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Abstract: Circulating tumor cells (CTCs) can be collected
noninvasively and provide a wealth of information about
tumor phenotype. For this reason, their specific and sensitive
detection is of intense interest. Herein, we report a new, chip-
based strategy for the automated analysis of cancer cells. The
nanoparticle-based, multi-marker approach exploits the direct
electrochemical oxidation of metal nanoparticles (MNPs) to
report on the presence of specific surface markers. The
electrochemical assay allows simultaneous detection of multi-
ple different biomarkers on the surfaces of cancer cells,
enabling discrimination between cancer cells and normal
blood cells. Through multiplexing, it further enables differ-
entiation among distinct cancer cell types. We showcase the
technology by demonstrating the detection of cancer cells
spiked into blood samples.

Detection and characterization of cancer cells that are shed
from tumors into the bloodstream is an important challenge in
cancer research. The presence of cancer cells known as
circulating tumor cells (CTCs) in the blood of patients is an
important hallmark of metastasis,"! a process during which
cancer spreads from its original site to secondary organs.
Identification and analysis of CTCs can provide a direct and
effective method of cancer diagnosis and management.”
Cancer cells circulating in human blood are exceedingly
rare. For this reason it is extremely challenging to quantify
these rare cells accurately in the presence of a large excess of
nonspecific cells. Numerous techniques, mostly based on
fluorescence imaging, have been developed to enumerate
cancer cells.”’! Although these techniques are widely used,
they are expensive, time consuming, and require a high level
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of technical skill on the part of the operator. To overcome
these challenges, new generations of sensors based on the
quartz crystal microbalance (QCM),”! micro-NMR spectros-
copy,” micro-Hall detectors,® surface-enhanced Raman
scattering (SERS),"! electrochemical measurements,® lateral
flow,” and electrical impedance spectroscopy (EIS)!' have
been explored. The detection limits of these methods are in
the range of 10 to 8000 cellsmL " with most of them above
100 cellsmL ™, a level of sensitivity that is not high enough for
clinical sample analysis. Additionally, most approaches do not
identify the cells with sufficient specificity to be applied when
a background of nontarget cells are present, and fail to
preserve accuracy when challenged with a clinical sample
such as blood.

Electrochemical biosensors would—if developed to the
point of clinically relevant sensitivity and specificity—repre-
sent a particularly attractive solution to cancer cell analysis, as
they have previously been shown in related applications to
feature high sensitivity, simplicity, rapid response, the
capacity for miniaturization, and low cost.'!l The electro-
chemical analysis of specific types of cancer cells has been
explored,'” but has not yet been applied successfully in the
presence of nontarget cells such as those abundant in a blood
sample.

Herein, we report a novel strategy for electrochemical
cancer cell identification and multi-marker analysis that relies
on the use of a family of metal nanoparticle (MNP) labels that
specifically bind to, and enable identification of, target cells. A
novel microfabricated chip with multiple gold sensors is
produced that captures cells based on an epithelial marker,
and then metal nanoparticles modified with antibodies or
aptamers for the specific recognition of different biomarkers
on the cancer cells are introduced to allow electrochemical
detection. Electrochemical scanning allows measurement of
the direct oxidation of the MNPs!™ and simultaneous
detection of different biomarkers on cancer cells is achieved.
Using this new strategy, we are able to detect and collect
surface marker profiles on as few as two cancer cells per
sensor and simultaneously analyze three different surface
biomarkers.

The multi-nanoparticle labeling strategy and readout chip
are illustrated in Figure 1. To enable multiplexed detection
and parallelized measurements, we designed and fabricated
a sensor chip containing an array of 11 individual circular
500 um gold electrodes; ten sensors were used for signal
collection and one was used as a control. Each electrode was
electrochemically plated with gold, resulting in the formation
of a layer of nanoflakes on the electrode (Figure 1A) for
maximal capture efficiency.' The nanostructured gold
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Figure 1. Overview of the multi-nanoparticle approach to specific cancer cell detection. A) Chip layout and SEM image of an electrode after
plating. Contacts are made with rectangular pads on the surface of the chip, and circular apertures in a layer of SiO, serve as working electrodes.

SEM scale bars: 200 um (center), 1 pm (right).

B) MNP-based labels are made specific for cell surface markers with DNA aptamers attached

using a thiol/metal bond to Cu or Pd nanoparticles or antibodies attached to Ag nanoparticles by electrostatic binding. C) Cancer cells are first
captured on an electrode modified with an anti-EpCAM aptamer. A mixture of modified MNPs is introduced and an electrochemical profile is
generated using linear-sweep voltammetry (right). TCEP =tris (2-carboxyethyl) phosphine.

electrodes were then coated with a thiolated anti-EpCAM
(epithelial cell-adhesion molecule) aptamer for specific
capture of epithelial cancer cells. Cancer cells would be
captured by the anti-EpCAM aptamer, while nontarget blood
cells would not bind at high levels. To ensure minimal
amounts of nonspecific binding, mercaptohexanol is used to
backfill the EpCAM monolayer.

The electrochemical readout of several markers simulta-
neously requires redox-active probes with well-separated
potentials. We hypothesized that metal nanoparticles
(MNPs), made specific to cancer cell surface markers,
would serve as good candidates. Based on reported oxidation
potentials, we selected Cu, Ag, and Pd as reporters,m] and
confirmed that their redox chemistry could be resolved using
linear-sweep voltammetry (see Figure S1 in the Supporting
Information). We prepared marker-specific Cu and Pd nano-
particles modified with thiol-conjugated aptamers and Ag na-
noparticles functionalized with electrostatically bound anti-
bodies (Figure 1B). In a typical assay, these MNP-aptamer/
antibody conjugates are incubated with cells captured by
EpCAM on the electrode array. Electrochemical scans then
oxidize the attached MNPs directly, with different levels of
current corresponding to the number of cells present on the
sensor (Figure 1C).

To validate the direct MNP strategy as a means of
analyzing cancer cells with high levels of sensitivity, the
detection of VCaP cells (a cell-based model of human
prostrate cancer) was carried out using the antibody
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Ag-anti-CK18. The titration started with 20 cells suspended
in buffer (20 pL), a clinically relevant level of cancer cells."
Taking into account that a multiplexed chip was used with ten
active sensors, two cells are present per sensor. As shown in
Figure 2 A, an oxidation peak at +450 mV versus Ag/AgCl
was detected at this low cell count, and the signal increased as
a function of the number of cells introduced to the sensor. The
limit of detection was found to be two cells per electrode
(Figure 2B). The electrochemical sampling required only
a 10 second scan.

The approach was also tested in the presence of blood
cells. VCaP cells were spiked into whole blood and detected
using Ag-anti-CK18 (Figure 2 C). While the overall signal is
lower when blood is present, the integrated charge from the
Ag oxidation is still detectable in the presence of two cells,
and the oxidation peak intensity increases as the cell number
goes up. Control experiments carried out in blood without
VCaP cells did not yield a significant level of signal, indicating
that the approach is highly specific.

Cancer cells in biological samples are significantly out-
numbered by normal cells such as white blood cells (WBCs).
To discriminate between cancer cells and WBCs, a series of
nanoparticle-antibody/aptamer conjugates were selected as
electrochemical labels (see Supporting Information) to rec-
ognize different markers. Immunofluorescence is the gold
standard method used to analyze cancer cells captured from
clinical samples, and typically relies on a minimum of three
stains:" 1) a nuclear marker to establish the presence of cells,
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Figure 2. Evaluation of electrochemical sensor performance for cancer
cell detection using Ag-Anti-CK18. A) Current—potential plots showing
the signal intensity in the presence of differing levels of VCaP cells
using Ag-Anti-CK18 as a nanoparticle label in PBS. Plots showing
limits of detection for VCaP cells in PBS (B) and in blood (C). The
control cells used in (A) and (B) are U937 cells present at a level of
2000 cells/sensor. Applied sample volume: 20 pL.

2) an epithelial marker to distinguish the cells as tumor-
derived, and 3) a marker specific for WBCs, typically CD45.
To replicate this approach using electrochemical monitoring,
the following markers were selected: 1) nucleolin, an impor-
tant nuclear marker that translocates into the outer cell
membrane in most cancer cells,'” 2) CK-18, a known epi-
thelial marker, and 3) CD45. Aptamers were obtained for
nucleolin and CD45, and the same antibody used above for
CK-18 was employed.

The EpCAM-specific sensors were first incubated with
VCaP and U937 cells (a WBC model), followed by the
application of a mixture of MNPs, including Ag-anti-CK-18
(specific for recognition of VCaP cells), Pd-anti-CD45 (spe-
cific for U937 cells), and Cu-anti-nucleolin (a generic marker
for both VCaP and U937 cells). As shown in Figure 3 A, two
peaks at +300 mV and + 640 mV were detected, correspond-
ing to the electrochemical oxidation of Cu and Ag centers
from Cu-anti-nucleolin and Ag-anti-CK-18, respectively,

Angew. Chem. Int. Ed. 2014, 53, 13145-13149

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationalediion . CEIMIE

L) 5;
A V\CU/V\
1.59 A t"ré'ql li
< nti-Nucleolin VCaP
= Y
_P N
= 1.01 Ag
. W
£ 05l Anti-CK18
= 05 nti
O
0.0+
0.2 0.4 0.6 0.8 1.0
Potential / V

Current / yA

0.2 0.4 0.6 0.8 1.0
Potential / V

U937 VCaP

DAPI

CD45

CK-18

Overlay

Figure 3. Validation of electrochemical identification of cell types using
MNP labels. A) Electrochemical analysis of VCaP (top) and

U937 (bottom) cells using MNPs Cu-anti-nucleolin, Ag-anti-CK-18, and
Pd-anti-CD45. Electrolyte: HNO; (pH 2, 0.01 m). Scan rate: 0.1Vs™".
B) Immunofluorescence-based analysis of VCaP and U937 cells for the
nuclear marker DAPI (blue) and markers CD45 (green) and CK-

18 (red).

while the chip with U937 cells showed two peaks at around
+300 mV and + 950 mV, corresponding to the oxidation of
Cu and Pd centers from Cu-anti-nucleolin and Pd-anti-CD45,
respectively. All three peaks ascribed to the direct oxidation
of Cu, Ag and Pd centers show a slight shift to positive
potentials (compared to the three MNPs directly oxidized on
electrode, shown in Figure S1).

A conventional immunostaining experiment was per-
formed with these same cells to illustrate the correspondence
of the signals collected with the electrochemical approach
(Figure 3B). In this experiment, the WBC-specific marker
anti-CD45 was used, DAPI (4',6-diamidino-2-phenylindole)
was employed to stain the nuclei of the cells, and anti-CK was
used as an epithelial marker. For VCaP cells, the staining
pattern was DAPI*/CD45 /CK", which matched the electro-
chemical analysis. For the U937 cells, the staining pattern was
DAPI*/CD45%/CK™, which also corresponded to what was
obtained with electrochemistry. These data illustrate that
equivalent results can be obtained using the electrochemical
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approach, which provides easily quantifiable results in
comparison to immunofluorescence.

Increasingly, cancer therapies are specific to subtypes of
cancers, and it is therefore important to analyze cancer cells
for specific markers that are associated with tumor pheno-
type. We selected three different clinically relevant markers,
HER2, PSMA, and MUCI1. HER?2 is found in a subtype of
breast cancer that is treatable with targeted therapeutics.!*!
PSMA is a specific marker found on prostate cancer cells,
and MUCT is a marker found on a variety of cancer cells.”!
We analyzed three different cell types, MDA-MB-231 cells
(derived from MUCI1-positive breast cancer), SK-BR-3 cells
(derived from HER2-positive breast cancer) and VCaP cells
(derived from PSMA-positive prostate cancer), by using
a mixture of MNPs targeted towards each marker (Cu-anti-
MUCI1, Ag-anti-HER2, and Pd-anti-PSMA, respectively).
The analysis of the three cell lines shown in Figure 4 A shows
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Figure 4. Analysis of cancer cell surface markers with mixtures of
MNPs. Incubation of VCaP (blue), MDA-MB-231 (black) and SK-BR-
3 (red) cells with a mixture of Pd-anti-PSMA, Cu-anti-MUCT, and
Ag-anti-HER2 nanoparticles allows the specific detection of surface
markers by linear-sweep voltammetry. Electrolyte: HNO; (pH 2,
0.01 m). Scan rate: 0.1Vs™'.

three individual oxidation peaks corresponding to the oxida-
tion of Cu-anti-MUCI, Ag-anti-HER2, and Pd-anti-PSMA,
respectively, and demonstrates that these markers can be
specifically identified. These results also illustrate the versa-
tility of the approach and indicate that it could be used to
target any cell type with a unique surface marker.

The sensitivity of the electrochemical assay was further
characterized using the three cell lines and three correspond-
ing nanoparticles tested shown in Figure 5. With all three
pairs, the signal intensity increased logarithmically with cell
number (Figure S4) and the limit of detection was again found
to be two cells per sensor. The electrochemical signal for all of
the systems tested exhibited a logarithmic dependence on
concentration.

This work demonstrates a new multiplexed electrochem-
ical approach that can be applied to the specific detection and
characterization of cancer cells. The use of functionalized
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Figure 5. Limits of detection for three cell types and corresponding
MNPs. A) Analysis of MDA-MB-231 cells using Cu-anti-MUC1 NPs.

B) Analysis of SK-BR-3 cells using Ag-anti-HER2 NPs. C) Analysis of
VCaP cells using Pd-anti-PSMA NPs. Electrolyte: HNO; (pH 2, 0.01 m).
Scan rate: 0.1 Vs™'. Applied sample volume: 20 pL. Control signals
were measured with 200 U937 cells.

metal nanoparticles with well-separated potentials is a critical
element of the strategy. While similar results are obtained
with this method and using a gold-standard immunostaining
approach, the electrochemical analysis method requires less
hands-on time and the instrumentation required is much
simpler and more cost effective. The approach is highly
versatile, as the capture agent can be varied on the electrode,
and the recognition agents attached to the metal nano-
particles can also be tailored to detect different cell types. It is
noteworthy, however, that the approach relies on the use of
known markers previously identified as cancer-cell-specific
receptors. Nonetheless, the application of this device to the
simultaneous detection and differentiation of different cancer
cell types enabled us to demonstrate the discrimination of
cancer cells even in the presence of an abundance of white
blood cells typically found in patient samples.
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