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Automated “pick and transfer” of targeted cells
using dielectrophoresis
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Selective manipulation of single cells is an important step in sample preparation for biological analysis. A

highly specific and automated device is desired for such an operation. An ideal device would be able to se-

lectively pick several single cells in parallel from a heterogeneous population and transfer those to desig-

nated sites for further analysis without human intervention. The robotic manipulator developed here pro-

vides the basis for development of such a device. The device in this work is designed to selectively pick

cells based on their inherent properties using dielectrophoresis (DEP) and automatically transfer and release

those at a transfer site. Here we provide proof of concept of such a device and study the effect of different

parameters on its operation. Successful experiments were conducted to separate Candida cells from a

mixture with 10 μm latex particles and a viability assay was performed for separation of viable rat adipose

stem cells (RASCs) from non-viable ones. The robotic DEP device was further used to pick and transfer sin-

gle RASCs. This work also discusses the advantages and disadvantages of our current setup and illustrates

the future steps required to improve the performance of this robotic DEP technology.

1. Introduction

The selective isolation and spatiotemporal manipulation of
targeted cells is important towards extracting complex infor-
mation about how the cells interact and perform specialized
functions. The spatiotemporal control of cells has especially
gained importance due to the emphasis on studying cell
heterogeneity, since phenotype heterogeneity between geneti-
cally identical cells is known to play an important role in tu-
mour metastasis, drug resistance, clinical diagnosis, cell dif-
ferentiation and cell functionality.1,2 Hence, a few
manipulation techniques have been developed in recent years
to gain spatiotemporal control of cells in a suspension. Opti-
cal tweezers are widely used,3,4 but they are limited in their
capability to identify targeted cells due to the minor differ-
ences between the refractive index of cells and that of their
suspending medium. Furthermore, the hardware can be com-
plex, especially when implementing several parallel traps.
Micromanipulation techniques such as microrobotic arms,
microgrippers and mobile microrobots exhibit precise control
in transporting micro/nano particles, but they are also limited
in terms of parallelization and cell identification.5–9 Indeed,
the image analysis used in these techniques is limited to
identifying cells based on size and morphology, or by using

stains specific to the targeted cell. Liquid handling robots, or
robotic pipettes, enable the precise, automatic and reproduc-
ible transfer of minute amounts of liquids that may contain
cells, but sorting is again restricted to image analysis. There-
fore, there is still a need for high specificity when attempting
to gain spatiotemporal control of targeted cells.

Dielectrophoresis (DEP) is a label-free technique used for
cell sorting in a wide range of applications.10,11 When cells
are exposed to an electric field gradient of a given frequency
they respond by moving towards the strongest gradient, as in
positiveDEP, or away from it as in negativeDEP.11 Since the
strength and direction of this response largely depend on the
cell membrane capacitance, DEP can provide a high degree
of specificity when discriminating targeted cells from their
background. Indeed, the cell membrane capacitance has
been shown to vary even when differences in size and appear-
ance of cells are not discernible. One particularly useful and
straightforward embodiment of DEP is a viability assay with-
out the need for stains.12–17 Other selected examples include
the studies by Flanagan et al.18,19 who showed changes in ca-
pacitance according to cell age and generation even when cell
size remained the same; by Thomas et al. who isolated hu-
man osteoblast-like cells from a heterogeneous cell popula-
tion using DEP-based cages;20 by Srivastava et al. who studied
the DEP response of red blood cells to identify blood types;21

by Pethig et al. who used DEP for distinguishing cells with
up to 3 mF m−2 difference in membrane capacitance;22 and
by Labeed et al.23 who distinguished between cells with ca-
pacitance differences of around 2.3 mF m−2. The successful
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usage of DEP for enrichment of targeted cells from heteroge-
neous populations20 and rare cell isolation24 further high-
lights the high specificity achievable of this technique. In
terms of DEP technology, most of the work on DEP-based
separations has been done in traditional flow-through micro-
fluidic systems.25 In particular, Manaresi et al. reported a sin-
gle cell manipulation microfluidic platform using a CMOS
chip to capture individual cells in DEP-enabled cages,26

which is currently commercialized as DEPArray™ by Silicon
Biosystems. On the other hand, a few authors have
implemented DEP-enabled tweezers by mounting wire
electrodes on micromanipulators,27–29 but such systems fea-
tured a single DEP trap or were largely manual, thus limiting
their applicability.

In this work, the authors report the use of DEP traps
mounted on a robotic manipulator, referred to as roboticDEP
here, to automate the selective pick and transfer of cell

populations and single cells between two different and sepa-
rate liquid samples. An array of carbon microelectrodes was
mounted on an XYZ robot to function in a manner similar to
that of liquid handling robots: the array is immersed in a cell
suspension to pick targeted cells, retracted from the suspen-
sion, moved a specific distance, and immersed in a separate
liquid medium to place and transfer cells. RoboticDEP af-
fords spatiotemporal control of targeted cells and signifi-
cantly differs from traditional flow-through DEP devices
where electrode arrays are contained within a microfluidic
network. The use of pick and transfer principles instead of
traditional microfluidics is expected to eliminate practical
problems in microfluidic devices and enable better chances
of integration with existent laboratory infrastructure used in
sample preparation. For example, the use of liquid handling
robots (LHRs) is prevalent in biological laboratories to trans-
fer cells and liquids between different test stations, and the

Fig. 1 Schematic of the roboticDEP device with the three steps: pick, wash and transfer. In the first step, the cells of interest (shown by red
circles) are picked by the cylindrical electrodes using DEP force. In the second step, the picked cells are swept through the wash plate to wash off
the non-specifically adhered cells (shown in green). In the third step, the cells transferred to the transfer plate are released by switching off the
DEP field.
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concept of roboticDEP can develop into a complement to
LHRs to automatically and selectively pick and transfer the
cells of interest to desired sites. Here, we demonstrate the
proof of concept of roboticDEP and delve into the parameters
that affect the performance of each of its steps. Experiments
at the population level were conducted to (a) pick and trans-
fer infectious yeast cells Candida albicans and Candida
tropicalis; (b) separate C. tropicalis from a mixture with poly-
styrene particles; and (c) separate viable and non-viable rat
adipose stem cells (RASCs) based on the difference in their
DEP properties. We further demonstrate automated pick and
transfer of viable single rat adipose stem cells from a popula-
tion, an important step towards the use of roboticDEP for
single-cell sample preparation.

2. Technology concept and
supporting theory

The working principle for roboticDEP is a three-step process
as illustrated in Fig. 1. In the first step, or pick step, the
targeted cells are picked up from a suspension in medium 1
by attracting them to the electrodes using DEP. Here we dem-
onstrate roboticDEP using 3D cylindrical carbon electrodes
(∼100 μm in height) but no restriction on the type of mate-
rial for future systems is envisioned. In the second, or wash
step, the electrode array is swept through a wash solution to
remove those cells non-specifically adhered to the electrodes.
In the third step, or transfer, the array is immersed in me-
dium 2 and cells attached to the electrodes by DEP are re-
leased onto the wash plate by switching off the electric field.
Throughout the process, the cells are exposed to a DEP force
due to polarization of the array and a drag force due to the
movement of the array through the liquid medium. The inter-
action between these forces must be understood and con-
trolled to enable pick and transfer. Also important is the con-
trol of the electric field and shear stress acting on the cells to
prevent their inactivation.

The DEP force FDEP for a cell approximated as a spherical
particle (eqn (1)) depends on the radius of the cell rp, the gra-
dient of the square of the electric field ∇Erms

2, and the per-
mittivity of the medium ε with Re[fCM ] the magnitude of the
real part of the Clausius–Mossotti factor [fCM] given by eqn
(2). The squared electric field gradient Erms

2 is dependent on
the electrode geometry and is proportional to the magnitude
of the polarizing voltage and the gap between electrodes.30

The value of [fCM] depends on the particle and medium prop-

erties. Here, *p > and *m denote the complex permittivity

of the cell and medium, respectively, σ denotes the conductiv-

ity, i represents the imaginary number 1 and the polariz-

ing frequency is represented by f. The value of Re[fCM] is the
DEP cell signature that depends on the membrane capaci-
tance and the frequency of the polarizing field. Depending
on the sign of Re[fCM], the DEP force can be either positive,
in which the cells are attracted to the field gradient, or nega-
tive, in which they are repelled from it. Since the field gradi-

ent is usually strongest around the electrodes, positiveDEP
usually denotes movement towards the electrodes, while
negativeDEP denotes otherwise.

FDEP = 2πrp
3εRe[fCM]∇Erms

2 (1)

f

i
f

CM
p m

p m
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Besides DEP force, the cells will also be under the influ-
ence of a Stokes drag force expressed in eqn (3) where v is
the velocity of the fluid around the electrodes during the
wash step, μ is the dynamic viscosity of the medium and up
is the particle velocity.

FDRAG = 6πμrp(v − up) (3)

For the particles trapped on the electrodes, the particle ve-
locity up = 0. During transfer, it is crucial that the cells that
are trapped by DEP remain secured to the electrode, while
the cells non-specifically captured are washed off. Thus, the
drag force acting on the targeted cells should be smaller than
the DEP force. The maximum value of v at which the cells
captured by DEP remain captured at the electrodes during
the wash is obtained by equating the drag force (eqn (3)) act-
ing on the particle with the DEP force (eqn (1)). Thus, the
maximum value of vmax, under which a targeted cell remains
trapped on the electrode is expressed as

v
f r E
rmax
cm p

p

Re


  2
6

3 2





(4)

Along with the speed of the cell manipulation, the electric
field and the amount of electric field exposure to the cell are
of importance.31 The electric field must be monitored to en-
sure cell viability, as prolonged exposure to the electric field
can render the cells non-viable. When the cell is exposed to
the external electric field, a transmembrane potential is in-
duced in the cell. If this potential is greater than a threshold
value, dependent on cell type and likely >1 V, the cell mem-
brane can be compromised.32 For example, in DEP experi-
ments conducted on neural stem cells, Lu et al. reported that
cell exposure at 8 V peak to peak at frequencies of 50–100
kHz (with electric field ∼105 V m−1) for time >5 min can af-
fect the cell viability.19 Hence, it is necessary to control the
magnitude of the electric field loading the cell throughout
the experimental device to guarantee cell viability. As a refer-
ence, the critical electric field strength that is required for a
transmembrane potential of 1 V is 1 kV cm−1.33

The shear stress acting on the cells can also affect their vi-
ability during the process. In the presented roboticDEP plat-
form, the cells encounter maximum shear stress during the
wash step in the region between the electrodes. Since the
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flow in the region between the electrodes during the wash
step is expected to resemble Poiseuille's flow with electrode
walls acting as the flow boundaries, the shear stress τ can be
calculated using eqn (5):

 
d
d
v
x

(5)

where the x-axis is taken perpendicular to the direction of
the flow. Shear stress on the cell must be maintained below a
threshold throughout cell manipulation. For example, the
physiological levels of shear stress in the aortas of adults and
embryos have been observed as 15 and 5 dyne per cm2, re-
spectively, though magnitudes down to 1.5 dyne per cm2 are
known to affect adult blood phenotypes.34–36 An exposure to
shear stress of 1.5 to 15 dyne per cm2 for over two days was
also reported to result in differentiation of embryonic stem
cells.37

3. Materials and methods
3.1 Experimental setup

The array of 3D carbon microelectrodes was fabricated via
carbonizing the SU-8 microstructures previously made using
photolithography. The use of these carbon electrodes in
dielectrophoresis is well established and details on their fab-
rication and performance are reported elsewhere.13,15,38–48

Briefly, microstructures were fabricated by a two-step photoli-

thography process of SU-8 (Gersteltec, Switzerland), a
negative-tone photoresist, on a silicon wafer substrate. These
structures were then carbonized by heat treatment to 900 °C
in a nitrogen atmosphere. The rectangular shaped electrode
array featuring a footprint of around 6 mm by 1 mm with
100 rows and 10 columns featured an intercalated organiza-
tion of electrodes, each of which is 100 μm in height and 50
μm in diameter separated by 115 μm centre-to-centre dis-
tance. Planar carbon leads were fabricated to connect the
base of all 3D electrodes to large carbon pads to facilitate the
connection of the array to the signal generator (see Fig. 2B).
Electrodes were polarized alternately as shown in Fig. 2F. The
carbon pads were then manually coated with a thin layer of
indium and covered with copper tape (∼70 μm thick). The in-
dium was used for the connection between the carbon pads
and the copper tape. The copper tape was then coated with
epoxy to prevent contact with the experimental samples. The
copper tape was further connected to the signal generator
(BK Precision 4054, BK Precision, CA, USA) through an adap-
tor mounted on the header (see device schematic in Fig. 2B).
The silicon substrate containing the array and connections
was then mounted on a header made out of high impact
polystyrene (HIPS) using fused deposition modelling (Lulzbot
Taz 5).

The experimental roboticDEP platform used in this work
is illustrated in Fig. 2A. The base of the system was an A2
Delta 3D printer (Afinibot, Shenzhen, China) featuring a step
size of 100 μm and a speed of movement between 1 and 100

Fig. 2 (A) The 3D printer used here as a robotic manipulator emphasizing the robotic arm and the stage. The stage hosts the glass plate for the
experiment. (B) The modified printer head that holds the 3D carbon electrode array. The glass plate on the stage is divided into three sections,
pick, wash, and transfer, separated by black electrical tape. (C) Two microscopes are positioned below the stage for imaging: one below the pick
section and another below the transfer section. (D) The modified printer head hosts the electrode chip and the electrical connections. (E)
Schematic showing the top view of the carbon electrode chip and the SEM image showing the electrode structure and the connecting lines. (F)
Scanning electron microscope image of the carbon electrode array showing the polarization scheme used for the experiments.
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mm min−1. The original printing head was replaced by the
header containing the electrode array (see Fig. 2). The foot-
print of the electrode area on the chip was approximately 6.5
mm2, and the footprint of the header was approximately
1600 mm2. The path trajectory taken by the header was
programmed using the Repetier host software that is part of
the 3D printer package. The stage consisted of a glass plate
divided into three sections, for pick, wash and transfer. A
microscope (AM7515MT8A, a 5MP Dino-Lite Edge Series
Microscope, CA, USA) was mounted below each of the pick
and transfer sections to monitor the experiment and capture
the images of the cells being selected and released.

3.2 Preparation of experimental samples

Different particle suspensions were used as experimental
samples in this work: (1) Candida albicans, (2) Candida
tropicalis, (3) a mixture of C. tropicalis and 10 μm diameter
latex particles, and (4) a mixture of viable and non-viable rat
adipose stem cells (RASCs). C. albicans and C. tropicalis were
independently cultured in yeast malt broth (YMB) (Sigma Al-
drich Y3752) with 5% glucose. Cells were passaged every
three days to keep the cell culture thriving. After passage,
cells were used after 24 hours for the experiments. Cells were
washed with DEP medium solution using centrifugation. The
stock DEP medium solution was prepared with 200 ml dis-
tilled water by adding 18 g sucrose, 0.5 g dextrose and 0.3 g
bovine serum albumin (BSA).

The measured average cell size (diameter) for C. albicans
and C. tropicalis was 5.12 ± 0.75 μm and 5.98 ± 0.75 μm, re-
spectively, which was in accordance with previous reports.49

The experimental Candida samples for DEP were prepared by
resuspending the cultured cells in a sugar solution using
three cycles of solution exchange aided by centrifugation.
The Candida experimental samples featured an electrical con-
ductivity of 2 × 10−3 S m−1 and a cell concentration of ∼105

cells per ml. Preliminary experiments using a traditional
microfluidics-based DEP system showed a positiveDEP re-
sponse of C. albicans at frequencies of 50–1000 kHz with a
peak at 100 kHz. Similarly, C. tropicalis showed positiveDEP
at f = 50–1000 kHz, peaking at 200 kHz.50 The 10 μm diame-
ter latex particles used in the mixture with C. tropicalis were
obtained from Magsphere (catalog #PS010UM). It is widely
known that such particles experience negativeDEP through-
out the frequency spectrum from a few kHz to tens of
MHz.51–53 This experimental sample featured a concentration
of ∼105 particles per ml, with 15% particles and 85% C.
tropicalis, and an electrical conductivity of 2 × 10−3 S m−1.

Rat adipose stem cells (RASCs) were obtained from the
Cell and Tissue Culture Laboratory in the Bioengineering De-
partment at Clemson University. The cell strains were cul-
tured in Dulbecco's Modification of Eagle's Medium (DMEM)
×1, 1% antibiotic antimycotic solution (Mediatech, Inc., Ma-
nassas, VA), and 10% culture supplement (Discovery Labware
Inc, Bedford, MA) for 5 days to obtain a confluent cell culture
in 5 ml flasks. Non-viable cells were obtained by heat treat-

ment at 70 °C for 20 min. The experimental sample was
obtained by resuspending viable and non-viable cells in the
stock DEP medium and adjusting the electrical conductivity
to 1.2 × 10−2 S m−1 using PBS solution prepared by dissolving
1 tablet of phosphate-buffered saline (PBS) (Sigma Aldrich
P4417) in 200 ml of distilled water. The viability of RASCs
was determined with a Live/Dead Viability/Cytotoxicity Kit
(Thermo Fisher Scientific, Waltham, MA) prepared with 20 μl
of 2 mM EthD-1 and 5 μl 4 mM calcein AM in 10 ml sterile
tissue culture-grade D-phosphate-buffered saline (PBS)
(Thermo Fisher Scientific, Waltham, MA). The average size
(diameter) of viable RASCs was 20 μm ± 2 μm, while that of
non-viable RASCs was 20 μm ± 4 μm. The experimental sam-
ple featured an average of 30/70 percentage ratio of viable to
non-viable cells. Preliminary experiments (data not shown) at
the conductivity of 1.2 × 10−2 S m−1 showed viable RASCs
exhibiting a positive DEP while the non-viable ones showed a
negative DEP at frequencies of around 100 kHz. The details
of all the experimental samples used here are summarized in
Table 1.

3.3 Experimental protocol

The experiment was set up as follows to feature three differ-
ent stages: (1) pick, (2) wash and (3) transfer, which were
implemented using compartments made of acrylic plastic.
The pick section consisted of a glass surface where ∼10 μl of
cell suspension at a concentration of ∼400 cells per mm2

were initially deposited by manual pipetting. The wash sec-
tion was also a glass surface featuring 5 ml of cell-less DEP
medium. The transfer section featured a haemocytometer
(Hausser Scientific with Neubauer scale), used as a measure-
ment grid, on which ∼10 μl of cell-less DEP medium were de-
posited by manual pipetting. Cell counting was directly
performed on the haemocytometer (after placing the cover
glass) once the transfer step was finished.

The robotic arm was programmed to move through the
three sections in sequence. The robotic arm first moved the
electrode array over to the pick section and lowered the array
to introduce it into the drop of cell suspension. The electric
field was then switched on to selectively trap the cells of
interest using DEP, allowing for 1 min at a stationary condi-
tion to complete any trapping. The robotic arm then retracted
the electrode array from the pick section, moved it over to
the wash section, and lowered the array with trapped cells
into the cell-less DEP medium. Here, the arm was
programmed to perform a back and forth motion at a
designed speed to enable the non-specifically adhered cells
on the chip to be washed off. The maximum speed used here
was calculated using eqn (4) to curb shear stress on the cells
and would ultimately depend on the type of cells used (see
details in section 3.5). One back and forth motion of the ro-
botic arm constituted one wash run. The number of runs was
varied to study the effect of the wash time on the perfor-
mance of the wash step. In the third and final step, the ro-
botic arm retracted the electrode array from the wash
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solution, moved over to the transfer section, and introduced
the array into the cell-less DEP medium on the transfer plate.
The electric field was then switched off to release the cells
and place them on the transfer plate. One minute at station-
ary condition was provided to allow for the cells to be re-
leased from the electrodes and dispersed in the medium. Al-
ternatively, the electrodes were polarized with a different
frequency to induce a negativeDEP behaviour on the cells
and thus actively repel them from the electrodes for placing.
The entire process just described took about 4 minutes and
the cells remained exposed to the electric field for less than 3
minutes. Of note, the speed of the robotic arm was adjusted
to 100 mm min−1 for movements between the different sec-
tions. However, it was reduced to 1 mm min−1 as it
approached the pick, wash or transfer sections to reduce the
possibility of impact with the glass or with the medium.

3.4 Data analysis

The number of cells on each of the 1 mm2 corners of the
Neubauer grid on the haemocytometer was counted for data
analysis. At least three experiments were performed for each
data point and the average value for the experiments is
reported here. In the case of the experiments with separation
of cells and particles, the percentage of each species was cal-
culated using eqn (6);

% of cellsin transfersection

= Total count of cells at transfersectioon
Total count of cells + total count of particles at the transfer secttion

(6)

The images provided in the Results section were obtained
after processing the images captured with the microscopes.
Specifically, we increased the image brightness using
DinoCapture software (as provided with the Dino-Lite micro-
scopes used here) since the amount of light reflected by the
cells in the experiment was low. The images captured when
manipulating RASCs were transformed to a negative image
and the contrast and sharpness of the image were adjusted
for better visibility.

3.5 Computational model

COMSOL Multiphysics 4.4 (Stockholm, Sweden) was used to
independently model both the flow and the electric field in
an array of electrodes with dimensions equal to those of the
experimental device used here. Hence, the diameter of the
electrode was 50 μm, and the centre-to-centre spacing be-

tween the electrodes was 115 μm. While the experimental ar-
ray featured 100 × 10 electrodes, we simplified the model to
20 × 10 electrodes, which represents 1/5th of the original chip
length. The variation in flow mainly occurs in the region be-
tween the electrodes, in the direction of the movement of the
chip. The flow profile in the direction along the height of the
electrode is not expected to show a major variation. Since the
influence of electrode cross section surpasses the effect of
electrode height in this case, a 2D model with cross sections
of the electrodes is used to represent the domain of interest.
An Intel® Xeon® CPU E5-1650 v2 @ 3.50GHz processor with
a RAM of 32 GB and a 64 bit operating system was used for
these simulations. A mesh with a maximum element size of
30 μm was selected after performing a grid independence
study (data not shown). In the operation of the actual device,
the electrode array attached to the robotic arm through the
header moves back and forth in the medium in the wash
plate, with a given speed U. However, in the simulation the
chip was assumed stationary and the fluid flowing at velocity
U. The laminar flow module was used to compute the velocity
in the domain given by v and the average velocity vavg in the
region between electrodes. v will vary at different points in
the domain, based on the velocity U, electrode geometry and
distance of the point of interest from the electrodes. The av-
erage velocity vavg in the domain is calculated my taking a
mathematical average of values of v across the domain. Thus,
vavg also depends on U. The model used the Navier–Stokes
equation and the continuity equation at steady state, given by
eqn (7) and (8), where the fluid density is denoted by ρ and p
is the pressure.

ρ(v·∇)v = −∇p + μ∇2v (7)

ρ∇·v = 0 (8)

Eqn (7) and (8) were solved in COMSOL to obtain the ve-
locity U in the domain. The average velocity vavg obtained
from COMSOL simulation was compared with the value of
vmax (eqn (4)). If vavg ≤ vmax the captured cells will remain
captured and the uncaptured cells will be washed away. The
speed of the robotic arm U and vavg can be correlated to un-
derstand the relation between the speed of the robotic arm
and the velocity obtained around the electrodes. Eqn (5) was
used to compute the shear stress in the domain in the region
close to the electrodes where the cells are expected to be
captured.

The electric field in the domain was computed using the
electric currents module with a stationary study in COMSOL

Table 1 Details of the samples used for different experiments

Cell composition Medium conductivity in S m−1 Approximate cell concentration

C. albicans or C. tropicalis 2 × 10−3 105 cells per ml
C. tropicalis and 10 μm latex particles 2 × 10−3 105 particles per ml; 85% particles and 15% cells
Viable and non-viable RASCs 1.2 × 10−2 105 cells per ml; 70% non-viable and 30% viable cells
Viable RASCs 2 × 10−3 103 cells per ml
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as detailed in our previous work.54 The significance of com-
puting the electric field in this domain was only to ensure
that the electric field does not exceed 1 kV cm−1 near the
electrodes; which is the limit of field strength at which the
cell membrane can be compromised.

4. Results
4.1 The occurrence of non-specific cell transfer despite the
selection and transfer of cells

The first objective was to validate the transfer of different
Candida strains when using a DEP force to selectively pick
them from suspension, wash them and transfer them. Re-
sults are shown in Fig. 3 when using one wash cycle and a
header speed of 0. 0017 m s−1 through the washing. We first

assessed the effect of the polarizing voltage on the transfer of
C. albicans (Fig. 3A) at a given frequency of 100 kHz; second,
we characterized the transfer throughput depending on the
signal frequency (Fig. 3B) at a given voltage of 20 Vpp; and
third, we evaluated the transfer of C. tropicalis depending on
the signal frequency (Fig. 3C) and also at a voltage of 20 Vpp.
Of note, the voltage drop across carbon electrodes used here
was influenced by the resistivity of the carbon used here (∼1
× 10−4 Ω m (ref. 55)). Based on previous analysis of this par-
ticular electrode design,47 we considered a voltage drop of
25% at the surface of the microelectrodes compared to that
delivered by the function generator. The voltage values
reported in this work are the peak-to-peak values of the sinu-
soidal signal delivered by the function generator. The root
mean square (RMS) value of the voltage in the domain

Fig. 3 (A) The output as obtained at different voltages in the experiment with an expected increase in C. albicans cell output with an increase in
the applied voltage. (B) The capture and transfer behaviour for the C. albicans cells with the DEP frequency change. The control indicates the
number of cells transferred without DEP changes (i.e. from the liquid wetting of the device) and the number of cells transferred to the placement
section with DEP changes with an increase in frequency with the maximum transfer occurring at 100 kHz. (C) The behaviour of capture and
transfer for the C. tropicalis cells with the change in DEP frequency, in which the control indicates the number of cells transferred without DEP.
(D) C. albicans captured at the electrodes during the pick step.
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corresponding to the sinusoidal signal was 10.6 V and the
corresponding maximum electric field was around 0.9 kV
cm−1. Analysis of Fig. 3A shows how the transfer throughput
in cells per unit area was directly proportional to the voltage
used to polarize the electrode array. This was expected since
using a higher voltage at a given frequency yields a stronger
DEP force. Using a voltage down to 5 Vpp did not lead to sig-
nificant DEP trapping. The results from the control experi-
ment also suggest that cells could be transferred due to non-
specific adhesion. In terms of the impact of frequency, re-
sults for both Candida strains clarify how the transfer
throughput depends on the properties of the cell. The DEP
force was its strongest at 100 kHz for C. albicans and at 50
kHz for C. tropicalis. As the frequency increased or decreased
away from these peaks, the DEP force for both Candida
strains decreased. We observed C. albicans and C. tropicalis
cells moving away from the electrodes below 10 kHz and no
effective movement was observed above 5 MHz, resulting in
the negative differences between experiments and control in
Fig. 3B and C. Hence, cell transfer is possible with
roboticDEP and both voltage and field frequency affect the
transfer throughput attainable. However, the control experi-
ments in Fig. 3A–C clearly indicate cell transfer in the ab-
sence of DEP. Similar levels of transfer were observed regard-
less of cell strain. It is possible that such behaviour occurred
due to non-specific adhesion of the cells to the electrodes
and/or other surfaces of the device such as the copper tape.
Another possibility was non-specific cell adhesion to the de-
vice. Thus, we proceeded to investigate the conditions under
which a wash of the electrode array after cell picking will be
most efficient to minimize non-specific transfer.

4.2 The washing step must be optimized to remove the non-
specific transfer cells

As the electrode array mounted on the header travelled
through the buffer on the wash plate, the cells were subjected
to a drag force from the displaced fluid. Hence, one must be
careful with how strong the wash is in order not to lose the
cells picked in the previous step using DEP. Ideally, the drag
force will only wash away those cells non-specifically adhered
to the electrode array and device surface. Using eqn (7) and
(8) and replicating our previous results,44 we calculated and
plotted the average fluid velocity in the region between the
electrodes in the chip for different header speed U in the
range 100–5000 mm min−1 (0.0017–0.083 m s−1). Results are
shown in Fig. 4A. The horizontal dashed lines represent the
maximum fluid velocity permissible for different gradients of
electric fields, as calculated using eqn (4) using rp = 2.5 μm
and Re[fCM] = 0.75. This value of Re[fCM] was approximated
from the response of S. cerevisiae yeast cells at an f = 100 kHz
since the dielectric parameters that would allow for model-
ling the DEP behaviour for C. albicans cells are not currently
available in the literature. The behaviour of C. albicans has
been shown to be similar to that of S. cerevisiae,56,57 a well-
studied strain in the context of DEP.58–60 Based on Fig. 4A,

we proceeded to perform experiments to determine the effi-
ciency of washing for different header speeds. We polarized
the field at 20 Vpp and 100 kHz and characterized the effect
of number of washing cycles on the cell transfer throughput.
Since the gradient value of ∼5 × 1014 V2 m−3 characterized
the chip used here when polarized at 20 Vpp, we expected
the transfer throughput of cells to significantly diminish
above header speeds of 0.05 m s−1 since such fluid velocity
values would be above the permissible values determined by
eqn (4). The maximum shear stress for the velocities used
here lies between 1 and 5 dynes per cm2 which is smaller
than the amount of shear stress that can deform the cell. The
experimental results are shown in Fig. 4B. As expected, the
transfer throughput was inversely proportional to the wash
velocity and the number of wash cycles. An increase in both
the wash velocity and the number of cycles increased the re-
producibility of the operation, as judged from the reduction
in the magnitude of the error bars. However, there were still
cells transferred at speeds of 0.083 m s−1. This was not
expected since the flow velocity significantly overcomes the
DEP force expected in the array. Although adhesion forces of
cells to carbon could be the ones responsible for this, we
speculated that perhaps the flow was not completely entering
the electrode array. The computational model described in
section 3.5 was then used to visualize the flow of the liquid
around the electrodes in the array at the chosen header speed
of 0.05 m s−1. Results are shown in Fig. 4C. As the chip and
the header moved through the wash plate, the simulated gap
between the electrodes was observed exhibiting resistance to
the flow that diverted the flow of liquid around rather than
in between the electrodes. Thus, the velocity of the liquid in
the region between the electrodes remained low even at high
header speeds. Due to this phenomenon, the expected effect
from increasing the header speed was not observed in the ex-
periment. To summarize, we could optimize the wash step to
decrease the contamination; however the contamination
could not be completely averted due to the resistance pro-
vided to the flow by the dense electrode array. Ongoing work
is addressing such problem as detailed in the Discussion sec-
tion of this work.

4.3 The use of negativeDEP aids the release of cells in the
transfer stage

After studying the picking and washing steps of the process,
we focused on characterizing the transfer step, where the
electrode array containing the Candida cells was immersed
into the liquid on the transfer plate. Initially, the electric field
was turned off and we expected the cells to diffuse away from
the electrode. While this led to acceptable results (Fig. 4D), we
noticed that some cells remained adhered to the carbon
electrodes. This was unacceptable because it could lead to low
transfer throughput and fouling of the electrode array for sub-
sequent cycles. By taking advantage of negativeDEP, the forces
causing the cells to move away from the field gradient around
the electrodes, we were able to improve the transfer

Lab on a Chip Paper

Pu
bl

is
he

d 
on

 0
1 

ju
lio

 2
01

9.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

02
5 

8:
10

:0
1.

 
View Article Online

https://doi.org/10.1039/c9lc00409b


2520 | Lab Chip, 2019, 19, 2512–2525 This journal is © The Royal Society of Chemistry 2019

throughput by 25% as illustrated in Fig. 4D when using C.
albicans. This was possible by switching the frequency of the
signal polarizing the electrodes from 100 to 10 kHz. The use of
negativeDEP to aid cell release was preferred to the addition of
surfactants or reagents like trypsin to the sample since these
could increase its electrical conductivity and reduce the
strength of the positiveDEP force used to hold the cells in
place during transfer. Previous authors who have worked with
micromanipulators observed similar issues with cell adhesion
during release and used more complicated approaches such as
an electrostatic micro actuated plunger,6 vacuum tools61 or
thermal microgrippers62 to facilitate cell release.

4.4 Cell separation and single cell transfer are possible
operations

Two mixtures were used to demonstrate cell sorting using
roboticDEP. C. tropicalis cells were separated from 10 μm

polystyrene beads by taking advantage of the fact that at 100
kHz C. tropicalis exhibited a positiveDEP while the 10 μm
polystyrene beads exhibited a negativeDEP. Hence, C.
tropicalis were picked by the electrode array, washed at 0.05
m s−1 and 5 washing cycles, and selectively transferred to the
transfer plate, using negativeDEP at f = 10 kHz to aid release.
Results are shown in Fig. 5. While the initial ratio of cell to
particle concentration in the sample was 15/85, this ratio was
flipped to 78/22 after processing with roboticDEP. Such a
change clearly indicated the efficacy of this system in selec-
tively picking and transferring targeted cells and separating
them from latex particles. A viability assay was then
implemented by separating viable RASCs from non-viable
ones. At 100 kHz, viable cells and non-viable cells exhibited
positive and negative DEP, respectively. This difference in the
properties was used to selectively pick and transfer the viable
cells. In this case, the wash was done at 20 mm min−1 and 2
runs. This speed was obtained through experimental trials,

Fig. 4 (A) The plots of the average fluid velocity in the chip for different header speeds. Average velocity in between the electrodes was
computed for different header speeds. The horizontal lines in the graph indicate the permissible velocity for the Candida cells such that the DEP
force remains greater than the drag force in the domain; calculated using eqn (4). (B) The results of a number of runs and different header speeds
performed to eliminate contamination during the wash step. The Y axis shows the number of cells carried by the chip due to non-specific adhesion
for these wash speeds and number of runs. The increase in both speed and number of wash runs reduced the numbers of cells transferred non-
specifically, with a speed of 0.083 m s−1 and 10 runs providing the best results. (C) The COMSOL simulation comparing the flow within and around
the chip, where the chip exhibits resistance and greatly reduces the flow. (D) A comparison of the number of cells transferred with negative DEP
and without DEP.
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as the DEP parameters for these cells are not available in the
literature. The wash speed and number of cycles used were
different from those used when using Candida because these
cells possess different cell size and cell membrane properties.

The change in cell size and cell membrane potential affects
the maximum velocity in eqn (4) based on drag and DEP
force acting on the cell. Moreover, the RASCs had a diameter
comparable to the gap between electrodes and hence we

Fig. 5 (A) Results showing separation of C. tropicalis from latex particles. The initial distribution of the sample at the pick stage was 15% Candida
and 85% latex. This drastically changed to an average of 81% (orange slashed line) Candida in all 5 independent experiments. (B) Results from the
separation of viable RASCs from non-viable ones. Here, the percentage of viable cells was increased from around 30% in the initial sample to an
average of 81% from 9 independent experiments. Control experiments were those when the electrode array was not polarized. Reported values
for control experiments are the average and error for n = 3 experiments conducted when DEP was off. (C) Rectangles indicate single RASC cells
captured at the edge of the electrode. Polarization of the electrodes was as shown. (D) Number of single cells transferred by pick and transfer in 5
independent experiments. Control experiment indicates the number of cells transferred when electrodes were not electrically polarized, n = 3. (E)
Electric field gradient as modeled using COMSOL; the highest electric field gradient was around the electrodes and corresponds to the regions
where cells were trapped (see (C)). Units are in V2 m−3.
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further suspect the cell size to affect the electric field around
it and thus additional components to the DEP force acting
on the cell. Results are shown in Fig. 5B and again demon-
strate the efficacy of roboticDEP to pick and transfer targeted
cells. While the ratio between percentages of viable/nonviable
RASCs in the original sample was 30/70, this was flipped to
an average of 81/19 after processing. Although both viable
and non-viable stem cells were of similar size, the separation
of viable RASCs is possible with roboticDEP. Lastly, we dem-
onstrated single cell transfer using roboticDEP. Single viable
RASCs were picked from a diluted suspension, shown inside
the rectangles in Fig. 5C, and transferred to the transfer
plate. A wash of 20 mm min−1 was implemented and the elec-
tric field was switched off during release, i.e. no negative DEP
was used during release. Results are shown in Fig. 5D.
Starting from a suspension with a concentration of ∼103
cells per ml, roboticDEP enabled the selection and transfer of
12–18 cells in each of 5 independent experiments.

5. Discussion

The authors demonstrated the effective use of 3D carbon
electrodes on a robotic platform for the selection of targeted
cells from a sample and their placement on specific loca-
tions. The use of DEP ensured cell selectivity and the robotic
arm ensured that the device completed an automated cycle.
The sample volume used in this work was 10 μl for practical
purposes; the sample volume is expected to depend on the
combination of the size of the electrode array, the resolution
of the robotic manipulator, and the surface area-to-volume
ratio of the sample. Future work will be on studying the rup-
ture of the air–sample interface by different electrode arrays
as the surface area/volume ratio changes. This proof of con-
cept for roboticDEP was successfully used in the separation
of targeted cell populations from a background at sample
concentrations of 105 cells per ml, significantly flipping the
ratio of the percentage of targeted to non-targeted cells from
an initial value of either 15/85 or 30/70 to a final value of
∼80/20. One cycle, i.e. pick, wash and transfer, of this initial
demonstration lasted around 4 minutes and further optimi-
zation is expected to drastically reduce this time. The average
number of cells transferred was 60 cells per mm2, which is
expected to be increased by augmenting the number of
electrodes, establishing better contact between electrode ar-
ray and cell suspension, and optimizing the trajectory of the
robotic manipulator. In terms of single cell processing, we
demonstrated the pick and transfer of up to 18 single RASC
cells per experiment when using a cell concentration of 103

cells per ml in the original sample. These promising results
encourage further research and development in this topic
since a roboticDEP setup can yield benefits in the integration
of DEP selectivity in current laboratory infrastructure. For ex-
ample, an automated DEP-based sorter like the one described
here can pick selected cells from a mixture and directly trans-
fer them to sites for bioanalysis or further processing. For
multiple types of cells with different DEP behaviours, the

sorter can pick and drop each type at different desired loca-
tion automatically. Furthermore, with modification of the
electrodes to capture single cells, several single cells can be
sorted and transferred in parallel. With sufficient control on
the transfer location of the cell, cells or particles could be
transferred to form micro patterns.

The viability of the cells during operation is an important
factor to consider in the pick and transfer experiments. Since
the setup represents a vented system, the cell culture is ex-
posed to the environment during operation, which could lead
to cell contamination or evaporation of the cell culture. In
our current setup, we did not notice significant cell contami-
nation or evaporation of cell culture. This was likely due to
the short transfer times used. However, this issue would be
an important consideration for future development of this
technique. Having an enclosed system to reduce the possibil-
ity of contamination and/or implementing the complete pick
and transfer in a liquid medium are possibilities to address.
Additionally, the sample and transfer plates need to be clean
to avoid cell contamination. Contaminants can affect the way
the cell culture interacts with the surface of the plates and
clean surfaces ensure proper control of the surface area/vol-
ume ratio of the sample when placed on these plates. One-
time disposable consumables are recommended. The expo-
sure of cells to an electric field is also an important parame-
ter that affects cell viability. As stated previously, a general
rule of thumb is for the electric field not to exceed a thresh-
old value of around 100 kV m−1 to maintain the integrity of
the cell membrane32 but such a threshold can vary with the
type of cell and experimental conditions. As an example, Lu
et al. reported that cell exposure at 8 V peak to peak at fre-
quencies of 50–100 kHz (with electric field ∼105 V m−1) for a
time >5 min can affect the cell viability.19 Nerguizian et al.63

studied the effect of an electric field on the regulation in
gene expression of different cell strains and found that an ex-
posure of around 60 minutes at 10 volts peak with a medium
electrical conductivity of 10 mS m−1 can affect the gene ex-
pression of the cell. In the experiments reported here, cells
were exposed to an electric field lower than 100 kV m−1 for
the entire experiment time (<4 min). Nevertheless, the effect
of electric field exposure on the cell viability, proliferation
and gene expression needs to be studied further in future
studies.

While DEP has been shown to provide highly specific sep-
arations by multiple authors, it does require control of the ra-
tio between the electrical polarizability of the cell and the
suspending medium. Active trapping cells of cells on the
electrodes using positiveDEP requires a higher polarizability
from the cell. This presents a challenge when working with a
biological medium, usually of high electrical conductivity,
since positiveDEP will be negligible. Hence, the technology
platform presented here is currently limited to protocols that
include sample preparation in the form of cell resuspension
in DEP buffers with low electrical conductivity and optimized
pH and osmolality values, like the sugar solution used here
and demonstrated by multiple authors before.19,64,65 Of note,
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sample preparation steps are also required by flow cytometry,
i.e. incubation with labels, and traditional DEP technologies,
but important advantages of roboticDEP are label-free sorting
and spatiotemporal control of single cells at all times.

Ongoing work is on increasing system efficiency by refin-
ing the different steps in roboticDEP. The current device has
a resolution of 100 μm in its three-dimensional movement
due to the limitation of the robotic setup. Since the electrode
footprint is around 50 μm (diameter) and 100 μm (height),
even the smallest error in the movement of the robotic arm
can lead to significant error in resolution. By improving the
resolution of the robotic setup, the movement of the header
can be refined. For example, liquid handling robots feature
movement resolutions up to 1 μm,66 whereas high precision
robots for handling micro objects have been developed with
movement resolution up to 10 nm.67 The geometry of 3D car-
bon electrodes can also be designed depending on the appli-
cation and size of targeted cells; electrode arrays featuring
post electrode diameters down to 1 μm are reported68 as well
as the possibility to fabricate diverse cross sections69 and
even cones.70 This opens a myriad of possibilities by allowing
the translational motion, using a robot, of different designs
of electric field gradients, determined by the properties of
the electrode array. Nevertheless, the dimensions and geome-
try of both the electrode array and the individual electrodes
must be optimized depending on the targeted cells and the
properties of the other cells in the suspension. For example,
the field gradient generated at the edges of the cylindrical
electrodes used here was high enough to trap single stem
cells. The volume of the DEP trap around the electrode ap-
proximated the volume of a single RASC (∼34 000 μm3 based
on a sphere with a diameter of around 20 μm). However, as
the cell volume of the targeted cells decreases, as in the case
of Candida with a volume of only ∼300 μm3, the number of
cells captured at the electrodes can be quite large (Fig. 3D vs.
Fig. 5C). The use of the computational model described
above will not only facilitate the modelling of the field gradi-
ent when using different polarization schemes of a given
electrode array but also optimize future device designs. The
geometry of the electrodes can thus be tailored depending on
the kind of cell targeted and whether transfer of a single cell
or a population of cells is desired. Of note, we previously
reported how a conical electrode geometry with an optimized
tip angle can yield local field gradients that result in the DEP
trapping of small cells such as yeast.31

The computational model will also enable the design of
the shape of array to obtain more reproducible washes by en-
abling liquid to permeate through the array. By increasing
the gap between the electrodes, the resistance to the flow of
medium will decrease, enabling better washes during the
wash step. Using slender structures with a high aspect ratio71

as electrodes can also enable capture of single cells and en-
able better washes. Additionally, using streamlined lens or
arrow-shaped structures for the electrodes can also enable
better flow of the medium through the electrode domain.
These changes will also affect the electric field and field gra-

dient in the domain. The throughput of a pick and transfer
platform is expected to significantly increase when compared
to traditional systems since the number of electrodes in the
array can be significantly scaled up (no physical limits given
by the dimensions of the channel) and the array itself can be
made to sweep a large volume of liquid while trapping spe-
cific cells (instead of forcing the sample through a channel).

RoboticDEP is a vented system that minimizes issues with
bubbles common in microfluidics-based systems. However,
this approach introduces concerns about the effect that
breaking a liquid–air interface can have on system efficiency.
This is because pressure pulses during piercing the interface
can release cells that were previously trapped. Such behaviour
is observed during the pick and transfer step. The cells expe-
rience the effect of piercing as they spill when the electrodes
puncture the drop of suspension at the pick section and
when the electrodes with attached cells enter the medium at
the transfer plate. Reducing the approach speed of the
header to alleviate the piercing proved to be beneficial to a
certain extent. Operating the pick, wash and transfer steps
entirely in the liquid domain would be an ideal solution for
this issue. However, care must be taken in such an approach
to avoid the mixing of liquids between different steps. It is
envisioned that this can be achieved by having the transfer
station at a higher level than the pick station. Another ap-
proach to reduce the effect of piercing in the case of the pick
step is to use a small cell reservoir in place of a drop of cul-
ture. Lastly, improving the separation efficiency will also re-
quire minimizing the non-specific cell adhesion. It is thus
important to treat all surfaces in direct contact with the liq-
uid, similar to the treatment done by Kim et al.72 for micro-
grippers, to prevent non-specific adhesion. Given that cell ad-
hesion is the primary mechanism behind cell placement,
electrode surfaces must be treated to enhance the electrode
performance. Another approach to release the non-specific
cells is the use of mechanical vibrations.73 However, care
should be taken to retain the cells trapped by DEP while the
contaminants release owing to inertia.

6. Concluding remarks

Here the concept of automated pick and transfer of targeted
cells is demonstrated with roboticDEP. The authors success-
fully selected and transferred targeted cells from a suspen-
sion. The cells studied here were two different Candida
strains, C. albicans and C. tropicalis, and rat adipose stem
cells (RASCs). Besides providing adequate properties to dem-
onstrate the concept of roboticDEP, Candida strains were
studied due to their relevance in candidiasis, a common in-
fection of the skin, oral cavity and esophagus, gastrointesti-
nal tract, vagina and vascular system of humans.74 Mamma-
lian adipose tissue-derived stem cells such as RASCs are
multipotent cells with the potential to differentiate into di-
verse cell lineages such as endothelial cells, cardiomyocytes,
adipocytes and osteoblasts. Their abundance and ease of
sampling provide a scope for regenerative medicine and
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tissue engineering, which makes the study of these cells
important.75,76

The concept of roboticDEP can enable the programming
of cell transfer among different vials, and the sharing of a
common platform with liquid handling robots encourages
the integration of these systems to engineer a precise sam-
ple in terms of medium volume and number and type of
cells. The use of roboticDEP in sample preparation can also
facilitate the process to connect the cell genotype and its
DEP signature given by its phenotype. Ongoing work is on
the demonstration of electrical lysis in roboticDEP. This
builds up on the electrical lysis of cells using carbon
electrodes such as those used by Mernier et al.48 The
envisioned function is to pick targeted cells and once trans-
ferred to a specific location, lyse them to release their
intracellular components.
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