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sensitive detection
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This work presents a three-dimensional multi-level microfluidic device that enables yeast cell trapping via alternating current (AC)
electrokinetics (ACEK) from a rapid through-flow of sample fluids. ACEK is a versatile technique to control and manipulate cells and
microparticles at the micro/nano-scale. Here the trapping device works by applying an AC signal over a pair of electrode across a flow-
through channel to capture bioparticles from an ultra-fast through-flow. The particle capture effect by ACEK was experimentally studied
by measuring the cell densities at the inlet and outlet of the micro-channel. Both symmetric AC signal and DC biased AC signal were
used to achieve cell trapping. It is found that DC biased ACEK effect is highly capable of capturing cells from a rapid through-flow.
A trapping efficiency of 56.8% has been obtained from an ultra-fast external flow with its average velocity at 4.44 mm/s. The merits of
ACEK include low-voltage electrical operation, which is suitable for portable lab-on-a-chip systems. These devices offer numerous

benefits for biological applications such as medical diagnostics, detection, drug screening, and particle trapping.

1. Introduction: Yeast cells are responsible for the contamination
and spoilage of a variety of food products. Some yeasts develop
mycotoxins which diffuse into the product and may, if present in
sufficient quantity, cause acute or chronic poisoning. The
presence of yeasts leads to changes affecting product quality and
scalability, leading to significant financial implications for food
producers. It has become imperative to develop a rapid,
inexpensive assay that food producers can use to evaluate the
level of yeast concentration in the food sample.

However, real-time detection of yeast cells in practical samples
could be challenging, especially with the cells present at dilute con-
centrations. The first step of detection often requires a trapping
mechanism of yeast cells from sample solutions to enrich particle
counts to a detection level. Microfluidic devices have been devel-
oped to extract yeast cells from a flow through system. Many
methods have been developed that allow cell manipulation [1-5],
including optical, acoustic, magnetic, and electric techniques. For
example, Chung et al. [4] designed a microfluidic platform for high-
density single cell capture by arranging cell traps carefully in a ser-
pentine channel. However, conventional methods to trap yeast cells
are cumbersome and unpractical for field-deployable use. Further,
to extract sufficient number of cells for detection and analysis, a
large volume of sample solution is required, which necessitates
the capability to handle rapid through-flow in order to complete
the sample processing within a reasonable timeframe.

Here, we developed a simple and portable trapping device to
capture yeast cells via alternating current (AC) electrokinetics
(ACEK) from rapid through-flow of samples. When applying non-
uniform AC electrical fields onto electrolyte through a pair of
micro-electrodes, microfluidic phenomena can be induced, which
is generally known as ACEK effects. ACEK effects comprise of di-
electrophoresis (DEP) on particles, AC electroosmosis (ACEO) and
AC electrothermal (ACET) effects on fluid. DEP is manifested as
the movement of particles within fluid in response to inhomogen-
eous applied electric fields, which can be attraction to or repulsion
from high electrical field. ACEO and ACET effects induce vortex-
like fluidic movements around microelectrodes when AC fields are
applied [6-11]. ACEK provides a means to effectively control and
manipulate particles and fluids at micro-scale. It is of great interest
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in recent years because it has important potentials in separating,
sorting, and filtering bioparticles, such as cell viruses, bacteria,
DNA, and proteins [12-14]. Alternating electric field can be
applied exceeding 1 V without causing electrolysis and hence the
change of pH value at electrodes, which is inevitable in direct
current (DC) electrokinetics. In this work, a parallel plate electrode
configuration [15] with a top electrode and a bottom mesh electrode
across a micro-channel is adopted to implement the particle trap. An
appropriate AC signal applied to the electrode pair induces vortices-
like ACET flows around the mesh electrode to extract bioparticles
from through-flow for particle enrichment. Here, in order to make
the device capable of handling a high through-flow rate, a voltage
higher than 1-2 V is needed to induce sufficiently strong ACEK
transversal flows [16]. As a 10 V AC signal is used here, operation
above a few kHz is required to avoid electrolysis of water, which
leaves us the option of using ACET effect. ACET effect can
operate at high frequency to avoid electrolysis. Also the AC
signal of 10 V at 10 kHz has been reported to be safe to cells as
it will not inflict damages to cells [17]. With a second channel
below the mesh electrode, the collected particles can be flushed
away, or eluted to a separate location for detection, making the
device compatible with repeated sampling and downstream ana-
lysis. To quantify bioparticle concentration effect, yeast cell con-
centrations in the through-flow solutions were counted before and
after flowing through the trapping electrode. The trapping experi-
ments were conducted at various through-flow rates with two
types of electrical signals. The particle trap presented here can be
obtained at low cost and is light and small, ready for on-site real-
time monitoring [18]. The external components for this trap, such
as the pumps and AC signal generators, can also be readily obtained
using commercial mini pumps and integrated circuits, thus realising
a field deployable system for automated, distributed monitoring of
yeast. Further, as yeast cell is a very typical eukaryotic cell and
similar to human cell, our device can be used to concentrate most
eukaryotic micro-organisms in human as well [19, 20].

2. Mechanism and theory: The device structure is shown
schematically in Fig. 1. It consists of four components:
(i) channel 1 used to flow sample fluids through the electrical
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Fig. 1 Schematic diagram of the 3D multi-level ACEK particle trap for
veast cells capture from a through-flow of sample fluids

trapping site; (ii) a metallic mesh on the bottom of channel 1, which
functions as a trapping electrode and also allows the passage of
particles from channel 1 to channel 2; (iii) a counter electrode
embedded in the top of channel 1 faces the mesh electrode;
(iv) channel 2, into which the particles are collected and later on
eluted or flushed away.

As shown in Fig. 1, an AC signal applied between the mesh and
top electrodes will induce ACET effects and produce transversal
flows across the through-flow streamlines in channel 1. Due to
three-dimensional (3D) micro-topology of the mesh electrode, elec-
trical fields around it are non-uniform. As a result, ACET micro-
flows are generated above and around the mesh electrode, which
acted as the major factor to bring particles from channel 1
through the mesh electrode into channel 2. Gravity also plays a
part in sending the cells down through the mesh electrodes. The fre-
quency and voltage are chosen such that the device operates at a fre-
quency inducing weak to negative DEP, to ensure contact-free and
reusable trapping.

2.1. ACET effect: Theoretically, ACET mechanism involves the
coupling between electric, thermal, and fluidic dynamics
formulations. ACET flows arise from the interaction between
electrical fields and gradients of conductivity and permittivity
which can be generated by temperature gradient. When an AC
signal is applied to electrodes in an electrolyte, an electric field is
established within the electrolyte with electrical conductivity, o,
Joule heating of the fluid will take place according to the energy
balance equation [21, 22]

szT—i—%(o-Ez):O )

where £ is the thermal conductivity, 7 is the temperature, and o is
the electric conductivity of the fluid. oE> represents the power
density generated in the fluid by Joule heating from the applied
electric fields.

For our micro-channel, heat convection is small compared with
heat diffusion. So the energy balance equation here assumes the
simplified form with Joule heating as the energy source. If the
field strength E is non-uniform, there will be spatial variation in
heat generation, which leads to temperature gradient VT in the
fluid. In turn, the temperature gradient produces spatial gradient
in fluid conductivity and permittivity given by Ve = (de/dT)VT
and Vo = (00/0T)VT. Ve and Vo induce mobile charges p, in
the bulk fluid according to (dp,/0f)+ V-(0E)=0 and
p, = V- (¢E). These free charges move under electric field and
drag the fluid through viscosity F,, = p,E — (1/2)|E [*Ve.

The time averaged ACET force density on fluid is then

Vo Ve ek, 2
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where o and ¢ are the electrical conductivity and permittivity of the
medium, 7=¢/o is called charge relaxation time, and w=2xf"is
radian frequency. E is the magnitude of the applied electric field.
Obviously, the magnitude of ACET force relies on the strength of
electrical field and temperature gradient since o and ¢ are dependent
on temperature. From (2), it can be deduced that the fluid body force
F,, follows the direction of electric field and is proportional to the
temperature gradient V7. The fluid behaviour is governed by
Navier—Stokes equation p(du/dt) + p(V - u)u — nVZu +VP=F,,
where p is the fluid density, 7 is the dynamic viscosity, P is the
external pressure, and u is the velocity of the fluid. Together with
V - u = 0 for incompressible fluid, fluid velocity can be determined
for ACET flow.

The temperature gradients increase linearly with conductivity and
so ACET flow is especially suitable for manipulation of conductive
solutions. ACET effect is also suitable for medium to high fre-
quency (10kHz for our experimentation) operation, which will
minimise electrode corrosion when subjected to electric field in
an electrolyte. The ACET velocity depends on the applied
voltage greatly, with the ACET velocity u increasing with the
applied voltage V. as u o Vﬁns. So ACET flow can become
considerably stronger with only moderate increase of applied
voltage [23].

In this work, the face-to-face configuration of an electrode pair
was used to generate ACET microflows (Fig. 1). The lower elec-
trode was made of woven metal wires with periodical openings,
which generates non-uniformity in electrical field distribution.
This type of electrodes has been shown to induce microflows
around the electrodes by both ACEO and ACET effects [24, 25].
Fig. 2 shows COMSOL simulation of fluid velocity distribution
around a set of wire electrodes (representing the cross-sectional
view of a mesh electrode). A through-flow with an average linear
velocity of 1000 um/s was applied to the inlet (left side), the
outlet of channel 1 and channel 2 (right side) was set as open
boundary in dynamic fluidic field simulation. A 5V amplitude
AC signal at 10 kHz was applied between the top indium-tin-oxide
(ITO) glass and the mesh electrodes in this case. The mesh electrode
and the inlet of channel 1 were set at a constant temperature of
300 K for thermal field simulation, since the temperature of fresh
yeast cell solution and mesh electrodes with high thermal conduct-
ivity are close to room temperature. The simulated flow field plot
has combined the effects of ACET, DEP, and gravity on the cells.
As can be seen from Fig. 2, fluid motions are generated by applying
AC electric signal between mesh electrodes and ITO glass slide.
Vortices are formed around the wire electrodes. With combined
effects from ACET flow, DEP force, and gravity, yeast cells will
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Fig. 2 COMSOL simulation of flows that yeast cells experience around a set
of wire electrodes in the trapping channel. An external through-flow with an
average linear velocity of 1000 um/s was applied from the left inlet to
channel 1. The cells also experience ACET flows, negative DEP force,
and gravity. The colour legend represents the magnitude of micro-flow
field, and the arrows show the flow directions
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undergo strong downwards movements between the wires, which
bring them down towards the bottom channel. Once the cells fall
into the space below the wire electrodes, there is no electrical
field and also very weak upwards return flows. Therefore, the
cells will become trapped.

2.2. DC biased ACET effect: Adding a DC term with an AC signal
will lead to higher ACEK velocity, although with different
mechanisms for ACEO [26] and ACET effects [27]. Biased
ACET effect is implemented by energising the bottom electrode
with a positive DC voltage superimposed onto the AC signal
between the top and bottom electrodes. A DC bias will produce
coions near the electrodes due to Faradaic reactions. As the time
averaged force exerted by an AC field on a free ion is zero, those
ions do not contribute to ACET flows directly. Nevertheless, the
generated ions may increase the local ionic strength near the
electrodes and could lead to substantial Vo/o, which will induce
strong ACET microflows according to (2), hence producing
powerful vortices across the through-flow streamlines for particle
collection.

Further, yeast cells have negative surface charges in pH neutral
aqueous environment. By adding a DC bias with the positive poten-
tial at the mesh electrode, the cells will experience electrophoresis
force towards bottom electrode (positive charge) as well.

2.3. Dielectrophoresis: DEP refers to the force exerted on an
uncharged particle in aqueous medium induced by non-uniform
electric fields [28]. The effectiveness of this method depends on
how polarised the particles are with respect to the fluid medium.
The magnitude of DEP force is expressed as

3
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where a is the particle diameter, &, is the particle permittivity, and
€ 18 the permittivity of the suspending medium. The magnitude of
the force also depends on the permittivity of the suspending
medium. In the case of E denoted by a point charge

1
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DEP force can be attractive or repulsive, depending on the sign of
the term [, — &,)/(E, + 28&,)] in (3). Positive DEP (pDEP)
attracts particles to high electrical field regions, while negative
DEP (nDEP) repels particles from high field regions and directs
the particle to low field regions. The AC signal used for ACET
also induces nDEP to avoid bioparticle adhesion to the
electrodes. In this work, as the first step, the dielectropheretic
property of model yeast in water was characterised to evaluate the
feasibility of trapping yeast by the combined effects of ACET
and nDEP. Therefore, a frequency range that is suitable for
inducing both ACET and nDEP was applied.

3. Experiments

3.1. Fabrication: A low-cost desktop fabrication method was used
to prototype this 3D multi-level concentrator [29]. The device
structure is shown schematically in Fig. 3. One glass slide was
used as the base of the device. The channels were made of
pressure sensitive adhesive (PSA) tape and cut into desired
geometries by a digital craft cutter (Quickutz Silhouette SD).

In the first phase of fabrication, we attached a layer of PSA tape
on the cleaned glass slide uniformly (remove all air bubbles).
Then we cut the attached PSA tape into channel 2 with openings
for the inlet and outlet. The dimensions of channel 2 are
S0mmx2mmx100um  (LXWxH). Two  pre-fabricated
Polydimethylsiloxane (PDMS) tubes were attached as the inlet
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Fig. 3 Schematic illustration and experimental set-up of the trapping device
a Schematic illustration of 3D multi-level microfluidic device for yeast cell
trapping

b Experimental set-up under a Nikon microscope with electrical connections
and the connections to an external flow-through pumping system

and outlet. After that, a stripe of metal mesh electrode was placed
across the top of channel 2. The mesh electrode was woven from
20 pm diameter wires with openings of 45 um X 45 pm. This elec-
trode was made by cutting a strip from a metal filter (06457-AB)
manufactured by SPECTRUMLABS. The mesh electrode was cut
to be 1 mm wide, forming a trapping area of 1 mm x 1.5 mm in
channel 1. Channel 1 was fabricated with the same procedure
with PSA as that for channel 2 with a cross-sectional area of
1.5 mm (W) x 1 mm (H). In our device, two electrodes with differ-
ent sizes are face-to-face embedded into channel 1. The larger elec-
trode on top of channel 1 was built by an ITO slide, which is a
transparent conductor for observation and also as the top cover of
channel 1. Epoxy glue is used to seal any leaks in the device. It
takes around 4 h (include 3 h PDMS curing time) to fabricate a
3D multi-level microfluidic pre-concentrator. A photograph of the
bioparticle concentrator is shown in Fig. 3b. The sample solution
will be pumped through the top channel 1 and the embedded parti-
cles will be trapped through the mesh electrode into channel 2.

3.2. Microfluidic experiments: In the preliminary tests, yeast cells
were used as the model particle in water with an electrical
conductivity of 0.02 S/m. For trapping experiments, the sampling
and flushing flows through the particle trap were produced by
two external syringe pumps (NE-1000 programmable single
syringe pump, Pump systems Inc), one for each channel.
Channel 1 was primed with sampling fluid with yeast suspension
for trapping, and channel 2 was prefilled with purified freshwater
buffer. During the trapping experiments, the pump for channel 2
was shut off, and the pump for channel 1 stayed on to provide
the sampling flow. The syringe pump for channel 1 was put on
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a shaker during injection to keep yeast suspended in the fluid
throughout the experiment. Hemocytometers were used to
measure the concentration level for each sample.

The AC trapping signal was generated by a 50 MHz function/
pulse signal generator 8551 (Tabor Electronics Ltd, USA). An
oscilloscope MSO6012A (Agilent technology, USA) was used to
monitor the actual voltage drop over the electrode in real time.
The applied AC signal on the electrodes was 8—10 V in amplitude
at 10 kHz. The trapping process was observed through a micro-
scope (Nikon, LV100). Image processing software ‘Image-Pro 3D
suite’ was used for subsequent data analysis. The greyscale of a
clean device prior to trapping was used as the background
control. Image-Pro 3DS software was also used for particle image
velocimetry analysis to characterise micro-flow velocities.

4. Results and discussion: As discussed earlier, nDEP were used
for trapping of yeast cells. DEP effect is frequency dependent,
and DEP can change between pDEP (attraction) and nDEP
(repulsion) with frequency. ACET flows usually occur in the mid/
high frequency range. First of all, DEP characteristics for yeast
cells in water were studied. A single pair of interdigitated gold
electrodes was used for that purpose. Obvious ACET flow was
observed with 10V in amplitude at 10 kHz. Our experiments
showed that high fluid velocity was produced by the applied
voltage. nDEP of yeast cells was observed at frequencies below
10 kHz and coexisted with the ACET effect. The particles were
repelled from the electrodes, and strong fluid motion was formed
and circulated continuously at the surface of the electrodes.
Positive DEP phenomenon was observed with an AC signal of
5 MHz and 6 V. Therefore, the AC frequency for our device was
chosen to be 10 kHz.

d

e

Proof of concept experiments was conducted using yeast cells for
test. Particle trapping was demonstrated at low voltage no more than
10 V in amplitude at 10 kHz. The whole trapping procedures are
demonstrated under microscope (Nikon, LV100). Figs. 4a—d
show the result of particle trapping when the AC signal has been
applied to the electrode for 60, 120, 180, and 210 s, respectively.
The increase in particle concentration at the centre of the grid can
be easily seen. Fig. 4e shows the electrode mesh grid after the
wash. Nearly all the particles are gone. This proves that the
ACEK trap can effectively trap and release particles.

Next, the particle concentration effects were quantitatively char-
acterised by measuring the cells densities at the inlet and outlet of
channel 1. The trapping experiments under each condition were
repeated and measured three times. The difference in the cell con-
centration before and after passing the trapping channel indicates
the extent of cells being held within the trapping channel. Since
the cells are also subject to sedimentation effect that will lead to
cell deposition in the channel, control experiments were also run
in which no AC signal is applied. The control experiments quantify
the loss of cells due to sedimentation when flowing through the
channel. Marienfeld counting chambers were used in the
experiments.

The trapping efficiency of yeast cells depends on the flow rate of
external through-flow. As flow rate increases, the travelling velocity
of yeast cells increases too. A faster through-flow will bring in more
yeast cells for trapping. However, too fast a flow velocity will make
trapping more difficult, because the time for yeast cells passing
through the trapping electrode becomes shorter and hence less
time for ACET effect to act on the yeast cells. There is, therefore,
a trade-off for an optimised flow velocity to extract yeast cells
from high throughput enrichment. Consequently, several different

a b c

Fig. 4 Yeast cell trapping process observed under a Nikon microscope. Time-lapse photographs of yeast cells trapped below a mesh electrode following power

on
a60s

b 120s

c180s

d210s

e Clean mesh electrode after wash
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external flow rates (0.1, 0.2, 0.3, 0.4, 0.5 ml/min) have been used in
the experiment to find the trapping efficiency under various flow-
through velocities.

In the first set of trapping experiments, symmetric AC signal of
10 V in amplitude at 10 kHz was used. The cell concentrations at
the inlet of channel 1 were maintained to be around 960 cells/ul
for all experiments, labelled as ‘original’ in Fig. 5. The cell concen-
trations at the outlet are given in two groups, a control group
without any AC signal with the data columns in green, a group
with AC signal on with the data columns in red. The green
control group captures the effects from cell sedimentation and
hydrodynamic drags over a mesh electrode, while the red ACEK
active group represents the situations when an AC signal is
turned on to trap cells with additional effects possibly from
ACET and DEP forces. By comparing the ACEK active and
control groups, the effects of applied AC signal are illustrated.
The difference between the control and ACEK active groups repre-
sents the amount of cells trapping by ACEK effects.

Fig. 5 gives yeast cell concentrations at the channel 1 outlet for
various external flow velocities. For every flow rate, there are two
columns showing the particle densities. The left columns are the
results from control experiments, in which no AC signal was
applied, and the right columns are results with an AC signal
applied between the top ITO glass and the mesh electrode.

In Fig. 5, it can be seen that as through-flow velocity decreases,
the cell concentration at the outlet goes down accordingly for both
the control and ACEK active groups. For the control group, the dif-
ferences between the ‘original’ column and green columns account
for particles lost in the channel due to sedimentation. The decrease
in the magnitude of control columns with decreasing flow rate is
due to more sedimentation time for cells as they flow through
channel 1. For the ACEK active group, the ACEK trapping is
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Fig. 5 Yeast concentrations at the channel 1 outlet at various external flow
rates. Two types of trapping signals were used, symmetric AC and AC with a
DC bias. Green (right-slanted) columns are results when no AC voltage was
applied, while red (lefi-slanted) columns are results with a symmetric AC
signal applied, and yellow (no pattern) columns are results when using a
DC biased AC signal

also more pronounced at lower flow rates, because there is longer
time for induced ACET flows to carry particles to the mesh electro-
des in addition to the effect of sedimentation. At any flow rate, the
ACEK active cases will yield lower cell concentrations than their
corresponding controls, demonstrating the trapping effect from an
AC signal. However, the lowest flow rate does not necessarily
lead to the highest trapping efficiency, i.e. the portion of cells
being trapped due to ACEK effects. The trapping efficiency for dif-
ferent external flow rate has been calculated and given in Table 1.
Here, the trapping efficiency is defined as (Cynp—C,)/Cyp, Where
C,p is the yeast concentration at the channel 1 outlet without apply-
ing a voltage [i.e. the control group (green columns)], and C,, is the
yeast concentration at the channel 1 outlet with the AC signal on
(i.e. the red columns).

The trapping efficiency is given in terms of percentage in
Table 1. As expected, the lowest trapping efficiency of 19.15%
happens at a high flow rate of 0.5 ml/min, corresponding to an
average linear fluid velocity of 5.55 mm/s. It is probably because
the external flow becomes too strong for ACET flows to carry
cells to the mesh electrode. However, the trapping efficiency at
low flow rate is also low, 22.46-24.31% for a flow rate of
0.1-0.2 ml/min, while the lowest amount of cells can go through
channel 1 and appear at its outlet at this range of flow rates. In con-
trast, the highest trapping efficiency is 38.63%, present at
0.4 ml/min. The reason could be that a significant portion of cells
are lost to sedimentation and fewer cells are available to be
trapped, which leads to lower trapping efficiency at lower flow
rate. This explanation is supported by the fact that cell concentration
at the outlet is obviously reduced when the flow rate becomes lower
than 0.4 ml/min.

The second set of experiments was conducted using a DC biased
AC signal. Based on our prior work, ACET flow velocity can be
greatly enhanced by adding a DC bias. The hypothesis is that
a higher trapping efficiency can be obtained by increasing ACET
velocity. The applied signal is 1 V4. with an AC signal of 8 V in
amplitude at 10 kHz. All other parameters remained identical to
those of the previous experiments.

The trapping results using biased ACET effect are shown in
Fig. 5 as the un-patterned columns. The change in cell concentra-
tion at the outlet shows a similar trend with decreasing flow rate
to that of ACEK active group. What is different from the symmetric
ACEK group is that the cell concentrations at the outlet were much
lower with DC biased ACEK trapping. Again, the trapping efficien-
cies at various flow rates were calculated and presented in the last
row of Table 1. From Fig. 5 and Table 1, it can be conclude that
trapping efficiency has improved when using DC biased ACET
effect. A trapping efficiency of 56.3% was achieved at an average
linear fluid velocity of 4.44 mm/s, increasing from 38.6% when
using a symmetric AC signal. At 5.55 mm/s, the trapping efficiency
has increased from 19.2% when using a symmetric AC signal
to 41.7% when using a DC biased AC signal. However, at
0.1 ml/min (1.11 mm/s), there is no significant increase in trapping
efficiency with its being 22.5 and 25.2%, respectively, suggesting
that the trapping is possibly limited by the supply of cells.

Further, the trapping efficiency with different initial cell concen-
trations has been tested and given in Table 2. AC signal of 10 V in
amplitude at 10 kHz with external pumping flow rates 0.4 ml/min
has been provided during the experiment with four initial

Table 1 Trapping efficiency using symmetric AC signal and DC biased AC signal with different external flow rates

flow rate, ml/min 0.5 04 0.3 0.2 0.1
average velocity, mm/s 5.55 4.44 333 222 1.11
symmetric ACEK trapping
trapping efficiency, % 19.2 38.6 32.8 243 225
DC biased ACEK trapping
trapping efficiency, % 41.7 56.8 43.6 34.8 25.2
Micro & Nano Letters, 2017, Vol. 12, Iss. 11, pp. 901-906 905
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Table 2 Trapping efficiency for different initial cell concentrations

initial cell concentration, cells/ul 960 720 480 240
trapping efficiency, % 38.6 38.7 37.1 36.2

concentrations 240, 480, 720, and 960 cells/ul. The trapping effi-
ciency has not changed greatly and only a slightly decreasing was
observed, which means our device is applicable for a broad range
of cells with different concentrations.

The impedance at 10 kHz about our device is around 3.8 kQ and
the current generated via AC signal in solution is <300 pA which is
too small to damage the cells. The trapped cells demonstrate similar
biological growth rates with the initial cells, and this is another
proof that the trapped cells are not damaged by the applied AC
signal.

5. Conclusion: This Letter described a novel particle trapping
microfluidic device based on DC biased ACET technology. We
have successfully demonstrated extraction of yeast cells from a
rapid flow-through sample solution for high throughput. By using
the DC biased ACET flow, we can also improve the trapping
efficiency up to 56.8% from an ultra-fast external through-flow
with a fluid velocity of 4.4 mm/s. The merits of our device
include high throughput, good trapping efficiency, low cost,
simple operation, portability, and reusability. Further system
miniaturisation and integration can be readily achieved by
incorporating mini pump and IC control. For example, using mini
Pumps from Takasago Fluidic Systems, AD9834, microcontroller
and other peripherals such as an antenna, the particle trapping
system can be readily made portable. The overall power
consumption for the entire device can be controlled to within
300 mW, which makes the device feasible to use with battery.
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