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Abstract Focusing particles into a tight stream is critical
to many applications such as microfluidic flow cytometry
and particle sorting. Current magnetic field-induced parti-
cle focusing techniques rely on the use of a pair of repul-
sive magnets, which makes the device integration and
operation difficult. We develop herein a new approach to
focusing nonmagnetic particles in ferrofluid flow through a
T-microchannel using a single permanent magnet. Particles
are deflected across the suspending ferrofluid by negative
magnetophoresis and confined by a water flow to the center
plane of the microchannel, leading to a focused particle
stream flowing near the bottom channel wall. Such three-
dimensional diamagnetic particle focusing is demonstrated
in a sufficiently diluted ferrofluid through both the top and
side views of the microchannel. As the suspended particles
can be visualized in bright field, this magnetic focusing
method is expected to find applications to label-free (i.e.,
no magnetic or fluorescent labeling) cellular focusing in
lab-on-a-chip devices.

Keywords Microfluidics - Ferrofluid - Particle focusing -
Magnetophoresis - Lab on a chip

1 Introduction

Focusing particles into a tight stream is usually a necessary
step prior to counting, detecting, and sorting them (Xuan
et al. 2010). As traditionally defined, particles can be
focused in either two-dimension (normally horizontal
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direction) or three-dimension (both horizontal and vertical
directions). A two-dimensional focusing is usually suffi-
cient for continuous-flow particle sorters (Pamme 2007).
For the application to flow cytometers, however, three-
dimensional focusing is necessary in order to enhance the
electrical or optical detection (Huh et al. 2005; Chung and
Kim 2007; Godin et al. 2008). It can also suppress particle
adhesions to microchannel walls.

A variety of particle focusing methods have been
developed in microfluidic devices (Huh et al. 2005; Chung
and Kim 2007; Godin et al. 2008; Xuan et al. 2010), among
which sheath flow focusing may be the most common one.
This method often requires complicated microfabrication
and flow control in order to obtain a three-dimensional
focusing (Fu et al. 2004; Tsai et al. 2008; Howell et al.
2008; Watkins et al. 2009). Sheathless focusing uses a
force to manipulate particles laterally to their equilibrium
positions, and can be further classified as active or passive
depending on whether the force involved is externally
applied or internally induced (Xuan et al. 2010). For active
particle focusing, a variety of force fields including optical
(Zhao et al. 2007), acoustic (Shi et al. 2008), and electric
(Yu et al. 2005; Chu et al. 2009; Liang et al. 2010) forces
have been demonstrated to focus particles in two- or three-
dimension. This kind of approaches often requires expen-
sive peripheral instruments and/or complex channel
designs.

Passive particle focusing has been achieved using iner-
tial microfluidics (Di Carlo 2009), which depends sensi-
tively on the Reynolds number and requires a large amount
of solution and a huge number of particles (Di Carlo et al.
2007; Bhagat et al. 2009, 2010). Insulator-based dielec-
trophoresis (iDEP) is another passive technique that has
been demonstrated to pump and focus particles concur-
rently (Zhu and Xuan 2009a), which is, however, prone to
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fouling due to, for example, surface impurity (Voldman
2006) and Joule heating (Hawkins and Kirby 2010;
Sridharan et al. 2011). Hydrodynamic filtration (Aoki et al.
2009) and hydrophoresis (Choi et al. 2008) have also been
employed to focus particles passively, which require the
use of a complex microchannel network or an in-channel
obstacle array. Additionally our group has recently devel-
oped a passive electrokinetic method to focus particles in
serpentine (Zhu et al. 2009; Church et al. 2009) and spiral
(Zhu and Xuan 2009b) microchannels via curvature-
induced dielectrophoresis(C-iDEP) (Xuan 2011). However,
this method provides only a two-dimensional focusing in
the width direction of long microchannels.

Only until recently has magnetic field been exploited to
focus particles in microfluidic devices. As compared to
other techniques, magnetic method is non-invasive and free
of fluid heating issues (if permanent magnets are used) that
accompany nearly all other ones, and is therefore well
suited to handle bioparticles (Gijs 2004; Pamme 2006; Gijs
et al. 2010; Nguyen 2012). Afshar et al. (2011) demon-
strated a three-dimensional focusing of superparamagnetic
particles by the use of a pair of asymmetrically arranged
electromagnetic tips. The magnetic particles are first
retained on one sidewall and then progressively released by
lowering the current of an electromagnetic coil. The par-
ticle focusing is then realized by introducing a sheath flow
to push the particles to the channel center.

The focusing of nonmagnetic particles has been obtained
in paramagnetic solutions by Pamme’s group (Peyman et al.
2009; Rodriguez-Villarreal et al. 2011) and in ferrofluids by
Mao’s group (Zhu et al. 2011a). Two repulsive magnets are
used in both cases to create a magnetic field gradient null in
the center of the microchannel, which, however, causes two
difficulties in the operation. The first difficulty is to over-
come the repulsion force and place the two magnets close
enough for producing large magnetic field and field gradients
in between. The second difficulty is to align the two magnets
and keep them symmetric about the microchannel for con-
trolling the position of the focused particle stream. To
resolve these issues, Pamme’s group (Peyman et al. 2009;
Rodriguez-Villarreal et al. 2011) used a mechanical setup to
precisely align two facing magnets about a fused silica
capillary. This method is unsuitable for integration into
planar lab-on-a-chip devices. Zhu et al. (2011a) embedded
two long magnets into PDMS for an on-chip focusing, but the
distance between them was 7 mm far. The result is a poorly
focused stream (about 100 pm wide) of 5 pm particles.
Moreover, as the tested ferrofluid is opaque, fluorescent
particles must be used for visualization in their experiment
(Zhu et al. 2011a).

In this paper, we develop a new approach to three-dimen-
sional focusing of nonmagnetic particles in ferrofluid micro-
flow with only a single permanent magnet. Since the magnetis
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embedded near the microchannel, the ferrofluid can be suffi-
ciently diluted enabling a bright-field view of the focused
particles in both the horizontal and the vertical planes. As
such, fluorescent labeling of the suspended particles is not
needed. The effects of ferrofluid flow rate and particle size on
the particle focusing performance are examined.

2 Experiment

Figure 1a shows a picture of the microfluidic device used
in our experiment. The T-shaped microchannel was fabri-
cated in PDMS using a modified soft lithography technique
(Liang et al. 2011; Zhu et al. 2012). A permanent magnet
and a right-angle prism were embedded into PDMS and
placed close to the microchannel for an enhanced magnetic
field and the side-viewing of the particle motion, respec-
tively. The microchannel consists of one 400 um wide
main-branch and two 200 pm wide side-branches with a
uniform depth of 40 pm. Each branch is 10 mm long. The
Neodymium-Iron-Boron (NdFeB) permanent magnet
(B221, K&J Magnetics Inc.) is 600 pm away from the
main-branch (edge-to-edge distance) and 3 mm from the
side-branch. It has a dimension of 1/8” x 1/8" x 1/16"
(thick) with the magnetization direction being perpendic-
ular to the main-branch. The prism (N-BK7, Edmund
Optics Inc.) is 500 pm away from the main-branch and
1 mm behind the magnet along the flow direction.

Fluorescent polystyrene particles (Duke Scientific
Corp.) of 5 and 10 um in diameter were re-suspended in
0.01x EMG 408 ferrofluid (Ferrotec Corp.) to a final
concentration of 10°~107 particles/ml. The dilution was
prepared by mixing the original ferrofluid (1.2 % in vol-
ume magnetic nanoparticles) with a water-glycerol solution
at a ratio of 1:99 in volume. The water-glycerol solution
was prepared at the volume ratio of 7.8:2.2 in order to
match the density of polystyrene particles (1.05 g/cm?)
(Liang et al. 2010). To drive the particulate and sheath
flows, two identical pipette tips were inserted into the
PDMS slab serving as the two inlet reservoirs. The outlet
reservoir was emptied prior to experiment. As labeled in
Fig. 1a, the particle solution in ferrofluid was introduced to
the inlet reservoir that is closer to the magnet (i.e., on the
same side as the magnet with respect to the main-branch).
Meanwhile, an equal volume of water-glycerol solution
(also 7.8:2.2 in volume to closely match the viscosity and
density of the particle-suspending ferrofluid) was injected
to the other inlet reservoir for obtaining an identical flow
rate in the two side-branches. Particle motion was visual-
ized and recorded using an inverted microscope (Nikon
Eclipse TE2000U) equipped with a CCD camera (Nikon
DS-QilMc). The obtained images were processed using the
Nikon imaging software (NIS-Elements AR 2.30).
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(a)

Particles i

Fig. 1 a Picture of the microfluidic device used in the experiment;
b schematic (not to scale) of the magnet-microchannel system
illustrating the diamagnetic particle focusing mechanism. The labels
I, Il and III in b indicate the three view windows referred to in Figs. 2,
3 and 4. The black arrows indicate the particle/fluid flow directions

3 Theory

Nonmagnetic particles experience a negative magnetoph-
oretic force, F,,, in ferrofluid when subjected to a non-
uniform magnetic field (Erb and Yellen 2009; Zhu et al.
2010, 2011b),

Fin = —toVp(M; - V)H (1)

where p is the permeability of free space, V,, is the volume
of the particle, Ms is the effective magnetization of the
ferrofluid, and H is the magnetic field at the particle center.
It is noted that in Eq. (1) the magnetization of nonmagnetic
particles has been assumed negligible as compared to that
of the ferrofluid, M;. The magnitude of the latter, My, is
determined using the Langevin function, L(x) (Rosensweig
1985),

M;
oM,

_ oM Hd?
6kgT

= L(a) = coth(a) — é (2)

where ¢ is the volume fraction of magnetic nanoparticles
with a saturation moment, M, H is the magnetic field
magnitude, d is the average diameter of the magnetic
nanoparticles, kg is the Boltzmann constant, and 7T is the
ferrofluid temperature. Owing to the negative sign in
Eq. (1), Fy, is directed against the magnetic field gradient.
Therefore, nonmagnetic particles are repelled away from
the magnet (more specifically, the magnet center where the
magnetic field achieves the maximum) and deflected across
the ferrofluid in both the channel width and depth directions as
indicated by the horizontal and vertical components of F,, in
Fig. 1b. Such three-dimensional diamagnetic particle deflec-
tion has been recently demonstrated by the authors in a
ferrofluid flow through a straight microchannel (Liang et al.
2011).

Since nonmagnetic particles experience a negligible
magnetic force in water, the ultimate position of those
three-dimensionally deflected particles in the main-branch
of the T-microchannel is to follow the interface of the
ferrofluid and sheath water in the horizontal plane and to
flow right above the bottom channel wall in the vertical
plane. This is achieved as long as sufficient residence time
is available for particles to undertake the diamagnetic
deflection inside the ferrofluid. As the 0.01x ferrofluid
used in our experiment has approximately the same density
and viscosity as those of water (note that both solutions
were mixed with glycerol to obtain the desired density), an
equal volume of these two fluids in the two inlet reservoirs
is expected to produce a similar flow rate in the two side-
branches. As such, the interface between the two co-
flowing fluids should align with the center plane of the
main-branch if diffusional mixing is considered slow and
neglected. In other words, nonmagnetic particles are
expected to exit the main-branch of the T-microchannel in
a focused stream near the bottom edge of the center plane
as schematically illustrated in Fig. 1b.

The effectiveness of such three-dimensional diamag-
netic particle focusing is dependent on the particle
deflections in both the horizontal and vertical planes, which
are determined by the ratios of the particle speeds per-
pendicular and parallel to the flow (Liang et al. 2011; Zhu
et al. 2012),

Upi  Uni  Un;
Upe Ui+ Un. U

Deflection; = (i=y,2) 4)
where U,; (i = x, y, z) denotes the particle speed in the
directions of fluid flow (x), channel width (y), and channel
depth (z), respectively, U, ; is the magnetophoretic particle
speed in each of the three directions, and Uy is the ferrofluid
flow speed. Balancing the magnetic force, F,,, in Eq. (1)
with the Stokes drag force yields the magnetophoretic
particle velocity, U,, (Liang et al. 2011),
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where 7 is the ferrofluid viscosity, a is the radius of non-
magnetic particles, and fp is the drag coefficient that is
used to account for the particle—wall interactions (Happel
and Brenner 1973). Neglecting the contribution of mag-
netophoresis to the x-direction particle velocity [see the
approximation in Eq. (4)], one can see that the particle
deflection and hence focusing increase with the rise of
nonmagnetic particle size and magnetic nanoparticle con-
centration (i.e., the ferrofluid concentration) or with the
reduction of ferrofluid speed.

U

(5)

4 Results and discussion

4.1 Demonstration of three-dimensional diamagnetic
particle focusing

Figure 2 shows the top-view (a) and side-view (b) images
of 5 um nonmagnetic particles at the T-junction (Window
I), magnet center (Window II), and 3 mm after the magnet
(Window III) of the proposed ferromicrofluidic focuser; see
Fig. 1b for the locations of the view windows. These
images are each obtained by superimposing a sequence of
more than 200 snapshot images and will be named streak
images below. The top-view results include fluorescent
(top row, with a weak background light illumination to
visualize the channel edges) and bright-field (bottom row)
streak images, which both clearly illustrate the particle
motion. Therefore, fluorescent labeling is actually not
needed for particles re-suspended in the diluted ferrofluid.
The mean flow speed of the ferrofluid is 0.5 mm/s in the
side-branch, and was estimated by tracking 3-5 particles
each at five different locations over the width of the side-
branch in the straight section and then fitting the measured
particle speeds to the fluid velocity profile in a rectangular
channel.

At the T-junction (see Window I in Fig. 2a), particles
experience negligible magnetic force and thus cover uni-
formly one-half of the main-branch without noticeable
deflections. When particles move past the magnet center
(see Window II in Fig. 2a), apparent deflection toward the
channel center plane is observed. However, particles are all
confined by the sheath water and unable to cross the fer-
rofluid-water interface. A significant amount of magnetic
nanoparticles is noticed to accumulate at the sidewall
nearer to the embedded magnet, as highlighted by the
dashed-lines in the top-view images in Window II. More-
over, the accumulated nanoparticles seem to disturb the
ferrofluid/water co-flows and shift their interface slightly
away from the channel center plane. This phenomenon can
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be mitigated by the use of a larger flow rate, where particle
focusing can be maintained by reducing the channel width.
In addition, the instability of the ferrofluid/water interface
under a magnetic field (Wen et al. 2009, 2011) may con-
tribute to the off-center deviation of the focused particle
stream as well. This issue will be investigated in future
studies. At 3 mm after the magnet (see Window III in
Fig. 2a], 5 um particles are focused to a less than 25 pm-
wide stream flowing along the channel center plane. Note
that the particle stream is 200 pm wide before the magnet,
indicating a more than eightfold focusing in the horizontal
plane in terms of particle stream width.

Side-view images were recorded through an embedded
prism 1 mm before or after the magnet along the flow
direction. Only the fluorescent streak images are illus-
trated in Fig. 2b. It is observed that before the magnet
(Fig. 2b, left) 5 um particles disperse uniformly in the
suspension and spread nearly the entire channel depth.
Moreover, they migrate through the microchannel at sig-
nificantly non-uniform speeds, implying that the particles
were moving at different depth levels. In contrast, all the
particles travel adjacent to the bottom channel wall and
form a tight bright stream after the magnet (Fig. 2b,
right). Furthermore, their travelling speeds become nearly
identical to each other, indicating a good particle focusing
in the vertical plane.

4.2 Flow rate effect on diamagnetic particle focusing

By varying the injected ferrofluid and water volumes in the
two inlet reservoirs, we examined the flow rate effect on
diamagnetic particle focusing in the T-microchannel. Fig-
ure 3a compares the snapshot (left column) and streak
(right column) images of 5 um particles at the mean fer-
rofluid flow speed of 0.5 (top row), 1.0 (middle row), and
2.0 (bottom row) mm/s, respectively. As predicted in
Eq. (4), increasing the ferrofluid flow speed reduces the
particle focusing in the horizontal plane. Moreover, the
measured particle stream width scales almost linearly with
the inverse of the flow speed as demonstrated in Fig. 3b.
We have also studied the 5 pum particle focusing in the
vertical plane. A complete deflection of particles to the
bottom channel wall is observed at all the three flow speeds
tested above [cf. Fig. 4a]. This is because the deflection
distance in the vertical plane (which is the 40 pm channel
depth) is much smaller than that in the horizontal plane
(which is the 200 pm half-width of the main-branch).

4.3 Particle size effect on diamagnetic
particle focusing

Figure 4 compares the horizontal and vertical focusing of
5 um (a) and 10 pm (b) nonmagnetic particles in the
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(a)

Window 11

Top view

(b) Before magnet

Side view

Fig. 2 Illustration of three-dimensional focusing of 5 um nonmag-
netic particles in ferrofluid flow through a T-microchannel using a
single magnet: a fop-view streak images (fluorescent in the top row
and bright-field in the bottom row) in the three view-windows I, II and
IIT (refer to Fig. 1b for the locations); b side-view streak images

(a)

Fig. 3 Flow rate effect on the horizontal diamagnetic focusing of
5 pm particles in the T-microchannel: a snapshot images (left
column) and streak (right column) images from Window III (see
Fig. 1b) at the mean ferrofluid speed (in the side-branch) of 0.5 (top

200 pm

Window III

200 pm

After magnet

before (left) and after (right) the magnet. The mean flow speed of the
ferrofluid in the side-branch is 0.5 mm/s. The dashed lines in a
highlight the trapped magnetic nanoparticles on the sidewall that is
nearer to the magnet. The scale bar in b represents 200 pm
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row), 1.0 (middle row), and 2.0 (bottom row) mm/s, respectively;
b measured particle stream width (symbols) versus the inverse of
mean ferrofluid speed. The solid line in b is a linear fit to the
experimental data with the goodness of fit being indicated
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Top view

Side view

Fig. 4 Particle size effect on the horizontal (fop view) and vertical
(side view) focusing of 5 pum (a) and 10 pm (b) nonmagnetic particles
in the T-microchannel at the mean ferrofluid flow speed of 1.0 mm/s.
The fop and bottom images in each panel are, respectively, the
snapshot and streak images in Window III (see Fig. 1b). The scale bar
in the bottom-right image represents 200 pm

T-microchannel through both the top-view and side-view
images obtained in Window IIl. The mean ferrofluid flow
speed in the side-branch is 1.0 mm/s for both cases. In the
horizontal plane (see the top view images in Fig. 4), 5 um
particles form a stream of around 100 um wide [refer to
Fig. 3b]. In contrast, 10 pm particles travel through the
main-branch in nearly a single file and form only a 20 um
wide stream along the channel centerline. This observation
agrees with the quadratic dependence of magnetophoretic
particle velocity on particle size; see Eq. (5). In the vertical
plane (see the side-view images in Fig. 4), however, both 5
and 10 pm particles achieve a full-depth deflection and
travel near the bottom channel wall. This is consistent with
the observation in studying the flow rate effect, and is
attributed to the much smaller channel depth than the width.

5 Conclusion

We have demonstrated a new magnetic approach to three-
dimensional focusing of nonmagnetic particles using fer-
romicrofluidics with a single permanent magnet. The
effects of ferrofluid flow rate and particle size on the
particle focusing performance have been examined. It is
found that the particle focusing effectiveness increases
with increasing particle size and decreasing flow rate.
Since ferrofluid is used to generate the magnetic “buoyant
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force”, magnetic labeling is not needed for the suspended
particles. Moreover, as the magnet is embedded into
PDMS and placed close enough to the microchannel, the
ferrofluid can be sufficiently diluted enabling a direct
visualization of the suspended particles in bright field. As
such, fluorescent labeling of particles is not needed,
either. This demonstrated diamagnetic particle focusing is
envisioned to find near-term applications to three-dimen-
sional label-free (i.e., require neither magnetic nor fluo-
rescent labeling) cellular focusing in lab-on-a-chip
devices.
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