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ARTICLE INFO ABSTRACT

Keywords: Diverse connective tissues exhibit hierarchical anisotropic structures that intricately regulate homeostasis and
Hierarchical ligand nanostructure tissue functions for dynamic immune response modulation. In this study, remotely manipulable hierarchical
Multi-scale ligand anisotropy nanostructures are tailored to exhibit multi-scale ligand anisotropy. Hierarchical nanostructure construction
Remote manipulation . . . . . . . . .
N . involves coupling liganded nanoscale isotropic/anisotropic Au (comparable to few integrin molecules-scale) to
Reversible macrophage regulation s . . ) . ) . .
the surface of microscale isotropic/anisotropic magnetic Fe304 (comparable to integrin cluster-scale) and then
elastically tethering them to a substrate. Systematic independent tailoring of nanoscale or microscale ligand
isotropy versus anisotropy in four different hierarchical nanostructures with constant liganded surface area
demonstrates similar levels of integrin molecule bridging and macrophage adhesion on the nanoscale ligand
isotropy versus anisotropy. Conversely, the levels of integrin cluster bridging across hierarchical nanostructures
and macrophage adhesion are significantly promoted by microscale ligand anisotropy compared with microscale
ligand isotropy. Furthermore, microscale ligand anisotropy dominantly activates the host macrophage adhesion
and pro-regenerative M2 polarization in vivo over the nanoscale ligand anisotropy, which can be cyclically
reversed by substrate-proximate versus substrate-distant magnetic manipulation. This unprecedented scale-
specific regulation of cells can be diversified by unlimited tuning of the scale, anisotropy, dimension, shape,
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and magnetism of hierarchical structures to decipher scale-specific dynamic cell-material interactions to advance
immunoengineering strategies.

1. Introduction

Diverse natural connective tissues are organized in the hierarchical
anisotropic arrangement of cells and the extracellular matrix (ECM),
where such structure regulates homeostasis and immune functions in
tissues [1-4]. Depending on the structure and dynamicity of the tissues,
cells dynamically interact with the proteins in the ECM [5-8] that
regulate various cellular functions, such as their adhesion [9-11], pro-
liferation [12,13], migration [14,15], and polarization [16-18] to sup-
port specific tissue functions. For instance, collagen, a cell-adhesive
protein in the ECM, is hierarchically assembled from molecules into fi-
brils at the nanoscale [19,20], and then into fibers and bundles at the
microscale [21,22] that impart anisotropic functionality to tissues
[23-25] such as bones [26], tendons [27,28], or muscles [29,30].
Various traumatic injuries or the physiological microenvironment can
trigger scale-specific changes of such hierarchical anisotropic structures,
which can develop various diseases [31,32]. Changes in their arrange-
ment can trigger immune reactions in vivo by altering their interaction
with immune cells such as macrophages [33-36].

The decrease in the nanoscale ligand anisotropy of hierarchically
structured bone with collagen fibrils [20] reduces the bone’s mechanical
strength [37,38] and activates inflammatory response for bone resorp-
tion, resulting in osteoporosis [39]. Microscale failure of collagen in the
bone marrow leads to structural changes, which cause osteosclerosis
[40] via fibrosis or aplastic anemia via dysregulation of hematopoiesis
[33,41]. The nanoscale disorganization of anisotropic collagen fibrils in
tendons leads to tendon degeneration, resulting in tendinopathy [42],
whereas the breakdown of microscale collagen bundles can be found
upon tendon rupture [43], both of which evoke an immune response in
the body [44-46]. The dynamic interaction between a few integrin re-
ceptors at the nanoscale (10-100 nm in diameter) in macrophages and
ligands in the native ECM can induce the clustering of integrin receptors
at the microscale (0.1-1.5 pm in diameter) [2,47] for the regulation of
the adhesion structure assembly [47] in macrophages [48,49], trig-
gering their polarization into round-shaped pro-inflammatory M1
(inflammation) or elongated pro-regenerative M2 (tissue repair) phe-
notypes [50] with the involvement of ROCK signaling [51]. Synergisti-
cally, these prior studies have highlighted the necessity of developing
dynamically manipulable materials exhibiting hierarchical ligand
anisotropy to regulate and elucidate the intricate cell-ECM interactions
in vivo.

To date, numerous materials with various ligand arrangements and
structures have been developed to regulate cellular response. In these
studies, the adhesion of cells was regulated by modulating the ligand
inter-spacing/density [52-54], ligand ordering [55,56], and anisotropic
nanostructure [57]. The immune cells were activated by modulating the
protein ligand-covered 2D/3D arrays [58,59] or biomaterials [60,61].
Moreover, cell fates were regulated by statically modulating the aniso-
tropic ligand shape [62], anisotropic ligand pattern [63,64], anisotropic
geometry of tissue [65], and anisotropic material shape [66,67], all of
which were restricted to a single scale or lacked dynamic regulation.
Hierarchical nanostructures exhibiting dynamic multi-scale ligand
anisotropy can precisely mimic the native environment and help to
decipher cellular response to scale-specific ligand anisotropy, which has
never been addressed before.

Herein, we develop remotely manipulable materials exhibiting hi-
erarchical ligand anisotropy in various combinations of liganded nano-
scale isotropic or anisotropic Au (N1 or N2, respectively) on magnetic
microscale isotropic or anisotropic FegO4 (M1 or M2, respectively), both
of which were tailored for their anisotropy from spherical to rod
morphology at a fixed surface area in their respective scales (Scheme
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la). The anisotropy-tailored nanoscale Au (N-Au; N1 or N2) particles
was coated onto microscale Fe304 (M-Fe304; M1 or M2) that constructed
four different multi-scale ligand-anisotropy-tailored hierarchical nano-
structures at the constant number and surface areas of Au and Fe3O4
across the groups (hereafter referred to as “M1+4+N1”, “M1+4+N2”,
“M2+N17, and “M2+N2” groups). Their respective nanostructures were
coupled on the substrate surfaces at the fixed density among the groups
using elastic polymer linkers. Without any further manipulation, we
reveal that the effect of ligand multi-scale anisotropy at the microscale
(integrin cluster-scale) is dominant over that at the nanoscale (a few
integrin molecules-scale) in the adhesion-dependent phenotypic polar-
ization of macrophage in vivo. Specifically, the increase of microscale
anisotropy promotes adhesion-dependent pro-regenerative M2 polari-
zation, while the increase of nanoscale isotropy promotes pro-
inflammatory M1 polarization.

Furthermore, magnetic downward movement of the hierarchical
nanostructure exhibiting microscale isotropy and nanoscale anisotropy
(“M1+N2”) into the “Pressed” (P) state allowed macrophage integrin to
stably recognize and hence bind more firmly to the liganded N2, thereby
supporting the adhesion structure and following pro-regenerative M2
polarization, both of which were originally hindered in its “Non-
affected” (NA) state (Scheme 1b). By contrast, magnetic upward
movement of the hierarchical nanostructure exhibiting microscale
anisotropy and nanoscale isotropy (“M2+N1”) into the “Unpressed”
(UP) state hindered the stable binding of macrophage integrin resulting
in decreased adhesion, thereby yielding pro-inflammatory M1 polari-
zation, both of which were originally promoted in its “NA” state
(Scheme 1¢). Such a regulatory mechanism of macrophage adhesion and
subsequent phenotypic polarization observed in vitro was consistently
translated into in vivo applications.

Among the various external stimuli [68-70] harnessed for the
remote manipulation of materials in vivo, a magnetic field exhibiting
highly tissue-penetrative characteristics serves as an adequate stimulus
that ensures safe and spatiotemporal control over cytotoxic and
tissue-absorptive light [71-74]. Previous studies of our group have re-
ported dynamic regulation of cells [70] via the magnetic modulation of
the nano-coupling [75], nano-sequencing [76], and nano-arrangement
[77] of ligands. However, none of these preceding studies focused on
the effect of scale-specific ligand anisotropy on cellular response. In this
study, we present the remote manipulation of hierarchical ligand
anisotropy for the regulation of host macrophages for
adhesion-mediated pro-regenerative tissue repair [78].

2. Materials and methods
2.1. Independent tailoring of nanoscale anisotropy of gold (Aw)

For the tailoring of nanoscale ligand anisotropy exhibiting similar
surface areas, the type and amount of surfactants as well as the amount
of precursors were modulated to separately synthesize a nano-isotropic
Au (N1) sphere and a nano-anisotropic Au (N2) rod that can readily
present anisotropy-controlled ligands. Before their synthesis, the target
nanoscale dimensions of the N1 and N2 were calculated so that their
anisotropy could be independently tailored while presenting equivalent
surface areas.

The anisotropies (aspect ratio: length along major axis/length along
minor axis) of N1 and N2 were roughly calculated as 1 and 6.6
(approximately 7), respectively.

The surface area was mathematically calculated as follows.

(1) The surface area of the 45 nm diameter (D) N1 (sphere): 47(D/2)>



K. Kim et al.

Bioactive Materials 47 (2025) 121-135

a Microscale isotropic Fe;O, Microscale anisotropic Fe;O,
(Wi Tuning microscale (M2)
SN ligand anisotropy 4 . 2 ‘A
0.45 ym < > 4. 014 pm_ | )
v Ny s « 14um > A e 14um >
+ + + +
d =" Tuning nanoscale d ="
Nanoscale Nanoscale ligand anisotropy Nanoscale Nanoscale
isotropic Au anisotropic Au < > isotropic Au anisotropic Au
(N1) (N2) (N1) (N2)
+ + + +
Cell adhesive Cell adhesive Cell adhesive Cell adhesive
RGD ligand RGD ligand RGD ligand RGD ligand
¢ ¢ Hierarchical nanostructures ‘L ¢
o o P s 9 P
M1+N1 < M1+N2 \ __l/( Liganded » 25 M2+Nf1 =7 M2+N2
¥ - \‘\nanoscaIeAu____) Y p’
Macrophage = 2 ; o , -
' . > . }‘ ” % e g PEG linker
® o ) o - L
N < B L : < e
&/ \;’ = ‘?"? 3 = .'é"?>
Low cell High cell
adhesion adhesion

Nanoscale ligand anisotropy

Pro-inflammatory <

<

M1 polarization

Macrophage polarization

Microscale ligand anisotropy

N

Pro-regenerative

!

M2 polarization
b ~
M1 polarizationT / \ — / M2 polarizationT
M1 Liganded §
F-actin ‘ PEG N2 ; F-actin g/ & 5
assembly. |inker 4 assembly, SN “\."
& = % N £\ Magnet u i v
J'\ 9 \\ / P \ ! — ’ JJ' ‘J f
Il \ I M1+N2 I~ K il
) A \&= / ;e HUI 2P I2II B IIL I FIIIIMIIIIINY
’ / A , . \&/ PR et 2500354 R R
- Integrin */ v R e
,i' — Non-affected ~Reversible % Pressed I —
— N (NA) u (P) by X N
Cc
- i Magnet
M2 polarization 1‘ e Liganaed N.1 n M1 poIarizationT
s Sl — | s
A .
F-actin t I clEE— e F-actin
assembly. assembly >
\  Non-affected / Unpressed [ tmmmm gt
Vo (NA M2+N1 b, (UP) 2 # 4
\\\u g, ;4 é ‘tl, \‘ ,‘ ] ‘ / ,/ J J J
~ Reversible ——————n

123

(caption on next page)



K. Kim et al.

Bioactive Materials 47 (2025) 121-135

Scheme 1. Independent tailoring of multi-scale ligand anisotropy in magnetically manipulable hierarchical nanostructures for dynamic macrophage regulation. (a)
Nanoscale-anisotropy-tailored isotropic RGD liganded-Au (N1) spheres or anisotropic liganded-Au (N2) rods are independently coupled on surfaces of a magnetic
microscale-anisotropy-tailored isotropic FezO4 (M1) sphere or an anisotropic FezO4 (M2) rod. They constitute magnetically manipulable multi-scale ligand-
anisotropy-tailored hierarchical nanostructures (“M1+N1”, “M1+N2”, “M2+N1", and “M2+N2” groups) that are elastically conjugated to the substrate surface via
polymer linkers. The increase in the ligand anisotropy at the microscale (integrin cluster-scale) is significantly more effective than that at the nanoscale (a few
integrin molecules-scale) in promoting the adhesion and pro-regenerative M2 polarization of macrophages. (b) Reversible downward (substrate-proximate)
manipulation of the “M1+N2" group by placing a permanent magnet under the substrate [“Pressed (P)"] facilitates stable macrophage integrin binding on the nano-
anisotropic liganded Au (N2) to increase their adhesion leading to pro-regenerative M2 polarization. (c) By contrast, reversible upward (substrate-distant)
manipulation of the “M2+N1" group by placing the permanent magnet over the substrate [“Unpressed (UP)”] suppresses stable macrophage integrin binding on the
Ilano—isotropic liganded Au (N1) to decrease their adhesion, leading to pro-inflammatory M1 polarization.

(2) The surface area of N2 (rod) in 118 nm length (L) and 18 nm
diameter (d): 4n(D/2)? + [(L - D) x 21(D/2)]

The nanoscale anisotropy of Au was precisely tailored while satis-
fying (1) = (2).

To synthesize N1 with a diameter of 45 nm, 30 mL of 1 mM hydrogen
tetrachloroaurate(III) trihydrate (HAuCly-3H20) in deionized (DI) water
was first stirred at 100 °C for 30 min. Afterward, 1.2 mL of 38.8 mM
trisodium citrate (NagCgHsO7) in DI water, which acts as a reducing
agent and stabilizer, was added and stirred at 100 °C for another 15 min.
Termination of the reaction followed by cooling of the mixture solution
to 25 °C changed the color of the solution from yellow to burgundy red,
resulting in the suspension of 45 nm nano-isotropic Au (N1).

To synthesize nano-anisotropic Au (N2) with a length of 118 nm and
a diameter of 18 nm via seed-mediated growth, a gold seed solution was
first prepared by mixing 2.5 mL of 0.5 mM HAuCl4-3H50 in DI water,
2.5 mL of 200 mM hexadecyltrimethylammonium bromide (CTAB) in DI
water, and 1.0 mL of 6.0 mM sodium borohydride (NaBH4) in DI water
under vigorous stirring for 2 min and then leaving the resulting solution
undisturbed at 30 °C for 30 min. The acquired gold seed solution was
subjected to seed-mediated growth into N2. To this end, a binary sur-
factant mixture of 25 mL DI water containing 0.8 g CTAB and 0.1234 g
sodium oleate was utilized, to which 2.4 mL of 4.0 mM silver nitrate
(AgNO3) was added and left undisturbed for 15 min. Subsequently, 25
mL of 1 mM HAuCl4-3H20 in DI water was added to this solution and
stirred for 90 min, then added 360 pL of HCI and stirred for another 15
min. Finally, the reaction mixture was quickly injected with 125 pL of
64 mM ascorbic acid (CsHsOe) in DI water and stirred for 30 s. The
resultant mixture was added with 40 pL of the gold seed solution, stirred
for 30 s, and then left undisturbed at 30 °C for 12 h which resulted in the
seed-mediated growth of gold seeds into CTAB-capped nano-anisotropic
Au (N2) with 118 nm length and 18 nm diameter.

For their various applications, the CTAB-capped N2 was subjected to
serial ligand exchange in which the CTAB on N2 surfaces was first
replaced with polystyrene sulfonate (PSS) and then finally with citrate.
First, 45 mL of CTAB-capped N2 was centrifuged for the removal of
supernatants, then dispersed in 45 mL of 0.2 mM PSS solution and left
undisturbed for 1 h for their surfaces to be replaced with PSS that acts as
the detergent for CTAB. Serially, 45 mL of PSS-stabilized N2 was
centrifuged for the removal of supernatants, then dispersed in 45 mL of
5 mM NaszCgHs07 for the surface of N2 to be covered, and hence be
stabilized with citrate.

2.2. Independent tailoring of the microscale anisotropy of magnetic Fe304

For the tailoring of microscale ligand anisotropy at similar surface
areas that are presented to cells, the nanocore type and shell dimension
with phase transformation were modulated to separately synthesize
micro-isotropic Fe3O4 (M1) spheres and micro-anisotropic Fe3O4 (M2)
rods. They can be magnetically manipulated and serve as templates that
are coupled with the anisotropy-tailored nanoscale Au. Before their
synthesis, the target microscale dimensions of each M1 and M2 were
calculated so that their anisotropy could be independently tailored at
equivalent surface areas. Mathematical calculations within the desired
scale revealed that the surface area of the 450 nm diameter (D) M1
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sphere [4n(D/2)%] was equivalent to that of the 1400 nm length (L) and
140 nm diameter (D) M2 rod [4n(D/2)? + {(L - D) x 2r(D/2)}].

To synthesize M1 with a diameter of 450 nm, magnetic Fe3O4
nanoparticles that can be assembled into M1 were first prepared.
Initially, 20 mL of octadecene was added with 1.8 mL oleic acid and then
heated to 100 °C while being stirred. Sequentially, the mixture solution
was added with 0.4 mL of iron(0) pentacarbonyl [Fe(CO)s], heated at
180 °C for 1 h, cooled down to 70 °C for 30 min, and then re-heated at
295 °C for 2 h under a nitrogen atmosphere. The resultant Fe3O4
nanoparticles were cooled down to 25 °C, washed with acetone via
centrifugation, and then dispersed in 15 mL of chloroform (approxi-
mately 20 mg/mL). To achieve the microscale size, the Fe304 nano-
particles were assembled. To this end, 1 mL of Fe3O4 nanoparticles in
chloroform was mixed with 1 mL of 20 mM dodecyl trimethylammo-
nium bromide (DTAB) in DI water via sonication for 5 min to result in
the oil-in-water microemulsion. Followingly, the Fe304 nanoparticles
were assembled through the evaporation of chloroform in solution via
agitation at 25 °C for 16 h. For the stabilization of the assembled Fe304
nanoparticles, 4 mL of ethylene glycol containing 0.4 g of poly-
vinylpyrrolidone (PVP, Mw = 10,000 Da) was added to the solution,
which was then gently shaken at 25 °C for 24 h and washed with ethanol
via centrifugation to be dispersed in 5 mL of ethanol. To precisely adjust
their size and preserve the assembled structure, PVP-stabilized Fe3O4
nanoparticle assemblies were enveloped in a silica (SiOy) layer to
become M1 by the following procedures. First, 2.5 mL of the resultant
Fe304 nanoparticle assembly was dispersed in 10 mL of ethanol, added
with 0.5 mL of ammonia solution and 1.5 mL of DI water, then stirred for
15 min. While being stirred, the solution was supplemented with 10 pL
of tetraethyl orthosilicate (TEOS) nine times with an in-between interval
of 10 min and kept stirred at 25 °C for 2 h. Subsequently, the resultant
M1 was washed with ethanol via centrifugation and then dispersed in
10 mL of ethanol. The M1 were consequently functionalized with amine
groups for their versatile applications, in which 10 mL of M1 were added
with 2 mL of (3-aminopropyl) triethoxysilane (APTES) and stirred at
25 °C for 16 h, washed with ethanol via centrifugation and then
dispersed in 5 mL of DI water. The synthesized M1 exhibited a diameter
of 450 nm.

To synthesize M2 with a length of 1400 nm and a diameter of 140
nm, the precursor micro-anisotropic p-FeOOH that becomes M2 upon
the formation of a silica layer envelop followed by phase transformation
was prepared. For their synthesis via a hydrolysis reaction, 7.5 g of iron
(I1) chloride hexahydrate (FeCls-6H30) and 70.8 pL of HCl were dis-
solved in 40 mL of DI water and heated at 85 °C for 16 h. The resultant
precursor micro-anisotropic -FeOOH was washed with ethanol via
centrifugation and then dispersed in 10 mL of DI water. To stabilize
them, the suspension was mixed with 10 mL of 2 wt% PVP in DI water
for 16 h, washed with DI water via centrifugation, and then dispersed in
12 mL of DI water. To precisely adjust their size and preserve the
anisotropic structure, PVP-stabilized precursor micro-anisotropic
B-FeOOH were enveloped in a silica layer by the following procedures.
First, 1 mL of the resultant precursor micro-anisotropic p-FeOOH was
dispersed in 25 mL of ethanol, added with 1.25 mL of ammonia solution
and 3.75 mL of DI water, then stirred for 15 min. While being stirred, the
solution was supplemented with 10 pL of TEOS three times with an in-
between interval of 15 min and kept stirred at 25 °C for 2 h.
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Subsequently, the resultant M2 was washed with ethanol via centrifu-
gation and then dispersed in 3 mL of DI water. For their magnetic
manipulability, the silica layer-covered precursor micro-anisotropic
f-FeOOH was subjected to thermal phase transformation to become
the magnetic silica layer-enveloped micro-anisotropic Fe3O4 (M2). To
this end, 3 mL of the silica layer-enveloped precursor micro-anisotropic
p-FeOOH was dispersed in 20 mL of triethylene glycol (TEG) and then
heated at 340 °C for 2 h under a nitrogen atmosphere. Subsequently, the
resultant M2 was washed with ethanol via centrifugation and then
dispersed in 6 mL of ethanol. The M2 was consequently functionalized
with amine groups for their versatile applications, in which 5 mL of M2
was first dispersed in 30 mL of ethanol, added with 0.5 mL of APTES,
stirred at 25 °C for 16 h, washed with ethanol via centrifugation and
then dispersed in 5 mL of DI water. The synthesized M2 exhibited a
length of 1400 nm and a diameter of 140 nm.

2.3. Tailoring the multi-scale anisotropy of hierarchical nanostructure

For the precise tailoring of multi-scale ligand anisotropy presented to
the cells at the constant densities, the concentrations of N1 vs. N2 and of
M1 vs. M2 were modulated. This strategy was applied when coating the
ligand-couplable nanoscale anisotropy-tailored Au (N1 or N2) on the
magnetically manipulable microscale anisotropy-tailored Fe304 (M1 or
M2) at the constant density among the groups. Specifically, the con-
centration of N2 was four times higher than that of N1 and the con-
centration of M2 was three times higher than that of M1 to yield similar
numbers of N1 and N2 on the surface of each M1 or M2. To this end, 1
mL of amine-functionalized M1 or M2 was added dropwise under son-
ication to 4 mL of N1 or N2, subsequently followed by sonication for 1
min and then shaking at 25 °C for 1 h. The N1 or N2 was stably coupled
on the surfaces of M1 or M2 via gold-amine bonds to form multi-scale
anisotropy-tailored hierarchical nanostructures. Depending on their
combinations, various composites of “M1+N1”, “M14+N2”, “M2+N1",
and “M2+N2” groups were created. The resultant 5 mL solution of hi-
erarchical nanostructures was subjected to magnetic separation by using
a permanent magnet (285 mT) for 1 h to remove the supernatants, which
were then dispersed in 5 mL of 0.2 mM PVP (Mw = 55,000 Da) in DI
water and shaken at 25 °C for 3 h. The PVP-stabilized hierarchical
nanostructures were washed with DI water via centrifugation and finally
dispersed in 5 mL of DI water.

3. Results and discussion
3.1. Independent tailoring of the hierarchical ligand anisotropy

The hierarchical ligand anisotropy was independently modulated
when designing hierarchical nanostructures exhibiting ligand anisot-
ropy at the multi-scale but at the same ligand densities. Typically, the
development of hierarchical structures with two anisotropic materials
has been limited as their surface curvature (inversely proportional to the
diameter) [79] generally increases with increasing anisotropy at the
fixed surface area, which results in an insufficient contact area between
the two curved surfaces to stably support their weight and hence the
coupled state. However, two different anisotropic materials with a
considerable size difference (e.g., one in the smaller nanoscale and the
other in the larger microscale) could provide a sufficient contact area
and hence strong coupling leading to the hierarchical structure. Hence,
we separately synthesized N-Au and M — Fe3Oy4 particles with tailored
anisotropy and then coupled them to create remotely manipulable hi-
erarchical ligand nanostructures (Scheme 1a).

Before their synthesis, the target dimensions of each nanoscale
anisotropy-tailored (isotropic or anisotropic) Au (N1 or N2) and
microscale anisotropy-tailored (isotropic or anisotropic) Fe304 (M1 or
M2) were calculated for their independent anisotropy tailoring at
equivalent surface areas. The morphologies of each isotropic or aniso-
tropic material resemble those of the sphere or the rod, respectively,
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with both ends terminated by hemispheres. Therefore, their surface
areas were calculated as 4n(D/2)? for isotropic materials [diameter (D)]
vs. 4n(D/2)? + [(L - D) x 2a(D/2)] for anisotropic materials [length (L)
and diameter (D)] (Figs. S1 and S2). The desired nanoscale dimensions
were set as 45 nm (diameter) for N1 vs. 18 nm (diameter) and 118 nm
(length) for N2, and the microscale dimensions were set as 450 nm
(diameter) for M1 vs. 140 nm (diameter) and 1400 nm (length) for M2.
Such a difference of one to two orders of magnitude in the degree of
expected anisotropy (aspect ratio) between N2 and M2 was devised to
ensure their stable coupling while achieving similar anisotropies at such
different scales.

For the independent tailoring of nanoscale ligand anisotropy exhib-
iting similar surface areas, the N1 sphere and N2 rod that present
anisotropy-controlled ligands were separately prepared by varying the
surfactant type, surfactant amount, and precursor amount. For the
anisotropy-controlled synthesis of N-Au, seed-mediated growth in the
absence (isotropic sphere) or presence (anisotropic rod) of surfactants
was employed. The analysis of N1 by using transmission electron mi-
croscopy (TEM), high-resolution TEM (HR-TEM), and fast Fourier
transform (FFT) demonstrated their homogeneous isotropic shape with
crystalline lattice planes specific to Au while the dynamic light scat-
tering (DLS) measurement revealed their nanoscale hydrodynamic
diameter as 44.5 + 7.3 nm (Figs. S3a—c). Such Au specificity was also
observed in the analysis of N2 that exhibited a homogeneous anisotropic
shape with a nanoscale length of 121.0 4 3.7 nm and a diameter of 22.6
+ 3.1 nm (Figs. S4a-c). Moreover, zeta potential measurements for the
changes in the surface charge of N2 (serially capped with cetrimonium
bromide, polystyrene sulfonate, and finally citrate) confirmed that
ligand exchange was successful during its synthesis (Fig. S4d). High-
angle annular dark-field scanning TEM (HAADF-STEM), energy-
dispersive X-ray spectroscopy (EDS), and selective area electron
diffraction (SAED) analysis of both N1 and N2 confirmed the elemental
conformation of Au with respective crystalline planes (Fig. la).
Furthermore, mathematical calculations of their aspect ratio and surface
area confirmed the independent tailoring of nanoscale anisotropy at
equivalent surface areas for their significantly different aspect ratios of 1
and 6.6 (approximately 7), which exhibited a red shift in the absorption
peaks with increasing anisotropy in the UV-Vis spectrophotometer
analysis (Fig. 1b and Fig. S1).

For the independent tailoring of microscale ligand anisotropy at
equivalent surface areas, magnetically manipulable M1 sphere and M2
rod were separately prepared by varying the nanocore type and shell
dimension with phase transformation. M2 was synthesized by assem-
bling Fe3O4 nanoparticles, enveloping them with a silica layer, and
finally phase transforming the precursor (micro-anisotropic p-FeOOH)
enveloped by the silica layer. The examination of M1 with TEM, HR-
TEM, FFT, X-ray diffraction (XRD), and DLS revealed their homoge-
neous isotropic shape, atomic planes specific to the crystalline Fe3Oy,
and a microscale hydrodynamic diameter of 456.0 + 61.4 nm
(Figs. S5a—d). Likewise, the Fe3O4 specificity was also observed in the
analysis of M1, which exhibited a homogeneous anisotropic shape with a
microscale length of 1415.8 + 28.0 nm and a diameter of 140.4 &+ 9.0
nm (Figs. S6a-d). The morphological characterization of the N-Au and
M — Fe304 particles are summarized in Table S1. HAADF-STEM, EDS,
and SAED analysis of both M1 and M2 confirmed the elemental
conformation of Fe (in the Fe304 core) and Si (in the silica layer envelop)
with respective crystalline planes for Fe3O4 (Fig. 1c). Furthermore,
mathematical calculations of their aspect ratios and surface area
confirmed the independent tailoring of microscale anisotropy at equiv-
alent surface areas with their significantly different aspect ratios of 1 and
10, which both exhibited magnetic reversibility with negligible coer-
civity in vibrating sample magnetometry analysis (Fig. 1d and Fig. S2).

Followingly, independent tailoring of hierarchical nanostructures
exhibiting anisotropy at the multi-scale at constant ligand densities was
achieved by modulating the concentrations of both N1 vs. N2 and M1 vs.
M2. This strategic process yielded N1 or N2 at constant density coated
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Fig. 1. Hierarchical nanostructures exhibiting multi-scale ligand anisotropy are cyclically reversible via magnetic manipulation. (a) The structural analysis of nano-
isotropic or anisotropic Au (N1 or N2) with high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM), energy-dispersive X-ray
spectroscopy (EDS) mapping (Au from N1 or N2) images, and selected area diffraction (SAED) pattern [scale bars: 200 nm (HAADF-STEM) and 2 nm ™~ (SAED)] with
(b) the quantifications of their aspect ratios and surface areas along with the absorbance. (¢) The structural analysis of micro-isotropic or anisotropic Fez04 (M1 or
M2) with HAADF-STEM, EDS mapping (Fe from the Fe3O4 core and Si from the silica layer envelop) images, and an SAED pattern [scale bars: 200 nm (HAADF-STEM)
and 2 nm ™! (SAED)] with (d) the quantifications of their aspect ratios and surface areas along with magnetic characteristics verified by vibrating sample magne-
tometry (VSM). (e) Atomic force microscopy (AFM) images and (f) following linear height profile of reversible downward manipulation of the “M1+N2” group by
placing [“Pressed (P)”] or not placing [“Non-affected (NA)”] the magnet under the substrate. The gradient color bar indicates their height (scale bar in the image:
100 nm). (g) AFM images and (h) following linear height profile of reversible upward manipulation of the “M2+N1" group by placing [“Unpressed (UP)"] or not
placing (“NA™) the magnet over the substrate. The gradient color bar indicates their height (scale bar in the image: 200 nm). Data are exhibited as the mean +
standard error (n = 4). Asterisks assigned to the range of p values (***: p < 0.001) represent statistically significant differences. N.S. signifies that there is no
statistically significant difference among the compared groups.
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on the amine-functionalized surface of M1 or M2 at constant density
through Au-amine bonds. The combinations of different nanoscale an-
isotropies (i.e., N1 and N2) with microscale anisotropies (i.e., M1 and
M2) resulted in four different hierarchical nanostructures (M1+N1,
M1+N2, M2+N1, and M2+N2) that retained the characteristic speci-
ficity of the elemental conformation, atomic planes, and absorbance of
each N-Au and M — Fe304 (Figs. S7, S8, and S9). Moreover, all the hi-
erarchical nanostructures displayed magnetic reversibility even after the
coupling of non-magnetic N-Au on the surface of magnetic M — Fe3O4
(Fig. S10).

Subsequently, the magnetically manipulable hierarchical nano-
structures were independently coupled on the substrates at an equiva-
lent density among various groups by using elastic polymer (PEG)
linkers. The Au surfaces on Fe3O4 were then decorated with cell-
adhesive RGD ligands (Fig. S11). To this end, N-Au of the hierarchical
nanostructures were first PEGylated via an Au-thiol bond, after which
were coupled onto the amine-functionalized substrate surfaces. The
linkers that did not react with the substrate surface were then coupled
with RGD ligands and the remaining surface was passivated to avoid
non-specific cell adhesion. The serial coupling of the hierarchical
nanostructures with PEG linkers and ligands was confirmed by the
changes in the characteristic chemical bonds after PVP-stabilization,
PEG linker-coupling, and the ligand-coupling via Fourier transform
infrared spectroscopy (Fig. S12). Scanning electron microscopy (SEM)
images of the substrates with hierarchical ligand nanostructures
revealed the homogeneous distribution of independently tailored hier-
archical ligand anisotropy at multi-scale, which was evidenced by
similar total Au and Fe3O4 areas, densities of substrate-coupled Fe3O4
per pm?, and the total liganded area per each hierarchical nanostructure
(Fig. S13a,b and Fig. S14). Moreover, the number of N-Au particles per
M — Fe304 as well as RGD ligand per N-Au were constant across all
groups (Table S2).

3.2. Ligand anisotropy at the microscale is dominant over that at the
nanoscale in activating macrophage adhesion

After the successful conjugation of hierarchical ligand nano-
structures on substrates, we wondered how each nanoscale and micro-
scale ligand anisotropy contributes to the recruitment and binding of
cell integrins that regulate cell adhesion. To this end, macrophages were
selected as the model cell type owing to their relatively small microscale
size [80], thereby allowing efficient regulation by each hierarchical
ligand nanostructure, whose response can be analyzed by examining the
adhesion and phenotypic polarization [48]. For such assessment, mac-
rophages were seeded (only at the initial time point) and cultured on the
substrates presenting multi-scale ligand anisotropy (“M1+4N1”,
“M1+N2”, “M2+N1”, and “M2+N2” groups) for 24 h. Importantly, we
decoupled the multi-scale (nanoscale vs. microscale) for isotropy vs.
anisotropy in the ligand geometry.

The immunofluorescence images and crystal violet-stained images
(cell attachment assay) of macrophages adhered to the group exhibiting
ligands with both microscale and nanoscale “isotropy” (“M1+N17)
showed minimal expression of integrin pl along with vinculin and F-
actin in low levels of the planar density, size, and aspect ratio of the cells
(Figs. S15a, Sl6a,b, S17a,b, and S18). As the ligands in nanoscale
“isotropy” are changed to nanoscale “anisotropy” while maintaining
microscale ligand isotropy, cellular adhesion was slightly promoted but
without statistically significant differences. In stark contrast, when the
ligands in microscale “isotropy” are changed to microscale “anisotropy”,
cellular adhesion is highly stimulated in the groups of both nanoscale
“isotropy” and “anisotropy” (“M2+N1” and “M2+N2” groups)
compared with the groups of microscale isotropy (both “M1+N1" and
“M1+N2” groups) (Figs. S15a, S16a,b, S17a,b, and S18). Notably, the
expression of integrin f1, vinculin, and F-actin, as well as the planar
density, size, and aspect ratio of cells were all markedly promoted in the
group of microscale anisotropy but with nanoscale isotropy (“M2+N1")
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compared to the group of nanoscale anisotropy but with microscale
isotropy (“M1+N2”). Such trend was corroborated with not only the
recruitment of integrins but also their activation (Figs. S19a and b). This
proves that microscale ligand anisotropy (despite nanoscale ligand
isotropy) dominates over nanoscale ligand anisotropy in the recruitment
of integrins and adhesion of macrophages. Immunogold labeling and
SEM imaging corroborated this trend that the “M1+N2” and “M2+N1”
groups showed 3.7 + 0.6 and 5.3 + 0.6 integrin-labeling Au nano-
particles per hierarchical nanostructures on the adhered macrophages,
respectively, in the “Non-affected” (NA) state (Figs. S15b—e).

In this configuration, the ligand anisotropy at each scale was inde-
pendently tailored at constant surface areas and it was recently reported
that integrin molecules can bridge ligands populated in a spacing of tens
of nm [47,63,81]. Therefore, similar levels of cell adhesion in the groups
of microscale isotropy (both “M1+N1” and “M1+N2” groups) could be
attributed to integrin molecules readily bridging both adjacent nano-
scale Au spheres (N1) and adjacent nanoscale Au rods (N2) to compa-
rable degrees, each of which populated in a spacing of tens of nm. This
interpretation could also explain the similar degrees of cell adhesion in
the groups of microscale anisotropy (both “M2+N1” and “M2+N2”
groups). By contrast, the significantly higher cell adhesion observed in
the “M2+N1” group compared to the “M1+N2” group suggests that
liganded integrin clusters with diameters in the range of 0.1-1.5 ym can
bridge adjacent microscale Fe3O4 rods populated in smaller spacing,
possibly by recruiting unliganded integrins, more efficiently than adja-
cent microscale Fe3O4 spheres populated in a larger spacing [63]. These
outcomes collectively reveal that hierarchical ligand nanostructures
exhibiting multi-scale ligand anisotropy can help to achieve and deci-
pher multimodal scale-specific regulation of cells.

To ascertain the multi-scale ligand anisotropy-specific effect on
macrophage regulation, sequential experiments were performed
without RGD ligands. First, ligand anisotropy tailoring of M — Fe304
alone did not promote the adhesion of macrophages (Figs. S20a and b).
Furthermore, additional tailoring of nanoscale anisotropy via the
conjugation of N-Au on the surfaces of M — Fe304 was also ineffective,
thereby verifying the necessity of RGD ligands for the regulation of
macrophage (Figs. S21a and b).

3.3. Remote manipulation cyclically switches scale-specific-ligand-
anisotropy-regulated macrophage adhesion

We then pondered whether the remote manipulation of hierarchical
nanostructures could modulate their scale-specific ligand anisotropy-
based regulation of macrophage integrin recruitment and adhesion. To
this end, hierarchical ligand nanostructures exhibiting disparate ligand
anisotropies at the multi-scale (both “M1+N2” and “M2+N1" groups)
were chosen to examine the effect of the axial manipulation of scale-
specific ligand anisotropy on macrophages. For such assessment, mac-
rophages were cultured on substrates with or without [“Non-affected”
(NA)] a permanent magnet placed over or under the substrates that
direct the upward (substrate-distant) or downward (substrate-proxi-
mate) movement of the nanostructures to “Unpress” (UP) or “Press” (P)
the substrates, respectively. The immunofluorescence and SEM images
of macrophages adhered to the remotely manipulated “M1+N2" group
revealed the stimulation of macrophage adhesion in their “P” state
compared to the “NA” state with significantly higher planar cell density
and integrin-labeling Au nanoparticles per hierarchical nanostructure
on macrophages, while their “UP” state did not exhibit significant
changes (Fig. S15b,c and Fig. S22a). By contrast, the “UP” manipulation
of the “M2+N1" group exhibited significant suppression of macrophage
adhesion with substantially reduced planar cell density and integrin-
labeling Au nanoparticles, whereas their “P” state was similar to their
“NA” state (Fig. S15d,e and Fig. S22b). Strikingly, the “P” state of the
“M1+N2” group promoted macrophage adhesion similar to the
“M2+N1” group in the “NA” state whereas the “UP” state of the
“M2+N1” group suppressed it comparable to the “M1+N2” group in the
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“NA” state, thereby suggesting the switching of a scale-specific ligand
anisotropy effect via remote axial manipulation (Figs. S23a and b).

Recent reports have highlighted the inhibitory effect on cell adhesion
via the membrane bending energy resulting from highly curved surfaces
[57,82-84]. Therefore, such regulation could be attributed to the
bending of cells when adhering to the ligands on the hierarchical
nanostructures, which increases or decreases by the “UP” or “P”
manipulation of hierarchical nanostructures, respectively. Furthermore,
the distance between the hierarchical nanostructures and the substrate
during magnetic manipulation, which has been reported to influence the
development of cellular traction force and mechanosensing during
adhesion, could have also contributed to macrophage regulation
[85-87]. Such an effect could have also contributed to the macrophage
regulation of hierarchical nanostructures tailored with multi-scale
anisotropy, where curvature differences arise due to height variations
resulting from shape anisotropy. The insignificant difference between
the “UP” and “NA” states of the “M1+N2” group and between the “P”
and “NA” states of the “M2+N1” group suggests that inhibitory and
stimulatory effects on each cell adhesion were already saturated,
respectively, and hence could not be further regulated via their axial
manipulation. Thus, this study demonstrates for the first time
scale-specific regulation of ligand anisotropy for dynamic cell regula-
tion, which has not been demonstrated with the static modulation of
anisotropy in the geometry of tissues [65] or material shapes [66].

Consequently, we speculated whether such scale-switchable macro-
phage regulation via remote manipulation of hierarchical ligand nano-
structures could be cyclically reversed. First, in situ atomic force
microscopy (AFM) analysis of the “M1+N2” group revealed the serial
measurements of their peak heights of 470.2 nm (“NA”™), 450.2 nm (“P”),
and 467.9 nm (“NA”) upon their reversible downward (substrate-prox-
imate) manipulation, thereby proving high reversibility (Fig. 1e and f).
To examine whether such switching leads to reversible regulation of cell
adhesion, macrophages were cultured on the “M1+N2” group with
downward magnet application either switched or maintained every 12 h
(after 24 h of culturing) up to 48 h (the “NA-NA-NA”, “NA-P-NA”, “P-
NA-P”, and “P-P-P” states). The resultant immunofluorescence images
revealed reversibly regulatable macrophage adhesion with elevated
integrin expression and increased planar density, size, and aspect ratio
only right after being cultured on the “P” state, all of which decreased
right after being cultured on the “NA” state (Fig. S24a,b and Fig. S25).
For the reversible manipulation of the “M2+N1" group, upward (sub-
strate-distant) magnetic application was either switched or maintained
every 12 h (after 24 h of culturing) up to 48 h (the “NA-NA-NA”, “NA-
UP-NA”, “UP-NA-UP”, and “UP-UP-UP” states). The in situ AFM analysis
of the “M2+N1” group proved their high reversibility as evidenced by
serially measured peak heights of 238.5 nm (“NA™), 256.3 nm (“UP”),
and 242.0 + 0.0 nm (“NA”) upon reversible upward manipulation
(Fig. 1g and h). Likewise, the reversible manipulation of the “M2+N1"
group led to the reversible regulation of macrophages, in which their
adhesion was promoted only right after being cultured on the “NA” state
while being hindered right after being cultured on the “UP” state
(Fig. S26a,b and Fig. S27).

In contrast, such remote control of hierarchical ligand nano-
structures exhibiting either dual nanoscale/microscale isotropy or dual
nanoscale/microscale anisotropy only inflicted insignificant switch-
ability of scale-specific effects on macrophage regulation. Both “UP” and
“P” states of the “M1+N1” group, which originally inhibited macro-
phage adhesion in the “NA” state, showed comparable low levels of cell
adhesion with only a slight promotion in the “P” state without statisti-
cally significant differences (Figs. S28a and b). Similarly, both axially
manipulated states of the “M2-+N2” group that originally promoted
macrophage adhesion in the “NA” state exhibited a similar trend, with a
trivial decrease in the “UP” state without statistically significant dif-
ferences (Figs. S29a and b). This trend could be attributed to dual ligand
isotropy or anisotropy effects that exerted extremely inhibitory or
stimulatory effects, respectively, and were thus difficult to be
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modulated.

3.4. Remote manipulation of hierarchical ligand anisotropy switches
adhesion-mediated macrophage polarization

The regulation of macrophage adhesion by the multi-scale ligand
anisotropy-dependent recruitment and clustering of integrin molecules
can further modulate the phenotypic polarization of the macrophages
(pro-regenerative M2 vs. pro-inflammatory M1 polarization), which
involves Rho A and Rho-associated kinase 2 (ROCK2) signaling path-
ways [51,88,89]. Typically, firmly adhered macrophages expressing a
high cell aspect ratio (elongated shape) lead to their pro-regenerative
M2 polarization while those with relatively suppressed adhesion
expressing a low cell aspect ratio (round shape) lead to their
pro-inflammatory M1 polarization [49,90]. Consequently, the
pro-regenerative M2 or pro-inflammatory M1 phenotypic polarization
of macrophages under remote switching of the scale-specific effect on
macrophage adhesion was investigated after 36 h of culturing the sub-
strates with hierarchical nanostructures (both “M1+N2” or “M2+N1”
groups) under pro-regenerative M2 or pro-inflammatory M1 medium
with (“P” or “UP” states, respectively) or without (“NA” state) axial
remote control.

The immunofluorescence images, western blotting, and flow
cytometry analysis of macrophages revealed that the scale-specific
remote manipulation of hierarchical ligand nanostructures that regu-
lated the adhesion of macrophages correspondingly modulated their
phenotypic polarization (Fig. 2a—c and 3a,b). After being cultured in a
pro-regenerative M2 medium, macrophages adhered to the “M2+N1”
group in the “NA” state, which promotes cell adhesion, exhibited the
highest pro-regenerative Arg-1 expression that was drastically sup-
pressed in their “UP” state. The lowest expression of Arg-1 in macro-
phages cultured in a pro-regenerative M2 medium on the “M1+N2”
group in the “NA” state, which suppresses cell adhesion, was signifi-
cantly elevated in their “P" state to a degree comparable to those
examined in the “M2+N1” group in the “NA” state. Similar to Arg-1, pro-
regenerative CD163 expression was high for the “M2+N1” group in
“NA” state, which was suppressed in “UP” state, whereas the “M1+N2"
group showed low CD163 expression in “NA” state, which was elevated
in “P” state (Fig. 2a—c). Conversely, the highest pro-inflammatory iNOS
expression of macrophages cultured in a pro-inflammatory M1 medium
on the groups, that suppress cell adhesion (the “M1+N2” group in the
“NA” state and the “M2+N1” group in the “UP” state), was reversed to
promote cell adhesion on the groups upon axial manipulation (the
“M1+N2” group in the “P” state and the “M2+N1” group in the “NA”
state) (Fig. 3a and b). Collectively, these results prove that the axial
manipulation of hierarchical nanostructures that can switch the scale-
specific ligand anisotropy effect on macrophage adhesion can also
translate into the regulation of their phenotypic polarization.

To further delve into the adhesion-mediated regulation of macro-
phage polarization via the axial manipulation of hierarchical ligand
nanostructures, we investigated the molecular mechanisms of pheno-
typic polarization-regulated macrophages. The expression intensities of
Rho A, ROCK2, and Arg-1, of which the former activates the latter, were
shown to be upregulated in the groups that exhibited higher adhesion
and pro-regenerative M2 polarization (the “M2+N1” group in the “NA”
state and the “M1-+N2” group in the “P” state) after culturing in a pro-
regenerative M2 medium (Fig. 4a and b). The analyzation of macro-
phages after inhibiting specific adhesion-related molecules associated
with actin polymerization, ROCK, or myosin II (via cytochalasin D,
Y27632, or blebbistatin, respectively) in a pro-regenerativeM2 medium
proved the macrophage polarization to be dependent on their adhesion
regulation (Fig. 4a and Fig. S30). Notably, both Arg-1 expression and
adhesion were suppressed in the groups that originally promoted
macrophage adhesion and pro-regenerative M2 polarization (both
“M1+N2” group in the “P” state and “M2+N1” group in the “NA” state)
(Fig. 4b and Figs. S30 and S31). Upon macrophage culturing in a pro-
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Fig. 2. Axial manipulation of multi-scale ligand anisotropy switches the pro-regenerative macrophage polarization. (a) Fluorescently immuno-stained images of Arg-
1 (pro-regenerative M2 marker) and iNOS (pro-inflammatory M1 marker) and their overlay with nuclei (scale bars: 20 pm) and (b) the western blotting images with
quantitative analysis of Arg-1 and iNOS proteins of the adherent macrophages after 36 h of culturing either on the micro-isotropic + nano-anisotropic (“M1-+N2")
group in the “non-affected (NA)” or “pressed (P)” states, or on the micro-anisotropic + nano-isotropic (“M2+N1") group in the “NA” or “unpressed (UP)” states in
pro-regenerative M2 medium. The protein expression levels in the western blotting images were presented after normalization to GAPDH expression. (c) Flow
cytometry of the CD163 (pro-regenerative M2 marker) expression with computed characterization of their respective fluorescence intensities. The magnet was not
placed in the “NA” state or placed either under or over the substrates to induce the “P” or “UP” state, respectively. Data are exhibited as the mean + standard error (n
= 10). Asterisks assigned to the range of p values (**: p < 0.01; ***: p < 0.001) represent statistically significant differences. N.S. signifies that there is no statistically
significant difference among the compared groups.
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Fig. 3. Axial manipulation of multi-scale ligand anisotropy switches the pro-inflammatory macrophage polarization. (a) Fluorescently immuno-stained images of
iNOS (pro-inflammatory M1 marker) and Arg-1 (pro-regenerative M2 marker) and their overlay with nuclei (scale bars: 20 pm) and (b) the western blotting images
with quantitative analysis of iNOS and Arg-1 proteins of the adherent macrophages after 36 h of culturing either on the micro-isotropic + nano-anisotropic
(“M1+N2") group in the “non-affected (NA)” or “pressed (P)” states, or on the micro-anisotropic + nano-isotropic (“M2+N1") group in the “NA” or “unpressed (UP)”
states in pro-inflammatory M1 medium. The protein expression levels in the western blotting images were presented after normalization to GAPDH expression. The
magnet was not placed in the “NA” state or placed either under or over the substrates to induce the “P” or “UP” state, respectively. Data are exhibited as the mean +
standard error (n = 10). Asterisks assigned to the range of p values (**: p < 0.01; ***: p < 0.001) represent statistically significant differences. N.S. signifies that there

is no statistically significant difference among the compared groups.

inflammatory M1 medium, the fluorescence intensities of both Rho A
and ROCK2 were not promoted as much in the pro-regenerative M2
polarization-promoting groups (Fig. 4c and Fig. S32). Moreover, the
inhibition of adhesion-related molecules during macrophage culture in a
pro-inflammatory M1 medium induced high expression of iNOS on the
groups, which originally supported cell adhesion and suppressed pro-
inflammatory M1 polarization, thereby leading to pro-inflammatory
M1 polarization (both “M1+N2” group in the “NA” state and
“M2+N1" group in the “UP” state) (Fig. 4c and Fig. S33). Conclusively,
remote manipulation of hierarchical nanostructures can reverse the
scale-specific ligand anisotropy effect on the regulation of macrophage
polarization, which is governed by adhesion-related molecules.

3.5. Remote manipulation of hierarchical ligand anisotropy switches host
macrophage regulation In vivo

Having confirmed the effect of scale-specific ligand anisotropy upon
axial manipulation for the regulation of macrophages in vitro, we next
pondered whether such a striking phenomenon can be translated in vivo
to regulate host cells (e.g., host macrophages and host neutrophils). To
this end, a robust silicon substrate was chosen to present different multi-
scale ligand anisotropies (both “M1+N2” and “M2+N1” groups) that
was subcutaneously implanted in the dorsal regions of mice (Fig. S34).
To reduce the effect of the predominant inflammatory host response
right after implantation, an anti-inflammatory mixture of interleukin (e.
g., IL-4 and IL-13) was injected on the implanted substrate surface. The
short-term host response at 24 h post-implantation was examined as this
governs the long-term host response (e.g., inflammation and tissue
regeneration). For the axial manipulation to induce the “UP” or “P” state
of hierarchical nanostructures, the permanent magnet (285 mT) was
attached either to the backs or abdomens of mice to direct upward or
downward nanostructure movement, respectively.

Consistent with previous validations [91,92], high biocompatibility
of hierarchical ligand nanostructures (composed of Au and Fe3O4
nanostructures) and magnetic field were confirmed via the histological
analysis of a localized area of subcutaneous tissue and systemic areas of
the heart, liver, and kidney of the mice at 0 and 7 d post-implantation
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through hematoxylin and eosin (H&E) staining (Fig. S35). The SEM
examinations of the substrates at 0 and 7 d post-implantation revealed a
consistent density of both nanoscale Au and microscale Fe3O4 without
any signs of degradation, thereby proving the maintenance of their
stable coupling in the host microenvironment (Figs. S36a and b).

The immunofluorescence images and flow cytometry analysis of host
macrophages adhered on the implanted substrates at 24 h post-
implantation revealed the parallel regulation of host macrophages
with those examined in vitro (Fig. 5a and b and Fig. S37). The dominant
effect of ligand anisotropy at the microscale over the nanoscale in pro-
moting the adhesion and pro-regenerative M2 polarization of host
macrophages could be reversed via remote axial manipulation of hier-
archical nanostructures in the mice. After implantation, similarly pro-
moted adhesion of host macrophages with high expression of pro-
regenerative Arg-1 and CD163 was examined on the “M1+N2” group
in the “P” state and on the “M2+N1” group in the “NA” state while
reversing trends with high expression of pro-inflammatory iNOS were
observed on the “M1+N2” group in the “NA” state and on the “M2+N1”
group in the “UP” state (Fig. 5a,b and Fig. S37). Furthermore, such
regulation of host cell adhesion was further verified via the corrobora-
tive adhesive trend of host neutrophils that are positive for NIMP-R14
during the short-term host response (Figs. S38a and b). Conclusively,
these results not only propose novel parameters of scale-specific ligand
anisotropy for the regulation of host cells but also provide potential
prospects for use in in vivo applications that govern long-term inflam-
mation and tissue repair.

4. Conclusions

In conclusion, we synthesized remotely manipulable hierarchical
ligand nanostructures exhibiting multi-scale ligand anisotropy by
combining nanoscale Au (comparable to integrin molecule-scale) and
microscale Fe3O4 (comparable to integrin cluster-scale), which could be
remotely manipulated via a magnetic field at constant ligand density
across the groups for host macrophage regulation in vivo. In their “Non-
affected” (NA) state, the increase of ligand anisotropy in hierarchical
nanostructures, which sequentially promotes macrophage integrin
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Fig. 4. Dynamic adhesion-regulated macrophage polarization is switched by axial manipulation of multi-scale ligand anisotropy. (a) Fluorescently immuno-stained
images of Rho A or ROCK2 with nuclei and Arg-1 with F-actin/nuclei of adherent macrophages after 36 h of culturing on the micro-isotropic + nano-anisotropic
(“M1+N2") group in the “non-affected (NA)” or “pressed (P)” state or on the micro-anisotropic + nano-isotropic (“M2+N1") group in the “NA” or “unpressed (UP)”
state in pro-regenerative M2 medium with or without the supplementation of specific inhibitors for each actin polymerization or Rho-associated protein kinase
(cytochalasin D or Y27632, respectively) (scale bars: 20 pm). (b) Following calculations of Rho A, ROCK2, and Arg-1 fluorescence intensities including the fluo-
rescently immuno-stained images in Fig. S30. (c) Fluorescently immuno-stained images of Rho A or ROCK2 with nuclei and iNOS with F-actin/nuclei of the adherent
macrophages after 36 h of culturing on the “M1+N2” group in the “NA” or “P” state or on the “M2+N1" group in the “NA” or “UP” state in pro-inflammatory M1
medium with or without the supplementation of one of the specific inhibitors for actin polymerization or Rho-associated protein kinase (cytochalasin D or Y27632,
respectively) (scale bar: 20 pm). The magnet was not placed in the “NA” state or placed either under or over the substrates to induce the “P” or “UP” state,
respectively. Data are exhibited as the mean =+ standard error (n = 10). Asterisks assigned to the range of p values (***: p < 0.001) represent statistically significant
tzifferences. N.S. signifies that there is no statistically significant difference among the compared groups.
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Fig. 5. Axial manipulation of multi-scale ligand anisotropy dynamically switches host macrophage adhesion-dependent polarization in vivo. (a) Fluorescently
immuno-stained images of Arg-1 or iNOS with F-actin and nuclei of adherent host macrophages after 24 h of implantation (scale bars: 20 pm). (b) Flow cytometry of
the CD163 (pro-regenerative M2 marker) and iNOS (pro-inflammatory M1 marker) expression with computed characterization of their respective fluorescence
intensities. The permanent magnet (285 mT) was not attached in the “NA” state or attached either to the abdomens or backs of the mice to induce the “P” or “UP”
states, respectively. Data are exhibited as the mean + standard error (n = 10). Asterisks assigned to the range of p values (**: p < 0.01) represent statistically

significant differences.

recruitment, adhesion, and pro-regenerative M2 polarization, involving
Rho A and ROCK 2 signaling pathways, was dominant at the microscale
over the nanoscale. Remote magnetic manipulation of the hierarchical
nanostructures can reverse such scale-specific ligand anisotropy effect
on host macrophage regulation. The substate-proximate manipulation of
hierarchical nanostructures exhibiting microscale isotropy and nano-
scale anisotropy (“M1+N2") into the “Pressed” (P) state promoted the
adhesion and pro-regenerative M2 polarization of macrophages
compared to their “NA” state. Conversely, the substate-distant
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manipulation of hierarchical nanostructures exhibiting microscale
anisotropy and nanoscale isotropy (“M2+N1”) into the “Unpressed”
(UP) state hindered macrophage adhesion, thereby promoting pro-
inflammatory M1 polarization compared to their “NA” state. Unlim-
ited tuning of the scale, anisotropy, and shape of both liganded nano-
scale materials and magnetic microscale materials as well as
development into a 3D structure can help to mimic the native environ-
ment that regulates host macrophage polarization to advance immu-
noengineering strategy in vivo.
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