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Abstract

In magnetophoresis-based microfluidic systems, the free-flow sorting is achieved by incrementally navigating the magnetic
target toward a designated outlet. This is typically enabled using high-gradient magnetic concentrators (HGMCs), axially
aligned or slightly slanted with the streaming sample flow. Such axial and incremental magnetic manipulation critically con-
straints the throughput and the number of targets that can be sorted simultaneously. To overcome these constraints, we present
an alternative repulsion-based sorting method. The repulsion force is due that induced, over a limited angular expanse, around
a single ferromagnetic wire. The wire is positioned transversally against the focused sample flow. Differentially repelled
by the repulsive force, each target deflects from its focused path to follow a ribbon-like trajectory that leads to a spatially
addressable outlet. The mediated sorting takes place more rapidly and is confined to the region facing the transversal wire.
More importantly, the introduced concept design allows for a throughput that is geometrically scalable with the length of
the wire. The functionality of the systems is demonstrated experimentally and numerically to yield the simultaneous and
complete multi-target sorting of two and more magnetic beads.

1 Introduction

Developing microfluidic bioassays to sort cells or other bio-
logical entities simultaneously and at high throughput will
pave the ways for effective extraction, purification, enrich-
ment, and depletion applications. For free-flow, multi-target
sorting to be effective, the target entities must be steered
concurrently and precisely to their corresponding processing
or collection/detection sites, with high purity and recovery
rates (Adams and Soh 2009; Kim and Soh 2009). The dis-
tinctive interaction with the magnetic forces and with the
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ambient fluid offers a great opportunity to design systems
aimed at the sorting of magnetic entities. These entities can
be inherently magnetic or magnetically labeled with func-
tionalized magnetic particles based on their surface expres-
sions and binding capacities (McCloskey et al. 2003; Alaz-
zam et al. 2017). In that contest, hard magnetic elements,
while lacking the switching-on and -off controllability,
have been successfully utilized to perform free-flow sorting
(Pamme and Manz 2004; VojtiSek et al. 2012). In addition,
microfabricated coils have been used to generate the elec-
trically switchable, but weaker, magnetic force needed for
binary sorting (Kong et al. 2011; Ramadan et al. 2009).
The passive techniques utilizing high-gradient magnetic
separation (HGMS) proved practicality in many free-flow
magnetophoresis-based biomicrofluidics, especially those
intended for immunomagnetic separation (IMS) applica-
tions. Hig-gradient magnetic concentrators (HGMCs) can
be used to generate localized magnetic field, and, therefore,
induce the magnetic force required to drive magnetically
labeled biomolecules, with different magnetophoretic mobil-
ities, toward spatially addressable outlets distinct from those
carrying other magnetic or nonmagnetic molecules (Adams
and Soh 2009; Kim and Soh 2009; Hoyos et al. 2000).
Despite all the success in separating or sorting mag-
netic entities, the existing HGMS-based free-flow micro-
devices have a major drawback to overcome; their existing
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design cannot be geometrically scaled-up to handle higher
throughputs. These systems utilize the axial magnetic
arrangement; the HGMCs wires are invasively aligned
with the sample flow direction (Han and Bruno Frazier
2004), or non-invasively patterned with an angle to that
sample flow (Inglis et al. 2004; Lou et al. 2009; Adams
et al. 2008). The induced magnetic force incrementally
attracts the magnetic targets, flowing alongside the
HGMC, from their initial flow path toward free-flow sort-
ing outlet. With that, their magnetic operation is based
on incrementally attracting paramagnetic or superpara-
magnetic targets toward magnetic attraction lines (i.e.,
magnetic field maxima) corresponding to wire-like fer-
romagnetic structures, or by repelling diamagnetic tar-
get out of these lines (Han and Bruno Frazier 2004). For
binary sorting, two sets of microfabricated ferromagnetic
strips, embedded beneath the streaming flow, were used
(Adams et al. 2008); each target was steered toward a cor-
responding outlet using a differentially slanted set. This
length-wise incremental attraction must take place cross-
wise a co-flowing sheath flow. In addition to focusing,
the sheath flow aids the combined magnetic and hydro-
dynamic steering of the target toward their corresponding
outlets, and prevents targets from agglomerating on, or
near, the HGMC. For the effective force is only within
tens of microns from these elements, targets outside the
force reach would be streaming without tangible mag-
netic manipulation. With that, these systems cannot be
geometrically scaled-up, i.e., geometrically extended far
away from the attractive lines, without compromising the
desired level of magnetic selectivity. Being geometrically
scalable, throughput can be increased by increasing the
cross-sectional area without having to increase the veloc-
ity of the introduced sample.

Virtually all sorting applications, especially those
involving immunomagnetic cell sorting, will benefit from
an increase in the throughput. Developing multi-target
sorting systems that allow for a geometrically scalable
throughput can help cut both the processing time and the
cost associated with many existing methods. As such is
the need, our motive was to realize a system that can
be geometrically scaled up for higher throughput whilst
maintaining the ability to precisely sort micro-entities of
distinct magnetic susceptibilities. Here, we demonstrate
that such favorable concept designs are feasible by utiliz-
ing the HGMC as a transversal repulsive barrier. This
transversal barrier sorts multi-targets, differentially and
rapidly, by deflecting them laterally from their stream-
ing direction toward their designated sorting outlets.
Unlike with the incremental and axial attraction-based
operations, the sorting system, introduced here, mediates
sorting by the rapid and confined repulsion caused by a
transversal HGMC.
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2 Theory
2.1 Transversal magnetic arrangement

In the transversal magnetic arrangement, shown in Fig. 1, the
flow direction, the applied external magnetic field, and the
single ferromagnetic wire are all reciprocally perpendicu-
lar. When exposed to a uniform one-dimensional external
magnetic field, H, = Hoey, the magnetic scaler potential, @,
around a circular ferromagnetic wire with a radius a and cen-
tered at (0, 0) can be described as (Han and Bruno Frazier
2004; Han et al. 2005).

(p=—H0y+kHOazL, r= \/x2+y2>a. (1)
(¥ +5?)

With the magnetic permeability of the ambient fluid is
approximately equal to that of the free space (u,), we have,

k_”w_ﬂo

Y )

where p,, is the magnetic permeability of the ferromagnetic
wire. Since H = —V¢ (non-rotational field), the induced
magnetic field by the wire can be expressed as:

H A,
Y

[[Zazkxy] e + [(x2 +yz)2 — d?k(x* - y2)] ey].
(2 +5%)
3
Here a uniform one-dimensional external magnetic induc-
tion field (B,e, = u,H,e,) becomes non-homogenous and
two-dimensional in the nearby of a long ferromagnetic wire.
Figure 2a shows the induced magnetic intensity when the
external field (B, = 0.5 T) is applied transversal to the axis
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Fig.1 Two- and three-dimensional view of the used ferromagnetic
wire with respect to the external magnetic field and flow direction
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Fig.2 a Surface plot and contours of the scaled magnetic flux inten-
sity B/B, (B,=0.5 T) acting on a Myone™ bead (1.0-um) in the x—y-
plane outside the long ferromagnetic wire. The wire is subjected to
a uniform external magnetic field (B,=0.5 T) along the y-direction.
Here, B/B, varies in the minimum 0.067 (blue) to the maximum 1.93
(red). b The acting magnetic force vectors superimposed with the
streamlines that suspended Myone™ beads follow in the absence of
fluid drag resistance. The +ve sign marks the attractive region and
the — ve sign marks the repulsive region

wire creates low- and high-field regions resulting in opposite
magnetic field gradients.

2.2 Particle dynamics
Assuming the magnetic particle as a point-like magnetic

dipole, the acting magnetic force on the particle can be
expressed as:

1
Fuo = SHo XV, VH. )
For the induced magnetic field described by Eq. (3), the

magnetic force components are (Han et al. 2005; Han and
Bruno Frazier 2004):

(ka2 -x + 3y2)x

Fo.=- 2y0;(VPH§a2k 3 (5)
(2 +7)
(ka2 — 352 +y2)y
Fry=- 2M01VpH§a2k . (6)

(2 +2)’

Based on the wire’s saturation magnetization M., k can
be expressed for both magnetically non-saturated and mag-
netically saturated conditions as (Fletcher 1991; Han et al.

2005):

Mws.

. 1.0 ifH < ¥ ; (non-sat)
= M s . @)
T if H, > o5 (sat)

Figure 2b shows the acting magnetic force vectors
(arrows) and the streamlines (solid lines) that the freely sus-
pended Myone™ bead (1.0-um) would follow in a friction-
less motion (far from walls). It is clear that the streamlines
closely follow the generated magnetic force vectors. Obvi-
ously, for a flowing sample, the particle—fluid- and parti-
cle—wall interactions will disturb the symmetrical stream-
lines significantly.

The particles, driven by magnetic force, move at veloci-
ties different from the ambient fluid. The relative velocity
comes as a result of the magnetophoretic mobility attained
when the magnetic force is strong enough to overcome the
drag (or other body or surface forces) imposed by the ambi-
ent fluid. In principle, the forces acting on a magnetic par-
ticle can be due to other influences. For microparticles in
a state of dilute suspension within an ambient liquid with
comparable density, the forces due Brownian motion, lift,
and particle—particle interactions are very small and can be
neglected (Khashan and Furlani 2012; Khashan et al. 2014).
The particle’s motion can be described as,

du,
=6rna(u—u

mp F ) + Fm’ (8)

p

where m,, and u,, are the mass and the velocity of the parti-
cle; u, n are the velocity and viscosity of the ambient fluid;
a and V,, are the radius, and volume of the particle; and g is
gravity field. The first term on the right-hand side of Eq. (8)
accounts for the drag on the particle and the second for the
magnetic forces, respectively.

The temporal trajectory positions, x,(¢), can be described

by the kinematic equation,

—L=u, ®
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2.3 Repulsion action: an exploratory experiment

The repulsive action, attained by the axial arrangement, and
the effect of hydrodynamic focusing were examined using a
relatively simple experimental set-up. Both unfocused and
focused sample streams, carrying a single type of magnetic
beads, were injected toward a Permalloy wire (ESPI Metals,
USA) with 0.254 mm in diameter. The wire is set invasive
and transversal to the injected sample. The applied exter-
nal magnetic field is due to a disc Neodymium Iron Boron
(NdFeB) Magnet; grade N52, (D12x3 mm, 1.48 T, Neo-
magnete, Germany) with its magnetization axis parallel to
the 3 mm direction. The trajectories of magnetic beads for
both unfocused and focused injections are shown in Fig. 3.
The unfocused injection exemplifies the attraction force
induced by a single wire (collector) of an array of many
wires, commonly used for magnetic filtration (Ying et al.
2000; Eisentréger et al. 2014). In these studies, the repul-
sion force was studied, only, in the context of their capture
performance as attained at the attractive regions. Magnetic
beads, focused toward the center of the repulsive side of
the wire, were observed to be deterred from approaching
this flow-facing side (around 8 = 0° in Fig. 1) to eventually
get attracted by the upper and lower sides (i.e., near +90°
and — 90°, respectively) where the vertical attraction forces
are dominant. In a previous study (Khashan et al. 2017a, b),
similar experiments were conducted for particles with larger
magnetic content and revealed that the repulsion starts on a
further distance from the wire.

2.4 Sorting mechanism

The sorting functionality relies, here, simply on the fact
that magnetic targets, when focused precisely toward the

Fig.3 Brightfield microscopic superimposed images of magnetic
particles with diameters of 4.3 um under a transversal magnetic
arrangement for a unfocused sample flow at 4 pl/s. The positive sign
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repulsive side of a flow-traversing HGMC, will experience
differential repulsive deflections according to their distinct
magnetic responses with this repulsive barrier. This barrier
is formed because of the magnetic polarity attained around
the HGMC; repulsive field minima are forming over a lim-
ited angular expanse on the sides facing the flow direction
and attractive field maxima are forming on the side normal
to the external magnetic field. It is worth mentioning that
an opposite attractive/repulsive forces behavior would form
if the magnetic susceptibility of the particle were negative
(i.e., diamagnetic). In such a case, the system can be utilized
in diamagnetic capture modes (Han et al. 2005). However,
the repulsive force experienced by a magnetic particle, in
this study, has the same order of magnitude as the attractive
force while the repulsive force experienced by diamagnetic
particles is several orders of magnitude weaker.

The main advantage of this arrangement over axial ones
is allowing more rapid and regionally confined sorting with
a throughput that is scalable with the length of the wire
inside the microdevice. With that, the volumetric pumping
can be scaled-up by extending the size of the sorting system
while maintaining the full utility of the short-ranged repul-
sive force, without having to increase the velocity of the
introduced sample. For a circular ferromagnetic wire, in the
presence of a uniform magnetic field, the repulsive magnetic
force exists over a limited angular expanse of its circumfer-
ence. Therefore, to ensure the rapid differential deflections,
the sample flow must be hydrodynamically focused toward
the center of that repulsive side; the wire must be larger than
the focused stream.

Sheath flow
r——

.. Particles flow
P AT L

tws 3 o

Gr—————
Sheath flow

indicates the high magnetic field gradient side and the negative sign
indicates the low magnetic field gradient side, b focused sample flow
at 1.0 ul/s and a sheath flow of 3.0 pl/s
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3 Methods and materials
3.1 System design and experimental setup

The objective, here, is to deflect targets into defined free-
flow trajectories and not to capture them. Thus, the geometry
and the positioning of the sorting outlets, as well as, the
thickness of the focused sample flow (with respect to the
non-invasive wire) must be set to yield maximize repulsive
forces while, at the same time, avoid the attractive forces at
the top and bottom sides of the wire. The previous experi-
ment indicates that the targets must be focused onto the
repulsive region acting over a small angular span of the wire.
With that, the outlets must start at locations confirming with
the differential paths taken by the deflected targets. Nonethe-
less, one must not rely solely on the differing susceptibilities
or magnetic saturation to ensure the distinct magnetic effect;
these differences can be offset by hydrodynamics effects
leading to similar magnetophoretic mobilities. Therefore,
the distinctive steering parameters for of a magnetic parti-
cle must take into consideration the combined effects of its
volume and magnetic properties.

Based on the aforementioned exploratory experiment
(Fig. 3), we envisaged a multi-target sorting system that
utilizes the highly localized magnetic repulsion induced
by the transversal arrangement and in which sorting outlets
were incorporated to confirm with the differential magne-
tophoretic mobility of each target. To take benefit of sym-
metry (with respect to the wire), the numerical simulation

Fig.4 a Actual size photograph
of the sorting device, scale
bar=5.0 mm. Marking ink

was used to help visualize the
microfluidic channel. b Sche-
matic diagram of the device (not
to scale). ¢ The dimensions of
the main channel and the outlet X
channels

(described later) indicates that the outlets must be curved
up to bypass the wire’s attraction field. With that, the fabri-
cated system (shown in Fig. 4) includes a main channel with
opposed inlet and outlet ends, extending along the longitudi-
nal (x) axis. The main channel starts with a focusing junction
and ends with a sorting end. The clear buffer (pure-deionized
water) and the sample (spherical magnetic particles func-
tionalized with a carboxyl group [Spherotech Inc., USA],
with mean diameters of 7.85 and 2.35 pm, suspended in
deionized water) were driven by a syringe pump (Nemesys,
NEM-B101-02E, Germany) from inlet A and inlet B inde-
pendently at controlled flow rates. The buffer port at B
branches symmetrically to enter, via two side inlet channels,
the four-way focusing junction. The sample injected at A,
passes through this focusing junction along the longitudinal
direction. Focusing, as envisaged by Fig. 3b is essential to
laminate the sample flow into a thin-layer streaming pre-
cisely toward the repulsive side of the wire near the sorting
end. First and second outlet channels are disposed near the
sorting end of the main channel. The first and second outlet
channels have concentrically elliptical configurations with
the first outlet channel has a larger curvature than the sec-
ond outlet. Each of the first and second outlet channels is in
fluid communication with each other. In proximity to the
sorting end, the ferromagnetic wire is inserted transverse,
but not invasive, to the sample flow. An external magnetic
field was applied by two disc NdFeB magnets, grade N52
(D12 %3 mm, 1.48 T, Neomagnete, Germany), magnetized
axially through its 3-mm thickness. The wire is transversely
and symmetrically positioned mid-distance between the

Inlet A Inlet B
- (7.8 nm)
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two magnets: the North Pole facing the South Pole (12 mm
side). As such, almost a uniform external magnetic field was
applied perpendicular to both of the flow (x direction) and to
the long axis of the wire (z axis).

The device was fabricated using photolithography tech-
nique; an inverse structure (mold) defining the microchan-
nel features is fabricated from SUS8 photoresist on a silicon
substrate. We replicated this mold by a soft-lithography tech-
nique, using PDMS, to produce the microchannels struc-
tures, with 300-um thickness. A pre-fabricated Permalloy
wire (ESPI Metals, USA), with 254 pm in diameter, was
inserted through a punched hole crossing the whole depth
(z-direction) of the device. Holes for wire insertion, inlets,
and outlets for the fluid flow connections were punched
using a sharpened medical puncher. Tubing (Tygon micro-
bore 0.020” x 0.060” OD, Cole Parmer, USA) and reservoirs
were then connected to the access holes, allowing solutions
to be introduced and collected. The two magnets were kept at
the two sides of the main channel with 8 mm distance from
each other (Fig. 4). It is aimed to have a minimum of 0.5 T
acting on the wire. The flow in the chip was monitored near
the sorting end by an optical microscope (OLYMPUS, IX83
research inverted microscope 2DECK, Japan) equipped with
a camera (Olympus, DP 73). The particle-sorting process
was tracked digitally using stacked images (15 fps) at 10x
magnification (Olympus cellSens™). More details about the
device and the fabrication method, as well as sample prepa-
ration, are included in the supplementary materials.

The induced repulsive force deflects magnetic targets,
according to their distinctive magnetic response, into distinct
paths that lead them to spatially addressable outlets. The dis-
tinct magnetic and hydrodynamic responses by each particle
type dictate the starting position and the degree and rapidity
of its deflection. The defected path of each target must be
confined to follow a designated route. The target particles
may then be collected and/or immobilized for detection or
surface processing. Furthermore, the sorting outlets must
be designed carefully so as targets can escape the attractive
force induced in the other parts of the HGMC (the two sides
facing the external magnetic field).

3.2 Numerical method

Reliable numerical simulations help focus the fabrication
and experimental efforts on, more likely, functional designs.
With that in mind, the experimental set-up, as described
in the previous section, was led by the simulation results
for a variety of concept designs. Here, we describe the
simulation setup of a two-dimensional concept design that
closely, though not strictly, resembles that fabricated in the
experimental study. We assumed the (transversal) depth
of the microchannel, so the magnetic wire, to be consider-
ably larger than its main plane dimensions. In addition to
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simplicity, such 2D analysis becomes more relevant when
the geometrical scalability (with the transversal depth) is
pursued.

Focusing on the capture-based functionality, we reported
in earlier works, a coupled Lagrangian—Eulerian CFD-based
numerical model for simulating the transport of magnetic
microparticles in magnetophoresis-based microfluidics. We
used the model to assess the capture efficiency attained using
magnetic dipole (Khashan and Furlani 2012); wall-embedded
(Khashan and Furlani 2013) (Khashan and Furlani 2014;
Khashan et al. 2017a, b)and flow-invasive (Khashan et al.
2015) rectangular ferromagnetic wires. We briefly describe
the approach here, details of the model can be found in the
references (Khashan and Furlani 2013, 2014). The Lagrangian
analysis is used to track the motion of the (discrete) representa-
tive particles, parcels; Egs. (8) and (9) were integrated numeri-
cally using the fourth-order Runge—Kutta method. The induced
magnetic force, pertaining in this work to a circular magnetic
wire, is as stated by Egs. (3) and (4). The Eulerian-based CFD
analysis, on the other hand, is used to solve the (continuous)
mixture flow using the Navier Stokes equations. Two-way cou-
pling between the particles and the ambient fluid is achieved
by introducing a sink term in the fluid’s momentum equations.
This term (weighed by the particle concentration in the Eule-
rian computational cell) accounts for the momentum exchange
between the discrete (particles) and the continuous (fluid)
phases. The convergence is reached by alternately solving the
discrete and continuous phase equations until subsequent cal-
culations agree to within a prescribed tolerance. It must be
noted that this approach differs from the Eulerian—Eulerian
approach in which the bead transport is modeled by a mass
diffusion equation (Khashan et al. 2011) or by an algebraic
slip equation (Khashan et al. 2017a, b).

The computational domain (with respect to the magnetic
arrangement) is shown in Fig. 5. The sample flow, compro-
mising three types of magnetic beads and one type of non-
magnetic beads carried by a buffer, enters through the mid-
dle inlet. The buffer enters the main channel laterally through
two side channels, positioned symmetrically about the sample
port. Close to the downstream-sorting end, the main channel
branches laterally into three, cylindrically concentric, paired
outlets. Since the properties of the magnetic beads and the pre-
fabricated ferromagnetic wire, used in the experiment, were
lacking, we selected Myone™ (1-um), M-280™ (2.8-um)
and M-450™ (4.5-um) beads (Dynal Biotech) for the simula-
tion. These beads have documented properties (Fonnum et al.
2005), (Adams et al. 2008), and are listed in the caption of
Fig. 6. The (non-invasive) ferromagnetic wire is assumed as
Permalloy (78% Ni, 22% Fe) with the saturation magnetization
M, =8.6 x 10° A/m. A uniform external field H, = 3.9x 10°
A/m (0.5 T) is set perpendicular to both the flow (x direction)
and to the long axis of the wire (z axis). This external field was
found sufficient to saturate both the elements and the particles
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Fig.5 The computational domain of the simulated concept design and the magnetic arrangement. The external magnet is perpendicular to the

axial flow and to the transversal Permalloy wire

(Khashan and Furlani 2013, 2014). Similar to the experiment,
the focusing buffer, as well as, the ambient buffer are taken to
be water (7 = 0.001kg/m s, p; = 1000 kg/m3).

4 Results and discussion
4.1 Numerical simulation

Figure 6 shows the calculated trajectories (zoomed at the
sorting end) for the three magnetic- and one non-magnetic-
type beads. Figure 6a shows the results obtained with a 254-
um (dia) Permalloy wire. A complete sorting of the middle-
sized M-280 and the smallest Myone beads was achieved,
with each directly exiting through a corresponding outlet.
Though separated from the remaining beads, only a part of
the M-450 beads experienced enough deflection to directly
enter through its intended outlet (from the end); the remain-
ing part had to lose considerable momentum to the wall
and reside much longer therein before entering the outlet.
Practically, this indicates for their possible agglomeration.
This sorting is obtained after tuning the inlet sample and
inlet buffer velocities to 2.5 and 4 mm/s, respectively. For
the two-dimensional 200-um channel, these inlet velocities
correspond to the flow rates of 0.5 ul/s for the sample and
1.6 pl/s for the focusing buffer. Focusing the sample flow
into a close-fitting stream became evident, almost imme-
diately, once passing the four-way focusing junction. The
beads kept confined within the focused stream for the down-
stream sorting (Fig. 6). Such focused streaming is required
to direct target particles to the location where the repulsive
magnetic forces are significant. For the same fluidic chip,

design variables pertaining to the inlet conditions and to
the magnetic arrangement (including the position and the
size of the wire) can be used to control the sorting. Inlet
velocities control the thickness of the focused stream; thick-
ness decreases with increasing the buffer-to-sample flow rate
ratio. Using a larger (254-um) wire and with tuning the inlet
velocities, Fig. 6b shows a complete sorting of the three
magnetic beads. Here, all magnetic bead types entered their
corresponding outlets directly without losing momentum to
the channel walls.

Obviously, the geometrical scalability becomes evident as
long as the induced magnetic field remains two-dimensional
[i.e., with little transversal (-z) variations]. Having a pre-
fabricated ferromagnetic wire (external to the fluidic chip)
removes the fabrication problems, usually, persisting when
integrating long and relatively large HGMCs within a micro-
device. Moreover, having an external magnetic field directed
uniformly perpendicular to this long wire is not difficult to
accommodate.

4.2 Experimental

The particles are introduced into the middle inlet and
hydrodynamically focused by sheath flows in the main
focusing channel (Fig. 7). In the absence of an exter-
nal magnetic field, the microparticles reached the end
of the main channel and then exited through the second
outlets (Fig. 7a). With the magnetic field (Fig. 7b), sort-
ing of the larger (7.85 pm) from the smaller (2.37 pm)
beads occurred due to their differential repulsion. Having
higher magnetic content, the larger particles experienced
a stronger repulsive force and, therefore, deflected from
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Fig.6 Calculated bead trajectories near the sorting end. The buffer is
water and the sample (carried by water) includes the beads: Myone
(d,=1.05 pm, p=1791 kg/m’, y = 1.43); M-280 (d,=2.8 pm
—1538 kg/m®, y = 0.923); M-450 (d,=4.5 pm, /)—1578 kg/m
x=158); and non-magnetic beads (d, —1 0 um, p=1800 kg/m?,
x=0.0). The trajectories are for: a vsamplc—2 0 mm/s, vy g5, =3 mm/s,
and d;,.=254 um distant 30 um from the channel end; and b

=2.5 mm/s, vy, =4 mm/s, and d;,, =508 pm distant 30 pm

wire

sample
from the channel end

their initial laminar flow paths towards the first side out-
lets. On the other hand, the repulsive force experienced by
the smaller particles is lesser; they deflect at a closer dis-
tance from the wire to flow through the second outlets. For
simplicity, we set the flows through the first and second
outlets to end with a common vent. Therefore, sorting effi-
ciency was monitored, here, only by the direct visualiza-
tion attained from video streaming and from the recorded
trajectories using stacked images; particles’ counting is
not attempted. The experiment was repeated several times
and the sorting efficiency was found to be close to 100%
for each run.

Figure 7b demonstrates the binary sorting performed at
the sample flow rate of 0.10 ul/s (inlet A) and the buffer flow
rate of 1.0 pl/s (inlet B). The separation distance between
the wire and the end of the main channel is set to 40 um.
Careful visualization of the particle trajectories indicates
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that the repulsion force is strong enough to deflect all the
larger beads to flow exclusively through the first outlet, i.e.,
the one with further distance from the wire. When the dis-
tance between the wire and the end of the main channel is
increased from 40 to 80 um (while keeping the same buffer
flow rate), complete sorting was possible when the sample
flow rate is decreased from 0.1 to 0.05 pl/s (Fig. 7c).

The effect of the flow rates on sorting efficiency was
further investigated. For the sample flow of 0.05 ul/s but
with the sheath flow is increased to 2 ul/s (i.e., twice of that
corresponding to Fig. 7), some large particles (as shown
in Fig. 8a) were dragged further inward against the repul-
sion force to find a way through the second outlet channels
(i.e., closer to the wire). If the sheath flow is decreased to
0.5 ul/s (i.e., half of that corresponding to Fig. 7), part of
the larger particles became stagnate or, at least, spent more
residence time in the center of the main channel at a distance
ranging between 120 and 150 pm from the wire (Fig. 8b).
For the sheath flow of 1 ul /s and the low sample injec-
tion of 0.02 ul/s, complete stagnation of the bigger particles
occurred and the part of them flowing through the outlet
reduced to none (see Fig. 8c). At least for the parameters
corresponding to Fig. 7, effective continuous sorting can
be achieved when the sample flow is set between 0.05 and
0.1 pl /s and the sheath flow is set between 0.7 and 1.0 pl
/s. Video and stacked images using another combination of
particles (1.3 and 5.65 um particles) are available in the sup-
plementary materials.

To confirm the new concept design, another sorting
device was developed. This design is like the previous design
but with little modifications to the sorting end. Instead of
being circular, the end of the main channel was concaved
further towards the inside (see Fig. 9). The induced magnetic
field was due to a larger wire (d=0.508 mm) with the same
permalloy material and the particle suspension was prepared
similarly using different Spherotech beads; 1.30- and 5.65-
um in diameter. The sample containing the particles was
introduced at 0.1 pl/s and was hydrodynamically focused
by a 0.7 ul/s buffer flow. In the absence of a magnetic field,
all particles reached the end of the main channel and then
departed through the second outlets as shown in Fig. 9a.
After applying the external magnetic field (Fig. 9b), the
repulsive force, differentially, deflected the streaming par-
ticle types laterally, each to a corresponding outlet channel.

5 Conclusion

The sorting of multi magnetic targets, based on their dif-
ferential repulsions from a single transversal HGMC, is
demonstrated experimentally and numerically. By utiliz-
ing the transverse magnetic arrangement, the throughput
can be geometrically scaled up, simply by extending the
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Fig. 7 Bright-field microscopic superimposed images of the magnetic or 0.1 for the sample, based on the separation distance between the
particles at the sorting end of the microfluidic channel: a Absence of wire and the end of the main channel. Video imaging is available with
external magnetic field; b, ¢ Presence of external magnetic field. Sort- supplementary materials

ing demonstrated at a flow rate of 1.0 ul/s for the buffer, and 0.05 pl/s

(@) (b) (©)

Sheath flow rate: 2 pl/s
Sample flow rate: 0.05 pl/s

Sheath flow rate: 0.5 pl/s
Sample flow rate: 0.05 pl/s

Sheath flow rate: 1 pl/s
Sample flow rate: 0.02 pl/s

Fig.8 Optical microscope superimposed images of the magnetic particle suspension in the microfluidic channel in the presence of magnetic
field, at different flow rates (a—c). The arrows in (a) and (b) indicate the trapped 7.85 um particles
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Fig.9 Bright field microscopic superimposed images of magnetic
particles with diameters of 1.30 and 5.65 pm in a 200 um microflu-
idic channel in the a absence of magnetic field. b Presence of mag-
netic field, sorting demonstrated here was performed at a flow rate of;

microchannel depth along which the transversal non-inva-
sive wire is aligned. With that, the channel can be con-
figured to handle a layer of a hydrodynamically focused
sample flow, with a macro-scaled width, whilst having the
full utility of the short-ranged forces. Instead of the incre-
mental magnetic operation that takes place with the wire
when aligned alongside the flow, the developed system is
set to sort the targets into ribbon-like sheets toward spa-
tially addressable outlets. For the successful sorting, the
introduced sample must be focused into a layer equal to
or smaller than the angular span of the wire on which the
repulsive force is forming. As alternatives for the hydrody-
namics focusing used here, sheathless sample focusing can
be achieved: inertially using a relatively long serpentine
channel (Zhang et al. 2014); or by devising the sample
with a viscoelastic behavior using a non-Newtonian aque-
ous buffer (Zhang et al. 2016). Although demonstrated
experimentally here to sort two targets, the concept design,
as demonstrated by the numerical simulation, can be con-
figured to handle as many targets as the available des-
ignated outlets. With a closer wire and stronger induced
repulsion field, the outlet nearest to the wire can be desig-
nated to vent, exclusively, all nonmagnetic particles. For
the ferromagnetic wire is a pre-fabricated and with a large
diameter (0.254 and 0.508 mm were used), the concept
design introduced here, and a variety of its embodiments,
allow for different types of wires to be mounted indepen-
dently from the fluidic chip and to be controlled externally,
like with a micropositioning stage. This will pave the way
for building multiplexed HGMC-based micro-sorters that
can be automated and reprogramed to serve a variety of
integrated magnetic lab-on-chip biosensing systems.

@ Springer

0.7 ul/s for the buffer, and 0.1 pl/s for particles’ suspension using a
Permalloy wire with 0.508 mm diameter. The images are constructed
by overlaying sequential frames (15 frames per second) of the corre-
sponding time-lapse movies
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