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Abstract

The ability to direct and sort individual biological and non-biological particles into spatially
addressable locations is fundamentally important to the emerging field of single cell biology.
Towards this goal, we demonstrate a new class of magnetophoretic transistors, which can switch
single magnetically labeled cells and magnetic beads between different paths in a microfluidic
chamber. Compared with prior work on magnetophoretic transistors driven by a two-dimensional
in-plane rotating field, the addition of a vertical magnetic field bias provides significant
advantages in preventing the formation of particle clumps and in better replicating the operating
principles of circuits in general. However, the three-dimensional driving field requires a complete
redesign of the magnetic track geometry and switching electrodes. We have solved this problem by
developing several types of transistor geometries which can switch particles between two different
tracks by either presenting a local energy barrier or by repelling magnetic objects away from a
given track, hereby denoted as “barrier” and “repulsion” transistors, respectively. For both types of
transistors, we observe complete switching of magnetic objects with currents of ~40 mA, which is
consistent over a range of particle sizes (8-15 um). The switching efficiency was also tested at
various magnetic field strengths (50-90 Oe) and driving frequencies (0.1-0.6 Hz); however, we
again found that the device performance only weakly depended on these parameters. These
findings support the use of these novel transistor geometries to form circuit architectures in which
cells can be placed in defined locations and retrieved on demand.

Graphical Abstract

“corresponding author: yellen@duke.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abedini-Nassab et al. Page 2

Source
®§ate

Drain

Magnetophoretic transistors switch magnetic particles and magnetically labeled cells between
different paths in microfluidic channels in a tri-axial magnetic field.

Introduction

Biologists are increasingly turning to lab-on-a-chip systems to evaluate heterogeneous
biological processes, which are difficult to analyze by traditional methods!-3. As such, the
field of single cell analysis has emerged, where new platforms and assays enable the study
of heterogeneous, and often rare, immunological and molecular mechanisms within single
cells*®. There has been significant interest in developing techniques for sorting and
organizing single particles and cells in microfluidic chips based on various methods, such as
sedimentation into micro-wells,%-8 encapsulation into droplets,®-10 capture by hydrodynamic
traps,11-13 as well as active sorting based on electric fields,14-17 optical tweezers,18-19
acoustic pressure,20-21 and magnetic traps.22-24 Though these technologies have significant
promise,?>-27 many challenges must be surmounted to precisely organize the large number
of single cells needed to analyze rare cellular events, which can be present at frequencies of
0.1% or less.

To overcome these barriers, we have developed a circuits-based approach to transport
magnetic objects within microfluidic devices, which functions analogously to how electrons
are moved inside computer chips. To achieve the highly scalable, automated, and
programmable functionality of integrated circuits, it is necessary to develop the equivalent
passive and active circuit elements, such as conductors, diodes, capacitors, and transistors,
which can transport cells along desired paths inside microfluidic devices. Prior work on
developing passive circuit elements has demonstrated that an external rotating field can
move large ensembles of particles at controlled speeds along designated pathways (i.e.,
conductors).2? Active circuit elements have also been used to precisely control the motion of
individual particles at specific junctions within the device (i.e., transistors).28 Though the
operating principles of these switching junctions have been previously described,28-30 in
brief, these devices are called “magnetophoretic transistors” because of their ability to
replicate the properties of electronic transistors fabricated in solid state semiconductors. By
analogy, these microfluidic devices are designed such that magnetic objects are unable to
move across a gap when a gate electrode is OFF (non-conducting state). On the other hand,
when a sufficiently large gate signal is applied, the magnetic objects can move across the
gap with high efficiency (conducting state). By arranging these conductor and transistor
elements into higher level system architectures, it is possible to organize arrays of single
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magnetic beads and magnetically labeled cells analogously to how a computer memory
stores digital data.28-2% This manipulation strategy can also be generalized to non-magnetic
particles by controlling the magnetic properties of the surrounding fluid.31-33

The first integrated magnetophoretic circuits were designed to operate in a two-dimensional
(2-D) in-plane rotating magnetic field; however, these initial prototypes had an undesirable
feature that impeded the system's performance. The problem arises from the fact that the
particles experience strong attractive forces when exposed to an in-plane rotating magnetic
field, which can lead to the formation of bead and cell aggregates.2® This problem leads to
transport properties that are fundamentally different from electronic circuits, in which the
mobile components (e.g. electrons) experience isotropic repulsion. For example, the self-
limiting charging effect of a capacitor could not be achieved in a 2D rotating field, due to the
lack of repulsion between the cells or beads.

To overcome this problem, we recently developed an alternative circuits-based approach for
transporting magnetic objects, which instead used a three-dimensional (3-D) conical
magnetic field (i.e., an in-plane rotating magnetic field superimposed with a static vertical
field).34 The inclusion of the vertical field bias is advantageous because of inducing dipole-
dipole repulsion between the magnetic objects, which not only reduces the tendency to form
particle clumps but also allows for a better analogy between magnetophoretic circuits and
their electronic counterparts. This improved analogy can impact the field of single cell
analysis by establishing a self-limiting feature to control the number of objects in each array
site. However, the use of the vertical field required a complete re-design of the magnetic
track structure to achieve rectified particle transport.3*

Our initial designs were based on ideas borrowed from the magnetic bubble literature,35-37
which used geometries, such as TI junctions, chevron patterns, and other structures to
transport magnetic bubble domains inside iron garnet films. Though these geometries were
capable of moving magnetic beads in fluids, we found that another design, i.e., the “drop-
shape” pattern, was able to transport particles at higher frequencies and handle a wider range
of particle sizes, and is, therefore, better suited for implementing the conductor elements.3
However, to date, we had not developed a transistor geometry that is compatible with the
drop-shape conductor pattern when driven by a conical magnetic field.

The goal of this paper is to demonstrate magnetophoretic transistor elements that are
compatible with a conical driving field (i.e., in-plane rotating magnetic field combined with
a vertical magnetic field bias). The basic operating principle of this transistor concept is
illustrated in Fig. 1a-b. The system is composed of two magnetic tracks separated by a
semiconducting gap. The gate electrode is established by an overlaid wire, which supplies a
competing magnetic field and transforms the gap from a non-conducting to a conducting
state. In the OFF mode, the particle stays on the same track with trajectories indicated by the
red lines in Fig. 1a. In the ON mode, the particle moves to the adjacent track at the switching
junction labeled “Gate” with trajectories as indicated by the green lines in Fig. 1a. We
design and test a variety of transistor geometries (Fig. 1b shows a few examples) capable of
switching the trajectory of magnetic beads and magnetically labeled single cells in a 3D
conical magnetic field. The performance of a few transistor geometries is quantified as a
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function of the size and type of magnetic objects, as well as other operating parameters, such
as the driving frequency, field strength, and cone angle (i.e., the angle between the total
external field and the axis perpendicular to the chip surface). Interestingly, we find that the
switching thresholds are fairly consistent over all tested conditions.

Experimental Methods

The magnetic fields are produced by a customized apparatus fabricated in an iron plate
machined into a four-pole structure, in which each of the arms is wrapped with 1000 turns of
magnet wire (20 AWG). The magnetic field apparatus is powered by two programmable
power supplies (Kepco BOP 20-5M, Flushing, NY), which are controlled by a high-
precision, 8-channel voltage analog output board (DNR-AO-308, United Electronics
Industries, Boston, MA) and operated with a customized LABVIEW program (National
Instrument, Austin, TX). This analog output board is also used to supply up to 50mA
currents to the gate electrodes. The magnetic fields are measured with a handheld Model 410
Gaussmeter Hall probe sensor (Lakeshore, Westerville, OH). In order to establish the static
vertical field bias, another magnetic coil is placed underneath the stage (See Fig. 1c). As
shown in Fig. 1d, we make electrical contact to the gate electrodes with an IC test clip
(Ponoma Electronics, Everett, WA). The gate electrode currents are measured with a digital
multimeter (Extech Ex430, Nashua, NH). A Retiga 2000R video camera mounted on a Leica
DM LM microscope is used to record movies and obtain the bead and cell trajectories in a
20X objective. The trajectories are extracted from the experimental video data using a
customized image recognition based in MATLAB (Mathworks, Natick, MA).

Though the detailed fabrication process is explained elsewhere,28 in brief, we fabricate
aligned patterns of magnetic and metallic thin films on silicon wafers (University Wafer,
Boston, MA) by conventional photolithographic liftoff process (Karl Suss MA6 mask
aligner) using NFR16D2 negative photoresist. The metal layers are deposited by electron
beam evaporation (Kurt Lesker, PVVD 75), in which the metallic pattern consisted of a 5Snm/
100nm stack of Ti/Au, while the magnetic patterns consisted of a 100nm thick NiggFexq
film. The remaining photoresist is stripped with 1165 photoresist remover at 65°C. In
between the metallic and magnetic layers, a 300nm thick conformal layer of SU8 photoresist
is applied to achieve electrical insulation. This ultrathin SU8 layer is created by mixing SU8
3005 with cyclopentanone (Microchem, Westborough, MA) at a 5:2 ratio of
SU8:cyclopentanone, which is spin-coated onto the chip at 3000 RPM. Another SU8 coating
is applied on top of the chip in order to provide electrical insulation from the fluid and to
establish a uniform surface chemistry for subsequent functionalization with a non-fouling
polymer brush layer.

Poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA) is grown directly on top
of the top SU8 layer by surface-initiated atom transfer radical polymerization (SI-ATRP).
Briefly, the SU8 top layer is first activated by generating hydroxyl groups on the surface as
described elsewhere,38 followed by their conjugation to (3-aminopropyl)triethoxysilane
(APTES). We then follow the process for growing the 30 nm thick POEGMA brush layer
described elsewhere, in which an ATRP initiator is coupled to the amine groups installed on
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the surface of SU-8 by APTES coupling to SU-8, followed by SI-ATRP.3% A schematic of
the fabrication procedure is shown in Figure 2.

Three types of magnetic beads with mean diameters of 5.7 um, 8.4 um, and 15.6 um are
used in the transistor test experiments (CM-50-10, FCM-8056-2, and CM-150-10,
respectively, from Spherotech, Lake Forest, IL). We also test the switching capability on
human CD4+ T cells by magnetically labeling them with magnetic nanoparticles conjugated
to anti-CD4 antibody (StemCell Technologies, Vancouver, Canada). The cell labeling
process is performed using the protocols provided by the manufacturer, and cell isolation
purity is confirmed by flow cytometry. Though we did not quantitatively measure the
magnetic nanoparticle coverage on the cell membrane surface, the cells move reliably at
driving frequencies below 0.3 Hz. Experiments on magnetic beads and cells are conducted in
de-ionized (DI) water and phosphate-buffered saline (PBS), respectively. The cells and/or
beads are suspended at a low concentration (~500 particles/uL) to reduce particle-particle
interactions. A 10uL aliquot of bead solution is deposited on the chip and covered by a
coverslip to create a microscopy-compatible viewing window. A 3D printer is used to
fabricate the fluid holder, which is fastened to the chip with silicone glue.

In our prior work, we numerically simulated the potential energy landscape of a magnetic
point dipole above a drop-shape magnetic track pattern exposed to a conical time-varying
magnetic field.34 We demonstrated that it is possible to achieve rectified particle transport
along the track axis for a specific range of cone angles between 30° — 60°. The basic
transport mechanism relies on symmetry breaking during two distinct intervals of motion,
which correspond to the alternating sections of positive and negative curvature. The first
interval of motion involves smooth translation of the particle around the section of positive
(convex) curvature, which occurs when the external field has an in-plane component that is
parallel to the outward normal of the substrate curvature. The second interval of motion
involves a sudden jump between two curvature inflection points, which occurs when the in-
plane field component is anti-parallel to the outward normal of the substrate curvature. For
each complete cycle of the field rotation, the particle moves by one array period. Due to the
linear relationship between the bead velocity and the driving frequency of the rotating field,
the particle motion behaves analogously to Ohm's law for electrical circuits. Previous work
has shown that both bi-directional and uni-directional motion can be achieved by adjusting
the symmetry of the magnetic track shape.3* However, to date, no attempts have been made
to implement the transistor functionality in a conical magnetic field.

Here, we consider a system in which two drop-shape magnetic track patterns are positioned
in near proximity, and we test the ability of different micro-wire geometries (i.e., transistors)
to switch magnetic particles between the two magnetic tracks. The goal of this work is to
identify a few effective transistor geometries and analyze the switching thresholds as a
function of experimental control parameters, including external field strength, cone angle,
bead size, and frequency of the driving field. Our general strategy for designing the
transistors is based on establishing magnetic field profiles that: 1) repel particles from the
magnetic track by reducing the local magnetic field, or 2) attract particles towards the
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electrode by strengthening the particle's interaction with the external field. Though we have
tested more than 50 transistor designs, we present only a few geometries that enable high-
efficiency switching with the lowest possible currents, which can be broadly classified into
these two general classes.

The first transistor class, which hereafter we denote as “barrier transistors” (see Figure 3),
uses a small current loop to induce a local magnetic energy barrier when the particle reaches
the transistor junction. As shown in the diagram of Fig. 1a, the switch point is the
intersection of the magnetic track and the metal electrode, which hereafter we denote as the
“gate”. When the gate is ON, the magnetic particle can switch between two adjacent tracks,
hereafter denoted as a “successful switching event”. When a particle remains on the same
track despite the presence of a gate signal, this is considered to be an unsuccessful switching
event. For the barrier transistors, switching occurs only when the gate current within the
loop produces a magnetic field that is parallel to the vertical component of the external field.
The local energy minimum established by the current loop causes the particle to become
momentarily trapped, after which the particle's location becomes out-of-phase with the
traveling potential energy landscape of the first track. When the nearby energy minimum of
the opposite track arrives at the junction, the particle then resumes its path along the second
track, but in the opposite direction.

Some representative particle motions are depicted in Figure 3a-d, which presents the
overlaid trajectories (blue dotted lines) of ten magnetic beads. For these experiments, the
field strength was fixed at 70 Oe, cone angle at 45°, driving frequency of 0.1 Hz, and
transistor gate currents of 35 - 45 mA. Switching was achieved by manually turning on the
gate current when the particle arrived at the junction. The particle trajectories depicted in
Figure 3 and supplementary movies (S1-S4) are consistent regardless of the size of the
particle.

To quantify the switching thresholds of the transistors, we monitored the percentage of
successful magnetic bead crossings as a function of the applied gate currents. In these
experiments, the external field consisting of an in-plane 50 Oe magnetic field rotating at 0.1
Hz that is superimposed with a 50 Oe vertical magnetic field (corresponding to a 45° cone
angle). For each transistor, we measured the trajectory of at least twenty magnetic beads in
order to obtain statistics on the switching efficiency. The results are illustrated in Fig. 3e-h.

For ease of discussion, we also define a second class of transistors, hereafter denoted as
“repulsion transistors”, which are based on straight (or slightly curved) gate currents aligned
parallel to the track direction (See Figure 4). Here, the switching mechanism relies on
supplying gate currents that produce an in-plane field component, which is anti-parallel to
the in-plane component of the external field. The local reduction in field strength causes the
particle to be repelled away from the current magnetic track and attracted towards a nearby
magnetic track, thus completing the switching process. In some cases, we employ a two-wire
geometry, in which anti-parallel currents are used both to repel the bead from one side and
attract the bead to the other side of the transistor junction (Fig. 4a-b). Due to closer
proximity to the first wire, the repulsion is always stronger than the attraction by the wire
that on the opposite side of the junction. One-wire configurations (Fig. 4c-d) could achieve
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particle switching, but only in the repulsive direction, as the attractive force from the
opposite wire was insufficient to significantly alter the local potential energy landscape.
Supplementary Movies S5-S8 show example trajectories of beads moving in these repulsion
transistors. The switching thresholds of the repulsion transistors are quantified by
monitoring the percentage of successful magnetic bead crossings as a function of the applied
gate currents (See Fig. 4e-h). The results for all eight transistors, shown in Figures 3 and 4
collectively represent over 3000 individual measurements of the switching efficiency of
single beads in different gate currents.

As observed in Figures 3 and 4, the switching thresholds were relatively similar across the
different class of transistors. However, based on the tighter spread of the trajectories of the
transistors depicted in Figs. 3b and 4b, we selected these for further testing of different
experimental conditions.The switching efficiency for the two selected transistors is
presented in Figure 5 as a function of the driving frequency (Figs. 5a,d), field strength (Figs.
5b,e), and field cone angle (Figs. 5¢,f). For these experiments, in order to more closely
simulate our immune cell population of interest, we use only the 8.4-um diameter magnetic
beads, and we present comparative examples in each of the figure panels. Fig. 5a-c shows
the results for the barrier transistor depicted in Fig. 3b, while Fig. 5d-f shows similar
experiments for the repulsion transistor of Fig. 4b. The switching thresholds only weakly
depend on field strengths ranging from 50 — 90 Oe, cone angles ranging from 37° - 65°, and
driving frequencies ranging from 0.1 — 0.6 Hz.

We also demonstrated the ability to switch the trajectory of magnetically labeled CD4+
human T cells with these transistor geometries (Fig. 6). The blue dotted lines present
multiple overlaid cell trajectories, which demonstrate the reliability of switching.
Supplementary Movies S9-S11 depict the switching trajectories of T cells using different
types of transistors.

Discussion

Compared to prior work on magnetophoretic circuits in a 2-D in-plane rotating magnetic
field, there are fundamental advantages offered by a 3-D conical magnetic field that
improves system performance by inducing repulsion between the mobile components. This
feature helps not just to inhibit the formation of particle clusters, but also allows these
circuits to operates more similarly to electrical circuits, which uses the self-repulsion
between the individual electrons to achieve various functions, such as preventing charge
accumulation in capacitors. The vertical field bias is also helpful in breaking the mirror
symmetry of the rotating field, which allows the stable positions of a particle on a substrate
to be uniquely defined, as compared to the degenerate bistable state that is present in a 2-D
in-plane rotating field. This effect both improves the synchronization of particle motion
relative to the global clock cycle, and it also allows two magnetic tracks to be placed close
together without concern about inadvertent switching between the different tracks.

Among the tested transistors, the symmetric geometries (e.g., those in Figs. 3a,b,d, and 4a,b)
are preferable because of their bi-directional switching properties. Moreover, transistors with
shorter gate electrodes are superior, since they have lower electrical resistance, and hence
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they require smaller operating voltages. Integrating these transistors into higher-level circuit
designs, such as crosshar memory architectures, will require many transistors to be
connected in series. Therefore, the reduction of gate electrode resistance is one of the most
important parameters for selecting a transistor design.

Finally, the spread of the particle trajectories in the barrier transistors of Figure 3 have
tighter overlap compared to the ones shown in Figure 4. Though this is a qualitative
measure, it provides an indication of a transistor's repeatability in switching particles
between two discrete points in space. For comparison, we provide one example of a
switching error in Fig. 4a, in which the magnetic bead was transferred to a different part of
the track than intended. Though this type of switching error will often not be problematic, it
can interfere with synchronization of downstream logic operations.

Compared to our prior work on transistors designed for 2D in-plane rotating fields, the
transistors designed for a 3D conical field require higher gate currents to achieve 100%
switching efficiency, which increases the voltage requirements for operating large
multiplexed arrays. The increase in the required gate current results, in part, from the vertical
field bias, which induces greater energy barriers between the different magnetic tracks. On
the other hand, these transistors have a lower propensity for inadvertent switching of
particles between distinct tracks, and thus provide motivation for further optimizing the
devices to reduce the switching thresholds.

Finally, we find that the switching properties only weakly depend on the particle size,
driving frequency, field strength, and the cone angle of the external field. These results
indicate that the system is robust and insensitive to the operating conditions, which is an
advantage when employing these principles to sort and manipulate biological particles and
immune cells whose size, antigen receptor density, and other biological characteristics can
vary substantially from one cell population and sub-population to another.

The results presented in this paper thus complete the analogous set of circuit component
(conductors, diodes, transistors) required to form hierarchical control architectures enabling
the scalable placement of many objects inside microfluidic environments in a 3-D driving
field. We envision coupling these circuit elements with microfluidic channels to rapidly
organize multicomponent patterns of cells and particles in a high-density array. These
cellular arrays can be used in drug screening and to characterize dynamic cellular processes,
such as the immunological interactions between pairs of single cells. Ultimately, this
manipulation strategy can have an important impact on single cell biology by improving our
immunological and molecular understanding of rare and critical single cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Magnetophoretic transistor and experimental setup
Schematic of a sample transistor and particle trajectories when the transistor is operating in

OFF mode (red dashed line) and ON mode (green dashed line) is illustrated in (a). Examples
of fabricated transistors are shown in (b). Scale bar, 10 pm. The imaging station and
magnetic field stage are shown in (c). The rotating field is produced by the coil (1), with
another coil mounted underneath the platform (2). The rotating field and gate currents were
controlled with a custom designed board (3). The chip is shown mounted in an IC test clip in

).
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Figure 2. Chip fabrication
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Starting from a cleaned silicon wafer (a), a photoresist is patterned (b), then a thin stack of

Ti/Au is evaporated onto the entire surface (c), after which liftoff is performed (d), and

finally a SU8 layer is applied to act as an insulator (e). These steps (b-e) are repeated with
the magnetic permalloy layer (f-i). Finally, a POEGMA brush is grafted onto the SU8 top
layer (j), followed by the installation of a 3D printed chamber and addition of DI water or

PBS (k), and finally addition of cells or beads is followed by covering the chip with a
coverslip to achieve a planar viewing window (1).
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Figure 3. Barrier transistors
The operating conditions for the transistors illustrated in (a-d) include horizontal and vertical

magnetic field components fixed at 50 Oe, while the in-plane field component rotates
clockwise at a driving frequency of 0.1 Hz. The gate currents required for reliable switching
in each of the transistor geometries are (a) 35 mA, (b) 35 mA, (c) 45 mA, and (d) 40 mA,
respectively. The blue dotted lines depict the trajectories of magnetic particles, which are
extracted from video data. The red circles depict the starting points of the overlaid
trajectories, and the curved black arrow represents the rotation sense of the horizontal field
component with the direction of the vertical field depicted at the center of the curved arrow.
Four example trajectories are also shown in Supplementary Movies S1-4. The switching
thresholds for 8.4 um beads (solid lines) and 15.6 pm beads (dashed lines) for the transistors
depicted in a-d are shown in e-h. Scale bar, 10 um.
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Figure 4. Repulsion transistors
The horizontal and vertical magnetic field components are fixed at 50 Oe, while the in-plane

field component rotates clockwise at a driving frequency of 0.1 Hz. The gate currents
required for reliable switching in each of the transistor geometries are (a) 35 mA, (b) 30 mA,
(c) 35 mA, and (d) 30 mA, respectively. The blue dotted lines depict the trajectories of
magnetic particles, which are extracted from video data. The red circles depict the starting
points of the overlaid trajectories, and the curved black arrow represents the rotation sense of
the horizontal field component with the direction of the vertical field is depicted at the center
of the curved arrow. Four example trajectories are also shown in Supplementary Movies S5-
S8. The switching thresholds for 8.4 um beads (solid lines) and 15.6 um beads (dashed lines)
for the transistors depicted in a-d are shown in e-h. Scale bar, 10 ym.
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Figure5. Transistor switching thresholdsvs. field strength, frequency, and cone angle
The switching efficiency of 8.4-um magnetic beads is shown for the transistor depicted in

Figure 3b as a function of (a) the driving frequency ranging from 0.1 Hz (solid line), 0.3Hz
(dashed line), and 0.6Hz (dotted line) when the field magnitude and cone angle are fixed at
70 Oe and 45°, respectively, (b) the field magnitude ranging from 50 Oe (solid line), 70 Oe
(dashed line), and 90 Oe (dotted line) when the cone angle and the driving frequency are
fixed at 45° and 0.1Hz, respectively, and (c) the cone angle ranging from degrees 37° (solid
line), 45° degrees (dashed line), and 65° degrees (dotted line) when the field magnitude and
driving frequency are fixed at 700e and 0.1 Hz, respectively. The results from similar
experiments performed on the transistor depicted in Figure 4b are shown in (d-f). The red
circle depicts the starting points of the overlaid trajectories, and the curved black arrow
represents the rotation sense of the horizontal field component with the direction of the
vertical field is depicted at the center of the curved arrow.
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Figure 6. Transistor switching of magnetically labeled CD4+ T cells
The overlaid trajectories (blue dotted lines) of magnetically labeled human T cells are shown

with the horizontal and vertical magnetic field components fixed at 50 Oe, while the in-plane
field component rotates clockwise at a driving frequency of 0.1 Hz. The gate current is fixed
at 50 mA. The blue dotted lines depict the trajectories of the cells extracted from video data.
The red circle depicts the starting points of the overlaid trajectories, and the curved black
arrow represents the rotation sense of the horizontal field component with the direction of
the vertical field is depicted at the center of the curved arrow. Examples of switching
trajectories are shown in Supplementary Movies S9-S11. Scale bar, 10 pm.
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