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ARTICLE INFO ABSTRACT

Keywords: Efficient manipulation of micro biological cells has always been a very important task in healthcare sector for
Cell manipulation which a Micro Electro Mechanical System (MEMS) based impedance flow cytometry has been proven to be a
MEMS promising technique. This technique utilise the advantage of dielectrophoresis (DEP) force which is generated by
Flow cytometry non-uniform electric field in a microfluidic channel using an appropriate external AC supply at certain frequency
Microfluidics . . . . . .

. . range. The DEP forces generated in micro-channel depend upon various biological and physical parameters of
Dielectrophoresis . . . . s . .
Lab-on-chip cell and suspending medium. Apart from that design parameters of microfluidic channel and dimension of

electrodes used for generating DEP action also plays major role in micro cell/bead manipulation. This article
give remarks on the operating parameters which affects the cell manipulation and interrogates the currently
accepted various electrode orientations in microfluidic MEMS flow cytometer technologies for effective ma-
nipulation of micro entities like healthy human cells (T-lymphocytes, B- lymphocytes, Monocytes, Leukocytes
erythrocytes and human kidney cells HEK293), animal cells (neuroblastoma N115 and sheep red blood cells),
cancer cells (MCF-7, MDA-435 and CD34 %), yeast cells (saccharomyces cerevisiae, listeria innocua and E. coli)
and micro particles (polystyrene beads) based on their dielectric properties using DEP action. Article focuses on
the key electrode orientations for generation of non-uniform electric field in microfluidic flow cytometer like
tapered electrodes, trapezoidal electrode arrays, Interdigitated electrodes, curved microelectrode and 3D elec-
trode orientations and give remarks on their advantages and limitations. The cell manipulation with current
MEMS impedance flow cytometry orientations targeting possibilities of implementation of the lab-on-chip de-
vices has been discussed.

1. Introduction

Cell is the unit building block of human body which may get da-
maged by many viruses, bacteria and pathogens (Johnson, 1983). This
makes the study of cell behaviour an uttermost important task which
has to be monitored over time. Many diseases occur on temporary basis
like diabetes, dengue, malaria but some of the diseases like cancer
hampers the human body with a tragic situation and propagates its
impact with increasing time (Heim and Mitelman, 2015). An early in-
formation about the disease like cancer is much crucial for its diagnosis
(Hingorani et al., 2003; Wulfkuhle et al., 2003; Xing et al., 2010). The
impact study at cell level using different methods like impedance cy-
tometry (Holmes et al. Morgan. 2009; Holmes and Morgan, 2010;

* Corresponding author.

Bernabini et al., 2011) and optical cytometry (Krivacic et al., 2004;
Lincoln et al., 2004; Durack and Robinson, 2004) using microfluidic
approaches is possible by cell analysis. The manipulation and separa-
tion of micro cells is possible using many techniques which are avail-
able like fluorescence activated cell sorter (FACS) (Villas, 1998; Fu
et al., 1999; Yang et al., 2006; Cho et al., 2009), magnetically activated
cell sorter (MACS) (Miltenyi et al., 1990; Handgretinger et al., 1998;
Smistrup et al., 2005; Furlani and Sahoo, 2006; Han et al., 2006; Liu
et al.,, 2007; Estes et al., 2009; Saliba et al., 2010; Zborowski and
Chalmers, 2011), dielectrophoresis (DEP) (Das et al., 2014; Burgarella
et al., 2010; Moon et al., 2011; Choi and Park, 2005; Wang et al., 2009;
Li and Bashir, 2002; Muller et al., 1999; etin et al., 2009; Kang et al.,
2009; Khoshmanesh et al., 2010), acoustic cell sorters (Hawkes and
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Fig. 1. Electric field distribution in micro-channel with coplanar orientation.
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Fig. 2. Electric field distribution in micro-channel with side wall electrodes
avoiding dead zone.

Separated cells
Outlet 1

Separated cells
Outlet 2
Separated cells

Outlet 3

Cell Mixture

Inlet 3 ‘
Medium

Fig. 3. Tapered electrode oriented microfluidic device (Das et al., 2014).

Coakley, 2001) and filtering methods (Kim et al., 2014; Huang et al.,
2014; Liu et al., 2017). Dielectrophoresis which has been globally ac-
cepted for cell manipulation techniques due to its advantages like no
switching or moving parts, cell specific control, utilises the benefit of
dielectric properties of a micro cell (Nagel, 2000). Any cell is made of
its cell inner resistance, inner capacitance (internal) and membrane
capacitance (external) (Nagel, 2000). When a cell is suspended in a
medium in between potentially excited electrodes it experiences
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Fig. 4. Frequency cross-over where R. [f.m] changes its sign (Das et al., 2014).

different forces at different source frequencies. These forces include
electro-rotational force and dielectrophoretic force which depend upon
strength of electric field, supply frequency, conductivity of cell, con-
ductivity of medium, complex relative permittivity of cell and complex
relative permittivity of medium (Pohl, 1958). Out of these six para-
meters strength of electric field and frequency can be varied to get
desired force during the experiments. Stronger electric field generates
stronger dielectrophoretic force, but heat generated due to strong
electric field may destroy the cell properties (Kotnik and Miklav¢ic,
2000) so strong electric field at a desired location using less applied
potential at electrodes is essential. For this different electrode orienta-
tion are implemented by integrating the microfluidic channels along
with required electrodes with the help of MEMS technology make
complete miniaturized and reliable impedance flow cytometry config-
urations. Various research groups have demonstrated the integration of
MEMS with complex system for biological application which are called
as Bio-MEMS technology (Luo et al., 2019; Tsutsui and Ho, 2009; Alam
et al., 2018; Chiu et al., 2018; Béné, 2017). There are many articles
which provide substantial understanding of MEMS technology for cell
manipulation, tissue engineering and etc. (Béné, 2017; Ni et al., 2009;
Lee et al., 2015; Huh et al., 2005).

This paper focusses on the different separation techniques using
microfluidic impedance flow cytometers based on electrode orienta-
tions and materials & makes comparative remarks on these technolo-
gies. First working principal of the dielectrophoresis force for cell ma-
nipulation technique and its relevance to electro-physical design and
operating parameters has been discussed. Author also represents some
observation based on simulation of fluid dynamics & electric field dis-
tribution in a microchannel using COMSOL Multiphysics 5.3. Then
capabilities and performance of DEP manipulation technique with
various currently accepted electrode orientations with suitable para-
meters have been reviewed. Further future alternatives for cell se-
paration in microfluidic techniques targeting lab-on-chip device is
discussed.

2. Theory of dielectrophoretic force

The term dielectrophoresis was first time coined in 1958 by H. A.
Pohl et al.. (Pohl, 1958). Force induced by the interaction of cell
(having certain dielectric properties) in a dielectric medium with an
externally applied electric field which is distributed non-uniformly in
the microfluidic environment is known as dielectrophoretic force
(Jubery et al., 2014). There are basically two different forces which are
the part of dielectrophoretic force termed as dielectrophoretic dragging
(DEP drag) force and electro-rotational (ER) force. The DEP drag force
moves a cell towards the electrodes having either stronger electric field
or weaker electric field based on cell & medium properties if the cell is
comparatively more polarizable than the medium then the cell is at-
tracted toward the strong electric field (repelled by the weak electric
field) but if the cell is less polarizable than the medium then cell is
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Fig. 5. Cell trajectories through MOFF channel according to channels Reynolds number R (Moon et al., 2011).

Fig. 6. (a) Generating p-DEP force for ef-
fective focusing at 10 V,,, and 2 MHz (Moon
et al., 2011); (b) Cells focused near the side
wall (Moon et al., 2011); (c) Separation of
MCF-7 cancer cells using p-DEP at 10 V,
and 900 kHz (Moon et al., 2011).

repelled by the strong electric field (or attracted towards the weak
electric field). ER force rolls the cell either in clockwise direction (in
direction of flow) or in anti-clockwise direction (in opposite to the di-
rection of flow). Both the forces strongly depend on electric field and
source frequency. The mathematical expression dielectrophoretic force
is given in equation (1). Here ¢, a, E are permittivity of medium, ra-
dius of the cell/particle and rms value of electric field respectively.

<F;Ep > = 27e,a’ Relf,,, | VIEP? Ieh)

The DEP drag force which plays major role in cell separation, cell
trapping and cell dragging depends upon the real part of Clausius
Mossotti-factor R, [f.m 1. For positive values of Re [fom ] the cell ex-
periences the force which acts towards stronger electric field and this
force is known as positive dielectrophoresis (p-DEP). When R, [fen, ] is
negative, cell experiences the force which drags it towards weaker
electric field and this force is known as negative dielectrophoresis (n-
DEP). Clausius Mossotti factor depends on complex dielectric permit-
tivity of medium and cell of interest, the expression for Clausius
Mossotti factor is given in equation (2).

g — ¢,
_ C m
o g + 2 2
em depends upon the electric field frequency and conductivity of the
medium and known as complex dielectric permittivity of the medium.
ee also depends on electric field frequency and cell conductivity and it is
known as complex dielectric permittivity of cell. The mathematical
expression for both the complex dielectric permittivity e;, and e is
given below in equations (3) and (4). Here o. and oy, are the electrical
conductivities of cell and medium respectively.
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o
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The Clausius Mossotti factor can be further represented as equations
(5) and (6) with in real and imaginary part using equations (3) and (4)
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Here equation (5) is responsible for dielectrophoretic dragging force i.e.
DEP and equation (6) is responsible for electro-rotational force. The
frequency where Re [f.,] changes its sign from negative to positive or
positive to negative is known as dielectrophoretic cross over frequency
in hertz which is given by equation (7) & can be calculated by equating
Re [fom] = 0.

L “(Um - Gc)(ac + Gm)
27\ (ec — em)(ec + 2€m) @)
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DEP dragging forces can be utilised for single cell caging for ex-
ample quadrupole electrodes with all electrodes performing p-DEP/n-
DEP action simultaneously on micro cell. By generating equal either p-
DEP force or n-DEP force an impedance flow cytometry design can be
utilised for efficient trapping. If multiple cells need to be separated then
cytometry designs with relevant electrode orientation and channel
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Table 1

Design parameters of microfluidic impedance flow cytometers with tapered electrodes.

Cite

Channel Height

Channel Gap/Gap
between working
electrodes

Medium Techniques Involved

Cell of Interest

Electrode dimension

Electrode materials

Das et al.
(2014)

Electrodes separated 50 pm

by 50 um

DEP Separation

phosphate buffered saline (PBS)

50 um X 50 pm with 9°tapering  Polystyrene particle of 10 um and human

Au/Cr

with an electrical conductivity of
0.156 mSm ™! with 5% BSA

Saccharomyces cerevisiae (SC) cells of 8um  Aqueous solution with certified

and sheep red blood (SRB) cells of 5.2 um

carcinoma (Hela) cells

angle

Burgarella et al.

(2010)

400 um

Gap between

Hydrodynamic Focusing, DEP

45° tapering angle for Four

Au (250 nm) & Cr

electrodes: 50 um

Caging and DEP Separation

electrical conductivity of

435puScm !

Caging electrodes, same angle
for focusing & separation

(6 nm)

Moon et al.
(2011)

Electrodes separated ~Channel for DEP
by 40 um

Multi-orifice flow fractionation,

Isotonic solution with PBS with

Human breast cancer cells (MCF-7) having
diameter16-24 pm, blood cells (RBC with
6-9 um diameter and WBC with 6-10 pm

diameter)

3000A gold electrode tapered at

—15° to 15° angle

Au/Cr

separation: width

DEP Focusing, DEP Separation,

Hydrodynamic Separation

570puSm ™' conductivity and 1%
bovine serum albumin (BSA)

6000 pm, Separation

length of 30 mm and of

Height 50 um
40 um

Kim et al.
(2008)

Not Specified

DEP Separation

Polystyrene particles with 10 pm, green and  0.1xPhosphate buffer Saline, 1%

Multiple electrode sets with

Not Specified

bovine serum albumin & 20%

Glycerol

red fluorescent polystyrene particles of
5um and non- targeted polystyrene

particles of 2 um diameter

glancing angle of 10°and 8°
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dimension can be used subjected to use of appropriate DEP drag force.

3. Dependancy of design parameters & micro electrode
orientations on cell manipulation

3.1. Dead zone

In coplanar electrode orientation designs of impedance flow cyt-
ometers the electric field generated by the electrodes at an external
applied voltage and frequency there exist some micro-channel area
where the electric field is nearly zero or negligible. A typical micro-
channel with coplanar electrodes shown in Fig. 1. The electric field
dead zone can be observed at the top of the microchannel having cross
sectional dimensions 50 pm X 50 pm.

These electric field dead zones do not contribute in cell handling
process due to which separation efficiency deteriorates significantly as
the forces induced by the electrodes do not reach to the cells which are
present in dead zone of electric field. Simulation shows that the co-
planar electrode orientation (in which electrodes are placed on the
bottom surface of the micro-channel) has the strong positive and ne-
gative field impact near the electrodes but with increase in channel
height the electric field neutralises so the cells which are flowing much
far height cannot be manipulated efficiently.

To avoid these dead zones of electric field, electrodes should be
formed as the channel walls (Iliescu et al., 2006) so that maximum area
should be utilised for the cell separation. Simulation result for elec-
trodes formed as side walls is shown in Fig. 2 where dead zone is sig-
nificantly minimised. Dead zones can also be avoided with the help of
increasing the operating voltage but as the cells membrane are prone to
its dielectric breakdown which occurs due to increase in heat at higher
voltages.

3.2. Joule heating & bio compatibility

Joule heating in microfluidic device may get generated internally
due to applied electrical field (Feng et al., 2007; Kunti et al., 2018) or
externally (Green et al., 2000; Gonzalez et al., 2006) due to illumi-
nance. The thermal effects generated due to heat gradient in a micro-
fluidic device transports the cells in a targeted area if the heating effect
in permissible limit of micro bio entity this dragging action due to
thermal gradient is known as electrothermal flow. A biological cell
consist of cell membrane behaves like a capacitance when cell is sus-
pended in electric field. Higher voltage at electrodes leads to heating
effect in micro channel of the flow cytometry device which may damage
the cell membrane (Zimmermann et al., 1975) and the cell may lose its
semipermeable properties (Sale and Hamilton, 1968) which will lead to
loss of capacitive or dielectric effect of cell. As the phenomenon of
dielectrophoresis deals with interaction between dielectric properties of
cell and the medium, if the cell loses its capacitive effect it will no
longer exhibit dielectrophoresis and the separation with DEP will not be
possible. Joule heating may vary with different electrode designs of
impedance flow cytometer so optimised design with minimum heating
effect with maximum DEP force is always desirable.

3.3. Impact of flow rate

The manipulation activities of micro cells in a continuous flow of
suspending medium majorly depends on the flow rate. At higher flow
rates the hydro-dynamic forces are much higher and may override the
DEP action resulting in poor manipulation efficiency (Choi and Park,
2005). For effective separation with high efficiency manipulation pro-
cess has to be carried out at lower flow rate but due to this MEMS
impedance flow cytometry devices have to trade off with manipulation
and separation time and this makes device incapable of handling large
samples. High separation efficiency with lower flow rates can be
achieved in very less time by implementing the parallel focusing and
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Fig. 7. (a) Trapezoidal electrode microfluidic device scheme (Choi and Park, 2005); (b) Dimensions of single trapezoidal electrodes (Choi and Park, 2005); (c) Gap

size of between two electrodes (Choi and Park, 2005).
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2005).

separation in a single microfluidic flow cytometer device. One similar
device utilising the parallel flow and separation of suspending medium
has been implemented by J. H. Nieuwenhuis et al. (Nieuwenhuis et al.,
2005). Parallel cell manipulation requires multiple channels resulting
in cell separation in more number of outlets than usual so the collection
of separated cells in multiple outlets makes this approach hap-ha-
zardous. Collection of multiple cells in a in a single device is more
challenging as it is only way possible by implementation of outlet
channel crossovers.

3.4. Electrolysis effect

Reliability of any cell handling microfluidic MEMS impedance flow
cytometer device depends upon the operating voltage and the time of
operation. Electrolysis effect in a microfluidic impedance flow cyt-
ometer occurs over the time due to the electrical interaction of elec-
trodes with the suspending medium. At higher operating voltage the
electric current passes from one electrode to another via suspending
medium due to this continuous current flow electrodes tends to

chemically decompose and due to this separation efficiency decreases
over time. The electrolysis effect can be avoided for increase in life span
of the flow cytometer by optimised selection of medium and material of
electrodes. From past many years Ti (Titanium)/Pt (Platinum) elec-
trodes, Au (Gold)/Cr (chromium) electrodes, Whole Si (silicon) elec-
trodes and Carbon electrodes have been used for cell handling.

3.5. Magnetic nanoparticles and magnetic field

Surface functionalization of magnetic nanoparticle (MNP) become
an emerging technique in biomedical applications such as, biological
cell labelling, magnetic separation, magnetic hyperthermia, drug de-
livery and contrast enhancement in magnetic resonance imaging
(Reisbeck et al., 2016; Gertz and Khitun, 2016; Reddy et al., 2012).
Integration of MNPs in microfluidic devices allow the non-optical
probing and monitoring of biological sample such as whole blood
without any specific sample preparation as the group of MNPs bounded
over the target cells displays a higher magnetic moment than the pure
biological environment (Reisbeck et al., 2016).

MNP possess physical properties such that it can get magnetically
manipulated with the help of external magnetic forces. This type of
manipulation activity comes under the magnetophoresis cell/bead
manipulation. The prominence of magnetophoretic force is that it can
be applied in a microsystem for cell mobilization with control using
magnetically engineered micro capsules for guided drug delivery to-
wards an objective location specifically (Pavlov et al., 2013;
Kurlyandskaya et al., 2017). Study shows that there exists a magne-
toelastic force which deforms the structure of ferrogels containing the
magneto-micro entity in a non-uniform magnetic field (Li et al., 2013;
Gollwitzer et al., 2008). Yuhui li et al. represented the applications of
magnetic field in manipulation and handling of magnetic ferrogels for
tissue engineering, drug delivery, enzyme immobilization and cancer
therapy (Reddy et al., 2012). These magnetic hydrogels and ferrogels
encapsulates the cells and are basically synthesized using blending
method, in situ precipitation method and the grafting-onto method (Zr
anyi et al., 1996; Blyakhman et al., 2019; Badawy et al., 2017). Though
various MNPs have developed and demonstrated their application in
the cell manipulation flow cytometry by various research groups
(Reddy et al., 2012), (Li et al., 2013; Gollwitzer et al., 2008; Zr inyi
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Table 2

Design parameters of microfluidic impedance flow cytometers with tapered electrodes.

Cite

Channel
Height

Channel Gap/Gap between

working electrodes

Techniques Involved

Medium

Cell of Interest

Electrode dimension

Electrode
materials

Choi and Park

(2005)

30 um

Inverse of electrode

dimension

DEP Focusing & DEP

Separation

Phosphate buffered saline (PBS) with an

Polystyrene particle of 15 um and

120 pm (longer base) 20 pm

Au

electrical conductivity of 2.2mSm ™" with 5%

BSA

green fluoroscent particles of 6 um

(shorter base) with 60 pum width
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Fig. 9. (a) Separation of beads with 10 electrodes (Choi and Park, 2005) (b)
Separation of beads with 20 electrodes (Choi and Park, 2005) (c) Separation of
beads with 30 electrodes (Choi and Park, 2005).

et al.,, 1996; Blyakhman et al., 2019; Badawy et al., 2017), magnetic
nanoparticle i. e. ferroso ferric oxide (Fe;0,4) and maghemite (y- Fe;03)
are widely used due to their biocompatibility and their biodegradability
(Reddy et al., 2012). Synthesis technique for MNPs can be decided by
the user specification as magnetic moment of MNPs strongly depends
on physics stability, size and shape. To harness the advantage of MNPs,
several design approach and configuration are used such as inject MNPs
in localized area, produce magnetic field gradient and contours for-
mation in device structures. Although much progress has been made
towards cell manipulation by MNPs and detection of magnetic finger
print of cells in flow cytometry, there are various challenges such as
destruction of biological sample in micro heating; yet to address for
validate the application of MNPs in pharmacy and clinical medicine.

4. MEMS impedance flow cytometry based cell manipulation
designs

In recent years many impedance-based cell manipulation techniques
have been developed and came in highlight as these techniques are
cheap and less complex in comparison with FACS, MACS and acoustic
cell sorting techniques. The principle of cell manipulation based on
impedance or dielectric properties require a non-uniform electric field
to be generated by the cell surrounding as previously discussed, which
can be generated using different electrode dimensions (Das et al., 2014;
Burgarella et al., 2010; Moon et al., 2011; Choi and Park, 2005; Wang
et al., 2009; Li and Bashir, 2002; Muller et al., 1999; etin et al., 2009;
Kang et al., 2009; Khoshmanesh et al., 2010), (Nieuwenhuis et al.,
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2005), (Kim et al., 2008; Iliescu et al., 2004, 2008; Tay et al., 2007),
self-aligned electrodes (Hara et al., 2002), multiple frequencies
(Braschler et al., 2008) and by some novel wiring scheme for electrodes
(Caselli et al., 2018). In past decades researchers have developed many
impedimetric sensing and manipulation devices using different di-
mensions. The impedimetric sensing and cell manipulation devices with
different design orientations and dimensions are discussed as follows.

4.1. Tapered electrodes based designs

In this electrode orientation the micro-electrodes are tapered at
certain angles to generated non-uniform electric field. Compared to the
conventional planner and parallel electrode orientation, tapered elec-
trodes direct the cell movement towards the reservoir at desired angle
which makes this an effective separation technique. A tapered electrode
microfluidic device is shown in Fig. 3 which has been developed by
debanjan das & soumen das (2013) (Das et al., 2014) fabricated using
three planner micro-electrodes out of which two electrodes (placed on
the sides) used for stronger electric field intensity gradient and one
electrode at the centre is used for weaker electric field intensity gra-
dient for cell separation.

The electrodes were tapered at an angle of 9°with maintaining
50 um gap between the side and central electrode for cell movement.
The cross-sectional width of the side electrodes and central are selected
as 50 um and 100 pm (inlet)/1.058 mm (outlet). Result shows that de-
vice has potential to separate human carcinoma (HeLa) cells and
polystyrene particles in medium of phosphate buffered saline (PBS)
having pH value 7.4 and conductivity of 0.156 Sm ™! at an operating
voltage of 10 V,,,. The HeLa cells & polystyrene particles were separated
above a crossover frequency of 500 kHz as shown in Fig. 4.

In similar tapered electrode orientational design Moon et al. (Moon
et al., 2011) has shown that a tapered electrode configuration can be
utilised to deviate as well as to align cells in a row. The authors have
experimented the microfluidic device with RBC, WBC & MCF-7 cancer
cells. The cells were first separated using multi-orifice flow fractiona-
tion (MOFF) technique for bulk separation and further separation is
performed using dielectrophoresis technique. Fig. 5 shows that se-
paration of RBC, WBC and MCF-7 in bulk quantity is performed with
channel's Reynold number varying from 30 to 90 with resolution of 20.
The most effective separation has been found at channel's Reynold
number 70 where RBC & WBCs were flowing on the sides and MCF-
7 cells were focused in the middle of the channel.

After MOFF separation cells were subjected to DEP forces where
first all the cells were focused using p-DEP force at applied voltage of 10
Vpp, 2 MHz as shown in Fig. 6(a) Focused flow of all the three type of
cells can be seen in Fig. 6(b) where cells are flowing near the side wall.
In the last stage all the cells were subjected in separation region where
DEP electrodes produced high electric field gradient using 10 Vpp,
900 kHz. In this MCF-7 cells experienced p-DEP and moved in upward
direction as shown in Fig. 6(c) and RBC & WBC were followed their

Biosensors and Bioelectronics 142 (2019) 111526

(b)

Fig. 10. (a) IDE with coplanar placement of electrodes (Yang et al., 1999); (b) IDE with parallel placement of electrodes (Wang et al., 2009).

movement trajectory towards central streamline.

As both the MOFF & DEP processes had complemented each other
where MOFF separation performed bulk separation and fast filtration,
and DEP separation made the separation more precise. Both bulk and
precise separation makes this device more suitable for high throughput
efficient cell manipulation device. The device overcome the problem of
adhesion between cell & electrode which creates a barrier for cell
movement using excitation and resting of AC voltage in every 0.5 ms
but did not clearly investigate its impact on cells in accountable
manner. Similar electrode design oriented cell manipulators are sum-
marised in Table 1.

4.2. Trapezoidal electrode arrays

Trapezoidal electrodes in coplanar orientation for the dielectric
deflection using n-DEP has been first proposed by Choi and Park (2005)
(2005) as shown in Fig. 7(a) before that researchers had explored the
ability of DEP for cell focusing and separation using positive dielec-
trophoresis and succeeded as well however there was a problem asso-
ciated with adhesive forces between electrodes and cells which resulted
in cells/particles stocking due to forces generated by high electric field
gradient with higher electric potential. Same problem of micro particle
stocking has been also observed in DC microfluidic MEMS devices
(Kumar and Das, 2018). This stocking of cells creates a barrier for other
cells to move at high flow rates. In this trapezoidal electrode array
based microfluidic sorter the micro beads of polystyrene particles
having diameter of 15um and another green fluorescent particle of
6 um diameters were used for interrogating the efficacy of the device.
The structure of trapezoidal electrode array with electrode size is shown
in Fig. 7(b).

In this configuration the dimension of gap between the two elec-
trodes has been kept same as the dimension of trapezoidal electrode
dimension. Gap dimensions are shown in Fig. 7(c) and the electric field
distribution over the channel height from the electrodes which is shown
in Fig. 8. Detailed design parameters are represented in Table 2.

Results in Fig. 8 shows that electric field gradient is high in region
near the electrodes and electric field strength reduces with increase in
channel height. To ensure the particle movement towards desired di-
rection an 8 Vj,, at 50 kHz has been applied to the electrodes. The
movement of particles has been observed towards the shorter base of
the electrode (or the larger base of the gap).

The trapezoidal electrode array devices can also be utilised with p-
DEP force as the design is inspired by interdigitated electrodes config-
uration. Effect of flow rate for focusing is also observed with trapezoidal
electrode array and it is found that increase in flow rate, reduces the
effective cell isolation or manipulation (Choi and Park, 2005). It has
been observed that at higher flow rates beads with different size are less
isolated as comparison to lower flow rates. In that case, high
throughput separation and focusing is not possible using this device
without utilising any other focusing method or increasing the number
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Table 3

Design parameters of microfluidic impedance flow cytometers with interdigitated electrodes.

Cite

Channel
Height

Channel Gap/Gap
between working

electrodes

Medium Techniques Involved

Cell of Interest

Electrode dimension

Electrode materials

Wang et al.

40 um

100 um (Horizontal cell

movement area)

Dual frequency coupled

Isotonic medium (8.5% w/v sucrose, 0.3%

Polystyrene particles of 6-15 um, human kidney cells
(HEK293) and mouse neuroblastoma cells (N115)

30 pm-40 pm height

Au/Ti

(2009)

w//v dextrose dissolved in DI water) with DEP separation

-1

conductivity 0.1 mS cm

Gap between electrodes: Not revealed Li and Bashir

Manipulation & DEP

Separation

10° cells/ml with DI water having

conductivity of 2pScm ™!

15 pm width and 1000A thick Live & heat treated rod shaped Listeria innocua cells
Au over a 100A Cr seed layer

Electrode width of 50 um

Au/Pt/Cr

(2002)
Wang et al.

15 um
Height x Width

with 3 pm length & 1 pm diameter

0.42 mm

DEP Separation by cell

elevation

Isotonic sucrose/dextrose buffer with
electrical conductivity of 10 mSm™*

MDA-435 Breast cancer cells, T- lymphocytes cells, B-
lymphocytes cells, CD34 * cells, Monocytes cells,
Leukocytes cells and Erythrocytes cells

Not mentioned

(2000)

0.42 x 25 (in mm)
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Fig. 11. Medium flow velocity in a coplanar orientation micro channel with
5pm electrode height.
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Fig. 12. Medium flow velocity in a micro channel having electrodes as side
walls.

of electrodes. Fig. 9 shows the separation at 10 ulh ™! with 10, 20 and
30 number of electrodes, it can be observed that beads get good iso-
lation with higher number of electrodes.

4.3. Interdigitated electrodes orientation

Interdigitated electrodes orientation is very less complex to design
and comprises two type of design structure as shown in Fig. 10. First
one is interdigitated electrode (IDE) orientation with coplanar electrode
placement in which electrodes are placed on the bottom floor of the
microchannel and the DEP force act vertically (Wang et al., 2009),
(Wang et al., 2007). Other one is IDE orientation with parallel electrode
placement in which electrodes are formed as a side wall of micro-
channel where the movement of cells/particles and medium flows (Li
and Bashir, 2002), (Wang et al., 2000), here DEP force acts on hor-
izontal plane. Both the structures have their own merits and demerits.
Some interdigitated electrode designs are summarised in Table 3.

Coplanar placement of electrodes with significant metal deposition
act as barrier for the flow of medium and cells as shown in Fig. 11 So
electrodes has to be formed with minimum height in coplanar or-
ientation. To avoid the hap-hazardous fluid dynamics, electrodes can be
formed in walls as shown in Fig. 12.

An IDE with coplanar electrodes faces problems with height of the
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Fig. 13. (a) Electric field distribution in flat electrodes (Khoshmanesh et al., 2010);

channel as there exist a dead zone on the top area of the micro-channel
where effects of electrodes are negligible in terms of electric field.
Problem associated with electric field dead zone over micro-channel
can be overcome using similar electrode structure on the ceiling of the
micro-channel (Fiedler et al., 1998) but still there exist cell collection
problem for designing reservoir after separation in vertical positions.
An IDE with parallel electrode placement overcomes the problem of
dead zone of electric field as the electrodes are placed on both side wall
and these electrodes generates electric field over entire micro-channel
and also it becomes very easy to form cell collection reservoirs as the
reservoir has to be formed on horizontal plane and cells after separation
can be made to flow in multiple channels along the width of the micro-
channel.

4.4. Curved electrode orientation

Curved electrodes orientation have been rarely utilised by the re-
searchers due to the complex design structures although curved elec-
trodes have the advantage in distribution of electric field over more
area of the channel as comparison to flat electrodes as shown in Fig. 13.
Electrodes with curved orientation are usually moulded in an arc with
some specified radius or in elliptical manner (Khoshmanesh et al.,
2010).

Overall curved electrodes design can be utilised in such a manner
that its sharp electrode corners provide better cell focusing and curved
shapes provide better cell isolation. A typical curved electrode-oriented
design has been utilised by K. Khoshmanesh et al. (Khoshmanesh et al.,
2010) where curve has been provided at a radius range of
2300 pm-3200 pm. The electrode curve in reducing manner making an
arrow can be utilised for cell alignment/focusing and curve in opening
manner for better isolation of cells. The design parameters of devices
introduced by K. Khoshmanesh et al. (Khoshmanesh et al., 2010) and J.
H. Nieuwenhuis et al. (Nieuwenhuis et al., 2005) are shown in Table 4.

4.5. 3D electrode orientation

3D electrodes orientation is one of the most efficient designs for
performing cell trapping (Iliescu et al., 2004), (Iliescu et al., 2008),
caging (Muller et al., 1999), separation (Wang et al., 2009), (Muller
et al., 1999) but lack in simplicity of design structure. Devices with this
sort of complex electrode designs involve much rigorous process of
fabrication with complicated mask designs. Although a 3D electrodes-
oriented design can solve all the purpose of cell handling and can be
implemented for Lab-on-chip. Cell focusing with multiple electrodes
can perform cell alignment at the centre of the flow. 3D electrodes also
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(b) Electric field distribution in curved electrodes (Khoshmanesh et al., 2010).

provide the DEP effect over entire channel height so dead zone of
electric field can be avoided. A 3D electrodes oriented device structure
is presented in Fig. 14 where cells have been handled by funnel (pre-
liminary focusing), aligner (aligning), cage (trapping for single cell
analysis), funnel (focusing) and switch (sorting) in a systematic ap-
proach.

T. Miiller et al. in 1999 presented that with the use of 3D electrode
oriented microfluidic MEMS flow cytometer device with funnel, aligner
and switch element type structure, it is possible to handle and cage
single cell from a large population of cells where every cell can be
controlled individually. The device has been experimented by gen-
erating electric field with multiple voltage and frequency combination
for different manipulation stage. Cell focusing was achieved in voltage
range of 5-11 V,,, (rectangular AC) at 5-15 MHz operating frequency
and alignment of cells has been achieved at 5-15 MHz Single cell ma-
nipulation and caging in a star shaped electrode orientation are
achieved at electrodes excited at 5-10 V,, with 5-15 MHz frequency
range same as focusing as shown in Fig. 15.

This Device performed focusing action at 300 ums~ ' and Caging
against laminar flow of 40-200 ums~!. Overall cell manipulation has
been achieved at 3500 ums~'. In a similar 3D electrode cytometry
design by the C. Iliescu et al. multiple cells trapping is achieved using n-
DEP in 10-13s time of operation as shown in Fig. 16. Design para-
meters of devices with various 3D electrode orientations are presented
in Table 5.

5. Summary and conclusion

The impact of electrode dimensions and design orientations on
dielectrophoresis force which can be utilised for micro cell manipula-
tion including dragging, caging, focusing and sorting have studied.
Basic phenomenon of cell handling process depends on dielectric
properties of cells and the medium in which cells are suspended.
Appropriate dragging force by DEP can be generated with the various
electrode designs and the overall manipulation is greatly impacted by
the parameters which are discussed in section III. Tapered electrode
orientation can be utilised for cell manipulation which includes cell
focusing and cell dragging in a particular direction using electrodes
slanted at an appropriate angle. High throughput can be achieved by
utilising the complementary combination of hydrodynamic focusing
with specific Reynold's number and dielectrophoresis effect. This
combination of fluid hydrodynamics and dielectrophoresis resulted in
efficient cell sorting performance at even higher flow rates.

It should be noted that it is very important to align all the cells at
centre of the channel as cells flowing in aligned manner will experience
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Fig. 14. Schematic of a 3D Micro-electrode oriented DEP sorting device (Muller

Fig. 16. Multiple cell trapping achieved by n-DEP (Iliescu et al., 2004).

Fig. 15. Single Cell Caged by dielectrophoretic forces (Muller et al., 1999).
uniform force. If cell which is to be experience the p-DEP is flowing in

channel near to the weak electric field region would require high DEP
forces as comparison to the same cell flowing at centre of the channel.

Similarly cell which is to experience the n-DEP is flowing in channel
near to the strong electric field region would require relatively high
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= = = DEP forces as comparison to the same cell flowing in centre stream line
g 5 2 = of channel. Moon et al. have shown that a tapered oriented electrodes
N %3 g % § g g i g can be utilised for similar purpose in order to achieve higher separation
5 Ec 58 g8f£8 efficiency.
» Higher separation efficiency can also be achieved with the help of
% - c - electrodes in interdigitated orientation working as a channel walls as
'—g 2E = g electrodes working as walls overcome the problem of electric field dead
S - o -
2 3 ‘g 5'5 S zone also if electrodes as walls utilised for cell focusing more number of
© Iy
83)’ g8 £ B cells will be able to align themselves at central plane (vertically) which
g f ; ] 8 will improve the throughput as well as separation efficiency. But here
& 5 E s = 5 cost of the electrode material will increase as the deposition of metal
5 0 =) . . . .
% g2 Tg) - - = = will be considerably high as comparison to the electrodes for coplanar
Sgl|? E 5% % ?og orientation, where electrodes are formed on bottom surface of the
g R g5 & 8 £z channel but in that case device will have to trade of with electric field
é 8| 3 § E g g é § dead zone problem. Electrodes formed on bottom floor of the channel
L) Lo
with higher amount of metal deposition may avoid the dead zone
% B problem but there exist the flow issue as shown in section 4.3.
[ S o a
= g g o
[} < 2 i3]
b z o8 B 6. Future prespective
5] =) g % presp
2 A 8 s =
S o5 » S -
> g ) 5] o
ﬁ éf’ 2 E % % It is always been a research problem to achieve higher throughput
% %QE ‘%5 g g with higher separation efficiency and efficient cell manipulation at
= E & = (7] Q . . . . . . . .
K| g g £Eg 2 2 considerable low cost, if the electric field distribution can be increased
o 9 . . . .
S 2 3? 22 B B over channel area where cell trajectories are expected separation effi-
g ciency can be improved. Curved electrode with sharp tip generates
3 S .
§ g ° strong DEP effect on large area so that cells can experience DEP force
A - ol . . . . . .
o = B = z for more channel distance this increases the separation efficiency con-
E & 5 = 253 siderably. Multiple curved electrodes with multiple outlets using tri-
L L )
= = E E 5 %1% angular and tetrahedral shapes (J. H. Nieuwenhuis et al. (Nieuwenhuis
3] © = «
28 <SE24%Z% = et al., 2005)) can serve high throughput without hampering the cell
=} 2o = . . . . .
é 2 E EQ é E‘ = separation efficiency which further leads to prevention of cells from
3 = s - .
By ES ; ERE-N thermal effect or joule heating. Although most of the electrode or-
e £ E £ é £ g 'E é s ientation serve the cell manipulation with good impact but to solve the
2 'g- 5 'g- & é ’%_: & <§ problems in compatibility with healthcare sector in market the lab-on-
s £% £28£%E83 chip device for overall cell handling processes like trapping, aligning,
sorting, single cell caging and disease detection have to be implemented
5 5 with complex three dimension electrode with biocompatible environ-
= “ z ment. A good attempt has been made by T. Miiller et al. in 1999 (Muller
9 t:‘ 2 2 3 et al., 1999) to achieve all the manipulation problems but technology
g b+ v - . . . . . .
¢ g5 _ o . 2 still strives for a complete Lab-on-chip device which can be im-
2 8 2 8 . . . . .
'g s £ ' g g o plemented to diagnose the diseases occurring due to infectious cells &
2 ﬁ g - 2 Zg blood cell destruction. Good attempts are proceeding in the healthcare
- §E g f E sector by magnetophoresis using ferrogels but synthesis of these ferro-
w = ! ! o
tl 8 3T e E § § 8 gels and magnetically engineered micro-capsules for guided drug de-
=
3 g g g E = i g livery requires specialized resources and complex study of parameters.
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