticle (in “OFF” state) flexibly grafted to substrate using
a flexible linker (Scheme 1).3% Magnetic field was applied to
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attract the ligand nanoassembly on Fe;0, to mediate rising
(“Rising” ON, increasing vertical ligand position) and falling
(“Falling” ON, decreasing vertical ligand position) nanoscale
ligand movement via reversible stretching and compression of
the flexible linker, respectively, to regulate the adhesion, mecha-
nosensing, and differentiation of stem cells.

2. Results and Discussion

2.1. The Ligand Nanoassembly is Changeable on the Fe;O,

We prepared Fe;O4 nanoparticles of a size significantly larger
than that of gold nanoparticles??! for nanoassembly on the
surface of Fe;O4 nanoparticles. We facilitated nanoassembly
through amino-silica functionalization to facilitate the
assembly of gold nanoparticles on the Fe;O, nanoparticles via
amino-gold bonding (Figure S1, Supporting Information).
Vibrating sample magnetometry revealed reversible magnetic
property of Fe;O, nanoparticles with a high saturation magneti-
zation value of 671 emu g and nearly overlapping hysteresis
curves (Figure S2, Supporting Information). We confirmed
homogeneous amino-silica shell coating on the surface of the
Fe;0, core nanoparticles via transmission electron microscopy
(TEM) imaging (Figure S3, Supporting Information). Dynamic
light scattering (DLS) spectra confirmed that the diameter of
the Fe;O, nanoparticles coated with the amino-silica shell was
212 + 15 nm (Figure S4, Supporting Information). Gold nano-
particlesi®! exhibited uniform size distribution with a diameter
0f 12.3 £ 0.6 nm (Figures S5 and S6, Supporting Information).

For change of the density of gold nanoparticles on the Fe;0,
nanoparticles in nanoassembly, we regulated the ratio of reac-
tion volume (low, moderate, or high volume) of the gold nano-
particle suspension to that of the Fe;O,@amino-silica sus-
pension to yield low, moderate, or high densities of the gold
nanoparticle assembly on the Fe;O, nanoparticle. High-angle
annular dark-field STEM (HAADF-STEM) images revealed the
atomic arrangement in crystalline Fe;O,4 and gold nanoassembly
in the assembled nanostructures with gradual increase in
the low, moderate, and high densities of uniformly distrib-
uted gold nanoassembly on the Fe;O, in the nanostructures
(Figure 1a; Figure S7, Supporting Information). We quanti-
fied the surface areas of the nanoassembly per Fe;O4 nanopar-
ticle as 20 494 + 3154, 57 977 £ 3345, and 95 355 + 6733 nm?
for low, moderate, and high nanoassembly groups, respectively,
which were significantly different (Figure 1b). We determined
significantly different nanoassembly densities (the number
of gold nanoassembly units per Fe;O,) as 39 £ 5, 109 £ 6, and
180 * 13 for low, moderate, and high nanoassembly groups,
respectively. UV-vis spectra revealed the presence of gold and
Fe;0, nanoparticles in all of nanoassembly groups (Figure 1c).
DLS spectra revealed similar size distributions in nanoassembly
groups at various densities (Figure 1d).

2.2. Magnetic Control of Movement of the Ligand Nanoassembly
For remote control of nanoscale ligand movement, we grafted

a long flexible poly(ethylene glycol) (PEG) linker (M,: 5 kDa)
to the surface of the nanoassembly via the gold-thiol reaction

© 2021 Wiley-VCH GmbH
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Scheme 1. Schematic summary of the experimental methodology in this study. A dynamic platform was developed by flexible grafting of ligand-tethered
gold nanoassembly onto the Fe;O, (via change of the nanoassembly density in “OFF” state) to substrate while keeping the macroscale ligand density
invariant. Remote control of nanoscale ligand movement was achieved by magnetically attracting the ligand nanoassembly to mediate rising (“Rising”
ON, increasing vertical ligand position) and falling (“Falling” ON, decreasing vertical ligand position) movements via stretching and compression of
a flexible linker molecule, respectively. High ligand nanoassembly density enhanced the mechanosensing-aided differentiation of stem cells (as com-
pared to the low ligand nanoassembly density). Magnetic manipulation of the “Rising” ON and “Falling” ON impeded and promoted the stem cell

mechanosensing-mediated differentiation, respectively, thereby advancing

(Figure 1e; Figure S8, Supporting Information). To keep macro-
scale ligand density constant, various nanoassemblies on the
Fe;O, at increasing nanoassembly densities per Fe;O, nano-
particle were grafted to an aminated substrate via 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide
reaction at decreasing Fe;O, densities. The activated flexible
linker-coated nanoassembly on the substrate further reacted
with amino—RGD peptide ligand to create ligand nanoassembly.
Zeta potential analysis of nanoassemblies at various densities
through serial surface modification processes using the PEG
linker and RGD ligand revealed changes in surface charges,
which confirmed the successful modification of the nanoassem-
blies (Figure S9, Supporting Information). We also confirmed
successful chemical functionalization of ligand nanoassembly
via the Fourier transform infrared (FTIR) spectroscopy analysis
(Figure 1e; Figure S10a,b, Supporting Information).
Homogeneous grafting of various flexible linker-coated
nanoassemblies at constant macroscale ligand density to the
substrate was verified through scanning electron microscopy
(SEM) imaging. The results showed decreasing substrate-grafted
Fe;0, nanoparticle densities (5.4 £ 0.2, 2.3 £ 0.3, and 1.3 £ 0.1
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regenerative therapies.

particles pm=2 for low, moderate, and high nanoassembly den-
sities, respectively) with increasing nanoassembly densities
(Figure 2a,b). We optimized substrate-grafted Fe;O, densities
with various ligand nanoassembly densities such that they effi-
ciently regulate the focal adhesion, mechanosensing, and differ-
entiation of stem cells. Macroscale ligand surface density exhib-
ited similar values (between 110 600 and 131 300 nm? um)
without significant differences (Figure 2b)

Remote control of integrated vertical nanoscale ligand move-
ment via magnetic attraction of the ligand nanoassembly on
the Fe;O, nanoparticle was characterized via in situ atomic
force microscopy (AFM) imaging under the magnetic field. We
conducted serial in situ AFM imaging on the identical areas
of ligand nanoassembly after placing a permanent magnet at
the upper side of the substrate to induce the rising movement
(“Rising” ON) of ligand nanoassembly via stretching of a flexible
linker or at the lower side of the substrate to induce the falling
movement (“Falling” ON) of ligand nanoassembly via com-
pression of the flexible linker or without the magnet (“OFF”)
(Figure 2¢,d). Similar diameters of ligand nanoassembly in the
“OFF,” “Rising” ON, and “Falling” ON states (between 214.8

(3 of 13) © 2021 Wiley-VCH GmbH
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Figure 1. Methodical change of the ligand nanoassembly on the Fe;O,. a) Atomic-scale characterization of the Fe;O, and gold nanoassembly in a
ligand nanoassembly via high-resolution scanning transmission electron microscopy (HR-STEM). The unit cell lattice parameter is labeled on the
crystalline Fe;O,. Average lattice spacing is labeled for the crystalline gold nanoassembly. Nanoscale characterization of the change of various ligand
nanoassemblies (low, moderate, and high nanoassembly densities) via high-angle annular dark-field STEM (HAADF-STEM) and energy-dispersive X-ray
spectroscopy (EDS) mapping. Scale bar: 100 nm. Fe and Au elements represent the Fe;04 and gold nanoassembly, respectively. b) Quantifications
of surface areas and densities of the nanoassembly per Fe;O, in nanostructures. c) UV-vis absorbance spectra of the gold nanoparticles, the Fe;O,
nanoparticles, and various nanoassemblies. d) Dynamic light scattering of the size distribution in various nanoassemblies. €) Fourier transform infrared
spectra of the nanoassembly (at low nanoassembly density) after polyvinylpyrrolidone stabilization, tethering of the flexible linker, the grafting of the
amino-RGD peptide. Each absorption peak was assigned to chemical bonds that emerged after the serial chemical functionalization. *** p < 0.001.
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Figure 2. Remote control of the movement of various ligand nanoassemblies at a constant macroscale ligand density. a) Schematics and scanning
electron microscopy (SEM) images of various ligand nanoassemblies (low, moderate, and high nanoassembly densities) on the Fe;O, flexibly grafted
to the substrate. Scale bar: 500 nm. b) Calculation of the substrate-grafted Fe;O, density and macroscale ligand surface density. ¢) Quantification of
the average height and diameter of the ligand nanoassemblies on the Fe;0, (low nanoassembly density) based on d) the images acquired by in situ
magnetic atomic force microscopy (AFM). Serial in situ magnetic AFM imaging was conducted on identical areas of the ligand nanoassemblies after
placing a permanent magnet at the upper side of the substrate to induce linker-stretching-mediated rising movement (“Rising” ON) of the ligand
nanoassemblies or at the lower side of the substrate to induce linker-compression-mediated falling movement (“Falling” ON) of the ligand nanoassem-
blies or without a magnet (“OFF”). Scale bar: 100 nm. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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and 2175 nm with no significant differences) confirm that no
intrinsic size change in ligand nanoassembly occurred during
in situ ligand movement. In contrast, height changes of single
or multiple ligand nanoassembly in the “OFF” (196.3 £ 6.1 nm),
“Rising” ON (215.3 £ 3.5 nm), and “Falling” ON (180.7 £+ 4.7 nm)
states that were significantly different with contrast changes
verified nanoscale ligand movement by magnetically attracting
ligand nanoassembly to induce stretching and compression of
the flexible linker (Figure S11, Supporting Information).

2.3. Modulation of Ligand Nanoassembly Density and Magnetic
Stimulation Regulates Ligation-Mediated Stem Cell Adhesion

Next, we assessed the effect of changing the ligand nanoassembly
density (without modulating macroscale ligand density) on the
ligation-mediated focal adhesion and mechanosensing of human
mesenchymal stem cells (hMSCs).[0532 We passivated the sub-
strate areas not covered by ligand nanoassembly via PEGyla-
tion. Confocal immunofluorescence imaging revealed more
pronounced expression of integrin f1 in adherent stem cells
that can promote integrin-RGD ligation with increasing ligand
nanoassembly density (Figure S12a, Supporting Information).
We found that this enhanced ligation with increasing ligand
nanoassembly density facilitated pervasive expression of paxillin
clusters and development of F-actin filaments, thereby stimu-
lating the focal adhesion and spreading of stem cells with less
elongated morphology (Figure S12a,b, Supporting Information).
Our results showed that stimulated focal adhesion of stem cells
with increasing ligand nanoassembly density gradually strength-
ened the mechanosensing of the stem cells®? (higher nuclear
localization of yes-associated protein (YAP) and transcriptional
coactivator with PDZ-binding motif (TAZ) mechanotransducers
(Figure S12¢,d, Supporting Information). We confirmed that
focal adhesion-assisted mechanosensing of stem cells is regu-
lated specifically in response to the modulation of the integrin-
specific RGD ligand nanoassembly density by control groups
(Figures S13a,b and S14a,b, Supporting Information). Our find-
ings suggest that high density of ligand nanoassembly stimu-
lates the integrin-specific RGD ligation that promotes the focal
adhesion and mechanotransduction of stem cells. We believe
that our findings of high density of ligand nanoassembly on
each Fe;0, may display ligand nanoclustering, similar to a pre-
vious report showing that high ligand nanoclustering promotes
cell adhesion.!"34

Previous reports showed that RGD ligand statically grafted to
a substrate via short flexible linkers (9.5 nm from the substrate)
and long flexible linkers (38.2 nm from the substrate) promoted
and hindered cellular adhesion, respectively.*® Similar to such
a difference in the distance between two linkers (28.7 nm),
we observed the difference in the distance between “Rising”
ON (215.3 nm via flexible linker stretching) and “Falling” ON
states (180.7 nm via flexible linker compression) to be 34.6 nm
(Figure 2c,d), which promoted and hindered stem cell adhesion,
respectively. Therefore, we suggest that “Rising” ON state via
flexible linker stretching dynamically mimicked statically a long
flexible linker, which inhibited integrin ligation-mediated stem
cell adhesion. Similarly, we suggest that “Falling” ON state via
flexible linker compression dynamically mimicked statically a

Small 2021, 2102892
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short flexible linker, which facilitated integrin ligation-mediated
stem cell adhesion.

Confocal immunofluorescent images showed in the low
ligand nanoassembly, high levels of paxillin expression and
F-actin assembly in the “Falling” ON states and their low levels
in the “OFF” and “Rising” ON states (Figure S15a,b, Sup-
porting Information). In the high ligand nanoassembly density,
high level of stem cell adhesion was observed in the “OFF” and
“Falling” ON states whereas low level of stem cell adhesion was
observed in the “Falling” ON state (Figure S16a,b, Supporting
Information). We also found that 18 h is the minimal time for
effective magnetic stimulation of the stem cell adhesion and
mechanotransduction (Figures S17a,b and S18a,b, Supporting
Information). Our results demonstrated that the magnetic con-
trol of rising and falling movement of the ligand nanoassembly
hinders and intensifies the integrin ligation-assisted focal adhe-
sion and spreading, and mechanosensing (nuclear localization
of TAZ and YAP mechanotransducers) of stem cells, respec-
tively (Figure 3a; Figures S19 and S20a,b, Supporting Infor-
mation). We also found that the use of linear RGD instead of
cyclic RGD (used in this study) remains effective for regulating
stem cell adhesion in our system (Figures S21 and S22a,b,
Supporting Information). Magnetic control of nanoassembly
necessitates the tethering of the integrin-specific RGD ligand
to the nanoassembly to efficiently regulate focal adhesion and
mechanosensing of stem cells (Figures S23a,b and S24a,b,
Supporting Information). We performed in situ magnetic con-
focal microscopy imaging of reversible stem cell adhesion. We
found that spread stem cells that had initially adhered to the
ligand nanoassembly (high nanoassembly density) in “OFF”
state exhibited gradual shrinkage into smaller round cells in
“Rising” ON state after 6 h, suggesting reversible cell adhesion
(Movie S1, Supporting Information).

2.4. The Magnetic Control and Density of Ligand Nanoassembly
Regulates the Mechanotransduction-Mediated Stem Cell
Differentiation

Controlling elastic movement of cell-adhesive ECM proteins
has been shown to stimulate focal adhesion kinase (FAK),
which mediates osteogenic differentiation of stem cells.’*3¢
Therefore, we examined whether ligand movement can regu-
late mechanosensing-mediated osteogenic differentiation of
stem cells.3*¥] Confocal immunofluorescent imaging showed
that the nuclear translocation of RUNX2 and alkaline phos-
phatase (ALP) fluorescence intensities per cell was significantly
enhanced by “Falling” ON state compared to “OFF” state in
low ligand nanoassembly group (Figure 3b,c; Figure S25, Sup-
porting Information). This trend was found to be consistent in
upregulating the expression of these osteogenic genes (ALP and
RUNX2) and stimulating mature osteoblast-specific osteocalcin
(Figure 3c; Figures S26 and S27a,b, Supporting Information).
These results are also in accordance with the stimulated focal
adhesion and mechanotransduction of stem cells via “Falling”
ON state compared to the “OFF” state in the low ligand
nanoassembly group (Figure 3a). In striking contrast, confocal
immunofluorescent imaging showed that the nuclear translo-
cation of RUNX2 and the expression of ALP and osteocalcin

© 2021 Wiley-VCH GmbH
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Figure 3. Magnetic control of the movement of ligand nanoassemblies oppositely regulates the adhesion and differentiation of stem cells. a) Confocal immu-
nofluorescent images of a) integrin S, paxillin, and TAZ and b) RUNX2 and ALP co-stained with F-actin and 4',6-diamidino-2-phenylindole (DAPI) (nuclei) in
adhered stem cells on the ligand nanoassembly (low and high densities) in the “OFF” state as well as the magnetic “Rising” ON and “Falling” ON states with
c) quantification of the nuclear localization of TAZ and RUNX2 as well as ALP gene expression. Scale bar: 50 um. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Figure 5. Ligand nanoassembly platform is versatile in enabling the in situ real-time monitoring of stem cell differentiation. a) Schematic presentation
of the enzymatic reaction-regulated electrochemical sensing using alkaline phosphate (ALP) to mediate the redox reaction monitored through cyclic
voltammetry (CV). b) The electroconductive indium-tin oxide (ITO) substrate presenting the ligand nanoassembly at high gold nanoassembly density
facilitates the gold nanoassembly-mediated electrochemical reaction regulated by ALP produced as a result of the osteogenic differentiation of the
stem cells. ¢) Cyclic voltammogram and calculated IPA (anodic peak current) values for in situ time-dependent monitoring of stem cell differentiation.
Control experiments in the absence of cells were also conducted. Data are expressed as the mean * standard error (n = 3). ** p <0.01 and *** p <0.001.

were significantly hindered by “Rising” ON state compared to  responds to the impeded focal adhesion and mechanotrans-
“OFF” state in high ligand nanoassembly group (Figure 3b,c;  duction of stem cells via “Rising” ON state compared to “OFF”
Figures S25 and S27, Supporting Information). This trend cor-  state in high ligand nanoassembly group (Figure 3a,b). We also

Figure 4. The adhesion-mediated stem cell mechanosensing is facilitated by both high density and low vertical distance of the ligand nanoassembly.
a) Confocal immunofluorescent images of TAZ co-stained with F-actin and DAPI (nuclei) and b) consequent quantification analysis of the nuclear
localization of TAZ in adhered stem cells after 48 h of culturing on the ligand nanoassembly (in the “OFF” state and the magnetic “Falling” ON state
at low density and the “OFF” state at high density). Stem cells were cultured in the presence and absence of specific inhibitors for actin polymeriza-

tion (cytochalasin D), ROCK (Y27632), or myosin Il (blebbistatin). Scale bar: 50 um. Data are depicted as mean * standard error (n = 20). * p < 0.05,
% p < 0.01, and *** p < 0.001.
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examined sole effect of applying a magnetic field on stem cell
differentiation and found poor stem cell adhesion and differen-
tiation in all of the groups, which indicates that the magnetic
field alone does not efficiently drive stem cell adhesion and dif-
ferentiation (Figure S28a,b, Supporting Information). This evi-
dence proves that magnetic manipulation of rising and falling
movements of ligand nanoassembly efficiently impede and
intensify mechanosensing-mediated stem cell differentiation,

Low ligand-
satellite density

Magnetic
“rising”
X ligand motion
Ligand u,v & lg.p

“Rising” ON .

Linker
uncoiling

Ligand-

www.small-journal.com

respectively.?8] Furthermore, the enhanced mechanotransduc-
tion signals observed in high density and “Falling” ON groups
were hindered by inhibiting actin polymerization, rho-associ-
ated protein kinase (ROCK), or myosin II (Figure 4a,b; Figure
S29a,b, Supporting Information). Collectively, actin polymeriza-
tion, ROCK, and myosin II are required to efficiently induce
the adhesion-dependent mechanosensing of stem cells in the
high density and “Falling” ON groups.
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Figure 6. High density and low vertical distance of the ligand nanoassembly facilitate focal adhesion-mediated mechanosensing of stem cells in vivo.
a) Schematic presentation and b) confocal immunofluorescent images against human-specific HuNu, paxillin, and YAP co-stained with F-actin and
DAPI (nuclei) in adhered stem cells at 6 h after subcutaneous implantation of the ligand nanoassembly presenting substrate and injecting hMSCs
onto the implanted substrate. Following implantation and injection, a magnet was placed on the skin on the backs (upper side for “Rising” ON) or
abdomens (lower side for “Falling” ON) of the mice or without the magnet (“OFF”). Scale bar: 50 um.
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The materials that are remotely controllable can also be used
to monitor real-time changes in stem cell differentiation.®
We tested the feasibility of in situ monitoring of stem cells in
high ligand nanoassembly on electroconductive substrate by
exploiting gold nanoassembly-mediated electrochemical reac-
tion using a three-electrode system (Figure S30a,b, Supporting
Information). ALP-based redox reaction via cyclic voltammetry
measurements was employed to detect time-resolved osteogenic
differentiation of stem cells that produce ALP (Figure 5a—c). We
are more comprehensively exploring the possibility of nonin-
vasively monitoring stem cell differentiation under magnetic
movements.

2.5. In Vivo Remote Control and Density of the Ligand
Nanoassembly Regulate the Focal Adhesion-Mediated Stem Cell
Mechanotransduction

Native bone exhibits RGD ligand-presenting collagen in nano-
structures that dynamically regulate the adhesion and differ-
entiation of stem cells.’ We further examined whether this
material of regulating stem cell responses can be translated into
in vivo microenvironment. It has recently been reported that
Fe;0 based nanomaterials do not exhibit toxicity, suggesting
their safe use.”*l We subcutaneously implanted the substrate
presenting ligand nanoassembly into balb/c nude mice and
injected hMSCs onto the implant (Figure 6a). We either placed
the magnet on the backs (upper side) or abdomens (lower side)
of the mice to induce rising (“Rising” ON) or falling (“Falling”
ON) movement of ligand nanoassembly or did not place the
magnet (“OFF”).

After retrieving the implant, confocal immunofluorescence
imaging revealed that the number of adherent cells exhibiting
the number of co-localized human-specific nuclear antigen
(HuNu) and nuclei (suggesting the number of injected hMSCs),
focal adhesion, and mechanotransduction significantly dimin-
ished by “Rising” ON state compared to “OFF” state in high
density of ligand nanoassembly (Figure 6b; Figure S31, Sup-
porting Information). In contrast, we found that “Falling” ON
state significantly elevated the number of adherent hMSCs,
focal adhesion, and mechanotransduction compared to “OFF”
state in low density of ligand nanoassembly. We confirmed in
vivo stability of the implanted substrate presenting the ligand
nanoassembly (Figure S32ab, Supporting Information).
Taken together, high density and remotely controllable falling
movement of ligand nanoassembly effectively facilitate focal
adhesion-mediated mechanosensing of stem cells in vivo, sug-
gesting their safe and on-demand use in regenerative therapies.

3. Conclusion

We changed the density of the assembled ligand-presenting
gold nanoparticles on the Fe;O,4 in the nanostructures and flex-
ibly grafted them to substrate via a flexible linker while main-
taining the macroscale ligand density invariant. We showed
that high and low ligand nanoassembly densities promote
and hinder the mechanosensing-aided differentiation of stem
cells, respectively. Magnetic control of rising ligand movement

Small 2021, 2102892
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(increasing vertical ligand distance) and falling ligand move-
ment (decreasing vertical ligand distance) impeded and facili-
tated focal adhesion-mediated mechanotransduction of stem
cells, respectively, both in vitro and in vivo, and resultant dif-
ferentiation. Changing combination of dimensions, shapes,
and biomimetic ligands in the design of ligand-presenting
nanoassembly can nontoxically and remotely regulate stem cell
responses to advance regenerative therapy.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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