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ABSTRACT: The receptorligand interactions in cells are
dynamically regulated by modulation of the ligand accessibility.

In this study, we utilize size-tunable magnetic nanopafticle °' = = e I N Cel

aggregates ordered at both nanometer and atomic scales. We oo o] , “j}
exibly anchor magnetic nanoparticle aggregates of tunable sizes o o -
over the cell-adhesive RGD ligand (Arg-Gly-Asp)-active matepial & ¢t <o 10 pY L

= space

surface while maintaining the density of dispersed ligaRgigang dispersity i Low ligand dispersity ; Nano-
accessible to macrophages at constant. Lowering the accessitgena’ Sigand Blocked OTOPPNG” | sace
ligand dispersity by increasing the aggregate size at constant figand

accessible ligand density facilitates the binding of integrin receptors I I

to the accessible ligands, which promotes the adhesion of

macrophages. In high ligand dispersity, distant magnetic manipulation to lift the aggregates (which increases ligand accessi
stimulates the binding of integrin receptors to the accessible ligands available under the aggregates to augment macro
adhesion-mediated pro-healing polarization both in vitro and in vivo. In low ligand dispersity, distant control to drop the aggreg:
(which decreases ligand accessibility) repels integrin receptors away from the aggregates, thereby suppressing integrin rec
ligand binding and macrophage adhesion, which promatesatory polarization. Here, we preésecessible ligand dispetsity

as a novel fundamental parameter that regulates rdggptdrbinding, which can be reversibly manipulated by increasing and
decreasing the ligand accessibility. Limitless tuning of nanoparticle aggregate dimensions and morph&lwthecarsight

into the regulation of receptdigand binding in host cells.

INTRODUCTION regulated by harnessing various types of métetiaisat
I1axhibit responsiveness to pH chahgkrasound, and various
Spectra of light stimdfi,** such as ultraviolet (U%)and
™ ar-infrared light. In particular, materials that can
|ngersibly expose the ligands via light stimulation have been
reported’®* in which the UV-light-mediated irreversible
ligand unblocking strategy was used to modulate host
macrophage adhesion. However, the use of such materials is
limited due to their irreversibility and usage of harmful UV
light that is readily absorbed by living tisSuasstudies with
more sophisticated control,aterials that allow distant
anipulation of ligand unblocking and blocking via light
fmulation were reported using photoswitchable azobenzene
"¥erivatives and self-assembled monolayers, but were limited to
in vitro experiments orf.® On the other hand, a magnetic

In the natural microenvironment, dynamic binding of ce
receptors to the ligands is modulated by the regulation
ligand accessibility, which triggers biochemical reactions.
modulation of accessible ligands plays a pivotal role in dyna
regulation of the development and function of tissues.
Developing materialsvith tunability of accessible ligand
dispersity can regulate and unravel dynamic redi
interactions® and subsequent immune cell respdnses,
such as macrophage adhesion and polarizatibreanwhile,
spatial organization of RGD ligand-bearing nanoprticles
has been demonstrated in various ways by modulating t
presentation of entirely exposed ligands (without modulati
ligand accessibility), such as ligand orderliggind micro-
patterning? ligand localization’?* ligand interspacing
(density)>>?® ligand clustering, and dynamic ligand
stretching® Multimodal manipulation of the accessible ligandXeceived: August 22, 2021
dispersity on materials coul@&ively regulate the binding of
integrin receptors to the accessible ligaimdsnacrophages
that modulate host responses?

It has been shown that cellular adhesion (the result of
integrin receptors binding to the accessible ligands) can be
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Figure 1.Synthesis of magnetic nanoparticle aggregates via capping surfactant-mediated size tuning ordered at nanometer and atomic scal
Chemical reaction strategies of capping surfactant (DTAB)-regulated aggregate size i10pingrufpBeticle ensemble closed-packed at
nanometer and atomic scales. (b) A high angle annulaeldascanning transmission electron microscopy (HAADF-STEM) image, a fast
Fourier transform (FFT) analysis, and the elemental composition of iron and oxygepQf nhadparticle aggregates exhibiting nanoscale
ordering. The scale bars represent 100 nm for the HAADF-STEM image and elemental maps,'dodtBel FRT analysis. Selected area

di raction (SAD) pattern of 200 nmzBe nanoparticle aggregates exhibiting atomic ordering. The concentric rings have been indexed to the (hkl)
di raction planes of the §8g phase in the nanoparticles randomly oriented in the aggregates. The scale bars reptesesgt2shows
HAADF-STEM image of the atomic arrangement in the crystalip@&@oparticles. The lattice parameter of the inverse spinel structure in the
Fe0O, phase is labeled. Electron energy loss spectroscopy (EELS) spectra of iron and oxygen in t@ 2@@oparfiele aggregates with the

peaks labeled for irog (710 eV) and k(723 eV), and oxygen K (539 eV).

eld” >* is another stimulus that can actively manipulatexccessible ligands was shown to be augmented proportionally
dynamic ligand presentation on materials. Our group hasth the elevation of aggregate size, which lowers the accessible
recently revealed the magnetic control of ligand nandigand dispersity. Thesedings suggest that the low dispersity
uncoiling}” ligand nanobarcodifgplanar ligand motioH,  of partially accessible ligands facilitates cellular adhesion, which
ligand-bearing nanoparticle uncagingnd others. For is apparently dérent from previous studies in which cellular
instance, magnetic nanoparticles and ligand-bearing nanegulation was achieved via moduld@mgirely exposed
particles in heterodimeric structures switched their conformbgand clusteringand localizatioft. By applying an external
tional states ttentirely expose or hide the ligands, thereby magnetic eld, lifting (i.e., increasing the ligand accessibility)
regulating the ligand accessibility of integrtdewever, this ~ or dropping (i.e., decreasing the ligand accessibility) the
prior approach is limited due to the lacK'rofiltimoddl aggregates via linker straightening and bending, respectively,
adjustability of ligand exposure on the entire material surfag¢gre distantly manipulated both in vitro and in vivo. This
The design of materials that can modulate the liganthanipulation advances from prior in vivo demonstrations that
accessibility via magnetad could be realized via synthesis utilized heterodimers for thentiré unblocking or blocking of
of magnetic nanoparticle aggregates medesizes by strictly the accessible ligands on_ material surface (without the
controlling the aggregatidlf magnetic nanoparticles. capability of partial unblockifigpr those that utilized UV-

In this study, we employed materials to demonstratéght-mediatedentir¢ ligand unblocking I%WithOUt the
multimodal and reversibleamipulation of the ligand capability of partial unblocking and reversiliility).
accessibility on material surfaces to regulate retigptudt
binding. We synthesized magnetic nanoparticle aggregates byRESULTS AND DISCUSSION
controlling the aggregation of magnetic nanoparticles orderedSynthesis of Magnetic Nanoparticle Aggregates with
at both nanometer and atomic scales with capping surfacta@apping Surfactant-Mediated Size Tuning. Distant
mediated tuning of the aggregate sizes (200, 500, and 700 nmjanipulation of multimodal ligand dispersity was enabled by
These aggregates in various sizes were anchored to a thiolgtatthesizing magnetic nanoparticle aggregates of adjustable
material surface pre-decorated with liganded gold nanoparticiézes (200, 500, and 700 nm in diameters), whechively
(AuNPs) via bendy linkers. The accessible ligand dispersity omodulates the accessibility of the signily smaller 10 nm-
this material was altered depending on the aggregate size, wéited ligand-coated AuNPsg(re &). First, we synthesized
the accessible ligand density remained the same regardlesBegd, nanoparticles using iron-oleate confipléx, which
the aggregate size. In tteationarly condition (without cationic surfactant [dodecyltrimethylammonium bromide
applying a magnet), binding of integrin receptors to théDTAB)] was added. The suspension containing DTAB
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Figure 2.Magnetic nanoparticle aggregates are situated over the ligand-active material surface to independently present various accessible
dispersities. (a) Chemical reaction strategies to anchor magnetic hanoparticle aggregates of adjustable size to the material skeface via bend
to present various accessible ligand dispersities while maintaining constant accessible ligand density. (b) Transmission elecEdt) microscopy (
and scanning electron microscopy (SEM) images of the magnetic nanoparticle aggregates of adjustable size (200, 500, and 700 nm) ov
ligand-coated AuNPs (indicated by red arrows) with constant total area presenting accessible ligands. The scale bar indicates 100 nn
Computations of the diameters of the nanoparticle aggregates of adjustable size, the densities of the surface-grafted nanopaaticle aggrege
densities of the surface-grafted liganded AuNPs (prior to nanoparticle aggregate grafting), and the percentage of total inaccessible ligande
Data are displayed as the meatandard errom(= 10). Asterisks were assignepl\talues with statistically sigaint di erences*(p < 0.05;

*** n < 0.001). ns indicates that the compared values were not statisticabiytygdierent.

surrounded R©®, nanopatrticles in micelles, and was subjectedurfactants that cap the magnetic nanoparticle aggregates (the
to solvent evaporation to facilitate the aggregation of oleemsemble of @, nanoparticles), the size of the aggregates

acid-capped K@, nanoparticles into spherical morphology viawas precisely regulated. Increasing the amount of capping
van der Waals interactions. By modulating the amount sfirfactants resulted in increased capping of total aggregate
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surface area, thereby yielding smaller-sized aggregates in higysteine-bearing RGD tripeptidigands was grafted to the
quantity. Later, DTAB was replaced with polyanions [polyAuNPs that were pre-grafted on the material surface. In this
(acrylic acid), PAA] via direct surface binding of PAA due tstudy, we have chosen RGD ligands to observe the maximized
the high a nity of the carboxylate group in PAA to the surfaces ect of macrophage adhesion regulation since macrophage
of FeO, aggregates. adhesion is facilitated the most in the presence of RGD among

The FgO, nanoparticle aggregates ordered at nanometatther cell-adhesive ligands that exist in the ECQMe
scale were comrmed by high angle annular dagkd-scanning  analysis of the density of RGDs grafted to the AuNPs on the
transmission electron microscopy (HAADF-STEM) imagingnaterial surface using thiol detection assay revealed that 406.0
(Figure b). Fast Fourier transform (FFT) analysis exhibitedt 50.1 RGDs were grafted per AUNP. The scanning electron
hexagonal array spots, thereby revealing the close packingnfroscopy (SEM) images demonstrated the homogeneous
aggregated k@, nanoparticlesHgure b). Selected area distribution of ligand-coated AuNPs grafted to the material
di raction (SAD) analysis of the nanoparticle aggregatesirface with AUNP density of 12.0..4 nanoparticlest?
showed multiple concentricrdiction rings, thereby indicating (Supplementary Figure P48 bendy linker, maleimide-
the random orientation of the;6¢ nanoparticles{gure b poly(ethylene glycol) (PEG)-amird,f 5 kDa) was used to
and Supplementary Figure Bl&hrough the analysis of coat the surface of the PAA-capped magnetic aggregates via
interplanard-spacings, diaction rings were found to EDC/NHS coupling between the amine groups in the linker
correspond to the (220), (311), (400), (422), (511), and and the carboxylate groups in the PAA-capped aggregates
(440) planes of the Fe, nanoparticles. High resolution- (Figure a). The polymer linker-conjugated aggregates were
STEM (HR-STEM) images divulged that the atomic arrangegrafted to the thiolated material surface presenting ligand-
ment within the crystalline J8g nanoparticles in aggregates coated AuNPs via thia@ne reaction between the maleimide
correspond to the inverse spinel structure of tg pkase and thiol group on the material surface. This was possible since
(Figure b). The elemental composition of iron and oxygen inthe length of the polymer linker used in this study has been
the FgO, nanoparticle aggregates was evident in both theeported to be roughly 38 nm, which is substantially longer
elemental maps and the electron energy loss spectrosctipgn the 10 nm sized AuNPS® As a result, magnetic
(EELS) analysis consistently with the previously analyzednoparticle aggregates of adjustable size were uniformly
datal* thereby corrming that the elemental composition of anchored to the ligand-active material surface, which created
Fe,0, nanoparticles was retained and their magnetic propergpaces between the lower side of the spherical aggregates and
was maintained after aggregatiogufe b). the underlying liganded AuNPsigire B). The 10 nm

Zeta potential measurements weerithat the polyanion- AuNPs were used in this study due to their size being
capped nanoparticle aggregadf adjustable size were comparable to that of the integrin receptor to enable the
negatively chargedsypplementary Figure p1Peaks at  recruitment of a single integrin receptor molecule to each
2919 and 2852 crhin Fourier transform infrared (FTIR) liganded AuN®’
spectra of iron oxide nanoparticles demonstrate the formationBy lowering the concentration of the aggregates with
of oleic acid cappedsBe nanoparticles Supplementary increasing aggregate size, the surface-grafted density of the
Figure SR After adding anionic surfactants to cationicaggregates was gradually decreased, while maintaining a similar
surfactant-capped nanoparticle aggregates to obtanalthe total area of accessible ligands on the material surface; the
product, peaks at 1570 and 1416'are formed, which are densities of the surface-grafted aggregates were computed as
the characteristic peaks of the C#® bond. Moreover, the 6.7+ 0.3, 1.6 0.1, and 0.8 0.1 aggregatesh? for 200,
absence of cationic surfactant (DTAB) peaks, such &0, and 700 nm aggregates, respectiiglyrd 2). The
N(CH,); at 1481 cm', conrm the replacement of DTAB percentages of total inaccessible liganded area of adjustable size
with PAA. Low magrdation transmission electron micros- were comparable (ranging from 52.0% to 56.2%), thereby
copy (TEM) images and dynamic light scattering (DLS)maintaining similar total area of accessible ligands with various
analysis collectively validated the nearly monodisperse diegrees of accessible ligand dispersity. We believe that this
distribution of each nanoparticle aggregate group (200, 5Qfkrcentage of inaccessible area wasiestly high to
and 700 nm) with spherical and slightly polyhedrak ectively regulate the integrin recegigand binding by
morphology $upplementary Figure SpaAnalyses of each lifting or dropping the magnetic aggregates, which increased or
group for their diameters were computed as 209.6 nm decreased the ligand accessibility, respectively.
(200 nm group), 4962 7.4 nm (500 nm group), and 708.5  Modulating the Accessible Ligand Dispersity Solely
+ 18.8 nm (700 nm group), respectively. Vibrating samplélters Macrophage Adhesion. The thiolated material
magnetometry (VSM) measurements showed negligibkurface free of anchored magnetic nanoparticle aggregates
coercivity in the hysteresis loops of the nanoparticle aggregaiad ligand-coated AuNPs was blocked by methoxy-PEG-
of adjustable size, thereby verifying their reversible magnetaleimide via the thiokne reaction to ensure the accessible
ization propertySupplementary Figure $3c ligand dispersity-spezimacrophage regulation. The inde-

Modulation of the Accessible Ligand Dispersity. The pendent eect of modulating accessible ligand dispersity using
magnetic nanoparticle aggregates of adjustable size wm@gnetic aggregates of adjustableé'kigh’ (“moderaté and
situated over the ligand-active material surface to presélaw’ ligand dispersity with the 200, 500, and 700 nm
various levels of accessible ligand dispersity while maintainaggregates, respectively) with constant total area of accessible
constant accessible ligand density. To prepare the matefighnds on the assembly of macrophage adhesion complexes
presenting ligand-bearing AuNPs, 10 nm AuNPs whiclwas explored without a magristationary condition) after
exhibited atomic-level ciltinity were sythesized, as culturing them for 24 h on the materials covered with magnetic
shown in the high resolution-STEM imafepplementary  nanoparticle aggregates over the ligand-coated AuNPs. The
Figure S4a First, the AuNPs were anchored onto the thiolmacrophages were only plated onto the materials only at the
group-presenting material surface. Then, the thiol group in tiwitial stage, which was considered 0 h. Pronounced
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Figure 3.Lowering ligand dispersity stimulates recdjgand binding in macrophage adhesion independent of the ligand density. (a)
Immuno uorescently stained images of F-actin, paxillin, and DAPI (nuclei) of adherent macrophages after 24 h of culturing in the presence of t
moderate, and low accessible ligand dispersity at low and higbati@gni The scale bars indicater®0(b) Calculations of the adherent
macrophage density, aspect ratio, and spread area from each of the acquired images in (a). (c) The proposed model demonstrating the indep
e ect of increasing the size of magnetic nanoparticle aggregates (i.e., lowering the ligand dispersity) on augmenting the recruitment of int
receptors to the accessible ligands. Data are shown as thestaadard errom(= 10). Asterisks were assignep ¥alues with statistically

signi cant di erences*p < 0.05;** p < 0.01;*** p < 0.001).

expressions of cytoskeletal proteins (F-actin and paxillin) wareembrane bending. Since nanostructured materials with high
observed foflow' dispersity, which was gradually reducedcurvature can reduce the energy barrier of membrane bending,
from “moderaté to “high' dispersity, as observed in the cellular membrane bending on our aggregate-conjugated
immuno uorescently stained imageig)re a). Correspond-  material surface will remain stable compared to other pillar-
ing computations show sigmintly higher adhesion density, structured materidls>® It has been known that if the
aspect ratio (i.e., an elongated shape), and spread areaniterspacing of nanostructures becomes smaller, cells do not
adherent macrophages as the ligand dispersity is gradualhgulf the nanostructure and are likely to stay on the top of the
lowered Figure B). These ndings suggest that the assemblynanostructur® * Therefore, the cells are not likely to

of macrophage adhesion complexes was proportionaémtirely reach the RGD ligand-coated surface on higher ligand
augmented with lowered ligand dispersity despite constagispersity groups since the density of aggregates becomes
accessible ligand density. We propose that two faeirs a higher with higher ligand dispersity. Furthermore, in the lower
macrophage adhesion in our system: ligand dispersity alighnd dispersity group, ligand clustering is favorable due to
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Figure 4.Distant manipulation of lifting or dropping the magnetic nanoparticle aggregates relatively increases or decreases the ligand access
respectively. (a) In situ magnetic atomic force microscopy (AFM) images of the distant magnetic mariliftitagioor fairopping the 200

nm nanoparticle aggregates (indicated by green arrows), thereby increasing and decreasing the liganded AuNP accessibility [appearing faint
small size (10 nm), indicated by red arrows},sdationar{ynanoparticle aggregates (without applying a magnet). The scale bar indicates 100 nm.
(b) Computations of the heights of the 200 nm magnetic nanoparticle aggrélifétes, itstationar};, and“dropping conditions. (c) A

schematic demonstrating the distant magnetic attraction of the 200 nm magnetic nanoparticle aggregates (high accessible ligand dispersi
“lifting’ them via straightening of the polymer linker, which augments the integrin tg@amtdsinding in macrophages that are repressed in

the “stationary (nonmagnetized) condition. Remotely contrdtiedpping of the 700 nm magnetic nanoparticle aggregates (low accessible
ligand dispersity) via bending of the polymer linker deactivates the integrin ligesptdiinding in macrophages that is activated in the
“stationarycondition. Data are displayed as the mestandard errom(= 10). Asterisks were assigneptalues with statistically sigaint

di erences*t* p < 0.001).

accessible ligand dispersity. To summarize, when the ligamah-ligand-coated AuNPs exhibited minimal macrophage
dispersity is lower, it is more likely for the cells to reach thadhesion over all ligand dispersity groups withoutcaigni
RGD-coated surface after engulfment, thereby stimulating tieerences as evidenced by the imnuorescently stained
integrin receptordigand binding and cell spreadif@y(re images and corresponding quaations Supplementary
3c). Figure S5a)bAdditionally, other negative control experiments
Negative control experiments conducted on materialonducted on bare substrates and substrates with only
surfaces with non-ligand-coated AuNPs (without aggregatespgnetic aggregates (without AuNPs) demonstrated the
and material surfaces with magnetic aggregates grafted dmbibition of macrophage adhesion in all ligand dispersity
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groups without sigrdant di erences{upplementary Figure mm distance from the materials and conducted AFM analysis
S6a,b These results prove that the ligand dispersityunder this distant manipulaticBufpplementary Figures S9
modulation-spea@ macrophage regulation is accomplisheds1(). The heights of 200 nm nanoparticle aggregates were
with the assistance of RGD ligands on AuNPs, which B39.7+ 0.6 nm, 219.2 0.7 nm, and 2118 0.3 nm for
essential to facilitate macrophage adhesion via integfilifting’, “stationary; and“dropping conditions, respectively.
receptor binding to cell-adhesive RGD ligands. These resufisr 700 nm nanoparticle aggregates, the heights were 752.2
are apparently dirent from those in previous reports that 0.2 nm, 737.2 0.5 nm, and 7224 0.5 nm for“lifting’,
modulate the“entirely accessible ligand clustetingnd “stationaryy and “dropping conditions, respectively. These
localizatiof? for cell regulation, which showed how cells ndings suggest that the heightdince is saturated under
respond to the clustered RGDs via exploring éut ef fully distant manipulation for both in vitro and in vivo conditions.
accessible ligands without partial manipulation of the ligandDistant Manipulation of Ligand Accessibility Modu-
accessibility. On the other hand, we have regulated the ligdation Controls Receptor Ligand Binding in Macro-
dispersity by partially modulating the ligand accessibilitphages. The e ect of distant manipulation of the dynamic
which can be further tuned by magnetid-based control. variation in the accessible ligand dispersity on integrin receptor
Independent Modulation of the Accessible Ligand binding to the accessible ligands in macrophages was
Dispersity via Distant Manipulation. Lifting of the investigated after 24 h of culturiRgy(ire 4). The permanent
magnetic aggregates via polymer linker straightening expanmdgnet was situated nearby the cultures to dirétftihg’
the nanospaces between the aggregates and the underlyingdropping of the magnetic aggregates, thereby relatively
ligands, thereby increasing the ligand accessibility. Droppingreasing or decreasing the accessibility of integrin receptors
the magnetic aggregates via bending of the polymer linkerthe underlying ligands, respectively, whereasatienary
reduces the nanospaces between the aggregates and ctivadition without the magnet was used as a control. Two
underlying ligands, thereby relatively decreasing the ligadi$tinct groups“tigh’ and“low’ accessible ligand dispersity,
accessibility. This distant manipulation of the magnetiwhich exhibit low and high levels of macrophage adhesion,
aggregate movement was validated via in situ magnetic atonaspectively) in théstationary condition were subjected to
force microscopy (AFM). The measurement of the strength dlfis distant manipulation. In theigh' ligand dispersity, the
a permanent magnet (as a function of distance from th#ifting’ of the magnetic aggregates, which relatively increased
magnet) used for AFM analysis and all of the in vitrahe nanospace between bottom hemisphere of aggregates and
experiments vedd that approximately 290 mT magnetid underlying RGD ligand-coated surface, promotes the binding
was applied to the magnetic aggredgatgmplementary Figure of integrin receptors to the ligands and signtly augmented
S?. An identical area of the material surface presentingiacrophage adhesion. Since the nanospacédtativmary
magnetic aggregates over liganded AuNPs was imaged thatage of théhigh' ligand dispersity is already too small for the
times either with“(ifting’ or “dropping aggregate condition) cell to reach underneath the aggregatesjrtmping of the
or without a permanent magnéstétionary aggregate  magnetic aggregates, which decreased the ligand accessibility,
condition). Three images dfifting’, “stationaryy and did not signicantly inhibit macrophage adhesion compared to
“dropping conditions exhibited markedly etent contrasts the “stationaryygroup. Thereforéstationaryyand“dropping
of the magnetic aggregates, thereby indicatingcaghyi groups irthigh' ligand dispersity both inhibited macrophage
di erent heights of the magnetic aggregates @3767nm, adhesion compared tbfting’ group as analyzed from the
218.3% 1.5 nm, and 209& 2.5 nm, respectivelyFigure immuno uorescently stained images and corresponding
4a,b). The 10 nm AuNPs appeared faint due to their lowguanti cations Supplementary Figure S1JLab summarize,
height. The dierence in the heights of the magnetic aggregatesily the “lifting’ direction was ective for“high' ligand
(28.0 nm) during distant manipulation sigaitly modulated  dispersity to sigréantly modulate macrophage adhesion via
the spaces between the magnetic aggregates and the underldistgint manipulation. In contrast, in“lbe/’ ligand dispersity,
ligands, which ectively regulated the recruitment of integrinthe “dropping of the magnetic aggregates, which decreased
receptors (10 nm) in cells. The lateral dimension and spherig@nospace and the ligand accessibility csigtly suppressed
morphology of the magnetic aggregates remained unchangeacrophage adhesion compared to“sketionary group
during distant manipulation. Comparable height changes of tt8upplementary Figure S1lc,As a nanospace in the
magnetic aggregates with adjustable sizes (500 and 700 ristationary state of thellow’ ligand dispersity is saiently
under distant manipulation by bending and straightening digh for the cells to bend and enter underneath the aggregates,
the identical length bendy polymer linker were alsedieri the“lifting’ group negligibly augmented macrophage adhesion
The height of the 500 nm magnetic aggregatkfting’, compared to thistationarygroup. Thus, only tHeropping
“stationaryy and“dropping conditions was measured to be direction was ective for the‘low’ ligand dispersity to
549.6+ 0.8 nm, 528.& 0.5 nm, and 521.6 0.9 nm, e ectively control the macrophage adhesion via distant
respectivelySupplementary Figure B8Bhe height of the  manipulation. Therefore, the distant manipulation has selective
700 nm FgO, aggregate was measured as #50.8 nm, directional eectivity depending on the size of aggregates,
737.5+ 0.4 nm, and 722 0.5 nm in“lifting’, “stationary; which is illustrated iBupplementary Figure S12
and“dropping conditions, respectiveyupplementary Figure The e ective“lifting’ of the “high ligand dispersity to
S8h). The maximum height dirences were calculated to be signicantly augment macrophage adhesion antiibye-
28.0, 28.1, and 35.7 nm for 200, 500, and 700 g Fe ping of the“low’ ligand dispersity to sigoantly suppress
aggregates, respectively, whichedethat the degree of the macrophage adhesion are summarizédure 4. Moreover,
height modulation is consistent in all of the groups withthese two phenomena were employed for further detailed
di erent magnetic aggregate sizes. To mimic in vivimvestigations. Theect of distant manipulation of increasing
conditions, we placed the same permanent magnet far fran decreasing the ligand accessibility to vary the ligand
the FgO, aggregates (yielding 200 mT) in approximately 1Glispersity on the expression and recruitment of integrin
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Figure 5.Integrin receptors actively bind to the accessible ligands to augment macrophage adhesion under the low ligand dispersity or by lifting
magnetic nanoparticle aggregates via distant manipulation. (a) A schematic of the AuNP-based immunolabeling ohauegimges and

(b) scanning electron microscopy (SEM) images of adherent macrophages (blue color) highlighting the recruitmehtoftheegiessible

ligand immunolabeled with AuNPs (red color) and calculation of the intedgirsity (indicating the attached AuNPs) in each cell after 24 h of
culturing with high accessible ligand dispersitygtidonary and“lifting’ groups) and low accessible ligand dispersitysfiteonary and

“dropping groups). The magnetic nanoparticle aggregates are indicated by green arrows. The scale bar indicates 200 norgsgémifguno
stained images of F-actin, paxillin, and DAPI (nuclei) of adherent macrophages after 24 h of culturing in high accessible ligand dispersity
“stationaryand“lifting’ groups) as well as low accessible ligand dispersiggdtiomartand“dropping groups) at low and high magpaitions.

The scale bars indicate 20. Calculations of the adherent macrophage density, aspect ratio, and spread area from each of the acquired image
(c) were statistically compared separately in each high or low accessible ligand dispersity group using a twe-taidst Sstelésits were

assigned tp values with statistically sigaint signicances*¥ p < 0.01;*** p < 0.001). Data are presented as the mesiandard errom(=

10).

receptors in macrophages was investigated by imiorino AuNPs on the material surfaéég(ire a). The expression
escent staining and by nanoscale immunogold labelirend recruitment of integrinl were found to have been
respectivelyHigure a,b andSupplementary Figure S1Ba,b signicantly stimulated in th#ifting’ group (moving the
Recruited integrinl in the adherent macrophages after 24 hmagnetic aggregates upward) compared ttstiagonary

of culturing was immunolabeled with 40 nm AuNPs such thatroup of “high' ligand dispersityF{gure  and Supple-
they could be derentiated from the liganded 10 nm-sizedmentary Figure S13g,dn contrast, the expression and
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recruitment of integrin 1 were found to have been groups) and low accessible ligand dispersitysgtitenary
signi cantly restrained in tidropping group (moving the  and“dropping groups) after 36 h of culturing. We found that
aggregates downward) compared tdsta¢ionarly group of the e ect of distant manipulation of magnetic aggregates on
“low’ ligand dispersity. Corresponding computations of théhe regulation of macrophage adhesion was not saturated,;
uorescence signal intensities of inte@rand the density of rather, it had higher ect after 36 h than 24 h of culturing
integrin 1-labeling AUNPs corroborated the trend observed iGSupplementary Figure Sl)aStrikingly, negative control
the uorescence imaging and nanoscale immunogold labeliegperiments using distant manipulation without the ligand
(Figure B andSupplementary Figure SiL3Fhe bright-eld coating on the AuNPs or RAD (scrambled RGD)-coated
images showed that distant manipulatidrdropping the AUNPs have exhibited sigwaint di erences on the regulation
aggregates fiow’ ligand dispersity prevented the recruitmentof macrophage adhesion after 36 h of culturing, which was not
of macrophages underneath the aggregate compared to theserved after 24 hSy(pplementary Figures S18a,b and
“stationaryygroup as the nanospace between the aggregate adt9a,)o This suggests that the accessibility of nonspeci
substrate becomes low&upplementary Figure $1%he binding sites under aggregates was also controlled by distant
immuno uorescent staining of other adhesion complexemanipulation to regulate macrophage adhesion. Since the
(paxillin and actin) and corresponding queations showed e ciency of nonspecibinding is highly lower than that of the
similar resultsHjgure 8). The expression of paxillin and actin RGD-spect binding, it may have taken a longer time to
with elongated macrophage morphology was elevated in ttegulate macrophage adhesion. Therefore, w&dd#das

“lifting’ group compared to thstationary group of*high’ the culturing period in our system to regulate macrophage
ligand dispersity. In contrast, the expression of paxillin armdihesion by controlling receptaggand binding via manipu-
actin was sigrdantly decreased in tlidropping group lation of the accessibility of integrin-spe8lGD binding

compared to théstationarygroup of‘low’ ligand dispersity.  sites.
None of the magnetic nanoparticle aggregates were shown t®istant Manipulation of Ligand Accessibility Modu-
be internalized into adherent macropha§esp{ementary lation Regulates Macrophage Adhesion-Dependent
Movie S). Also, the magnetic nanoparticle aggregateRolarization. It has been shown in many studies that
exhibited negligible rupture under a magnelit (Supple- macrophages exhibiting pronounced binding of integrin
mentary Movie 32These results collectively aomthe high receptors to the ligands trigger the formation of F-actin and
stability of our material system. adhesion complexes (e.g., paxillin) in cytoskeletons with
We concluded that with the two distinct group%high’ elongated and spread morphology and acquire pro-healing
and“low’ accessible ligand dispersity, the nanospace that wd2 polarization involving rho-associated protein kinase
increased or reduced by tliging’ or “dropping of magnetic ~ (ROCK) signaling® "> Conversely, macrophages poorly
aggregates, respectively, is lateralgredt due to their  adhering to ligand-presenting surfaces polarize entama-
signi cantly dierent sizes (200 nm vs 700 nm) despite similatory M1 phenotype. Therefore, theeet of distant
vertical displacement estimated due to the use of identigalanipulation of the aggregates to modulate the ligand
lengths in the bendy polymer linker. The area blocked by theecessibility on the adhesion complex assembly dependent
lower sides of the 200 nm aggregates“iggh’ accessible macrophage polarization was investigated after 36 h of
ligand dispersity was sigwintly smaller than that of the 700 culturing in M1 or M2 induction medium. ‘Inighi ligand
nm aggregates wittow’ accessible ligand dispersity. In the dispersity, the expression of CD68 implying the involvement of
“stationary condition, integrin receptors (10 nm) in macro- in ammation was found to be sigantly suppressed in the
phages can be more readily recruited to the accessible ligatiding” group compared to théstationary group as
under each 700 nm aggregate than those under each 200 emidenced by the immunmrescently stained images
aggregate. This sigrant dierence could have led to the (Supplementary Figure §2@oncomitantly, ithigh' ligand
highly facilitated receptdigand binding vidow’ accessible  dispersity, the expression of Arg-1 signifying aarifimation
ligand dispersity albeit with lower density of 700 nm aggregatgas found to be sigoantly augmented in tHiéting’ group
compared to ththigh' accessible ligand dispersity with highercompared to théstationary group. On the other hand, in
density of 200 nm aggregates. Furthermore, the large accessIbig’ ligand dispersity, the expression of CD68 was found to
liganded area with 700 nm aggregates could be more readiéy signicantly elevated in tHdropping group compared to
reduced by‘dropping them, which eectively suppressed the“stationaryygroup Supplementary Figure S2@&multa-
integrin recruitment and adhesion assemblies in macrophage=usly, ifllow’ ligand dispersity, the expression of Arg-1 was
Conversely, the small accessible liganded area with 200 found to be signcantly hindered in th&ropping group
aggregates could be readily enlargéliftmg’ them, which ~ compared to théstationaryy group.
e ectively augmented integrin recruitment and adhesion Next, we evaluated theeet of distant manipulation of the
assemblies in macrophages. Since the size of integrins liemagnetic aggregates to modulate the ligand accessibility on M1
10 nm, the recruitment of integrin receptors to the accessibbe M2 macrophage polarization via Western blotting-based
ligands after moving the spherical 200 or 700 nm aggregafestein quantications. With“high' ligand dispersity, the
can be readily and optimally manipulated. Negative contrekpression of iINOS (M1 polarization-speonarker) was
experiments using distant manipulation without ligand coatirgigni cantly suppressed in thifing’ group compared to the
on the AuNPs or RAD (scrambled RGD)-coated AuNPsstationary group, whereas the expression of Arg-1 (M2
exhibited minimal adhesion of macrophages in all grougslarization-speci marker) was sigeiantly promoted in the
thereby corrming the speatity of the distant manipulation “lifting’ group compared to tHstationary group Gupple-
of ligand accessibility for regulating macroph&ggplé- mentary Figure S20p,dn contrast, with“low’ ligand
mentary Figures S15a,b and SjL6a,b dispersity in thé'dropping group compared to thtsta-
Additionally, we analyzed macrophage adhesion with higbnary group, the expression of INOS was signily
accessible ligand dispersity (tls&ationary and “lifting’ stimulated, whereas the expression of Arg-1 wasasityi
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Figure 6.Both low accessible ligand dispersity and distant manipulation of increasing ligand accessibility stimulate integrin ligation-medic
adhesion and anti-smmatory polarization of host macrophages. (a) Imoorescently stained images of M1 marker (iNOS) or M2 marker
(Arg-1) costained along with F-actin and DAPI (nuclei) in the recruited adherent macrophages after 24 h of subcutaneous implantation into n
in the presence of high accessible ligand dispersistdtlmmarygroup without a magnet and thiting’ group with a magnet attached to the

backs of the mice) as well as low accessible ligand disper@tat{timary group without a magnet and tideopping group with a magnet

attached to the abdomens of the mice). The scale bars demt€€dresponding computations of the adherent macrophage density and aspect
ratio are also shown, which were statistically compared separately in each high or low accessible ligand dispersity group using & two-tailed St
t test. Asterisks were assignguMalues with statistically sigaint signicances*¢ p < 0.01;*** p < 0.001). (b) Flow cytometry histograms of

iINOS and Arg-1 and corresponding computations of their praiggscence intensities and relative gene expression levels, which were subjected
to identical statistical analysis to compare each high or low accessible ligand dispersity group. Data are shawstasche ragam(= 6).

inhibited. These trends consistently reveal‘ithat ligand suppresses integrin-ligand binding and macrophage M2
dispersity eectively intenses the binding of integrin polarization.

receptors to the accessible ligands to mediate pro-healing M2Ve next pondered which molecular machinery is involved in
macrophage polarization compared to “tiighH ligand this e cient regulation of the adhesion-dependent macrophage
dispersity. Thesendings also verify that withigh' ligand polarization. In this investigation, we included both static
dispersity, the ective direction oflifting’ considerably  groups oflow’ and“high' ligand dispersity in ttistationary
intensies integrin-ligand binding to mediate macrophage M2ondition. Sinceé'high’ ligand dispersity under distant
polarization and suppress M1 polarization. ‘With ligand manipulation dflifting’ the aggregates (to increase the ligand
dispersity, the ective “dropping direction substantially accessibility) sigmantly facilitated the adhesion-mediated M2
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polarization of macrophages, this group was included as ttwlected at 24 h postimplantation to verify their stability after
formation of molecular machinery could have been involvebleing subjected to distant manipulation of the magnetic
Contrastively, sincow’ ligand dispersity under distant aggregates over ligand-coated AuNPs on the materials by
manipulation ofdropping the aggregates (to decrease theexamining their in vivo degradation. We demonstrated that the
ligand accessibility) sigrantly suppressed the adhesionligand-coated AuNPs and the aggregates with or without
assembly in macrophages, we excluded this group. Baotlagnetic manipulation were all retained in the materials
groups oflow’ ligand dispersity in tHetationarycondition without degradation after implantation via SEM imaging and
and “high' ligand dispersity under distant manipulation ofcorresponding computatior®&ipplementary Figure S2pa,b
“lifting’ the aggregates eiently promoted ROCK2 expres- The recruited host macrophages onto the materials were
sion and the adhesion-assisted M2 polarization of macrophagesalyzed by immuneorescent staining imagingyw
compared with'high' ligand dispersity in théstationary cytometry quanttation, and quantitative polymerase chain
condition Gupplementary Figure $2This relationship  reaction (QPCR). Immunoorescent costaining of amma-
between the adhesion complex assembly and consequentisy M1 polarization-specimarker (iNOS) and M2 polar-
polarization was examined using inhibitors sgecimyosin ization-spect marker (Arg-1), along with F-actin and DAPI
Il (blebbistatin), actin polymerization (cytochalasin D), andnuclear staining) was pemhed to examine F-actin
ROCK (Y27632). With*high' ligand dispersity in the assembled as a result of recefigand binding in the
“stationary condition, CD68 expression (implying the recruited host macrophages. Whilgh' ligand dispersity, in
involvement of irammation) was promoted with and without the “lifting" group, the adhesion complex (F-actin assembly)
inhibitors Gupplementary Figure S2paCiontrastively, all of and Arg-1 were signantly intensed while iNOS expression
the inhibitors were found to promote CD68 expression in theas substantially suppressed compared ttstii@nary
“low’ ligand dispersity under thstationary condition and  group Figure @ andSupplementary Figure pZBonversely,
the“high ligand dispersity under thiéting’ condition, which ~ with “low’ ligand dispersity, in th@ropping group, the
was suppressed without inhibitors. Whigh ligand adhesion complex and Arg-1 expression werecangyi
dispersity in théstationary condition, a low degree of Arg- suppressed while INOS expression was considerably stimulated
1 expression was observed with and without inhibitoreompared to théstationary group. Indeed,ow cytometry
(Supplementary Figure S2RajfBurthermore, all of the histograms with quantations and gPCR-based relative gene
inhibitors were found to hinder Arg-1 expression“lwith expression levels of host cells consistently corroborated these
ligand dispersity under thgtationary condition andhight trends Eigure 6). Taken togetherpw cytometry and gPCR
ligand dispersity under thiéting’ condition, which was highly results consistently supported the observations that the
expressed in the absence of inhibitors. Thedmgs  “dropping condition in low ligand dispersity switched
collectively prove that myosin II, actin polymerization, anfronounced Arg-1 expression (observed irfsthéonary
ROCK are involved in the molecular mechanism'iawth condition) to marked iNOS expression.
accessible ligand dispersityd distant manipulation of  Furthermore, not only the host macrophages but also the
increasing the ligand accessibility that augments the bindifgst neutrophils (NIMP-R14-positive), predominant immune
of integrin receptors to the accessible ligands to stimulate a¢lls appearing in the early host response that proportionally
in ammatory M2 polarization of macrophages while restraifegulate the long-term immune responses, were recruited onto
ing in ammatory M1 polarization. the implanted materialSypplementary Figure S2)allhe
Remotely Controlling the Ligand Accessibility for outcomes of this study consistently prove that“hight
Host Macrophage Regulation.When tissues are damaged, ligand dispersitylifting’ the magnetic aggregates in vivo
the recruitment of macrophages and the regulation of tHe€markably augments host macrophage adhesion and pro-
in ammatory and tissue-regenerative responses are moblgaling polarization plausibly as a result of facilitated binding
lated®’%”” Controlling the early host response dominated byf integrin receptors to the ligands. Conversely, loith
macrophages (which trigger acuteriimation and tissue ligand dispersitydropping the magnetic aggregates in vivo
healing in response to the implanted biomaterials) ca®irikingly suppresses host macrophage adhesion buesmtensi
proportionally lead to regulation of the long-term respons&]1 polarization. This distant manipulation is apparently
including tissue healing artafosis**>’® To this end, the  di erent from previous in vivo studies of modulating the
remote control ect of modulating ligand accessibility to entire ligand accessibility on the material surface by changing
dynamically vary the ligand dispersity on regulating recruitéterodimer conformations (i.e., devoid of partial control of
host macrophages in vivo by utilizing a highly tissudigand accessibilif§) or by tissue-absorptive UV light
penetrative magneticeld was examined. The materials illumination (devoid of partial control of ligand accessibility
presenting magnetic aggregates over liganded AuNPs wahé reversibility). Our multimodal manipulation of the
subcutaneously implanted into mieipplementary Figure Partial ligand accessibility using the magnetic aggregates
S24. While no magnet was attached to the mice in theenables host macrophage regulation and associated host
“stationary condition, a magnet was attached at the backs dESPONses.
abdomens of mice to dirélifting’ (for increasing the ligand
accessibility) or‘dropping (for decreasing the ligand CONCLUSIONS
accessibility) of the magnetic aggregates, respectively. It lmsummary, we fabricated materials by harnessing magnetic
been previously reportedsBgnanoparticle-based implanted nanoparticle aggregates of adjustable sizes (200, 500, and 700
materials are not toxic to humé&tend that a strong magnetic nm) and conjugated them to the material surface presenting
eld is harmless to hum&Aghese reports indicate that our ligand-bearing AuNPs via bendy polymer linker. Gplci
implanted materials involving magnetic nanoparticle aggregates increased or decreased the concentration of cationic
and their distant manipulation under the magreticcould capping surfactant (DTAB) during magnetic nanoparticle
be used safely in humans. The implanted materials weaggregation to adjust the aggregates into smaller or larger sizes,
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