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ABSTRACT: Circulating tumor cells (CTCs) are cancer cells
disseminated from a tumor into the bloodstream. Their
presence in patient blood samples has been associated with
metastatic disease. Here, we report a simple system that
enables the isolation and detection of these rare cancer cells.
By developing a sensitive electrochemical ELISA method
integrated within a microfluidic cell capture system, were we
able to reliably detect very low levels of cancer cells in whole
blood. Our results indicate that the new system provides the
clinically relevant specificity and sensitivity needed for a
convenient, point-of-need assay for cancer cell counting.
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Circulating tumor cells (CTC) can provide information
about the stage of disease, tumor phenotype and

effectiveness of therapy.1−3 Early detection of CTCs in the
bloodstream at very low concentrations could provide a
pathway to early diagnosis of cancer and, as a result, more
effective disease management. However, CTCs are very rare in
whole blood, with billions of healthy blood cells present in a
sample that may contain only a few CTCs.
The rarity of CTCs in the blood imposes demanding

requirements for sensitivity and specificity in CTC isolation
and detection. To this end, many systems have been developed
that use pre-enrichment of CTCs and/or dilution of blood
samples to facilitate isolation and analysis.4−7 Many CTC
detection techniques rely on fluorescence imaging, which relies
both on skill on the part of the operator and on costly
instrumentation.4−8 Alternative readout approaches using the
quartz crystal microbalance,9 micro NMR spectroscopy,10

micro-Hall detectors,11 surface-enhanced Raman spectrosco-
py,12 lateral flow13 and electrical impedance spectroscopy14

have each been reported in recent years to offer significant
advantages over legacy CTC methods.
Electrochemical sensing techniques have been investigated

for CTC detection in light of their simplicity and resultant low
cost.15−26 To date, however, all reported electrochemical
techniques fail to meet sensitivity specifications for clinical

applications. Whereas detection limits would ideally be below 2
cells mL−1, all prior electrochemical reports exhibit detection
limits that exceed 100 cells mL−1. The ability to process multi-
mL blood samples in clinically actionable times is a further
requirement yet to be fulfilled by previously reported
electrochemical CTC technologies. Finally, electrochemical
CTC sensors have yet to be validated in the detection of target
cells in whole blood.
Here we report a microfabricated system that uses both

microscale and nanoscale phenomena to isolate and detect
cancer cells on-chip (Figure 1). The integrated circuit
comprises patterned microstructures that facilitate cell capture
printed on top of a glass substrate containing patterned gold
structures that are used for electrochemical readout (Figure 1a).
The capture method is based on the previously reported
velocity valley (VV) chip.27 The expression of the epithelial cell
adhesion molecule (EpCAM) is commonly used to target and
capture cancer cells,26,28,29 and here, cells are specifically labeled
with magnetic nanobeads conjugated with the anti-EpCAM
antibody and then introduced into the capture chip sandwiched
between two arrays of magnets. The amplitude of the magnetic
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field generated is insufficient−in an open channel - to overcome
the drag force of the cells, and the chip fails to capture the
magnetic-particle-labeled cancer cells. When X-shaped posts are
included within the channel, they decrease the local velocity of
the fluid, thereby decreasing the drag force (Figure 1b). As a
result, cells having high magnetic particle labeling (correspond-
ing to high surface biomarker expression) are robustly captured
(Figure 1c).
The electrochemical measurements were carried out on-chip

using a 3-electrode configuration. The active area of the
reference, working and counter electrodes are ∼3 mm2. The
on-chip electrodes are arranged as shown in Figure 1d in order
to keep the distance between them constant and as small as
possible. This design alleviates the possible potential drop
resulting from solution resistance throughout the chamber.
The in situ on-chip detection is based on an electrochemical

enzyme-linked immunosorbent assay (EC-ELISA). Cancer cell
detection is carried out on-chip, in-line with cell capture.
Captured cells are tagged with an antibody against a universal
epithelial cancer marker (cytokeratin, CK). The anti-CK18
antibody is labeled with alkaline phosphatase (ALP) based on
biotin−streptavidin binding (Figure 1e). In this assay, ALP is
used to convert p-aminophenyl phosphate (p-APP) to an
electrochemically active reagent (p-aminophenol) through an
enzymatic reaction. p-Aminophenol (p-AP) is then oxidized
electrochemically and the signal is read as a change in the
current (Figure 1f). The intensity of the electrochemical signal
therefore depends on the number of cells captured in that

chamber, enabling the enumeration of cells. Moreover, the
enzyme molecules are not consumed in this reaction, which
results in amplified production of p-AP. The catalytic nature of
the reaction enables detection of low number of cells and
makes our detection method very sensitive. It should be noted
that all of the binding steps were performed on-chip and under
continuous flow of reagents. However, to prevent the loss of
redox species, flow was stopped during p-APP incubation and
the electrochemical sampling period. During the incubation
time, degree of generation and diffusion of redox species are
high enough that electrochemical signals are independent of the
position of captured cancer cells relative to the electrodes.
The performance of the in situ ELISA approach was

evaluated by monitoring the electrochemical response of
various concentrations of the electrochemical reporter group
p−aminophenol (p-AP) in TBS buffer. Differential pulse
voltammetry reveals an oxidation peak centered at −0.03 V
vs on-chip gold electrodes, which corresponds to the oxidation
potential of p-AP. The intensity of the signals grows as the
concentration of the analyte is increased, and no signal was
detected in the absence of electroactive species (DPV of TBS
shows no signal in this potential window) (Figure 2). We
observed that the lowest reproducibly detectable concentration
of p-AP is ∼1 μM. The incubation time for the enzymatic
reaction and the concentration of the added enzyme were
optimized to stay above this limit for detection of target cells.
We validated the high levels of sensitivity of the chip in

detection of rare cancer cells by sensing different concen-

Figure 1. Cancer cell capture and electrochemical detection method. (A) Schematic of chip design, showing the capturing well with X-shaped posts
and on-chip electrodes. (B) COMSOL simulation of linear velocity gradient, indicating the velocity valley regions around X-shaped posts. (C)
Immunofluorescent image of a captured cancer cell on chip. (D) Image of a chip with 8 independent sensors and a zoomed in view of one sensing
chamber, showing on-chip reference, counter, working electrodes and X-shaped posts. Small dimensions of wells allow further multiplexing and
parallel detection of cancer cells on one chip. (E) Cancer cells are tagged with magnetic nanoparticles functionalized with anti-EpCAM antibody.
These cells get captured in the low flow regions created by velocity valleys. Afterward, they are functionalized on-chip with biotinylated anti-CK18
and streptavidin-alkaline phosphatase conjugates in two subsequent steps. (F) Alkaline phosphatase molecules convert p-aminophenyl phosphate to
p-aminophenol. The electroactive p-aminophenol gets oxidized at the potential of −30 mV against Au reference electrode. The generated signal is
indicative of presence of a cell and its intensity is proportional to the number of captured cells.
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trations of VCaP cells. These cells are an important epithelial
cancer cell model and express the surface antigen used for
capture, EpCAM. The cells were captured on the VV chip and
analyzed using in situ ELISA. The results demonstrate the
capability of the chip to detect as few as one captured cancer
cell (Figure 3a).

The actual number of cells captured was independently
verified by performing immunostaining and fluorescence
microscopy on each chip and correlating the captures cell
numbers with obtained electrochemical signals. The logarithmic
relation between intensity of collected signals and the number
of captured cells enables the quantitative enumeration of rare
cells (Figure 3b). The results were highly reproducible, as
evidenced by the low error values shown in Figure 3. It should
be noted that data normalization was accomplished by dividing
the signal intensities by the maximum value of each
corresponding graph.
The logarithmic relation observed in Figure 3b is due to the

catalytic behavior of the enzyme and the resulting p-AP
production amplification, whereas in the case of Figure 2, there
is no enzymatic reaction involved and p-AP solutions were
ready-made, therefore the signal intensity increases linearly with
increasing concentration of the solutions.
We sought next to assess the performance of the chip when it

is challenged with an abundance of blood cells. We investigated
whether it would have clinically relevant specificity by

attempting the capture and detection of VCaP cells spiked in
whole blood (Figure 4). To study the capture efficiency of the
chip, we tested different concentrations of cancer cells in blood.
The number of captured cancer cells was extracted from
immunofluorescence images. To distinguish between cancer
cells and white blood cells, triple stains targeting cell nuclei,
CD45 (a surface marker specific for WBC) and CK18 (a
surface marker specific for cancer cells) were used. The
obtained capture efficiency for the intended cancer cells was on
average 85% (Figure 4a). Along with the capture of cancer cells,
on average of about 80 white blood cells were captured
nonspecifically in the chips. This level of nonspecific capture is
much lower than what has been observed in other cancer cell
isolation techniques.
It is noteworthy that higher levels of error were observed

when higher numbers of cancer cells were present in samples.
This trend relates to the design and mechanism of function of
the VV chip. We have previously reported detailed calculations
and simulation data for the spatial distribution of linear
velocities of cells in the presence of X-shaped capture structures
used in the VV chip. At the flow rate employed, only 24% of the
chip area has linear velocities lower than the threshold required
for effective capture of typical magnetically labeled cells
employed in this work (see the Supporting Information).30

Moreover, we have observed that the capture efficiency
decreases as the number of captured cancer cells per well
exceeds 20 (equal to 60 cancer cells per ml of blood). It is on
this basis that we explain lower reproducibility and larger error
bars in the capture of more than 20 cells. This could in future
be addressed by increasing the well size to serve applications in
which higher captured-cell numbers were of interest.
As shown Figure 4b, detection of as low as two spiked cells in

each milliliter of whole blood was achieved. The system
therefore remains highly sensitive even in the presence of
abundance of nonspecific cells. Nevertheless, the complexity of
blood media and the consequent nonspecific bindings resulted
in a higher background signal relative to what has been
observed when detecting cancer cells in buffer. Signal intensities
in general are decreased for blood samples, which is attributed
to nonspecific partial coverage of the surface of electrodes by
white blood cells (compare Figures 3b and 4c). The signal
intensity and the number of cells were correlated using the
equation displayed in Figure 4c. This fit will allow us to extract
the number of cells present in blood samples from the
amplitude of the obtained electrochemical current. As displayed
in Figure 4a, the calculated number of cells is in good
agreement with the counted number of captured cells in
immunofluorescent microscopy images (a representative image
of cancer cell is displayed in Figure 4d).
The remarkably high sensitivity of the system especially in

comparison to the other electrochemical techniques is due to
the enzymatic nature of the assay. Enzyme molecules
biospecifically bound to the target cells will amplify the number
of electroactive species generated per each cell. As a result,
higher signal-to-noise ratio is achieved, which translates to
higher sensitivity of the immunosensor.
In summary, we validated a chip-based system that enables

capture and enumeration of very low concentrations of cancer
cells. This method requires only simple instrumentation and
has the potential to become very cost-effective, via automation,
compared to conventional immunostaining approaches.
Because it can be tailored to employ different capture or
labeling antibodies, the system can readily be adapted to

Figure 2. Evaluation of on-chip electrode performance and p-AP
oxidation signal. (A) DPV results show the oxidation peak of p-AP at
the potential of −30 mV against on-chip electrodes. No signal was
detected from TBS buffer in this potential window. (B) Quantitation
of the oxidation peaks amplitude produced at −30 mV against on-chip
electrodes with different concentrations of p-AP in aTBS buffer. The
measurements were carried out in the potential window of −200 mV
to 200 mV with potential step of 5 mV, pulse amplitude of 50 mV,
pulse width 50 ms, and a pulse period of 100 ms.

Figure 3. Enumeration of cancer cells. (A) Signals from electro-
chemical ELISA were collected for detection of VCaP cells. Afterward,
the number of captured cells was verified using immunofluorescence
technique. (B) Logarithmic relation correlates signal intensity to the
number of captured cells.
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different cancer cell types. It offers a significant advantage over
commercially available systems which require much higher
levels of hands on processing time and subjective data
interpretation (Figure S2 in the Supporting Information).
The level of sensitivity and the ability to analyze whole blood
samples exhibit excellent performance compared to previously
reported electrochemical cancer cell capture and sensing
solutions.
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