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Immunoregulation of Macrophages by Controlling Winding 
and Unwinding of Nanohelical Ligands
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Sangwoo Park, Seong Yeol Kim, Kapil D. Patel, Na Li, Jeong Eun Shin, Bum Chul Park, 
Hyeon Su Park, Jun Hwan Moon, Yu Jin Kim, Uday Kumar Sukumar, Jae-Jun Song, 
Soo Young Kim, Seung-Ho Yu, Yun Chan Kang, Steve Park, Seung Min Han, 
Dong-Hwee Kim, Ki-Bum Lee, Qiang Wei, Liming Bian, Ramasamy Paulmurugan, 
Young Keun Kim,* and Heemin Kang*

Developing materials with the capability of changing their innate 
features can help to unravel direct interactions between cells and ligand-
displaying features. This study demonstrates the grafting of magnetic 
nanohelices displaying cell-adhesive Arg-Gly-Asp (RGD) ligand partly to a 
material surface. These enable nanoscale control of rapid winding (“W”) 
and unwinding (“UW”) of their nongrafted portion, such as directional 
changes in nanohelix unwinding (lower, middle, and upper directions) by 
changing the position of a permanent magnet while keeping the ligand-
conjugated nanohelix surface area constant. The unwinding (“UW”) setting 
cytocompatibility facilitates direct integrin recruitment onto the ligand-
conjugated nanohelix to mediate the development of paxillin adhesion 
assemblies of macrophages that stimulate M2 polarization using glass and 
silicon substrates for in vitro and in vivo settings, respectively, at a single 
cell level. Real time and in vivo imaging are demonstrated that nanohelices 
exhibit reversible unwinding, winding, and unwinding settings, which 
modulate time-resolved adhesion and polarization of macrophages. It is 
envisaged that this remote, reversible, and cytocompatible control can 
help to elucidate molecular-level cell–material interactions that modulate 
regenerative/anti-inflammatory immune responses to implants.

DOI: 10.1002/adfm.202103409

1. Introduction
Designing materials that enable recur-
rent control of nanoscale ligand motion 
can fundamentally unravel dynamic 
and molecular-level cell interactions[1] 
with native ECM that exhibits nanoscale 
and recurrent winding and unwinding 
of ligands.[2] It has been reported that 
recurrent elongation of cell-adhesive 
ECM proteins (e.g., collagen) facilitates 
the recruitment of integrin receptors to 
the Arg-Gly-Asp (RGD) ligand to mediate 
adhesion assembly and cytoskeletal actin 
organization.[2a] It has also been shown 
that recurrent elongation of materials 
stimulates the activation of adherent 
immune cells, such as macrophages 
toward regenerative/anti-inflammatory 
M2 polarization[3] over inflammatory M1 
polarization.[4] Similarly, an elongation of 
skin tissue has been shown to promote 
the recruitment of macrophages and 
their M2 polarization to induce tissue 
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regeneration.[5] It has been reported that such M2 polarization 
of macrophages is induced by the robust adhesion assembly 
and cytoskeletal actin organization with elongated cell mor-
phology involving rho-associated protein kinase (ROCK) acti-
vation.[4,6] In contrast, low levels of integrin recruitment and 
adhesion assembly in macrophages generally results in inflam-
matory M1 polarization. These suggest that the rational design 
of ECM-mimicking materials[7] with the capability of revers-
ible unwinding of nanoscale features can help to modulate 
and understand direct interactions between cells and ligand-
displaying nanoscale features that activate their desired polari-
zation, thereby eliciting preferable immune responses[7c,8] of 
materials.[8c,9]

Remotely manipulable materials have been widely developed 
to modulate dynamic cell adhesion by inducing changes in their 
chemical structures via light.[10] However, in vivo application of 
the light has been hampered due to severe light absorption of 
tissues that prevents the signal from reaching a desired site. 
Our other studies have demonstrated that the motion of mag-
netic nanoparticles is readily controlled by highly tissue-pene-
trative magnetic fields to enable the sequencing,[11] sliding,[12] 
uncaging,[13] and oscillation[14] of the ligand, all of which can 
dynamically modulate cell adhesion.[15] This study shows the 

control of changing the innate structure of nanomaterials[16] to 
modulate integrin recruitment-mediated adhesion and func-
tional polarization of macrophages.

In this study, we show the electrodeposition chemistry-based 
development of magnetic helical ligand-conjugated nanostruc-
tures on material surface that can exhibit changes in their 
physical structures via recurrent nanoscale winding (“W”) 
and unwinding (“UW”) settings to manipulate macrophages 
(Scheme 1). The design of the unique helical ligand-conjugated 
nanostructures enabled the manipulation of changes in their 
innate nanostructures, such as ligand nanospacing between 
adjacent wires of nanohelix in the nanohelix. We maintained 
constant wire diameter and outer helix diameter of the ligand-
conjugated nanohelix in the presence and absence of magnetic 
field, thereby ensuring constant ligand-conjugated surface area 
on each nanohelix that keeps ligand density constant. The 
nanoscale organization[17] of RGD ligand has been designed 
in various ways to understand cell–material interactions by 
modulating the distribution of ligand-conjugated spherical 
nanomaterials[18] or micropatterns[19] with no changes in their 
innate structures, such as nanospacing and density[20] with 
dynamic changes,[1] local and global density,[21] cluster size and 
density,[22] and ordering and disordering.[23] Our present study 
exploits changes in innate ligand-conjugated nanostructures 
to modulate macrophage adhesion and polarization. The pre-
vious reports for the motion control of spherically shaped mag-
netic nanoparticles in suspension[24] or on planar surfaces[12–14] 
accompanied no structural changes.

Specifically, we demonstrate magnetic manipulation of 
in situ motion of ligand-conjugated nanohelices (where 
some part of the nanohelix is grafted to material surface 
via covalent bonds to enable winding (“W”) and unwinding 
(“UW”) of the nongrafted part of the nanohelix), which 
decreases and increases ligand nanospacing between adjacent 
wires of nanohelix, respectively, while keeping the ligand-
conjugated nanohelix surface area constant with approxi-
mately 7.4 × 105 ligands per nanohelix (Scheme 1). We found 
that the unwinding (“UW”) setting facilitated direct integrin 
recruitment (approximately 18.3 integrins per nanohelix) onto 
the ligand-conjugated nanohelix to mediate paxillin adhe-
sion assembly (approximately 17.7 paxillins per nanohelix) 
in viable macrophages that stimulates M2 polarization. In 
contrast, the winding (“W”) inhibited integrin recruitment 
(approximately 10.7 integrins per nanohelix) to suppress adhe-
sion assembly (approximately 11.3 paxillins per nanohelix) in 
macrophages that facilitate M1 polarization. These findings 
shed fundamental insight into designing materials with con-
nected ligand-conjugated nanostructures that demonstrate 
rather increasing ligand nanospacing in the unwinding state 
to facilitate macrophage adhesion. We showed that the ligand-
conjugated nanohelices (grafted to material surface) exhibit 
rapid and reversible unwinding, winding, and unwinding 
settings in real-time and in vivo (that are stable and 
reproductive), which can modulate reversible adhesion and 
polarization of host macrophages.[9d,25] We envisage that this 
control of ligand nanomotion can help to unravel direct cell–
material interactions in the integrin recruitment and adhesion 
assembly at the molecular level to modulate regenerative/anti-
inflammatory immune responses to materials.
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2. Results and Discussion

2.1. Electrodeposition-Chemistry Tuning of the  
Magnetic Nanohelices

Magnetic CoFe nanohelices were prepared to enable mag-
netic manipulation of in situ winding and unwinding settings 
of ligand-conjugated nanohelices on material surface while 
maintaining constant surface area of the ligand-conjugated 
nanohelix. We utilized nanoporous template to enable elec-
trodeposition-mediated synthesis of magnetic nanohelices by 
including both vanadium oxide ions and ascorbic acid in metal 
ion precursor mixture. CoFe nanohelix shape was character-
ized by using high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) (Figure S1a,  
Supporting Information). The uniform distribution of both 
the Co and Fe elements (Average composition: Co50Fe50 
at%) in the nanohelix was confirmed by energy-dispersive 
spectra mapping and crystalline structure in an atomic level 
(Figure S1a,b, Supporting Information). The tunability of diam-
eter, element, and length of the nanohelix was demonstrated 

by scanning electron microscopy (SEM) (Figure  S1c–e,  
Supporting Information). The Co and Fe elements in the 
nanohelix was both detected by energy-dispersive spectra 
and electron energy loss spectroscopy (Figures S2 and S3,  
Supporting Information).

The reversible magnetic properties of nanohelices were 
confirmed via vibrating sample magnetometry, thus enabling 
reversible “W” (winding) and “UW” (unwinding) settings 
(Figure S4, Supporting Information). The crystalline CoFe 
phase was confirmed via X-ray diffraction showing (110) diffrac-
tion peak at 44.84° (Figure S5, Supporting Information). The 
crystalline body-centered-cubic structure of CoFe nanohelices 
was characterized by high-resolution TEM, in which the average 
(110) lattice spacing was determined to be approximately 2.02 Å 
(Figure S6, Supporting Information). Overall dimensions of 
the nanohelix such as wire diameter of the ligand-conjugated 
nanohelix (below 100  nm scale) were designed to be roughly 
comparable to the molecular size of integrin (approximately 
10 nm) to investigate direct interactions between cellular inte-
grin and ligand available on the nanohelix surface (Figure S1f, 
Supporting Information).[26]

Scheme 1. Schematic summary of this study. Magnetic manipulation of in situ winding (“W”) and unwinding (“UW”) of helical ligand-conjugated 
nanostructures on material surface without varying ligand-conjugated surface area of each nanohelix (approximately 7.4 × 105 ligands per nanohelix). 
Magnetic manipulation of unwinding (“UW”) setting promotes integrin recruitment (approximately 18.3 integrins per nanohelix) to mediate adhesion 
assembly (approximately 17.7 paxillins per nanohelix) in macrophages that stimulates M2 polarization. Conversely, winding (“W”) inhibits integrin 
recruitment (approximately 10.7 integrins per nanohelix) to suppress adhesion assembly (approximately 11.3 paxillins per nanohelix) in macrophages 
that facilitates M1 polarization.
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2.2. Magnetic Manipulation of In Situ Winding and Unwinding 
of Ligand-Conjugated Nanohelices

The magnetic CoFe nanohelix was coated with aminocaproic 
acid and the part (i.e., fixed one side) of the nanohelices was 
attached to the aminated substrate via covalent bonds (EDC/
NHS reaction) between carboxylate group of the aminocap-
roic acid and the aminated substrate to enable winding and 
unwinding of the nongrafted part (i.e., nonfixed other side 
due to nonflat geometry of the nanohelices) of nanohelices by 
manipulating an external magnetic field (Figure S7, Supporting 
Information). We further used maleimide-poly(ethylene glycol)-
NH2 (Mal-PEG-NH2 linker) (PEG linker) to conjugate thiolated 
RGD ligand to the aminocaproic acid-coated nanohelices via 
thiol–ene reaction that have been grafted to the substrate. Fou-
rier transform infrared spectra exhibited carboxylate groups 
after the conjugation of aminocaproic acid to the CoFe nanohel-
ices through the grafting of the amine group in aminocaproic 
acid to the native oxide layer of CoFe nanohelices (Figure S8, 
Supporting Information).

Uniform distribution of the material surface-grafted nano-
helices in large area was confirmed by low-magnification SEM 
image and their density was determined as approximately 
62,802 ±  2385 nanohelices mm-2 (Figure 1a). We chose to use 
this density of the ligand-conjugated nanohelices in this report 
since it efficiently modulated integrin recruitment and paxillin 
adhesion assembly as well as polarization of macrophages by the 
ligand winding and unwinding settings. Thiolated RGD ligand 
was specifically grafted to the maleimide group on the mate-
rial surface-grafted CoFe nanohelices via the thiol–ene reaction, 
which did not react with the aminated material surface. We 
performed Ellman’s assay to determine the amount of conju-
gated thiolated RGD peptide on the nanohelix-grafted material 
and then divided it by the number of nanohelices grafted to the 
material to calculate the number of the RGD ligands available 
on each nanohelix surface: (7.4 ± 0.4) x 105 ligands per nanohelix 
(Scheme 1). To examine direct ligand–macrophage interactions, 
the non-nanohelix-grafted material surface without ligand avail-
ability was passivated by conjugating methoxy-PEG-NHS ester 
to the aminated material surface.

We next measured physical (mechanical) parameter of the 
nanohelix under external load/stress via direct tensile testing 
method using in situ SEM nanoindenter. We demonstrated that 
the nanohelix unwinding did not yield fracture up to approxi-
mately 50  nm unwinding and a strain of approximately 0.018 
(Figure S9a,b, Supporting Information). We believe that rapid 
and reversible unwinding and winding settings of the ligand-
conjugated nanohelices are crucial for the effective control of 
integrin recruitment-mediated adhesion assembly in mac-
rophages. Therefore, we carried out in situ confocal micros-
copy imaging for real-time monitoring of reversible winding 
and unwinding settings of the nanohelix. We showed that the 
ligand-conjugated nanohelices (grafted to material surface) 
exhibit rapid and reversible unwinding (“UW”) setting within 
30 s, winding (“W”) setting within 30 s, and then recovery 
to the unwinding setting (middle magnet “UW”) within 30 s 
in the time-lapse images and real-time movie (Figure  1b and 
Movie  S1, Supporting Information). The direction of rapid 
unwinding (lower, middle, and upper magnet “UW”) setting 

within 30 s was further controlled by changing the position of 
the magnet, which was perpendicular to the nanohelix direc-
tion, thereby enabling the bending of the nonfixed side of the 
nanohelix. Since nanohelices exhibit winding and unwinding 
settings but remained in the same position, there was no posi-
tional control but directionality control over the helices. For 
all of the following experiments in this study, we placed the 
magnet in the middle position (hereafter referred to as “UW”).

We noticed that the left portion of the nanohelix was fixed 
while the right portion of the nanohelix exhibits rapid and 
reversible winding (“W”) and unwinding (“UW”) settings. 
These findings may suggest that some portion of the nanohelix 
is grafted to material surface via covalent bonds (in this case, 
the left portion of the nanohelix, because the nanohelix is not 
completely flat) to enable the winding and unwinding of non-
grafted portion of nanohelix (in this case, the right portion of 
the helix) on material surface, which were not strong enough to 
break the covalent bonding of the nanohelix since it remained 
intact.

Next, we quantified the changes in ligand-conjugated nano-
helix dimensions during in situ winding (“W”) and unwinding 
(“UW”) while keeping ligand-conjugated nanohelix surface area 
constant via in situ atomic force microscopy (AFM) imaging. 
The results confirmed the in situ unwinding of the ligand-
conjugated nanohelix, which was elongated toward a perma-
nent magnet, placed near the edge of the material (Figure 1a). 
The in situ reversible winding of the ligand-conjugated nano-
helices to the original nanostructure was confirmed after with-
drawing the magnet from the material. Such in situ changes in 
various nanoscale dimensions (the length, outer helix diameter, 
and wire diameter of ligand-conjugated nanohelix) was quanti-
fied through linear height profiles along the axis of nanohelix 
(Figure 1a and Figure S10, Supporting Information). The length 
of ligand-conjugated nanohelix (proportional to ligand nano-
spacing between adjacent wires of nanohelix) increased from 
1060 ± 9  nm when switched winding (“W”) to 1243 ± 25  nm 
when switched unwinding (“UW”), which reverted to 1052 ± 
9 nm when switched winding (“W”) again. In stark contrast, the 
outer helix diameter and wire diameter of nanohelix remained 
similar without significant differences in the ranges from 174 to 
181 nm and from 83 to 86 nm, respectively, during the change 
between the “W,” “UW,” and “W” settings again. This finding 
proves that the ligand-conjugated surface area of each nano-
helix and thus the ligand density both remained constant in the 
winding and unwinding settings. The results of control experi-
ments of scanning the identical area with continuous magnet 
applications confirm that the length of ligand-conjugated was 
not significantly affected by serial AFM scanning (Figure S11, 
Supporting Information).

2.3. Integrin Recruitment-Mediated Paxillin Adhesion Assembly 
in Macrophages on the Ligand-Conjugated Nanohelix under the 
Unwinding Setting

To unravel direct nanoscale interactions between macrophage 
and ligand-conjugated nanohelix in a single cell level, we uti-
lized gold nanoparticle (GNP) immunolabeling methods. We 
prepared 10 nm sized uniform GNPs to be similar to the size 
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Figure 1. Magnetic control of unwinding of ligand-conjugated helices in real-time modulates integrin recruitment to mediate direct cell-nanohelix interac-
tions. a) In situ atomic force microscopy (AFM) of magnetically controlled winding (“W”) and unwinding (“UW”) settings as well as large-scale scanning 
electron microscopy (SEM) of material surface-grafted ligand-conjugated nanohelix with corresponding quantification of linear height changes from the 
AFM images. Scale bars indicate 1 µm for SEM, and 500 nm for AFM. b) Time-lapse images of in situ confocal microscopy in real-time for rapid and revers-
ible “W” and “UW” of nanohelix by placing a magnet at different locations (lower, middle, and upper portions) for directional control of the unwinding 
(“UW”) setting or removing the magnet for recovery to the winding (“W”) setting each within 30 s. Scale bar represents 3 µm. High-magnification SEM 
image of gold nanoparticle (GNP) immunolabeling of c) integrin β1 or d) paxillin on the nanohelix-grafted material surface and corresponding quantifica-
tion of the number of GNP immunolabeling for each integrin β1 or paxillin per nanohelix under “W” and “UW” settings. Macrophages were pseudocolored 
in red and GNP immunolabeling was pseudocolored in yellow. Scale bar indicates 300 nm. Data are shown as the mean ± standard error (n = 3). Asterisks 
were assigned to p values with statistical significances for two groups compared by two-tailed Student’s t-tests or multiple groups compared by one-way 
analysis of variance with Tukey-Kramer post-hoc tests (**p < 0.01; ***p < 0.001). All of the experiments reported in (a–d) were reproduced four times.

Adv. Funct. Mater. 2021, 2103409
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of integrin such that each GNP approximately represents each 
recruited integrin (Figure S12, Supporting Information). We 
added fresh macrophages in suspension to the ligand-conju-
gated nanohelices grafted to material surface at 0 h of the cul-
ture. We then positioned a permanent magnet (270  mT) near 
the edge of the material (“UW”) or did not place it (“W”) to 
induce unwinding and winding of the nanohelices, respectively, 
from 0 to 24 h of the culture without adding more fresh cells. 
We analyzed the integrin recruitment and adhesion assembly 
in adherent macrophages at 24 h after the culture via SEM 
imaging of GNP immunolabeling. SEM imaging in low and 
high magnifications confirmed that integrin β1 (immunola-
beled with GNPs) of macrophages was readily recruited to 
the center of the ligand-conjugated nanohelix surface in the 
unwinding (“UW”) setting, thereby proving facilitated direct 
cell–nanohelix interactions in a single cell level (Figure 1c and 
Figure S13a,b, Supporting Information). Although the nano-
helix exhibits 3-D structure to present ligands to the cell, only 
the ligands oriented toward the cell were able to engage inte-
grin receptors. In stark contrast, integrin β1 of macrophages 
was poorly recruited to the edge of the ligand-conjugated nano-
helix surface in the winding (“W”) setting. We further quanti-
fied the number of immunolabeled GNPs on each nanohelix to 
be approximately 10.7 ± 0.9 and 18.3 ± 0.9 GNPs per nanohelix 
in the winding (“W”) and unwinding (“UW”) settings, respec-
tively (Figure  1c). These findings collectively prove that cell–
nanohelix interactions via ligands engaging integrin receptors 
were facilitated and suppressed in the “UW” and “W” settings, 
respectively. These results also suggest that ligand-conjugated 
nanohelix [(7.4  ± 0.4) x 105 per each nanohelix] exhibits 3-D 
nanostructure where only small portions of ligands oriented 
toward cell engage integrin receptors, which were manipulated 
by the unwinding and winding settings.

At the sites of integrin binding and clustering, adhesive 
structures are assembled to modulate cellular signaling and 
function. Therefore, we also investigated the assembly of adhe-
sion (paxillin) clusters occurring on the ligand-displaying nano-
helix surface, which was more pronounced in the unwinding 
(“UW”) setting than in the winding (“W”) setting (Figure  1d 
and Figure S14a,b, Supporting Information). We further quan-
tified the number of GNPs on each nanohelix (where each 
GNP labels approximately each paxillin assembled on the RGD 
ligand-displaying nanohelix) to be 11.3 ± 0.9 and 17.7 ± 0.9 GNPs 
per nanohelix in the “W” and “UW” settings, respectively, 
which positively and similarly corresponded to the number of 
recruited integrin receptors to the ligands (Figure  1d). These 
findings unraveling direction cell–nanohelix interactions in a 
single cell level confirm that ligands engaging integrin recep-
tors to mediate adhesion assembly were stimulated and hin-
dered in the unwinding “UW” and winding “W” settings, 
respectively.

2.4. Macrophage Adhesion Modulated by the Change between 
the Winding and Unwinding Settings

Recent studies showed that recurrent unwinding of materials or 
tissues stimulates the adhesion and M2 polarization of macro        -
phages to induce tissue regeneration.[4,9d,27] Similarly, we explored 

whether the stimulated integrin recruitment-mediated adhe-
sion assembly in macrophages on the ligand-grafted nanohelix 
in the unwinding (“UW”) setting can facilitate recurrent mac-
rophage adhesion. For this experiment, we added macrophages 
in suspension to the ligand-conjugated nanohelices grafted 
to material surface at 0 h of the culture. We then positioned 
a permanent magnet (270 mT) near the edge of the material 
(“UW”) or did not place it (“W”) to induce unwinding and 
winding of ligand-conjugated nanohelices, respectively, from  
0 to 24 h of the culture without adding more cells. We exam-
ined macrophage adhesion at 24 h after the culture without 
changing medium via confocal immunfluorescent staining.

Confocal immunofluorescence images at 24 h after culture 
showed that the “UW” (unwinding) setting indeed promoted the 
adhesion of macrophages with significantly higher adherent cell 
density compared to the “W” (winding) setting (Figure S15a,b, 
Supporting Information). Furthermore, macrophages demon-
strating higher number of adhesion exhibited higher vinculin 
assembly and F-actin organization in more spread area and 
more pronounced elongation. This is consistent with signifi-
cantly higher number of paxillin-immunolabeled GNPs on each 
nanohelix in the “UW” setting compared with the “W” setting 
(Figure S14a,b, Supporting Information). This indicates that the 
unwinding of nanoscale helical structures to stimulate mac-
rophage adhesion is effective in a similar way to the elongation-
mediated macrophage adhesion shown in previous reports.[4,28] 
We validated that our unwinding (“UW”) and winding (“W”) 
of ligand-conjugated CoFe nanohelices are cytocompatible for 
adherent macrophages at 24 h after culture with cell viability 
of approximately 95% (Figure S16a,b, Supporting Information). 
We also confirmed that the ligand-conjugated nanohelices 
grafted to material surface via covalent bonds are intact (repro-
ductive and stable) by SEM imaging without showing differ-
ences in the densities of the ligand-conjugated nanohelices 
after being subjected to our change between the “UW” and 
“W” settings for 24 h in culture to modulate macrophage adhe-
sion (Figure S17a,b, Supporting Information). Control experi-
ments revealed that the “UW” and “W” settings in the absence 
of nanohelices or RGD ligand grafting to the nanohelices did 
not readily support the adhesion of macrophages with no sig-
nificant differences after being subjected to our “UW” and “W” 
settings for 24 h in culture (Figure S18a,b, Supporting Informa-
tion). This suggests that our winding and unwinding settings 
require the RGD ligand-conjugated nanohelices to exhibit its 
effectiveness in regulating macrophage adhesion.

Since we demonstrated rapid and change between the 
winding and unwinding settings of the ligand-conjugated nano-
helices, we next investigated whether such control can modu-
late recurrent macrophage adhesion. To this end, we added 
macrophages in suspension to the ligand-conjugated nano-
helices grafted to material surface at 0 h of the culture. We 
constantly placed a magnet near the material (“UW-UW-UW”) 
from 0 to 36 h of the culture. We did not constantly place it 
(“W-W-W”) from 0 to 36 h of the culture. We also did not place 
the magnet from 0 to 12 h of the culture, placed it from 12 to 
24 h of the culture, and then did not place it from 24 to 36 h 
of the culture (“W-UW-W”). Conversely, we placed the magnet 
near the material from 0 to 12 h of the culture, did not place it 
from 12 to 24 h of the culture, and then placed it again from 
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24 to 36 h of the culture (“UW-W-UW”). We evaluated recur-
rent macrophage adhesion at 12, 24, or 36 h after the culture 
without adding more cells or changing medium after adding 
macrophages at 0 h of the culture via confocal immunofluores-
cent staining.

Confocal immunofluorescence images at 12, 24, and 36 h 
after culture revealed that constantly nanoelongated group 
(“UW-UW-UW”) exhibits markedly higher integrin recruitment 
and macrophage adhesion density and spread area, and elonga-
tion factor than constantly nanocompressed group (“W-W-W”) 
at each time point (Figure 2a,b). Strikingly, macrophage adhe-
sion was shown to significantly increase from 12 to 24 h when 
changed from winding setting during 0–12 h to unwinding set-
ting during 12–24 h in the “W-UW-W” group. Consistently, mac-
rophage adhesion was markedly elevated from 24 to 36 h when 
changed from winding setting during 12–24 h to unwinding 
setting during 24–36 h in the “UW-W-UW” group. Conversely, 
macrophage adhesion was shown to reversibly decrease from 
12 to 24 h when changed from unwinding setting during 
0–12 h to winding setting during 12–24 h in the “UW-W-UW” 
group. Similarly, macrophage adhesion was shown to reversibly 
decrease from 24 to 36 h when changed from unwinding set-
ting during 12–24 h to winding setting during 24–36 h in the 
“W-UW-W” group.

We further examined whether the changing frequency 
from 12 h interval to 6 h interval influences the ability of 
the ligand-conjugated nanohelices to reversibly modulate  
macrophage adhesion. To this end, we repeated the above-
described experiments while keeping initial 0–12 h interval 
to allow macrophage adhesion but shortening the following 
intervals of 12–24 to 12–18 h and 24–36 to 18–24 h. Confocal 
immunofluorescence images at 12, 18, and 24 h after culture 
revealed that the trend of controlling time-resolved macrophage 
adhesion at these time points (12, 18, and 24 h) and previous 
time points (12, 24, and 36 h) were analogous (Figure S19a,b, 
Supporting Information). These included the groups of regu-
lating reversible macrophage adhesion when switched from 
unwinding to winding setting from 12 to 18 h in the “UW-W-
UW” group and from 18 to 24 h in the “W-UW-W” group. Col-
lectively, these findings prove that our recurrent settings revers-
ibly modulate time-resolved macrophage adhesion over the 
range of magnet changing frequencies.

2.5. The Adhesion-Dependent Polarization of Macrophages 
Modulated by the Change between Winding and 
Unwinding Settings

Recent studies have consistently reported that macrophages, 
which develop robust F-actin-rich and elongated adhesion 
structures including ROCK activation synergistically with 
M2-polarizing cytokines, are induced to acquire M2 polariza-
tion phenotype.[4,6b,c,25] In contrast, macrophages, which exhibit 
low F-actin assembly and round morphology synergistically 
with M1-polarizing factors, acquire M1 polarization. Since the 
unwinding of ligand-conjugated nanohelices that efficiently 
controlled integrin recruitment-mediated adhesion assembly 
in macrophages, we further explored whether such control can 
influence the adhesion-dependent polarization of macrophages. 

To this end, we added macrophages in suspension to the 
ligand-conjugated nanohelices grafted to material surface at 0 h 
of the culture either in M1-polarizing factors (interferon-γ and 
lipopolysaccharide) or M2-polarizing cytokines. We constantly 
placed a magnet near the material (“UW-UW”) from 0 to 36 h 
of the culture. We did not constantly place it (“W-W”) from 0 to 
36 h of the culture. We also placed the magnet near the mate-
rial from 0 to 12 h of the culture and did not place it from 12 to 
36 h of the culture (“UW-W”). Conversely, we did not place the 
magnet from 0 to 12 h of the culture and then placed it from 12 
to 36 h of the culture (“W-UW”). We explored such temporally 
modulated macrophage polarization at 36 h after the culture 
without adding more cells or changing medium after adding 
macrophages at 0 h of the culture via confocal immunofluores-
cent staining and gene expression analysis.

After macrophages are cultured in M1-polarizing factors, 
gene expression profiles by quantitative PCR showed signifi-
cantly hindered expression of M1 polarization markers, such 
as iNOS and TNF-α in the “W-UW” and “UW-UW” groups 
compared with the “W-W” and “UW-W” groups (Figure 3a). 
Confocal immunofluorescence images consistently revealed 
markedly restrained expression of M1 polarization markers, 
such as iNOS in the “W-UW” and “UW-UW” groups com-
pared with the “W-W” and “UW-W” groups (Figure 3a). These 
findings indicate that macrophages that exhibited high level 
of adhesion when switched unwinding at a later time point 
(Figure  2a,b) consistently restrained M1 polarization in the 
“W-UW” and “UW-UW” groups (Figure 3a).

Conversely, after macrophages are cultured in M2-polarizing 
cytokines, gene expression analysis and confocal immunofluo-
rescence images revealed significantly elevated expression of 
M2 polarization markers (e.g., Arg-1 and Ym1) and Arg-1 immu-
nofluorescent staining intensities in the “W-UW” and “UW-
UW” groups compared with the “W-W” and “UW-W” groups 
(Figure 3b). These results suggest that macrophages that dem-
onstrated high level of adhesion when switched unwinding at 
a later time point consistently stimulated M2 polarization in 
the “W-UW” and “UW-UW” groups. This also suggests that the 
unwinding setting can be induced from 0 or 12 h after culture 
in the “W-UW” and “UW-UW” groups to promote temporally 
modulated M2 polarization. Furthermore, this temporal regu-
lation of adhesion-dependent M2 polarization of macrophages 
in the presence of M1-polarizing factors and M1 polarization of 
macrophages in the presence of M2-polarizing cytokines was 
assessed (Figures S20 and S21, Supporting Information). These 
findings indicate that the adhesion-dependent polarization that 
is specific to macrophages was temporally modulated by the 
winding and unwinding settings synergistically with appro-
priate polarization-inducing soluble factors or cytokines. Taken 
together, these findings suggest that the unwinding (“UW”) of 
nanoscale helical structures that promotes macrophage adhe-
sion and M2 polarization is similarly effective at modulating 
elongation-mediated macrophage adhesion and M2 polariza-
tion shown in previous reports.[4,7a,29]

Macrophages exhibiting cytoskeletal actin organization and 
contractility, ROCK activation, and elongated morphology have 
been known to stimulate their M2 polarization. Therefore, 
we next explored the molecular machinery involved in facili-
tating integrin recruitment-mediated adhesion assembly to 
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Figure 2. Magnetic unwinding of ligand-conjugated nanohelices facilitates recurrent adhesion of macrophages. a) Confocal immunofluorescence of 
vinculin and integrin β1 with F-actin and nuclei in macrophages adhered to the material surface at 12, 24, or 36 h after they are added in suspension at 
0 h and b) corresponding quantification analysis of cell density, area, and elongation factor under the change between winding (“W”) and unwinding 
(“UW”) settings in repeated cycles every 12 h after culture including the groups with a magnet constantly placed near the material (“UW-UW-UW”) 
or not placed (“W-W-W”) from 0 to 36 h of the culture. The groups involving changes between winding and unwinding settings include the magnet 
not placed from 0 to 12 h of the culture, placed from 12 to 24 h of the culture, and then not placed from 24 to 36 h of the culture (“W-UW-W”) as well 
as the magnet placed from 0 to 12 h of the culture, not placed from 12 to 24 h of the culture, and then placed again from 24 to 36 h of the culture 
(“UW-W-UW”). Scale bar indicates 20 µm. Data are shown as the mean ± standard error (n = 10). Asterisks were 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 < 0.01; ***p < 0.001). 
N.S. indicates statistically nonsignificant differences. All of the experiments reported in (a–b) were reproduced three times.
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Figure 3. Magnetic unwinding of ligand-conjugated nanohelices stimulates M2 and hinders M1 polarization of adherent macrophages, respectively. 
Confocal immunofluorescence of iNOS, Arg-1, and nuclei and quantitative gene expression profiles of M1 polarization markers (iNOS and TNF-α) and 
M2 polarization markers (Arg-1 and Ym1) in macrophages at 36 h after they are added in suspension at 0 h in a) M1-polarizing factors (interferon-γ 
and lipopolysaccharide) or b) M2-polarizing cytokines (IL-4 and IL-13). The cultures were subjected to a magnet constantly placed a magnet (“UW-
UW”) from 0 to 36 h of the culture or constantly not placed (“W-W”) from 0 to 36 h of the culture. The groups involving changes between winding 
and unwinding settings include the magnet placed from 0 to 12 h of the culture and not placed from 12 to 36 h of the culture (“UW-W”) or the magnet 
not placed from 0 to 12 h of the culture and then placed from 12 to 36 h of the culture (“W-UW”). Scale bar indicates 20 µm. Data are shown as the 
mean ± standard error (n = 3). Asterisks were 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 < 0.01; ***p < 0.001). All of the experiments reported in (a–b) were reproduced three times.
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stimulate M2 polarization of macrophages under winding and 
unwinding settings. To this end, we added macrophages in sus-
pension to the ligand-conjugated nanohelices grafted to mate-
rial surface at 0 h of the culture either in M1-polarizing factors 
or M2-polarizing cytokines, with and without specific pharma-
cological inhibitors of ROCK (Y27632), myosin II (blebbistatin), 
or actin polymerization (cytochalasin D). We constantly placed 
a magnet near the material to induce unwinding (“UW”) set-
ting from 0 to 36 h of the culture. We did not constantly place 
it for winding (“W”) setting from 0 to 36 h of the culture. We 
explored such adhesion-dependent polarization of macrophages 
at 36 h after the culture without adding more cells or changing 
medium after adding macrophages at 0 h of the culture via con-
focal immunofluorescent staining and quantification analysis.

Confocal immunofluorescence images revealed that the 
unwinding “UW” elevates activated ROCK2 expression com-
pared to the winding “W” setting in M2-polarizing cytokines 
(Figure S22a,b, Supporting Information). Confocal immuno-
fluorescence consistently demonstrated that the unwinding 
“UW” setting-facilitated spread area and elongation in adherent 
macrophages were considerably hindered by inhibiting ROCK, 
myosin II, and actin polymerization by their specific inhibi-
tors (Y27632, blebbistatin, and cytochalasin D, respectively) 
in both M1-polarizing factors and M2-polarizing cytokines 
(Figure 4a,b). Strikingly, these inhibitions consistently elevated 
M1 polarization (iNOS expression) in M1-polarizing factors and 
restrained M2 polarization (Arg-1) in M2-polarizing cytokines. 
This suggests that the unwinding setting-mediated inhibition 
of M1 polarization and stimulation of M2 polarization consist-
ently involved such molecular machinery of ROCK, myosin II, 
and F-actin functioning as molecular switches (Figure 4a,b).

2.6. The Adhesion and Polarization of Macrophages Modulated 
by Winding and Unwinding Settings In Vivo

We next assessed whether our winding (“W”) and unwinding 
(“UW”) setting-modulated adhesion-dependent polarization of 
macrophages can be translated into dynamic in vivo microenvi-
ronment. To this end, we first evaluated whether magnetic field 
can effectively control in situ winding (“W”) and unwinding 
(“UW”) of the ligand-conjugated nanohelix grafted to material 
surface in vivo via Förster resonance energy transfer (FRET) 
imaging under the magnetic control. We grafted one set of 
GNPs to the nanohelix, to which amino-Cy3 fluorescent dye 
(donor) was conjugated to obtain donor-GNP. We grafted the 
other set of GNPs to the nanohelix, to which amino-Cy5 fluores-
cent dye (acceptor) was conjugated to obtain nanohelix-(donor-
GNP)-(acceptor-GNP). TEM imaging revealed the uniform 
grafting of the donor-GNPs and acceptor-GNPs to the surface 
of the nanohelix (Figure 5a). We subcutaneously implanted 
the nanohelix-(donor-GNP)-(acceptor-GNP) into mice, which 
exhibit the winding (“W”) of nanohelices under low magnetic 
field. This maintained low separation distance between donor-
GNP and acceptor-GNP, thereby producing high FRET signals 
(Figure  5b,c). We then applied high magnetic field by placing 
the magnet at the abdomen portion of the mice to induce the 
unwinding (“UW”) of the nanohelices to increase separation 
distance between donor-GNP and acceptor-GNP, thereby 

decreasing FRET signals. We showed that change between the 
“UW,” “W,” and “UW” settings reversibly decreased, elevated, 
and decreased FRET signals, respectively. We believe that these 
significant changes in the in situ FRET signals under the “W” 
and “UW” settings provide clear evidence on the reversible 
winding and unwinding of the nanohelices in vivo.

Early host responses to implants modulated by host immune 
cells, such as macrophages and neutrophils are reported to 
govern long-term host responses, such as inflammation and 
tissue regeneration.[10b,30] Therefore, we focused on inves-
tigating early host responses to implants to prove in vivo 
effectiveness of our unwinding-mediated adhesion structure 
assembly to stimulate regenerative M2 polarization and sup-
press inflammatory M1 polarization of recruited host mac-
rophages. To this end, we subcutaneously implanted the ligand-
conjugated nanohelices grafted to silicon substrate into balb/c 
mice and then injected M2-polarizing cytokines (IL-4 and IL-13) 
onto the implanted material surface at 0 h of the post-implanta-
tion (Figure 6a). We constantly placed a magnet at the abdomen 
portion of the mice (“UW-UW”) from 0 to 24 h of the postim-
plantation. We did not constantly place it (“W-W”) from 0 to 
24 h of the postimplantation. We did not place the magnet from 
0 to 12 h of the postimplantation and then placed it from 12 to 
24 h of the postimplantation (“W-UW”). We explored such tem-
porally modulated adhesion and polarization of recruited host 
macrophages at 24 h after the post-implantation via confocal 
immunofluorescent staining and gene expression analysis.

The recruited host macrophages were identified and ana-
lyzed by adherent host cells expressing macrophage M1 or 
M2 polarization markers (iNOS or Arg-1, respectively), which 
are co-localized with F-actin. Confocal immunofluorescence 
images and gene expression profiles showed that unwinding 
(“UW”) facilitates temporally modulated adhesion of host mac-
rophages exhibiting significantly higher adherent cell density, 
F-actin-spread area, more pronounced elongation, and inhibits 
their inflammatory M1 polarization exhibiting considerably 
lower iNOS and TNF-α expression compared to the winding 
(“W”) setting (Figure 6b,c).

Furthermore, confocal immunofluorescence images and 
gene expression profiles revealed that the unwinding (“UW”) 
temporally stimulates the adhesion-mediated M2 polarization 
of host macrophages exhibiting robust adhesion structures and 
significantly higher M2 polarization (Arg-1 and Ym1) expres-
sion along with co-recruited adherent NIMP-R14-positive neu-
trophils compared to the winding (“W”) setting (Figure  6b,c 
and Figure S23a,b, Supporting Information). Interestingly, it 
has recently been reported that recurrent elongation of tissue 
can facilitate the recruitment and M2 polarization of mac-
rophages to induce tissue regeneration,[3] which is found to be 
consistent with our reversible nanoscale ligand unwinding that 
induces similar outcomes. It has also been reported that CoFe-
based nanomaterials did not exert any systemic toxicity to var-
ious organs, such as brain, liver, lung, spleen, and kidney and 
their functionality. Taken together, our cytocompatible system 
for ligand-conjugated magnetic CoFe nanohelices presents the 
potential toward their in vivo translation. Further long-term 
investigation of host responses, such as inflammation and 
tissue regeneration, and safety of our system will be beneficial 
for their potential clinical use.
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Figure 4. The control of in situ unwinding of ligand-conjugated nanohelices promotes the adhesion-mediated regenerative polarization of mac-
rophages. Confocal immunofluorescence of iNOS or Arg-1 with F-actin and nuclei as well as corresponding quantification analysis after macrophages 
are added in suspension at 0 h in a) M1-polarizing factors or b) M2-polarizing cytokines under winding (“W”) and unwinding (“UW”) settings for 36 h 
by inhibiting ROCK (Y27632), myosin II (blebbistatin), or actin polymerization (cytochalasin D) with corresponding quantification analysis of density, 
area, and elongation factor of adherent macrophages. Data are shown as mean ± standard error (n = 10). N.S. indicates statistically non-significant 
differences. Scale bar represents 20 µm. Data are shown as the mean ± standard error (n = 3). Asterisks were assigned to p values with statistical sig-
nificances for multiple groups compared by one-way analysis of variance with Tukey-Kramer post-hoc tests (*p < 0.05; **p < 0.01; ***p < 0.001). N.S. 
indicates statistically non-significant differences. All of the experiments reported in (a–b) were reproduced three times.
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Figure 5. Förster resonance energy transfer (FRET) imaging confirms remotely controlled winding and unwinding of the nanohelices in vivo. a) Transmis-
sion electron microscope (TEM) imaging of the donor-GNPs and acceptor-GNPs grafted to the surface of the nanohelix through serial grafting procedures. 
b) Schematics and c) FRET signals and quantifications of the subcutaneously implanted the nanohelix-(donor-GNP)-(acceptor-GNP) serially subjected to 
high (“UW”) and low (“W”) magnetic field by placing or removing the magnet at the abdomen portion of the mice, respectively. Scale bar indicates 500 nm. 
Data are shown as the mean ± standard error (n = 3). Asterisks were 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 < 0.01). All of the experiments reported in (a–c) were reproduced three times.
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Figure 6. In vivo unwinding of ligand-conjugated nanohelices facilitates the adhesion-mediated regenerative M2 polarization of macrophages and hin-
ders their inflammatory M1 polarization. a) Schematic illustration of the winding and unwinding of ligand-conjugated nanohelices in vivo and confocal 
immunofluorescence of iNOS or Arg-1 with F-actin and nuclei of cells adhered to the material surface, b) the corresponding quantification analysis, 
and c) quantitative gene expression profiles of M1 polarization markers (iNOS and TNF-α) and M2 polarization markers (Arg-1 and Ym1). Scale bar 
represents 20 µm. The magnet placed continuously at the abdomen portion of the mice (“UW-UW”) or constantly not placed (“W-W”) from 0 h to 24 h  
of the post-implantation. The groups involving changes between the winding and unwinding settings include the magnet not placed from 0 to 12 h 
of the post-implantation and then placed from 12 to 24 h of the postimplantation (“W-UW”). Data are shown as the mean ± standard error (n = 3).  
Asterisks were 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 < 0.01; ***p < 0.001). All of the experiments reported in (a–c) were reproduced two times.
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3. Conclusion

In summary, electrodeposition chemistry was systemically 
tuned to design diverse physical dimensions and elemental 
compositions of magnetic nanohelices. We grafted some por-
tion of the magnetic nanohelices to material surface via cova-
lent bonds through serial chemical reactions and achieved 
their homogeneous distribution to allow reversible motion of 
the non-grafted portion of the nanohelices. In situ winding 
and unwinding settings of RGD ligand-conjugated nano-
helices with unwinding (“UW”) that increases ligand nano-
spacing between adjacent wires of nanohelix) and winding 
(“W”) that decreases ligand nanospacing between adjacent 
wires of nanohelix) were rapidly and reversibly controlled 
without modulating the ligand-conjugated surface area of 
each nanohelix and thus the ligand density. The unwinding 
(“UW”) mediates direct integrin recruitment onto the ligand-
conjugated nanohelix to stimulate adhesion assembly in mac-
rophages and their regenerative M2 polarization of viable 
macrophages, involving the molecular switches of myosin II, 
ROCK, and F-actin. In contrast, winding “W” suppresses the 
adhesion of host macrophages that stimulates their inflamma-
tory M1 polarization. Our in situ and cytocompatible winding 
and unwinding of ligand-conjugated nanohelices can help 
to translate fundamental understanding of ligand winding 
and unwinding-based modulation of macrophage adhesion-
dependent polarization into achieving immunomodulation for 
tissue regeneration.
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