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Remote Switching of Elastic Movement of Decorated
Ligand Nanostructures Controls the Adhesion-Regulated

Polarization of Host Macrophages

Ramar Thangam, Myeong Soo Kim, Gunhyu Bae, Yuri Kim, Nayeon Kang, Sungkyu Lee,
Hee Joon Jung, Jinhyeok Jang, Hyojun Choi, Na Li, Minjin Kim, Sangwoo Park,

Seong Yeol Kim, Thomas Myeongseok Koo, Hong En Fu, Yoo Sang Jeon,

Andreja Ambriovic-Ristov, Jae-Jun Song, Soo Young Kim, Steve Park, Qiang Wei,
Changhyun Ko, Ki-Bum Lee, Ramasamy Paulmurugan, Young Keun Kim,*

and Heemin Kang*

Design of materials with remote switchability of the movement of decorated
nanostructures presenting cell-adhesive Arg-Gly-Asp ligand can decipher
dynamic cell-material interactions in decorated ligand nanostructures. In this
study, the decoration of ligand-bearing gold nanoparticles (ligand-AuNPs) on

the magnetic nanoparticle (MNP) with varying ligand-AuNP densities is dem-
onstrated, which are flexibly coupled to substrate in various MNP densities to
maintain constant macroscopic ligand density. Magnetic switching of upward
(“Upper Mag”) or downward (“Lower Mag”) movement of varying ligand-AuNPs
is shown via stretching and compression of the elastic linker, respectively. High
ligand-AuNP densities promote macrophage adhesion-regulated M2 polarization
that inhibits M1 polarization. Remote switching of downward movement (“Lower
Mag”) of ligand-AuNPs facilitates macrophage adhesion-regulated M2 polariza-
tion, which is conversely suppressed by their upward movement (“Upper Mag”),
both in vitro and in vivo. These findings are consistent with human primary
macrophages. These results provide fundamental understanding into designing
materials with decorated nanostructures in both high ligand-AuNP density and
downward movement of the ligand-AuNPs toward the substrate to stimulate
adhesion-regulated M2 polarization of macrophages while suppressing pro-
inflammatory M1 polarization, thereby facilitating tissue-healing responses.

1. Introduction

The development of materials that enable
the movement of decorated ligand-bearing
nanostructures can help to decipher
dynamic cellular interactions with native
extracellular matrix (ECM)[ exhibiting
nanoscale structures and movement of
ligands.” It has been shown that ECM
proteins (e.g., collagen) containing cell-
adhesive Arg-Gly-Asp (RGD) ligand form
macroscopic and nanoscale structures.!!
Various tissues, such as bone,™ interverte-
bral discs,” and tendons,®! display nano-
structures of ligands, such as RGD ligand
that dynamically regulate the adhesion
and fate of various cell types.”! Various tis-
sues including ligand-bearing nanostruc-
tures primarily exhibit movement on the
macroscopic and nanoscale. For example,
skeletal muscle exhibits flexion and exten-
sion,®l lung is subjected to expansion and
compression during breathing,®! tendon
is subjected to tensile strain during
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physiological loading,® and myocardium exhibits elastic and
contractile movement.'” The native ECM exhibiting nanoscale
structures and movement of ligands can dynamically regulate
the molecular assembly of adhesion structures! in macro-
phages that activate their polarization into pro-inflammatory
M1 versus pro-healing M2 phenotypes.['Zl Indeed, the assembly
of cytoskeletal actin and adhesion complex, as well as the elon-
gated spreading of macrophages involving ROCK, are known
to activate their M2 polarization.[¥! These previous reports col-
lectively suggest that the design of materials with remote con-
trol of the movement of decorated ligand nanostructures can
help to maneuver and decipher the dynamic adhesion and
polarization of macrophages regulating immune responses!'¥
to implants toward tissue healing processes."”!

The design of biomaterials that are remotely and temporally
controllable via various stimuli, such as light, ultrasound, and
magnetic fields, at prescribed time points can manipulate and
decipher dynamic interplay between biomaterials and host
immune cells in vivo.'"® Light illumination can temporally
activate photochemical reactions in light-responsive ligand-pre-
senting materials to modulate cellular adhesion.['l However, in
vivo application of these materials, particularly in deep tissues,
has been limited owing to cytotoxicity exerted by strong light
absorption of living tissues. Tissue-penetrative ultrasound can
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be applied to generate electricity in piezoelectric materials.!'®!

However, this approach is limited to activating electrically excit-
able cells, such as neurons. An external magnetic field is highly
tissue-penetrating and cytocompatible, and can thus be safely
applied to patients.'] Our recent studies have revealed that the
application of an external magnetic field can readily control
the directional alignment,?”) macroscopic movement,?! and
nanoscale oscillation?? of magnetic ligand-bearing nanomate-
rialsi??l to regulate cellular adhesion. These recent studies have
elucidated the effect of separate movement of the individual
ligand-bearing nanomaterials?! on dynamically regulating
cell adhesion. Developing novel materials allowing the move-
ment of ligand-presenting decorated nanostructures can fur-
ther advance our regulation and understanding of the dynamic
and nanoscale interplay between host immune cells and ligand
nanostructures.

In this study, we demonstrate the decoration of AuNPs on
the magnetic nanoparticle (MNP) by varying the density of
decorated ligand-bearing AuNPs and flexibly couple them to a
substrate in various MNP densities to maintain constant macro-
scopic ligand density (Scheme 1). We show magnetic switching
of upward (“Upper Mag”) or downward (“Lower Mag”) move-
ment of varying ligand-AuNPs via elastic stretching and com-
pression of the elastic linker, respectively, by moving the MNP
decorated with ligand-AuNPs toward a magnet. The nanoscale
arrangement!?! of the ligand has been primarily designed on a
2D array to help to understand the regulation of cellular adhe-
sion by arranging RGD ligand-presenting nanoparticles!?®! with
varying interparticle spacing and density either staticallyl?’! and
dynamically,?® microscale and macroscopic density,?? dis-
ordering,?% clustering,*! and micropatterns.? Our present
study exploits the movement of ligand-presenting decorated
nanostructures to regulate cell adhesion and is thus distinctly
different from these previous approaches as well as recent
studies demonstrating the movement of non-decorated ligand-
bearing nanoparticles.[2-21>22]

Specifically, we increased ligand-AuNP densities when dec-
orating each MNP but decreased the MNP densities during
substrate coupling to keep similar macroscopic ligand density
in all groups (Figure 1a). We designed the size of the ligand-
bearing AuNPs (12.5 nm) to be comparable to that of integrin
(10 nm) to facilitate the recruitment of individual integrin mol-
ecule to each ligand-bearing AuNPs.*3l We coated the AuNPs
(not MNP) with a long poly(ethylene glycol) (PEG) linker
(5 kDa) during substrate coupling to enhance the flexibility of
the movement of the MNP.3¥ We show that high ligand-AuNP
density stimulated the adhesion-aided M2 polarization of mac-
rophages involving myosin II, actin polymerization, and ROCK
signaling (Scheme 1). Conversely, magnetic switching of the
upward in situ movement of the MNP decorated AuNPs via
linker stretching inhibited macrophage adhesion that induced
M1 polarization. On the other hand, low ligand-AuNP density
inhibited macrophage adhesion that facilitated M1 polarization.
Conversely, magnetic switching of the downward in situ move-
ment of the MNP decorated with AuNPs via linker compres-
sion promoted macrophage adhesion that stimulated M2 polar-
ization. Our results were consistent in both in vitro and in vivo
settings and with recent reports showing that RGD ligand stati-
cally tethered to a substrate via short and long linkers promoted
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Scheme 1. Schematic summary of experiments in this study. Varying decorated ligand-bearing gold nanoparticles (ligand-AuNPs) on the magnetic
nanoparticle (MNP) were flexibly coupled to a substrate without changing macroscopic ligand density. Magnetic switching of the downward (“Lower
Mag") and upward (“Upper Mag”) movement of varying ligand-AuNPs was achieved via compression and stretching of the elastic linker, respectively.
High and low ligand-AuNP density under the “No Mag” conditions devoid of the magnet promotes and inhibits the macrophage adhesion-regulated
pro-regenerative M2 polarization, respectively, both in vitro and in vivo. Remote downward (“Lower Mag”) and upward (“Upper Mag”) movement of
the varying ligand-AuNPs stimulates and suppresses the macrophage adhesion-regulated M2 polarization with the suppression of their M1 polariza-

tion, respectively, both in vitro and in vivo.

and inhibited cell adhesion, respectively.>* Furthermore, mag-
netic switching of the movement of these ligand-presenting
decorated nanostructures can effectively regulate the adhesion
and resultant polarization of host macrophages to effectively
induce pro-healing host responses to implanted biomaterials.

2. Results and Discussion
2.1. Varying the Decoration of AuNPs on the MNP
To enable magnetic switching of the movement of varying

ligand-bearing AuNPs, the MNPs were first synthesized. We
prepared the size of the MNP considerably larger than that
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of the AuNPs to vary the density of the AuNPs on the sur-
face of the MNP. To allow the decoration of AuNPs, the MNP
was amino-functionalized via amino-silica coating. Vibrating
sample magnetometry measurement confirmed the reversible
magnetic properties of the MNPs with high saturation mag-
netization (M,) of 675 emu g! (Figure S1, Supporting Informa-
tion). X-ray diffraction spectra verified the crystalline magnetite
phase of the MNPs with the diffraction peaks corresponding
to the reference data of crystalline Fe;O, phase, such as (220),
(311), (400), (422), (511), and (440) planes (Figure S2, Supporting
Information). Transmission electron microscopy (TEM) image
showed the uniform coating of the amino-silica layer on the
MNPs (Figure S3a, Supporting Information). Dynamic light
scattering (DLS) analysis confirmed that the diameter of the

© 2021 Wiley-VCH GmbH
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Figure 1. Magnetic elastic switching of MNP decorated with AuNPs. a) Schematic illustration of flexible substrate coupling of MNPs decorated with
AuNPs to enable in situ magnetic switching of movement of the ligand-AuNPs. b) Schematic illustration and in situ atomic force microscopy (AFM;
scale bar: 100 nm) of magnetically manipulated upward (“Upper Mag”) and downward (“Lower Mag”) movement of the MNP decorated with AuNPs
(low AuNP density) through the stretching and compression of the elastic linker, respectively, or in the absence of the magnet (“No Mag”) with cor-
responding quantification of the height of the MNP decorated with AuNPs. c) AFM images of AuNP alone coupled to a substrate using an elastic
linker with corresponding quantification of the height of the AuNP. Data are presented as the mean =* standard error (n = 10). Statistically significant
differences are denoted by different alphabet letters.
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MNPs increased from 179 + 13 to 210 + 19 nm following coating
with the amino-silica layer (Figure S3b, Supporting Informa-
tion). TEM image and DLS analysis confirmed that AuNPs
exhibited a uniform size of 12.5 nm + 0.6 nm, which is substan-
tially smaller than that of the MNP coated with the amino-silica
layer (Figure S4a,b, Supporting Information).

The decoration of the AuNPs on the MNP was achieved
through the Au-amine reaction and strictly varied by optimizing
the reaction concentration of the AuNPs versus the MNP
coated with amino-silica to present varying densities of the
AuNPs per MNP (Figure 1a). Polyvinylpyrrolidone (PVP) was
used to stabilize the decorated AuNPs on the MNP. High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) revealed the decorated nanostructures com-
posed of AuNPs (at various densities) uniformly coupled on the
surface of the MNP whereas darker and brighter shades indi-
cated MNP and AuNPs, respectively (Figure S5a, Supporting
Information). The HAADF-STEM images were used to quan-
tify the surface area and the number of the AuNPs per MNP in
the decorated nanostructures. This quantification revealed that
the low, moderate, and high AuNP densities (the number of the
AuNPs per MNP) were 39 + 6, 108 + 11, and 171 + 24, respec-
tively (Figure S5b, Supporting Information). The total surface
areas of the AuNPs per MNP were 20 919 + 3064, 57 447 £ 5988,
and 90 789 + 12 530 nm?, respectively (Figure S5b, Supporting
Information). High-resolution STEM (HR-STEM) verified the
atomic arrangement of the crystalline MNP and decorated
AuNPs in the nanostructures (Figure S5a, Supporting Informa-
tion). HR-STEM images verified that the crystalline structures
of the MNP and AuNPs were similar to those reported for the
crystalline magnetite and gold phase, respectively.

Energy-dispersive X-ray spectroscopy mapping confirmed the
uniform distribution of the Au element present in the AuNPs
on the surface of the Fe element present in the MNP in the dec-
orated nanostructures (Figure S5a, Supporting Information).
UV-Vis absorption spectra also confirmed the decoration of
AuNPs on the MNP (Figure S6, Supporting Information). UV—
vis absorption spectra showed the absorption peaks at 520 and
408 nm, corresponding to the AuNPs alone and MNPs alone,
respectively. The absorption peaks of the decorated AuNPs on
the MNP (at various AuNP densities) overlapped with those
of both the AuNPs alone and MNPs alone, which exhibited
increasing peak intensities with increasing AuNP densities.
DLS analysis revealed that all of the decorated AuNPs on the
MNP at various AuNP densities exhibited similar sizes ranging
from 207 to 231 nm with no significant differences (Figure S7,
Supporting Information).

2.2. Flexible Substrate Coupling of Varying Decorated AuNPs
without Changing the Macroscopic Ligand Density

Varying decorated AuNPs were coupled to a substrate via serial
chemical reactions while keeping the macroscopic ligand den-
sity invariant (Figure 1a). An elastic PEG linker (carboxymethyl-
PEG-thiol, 5 kDa) was used to coat the surface of the AuNPs on
the MNP via Au—S bonds. The PEGylated AuNPs on the sur-
face of the MNPs were coupled to the amine-treated substrate
via the EDC/NHS reaction by modulating the reaction time to
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display various densities of the MNPs decorated with AuNPs,
thereby presenting the constant macroscopic ligand density. To
minimize non-RGD ligand-specific macrophage adhesion, the
non-MNP-covered area on the amine-treated substrate was pas-
sivated with methoxy-PEG-NHS ester. Aminated RGD ligand
was then grafted to the PEGylated AuNPs on the surface of
the MNP that are coupled on the substrate via the EDC/NHS
reaction.

To keep macroscopic ligand density constant, the MNPs
decorated with AuNPs at increasing AuNP densities per MNP
were coupled to a substrate at decreasing MNP densities by
optimizing the reaction time in the substrate coupling. Scan-
ning electron microscopy (SEM) images showed that homo-
geneous distribution of the PEGylated MNPs decorated with
AuNPs at various densities of the MNPs: 5.2 £ 0.3, 2.1 £ 0.1,
and 1.1 £ 0.1 particles um~2 for low, moderate, and high AuNP
densities, respectively (Figure S5a, Supporting Information).
The total surface areas of the AuNPs per MNP were 20 919 +
3064, 57 447 + 5988, and 90 789 + 12 530 nm? (Figure S5b, Sup-
porting Information). Since the AuNPs were coated with RGD
ligand, the product of the MNP density and total surface area of
the AuNPs per MNP yields macroscopic surface ligand density,
which remained similar (103 000-122 000 nm? um™2) without
significant differences among the low, moderate, and high
AuNP density groups (Figure S5b, Supporting Information).
This density of the MNPs decorated with ligand-presenting
AuNPs was optimal in the effective regulation of the adhesion
and polarization of macrophages by the switching of varying
ligand-AuNPs. Fourier transform infrared spectroscopy (FTIR)
confirmed serial changes in the chemical bonds after PVP sta-
bilization (C—N bonds at 1230 cm™) of the MNP decorated
with AuNPs, PEGylation (C—O—C bonds at 1150 ¢cm™), and
RGD coupling (amide I and amide II bonds at 1632 cm™ and
1535 cm™, respectively) (Figure S8, Supporting Information).

2.3. In Situ Magnetic Switching of the Movement
of the Ligand-Bearing AuNPs

Next, in situ atomic force microscopy (AFM) imaging was
conducted to characterize in situ magnetic switching of the
movement of the ligand-bearing AuNPs. By magnetically
manipulating the movement of the MNP, upward movement
(“Upper Mag”) versus downward movement (“Lower Mag”) of
the MNP decorated with ligand-bearing AuNPs were remotely
manipulated. We first measured the magnetic field strength as
a function of distance from a permanent magnet (270 mT) used
in this study (Figure S9, Supporting Information). The AFM
imaging was first carried out in the absence of the magnet near
the substrate (“No Mag”) (Figure 1b). The permanent magnet
was then placed at the upper side of the substrate to induce the
upward movement (“Upper Mag”) of the ligand-bearing AuNPs
toward the magnet via stretching of the elastic PEG linker.
Afterward, the magnet was positioned at the lower side of the
substrate to induce the downward movement (“Lower Mag”) of
the ligand-bearing AuNPs toward the magnet via compression
of the elastic PEG linker.

Utilizing these AFM images, the corresponding changes
in the average height and diameter of the MNP decorated

© 2021 Wiley-VCH GmbH
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with ligand-bearing AuNPs during their in situ vertical move-
ment were quantified. The heights of the MNP decorated with
AuNPs under the “Lower Mag,” “No Mag,” and “Upper Mag”
conditions were 180.0 + 2.0, 195.7 £ 4.9, and 212.3 £ 1.5 nm,
and, respectively, thereby confirming that the in situ nanoscale
vertical movement of the MNP with AuNPs (Figure 1b). These
height differences of 32 nm (between 180 and 212 nm) as a
result of using an elastic PEG linker (5 kDa) appeared to be
significant to modulate the degree of cells sensing the sub-
strate to markedly alter macrophage adhesion (to be presented
in the following text). We also confirmed that the magnet does
not induce any changes in the heights of non-magnetically-
responsive material (AuNP around 40 nm in diameter that
is flexibly or non-flexibly coupled to a substrate) but induces
significant changes in the heights of magnetically responsive
material (MNP decorated with AuNPs) (Figure 1c, Figures S10
and S11, Supporting Information). In contrast, the diameters
of the MNP decorated with AuNPs under the “Lower Mag,”
“No Mag,” and “Upper Mag” conditions remained nearly con-
stant, ranging from 243 to 246 nm with no significant differ-
ences, thereby confirming no intrinsic changes in the size of
the MNP decorated with AuNPs during their in situ movement
(Figure S12, Supporting Information). These findings prove
that the design of this novel material enabled in situ magnetic
switching of the movement of MNP decorated with AuNPs.

2.4. Varying Decorated Ligand-Bearing AuNP Density Alters
Macrophage Adhesion

We first evaluated whether varying the ligand-bearing AuNP
density (in the “No Mag” condition) can modulate the adhesion
of macrophages. We used mouse macrophages (RAW 264.7) to
analyze the modulation of their adhesion and polarization. Con-
focal immunofluorescence images showed that macrophages
exhibited more robust adhesion to the substrate with increasing
density of the ligand-bearing AuNPs as revealed by pronounced
paxillin expression and pervasive F-actin assembly in elongated
morphology (Figure 2a). Quantification of the immunofluores-
cence images further revealed that macrophages adhered to
the substrate in higher cell density, spread cell area, cell elon-
gation factor (suggesting elongated spreading of the adherent
macrophages), paxillin expression, and F-actin assembly with
increasing density of the ligand-AuNPs (Figures S13 and S14,
Supporting Information). Our results prove that high ligand-
bearing AuNPs density without changing macroscopic RGD
ligand density stimulates macrophage adhesion. These results
are consistent with a previous finding reporting cell adhesion
promoted by nano-clustering of the RGD ligand that resembles
high ligand-bearing AuNPs on the MNP.3!

We also performed control experiments without AuNPs or
RGD coating on the AuNPs. Confocal immunofluorescence
images revealed that macrophages did not readily adhere to the
substrate with low adhesion density, low spreading, and round
morphology in all groups (no AuNPs or low, moderate, and
high AuNP densities without RGD coating) (Figure S15a,b, Sup-
porting Information). We found a similar trend in other control
experiments with a coating of non-integrin-specific RGD ligand
sequences (scrambled RAD sequences). Macrophages did not
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readily adhere to the substrate in all groups (low, moderate, and
high AuNP densities with RAD coating) (Figure S16a,b, Sup-
porting Information). These findings indicate the necessity of
integrin-specific RGD ligand coated on the AuNPs in the deco-
rated nanostructures to effectively maneuver macrophage adhe-
sion by ligand AuNP density in the decorated nanostructures.

2.5. Magnetic Switching of the Ligand-Bearing AuNPs
Regulates Macrophage Adhesion

We next explored whether remote control of in situ switching
of varying ligand-AuNPs can maneuver the recruitment of
integrin to the decorated ligand nanostructures that regulate
adhesion of macrophages. We assessed the adhesion of macro-
phages under the placement of the magnet at the upper or
lower side of the cultures to induce the upward (“Upper Mag”)
or downward (“Lower Mag”) in situ movement, respectively, of
varying ligand-AuNPs toward the magnet.

We assessed the effect of maneuvering upward or down-
ward movement of the ligand-bearing AuNPs on macrophage
adhesion at a low ligand-bearing AuNP density that exhibited
a low degree of macrophage adhesion under the “No Mag”
condition (Figure S17a,b, Supporting Information). We found
that upward movement (“Upper Mag”) of the ligand-bearing
AuNPs did not significantly change the degree of macrophage
adhesion compared with the “No Mag” condition, which
showed a low degree of macrophage adhesion. In stark con-
trast, downward movement (“Lower Mag”) of ligand-AuNPs
significantly promoted macrophage adhesion. Our results are
consistent with recent studies showing that RGD ligand stati-
cally conjugated to a substrate via a short linker (analogous to
our dynamic downward movement of decorated ligand-AuNPs
with nano-compressed PEG linker) facilitated cell adhesion.’!
On the other hand, we also explored the effect of manipulating
the upward or downward movement of the ligand-AuNPs on
macrophage adhesion at a high ligand-AuNP density that exhib-
ited a high degree of macrophage adhesion under the “No Mag”
condition (Figure S18a,b, Supporting Information). We found
that the downward movement of ligand-AuNPs did not signifi-
cantly change the degree of macrophage adhesion compared
with the “No Mag” condition, which exhibited a high degree
of macrophage adhesion. In contrast, the upward movement
of ligand-bearing AuNPs significantly suppressed macrophage
adhesion. Our results are also in good agreement with recent
studies showing that RGD ligand grafted to a substrate via a
long linker (analogous to our upward movement of decorated
ligand-bearing AuNPs with nano-stretched PEG linker) inhib-
ited cell adhesion.*’!

We next chose two pairs of groups that exhibited the effective
regulation of macrophage adhesion to thoroughly investigate
their effect on modulating the adhesion and polarization mac-
rophages both in vitro and in vivo. Specifically, we chose two
low ligand-AuNP groups under the “No Mag” and “Lower Mag”
conditions and another two high ligand-AuNP groups under
the “No Mag” and “Upper Mag” conditions. Confocal immu-
nofluorescence images revealed that the magnetic downward
movement of the low ligand-AuNP density group significantly
promoted the recruitment of integrin to facilitate macrophage

© 2021 Wiley-VCH GmbH
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Figure 2. High density and downward movement of ligand-bearing AuNPs stimulate macrophage adhesion. Confocal immunofluorescence images
of paxillin with F-actin and nuclei in macrophages adhered to the substrate a) under the low, moderate, and high densities of the ligand-AuNPs and
b) images of paxillin or integrin B1 with F-actin and nuclei under the switching of varying ligand-AuNPs: low AuNP density (“No Mag” and “Lower Mag”)
versus high AuNP density (“No Mag” and “Upper Mag”) with c) corresponding calculations of the adherent macrophage density, spread cell area,
and cell elongation factor at 24 h after culture. The scale bar represents 20 um. Data are presented as the mean * standard error (n = 20). Statistically
significant differences are indicated by different alphabet letters. All of the experiments reported in (a—c) were repeated twice.
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adhesion (Figure 2b,c). On the other hand, confocal immuno-
fluorescence images showed that the magnetic upward move-
ment of the high ligand-AuNP density group significantly
inhibited the recruitment of integrin to suppress macrophage
adhesion (Figure 2b,c). We also conducted control experiments
to explore macrophage adhesion under the switching of varying
ligand-AuNPs without RGD ligand or with scrambled RAD
sequences. Confocal immunofluorescence images demon-
strated that macrophages exhibited low levels of adhesion and a
round morphology for the low AuNP density groups (“No Mag”
and “Lower Mag”) and high AuNP density groups (“No Mag”
and “Upper Mag”) without RGD ligand or with scrambled RAD
sequences (Figures S19a,b and S20a,b, Supporting Informa-
tion). We also confirm that our magnetic switching of varying
ligand-bearing AuNPs remains effective when culturing mac-
rophages even after protein coating on the substrate (Figures
S21 and S22a,b, Supporting Information).

These findings indicate that integrin-specific RGD ligand cou-
pling on the AuNPs is required to efficiently manipulate the inte-
grin-mediated macrophage adhesion via remote control of in situ
switching of varying ligand-AuNPs. Our present study harnessed
the movement of ligand-presenting decorated nanostructures to
regulate macrophage adhesion, which is distinctly different from
other studies that utilized the separate movement of individual
ligand-bearing nanoparticles.?*?'>22l Qur outcome also provides
an insight into the rational design of decorated nanostructured
materials in high ligand-AuNP density with their dynamic move-
ment toward the substrate to facilitate macrophage adhesion.

2.6. Varying Both the Density and Movement of Ligand-Bearing
AuNPs Controls the Adhesion-Regulated Macrophage Polarization

The organization of cytoskeletal actin and integrin-adhesion
complex, including paxillin in macrophages resulting in their
elongated spreading, has been reported to activate their M2
polarization through ROCK signaling.3a<¢l These previous
reports suggest that the switching of varying ligand-bearing
AuNPs can subsequently modulate the adhesion-regulated
macrophage polarization. Thus, we next explored such an
effect on macrophage polarization in either Ml-inducing or
M2-inducing medium.

Confocal immunofluorescence images and results from a
quantitative gene expression analysis demonstrated that magnetic
downward movement (“Lower Mag”) of the ligand-bearing AuNPs
at low AuNP density significantly suppressed the expression of
iNOS and TNEF-o genes as well as TNF-o secretion compared with
the “No Mag” condition (Figure 3a and Figure S23, Supporting
Information).  Furthermore, confocal immunofluorescence
images with quantitative gene expression profiles showed that
upward movement (“Upper Mag”) of the ligand-bearing AuNPs
in high ligand-AuNP density significantly promoted the expres-
sion of Arg-1 and Ym1 as well as IL-10 secretion compared with
the “No Mag” condition (Figure 3b and Figure S24, Supporting
Information). From the control experiments, confocal immuno-
fluorescence images showed that the M2 polarization of macro-
phages (Arg-1 expression and IL-10 secretion) after culturing in
M1-inducing medium and M1 polarization of macrophages (iNOS
expression and TNF-« secretion) after culturing in M2-inducing

Adv. Funct. Mater. 2021, 31, 2008698

2008698 (8 of 14)

www.afm-journal.de

medium exhibited no significant differences under the switching
of varying ligand-AuNPs, thereby suggesting the requirement of
appropriate polarization-specific soluble stimuli (Figures 25,526,
Supporting Information). We also found that temporal switching
from “No Mag” to “Lower Mag” condition in the low AuNP den-
sity group inhibited M1 polarization of macrophages but pro-
moted their M2 polarization (Figures S27a,b and S28a,b, Sup-
porting Information). These findings collectively suggest high
density and downward movement of the ligand-AuNPs suppress
pro-inflammatory M1 polarization of macrophages but promote
their adhesion-dependent pro-healing M2 polarization.

We next deciphered the adhesion-aided M2 polarization of
macrophages promoted by high ligand-bearing AuNP density
and downward movement of the ligand-bearing AuNPs using
specific inhibitors of actin polymerization, myosin II, and
ROCK. Our results showed that high density and downward
movement of the ligand-AuNPs facilitate ROCK2 expression
in macrophages to assemble adhesion structures that stimu-
late their M2 polarization (Figures S29 and S30, Supporting
Information). Our outcome also demonstrated that the inhibi-
tion of actin polymerization, myosin II, and ROCK with corre-
sponding inhibitors (cytochalasin D, blebbistatin, and Y27632,
respectively) consistently hindered the activation of macrophage
adhesion and inhibition of M1 polarization by high ligand-
AuNP density and downward movement of the ligand-AuNPs
(Figure S31a,b, Supporting Information). Our results further
confirmed that the activation of adhesion-regulated M2 polari-
zation in macrophages by high ligand-AuNP density and down-
ward movement of the ligand-AuNPs was consistently hindered
by inhibiting actin polymerization, myosin II, and ROCK (Figure
S32a,b, Supporting Information). These findings suggest that
the molecular machinery of F-actin, myosin II, and ROCK con-
sistently regulates the adhesion and M1 versus M2 polarization
under the switching of varying ligand-bearing AuNPs.

2.7. Magnetic Switching-Regulated Polarization of Human
Macrophages

Next, we used human primary cells via flow cytometry through
antibody-based magnetic separation of CDI14+ monocytes
from CD45+ human peripheral blood mononuclear cells
(Figure 4a,b). We further differentiated these CD14+ monocytes
into macrophages in the growth media containing granulocyte
macrophage-colony stimulating factor and characterized macro-
phages using specific fluorescent probe-labelled antibodies via
flow cytometry (Figure S33a,b, Supporting Information). We
found that the “Lower Mag” condition significantly inhibits M1
polarization markers and promotes M2 polarization markers
compared to the “No Mag” condition via qRT-PCR-based mRNA
expression profiling of human macrophages, similar to our pre-
vious findings using mouse macrophages (Figure 4c).

2.8. In Vivo Switching of Ligand-Bearing AuNPs Regulates
the Adhesion and Polarization of Macrophages
The regulation of macrophage adhesion and pro-healing/anti-

inflammatory M2 polarization has been reported to mediate

© 2021 Wiley-VCH GmbH
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Figure 3. High density and downward movement of ligand-bearing AuNPs inhibit M1 polarization of macrophages but facilitate their M2 polarization.
a) Confocal immunofluorescence images of iNOS and Arg-l with nuclei as well as quantitative expression of M1-specific INOS gene and TNF-o secre-
tion at 36 h after culture in M1-inducing medium or b) confocal immunofluorescence images of Arg-l and iINOS with nuclei as well as quantitative
expression of M2-specific Arg-1 gene and IL-10 secretion at 36 h after culture in M2-inducing medium in macrophages adhered to the substrate under
the switching of varying ligand-AuNPs: low AuNP density (“No Mag” and “Lower Mag”) versus high AuNP density (“No Mag” and “Upper Mag”).
The scale bar represents 20 um. Data are presented as the mean + standard error (n = 3). Statistically significant differences are signified by different
alphabet letters. All of the experiments reported in (a,b) were repeated twice.

tissue healing while suppressing inflammation.[1415b:3¢]

Therefore, to explore in vivo translational effect of ligand-
AuNP density and remote switching on the adhesion and
polarization of host macrophages, we implanted the substrate
presenting MNPs decorated with ligand-bearing AuNPs into
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the subcutaneous pockets of mice (Figure 5a). M2-polarizing
stimulators [interleukin (IL)-4 and IL-13] were also injected onto
the implanted substrate. The permanent magnet was attached
to the skin on the backs of the mice (i.e., at the upper side of
the substrate) to induce the upward movement (“Upper Mag”)
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Figure 4. Magnetic switching of ligand-bearing AuNPs regulates the polarization of human macrophages. a) Schematic illustration showing the
isolation, culturing, and differentiation of monocytes isolated from human primary peripheral blood mononuclear cells (hPBMCs) and associated
analysis via flow cytometry and gene expression array. b) Flow cytometry analysis of human peripheral blood mononuclear cells (hPBMCs) and the
purified CD14+ monocytes using specific antibodies (CD45 and CD14) and the microscopic images of CD14+ monocyte-like macrophages cultured in
growth media without and with granulocyte macrophage colony stimulating factor (GM-CSF) for 6 d. Scale bar represents 20 um. c) mRNA expression
profiles of human macrophage polarization-related markers from the substrate presenting MNPs decorated with ligand-bearing AuNPs at low AuNP
density under magnetic switching (“No Mag” and “Lower Mag”) of ligand-AuNPs in both GM-CSF-containing M1- or M2-inducing medium. Relative
expression of the “Lower Mag” condition in the heat-map scale is assigned to light blue (low expression) to dark blue colors (high expression) after
normalization to “No Mag” condition.

of the MNPs decorated with ligand-AuNPs or to the skin on the
abdomens of the mice (i.e., at the lower side of the substrate) to
induce their downward movement (“Lower Mag”).

Confocal immunofluorescence images with the results of
gene expression analysis revealed that magnetic downward

movement (“Lower Mag”) of the ligand-bearing AuNPs at
low AuNP density substantially promoted the adhesion
of host macrophages (in terms of higher cell density and
spread cell area) that suppresses M1 polarization (lower
TNF-o and iNOS expression) but promotes M2 polarization
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Figure 5. High density and downward movement of ligand-bearing AuNPs inhibit the M1 polarization of recruited macrophages in vivo. a) Schematic
presentation of switching of varying ligand-AuNPs on the subcutaneously implanted substrate followed by an injection of M2-inducing stimulators.
b) Confocal immunofluorescence images of iNOS with F-actin and nuclei in the recruited cells on the implant. c) Corresponding calculations of the
adherent macrophage density and spread cell area as well as the quantitative expression of M1-specific gene (TNF-0) after 24 h under the switching of
varying ligand-AuNPs: low AuNP density (“No Mag” and “Lower Mag”) versus high AuNP density (“No Mag” and “Upper Mag”). The scale bar repre-
sents 20 um. Data are shown as the mean + standard error (n =10 for cell density and area quantifications, n = 3 for gene expression quantification).
Statistically significant differences are indicated by different alphabet letters. All of the experiments reported in (b,c) were repeated twice.

(higher Ym-1 and Arg-1 expression) compared with the “No
Mag” conditions (Figures 5b,c and 6a-b; Figures S34 and
S35, Supporting Information). In addition, confocal immu-
nofluorescence images with gene expression profiles dem-
onstrated that upward movement (“Upper Mag”) of the
ligand-AuNPs at high AuNP density considerably inhibited
the adhesion of macrophages (in terms of lower cell density
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and spread cell area) that facilitates M1 polarization (higher
TNF-a and iNOS expression) but inhibits M2 polariza-
tion (higher Ym-1 and Arg-1 expression) compared with the
“No Mag” conditions (Figures 5b,c and 6a,b; Figures S34
and S35, Supporting Information). Furthermore, NIMP-
R14-positive host neutrophils were found to be recruited on
the substrate, which govern the early host response along
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Figure 6. High density and downward movement of ligand-bearing AuNPs facilitate macrophage M2 polarization and biocompatible. a) Confocal
immunofluorescence images of Arg-1 with F-actin and nuclei in the recruited cells to the subcutaneously implanted substrate followed by injection of
M2-inducing stimulators. b) Corresponding quantifications of the adherent macrophage density and spread cell area as well as the quantitative expres-
sion of M2-specific gene (Ym1) after 24 h under the switching of varying ligand-AuNPs: low AuNP density (“No Mag” and “Lower Mag”) versus high
AuNP density (“No Mag” and “Upper Mag”). The scale bar indicates 20 um. c) Hematoxylin and eosin staining and immunohistochemical staining
for INOS in the subcutaneous tissue before and after 7 d of subcutaneous implantation of the implant with “No Mag” condition. Arrows indicate
iNOS-positive cells. The scale bar represents 200 um. Data are presented as the mean + standard error (n =10 for cell density and area quantifications,
n =3 for gene expression quantification). Statistically significant differences are denoted by different alphabet letters. All of the experiments reported
in (a—c) were repeated twice.
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with macrophages to regulate long-term immune responses
(Figure S36, Supporting Information).*’)

Our outcome confirms that high density and downward
movement of ligand-bearing AuNPs promote the adhesion of
the recruited host macrophages that inhibits their M1 polariza-
tion. Our results also suggest that high density and downward
movement of the ligand AuNPs facilitate the adhesion-
regulated pro-healing M2 polarization of the recruited host
macrophages. A recent study confirmed that MNPs exert no
toxicity to patients.’®) H&E staining and immunohistochem-
ical staining for iNOS of surrounding subcutaneous and other
tissues confirmed that implants induced minimal toxicity
and inflammatory response (Figure 6¢ and Figure S37, Sup-
porting Information). The implants presenting MNPs deco-
rated with ligand-bearing AuNPs were found to be stable in
vivo as evidenced by SEM imaging with no significant degra-
dation or changes in the density of the MNPs decorated with
ligand-AuNPs before and after implantation (Figure S37a,b,
Supporting Information). Our safe remote switching of the
movement of varying ligand-bearing AuNPs to regulate the
adhesion and polarization of macrophages requires the exami-
nation of anti-inflammatory tissue-healing responses in the
long-term period for clinical use.

3. Conclusion

We demonstrated the decoration of the AuNPs on the MNP in
varying ligand-bearing AuNP densities by varying the reaction
concentrations of the AuNPs. We also modulated the reaction
time in the flexible substrate coupling of the MNPs decorated
with ligand-bearing AuNPs to keep the macroscopic ligand den-
sity constant. We demonstrated in situ magnetic switching of
the movement of the ligand-bearing AuNPs via the stretching
and compression of the elastic linker by in situ magnetic AFM
imaging. Our results showed that high density and downward
movement of ligand-AuNPs promote the adhesion-regulated
M2 polarization of macrophages while inhibiting their M1
polarization involving the molecular switches of myosin II,
F-actin, and ROCK. Our results shed fundamental insight that
it is beneficial to design decorated nanostructured materials
with high ligand density and dynamic movement toward the
substrate to elicit tissue healing and inflammation-suppressive
responses of implanted materials.

Supporting Information

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