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ABSTRACT: The identification and analysis of circulating
tumor cells (CTCs) is an important goal for the development
of noninvasive cancer diagnosis. Here we describe a chip-based
method using nanostructured microelectrodes and electro-
chemical readout that confirms the identity of isolated CTCs
and successfully interrogates them for specific biomarkers. We
successfully analyze and classify prostate tumor cells, first in cultured cells, and ultimately in a pilot study involving blood samples
from 16 prostate cancer patients as well as additional healthy controls. In all cases, and for all biomarkers investigated, the novel
chip-based assay produced results that agreed with polymerase chain reaction (PCR). The approach developed has a simple
workflow and scalable multiplexing, which makes it ideal for further studies of CTC biomarkers.

Circulating tumor cells (CTCs) are shed into the
bloodstream as tumors grow and are believed to be the

initiators of cancer spread. By colonizing sites distant from the
primary tumor such as brain, liver, and bone, CTCs make
cancer much more difficult to treat, and much more deadly.
CTCs are found both in patients with primary tumors as well as
metastatic disease, and it is of interest to understand the origins
of CTCs at different stages of the disease.1−8

It is critically important to study the genetic makeup and
other properties of CTCs to understand their role in cancer
progression and to aid in the development of new treatments
that would halt metastasis. In particular, understanding the
significance of the presence of specific types of CTCs might
lead to the eventual development of noninvasive cancer
screening methods. For prostate cancer, where the widely
used PSA test is falling out of favor, the analysis of CTCs could
have significant clinical utility.
Monitoring CTCs is extremely challenging given the small

numbers of CTCs found in a vast background of blood cells:
they are outnumbered more than one-billion-fold by blood
cells. A variety of methods have therefore been developed to
capture CTCs from the bloodstream.5,9 These include methods
based on size10−13 or the presence of surface antigens.14−16

Several have employed microfluidic devices.17−24

Convenient methods of analyzing CTCs for specific
biomarkers are much less developed than the aforesaid capture
techniques. Research into the significance of specific biomarkers
has been enabled by the polymerase chain reaction (PCR) and
sequencing.25,26 However, these methods do not offer a
convenient, rapid, and low-cost path to translation toward

clinical applications; and they are also prone to false positives in
cases in which sample collection is not properly handled.
Ideally, a technique for translation to the clinic would rely on

an automated, chip-based technique offering a high degree of
biomarker multiplexing that would enable panels of a number
of biomarkers to be reported on. Such tools would also
promote the development of a comprehensive understanding of
the biomarker profiles of CTCs on a patient-by-patient basis.
We present herein a new approach to CTC analysis (Figure

1) that relies on a class of chip-based electrochemical sensors.
These sensors produce electrochemical signals that correspond
to the presence of specific nucleic acid sequences.31 The
platform was previously shown to be effective in the detection
of microRNAs in head-and-neck cancer cell lines,27 infectious
disease markers in bacterial lysates,28 and cancer biomarkers in
leukemia cells29 and also in prostate solid tumor samples.30

Here, we show that it is highly effective when challenged with
RNA isolated from prostate cancer patient blood samples.
Our CTC chip analyzes a number of RNA sequences of

interest from isolated CTCs. The samples are profiled both for
markers that confirm their identify as CTCs and markers that
may enable subtyping of prostate tumors.3,7 A simple three-step
workflow is described that streamlines that analysis of multiple
markers within a single patient sample.
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■ EXPERIMENTAL SECTION
Chip Fabrication. Integrated biosensor circuits were

fabricated by first passivating silicon wafer substrates with a
thick thermally grown silicon dioxide layer. Positive photoresist
was patterned to the desired electrical contact and lead
structure using standard photolithographic methods. Subse-
quently, a 500 nm gold layer was deposited using electron-
beam assisted gold evaporation, and a standard lift-off process
was used to expose the desired electrical contacts and
interconnects. Next, a second layer of 500 nm silicon dioxide
was deposited to passivate the interconnects using chemical
vapor deposition. Finally, 5 μm apertures were etched into the
second passivating silicon dioxide layer, exposing the gold layer
at the contact terminal point of each interconnecting line.
Sensor Fabrication. Chips were washed by sonicating in

acetone for 5 min and rinsing with IPA and water.
Nanostructured microelectrodes (NMEs) were electroplated
using a standard three-electrode system consisting of a Ag/
AgCl reference, a Pt auxiliary, and a 5 μm aperture Au working
electrode. An electroplating solution containing 20 mM
HAuCl4 in 0.5 M HCl was used. NMEs were plated on the
chip using an applied potential of 0 mV for 300 s. For finely
nanostructured overlayer, a second electroplating solution was
used (5 mM H2PdCl4 in 0.5 M HClO4). The second
electroplating was performed with an applied potential of
−250 mV for 10 s.

Synthesis and Purification of PNA Probes. PNA probes
were synthesized in house using a Protein Technologies
Prelude peptide synthesizer. The following probe sequences
are specific to PSA mRNA and TMP/ERG Type III mRNA:
(P1) TMPRSS/ERG Type III probe (NH2-C-G-ata-agg-ctt-cct-
gcc-gcg-ct-CONH2) and (P12) PSA (NH2-C-G-D-gtc-att-gga-
aat-aac-atg-gag-D-CONH2). After the synthesis, the probes
were purified using HPLC. Probe concentration was
determined using a NanoDrop instrument.

Functionalizing the NMEs with PNA Probes. A solution
of 100 nM PNA probe in 0.3× PBS was deposited on the
NMEs surface in a dark humidity chamber overnight at RT.

Electrochemical Detection of Hybridization of the
mRNA Target with PNA Probes. Electrochemical measure-
ments were made using an Epsilon potentiostat. After probe
deposition, unbound probe was removed by washing at 37 °C
for 30 min and twice at room temperature for 5 min. The
background signal (from the probe) was scanned in electro-
catalytic solution (10 μM Ru(NH3)6

3+ and 1 mM Fe(CN)6
3−)

in PBS. NMEs were incubated with purified total RNA, from
cultured cells or CTCs, diluted with 0.3× PBS, at 37 °C for 1 h.
After hybridization, the chips were washed twice with 0.3× PBS
at RT for 5 min. The same catalytic solution was used for the
chip scanning before and following hybridization.

RT-PCR. Total RNA (extracted with Trizol, Invitrogen) was
used for cDNA synthesis with the First Strand DNA synthesis
kit (Invitrogen) and Superscript III reverse transcriptase and
random hexamers according the manufacturer’s protocol. A
volume of 2 μLof cDNA were then used in a 50 μL PCR
reaction with 1 μL of 100 μM gene specific primers (specific to
TMP/ERG Type III gene fusion and PSA gene). The two PCR
primer-pairs were designed to have an annealing temperature of
57 °C, which allows one RNA sample to be tested for TMP/
ERG Type III mRNA and PSA mRNA at the same time. The
PCR program was as follows: template denaturing at 94 °C for
3 min followed by 35 cycles of template denaturing at 95 °C for
30 s and primer annealing at 57 °C for 30 s and DNA chain
extension at 72 °C for 1 min. The PCR reaction was then
incubated at 72 °C for a further 10 min. The PCR products
were visualized using agarose gel electrophoresis.
PCR primers for TMPRSS/ERG Type III gene fusion (600

bp PCR product)

′‐ ‐ ‐ ‐ ‐ ‐ ‐ ′

′‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ′

Forward primer: TFP (5 cag gag gcg gag gcg ga 3 )

Reverse primer: TRP (5 ggc gtt gta gct ggg ggt gag 3 )

PCR primers for PSA gene (500 bp PCR product)

′‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ′

′‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ′

Forward primer: FPPSA1 (5 ttg tgg gag gct ggg agt g 3 )

Reverse primer: RPPSA1 (5 cct tct gag ggt gaa ctt gcg 3 )

Asymmetric PCR. TMP/ERG Type III ssDNA and PSA
ssDNA were synthesized by asymmetric PCR and used as
positive controls for electrochemical detection of mRNA on a
chip. TMP/ERG Type III ssDNA was synthesized in a 50 μL
reaction using 10 ng of PCR4TOPO-TMP/ERG Type III
plasmid vector (contains inserted TMP/ERG Type III gene
fusion) template, 1 μL of 100 μM forward primer (TFP), and 1
μL of 1 μM reverse primer (TRP). The PCR program was as
follows: template denaturing at 94 °C for 3 min, followed by 40
cycles of template denaturing at 95 °C for 30 s, primer
annealing at 60 °C for 30 s, and DNA extension at 72 °C for 1
min. The PCR reaction was then incubated at 72 °C for

Figure 1. CTC analysis strategy: (A) CTCs are isolated from blood
samples using a method employing magnetic beads, and RNA is then
isolated. Samples are analyzed using chip-based sensors and PCR for
confirmation. (B) Sensor fabrication. Silicon chips patterned with gold
contacts and leads are passivated with silicon dioxide, and 5 μm
apertures are produced at the ends of each lead. Gold electro-
deposition is then used to produce fractal microelectrodes, and a
nanostructured coating of palladium is then applied. (C) Sensors are
coated with thiolated probes molecules, and then the binding of a
target nucleic acid molecule increases the negative charge of the
sensor. The accumulation of Ru(NH3)6

3+ generates an electrochemical
signal that is amplified by Fe(CN)6

3−. An increase in current indicates
that the target sequence is present, while a constant current indicates
that the sequence is absent.
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another 10 min. For PSA ssDNA synthesis, the same PCR
program was used but different primers were required for
efficient amplification. In total, 10 ng of PSA-PCR product
(obtained by conventional PCR) in a 50 μL reaction was used
as a template. As a forward primer, 1 μL of 60 μM FPPSA5 was
used, and as a reverse primer 1 μL of 3 μM RPPSA2 was used.
The primer-pair annealing temperature was 65 °C.
Primers for TMPRSS/ERG Type III gene fusion (600 nt

ssDNA product)

′‐ ‐ ‐ ‐ ‐ ‐ ‐ ′

′‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ′

Forward primer: TFP (5 cag gag gcg gag gcg ga 3 )

Reverse primer: TRP (5 ggc gtt gta gct ggg ggt gag 3 )

Primers for PSA gene (200 nt ssDNA product)

′‐ ‐ ‐ ‐ ‐ ‐ ‐ ′

′‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ′

Forward primer: FPPSA5 (5 gat gac tcc agc cac gac 3 )

Reverse primer: RPPSA2 (5 gtc att gga aat aac atg gag gtc c 3 )

For preparative purification of ssDNA, four PCR reactions
were pooled together and DNA was precipitated with ethanol.
Then the desired ssDNA was separated from dsDNA by
agarose gel electrophoresis. Only the ssDNA was excised from
the gel and further purified with a PCR clean up kit (Promega).
The ssDNA was eluted, from the column, with 50 μL of water,
and the concentration was estimated by using a NanoDrop
instrument. To confirm the identity of ssDNA, restriction
analysis was used together with NaOH-denaturing agarose gel
electrophoresis.
Patient Selection and Consent Protocol. To maximize

the ability to detect CTCs from the patient samples, we
selected three groups of patients over a 2 year period: (1)
patients presenting with metastastic prostate cancer at diagnosis
(n = 6); (2) patients undergoing radical prostatectomy
treatment for clinically localized prostate cancer (n = 9); and
(3) a control group with no evidence of cancer proven by
prostate biopsy (n = 2). All blood samples were collected with
consent prior to prostate biopsy or radical prostatectomy. The
characteristics of these patients are outlined in Table S1 in the
Supporting Information.
CTCs Purification from Patient Blood Samples and

RNA Extraction. CTCs were purified from patient blood
samples using the Miltenyi Biotec (MACS) method.14 Blood
samples (10 mL) were diluted with MACS PBS pH 4.2
(contains 2 mM EDTA and 0.5% BSA) and fractionated by
Ficoll gradient centrifugation at 400g for 40 min at 20 °C. The
CTCs were collected from the interphase (between the Ficoll
layer and the plasma) and further purified from the blood cells
using EpCAM magnetic microbeads (CD326, human) and MS
columns. Finally, the CTCs were eluted from the column with
1 mL of MACS PBS and centrifuged at 200g for 10 min at 4 °C.
The supernatant was discarded, and the CTCs were lysed with
0.8 mL of Trizol (Invitrogen) for further RNA extraction.

■ RESULTS AND DISCUSSION
Sensor Design and Readout Strategy. The sensors used

in this study are produced using a combination of top-down
and bottom-up microfabrication (Figure 1B). Using photo-
lithography, a pattern of contacts and leads are produced on
silicon. This pattern is then passivated with a top layer of SiO2,
and then small (5 μm) circular apertures are opened at the end
of each lead. These apertures are then used to template the
growth of electrodeposited gold sensors. The choice of
deposition and solution conditions can be used to control the
size and surface morphology of the sensor.32,35 Previous studies

of these sensors have confirmed that they enable highly
reproducible and sensitive detection of nucleic acids analytes.
In this study, we sought to generate sensors with very low

detection limits to meet the objective of analyzing the small
numbers of CTCs present in patient samples. The sensors
generated were therefore made to extend fully 100 μm into
solution to facilitate collisions with slow-moving mRNAs.35 In
addition, they were covered with a fine coating of nano-
structured palladium to enable efficient probe display.33,34 The
resultant nanostructured microelectrodes combine the advant-
age of enhanced collisional frequencies and high target capture
efficiencies.35

The electrochemical reporter system used with these
sensors38 employs two different redox-active probes, Ru-
(NH3)6

3+ and Fe(CN)6
3− (Figure 1C). The Ru(II) species

accumulates at the sensor surface in proportion with the
hybridization of negatively charged nucleic acid target
molecules to the NME-tethered probes and is reduced when
a potential of −0.175 V (vs Ag/AgCl) is applied to the sensors.
The Fe(III) species is repelled from the sensor surface because
it is anionic, but since it is more readily reduced than
Ru(NH3)6

3+, it is able to oxidize the reduced ruthenium and
regenerate it for further electrochemical cycles. This electro-
catalytic approach provides signal amplification and is
particularly effective with nanostructured surfaces.36,37

Development of Probes for CTC-Specific Markers. To
obtain proof-of-concept for the use of these sensors for CTC
analysis, two probe molecules were designed that would (1)
establish the identity of prostate-tumor derived CTCs and (2)
report of the presence of a prostate-tumor specific biomarker. A
marker unique to the prostate, the prostate-specific antigen
(PSA) mRNA, was selected to enable unambiguous con-
firmation that the collected bloodborne cells originate from a
prostate tumor. Another marker found in a subset of prostate
tumors, the TMPRSS2-ERG Type III gene fusion, was selected
in view of studies indicating that it may offer information
relevant to the classification of different types of prostate
tumors.39 Probes against PSA and TMPRSS2-ERG were
designed to be highly specific to these mRNAs even in the
presence of the other RNAs found in human cells. These
probes were made as peptide nucleic acids to ensure maximum
sensitivity29 and featured a thiol on the PNA terminus to
provide a linkage site to the palladium-coated sensor.
The sensor-bound probes were validated using targets

produced by asymmetric PCR of a template containing the
sequence complementary to the PSA mRNA and the
TMPRSS2-ERG mRNA (Figure 2). The targets were 200
nucleotides for PSA and 600 nucleotides for TMPRSS2-ERG.
Several concentrations were tested, and at concentrations as
low as 1 pg/μL, statistically significant changes in current were
observed, indicating that the sensors exhibited sensitivity
toward these targets in the low picomolar concentration range.
The sensors were then challenged with different cultured

prostate cancer cell lines to assess whether they were
sufficiently sensitive to investigate the small number of CTCs
found in patients (Figure 3). Using as few as 100 cells in 40 μL,
sensors modified with probes against the PSA mRNA and the
TMPRSS2-ERG mRNA exhibited a statistically significant
signal change. Given that the sample volume used in these
trials could be reduced by ∼10-fold, this indicates that the
system was capable of analyzing the very low numbers of CTCs
typically found in prostate cancer patients. It is noteworthy that
higher background levels were noted with the TMPRSS2-ERG
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sensors relative to the PSA sensors, which likely relates to the
fact that DU145 cells do not express PSA, but they do express
the wild-type genes that could interact with the TMPRSS2-
ERG sensors. A PCR assay was also developed and optimized
for PSA and the TMPRSS2-ERG type III gene fusion and was
found to have a similar limit of detection. This method did not
show any background levels for the DU145 cells, because the
PCR primers used do not target the fusion site. While crosstalk
of WT mRNAs with fusion probes is a limitation of
hybridization-based approaches like the one described here,
the fact that the fusion site is probed directly increases the
overall specificity of the assay because PCR can have difficulty
identifying specific fusion sequences.
Analysis of Patient Samples. A pilot study analyzing

CTCs in blood samples from prostate cancer patients was then
conducted to examine the potential clinical relevance of the
methodology developed (Figure 4). A set of 16 patients with
high PSA levels was selected for the study (Table S1 in the
Supporting Information), and 10 mL blood samples were
drawn with consent. CTCs were isolated using magnetic beads,
and RNA was purified from the isolated cells (see Figure S1 in
the Supporting Information for validation of sample prepara-
tion using a commercial kit). Blood from a healthy donor was
also processed the same way and analyzed. The RNA samples
were analyzed using the PSA/TMPRSS2-ERG chips, and the
chip results are summarized in Figure 4. The healthy donor
blood did not produce appreciable signal changes at the
sensors, and in addition, two patients that were later found to
be biopsy-negative for prostate cancer were negative when
analyzed with the chip-based sensors. For 9 of the 16 patient
samples tested, significant signal changes at the anti-PSA
sensors were observed. The highest signals were obtained with
patient samples where the biopsies were assigned high Gleason

scores. For 2 of the 15 samples, increased current was observed
at the anti-TMPRSS2-ERG sensors. In each case, PCR was
used to confirm the presence or absence of the PSA mRNA and
TMPRSS2-ERG type III mRNA, and the identical results were
obtained. The PCR product from one of the TMPRSS2-ERG
positive samples was sequenced, and the correct sequence of
the type III fusion was obtained (Figure S2 in the Supporting
Information).
It is noteworthy that, using both the PCR gold-standard

assay and also the novel chip-based assay, there were certain
patient samples, even ones where the corresponding biopsies
had yielded high Gleason scores, in which CTCs were not
detectable. This may reflect a lack of CTCs in these samples or
inefficiencies in the sample preparation strategy that was
employed. Future efforts will explore different cell capture
methods to determine whether CTC screening could be used
to identify all patients who are identified by biopsy.
While limited multiplexing was used in this study, the chip-

based detection strategy has scalable multiplexing that could be
employed to analyze much larger panels of markers. Future
efforts will leverage this capability to provide more information-
rich analyses of CTCs.
These results indicate that a chip-based strategy for

molecular detection successfully enables screening of patient
blood samples for CTC markers. The method produces results
that are consistent with established PCR-based techniques. It is
the first alternative to PCR ever documented to accurately

Figure 2. Validation of probe for CTC markers using asymmetric PCR
products. The sensitivity of the probes to large biomarkers (mRNAs)
was validated using ssDNA targets synthesized by asymmetric PCR.
Two different concentrations of targets (1 and 10 pg/μL) were used to
test how the signal changes with increasing the concentration of
targets. The figure shows an electrochemical detection of ssDNA
targets, using TMP/ERG Type III biosensor (A) or PSA biosensor
(B). To confirm the size and integrity of the ssDNA targets,
denaturing gel electrophoresis were used.

Figure 3. Analysis of DU145 and VCaP cells. VCaP cells express the
selected biomarkers (PSA gene and TMP/ERG Type III gene fusion)
and were used as a positive control for the detection of mRNA, on a
chip. As a negative control, we used DU145 cells, which do not express
the selected biomarkers. Electrochemical detection of TMP/ERG
Type III mRNA (A) and PSA mRNA (B) used three different RNA
concentrations, corresponding to 1000, 100, and 10 cells. (C) RT-
PCR using RNA extracted from 1000, 100, and 10 VCaP cells. The
limit of mRNA detection for both NMEs and RT-PCR is between 10
and 100 VCaP cells.
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identify CTC-positive samples. Using a simple, 3-step work-
flow, the presence of CTCs was confirmed and a specific
prostate cancer biomarker was also assessed in each patient
sample. Future work will extend this system to also include in-
line CTC capture for a fully integrated solution to CTC capture
and analysis.

■ CONCLUSIONS
Circulating tumor cells are an important class of circulating
cancer markers that may enable noninvasive diagnosis and
contain molecular-level information guiding treatment. They
are challenging to analyze given their low levels even in large
patient samples, and few methods have been developed for
their analysis. We have described an effective method that
allows CTC markers to be analyzed that relies on a multiplexed
sensor chip. This method is inherently scalable and could
enable the screening of large panels of markers in CTCs to

advance our understanding of CTC biology and the value of
these cells as diagnostic and prognostic markers.
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