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An electrochemical Lab-on-a-Disc (eLoaD) platform for the automated quantification of ovarian cancer
cells (SKOV3) from whole blood is reported. This centrifugal microfluidic system combines complex
sample handling, i.e., blood separation and cancer cell extraction from plasma, with specific capture and
sensitive detection using label-free electrochemical impedance. Flow control is facilitated using rota-
tionally actuated valving strategies including siphoning, capillary and centrifugo-pneumatic dissolvable-
film (DF) valves. For the detection systems, the thiol-containing amino acid, L-Cysteine, was self-as-
sembled onto smooth gold electrodes and functionalized with anti-EpCAM. By adjusting the con-
centration of buffer electrolyte, the thickness of the electrical double layer was extended so the inter-
facial electric field interacts with the bound cells. Significant impedance changes were recorded at
117.2 Hz and 46.5 Hz upon cell capture. Applying AC amplitude of 50 mV at 117.2 Hz and open circuit
potential, a minimum of 214 captured cells/mm2 and 87% capture efficiency could be recorded. The
eLoaD platform can perform five different assays in parallel with linear dynamic range between 16,400
and (2.670.0003)�106 cancer cells/mL of blood, i.e. covering nearly three orders of magnitude. Using
the electrode area of 15.3 mm2 and an SKOV3 cell radius of 5 mm, the lower detection limit is equivalent
to a fractional surface coverage of approximately 2%, thus making eLoaD a highly sensitive and efficient
prognostic tool that can be developed for clinical settings where ease of handling and minimal sample
preparation are paramount.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

Metastasis is the main cause of cancer-related deaths world-
wide and it is estimated to rise over 20 million in 2030 according
to World Health Organization (Jemal et al., 2011). Progression of
the disease is the result of a multistage process during which
circulating tumour cells (CTCs) typically detach from the primary
tumour site and circulate in the blood stream. These CTCs tend to
be very rare (Sheng et al., 2012); it is often assumed their con-
centration may be as low as �1–100 cells/mL in whole blood
(Coumans et al., 2013; Hou et al., 2013). Nevertheless, their con-
centration in blood has (Pantel et al., 2008) diagnostic and prog-
nostic clinical relevance (Dotan et al., 2009; Lianidou et al., 2012;
Scher et al., 2009; Wicha and Hayes, 2011). Current methods for
wankire),

.

the detection and staging of cancer are mostly pathological and
provide clinicians with a snapshot of the primary tumour and the
spread of cancer from one organ to another, but not necessarily
the total tumour burden. This deficit makes it challenging to ac-
curately predict patient outcome or directly guide treatment. Also,
chiefly owing to their extremely low concentration, the isolation
and detection of CTCs within the human bloodstream make their
reliable isolation and detection a highly complex and time con-
suming task involving expensive instrumentation, resources and
highly trained laboratory staff. Capture of (viable) CTCs using in-
expensive rapid diagnostics may offer a new way to detect me-
tastasis and prognose patients as well as providing molecular level
insights into the genetic profile of the cancer that will guide the
selection of the optimum treatment.

CTCs are inherently variable with respect to their density, size,
size distribution, morphology, deformability and cell surface
composition (Jin et al., 2014), thus demanding a highly flexible
capture and detection system. Consequently, techniques including
density-gradient based centrifugation (Park et al., 2012), micro-
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filtration (Zheng et al., 2011), hydrodynamic sorting by size (Lou-
therback et al., 2012), separation by cell deformability (Tan et al.,
2009), immunoassay based on tumour-specific surface protein
expression (Alix-Panabieres and Pantel, 2014), and molecular
markers (Nagrath et al., 2007) have been employed to effectively
separate these cells from normal blood cells before capture. Sub-
sequent enumeration of captured CTCs has been demonstrated
with such techniques as immunofluorescence (Ignatiadis et al.,
2008), confocal microscopy (Greiner et al., 2011), absorbance (Vila-
Planas et al., 2011), chemiluminescence (Hun et al., 2010), inter-
ference spectroscopy (Kumeria et al., 2012), surface-enhanced
Raman scattering (Lee et al., 2014b) and surface plasmon re-
sonance (Law et al., 2011). However, a simple, sensitive and robust
assay that allows routine detection and subsequent molecular
characterization of CTCs in a clinical setting has not been reported.

Centrifugal platforms for bioanalytical assays have been in-
vestigated for more than 40 years (Ducrée et al., 2007; Gorkin
et al., 2010; Madou et al., 2006). For cell separation, these Lab-on-
a-Disc (LoaD) platforms excel with respect to more common
pressure-driven systems due to the simplified operation without
pneumatic interfaces and pumps, the capability for powerful
sample preparation and the demonstrated amenability for full
integration, automation and parallelization of comprehensive
bioanalytical assay protocols (Duford et al., 2013; Focke et al.,
2010; Gorkin et al., 2012; Kim et al., 2014; C. Nwankire et al., 2013;
Nwankire et al., 2014; C.E. Nwankire et al., 2013). LoaD platforms
have also been developed for cell handling, bioassays (Boettcher
et al., 2006; Burger and Ducrée, 2012; Burger et al., 2012; Chen
et al., 2012; Lee et al., 2014a) and have also been interfaced with
electrical systems for real-time flow monitoring (Abi-Samra et al.,
2013). For cell detection, electrochemical schemes are beneficial
due to their ability to provide highly sensitive, rapid real-time
quantitative information, based on simple instrumentation. When
combined with electrochemical impedance, electrochemical de-
tection can also be label-free and non-destructive (Venkatanar-
ayanan et al., 2013).

Hence, combining the benefits of electrochemical impedance
spectroscopy (EIS) and LoaD platforms, we here demonstrate for
the first time, label-free electrochemical detection of ovarian
cancer cells in a fully integrated, multiplexed, automated eLoaD
platform.
Fig. 1. (A) Rendered 3D image of the 5-layer microfluidic disc platform comprising of th
films. The gold electrodes were deposited on the bottom (layer 5) disc. (B) Fully assemble
of electrochemical rare cell capture assay on polymeric eLoaD platform.
2. Experimental section

2.1. Chemicals and solutions

Sulphuric acid, sulpho-N-hydroxy succinimide (NHS), 1-ethyl-
3-[3-dimethyl-amino-propyl] carbodiimide hydrochloride (EDC),
2.5% casein, paraformaldehyde and fetal bovine serum (FBS), L-
Cysteine hydrochloride, ethylene diamine tetraacetic acid (EDTA),
Ficoll PM 400 were purchased from Sigma-Aldrich and used as
received. The SKOV3 ovarian cancer cell line was purchased from
ATCC and stored in liquid nitrogen. Details of the cell culture
protocol are given in S1-ESI. Purified anti-EpCAM (CD326) anti-
bodies were obtained from Biolegend. McCoy's 5A (containing L-
glutamine), penicillin streptomycin (pen/strep), Dulbecco's phos-
phate buffered saline (DPBS) without calcium and magnesium, as
well as trypan blue were all purchased from Fisher Scientific. Ac-
cutase cell dissociation buffer was bought from Invitrogen. Ex-
periments involving cells were carried out in a certified Biosafety
Level II laboratory under sterile, laminar air flow conditions. Cells
were fixed following impedance measurements with 3.5% (w/v)
paraformaldehyde. All aqueous solutions were prepared using
milli-Q water (18 MΩ cm�1).

2.2. eLoaD fabrication

The eLoaD platform is made up of five layers in total – two
adhesive layers were sandwiched between three PMMA polymer
layers (Fig. 1A). Computer-Aided-Design (CAD) files of the vents,
vias and reservoirs were machined in the 1.5-mm thick PMMA
(Radionics, Ireland) layers using a CO2 laser cutter (Zing 16, Epilog
USA). Microchannels were patterned onto the �90-mm thick
pressure sensitive adhesive (Adhesives Research, Ireland) layers
using a knife cutter (Graphtec Corp., USA). Sacrificial valves fabri-
cated from water dissolvable films (DFs) and cut with the knife
cutter were integrated onto the single-use disc for centrifugal flow
control (Gorkin et al., 2012; Nwankire et al., 2014). Five pairs of
gold (working and [referenceþcounter]) electrodes were sputter-
coated onto the bottom layer of the disc assembly (Fig. 1). The
electrodes were subsequently cleaned individually by electro-
chemically cycling them in aqueous 0.5 M H2SO4 at 100 mV s�1

from þ0.2 V to 1.6 V vs. Ag/AgCl (3 M saturated KCl) reference
ree 1.5-mm thick PMMA discs and two �90-μm thick pressure sensitive adhesive
d disc showing contact points for the working and counter electrodes. (C) Schematic
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electrode until a stable gold reduction peak was obtained.

2.3. Immobilization of capture antibody on gold electrodes

Following acid cleaning, the gold electrodes were thoroughly
washed with deionized water and 50 mL drop of 1 mM aqueous L-
Cysteine hydrochloride solution was placed on the working elec-
trodes. The monolayer was allowed to self-assemble for 7 h in the
dark. After the formation of the monolayer, the discs were rinsed
thoroughly with 0.01-M DPBS and dried under a nitrogen stream.
Following monolayer assembly the working electrodes were acti-
vated with 50 mL drop of 5 mM sulpho NHS-EDC for 15 min. This
was followed by incubation of the activated gold electrodes with a
50 mL droplet of 100 mg/mL anti-EpCAM antibody solution for 3 h
at room temperature. Fig. 1C shows the schematic diagram of the
capture surface. The antibody-coated electrodes were washed
thoroughly with DPBS and the entire bottom disc (layer 5, Fig. 1A)
was incubated in 2.5% casein solution for 30 min to block any bare
electrode and exposed disc surface. After 30 min, this layer was
thoroughly rinsed with DPBS and dried under nitrogen stream.
Finally, the five layers and the DF valves were subsequently
aligned and assembled (Fig. 1B) using a custom-made alignment
jig and a hydraulic laminator. Anti-EpCAM (Park et al., 2012) was
immobilized on gold electrodes to specifically capture SKOV3
ovarian cancer cells used in this study, due to their high EpCAM
expression. In order to target a wider range of cancer cells, we
propose immobilizing a panel of specific antibodies on the elec-
trode surface.

2.4. Impedance spectroscopy

Impedance spectroscopy was performed on the two on-disc
gold electrodes using a CH Instruments, Model 760D potentiostat
inside a Faraday cage. An AC excitation signal of 50 mV (peak-to-
peak amplitude) was applied to the electrodes at open circuit
potential (OCP) and the frequency of the signal was varied be-
tween 0.5 Hz and 100 kHz. All electrochemical measurements
were run at room temperature (2272 °C) using a 2-electrode
system with a gold electrode as working and gold electrode as
pseudo [referenceþcounter] electrode unless otherwise stated
(Fig. 1B). The dyed cells were imaged using a Zeiss LSM 510 Meta
laser module confocal microscope at an excitation wavelength of
488 nm and 10� magnification objective.

2.5. CTC assay in whole blood on the eLoaD platform

SKOV3 cells were harvested at 70% confluence, 72 h after
seeding by brief exposure to 5 mL, 1� accutase followed by ap-
proximately 20-min recovery in DPBS. 3 mL of human blood
sample was diluted 50% by addition of 0.1 M EDTA in 0.001 M PBS.
The blood samples were obtained from healthy donors, having
signed informed consent. Approval for use of blood for these ex-
periments was obtained from the university ethics committee. Cell
mixtures were prepared by adding various concentrations of cul-
tured SKOV3 cells to calculated aliquots of fresh 0.1 M EDTA-an-
ticoagulated and diluted human blood to achieve final con-
centrations between 1.9�105 and 1.9�108 cells/mL. The SKOV3
cells were pre-stained with 5 mM DiOC6 cell dye. 20 mL of each of
the five different cancer cell concentrations were spiked in whole
blood and pre-loaded in the five chambers on-disc, along with
15 mL of density gradient medium (Ficoll-Paque, Radionics, Ire-
land). Next, 65 mL of 0.001 M PBS wash buffer was introduced into
their respective chambers. The discs were spun on a centrifugal
test stand, which has been described previously elsewhere (Gru-
mann et al., 2005; C. Nwankire et al., 2013). This test stand com-
prises a computer-controlled motor and a stroboscopic light that is
triggered by the disc rotation in order to enable imaging of a
particular section of the disc. The cell mixtures were allowed to
flow to the reaction chamber and then incubated for 3 h at room
temperature by maintaining disc rotation at 1500 rpm. This was
followed by a DPBS wash to remove any non-specifically bound
cells. Following capture, the change in impedance was recorded in
all 5 chambers. Captured cells were then fixed with 100 μL of 3.5%
paraformaldehyde for 30 min then washed thoroughly with DPBS,
and imaged using confocal microscopy. In order to determine the
number of cells captured, cells on a 500 mm�500 mm area were
counted using ImageJ software and normalized to area of the
electrode.
3. Results and discussion

3.1. Blood separation and cancer cell extraction

The eLoaD microfluidic platform was designed to enable full
integration and automation of laboratory unit operations (LUOs),
e.g. blood separation, band extraction of cells, incubation and wash
steps, which are required for this immunoassay. Several flow
controls and valving techniques including centrifugo-pneumatic
DF valves and siphoning were investigated in order to minimize
loss of the rare target cells. Density gradient medium has pre-
viously been implemented on a LoaD platform for blood stratifi-
cation (Kinahan et al., 2014). We also observed significant loss of
target cells at the blood–plasma interface during fractionation in
absence of density gradient medium. Furthermore, loss of target
cells was also observed when the blood sample was not slowly
layered over the medium (Fig. S2 – ESI). Although the blood se-
paration chamber was re-designed to include a circulating air vent
channel positioned directly at the Ficoll–blood interface to re-
channel air and facilitate ‘smooth layering’, some target cells were
lost in the pneumatic chamber of the DF valves (Fig. S3 – ESI). To
this end, the capillary-based siphon valving strategy was im-
plemented for extraction of the target cancer cells (C.E. Nwankire
et al., 2013; Siegrist et al., 2010) (Fig. 2). The spinning protocol that
was applied for both the DF and siphon valving strategies are given
in Table 1.

In centrifugo-pneumatic DF valves, an air pocket is trapped
between a DF membrane on the outer end and a rotationally
pressurized liquid plug on the upstream side. Upon reaching a
critical burst pressure, the metastable (inverted) air–liquid layer
collapses, and liquid makes contact and dissolves the DF, thus
clearing the passage for the liquid (Gorkin et al., 2012). Siphon
valves, on the other hand, are low-pass valves which yield at low
rotational frequencies (C.E. Nwankire et al., 2013; Siegrist et al.,
2010).

After completion of blood separation, the supernatant layer
containing the white blood cells, platelets and spiked cancer cells
primes the siphon channels and continues over the gold working
electrode. Cells were incubated by maintaining disc rotation at
1500 rpm for about 3 h. The wash buffer was released by actuating
the corresponding DF valve at 3300 rpm. The disc was subse-
quently stopped to measure electrochemical impedance for each
compartment individually and data for a calibration curve
collected.

3.2. Electrochemical characterization

The adsorption of biomolecules such as antibodies or cells al-
ters the electrical environment close to the electrode surface (Bard
and Faulkner, 2001).

Cyclic voltammetry of an electroactive probe in solution, e.g.,
ferrocenemethanol (FeMeOH), can provide significant insights into



Fig. 2. Schematic (a–e) and image sequence (i–v) of the full assay protocol. (a, i) Highlights the different regions on the disc including the wash buffer, DF valve, whole blood
spiked with cancer cells, Ficoll and capture antibody immobilized on the gold electrode. (b, ii) Sample layered over Ficoll at 600 rpm. (c, iii) Blood fractionation completed at
1500 rpm and cancer cells layered at the interface between the Ficoll layer and the plasma. Inset shows the cancer cells at the interface. (d, iv) Siphon priming and extraction
of the target cells (inset arrow indicates flow through the siphon channels) and incubation at the electrode region at 750 rpm. (e, v) Wash buffer released and subsequent
electrochemical impedance detection; green food dye was used in this image to represent wash buffer to aid visualization. The yellow arrows indicate direction of the
centrifugal force (Fc). Red scale bar is 5 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Spin protocol for cancer cell extraction from whole blood.

Laboratory unit
operation

Frequency for DF valve
actuation [rpm]

Frequency for siphon-
ing [rpm]

Layering of blood
sample

600 600

Sedimentation 1500 1500
Valve actuation 2700 150
Extraction of cancer

cells
2700 450

Wash sample 3300 3300
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the number of cells captured as well as the barrier properties of
the absorbed cells. Fig. 3A shows cyclic voltammograms for a
1-mM solution of FeMeOH recorded with an on-disc gold elec-
trode (dashed line), following modification with an anti-EpCAM
capture layer (dotted line) and subsequent capture of
3.71�103 cells in PBS (solid line). Away from the formal potential,
E0′, (þ0.06 V, determined from the mean of the anodic and
cathodic peak potentials from the CV in Fig. 3A), the current is
dominated by double-layer charging; the difference in current
between the forward and backward wave depends on the inter-
facial capacitance. The interfacial capacitance at U¼�0.161 V for
the bare electrode, 7071 mF cm�2, decreases to 4873 mF cm�2

for the anti-EpCAM coated electrode. This decrease in capacitance
is consistent with adsorption of the antibody on the electrode
surface that displaces solvent and ions. However, the magnitude of
the change falls significantly short of that associated with the
formation of a dense, close-packed film. This result suggests that
ions and solvent can move through the antibody layer; hence, the
layer is “leaky”, i.e. displaying a low surface coverage with the
antibody, thus promoting efficient binding of the target. Cell
capture further decreases (by 42%) the capacitance to 4073 m
F cm�2, which is again consistent with impeded ion and solvent to
the surface of the underlying electrode. Significantly, consistent
with previous reports (Bard and Faulkner, 2001; Bourdillon et al.,
1993; Kim et al., 2012; Venkatanarayanan et al., 2013), ESI – Figs.
S4 and S5, the peak-to-peak separation for the oxidation of the
ferrocene methanol does not change significantly following anti-
body immobilization suggesting that at the slow scan rate used,
the rate of heterogeneous electron transfer to the ferrocene does
not influence the voltammetric response. The peak current de-
creases marginally from 2.1 μA to 1.8 μA, suggesting that only a
small fraction of the electrode area becomes inaccessible after
antibody immobilization or the modified electrode behaves like a
microelectrode array in which the active areas are close together
and the diffusion fields overlap.

Cell capture can affect the voltammetric response in two dis-
tinct ways. First, captured cells may completely block electron
transfer to the solution phase electroactive probe, thus reducing
the effective electrode area and, correspondingly, the peak cur-
rents while maintaining the peak-to-peak separation, ΔUP. Sec-
ond, the captured cells may lower the rate of heterogeneous
electron transfer causing ΔUP to increase. Fig. 3A shows that the
peak currents decrease marginally from 2.1 μA to 1.8 μA after the
immobilization of the antibodies while ΔUP remains unaffected.
This result is consistent with the capacitance data and suggests the
formation of a porous antibody capture layer; in an alternative
picture, the modified electrode behaves like a microelectrode array
in which the active areas are in close proximity so the diffusion
fields overlap. Equally, the voltammetric current is insensitive to
cell capture. However, confocal microscopy (Fig. 3D) confirms that
relatively few cells are captured under these conditions. The most
striking result of Fig. 3A is that, following deposition of the anti-
body layer, the formal potential of ferrocene increases by



A

-1.5E-06

-5.0E-07

5.0E-07

1.5E-06

2.5E-06

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

I /
 A

E / V

B

DC

Fig. 3. (A) Cyclic voltammogram of bare on-disc gold electrode (dashed line), 100 μg/mL EpCAM antibody coated (dotted line) and 3.71�103 captured SKOV3 cells (solid line)
in 1 mM FeOH in 0.001 M DPBS buffer, ν¼10 mV s�1, gold working and counter electrodes. (B) Nyquist admittance diagram of bare on-disc gold electrode (solid black line),
100 μg/mL EpCAM antibody coated (unfilled black circles) and captured SKOV3 cells (filled black circles) in 0.001 M DPBS buffer. The frequency range was 0.5 Hz to 100 kHz,
the frequency increases from right to left, excitation signal of 50 mV peak amplitude was applied at open circuit potential. (C) Confocal fluorescence image emission and
reflection channel. (D) Confocal fluorescence image emission channel alone of the corresponding electrode where the SKOV3 cells have been stained with 5 μM DiOC6,
excited at 488 nm and imaged with a 10� objective.
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approximately 57 mV, indicating that it is harder to oxidize fer-
rocene in the presence of the antibody layer and even more after
cell capture.

We have shown previously (Venkatanarayanan et al., 2013) that
when the electrolyte concentration was high (0.1 M) the shape of
the Nyquist response did not depend strongly on the antibody and
cell concentration. However, in dilute electrolytes (0.001 M) the
electrical double layer extends further out into solution and both
the cell resistance and the capacitance depend on the antibody
and cell concentration (surface coverage) – ESI – Figs. S4 and S5.

Initial experiments using the eLoaD platform were carried out
in PBS buffer electrolyte. Fig. 3B shows the Nyquist admittance
diagram of unmodified on-disc gold electrode (continuous black
line), following modification with anti-EpCAM capture layer (un-
filled black circles) and 3.71�103 captured cells in 0.001 M PBS
buffer (filled black circles). It is evident that upon cell capture, as
seen in Figs. 3C (emission and reflection channel) and 4D, (emis-
sion channel only) there is a significant increase in admittance
value (Fig. 3B) from 3.0�10�3 S at unmodified on-disc gold
electrode (solid black line) to 6.5�10�3 S at the same electrode
with 3.71�103 cells in 0.001 PBS buffer (filled black circles). Cell
capture is expected to augment the total electrochemical cell re-
sistance. However, for this system the total impedance decreases
following cell capture, indicating that the reduction in capacitance
following cell capture is more significant than the increase in cell
resistance.
Consequently, by tuning the double-layer thickness, and with
the network of microfluidic channels on the eLoaD platform ex-
tracting the rare target cells, it is possible to detect low numbers of
captured cancer cells. The anti-EpCAM modified eLoaD platform
was exposed to 100 μL of diluted bloodþFicollþDPBS that was
spiked with concentrations of cancer cells between 1.9�105 and
1.5�108 cells/mL, pumped to the reaction chamber and then in-
cubated for 3 h at room temperature.

3.3. CTC impedance assay, dynamic range and detection limit

The impedance response was measured as the concentration of
cells in spiked blood was systematically varied. Fig. 4A shows the
dependence of the impedance on the number of cancer cells
captured. Fig. 4B displays the dependence of the relative change in
impedance, ZREL on the number of cells captured from blood
sample. ZREL is defined as

Z
Z Z
Z Z

ABS
(1)

REL
Ab C

Ab S
=

−
−

where ABS refers to the absolute value, ZAb and ZC are the im-
pedances observed for the anti-EpCAM antibody coated gold
electrode and after exposure of these anti-EpCAM modified elec-
trodes to SKOV3 cells of different concentrations, respectively. ZS is
the impedance observed for the highest surface coverage of
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captured cells achieved i.e., as captured from a suspension con-
taining 1.49�108 cells/mL.

Significantly, Fig. 4B demonstrates that ZREL varies linearly with
captured cell numbers at a frequency of 117.2 Hz and the eLoaD
platform can detect circulating tumour cells over a wide linear
dynamic range of 16,400–(2.6270.0003)�106 cells. See S6—ESI
for corresponding data. The smallest number of captured cells that
could be reliably detected is 3270 cells corresponding to less than
214 cells/mm2, i.e., this approach yields a measurable impedance
change when approximately 2% of the electrode area is covered by
SKOV3 cells.

On the basis of the calibration curve (Fig. 4A) the baseline
impedance expected would be approximately 35 kΩ. The value of
2.5 kΩ observed following exposure of an unmodified electrode to
the blood sample containing no SKOV3 cells is significantly lower;
suggesting that exposure to blood significantly reduces the inter-
facial capacitance-most likely through non-specific adsorption of
proteins. Control experiments in which the unmodified eLoaD
platform was exposed to a suspension of SKOV3 cells containing
1.6�106 cells/mL demonstrate that captured cells are absent in
confocal microscopy and the impedance cannot be distinguished
from the bare gold surface. In contrast, exposing the antibody
capture layer modified electrode to SKOV3 free blood raises the
Fig. 5. Confocal fluorescence image of the captured SKOV3 cells on on-disc gold workin
15.3 mm2 area electrode was estimated to be 2.8�104 cells. The cells were stained with 5
impedance, presumably due to an increase in resistance connected
to the barrier properties of the non-specifically adsorbed proteins
described above. However, the key result is that, as shown above
for the clean buffer assays, the impedance decreases with a
growing concentration of SKOV3 cells in the blood samples. As
shown in Fig. 5, the total number of cells on an area of 15.3 mm2

was estimated to be 2.803�104 cells. As 20 mL of input sample
contained 3.2�104 cells, the capture efficiency of the LoaD plat-
form was calculated to be 87%.

Significantly, these observations confirm that the impedance
changes observed in Fig. 4 arise from specific binding of
SKOV3 cells to anti-EpCAM antibodies on the eLoaD surface, and
cannot be attributed to physisorption of other components that
may be present in the cell suspension. For all cell coverages, an
increase in frequency causes the overall magnitude of the im-
pedance to decrease predominantly due to the lower capacitance
of the interface following cell capture.

Fig. 5 shows confocal fluorescence images of the anti-EpCAM
modified eLoaD electrodes after exposure to 1.6�106 cells/mL.
These images clearly show the captured DiOC6 labeled cells in the
eLoaD channel containing the detection electrodes. It also reveals
that the centrifugal platform specifically captures only cancer cells,
i.e., the eLoaD platform successfully removes RBCs and only that
g electrode when disc was loaded with 1.6�106 cells/mL. The surface coverage on
μMDiOC6, excited at 488 nm and imaged with a 10� objective, scale bar is 100 μm.
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fraction of the plasma that contains cancer cells reaches the de-
tection electrode where they are specifically captured. Other
components of the plasma-like cell debris and platelets do not
adhere to the anti-EpCAM modified gold electrodes and are wa-
shed away into the waste chamber.
4. Conclusions

We have for the first time demonstrated fully integrated liquid
handling for the highly sensitive, label-free electrochemical de-
tection of ovarian cancer cells (SKOV3) directly in whole blood
using the eLoaD platform. The centrifugo-pneumatic DF valves in
combination with the capillary-based siphon valving strategy au-
tomate sample preparation and assaying in the absence of any
external pumping device. Significantly, applying an anti-EpCAM
capture layer, low frequency AC signal (117.2 Hz) and open circuit
DC potential, a detection limit of less than 21475 captured
cells/mm2 over a wide linear dynamic range of about three orders
of magnitude and 87% capture efficiency was achieved. Given the
large association constants that can be accomplished using en-
gineered antibodies, this assay may be further improved to reach
even lower detection limits.

Its proven versatility platform for other types of bioanalytical
assays, e.g. on plasma-based biomarkers in blood, makes cen-
trifugal eLoaD platform a promising candidate for establishing
rapid, multi-parameter assays with microliter amounts of blood in
common clinical settings, even at the point of care.
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