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Abstract

The Controlled transport of tiny particles in a microfluidic environment has attracted the attention of numerous researchers
in the field of lab-on-a-chip. In this work, for the first time, a fully operational microfluidic chip composed of asymmetric
magnetic tracks that unidirectionally transport multiple magnetic particles synced with a general tri-axial magnetic field is
proposed. In this innovative chip, the particle motion is analogous to the electron transport in electrical diodes, with similar
controllability and automation levels not seen in other single-particle manipulation systems. The vertical bias component of
the magnetic field by providing a repulsive force between the particles and preventing undesired cluster formation, makes
the proposed chip even more similar to the electrical circuits. Additionally, the chip functions as a highly sensitive biosensor
capable of detecting extremely low levels of DNA fragments using ligand-functionalized magnetic beads. The uniqueness
of the proposed sensor lies in the introduction of a novel particle/analyte concentrator based on the proposed diodes, which
enhances its detection sensitivity. This sensitivity is even further enhanced by a single-particle and pair detection image
processing code. Furthermore, the background noise is reduced by eliminating the unwanted bead cluster formation com-
monly observed in previous works. The proposed device serves as a high-throughput unidirectional transport system at the
single-particle resolution, offering sensitive bio-detection with many applications in biomedicine.

Keywords Unidirectional particle transport - Magnetophoretic transport - Finite element methods - Microfluidic - Lab on a
chip - Concentrator - Biosensor

1 Introduction

Single particle (e.g., cell or bead) manipulation is a crucial
task in the lab-on-a-chip (LOC) field, the importance of
which in biology and bioengineering is obvious. This field
has a great impact on various applications including cancer
treatment (Abonnenc et al. 2013), drug invention and drug
delivery (Roichman et al. 2007; Kang et al. 2008; Dittrich
and Manz 2006; Nguyen et al. 2013), detecting viruses
(Abonnenc et al. 2013), particle separation, and clinical
diagnostics based on acoustic forces (Abedini-Nassab et al.
2021; Connacher et al. 2018; Ohiri et al. 2018), optical twee-
zers (Roichman et al. 2007; Ashkin 1997; Block et al. 1990;
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Xiao and Grier 2010; Pelton et al. 2004; Ladavac et al. 2004;
Chiou et al. 2005), hydrodynamic flows (Skelley et al. 2009;
Carlo et al. 2007; Kuntaegowdanahalli et al. 2009; Herzen-
berg et al. 2002), dielectrophoretic forces (DEP) (Pesch and
Du 2021; Punjiya et al. 2019; Abedini-Nassab et al. 2022),
microengraving (Love et al. 2006; Han et al. 2010), flow
cytometry (Gnyawali et al. 2019), and droplet-based micro-
fluidics (Mantri et al. 2021; Macosko et al. 2015; Samlali
et al. 2020). For example, it is now widely known that cell
heterogeneity in cancer tumors plays a key role in disease
development (Cha and Lee 2020; Wu et al. 2021; Lawson
et al. 2018). Hence, researchers need novel single-cell anal-
ysis tools capable of precise manipulation of single cells
and individual beads to detect cell behavior with single-cell
resolution. Such crucial information is not easily detectable
with the traditional bulk-level analysis methods (Sande et al.
2023; Luo, et al. 2022).

The available particle manipulation techniques have their
own advantages and disadvantages. In method based on
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hydrodynamic flows (Skelley et al. 2009; Carlo et al. 2007;
Kuntaegowdanahalli et al. 2009; Herzenberg et al. 2002),
microengraving (Love et al. 2006; Han et al. 2010), or acous-
tic forces (Abedini-Nassab et al. 2021; Connacher et al.
2018; Ohiri et al. 2018), control over individual particles is
not offered. In methods based on optical tweezers (Roichman
et al. 2007; Ashkin 1997; Block et al. 1990; Xiao and Grier
2010; Pelton et al. 2004; Ladavac et al. 2004; Chiou et al.
2005), precise control over individual particles is achieved;
however, they are considered expensive methods, and their
potential damaging impacts are reported (Volpe et al. 2023;
Blazquez-Castro 2019).

Methods based on magnetophoretic forces are considered
promising candidates for remotely manipulating particles in
microfluidic systems (Abedini-Nassab and Eslamian 2014;
Huergo et al. 2021; Lefebvre, et al. 2020). To answer this
need, in recent years, we have developed magnetophoretic
circuits composed of circuit elements similar to those found
in electronic circuits, including conductors, transistors, and
diodes. Analogous to electronic circuits that conduct numer-
ous electron currents simultaneously, the magnetophoretic
circuits enable the precise control of magnetic particle tra-
jectories in a highly parallel manner. These chips are con-
structed using magnetic thin films engineered to achieve the
desired energy distribution for effective particle manipula-
tion in an externally applied rotating magnetic field.

The initial version of the magnetophoretic circuits oper-
ates in an in-plane two-dimensional (2D) external magnetic
field (Lim et al. 2014; Abedini-Nassab et al. 2015; Abedini-
Nassab 2019). But, to prevent particle cluster formation,
which may halt the device operation, the next version of the
magnetophoretic circuits, operating in a three-dimensional
(3D, hereafter called tri-axial) field, is introduced (Abedini-
Nassab and Shourabi 2022; Abedini-Nassab and Bahrami
2021a). This tri-axial field (See Fig. 2¢) is composed of an
in-plane rotating field and a vertical bias component. The
rotating field component is generated by arranging four coils
(numbered 1 in Fig. 1b) around the chip, while the vertical
component is added by placing the fifth coil (numbered 2
in Fig. 1b) underneath the chip. The inclusion of the verti-
cal bias magnetic field provides a repulsive force between
particles, preventing particle nucleation. This phenomenon
has been discussed elsewhere (Abedini-Nassab and Shourabi
2022); however, in short, in an in-plane field, the particles
are biased in such a way that their opposite (i.e., north and
south) poles are directed toward each other. Hence, they
experience an attractive force (See Fig. 1i). However, in a
tri-axial magnetic field, the vertical bias component alters
this arrangement, causing the opposite poles to not meet
(See Fig. 1j).

Although the conductors and transistors operating
in tri-axial fields are fully studied (Abedini-Nassab and
Shourabi 2022; Abedini-Nassab et al. 2016), the diodes
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Fig. 1 a A 3D illustration of the proposed diode is shown. The diode
transports the particles in the forward mode (green arrow) but not in
the reverse bias (red arrow). b The experimental setup is illustrated.
Number 1 shows the four coils around the chip producing the in-plane
rotating component of the magnetic field, and number 2 depicts the
coil producing the vertical component of the magnetic field. ¢ Sche-
matic of the magnetic field setup is shown (top view). The four coils
are sitting around the chip and the fifth one is placed underneath the
chip (light brown rectangle). The produced tri-axial magnetic field
with cone angle a is shown with the green arrow (H). d-h The fab-
rication steps are depicted. ¢ Starting from a silicon wafer, d a nega-
tive photoresist (PR) covers the chip, e which is patterned after pho-
tolithography. f The chip is covered with permalloy. g After lift-off,
the permalloy layer is patterned. i In an in-plane field, an attractive
force forms between magnetic particles. Both schematic and experi-
mental pictures are shown. j In a tri-axial field, a repulsive force
forms between magnetic particles. Both schematic and experimental
pictures are shown. H stands for the magnetic field direction, and the
blue rectangle depicts the substrate (color figure online)

are not characterized yet. In this work, finite element
methods (FEM) are used to analyze the energy distribu-
tion on this device, based on which the particle trajecto-
ries are predicted. The simulation predictions are validated
with the experimental data. It is shown that the proposed
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Fig.2 The energy simulation results for the proposed diode for a
complete cycle with steps of 45° and the experimental observations
are illustrated. a-h The energy landscapes are produced by FEM
simulations. The black arrows depict the in-plane field directions.
The blue and red areas stand for the regions with low and high mag-
netic energies, respectively. The small black circle represents a parti-

geometry transports the particles in one direction, but not
in the reversed external magnetic field (See Fig. 1a). This
behavior is similar to the diodes in electrical circuits that
conduct electrical currents in one direction but not in the
reverse bias. In this work, various device design param-
eters are carefully studied, and the effect of particle size
is investigated.

In the proposed magnetophoretic circuits, the width of the
magnetic tracks for manipulating particles is ~ 10—15 um.
Thus, on a 75 x 25 mm? chip (i.e., the size of a typically
used glass slide), a hundred magnetic tracks, each capable
of transporting 100 cells, can be easily fabricated. Conse-
quently, the chip can easily manipulate ~ 10,000 particles
simultaneously. Importantly, all particles move synched with
the external magnetic field without requiring control signals
for individual particles.
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cle, and the dotted line depicts the particle trajectory. i, j The diodes
operating in i forward and j reverse bias are illustrated. The green and
red dots in i and j represent the overlaid experimentally observed tra-
jectories of particles in forward and reverse bias modes, respectively.
The circular arrows in i, j depict the direction of the in-plane compo-
nent of the externally applied magnetic field (color figure online)

Biosensing is an important need in the field of biology
to be answered with lab-on-a-chip tools. For example, sim-
plex virus type 1 (HSV-1, or oral herpes) is a DNA virus
belonging to the Herpesviridae family that affects more than
60% of the global population. Culture-based or polymer-
ase chain reaction-based diagnosis methods are used cur-
rently; however, the field needs more sensitive HSV diag-
nostic tools (Arshad et al. 2019). Here, for the first time, a
chip based on the proposed magnetophoretic diode design
is introduced to detect low levels of HSV-1. This need is
answered by first concentrating the analyte-carrying parti-
cles at the center of the chip. The analyte concentration after
accumulation increases so that it can be detected more easily.
Then, analytes between the ligand-functionalized magnetic
beads making bead pairs with an image-processing code are
detected. By applying a vertical field to the chip, a repulsive
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force is provided between the unpaired beads (i.e., the beads
with no analyte), decreasing the sensor background noise.
This work shows the capability of this sensitive sensor to
detect ultra-low levels of DNA that have not been achieved
in previous studies (Rampini et al. 2021).

In the rest of this study, first, the theory and methods
used for investigating the operation of the device are intro-
duced. Next, the results are presented and then discussed.
Then, the capability of the chip to concentrate the particles
at the center of the chip is presented. Also, a highly sensi-
tive single-molecule detection assay based on the proposed
design is demonstrated. The studied diode and its identified
design parameters are crucial in designing the integrated
magnetophoretic circuits with fundamental applications in
biology and medicine.

2 Materials and Methods
2.1 Theory and simulations

The magnetic force applied on a magnetic particle in a mag-
netic energy distribution is calculated as shown in Eq. (1):

F=-vU ey

where U is the magnetic energy. This equation shows that
the magnetic particles tend to move to the spots with mini-
mum energies (i.e., the energy wells). In this work, COM-
SOL software is used to run FEM simulations to obtain the
energy distribution around the magnetic thin films. Then, by
plugging the obtained energy in Eq. (1), the magnetic force
on the magnetic particles is calculated.

The magnetic microparticles in a magnetic field can be
treated as point dipoles. In aqueous fluids, their movement
can be modeled with overdamped first-order equations of
motion. The particle velocity is calculated by the Stokes
force on spherical particles:

-

Fp
6znr

-
y =

@

where Fp, 1, 1, and v are the drag force, fluid viscosity, par-
ticle radius, and particle velocity, respectively. At the steady
state, the magnetic and the drag forces are equal. Thus, by
plugging the calculated force from Eq. (1) into Eq. (2), the
particle velocity is obtained. Then, the particle trajectory is
determined by using a simple forward difference scheme:

-

P, =T + Vi At 3)

1

where r and At stand for the particle position and the time
step, respectively. Based on Eq. (3), the particle position is
determined based on its position at the previous step and
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its velocity. A proper time step, At, is required to achieve
an optimized computation time and numerical convergence
simultaneously.

In this work, the magnetophoretic diode geometries were
designed in AutoCAD and then imported into COMSOL
software. In COMSOL, a 3D component, the magnetic fields
physics, and the stationary study were used. By choosing a
good mesh (minimum element size and maximum element
size were 0.0182 pm and 1.82 pm, respectively, with mesh
quality higher than 0.5) the solution was converged. After
computation, the energy landscape data was exported to be
used in force and velocity studies.

2.2 Experimental methods

The fabrication steps are demonstrated in the schematic in
Fig. lc—g. The process is explained elsewhere (Abedini-
Nassab and Emamgholizadeh 2022). But briefly, silicon
wafers (University Wafer, Boston, MA, USA) were cleaned
with acetone and isopropanol and dried with nitrogen gas
(See Fig. 1c). Then, they were spin-coated with negative
photoresist (NFR16-D2 JSR Micro Inc., Sunnyvale, CA) for
5 s at 500 revolutions per minute (RPM), followed by 30 s at
3000 RPM (Headway spinner). Then, they were pre-baked
at 90 °C for 60 s on a hotplate (See Fig. 1d). Next, they were
exposed to ultraviolet (UV) light for 12 s at an illumina-
tion power of 13.5 mW with a wavelength of 365 nm (Karl
Suss MA6/BA6). Then, the chips were post-baked at 90 °C
for 60 s on the hotplate. Next, the patterns were developed
using Microposit MF-319 developer (Shipley, Marlborough,
MA) by placing the chips in it for 60 s. Then, the chips
were rinsed with deionized water and dried with nitrogen
gas (See Fig. 1e). After O, plasma ashing for 60 s at 100mW,
the chips were ready for the metal evaporation step. Using
an electron-beam evaporating system (Kurt Lesker PVD
75) a 5/100 nm thick stack of Ti/NigFe,, film was depos-
ited on top of the chips. The operating pressure was set to
11073 (See Fig. 1f). To remove the excess metals using the
metal lift-off technique, the chips were placed in 1165 resist
remover (NMP) at 65 °C and kept for 5 min (See Fig. 1g).
After being rinsed with acetone and isopropanol, the chips
were dried with nitrogen gas and became ready to be coated
with an insulating layer. This step was done by depositing
a 200 nm thick layer of SiO,, using the Plasma Enhanced
Chemical Vapor Deposition (PECVD) method (Advanced
Vacuum Vision 310) at 250 °C, at a rate of 40nm/s.

A microscopy stage equipped with a camera (See Fig. 1b)
was used to run the experiments. The chip was mounted
under the microscope while five magnetic coils surrounded it
(i.e., four coils (numbered 1 in Fig. 1b) were located in-plane
with the chip, and the fifth coil (numbered 2 in Fig. 1b) was
placed underneath the chip). Figure Ic illustrates a sche-
matic of the coils (top view) and the produced tri-axial field.
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In our experiments, we used Dynabeads M-280, Spherotech
CM-50-10, and FCM-8056-2 with mean diameters of 2.8,
5.7, and 8.4 um, respectively.

In the sensor experiments, the DNA fragments were
labeled with biotin and digoxigenin oligonucleotide probes.
This labeling allows them to bind in between streptavidin
and anti-digoxigenin antibody-labeled magnetic beads.

3 Results and discussions
3.1 Unidirectional particle transport

Previous studies have demonstrated that curved geometries
with a symmetric magnetic track transport the particles in
both directions (i.e., it works as a conductor) (Abedini-
Nassab and Emamgholizadeh 2022). Thus, to achieve a uni-
directional transport (i.e., as a diode), a geometry without
mirror symmetry is required. Therefore, the proposed mag-
netophoretic diode, illustrated in Fig. 1a, consists of curved
magnets with one end wider than the other. To be consist-
ent with the conductor design in previous works (Abedini-
Nassab and Emamgholizadeh 2022), the I bar is added to
the diode design. It has been shown that the I bar aids in
holding and then transferring the particles to the next curved
magnet (Abedini-Nassab and Emamgholizadeh 2022). Also,
the longer distance between the two curved magnets in the
design with the I bar compared to the design without it,
enhances the overall particle transport speed. For example,
at the frequency of 0.1 Hz, incorporating an I bar with a
width of 2 pm and gaps of 3 um between the magnets results
in a particle velocity increase of 0.5 um/s. Thus, although
our simulation results (not presented here) indicate that the
design without I bars works too, we chose to keep the I bar
in the design.

When the externally applied magnetic field rotates in
the clockwise direction (considering the design in Fig. 1),
the magnetic particles in their proximity move in open tra-
jectories along the magnetic track. We call this condition
“forward bias” in analogy to the forward-biased diodes
in electronic circuits. But when the magnetic field rotates
counterclockwise, the magnetic particles move in closed
trajectories, the condition which we call the “reverse bias”.
The origin of this asymmetrical behavior of the device
(i.e., transporting the particles in one direction but not in
the reverse direction) comes from the deeper energy well
appearing near the thicker segment of the track, compared
to that of the narrower segment.

To carefully study this behavior, this work analyzes the
energy distribution on this device, as shown in Fig. 2. A
cone angle (i.e., the angle between the unit vector normal to
the chip plane and the magnetic field) of «=45° consistent
with the magnetophoretic conductors operating in a tri-axial

magnetic field presented previously (Abedini-Nassab and
Shourabi 2022; Abedini-Nassab and Bahrami 2021b) is cho-
sen (See Fig. Ic). The in-plane field component in Fig. 2
is shown by the black arrow in each panel. Starting from
Fig. 2a, when the field direction is towards +y, the energy
wells (blue regions) form on the +y side of the magnets.
These areas are the spots to which magnetic particles tend
to move to obtain minimum energy. By rotating the external
field, the energy wells and the magnetic particles following
them circulate the curved magnets in the clockwise direction
until they reach the narrow segment of the curved magnets
in Fig. 2e. Next, in Fig. 2f, the energy well on the narrow
segment disappears, while the energy well on the I bar tip
in the vicinity still exists. Thus, the particle which initially
was transported to the narrow segment of the curved magnet,
moves to the I bar tip. Similarly, in the next step, as shown in
Fig. 2g, the energy well on the I bar tip disappears, and the
particle moves to the energy well on the next circular magnet
on the right. Hence, in one cycle of the external field rota-
tion, the particle moves one magnetic track period forward.
In Fig. 2, the black circle and the black dotted line at each
panel show the position of the particle based on simulation
results and the particle trajectory, respectively. Experimental
particle trajectories are overlaid on the microscopy picture in
Fig. 2i for the diode forward bias. Good agreement between
the simulation predictions and the experimental results is
observed.

To better understand the transition between the tips of
the curved magnet and the I bar, an additional analysis with
finer steps is performed, the results of which are presented in
Fig. 3. In this figure, in addition to the magnetic energy dis-
tribution, the energies along two possible paths (i.e., forward
and backward particle trajectories) are plotted. The reason
for choosing these two paths is to find whether the particle
initially located at point 2 moves toward the energy well at
point 1 or to the one at point 3, along lines 1-2 and 2-3, in
black and red, respectively. In Fig. 3a, the energy well is at
the intersection of the two lines, indicating the particle is
on the narrow segment of the curved magnet. At this step,
the particle sees energy barriers on both sides. In the next
step, by rotating the external magnetic field, the barrier in
the +x direction disappears (See Figs. 3b, c¢), and the particle
sees an energy slope towards point 3 on the I bar. Thus, the
particle moves from the curved magnet to the I bar, which
means the diode is operating in forward mode.

In Fig. 3d—f, points 1 and 3 are positioned on the left side
of the wide section of the curved magnet and the right side
of the I tip. Therefore, the energy plot in Fig. 3d includes
the energy wells generated on these tips, which is consist-
ent with the heatmap displayed in Fig. 3a. However, since
this analysis focuses on the energy slopes adjacent to the
initial position of the particle (e.g., point 2 in Fig. 3) as the
key parameter defining particle movement, rather than the
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Fig.3 The energy simulation results for the diode in forward bias
mode. The black arrows depict the in-plane field direction at each
panel. The field rotation step size in this figure is 20°. The energy
landscapes are plotted in a-c and the corresponding energies along

wells at other points, and to maintain simplicity in the plots,
we have limited the studied area in the subsequent figures.
It means that we may not have included all the energy wells
along the lines 1-2 and 2-3.

To study the diode in the reverse bias mode, the results
in Fig. 2 in reverse order are considered. In this analysis,
the energy wells and their follower particles circulate the
curved magnets in the counterclockwise direction from their
initial position in Fig. 2(a) toward -y and -x direction to
reach the positions shown in Figs. 2h, g, ), and finally 2(e).
At this point, the particles located at the wide segment of the
curved shape see a deep energy on the narrow segment of the
curved magnet and move to that spot (See Fig. 2d). Thus, the
particles move in a closed orbit around the curved magnet.
The red circle and the red dotted line in each panel of Fig. 2
represent the particle position based on simulations and its
trajectory at each step, respectively. Experimental particle
trajectories are overlaid on the microscopy picture in Fig. 2j
for the reverse-biased diode. Good agreement between the
simulation predictions and the experimental results is seen.

There is also an undesirable chance for the particles to
move to the energy well on the I tip in the -x direction. To
gain a clearer understanding of this behavior (i.e., the parti-
cle transition between the wide and narrow segments of the
curved magnet versus the transition between the curved and I
magnets) more clearly, a study with a finer angle step (22.5°)
is provided in Fig. 4, together with energy plots for each
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the lines 1-2 and 2-3 are plotted in d-f, in red and blue, respectively.
The blue and red areas stand for the regions with low and high ener-
gies, respectively. The black circle depicts the particle position at
each field angle (color figure online)

energy landscape along the presented lines. In Figs. 4a, b,
the energy well is located at the intersection of the two lines.
It means the particle is on the wide segment of the curved
magnet and is surrounded by energy barriers on both sides.
In the next step, by rotating the external field, the barrier on
the + x direction lowers (See Figs. 4b, e and then disappears
(See Figs. 4c, f). The particle sees a slope toward point 3 on
the narrow segment of the curved magnet while it still sees
the energy barrier toward point 1. Hence, it moves toward
point 3, which means the diode works properly in the reverse
bias mode.

To evaluate the capability of the device in manipulat-
ing particles of different sizes, simulations are performed
at various heights (i.e., the center of the particles). In these
simulations, each magnetic particle is treated as a point
dipole located at the center of the particle. Based on our
analysis, the device with a gap size and a disk outer diameter
of 3 and 16 pm, respectively, can effectively manipulate the
particles with radii in the range of 4-10 pum (the results are
not shown). We also conducted simulations for particle radii
smaller than 4 pm. For instance, Fig. 5 illustrates the energy
simulation results for a particle with a radius of 3 um. In
this figure, the particle is initially located at point 2, which
corresponds to the narrow segment of the curved magnet. At
this position, two energy barriers on both sides prevent the
particle from moving (See Fig. 5d). By rotating the external
magnetic field, eventually, the two energy barriers disappear
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Fig.4 The energy simulation results for the diode in the reverse bias
mode. The black arrows depict the in-plane field direction in each
panel. The energy landscapes are plotted in a-c, and the correspond-
ing energies along the lines 1-2 and 2-3 are plotted in d-f, in red and

(See Fig. 51), allowing the particle to move in any direction.
In Fig. 51, a small slope is seen toward the + x direction;
however, the absence of a sufficient energy barrier in the -x
direction does not guarantee proper device operation. After
conducting these simulations and determining the proper
particle size range, the particle radius of 4 um was chosen
for the rest of the simulations to investigate other parameters
in the current work.

Another important parameter to consider is the gap
between the magnets. Here, simulations for various gap sizes
to analyze its impact are conducted. Based on our analysis
(results not shown here), the I bar can be shifted in the +y
direction by up to 5 pm, and the device can still efficiently
transport the particles along the magnetic track. However,
a 6 um shift leads to an undesired particle transport (See
Fig. 6), indicating that g, must be kept lower than 6 um.

In Fig. 6a, consider a particle initially positioned at the
narrow segment of the curved magnet (point 2 in Fig. 6d).
By rotating the magnetic field, a negative slope toward the I
bar tip (point 3) is formed (See Fig. 6e). But even with fur-
ther rotation of the external field, the energy barriers along
the path do not disappear (See Figs. 6e-h). That means the
particle cannot move properly along the desired path.

We also analyzed the effect of shifting the [ bar in the —y
direction (not shown here) and found that to achieve desired
particle transports, this shift should be kept below 6 um.
Figure 6i illustrates our experimental results, demonstrating
that a shift of 3 um in+y for the I bar is acceptable, while

(f)

o
3 1 2 3

blue, respectively. The blue and red areas stand for the regions with
low and high energies, respectively. The black circle depicts the parti-
cle position at each field angle (color figure online)

a 6 um shift negatively impacts the device performance in
particle transport.

Another important design parameter to consider is the
gap between the magnets in the x direction (g,). The initial
gap size was 3 um, which can be increased to 6 um without
affecting the proper functioning of the device. The simula-
tion results of the design with g, =6 pm (not presented here)
show that it properly transports the particle. By contrast,
Fig. 7 demonstrates that a diode design with g, =7 um does
not operate effectively.

Assuming the particle is initially located at point 2 (See
Fig. 7a, d, j), it observes an energy barrier in the + x direc-
tion even when the magnetic field rotates. The little energy
barrier in Fig. 7e is shown by the red arrow. Hence, the
device fails to move the particle to points 3-5. Our experi-
mental results are plotted in Fig. 71 for particles with differ-
ent sizes. These results also indicate that a shift in the +x
direction of up to 3 um is acceptable.

3.2 Particle concentration and analyte detection

After thoroughly studying the parameters of the proposed
diode, we sought to demonstrate the feasibility of this unidi-
rectional transport method to concentrate the target carrying
beads to the center of a chip in two phases. As illustrated
in the 3D schematic in Fig. 8a, the chip surface is covered
with diodes connected perpendicularly to the two main diode
paths in the center.
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Fig.5 Energy distributions for a particle with radius, gap size, and
disk outer diameter of 3 um, 3 um, and 16 um, respectively, are dem-
onstrated. The energy landscapes are plotted in a-c and g-i and the
corresponding energies along the lines 1-2 and 2-3 are shown in d-f

In the first phase, by applying the external rotating
magnetic field to the chip (clockwise), some diodes are
forward-biased (e.g., diode 1), the particles on which move
toward the main magnetic tracks located at the center of
the chip (e.g., diode 2). In this phase, the other diodes are
biased in reverse mode and do not transport the particles
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and j-1, in blue and red, respectively. The blue and red areas stand
for the regions with low and high energies, respectively. The black
arrows depict the in-plane field direction in each panel. The magnetic
field rotation step size is 5° (color figure online)

(e.g., diode 3). Hence, in the first phase, the particle tra-
jectory directions are toward the blue arrows in Fig. 8a.
Then, by inverting the magnetic field rotation in the sec-
ond phase, the bias of all the diodes changes. In other words,
the initially reverse-biased diodes switch to forward bias,
enabling them to transport the particles toward the main



Microfluidics and Nanofluidics (2024) 28:6

Page9of13 6

(a) Hl o

[| [| 5 [

D EE

. - A - A T g
— —

= AR A FAFAra s

HYNS

y
| X Energy [A.U.]
1F ' ' ' ' i T
F(d) ] (e) (f
</
>
E’i»
Sl
L=
i
oo vV , L
(9) . T (i) 308 Particle size
T 80 57um [l
# " . n > 60 8.4 ym
N e W W - i5 vm B
@&y @y @y @y 3 15.6 um [
£ 20
o 1] e
0 3 6
Shift in +y direction
1L(h) ' | 1)
5| _
< | | 5
> J
2| ]
w
1 2 3 4 5 1 2 4

Fig.6 Energy distributions for the design with shifting the I bar
toward +y direction by 6 pum (g, =6 um) are illustrated. The particle
radius, the g,, and the outer disk diameter are 4 pm, 3 pm, and 16
um, respectively. The energy landscapes are plotted in a-c and g and
the corresponding energies along the lines 1-2, 2-3, 3—4, and 4-5 are
plotted in d-f and h, in black, red, blue, and magenta respectively.
The blue and red areas in a—c and g stand for the regions with low

magnetic tracks located at the center of the chip. The parti-
cle trajectory directions in this phase are toward the green
arrows in Fig. 8a. Hence, eventually, the particles are col-
lected at the center of the chip (the area in the green circle).

We also conducted simulations of the T junctions (i.e.,
the intersection of two perpendicular diodes). These

and high energies, respectively. The black arrows depict the in-plane
field direction in each panel. The magnetic field rotation step size is
60°. i The experimental particle transport efficiencies for various par-
ticle sizes and for geometries with different shifts of the I bar in+y
direction are plotted. j The important points for the energy plots are
shown (color figure online)

simulations demonstrated that the particle is effectively
transported from one magnetic track to the other one
(See Fig. 8d—f for the energy landscape simulation and
Figs. 8g—i for the energy simulation along the 1-2, 2-3,
and 3—4 cutlines, depicted in Fig. 8d).
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Fig.7 Energy distributions for the design with g,=6 pm are illus-
trated. The particle radius and the outer disk diameter are 4 pum and
16 pm, respectively. The energy landscapes are plotted in a—c and g
and the corresponding energies along the lines 1-2, 2-3, 3-4, and
4-5 are plotted in d—f and h, in black, red, blue, and magenta respec-
tively. The blue and red areas in a—c and g stand for the regions with

Here, the proposed method is used to concentrate the bio-
targets (e.g., HSV-1 (Arshad et al. 2019)) at the center of the
chip to detect them with higher sensitivities. Towards this
goal, the beads are initially dispersed all over the chip to
bind to the target DNAs (HSV UL27 gene) and carry them
to the chip center. At this area on the chip (green circle in
Fig. 8a), a single-molecule detection assay is designed.

This assay relies on the reaction of the target DNA
between two magnetic beads. Once the beads are
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Increased gap size in +x direction

low and high energies, respectively. The black arrows depict the in-
plane field direction in each panel. The magnetic field rotation step
size is 60°. i The experimental particle transport efficiencies for vari-
ous particle sizes and geometries with increased gap size in the +x
direction are plotted. j The important points for the energy plots are
shown (color figure online)

concentrated in the accumulation region, the vertical bias
field is turned off, allowing the beads to come into contact in
a pure in-plane field. This interaction leads to the formation
of bead doublets or clusters, which indicates the presence of
the target DNA (See Fig. 8b).

Subsequently, the vertical field is turned on again, sep-
arating the bead pairs that do not have analyte molecules
between them. This action leaves only the linked bead pairs.
The bead pairs are detected using a Matlab image processing
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Fig.8 Analyte concentrator and sensor based on the magnetophoretic
diode. a Schematic of the chip covered with magnetophoretic diodes
to concentrate the analyte-carrying particles to the center of the chip
(i.e., accumulation region) in two operation phases. The blue and
green arrows depict the particle trajectories in clockwise (first phase)
and counterclockwise (second phase) magnetic field rotations, respec-
tively. b In the accumulation region, the DNAs are linked between
two particles forming particle pairs. These pairs are then detected
with a Matlab code. ¢ The bead pair percentage is plotted as a func-
tion of the HSV DNA concentration. The results obtained based on

code by identifying beads and checking whether the distance
between the two beads is equal to or less than the sum of
their radii. The accuracy of the code in distinguishing single
particles from particle pairs or clusters has been confirmed
to be higher than 99.9%. Also, after applying the vertical
bias field, 619 out of 623 magnetic bead pairs with no ana-
lyte linkage were successfully separated, indicating a separa-
tion efficiency higher than 99.35%.

In Fig. 8c, the relation between the number of detect-
ing bead pairs and the concentration of the analyte in the

3 4 1 2 3 4

the magnetophoretic circuits operating in a 3D magnetic field after
being concentrated, the magnetophoretic circuits operating in a 3D
magnetic field without any concentration step, magnetophoretic cir-
cuits operating in a 2D magnetic field, and flow cytometry are shown
with red, green, blue, and black curves, respectively. d—f Energy dis-
tributions for the diode junction are shown. The black arrow in each
panel depicts the magnetic field direction. The magnetic field angle
step is 20°. g—i The energy distribution along lines 1-2, 2-3, and 3—4
are plotted in the magnetic field directions shown in d—f, respectively
(color figure online)

sample of interest is shown. This relationship is validated
using FACS (Fluorescence-Activated Cell Sorting) meas-
urements, as indicated by the comparison between the black
and red curves. The results before analyte concentration are
also shown (See the green curve). The blue curve in Fig. 8c
shows the results of the experiments conducted in an in-
plane magnetic field. Both the blue and green curves in this
figure remain relatively flat at concentrations below 107'2
and 0.5x 10713, respectively, which means the correspond-
ing methods cannot detect analytes at those concentration
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ranges. However, the red curve demonstrates that the method
proposed in this work enables analyte detection at concen-
trations as low as 0.5 x 107!%. This finding suggests that the
proposed technique offers a significantly improved sensitiv-
ity compared to the other methods depicted by the blue and
green curves.

The assay described in this work has two main advantages
over the previously introduced similar methods (Abedini-
Nassab and Shourabi 2022; Rampini et al. 2021). (i) It
achieves a better sensitivity by effectively concentrating the
biotargets. (ii) The vertical component of the magnetic field
generates a repulsion force between the particles, preventing
them from forming undesired particle clusters formation. In
contrast, devices operating in a pure in-plane magnetic field
(Rampini et al. 2021) may experience issues with particle
cluster formations. By incorporating the vertical magnetic
field component, the chance of incorrectly quantifying bead
pairs linked with the analytes of interest is lowered.

4 Conclusions

In this work, a magnetophoretic diode operating in a tri-
axial magnetic field is thoroughly characterized. The energy
distribution in the forward and reverse biases is studied,
revealing the ability of the device to have particles moving
in open and close trajectories that resembles the operation
of electrical diodes. By combining simulation results with
experimental observations, the effect of various parameters,
including the gaps in the diode magnetic track design and
the particle size were studied. We found that the proposed
device operates effectively with particles of radii in the range
of 4 to 10 um. Additionally, the design is not too sensitive
to the gap size in the magnetic track design. The I bar in
the diode design can be shifted up to 5 um in +y directions,
and the gap in the x direction can be as wide as 5 um. This
characteristic is significant as it shows the robustness of
the device against fabrication errors, which is particularly
important considering the challenges associated with fab-
ricating small gaps.

Furthermore, this work demonstrated a practical applica-
tion of the proposed magnetophoretic diode by designing
an analyte (e.g., HSV samples) concentrator and detector
chip. The chip concentrates the analyte-carrying beads to
the center, where they link to the other beads. The vertical
component of the magnetic field lowers the likelihood of
null bead pair formation, thereby enhancing the reliability
of the device. By counting the bead pairs, the concentration
of analytes was estimated. The ability of the proposed device
to detect analytes at concentrations as low as 0.5 x 107!? was
demonstrated. The proposed diodes, in combination with
other magnetophoretic circuit elements, can also be used
in designing other magnetophoretic circuits, with other

@ Springer

important applications in single-cell biology and biomedi-
cal engineering.
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