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ARTICLE INFO ABSTRACT
Keywords: Extracellular matrix (ECM) undergoes dynamic inflation that dynamically changes ligand nanospacing but has
Dynamic self-assembly not been explored. Here we utilize ECM-mimicking photocontrolled supramolecular ligand-tunable Azo™ self-

Ligand nanospacing
In vivo tracking
Stem cell adhesion
Stem cell fate

assembly composed of azobenzene derivatives (Azo") stacked via cation-r interactions and stabilized with
RGD ligand-bearing poly(acrylic acid). Near-infrared-upconverted-ultraviolet light induces cis-Azo"-mediated
inflation that suppresses cation-r interactions, thereby inflating liganded self-assembly. This inflation increases
nanospacing of “closely nanospaced” ligands from 1.8 nm to 2.6 nm and the surface area of liganded self-
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assembly that facilitate stem cell adhesion, mechanosensing, and differentiation both in vitro and in vivo,
including the release of loaded molecules by destabilizing water bridges and hydrogen bonds between the Azo™*
molecules and loaded molecules. Conversely, visible light induces trans-Azo" formation that facilitates cation-t
interactions, thereby deflating self-assembly with “closely nanospaced” ligands that inhibits stem cell adhesion,
mechanosensing, and differentiation. In stark contrast, when ligand nanospacing increases from 8.7 nm to 12.2
nm via the inflation of self-assembly, the surface area of “distantly nanospaced” ligands increases, thereby
suppressing stem cell adhesion, mechanosensing, and differentiation. Long-term in vivo stability of self-assembly
via real-time tracking and upconversion are verified. This tuning of ligand nanospacing can unravel dynamic
ligand-cell interactions for stem cell-regulated tissue regeneration.

1. Introduction

Native microenvironment contains cell-adhesive proteins that are
assembled into a connective network to form extracellular matrix (ECM)
that dynamically interacts with cells [1]. Tissues and organs, such as
cardiac tissue [2], ligament [3], lung [4], and brain [5] dynamically
inflate and deflate via dynamic changes in the volume and regulate
structure of the surrounding ECM. This inflation and deflation of the
ECMs (including cell-adhesive Arg-Gly-Asp (RGD) ligand) can dynami-
cally regulate integrin-RGD binding that modulates stem cell focal
adhesion and mechanotransduction [6-8]. For instance, contraction of
the dermal sheath drives stem cells to regenerate the tissue structure [9,
10] whereas mesenchymal stem cells promote skin regeneration accel-
erating tissue expansion [11,12]. These reports suggest that dynamic
control of the inflation and deflation of ECM-emulating ligand assem-
blies can help to decipher and regulate the dynamic interplay between
stem cells [13-16] and the assembled ligands [17-21].

Diverse materials have been designed to realize remote manipula-
bility [22-25] of cell-material interplay via magnetic field [26-38] or
ultraviolet (UV)-free light [20,39-45] to acquire superior tissue pene-
trability for in vivo applications. Photoisomers can undergo photo-
isomerization in response to dual- or single-wavelength light in the
range of UV and visible (Vis) light wavelengths [46], thus enabling the
cell regulation [47]. Instead of utilizing tissue-absorptive UV light [48],
the use of tissue-penetrable near-infrared (NIR) with upconverting
nanotransducers (UCNTSs) can activate light-responsive molecules via
upconverted light [49-51] that regulates stem cell differentiation in vivo
without cyclic controllability [52]. Hence, light-based in situ, dynamic,
multimodal, and cytocompatible in vivo manipulation necessitates the
development of materials that are differentially responsive to light
stimuli.

Self-assembly of inorganic nanomaterials has been developed by
nanoparticle clustering [53-57] that poses difficulties to encapsulate
molecules. Supramolecular self-assembly is advantageous in loading
diverse molecules within structures via intermolecular interactions
[58-63]. Dynamic change in the size of supramolecular self-assembly
[64] has been recently demonstrated but this requires harsh environ-
ment that cannot be utilized for biomedical applications [65-67].
Interestingly, in situ self-assembly [68,69] or polymerization [70] in the
presence of cells has been recently reported but they have not demon-
strated remote controllability in vivo. Developing liganded self-assembly
with in situ dynamic change in the size via remotely controllable light
stimuli can simultaneously regulate the level of bioactive ligand inter-
action with stem cells and molecular delivery for stem cell regulation in
vivo.

In this study, we show that UV-free dual-wavelength laser-based
control of cation-n interactions [71] enables cyclic photocontrollable
inflation and deflation of RGD ligand-tunable Azo" self-assembly for
stem cell regulation. We present photocontrollable system composed of
azobenzene derivative cations (Azo*") including hydrophobic spacer and
positive charges self-assembled via cation-t and n-x interactions that are
stabilized by ligand-anchored poly(acrylic acid) (PAA polyanions) via
electrostatic interactions (Scheme 1). Previous works that utilized azo-
benzene derivative-based photocontrollable system typically included
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n-n interactions in weak bond strength without cation-r interactions [72,
73]. Previous works have also shown the modulation of cation-r in-
teractions but did not show remote controllability [74,75]. In addition,
previous works have reported the static modulation of RGD ligand in
hydrogels for stem cell [76-80]. In the present study, we demonstrate
dynamic morphology control of RGD ligand-bearing hydrogels for stem
cell regulation via light-mediated modulation of cation-z interactions.

We adjust the ratio of conjugated ligand density to PAA to obtain
nearly continuous liganded surface (“closely nanospaced”). These self-
assemblies are anchored to the UCNT-B-carotene-grafted material sur-
face that enable dual-wavelength laser-based dynamic manipulation of
self-assemblies with closely nanospaced ligands and molecular delivery,
encapsulated dexamethasone (Dex) molecules via water bridges and
hydrogen bonds (Scheme 2). Predominant NIR-to-UV transduction of
UCNT-p-carotene triggers trans-to-cis isomerization of Azo™ molecules
and thus inhibit cation-r interactions between them. This resulted in the
inflation of Azo™ self-assemblies with closely nanospaced ligands and
the release of loaded Dex molecules, which stimulate the focal adhesion-
assisted mechanosensing and differentiation of stem cells both in vitro
and in vivo. In contrast, Vis laser facilitated cation-n interactions via cis-
to-trans isomerization that resulted in the deflation of self-assemblies
with closely nanospaced ligands and stabilized molecular loading via
water bridges and hydrogen bonds.

2. Materials and methods
2.1. Preparation of ligand-tunable Azo™ self-assemblies

Cyclic RGD ligand (Cyclo-RGDyK, molecular weight = 620 g/mol)
was conjugated to poly(acrylic acid) (molecular weight = 1.8 kDa)
polyanions at a ratio of (the number of conjugated ligand):(the number
of acrylic acid units in poly(acrylic acid) backbone) = 1:10% via amide
conjugation to endow ligand-tunable Azo" self-assemblies with the
cell-adhesive property. Lysine-bearing cyclic RGD ligand (20 mg,
0.032 mmol from AnaSpec Inc.), poly(acrylic acid) (232 mg, 0.13
mmol), (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hex-
afluorophosphate (BOP, 114 mg, 0.26 mmol), and 1-hydroxybenzotria-
zole hydrate (HOBt, 34.8 mg, 0.26 mmol) were mixed in
dimethylformamide (DMF, 4 mL). N,N-Diisopropylethylamine (DIPEA,
66.8 mg, 0.52 mmol) was added to the reaction solution and then
stirred at room temperature for 16 h under a nitrogen atmosphere.
Ligand-conjugated poly(acrylic acid) anions were obtained after dial-
ysis using DI water and a dialysis bag (100-500 Da) to remove any
unreacted reagents. RGD ligand conjugation to poly(acrylic acid) was
confirmed via 'H NMR analysis. New 'H NMR peaks after amide
coupling reaction between RGD ligand and poly(acrylic acid) were
indexed in 'H NMR spectra.

To modulate the ligand nanospacing to regulate stem cell adhesion,
ligand-conjugated poly(acrylic acid) at varying ratio of conjugated li-
gands to poly(acrylic acid) backbone was synthesized at a ratio of (the
number of conjugated ligand):(the number of acrylic acid units in poly
(acrylic acid) backbone) = 1:10%, 1:10%, and 1:10° by only reducing the
amount of Cyclo-RGDyK to 2 mg, 0.2 mg, and 0.02 mg, respectively. As
control group, scrambled RGD ligand (RAD)-conjugated poly(acrylic
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acid) was synthesized using Cyclo-RADfK (20 mg, 0.032 mmol from
Anaspec Inc.) instead of Cyclo-RGDyK using the above procedure.

The Azo" cations were facilitated to self-assemble via cation-t and
n-n interactions that incorporated ligand-conjugated poly(acrylic acid)
anions via electrostatic interactions. Azo™ cations (3 mg, 3.4 pmol,
molecular weight: 439 g/mol) dissolved in PBS (6 mL) were added to
ligand-conjugated poly(acrylic acid) anions (60 mg, 16.8 pmol) dis-
solved in PBS (6 mL), followed by sonication for 10 min to mediate
Azo*-ligand self-assembly. Afterwards, the solution was centrifuged at
800 rpm for 5 min to remove large aggregates. The uniformly sized
ligand-tunable Azo™ self-assemblies in the supernatant were later teth-
ered to the upconversion nanotransducer-p-carotene-grafted material to
produce ligand-bearing self-assemblies on the upconversion nano-
transducer-p-carotene surface.

2.2. Measurement of the number of RGD ligands and ligand
nanospacing in the inflated and deflated ligand-tunable Azo™ self-
assemblies

The number of RGD ligands within ligand-tunable Azo™ self-
assemblies was quantified via the A280 method (NanoDrop 2000
Spectrophotometer, Thermofisher Scientific) to calculate ligand nano-
spacing and verify that ligand-tunable Azo" self-assemblies contain
sufficient saturated cell-adhesive RGD ligands. This ensures that closely
nanospaced ligand surface is maintained during both their inflation and
deflation that effectively regulate stem cell adhesion. Ligand-tunable
Azo™ self-assemblies were formed in suspension, after which ultravio-
let (365 nm, 0.25 W/cm?) or visible (448 nm, 0.2 W/cm?) laser was
subsequently applied for 1 min or 10 min, respectively. The inflated or
deflated self-assemblies were centrifuged at 1000 rpm for 10 min, which
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was then removed via filtration through a filter (1.2 pm pore size) and
the supernatant was retained. The unreacted ligand amount in the su-
pernatant was measured and then subtracted from originally supplied
ligand amount to estimate the reacted ligand amount incorporated in the
inflated or deflated ligand-tunable Azo™ self-assemblies. This number
was divided by the number of ligand-tunable Azo™ self-assemblies
counted using a hemocytometer to obtain (total number of ligands per
Azo" self-assemblies with ligand:AA = 1:10%) in the deflated and
inflated states.

To calculate ligand nanospacing of ligand-tunable Azo™ self-
assemblies, we assume that “virtual space occupied by each ligand”
exists as spheres in a close contact one another that constitute the total
space of each ligand-tunable Azo™ self-assembly. Therefore, the
following equation is derived:

(Virtual spherical volume occupied by each ligand: referred to as
“A”) = (Spherical volume of each ligand-tunable Azo" self-assembly:
referred to as “B”)/(total number of ligands per ligand-tunable Azo™
self-assembly: referred to as “C”)

“B” (spherical volume of each ligand-tunable Azo" self-assembly) is
calculated by using the diameter (D) of ligand-tunable Azo™ self-
assembly in the deflated and inflated states = £ z (2)3

“C” (total number of ligands per ligand-tunable Azo" self-assembly)
in the deflated and inflated states was obtained by the calculation using
the A280 method.

Therefore, using the calculated values of “B” and “C”, A (virtual
spherical volume occupied by each ligand) can be obtained as the
following: A = % ar = “B/C” where “2r” is “the diameter of virtual
sphere occupied by each ligand” that equals to “ligand nanospacing in
ligand-tunable Azo™ self-assembly”.

Finally, (ligand nanospacing in ligand-tunable Azo™ self-assembly)

trans-Azo*

ieg i

o

Cation-mr

w-1r
interaction

(PAA)

|nteractlon y V

UCNT-B-carotene
-grafted material

Azo* self-assemblies on the
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Scheme 1. Schematic illustration of fabrication of material preparation. The spontaneous self-assembly of azobenzene derivative cations (Azo™) stacked via cation-n
and n-1 interactions that electrostatically attract PAA polyanions to form ligand-tunable Azo™ self-assembly. The versatile conjugation of ligands and dyes to PAA
polyanions empower the functionality to Azo™ self-assembly. Upconversion nanotransducers (UCNTSs) are coated with p-carotene and are grafted to the hydroxylated
substrate through hydrophilic interaction. Then, Azo™ self-assemblies are anchored to UCNT-B-carotene-grafted material.
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= 2r = 2 x (radius of virtual space occupied by RGD) = 2

X </3><(A:Virtua1 spherical volume occupied by each ligand)
4r °

Using the above calculations, the ligand nanospacing of ligand-
tunable Azo™ self-assembly including ligand-conjugated poly(acrylic
acid) was estimated to be 1.8 nm and 2.6 nm in deflated and inflated
states, respectively, which used the ligand-conjugated poly(acrylic acid)
with ligand:AA = 1:102,

To further modulate the ligand nanospacing of ligand-tunable Azo™
self-assembly, ligand-conjugated poly(acrylic acid) was synthesized
with ligand:AA = 1:108, 1:10%, or 1:10°, respectively. When using the
ligand-conjugated poly(acrylic acid) with ligand:AA = 1:10%, the ligand
nanospacing was calculated to be 4.0 nm and 5.7 nm in the deflated and
inflated states, respectively. When using the ligand-conjugated poly
(acrylic acid) with ligand:AA = 1:10% the ligand nanospacing was
calculated to be 8.7 nm and 12.2 nm in the deflated and inflated states,
respectively. When using the ligand-conjugated poly(acrylic acid) with
ligand:AA = 1:10°, the ligand nanospacing was calculated to be 18.6 nm
and 26.4 nm in the deflated and inflated states, respectively.

2.3. In vivo regulation of stem cells via NIR and Vis laser-based time-
regulated conversion of ligand-tunable Azo" self-assemblies

As a model for the in vivo translation of regulation of stem cell focal
adhesion, mechanotransduction, and differentiation via tissue-
penetrative ultraviolet-free dual-wavelength (near-infrared and
visible) laser, Dex-loaded ligand-tunable Azo" self-assemblies including
the ligand-conjugated poly(acrylic acid) with ligand:AA = 1:102 (closely
nanospaced ligands) on the upconversion nanotransducer (core/shell)-
B-carotene-grafted material (silicon substrate) were subcutaneously

F-actin
assembly
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implanted into balb/c nude mice. Robust silicon subsrate was used in
place of glass substrate since they present an identical surface chemistry
due to the native oxide formation on the silicon substrate surface. Forty-
eight three-month-old balb/c mice were used in the experiment after
receiving approval from the Institutional Animal Care and Use Com-
mittee at Korea University. The mice were first subjected to anesthesia
using a mixture of alfaxan (75 pL) and rompun (25 pL) via intraperito-
neal injection, after which 1.8 cm-long incisions were made on their
backs. After implantation of Dex-loaded ligand-tunable Azo™ self-
assemblies on the upconversion nanotransducer (core/shell)-p-caro-
tene-grafted material, the incisions were carefully sutured and approx-
imately 30,000 hMSCs were injected onto each piece of implanted
material. Following implantation, in situ cyclic inflation and deflation of
ligand-tunable Azo" self-assemblies was remotely manipulated via
replicating or changing applying near-infrared laser (980 nm, 1 W/cm?)
for 1 min or visible laser (488 nm, 0.2 W/ cmz) for 10 min onto the backs
of the mice every 3 h for the time-regulated photoconversion of ligand-
tunable Azo" self-assemblies. Their effect on the stem cell focal adhe-
sion, mechanosensing, and differentiation was investigated after 6 h via
confocal immunofluorescence microscopy.

To explore osteogenic differentiation of stem cells in vivo using a late
osteoblast marker (osteocalcin), in situ time-regulated inflation and
deflation of ligand-tunable Azo™ self-assemblies including the ligand-
conjugated poly(acrylic acid) with ligand:AA = 1:10% was remotely
manipulated via replicating or changing applying near-infrared laser
(980 nm, 1 W/cmz) for 1 min or visible laser (488 nm, 0.2 W/cmz) for
10 min onto the backs of the mice every 12 h for the time-regulated
photoconversion of the Azo™-ligand self-assemblies after implantation.
At 72 h after implantation, the samples were collected and subjected to
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Scheme 2. Schematic demonstration of conceptual summary of this study. NIR-to-UV transduction by upconversion nanotransducers (UCNTs) and Vis-absorptive
p-carotene grafted to material surface inhibits cation-n interactions that induces inflated state of cis-Azo™ self-assembly with “closely nanospaced” ligands when
using ligand:AA = 1:102. This also facilitates the release of loaded molecules that stimulate stem cell mechanosensing and differentiation in vivo. Conversely, Vis laser
mediates cation-r interactions that induce deflated state of trans-Azo"-ligand self-assembly with “closely nanospaced” ligands that deactivates stem cell mechano-

sensing and differentiation in vivo.
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immunocytochemical staining.

2.4. Real-time long-term in vivo stability of ligand-tunable Azo" self-
assemblies that are placed on the UCNT-grafted material in live animal

To evaluate long-term in vivo stability of Azo™ -ligand self-assemblies
including the ligand-conjugated poly(acrylic acid) with ligand:AA =
1:102 anchored on the upconversion nanotransducer-grafted material,
fluorescence intensity of Azo"-dye self-assemblies was measured. Male
nude mice (6-8 weeks) were anesthetized by an intraperitoneal injection
of 100 pL of rompun and alfaxan mixture of 1:2 (v/v) ratio. Azo"-dye
self-assemblies on upconversion nanotransducer-grafted substrate (11
mm x 11 mm) was implanted subcutaneously on the lateral side of nude
mice. Here, p-carotene was not used since its fluorescence spectra
overlaps with an absorption spectra of fluorescein dye. At0d, 7 d, 14 d,
21 d, 28 d and 35 d post-implantation, we collected the implanted
sample from mice and measured the fluorescence intensity of Azo"-dye
self-assembly at 511 nm using Hitachi F-7000 spectrophotometer under
application of 980 nm NIR laser. Fluorescence intensity of Azo*-dye self-
assembly at 511 nm was selected to obtain Forster resonance energy
transfer (FRET)-like signal arising from NIR-to-Vis light transduction of
UCNT and sequential Vis light absorption and green fluorescence light
emission of fluorescein cadaverine dye.

In addition, 980 nm laser was installed in IVIS spectrum in vivo im-
aging system (Caliper, USA) for in vivo monitoring fluorescence signal
from Azo" -dye self-assembly. At 0 d, 3 d, 7 d, 14 d, and 21 d post-
implantation, fluorescein signals from mice were repeatedly imaged
with 980 nm laser (1 W/cm?) irradiation. This provides a methodology
to demonstrate the system stability by generating fluorescence signals
sensitive to interaction between ligand-tunable Azo™ self-assemblies and
upconversion nanotransducer-grafted materials within the 10 nm range.

To confirm the in vivo stability of ligand-tunable Azo™ self-assemblies
including the ligand-conjugated poly(acrylic acid) with ligand:AA =
1:10?, fluorescent-dye-incorporated Azo™-ligand self-assemblies on the
upconversion nanotransducer-p-carotene-grafted material were
implanted for 6 h. The number of stably remaining ligand-tunable Azo™*
self-assemblies was fluorescently tracked using a confocal microscope
before and after in vivo implantation.

2.5. Long-term in vivo stability of the UCNT-p-carotene-grafted material

Long-term in vivo stability of upconversion nanotransducer-g-caro-
tene-grafted materials was also assessed. Upconversion nanotransducer-
f-carotene-grafted substrate (7 mm x 7 mm) was implanted subcuta-
neously on the lateral side of nude mice. At0d, 7 d, 14 d, 21 d, 28 d and
35 d post-implantation, the upconversion nanotransducer-f-carotene-
grafted substrates were collected and subjected to photoluminescence
measurement. We measured the photoluminescence intensity of UCNT-
f-carotene-grafted material at 807 nm (distinct photoluminescence peak
wavelength) using Hitachi F-7000 spectrophotometer under application
of 980 nm NIR laser.

At0d, 1d, 3d, and 7 d post-implantation, the upconversion nano-
transducer-p-carotene-grafted substrates were collected and subjected to
photoluminescence measurement to evaluate the maintenance of
transduced UV/Vis ratio.

3. Results and discussion

3.1. Tuning of the UCNTs with core/shell nanostructure and f-carotene
enables predominant NIR-to-UV transduction with high photoluminescence
intensity

UV-free dual-wavelength (NIR and Vis) laser-based bimodal manip-
ulation of ligand-tunable Azo™ self-assemblies necessitates predominant
NIR-to-UV transduction in high photoluminescence intensity over NIR-
to-Vis transduction. The upconverted UV specifically triggers trans-to-
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cis Azo" photoisomerization, while Vis laser directly triggers cis-to-trans
Azo" photoisomerization. To enhance the photoluminescence intensity
and transduced UV/Vis ratio, we designed NaYF4:Yb,Tm UCNT core to
incorporate dual lanthanide dopants of ytterbium (Yb) and thulium
(Tm) elements, which was coated with an epitaxially grown NaYF4 shell
to yield UCNT (NaYF4:Yb,Tm core/NaYF, shell) to passivate surface
defects arising from dangling bonds [81]. The Yb- and Tm-doped UCNTSs
exhibited effective upconversion in deeply lying tissues in response to
NIR laser illumination, thus making them suitable for in vivo applica-
tions. To further elevate the NIR-transduced UV/Vis ratio, we coated the
surface of the UCNTs (NaYF4:Yb,Tm core/NaYF, shell) with naturally
occurring f-carotene used in clinics [82], which absorbs light in the Vis
region (400-500 nm), to selectively absorb the NIR-transduced-Vis light
but not the NIR-transduced-UV light (Fig. S1). The uniform distributions
of sizes and dual lanthanide dopants of the UCNT core and the UCNT
(core/shell) were confirmed by using high-angle annular dark-field
scanning transmission electron microscopy (HAADF-TEM), elemental
mapping images, and dynamic light scattering (DLS) analysis (Figs. S2
and S3). The computed hydrodynamic size of the UCNTs (core/shell)
was 49.0 + 3.0 nm. The epitaxial NaYF4 shell growth on the surface of
NaYF4:Yb,Tm UCNT core was shown to be free of defects via
high-resolution TEM (HR-TEM) imaging (Fig. S2A). Crystal structures of
UCNT core only and UCNTs were analyzed by X-ray diffraction (XRD),
confirming the formation of hexagonal NaYF, crystals (Fig. S2C).

Photoluminescence spectra of the NaYF4:Yb,Tm UCNT core revealed
NIR laser-excited emission in both the UV and Vis regions due to the
presence of the Tm dopant, which was substantially elevated in the
UCNT (NaYF4:Yb,Tm core/NaYF4 shell) (Fig. S4A). The UCNT (core/
shell) coated with B-carotene significantly absorbed light in the blue
region (400-500 nm), thereby suggesting efficient absorption of NIR-to-
Vis transduction (Fig. S4B). Successful p-carotene coating on the UCNT
(core/shell) was cross-confirmed by DLS analysis, UV-Vis absorbance,
and thermogravimetric analysis (TGA) (Figs. S3, S5, and S6). DLS
analysis showed considerable increase in hydrodynamic size upon the
coating of B-carotene onto the UCNTs (Fig. S3). UV-Vis absorbance
showed that UCNT-B-carotene exhibited high absorption in the Vis light
region (400 nm-500 nm) similar to that of B-carotene, suggesting that
NIR-to-Vis-transduced light is selectively absorbed (Fig. S5). Thermog-
ravimetric analysis (TGA) of UCNT-B-carotene showed weight loss due
to the presence of p-carotene (organic molecules), which was not found
in that of the UCNTs without f-carotene, thereby confirming successful
B-carotene coating on UCNTs (Fig. S6).

The UCNT (core/shell)-f-carotene structure was homogeneously and
fully grafted to the material surface as demonstrated by field-emission
scanning electron microscopy (FE-SEM) imaging (Fig. S7A). Consis-
tently, the NIR-transduced UV/Vis intensity ratio in the UCNT (core/
shell)-p-carotene-grafted material was significantly elevated compared
with that without p-carotene (Figs. S7B and C). These findings prove that
the UCNT (core/shell)-B-carotene-grafted material exhibits predominant
NIR-to-UV transduction with high photoluminescence intensity while
efficiently suppressing NIR-to-Vis transduction.

3.2. Dual-wavelength-light-controlled cation-r interactions for cyclic
changing of inflation and deflation of ligand-tunable Azo™ self-assembly

To explore the feasibility of dual-wavelength-laser-controllable
liganded self-assemblies involving dynamic changes in their size,
cationic Azo™ molecules with aromatic rings, hydrophobic spacers, and
N were synthesized via serial modification of azobenzene from Azo-OH
to Azo-Br and then to Azo™ molecules (Fig. S8). These molecules were
designed to facilitate cation-n, which serves as physical crosslinking
point [83] between the Azo" molecules to produce liganded
(Azo™-ligand) self-assemblies. 'H nuclear magnetic resonance (NMR)
analysis revealed the peaks corresponding to phenolic group in the
Azo0-OH molecule, an ether group in the Azo-Br molecule, and o-hy-
drogens to tertiary amine group in the Azo™ molecule (Fig. S9). **C NMR
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analysis confirmed new peaks for specific carbons corresponding to
hydrophobic spacer in the Azo-Br molecule and tertiary amine group in
the Azo™ molecule (Fig. S10). High-resolution mass spectrometry
(HRMS) showed increase in molecular weights when converting Azo-OH
molecule to Azo-Br molecule and then to Azo" molecule, which were
comparable to theoretically calculated molecular weights (Fig. S11).
RGD ligand-conjugated PAA polyanions synthesized via an amide
coupling reaction facilitated electrostatic interactions between the
anionic PAA and the cationic Azo™ molecule to become incorporated
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into the ligand-tunable Azo™ self-assemblies (Fig. S12). Successful syn-
thesis of RGD ligand-conjugated PAA via amide bond formation between
RGD ligand and PAA was confirmed by 'H NMR spectra and Fourier
transform infrared (FTIR) spectroscopy (Figs. S13 and S14). By mixing
synthesized Azo" molecules with ligand-conjugated PAAs at the critical
self-assembly concentration (0.91 mg/mL), ligand-tunable Azo" self-
assemblies were formed (Fig. 1A). The concentration of 5.12 mg/mL
was determined to obtain the self-assembly at considerable size and
therefore used for all the experiments in this study. PAA with different
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molecular weight (5100 Da) formed smaller Azo™ self-assembly (116 +
23 nm) compared with the diameter of Azo™ self-assembly with 1800 Da
PAA (3308 £+ 91 nm) (Fig. S15). Since particles smaller than 1 pm can be
readily endocytosed, we used PAA with molecular weight of 1800 Da to
prevent the endocytosis for all the experiments throughout the study.
Incorporation of Azo™ and ligand-conjugated PAA into the self-assembly
was confirmed by FTIR spectroscopy, which showed specific absorption
peaks of both Azo™ and ligand-conjugated PAA (Fig. S16). Zeta potential
measurement also confirmed that Azo™ cation only showed positive
surface charge but ligand-tunable Azo™ self-assembly showed negative
surface charge due to the co-presence of Azo' cations and ligand-
conjugated PAA polyanions (Fig. 1B). We have summarized control
groups used for material characterization in Table S1.

The cationic Azo" molecules were self-assembled via cation-t and
n-n interactions that incorporate the ligand-conjugated polyanions. Both
cis-Azo" and trans-Azo" molecules were analyzed by density functional
theory (DFT) simulations, which demonstrated markedly higher hy-
dration energy (i.e., hydrophilicity) in the cis-Azo* than the trans-Azo™
form (Fig. 1C). The intermolecular interactions inducing inflation of the
cis-Azo"-ligand self-assemblies and deflation of the trans-Azo*-ligand
self-assemblies were systematically analyzed via molecular dynamics
(MD) simulations [84]. cis-Azo™ molecules exhibited a significantly
higher polar surface area (i.e., polarity) than trans-Azo™ molecules
(Fig. 1D). The trans-Azo" complex exhibited significantly higher cati-
on-m interactions than the cis-Azo" complex as evidenced by represen-
tative images, heat maps, and associated frequency counts of MD
simulations during 20 ns (Fig. S17). When acrylic acid (to which RGD
ligand is conjugated) was incorporated into the Azo™ complex, the
trans-Azo"-ligand complex consistently exhibited considerably higher
cation-n interactions than the cis-Azo™-ligand complex (Fig. 1E and
S18). These findings collectively suggest that trans-Azo" molecules
exhibit stronger cation-n intermolecular interactions and form a
compactly packed structure, thereby deflating the trans-Azo*-ligand
self-assembly. In contrast, hydrophilic polar cis-Azo" molecules exhibit
weaker cation-r intermolecular interactions and form a loosely packed
structure of cis-Azo" molecules, thereby inflating the cis-Azo*-ligand
self-assembly that can absorb water.

Next, we explored the rapid cyclic controllability and time-
dependent stability of ligand-tunable Azo™ self-assemblies by manipu-
lation of dual-wavelength laser application. The cis-Azo™-ligand self-
assemblies were inflated with substantially increasing size by UV laser
application while the trans-Azo™-ligand self-assemblies were deflated
with substantially decreasing size by Vis laser application (Fig. S19). The
rapid cyclic controllability between the cis-Azo™-ligand self-assemblies
(repeatedly exhibiting maximum absorbance peak at 315 nm with
maximum trans-to-cis isomerized state) and the trans-Azo*-ligand self-
assemblies (repeatedly exhibiting maximum absorbance peak at 345
nm with maximum cis-to-trans isomerized state) was demonstrated after
alternating application of UV and Vis laser for 30 s each for 5 cycles, as
evidenced via UV-Vis spectrometry (Fig. 1F and S20). Due to the
instability of trans-to-cis isomerized state, its time-dependent stability
was examined [46]. The majority of the cis-Azo"-ligand self-assemblies
formed after UV laser application were stably preserved for 24 h
(Fig. S21). These findings justify the dual-wavelength-laser-controlled
cyclic changes of ligand-tunable Azo* self-assemblies to mediate cyclic
adhesion of stem cells in the day scale, which is discussed later in the
manuscript.

The ligand-tunable Azo™ self-assemblies were tethered to the UCNT-
B-carotene-grafted material surface, which ensured that the NIR-
transduced-UV light could readily reach the ligand-tunable Azo™ self-
assemblies. To fluorescently track ligand-tunable Azo™ self-assemblies,
dye-conjugated PAA was synthesized using a fluorescent dye, which
was incorporated into the self-assemblies along with Azo" molecules
(Fig. S22). UV-Vis spectroscopy was used to estimate the loading effi-
ciency of dye into the self-assembly, which was 33.8 %. Then, homo-
geneously distributed ligand-tunable Azo'-dye self-assemblies in
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spherical ellipsoid shape were formed on the UCNT-grafted material at a
density of 4882 + 250 self-assemblies per mm?, as verified by confocal
fluorescent imaging in three-dimensional (3-D) and two-dimensional (2-
D) views (Fig. 2A). In situ real-time confocal microscopy imaging [85]
showed that dual-wavelength-laser-controlled cyclic deflation, inflation,
and deflation of self-assembly occurred when they remained tethered to
the material surface via hydrophilic interactions (Fig. 2B and Supple-
mentary Video S1). Accordingly, the time-resolved decrease, increase,
and then decrease in the projection area, diameter, and total projection
area per unit area of self-assemblies occurred (Fig. 2C, D, and E). The
calculated total projection area of self-assemblies was 5.3 + 0.6 x 10*
pm?/mm? or 3.4 + 0.2 x 10* pm?/mm? when inflated or deflated,
respectively.

Under dual-wavelength laser application, the swelling ratio (wet
weight/dry weight) of self-assemblies in the inflated state was found to
significantly increase compared to that in the deflated state, thus
proving that the inflation of cis-Azo'-ligand self-assemblies can be
attributed to facilitated water absorption by the hydrophilic and polar
cis-Azo" molecules (Fig. 2E). A280 method using NanoDrop was used to
measure and calculate total number of ligands per self-assembly at the
bulk, which was estimated to be 21.1 x 10° + 1.7 x 10° and 19.0 x 10°
+ 1.0 x 10° in the inflated and deflated states without statistically sig-
nificant difference (Fig. 2E). This suggests that ligand-tunable Azo™ self-
assemblies contain a sufficient but unchanged number of saturated li-
gands per self-assembly at the bulk that can efficiently regulate stem cell
adhesion by independently increasing or decreasing the ligand nano-
spacing of closely nanospaced ligands in the self-assemblies via the
inflation and deflation, respectively.

3.3. Dual-wavelength-laser-regulated molecular delivery by modulating
water bridges and hydrogen bonds in ligand-tunable Azo™ self-assemblies

We investigated the versatility of ligand-tunable Azo" self-
assemblies for use as a light-responsive drug delivery vehicle. As a
drug molecule model, Dex was chosen due to its osteogenesis-inductive
property. Dex molecules were loaded into ligand-tunable Azo™ self-
assemblies to yield Dex-loaded ligand-tunable Azo' self-assemblies
that contain ligand-conjugated polyanions (Fig. 3A). UV-Vis spectros-
copy was used to calculate the loading efficiency of Dex into the self-
assembly, which was 98.7 %. The examination of intermolecular in-
teractions via MD simulations showed that Dex molecules were held
within the Azo"-ligand complex when the Azo™ cations were assembled
via cation-n and r-n interactions. We found that the trans-Azo" mole-
cules strongly attracted Dex molecules via water bridges and hydrogen
bonds within the trans-Azo"-ligand complex, as shown by the MD
simulation (Fig. 3B). Interestingly, when the trans-Azo' molecules un-
derwent trans-to-cis photoisomerization, the water bridges and
hydrogen bonds became destabilized so that the cis-Azo"-molecules no
longer attracted Dex molecules within the cis-Azo"-ligand complex
(Fig. 3B, C, D, and E). This suggests that Dex molecules are released by
freely diffusing out of the cis-Azo*-ligand self-assemblies inflated via
facilitated water absorption. To confirm this hypothesis, we temporally
regulated either replicated (“Vis/Vis” and “NIR/NIR” groups) or
changed (“Vis/NIR” and “NIR/Vis” groups) UV laser application (0.25
W/cm?) and Vis laser application (0.2 W/cm?) for 1 min each with 30
min intervals and examined the cumulative amount of released Dex via
UV-Vis spectrometry. Control group without UV and Vis laser applica-
tion is also included. The results showed that Dex release was consid-
erably stimulated after UV laser application that inflated the Dex-loaded
cis-Azo*-ligand self-assemblies, thereby weakly holding Dex molecules
within the self-assemblies (Fig. 3F). Individual groups are also shown to
better differentiate the release trend of various groups (Fig. S23A). In
contrast, Dex release was hindered after Vis laser application that
changed Dex-loaded trans-Azo*-ligand self-assemblies from inflated
state to deflated state, thereby strongly holding the Dex molecules
within the self-assemblies. In addition, photocontrollable drug release
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Fig. 2. Photocontrollable changing of the inflation and deflation of ligand-tunable Azo™ self-assembly is mediated by dual-wavelength laser application. (A)
Schematic and confocal fluorescence images of ligand-tunable Azo*-dye self-assembly in 3-D and 2-D views. Scale bars: 2 pm (3-D view) and 10 pm (2-D view). (B) In
situ imaging of time-lapse snapshots of the ligand-tunable Azo™ self-assembly exhibiting cyclic deflation, inflation, and then deflation in response to sequential
application of Vis laser (0.2 W/cm?) for 6 min, UV laser (0.25 W/cm?) for 1 min, and then Vis laser for 6 min. Scale bar: 3 pm. Corresponding quantification of (C) the
projection area and (D) diameter of each ligand-tunable Azo™ self-assembly during two cycles of inflation and deflation by using the images shown in (B). (E) The
total projection area of ligand-tunable Azo" self-assemblies per unit area (um?/mm?), the swelling ratio (wet weight/dry weight) of ligand-tunable Azo" self-
assemblies, and total number of ligands per Azo" self-assembly with ligand:AA = 1:10? in the inflated and deflated states under dual-wavelength laser applica-
tion. The mean + standard error represents the data (n = 5). Statistically significant differences are represented as asterisks (*: p < 0.05). Statistically non-significant

differences are represented as the N.S.

ability of Azo™ self-assembly was verified in two cycles of inflation and
deflation of Azo" self-assembly (Fig. S23B).

3.4. Cyclic photocontrollable stem cell adhesion regulated by NIR and vis
laser-mediated in situ changes in ligand-tunable Azo™ self-assemblies

Next, we explored whether NIR and Vis laser-manipulated dynamic
inflation and deflation of ligand-tunable Azo® self-assemblies can
facilitate the cyclic focal adhesion of human mesenchymal stem cells
(hMSCs). Prior to in vitro experiments, we first confirmed the biocom-
patibility of Azo™ self-assembly and UCNT-B-carotene-grafted material
(Fig. S24). Briefly explain the experimental protocol, at O h, stem cells
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were plated onto the ligand-tunable Azo™ self-assemblies on the UCNT-
B-carotene-grafted material. Stem cells were not plated additionally
during cell culture on the substrates. Then, we only used UV-free NIR
(980 nm, 1 W/cm?) and Vis (488 nm, 0.2 W/cm?) laser for all in vitro and
in vivo experiments along with the UCNT-B-carotene-grafted material.
We illuminated UV-free NIR and Vis laser onto the UCNT-f-carotene-
grafted material from the top such as the NIR reached the UCNT-
B-carotene and then emitted NIR-to-UV transduced light toward the
ligand-tunable Azo" self-assemblies while Vis laser directly reached the
ligand-tunable Azo™ self-assemblies (Fig. S25A). Dual-wavelength laser
was applied every 12 h and changed every 24 h for photocontrolled
cyclic conversion of Azo™ self-assemblies. The UCNT-B-carotene-grafted
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material that facilitates predominant NIR-to-Vis transduction in the
absence of ligand-tunable Azo™ self-assemblies functioned as a passiv-
ation surface that suppressed the non-specific binding of biomolecules,
thereby enabling ligand-specific stem cell regulation [86]. Immunoflu-
orescence staining images demonstrate that stem cells exhibited a
significantly higher number of paxillin clusters (focal adhesion complex)
and F-actin filaments associated with considerably higher integrin f1
expression by “NIR”-triggered inflation of liganded self-assemblies than
under the conditions of “No irradiation” or “Vis”-triggered deflation of
liganded self-assemblies (Fig. S25B). Concomitantly, “NIR” laser appli-
cation significantly elevated focal adhesion and adhered cell density and
area with decreased aspect ratio compared with the “No irradiation” and
“Vis” laser application groups (Fig. S25C).

Bioactive Materials 34 (2024) 164-180

We investigated a dominant factor that regulates stem cell adhesion.
It was previously reported that different concentrations of 6.8 mM vs.
0.68 mM of RGD ligands tethered to bulk hydrogels were considered as
relatively 100 % vs. 10 % RGD ligands that differentially regulate stem
cell adhesion, respectively [78]. Also, it was recently shown that RGD
“ligand nanospacing” below and above integrin size (10 nm) differen-
tially regulated the level of integrin binding, cell adhesion [33], and
mechanosensing. The “ligand nanospacing” below 3.5 nm below integ-
rin size was recognized by cells as if the ligands were continuous
(referred to as “closely nanospaced”), which exhibited similar cellular
adhesion to completely continuous ligands with “ligand nanospacing” of
0 nm, and cell adhesion is regulated by “closely nanospaced” liganded
surface area.
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Fig. 4. A schematic demonstration of dynamic tuning of ligand nanospacing of ligand-tunable Azo™ self-assemblies upon inflation and deflation that regulates stem
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PAA backbone).
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culturing. Scale bars represent 50 pm. The mean =+ standard error represents the data (n = 10). Statistically significant difference is represented as asterisks (***: p <

0.001). Statistically non-significant differences are represented as the N.S.

To calculate ligand nanospacing of ligand-tunable Azo™ self-
assemblies, we assume that “virtual space occupied by each ligand”
exists as spheres in a close contact with another that constitute the total
space of each ligand-tunable Azo™" self-assembly (Fig. 4A). We then
calculated the ligand nanospacing of ligand-tunable Azo™ self-assembly
was estimated to be 1.8 nm and 2.6 nm in deflated and inflated states,
respectively, while maintaining the total number of ligands per ligand-
tunable Azo™ self-assembly constant. Therefore, both the ligand nano-
spacing of 1.8 nm and 2.6 nm were likely recognized by cells as if the
ligands were saturated and thus continuous. This explains that the
inflated state of ligand-tunable Azo™ self-assemblies with ligand:AA =
1:102 (Group 1) presenting higher surface area of “closely nanospaced”
ligands significantly promoted integrin binding and stem cell adhesion
compared with their deflated state (Fig. 4B, S26, and S27).

Different trends of stem cell regulation upon inflation and deflation
of ligand-tunable Azo™ self-assemblies were observed depending on the
ratio of ligand:AA. To explore the effect of ligand nanospacing on stem
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cell adhesion, we used the liganded self-assembly with varying ratio of
ligand:AA [ligand:AA = 1:10% (Group 1), ligand:AA = 1:10° (Group 2),
ligand:AA = 1:10* (Group 3), and ligand:AA = 1:10° (Group 4)]. We
found that higher degree of stem cell adhesion was observed in the
inflated state of “closely nanospaced” ligands compared with the
deflated state when using the ligand:AA = 1:102 (Group 1). Lower de-
gree of stem cell adhesion is observed in the inflated state compared
with the deflated state of “distantly nanospaced” ligands when using the
ligand:AA = 1:10* (Group 3). This suggests that the “ligand nano-
spacing” is the most crucial factor that regulates integrin binding and
stem cell adhesion. On the other hand, when using the ligand-tunable
Azo™" self-assemblies with ligand:AA = 1:10° (Group 2) and ligand:AA
=1:10° (Group 4), the degrees of stem cell adhesion showed no differ-
ences between the inflated state and the deflated state of liganded self-
assembly (Figs. S26 and S27). Consequently, to temporally regulate the
stem cell by controlling the surface area of "closely spaced" liganded self-
assembly, we used the Azo" self-assembly incorporated with " ligand:
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AA = 1:102 (Group 1)" for this study.

Next, NIR or Vis laser application in situ was either replicated (“Vis/
Vis” and “NIR/NIR” groups) or changed (“Vis/NIR” and “NIR/Vis”
groups changed at 24 h) over 48 h of culturing to explore time-regulated
mechanosensing. Similarly, temporal differentiation was examined at
72 h after replicating or changing NIR or Vis laser application at 36 h.
During stem cell culturing, NIR or Vis laser application was replicated
(“Vis/Vis/Vis” and “NIR/NIR/NIR” groups) or changed (“Vis/NIR/Vis”
and “NIR/Vis/NIR” groups) every 24 h to investigate cyclic photo-
controllable focal adhesion of stem cells. NIR or Vis laser was applied
every 24 h due to the high stability of the trans-to-cis isomerized state in
the cis-Azo*-ligand self-assemblies enabling them to persist for 24 h
(Fig. S21). Immunofluorescence staining images revealed that the
repetition of “NIR”-triggered inflation of liganded self-assemblies
(“NIR/NIR” group) or “Vis’-triggered deflation of liganded self-
assemblies (“Vis/Vis” group) stimulated or inhibited the focal adhe-
sion (i.e., paxillin clustering) of stem cells, respectively. Remarkably,
time-regulated changing of Vis to NIR laser (“Vis/NIR” group) or NIR to
Vis laser (“NIR/Vis” group) temporally activates or deactivates stem cell
adhesion after their changing, respectively (Fig. 5A and S28). Similarly,
continuous application of NIR ("NIR/NIR/NIR") to inflate or Vis ("Vis/
Vis/Vis") to deflate the self-assembly facilitates or suppresses the stem
cell adhesion, respectively. Additional changing of irradiated wave-
length can cyclically regulate the stem cell adhesion, in which temporal
changing from Vis to NIR (“NIR/Vis/NIR” group) significantly elevated
stem cell adhesion whereas NIR to Vis changing (“Vis/NIR/Vis” group)
significantly suppressed stem cell adhesion (Fig. S29).

Furthermore, SEM images and quantification of gold nanoparticles
that indicates integrin f1 of stem cell interacting with ligand-tunable
Azo™" self-assemblies verified photocontrollable inflation or deflation
of liganded self-assemblies promoted or hindered integrin-ligand bind-
ing, respectively, that mediated stem cell adhesion (Fig. S30). These
findings prove that the time-regulated in situ dynamic controlling of
ligand-tunable Azo™ self-assemblies by dual-wavelength laser enables
remote manipulation of cyclic regulation of stem cell adhesion. These
results are different from recent studies of dynamic cell modulation via
harmful UV laser [48], light-manipulable static system [52], or
self-assembly-based non-controllable system [68,87]. They are also
differentiated from recent reports of magnetic field-mediated directional
movement of magnetic nanomaterials [32,33,88] or self-assembly-based
regulation using strongly acidic harmful conditions [65].

We considered how NIR or Vis laser can independently regulate stem
cell adhesion by performing control experiments. To clearly understand
which components are necessary for stem cell regulation via NIR and Vis
laser-based control of the in situ inflation and deflation of ligand-tunable
Azo™ self-assemblies on the UCNT (core/shell)-p-carotene-grafted ma-
terial, several control experiments were conducted. The stem cell
adhesion was not facilitated in the absence of ligand-tunable Azo™ self-
assemblies, with ligand-tunable Azo* self-assemblies but without ligand
conjugation to PAA or scrambled ligand incorporation (Figs. S31, S32,
and S33). This proves that stem cell adhesion was specifically modulated
by integrin-ligand binding to the liganded self-assemblies. It has been
known that membrane bending energy of cells inhibit cells to adhere on
highly curved nanostructured surface [89], which is consistent with the
decrease in the curvature upon the inflation of ligand-tunable Azo™
self-assembly. Also, the stiffness of glass substrate is significantly higher
than that of the self-assembly. These suggest that the curvature nor
stiffness change during inflation and deflation of liganded
self-assemblies may not be a dominant regulator for stem cell adhesion.
Furthermore, stem cell adhesion was not promoted in the absence of
either NaYF, shell in the UCNTs or p-carotene, thereby proving the need
of NaYF4 shell in the UCNTs (core/shell) and p-carotene to synergisti-
cally enable specific NIR-to-UV transduction in high photoluminescence
intensity (Figs. S34 and S35). We have summarized control groups used
for in vitro stem cell experiments in Table S2.
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3.5. NIR and Vis laser temporally regulate focal adhesion-mediated
mechanosensing of stem cells and their differentiation via in situ dynamic
control of ligand-tunable Azo™ self-assemblies

The inflation and deflation of ligand-tunable Azo™ self-assemblies
demonstrated in this study modulate the ligand nanospacing and area
of liganded surface involving position changes in dynamic integrin-
ligand binding, which regulate mechanosensing signaling and subse-
quent differentiation of stem cells (e.g., osteogenic differentiation) [6].
In this regard, we explored focal adhesion-mediated mechanosensing
and osteogenic differentiation of stem cells upon photocontrolled
inflation and deflation of Azo" self-assembly. Stem cells were cultured
on ligand-tunable Azo™ self-assemblies on the UCNT-p-carotene-grafted
material. Immunofluorescence staining images with associated quanti-
fication reveal that the “NIR” application group had significantly
elevated nuclear translocation of the YAP mechanosensor (i.e., a higher
nuclear/cytoplasmic YAP immunofluorescence ratio) as well as expres-
sion of osteogenic differentiation markers (i.e., a higher nuclear/cyto-
plasmic ~RUNX2 immunofluorescence ratio and elevated
immunofluorescence intensities of ALP and osteocalcin) compared with
the “Vis” application and “No irradiation” groups (Figs. S36 and S37).

Next, NIR or Vis laser application in situ was either replicated (“Vis/
Vis” and “NIR/NIR” groups) or changed (“Vis/NIR” and “NIR/Vis”
groups changed at 24 h) over 48 h of culturing to explore time-regulated
mechanosensing. NIR or Vis laser application was also either replicated
(“Vis/Vis” and “NIR/NIR” groups) or changed (the “Vis/NIR” and “NIR/
Vis” groups changed at 36 h) over 72 h of culturing to explore temporal
differentiation. Immunofluorescence staining and western blotting im-
ages demonstrate that the replication of NIR laser application (“NIR/
NIR” group) significantly augmented the nuclear translocation of YAP
and TAZ as well as the expression of RUNX2, ALP, and osteocalcin as
compared with those of replicated Vis laser application (“Vis/Vis”
group) (Fig. 5B, C, D, and E, S38, S39, and S40). Intriguingly, time-
regulated changing of Vis to NIR laser (“Vis/NIR” group) or NIR to Vis
laser (“NIR/Vis” group) indicated temporal activation or deactivation
after their changing, respectively. Furthermore, time-regulated differ-
entiation of stem cells corresponded to the trend of Dex release (Fig. 3F).
In conclusion, in situ dynamic regulation to change ligand-tunable Azo™"
self-assemblies via tissue-penetrating UV-free NIR and Vis laser appli-
cation, which modulates the ligand nanospacing and the area of ligan-
ded surface, regulates focal adhesion-mediated mechanosensing and
resulting differentiation in a time-regulated manner.

Dynamic integrin-ligand binding that occurs in response to the
inflation and deflation of ligand-tunable Azo™ self-assemblies can acti-
vate phosphorylated focal adhesion kinase (p-FAK) and RhoA associated
with cytoskeleton regulation to trigger mechanotransduction and stem
cell differentiation [6]. Immunofluorescence staining images illustrate
that the expression levels of p-FAK and RhoA in the “Vis/NIR” and
“NIR/NIR” groups were more pronounced than those in the “NIR/Vis”
and “Vis/Vis” groups (Fig. S41A). RhoA stimulation can activate
rho-associated protein kinase (ROCK), thereby inducing actin filament
polymerization containing myosin II. Inhibition of actin filament poly-
merization, myosin II, and ROCK significantly suppressed the nuclear
translocation of YAP in the “Vis/NIR” and “NIR/NIR” groups, suggesting
the focal adhesion-assisted mechanotransduction of stem cells that oc-
curs after NIR-stimulated inflation of ligand-tunable Azo™
self-assemblies (Fig. 5B and C, S41, and S42). Furthermore, we exam-
ined whether the endocytosis of ligand-tunable Azo™ self-assemblies
occurs in the presence of stem cell. To fluorescently track the
self-assemblies, ligand- and dye-conjugated PAA was synthesized and
incorporated into Azo'-(ligand-dye) self-assemblies (Fig. S43).
Red-fluorescent live cell dye-stained stem cells were seeded onto the
Azo™-(ligand-dye) self-assemblies on the UCNT-grafted material without
B-carotene that interferes fluorescence signal of the dye (Fig. S44A). 3-D
confocal microscopy fluorescence image with 12 cross-sectioned images
along x-axis, and computed Pearson’s correlation coefficient
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demonstrated that there was no signal overlaps between red-fluorescent
cell and green-fluorescent Azo *-(ligand-dye) self-assemblies, confirming
that negligible endocytosis of the liganded self-assemblies occurred
(Fig. S44). This is consistent with previous reports that cellular uptake
efficiency of the particles is extremely low when they exhibit the size
larger than 1 pm [90] or are composed of soft materials [91].
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groups) or changing (“Vis/NIR” and “NIR/Vis” groups changed at 3 h)
NIR (1 W/cm? for 1 min) or Vis (0.2 W/cm? for 10 min) laser application
to the backs of the mice every 3 h for temporal control of ligand nano-
spacing, surface area of closely nanospaced liganded surface, and Dex
release.

Representative immunofluorescence staining images and subsequent

quantification consistently demonstrated that stem cells adhered to the
Dex-loaded ligand-tunable Azo" self-assemblies on the UCNT-p-caro-
tene-grafted material at 6 h post-injection exhibited the following traits:
significantly higher adhesion density, focal adhesion, and spreading as
well as nuclear translocation of YAP and RUNX2 of human-specific
HuNu-positive stem cells in the “Vis/NIR” and “NIR/NIR” groups than
those in the “NIR/Vis” and “Vis/Vis” groups (Fig. 6A and B, and 545).
Furthermore, immunohistochemical staining of osteocalcin (late marker
of osteogenic differentiation) revealed that osteocalcin was highly
expressed in the cells at 3 d in the “Vis/NIR” and “NIR/NIR” groups than
those in the “NIR/Vis” and “Vis/Vis” groups, thereby confirming

3.6. Remote manipulation of synergistic stem cell differentiation in vivo
via dual-wavelength laser irradiation

As a model for the in vivo translation of the regulation in the stem cell
focal adhesion, mechanotransduction, and differentiation by tissue-
penetrating dual-wavelength (NIR and Vis) laser, we subcutaneously
implanted the Dex-loaded ligand-tunable Azo" self-assemblies on the
UCNT-B-carotene-grafted material (robust silicon substrate) into balb/c
nude mice. Stem cell regulation was evaluated by injecting them onto
the implants followed by either replicating (“Vis/Vis” and “NIR/NIR”
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Fig. 6. UV-free dual NIR and Vis laser-controlled dynamic conversion of ligand-tunable Azo™ self-assembly for time-regulated osteogenic differentiation of stem cells
in vivo. (A) Schematic and immunofluorescence staining for paxillin and YAP with F-actin and nuclei and RUNX2 with human specific HuNu and nuclei (B) and
associated quantification of adhered cell density, nuclear/cytoplasmic YAP and RUNX2 immunofluorescence ratio of stem cells at 6 h after stem cell injection and
subcutaneous implantation in vivo followed by replicating or changing NIR and Vis laser application to the backs of mice at 0 and 3 h after implantation. (C)
Immunocytochemical staining for osteocalcin at 72 h after stem cell injection and subcutaneous implantation in vivo followed by replicating or changing NIR and Vis
laser application to the backs of mice at 0 and 36 h after implantation. (D) Associated computation of relative osteocalcin staining intensity using the images shown in
(C). Dex-loaded ligand-tunable Azo" self-assemblies with ligand:AA = 1:102 on the UCNT-B-carotene-grafted material were used. Scale bars: (A) 50 pm and (C) 100
pm. The mean + standard error represents the data (n = 10). Statistically significant differences are represented as asterisks (*: p < 0.05; **: p < 0.01, ***: p <
0.001). Statistically non-significant differences are represented as the N.S.
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sufficient osteogenic differentiation in vivo (Fig. 6C and D). These find-
ings prove that replicated NIR application (“NIR/NIR” group) and time-
regulated changing from Vis to NIR laser (“Vis/NIR” group) effectively
induced the inflation-mediated increase in liganded surface area and
Dex release that synergistically stimulated the focal adhesion-mediated
mechanotransduction of stem cells and their differentiation owing to the
use of tissue-penetrating UV-free dual-wavelength laser and efficient
NIR-to-UV transduction in vivo.

Next, we carried out in vivo tracking of long-term stability of Azo™-
dye self-assemblies on the UCNT-grafted material (Fig. 7). Here, we used
the Azo'-dye self-assemblies on the UCNT-grafted material without
pB-carotene such that the fluorescent dyes in the self-assemblies do not
interfere with Vis light absorption by the p-carotene (Fig. 7A). Under
NIR laser application, NIR-transduced-Vis light emitted from the UCNTs
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was transferred to the Azo"-dye self-assemblies and triggered green light
fluorescent signal from Azo*-dye self-assemblies that were maintained
for 21 d post-implantation and decreased with statistical significance
from the 28 d post-implantation, demonstrating long-term tracking of in
vivo stability of Azo" -dye self-assemblies (Fig. 7B and S46). We also
confirmed the in vivo stability of the ligand-tunable Azo™ self-assemblies
by examining individual fluorescent-dye-incorporated ligand-tunable
Azo™ self-assemblies on the UCNT-p-carotene-grafted material at 6 h
after implantation. A similar number of highly stable fluorescent self-
assemblies with negligible degradation was present pre-implantation
and 6 h post-implantation (Fig. S47). In vivo stability of UCNT-p-caro-
tene-grafted material was evaluated by measuring photoluminescence
spectra with photoluminescence intensity at 807 nm (distinct photo-
luminescence peak wavelength) and transduced UV/Vis ratio. The
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Fig. 7. In vivo long-term stability of ligand-tunable Azo™ self-assemblies and UCNT-B-carotene-grafted material. (A) Schematic illustration of fluorescent imaging of
ligand-tunable Azo™-dye self-assemblies on the UCNT-grafted material in vivo. Ligand-tunable Azo™*-dye self-assembly containing green-fluorescent dye-conjugated
PAA and Azo™" are anchored to the UCNT-grafted material surface. Under NIR laser application, NIR-upconverted-Vis light from UCNT-grafted material is absorbed by
ligand-tunable Azo™ self-assembly. Sequentially, absorbed Vis light activates green light fluorescence dye. (B) Fluorescence spectra and fluorescence intensity at 511
nm under an application of 980 nm NIR laser at 0 d, 7 d, 14 d, 21 d, 28 d, and 35 d post-implantation. (C) Photoluminescence spectra and photoluminescence
intensity at 807 nm under an application of 980 nm NIR laser at 0 d, 7 d, 14 d, 21 d, 28 d, and 35 d post-implantation. The mean =+ standard error represents the data
(n = 3). Statistically significant differences are represented as asterisks (*: p < 0.05). Statistically non-significant differences are represented as the N.S.
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results showed maintained photoluminescence intensity at 807 nm for
28 d post-implantation and nearly constant values of UV/Vis ratio for 7
d post-implantation, thereby confirming in vivo stability of UCNT-
fB-carotene-grafted material (Fig. 7C and S48).

We found that the implanted ligand-tunable Azo™ self-assemblies on
the UCNT-p-carotene-grafted material along with NIR and Vis laser
irradiation in vivo exhibited both locally and systemically non-toxicity in
a good agreement with the long-term non-toxicity of azobenzene de-
rivatives, PAA polyanions, and UCNTs reported in previous studies
(Fig. S49) [92,93]. This presents our material with bright prospects for
safe, dynamic, and multimodal control of ligand nanospacing, surface
area of closely nanospaced liganded surface, and drug release for po-
tential applications [94].

4. Conclusions

In summary, we demonstrated UV-free laser-based remote manipu-
lation of liganded self-assembly that was applied for stem cell regulation
in vivo. The UV-free laser-based control that can be spatially localized
was enabled by developing UCNTs with core/shell nanostructures and
B-carotene to facilitate predominant NIR-to-UV transduction over NIR-
to-Vis transduction with high photoluminescence intensity. NIR or Vis
laser-mediated photoisomerization of Azo™ molecules modulated ligand
nanospacing and surface area of closely nanospaced liganded surface via
tuning of cation-x interactions, which enabled cyclic control of stem cell
adhesion and regulated their focal adhesion and differentiation syner-
gistically with released molecules both in vitro and in vivo. Versatile use
of bioactive ligands and molecule loading as well as tunability of the
functional groups adjacent to the aromatic rings in the azobenzene de-
rivative can diversify the choice of tissue-penetrating laser wavelength
for stem cell regulation toward realizing regenerative therapies. Owing
to dynamic controllability of self-assembly, liganded self-assembly can
be utilized for organoid in vitro as drug screening platform and on-
demand drug delivery system for sustained cancer therapy, immuno-
therapy, and tissue regeneration therapy for in vivo application.
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