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1. Introduction

Field-driven transport systems offer great promise for use as biofunctionalized

carriers in microrobotics, biomedicine, and cell delivery applications. Despite
the construction of artificial microtubules using several micromagnets, which
provide a promising transport pathway for the synchronous delivery of
microrobotic carriers to the targeted location inside microvascular networks,
the selective transport of different microrobotic carriers remains an
unexplored challenge. This study demonstrated the selective manipulation
and transport of microrobotics along a patterned micromagnet using applied
magnetic fields. Owing to varied field strengths, the magnetic beads used as
the microrobotic carriers with different sizes revealed varied locomotion,
including all of them moving along the same direction, selective rotation,
bidirectional locomotion, and all of them moving in a reversed direction.
Furthermore, cells immobilized with magnetic beads and nanoparticles also
revealed varied locomotion. It is expected that such steering strategies of
microrobotic carriers can be used in microvascular channels for the targeted

delivery of drugs or cells in an organized manner.
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Microrobotic carriers such as colloidal
particles, liquid droplets or synthetic mo-
tors have promising functions in the
fields of drug delivery, molecular or cells
transport in biomedical applications, and
lab-on-a-chip devices.['"*] Magnetic field
powered-transport of the microrobotic
carriers offers intrinsic advantages such
as high penetration and safety to biolog-
ical entities. For example, a neutrophil-
based microrobot can be magnetically ac-
tuated to realize drug delivery to ma-
lignant glioma in vivo.”) Further, mag-
netic microrollers can be functionalized
to transport drugs into cells and pro-
pelled against physiologically relevant
blood flow.313! In addition, the use of
ferrofluid droplets as soft microrobotic
carriers has demonstrated effective cargo
delivery in confined regions for future
biomedical applications.l'*71 However,
achieving reliable transport of magnetic microrobotic carriers
over long distances remains challenging owing to difficult nav-
igation and complex fluid environments.

Tubular magnetic medical catheters have shown promise in
delivering drugs to hard-to-access regions inside the human
body."82%1 However, the miniaturization to micrometer scale re-
mains challenging. Inspired by Kinesins, which can walk along
microtubules,[?!"?2] an artificial magnetic microtubule was con-
structed as a specific transport pathway for the directional deliv-
ery of microrobotic carriers.[??! The microrobotic carriers travel
an order of magnitude faster than when using the traditional
transport method under the same magnetic driving frequency;
they can travel against strong fluid flows. However, the artificial
microtubule utilizes discrete micromagnets as stepping stones
to guide carriers, which restricts the transport of carriers that are
smaller than the gap between the micromagnets, posing a limi-
tation to their effective movement.

Thin-film-patterned micromagnets have consecutive struc-
tures that enable the simultaneous transport of microrobotic car-
riers. Here, the microrobottic carriers can be reasonably approxi-
mated as magnetic point dipoles. When they are exposed to mag-
netic fields with inhomogeneous distributions on the scale of the
carrier size, the microrobotic carriers move towards the nearest
locations of the minima of the magnetostatic potential energy,
which are induced by the patterned micromagnets. Based on the
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geometry designs of micromagnet ladders or negative patterns
and in combination with three-dimensional structures as well,
the microrobotic carriers can be controlled simultaneously in a
specific direction.?#?’] Furthermore, the introduction of circuit
concepts allows for programmable active transport of the micro-
robotic carriers under a magnetic in-plane field with a combina-
tion of current lines or a pulsed out-of-plane field, which can pro-
duce instantaneous potential energy for the microrobotic carriers
to cross the energy barrier over the micromagnet. A nonmagnetic
gap could also cause an energy barrier to hinder particle trans-
portation. However, the nonlinear dynamics of microrobotic car-
riers moving around a micromagnet have revealed three differ-
ent dynamical modes: phase-locked mode atlow driving frequen-
cies, phase-slipping mode above the first critical frequency, and
phase-insulated mode above the second critical frequency. In the
phase-slipping mode, the microrobotic carrier is able to jump,
thus crossing the energy barrier over the nonmagnetic gap.[28%°!
Based on the different dynamic motions of the microrobotic car-
riers with varied sizes, they could be separated by the nonmag-
netic gap into different micromagnet tracks. Although the pas-
sive separation of the microrobotic carriers could be executed by
the carrier dynamics, selective transport of the microrobotic car-
riers along a specific pathway to deliver multiple cells or drugs in
an orderly manner remains under exploration.

This study demonstrated that microrobotic carriers with differ-
ent sizes could be selectively manipulated and transported along
the micromagnet pathway by tuning the magnetic field strength.
Under sufficiently high field strength, the magnetic beads (2.8
and 5.8 ym in diameter) as microrobotic carriers all moved along
the positive direction of the micromagnet pathway. With the de-
crease in the field strength, the two types of beads exhibited tran-
sitional locomotion from traversal in the positive direction to ro-
tation, bidirectional locomotion, and traversal along the negative
direction. Furthermore, cells immobilized with magnetic beads
and nanoparticles also exhibited such versatile transport. Based
on the nonsynchronous locomotion, two types of cells enabled se-
lective transport along the specific pathway via the regulation of
the applied magnetic field. Thus, the proposed transport strategy
of the microrobotic carriers could realize the directional delivery
of drugs or cells using micromagnet constructed artificial micro-
tubule.

2. Results and Discussion

2.1. Mechanism of Selective Versatile Transport by Micromagnet
Pathway

The autonomous separation of magnetic beads or cells to differ-
ent tracks has been demonstrated using a navigating gate, which
creates an artificial potential energy barrier at the gap between the
discrete micromagnets. Furthermore, the size and the magnetic
susceptibility of the magnetic beads determine the separation
efficiency.[?®! Herein, the magnetic beads can be separated from
each other in the prescribed path and only be successively trans-
ported to one outlet. The linear pathway comprised connected
half-ellipse micromagnets with a bar-type structure, which could
induce the directional movement of the beads under a rotating
in-plane field. However, in the case of a linear pathway compris-
ing full-disk micromagnets, the beads moved in both directions.
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Figure 1. Schematic of magnetic bead transport along micromagnet path-
way. a) Schematic representation of the vertical height calculation for the
magnetic bead of different sizes. The vertical height of h, (bead with
2.8 um diameter) and hsg (bead with 5.8 um diameter) is the sum of
the bead radius and the thickness of the passivation layer. b) Magneto-
static potential energy distribution at different heights. The blue color rep-
resents the deeper potential well. The applied field strength is 6 mT, and
the field direction is 60° to the X-axis. c) Schematic varied transport paths
of the beads. d) Potential energy distribution and the experimental im-
ages indicating that the bead moves along reverse paths under different
field strengths (6 and 12 mT). The field direction is 60° to the X-axis.

Fundamentally, the magnetic beads moved along the gradient
of the magnetic fields or potential energy to the maximum or the
minimum. Considering the 3D distribution of “stray fields” pro-
duced by micromagnets, the bead was oriented from its center
point to the micromagnet surface according to the vertical height.
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Figure 2. Magnetization variations of the micromagnets. a) The schematic explanation of the aspect ratio of the half-ellipse determines the micromagnet
shape. b) Observed and simulated magnetic domain structures depending on the aspect ratio of the half-ellipse micromagnet and the applied field
strength. The applied field direction is along the X-axis. c) Potential energy minima around the half-ellipse edge of the micromagnet at varied field angles
calculated through simulation. The applied field strength is 10 mT. The potential energy deviation (AE) to the micromagnet with the aspect ratio b/a
= 1.5 is larger than the micromagnet with the aspect ratio b/a = 1. This indicates the presence of a larger energy barrier to transport magnetic beads
around the micromagnet (b/a = 1.5). d) Variation of magnetization ratio between the field directional component (M,) and the saturated magnetization
(M) varies with the applied field angle and the micromagnet aspect ratio. The applied field strength is 10 mT. The simulation result shows that the
micromagnet (b/a = 1.5) has a smaller magnetization ratio than that of the aspect ratio (b/a = 1) at low angles (< 90°), which respects the magnetic
shape anisotropy. This indicates that the forward movement of the magnetic beads around the half-ellipse edge of the micromagnet (b/a = 1) is easier

compared with that of the micromagnet (b/a = 1.5).

The vertical height is the sum of the bead radius and the thick-
ness of the passivation layer on the micromagnets (Figure 1a).
The depth and gradient of the potential energy well in a landscape
distribution depend on the vertical height and the applied field
strength. Figure 1b shows the different potential energy land-
scape at 1.8 and 3.3 um height for applied field strength of 6 mT
and field direction of 60° to the X-axis. As evident, the multi-sized
beads experienced different potential energies.

Figure 1c illustrates the five types of transport paths for beads
moving along the micromagnet pathway. These path variations
are influenced by the magnetic domains of the micromagnets
and the distribution of potential energy. When the applied field
strength was sufficiently high, the micromagnets become ade-
quately magnetized, causing the magnetic beads to move along
the positive direction (Transfer (+)) along the curved micromag-
net pathway, in case of an in-plane field rotating in the clock-
wise direction. However, if the magnetic field strength decreases
below a critical threshold, the micromagnet might not be suffi-
ciently magnetized. In such cases, although bead transport along
the A-D path is possible, continuous movement between micro-
magnets does not occur. Consequently, the beads rotate around
a single micromagnet, either at the front or back of their cur-
rent position (Rotation (+), (¥)). Furthermore, reducing the mag-
netic field intensity while maintaining the same rotation direc-
tion leads to a shift in the potential energy change of the mi-
cromagnets from the A-D to the A-B’ path. Consequently, this
change leads to the transportation of the magnetic beads in the
negative direction (Transfer (-)). Lastly, with a further reduction
in magnetic field intensity, the potential energy change of the mi-
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cromagnets shifts from the B’-C’ path to the B’-B path. As a re-
sult, rotation is confined to the area between two micromagnets
(Rotation (0)). Figure 1d experimentally and theoretically demon-
strated the potential energy distribution at 0°, 30°, and 60° along
the X-axis under 6 and 12 mT magnetic fields. It shows that as the
magnetic field rotates from 30° to 60°, the magnetic beads follow
either an A-D or A-B’ path, depending on the field’s intensity.
To achieve the varied transport paths to the magnetic beads
mentioned above, it is impossible to use the micromagnet path-
way comprising the half disks with the traditional shape (b/a
= 1 as the aspect ratio, Figure 2a). Thus, the geometric struc-
ture of the essential element of a single micromagnet is mod-
ified to obtain suitable stray fields or potential energy distribu-
tion from the micromagnet. Figure 2b presents the observed and
simulated magnetic domain structures of the micromagnet with
aspect ratios of b/a = 1 and 1.5 under the applied fields of 0,
5, and 10 mT in the direction along the X-axis. We initially ob-
served the magnetic domain dynamics to simulate potential en-
ergy changes through magnetic domain alterations. The simu-
lation parameters were adjusted accordingly since these obser-
vations were feasible only in the X-axis direction. This approach
showed that observation and simulation have a good match. As
shown in Figure 2¢, the potential energy minima based on the do-
main simulation were obtained depending on the applied field
angles, and the field strength was 10 mT. It indicated that the
potential energy deviation (AE) of the micromagnet with an as-
pect ratio of b/a = 1.5 was larger than that of the micromag-
net with an aspect ratio of b/a = 1. Consequently, a larger en-
ergy barrier was observed when transporting magnetic beads
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Figure 3. Selective transport of magnetic beads through variations of the field strength. The bead locomotion is classified as a) Rotation and b) Transfer.
Furthermore, each locomotion can be classified into two forms. c) Transport paths of the beads depending on the field strength. The switching field
range is divided into six stages for the beads with diameters of 2.8 and 5.8 um. d) Variation of bead locomotion in the order of rotation (0) — Transfer
(=) — Rotation (+)/(¥) — Transfer (+) with an increase in the field strength increases. The rotating field frequency is 0.2 Hz.

around the micromagnet (b/a = 1.5), which is consistent with
the magnetization ratio between the field directional compo-
nent (M,) and the saturated magnetization (M;). As shown in
Figure 2d, the micromagnet with the aspect ratio b/a = 1.5 had
a smaller magnetization ratio compared with that having b/a
=1 at low angles (< 90°), which represent the magnetic shape
anisotropy. This indicated that the forward movement of the
magnetic beads around the half-ellipse edge of the micromag-
net (b/a = 1) was easier compared to that with the micromagnet

(bja = 1.5).

2.2. Selective Transport of Multi-Sized Magnetic Beads

The magnetic beads reveal four types of locomotion moving
along the micromagnet pathway with an aspect ratio of b/a =
1.5 under the rotating field in a clockwise direction, as shown
in Figure 3a (Rotation (0) and Rotation (+)/(¥)) and Figure 3b
(Transfer (+) and Transfer (—)). The four types of locomotion
of the magnetic beads can be switched by the applied field
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strength. For example, when the applied field increased from 4
mT (Figure 3c), the bead locomotion (2.8 um diameter) started
from the type of rotation (0), successively shifting to Transfer
(=) under the applied field of 6 mT (Figure S1, Supporting In-
formation), Rotation (+)/(F) under the applied field of 10 mT
(Figure S2, Supporting Information), and Transfer (+) types un-
der the applied field of 12 mT (Figure S3, Supporting Informa-
tion). Considering two kinds of magnetic beads with diameters
of 2.8 and 5.8 um, the switching field range for the combination
of locomotion types was divided into six stages as shown below.

Stage 1 (~4.0 mT): both beads are were in the Rotation (0) type
of locomotion, moving at with the gap between two micromag-
nets (Movie S1, Supporting Information).

Stage 2 (6.0 mT): both of beads are were transported in the
negative direction of the micromagnet pathway (Movie S2, Sup-
porting Information), Transfer (—).

Stage 3 (~8.5 mT): the beads with 5.8 um diameter exhib-
ited the locomotion of the rotation (+)/(F) type, but however,
the beads with 2.8 pym diameter exhibited the locomotion of the
Transfer (—) type (Movie S3, Supporting Information).
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Figure 4. Selective transport of cells. a) Schematic for T Lymphocytes conjugated to magnetic beads, and B Lymphocytes conjugated to magnetic
nanoparticles (MNP). b) Cell-bead complex and the cell-MNP complex are both in the transfer (+) stage under the 10.0 mT field. c) Cell-bead complex
and the cell-MNP complex in rotation (+) and transfer (+) stage under 7.0 mT field, respectively. d) Cell-bead complex in transfer (—) stage and cell-MNP
complex is in transfer (+) stage under 6.5 mT field. e) Cell-bead complex in transfer (—) stage and cell-MNP complex in rotation (+ ) stage under 6.0
mT field. f) Cell-bead and cell-MNP complex both in transfer (=) stage under 5.0 mT field.

Stage 4 (~9.0 mT): the beads with 5.8 um diameter were trans-
ported along the positive direction of the micromagnet pathway
(Transfer (+))., but the beads with 2.8 ym diameter still exhibited
the locomotion of the Transfer (——) type. It shows that the two
kinds of beads had bidirectional locomotion (Movie S4, Support-
ing Information).

Stage 5 (x9.5 mT): the beads with 5.8 um diameter exhib-
ited the locomotion of the Transfer (+) type; however, but the
beads with 2.8 um diameter shifted to the locomotion of Rotation
(£)/(F) type (Movie S5, Supporting Information).

Stage 6 (~12.0 mT): both beads are exhibited by the Transfer
(+) type of locomotion, moving in along the positive direction of
the micromagnet pathway (Movie S6, Supporting Information).
Figure 3d presents the experimental images of the bead loco-
motion at each stage, when the applied field strengths were 4.0,
6.0, 8.5,9.0, 9.5, and 12.0 mT, respectively. The applied field fre-
quency was 0.2 Hz. Here, two micromagnet pathways were uti-
lized to demonstrate the varied locomotion in six stages, in order
to eliminate the influences of the two types of beads from each
other. A single micromagnet pathway made it possible to realize
the selective versatile transport of the magnetic beads.

2.3. Selective Transport of Cells

Lymphocytes are a type of white blood cell, which help facilitate
the immune system of human beings to fight cancer or foreign
bacteria. Therefore, we used T and B Llymphocytes to demon-
strate the selective versatile transport of cells moving along the
micromagnet pathway. This could be helpful to aid in the devel-
opment of the cell therapy system for the hard-to-access regions
inside the human body. Based on the interaction between an anti-
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gen and antibody (Figure 4a), magnetic beads and nanoparticles
were immobilized on the T and B Llymphocytes, respectively.
Due to the different sizes and magnetic properties of the immobi-
lized cells conjugated with the magnetic beads and nanoparticles,
two kinds types of cells can be manipulated in varied locomotion
as well as in addition to the two kinds types of beads above.

Figure 4b presents indicate that both complexes of cell+bead
and cell+nanoparticles have exhibited transfer in the positive di-
rection along the micromagnet pathway, under the applied rotat-
ing field of 10.0 mT in the clockwise direction (Movie S7, Sup-
porting Information). The rotating frequency was 0.2 Hz. When
the field strength reduces to 7.0 mT, the complex of cell+bead
shifts to the locomotion of Rotation (+) type (Movie S8, Support-
ing Information). In addition, when the field strength reaches
6.5, 6.0, and 5.0 mT, the complex of cell+bead inhibits the loco-
motion of the Transfer (—) type constantly (Movie S9, Supporting
Information). However, but the complex of cell+nanoparticles
shifted from the Transfer (+) type to the Rotation (+) type
(Movie S10, Supporting Information), and the Transfer (-) type
(Movie S11, Supporting Information), respectively. It shows that
Thus, owing to different magnetic immobilizations, the cells
could be transported in a controllable manner along a micromag-
net pathway.

3. Conclusion

This study demonstrated a selective versatile transport strategy of
magnetic microrobotic carriers, moving along a half-ellipse mi-
cromagnet pathway under the control of applied field strength.
The multi-sized magnetic beads (2.8 and 5.8 ym in diameter)
were separated and manipulated in varied locomotion (isotropic,
bidirectional, and march on the spot). As the microrobotic
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carriers, the magnetic beads or nanoparticles could implement
directional and precise delivery of cells or drugs along a spe-
cific track. In addition, to combine with existing microfabrication
technologies, the micromagnet pathway could be utilized with a
microcatheter to reach narrow microvascular channels for robust
and precise drug delivery with organized manipulation, which
enables to overcome the intrinsic limitations of tubular catheters
and freely swimming microrobots.[23]

4. Experimental Section

Fabrication of Micromagnets and Applied Magnetic Fields: ~Patterned mi-
cromagnets were fabricated on silicon wafers using conventional pho-
tolithography and a sputtering system. A photoresist (AZ 5214 E) and UV
mask aligner (MIDAS, MDA-400S) were used to produce the patterns.
First, 100 nm thick Ni83Fe17 (Kojundo Chemical Laboratory Co., Ltd.,
Japan) was deposited via DC magnetron sputtering. Next, thereafter, the
samples were coated with 500 nm thick Teflon (DuPont, Grade 60152-100-
6) via spin-coating (3500 rpm for 30 s), to protect the micromagnets in the
fluid environment and diminish surface adhesion forces.

The rotating in-plane magnetic field was produced by using four ferrite
core solenoids, which were arranged at mutually orthogonal axes in the x—
y plane of the substrate. Two current sources were controlled by using the
LabVIEW program to supply sinusoidal waveforms to each solenoid coil
along the orthogonal axes, whose phase difference was adjusted by 90° to
generate a rotating magnetic field.

Magnetic Domain Measurement and Simulation: To interpret a micro-
magnet that moves beads based on the strength of the magnetic field,
the magnetic domain of the patterned micromagnets was measured and
compared to simulations. Magnetic transmission soft X-ray microscopy
(MTXM) was used to perform domain measurements. Because of the
beam size limitation of the MTXM, the micromagnet size was reduced
to half of that of the actual structure while maintaining the aspect ratio.
The simulation was conducted using the MuMax3 software (where an ex-
change stiffness A,, = 13x107'2 Jm~", saturation magnetization M, = 860
kAm~T, damping constant a = 0.1, zero magnetocrystalline anisotropy,
and cell dimensions of 20x20x20 nm? were used as standard material
parameters). The magnetostatic potential energy on a superparamagnetic
particle was obtained using: U (7, t) = — y,VB2/2uq; where yy is the vol-
umetric magnetic susceptibility of superparamagnetic particles; V is the
volume of the particle; B is the total magnetic field at the particle center,
and pg is the vacuum permeability.

Magnetic Particles and Immobilization of Cells: T and B lymphocytes
were obtained from the spleens of C57BL6 mice (KOATECH, Pyeongtaek,
Korea). Magnetic beads with diameters of 4.5 um (Dynabeads mouse Pan
T, Thy1.2) were purchased from Invitrogen. Magnetic nanoparticles with
50 nm diameter conjugated with CD45R (B220, B lymphocytes) were pur-
chased from Miltenyi Biotec. Based on the interaction between antigens
on the lymphocytes and corresponding antibodies on the magnetic beads
and nanoparticles, the magnetic immobilization of cells was executed. In
addition, the superparamagnetic beads of 2.8 um diameter (Dynabeads M-
280 Streptavidin) and 5.8 um diameter (CMO1TN/11 374) were purchased
from the Invitrogen and Bangs Laboratories, respectively.
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