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Abstract Dielectrophoresis, the induced motion of
dielectric particles in non-uniform electric fields, enables
the separation of suspended bio-particles based on their
dimensions or dielectric properties. This work presents
a microfluidic system, which utilises a combination of
dielectrophoretic (DEP) and hydrodynamic drag forces to
separate Lactobacillus bacteria from a background of
yeasts. The performance of the system is demonstrated at
two operating frequencies of 10 MHz and 100 kHz. At
10 MHz, we are able to trap the yeasts and bacteria at
different locations of the microelectrodes as they experi-
ence different magnitudes of DEP force. Alternatively, at
100 kHz we are able to trap the bacteria along the micro-
electrodes, while repelling the yeasts from the microelec-
trodes and washing them away by the drag force. These
separation mechanisms might be applicable to automated
lab-on-a-chip systems for the rapid and label-free separa-
tion of target bio-particles.
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1 Introduction

Early detection and isolation of bacteria (prokaryote cells)
from eukaryotic cells is essential for the diagnosis of bac-
terial infections and food contaminations. There are a variety
of techniques to detect bacterial infections in clinical labo-
ratories. Those include (i) conventional staining such as
gram-stain, acid-fast stain and immunofluorescence; (ii)
cultural and biochemical methods; (iii) antibody-based
methods such as enzyme-linked immunosorbent assay
(ELISA), Western blotting (WB), complement fixation test
and particle agglutination; and (iv) molecular-based meth-
ods such as polymerase chain reaction (PCR), and real-time
PCR.

Microfabricated, microfluidic systems are widely con-
sidered as an enabling technology in microbiology. Low
cell numbers, small reagent volumes, fast mass transfer
kinetics and rapid reaction times in the microfabricated
environments provide the unique ability to monitor bacte-
rial infections, especially in low concentrations. In this
context, a large number of emerging technologies have
been reported for the detection and separation of bacterial
samples in microfabricated systems, including flow frac-
tion (Mach and Di Carlo 2010), bio-luminescence (Qiu
et al. 2009), surface plasmon resonance (Mazumdar et al.
2010), magnetic field gradient (Xia et al. 2006), electrical
impedance spectroscopy (Yang 2008), isotachophoresis
(Bercovici et al. 2011; Persat and Santiago 2011) and
dielectrophoresis (Lapizco-Encinas et al. 2004).

Dielectrophoresis, the induced motion of polarisable
particles in a non-uniform electric field, in particular, can
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selectively and accurately push the suspended bio-particles
towards or away from the microelectrodes (positive/nega-
tive dielectrophoresis) (Pethig 2010; Kang and Li 2009).
Dielectrophoresis has been widely applied in microfluidic
systems to manipulate, transport, separate and characterise
bio-particles, including multicellular organisms (Khoshm-
anesh et al. 2011b), mammalian cells (Khoshmanesh et al.
2011a; Kang et al. 2008), bacteria (Hu et al. 2005), viruses
(Park et al. 2007) and cell organelles (Moschallski et al.
2010), as comprehensively reviewed in (Khoshmanesh
et al. 2011c; Pethig 2010).

Most DEP systems take advantage of metallic micro-
electrodes that are patterned on glass or silicon substrates
to create non-uniform electric fields within a microenvi-
ronment. Wang et al. (1993) were one of the first to sep-
arate bacteria from blood samples using metallic
microelectrodes. Similar systems have been applied by
others for the separation of bacteria from a solution con-
taining beads (Moon et al. 2009), and the separation of live
and heat-treated bacteria (Li and Bashir 2002). Alterna-
tively, electrodeless DEP systems have been introduced to
eliminate the operational issues associated with metallic
microelectrodes such as corrosion and undesired electro-
chemical reactions, which happen on the surface of the
microelectrodes at lower frequencies and high medium
conductivities. Lapizco-Encinas et al. (2004) applied
insulating posts to separate bacterial samples suspended in
the flow. Cho et al. (2009) integrated a polymer membrane
containing conical nanopores into a microchannel to con-
centrate bacteria inside the pores. More recently, Jaramillo
et al. utilised 3-D carbon microelectrodes to trap and
release bacteria (del Carmen Jaramillo et al. 2010).

Moreover, different operating strategies have been
applied to improve the DEP systems. Markx et al. (1996)
demonstrated the temporal variation of medium conduc-
tivity for the selective separation of bacteria. The bacteria
were first trapped at the microelectrodes under positive
dielectrophoresis, and the conductivity of the medium was
gradually increased to release the bacteria according to
their dielectric properties. Hu et al. (2005) applied a mar-
ker-specific sorting strategy, in which target bacteria were
labelled with polymeric beads to be separated from a
background of non-labelled bacteria. The labelled bacteria
had a much larger dimension compared to non-labelled
ones and could be deflected towards the collection channel
under negative dielectrophoresis. Zhou et al. (2006) uti-
lised single-walled carbon nanotubes to enhance the DEP
mobility and trapping of bacteria. Koo et al. (2009) used
antigen—antibody reactions to separate bacteria. Antibody
molecules were patterned on the surface of the micro-
channel. The bacteria were pushed towards the micro-
electrode gaps under positive dielectrophoresis and brought
into contact with the antibodies.
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In this work, we present the DEP separation of Lacto-
bacillus acidophilus bacteria from a background of Sac-
charomyces cerevisiae yeasts suspended in an isotonic
buffer with an electrical conductivity of 0.025 S/m. The
core of the system is an array of curved microelectrodes
that are patterned on a glass substrate. The performance of
the system is assessed by separating bacteria from yeasts.
The experiments are conducted at two distinct scenarios.
First, the frequency of the applied AC signal is set to
10 MHz, at which both bio-particles demonstrate positive
DEP response and are pushed towards the microelectrodes.
However, the yeasts experience a much stronger DEP force
due to their larger dimensions and are mostly trapped at the
entrance region of microelectrodes, while the bacteria are
mostly trapped at the tip region. Second, the frequency is
set to 100 kHz, at which the bacteria demonstrate positive
DEP response and are trapped at the microelectrodes, while
the yeasts demonstrate negative DEP response and are
repelled from the microelectrodes to be washed away
by the flow. The current DEP system offers the rapid
and label-free detection of bacterial infections in biologi-
cal samples. It avoids extensive preparation procedures
and can be readily integrated into other microfluidic
components.

2 Theoretical background

The motion of yeasts and Lactobacillus bacteria is gov-
erned by the interaction of three forces: DEP force which
pushes the bio-particles towards or away from the micro-
electrodes, sedimentation force which pushes the bio-par-
ticles downward, and finally the hydrodynamic drag force
which pushes the bio-particles through the microchannel
and resists against any change of direction.

Yeasts have an ellipsoidal shape with a principal
diameter of ~9 pm, and semi-principal diameters ranging
from 6 to 8 um. However, in most DEP studies, the yeasts
are considered as spherical structures (Huang et al. 1992)
with an average diameter of ~8 pm. Under this assump-
tion, the time-averaged DEP, hydrodynamic drag and
sedimentation forces applied on yeasts were derived as
(Pethig 2010):

Fpep—cell = 277" émediumRe [fom—cent] VE (1)
FDragfcell = 67T’”,U<l7x - vcell) (2)
4 3 —

FSedimentation—cell = 57‘57‘ (pcell - pmedium) z (3)

In Eq. 1, r is the radius of the yeasts, ¢ is the
permittivity, E.,s is the root-mean square (rms) value of
the applied electric field, and Re[fcn] is the real part of the
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Clausius—Mossotti (CM) factor, representing the polari-
sation of yeasts with respect to the surrounding medium.
In Eq. 2, p is the dynamic viscosity of the medium, Uy is
the velocity of the suspending medium, and V is the
velocity of the yeasts. Finally in Eq. 3, p is the density, and
g.is the gravitational acceleration.

Alternatively, the Lactobacillus acidophilus bacteria
have a cylindrical shape with hemispherical ends with a
diameter of 0.6-0.9 pm and a height of ~ 1.5 um. How-
ever, in most DEP studies the bacteria are considered as
ellipsoid structures (Castellarnau et al. 2006). Under this
assumption, the time-averaged DEP, hydrodynamic drag
and sedimentation forces applied on bacteria were derived
as (Pethig 2010):

T LemegiamRelf W VE2 (4)
medium CM —bacteria ms

3

FDEP_bacteria =

67ru

= M (f]x - Vbacteria) (5)

F Drag—bacteria

2 -
Fsedimentation—bacteria = g r L(pbacteria - pmedium)gz (6)

In Eq. 4, L and 2r are the diameter of the bacteria along
its major and minor axes, respectively (Fig. 1).

The motion of yeasts and bacteria under the combined
influence of DEP, hydrodynamic drag and sedimentation
forces can be obtained by solving the Newton’s second law
of motion:

Fpep + FDrag + Fsedimentation = Ma (7)

where d is the acceleration of bio-particles. Substituting the
Egs. 1-6 in the above equation leads to a second-order

1
Omedium= 0.025 S/m Scenario 1
0.8 4
D-axis
8 061 Bacteria:
(&)
E i
E 0.4 4 B hxds L-axis
e
S 02
i Bacteria, L-axis
:‘:3 0 R S - -
g Scenario 2 -
-0.2 1 -axis
Ellipsoid cell, L-axis .. yeast:
_0'4{ -------- Sgatgeatsan® I -
i Spherical cell D-axis L-axis
1.06403  1.0E+04 1.0E+05 1.0E406  1.0E+07

Frequency (Hz)

Fig. 1 Variations of Re[fcm] for yeasts and Lactobacillus bacteria at
Omedium = 0.025 S/m, revealing the positive DEP response of yeasts
at frequencies higher than 225 kHz and of bacteria throughout the
entire frequency spectrum

differential equation, from which the velocity of bio-
particles is obtained as below:

2 2
r*emediumRe[feM—cenl| VE

‘_;cell ~ 3’[1 ms f]x

27 (Peell = Predi )8

il cel medium 8

*9 m (8)
— rL1n (i) gmediuml{e [fCM—bacteria] VErzms =
Vbacteria =~ 18 + U,
2rLIn (%) (pbacleria - pmedium)gz
*9 p )

Equations 8-9 comprise three terms corresponding to
DEP, drag and sedimentation forces, respectively. The DEP
term depends on VEZ2 . and Re[fcm], which need to be
calculated. The VE]?mS depends on the configuration of
microelectrodes and the magnitude of AC signal, and can be
obtained by numerical simulations (Khoshmanesh et al.
2010b). On the other hand, the Re[fcy] depends on the
dielectric properties of bio-particles and the suspending
medium and also the frequency of the AC signal. The
Jom—cen Was calculated using the spherical double-shell
model, in which the yeasts were considered as spherical
structures, comprising cell interior, plasma membrane and an
outer wall (Huang et al. 1992) (see Appendix). Alternatively,
the fom_bacteria Was calculated using the ellipsoid double-shell
model, in which the bacteria were considered as ellipsoid
structures comprising cytoplasm, plasma membrane and an
outer wall (Castellarnau et al. 20006) (see Appendix).

Figure 1 shows the variations of Re[fcy] for yeasts and
Lactobacillus bacteria at different frequencies of 1 kHz to
25 MHz when the bio-particles are dispersed in an isotonic
buffer with an electrical conductivity of 0.025 S/m. Con-
sidering yeasts as spherical structures with a diameter of
8 um, they demonstrated a crossover frequency of
225 kHz, as confirmed by experiments, beyond which they
exhibited positive DEP response. The Re[fcym] reached a
minimum of —0.446 £ 0.07 at frequencies less that
30 kHz while reaching a maximum of 0.464 £ 0.027 at
1-9.25 MHz range. Interestingly, considering yeasts as
ellipsoidal structures with a principal diameter of 9 pm,
and semi-principal diameters of 6 um did not alter the
crossover frequency, but led to a stronger DEP response
along the principal axis (Fig. 1).

In contrast, the bacteria demonstrated a positive DEP
response at the entire frequency range along their L-axis, as
confirmed by experiments (Fig. 1). The Re[fcy] remained
almost constant at 0.18 £ 0.01 at frequencies less than the
250 kHz range, while reaching a sharp peak of 0.869 at
5.5 MHz. The separation of bacteria from yeasts was
conducted at two frequencies of 100 kHz and 10 MHz to
take advantage of the highest distinction between the DEP
response of yeast and bacteria, as shown by arrows.
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3 Materials and methods
3.1 Principles of the DEP system

Figure 2a presents the plane view of the current DEP
system. The system comprises a microchannel that is
integrated onto a glass substrate. The microchannel is
fabricated from poly-dimethylsiloxane (PDMS) with a
width of 600 pm and a thickness of 80 pm. The substrate is
a glass slide of 75 x 25.5 x 1 mm that supports five pairs
of microelectrodes on its surface. The electric potential is
applied through the pads of 6 x 2.25 mm patterned on
both sides of the microchannel. The microelectrodes have a
curved configuration with a width of 50 um and a gap of
1,000 um between the consequential pairs. The gap
between the opposite microelectrodes reduces continuously
until it reaches 40 pm at the centreline of the microchan-
nel. The curved microelectrodes create a strong spatially
varying electric field within the microchannel, which is
crucial to create dielectrophoresis. The curved microelec-
trodes have distinct advantages over other configurations,
as reported in (Khoshmanesh et al. 2011c; Khoshmanesh
et al. 2010b). They generate a strong electric field and
maintain it over a large portion of their structure. The
induced electric field increases very smoothly along the
structure and therefore the particles do not experience
undesired motions over the tips (Khoshmanesh et al.
2010b).

3.2 Fabrication process

To fabricate the DEP platform, thin films of chrome/gold
were deposited on the surface of glass substrates using the
electron beam evaporation process with a thickness of 500/
1,500 A, respectively. The microelectrodes were patterned
using lithography. A thin film of AZ1512 (Clariant, USA)

Fig. 2 a The layout of the DEP A
system, comprising a PDMS K]
microchannel integrated into a

DEP platform. b The PDMS

positive photoresist was spin coated on the substrate at a
thickness of 1 um. The sample was exposed to UV light
using a mask aligner (Karl Suss MAG6) and then developed.
Finally, the additional chrome/gold film was etched using
etching solutions.

Similarly, the microchannel was made from PDMS
using lithography. A 3-inch diameter silicon wafer was
used as the substrate and spin coated with KMPR
(MicroChem Corporation) negative photoresist to a thick-
ness of 80 um. The sample was exposed to UV light using
the MAG6 mask aligner and developed with an SU-8
developer. PDMS (SYLGARD 184, Dow Corning) was
poured onto the master to realise the microchannel. The
resulting PDMS microchannel was assembled on the DEP
platform. Copper wires were bounded to the microelec-
trode pads using silver-based epoxy glue and baked in an
oven. The DEP system was then sandwiched between two
polymethyl methacrylates (PMMA) coverslips to avoid
leakage, as shown in Fig. 2b.

3.3 Sample preparation

Instant dried yeast powder (Tandaco, NSW, Australia) was
used as the source of Saccharomyces cerevisiae yeasts. To
prepare the yeast suspension, 40 mg of yeast powder was
mixed with 10 ml of phosphate buffer and diluted with an
isotonic buffer of distilled water, 8.5% w/v sucrose and 0.3%
w/v dextrose (Gascoyne et al. 1997) to obtain an electrical
conductivity of 0.025 S/m. After dilution, the initial con-
centration of yeasts reached 6-7 x 107 cells per ml mea-
sured by a standard Neubauer counting chamber.
Alternatively, Inner Health Plus capsules (Health World
Limited, Queensland, Australia) were used as the source of
Lactobacillus bacteria. Similarly, to prepare the bacterial
suspension, 40 mg of capsule powder was mixed with 10 ml
of phosphate buffer and diluted with the same isotonic buffer

blocks were integrated into the
DEP platform to make up the
DEP system. The shown
platform consisted of two
separate DEP systems

- glass substrate
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to obtain an electrical conductivity of 0.025 S/m. After
dilution, the initial concentration of bacteria 1.7-2.5 x 107
bacteria per ml was measured by a Petroff Hausser counting
chamber.

3.4 Experimental setup

During the experiments, the applied suspensions were
injected to the inlet reservoir and sucked out from the
outlet port at the desired flow rates using a syringe pump
(Harvard Apparatus, PHD 2000). The performance of the
systems was observed using an inverted optical micro-
scope (Nikon Eclipse, TE 2000-U). An oscillating wave
was applied to the electrode pads using a function gen-
erator (Tabor Electronics, series 8200). The electrical
conductivity of the medium was measured using a high
precision conductivity meter (ECTestrl14, Eutech
Instruments).

3.5 Quantification of trapping and separation
efficiencies

The performance of the DEP system was quantified in
terms of its trapping efficiency defined as (Minier — Houttet)/
inlet X 100%, where n is the number of bio-particles,
and separation efficiency defined as (finet — fouttet) /fintet X
100%, where f is the fraction of target bio-particles with
respect to all particles. The above evaluations were con-
ducted using a Petroff Hausser counting chamber for
bacteria and a standard Neubauer counting chamber for
yeasts.

To count the number of bacteria, a single drop of the
1:10 diluted sample was applied to the counting chamber
and examined using a 100 x oil immersion objective of
the microscope. The number of bacteria was counted in 20
squares of the Petroff Hausser counting chamber, and the
total bacteria per millilitre of the suspension was calculated
according to the manufacturer’s instructions (Treuer and
Haydel 2011). The number of bacteria was counted at the
inlet and outlet of the DEP system to obtain the values of
Minter and Nguger. This procedure was repeated three times
and the data presented as mean =+ standard error.

Alternatively, the yeasts were diluted 1:5 and applied to
a Neubauer counting chamber. The stained cells were
visualised using a 20x objective on the microscope. The
number of cells was counted in five squares of the hemo-
cytometer, and the total cells per millilitre of the suspen-
sion were calculated according to the manufacturer’s
instructions. The number of cells was counted at the inlet
and outlet of the DEP system, to obtain the values of n;,e
and Noutlet-

4 Results and discussions

The separation of bacteria from yeasts was demonstrated in
two distinct scenarios. In both scenarios, a stream of
medium was applied through the microchannel with a flow
rate of 0.5 plit/min (corresponding to an average velocity
of 0.017 mm/s), the electrical conductivity of which was
adjusted to 0.025 S/m, while the microelectrodes were
energised with an AC signal of 15 Vp-p. However, the two
scenarios differed in the frequency of the AC signal applied
to the microelectrodes. In the first scenario, the frequency
was set to 10 MHz, as described in Sect. 4.1, whereas in
the second scenario the frequency was set to 100 kHz, as
described in Sect. 4.2.

4.1 Separation of bacteria from yeasts at 10 MHz

At 10 MHz, both bacteria and yeasts demonstrated positive
DEP response (Fig. 1). To understand the mechanism of
separation, we first analysed the DEP response of bacteria
(Fig. 3a) and yeasts (Fig. 3b) in separate experiments.

Approaching the first microelectrode, the suspended
bacteria lost their levitation height under the influence of
DEP and sedimentation forces. The rate of height loss is
proportional to z o< rLIn(r/L)Re[fem—bacteria] VE / u for
bacteria, as obtained in Sect. 2. The bacteria have a small
dimension, and eventually experience a small height loss.
This implies that the bacteria which were moving close to
the bottom surface were immediately trapped along the
microelectrode edges, whereas the ones moving at higher
heights were trapped a few microns away at the tip region
either due to gradual loss of height or due to the presence
of stronger DEP forces. The trapping was initiated with
immobilisation of one layer of bacteria along the inner
edges of the microelectrode and followed by immobilisa-
tion of another layer of bacteria at the free ends of the
previous layer to form a long chain along the electric filed
lines. The density of bacterial chains increased along the
microelectrode structure and reached a peak at the tip
region (Fig. 3a). Under the applied conditions, most of the
bacteria were trapped at the first microelectrode pair, and
the density of immobilised bacteria decreased consistently
at the consequential pairs.

Alternatively, at the vicinity of the first microelectrode,
the neighbouring yeasts become polarised and attached to
each other to form the so-called pearl chain at the entrance
of the microelectrode. Getting closer to the edges of the
microelectrode, the pearl chains were broken; the yeasts
lost their height and moved towards the microelec-
trodes. The rate of height loss is proportional to 7 o<
r’Relfom—cen| VE2 / u for yeasts, as obtained in Sect. 2.
The yeasts have much larger dimensions compared to the
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Fig. 3 At 10 MHz and

Omedium = 0.025 S/m, both
yeast and bacteria demonstrated
positive DEP response: a most
bacteria were trapped at the tip
region of the first
microelectrode pair due to their
small dimensions, b in contrast,
most yeasts were trapped at the
entrance region of the first
microelectrode pair even before

2009

reaching the tips, ¢ on this basis,
bacteria and yeasts were trapped
at different locations of the
microelectrode and could be
separated at 10 MHz, and d the
areas covered by yeasts
(continuous line) and bacteria
(dashed line) with respect to
electric field contours at the
bottom surface of the
microchannel C

E (vm!) I

35042 13e+3  7.9e+3 47e+4  2.8e+5
TAZINGY D |
1.2e+3 1.69e+6 6.24e+7 2.21e+9 7.84e+10

bacteria, and therefore reacted more rapidly to the DEP
field. This led to the immediate trapping of yeasts at the
entrance region of the microelectrode before reaching the
tips (Fig. 3b).

Applying a mixed suspension of bacteria and yeasts to the
system, superpositioned the phenomena observed in Fig. 3a
and b. While the yeasts were distinctly trapped at the
entrance region of the first microelectrode pair, the bacteria
were trapped at the tips (Fig. 3c). The remaining yeasts were
trapped at the free ends of bacterial chains. Interestingly, the
trapping region of yeasts was more restricted towards the
entrance region of the microelectrode. For comparison, in
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Fig. 3b, the edge of the dense mass of immobilised yeasts
was ~333 um away from the tips, whereas in Fig. 3c this
distance increased to ~522 pm. This is because strong
electric fields and consequently DEP forces were induced at
the free ends of the bacterial chains, which created an array
of tips along the microelectrode. This response was very
similar to the situation observed in our previous work, in
which we integrated carbon nanotubes to our DEP system to
trap the model polystyrene particles at high frequencies
(Khoshmanesh et al. 2010a). However, in that work we
preassembled the carbon nanotubes and then applied the
suspension of polystyrene particles, whereas here we
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applied the bacteria and yeasts at the same time. Moreover,
while a few yeasts were trapped along the outer edges of the
microelectrode in Fig. 3b, no yeasts were trapped at those
regions in Fig. 3c, as most of them were immobilised at the
entrance region. Figure 3d shows the areas covered by
yeasts (continuous line) and bacteria (dashed line) with
respect to the contours of the electric field at the bottom
surface of the microchannel obtained by numerical simu-
lation (Khoshmanesh et al. 2010b).

The trapping efficiency of the DEP system was quanti-
fied by counting the number of yeasts and bacteria at the
inlet and outlet of the device using a hemocytometer, as
explained in Sect. 3.5. Using this technique, we obtained
the trapping efficiencies of 93.2 4+ 2.5 and 89.4 £ 1.7%
for yeasts and bacteria, respectively.

Furthermore, we characterised the performance of the
system by varying the flow rate of the sample while
applying the same AC signal. At lower flow rates of
0.3-0.7 plit/min, the drag force was so weak that most of
the yeasts and bacteria were trapped at the entrance region
of the first microelectrode with yeasts distinguishably
formed pearl chains between the microelectrodes (Fig. 4a).
At medium flow rates of 0.7-1.2 plit/min, the drag force
was strong enough to push most the bacteria towards the tip
region, while the yeasts were trapped at the entrance region
of the first microelectrode (Fig. 4b). At higher flow rates of
1.2-1.8 plit/min, the drag force was so strong that the
yeasts were pushed towards the tip region and enclosed
between the bacteria patterned along the microelectrodes
(Fig. 4c¢).

4.2 Separation of bacteria from yeasts at 100 kHz

At 100 kHz, the bacteria demonstrated positive DEP
response while yeasts demonstrated negative DEP response
(Fig. 1). Again, to understand the mechanism of separation,
we first analysed the DEP response of bacteria (Fig. 5a)
and yeasts (Fig. 5b) in separate experiments.

The bacteria were trapped at the microelectrodes, as
described in Sect. 4.1. However, the density of bacterial
chains grown along the microelectrode decreased and most
of them were immobilised at the tip region. The bacterial
chains became thicker and shorter, which indicated that the
suspended bacteria were attracted towards the microelec-
trode edges rather than the free ends of bacterial chains
(Fig. 5a). According to our experiments, a further decrease
of frequency reduced the trapping region of the micro-
electrode and led to the accumulation of bacteria on the
surface of microelectrodes, which was invisible due to the
application of an inverted microscope.

Conversely, the yeasts were repelled from the micro-
electrodes. The yeasts that were moving far from the
centreline managed to pass over the microelectrode surface

603
A
F
i | ‘!
0.3-0.7 plit/min
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Fig. 4 Configuration of yeasts and bacteria at different flow rates
while applying an AC signal of 15 Vp-p and 10 MHz: a low flow rate
of 0.3-0.7 plit/min, b medium flow rate of 0.7-1.2 plit/min, and
¢ high flow rate of 1.2-1.8 plit/min

under the hydrodynamic drag force. However, the yeasts
that were close to the centreline were funnelled between
the microelectrodes to avoid the strong electric field
regions along the edges. Accordingly, the neighbouring
yeasts attached to each other to form pearl chains.
Approaching the tips, the pearl chains were broken and the
yeast deflected towards the sidewalls and simultaneously
levitated to higher heights (Fig. 5b). This behaviour was
repeated at the consequential microelectrodes, and even-
tually two dense strips of yeasts formed along the
sidewalls.

Applying a mixed suspension of bacteria and yeasts to the
DEP system resulted in the separation of the bio-particles.
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Fig. 5 At 100 kHz and
Omedium = 0.025 S/m, bacteria
and yeasts demonstrate distinct
DEP responses: a bacteria are
trapped at the microelectrodes
under positive dielectrophoresis,
b yeasts are repelled from
microelectrodes under negative
dielectrophoresis, and ¢ on this
basis, bacteria and yeasts can be
separated, and d the areas
covered by yeasts (continuous
line) and bacteria (dashed line)
with respect to electric field
contours at the bottom surface
of the microchannel

E (vinrl)

3.5e+2 1.3e+3 7.9e+3 4.7e+4  2.8e+5
Evm?) ]
1.2e+3 1.69e+6 6.24e+7 2.21e+9 7.84e+10

While the bacteria were trapped at the tips, the yeasts were
retained behind the microelectrodes before being washed
away by the drag force (Fig. 5c). The separation of bio-
particles at 100 kHz enables the collection of yeasts in
collection chambers or microelectrode arrays patterned
downstream of the microchannel for further analysis. For
example, we immobilised the yeasts repelled from the
microelectrodes (Fig. 5c) on the second array of micro-
electrodes, which were energised at 10 MHz. However, the
trapping efficiency of bacteria decreases at 100 kHz in line
with the decrease of Re[fcm_pacterial (Fig. 1). Moreover,
applying low frequencies can result in undesired chemical
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reactions at the surface of microelectrodes and impose
higher transmembrane voltage on the trapped bacteria, both
threatening their viability. Figure 5d shows the areas cov-
ered by yeasts (continuous line) and bacteria (dashed line)
with respect to the contours of the electric field at the bottom
surface of the microchannel obtained by numerical simu-
lation (Khoshmanesh et al. 2010b).

Using hemocytometer counting, we obtained a trapping
efficiency of 84.6 £ 2.2% for bacteria, while the separa-
tion efficiency of the system was obtained as 85.3 £ 1.8%.

Again, we assessed the performance of the system by
varying the flow rate of the sample while applying the same
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Fig. 6 Configuration of yeasts and bacteria at different flow rates
while applying an AC signal of 15 Vp-p and 100 kHz: a low flow rate
of 0.35-0.7 plit/min, b medium flow rate of 0.7-1.25 plit/min, and
¢ high flow rate of 1.25-2 plit/min

AC signal. While the bacteria exhibited more or less sim-
ilar patterns and were only pushed towards the tip region at
higher flow rates, the yeasts exhibited entirely different
patterns. At lower flow rates of 0.35-0.7 plit/min, the
yeasts were retained behind the microelectrodes under the
repulsive DEP force and formed three distinguishable
clusters between and on both sides of the first microelec-
trode pair (Fig. 6a). At medium flow rates of 0.7-1.25 plit/
min, the drag force was strong enough to pass the yeasts
through the DEP barrier. The yeasts were funnelled
between the microelectrodes and later pushed towards the
sidewalls to avoid the tip region (Fig. 6b). At higher flow
rates of 1.25-2 plit/min, the yeasts which were moving
close to the sidewalls were not influenced by the DEP
force, while the ones close to the microchannel centreline
were deflected to avoid the tips and formed three strips
between and around the tips (Fig. 6¢).

5 Conclusions

This work demonstrated the versatile capabilities of dielec-
trophoresis for the manipulation, separation and immobili-
sation of yeasts and Lactobacillus bacteria in microfluidic
environments. The performance of the system is mainly
governed by the interaction of DEP and hydrodynamic for-
ces, which can be readily adjusted by the electrical con-
ductivity and flow rate of the medium as well as the
magnitude and frequency of AC signal applied to the
microelectrodes. To characterise the response of the system,
we set the first three parameters to 0.5 plit/min, 0.025 S/m
and 15 Vp-p, while changing the frequency from 10 MHz to
100 kHz. At 10 MHz, the yeasts and bacteria were trapped at
different locations of the microelectrodes according to their
diverse dimensions. Trapping efficiencies of 93.2 + 2.5 and
89.4 &+ 1.7% were obtained for yeasts and bacteria after a
single round of sample application. At 100 kHz, the bacteria
were trapped at the microelectrodes, while the yeasts were
pushed towards the sidewalls and washed away by the flow.
A trapping efficiency of 84.6 & 2.2% was obtained for
bacteria, while the bio-particles were separated with a sep-
aration efficiency of 85.3 £ 1.8% after a single round of
sample application. The reported DEP-activated platform
can be equipped with appropriate perfusion systems and
detection mechanisms to enable the separation, immobili-
sation and real-time analysis of immobilised bio-particles
upon exposure to different drugs and chemical stimuli.

Appendix

Dimensions and dielectric properties of spherical yeasts, ellipsoidal
yeasts and ellipsoidal Lactobacillus bacteria used in Fig. 1

Spherical  Ellipsoidal Lactobacillus
yeasts yeasts bacteria
(Huang (Huang (Castellarnau
et al. et al. et al. 2000)
1992) 1992)
External diameters (um) D=3 D, =9 D =0.75
D,=6 L=15
Membrane thickness (nm) 8 8 8
Wall thickness (nm) 220 220 50
Cytoplasm 0.2 0.2 0.48
conductivity (S/m)
Cytoplasm permittivity 50¢q 50¢q 50¢q
(F/m)
Membrane conductivity 25 x 107% 25 x 107® 259 x 1076
(S/m)
Membrane permittivity 6¢q 6¢9 9.8¢y
(F/m)
Wall conductivity (S/m) 14 x 107% 14 x 107* 58 x 1073
Wall permittivity (F/m) 60¢, 60¢ T8¢
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