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Abstract
The trapping andmanipulation of single and small numbers of cells is becoming increasingly
important for the development and understanding of cell biology, disease predication and disease
diagnostics. In the present work, we developed two dielectrophoresis (DEP) basedmicrofluidic
devices, both embeddedwith three-dimensional (3D)microelectrodes. Thefirstmicrofluidic device is
used for the trajectory switching of cells. The second is a singlemicrofluidic platformused for cell
concentration, trapping of single, two cells (doublets) and three cell clusters (triplet). Red blood cell
(RBC) trajectory switching to different outlets was achieved by applying 20Vpp at 1 kHz to the 3D
microelectrodes. RBCpre-concentration and trappingwas realized by applying 10Vpp at 5MHz.
During RBC trapping at 5%hematocrit, a trapping efficiency of up to 84%was achieved for doublets
and triplets, and at 1%hematocrit, a 67% single cell trapping efficiencywas obtained. RBC trajectory
switching takes place in∼2 to 4 s and cell trapping in∼8 to 10 s following the application of electric
field.We performed simulations on comparable 2Dplanar and 3Dmicroelectrodes which confirmed
that 3Dmicroelectrodes supportmore uniformparticlemanipulation throughout the channel height
direction.

1. Introduction

Microfluidics has become a crucial tool for the study
of both individual and small clusters of cells. Micro-
fluidic cell manipulation studies, enabled by the
trapping andmanipulation of cells with high temporal
and spatial resolution, have been critical in unveiling
new insights into how cells interact and communicate
with each other. Cell traps have been employed to
detect and measure ribonucleic acids [1] and proteins
[2, 3] in single cells, perform cell pairing and commu-
nication studies [4–6] and to conduct high-through-
put screening [7, 8]. A comprehensive understanding
of cell behavior and cell communication is necessary

for creating new drugs, personalized medicine and
targeted disease therapies [9].

Single cells have conventionally been produced
using manual techniques such as the micromanipula-
tion or serial dilution of cell suspensions [10], however
advances in instrumentation and microfabrication
have enabled the development of alternative methods.
These offer improvements including superior selective
discrimination of cells, lower sample volume require-
ments and opportunities for parallel operation,minia-
turization and automation. As a result, a much wider
body of research utilizing single cells, or small clusters
of cells can be facilitated. As an example, one group
used fluorescence microscopy to explore cell and sub-
strate interactions in single bacterial cells [11].
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Through image analysis they could identify both for-
mation and timing of substrate adhesions, an outcome
that would not have been achievable using a general
cell population analysis. Another group used a dro-
plet-based approach to co-localize individual sus-
pended T-cells with dendritic cells [12]. This allowed
them tomeasure intracellular T-cell calciummeasure-
ments throughout a range of interactions with den-
dritic cells and so identify a heterogeneity in calcium
signaling responses. A microfluidic cell trapping
approach has been used to investigate the chemotactic
response of individual tumor cells [13]. This approach
further supported the selective retrieval of individual
post-assay cells for further characterization, a feature
that is often lacking in cell population-based chemo-
taxis assays.

The emergent ‘omics’ areas, including genomics,
proteomics, transcriptomics and metabolomics are
commonly applied to analysis of the whole organism
or derived cell populations [14]. Although capable of
yielding rich information, such broad approaches can
minimize the important contribution of both local
context and cell heterogeneity to function, with the
result that important information may be overlooked.
In recognition, ‘omics’ approaches are increasingly
being applied to single cells analysis. For example a
recent review [15] assessed the implications of whole
genome and transcriptome sequencing from single
cells, concluding that single cell sequencing may have
an important role to play in future point-of-care diag-
nostics. Others recognize that there will need to be an
improvement in cell trapping and separation techni-
ques if the area of single cell genomic sequencing is to
progress [16].

Cell manipulation has been demonstrated using a
variety of techniques [17]. These can be divided into
two broad categories; passive patterning, via the
mechanical or chemical interaction of cells with a sub-
strate or structure; and active patterning, whereby an
external source of energy is used to arrest or trap cells.
The quantitative analysis of a wide range of cellmanip-
ulation and immobilization techniques have been
reported previously [18, 19].

Passive mechanical trapping of cells has been
achieved using ‘sieve’ microstructures. These are
designed on a similar scale to individual cells to enable
the capture of cells undergoing sedimentation under
gravitational force [20]. Other passive approaches
exploit interactions between cells, microstructures,
and hydrodynamic flow in order to trap and immobi-
lize cells from suspension for further studies [21].
While passive mechanical approaches can be used to
effect the immobilization of large numbers of cells,
care must be taken to minimize cell damage by factors
such as shear stress [22].

Alternate passive patterning techniques involve
the specific engineering of surface properties through
localized biochemical or chemical deposition. Techni-
ques including microcontact printing enable the

creation of zones that can promote or reduce cell
adhesion [23, 24]. Similar zones can also be created
through techniques like selective UV exposure
through stencils ormasks [25].

These patterning techniques necessitate prior
preparation of the substrate for capture. Although
capable of capturing cells under continuous flow con-
ditions, (such as those encountered in pumpedmicro-
fluidic devices) a limitation is that it can be difficult to
subsequently manipulate any cells trapped using these
systems.

The alternative approach to passive trapping is the
use of an external energy field to trap cells. Sources of
external energy fields can include optical, acoustic,
magnetic and electrical; especially dielectrophoresis
(DEP)Methods of micropatterning and manipulation
of cells for biomedical applications [26]. Optical cell
trapping uses the energy supplied from a strongly
focused laser beam to exert a trapping force on parti-
cles. These can range from biomolecules at the mole-
cular level, to cells at the micron scale [27]. Although
often used to perform trapping and spatial manipula-
tion on single cells [28, 29], the principle can also be
adapted to separate heterogenous cell types [30]. An
acknowledged disadvantage of optical trapping is a
photodamage-induced reduction in cell viability [31].

Acoustic fields, often created by piezoelectric sur-
face acoustic wave (SAW) transducers [32], have been
used for cell trapping and patterning. The ability to
microfabricate these transducers favors their integra-
tion into microfluidic devices. In SAW devices, multi-
ple transducers can focus cells into spatial
arrangements based on the interaction of flowing cells
with the standing waves and nodes induced within the
microchannel [33]. By modulation of transducer fre-
quency and power it is possible to manipulate cell
positioning following trapping [34].

Magnetic fields have been used to exert a trapping
force on cells. In most cases the cells must be rendered
susceptible to the magnetic field through use of a field
sensitive label. In one example, magnetite-containing
liposomes were used as cell labels via electrostatic
interaction with the cell membrane [35]. While effec-
tive for patterning, the need to pre-label cells of inter-
est is a disadvantage of the technique. As an alternative
capture method, Zhang et al captured super-
paramagnetic micro-beads on a paramagnetic nickel
array following prior activation by an external magn-
etic field. These beads bore the cell-specific proteins
that enabled the subsequent capture of unlabeled
A549 cancer cells [36].

DEP is an effective tool for manipulating bio-
particles automatically and quickly to prepare biologi-
cal samples [37]. DEP is the motion of polarizable
particles subjected to a non-uniform electric field
which offers a versatile way to manipulate biological
particles with no moving parts. This technique has
been widely demonstrated for cell positioning, cell
separation, cell concentration, cell trapping and cell
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patterning [38–41]. Most microfluidic devices for
DEP-based cell manipulation make use of planar ‘2D’
microelectrodes that are typically fabricated by depos-
iting∼tens of nanometer-thick metallic layers on sub-
strates, whilst microfluidic channels are typically tens
of microns in height to allow micron-sized biological
cells to pass through them. The non-uniform electrical
field generated by planar electrodes has been observed
to rapidly decay from the electrode surface along the
channel height direction, therefore, often only the par-
ticles close to the electrode surface can be effectively
manipulated. The particles which are ∼30 μm away
from the electrode surface are subjected to weaker
DEP force [42]. With planar electrodes, the incon-
sistent particle position along the height of the channel
has been observed to reduce the efficiency and accur-
acy of DEP manipulation; for example, Lewpir-
iyawong et al used cellular impedance measurements
using planar electrodes which required a complicated
3D positioning technique to ensure a consistent cell
translocation through these planar electrodes [43].

Microfluidic DEP devices embedded with 3D
microelectrodes with a thickness identical or compar-
able to the height of microfluidic channels can gen-
erate non-uniform electric fields along the channel
height. The use of 3D electrodes can thus improve the
efficacy of DEP based particle manipulation in various
applications, for example particle positioning [44, 45],
bio-particle trapping [46], [47], particle electro-rota-
tion [48, 49] and cell separation [50–52]. 3D electrodes
have also been found more advantageous than planar
electrodes in impedance cytometry for biological cell
sensing [53]. Wang et al used metal electrode deposi-
tion and electroplating techniques to fabricate electro-
des for particle switching [54] and cell separation [55].
Lewpiriyawong et al used a conductive silver/PDMS
(AgPDMS) composite to separate submicron particles
in hydrodynamic flow [56]. The 3D microelectrodes
were inserted into the PDMS electrode chambers
manually under the microscope used for cell separa-
tion [57]. The use of 3D electrodes significantly
reduced the positional dependence of cell transloca-
tion and prevented the requirement of complex 3D
positioning [58]. All these methods have used compli-
cated electrode preparation methods and employed
sidewall 3D electrodes for particle/cell switching only.
In this work, we employed a microfluidic device
embedded with 3D electrodes made of a conductive
composite that is a mixture of low cost and commer-
cially-available silver conductive adhesive and carbon
nanopowder, as described previously by our
group [59].

We reported on a simple, straightforward and
cost-effective method for fabrication of three-dimen-
sional side-wall electrodes and demonstrated switch-
ing of polystyrene beads. However, switching of
polystyrene beads is only good to show the proof of
concept and a more ‘real-life’ application of the device
is realised when used for cell switching/manipulation.

moreover, some devices demonstrate a lower relia-
bility when used for real cellmanipulation application.

In this work, the design of the device is novel as a
single/versatile platform for multiple functions such
as particle/cell switching, trapping groups of cells,
singlets, doublet and triplets. This will be helpful to
analyse cellular information at the single-cell level and
cell-cell interaction studies. The proposed technique
can be used for trapping different type of cells and
RBC specifically. The experimental results are well
supported by numerical simulation. The presented
device/method in this paper thereby shows fairly
robust and flexible system.

We also present the simulation of DEP-induced
particle motion for both planar and 3D electrode con-
figurations. The microfluidic device was used to
actively manipulate RBCs using nDEP force generated
with embedded 3D electrodes. The experimental
demonstration is in good agreement with our numer-
ical simulation. The demonstration of RBC con-
centration, trapping and directional trajectory
switching shows the potential for whole blood manip-
ulation, demonstrating that the microfluidic device is
suitable for awide variety ofmicrofluidic applications.

2.Numerical simulation

To model our 3D electrode microfluidic device, we
initially consider a suspension of RBCs in an incom-
pressible Newtonian fluid. An alternating current
(AC) electric field is generated to simulate the RBC
motion in response to the DEP effect. The diameter of
a healthy RBC is about 7 μm (when modeled as a
spherical particle), which is much larger than the
thickness of electric double layer (EDL) that is typically
on the order of tens of nanometers. There is small
error induced by assuming a spherical geometry for
RBC while doing simulation. The size and shape of
spherical particles are assumed to be uniform; their
electrical property is consistent and easy to handle.
However, in the case of red blood cells, the size varies
from 6.2 to 8.2 μm with biconcave shape, having
different electrical properties. The DEP force is
proportional to particle size and RBC would experi-
ence slightly different DEP force duringmanipulation.
The assumed spherical size in the simulation is 7 μm,
which is reasonable approximation. Moreover, the
variation in size and surface conductance also play a
key role in change ofDEP crossover frequency[60].

Therefore, the time-averaged DEP force acting on
a spherical particle subjected to a spatially non-uni-
form electric field can be expressed as,

R fF E2 Re 1DEP p f CM rms
3 2p e= ( ˜ ) ∣ ˜ ∣ ( )

In the above equation, Rp is the particle radius,
f 2CM p f p fe e e e= - +˜ (˜ ˜ ) (˜ ˜ )/ is the Clausius-Mos-
sotti factor, where jf f fe e s w= -˜ / and

jp p pe e s w= -˜ / are, the complex permittivity of the
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fluid and particle respectively. εf and σf are the
permittivity and conductivity of the fluid, respectively.
Similarly, εp and σp are the permittivity and conduc-
tivity of the particle, respectively. w is the angular
frequency of the AC electric field. j 1= - is the
imaginary unit. The superscript ‘∼’ represents com-
plex variables. Erms∣ ˜ ∣ is the root mean square magni-
tude of the electric field within the fluid medium.

fRe CM( ˜ ) represents the real part of the complex
Clausius-Mossotti factor. When the particle is more
polarizable than the fluid medium, fRe 0,CM >( ˜ ) it is
attracted toward the region with a maximum electric
field, known as positive DEP (pDEP). In contrast, if
the medium is more polarizable than the particle,

fRe 0,CM <( ˜ ) the particle is repelled toward the region
with a minimum electric field, known as negative
DEP (nDEP).

Compared to microspheres synthesized from a
single homogeneous material, biological cells usually
show more complex DEP behavior due to the multi-
layered membrane and intracellular structures. For
simplicity, biological cells are generally approximated
as a single-shell dielectric model that represents cell
cytoplasm surrounded by a membrane. Thus, the
complex permittivity of a single biological cell is
approximated as,

2
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where d is the membrane thickness, mẽ and cẽ are the
complex permittivity of the cell membrane and
cytoplasm, respectively.

In order to determine the DEP force acting on sus-
pended RBCs, the quasi-static electric field is solved
based on the Gauss’s law because the net charge den-
sity is zero due to the thin EDL assumption,

0 3f fe Æ =· (˜ ˜ ) ( )

Here, fÆ̃ is the complex potential in the fluid that is
related to the electric field strength by E .f= -Æ˜ ˜
The Reynolds number of the fluid flow in the present
study is very low ( 1 ) and is in the Stokes regime,
therefore the fluid inertia can be neglected. As a result,
the fluid flow is governed by the continuity equation
and the Stokes equations,

u 0 4 =· ( )
and

p u 0 52h- +  = ( )

where u is the fluid velocity vector, η is the dynamic
viscosity, and p is the pressure. The motion of
individual RBCs is determined by

m
d

dt

v
F F 6p DEP Drag= + ( )

where mp is the mass of the particle, t is the time, v is
the particle velocity, and RF u v6Drag pph= -( ) is the
drag force from thefluid flow.

The developed numerical model was performed
by a commercial finite-element package COMSOL
(version 5.2, www.comsol.com). The quasi-static elec-
tric field and steady flow field were first obtained by
solving equations (3)–(5), based on these, both DEP
force and drag force could be determined. Subse-
quently, particles were uniformly distributed on the
channel inlet with zero initial velocity. By solving
equation (6), the velocity and trajectory of suspended
RBCs through the AC electric field can be numerically
predicted. Parameters used in the numerical simula-
tions are summarized in table 1 [61]. A similar numer-
ical model has been employed to simulate the effect of
DC DEP on particle motion in microfluidic chan-
nels [62, 63].

3.Device fabrication, working principle
and experimental setup

3.1. Fabrication of device embeddedwith 3D
electrodes
The fabrication procedure of the microfluidic devices
with 3D electrodes is based on our previous work [59]
is summarized and illustrated in figures 1((a)–(d)).
The microfluidic channels were fabricated using a
typical soft lithography process. Briefly, the master
mold for PDMSmolding was fabricated by patterning
SU-8 negative photoresist (SU-8 25, MicroChem
Corp., USA) on a silicon wafer. A PDMS mixture of
pre-polymer and cross linker at a weight ratio of 10: 1
was poured on the top of the master mold and
followed by a complete degassing. After curing at
90 °C for one hour, the PDMS with channel pattern
was peeled off and punched with holes for external
fluidic tubing connection. Finally, the PDMS was
bonded onto an oxygen plasma (Harrick Plasma Inc.,
USA) treated-glass slide to form closed microfluidic
channels.

We have fabricated two devices, one for RBCs pre-
concentration and trapping. The second one is for tra-
jectory switching of RBCs to different outlets. The

Table 1.Parameters in the numericalmodeling.

Parameter Value

Absolute permittivity of vacuum (F m−1) 8.8542×10−12

Relative permittivity of water/PBS 80

Relative permittivity ofmembrane 4.44

Relative permittivity of cytoplasm 59

Conductivity of water (S m−1) 1×10−4

Conductivity of PBS (S m−1) 1.4

Conductivity ofmembrane (S m−1) 1×10−6

Conductivity of cytoplasm (S m−1) 0.31

Radius of RBC (μm) 3.5

Thickness ofmembrane (nm) 5

Density offluid (kg m−3) 998

Density of RBC (kg m−3) 1099

Viscosity offluid (kg/(m.s)) 1.0×10−3

Inletflow rate (μl min−1) 0.1
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main channel for fluid flow and channels for electro-
des were fabricated by the soft lithography process.
After preparing the channels, subsequently, the con-
ductive mixture for the 3D electrodes was transferred
to a syringe and then injected into the electrode chan-
nels with a controlled flow rate. The electrode chan-
nels were fully filled by the conductive mixture and
cured with solvent evaporation to form a solid 3D
electrode. As reported in our previous publication

[59], carbon nanopowder used to increase the viscosity
of the conductive composite to precisely control its
flow in microfluidic channels when injected. The flow
is stopped 2 s before it reaches tip end of the channel,
solidify to form 3D electrode. The most important
control for the electrode is that it does not enter the
channel itself, so we took care to ensure this, thus the
slight variation in fabrication left the electrode

Figure 1. (a) Fabrication process of 3D electrodes for RBCmanipulation using the injection of conductive paste intomicrofluidic
channels. (b)Photograph andMicroscopic image of the fabricatedmicrofluidic device for RBC trajectory switching. (c) Fabrication of
3D electrodes for cell pre-concentrating and trapping device. (d)Photograph andMicroscopic image of the fabricatedmicrofluidic
device for RBCpreconcentration andRBC trapping. The electrodes are not fully reaching into the channel to prevent entry intomain
channel at high pressure.
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material a bit short of the electrode tip. The accuracy
of fabrication is nearly 95%.

3.2. Experimental setup
RBCs used in this study were separated from finger
prick blood samples, following informed consent,
taken from the pad of middle-finger, to demonstrate
the potential of our device for biomedical applications.
We used BD Genie Lancets for finger prick sample
following procedure recommended by manufacture.
The blood sample was further transferred to an anti-
coagulant (ethylenediamine tetraacetic acid, EDTA)
coated microcentrifuge tube. Red blood cells were
separated from the blood samples by centrifugation
and re-suspended in PBS (Phosphate Buffered Saline)
buffer, at a fixed hematocrit of 10%, 5% and 1% for
cell trajectory switching/preconcentration, doublet/
triplet trapping and single cell trapping respectively.
Cells were immediately used for DEP-based cell
manipulation experiments.

To prevent cell adhesion onto the channel wall, the
main microfluidic channel was washed by 1% surfac-
tant, Pluronic F-127 (Sigma-Aldrich Pte. Ltd, Singa-
pore) in PBS buffer solution for 30 min. The RBC
suspension was gently agitated by sonication to
achieve a uniform dispersion, and then introduced
into the microfluidic device using a syringe pump
(New Era Pump Systems, USA). The electric field for
cell manipulation was generated by applying an AC
signal from a function generator (Tektronix, USA)
amplified by a power amplifier (OPHIR RF, USA) to
the 3D electrodes. In this study, we used voltage in the
range of 10 Vpp to 20 Vpp and frequency in the range
of 1 kHz to 5 MHz. An oscilloscope (Tektronix, USA)
was used to check the amplified electrical signals. RBC
motions in response to the applied AC electric field
were captured and recorded by a CCD camera instal-
led on amicroscope (LeicaMicrosystems, Germany).

3.3.Working principle
RBCs re-suspended in the PBS are introduced into the
microfluidic device employing a syringe pump, from
the inlet, as a continuous flow (figure 2). Before
entering the AC electric field region generated by the
3D electrodes, RBCs are randomly distributed across

the channel. nDEP response is employed to repel the
RBCs away from the 3D electrodes towards region of
minimum electric field for trajectory switching, pre-
concentration andRBC trapping.

It is clear that the value of Clausius-Mossotti fac-
tor, depends on the frequency of applied field, con-
ductivity, permittivity of the particle and medium. At
low frequencies, conductivity dominates and at high
frequency permittivity is a predominant factor. When
the complex permittivity for the cell is lower than that
of medium, calculated using equation (2), giving rise
to a negative Clausius–Mossotti factor and particle
undergo nDEP analogues to response of RBC in PBS as
represented in figure 3. On the other hand, When the
complex permittivity for the cell is higher than that of
medium, giving rise to a positive Clausius–Mossotti
factor and particle undergo pDEP, analogues to
response of RBC inDIwater as shown infigure 3.

In the RBC trajectory switching device, four 3D
electrodes are embedded on either side of the main
microfluidic channel (2 on each side, as shown in
figure 2(a)), perpendicularly, to generate non-uniform
AC electric fields. When 3D electrodes on one side
only, of the microfluidic channel are actuated, the
nDEP response pushes all the flowing RBCs towards
the other side of the microfluidic channel and accord-
ingly switches the trajectory of RBCs. When all the
four 3D electrodes are actuated to generate a

Figure 2.Working principle of theDEPdevice: (a) focusing randomly distributed RBCs due to nDEP effect generated by 3D electrodes
(b)deflection of cells due to nDEP effect (c) trapping of RBCs due to nDEP effect generated by 3D electrodes.

Figure 3.Real part of theCM factor of RBCs suspended inDI
water and PBS solution.

6

Biomed. Phys. Eng. Express 5 (2019) 055003 SVPuttaswamy et al



symmetric electric field with respect to the centerline
of the microfluidic channel, the minimum electric
field is presented along the centerline. As a result,
RBCs are concentrated near the centerline and the tra-
jectory is switched to themiddle outlet.

In the RBC pre-concentration and trapping
device, electrodes are embedded along the side elec-
trode channels, on either side of main channel. The
design features, 4 μm wide periodic electrode inlets at
every 33 μm (figure 2(b)) along the channel, which act
to repel cells as represented in figure 2(c). The device
pre-concentration principle uses the nDEP force,
applied with specific voltage and frequency to repel
cells towards the region of low field strength, effec-
tively concentrating them in that region.

We present two different applications in
figures 2(b) and (c). In figure 2(b), cells are repelled,
and continue moving along the channel, whilst in
figure 2(c) the cells are trapped or immobilized on the
channel wall. If the flow rate is more than 0.01
μl min−1, the cells are repelled but are not trapped in
the region as shown in figure 2(b). This is because the
hydrodynamic force is sufficient to continue displa-
cing the cells along the channel.

Cells can be pre-concentrated and trapped in the
minimum electric field region based on the cell con-
centration, with a low flow rate of 0.01 μl min−1 as
represented figure 2(c). This can be extended to trap a
desired number of cells by reducing the concentration
of cells such that the desired number are present in the
length of each periodic electrodes. For example, at 1%
hematocrit, the average number of cells in the length
between each inlet (33 μm) is around 1; thus, a single
cell is trapped upon application of the DEP force. We
used hematocrit of 10%, 5% and 1% to pre-
concentrate cells, to trap doublets/triplets and doub-
lets/single cell respectively.

4. Results and discussion

4.1. Comparison between planar electrode and 3D
electrode
The developed numerical model was used to demon-
strate the difference in DEP-based cell manipulation
using planar electrodes, as compared with 3D electro-
des. Figure 3 shows the real part of the complex
Clausius-Mossotti factor of RBC against the frequency
of the AC electric field that was calculated based on the
given parameters listed in table 1. RBCs experience
pDEP and nDEP in DI water and PBS buffer solution,
respectively. To maintain the same osmotic pressure
inside and outside the RBCs, PBS buffer solution was
used in the following numerical simulation and
experimental demonstration.

3D modeling was performed to compare the elec-
tric field generated by planar electrodes (figure 4(a))
and 3D electrodes (figure 4(b)). For simulation pur-
poses, the geometry and location of the electrodes is

kept consistent in the two simulations and only the
height of the electrodes is varied: in the planar electro-
des the height is analogous to a typical thin-film elec-
trode (200 nm) and the 3D simulation shows
electrodes of the entire channel height (70 μm). This
study is used to show how the gradient of the electric
field square distribution is more uniform in 3D elec-
trodes than planar electrodes of comparable
dimensions.

The geometry and dimensions of 2D and 3D elec-
trodes used for COMSOL simulation corresponds to
the microfluidic device used for cell trajectory switch-
ing as represented in figure 1(a). The width of the elec-
trode is 100 μm denoted by w, the electrode height is
200 nm for the 2D electrode denoted by h, the distance
between two successive electrodes is 80μmdenoted by
d and the height of the microfluidic channel is 70 μm
denoted by H. The end faces of the cuboid with smal-
lest area are fluid inlet and outlet boundaries as shown
in figure 4(a). The simulation includes laminar flow,
particle tracing and electric field distribution. An elec-
trically insulated boundary condition was applied to
the insulator structure between the electrodes and also
to the fluidic inlet and outlet boundaries. An initial
electric potential of zero volts was applied to the elec-
trodes. The no-slip condition was applied to fluid
flow, and the no-bounce condition to particles, at the
wall surfaces. For particle tracing, the freeze wall con-
dition was applied at the outlet, which means the par-
ticles remain frozen at the point where they leave the
channel outlet.

The AC signal for electric field generation applied
on the electrodes is 10 Vpp at 1 kHz. The electric field
generated by the planar electrodes is highly non-uni-
form along the channel height, with a strongly con-
centrated field in the electrode vicinity, that decays
rapidly away from the surface of planar electrodes
(figures 4(c) and (e)). The cells which are in the vicinity
of ∼10 to 20 μm from the electrode surface are sub-
jected to significant DEP force, whilst cells which are
outside this zone are subjected to a much weaker DEP
force as shown in figure 4(e). When the cells are out-
side of this concentrated zone (greater than ∼30 μm
away from the electrode surface) the DEP force is sig-
nificantly lower, which reduces the particle manipula-
tion efficiency. In prior work simulating DEP force in
a microchannel generated by 2D electrodes, Tay et al
[64] reported that the DEP force decays exponentially
along the height of the channel, away from the surface
of planar electrode, and we observed a similar trend in
our simulation result. However, the gradient of the
electric field square generated by the 3D electrodes is
more consistent along the channel height (figures 4(d)
and (f)). All the cell samples are subjected to a con-
sistent DEP force irrespective of their position along
the channel height. Once the electric field is deter-
mined, the DEP force acting on the suspended RBCs
can be calculated based on equation (1). Figure 4(e)
shows that the nDEP force tends to push particles
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away from the planar electrodes, and the force magni-
tude decreases when moving away from the planar
electrodes.

As a result, cells experience a varying DEP force
based on their position in the channel and are levitated
to a different height. Figure 4(f) shows the nDEP force
arising from 3D electrodes; the uniform force through
the channel height H acts to concentrate cells in the
middle of the channel, and the force magnitude is
nearly consistent at different channel heights. Next, in
the channel with planar electrodes, RBCs are levitated
away from the electrode surface towards the upper
channel wall, figure 4(g), showing no lateral focusing
capability. In order to implement lateral focusing, pla-
nar electrodes have to be patterned on both the top
and bottom channel walls, which however requires
sophisticated alignment processes during device

fabrication [65]. In the channel with 3D electrodes,
RBCs at different heights experiences nearly identical
nDEP force toward the middle of channel, and are
thus concentrated along the centerline of the channel
(figure 4(h)). In addition, one important feature of this
device with 3D electrodes is the creation of strong ver-
tical DEP force (due to nDEP) that overcomes the
buoyancy force and levitates the particle/cell away
from electrode surface. Meanwhile, the centre of the
channel become the stable equilibrium point, and cells
will become focussed at the middle of the channel,
resulting in vertical alignment.

One of the main limitations with 2D electrodes in
DEP-based cell manipulation is heat generation,
affecting the viability of biological samples [45]. With
2D planar electrode, because of small volume, applied
electric field results in a large power density in the fluid

Figure 4.Electric field generated by planar electrodes (a) and 3D electrodes (b) inside amicrofluidic channel. Lines and color levels
indicate the streamline andmagnitude of the electric field, respectively. Electric field on the cross-section of the channel generated by
planar electrodes (c and e) and 3D electrodes (d and f). Arrow represents the direction of the nDEP force, and the arrow length
represents the forcemagnitude. Particle trajectories resulting from the nDEP effect generated by planar electrodes (g) and 3D
electrodes (h).
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surrounding the electrode, especially near the edge of
the electrodes. This results in a steep temperature
increase in the conducting medium. One of the meth-
ods to increase theDEP force acting on cells away from
the electrode surface is to increase the applied voltage.
However, increasing the voltage can result in Joule
heating and subsequent formation of bubbles at the
electrode edges. This problem may be mitigated by
employing 3D electrodes as previously reported by
Tay et al [63]. On the other hand, with 3D electrode
system, because of large (surface area) volume, the
power density is less in the fluid surrounding the elec-
trode for the same applied electric field. The joule eat-
ing effect of 3D electrode system is 8–10 times lower
than in the 2D electrode system, making the device
safe for biological samples.

4.2. RBC trajectory switching
In biomedical microfluidic devices, the ability to
switch the trajectory of micro particles and cells to a
desired location can be used to perform operations
such as such as washing, functionalization and med-
ium exchange. Previously DEP has been used to both
focus and subsequently manipulate a stream of
focused micro-particles to achieve cell washing [66].
For example, Tarn et al [67] showed how force can be
used to manipulate the trajectory of micro- particles
into different liquid streams within a microchannel,
and thereby consecutively pass particles through two
reagents and a washing solution. Washing of small
particles has previously been demonstrated using
Travelling Surface Acoustic Waves (TSAW) [68].
TSAW was used to manipulate hydrodynamically-
focused polystyrene microspheres within a micro-
channel, such they could be washed and switched to
different streams based on size. Using RBCs, Augusts-
son et al describe the use of an ultrasonic standing
wave tomaintain a focused RBC stream past a series of
cross-flow streams, enabling the gradual change of
buffer [69], while allowing recovery of nearly 60% of
cells. In this study, we have demonstrated the use of
DEP to gain fine control over the positioning of RBCs
within a continuous flow.

We have reported on particle trajectory switching
using a similar device and technique in our previous
work [59]. In the present work, we demonstrated cell
trajectory switching using the microfluidic device
embedded with 3D electrodes. We first used the devel-
oped numerical model to simulate the RBCmotion in
response to different electric field configurations. In
the simulation, RBCs are uniformly located at the inlet
of the channel. Subsequently, RBCs are released at
zero velocity and driven through the electric field
region at a flow rate of 0.1 μl min−1.When the AC sig-
nal, 20 Vpp at 1 kHz, is applied on the 3D electrodes
(we did so for a total of 60 s) on one side of the channel,
an asymmetric electric field is generated across the
channel. As the maximum electric field is near the

electrode, the resulting nDEP force repels the flowing
RBCs toward the other side of the channel
(figure 5(a)). When the same AC signal is applied on
the 3D electrodes on both sides of the channel, a sym-
metric electric field, with respect to the centerline of
the channel, is generated. Due to the field symmetry,
the nDEP forces from both sides are balanced along
the centerline, where RBCs are concentrated
(figure 5(b)). The COMSOL simulation demonstrates
that RBCs could be positioned in specific lateral
regions across the channel by applying different elec-
tric fields, enabling the active trajectory switching
of RBCs.

Figure 6 shows the trajectories of flow-through
RBCs and real RBCs in the developed microfluidic
device with three outlets. When the electric field is off,
RBCs are randomly distributed across the channel and
flow equally through to all the three outlets
(figures 6(a) and (e)). When a symmetric electric field
is generated by applying 20 Vpp at 1 kHz, using all the
four 3D electrodes, RBCs are concentrated along the
centerline, referring to the central focusing. The nDEP
force acting on the RBC calculated to be ∼6×10−10

N with the application of 20 Vpp at 1 kHz. Because of
the laminar flow condition, RBCs flow to the middle
outlet (figures 6(b) and (f)). When the electric field is
generated by the lower two 3D electrodes (figure 2(a)),
RBCs are deflected upward and thus switched to the
upper outlet, referred to as ‘upper focusing’
(figures 6(c) and (g)). In contrast, RBCs are switched to
the lower outlet by actuating the upper 3D electrodes
(figure 2(a)), referred to as ‘lower focusing’
(figures 6(d) and (h)). In our experiment, we observed
the RBC trajectory switching at 0.1 μl min−1

flow rate,
for a period of 1 min. For this experiment the initial
concentration of the cells was 1×105 cell ml−1. The
switching efficiency of the device can be defined as
using the percentage of the cells switched from the
total amount of the cells flown through the micro-
channel. In this time, we observed that all the cells
switched trajectory to reach the intended outlet
(figures 6(e)–(h)) and RBC trajectory switching effi-
ciency was∼100% as all the cells are subjected to equal
DEP force along the height of the channel. The numer-
ical simulations are in good agreement with the exper-
imental observations with nearly 100%RBC trajectory
switching efficiency in a short time span of∼2 to 4 s.

4.3. RBCpreconcentration and cell washing for
sample preparation
To demonstrate the applicability of the device, we have
employed the fabricated microfluidic device
(figures 1(c), (d)) for a wide range of cell manipulation
applications. The width of the main channel is ∼30
μm to enhance DEP effect, the width of the electrode
channel is ∼50 μm. The gap between electrode
structure is kept as∼4μmto prevent entry of electrode
material into the main channel. RBCs were injected
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into the main microfluidic channel with a continuous
flow input with a low flow rate of 0.01 μl min−1. The
flow rate used in this experiment is low for high
throughput applications. However, the proposed

method is more suitable when sensitivity is more
important than high throughput. When the flow rate
is high, the hydrodynamic force will dominate which
will significantly reduce trapping efficiency. When the

Figure 5. Simulated trajectories (solid lines) of RBCs initially distributed across the channel uniformly. (a)Asymmetric electricfield
generated by two 3D electrodes on the lower side of the channel. (b) Symmetric electricfield generated by four 3D electrodes on both
sides of the channel. Color levels and arrows indicate themagnitude of the electric field and the direction of the nDEP force,
respectively. The appliedAC signal is 20Vpp at 1KHz. The flow rate of the RBC sample is 0.1μl min−1.

Figure 6.RBC trajectory switching at different electric fields. Images in thefirst and second rows show the numerical simulations and
experimental observations, respectively. Solid lines in the simulation results represent the trajectories of RBCs uniformly distributed
across themain channel. (a) and (e)Randomdistribution of cells entering all the three outlets in the absence of electric field. (b) and (f)
Central focusing (Outlet II)with the generation of symmetric electric field by four 3D electrodes on both sides. (c) and (g)Upper
focusing (Outlet I)with the generation of asymmetric electricfield generated by two 3D electrodes on the lower side. (d) and (h) Lower
focusing (Outlet III)with the generation of asymmetric electricfield generated by two 3D electrodes on the upper side. The applied AC
signal is 20Vpp at 1KHz. Theflow rate of the RBC sample is 0.1 μl min−1.
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AC signal of 10 Vpp at 5 MHz, is applied on the 3D
electrodes, an asymmetric electric field is generated
across the channel. The randomly distributed cells
were repelled away and forced to accumulated along
the opposite channel wall in∼8 to 10 s by the balanced
forces contributed by the field-induced DEP and the
hydrodynamic force as represented infigure 7(b).

Previous work on DEP based cell sorting/cell
separation applicationwith 2Dplanar electrode repor-
ted applied voltage in the range of ∼8 to 10 Vpp and
frequency in the range of 10 kHz to 50 MHz [70–72].
However, the holding force is strong enough to keep
the cells trapped in position along the channel height
using the 3D electrode. This may not be possible with
planar electrodes due to the rapid decay of DEP force
away from the electrode surface. The proposed techni-
que could also be employed for separating plasma
which is rich in various biomarkers such as proteins
and metabolites from whole blood. This would tre-
mendously help in rendering of lab-on-a- chip and
point-of-care biomedical microdevices towards the
clinicalmarket.

4.4. Single, doublet, and triplet RBC trappingwith
different cell count
In figure 7, we show how different groupings of cells
were concentrated and trapped using the device. We
measured the ability to isolate a given number of cells,
by applyingDEP force at different RBC concentrations
and counting the number of cells at a specific location.
In figure 7(a), RBCs at 10% hematocrit are flowed
along the channel with a flow rate of 0.01μl min−1 and
the application of nDEP causes the pre-concentration
of a high density of cells in regions of low electric field
strength as shown in figure 7(b). Cell trapping was
employed using a flow rate of 0.01 μl min−1 with a
RBC concentration of 5% hematocrit, shown in
figure 7(c); this roughly equates to a distribution of
around 2 to 3 cells per 33 μm length of the channel.
When an optimized AC electric field of 10 Vpp at 5
MHz, is applied on the 3D electrodes, an asymmetric
electric field is generated across the channel. The cells

are repelled away and are trapped as doublets/triplets
along the opposite channel wall by the force contrib-
uted by the field-induced DEP (figure 7(d)). At 5%
hematocrit: 13 separate agglomerations were trapped
of which 15% were singlets, 31% were doublets and
54% were triplets, at each trapping ‘site’, located at
every ∼33 μm along the ∼400 μm channel. The
hydrodynamic force of thefluidflow along the channel
is not sufficient to remove the cells from the ‘trapped’
position on the channel wall and they remain static
whilst the DEP force remains. To trap doublets/single
cells, a flow rate of 0.01 μl min−1 was used with a RBC
at 1% hematocrit, figure 7(e). Predominantly single
cells, figure 7(f), were trapped onto the channel walls
by the DEP force. At 1% hematocrit, 6 separate
agglomerations were trapped in the measured, with
67% were trapped as singlets and 33% as doublets.
Whilst the device does not guarantee completely
homogenous numbers of trapped cells, there is a
reasonable change of agglomeration numbers that
would enable study of single cells or doublets/triplets
as desired. Single/doublet trapping takes place quickly
in 2∼3 s and doublet/triplet trapping takes 6∼8 s.

Furthermore, the ability to trap agglomerations of
doublets and triplets can be used to study cell beha-
viour under different aggregating conditions. For
example agglomerations of doublets and triplets may
be used to study cell-cell adhesion [73] and contacts,
for example Mao et almeasured how cell-cell contacts
affect different stages of osteogenesis of mesenchymal
stem cells [74]. Trapping single RBCs is important to
evaluate biomechanical alterations [75], oxygen affi-
nity and deformability under healthy and diseased
conditions. Assessing cellular modifications and chan-
ges in RBC properties at the single cell level provides
an effective platform for detection and monitoring of
various diseases.

In addition, singlet/doublet/triplet cell trapping
efficiencywas investigatedwith respect to applied volt-
age and flow rate of the sample at 5% and 1% hemato-
crit. The figure 8(a) shows the influence of applied
voltage on trapping efficiency. The flow rate and the

Figure 7.Experimental demonstration of RBC trapping for analysis at single cell level and bulk level. (a)Randomdistribution of RBC
at 10%hematocrit (b) trapping of bulkRBC to separate it fromplasma (cell washing) (c) randomdistribution of RBC at 5%hematocrit
(d) trapping of doublet and triplets for studying cell aggregation and cell-to-cell interaction (e) randomdistribution of RBC at 1%
hematocrit (f) trapping of single cell for single cell analysis.
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frequency are kept constant at 0.01 μl min−1 and 5
MHz respectively. For 5% hematocrit it can be
observed that the trapping efficiency of doublet and
triplets increases with the applied voltage at low flow
rate of 0.01μl min−1 as the nDEP force is proportional
to the gradient of the square of electric field. An
increased voltage results in a larger field gradient, and
hence the larger nDEP force acts to improve the trap-
ping efficiency. At 1% hematocrit, the trapping effi-
ciency of singlets increases marginally, as voltage is
increased from 7 to 10 Vpp, and thereafter drops
slightly at 11 and 12 Vpp. We note that all cells in the
channel in were still trapped at 11 and 12 Vpp, though
some groups were trapped as doublets rather than
singlets. We can conclude that the optimized applied
voltage to trap singlet cells is 10 Vpp. The figure 8(b)
shows the cell-trapping efficiency with respect to the
flow rate for a fixed voltage of 10 Vpp and 5 MHz at 1
and 5% hematocrit respectively. The trapping effi-
ciency decreases with the increase in flow rate as the
hydrodynamic force is linearly proportional to the
flow rate. At a flow rate of 0.06 μl min−1, the trapping
efficiency was nil, as the hydrodynamic force acts to
continue propelling the cells along the channel.

5. Conclusions

In summary, we have demonstrated the employment
of amicrofluidic device embedded with 3Dmicroelec-
trodes for cell manipulation applications, including:
active trajectory cell switching, cell pre-concentration
and trapping of single, doublet, and triplet cell clusters.
Our simulation results confirm that the gradient of the
electric field square decays rapidly away from the
surface of planar electrodes and thus leads to an

inconsistent DEP force along the channel height. In
contrast, 3D electrodes can generate a consistent
gradient of the electric field square along the channel
height and exert a more consistent DEP force on
suspended particles, at different heights within a
channel. Easy integration of low cost 3D electrodes in
microfluidic devices could broaden its usage in various
cellmanipulation and sensing applications.
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