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Remote Control of T Cell Activation Using Magnetic Janus Particles

Kwahun Lee, Yi Yi, and Yan Yu*

Abstract: We report a strategy for using magnetic Janus
microparticles to control the stimulation of T cell signaling
with single-cell precision. To achieve this, we designed Janus
particles that are magnetically responsive on one hemisphere
and stimulatory to T cells on the other side. By manipulating
the rotation and locomotion of Janus particles under an
external magnetic field, we could control the orientation of the
particle—cell recognition and thereby the initiation of T cell
activation. This study demonstrates a step towards employing
anisotropic material properties of Janus particles to control
single-cell activities without the need of complex magnetic
manipulation devices.

Cells sense their environment and signal one another
through receptor-ligand recognition. The binding of ligands
to specialized cell surface receptors activates intracellular
signaling pathways that determine the behavior of cells. Our
ability to regulate these signaling events is essential for not
only fundamental understanding of cell biology, but also
engineering of cell functions for treating diseases.'! Among
the various strategies for controlling cell signaling with
external stimuli, magnetic manipulation is widely used
owing to its unique advantages, such as the precise control
over the intensity and direction of magnetic forces as well as
minimal damage to living cells, in comparison to optical
techniques.'*?! Rotating magnetic fields have been used to
twist magnetic nanoparticles to control the opening of ion
channels,’! measure the mechanical properties of the cell
cytoplasm and cytoskeleton,”! and probe the mechanotrans-
duction of cell surface receptors.l’) Local heating of magnetic
nanoparticles has also been exploited to activate temper-
ature-sensitive ion channels in neuron cells."¥ Several groups
have used the aggregation of magnetic nanoparticles as
a switch to activate cell signaling.?*° In those studies,
magnetic nanoparticles were coated with ligands specific for
a target signaling pathway,?<®"! such as the apoptosis of
tumor cells®®! or immune cell stimulation.”>*! When nano-
particles aggregated under the influence of a magnetic field,
they induced the clustering of the membrane receptors to
which they were bound and triggered the desired cell
responses. A similar strategy has also been used with nano-
particles inside cells to regulate the nucleation and assembly
of cytoskeletal proteins.”) However, these methods do not
allow control of signaling with single-cell precision because
the aggregation of magnetic nanoparticles cannot be con-
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trolled locally unless a complex apparatus, such as a magnetic
tweezer, is used to generate localized magnetic fields.!

Herein, we present a strategy that employs magnetic Janus
microparticles to remotely control the stimulation of single T
cells with only hand-held magnets. T cell activation is a critical
step in cancer immunotherapy, in which a cancer patient’s
own T cells are stimulated, either invivo or in vitro, to
recognize and attack cancer cells.”’] Being able to remotely
control which T cells to stimulate and switch the cell response
on and off is an attractive strategy for the precise admin-
istration of the cancer therapy, but it remains a grand
challenge. In this study, we achieved the remote control of
activation of single T cells by exploiting the unique magnetic
response of Janus particles. In our experimental design, one
side of these particles was coated with a thin film of
magnetically responsive materials, so that their orientation
and locomotion can be controlled simultaneously. The Janus
particles are also biologically anisotropic in that they display
stimulatory ligand only on one hemisphere for T cell
activation. In this way, we could control the initiation of T
cell activation by manipulating the timing and the orientation
of particle—cell contacts.

The 3 um Janus particles were rendered magnetically
responsive by applying a thin nickel coating on one hemi-
sphere. Using thermal evaporation deposition, we sequen-
tially deposited 50 nm of nickel and 30 nm of aluminum onto
one hemisphere of monodisperse silica microparticles (Sup-
porting Information, Figure S1). The thickness of the nickel
coating was chosen to produce a robust magnetic response of
particles while minimizing particle aggregation. The alumi-
num coating was used as a protective layer to keep the nickel
film from oxidation. The silica hemisphere was functionalized
with anti-CD3 antibody through streptavidin-biotin linkers.
Anti-CD3 binds to the T cell receptor complexes on the cell
surface and triggers T cell activation. The exposed surface of
particles was passivated with bovine serum albumin (BSA)
proteins, which prevents non-specific protein adsorption but
induces no T cell responses.

We first set out to control the motion of Janus particles by
rotating a permanent magnet near the imaging chamber
(Figure S2a). The magnetic field was rotated around the x-,
y-, or z-axis with respect to the imaging plane (also the bottom
of the imaging chamber). We observed that Janus particles
aligned with their Janus interface (the boundary between the
two differently coated hemispheres of the particle) parallel to
the external magnetic field and perpendicular to the imaging
plane; they also rotated in the same direction as the rotating
magnetic field (Figure 1a and S2). This agrees with previous
studies, which have shown that a Janus particle with a thin
nickel cap has a net magnetic dipole that is parallel to the
Janus interface."”! This magnetic dipole is also shifted away
from the geometric center of the particle.''! Owing to this
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Figure 1. Remote control of the rotation and locomotion of magnetic
Janus spheres. a) Snapshots showing the rotation of a single Janus
sphere under a magnetic field that was rotated counterclockwise.

b) Superimposed bright-field images showing that rotation and loco-
motion of a single Janus sphere can be simultaneously controlled to
circumvent stationary particles (indicated by the yellow arrows) that
were not magnetic responsive. c) Trajectory of the Janus sphere shown
in (b). Scale bars=5 um.

shifted dipole effect, Janus particles moved translationally
when they were rotated around the axis perpendicular to the
Janus interface, and the direction of their locomotion was
determined by the direction of the rotation (Figures 1b,c and
S2c¢). In other words, rotating the magnetic field around the z-
axis changed the orientation of the Janus particles, but caused
no locomotion. Rotating the magnetic field around the x- or
y-axis induced the locomotion of particles without changing
their orientation. By combining these different magnetic
responses of Janus particles, we were able to simultaneously
control the orientation and locomotion of the Janus particles.
The rotational and translational speeds of Janus particles
were controlled up to 15.7 radsec ' and 7.0 pmsec ', respect-
ively, under a magnetic field of ~14.2 mT.
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We next sought to manipulate the triggering of T cell
activation by magnetically controlling the Janus particles.
Given that the stimulatory ligand, anti-CD3, is functionalized
on only one side of our Janus particles, we hypothesized that
the triggering of T cell activation could be controlled by
manipulating the timing of the initial contact between T cells
and the anti-CD3-coated hemisphere of the particles (Fig-
ure 2a). We quantified T cell activation by measuring the
concentration fluctuation of intracellular Ca*" ions. T cell
activation is accompanied by the sudden influx of Ca*" into
the cell cytosol from both the endoplasmic reticulum (ER)
and the extracellular environment.'” More intense and
persistent calcium elevations indicate stronger T cell activa-
tion. In our experiments, the influx of Ca*" was reported by
a calcium sensitive dye, Fluo-4, which was loaded into the cell
cytosol. The fluorescence emission of Fluo-4 increases
proportionally to intracellular [Ca®'], so it provides a direct
and quantitative readout of the T cell activation. As shown in
Figure 2b, resting T cells containing Fluo-4 exhibited only
weak fluorescence. A Janus particle that was coated with anti-
CD3 on one hemisphere was moved using the rotating
magnetic field to make contact with the cell from its metal-
coated hemisphere. It was then rotated so that its anti-CD3
coated side faced the cell. A rapid increase of Fluo-4
fluorescence intensity was observed following the binding of
the anti-CD3 side of the particle to the cell, and the
fluorescent signal persisted for over a minute before gradually
decreasing to the base level (Figure 2¢). This time-dependent
fluctuation of [Ca®'] indicated T cell activation. We chose
which individual cell to stimulate by controlling the lateral
trajectory of the Janus particles. We observed that once the
anti-CD3 side bound to the cell surface, the magnetic control
was not strong enough to further rotate the particles.

To further demonstrate that the timing of T cell activation
was controlled by the orientation of Janus particles, we varied
the time at which the anti-CD3 side of the particle was rotated
to face the cell over a range of 0 to 180 seconds. For simplicity,
the interval between when the metal-coated side of a particle
contacted a T cell and when the anti-CD3 side was rotated to
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Figure 2. Remote control of T cell activation by controlling the rotation and locomotion of Janus particles. a) Illustration showing the orientation
of a Janus sphere and the corresponding T cell response. b) Fluorescence images showing T cell activation when the anti-CD3 coated hemisphere
of a Janus sphere (indicated by the yellow arrow) was rotated to face the cell. Images are color-coded based on fluorescence intensity of the
calcium reporter Fluo-4. c¢) The normalized fluorescence intensity of the T cell shown in (b) is plotted against time to show the time dependence
of T cell activation. The red arrow indicates the time when the metal-coated hemisphere made contact with the T cell and the blue arrow indicates
the time when the anti-CD3 side was rotated to face the cell. Results are representative of N=51 cells. Scale bars=10 um.
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face the cell is referred to as the “rotation timing”. In the
calcium plots of individual cells, we observed that the calcium
elevation peak, which indicates the initiation of T cell
activation, exhibited a delay corresponding to the rotation
timing (Figure 3a). This correspondence is evident in the
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Figure 3. Manipulation of the initiation of T cell activation. a) Plots
showing the calcium response of three representative cells as a func-
tion of time. In all plots, red arrows indicate the time when the metal-
coated hemisphere made contact with T cells and blue arrows indicate
the time when the anti-CD3 coated hemisphere was rotated to face the
cells. b) Color-scaled heat map showing calcium response of T cells
(N=51). White bars indicate the time when the anti-CD3-coated
hemispheres were rotated to face the T cells. c) A plot showing the
time of the calcium peak as a function of the rotation timing, which is
defined as the time from when the metal side of a particle faced a T
cell to when the anti-CD3 coated side was rotated to face the cell.
Pearson’s coefficient=0.76.

calcium influx heat map, in which the calcium response of
a large group of T cells (N =51) is color-coded based on the
Fluo-4 intensity (Figure 3b). We noticed that a small fraction
of cells showed calcium influx before the anti-CD3 hemi-
sphere of particles was rotated to face them. The most
probable cause of this is that the ruffling cell membrane may
have occasionally made contact with the anti-CD3 hemi-
sphere even when that side was facing away. We performed
two sets of control experiments, in which Janus particles were
either coated with the IgG2a isotype control of the anti-CD3
antibody or passivated with BSA only (Figure S3). Minimal T
cell calcium response was observed in both control experi-
ments, confirming that the T cell activation is specifically
triggered by the anti-CD3 coated hemisphere. To quantify the
correlation between the timing of T cell response and the
orientation of particles, we plotted the time when each cell
exhibited the calcium peak against the respective rotation
timing (Figure 3c). The Pearson’s coefficient was 0.76,
indicating that prolonged rotation timing clearly delays
calcium response in T cells. These results demonstrated our
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capability to manipulate the initiation of T cell activation by
controlling the rotation and locomotion of the Janus particles.

We next explored the remote control of T cell activation
by rod-shaped Janus particles to test the generality of our
approach. To prepare Janus rods, we first synthesized silica
rods 0.83 £0.07 pm in diameter and 2.56 £0.17 pm in length.
The silica rods were further coated on one hemicylinder with
50 nm of nickel and 30 nm of aluminum sequentially (Fig-
ure S4). The larger dimension of the nickel film along the long
axis than that across the rod diameter gives rise to a net
magnetic dipole parallel to the long axis. As demonstrated in
Figures 4a and S5, the Janus rods could be rotated both in-
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Figure 4. Remote control of T cell activation using magnetic Janus
rods. a) Superimposed bright-field images showing the magnetic
control of the rotation and locomotion of a Janus rod. b) Trajectory of
the Janus rod shown in (a). c) Fluorescence images showing T cell
activation by a rotating Janus rod (indicated by the yellow arrow).
Images are color-coded based on the fluorescence intensity of the
calcium reporter Fluo-4 in cells. d) The normalized fluorescence
intensity of the T cell shown in (c) is plotted against time to show the
time dependence of the T cell activation. Red arrow indicates the time
when the Janus rod was rotated to make initial contact with the T cell.
The results are representative of N=18 cells. Scale bars =10 um.

plane and out-of-plane (tumbling) by varying the orientation
of the external magnetic field. The out-of-plane rotation of
the rods also led to translational displacement. The remote
control of T cell activation was performed using a procedure
similar to that was used for Janus spheres. A rapid increase in
Fluo-4 fluorescence intensity, which indicates the onset of T
cell activation, was observed when Janus rods were moved to
make contact with the cell (Figure 4c,d). However, owing to
the small diameter of the Janus rods and the fact that only one
hemicylinder was visible in the fluorescence images, we could
not determine which side of the Janus rods made contact with
the cells.

This study demonstrates the first step in employing
magnetic Janus particles as remote switches for controlling
T cell signaling. In our study, one side of each Janus particle
was magnetically responsive, while the other side displayed
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ligands for triggering T cell activation. By simultaneously
controlling the rotation and locomotion of the Janus particles,
we regulated the initiation of T cell activation with single-cell
precision. This spatiotemporal control was achieved by using
simple hand-held magnets, in contrast to studies that relied on
the use of magnetic tweezers for localized control of
individual cells.®! We also demonstrate the generality of this
approach by using Janus rods. Our group has shown
previously that the anisotropic presentation of ligands on
Janus particles changes the strength of T cell activation.* But
a limitation from that study was the lack of control over the
orientation of particles for better interaction with cells. This
study provides a step to overcome that limitation. In future
studies, it will be important to establish the quantitative
relationship between the cell response and the surface
presentation of anti-CD3 on the Janus particles, as studies
have shown that the strength of T cell activation depends on
both the density and the amount of the stimulatory ligands."¥
We will also combine the unique magnetic response and
anisotropic surface functionality of Janus particles to enable
the simultaneous control of multiple cell signaling pathways.
This study showcases a potentially useful tool for the precise
control of T cell activation in cancer immunotherapy.
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