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Abstract This paper reported an efficient method to size-
selective separate magnetic nanospheres using a self-focus-
ing microfluidic channel equipped with a permanent mag-
net. Under external magnetic field, the magnetophoresis
force exerted on particles leads to size-dependent deflec-
tions from their laminar flow paths and results in effective
particles separation. By adjusting the distance between
magnet and main path of channel, we obtained two mono-
disperse nanosphere samples (Ca. 90 nm, Ca. 160 nm)
from polydispersing particles solution whose diameters
varied from 40 to 280 nm. Based on the magnetostatic and
laminar flow models, numerical simulations were also used
to predict and optimize the nanospheres migrations. Two
thresholds of particles diameters were obtained by the sim-
ulations and diverse at each position of magnet. Therefore,
appropriate position of the magnet could be determined at
a certain particle sizes’ range when the flow rate of the two
inlets remains unchanged.

Keywords Microfluidic channel - Magnetic nanospheres -
Permanent magnet - Numerical simulations - Size-selective
separate

1 Introduction

Due to the unique physical and chemical properties,
magnetic nanospheres are appealing intense interest for
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biomedical and bioanalytical applications from their bulk
counterparts, for example as drug delivery vehicles (Bao
et al. 2013; Singh and Sahoo 2014), photocatalytic materi-
als (Song et al. 2015), cell sorting (Hejazian et al. 2015;
Zhu et al. 2012) or plasmonic devices (Xi et al. 2015).
Magnetic properties are significantly dependent on particles
sizes when they come to nanometer range (Chatterjee et al.
2003). Especially, drug delivery systems require proper
sizes of the Fe;O, nanoparticles which affect nanoparticles
clearance from circulation (Choi et al. 2007). For instance,
medium-sized nanospheres (30-150 nm) have accumulated
in the bone marrow, heart, kidney and stomach, while large
nanospheres (150-300 nm) have been found in the liver
and spleen (Veiseh et al. 2010). Obviously, the applica-
tions of the Fe;O, nanospheres associated tightly with their
sizes. To our knowledge, almost all the groups focused on
the synthesis of magnetic nanospheres (Xuan et al. 2010;
Figuerola et al. 2008), while only a few methods for pro-
ducing pure and monodisperse nanospheres were reported.
Therefore, it is centrally important to develop methods for
sorting magnetic nanospheres whose diameters are within
hundreds nanometers.

The magnetic field flow fractionation (MFFF) meth-
ods were the most commonly mentioned strategy to sort a
range of magnetic materials including nano- and micropar-
ticles (Stephens et al. 2012). Jason et al. demonstrated an
open tubular capillary column separation for different types
of magnetic nanoparticles (Latham et al. 2005). A modi-
fied MFFF technique was designed by placing the separa-
tion channel in a quadrupole magnet (Carpino et al. 2007).
Porous media were also used in the sorting and analysis of
magnetic nanoparticles (Kim et al. 2009; Phan and Jones
2006). Munir et al. used tangential microfluidic channels
and magnetic nanoparticles in magnetically actuated sepa-
ration (Munir et al. 2014). Recently, microfluidic devices
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play an increasing important role in magnetophoretic parti-
cle sorting fields due to multiple advantages of microscale
and magnetism effects, such as low reagent cost, compara-
tively fast reaction times, less invasiveness and noncontact
(Vilkner et al. 2004; Whitesides 2006; Yavuz et al. 2006).
Many groups performed intensive work in both experimen-
tal and numerical areas and presented various magnetic
sorting methods with microfluidic devices during the last
few years. Ferrofluids have been frequently employed for
a variety of manipulations of diamagnetic or nonmagnetic
particles in microfluidics for their large magnetic suscepti-
bility (Hejazian and Nguyen 2015; Zhu et al. 2010, 2011).
Most cells are inherently diamagnetic and mismatch mag-
netic susceptibility to ferrofluids; thus, the repulsive force
generated by an externally applied magnetic field gradient
was used to move labeled free cells away from the mag-
netic source (Rodriguez-Villarreal et al. 2011; Shen et al.
2012; Zeng et al. 2012). Kwang et al. presented a droplet-
based microfluidic platform to sort magnetic particle for
magnetic bead-based bioassays (Lee et al. 2012). In addi-
tion, numerical simulations were also proposed by several
researchers to obtain the particle trajectories in magnetic
sorting. Xuan et al. simulated the diamagnetic and mag-
netic particles trapping in ferrofluids’ flow simultaneously
(Zhou et al. 2015). Li, Cheng introduced a three-dimen-
sional analysis of magnetic sorting in 2014 (Han et al.
2014; Cheng et al. 2014). Recently, magnetoconvective
drag force on the magnetic stream was also introduced to
analyze the dominant force involved in the manipulation
of particles in microfluidics (Hejazian and Nguyen 2016;
Hejazian et al. 2016). A finite element mathematical model
was successfully developed for demonstrating an innova-
tive time-dependent magnetically actuated mixing process
(Munir et al. 2009a, b, 2010, 2011).

However, current magnetic sorting studies were mainly
focused on microscale particle. For microfluidic system,
only a mathematical model based on finite element tech-
nique has been developed to predict the migration and
capture of multiple magnetic nanoparticles (Munir et al.
2009a, b). Few work responded for the experimental pro-
cesses was reported till now, which further obstructed
the popularization of this model. In consideration of the
important application of the monodisperse magnetic nano-
spheres, developing a feasible method to purify magnetic
nanospheres in microfluidic devices is urgently needed. In
this work, based on the microfluidic device equipped with
a permanent magnet, a convenient size-selective separa-
tion approach to sort magnetic nanospheres was reported.
We focused nanospheres into a tight stream with the help of
self-focusing channel design and high flow rate ratio of two
inlets. It was an essential step in the manipulations. Then,
numerical simulations were proposed to obtain the nano-
spheres trajectories. The magnetic field and its gradient
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played crucial roles in nanospheres migrations. Two thresh-
olds of particles diameters were obtained in each situa-
tion. TEM images and dynamic light scattering results of
obtained nanospheres demonstrated the validity of this
experiment. It was found that the experimental data were
consistent with the numerical simulations.

2 Experiment
2.1 Device fabrication

The polydimethylsiloxane (PDMS) device was fabricated
through a standard soft-lithography technique (Duffy et al.
1998). At first, the layout of the device was designed by
Core]DRAW and printed on a film as the photomask in the
photolithography process. The negative photoresistor (SU-
8-2075, MicroChem) was coated on a Si wafer and then
placed on a spin coater to create molds. The spin coating
processing was set at 1000 rpm for 18 s and 3000 rpm for
1 min to make the 50-70 pwm thickness, which equaled to
the rectangular channel depth. The obtained dry photo-
mask film was placed upon the Si wafer resisting exposure
of the photoresistor lamination out of the channel. Then,
PDMS (Sylgard 184, Dow Corning) mixture (10 A: 1 B)
was poured onto the master mold. After the degassing in
a vacuum desiccator for 5 min, it was cured in an oven at
90 °C for 20 min. The solidified PDMS was peeled from
the Si wafer and rinsed by ethanol for 5 min. Finally, the
rinsed PDMS and glass slide were dried in an oven at 80 °C
and treated by a plasma cleaner (PDC-36G, MTI Corp.) for
30 s. The PDMS and glass slide were bonded immediately,
and then the microfluidic chip was obtained.

Figure 1 shows the schematic and dimensions of the
device used in the experiments. Figure la shows a pho-
tographic image of the microfluidic chip. The device had
15 mm length and 0.2 mm width of the main flow path
(Fig. 1b). Figure 1c and d shows the details of the two inlets
and two outlets. The sample was injected into the channel
through inlet 1, which was 50 pwm in width. At the same
time, buffer solution (deionized water) was injected into the
channel through 150 wm width inlet 2. The corresponding
two outlets were both 100 wm in width for collection of the
deflected target nanospheres.

2.2 Synthesis of magnetic nanospheres

Magnetic Fe;O, nanospheres were synthesized in a binary
solvent system with diethylene glycol (DEG) and ethyl-
ene glycol (EG) (Xuan et al. 2010). Briefly, FeCl;-6H,0O
(2.16 g), NaAC (8 g) and PAA (0.2 g) were dissolved in
an 80 mL mixture of DEG (60 mL) and EG (20 mL). After
magnetic stirring for 30 min, the obtained yellow solution
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Fig. 1 a A photographic image of prototype device. b Schematic of the device. It contained 15 cm length, 0.2 mm width main path, two inlets
and two outlets. Specific figures of ¢ inlets and d outlets. The widths of two inlets and two outlets were 50, 150, 100 and 100 pwm, respectively
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Fig. 2 a Magnetic hysteresis loop (magnetization versus an applied
magnetic field) of Fe;O, nanospheres. b TEM image of initial Fe;0,
nanospheres obtained by using the binary solvent system. ¢ Histo-
grams of particle sizes’ distribution of the initial Fe;0, nanospheres.
d Enlarged drawing at low magnetic field strength. Coordinate
showed their saturation magnetization and corresponding magnetic
field strength

was transferred into a Teflon-lined stainless-steel autoclave.
The sealed reactor was heated at 200 °C for 720 min. By
cooling to room temperature, the obtained Fe;O, nano-
spheres were washed by ethanol and deionized water for
five times, respectively. Finally, about 0.6 g Fe;O, nano-
spheres were achieved under drying in a vacuum oven.
TEM image and the histogram of their particle size dis-
tribution showed that these particles had a broad parti-
cle size distribution (inset Fig. 2b, c). They denoted that
Fe;0, nanosphere diameters were varied from 40 nm to
280 nm, approximately. Then, the Fe;O, nanospheres were

dispersed into water to form a uniform magnetic fluid for
further purification.

The magnetic properties of the Fe;O, nanospheres were
investigated by a MPMS VSM (SQUID, Quantum Design
Co., America) at room temperature. When the magnetic
field strength reached to 1.6 KOe, the Fe;O, nanospheres
reached to saturation magnetization, 65 emu/g (inset
Fig. 2d). Taking into account the entire test time, the design
step in this experiment was set as 100 Oe. Inset of Fig. 2a
shows the magnetization loop with a field rage of 250 Oe,
which indicates the superparamagnetic behavior. The hys-
teresis loop was smooth, and no obvious hysteresis was
found indicating the coercive force and the residual mag-
netization approach to zero. Actually, these Fe;O, nano-
spheres are composed of large amount of nanograins, thus
revealing the cluster-like nanostructure. This phenomenon
has been reported in many literatures (Fang et al. 2011; Liu
et al. 2011). Because the average size of the nanograins was
smaller than 16 nm, the final nanospheres exhibit superpar-
amagnetic characteristics.

2.3 Experimental setup and procedure

Microfluidic channel system, magnetic field and observa-
tion system constituted the experimental setup (Fig. 3a).
The channel was placed on the working stage of an inverted
microscope. There were two inlets and two outlets (Fig. 1),
and four polyethylene tubes (Smiths medical, 0.38 mm ID,
1.09 mm OD) were inserted into the holes of the device.
Two highly accurate syringe pumps (LSP02-1B, Longer-
Pump) connecting to the tubes were used to pump the
sample and buffer solution into the channel through inlet 1
and inlet 2, whose flow rates were kept at 0.01, 0.04 mL/h,
respectively. Magnetic field in microfluidic channel was
provided by a permanent neodymium iron boron (NdFeB)
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Fig. 3 a Schematic illustration of the proposed experimental setup. b
A detailed view of the sorting device. The nanospheres were attracted
by magnetic force to deflect toward the permanent magnet, and the
trajectory exhibits the particle size dependency

magnet that was 10 x 2 x 5mm? in size and the remnant
field strength B, = 1.2 T. The magnetic field strength over
the channel area was tunable by changing the perpendicular
distance between magnet and device. While the sample and
buffer solution were being pumped and injected into the
channel, the images of trajectory of the nanosphere were
captured via the microscopy and a CCD camera (Nikon,
Japan).

Due to the low Reynolds number of the microfluidic
flow, there is a distinct interface between the sample and
the buffer solution in the channel when the permanent
magnet placed parallel to the main path is located far away
from the channel or when the magnet is absent. Moving the
magnet toward channel in the direction of the arrow shown
in Fig. 3b, the magnetic nanospheres dispersed in the fluid
were deflected to the buffer solution at the same time.
Then, the fluid color would be gradual changed in the chan-
nel and the interface would disappear eventually. The dis-
tance between main path and magnet, exhibited in Fig. 3b,
is one of the most important parameter in this experiment.
Different suitable distances correspond to different size dis-
tribution. Therefore, numerical simulations are necessary to
analyze particles migrations and give appropriate distance
when the flow rate of the two inlets is kept constantly.

@ Springer

3 Theory and simulation
3.1 Force and analysis

A microfluidic channel equipment with a permanent mag-
net consisted in the system. Typically, the magnetic nano-
spheres” motion in the fluid and buffer solution under
external magnetic field was governed by various forces and
interaction including Stokes drag force, magnetic force,
gravity and buoyance force. Because of the low Reynolds
number in a microfluidic channel (Groisman and Quake
2004), inertial effect on the nanospheres was negligible
and then the trajectories can be confirmed by considering
dominant Stokes drag force and magnetic force. It’s worth
mentioning that magnetoconvective drag force on the mag-
netic stream is another force involved in particle manipu-
lation (Hejazian and Nguyen 2016; Hejazian et al. 2016).
Magnetic field induced bulk force caused magnetoconvec-
tive flow on paramagnetic fluid. As the magnetic particles
used here were only Fe;0, in the sample and they were far
away from the magnet poles, the effect of magnetoconvec-
tive drag force was ignored in our work.

Magnetic force Exposed to magnetic field, a magnet-
ized body dispersed in fluid experiences magnetic force,
F ., which can be generally expressed as Eq. (1) (Gijs et al.
2009; Tzirtzilakis 2005).

1 H
Fp = ﬂ(zqu,%Jruo/ MdH)ndS 1)
0

Here, S is the surface area of the nanosphere, and H
is magnetic field strength. Permeability of vacuum
po = 4w x 107'N - A=2. M,, means normal component of
ferrofluid magnetization adjacent to the surface S enclosing
the particle. As a result, the magnetic force can be simpli-
fied to.

Fn=mVM-VH @)

where V is the volume of the magnetic nanosphere, M is
the vector of magnetization, and H is the magnetic field
strength at the center of the particle (Hejazian and Nguyen
2015).

As the weak magnetic field strength generated by a per-
manent magnet (Figs. 4 and 5 proved that the magnetic
field was about 0.4-0.8 KOe (H = %) in the microfluidic
channel.), the magnetization of the nanosphere depends
approximately linearly on the applied magnetic field
strength, which means M = x,H, where Xp is the suscep-
tibility of the particle. Therefore, Eq. (2) can be translated
to Eq. (3).

Fin = poxpV(H - V)H 3)
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Fig. 5 a Magnetic flux density along positive direction of y-axis of
the magnet. Red dash dot line for simulations results. Blue solid line
for experimental data measured by a Teslameter. b Magnetic field
gradient versus x-axis of channel at different distance. The black axes
meant symmetry axis of the channel. ¢ Coordinate axis of magnet
(inset in figure) (color figure online)

Stokes drag force There is a resistance from the sur-
rounding fluid named hydrodynamic drag force when a
nanosphere moves. Reynolds number is very small and
much less than 1 in a typical microfluidic channel, and the
force caused by the viscosity of medium can be expressed
as Eq. (4) (Iiguni et al. 2004).

Fq=3mnD(vi —vp)fp )

where 7 is viscosity of surrounding fluid, D is diam-
eter of nanosphere, and v and v, are velocity vectors of

surrounding fluid and the nanosphere dispersed in it. f}, is
hydrodynamic drag force coefficient of the particle, which
accounts for the increased resistance where the particle
closes to the microfluidic channel surface (Gijs et al. 2009).
It has a form of

9 D 1 D \°
- —(—— )+ ——
16 D + 2z 8\ D + 2z

45 D \* 1 D >
256 D+2Zp 16 D+21p

where z, is the distance between channel wall and particle’s
surface.

Velocity profile in the main path Particles are generally
thought to follow fluid streamlines under laminar flow con-
ditions, when no external forces are applied. The deflect-
ing velocity caused by magnetic field is a crucial parameter
determining the efficiency of separation of nanospheres. In
this low Reynolds number microfluidic flow, inertial part
of the kinematic equation is negligible because of the tiny
mass of nanosphere. Finally, the balance equation can be
simplified as.

o=
—1 )

Fq+Fy,=0 (6)

After substituting (6) into (3) and (4), the velocity can be
inferred as.

Vp = Fm
P 3xubf @

3.2 Numerical simulations

Considering the dominant magnetic force and Stokes drag
force, COMSOL 4.4 (COMSOL Inc., USA), a finite ele-
ment software package, was used to establish the numeri-
cal model to predict and optimize the trajectories of nano-
spheres. This model consisted of three application modes.
A permanent Neodymium magnet, microfluidic channel
and its surrounding PDMS constituted the three distinct
domains.

The trajectories of nanospheres in the microfluidic chan-
nel were obtained through two separate steps. First, these
two application modes, “magnetic fields, no currents” and
“creeping flow,” calculated magnetostatic and laminar flow
models in a static way.

In a current-free region, the magnetic field is described
using Maxwell-Ampere’s law, where

VxH=0 8)

H is the magnetic field strength. It is possible to define the
scalar magnetic potential, V,,, from the relation

H=-VV, (&)
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Constitutive relation is used in this mode to describe a rela-
tion between magnetic flux density B and magnetic field
strength H by following equation

B=uH+M) (10)

Here, 1 = pop, is the magnetic permeability where p,
means relative permeability, and M is the magnetization.
Together with Gauss low for magnetic flux density, there is

V-B=0 (11)
Then, we can derive an equation for V_,,
=V (uVVin —uM) =0 12)

A mathematical mode, Coefficient Form PDE, was used
to calculate the gradient of the magnetic field strength. The
results of pervious mode were used as the initial values.
Functions (10) and (12) are used to calculate the magnetic
field in the simulations.

The creeping flow application was used for simulating
fluid flow at very low Reynolds number. In this case, the
inertial term in Navier—Stokes equations can be neglected.
It is assumed that the Fe;O, magnetic nanospheres with a
particle size distribution in the range of 40-280 nm were
homogeneously dispersed in deionized water. Their viscos-
ity and density were set equal to that of water because of
the low mass fraction of the sample. No slip condition was
applied along the walls of microfluidic channel and the two
outlets, and pressure condition was set equal to zero and
suppresses backflow.

The governing Navier—Stokes equation including the
flow rate v is described as

v - Vv =fiy — Vp+nVy (13)
And there is
pV-v=0 (14)

for this incompressible fluid. Here, p is the pressure, n is
the viscosity of the fluid, and f;, means the volume force
acting on the particle. These two functions were used to
calculate the application mode of creeping flow.

The influence of diffusion was neglected in the arti-
cle. In order to effectively separate these particles, the
forces (magnetic force and hydrodynamics force with
Brownian force) must exceed the typical Brownian force
Fg=¢ MIZT b , where T is temperature, kg is Boltz-
mann‘s constant, dp is diameter of Fe;O, nanospheres,
and At is the magnitude of the characteristic time step.
The threshold diameter for Fe;O, particles in water is
dp = kT /|F| = 40nm, where |F| is the magnitude of the
total force acting on the particle (Furlani 2006). For the
tiny particles in the sample, forces may be in the similar
scale, and diffusion affected the effect of separation.
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However, the sample flow containing these tiny parti-
cles was on the side of the main path of the channel remote
from the magnet. Since the magnetic field was weak, the
diffusion due to the Brownian motion didn’t cause the tiny
particles to flow out through the outlet 2 as the extremely
short time. The whole time for the sample to flow through
the entire channel was approximately to 1 s. As a result,
there was no adverse effect on the experimental purpose.
So we neglected the effect of diffusion in simulations. In
addition, this also saves computation time.

Then, particle tracing for fluid flow was used to trace the
particles’ trajectories with a time-dependent solver based
on the results from the first two application modes. Here,
drag force and magnetic force were the two main forces,
which were calculated based on the above two mode, and
were considered in this mode. Function 7 gave the velocity
of movement of the particles in the microchannel. The wall
condition here was set as freeze. Initial position was uni-
form distribution, and number of particles per release was
80.

Because the magnetic fields and creeping flow have
different demands in meshing quality and computational
domains, different computational grid size was used for
solving these two application modes.

For the magnetic fields, we didn’t have to manually
mesh because of relatively low demands of meshing quality
in microscale. The sequence type was set as physics-con-
trolled mesh, and element size was set as extremely fine.
As a result, the number of degrees of freedom was 156,994
in the simulation. On the other hand, we subdivided the
grid and made smooth transition at the inlet and outlet of
the channel to improve calculation accuracy for creeping
flow. We found that the independence of the solution for
the mesh size is achieved with a size of 2 wm, where the
decrease in the mesh size has little effect on the numerical
result. The number of elements was 48,552, and triangular
element was used.

4 Results and discussion
4.1 Magnetic field and forces mapping

The first aim of the simulations was to evaluate the mag-
netic field properties of a centimeter-sized NdFeB perma-
nent. Commercial finite element software was performed in
2D geometries (Figs. 4 and 5), to characterize the magnetic
flux density and magnetic field gradient.

The simulations shown in Fig. 4 indicated that the
value of magnetic flux density in the microfluidic channel
was between 40 and 80 mT, where the distance (Fig. 3b)
between magnet and main path of channel was 5 mm.
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In this experiment, the nonuniform magnetic field
exerted on the system using a permanent magnet at variable
distance from 2 to 20 mm. In order to study the magnetic
force acting on the particles, magnetic field gradient was
another crucial data in the manipulations. The simulation
results are summarized in Fig. 5. According to Eq. (3), the
product of magnetic flux density and magnetic field gradi-
ent was proportional to magnetic force. Figure 5a presents
the magnetic flux density value of the central position of
microfluidic channel versus the distance to the permanent
magnet. The maximum value was evaluated to be 150 mT
when the magnet was nearby the channel and decreased to
nearly zero once the distance reached 20 mm. The mag-
netic flux density was also measured by a Teslameter. The
measured values in Fig. 5a were almost consistent with the
results of numerical simulations. The magnetic field gradi-
ent of the main path (—7.5 mm < x < 7.5 mm) was cal-
culated by the simulations at different distance (Fig. 5b).
There was a distinct value terrace of magnetic field gradi-
ent with tiny fluctuation when the distance was less than
12 mm. In addition, the length of the terrace decreased
quickly as the distance increased. For the sake of symme-
try, these inflection points appeared in the horizontal axis

of £5.5 mm, which happened to be the edge of the mag-
net. The magnetic field gradient decreased from the cen-
tral position to the two edges of the channel except for the
much close distance. There was a slight increment in mag-
netic field gradient near the edges at these situations that
showed the complicated condition in the surrounding area
of the magnet. The distance between magnet and main path
is first depicted in Fig. 3b. The x-axis and y-axis are shown
in insets of Fig. Sc.

4.2 Particles trajectories

In this section, the simulations were firstly carried out with
different Fe;O, nanosphere sizes (130-220 nm) to observe
the particles’ trajectories in the microfluidic devices. The
extent of magnetic deflections depended mainly on the bal-
ance between magnetophoresis force and hydrodynamic
drag force. The inlet flow rate of the two inlets was both
set as 14 mm/s since the volume flow rate of two syringe
pumps was 0.05 mL/h in total.

Figure 6 shows the results of the simulations when dis-
tance between magnet and main path of channel was set
as 5 mm. As shown in these trajectories, the deflections

Fig. 6 Fe;O, nanosphere trajec- 3qa - 3. b
tories in microfluidic channels 24 —< 2
with different diameter sizes 1 Main Path = 1
from 130 to 220 nm, a 130 nm, o4 0
b 140 nm, ¢ 150 nm, d 160 nm, -1 130 nm -1 140 nm
e 170 nm, f 180 nm, g 190 nm, b I . .. 23 Threshold Valpye 1,
h200nm,i210nm,j220nm. -__;__0__;__4 _____ 8_ _10 -_'2__2__2__i__6__£__10___.
a, b Outlet 1 was the only exit. 39¢ 39.d
c—h Outlet 1 and outlet 2 were 2 24
both exits. i, j Outlet 2 was the 1 1]
only exit. Outlet 1 and outlet 2 07 04
are first mentioned in Fig. 1a. ; ] 150 nm ;: 160 nm
Schematic of the channel (inset 31 . L ) | L | | | | | .
in Fig. 6a). The two arrows in -2 0 2 4 8 10 2 0 2 4 6 8 10
the figure presented the transi- 37e 37 ¢
tion state of particles outlets. /é‘ ? ] ? 7]
The permanent magnet was 3] ]
laced 5 mm away from the = 07 0]
p ) _ -1 170 nm -1 180 nm
channel at these simulations 2] 2]
3 1 1 1 1 1 L .3 1 1 | 1 1 1 |
-2 0 2 4 8 10 2 0 2 4 6 8 10
34 3
218 2 h
1 1
0 0
-1 190 nm -1 200 nm
2] 2 ,
3 1 1 1 1 1 3 A L 1 1 1 1
—2_0__2z__4__8&_ s__10 -0 _ 2 _4_ 6 _8_ 10 __.
32 35
2 ! Threshold Value 2 : J
0] 0 —
1] 210 nm ! 200m S
-2 2
3 1 1 1 1 1 3 1 [ R R R |
-2 0 2 4 8 10 -2 0 2 4 6 8 10
X (mm)
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for different sizes nanospheres were diverse from 130 to
220 nm. Figure 6 is divided into three parts to analyze the
particles trajectories. Figure 6a, b indicates all of the parti-
cles whose diameters were not exceeding 140 nm couldn’t
be attracted to the outlet 2 near the magnet. Besides, it was
concluded that these particles whose diameters between
150 and 200 nm were partly attracted to outlet 1 and partly
attracted to outlet 2. Comparing Fig. 6¢ and h, more and
more particles flowed out of the outlet 2 with the increas-
ing of particles diameters. Furthermore, the outlet 2 was
the only exit to these nanospheres whose diameters reached
210 nm are shown in Fig. 6i and j. Schematic of the device
is shown as an inset in Fig. 6a. As a consequence, 140 and
210 nm were two thresholds of particles diameters in the
particle sorting.

The polydispersed magnetic fluids in this experi-
ment had a broad diameters distribution ranging from 40
to 280 nm (Fig. 2b, c). Figure 7 describes the trajectories
of polydisperse nanospheres in the microfluidic chan-
nel. The magnetic particles having a size in the range of
110-220 nm were attracted to the direction of magnet and
flowed out from outlet 1 or 2, depending on the particles
diameters in these situations. The deflection curves of these
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2}  Magnet 000000000
-4 -2 0 2 4 6 8 10
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Fig. 7 a Trajectories of polydisperse nanospheres (110-220 nm)
in a microfluidic channel. A weak deflection of these particles was
exhibited by the red dotted arrow. b Enlarged details of trajectories
in the main path of microfluidic channel. The orange arrow meant the
direction of diameters increment (color figure online)
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particles are shown in Fig. 7a. Further, an enlarged view,
Fig. 7b, was used to depict trajectories of nanospheres with
different diameters. There were distinct flow layers of each
size particles, and the particles with larger diameter showed
larger deflection of the trajectories in the channel. The
orange arrow in Fig. 7b indicated the direction in which the
particles diameters increased. The results of all these simu-
lations were obtained at a constant flow rate, and the mag-
net was placed in the same position.

The effect of the permanent magnet position was also
considered. To sort magnetic nanospheres in a microflu-
idic channel, we moved the permanent magnet perpendicu-
larly to the main path of the channel. The moving direc-
tion is shown in Fig. 3b. Here, we introduced the concept
of thresholds in order to illustrate the relationship between
particle diameters and the corresponding channel outlets.
Figure 6 shows that when the particles’ diameters were
less than or greater than a certain value, outlet 1 or outlet
2 could be the only exit of the nanospheres in the microflu-
idic channel and this value was called threshold. It was just
in this condition to show excellent size-selective separation
performance. Therefore, thresholds of particles diameters
played a crucial role and were diverse at each distance in
a constant inlet flow rate. The results of numerical simu-
lations indicated the thresholds of nanospheres diameters
at different positions of magnet (Fig. 8). Both two thresh-
olds of particles diameters grew as the distance grew from
4.0 to 6.0 mm. The thresholds of nanospheres had a rela-
tively rapid increment, since the magnetic field was dras-
tically smaller as the distance increase. It was concluded
that the diameters of nanospheres in magnetic fluid would

300
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Outlet 2 - Threshold Value 2

250 249
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150

Diameter (nm)
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Fig. 8 Two thresholds of particle diameters versus the distance
between magnet and main path of channel. The distance was
increased from 4 to 6 mm with step size of 0.5 mm in the simulations.
The two inlet flow rates were both set as a constant of 14 mm/s
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correspond to different suitable distances of magnet to
main path in different ranges.

4.3 Experimental results and comparison

The obtained Fe;O, nanospheres synthesized by the sol-
vent—thermal method were dispersed in deionized water to
form mother magnetic fluid with mass fraction of 5 wt%.
Because there is large amount of polyacrylic acid exist on
surface of the Fe;O, nanospheres, the Fe;O, nanospheres
can be well dispersed within the water without large aggre-
gation. Moreover, these Fe;O, nanospheres are super-
paramagnetic; thus, few dipole—dipole interactions exist
without applying the magnetic field. Furthermore, the low
fraction also leads to a large distance between the Fe;0,
nanospheres, which further reduce the particle aggregation.
Then, the mother fluid was injected into the channel by a
highly accurate syringe pump through inlet 1, and buffer
solution was injected into the channel through inlet 2 at the
same time by another syringe pump. Since the much low
Reynolds number of microfluidic flow, there was a distinct
interface (Fig. 9a) between the mother fluid and buffer
solution. The permanent magnet was placed far away from
the main path of the device at this situation. The magnetic
fluid flowed along their own focused width and maintained
their flow path. Figure 9b denotes that outlet 1 was the only
exit for all of the samples in this situation. Typically, when
the permanent magnet was moved toward the channel, the

I

Fig. 9 Photographic pictures of
microfluidic channel. Magnetic
nanospheres dispersed in deion-
ized water were attracted toward
the permanent magnet under the
effect of the applied magnetic
field. a The inlet area of chan-
nel. b, d, f The outlet area of
channel. ¢, e The main path area
of channel. Gray areas in the
figures meant deionized water
dispersing magnetic nano-
spheres, and dark gray and light
gray denoted different particle
concentration in fluids. These
figures showed no chaining
phenomenon of particles

Magnet was moved toward channel

flow path of the magnetic fluid was shifted. Clearly, the
deflection of flow path increased with the distance between
magnet and main path decreased (Fig. 9c, e). Because of
the increase in magnetic field strength and magnetic field
gradient, the magnetic nanospheres dispersed in the fluid
were deflected into the buffer solution, which led to the
color gradient in width direction of the microfluidic chan-
nel. The relatively large particles in the fluid would be
deflected significantly because of the large magnetic forces.
Due to the precision limit of the optical microscope, the tra-
jectory of an individual nanosphere in the channel couldn’t
be depicted by these photographic pictures. In contrast of
Fig. 9b, d and f, it was found that more and more parti-
cles flow out the channel through outlet 2 while the magnet
was being moved toward the channel. Therefore, these rela-
tively large nanospheres would be separated from the initial
fluid, and the aim of sorting has been completed as well.
By the way, the condition revealed by Fig. 9¢ and f was
an ideal situation for separating, and the corresponding dis-
tance between magnet and channel was a suitable position
for sorting manipulation. The distance between the mag-
nets to the channel structure can be dynamically controlled.
In the further work, a computer controlling magnet will be
used to exactly tuning the distance during the experiments.
Here, the polydisperse Fe;O, nanosphere fluids with a
broad size distribution were injected into the microfluidic
device. After the sorting process, the fluids flowed out
through outlet 1 and outlet 2 were collected, respectively.

r—
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Fig. 10 TEM images of the obtained Fe;O, nanospheres in outlet 1 of (a), outlet 2 of (b). Histograms of particles sizes distribution of the
obtained Fe;O, nanospheres in outlet 1 of (¢) 90 nm, outlet 2 of (d) 160 nm through dynamic light scattering

The two fluids possessed a significant mean diameter dif-
ference. The transmission electron microscopy (TEM)
images were obtained by a JEM-2100F at an accelerating
voltage of 200 kV. Dynamic light scattering (DLS) was
also conducted by a Zetasizer Nano (Malvern Corp.) to
depict the particle size distribution of the obtained the two
fluid samples. All of these results are shown in Fig. 10. In
(a) and (c), the smaller size range was apparent as observed
in the micrograph and histogram. In (b) and (d), the larger
sizes were successfully recovered after separation. Both the
TEM images and histograms of DLS showed the difference
in particle sizes at two exits. It was found that the average
diameters of outlet 1 and outlet 2 were 90 and 160 nm,
respectively. These testing results proved the validity of
the experimental manipulation. The results of numerical
simulation were used to illustrate the effectiveness of our
method, and the conclusion of numerical simulation was
also proved by the experimental results.

Due to the accuracy of this experimental setup, a cer-
tain range of particle size coincidence occurred. In addi-
tion, numerical simulation results also showed there would
be a certain particle size coincidence (Figs. 6c-h and 8).
There was a significant reduction in the particle size width
of the nanospheres before and after separation. We intend
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to consider the influent parameters such as inlet flow rates
and channel geometry in the next work to study the separa-
tion efficiency. Besides, our present work focused on the
convenience of the experimental setup and the placement
of suitable magnet by numerical simulations.

Although there are several methods to prepare mono-
dispersed nanospheres, most of the present approaches
only produced polydispersed magnetic particles with
broad distribution. Our ideal will improve the efficiency
for monodispersed magnetic particles because of the easy
processing.

5 Conclusions

We developed the sorting manipulation of magnetic nano-
spheres using a microfluidic channel equipped with a single
permanent magnet. The polydisperse Fe;O, nanospheres
with a broad sizes (from 40 to 280 nm) distribution could
be separated into two fluids with a significant difference in
average diameters. After the magnetic separation, the width
of the particle size range was reduced significantly. The
particle size of outlet 1 was mainly concentrated in the 60
to 150 nm, while the outlet 2 was 120-200 nm. There was a
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significant reduction in the particle size range of the nano-
spheres before and after separation. We identified this as a
successful separation.

Because of the low Reynolds number of microfluidic
flow, inertial effect on the nanospheres is negligible and then
the migrations are attributed to Stokes drag force and mag-
netophoresis force. In addition, numerical simulations were
used to predict and optimize the particles trajectories in the
channel. The magnetic flux density and magnetic field gradi-
ent along the main path of the channel when the permanent
magnet was placed at different positions were calculated.
The thresholds of particles diameters obtained in simula-
tions were diverse at each position of permanent magnet in
a constant inlet flow rate. Furthermore, we showed particles’
trajectories in both simulations results and experimental pho-
tographic pictures. Finally, synthesizing real-time images of
the microfluidic channel through a CCD camera and thresh-
olds versus magnet positions helped us to find the most suit-
able position of the permanent magnet conveniently.
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