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Abstract: The need to continuously separate multiple microparticles is required for the recent development of lab-on-chip technology.
Dielectrophoresis(DEP)-based separation device is extensively used in kinds of microfluidic applications. However, such conventional
DEP-based device is relatively complicated and difficult for fabrication. A concise microfluidic device is presented for effective
continuous separation of multiple size particle mixtures. A pair of acupuncture needle electrodes are creatively employed and embedded
in a PDMS(poly-dimethylsiloxane) hurdle for generating non-uniform electric field thereby achieving a continuous DEP separation. The
separation mechanism is that the incoming particle samples with different sizes experience different negative DEP(nDEP) forces and
then they can be transported into different downstream outlets. The DEP characterizations of particles are calculated, and their
trajectories are numerically predicted by considering the combined action of the incoming laminar flow and the nDEP force field for
guiding the separation experiments. The device performance is verified by successfully separating a three-sized particle mixture,
including polystyrene microspheres with diameters of 3 pm, 10 um and 25 um. The separation purity is below 70% when the flow rate
ratio is less than 3.5 or more than 5.1, while the separation purity can be up to more than 90% when the flow rate ratio is between 3.5

and 5.1 and meanwhile ensure the voltage output falls in between 120 V and 150 V. Such simple DEP-based separation device has

extensive applications in future microfluidic systems.

Keywords: continuous separation of multiple size particles, dielectrophoresis, acupuncture needle electrodes, microfluidic

1 Introduction

Dielectrophoresis(DEP) is a promising method that can
be used to manipulate, transport and separate samples of
particles and biological micro-objects such as bacteria and
cancer cells from blood, which has a broad application
prospects for medical diagnosis in hospitals and particle
filtration of water quality monitoring''*!. The phenomenon
of DEP originates from the interaction between the induced
dipole moment of a polarizable particle suspended in a
dispersing medium and the applied non-uniform electric
field. The electric field polarizes the particle, if the
polarizability of the particle is greater than the surround
liquid, it experiences a positive DEP(pDEP) force that
attracts it towards high field intensity region. The opposite
circumstance gives rise to negative DEP(nDEP) force that
repels particle away from region of high electric fields.
Both nDEP and pDEP have been frequently applied to sort
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and separate micro- or nano- particles and various kinds of
cells® 7). In order to generate DEP, it is necessary for a field
gradient to be generated in microfluidic devices. Generally
speaking, there are two popular methods to achieve this
goal depending on a variety of chip design and fabrication.
In the literature, the traditional method patterns a
micro-electrode array embedded in the microchannel by
photolithographic deposition of metallic materials™ ",
However, DEP need not be always performed with metal
electrodes. Non-uniform electric field can also be generated
by using insulating structures immersed in a conducting
electrolyte. As a result, another approach to induce DEP
builds local constricted region with insulating structures or
hurdles™ """,

Compared to the conducting electrode based DEP, the
insulator based DEP(iDEP) provides several conspicuous
advantages such as more convenient fabrication process,
less contamination issues, chemical inert and so on!'*'3),
Therefore, DC-iDEP devices have widely been utilized to
separate binary particle samples either by size effect or by
dielectric property difference!'*'®. LAPIZCO-ENCINAS,
et all'” ! employed 3D insulating post array to collect and
separate live and dead bacteria. HAWKINS, et al?!l
developed a continuous-flow DEP spectrometer system based
on 3D iDEP technique using dc-biased ac electric fields.
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In essence, the DEP-based colloidal separation
applications are not restricted to binary particle suspension,
and they have even been successfully extended to separate
much more complex particle mixtures such as multiple type
of bacterial cells™ or charged polymer particles with a
H-filter'™ ). To our scrutiny of the current references,
however, separating multiple particle mixtures
continuous flow by using iDEP technique with low
voltages(less than 200 V(voltage peak to peak)) has not yet
been reported. On the contrary, as for applying high
voltages, both the non-negligible Joule medium heating and
the field-induced membrane stress of the cells are great
challenges for the separation science.

Inspired by these previous findings, we introduce a
simple iDEP microfluidic device with acupuncture needle
electrodes for continuous separation of multiple size
microparticle mixtures using negative AC DEP as shown in
Fig. 1. In this device, voltages energized on the electrodes
are less than 100 V, which implies less thermal effect
influences the experimental results. The liquid flow inside
the microchannel is driven by a hydraulic pressure
difference, and the strong AC electric field gradient is
confined within a small region around the PDMS hurdle.
When the incoming particles move through the hurdle area,
the negative DEP force can deviate the trajectories of these
particles of different sizes that subsequently move into
different downstream branches.

in a

Flow direction

Branch A

Branch B Branch C

Fig. 1. Schematic illustration of the DEP separation device

(not to scale)

Our device has several advantages as compared to
previous DEP-based separation devices reported in the
literature: (1) The usage of acupuncture needle electrodes
facilitates the integration of working electrodes into PDMS
microchannels so that the device assembly is simple; (2)
The sidewall acupuncture needle electrodes generate 3D
electric field throughout the entire channel hence exert
stronger DEP force on particle samples; (3) The device is
able to separate multiple size particles continuously by AC
DEP in one step, while most of previous devices need
multiple steps.

2 Materials and Methods

2.1 Theory of dielectrophoresis
For a homogeneous spherical particle of radius R, the net

time-averaged DEP force in a harmonic AC electric field
E (t):Re(E'ej“”) can be obtained by the point dipole

approximation!**>);

(FDE,,>:nng3Re(fCM(w))v(E~E*), (1)

where Re(:-) is the real part of a complex number, and *
denotes the complex conjugate operator. f., (@) is the

well-known Clausius—Mossotti (CM) factor, and depends
on the angular frequency @ =2nf of the applied

sinusoidal voltage:

&, — &
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where subscripts p and f represent particle and the
suspending medium, respectively. The &, and & are the

complex permittivity of colloidal particle and fluid,
respectively. ¢ and o denote the real permittivity and
electrical conductivity of the corresponding dielectric
material, and j is the imaginary unit. For a spherical particle,
the in-phase component (real part) of the polarization (CM)
factor ranges from —0.5 to 1 and defines the sign of DEP
force, which is either positive when particles are attracted
toward high field intensity regions(pDEP) or negative when
particles are repelled away from areas of high electric
fields(nDEP).

It is quite clear that in the high frequency limit
(i.e.@ — ©), the CM factor is mainly determined by the
dielectric permittivity of both the particle and suspending
medium. In contrast, in DC limit (@ — 0) the CM factor
mainly depends on the conductivities of the particle and
liquid medium.

Since they are of a net surface charge density,
polystyrene(PS) particles at nano- and micro-meter scale do
not behave as ideal insulators. An equivalent bulk
conductivity of the latex particles is related to the surface
conductance K, through!*>")

o, =2K, /r. 4)

Since the diameter of all the particle samples involved is
more than 1um, the surface conductance Ks used in present
work is about 1.2 nS** . From Eq. (4), this equivalent
bulk conductivity of latex particles is a decreasing function
of particle diameter, which causes a decrease in the
low-frequency conductivity plateau of the CM function
with increasing radius as shown in Fig. 2(a).
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Fig. 2(a) shows the in-phase component of CM factor as
a function of field frequency for colloidal PS particles
suspended in DI water (1.5 pS/cm). When the field
frequency is beyond 1 MHz, the real part of all the CM
functions is approaching —0.5, indicating that all the latex
particles experience nDEP forces in this frequency range.
From Fig. 2(b), the short-range nDEP force repels the
particles away from both the insulating hurdle and the
conducting electrode, and therefore changes their
trajectories. However, the magnitude of nDEP force is
proportional to R® based on Eq. (1), which means that all
the sample particles are governed by obvious different DEP
force thereby resulting in different motion trajectory for
separation.
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(b) Surface and arrow plot of nDEP induced particle velocity

Fig. 2. DEP force resulting in different motion trajectory
for particles separation

2.2 Particle trajectory prediction
In typical microsystems, the inertial effect can be safely

dropped, so the particle velocity v, can be treated as the

direct measure of the surrounding flow velocity u, plus

the velocity induced by the external force (Fyg, ) acting on

the particle,
F
ol
nnR
&R Re( foy (a)))V(E -TE‘*)
u; + . 4)
617

We can express above equation in a more explicit form:

v, o=u; + ngz Re(fCM (a))) d(E "E )
px — “fx 677 dx >

(6a)

5fR2 Re(fCM (a))) d(E ‘E )
617 dy

Yoy TUpy

(6b)

Finally, the particle position x, (¢) at any time instant

can be determined by making an integral of the particle
velocity:

t

X, (t):xo +fvp (z’)dr, (7

0

where x, is the particle initial position.

2.3 Numerical simulation
The Laplace Equation V¢ =0 is solved to obtain the

bulk potential $ and the electric field E = —V¢ , subjected
to g=4A (4 is the voltage amplitude applied) and
# = 0 on the electrode pair, respectively, with other channel

walls treated as insulating boundaries n+¢=0.

The Stokes Equation is solved to obtain the flow velocity
u, , with fixed inflow velocity at inlet channel A and B.

Zero pressure is applied at the outlet channel C, D and E,
and all the channel sidewalls are treated as no-slip wall

boundaries. Once the electric field E and flow velocity
u, are known, Eq. (6) and Eq. (7) are solved in sequence

to acquire the particle motion trajectory.

2.4 Chip fabrication and system setup

The fabrication of the microfluidic chip follows basic
soft lithography process, and the distance between the
electrode pair is adjusted by hand under microscope. In
brief, two 30 um thick photoresist layers were patterned on
a clean glass slide, and after UV exposure, the photoresist
was developed to create mold and cavities for housing
acupuncture needle electrodes(Hanyi, Beijing Hanyi
Medical Instruments Centre). The electrodes were fixed by
a pair of magnetic patch on the back of the glass slide and
distance of the electrodes was adjusted by hand under
microscope. PDMS gel was poured on the mold and cured.
After curing PDMS with embedded acupuncture needle
electrodes, the channel was punched to create five
reservoirs and then bonded with a glass substrate using
oxygen plasma treatment.

The device is shown in Fig. 3, which consists of a 300
pm wide and 1400 um long main channel with five branch
channels that end up in two upstream inlets (A and B) and
three downstream outlets (C, D and E). The widths of
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branch channels A, B, C, D and E are 300 pm, 150 pm, 100
pm, 100 pm, and 100 pum, respectively. Moreover, the
distance of the two needle tips is about 300 pm. All
channels are near 50 pum deep (the thickness of the
photoresist was reduced by patterning). All five reservoirs
at the inlets and outlets are the same, and each has 5 mm in
height and 6 mm in diameter, giving rise to volumetric
capacity of about 141 pL. Such large reservoir volume was
found to be able to generate steady flow more than 10 min
via controlling the liquid level difference.
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(a) PDMS microchip with acupuncture needle electrodes

500 pm

(b) Micrograph of acupuncture needle electrodes

Fig. 3. Design of the microchip for separation

Latex particles(Sigma) with the diameter of 3 um, 10 um
and 25 pm are suspended in DI water with the conductivity
of 1.5 uS/cm for DEP experiments. The sample number
ratios are set to be 20 (3 um):6 (10 pm):1 (25 pm). The
particle mixtures are dispersed three times by ultrasonic
cleaner before experiments.

The DEP forces induced by the acupuncture needle
electrodes were generated by ac voltages energized by a
function generator (TGA12104, TTi), and amplified by an
amplifier (Model2350, TEGAM). The particle motion was
monitored by an optical microscope (BX53, Olympus) and
video-taped by a CCD camera (RETIGA2000R,
Qimaging).

3 Results and Discussions

In order to suppress both the induced double-layer
charging effect and AC electroosmotic flow!” %,
choose field frequencies more than 1IMHz in our
experiments. On the basis of the prediction that latex
particles of different diameters possess distinct DEP

we

responses in this frequency range, we used the microfluidic
device to separate a mixture of latex particles with
diameters of 3 pm, 10 um and 25 pm. For experiments
where three types of particles were separated, the
separation purity was expressed as

77:

N
1— 1088 1100% , 8)
NA

where N, is the total number of particles (counted per half
minute) moving into a downstream outlet, and N is the
number of unexpected samples. For instance, the outlet E is
the theoretical path of the particle of 25 um in diameter, so
if there are some particles with other sizes, the separation
purity can be calculated using Eq. (8). Moreover, in our
experiments the steady flow can last at least 10 minutes
because of the large reservoir volume, so we have a steady
flow velocity near to be 1200 um/s in the mainchannel
(inlet A). For analyzing the flow effect on the separation
purity, we adjusted the flow velocity in the inlet B, and
defined a parameter y to describe the flow velocity ratio
between inlet A and inlet B.

3.1 Effect of energized voltage

To achieve the continuous separation of multiple size
particles, it is important to identify the threshold voltage
required for pushing the 25 pum particles to the upper
branch E, but still keeping the 10 um and 3 pm particles to
the middle branch D and lower branch C, respectively. Fig.
4 shows a comparison of the superposed particle
trajectories under different voltages with a flow velocity
ratio of 4.2. It is indicated that the magnitude of trajectory
deviation for both larger and smaller particles increases
with increasing the voltage level. This is because the DEP
force is proportional to the gradient of the electric-field
intensity, VE”. The experimental results show that when
the energized peak to peak voltage is below 112.5 V, the
purities of branch D, and branch C are both less than 70%,
while the value for branch E is near 100% (Figs. 4(a), (b)).
In contrast, if the voltage is larger than 150 V, the purities
of branch E, and branch D are both less than 70%, but the
branch C is close to 100% (Figs. 4(c), (d)). Therefore, the
experiments indicate that if we fix the flow rate ratio to 4. 2,
a probable energized voltage region is from 120 V to 150 V
for keeping the purities of all the three branches with a
level of more than 90%.

3.2 Effect of flow rate ratio

Flow rate ratio, y, is another important factor required for
a microfluidic device to operate its separation functions. As
the flow rate in the main channel is fixed in our
experiments, the fluid flow rate in inlet B is a variable
parameter. By increasing y, although sample throughput can
be enhanced, the force action time is decreased, thereby a
larger DEP force is required to account for this increased
sample transport velocity. The proper conditions for
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matching hydrodynamic drag force and DEP force must DEP action time. Therefore, the particles are all pushed into
meet. Fig. 5 shows the effect of y on sorting of multiple the lower branches. In contrast, if y is relative low, although
particles. As Figs. 5(a), (b) shows, when the y is relative the incoming samples can be raised up into upper branches,
high the samples are squeezed closely to the hurdle edge, the separation purity is unsatisfactory as shown in Figs. 5
and pass fast through the hurdle, resulting in a very short  (c)(d).

(a) Experimental observation with 112.5 V (b) Numerical prediction with 112.5 V

(c) Experimental observation with 150 V (d) Numerical prediction with 150 V

Fig. 4. Particle trajectories under different voltage outputs
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(c) Experimental observation with 7=1.2 (d) Numerical prediction with y=1.2

Fig. 5. Particle trajectories under different flow rate ratio
In our practical experiments, purity of outlet D is the voltages for keeping the purity of outlet D on a high level

most difficult to achieve, so it can be used as an evaluation  (>>90%) are shown in Table 1. The ideal flow rate ratio that
criterion for this separation device. The values of y and ensures a good separation purity is 3.5<y<5.1. In this
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region, the voltage output (120 V<V,<150V) is
proportional to the flow rate ratio for keeping a good purity
in outlet D. When the flow rates ratio is lower than the
minimum value or larger than the maximum ratio, we
cannot obtain a good purity no matter how to adjust the
voltage output.

Table 1. Purity in outlet D associated with flow rate ratio

and voltage output

Flow rate ratio Voltage output Purity in outlet D

Y VPP/V n
<35 <70%
3.5-5.1 120-150 >90%
>5.1 <70%

3.3 Typical case and possible joule heating effect

As discussed previously, the magnitude of the particle
trajectory deviation is proportional to the DEP force acting
on the particle, and hence the particle volume. Therefore,
the trajectories of the particles of different sizes can be
diverted to different streams after they pass the hurdle. A

(a) Experimental observation of a typical case

typical case of separation of the particles mixture is shown
in Fig. 6(a) (voltage of 150 V, frequency of 1 MHz and
fluid flow velocity ratio y is 4.2 ), which is obtained by
superimposing a series of consecutive images of the
moving particles. At first, the incoming particle mixture
comes out as a single stream from the inlet branch channel
B. Then the main stream of the buffer solution from inlet
branch channel A squeezes the mixture and forces the
particles to move closely to the hurdle. After the particles
pass through the hurdle, their trajectories are changed. The
trajectory deviation for a larger particle is greater than that
for a smaller particle because of the different magnitude of
the DEP force they experience at the hurdle. Thus, the
single mixture stream is separated into three individual
streams. Therefore, particles with different diameter move
into different outlets (25 pm to E, 10 um to D, 3 um to C)
by adjusting the voltage and inflow velocity. Numerical
prediction on the trajectories of the incoming particle
samples (Fig. 6(b)) shows a qualitative agreement with the
experimental observation.

(b) Numerical prediction of a typical case

Fig. 6. Trajectories of particles with 3 um (green), 10 um (blue) and 25 pum (red) diameter, respectively,
under the combined action of the incoming laminar flow and nDEP force field.

Furthermore, as we know that under application of
electric field in a microchannel, Joule heating appears
because of the passage of electrical current through an
electrolyte medium, and thus such heat results in
temperature rise. As the electrical conductivity and
permittivity are temperature-dependent properties of the
electrolyte solution, the temperature rise can lead to
changes in these fluid properties which in turn generate an
electrothermal body force thereby to drive the fluid near the
electrodes in a rotational manner®®". Therefore, in the iDEP
based devices, the electrothermal induced flow is
undesirable. However, in our experiments there is not
obvious joule heating effects. The possible reason is that
although the applied electric field amplitude is 2500 V /cm,
while the medium conductivity is only 1.5 uS/cm, so electric

heat generation (%O‘|E|2) is about 4.69 MW/m3, which

induces negligibly small local temperature rise, implying
negligible Joule heating effects™”. Moreover, as the
concentration of the particles in the mixture is not heavy,

we neglect any particle-particle interactions.

4 Conclusions

(1) The use of acupuncture needle electrodes facilitates
the integration of working electrodes into PDMS
microchannels so that the microfluidic separation device is
simple.

(2) Under reasonable structure settings, the design in this
work can effectively neglect joule heating hurt on
bioparticles.

(3) In this design, the ideal flow rate ratio that ensures a
good separation purity is 3.5<y<5.1, and the related
voltage output should be 120 V<V},,<<150 V to match the
flow rate ratio.

(4) This work suggests the potential of integrating the
present device with other microfluidic components into a
lab-on-chip platform for chemical analysis and biomedical
diagnosis.
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