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1. Introduction

In natural tissue, the extracellular matrix 
(ECM) is organized by cell-adhesive ECM 
proteins such as fibronectin (FN), laminin, 
and collagen, which determine the het-
erogeneous structure of the ECM and 
continuously regulates the recruitment, 
adhesion formation, and subsequent 
functionality of immunomodulatory host 
cells[1–3] such as macrophages.[4–10] For 
instance, heterogeneously distributed FN 
in the ECM structure[11] functionally mod-
ulates the migration,[12] phagocytosis,[13] 
ECM production,[14] and inflammatory M1 
versus anti-inflammatory/pro-healing M2 
polarization of macrophages,[15–17] which 
regulate inflammation, wound healing, 

Cell adhesion occurs when integrin recognizes and binds to Arg–Gly–Asp 
(RGD) ligands present in fibronectin. In this work, submolecular ligand size 
and spacing are tuned via template-mediated in situ growth of nanoparticles for 
dynamic macrophage modulation. To tune liganded gold nanoparticle (GNP) 
size and spacing from 3 to 20 nm, in situ localized assemblies of GNP arrays on 
nanomagnetite templates are engineered. 3 nm-spaced ligands stimulate the 
binding of integrin, which mediates macrophage-adhesion-assisted pro-regener-
ative polarization as compared to 20 nm-spaced ligands, which can be dynami-
cally anchored to the substrate for stabilizing integrin binding and facilitating 
dynamic macrophage adhesion. Increasing the ligand size from 7 to 20 nm only 
slightly promotes macrophage adhesion, not observed with 13 nm-sized ligands. 
Increasing the ligand spacing from 3 to 17 nm significantly hinders macrophage 
adhesion that induces inflammatory polarization. Submolecular tuning of ligand 
spacing can dominantly modulate host macrophages.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202110340.
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fibrosis, and others.[18] FN presents a tripeptide amino acid 
sequence of Arg–Gly–Asp (RGD) in its heterogeneous intra-
molecular and intermolecular geometry that ligates to inte-
grin receptors to facilitate cell adhesion formation in vivo. FN, 
which consists of several intramolecular domains, has a length 
and width of ≈16 and 9 nm, respectively.[19,20]

Cell adhesion[21–23] occurs when integrin recognizes and 
binds to the RGD loops on the FN-III10 module, which are 
intramolecularly present in the FN exhibiting a dimension 
of 3  nm in the native and equilibrated state.[19] Mechanical 
stretching of FN-III10 module in vivo can elevate the dimension 
to 6 nm in the functionally decoupled state and 9 nm when the 
first β-strand separates. In this elevated dimension of 6–9 nm, 
integrin binding to the FN is known to be modulated, and 
the dimension of FN can increase up to 16 nm. These reports 
collectively suggest that tuning the submolecular ligand size 
and spacing can facilitate or inhibit the binding of integrin 
molecules to the differently sized and spaced ligands. This 
submolecular tuning of ligand size and spacing would thus 
elucidate the regulation of adhesion formation and immu-
nomodulatory polarization of host macrophages.

Modulating ligand nanoassembly[24–26] arrays presenting inte-
grin-binding ligands can help to decipher the complex interplay 
between macrophages and ligand-presenting biomaterials,[27–31] 
which governs the early host responses that proportionately 
leads to the long-term host responses.[32,33] Integrin ligation-
mediated downstream signaling stimulates the assembly of 
cytoskeletal actin and protein complexes involving myosin II, 
paxillin, and rho-associated protein kinase (ROCK) in adherent 
macrophages with an elongated shape,[34] which leads to the 
anti-inflammatory/pro-healing M2 phenotype.[35–38] In contrast, 
poor integrin ligation does not stimulate adhesion assembly 

formation that results in the inflammatory M1 phenotype. 
Liganded gold nanoparticles (GNPs) patterned on a material 
surface can modulate cell adhesion[39] by changing the ligand 
spacing and density,[40] local versus global ligand density,[41] 
ligand ordering,[42] ligand micropattern,[43] ligand clustering,[44] 
and ligand geometry.[45] In these ligand arrays, the spacing 
between neighboring liganded GNPs (≈10  nm in size) of less 
than 60–70 nm promotes cellular adhesion formation.[40,41,45,46] 
Recently, it has been shown that closely spaced (40–110  nm) 
thin liganded line pairs are more effectively bridged by the 
integrin clusters than sparsely spaced thick liganded lines.[47] 
However, regulating the binding of integrin to ligand arrays 
by varying the size and spacing of the ligand according to the 
intramolecular-scale dimensions of FN (16  nm) and integrin 
(10 nm) has not previously been reported.

In this study, we used nano-magnetite templates to localize 
densely packed liganded GNPs on the template surface with the 
in situ independent tuning of the size and edge-to-edge spacing 
(“7–3”, “7–18”, “13–17”, and “20–20”) of the liganded GNPs on 
both the intramolecular and intermolecular scale (Scheme 1). 
Herein, we use the notation “A–B”, where “A” refers to the 
liganded GNP size in nm and “B” refers to the liganded GNP 
edge-to-edge spacing in nm. Compared to previous studies on 
presenting liganded GNPs in arrays,[40,41,45,46] we used compa-
rable ranges of liganded GNP density (the number of GNPs 
per µm2) in the arrays but localized liganded GNPs on nano-
magnetite templates to sensitively change integrin-ligand 
binding at both the intramolecular and intermolecular scale, 
which effectively regulated macrophage adhesion formation. 
We also tuned the ligand size and spacing on nano-magnetite 
templates such that the ligand spacing proportionally increases 
when increasing the ligand size while maintaining the ligand 
density on the surface of both the templates and the entire 
material surface for all the compared groups.

Since the integrin head size is ≈10 nm, each liganded GNP of 
7 nm (“7–3”) and 13 nm (“13–17”) in size functioned to roughly 
accommodate integrin. In contrast, each 20 nm-sized liganded 
GNP (“20–20”) offers binding sites for multiple integrin mole-
cules. Interestingly, 7  nm liganded GNP size and 3  nm edge-
to-edge spacing of neighboring liganded GNPs, both of which 
lie within the submolecular dimension of the FN, facilitate the 
binding of integrin molecules to liganded GNPs to form inte-
grin clusters. In this regard, we refer to this group (“7–3”) as 
submolecular ligand arrays for integrin ligation. Our findings 
suggest that these submolecular ligand arrays can facilitate 
saturated integrin clustering that robustly induces macrophage 
adhesion similarly to the liganded gold shells. Our present 
study of planar ligand arrays on the submolecular scale that 
modulate the binding of integrin to the ligands advances from 
the recent findings of multiple integrins bridging 1D ligands 
that are widely spaced (slightly below 110  nm).[47] In contrast, 
16  nm edge-to-edge spacing of neighboring liganded GNPs 
suppresses integrin binding and clustering, and thus macro
phage adhesion, in the “7–18” and “13–17” groups. However, 
when multiple integrin molecules could bind to each 20  nm-
sized liganded GNPs (“20–20”), integrin binding and clustering 
and macrophage adhesion were slightly elevated.

As the ECM undergoes continuous remodeling to dynami-
cally present heterogeneously organized ligands within the 
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FN-bearing 3D structure,[48] dynamically and axially displacing 
planar ligand arrays[49] can mimic the 3D dynamics of native 
FN. Indeed, we used a pliable linker to conjugate the nano-
magnetic templates presenting ligand arrays of various ligand 
sizes and spacing on the material surface such that mag-
netically attracting the nano-magnetic templates can shift the 
ligand arrays toward the material surface and anchor them. 
This dynamically stimulated anchoring of the ligand arrays in 

the “20–20” group could stabilize multiple integrin molecules 
to “stably” bind to 20 nm-sized liganded GNP to promote inte-
grin clustering, adhesion formation, and M2 polarization of 
host macrophages in vivo (due to the magnetic field that can 
readily penetrate tissues)[50–53] at a comparable level to that of 
the “7–3” group. These findings are in accordance with a recent 
report on multiple integrin molecules “statically” bridging 
1D ligand structures[47] and are set apart from our own recent 
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Scheme 1.  Schematic of submolecular tuning ligand size and spacing to regulate integrin binding and clustering. Descriptions of the proposed model 
of independently unraveling the effect of ligand size and spacing on integrin ligation and the clustering of macrophages: “7–18”, “13–17”, “7–3”, and 
“gold shell”. In the “A–B” notation, “A” indicates the liganded GNP size in nm and “B” indicates the liganded GNP edge-to-edge spacing in nm. The 
“7–3” arrays stimulate the binding of integrin across neighboring liganded GNPs, resulting in robust macrophage adhesion comparable to fully liganded 
gold shells as a positive control. Relative to the “7–3” ligand arrays, increasing the “ligand spacing only” or “both ligand size and spacing” in the “7–18” 
and “13–17” liganded sites, respectively, yields binding sites for integrin but suppresses multiple integrin molecules joining the neighboring liganded 
sites due to the “ligand spacing” playing a dominant role, resulting in poor macrophage adhesion.
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reports revealing the magnetic manipulation of 1D ligand struc-
tures of nanocoils[54] and nanobarcodes[55] as well as ligand-
blocking structures.[56]

2. Results and Discussion

2.1. Submolecular Ligand Size and Spacing in Nanoassemblies 
via In Situ GNP Growth

To tune the size and spacing of liganded GNPs on the intra-
molecular and intermolecular scale, we first synthesized var-
ious sizes of GNPs using a seed-mediated growth method. 
In particular, we prepared the “7–3” group where liganded 
GNP (7 nm in size) and edge-to-edge-spacing (3 nm) between 
adjacent liganded GNPs lie within the intramolecular dimen-
sion of the FN (16  nm) and integrin (10  nm) to examine its 
effect on the binding of integrin to form integrin clusters. We 
synthesized GNPs with sizes of 3 and 13  nm by tuning the 
Au3+ precursor concentration and reducing agents. Further-
more, we used 13  nm-sized GNPs to modulate the growth of 
larger GNPs with sizes of 20, 32, or 50 nm, that all exhibited 
homogeneous spherical shapes via seed mediated growth, as 
observed in transmission electron microscopy (TEM) images 
and analogous UV–vis absorption peaks at around 520  nm 
(Figure S1a–c, Supporting Information). To mediate the con-
jugation and in situ growth of the GNPs, nano-magnetic 
templates were functionalized via amino-silica coating. X-ray 
diffraction (XRD) spectra, vibrating sample magnetometry 
(VSM) measurements, and dynamic light scattering revealed 
that the magnetite (Fe3O4) phase and reversible magnetization 
of the nano-magnetite templates with a hydrodynamic diam-
eter of 222 ± 5.7 nm after amino-silica coating (Figure S2a–d, 
Supporting Information).

Since the GNPs exhibit a minimum Debye length of 
2.5–3.0  nm that varies depending on the Au3+ concentration 
and citrate to Au3+ ratio during their synthesis,[57] the GNPs 
are expected to display inter-spacing of at least 5–6  nm due 
to the theoretical limit of repulsion. Consequently, distrib-
uting liganded GNPs below 6 nm edge-to-edge spacing which 
corresponds to the submolecular FN dimension could not be 
achieved. To overcome this constraint, we considered whether 
we could conjugate GNPs to aminated nano-magnetite tem-
plates via amine-gold bonding first and then subsequently use 
the conjugated GNPs as seeds to mediate the in situ growth 
of the GNPs on the nano-magnetite surface to achieve 3  nm 
edge-to-edge spacing between them. After conjugating the 
GNPs to the aminated nano-magnetite, the resulting GNP 
arrays were stabilized with polyvinylpyrrolidone (PVP). After-
ward, we repeatedly supplied small amounts of Au3+ to prevent 
Au self-nucleation, thereby ensuring the preferential template-
assisted in situ growth of the GNPs on the nano-magnetite 
surface instead of forming new individual GNPs. TEM images 
and UV–vis absorbance spectra confirmed the tightly modu-
lated in situ growth of the 3 nm GNPs conjugated to the nano-
magnetite to obtain 7, 9, and 11  nm GNP-conjugated nano-
magnetites exhibiting red shifts in the absorption peaks with 
increasing sizes of the in situ grown GNPs (Figure S3a–c, Sup-
porting Information).

We tuned the liganded GNP sizes and spacing in the “7–3”, 
“13–17”, and “20–20” groups while maintaining the liganded 
GNP density invariant. Specifically, we prepared the “20–20” 
group that provides binding sites on each 20 nm-sized liganded 
GNP for multiple integrin molecules. In contrast, the “7–3” 
and “13–17” groups can only accommodate single integrin 
molecule per liganded GNP. The elemental maps for gold, 
silicon, and iron elements and high-resolution TEM (HR-TEM) 
atomic-scale image confirmed the uniform in situ growth of the 
GNPs on the amino-silica-coated nano-magnetite surfaces of 
the “7–3”, “13–17”, and “20–20” groups (Figure S4, Supporting 
Information). High angle annular dark field-scanning trans-
mission electron microscopy (HAADF-STEM) images, hydro-
dynamic diameter measurements, and UV–vis absorbance 
spectra confirmed the homogeneous in situ growth of GNPs 
on the nano-magnetite template surfaces of the “7–3”, “13–17” 
(12.5 ± 0.2 nm in size and 17.3 ± 1.0 nm edge-to-edge spacing), 
and “20–20” (20.3 ± 0.3 nm in size and 20.1 ± 1.0 nm edge-to-
edge spacing) groups (Figure S5a–c, Supporting Information). 
XRD patterns and VSM measurements of the three groups 
showed the co-presence of both the crystalline Fe3O4 and Au 
phases and reversible magnetism, respectively (Figures S6 and 
S7, Supporting Information).

We controlled the size and spacing of the liganded GNPs. 
We used different densities of 3 nm-sized GNPs (the number 
of liganded GNPs per nano-magnetite template) as seeds 
on the nano-magnetite templates for in situ GNP growth 
(Figure S8a, Supporting Information). The “7–3” group (exhib-
iting 6.7  ± 0.1  nm in size and 2.8  ± 0.2  nm in edge-to-edge 
spacing) showed lower liganded GNP (edge-to-edge) spacing 
but identically sized homogeneously distributed GNPs com-
pared with the “7–18” group (exhibiting 6.8 ± 0.1 nm in size and 
17.8 ± 1.2 nm edge-to-edge spacing), as evidenced by HAADF-
STEM images and corresponding elemental maps for iron 
(Fe) and gold (Au) elements present in the nano-magnetite 
(Fe3O4) and GNPs, respectively (Figure S8b, Supporting Infor-
mation). We independently increased the size of the liganded 
GNPs while maintaining their spacing in the “7–18” group and 
the “13–17” group (Figure 1a). We also prepared “gold shells” 
by extensively inducing the in situ growth of GNPs on nano-
magnetite templates to prepare fully liganded GNPs to be 
compared with the “7–3” group (Figures  1a, S8c, Supporting 
Information).

2.2. Submolecular Ligand Size and Spacing in GNP Arrays 
without Modulating the Nano-Magnetite Template Density

To present liganded GNP arrays of various ligand sizes and 
spacing on the intramolecular and intermolecular scales, nano-
magnetite templates coated with GNP arrays were conjugated 
to the material surface using a pliable linker without modu-
lating the nano-magnetite template density. This was employed 
to dynamically induce the axial displacement and anchoring of 
the ligand arrays to mimic the 3D ECM dynamics. The nano-
magnetite templates presenting various GNP sizes and spacing 
were coated with a heterobifunctional pliable linker via GNP-
thiol bonding (Figure S9, Supporting Information). The pli-
able linker-conjugated GNP arrays were then conjugated to 
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Figure 1.  “7–3” ligand arrays with submolecular spacing facilitate robust macrophage adhesion and pro-regenerative polarization similar to “gold shell” 
ligand arrays. a) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images, corresponding energy-dispersive 
spectroscopy (EDS)-based elemental maps of ligand arrays of various liganded GNP sizes and spacing. The iron (Fe) and gold (Au) elements were 
identified in the nano-magnetite (Fe3O4) and gold nanoparticles (GNPs), respectively. Scale bar: 50 nm. The groups with independently tuned ligand 
size and spacing are “7–18”, “13–17”, “7–3”, and “gold shell”. In the “A–B” notation, “A” indicates the liganded GNP size in nm and “B” indicates the 
liganded GNP edge-to-edge spacing in nm. Corresponding computations of the total area of liganded GNPs per nano-magnetite template, the surface-
conjugated nano-magnetite density, and the surface-conjugated ligand density. b) Immunofluorescent staining images of F-actin, paxillin, nuclei, and an 
overlay of adhered macrophages after 24 h of culturing in basal medium and iNOS/Arg-1/nuclei overlay of adhered macrophages after 36 h of culturing 
in basal medium supplemented with either M1 or M2 polarization stimulators on the “7–18”, “13–17”, “7–3”, or “gold shell” groups. Scale bars: 20 µm. 
Corresponding computations of the number, area, and elongation factor of adhered macrophages are also included. Data are presented as the mean 
± standard error (n = 5). Asterisks are assigned to p values with statistical significances for multiple groups compared by one-way analysis of variance 
with Tukey–Kramer post-hoc tests (**: p < 0.01; ***: p < 0.001). ns denotes statistically nonsignificant differences.
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the aminated material surface via the EDC/NHS reaction by 
tuning the reaction time for the “7–3”, “13–17”, and “20–20” 
groups such that they exhibited a similar number of homo-
geneously distributed nanotemplates and thus ligand density, 
as evidenced by scanning electron microscopy (SEM) images 
(Figure S10, Supporting Information). The areas not covered 
with liganded GNP arrays were passivated to induce the ligand 
array-specific regulation of integrin binding and macrophage 
adhesion formation. The EDC/NHS-activated pliable linker-
conjugated GNP arrays on the material surface reacted with 
the amine group of a lysine residue in the cyclic RGD ligand to 
complete the construction of the liganded GNP arrays, which 
was revealed by Fourier transform infrared spectroscopy dem-
onstrating sequential changes in chemical bonds (Figure S11, 
Supporting Information). For the “7–18” group exhibiting lower 
liganded GNP density and the “gold shell” group exhibiting 
higher liganded GNP density than those of the “7–3”, “13–17”, 
and “20–20” groups, the pliable linker-conjugated GNP arrays 
were coupled to the material surface by reacting them for dif-
ferent time periods. Multiplying the total area of liganded 
GNPs per nano-magnetite template by the number of nano-
magnetite templates per unit area yielded surface-conjugated 
ligand densities of 1.85 × 104 ± 0.01 × 104, 7.69 × 104 ± 0.35 × 104, 
8.03 × 104 ± 0.49 × 104, and 30.14 × 104 ± 1.31 × 104 nm2 µm−2 for 
the “7–18”, “13–17”, “7–3”, and “gold shell” groups, respectively 
(Figure  1a). In particular, the ligand density was significantly 
higher (by 275%) in the “gold shell” group than in the “7–3” 
group. These findings prove the independent tuning of ligand 
size and spacing with an invariant nano-magnetite density in 
these four groups.

2.3. Submolecular Spacing and Gold Shell of the Ligands Simi-
larly Facilitate the Adhesion-Aided Pro-Regenerative Polarization 
of Macrophages

We proved the effect of independently tuning the ligand size and 
spacing in the “7–18”, “13–17”, “7–3”, and “gold-shell” groups on 
the regulation of adhesion formation of macrophages after 24 h 
of culturing macrophages. Immunofluorescent staining images 
and following quantifications of adhesion density, spread area, 
and elongated morphology show that pervasive assemblies of 
macrophage F-actin and paxillin adhesion complexes were signif-
icantly higher in the “7–3” and “gold shell” groups compared to 
the “7–18” and “13–17” groups, which exhibited minimal assem-
blies (Figure 1b,c and Figure S12, Supporting Information). These 
findings confirm that the “7–3” group stimulates adhesion for-
mation of macrophages at a level comparable to that of the “gold 
shell” group. In contrast, independently increasing the ligand 
edge-to-edge spacing from 3 nm (the “7–3” group) to 18 nm (the 
“7–18” group) significantly reduced macrophage adhesion for-
mation. Furthermore, independently increasing the ligand size 
from 7 nm (the “7–18” group) to 13 nm (the “13–17” group) while 
maintaining similar ligand spacing (17–18 nm) did not augment 
macrophage adhesion formation. This outcome suggests that 
ligand spacing in this range of ligand size and spacing played a 
dominant role in regulating macrophage adhesion.

Since robust cytoskeletal adhesion formation of macrophages 
with elongated morphology involving ROCK signaling[34,35] 

leads to anti-inflammatory/pro-healing M2 polarization while 
hindering pro-inflammatory M1 polarization, we next pon-
dered whether the “7–3” and the “gold shell” groups exhibit 
adhesion-assisted M2 polarization. Macrophages were cultured 
with each of the four liganded GNP groups in the presence of 
M1 or M2 polarization-inducing stimulators for 36 h and ana-
lyzed for either M1 or M2 polarization, respectively. Immuno-
fluorescent staining images of the “7–3” and “gold shell” groups 
demonstrated pervasive expression of M2 polarization marker 
(Arg-1) in the presence of M2 stimulators but minimal expres-
sion of M1 polarization marker (iNOS) despite the presence 
of M1 stimulators (Figure 1b). Conversely, immunofluorescent 
staining images of the “7–18” and “13–17” groups indicated 
extensive expression of iNOS in the presence of M1 stimulators 
but minimal expression of Arg-1 despite the presence of M2 
stimulators. These results prove that both the “7–3” and “gold 
shell” groups analogously stimulate the adhesion formation 
of macrophages to mediate M2 polarization and restrain M1 
polarization. When ligands are far apart, the adhesion forma-
tion of macrophages is suppressed, which leads to pronounced 
M1 polarization.

2.4. Increasing Ligand Spacing Dominantly Limits Integrin  
Clustering Independent of the Ligand Density

We next considered whether tuning of ligand size and spacing 
in the “7–3”, “13–17”, and “20–20” groups at invariant ligand 
density can regulate integrin binding and clustering (Scheme 2, 
Figure 2a). Similar to previous reports that present liganded 
GNPs in arrays,[40,41,45,46] we used comparable liganded GNP 
densities of ≈560, 140, and 59 GNPs/µm2 for the “7–3”, “13–17”, 
and “20–20” groups, respectively (Figure  2b). The calculated 
surface-conjugated ligand densities in the “7–3”, “13–17”, and 
“20–20” groups were similar (in the range from 6.91 × 104  to 
7.65 × 104  ligands/µm2), thereby proving the ligand-density-
independent tuning of ligand size and spacing (Figure 2c).

We next examined the efficiency of integrin β1 binding and 
clustering to ligand arrays by placing the ligand arrays in inte-
grin β1. Immunofluorescent staining images of integrin β1 
clusters and fluorescence intensity quantification show that 
integrin β1 was markedly clustered in the “7–3” group, slightly 
clustered in the “20–20” group, and negligibly clustered in the 
“13–17” group (Figure S13a,b, Supporting Information). Fur-
thermore, the effect of tuning the ligand size and spacing on 
the binding of integrin was analyzed via immunolabeling using 
(secondary antibody-coated) GNPs to label (primary antibody-
coated) integrins bound to the liganded GNP arrays (Figure S14,  
Supporting Information). SEM images and quantification 
of GNP-labeled integrin β1 per nano-magnetite template of 
adherent macrophages after 24 h of culturing highlighted that 
integrin β1 was substantially clustered in the “7–3” group, 
slightly clustered in the “20–20” group, and minimally to neg-
ligibly clustered in the “13–17” group (Figure 2d). At the primal 
stage of macrophage plating (before adhesion), cells recognize 
similar contact area for adhesion which presents similar GNP 
array densities as revealed by SEM and energy-dispersive spec-
troscopy (EDS) imaging and quantifications regardless of the 
groups as the ligand density among them (the “7–3”, “13–17”, 
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and “20–20” groups) are comparable (Figure S15a,b, Supporting 
Information).[58] However, due to the difference in the degree 
of clustered integrin to the ligand arrays that results from the 
tuning of ligand size and spacing, cell spreading in various 
groups differed and thus total number of ligand arrays recog-
nized per cell differed. Immunofluorescent staining images of 
integrin β1 in adherent macrophages corroborated the trend 
observed in the immunolabeling experiment (Figure 3a).

Immunofluorescent staining images also show a consistent 
trend in the differing levels of assemblies of F-actin, paxillin, 
and vinculin adhesion complexes in the macrophages: the 
highest was in the “7–3” group, moderate in the “20–20” group, 
and the lowest in the “13–17” group (Figure 3a and Figure S16a, 
Supporting Information). Computations of adhesion density, 
spread area, and elongated morphology in the groups fol-
lowed the same trend (Figure 3b and Figure S16b, Supporting 
Information). To confirm the effect of increasing the densities 

of ligand arrays for macrophage adhesion, we prepared “7–3”, 
“13–17”, and “20–20” groups in three different ligand array 
densities each (thereby controlling the total ligand densities) 
by modulating the reaction time of GNP arrays conjugation to 
the substrate. The uniform distribution of ligand arrays in all 
groups was evidenced by the SEM images (Figure S17a, Sup-
porting Information). In “7–3” group, the number of nano-
magnetites per µm2 increased as 1.23  ± 0.07, 2.43  ± 0.07, and 
3.56 ± 0.07 with the increase of reaction time, respectively. Sim-
ilarly, “13–17” presented 1.22 ± 0.06, 2.61 ± 0.04, and 3.74 ± 0.13  
nano-magnetites per µm2, and “20–20” groups resulted in 
1.22  ± 0.04, 2.34  ± 0.04, and 3.50  ± 0.06 nano-magnetites per 
µm2. Based on the number of nano-magnetites per µm2, groups 
were labeled as “Density 1x” (1.1–1.3 ligand arrays per µm2), 
“Density 2x” (2.3–2.6 ligand arrays per µm2), and “Density 
3x” (3.3–3.7 ligand arrays per µm2) for the “7–3”, “13–17”, and 
“20–20” groups (Figure S17a,b, Supporting Information). In 

Adv. Mater. 2022, 34, 2110340

Scheme 2.  A schematic representation of tuning the ligand size and spacing with constant ligand density to regulate integrin ligation and clustering. 
Descriptions of the effect of ligand size and spacing on integrin binding and clustering and the resultant polarization of macrophages by the “7–3”, 
“13–17”, and “20–20” ligand arrays. The “7–3” ligand arrays facilitate integrin binding and clustering, thereby stimulating macrophage adhesion forma-
tion. The “13–17” ligand arrays limit multiple integrin molecules from clustering across the neighboring liganded sites, thus suppressing macrophage 
adhesion formation. The “20–20” ligand arrays enable multiple integrin molecules to simultaneously bind to each large-sized liganded site, thereby 
slightly elevating the chance of integrin clustering. Dynamic stimulation of “20–20, + Anchor” ligand arrays stabilizes integrin clustering, which 
strengthens macrophage adhesion formation.
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Figure 2.  Increasing ligand spacing dominantly limits integrin binding and clustering independently of the ligand density. a) HAADF-STEM images of 
the ligand arrays on various liganded GNP sizes and spacing while keeping the ligand density constant. Scale bar: 50 nm. b) Corresponding computa-
tions of liganded GNP size, edge-to-edge ligand spacing, the number of liganded GNPs per nano-magnetite template, and the total area of liganded 
GNPs per nano-magnetite template. c) SEM images of various liganded arrays and corresponding computations of surface-conjugated nano-magnetite 
density and surface-conjugated ligand density. Scale bar: 500 nm. d) immunolabeling and SEM images of macrophage adhesion formation (red) after 
24 h of culturing highlighting integrin β1 binding that occurs on the ligand arrays via immunolabeling of integrin β1 with GNPs (green) and computed 
number of integrin β1-labeling GNPs per nano-magnetite template (gray). Scale bar: 200 nm. The groups with tuned ligand sizes and spacing indepen-
dently of the ligand density are “7–3”, “13–17”, and “20–20”. In the “A–B” notation, “A” indicates the liganded GNP size in nm and “B” indicates the 
liganded GNP edge-to-edge spacing in nm. Data are displayed as the mean ± standard error (n = 10). Asterisks are assigned to p values with statistical 
significances for multiple groups compared by one-way analysis of variance with Tukey–Kramer post-hoc tests (*: p < 0.05; ***: p < 0.001). ns indicates 
statistically nonsignificant differences.
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Figure 3.  Increasing ligand spacing dominantly without modulating the ligand density hinders integrin-clustering-dependent macrophage adhesion 
formation and pro-healing polarization but stimulates pro-inflammatory polarization. a) Immunofluorescent staining images of paxillin or integrin β1 
along with F-actin, nuclei, and an overlay of adhered macrophages after 24 h of culturing in basal medium on the “7–3”, “13–17”, or “20–20” group. 
In the “A–B” notation, “A” indicates the liganded GNP size in nm and “B” indicates the liganded GNP edge-to-edge spacing in nm. b) Corresponding 
computations of the number and elongation factor of adhered macrophages from the acquired images in a). c) Immunofluorescent staining images 
and d) western blotting imaging with corresponding computations of protein expression levels of M1 marker (iNOS) and M2 marker (Arg-1) after nor-
malization to that of GAPDH for adhered macrophages after 36 h of culturing in basal medium supplemented with M1 or M2 polarization stimulators, 
respectively. Scale bars: 20 µm. Data are presented as the mean ± standard error (n = 5). Asterisks are assigned to p values with statistical significances 
for multiple groups compared by one-way analysis of variance with Tukey–Kramer post-hoc tests (**: p < 0.01; ***: p < 0.001).
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proportion to the increase of ligand arrays on the substrate, sur-
face-conjugated ligand densities also increased approximately 
by two and three times each than the “Density 1x” group for 
the “Density 2x” and “Density 3x” groups, respectively. More-
over, the inter-distance between the ligand arrays decreased in 
an inversely proportionate manner (Figure S17b, Supporting 
Information). Immunofluorescent staining images of paxillin 
along with F-actin and nuclei of adhered macrophages after 
24 h of culturing in basal medium on “Density 2x” groups 
showed markedly higher adhesion in all groups than the cells 
cultured on “Density 1x” groups (Figure 3a,b, Figures S16b and 
S18a,b, Supporting Information). Notably, “Density 2x” was suf-
ficient to show saturated effect of macrophage adhesion in all 
groups, suggesting that any density higher to yield insignificant 
results. In negative control experiments, the adhesion forma-
tion of macrophages was evaluated after tuning the GNP size 
and spacing under two conditions: without RGD ligand conju-
gation and with scrambled ligand sequence conjugation. Both 
exhibited poor adhesion formation in macrophages without 
considerable differences between the groups, thus proving that 
integrin-specific RGD ligand sequences are indispensable for 
the ligand size- and spacing-regulated integrin binding and 
clustering in macrophage adhesion (Figures S19a,b and S20a,b, 
Supporting Information). When cultured in the presence of M2 
polarization stimulators, immunofluorescent staining images 
and western blotting analysis confirmed that the expression 
of Arg-1 was the highest in the “7–3” group, moderate in the 
“20–20” group, and the lowest in the “13–17” group whereas 
the expression of iNOS showed the opposite trend (Figure 3c,d 
and Figure S21a,b, Supporting Information). These findings 
collectively prove that with invariant ligand density, the “7–3” 
group significantly facilitated integrin binding and clustering 
along with macrophage-adhesion-aided M2 polarization and 
restrains M1 polarization. The “13–17” group attained the oppo-
site results, i.e., integrin binding, clustering, and macrophage-
adhesion-assisted M2 polarization were inhibited while M1 
polarization was strengthened. The trend for the “20–20” group 
was between the “7–3” and “13–17” groups.

Since 3  nm edge-to-edge spacing of liganded GNPs in the 
“7–3” group lies within the submolecular dimension of FN 
and integrin, it is most probable that the binding of integrin 
(10 nm in size) is facilitated across the adjacent liganded GNPs 
spaced at 3  nm. This could be due to macrophages forming 
saturated integrin clusters, which facilitate adhesion formation-
assisted anti-inflammatory/pro-healing M2 polarization. The 
level of this effect is similar to that shown by the “gold shell” 
ligands that exhibit a significantly higher (by 275%) mate-
rial surface-conjugated ligand density compared to the “7–3” 
group (Figure  1a-c). In contrast to a recent study in which 
many integrins bridged highly dense 1D ligands spaced below 
110 nm,[47] we provide novel findings by utilizing submolecular 
spacing in the ligation of integrin while using a comparable 
range of liganded GNP density used in most of the recent 
studies. The ligand dimension and distribution in the “7–18” 
and the “13–17” groups fall slightly outside of the FN dimen-
sion (≈16 nm). Moreover, our results show that the binding of 
integrin molecules to the ligand sites with spacing larger than 
16 nm is highly inhibited, such that the macrophages perceive 
these ligands far apart. Consequently, the integrin clustering 

and adhesion formation are limited to result in inflamma-
tory M1 polarization. Even though the liganded GNP size is 
significantly higher in the “13–17” group than in the “7–18” 
group (albeit with similar spacing), these two groups showed 
similar degrees of macrophage adhesion. These findings sub-
stantiate that ligand spacing is the predominant factor over 
ligand size. Interestingly, when the liganded GNP size was 
increased to 20 nm (the “20–20” group), integrin clustering and 
adhesion formation-mediated anti-inflammatory M2 polariza-
tion of macrophages were slightly facilitated with statistically 
significant differences compared to the “13–17” group despite 
the slightly higher spacing. This suggests that 20  nm is the 
threshold ligand size for promoting cell adhesion, which could 
be attributed to multiple integrin molecules binding to each 
20  nm-sized ligands, thereby augmenting integrin clustering. 
This is in accordance with a recent report showing that thick 
liganded 1D lines slightly promoted cell adhesion slightly better 
than thin liganded 1D lines.[47] Taken together, we deduce that 
ligand size, albeit less important than ligand spacing, also plays 
a role in determining integrin binding and clustering.

2.5. Dynamic Stimulation of Ligand Anchoring Strengthens 
Macrophage Adhesion despite Large Spacing of the Ligands

Since the FN-bearing 3D ECM continuously remodels itself to 
dynamically present ligands, we hypothesized that emulating 
these 3D dynamics could change the adhesion of macrophages 
to the ligand arrays via the axial displacement of the latter using 
the pliable linker.[59] Hence, we used the “20–20” group that 
exhibited slight macrophage adhesion to examine the effect 
of dynamically anchoring the ligand on macrophage adhesion 
by placing a permanent magnet at the bottom of the material 
(Scheme  2, Figure S22a, Supporting Information). We carried 
out atomic force microscopy (AFM) imaging of an identical area 
of a ligand array under magnetic attraction downward to induce 
ligand anchoring (“+ Anchor”) by squeezing the pliable linker 
or loosening it in by not applying the magnet (“− Anchor”). The 
AFM images exhibit that the dark contrast areas of the mag-
netite presenting ligand arrays in the “+ Anchor” group were 
significantly lower in height and range in the gradient bar 
(211.3  ± 4.2  nm) than the “− Anchor” group (220.7  ± 3.2  nm) 
while its lateral size remained invariant (Figure S22a, Sup-
porting Information).

Immunofluorescent staining images showed widespread 
assemblies of integrin β1, F-actin, and paxillin adhesion com-
plexes with significantly higher adherent cell numbers, spread 
area, and elongated morphology in the “+ Anchor” group 
compared with the “− Anchor” group (Figure S22b,c, Sup-
porting Information). Concomitantly, significantly higher 
Arg-1 expression was observed in the “+ Anchor” group com-
pared with that in the “− Anchor” group in the presence of M2 
stimulators as proved by the immunofluorescent staining and 
western blotting images (Figures S22b–e and S23, Supporting 
Information). In contrast, significantly higher iNOS expres-
sion was observed in the “− Anchor” group compared with 
that in the “+ Anchor” group in the presence of M1 stimula-
tors. This dynamic anchoring-regulated macrophage polariza-
tion required corresponding polarization-specific stimulators 
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(Figure S24a,b, Supporting Information). Our findings prove 
that dynamic stimulation of ligand anchoring facilitates inte-
grin clustering across the ligands far apart, which mediates 
macrophage-adhesion-aided M2 polarization. The pliable 
linker[60,61] was anchored to or loosened from the material sur-
face via axial shifting to produce a height difference of 9.4 nm 
(Figure S22a, Supporting Information). The anchoring “sta-
bilized” the binding of multiple integrin molecules to each 
20  nm-sized ligand, which stimulated integrin clustering, 
thereby facilitating adhesion formation and M2 polarization 
levels. Our approach can mimic the 3D dynamics of heteroge-
neously organized ligands in native FN by manipulating the 
lateral and axial ligand distributions on the intramolecular and 
intermolecular scale to modulate integrin binding, stabiliza-
tion, and clustering. Furthermore, modulating the in situ GNP 
growth to tune the ligand size and spacing on the intramolec-
ular and intermolecular scale and synthesizing nano-magnetite 
templates of various sizes and shapes can offer limitless com-
binations of 3D dynamic ligand arrays to systematically inves-
tigate complex nanogeometry-dependent integrin binding and 
clustering.

The signaling pathway involving ROCK, actin polymeri-
zation, and myosin II has been reported to regulate the host 
responses such as pro-healing versus pro-inflammatory polari-
zation of macrophages.[34,35] We next investigated how macro
phage adhesion formation regulates the polarization of macro
phages under the influence of the various ligand arrays by 
using pharmacological inhibitors specific for ROCK (Y27632), 
actin polymerization (cytochalasin D), and myosin II (blebbi-
statin). Immunofluorescent staining images show that ROCK2 
expression was considerably higher with the “7–3” group and 
anchoring of the “20–20, + Anchor” group than in the “13–17” 
and “20–20” groups (Figure S25, Supporting Information). 
In the presence of M1 stimulators, robust macrophage adhe-
sion was observed with a substantially larger adherent cell  
area and elongated morphology in the “7–3” and “20–20,  
+ Anchor” groups compared with the “13–17” and “20–20” groups  
(Figure S26a,b, Supporting Information). Furthermore, iNOS 
expression was minimal in the “7–3” and “20–20, + Anchor” 
groups but highly elevated in the presence of its inhibitors 
(Figure S26a,b, Supporting Information). Conversely, in the 
presence of M2 stimulators, Arg-1 expression was substan-
tially higher in the “7–3” and “20–20, + Anchor” groups but 
diminished in the presence of its inhibitor (Figure S27a,b, Sup-
porting Information). These results collectively reveal that both 
the “7–3” and “20–20, + Anchor” groups intensify macrophage 
adhesion involving molecular complexes of rho kinase, actin 
filaments, and myosin II, which augments M2 while hindering 
M1 polarization.

2.6. Ligand-Spacing- and Anchoring-Based Regulation of Host 
Macrophages In Vivo

We next pondered whether modulating the ligand size and 
spacing as well as anchoring at the intramolecular and inter-
molecular scales could also regulate integrin binding and 
clustering of recruited host macrophages in a dynamic in 
vivo microenvironment. We examined the early responses of 

host macrophages after implantation as either inflammatory 
or tissue-healing.[32,33] We subcutaneously implanted mate-
rials that are decorated with various ligand arrays (the ligand-
density-independent “7–3”, “13–17”, and “20–20” groups) into 
mice and injected anti-inflammatory M2 stimulators onto the 
material surface to counteract the early inflammation-dominant 
response (Figure 4a). We also invoked the “20–20, + Anchor” 
group by attaching a permanent magnet to the abdomen side 
of the mice with the “20–20” group implant. We first examined 
the stability of the ligand arrays (i.e., nano-magnetite presenting 
liganded GNP arrays) in vivo. SEM imaging and subsequent 
computations confirmed that the ligand arrays remained intact 
without any sign of degradation and maintained similar den-
sities at both pre-implantation and 24 h post-implantation 
(Figure S28a,b, Supporting Information). Both nano-magnetite 
and the application of a high-intensity magnetic field have been 
reported to be nontoxic to patients,[62,63] which suggests the 
safe in vivo applicability of our ligand nanoarray and anchoring 
strategy.

We co-stained inflammatory M1 marker (iNOS) and pro-
healing/anti-inflammatory M2 marker (Arg-1) along with F-actin 
and nuclei to identify the host macrophages. Pervasive assem-
blies of F-actin complexes in higher adherent host cell num-
bers, spread area, and high-aspect-ratio shape were observed 
in the “7–3” and “20–20, + Anchor” groups; they also exhib-
ited a significantly higher expression level of Arg-1 and a lower 
expression level of iNOS than those in the “13–17” and “20–20” 
groups (Figure 4b,c, Figure S29, Supporting Information). Flow 
cytometry histograms concordantly confirmed that inflamma-
tory marker (CD68) was substantially more highly expressed 
in the “13–17” and “20–20” groups whereas anti-inflammatory 
marker (CD163) was considerably more highly expressed in the 
“7–3” and “20–20, + Anchor” groups (Figure  4b,c, Figure S29, 
Supporting Information). We also found that host cells posi-
tive for NIMP-R14 (which indicates that they are host neutro-
phils) were also recruited to the ligand nanoarrays by the early 
host response (Figure S30a,b, Supporting Information). These 
results collectively substantiate that the submolecular spacing 
of the ligands efficiently stimulates macrophage adhesion for-
mation, which augments M2 while restraining M1 polariza-
tion of host macrophages. Strikingly, while the adhesion for-
mation of host macrophages was not extensively observed in 
the “20–20” group, dynamically induced ligand anchoring in 
the “20–20, + Anchor” group elevated the level of host macro
phage adhesion comparable to that of the “7–3” group. This 
suggests that the integrin clustering of recruited host cells is 
stabilized on the anchored ligand arrays in response.

3. Conclusion

We have harnessed in situ growth of gold nanoparticle (GNP) 
seed arrays on nano-magnetite templates to independently 
tune the liganded GNP size and spacing from 3 to 20  nm 
on both the intramolecular and intermolecular scales. The 
3  nm-spaced ligands facilitated the binding of integrin across 
neighboring ligands and thus saturated clustering, which medi-
ated macrophage-adhesion-assisted pro-regenerative polari-
zation. Increasing the ligand spacing induced macrophages 
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Figure 4.  Both submolecular spacing and dynamic anchoring of ligands augment macrophage adhesion formation assisted anti-inflammatory polari-
zation in vivo. a) A schematic representation of regulating host macrophages on the material decorated with various ligand arrays implanted into 
subcutaneous pockets of mice followed by injecting M2 polarization stimulators. b) In vivo immunofluorescent staining images of inflammatory M1 
marker (iNOS) co-staining with F-actin and nuclei and flow cytometry histograms of inflammatory CD68 of adhered host cells at 24 h after implanta-
tion. Corresponding computations of adherent cell numbers and iNOS protein fluorescence intensities are included. c) In vivo immunofluorescent 
staining images of anti-inflammatory M2 marker (Arg-1) co-staining with F-actin and nuclei and flow cytometry histograms of anti-inflammatory CD163 
and quantification of CD163 fluorescence intensities of adhered host cells at 24 h after implantation. The compared groups include “7–3”, “13–17”, 
“20–20”, and “20–20, + Anchor” (with a permanent magnet attached to the abdomen side of mice to induce ligand anchoring) groups. In the “A–B” 
notation, “A” indicates the liganded GNP size in nm and “B” indicates the liganded GNP edge-to-edge spacing in nm. The scale bars denote 20 µm. 
Data are presented as the mean ± standard error (n = 6). Asterisks are assigned to p values with statistical significances for multiple groups compared 
by one-way analysis of variance with Tukey–Kramer post-hoc tests (**: p < 0.01; ***: p < 0.001).
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to recognize ligands far apart, thereby restraining integrin 
binding and clustering and thus macrophage adhesion, which 
yielded inflammatory polarization. Increasing the ligand size 
became effective at 20  nm as the threshold for promoting 
integrin-clustering-assisted macrophage adhesion formation. 
Finally, dynamic ligand anchoring induced stabilized integrin 
clustering of macrophages and thus triggered macrophage-
adhesion-aided pro-healing polarization. Versatile tuning of the 
seed-mediated GNP growth, in situ GNP growth, and nano-
magnetite templates in diverse sizes and shapes can offer 3D 
dynamic ligand arrays for immunoengineering.
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