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A novel DC-Dielectrophoresis (DEP) method employing pressure-driven flow for the continuous separation of micro/nano-

particles is presented in this paper. To generate the DEP force, a small voltage difference is applied to produce the non-
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uniformity of the electric field across a microchannel via a larger orifice of several hundred microns on one side of the

channel wall and a smaller orifice of several hundred nanometers on the opposite channel wall. The particles experience

DEP force when they move with the flow through the vicinity of the small orifice, where exits the strongest electrical field

gradient. Experiments were conducted to demonstrate the separation of 1 um and 3 um polystyrene particles by size by

adjusting the applied electrical potentials. In order to separate smaller nanoparticles, the electrical conductivity of the

suspending solution is adjusted so that the polystyrene nanoparticles of a given size experience positive DEP while the

polystyrene nanoparticles of another size experience negative DEP. Using this method, the separation of 51 nm and 140

nm nanoparticles and the separation of 140 nm and 500 nm nanoparticles were demonstrated. In comparison with the

microfluidic DC-DEP methods reported in the literatures which utilize hurdles or obstacles to induce the non-uniformity of

electric field, a pair of asymmetrical orifices on the channel side walls is used in this method to generate strong electrical

field gradient and has advantages such as capability of separating nanoparticles, and locally applied lower electrical

voltages to minimize Joule heating effect.

Introduction

The rapid development of micro total analysis systems (UTAS)
and lab-on-a-chip (LOC) devices has attracted growing interest
in recent decades . LOC systems bring miniaturization,
parallelization, integration to the analyses and
applications in chemical, biological and clinical fields 4% One of
the crucial applications is the continuous and accurate
manipulation of microparticles and nanoparticles 715 such as
bacteria 16_18, protein 19_21, DNA * 23725 and cells 272,
Among the various technologies that have been developed
and utilized to manipulate particles in microfluidic systems,
such as mechanical, optical, magnetic, thermal, chemical,
acoustic and electrical methods 29_38, dielectrophoresis (DEP)
may be the most popular method because it is label-free,
scalable, and capable of generating both negative and positive
forces to manipulate bio-particles 2839

DEP is the motion of a dielectric particle in an aqueous
solution due to the polarization effects in a non-uniform
electric field. Traditionally, the non-uniform electric field is
induced by applying an alternate current (AC) electric field
across arrays of micron structured electrodes of various
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shapes and configurations
the manipulation of nanoparticles derivatized by DNA with
arrays of microelectrodes which are coated with the layers of
the porous hydrogel in an AC electric field. Gascoyne et al. a
investigated that the positive DEP force created by arrays of
castellated microelectrodes can be used for the separation of
the mammalian cell under AC electric field conditions.
Khashayar et al. established an optical waveguide by
concentration 250 nm particles made of silica by DEP in AC
electric fields. Yu et al. ** designed an array of 3-D elliptic
electrodes in a microchannel for the focusing of human
leukemia HL60 cells to the middle of the microchannel from all
Generally, the AC electrode-based DEP (eDEP)
systems can induce a high gradient of the electric field with
low electric voltages. However, it involves issues such as the
complexed fabrication of microelectrode, fouling of electrodes
44, and electrochemical reactions on electrode surface *
These shortcomings are overcome in the insulator-based DEP
(iDEP) systems, where direct current (DC) electric field is
applied via two external electrodes over an array of specifically
patterned structures, such as insulator obstacles or hurdles
inside microchannels, to generate the non-uniform electric
field. Because of using DC electric field, the iDEP is also
considered as DC-DEP. Cummings and Singh %% showed the
trapping of 200 nm polystyrene particles by DEP force with an
array of insulator rods inside the microchannel. Lapizco-
Encinas et al. % investigated the manipulation and
separation of live/dead E.coli, and the

directions.

of bacterial
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manipulation and selective separation of two types of live
bacterial with arrays of circular insulator posts inside
microchannel in DC electric fields. Kang et al. 926 Jemonstrated
the separation of polystyrene particles by size with an
insulator hurdle in the microchannel in DC electric fields. Chen
12 investigated a rapid concentration of 500 nm to 1 um
nanoparticles with an insulator ‘tree’ structure under DC
electric fields in the microchannel. Generally, the DC-DEP chips
are simple to be fabricated, and mechanically robust and
chemically inert However, high voltages are typically
required for DC-DEP to induce sufficiently strong DEP forces.
The high voltages applied through the whole microchannel
(end to end) may induce Joule heating inside the
microchannel. This effect may limit their applications to
manipulate biological particles and decrease the performance
of the microfluidic chips 8 The viability of cells can be affected
by varying temperature inside the microchannel, and 4°C
temperature increase above the cell physiological temperature
can lead to cell death . Furthermore, due to the limitation of
the microfabrication techniques, the smallest space formed by
the insulator hurdles/obstacles in the microchannel is
relatively large, typically tens of microns. Consequently, the
resulting gradient of the non-uniform electric field is not
sufficiently high. This is a key reason that the existing DC-DEP
methods cannot be used for the separation of nanoparticles by
size.

In this paper, a novel microfluidic chip using a pair of
asymmetrical orifices to generate a locally strong electric field
gradient is proposed. By applying DC electric fields via a small
orifice and a large orifice on the opposite sides of channel
walls to induce the spatial non-uniform electric field, the
aforementioned adverse effects such as the complicated
process of embedding microelectrodes, the electrode fouling,
and electrode surface reactions are avoided. Moreover, by
using the pressure-driven flow in the microchannel to
transport particles and applying low electric voltages locally,
the undesirable effects of the electric fields, such as Joule
heating, have been significantly reduced. Choosing an
appropriate size ratio of the small orifice and the large orifice
enables the generation of sufficiently large electric field
gradient and hence sufficiently large DEP forces, therefore, the
separation of microparticles with smaller size differences and
separation of nanoparticles are possible. In this paper,
theoretical analysis on the generation of the non-uniform
electric field around the small orifice is conducted. Then, the
successful experimental separation of 1 pum and 3 pum
polystyrene particles by adjusting the applied electrical
potentials are presented and discussed. Furthermore, the
effects of the structure of the small orifice and the pressure-
driven flow on the DC-DEP separation are elaborated. Finally,
the separation of nanoparticles, 51 nm and 140 nm particles,
and 140 nm and 500 nm particles, by adjusting the electrical
conductivity of the suspending medium are demonstrated.

Design of the DC-DEP device
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To induce the spatially non-uniform electric field, the
traditional DC-iDEP method uses insulator obstacles or hurdles
inside the microchannel, as illustrated in Figure la 3 The DC
electric field in the microchannel is applied by the two
electrodes inserting in the inlet and exit reservoirs,
respectively. The flow is also induced by the applied DC electric
field, i.e., electroosmotic flow (EOF). The general expression
for the DEP force exerted on a spherical particle is expressed

49
as

Fpgp = 2mey, 13 Re(fom) (VIEI?) Eq. (1)

where g, is the electrical permittivity of the suspending
solution, r is the radius of particle, V|E|? is the gradient of
electric field square and Re(fcMm) is the real part of Clausius-
Mossotti (CM) factor which is given by

T
£p—Em

fom = ( ) Eq. (2)

ep+2em
where subscripts p and m represent the particle and medium,
respectively; e* = € — (jo/w) is the complex permittivity, o is
the electric conductivity, w is the angular frequency of the
applied electric field, and j =+—1. The fcy indicates the
relative polarizability of the particles with respect to the
surrounding solution. A positive value of CM factor indicates
that the particle will experience a positive DEP (i.e., moving
towards the strong electric fields), while a negative value of
CM factor demonstrates that the particle will experience a
negative DEP (i.e., moving towards the weak electric fields).

It can be seen from Eq (1) that the value of the DEP force is
proportional to the gradient of electric field square (V|E|?) and
the particle size (r3). As the trajectory shift of the particles is
proportional to the value of the DEP force exerting on the

Iniet region |Separaiion region| Qutiet region

Inlet region

®,00 9 °
Pressure-
driven flow °

(b) e

BN Insulator material B8 Electrode

Figure 1. Schematic illustration of DC-DEP microfluidic channel: (a) In the
traditional DC-iDEP method, the non-uniform electric field is induced by an
insulator hurdle. (b) In the new orifice-based DC-DEP method, the non-
uniform electric field is created by using the asymmetric orifices on
opposite channel walls (red colour represents the electric field strength).

This journal is © The Royal Society of Chemistry 20xx
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particles, the particles with different sizes will be separated
and moved into different streams after passing over the non-
uniform electric field region. However, in order to separate
particles of smaller sizes and particles with small size
differences, a strong DEP force is necessary, which means a
high electric field gradient near the hurdle is required. To
achieve high (V|E|?), one way is to apply a higher voltage
difference along the entire channel (Figure 1a) which may
cause unwanted side effects such as the Joule heating as
mentioned above. Another way is to make the gap between
the tip of the hurdle and the channel wall very small. However,
conventional microfabrication methods (e.g., soft lithography)
generally cannot make the gap smaller than 10 um. In addition,
when the gap is sufficiently small, polarized particles may form
clusters near the gap and block the gap, preventing the
particles from passing through the gap.

To solve the above-mentioned problems in the traditional
DC-iDEP method, a novel orifice based DC-DEP method
employing pressure-driven flow is proposed, as illustrated in
Figure 1b. The non-uniform electric field is induced by applying
DC electric fields across the channel through a pair of
asymmetric orifices: a larger orifice and a small orifice on the
opposite sides of channel walls. As shown in Figure 1b, the
non-uniformity or the gradient of the electrical field is
dependent on the width ratio between the large orifice and
the small orifice. A strong non-uniform electrical field can be
obtained if the orifices” width ratio is sufficiently large. Since
the electric field is applied locally via the orifices across the
microchannel, i.e., the distance between the two electrodes is
very short, a small voltage difference is sufficient for
generating strong electric field; thus Joule heating is essentially
avoided. Furthermore, in this design, the generation of the
local electrical field gradient does not require changing the
cross-section of the microchannel and hence will not impair
the transport of the particles. In the traditional DC-iDEP

A Small
~~_ orifice

Figure 2. (a) The configuration of the new asymmetric orifice based DC-DEP
chip and the distribution of the electric field lines (top view). The stronger
electric field is indicated by the darkness. A is the particle inlet channel. B is
the focusing flow inlet channel. E and F are the separation outlet channels.
C and D are the wells for placing electrodes. (b) An enlarged view of the
electric field lines around the small orifice region, and an example of a
particle experiencing negative DEP force. (c) Streamlines of the pressure-
driven flow field in the microchannel.

This journal is © The Royal Society of Chemistry 20xx

method, the particles move with the electroosmotic flow in
the microchannel, and hence the throughput of the particles is
very low, typically a few particles per second. In the proposed
new method, by using the pressure-driven flow to transport
particles, the throughput can be easily increased by ten times
or more.

The schematic structure of this microfluidic chip from a
top view and an example of the distribution of the electric field
lines are illustrated in Figure 2a. The entire chip is made of an
electrical insulator material such as polydimethylsiloxane
(PDMS). The DC electric field is employed through the
microchannel by two external electrodes placed in wells C and
D, respectively. The non-uniform electric field is generated
owing to the asymmetric size of the orifices, a small orifice on
one side of the channel walls and a large orifice on the
opposite side of the channel walls. The flow field in the
microchannel in shown in Figure 2c. Firstly, the particles
mixture comes into the main channel as one stream from the
inlet channel A, and the particles are forced to move closely to
the small orifice by the main stream (focusing flow) of the
suspending medium from another inlet channel B. After
passing through the vicinity of the small orifice where exits the
strongest electrical field gradient, the particles experience DEP
force and their trajectories will change. Since the small orifices
used in this study are very small, i.e., 510 or 1.5 um, the fluid
flow from channel C to the main channel is negligible. Let us
consider particles all experiencing negative DEP force and they
will be pushed away towards the weak electric field, i.e., from
the small orifice to the large orifice. Since the value of DEP
force exerting on particles is proportional to the sizes of the
particles, the larger particles will be repelled away further than
the smaller particles. Thus, the smaller and the larger particles
can move separately into the separation outlet channels E and
F, respectively.

To discuss the effects of structure of the orifices on the
gradient of electric field square (V|E|?), extensive numerical
simulations have been conducted by COMSOL 4.3b. Figure 3
and Table 1 show some examples of the values of V|E|?
obtained for the orifice combinations with two different width
ratios, and two different lengths of the small orifice at a given
electric potential.

As we know, a higher V|E|? means a stronger DEP force. It

Table 1. Calculated values of V|E|? ., for different width ratios and different
lengths of the small orifice (the width of the large orifice is fixed at 100 pum, the
voltage is applied at electrode C while electrode D is grounded, and the distance
between the electrodes is 0.15 cm)

Width of the Length of the Applied
o Width gt o op VIE|? max
small orifice ) small orifice voltage 2, 3
ratio (V7/m?)
(um) (um) v)
0.5 200 5 100 5.44x10”
1 100 5 100 3.73x10%
1 100 15 100 1.2x10%
1 100 5 150 8.38x10”

J. Name., 2013, 00, 1-3 | 3
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Figure 3. Numerical simulations of the distribution of the gradient of
electric field square (V|E|?). (a) Width ratio of the orifices is 200, the
width and the length of the small orifice are 0.5 pm and 5 um,
respectively. The applied voltage is 100 V. (b) Width ratio of the orifices is
100, the width and the length of the small orifice are 1 um and 5 pm,
respectively. The applied voltage is 100 V. (c) Width ratio of the orifices is
100, the width and the length of the small orifice are 1 pm and 15 pm,
respectively. The applied voltage is 100 V, and (d) Width ratio of the
orifices is 100, the width and the length of the small orifice are 1 pm and 5
um, respectively. The applied voltage is 150 V.

can be inferred from Figure 3a and Figure 3b, the structure
with large width ratio produces higher values of V|E|?
(depicted by the darker red color) in the vicinity of the small
orifice, but a relatively small region of high V|E|?. For example,
the semicircle of the darker red color has a radius of
approximately 18 um in Figure 3a; while the semicircle of the
darker red color has a radius of approximately 23 um in Figure
3b. This is because, when the width of the small orifice is
reduced, the electric resistance of the small orifice is increased
and hence the electric potential drop inside the small orifice is
increased. Thus, the high V|E|?area outside the small orifice
becomes smaller under a given applied voltage. Similarly, if the
small orifice is long, the electric resistance of the small orifice
is large, and hence the electric potential drop inside the small
orifice is large. Consequently, the high V|E|?area outside the
small orifice is smaller. By comparing Figure 3b and Figure 3c,
one can clearly see that the high V|E|? area is larger in the
structure with the shorter small orifice (Figure 3b). Therefore,
the structure with relatively large width ratio and a shorter
small orifice can lead to large DEP force on the particles,
resulting in a high separation resolution. Furthermore, it can
be expected that increase of the applied voltage will increase
the value of maximum V|E|? and the high V|E|? area
significantly, as shown in Figure 3d. As seen from Table 1, the
value of the V|E|?,. increases about 1.5 times when the
width ratio increases from 100 to 200, and the value of the
V|E|?nax increases about 3.1 times when the length of the
small orifice is reduced from 15 pm m to 5 pm.
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Materials and experimental method

Particles and suspending solution

Polystyrene microspheres (Bangs Laboratory) of three
different sizes, 0.5, 1, and 3 um in diameter were used. In
addition, fluorescent polystyrene spheres (Thermo SCIENTIFIC)
of two different sizes, 51 nm red (Ex/Em 542/612 nm) and 140
nm green (Ex/Em 468/508 nm) in diameter, were also
employed as sample particles. The particles were originally
suspended in pure water and further diluted to the
concentrations of 3.1x10° beads/mL, 3.54x10° beads/mL,
3.6x10" beads/mlL, 2.74x10" beads/mL and 1.32x10""/mL,
respectively.

Two suspending solutions were prepared with DI water
and K;HPO,. A 0.4 mM K,HPO, solution with a pH 7 and an
electric conductivity of 1 X 1072 S/m is used for the separation
of 1 um and 3 pum particles, and the separation of 0.5 um and
140 nm particles. A 1.6 mM K,HPO, solution with a pH 7 and
an electric conductivity of 4 X 1072 S/m is employed for the
separation of 51 nm and 140 nm particles.

Fabrication of microfluidic chips

In this study, in order to generate strong non-uniform electric
fields, a small microchannel or a nanochannel is used to form
the small orifice on one side of the microchannel walls. The
microfluidic chip was made by bonding a top PDMS layer
having the microchannel structure (as illustrated in Figure 4g)
with a bottom PDMS layer having a single small microchannel
or nanochannel. The single small microchannel or nanochannel
was obtained by three steps and illustrated in Figure 4(a-f).
Firstly, a small micro-crack or nano-crack with a controlled size
is generated on a polystyrene surface by the solvent-induced

Spin-

[y, coating

Nanocrack

/ sus

(a)  Polystyrene (b) PS

11!

() PS @

Positive mold of
Nanochannel

Regular PDMS

Hard PDMS
PDMS
Nanochannel

© o I A

Small orifi

® () rofluidic chip

Figure 4. Procedure for the fabrication of the PDMS microfluidic chip with a
pair of asymmetric orifices for DC-DEP separation of particles. (a~f)
Procedures of making a small microchannel or a nanochannel on a PDMS
layer. (g) The top PDMS layer with the microchannel structure. (h) The
bonded chip.
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method and the detailed fabrication procedure was described
elsewhere *°. Thereafter, the pattern of the negative micro-
crack or nano-crack is transferred onto a SU8 photoresist layer
(MicroChem Corp.) by the soft lithography technique to work
as the positive microchannel or nanochannel mold. Finally, the
PDMS microchannel or nanochannel is replicated from the
positive mold by casting a 30 um layer of hard PDMS 1 with a
higher Young’s modulus and followed by casting a regular
PDMS layer of about 2 mm in thickness to avoid the collapse of
the small microchannel or nanochannel after the bonding
process. The microchannel structure is designed by Auto CAD®
software and fabricated by the standard soft photolithography
protocol 32, Finally, the DEP microfluidic chip is obtained by
bonding the plasma-treated PDMS layer with the nanochannel
(or small microchannel) and the plasma-treated PDMS layer
with the microchannels together by using a custom-made
alignment system under a microscope (Nikon, TE-2000) as
shown in Figure 4(g-h).

A picture of the DC-DEP microfluidic chip is shown in Figure
5. In this study, one nanochannel of 510 nm in width and 450
nm in depth and another small microchannel of 1.5 pm in
width and 1.6 pm in depth were fabricated to make the small
orifice. Correspondingly, there are two widths of the small
orifices used in the experiments, 510 nm and 1.5 pm. For all
chips used in this study, the width of the large orifice is always
125 pum. Two lengths of the small orifice, 5 pm and 15 um,
were used for the studies of the effect of small orifice
structure on the particles separation. In the chip, as shown in
Figure 4h or Figure 5a, there are six channels connected to six
different reservoirs. Channel A transports the particle mixture
into the main horizontal channel where the particle stream is
forced to move close to the wall of the small orifice side by the
dominant stream of suspending medium entering from
channel B. The main horizontal channel and the branch

Nanoscale
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channels B, E, and F are all 80 um in width. In order to drive
the particles from channel A to move closely to the small
orifice, the width ratio between the inlet channels A and B is
selected. Two different widths for the inlet channel A were
used in this study: 20 um for the separation of micron size
particles, and 10 um for the separation of nanoparticles. All
channels have a depth of 15 um. The local electric field is
induced by the platinum electrodes submerged in wells C and
D. The distance between the two external electrodes is
approximately 0.4 cm. The separated smaller and larger
particles after passing the small orifice region move into the
outlet channels E and F, respectively.

Experiment procedures

The DEP particles separation experiments started by filling the
microfluidic chip with the suspending medium, at a room
temperature of 2541°C. Next, 10 pL of the particle solution
was introduced into the reservoir A, 10 uL of the suspending
solution was introduced into the reservoir B, and 5 uL of
suspending solution was loaded into the wells C and D for
inserting the external electrodes. The liquid flow and the
particle transport in the microchannels were all driven by the
pressure difference between the inlet and exit wells (i.e., the
difference of liquid level). The particles were forced by the
main stream flow from channel B to move along the channel
wall and pass the vicinity of the small orifice to experience the
stronger gradient of the non-uniform electric field. Then the
DC power supply (HVS448 High Voltage Sequencer, LabSmith)
was utilized to apply DC electric voltages by the external
platinum electrodes placed at the reservoirs C and D. The
voltage output to the electrodes was adjusted by a home-
made voltages controller. In the experiments, the voltage
output to electrode C was carefully adjusted to ensure the best
particles separation effect and the electrode D is grounded.

| 0.10 ym
-0.44 pm
s
N3
o

R
1 15 2.0

x[pum]

Figure 5. (a) The DC-DEP microfluidic chip made by PDMS. (b) AFM image of the PDMS single nanochannel. (c) Cross section of the PDMS single nanochannel

measured by AFM, the width is 510 £ 10 nm and the depth is 450 & 20 nm.

This journal is © The Royal Society of Chemistry 20xx
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For the separation of nanoparticles, as the DEP force exerted
on nanoparticles is smaller in comparison with that on
microparticles, the electrical force (i.e., interaction between
the applied electric field and the electrostatic surface charge of
the particle) on the particles is adjusted to be in the same
direction as the negative DEP force by reversing the polarity of
the applied electric field. In this way, the trajectory shifts of
the nanoparticles experiencing negative DEP will be enlarged,
enhancing the DEP separation. The motion of particles was
visualized by an inverted optical microscope (Nikon, TE-2000)
and recorded by a digital camera (QImaging) at the frame rate
of 25 fps. Under each condition, 3 independent measurements
were conducted.

Results and discussion

The DC-iDEP technique can separate particles by size, however,
successful separation usually requires the particles to have a
large size difference * In the previously reported works of DC-
DEP separation by size, the separation of particles cannot be
realized for a size difference smaller than 3 pm 92653736
However, by using the novel method developed in this work, 1
um and 3 pm polystyrene particles (with only 2 um size
difference) were successfully separated. Moreover, by
adjusting the electric conductivity of the suspending solution,
51 nm and 140 nm particles, and 140 nm and 500 nm particles
were also well separated.

Effect of applied voltage on the separation of 1 um and 3 pm
particles

The effect of the applied voltage on the separation of 1 pm
and 3 um particles were conducted by applying different
voltages at electrode C from 60 to 160 V. The electrode D is
grounded. The 0.4 mM K,HPO, solution with a pH 7 and an
electric conductivity of 1 X 1072 S/m is used as the suspending
solution, and the particles experience negative DEP force. In
these experiments, the width of the small orifice is 1.5 um, and
the length of the small orifice is 15 um. The width of the large
orifice is 125 pm. The trajectory changes of 1 um and 3 pum
particles under different applied voltages from 60 to 160 V is
shown in Figure 6. Each picture was achieved by
superimposing series of continuous pictures of the moving
particles under a given condition.

It should be realized that according to Eq. (1), the DEP
force is proportional to the gradient of electric field square
(V|E|?). As the applied voltage increases, the DEP force will
increase. Furthermore, it can be seen easily from Eq. (1) that
the value of the DEP force exerted on the 3 um particle is 9
times larger than that on the 1 um particle. As shown in Figure
6a, under 60 volts, the DEP force is weak, thus there is no
apparent trajectory difference between the small particles and
the large particles after the particles passed the vicinity of the
small orifice. They moved into the outlet channel E. When the
applied voltage was increased to 100 volts, as shown in Figure
6b, the larger DEP force made a significant trajectory
difference between the small particles and the large particles
after the particles passing through the vicinity of the small
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Figure 6. Effect of the applied electric field on the separation of 1 um and
3 um particles by the DC-DEP method developed in this work. The
dependence of the particles’ trajectories on the applied voltage at
electrode C (a) 60V, (b) 100 V, (c) 140V, and (d) 160 V. The electrode D is
grounded.

orifice. However, the trajectory shift of the large particles is
not large enough and a significant portion of the large particles
was still moved into the outlet channel E with the small
particles. As seen in Figure 6¢c, when increasing the applied
voltage to 140 volts, the strong DEP force at the small orifice
region caused significant trajectory change for the large
particles, so that the 1 pm and 3 um particles continuously
moved into distinct outlet channels E and F. The separation of
1 pum particles and 3 pum particles was achieved. Further
increase of the applied voltage can produce an overly strong
DEP force and cannot separate the small particles and large
particles into the individual outlet channels as desired. For
example, under 160 volts, the 3 pm particles were pushed by
the DEP force into the reservoir D and the 1 pm particles
moved into reservoirs E and F, as shown in Figure 6d.

Effect of pressure-driven flow

To examine the effect of pressure-driven flow, four different
volumes inputted into the inlet wells A and B (i.e., four
different liquid levels), 10 pL, 12.5 pL, 15 pL, and 17.5 pL, were
conducted for the separation of 1 um and 3 um particles.
Correspondingly, the flow rate is 1.323 x 10™* uL/s ,
1.554 x10™* uL/s , 1.692x10"*uL/s , and 1.866Xx
10~* pL/s. In these tests, the electrode C is applied 140 V and
the electrode D is grounded. The width and length of the small
orifice are 1.5 pm and 15 um, respectively, and the large
orifice width is 125 um. The trajectory shift of 1 um and 3 um
particles with different flow rates from 1.323 x 10~* uL/s to
1.866 x 10~* uL/s is demonstrated in Figure 7.

Figure 7a illustrates that the 1 pm and 3 um particles were
separated and diverted into different outlet channels at the
flow rate of 1.323 x 10™% uL/s, under 140 volts. It is easy to
understand that when the flow rate increases (i.e., the velocity
of the particles), the particles move fast and pass over the
vicinity of the small orifice. The time period of the particles
experiencing the DEP force will decrease. As shown in Figure

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Effect of the flow rate on the separation of 1 pm and 3 um
particles by the DC-DEP method developed in this work. The dependence
of the particles’ trajectories on pressure-driven flow with flow rate (a)
1.323 X 10~ * uL/s, (b) 1.554 x 10~* uL/s (17% increase), (c) 1.692 x
10™* uL/s (28% increase), and (d) 1.866 x 10™* uL/s (41% increase). The
electrode C is applied 140 V and the electrode D is grounded. The width
and length of the small orifice are 1.5 pm and 15 um, respectively, and the
large orifice width is 125 um.

7b, when the flow rate increased by 17% to 1.554 X
10~* uL/s, the time period of DEP force exerting on the
particles is shortened, and the trajectory difference between
the small particles and the large particles after passing the
vicinity of the small orifice is reduced. Furthermore, the
trajectory change of the large particles is not large enough and
some of the large particles moved into the outlet channel E
with the small particles. When the flow rate increased by 28%
to 1.692 x 10~* uL/s, as shown in Figure 7c, there is no
obvious difference of trajectory shift between the small
particles and the larger particles after passing the vicinity of
the small orifice. The small particles and the larger particles
moved into the outlet channel E. Further increase of the flow
rate will excessively shorten the action time of the DEP force
exerting on the particles, and the small particles and the large
particle cannot be separated into the individual outlet
channels. As shown in Figure 7d, when the flow rate increased
by 41% to 1.866 X 10~ uL/s, the 1 um and 3 um particles
were driven into the outlet channel E.

Effect of small orifice structure

As discussed previously, the electric field gradient is strongly
depending on the structure of the small orifice, namely, the
width and length of the small orifice. To examine the effects
experimentally, three small orifices of different sizes, 0.51 um
in width and 15 pm in length, 1.5 pm in width and 15 pm in
length, and 1.5 um in width and 5 um in length, were tested
for separating 1 and 3 micron particles. In all these tests, the
width of the large orifice is fixed at 125 um.

Figure 8a shows the particle separation with a small orifice
of 1.5 um in width and 15 pm in length. In this case, the 1 um
and 3 um particles are separated clearly under 140 volts.
When the width of the small orifice is reduced from 1.5 um to
510 nm, the width ratio between the small orifice and the

This journal is © The Royal Society of Chemistry 20xx
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large orifice is increased by 3 times, hence the electric field
gradient is significantly increased. While, similar to the cases
shown in Figure 3a and Figure 3b, the area of high V|E|? (high
DEP force area) outside the small orifice becomes smaller with
the decrease of the small orifice width, weakening the DEP
separation. To achieve the same separation effect, a higher
electric potential has to be applied so that the area of high
V|E|? outside the small orifice can be larger when the width of
the small orifice is smaller. Figure 8b shows particles
separation with a small orifice of 0.51 pum in width and 15 pm
in length. In comparison with the case of Figure 8a, the width
of the small orifice is smaller in this case (Figure 8b), the 1 um
and 3 um particles are separated clearly under a higher
voltage 340 volts.

When the length of the small orifice is reduced, the electric
resistance of the small orifice is reduced and hence the electric
potential drop
Correspondingly, the area of high V|E|? (high DEP force area)
outside the small orifice becomes larger, under a given applied
voltage, as shown in Figure 3b and Figure 3c. In other words,
to achieve the same DEP separation effect, the applied voltage
can be smaller when the length of the small orifice is smaller.
Figures 8a and 8c demonstrate that the separation of the 1 um
and 3 um particles can be realized with a significantly reduced
voltage of 30 V (from 140 V) when the length of the small
orifice is reduced from 15 pm to 5 pm. In summary, greater
DEP force can be generated by using a large orifice width ratio
and a small orifice of short length at low voltages.

inside the small orifice is reduced.

Separation of nanoparticles

In order to examine the sensitivity of this proposed separation
method, the DC-DEP separation experiments with mixtures of
140 nm particles and 500 nm particles, and mixtures of 51 nm

0vultage: 34i
W=0.51 um
5 um

A

Figure 8. Effects of the width and length of the small orifice on DEP
separation of particles in terms of the applied voltage. Differences between
(a) and (b): The small orifice width is reduced from 1.5 pm to 0.51 pm, and
the applied voltage is increased from 140 V to 340 V. Differences between
(a) and (c): The small orifice length is reduced from 15 pm to 5 pm, and the
applied voltage is reduced from 140V to 30 V.
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Figure 9. Prediction of fcy for three different sizes of polystyrene particles
as a function of the electric conductivity of the suspending solution o;,. 0

particles and 140 nm particles were conducted. As the particle
size decreases from micron to nanometer, the DEP force
exerted on the nanoparticles is dramatically reduced and
hence the separation of nanoparticles by size with the same
type of DEP force (i.e., negative DEP force) becomes difficult.
Therefore, we propose to separate the nanoparticles by
adjusting the electrical conductivity of the suspending solution,
so that the nanoparticles of a given size experience positive
DEP force while the nanoparticles of another size experience
negative DEP. Consequently, the nanoparticles with different
DEP behaviors can be continuously separated.

The DEP behaviors of the particles are determined by the
Clausius-Mossotti factor (fcym) which represents the relative
polarizability of the particles with respect to the surrounding

solution. Under DC electric fields, the f;) can be expressed as
57,58

Op—0m

fem = ( ) Eqg. (3)

op+20m
where o;, and o, are the electrical conductivity of the particle
and suspending solution, respectively.

The conductivity of polystyrene particles can be estimated by
59,60

op = 0p + Eqg. (4)

-
where gy, is the bulk conductivity of particle and can be
considered negligible for polystyrene particles, and K is the
surface conductance (typically K; = 1 nS for polystyrene), and
ris the radius of the particle.

In Figure 9, fcum values of the nanoparticles of three
different sizes, 51 nm, 140 nm and 500 nm are plotted as a
function of the electric conductivity of the suspending solution,
Om- It can be seen that foy value ranges from -0.5 to 1, and.
In a certain range of o,,,, fcm > O (i.e., positive DEP force) for
nanoparticles of a given size, while fcy < O (i.e., negative DEP
force) for nanoparticles of another size. In this study, two
suspending solutions with two different conductivities were
used, 0.4 mM K,HPO, solution with a pH 7 and a conductivity

8| J. Name., 2012, 00, 1-3
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of 1 X 1072 S/m was used for the separation of 140 nm and
500 nm particles, and 1.6 mM K,HPO, solution with a pH 7 and
a conductivity of 4 X 102 S/m was employed for the
separation of 51 nm and 140 nm particles. The corresponding
fcum values are listed in Table 2.

Generally, the electrical force on a spherical particle is
expressed as !

Fe =4mey, ¢ v (1 + kr)E Eq. (5)

where {,, is the zeta potential of particles, and 1/x is the
characteristic thickness of electrical double layer (EDL). The
particles used in this work are all negatively charged and their
electrophoretic motion directs to the positive electrode. The
force ratio between electrical force and DEP force is given by

Fe _ 23, (1+kr)E 2{pKE

Fpep 72 Re(fcm)(VIEI?) 7 Re(fem) (VIEI?)

( for thin EDL)
Eq. (6)

The ratio between the electrical force and DEP force on the
particle is increased by 10® when the size of the particle
decreases from micron scale to the nanoscale. This indicates
the electrophoretic motion of nanoparticles is important and
can be favorable for DEP separation of nanoparticles by
adjusting the position of the positive electrode (i.e., the
polarity of the applied electric field). In the DC-DEP separation
of nanoparticles, the electrical conductivity of the suspending
medium was selected in such a way that the nanoparticles of a
given size experience positive DEP force (attracting to the
strong electric field at the small orifice) while the nanoparticles
of another size experience negative DEP (being repelled away
from the small orifice). Therefore, in these experiments,
electrode D (on the opposite side to the small orifice) was
selected as the positive electrode. In this way, the
electrophoresis motion of the nanoparticles is in the same
direction as the negative DEP, enhancing the separation of the
particles undergoing negative DEP.

Based on the calculated fy in Table 2, the numerical
simulation of the trajectory of 140 nm and 500 nm particles
has been conducted by COMSOL 4.3b via the particle tracing

Table 2. The Clausuis-Mossotti factor (fcy) for the polystyrene
particles of three different sizes in the suspending medium with two
different electric conductivities.

Diameter fem With 6, =1 x 107 fem With 6, =4 x 107
of particle S/m, 0.4 mM S/m, 1.6 mM
(nm) K,HPQ, solution K;HPO, solution
500 -0.07
140 0.38 -0.1
51 0.24

This journal is © The Royal Society of Chemistry 20xx
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Figure 10. Numerical simulation of the separation of the 140 nm and 500
nm particles. 60 V is applied at electrode D, and zero volt is applied at
electrode C. The width and length of the small orifice are 0.51 um and 5
um, respectively, and the large orifice width is 125 Eim.

module. Figure 10 shows the separation of 140 nm and 500
nm particles with 60 V applied at electrode D. The width and
length of the small orifice are 0.51 um and 5 um, respectively,
and the large orifice width is 125 pm.

By using a selected suspending medium, the separation
based on the opposite dielectrophoretic behaviors as a
function of particle sizes is shown in Figures 11 and 12. It
should be noted that the conventional non-fluorescent
microscope cannot see any particles smaller than 200~300 nm.
In these experiments, therefore, 51 nm and 140 nm
fluorescent particles were used in order to show their
trajectories. The 500 nm particles used in the experiments are
non-fluorescent particles. Figure 11a and Figure 11b shows
that the mixture of 140 nm and 500 nm particles was well
separated by inducing positive DEP force on 140 nm particles
which were attracted to the small orifice area and moved into
outlet channel E, and by inducing negative DEP force on the
500 nm particles which were repelled from the small orifice

140 nm
particles

b

A E

(a) Applied C
voltage: 60V

Nanoscale
View Article Online
DOI: 10.1039/C6NRO6952E

and moved to the outlet channel F. In Figure 12a and Figure
12b, the fluorescent images clearly show the separated
trajectories of the red fluorescent 51 nm particles and green
fluorescent 140 nm particles. Evidently, the mixed red
fluorescent 51 nm particles and green fluorescent 140 nm
particles were separated and directed into outlet channels E
and F by positive-DEP and negative-DEP, respectively. This
indicates that the proposed nano-orifice based DC-DEP
separation method can be used for the separation of
nanoparticles with smaller size differences, i.e., a 90 nm size
difference as demonstrated in Figure 12.

Conclusions

A novel nano-orifice based DC-DEP method for continuous
separation of polystyrene microparticles and nanoparticles by
size in a pressure-driven flow is developed. The motion of
particles is controlled by the pressure-driven flow, and a local
DC electric field is employed to induce a non-uniform electric
field via a pair of asymmetric orifices on the opposite channel
walls. The particles mixture experiences DEP force when
passing through the vicinity of the small orifice where exits the
strongest electric field gradient and the mixed particles are
separated into two different streams and moved into two
individual outlet channels. Effects of key parameters such as
electric field, and the width and length of the small orifice
were investigated experimentally in this study. Using a larger
orifice width ratio and a shorter small orifice can generate a
strong gradient of the non-uniform electric field and hence
strong DEP force under a lower applied voltage. By adjusting
the applied electrical voltage and the electrical conductivity of
the suspending solution, this new method can separate
nanoparticles as small as 51 nm and 140 nm in diameter, i.e.
with a size difference of 90 nm. The major advantages of this
DC-DEP separation method include: (1) The fabrication process
of the microfluidic chip is simple; (2) The asymmetric orifices

(b) Applied [ >
voltage: 60V o
Ao .
m———— E

= . F
B

500 nm

particles

Figure 11. Separation of 140 nm and 500 nm particles. (a) Fluorescent image showing the trajectories of 140 nm fluorescent (green) particles. (b) Trajectories
of 500 nm non-fluorescent particles. 60 V is applied at electrode D. The width and length of the small orifice are 0.51 um and 5 um, respectively, and the large

orifice width is 125 um.
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Figure 12. Separation of 51 nm and 140 nm particles. (a) Fluorescent image showing the trajectories of 51 nm particles. (b) Fluorescent image showing the
trajectories of 140 nm particles. 100 V is applied at electrode D. The width and length of the small orifice are 0.51 um and 5 pm, respectively, and the large

orifice width is 125 um.

structure enables to generate a strong electric field gradient,
which allows the separation of particles with smaller size
differences and separation of nanoparticles; (3) There is no
high electric field applied through the whole microchannel,
and the Joule heating effect is essentially avoided; (4) The
generation of the local electrical field gradient does not
require the change of the cross section of the microchannel
and will not affect the transport of the particles.
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