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Dynamic manipulation of supramolecular self-assembled structures is
achieved irreversibly or under non-physiological conditions, thereby limiting
their biomedical, environmental, and catalysis applicability. In this study,
microgels composed of azobenzene derivatives stacked via 7—cation and
m—m interactions are developed that are electrostatically stabilized with Arg—
Gly—Asp (RGD)-bearing anionic polymers. Lateral swelling of RGD-bearing
microgels occurs via cis-azobenzene formation mediated by near-infrared-
light-upconverted ultraviolet light, which disrupts intermolecular interactions
on the visible-light-absorbing upconversion-nanoparticle-coated materials.
Real-time imaging and molecular dynamics simulations demonstrate the
deswelling of RGD-bearing microgels via visible-light-mediated trans-azoben-
zene formation. Near-infrared light can induce in situ swelling of RGD-
bearing microgels to increase RGD availability and trigger release of loaded
interleukin-4, which facilitates the adhesion structure assembly linked with
pro-regenerative polarization of host macrophages. In contrast, visible light
can induce deswelling of RGD-bearing microgels to decrease RGD availability
that suppresses macrophage adhesion that yields pro-inflammatory polariza-
tion. These microgels exhibit high stability and non-toxicity. Versatile use of
ligands and protein delivery can offer cytocompatible and photoswitchable
manipulability of diverse host cells.

1. Introduction

Supramolecular self-assembly has been
utilized to create various materials by
regulating their intermolecular structures
that can determine their nanoscale to mac-
roscale structures and functions.! Supra-
molecular self-assembly can exhibit 1D,?
2D,B4 and 3DM structures. Inorganic
nanoparticles’ can also self-assemble to
exhibit complex hierarchicall® and hel-
ical”l structures. Moreover, self-assembled
materials can encapsulate and release
various molecules including macromol-
ecules (such as proteins),l®! which can add
versatility to these materials. Dynamic dis-
assembly of supramolecular self-assembly
has been demonstrated under extreme
dilution and harsh acidic conditions.l
Irreversible but in situ self-assembly
has been recently reported in vivo that
presents biomedical applicability.”] For
effective biomedical application of self-
assembly, the regulation of immune
cell responses, such as macrophage
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phenotype polarization, is crucial. Macrophages display the
adhesion-dependent pro-inflammatory (M1) or pro-regenerative
(M2) phenotype that dynamically modulate host responses, such
as inflammation and tissue regeneration.®7] Robust macro-
phage adhesion including pronounced assembly of adhesion
complexes in an elongated shape is linked with pro-regenerative
phenotype.’#%] However, switchable self-assemblies in situ via
remotely activatable stimuli under physiological aqueous con-
ditions for the regulation of immune cell responses have not
been demonstrated, which is a prerequisite for in situ biomed-
ical applications via light-based self-assembly control.

Dynamic materials??®2! that can change their structures in
response to remotely activatable stimuli,*” offer unlimited poten-
tial in materials science toward biomedical,?¥ environmental, 32
energy,133 and catalysis®¥ applications. Magnetic fields*”! readily
penetrate materials including human body that can manipulate
the movement of magnetically responsive inorganic nanomate-
rials, such as nanomaterial uncoiling,*® nanocluster lifting,*’]
and nanobarcode alignment,*® as recently reported by our
own studies. However, magnetic fields could neither reversibly
change sizes of inorganic magnetic nanomaterials nor be spa-
tially focused for their local manipulation, which necessitates the
development of materials that overcomes these limitations.

www.advmat.de

Light stimulation®*! offers advantages with the capability
to be focused and diversity in their wavelength ranges, such as
ultraviolet, visible, and near-infrared regions, which can manip-
ulate molecular structures of materials. In particular, ultraviolet
light can irreversibly cleave caging molecules to activate RGD-
bearing macroscale hydrogels.*!l Ultraviolet light (U-light) and
visible light (V-light) reversibly induce respective cis-state and
trans-state of photoisomers, such as azobenzene currently used
for biomedical and energy applications.?] Diverse molecules
or inorganic nanoparticles have been utilized to demonstrate
light-mediated reversible self-assembly, but they all required the
use of ultraviolet light*¢l with harsh organic solvents**>#1 or
several hours of light stimulation® for the switching process
to occur. Ultraviolet light is highly tissue-absorptive and toxic
that limit their direct use. This can be circumvented by using
upconversion nanoparticles (UCNPs)*® upconverting near-
infrared light to ultraviolet or visible light, which can irrevers-
ibly cleave photosensitive molecules to release embedded mole-
cules™® or reversibly induce photoisomerization but involves
extremely high intensity of near-infrared light (8 W cm™) and
thus toxic.’®>! Therefore, design of materials that can revers-
ibly change their molecular structures under physiological
aqueous conditions without using ultraviolet light can realize
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Scheme 1. Schematic summary of the study. The proposed design of mediating cooperative self-assembly of azobenzene derivatives via intermolecular
interactions that incorporate RGD-bearing polymers. N-light illumination upconverted to U-light on V-light-absorbing upconversion nanoparticle-
coated materials facilitates cis-azobenzene formation and thus disrupts intermolecular interactions, which mediates H,O uptake-mediated lateral
swelling of RGD-bearing microgels. V-light illumination mediates trans-azobenzene formation and thus enhances intermolecular interactions, which
facilitates lateral deswelling of RGD-bearing microgels. N-light illumination triggers IL-4 release from the cell-adhesive RGD-bearing microgels that
exhibit swelling-mediated high RGD availability on the V-light-absorbing upconversion nanoparticle-coated materials via N-light-upconverted U-light,
thereby stimulating macrophage adhesion linked with pro-regenerative polarization. V-light illumination facilitates deswelling-mediated low RGD avail-
ability that suppresses macrophage adhesion that results in pro-inflammatory polarization.

remotely controllable biomedical, environmental, and catalysis  near-infrared light (N-light) and V-ight irradiation without
applications. using U-light using the UCNPs and V-light-absorbing natural

In this study, we demonstrate self-assembled microgels dyes for preferential N-light-to-U-light conversion (Scheme 1).
that can exhibit the swelling and deswelling in five cycles via ~ Microgels are formed by stacking azobenzene derivatives
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(Azo-Cyy-N* molecules) via 7—cation and 77 interactions that
electrostatically incorporate RGD-bearing polymers. We utilize
UCNPs to induce cis-azobenzene formation, which disrupts
m—cation interactions in twisted structures, thereby increasing
polarity and hydrophilicity as well as mediating swelling of
RGD-bearing microgels via H,0O uptake to trigger loaded inter-
leukin-4 (IL-4) release. Trans-azobenzene formation induced by
V-light increases 7m—cation interactions and hydrophobicity as
well as mediating deswelling of RGD-bearing microgels.

The switching between the lateral swelling and deswelling
of RGD-bearing microgels via irradiation of N- and V-light ena-
bles a system to remotely control positional changes in RGDs
according to the lateral swelling and deswelling of the RGD-
bearing microgels that can dynamically regulate macrophages.
Owing to their photoswitching capability in physiological aqueous
solution, remotely controllable stimuli enable N-light-mediated
swelling that yields high RGD availability. This stimulates
macrophage adhesion structure formation®? that mediates
pro-regenerative polarization. In stark contrast, V-light-medi-
ated deswelling that yields low RGD availability suppresses
macrophage adhesion, resulting in pro-inflammatory polariza-
tion. We present the switchable microgels offering high RGD
availability under physiological conditions, which can be used
for diverse potential applications. Our system can offer versa-
tile applications not only for biomedical therapy and diagnosis,
but also for environmental purifications, catalysis,*?! solar cells,
batteries, and electronics.”®l Our system can be used for in
situ biomedical applications, including the regulation of host
immune cell responses, including such as macrophages, neu-
trophils, and monocytes, and protein delivery.”*>>! Upon pho-
toisomerization-regulated swelling and deswelling, microgels
can uptake and extract body fluids for diagnosis applications.
Also, our light-controllable system can also be utilized as solar
thermal fuels that can capture and convert solar energy into
thermal energy and release the energy via photoisomerization.

2. Results and Discussion

2.1. Light-Controlled Swelling and Deswelling
of RGD-Bearing Microgels

Az0-Cyp-N* molecules were synthesized to mediate the self-
assembly of microgels (Figure S1, Supporting Information).
Azo-OH was first synthesized by mixing 4-aminophenol and
nitrosobenzene in acetic acid. Then, 1,10-dibromodecane was
conjugated to the Azo-OH to obtain Azo-Cy-Br by mixing
Azo-OH and 1,10-dibromodecane in dimethylformamide with
sodium hydride. Finally, Br in the Azo-Cy-Br molecules was
replaced by triethylamine via mixing Azo-Cy-Br and trieth-
ylamine in acetonitrile to obtain the Azo-Cy-N* product. 'H
NMR spectra of Azo-OH, Azo-Cyy-Br, and Azo-Cy-N* molecules
exhibit characteristic peaks of phenolic group at 10.34 ppm,
ether group at 4.05 ppm, and o+hydrogens to tertiary amine
at 3.54-3.25 ppm, respectively, thereby confirming successful
synthesis of the Azo-Cy-N* molecules (Figure S2, Supporting
Information). To incorporate RGDs in the microgels, RGD-
anchored negatively charged polymers [poly(acrylic acid) (PAA)]
were synthesized and then incorporated in the microgels of
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stacked Azo-C;-N* molecules via electrostatic interactions.
The amine group-bearing lysine residue of the cyclo-RGDyK
was coupled to the carboxylate group of PAA (M, = 1800 Da)
(Figure S3, Supporting Information).

The microgels can be mediated by facilitating the stacking
of Azo-Cj-N* molecules via intermolecular interactions
while simultaneously incorporating negatively charged RGD-
bearing PAA (Figure S4, Supporting Information). Molecular
dynamics (MD) simulations were employed to examine the
effect of switching between the trans- and cis-states of the Azo-
Cyo-N* molecules on the degree of their stacking via intermo-
lecular interaction mechanism and H,0 uptake in the micro-
gels by modifying our previous conditions.! Representative
snapshots of MD simulations of Azo-Cj-N* molecules in
trans- and cis-state revealed that intermolecular 7 interac-
tions of the Azo-C;-N* molecules were facilitated in trans-
state with incorporation of N* cation and the spacer of hydro-
phobic tail, which mediated the stacking of the Azo-Cy;-N*
molecules (Figure S5a, Supporting Information). A heat map
chart and frequency counts of the 7—cation interactions of the
Az0-Cy-N* molecules at 20 ns of the MD simulations further
confirmed that these interactions were significantly facilitated
in the trans-state of Azo-C;-N* molecules than the cis-state,
while the degree of 7—r interactions was similar in both states
(Figure 1a,b; Figure S5b,c, Supporting Information). Density
functional theory (DFT) calculations revealed that the Azo-
Cyo-N* molecules in the cis-state exhibited considerably higher
hydration energy and larger polar surface area, thereby indi-
cating markedly higher H,O affinity than those in the trans-
state (Figure S5d,e, Supporting Information). Taken together,
we suggest that enhanced polarity and hydrophilicity of the
twisted structure of cis-Azo-C;-N* molecules with suppressed
m—cation interactions facilitate the H,0 uptake-mediated
swelling of RGD-bearing microgels. In stark contrast, 7#—cation
interactions in relatively non-polar trans-Azo-Cy-N* molecules
mediate their dense microgels that restrain the H,O uptake-
assisted swelling of RGD-bearing microgels.

We next conducted MD simulations using two Azo-Cy-N*
molecules in the trans- or cis-state with acrylic acid, which
confirmed that acrylic acid remained associated with self-
assembled Azo-C;-N* molecules in both trans- and cis-states
(Figure 1c). UV-vis spectroscopy was conducted for the refer-
ence of “relative degree of trans-to-cis isomerization” revealing
the wavelength of peak intensities to be 345 nm after V-light
treatment (indicating maximum degree of trans-state forma-
tion) and 315 nm after U-light treatment at 0 h (indicating
maximum degree of cis-state formation), which was nearly
maintained for 24 h with minimal peak shifts (Figure 1d,e).
Azo-Cyy-N*-assembled microgels exist in a photostationary
state in which the cis- and trans-state dominate following
U- and Vlight irradiation, respectively.’®>”! We confirmed
through UV-vis absorbance that the microgels reach the pho-
tostationary state following U- or V-light irradiation (Figure 1d).
Time-dependent relative degree of trans-to-cis isomerization
after U-light treatment was derived based on its absorbance at
375 nm,B5%%8 where 100% means U-light photostationary state
(in the maximum degree of the cis-state) and 0% means V-light
photostationary state (in the maximum degree of the trans-
state), which were used as standard boundary. Quantification
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Figure 1. Light-mediated cyclic switching facilitates the swelling of microgels via cis-Azo-C;p-N* state disrupting intermolecular interactions. a) Mole-
cular dynamics (MD) simulations of a heat map chart and b) frequency counts of 7—cation interactions in the trans- or cis-state Azo-Cyo-N* molecules
at 20 ns in the MD simulation, as well as c) representative snapshots of trans- and cis-state Azo-C;o-N* molecule with acrylic acid. d) Time-dependent
changes in the UV-vis absorption spectra after initial V-light (448 nm at 0.2 W cm~2) treatment for 30 s and subsequent U-light (365 nm at 0.25 W cm™2)
treatment for 30 s with dotted lines drawn at 315 and 345 nm, which indicate wavelengths of absorption peak of maximum relative degree of the cis- and
trans-Azo-Cyp-N7 in the microgels, respectively. e) Corresponding relative degree of trans-to-cis isomerization of Azo-C;o-N* in the microgels shown as
percentage (%) determined using relative absorbance values at 375 nm at various time points. Data are shown as the mean + standard error (n = 3).

Asterisks were assigned to p values with statistically significant significances (***: p < 0.007).

of the time-dependent relative degree of trans-to-cis isomeriza-
tion after U-light treatment confirmed that its percentage was
>80% after 24 h, indicating that it is stable for day-scale after
U-light treatment for 30 s (Figure le). This long lifetime of
cis-state is in accordance with the design of the azobenzene
derivative that exhibits relatively blue-shifted absorbance peak
in the trans-state.] The UV-vis absorption spectra and time-
dependent relative degree of trans-to-cis isomerization over
5 cycles of U-light treatment for 30 s following V-light treatment
for 30 s confirm that the switching between the maximum cis-
state and trans-state was nearly 100% for 5 cycles (Figure S6a-l,
Supporting Information). Additionally, we estimated critical
aggregate concentration of the formation of microgels via
dynamic light scattering (DLS) analysis, which was estimated to
be 0.66 mg mL™ (Figure S7, Supporting information). During
all of our experiments, we used precursor concentration
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of 5.12 mg mL™L, which is above critical aggregation concentra-
tion to consistently yield the microgels.

2.2. N-Light-Upconverted U-Light- and V-Light-Regulated
Swelling of RGD-Bearing Microgels

To remotely control the swelling and deswelling of RGD-bearing
microgels via tissue-penetrative stimuli without using U-light,
we synthesized UCNPs that upconvert N-light to U-light. UCNP
(C), UCNP (C@S), and UCNP (C@S@D) refer to core UCNP,
core@shell UCNP, and core@shell@dye UCNP, respec-
tively. UCNPs were designed as core@shell nanostructures
(NaYF,Yb,Tm@NaYF,) through the epitaxial growth of the
UCNP shell on the UCNP (C) to obtain the UCNPs free of sur-
face defects, which enhances N-light-excited photoluminescence

© 2022 Wiley-VCH GmbH
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Figure 2. UCNP (C@S@D) exhibits significantly enhanced photoluminescence intensity and preferential upconversion of N-light to U-light. a) Sche-
matic and high resolution-transmission electron microscopy (HR-TEM) images of the UCNP (C) and UCNP (C@S) in atomic scale. An average lattice
spacing of 5.2 A corresponding to the (1010) crystalline plane in hexagonal phase was assigned to neighboring periodic lattice fringes in the core and
epitaxially grown shell regions. High-angle annular dark-field scanning TEM (HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDS) mapping
of the UCNP (C@S). In the EDS mapping, F element is present in both the core and shell of the UCNPs while Yb and Tm elements are only present in
the UCNP (C). b) Photoluminescence spectra of the UCNP (C), UCNP (C@S) and UCNP (C@S@D) under N-light (980 nm) excitation. Each peak is
labeled according to the orbital shell transition responsible for producing photoluminescence. c) Dynamic light scattering (DLS) to measure the diam-
eter of the UCNP (C), UCNP (C), and UCNP (C@S@D). d) U-light/V-light intensity ratio of the UCNP (C), UCNP (C@S), and UCNP (C@S@D) under
N-light (980 nm) excitation. The U-light/V-light intensity ratio was calculated by dividing the maximum peak intensity in the U-light (340 nm) region by
that in the V-light (450 nm) region. Scale bars: 5 nm (HR-TEM) and 50 nm (HAADF-STEM and EDS mapping). Data are shown as the mean + standard

error (n = 6). Asterisks were assigned to p values with statistically significant significances (**: p < 0.01; ***: p < 0.007).

intensity.**% The transmission electron microscopy (TEM)
and high resolution-TEM (HR-TEM) images confirmed homo-
geneous size distribution and morphology of the synthesized
UCNP (C) and UCNP (C@S) (Figure 2a; Figure S8, Sup-
porting Information). The HR-TEM images revealed that lat-
tice fringes of the UCNP (C) and UCNP (C@S) confirm the
hexagonal crystalline structure of both the core and shell part
of the UCNP. High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) and energy-
dispersive X-ray spectroscopy (EDS) mapping of the UCNP
(C@S) revealed the distributions of F and Y elements in both
the core and shell structures, as well as the Yb and Tin dopant
elements present in the core structure (Figure 2a; Figure S8,
Supporting Information).

The synthesized UCNP (C) exhibited photoluminescence
peaks in both the U-light and V-light (blue) regions under
N-light (980 nm) excitation (Figure 2b). These U-light peaks
were originated from electronic transitions of Iy — 3F, and
D, — 3Hg in Tm?** and the blue peaks were attributed to
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D, = 3F, and G, — 3H{ transitions in Tm?*". When UCNP
shell was epitaxially grown on the UCNP (C) to passivate sur-
face defects, the photoluminescence intensity of the resulting
UCNP (C@S) was markedly increased compared to the UCNP
(C) alone (Figure 2b). DLS analysis showed an increase in
the homogeneously distributed hydrodynamic diameter of
34 £ 0.9 nm in the UCNP (C) to 47 + 1.2 nm in the UCNP
(C@S) (Figure 2c). To selectively induce cis-Azo-Cyo-N* for-
mation that mediates the swelling of RGD-bearing microgels
by N-light-converted-U-light, the transduction of N-light to
U-light over N-light to V-light was maximized by using clini-
cally used natural dye (B-carotene)l®! that absorbs V-light,
particularly in the blue region with wavelength from 400 to
500 nm (Figure S9a, Supporting Information). On the other
hand, trans-Azo-Cy-N* formation can be induced by V-light
to deswell RGD-bearing microgels. Therefore, N-light must
be preferentially converted to U-light over V-light to specifi-
cally induce cis-Azo-Cyy-N* formation. To this end, the UCNP
(C@S) was coated with this V-light-absorbing dye to yield the
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UCNP (C@S@D), which showed the hydrodynamic diameter
of 89 £ 3.1 nm (Figure 2¢).

N (980 nm)-excited photoluminescence spectra and cal-
culated U-light (340 nm) to V-light (450 nm) photolumines-
cence intensity ratio revealed that U-light/V-light intensity
ratio gradually increased from the UCNP (C), to the UCNP
(C@S), and to the UCNP (C@S@D) although the PL inten-
sity of the UCNP (C@S@D) slightly decreased compared to
that of UCNP (C@S) (Figure 2b,d). This U-light/V-light inten-
sity ratio supported relatively preferential upconversion of
N-light to U-light over N-light to V-light that evidently occurred
in the UCNP (C@S@D) (Figure 2d). The photographs of the
N-light-excited photoluminescence consistently confirmed
high-intensity blue photoluminescence in the UCNP (C@S),
which decreased in the UCNP (C@S@D) (Figure S9b, Sup-
porting Information). The substrate surface was fully covered
with the UCNP (C@S@D) (Figure S9c, Supporting Infor-
mation). The U-light/V-light intensity ratio was significantly
increased from the UCNP (C@S)-coated substrate to the UCNP
(C@S@D)-coated substrate under N-light (980 nm) excitation
(Figure S9d,e, Supporting Information). Therefore, we used the
UCNP (C@S@D)-coated substrate throughout this study since
it exhibits preferential upconversion of N-light to U-light in
high intensity.

The RGD-bearing microgels were attached to the UCNP
(C@S@D)-coated substrate via hydrophilic interactions
between the RGD-bearing microgels and the surface of the
UCNP (C@S@D) on a substrate. This ensured that the UCNPs,
dyes, and Azo-C;y-N* molecule-containing RGD-bearing micro-
gels were in close contact with one another, which facilitated
efficient control over the swelling of RGD-bearing microgels by
N-light-upconverted U-light via cis-state formation of the Azo-
Cyo-N* molecules. All contact angles of a water droplet on the
UCNP (C@S@D)-coated silicon substrate and glass substrate
with and without microgels were <10° that confirm the exist-
ence of hydrophilic interactions (Figure S10a,b, Supporting
Information). The deswelling of RGD-bearing microgels was
facilitated by direct illumination of V-light to produce trans-
state formation of the Azo-C;p-N* molecules. The RGD-bearing
microgels were attached to the UCNP (C@S@D) surface via
intermolecular interactions to allow repeated switching of
swelling and deswelling of RGD-bearing microgels on the
UCNP (C@S@D)-coated substrate.

To explore capability of RGD-bearing microgels to encap-
sulate molecules, we examined the loading of rhodamine into
the RGD-bearing microgels. During loading rhodamine into
the microgels, Azo-Cy-N* molecules and PAA may physically
entrap rhodamine during the formation of microgel network
(Figure 3a). The number of RGD-bearing microgels per unit
area was 4990 * 233 microgels mm2 We next conducted light-
mediated swelling and deswelling of RGD-bearing microgels.
The number of RGDs per microgels was nearly constant in the
swelling (2.23 £ 0.11 x 10'°) and deswelling (2.03 + 0.03 x 10%)
states of RGD-bearing microgels (Figure 3b). The fully satu-
rated wet weight divided by the dry weight of RGD-bearing
microgels in the light-mediated swelling state was markedly
increased by 308% due to H,O uptake compared to that of
the light-mediated deswelling state (Figure 3b). Therefore, we
speculate that the swelling and deswelling of the RGD-bearing
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microgels modulate the degree of RGD availability (rather than
the number of RGDs) and the RGDs available in the micro-
gels are thus saturated in similar numbers in those two states.
Swelling promotes H,O intake into the sparsely stacked struc-
ture of the Azo-Cyy-N* molecules that facilitates uncoiling of
the RGD-bearing polymers, thereby yielding high RGD avail-
ability. In stark contrast, deswelling inhibits H,O intake into
the densely stacked structure of the Azo-C;-N* molecules that
causes coiling of the RGD-bearing polymers, thereby offering
low RGD availability.

DLS analysis of microgels was conducted to quantitatively
evaluate the change in hydrodynamic diameter of microgels in
the pre-treatment, swelling, and deswelling state, which con-
firmed the diameter was significantly higher in swelling state
than in the pre-treatment and deswelling state (Figure S11,
Supporting Information). Fluorescence imaging and quan-
tification of red-fluorescent rhodamine-loaded microgels
revealed there is no significant difference in the average diam-
eter of the microgel in the pre-treatment (2.51 + 0.61 um) and
deswelling state (2.45 + 0.40 um) (Figure 3c,d). In contrast,
there was significant difference when comparing microgel in
the pre-treatment and deswelling state with the swelling state
(3.84 £ 1.29 um). Furthermore, we conducted in situ bright-
field imaging on the same area to confirm the light-mediated
in situ swelling and deswelling of RGD-bearing microgels.
We found that the RGD-bearing microgels exhibited in situ
swelling under U-light for 1 min and in situ deswelling under
V-light for 9 min (Figure S12 and Movie S1, Supporting Infor-
mation). The time-lapse snapshot images revealed that the
RGD-bearing microgels stay focused on the same plane during
in situ swelling and deswelling, thereby confirming their lateral
swelling and deswelling while minimizing their axial changes.

According to the swelling and deswelling of RGD-bearing
microgels, both the diameter and percentage of total lateral area
of the RGD-bearing microgels were increased and decreased
with significant differences, respectively (Figure 3c,d; Movie S1,
Supporting Information). Thus, the percentage of the total lat-
eral area of RGD-bearing microgels (calculated by multiplying
the number of RGD-bearing microgels per unit area by the lat-
eral section area of each microgel) was found to significantly
increase in the swelling state as compared to the deswelling
state (Figure 3b). We found that the percentage of the total
lateral area of RGD-bearing microgels was comparable to that
of the RGD-bearing gold nanoparticles that were shown to
efficiently regulate cell adhesion in previous studies,®? indi-
cating that the RGD density used in our current study could
sensitively regulate cell adhesion in a time-resolved manner via
the swelling and deswelling of RGD-bearing microgels. Our
present study is differentiated from previous studies that have
shown dynamic manipulation of supramolecular self-assem-
bled structures via irreversible in situ self-assembly® or revers-
ible but extreme dilution and harsh acidic conditions.?

2.3. Light-Controlled Temporal Macrophage Adhesion
As a model of applications of remotely controllable system,

we investigated whether positional changes in the RGDs
occurring in the swelling and deswelling of RGD-bearing
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Figure 3. Light-mediated swelling of RGD-bearing microgels. a) A schematic of the loading of red-fluorescent rhodamine into the RGD-bearing
microgels. b) Quantifications of the number of RGDs per microgel, the swelling ratio (the ratio of the wet weight to the dry weight of the microgels),
and the percentage of the total lateral area of RGD-bearing microgels in swelling and deswelling state on the substrate facilitated by U-light (365 nm,
0.25 W cm2) and V-light (448 nm, 0.2 W cm~?) irradiation, respectively. c) Quantification of the diameter and d) fluorescent images of rhodamine-
loaded RGD-bearing microgels in the pre-treatment, swelling, and deswelling state. Scale bars: 10 um. Data are presented as the mean * standard
error (n=3 for b and n =10 for c). Asterisks were assigned to p values with statistically significant significances (*: p < 0.05; **: p < 0.01). N.S. signifies
non-statistically significant differences.

microgels via N- and V-light irradiation, respectively, can  explored the light-mediated control of macrophage adhe-
dynamically regulate macrophage adhesion (Scheme 1). This  sion on the RGD-bearing microgels attached to the UCNP
is due to unique characteristics of our material system that (C@S@D)-coated substrate that enables the transduction of
can reversibly change their molecular structures in physiolog-  N- to U-light. We irradiated N-light (980 nm) at an intensity
ical aqueous solution without using U-light, thus suitable for ~ of 1 W cm™ for 1 min or V-light (448 nm) at an intensity of
biomedical applications. We used glass and silicon substrates 0.2 W ¢m™ for 10 min at 0 and 12 h and compared the mac-
for in vitro and in vivo experiments, respectively, and found  rophage responses after 24 h to control group without light
that temperature changes of these substrates (microgels on  irradiation (“No light”). We found that macrophages readily
the UCNP (C@S@D)-coated substrate) before and after N- or  adhered onto the RGD-bearing microgels in swelling state
V-light irradiation lied within 3 °C, which would not cause any  that offer high RGD availability and exhibited pronounced
damage to the cells and tissues (Figure S13a,d, Supporting assembly of integrin 1, F-actin filaments, and focal adhesion
Information). kinase (FAK) with elongated shape via confocal immunofluo-

Macrophages exhibit comparable size to that of our rescence imaging of the “N-light” group (Figure S14a, Sup-
RGD-bearing microgels (3-5 um) that can help to examine  porting Information). In contrast, macrophage adhesion was
direct correlation between macrophage and RGD-bearing neither prominent nor significantly different in the “V-light”
microgels. Thus, we plated macrophages only at 0 h and and “No light” groups on the RGD-bearing microgels in the
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deswelling state with low RGD availability. Following quanti-
tative analysis of the immunofluorescence images revealed a
significantly higher adhered macrophage number and larger
macrophage area in the “N-light” group than in the “V-light”
and “No light” groups (Figure S14b, Supporting Informa-
tion). These results suggest that lateral microgel swelling
and deswelling mediate high and low RGD availability,
respectively, via expanded and contracted microgel network,
which effectively modulated integrin-RGD-binding-mediated
macrophage adhesion. When the UCNPs, the UCNP shell
coating onthe UCNP (C), V-light-absorbing natural dye coating,
or RGD coating were absent in our material system [RGD-
bearing microgels attached to the UCNP (C@S@D)-coated
substrate], our N- or V-light-mediated control of macrophage
adhesion was not effective (Figures S15a,b, S16a,b, S17a,b,
and S18a,b, Supporting Information). This suggests that the
necessity of the UCNP (C@S@D) (that can induce swelling
of the RGD-bearing microgels) and RGD-specificity for effi-
cient macrophage regulation. These results acquired via uti-
lizing N- and V-light-based system are apparently different
from those in previous reports on modulating irreversible
RGD uncaging by light*>*! or molecular conversion using
high-intensity light.[>"

After confirming the influence of the N-light-mediated
swelling and V-light-mediated deswelling of RGD-bearing
microgels on macrophage adhesion, we explored the effect of
in situ time-regulated light switching on macrophage adhe-
sion. Macrophages on the RGD-bearing microgels attached
to the UCNP (C@S@D)-coated substrate were repeatedly or
alternately illuminated with N- or V-light at 0, 12, and 24 h
(“N-N”, “N-V”, “V-N”, and “V-V” groups) and examined via
confocal immunofluorescence imaging and quantifications at
36 h after inducing sufficient macrophage adhesion and polar-
ization.63-%% For quantifications using fluorescent images,
the adhered macrophage numbers were calculated using
DAPI-positive macrophage nuclei whereas the adhered mac-
rophage area and elongation factor (the ratio of the major axis
to the minor axis) were calculated by using F-actin-stained
images of macrophages. We found that the “N-N” group
exhibited markedly higher macrophage adhesion compared to
the “V-V” group (Figures S19a,b and S20, Supporting Informa-
tion). Interestingly, in the “V-N” group, macrophage adhesion
that was inferior at 12 h (after being subjected to V-mediated
RGD-bearing microgels deswelling) was markedly enhanced
at 36 h (after being subjected to N-mediated RGD-bearing
microgels swelling). Strikingly, in the “N-V” group, mac-
rophage adhesion that was promoted at 12 h (after being sub-
jected to N-mediated RGD-bearing microgels swelling) was
suppressed at 36 h (after being subjected to V-light-mediated
RGD-bearing microgels deswelling). These results suggest
that lateral swelling and deswelling of RGD-bearing microgels
lead to high and low RGD availability, respectively, and thus
regulated the lateral movement of integrin nanoclusters to
modulate integrin-RGD-binding-mediated macrophage adhe-
sion (Scheme 1). We believe that the marked effectiveness of
our light-controlled switching system toward time-regulated
macrophage adhesion is attributed to the long-term (24 h) sta-
bility of the cis-state Azo-C;o-N* induced by U-light illumina-
tion (Figure 1d,e).
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2.4. Light with Different Wavelength Temporally Regulates
Macrophage Phenotype

We next examined the effect of in situ temporal light
switching on adhesion-dependent macrophage phenotype by
using identical light stimulation conditions with either pro-
inflammatory (M1) or pro-regenerative (M2) medium. Robust
macrophage adhesion including pronounced assembly of
cytoskeletal F-actin filaments and adhesion complexes in
an elongated shape activates rho-associated protein kinase
(ROCK) that stimulates them to acquire pro-regenerative/
anti-inflammatory phenotypes.’#!% In contrast, macrophages
exhibiting poor construction of those adhesion structures in
a round shape acquire inflammatory phenotype. Therefore,
the effect of in situ temporal light switching on macrophage
polarization was investigated by using identical experimental
conditions with either inflammatory or regenerative medium.
First, we assessed the level of secreted cytokines (IL-4 and
IL-10 as M2 markers and TNF-& as a M1 marker) from mac-
rophages cultured on the RGD-bearing microgel-attached
UCNP (C@S@D)-coated substrate under N- and V-light irra-
diation via enzyme-linked immunosorbent assay (ELISA). We
found that the “N-N” and “V-N” groups facilitated the release
of M2 polarization-related cytokines while they inhibited the
release of M1 polarization-related cytokines (Figure 4a,b;
Figure S21, Supporting Information). On the other hand, the
“V-V” and “N-V” groups stimulated the release of M1 polar-
ization-related cytokine and suppressed the release of M2
polarization-related cytokines. They suggest that the “N-N”
and “V-N” groups would highly stimulate M2 polarization of
macrophages whereas the “V-V” and “N-V” groups facilitate
their M1 polarization.

Confocal immunofluorescence and western blotting imaging
of macrophages cultured in either inflammatory or regenera-
tive medium consistently demonstrated that the groups sub-
jected to N-light illumination at later time point (“N-N” and
“V-N” groups) predominantly exhibited pro-regenerative/anti-
inflammatory phenotypes (low inflammatory iNOS expression
when cultured in inflammatory medium and high pro-regener-
ative/anti-inflammatory Arg-1 expression only when cultured in
regenerative medium) regardless of whether using N- or V-light
at earlier time point (Figure 4a,b; Figure S22a,b, Supporting
Information). Conversely, the groups subjected to V-light illu-
mination at later time point (the “V-V” and “N-V” groups)
showed highly inflammatory phenotypes. These findings prove
temporal light switchability of macrophage phenotypes via the
adhesion structure assembly-mediated pro-regenerative/anti-
inflammatory polarization.

We next considered which molecular machinery in
the adhesion complexes is involved in the light-mediated
temporal regulation of macrophage adhesion that modu-
lates the macrophage phenotypes. We found that the
“N-N” and “V-N” groups involving the N-light treatment-
mediated swelling of RGD-bearing microgels at later time
point effectively stimulated ROCK2 expression regardless
of whether using inflammatory or regenerative medium
(Figure S23a,b, Supporting Information). The correla-
tion between macrophage adhesion and the inflammatory/
regenerative polarization was explored in detail by using
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Figure 4. N-light-assisted swelling of RGD-bearing microgels temporally promotes the anti-inflammatory functionality of macrophages. a) Confocal immu-
nofluorescence images of macrophages stained for pro-inflammatory iNOS and pro-regenerative Arg-1along with nuclei along with quantifications of INOS
protein expression levels (after normalization to that of GAPDH) from western blotting images of adhered macrophages after culturing for 36 h (plated
only at 0 h) on the RGD-bearing microgels attached to the UCNP (C@S@ D)-coated substrate in pro-inflammatory medium. Secreted TNF-« level of mac-
rophages analyzed by ELISA is also included. At every 12 h after culturing, the substrates in the “N-N”, “N-V”, “V-N”, and “V-V" groups were repeatedly or
alternately irradiated with N-light (980 nm at 1 W ¢cm~2 for 1 min) or V-light (448 nm at 0.2 W cm™2 for 10 min). b) Confocal immunofluorescence images
of macrophages stained for pro-inflammatory iNOS and pro-regenerative Arg-1 along with nuclei and calculations of Arg-1 protein expression levels (after
normalization to that of GAPDH) using western blotting images of the adhered macrophages after culturing for 36 h on an identical substrate to that used
in (A) in pro-regenerative medium. Secreted IL-4 level of macrophages analyzed by ELISA is also included. Scale bars: 20 pum. Data are displayed as the
mean * standard error (n = 3). Asterisks were assigned to p values with statistically significant significances (***: p < 0.001).
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pharmacological inhibitors specific for ROCK, actin polym-
erization, and myosin II. The inhibition of these consistently
repressed macrophage adhesion in terms of spread area and
elongated shape irrespective of whether using inflamma-
tory or regenerative medium (Figures S24a,b and S25a,b,
Supporting Information). Concomitantly, highly expressed
regenerative Arg-1 expression in the “N-N” and “V-N” groups
was significantly hindered along with macrophage adhesion
repression (by inhibition of ROCK, actin polymerization,
or myosin II) in regenerative medium (Figure S24a,b, Sup-
porting Information). Furthermore, highly suppressed expres-
sion of inflammatory iNOS in the “N-N” and “V-N” groups
cultured in inflammatory medium was found to be negated
when ROCK, actin polymerization, or myosin II was inhib-
ited (Figure S25a,b, Supporting Information). These findings
collectively confirm that ROCK, actin polymerization, and
myosin II are part of the molecular machinery for stimulating
adhesion structure formation linked with regenerative M2
polarization and suppressing inflammatory M1 polarization in
the “N-N” and “V-N” groups subjected to N-light illumination
at later time point.

2.5. N-Light-Mediated Temporal Control of IL-4 Delivery

Since the RGD-bearing microgels differentially respond
N- and V-light illumination that induces their swelling and
deswelling, respectively, we probed the applicability of these
microgels as delivery vehicles for large macromolecules, such
as IL-4 with their release controlled by the N- and V-light
irradiation (Figure 5a; Figure S26, Supporting Information).
Similar to the encapsulation process of fluorescent molecule
(rthodamine) into the RGD-bearing microgels, IL-4"l may be
loaded into the microgels during the cooperative self-assembly
of the Azo-C-N* molecules and the RGD-bearing PAA pol-
ymers. We found that the deswelling of the RGD-bearing
microgels after V-light treatment for 1 min at 0 and 30 min
helped retain the loaded IL-4 for 60 min. In stark contrast, the
swelling of the RGD-bearing microgels after U-light treatment
for 1 min at 60 and 90 min markedly facilitated the release of
the loaded IL-4 for 120 min (Figure 5b). These results prove
the swelling-specific time-regulated IL-4 release using our
microgel system.

This suggests that the V-ight restraining the swelling
of the RGD-bearing microgels may retain the loaded IL-4
within the microgels whereas N-light induces the swelling of
the RGD-bearing microgels via the H,O uptake, thereby pro-
viding an ample space for the release of loaded IL-4. During
the loading of IL-4 proteins into the microgel,] Azo-C;o-N*
molecules and PAA may physically entrap the IL-4 during
microgel network formation of the microgel regardless of its
surface charge.®%! When the microgel is in swelling state
under U-light illumination, the expanded microgel space
untraps the IL-4 and stimulates the release via the widen
free space. Under V-light illumination, the microgel space is
contracted and IL-4 remains entrapped within the microgel.
Furthermore, our microgels may function as the universal
delivery vector for diverse proteins, small molecules, and
others.
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2.6. Light-Mediated IL-4 Delivery and Temporal Macrophage
Regulation In Vivo

The dynamic effect of temporal switching of lateral swelling
and deswelling of RGD-bearing microgels on IL-4 release and
host cell regulation was investigated via N- and V-light irra-
diation without using U-light was investigated. Intriguingly,
our microgel dynamics emulate tissues and organs, such as
lung, heart, and brain, which repeatedly swell and deswell
via fluid transfer, thereby dynamically regulating integrin-
RGD interactions that occur in the nanoscale structure
of biopolymer network.”°72 Macrophages are host cells
that are dominantly involved in the early host responses
that regulate the late responses, such as inflammation and
tissue regeneration.'®2l To this end, we subcutaneously
implanted pro-regenerative IL-4-loaded RGD-bearing micro-
gels attached to the UCNP (C@S@D)-coated substrate that
functions as the efficient N-light-to-U-light upconverter
in vivo. For brief explanation of practical length scales, we
have subcutaneously implanted the UCNP (C@ S@D)-coated
silicon substrate (12 mm x 12 mm) in the backs of mice
within 1 mm tissue depth. For in situ temporal switching of
the swelling and deswelling of RGD-bearing microgels, we
applied N-light (980 nm at 1 W cm™2 for 1 min) or V-light
(448 nm at 0.2 W cm2 for 10 min) at =5 cm away from the
mice to have uniform laser intensity exerted on the silicon
substrate. The implanted materials in the backs of the mice
were repeatedly or alternately irradiated with external N- or
V-light at 0 and 12 h after implantation to facilitate in situ
swelling and deswelling of RGD-bearing microgels. Host
macrophages adhered onto the implants were analyzed at
24 h after implantation. In vivo stability of RGD-bearing
microgels was examined via confocal imaging of the rho-
damine-encapsulated RGD-bearing microgels on the UCNP
(C@S@D)-coated substrate before and after implanta-
tion. We found that the similar number of red-fluorescent
RGD-bearing microgels was uniformly distributed, thereby
confirming the excellent stability of our materials in vivo
(Figure 5c,d).

We analyzed host macrophages via confocal immunofluo-
rescence imaging of host cells expressing either inflamma-
tory (INOS and CD86) and regenerative (Arg-1 and STABI)
macrophage markers. We found that both the “N-N” and
“V-N” groups with high swelling-mediated elevation of RGD
availability exhibited pronouncedly higher adhered cell
numbers with larger spread areas and elongation factors
of host macrophages”® than the “N-V” and “V-V” groups
exhibiting low deswelling-mediated suppression of RGD
availability (Figure 5e; Figures S27a,c, S28a,b, and S29a,b,
Supporting Information). In the “N-N” and “V-N” groups
that promote the swelling-facilitated IL-4 release, Arg-1
and STABI expressions were highly stimulated while iNOS
and CD86 expression were markedly suppressed com-
pared with the “N-V” and “V-V” groups. Taken together, we
believe that the pro-regenerative polarization of host mac-
rophages in the “N-N” and “V-N” groups was highly stimu-
lated in response to the synergistic effect of intensified
adhesion to the highly available RGDs and facilitated pro-
regenerative IL-4 release. Furthermore, host macrophages

© 2022 Wiley-VCH GmbH
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Figure 5. Remote switching of the swelling of RGD-bearing microgels via tissue-penetrative light enables time-regulated IL-4 delivery and host cell
regulation in vivo. a) A schematic of N-light-upconverted U-light mediating the swelling of subcutaneously implanted RGD-bearing microgels, thereby
triggering the diffusional release of interleukin-4 (IL-4) for host cell regulation. b) The percentage of cumulative I1L-4 release of RGD-bearing microgels
by V-light treatment for 1 min each at 0 and 30 min followed by U-light treatment for T min each at 60 and 90 min. c) Confocal fluorescence images
of rhodamine-loaded RGD-bearing microgels attached to the UCNP (C@S@D)-coated substrate and d) computations of the density of rhodamine-
fluorescent RGD-bearing microgels on the substrate before and after subcutaneous implantation. e) Confocal immunofluorescence images of iNOS
and Arg-1 along with F-actin, and nuclei of recruited host cells onto the RGD-bearing microgels attached to the UCNP (C@S@D)-coated substrate at
24 h after subcutaneous implantation. At 0 and 12 h after implantation, the backs of the mice (toward the substrate) in the “N-N”, “N-V”, “V-N”, and
“V-V” groups were repeatedly or alternately externally illuminated with N-light (980 nm at 1 W cm=2 for 1 min) or V-light (448 nm at 0.2 W cm™2 for
10 min). Scale bars: (c) 10 and (e) 20 um. Data are shown as the mean + standard error (n =10). N.S. indicates non-statistically significant differences.

Adv. Mater. 2022, 2205498 2205498 (12 of 15) © 2022 Wiley-VCH GmbH

5U80 17 SUOLLILIOD BAER.D 3|ed ke U Ad PaURAOE 3 BV YO (98N J0 S| O} A1 1T 3UIIUO 4]V UO (SUONIPUGO-PUE-SLLLBYLIOD' A3 ARGl PUIIUO//ScL) SUOTIPUOD PUE SWLR | aU) 95 *[220Z/TT/vZ] U0 Areiqiauiluo Ao|im ‘Soireiqi Aisiniun sebiny Aq 867502202 BUWP/Z00T OT/10p/LL0"Aa| 1w AReiq Bu1|uo//:Sdny Lo papeojumoq ‘0 ‘S60rTZGT



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(which are typically recruited 12 h after implantation)
in the “V-N” group showed enhanced regenerative pheno-
types after 12 h than those in the “N-V” group after 0 h due to
longer exposure to the N-light-triggered IL-4 release. Although
we focused on analyzing host macrophage regulation, NIMP-
Rl4-positive host neutrophils were also recruited to the
implanted materials during the early host responses within 24 h
after implantation (Figure S30a,b, Supporting Information).

It has been previously reported that UCNPs coated with
PAAPY or coupled with azobenzene”! are not toxic even for
long-term period over 4 months, and consequently, the UCNP-
based materials have been undergoing clinical trials.”®”] In
accordance with these previous reports, we found that the RGD-
bearing microgels on the UCNP (C@S@D)-coated substrate
subjected to the N- and V-light irradiation without using U-light
are not toxic to both subcutaneous tissue (localized) and various
organs (systemic), such as liver, kidney, spleen, and heart, as evi-
denced by no differences in the cell structure before and 7 days
after implantation and treatment with N- or V-light irradiation
(Figure S31, Supporting Information). Our tissue-penetrative
stimuli-mediated controllable system is evidently different from
previous in vivo studies utilizing highly tissue-absorptive and
harmful U-light to “irreversibly” trigger RGD uncaging or N-light
to “irreversibly” cleave caging molecules to trigger the release of
drug molecules in vivo.*! Our remote and safe system without
using U-light offers temporal controllability toward macromol-
ecule delivery and in vivo host cell regulation.

3. Conclusion

We have harnessed self-assembly of Azo-C;y-N* molecules via
intermolecular interactions that incorporate RGD-bearing ani-
onic polymers via electrostatic interactions. Tissue-penetrative
N-light treatment mediated preferential N-light-to-U-light
transduction by using UCNP (C@S@D) induced hydrophilic
cis-state formation of Azo-Ci;-N* molecules with suppressed
m—cation interactions in loosely packed structures, as veri-
fied via MD simulations. This induced the lateral swelling
exhibiting highly available RGDs via RGD-bearing polymer
uncoiling that facilitates macrophage adhesion structure for-
mation and IL-4 release for promoting pro-regenerative polari-
zation. V-light treatment induced the hydrophobic trans-state
formation of Azo-C;;-N* molecules with enhanced m—cation
interactions in densely packed structures that facilitated lat-
eral deswelling (as verified by in situ real-time confocal
microscopy imaging), which restrained RGD availability via
RGD-bearing polymer coiling, thereby inhibiting macrophage
adhesion. Versatile tuning of azobenzene derivatives can offer
unlimited tunability of redshifting V-light wavelength to fur-
ther enhance tissue-penetrative capability and lifetime of the
cis-state.] RGD-bearing microgels can be diversified with the
use of various ligands and protein delivery that can be used
to regulate a myriad of host cells. Also, upon the swelling
and deswelling, microgels can uptake and release body fluids
for diagnosis analysis. Our light controllable system can also
be utilized as solar thermal fuels that can capture, convert,
and release solar energy via photoisomerization-regulated
self-assembly.3]
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