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Mechanical stresses on biological objects can lead to changes
in a wide range of cellular properties, such as cell shape,
cytoskeletal organization, and cell fate, by means of physical
stimulations using dielectricity, optical trapping, and magnetic
cytometry.'® In particular, micrometer-sized magnetic beads
have been useful since their first utilization by Crick and
Hughes to draw mechanical stresses on biological objects by
developing techniques such as magnetic twisting, pulling, and
cell-stretching cytometry.”®! With the use of such magnetic
stimulations, the roles of mechanical stresses for cell charac-
teristics have been studied, which include cytoplasmic vis-
cosity, cytoskeletal mechanotransduction, and mechanical
calcium responses.>%

Further scientific breakthroughs in this research field
have depended on molecular-level understanding of mecha-
nobiological processes and the induction of changes in
cellular functions and/or cytoskeletal structures. The goal is
to bring about single-cell or subcellular-level imaging and
actuation of biological objects with high target specificity.
Nanoscale probes and actuators are important because of
their small sizes, which are comparable to those of many
biologically meaningful molecules such as DNAs and pro-
teins. In addition, their ability to attach multivalence func-
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tional groups would be another advantage. By employing
nanoparticles, difficult challenges associated with currently
used micrometer-scale magnetic particles, such as probing and
manipulation of a single receptor without disturbing any
other rheological or cytoskeletal properties of the entire cell,
can be overcome.

Recently, the groups of Ingber and Dobson have inde-
pendently demonstrated that activation of ion channels is
possible by using nanoscale magnetic particles."'¥! These
efforts have demonstrated that FceRI, a cellular membrane
receptor, can be magnetically agglomerated to activate the
Ca®* signal."'! On the other hand, TREK-1, a membrane
protein for the K* ion channel, is specifically activated by
magnetic nanoparticles with size as small as 130 nm.!"*) While
these two pioneering works focused on ion-channel activa-
tions, new conceptual advances and other applications of
nanoscale magneto-activated cellular signaling (N-MACS)
are widely open to exploration.

Herein, we demonstrate for the first time that receptor-
mediated artificial triggering of cell growth in the preangio-
genesis stage is possible by the N-MACS approach. Angio-
genesis is a vital process both for the growth and development
of blood vessels and for tumor metastasis.'"! Conventionally,
this process is initiated by several interactions that take place
between specific receptors and ligands on the cell surface.!'>!°!
The Tie2/angiopoietin (Ang) pair, in which one Ang molecule
binds to clusterize three to five Tie2 receptors, is regarded as
one of the important receptor-ligand interactions.'” ! This
cluster formation is critical to activate multiple signaling steps
and eventually participates in the angiogenic processes.!'>?"

Instead of using such ligands, in our study a TiMo214
monoclonal antibody (mAb)-conjugated Zn*"-doped ferrite
magnetic nanoparticle (Ab-Zn-MNP) is employed to target
and magnetically manipulate Tie2 receptors through the steps
in Figure 1a—c. To achieve this result, two permanent NdFeB
magnets are positioned to exert an external magnetic field of
about 0.15 T, with horizontal magnetic field lines that are
oriented in the manner shown in Figure 1d. At this magnetic
field strength, magnetization of Ab-Zn-MNPs can be satu-
rated in plane (Figure 1e), which induces strong attractive
forces between the dipoles of neighboring nanoparticles. This
phenomenon results in the aggregation of Ab-Zn-MNPs.

For successful magnetic manipulation under mild external
magnetic field conditions, we utilized a high-performance
15 nm Zn*"-doped ferrite magnetic nanoparticle (Zn-MNP)
instead of a conventional magnetic nanoparticle, since it
exhibits a very high saturation magnetization (Figure 1e,f)
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Figure 1. a—c) Targeting and magnetic manipulation of Ab-Zn-MNPs.
a,b) Ab-Zn-MNPs selectively bind to the specific cell-surface Tie2
receptors. c) In the presence of an external magnetic field, the Ab-Zn-
MNPs are magnetized to form nanoparticle aggregates, which then
induce the clustering of receptors to trigger intracellular signaling.

d) Magnet setup and the simulated magnetic field. The inset shows
magnetized nanoparticles on the cell surface. e) M—H curve of Zn-
MNPs measured by using a superconducting quantum interference
device (SQUID); M in emu per g magnetic atom. Zn-MNPs have a
strong saturation magnetization value (ca. 160 emu per g magnetic
atom) and high magnetic susceptibility (y.,=6.53x107%) which satu-
rates at low magnetic fields below 0.1 T. f) Transmission electron
microscopy (TEM) image of Zn-MNPs.

superior to that of conventional nanoparticles, such as Feridex
(ca. 80 emu per g magnetic atom).”!! Also, Zn-MNP has a
strong magnetic susceptibility that enables fast saturation of
magnetization under a magnetic field strength of about 0.1 T
(Figure 1e). The magnitude of its tensional force is calculated
to be around 107N, which is adequate to induce only
receptor clusterization, but small enough not to alter the cell
shape or cytoskeletal organization.!'*!!

The Ab-Zn-MNP conjugate (4 pug) was used to treat 4 x
10° 293-hTie2 cells,”” modified to overexpress Tie2 from the
HEK293 cell line, in a petri dish at room temperature. After
30 min, unbound nanoparticles were removed by washing and
the dish was placed in a magnetic field (ca. 0.15 T) for 1 h.
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Figure 2. Magnetism-induced aggregation of Ab-Zn-MNPs on the 293-
hTie2 cell surface. a) SEM images of the nanoparticles. The inset in
the image on the right shows EDX spot analysis on the aggregate,
which indicates a high Fe content (y in atom %) of Ab-Zn-MNPs.
Nanoparticles in the SEM images are false-colored as yellow for clear
visibility. b) TEM images of the nanoparticles. Nanoparticles are
indicated by arrows. c) Fluorescence confocal microscopy images of
nanoparticles before and after application of a magnetic field. d) Tie2
receptor-bound nanoparticles before and after application of the
magnetic field.

Most of the nanoparticles were on the cell surface at this
stage. The evenly dispersed Ab-Zn-MNPs on the cell surface
aggregated after application of the magnetic field, as seen by
scanning electron microscopy (SEM) and TEM (Figure 2a,b).
Energy-dispersive X-ray (EDX) spot analysis of the aggre-
gates showed that there was a high content of atomic Fe, thus
confirming that the aggregates are indeed magnetic nano-
particles (Figure 2 a, inset).
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Ab-Zn-MNP was also used as a fluorescence imaging
probe after labeling with fluorescein. Application of the
magnetic field to cells containing Ab-Zn-MNP/fluorescein
resulted in a change of fluorescence distribution on the cell
surface, from a weak and evenly dispersed green fluorescence
to several bright, strongly fluorescent clumps (Figure 2c),
which suggests that clustering of both Ab-Zn-MNPs and Tie2
receptors occurs. Clustering of Tie2 receptors can induce
intracellular signaling processes that lead to angiogenesis.
This takes place through several downstream signaling gate-
ways, including phosphorylation of Tie2 and further propa-
gation to phosphorylation of Akt, Fak, RhoA, Racl, and
ERK1/2, and the formation of endothelial nitric oxide
synthase (eNOS) and reactive oxygen species (ROS) (Fig-
ure 2d, right picture).!'s!

The formation of phosphorylated Tie2 (p-Tie2), which is
the first gateway for signaling, is promoted only when cells are
treated with Ab-Zn-MNPs followed by application of a
magnetic field (Figure 3 a—c). Western blots (Figure 3b) show
that a strong band for p-Tie2 is present only in lanes 5,7, and 9
(boxed), which corresponds to the cells that are first treated
with Ab-Zn-MNPs and then subjected to a magnetic field. In
contrast, other cells, which are treated with Zn-MNP (lane 2),
ADb (lane 3), and Ab-Zn-MNP but are not subjected to a
magnetic field (lanes 4, 6, and 8), exhibit negligibly weak
bands for p-Tie2. In the presence of a magnetic field, the
relative expression of p-Tie2 is dependent on the amount of
ADb-Zn-MNP used to treat the cells, and increases from 3.3 to
4.1 and 4.5 as the amount of Ab-Zn-MNP increases from 2 to
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4 and 8 pg. In contrast, the expression of p-Tie2 remains
almost constant when a magnetic field is not applied (Fig-
ure 3¢; also see lanes 4, 6, and 8 of Figure 3b). Here, the ratio
of Ab to Zn-MNP is strictly controlled as 1:1, to avoid
multiple binding of one nanoparticle to several receptors (see
the Supporting Information, Figure S4).
Magnetic-field-induced downstream signaling associated
with phosphorylation of Akt (p-Akt) is confirmed by using
fluorescence confocal microscopy on immunofluorescent-
stained cells (Figure 3d-f). In this procedure, Ab-Zn-MNP
labeled with green-fluorescent fluorescein is used. In addi-
tion, the resulting p-Akt is labeled to emit red fluorescence by
using anti-p-Akt immunoglobulin G (IgG) and its secondary
antibody, Alexa 594-labeled anti-rabbit IgG. Upon applica-
tion of a magnetic field, Ab-Zn-MNPs aggregate and appear
as bright green fluorescing clumps (Figure 3¢, 1) and the red
fluorescence indicates the phosphorylation of Akt (Figure 3e,
2). The areas of green fluorescence overlaps nicely with areas
exhibiting p-Akt red fluorescence, where the overlapped
regions appear yellow (Figure 3¢, 3). This result indicates that
p-Akt is abundant in the regions where Ab-Zn-MNP
aggregates are present. In contrast, when a magnetic field is
not applied, the aggregation of Ab-Zn-MNPs or p-Akt is not
observed (Figure 3f). In addition, the formation of ROS,
another signaling product, is also observed by using fluores-
cence confocal microscopy only when the external magnetic
field is applied (Supporting Information, Figure S5). The
combined results provide strong evidence that aggregation of
magnetic nanoparticles takes place when an external mag-

Ab-Zn-MNP

Figure 3. Intracellular signaling propagations induced by N-MACS. a) Phosphorylation of Tie2 (p-Tie2). b) Western blot analysis of 293-hTie2 cells
which are stained with antibodies specific for p-Tie2 and Tie2; lane 1: control (293-hTie2 cell only), lane 2: bare Zn-MNP treated, lane 3: antibody-
only treated, lanes 4-9: Ab-Zn-MNP treated without a magnetic field (—) or with a magnetic field (+). c) Relative expression of p-Tie2 versus the
amount of Ab-Zn-MNP with or without application of an external magnetic field (three measurements; error bar: standard deviation).

d) Phosphorylation of Akt (p-Akt). Fluorescence confocal microscopy images of cell cytoplasm after application of a magnetic field (e) and in the
absence of a magnetic field (f), in which 1) Ab-Zn-MNP is labeled with fluorescein and 2) p-Akt is immunostained with anti-p-Akt IgG and anti-

rabbit 1IgG—Alexa 594.
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Figure 4. N-MACS on tubulogenesis of HUVECs at different time points after treatment with Ab-Zn-MNPs and application of a magnetic field (a—
d) or without application of a magnetic field (e-h). Insets are magnified images of HUVECs, which are colored according to cell height from the
bottom. i) Tube formation length of HUVECs with/without an external magnetic field (three measurements; error bar: standard deviation).
Relative changes of tube length are shown in arbitrary units (*: P<0.0001).

netic field is applied and that this process induces clustering of
Tie2 receptors, which then triggers phosphorylation of Tie2
and further propagation of downstream signaling processes.

The study was extended to explore whether Tie2 receptor
clusterization can initiate angiogenesis in the human umbil-
ical vein endothelial cell (HUVEC), which is the main
component comprising blood vessels that are known to
possess a significant amount of Tie2 receptors.”! The Ab-
Zn-MNP (8 pg) was applied to HUVECs for 1 h at room
temperature. After washing to remove unbound nanoparti-
cles, a magnetic field of 0.15 Twas applied in the same manner
as in the 293-hTie2 cell experiments. The change of cellular
morphology was examined by using differential interference
contrast (DIC) microscopy for different times (0, 6, 9, and
12 h).

Initially, the cells have polygonal shapes and adhere to
one another (Figure 4a,e, insets). When the cells are exposed
to a magnetic field for 1 h, their shapes begin to progressively
change to capillary-like tubular structures, which become
abundant after 9 h of magnetic field application (Figure 4 a—
d). The shape transformation that takes place in HUVECs is
commonly called tubulogenesis, which represents the prean-
giogenic stage eventually leading to blood vessel formation.
In contrast, when a magnetic field is not applied, the shape
change of the HUVECs is much slower (Figure 4e-h). This
observation is quantified by measuring the length of tubes
where the relative length to the initial cell size changes from 0
to 15.4, 23.3, and 28.7 as time increases (Figure 4i). These
results clearly indicate that Tie2 signaling pathways in
HUVECs are triggered by N-MACS and artificial angio-
genesis is possible.

While some natural ligands such as angiopoietins can also
induce similar effects, the N-MACS technique has unique
advantages associated with the fact that it can be initiated
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remotely, noninvasively, and with temporal control. In
addition, the methodology can be universally applied to
various biological signaling processes.
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