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ABSTRACT: Progress toward the development of minimally
invasive liquid biopsies of disease is being bolstered by
breakthroughs in the analysis of circulating tumor DNA
(ctDNA): DNA released from cancer cells into the bloodstream. However, robust, sensitive, and speciﬁc methods of
detecting this emerging analyte are lacking. ctDNA analysis has
unique challenges, since it is imperative to distinguish
circulating DNA from normal cells vs mutation-bearing
sequences originating from tumors. Here we report the
electrochemical detection of mutated ctDNA in samples
collected from cancer patients. By developing a strategy
relying on the use of DNA clutch probes (DCPs) that render
speciﬁc sequences of ctDNA accessible, we were able to
readout the presence of mutated ctDNA. DCPs prevent reassociation of denatured DNA strands: they make one of the two
strands of a dsDNA accessible for hybridization to a probe, and they also deactivate other closely related sequences in solution.
DCPs ensure thereby that only mutated sequences associate with chip-based sensors detecting hybridization events. The assay
exhibits excellent sensitivity and speciﬁcity in the detection of mutated ctDNA: it detects 1 fg/μL of a target mutation in the
presence of 100 pg/μL of wild-type DNA, corresponding to detecting mutations at a level of 0.01% relative to wild type. This
approach allows accurate analysis of samples collected from lung cancer and melanoma patients. This work represents the ﬁrst
detection of ctDNA without enzymatic ampliﬁcation.

■

INTRODUCTION
The analysis of circulating nucleic acids, such as cell-free tumor
DNA and RNA, is poised to enable liquid biopsy approaches in
cancer management. This type of minimally invasive assay
stands to facilitate eﬃcient diagnosis, prognostic analysis, and
patient follow-up1−5 in comparison with tumor tissue biopsies
that are notoriously painful, costly, and time-consuming.
Circulating tumor DNA (ctDNA) is particularly informative
as a molecular marker, since DNA is more chemically and
biochemically stable than RNA.6,7
Currently, there are few robust, sensitive, and speciﬁc
detection methods for ctDNA analysis, and DNA sequencing
is the only method that is eﬀective.8 The double-stranded
structure of DNA makes this molecular species a particularly
challenging target for direct analysis. Biological interferents can
limit the sensitivity of methods based on the polymerase chain
reaction (PCR), and methods based on DNA hybridization
allow high levels of sequence speciﬁcity, but are complicated by
the reannealing of denatured single-stranded DNAs (ssDNAs),
which hinders the hybridization between the denatured DNA
and the probe.9−11 DNA sequencing has enabled important
research studies, but the time frame associated with obtaining
sequence information (2−3 weeks) does not address the needs
of patients and physicians, and it is costly and provides
unnecessarily detailed information.12
© 2016 American Chemical Society

Patients aﬀected with cancer can have higher levels of
circulating DNAs than healthy individuals; however, the overall
levels of circulating DNAs have signiﬁcant variability in plasma
or serum samples collected from each group.1 For meaningful
clinical analysis, speciﬁc cancer-related sequences must therefore be detected in ctDNA. Detection of tumor-speciﬁc
mutations (e.g., KRAS and BRAF) in ctDNAs could facilitate
speciﬁc monitoring of cancer-related sequences in the presence
of normal DNA.13,14 However, detection of mutated ctDNAs is
very challenging, because (i) denatured ctDNAs can reanneal
without hybridizing to the probe, (ii) mutated ctDNAs are
present at very low abundance, and (iii) low levels of mutant
genes are present along with signiﬁcant levels of normal DNA
in patient samples. Therefore, for successful detection of
mutated ctDNAs, a method should prevent reannealing of
ssDNAs and must be highly sensitive and selective to detect
low abundance mutated ctDNAs in the presence of a high
background of unmutated sequences in patient samples.
Electronic and electrochemical chip-based methods oﬀer
attractive solutions for clinical sample analysis because they are
straightforward to automate and implement using cost-eﬀective
instrumentation.15,16 Electrochemical detection methods are of
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Figure 1. Schematic of clutch probe strategy for ctDNA detection. (A) Detection strategy. First, DNA double helices are denatured at 90 °C to form
ssDNA. DNA clutch oligonucleotide probes are then used to prevent reassociation of ssDNA strands. The PNA clamps block wild-type target
ssDNA and the mutant target ssDNA remains unhybridized. (B) Chip-based detection. NMEs are functionalized with PNA probes complementary to
mutant target DNA. Only the complementary mutant targets bind to the probe. Finally, after hybridization of target sequences and washing, the
signal generated from individual sensors was measured in the presence of an electrocatalytic reporter system using diﬀerential pulse voltammetry.
(C) Sensor chip layout. Sensors were arrayed on a microchip where patterned apertures provide a template for the electrodeposition of gold. The
inset shows cross-section of the chip at aperture. (D) An image of a nanostructured microelectrode sensor visualized using scanning electron
microscopy.

Here we report an electrochemical approach that detects
mutated ctDNAs in patient samples using DNA clutch probes
(DCPs). DNA clutch probes are pairs of ssDNA molecules that
prevent reassociation of denatured ssDNAs (Figure 1). As a
result, they make one of the ssDNA strands from each dsDNA
molecule available for hybridization to the probe. We
functionalized nanostructured microelectrodes with PNA
probes speciﬁc to a speciﬁc mutant DNA sequence, and a
series of PNA clamps37 were used to achieve high speciﬁcity so
that the sensors could diﬀerentiate mutated DNA sequence
from wild-type DNA sequence and other similar mutant
sequence. We successfully detect mutated ctDNA in lung
cancer and melanoma patient samples.

particular interest because of their low cost, the high levels of
multiplexing that can be achieved, and sensitivity.17 Electrochemical testing approaches have been applied successfully to
analyze cancer biomarkers,18−24 as well as a variety of infectious
pathogens,25−28 but have not been applied to ctDNA or
mutated ctDNA analysis. The detection of point mutations
based on electrochemical methods29−31 has been achieved, but
the approaches used would not achieve a signiﬁcant level of
speciﬁcity in patient samples where mutated sequences may be
present with a high background of the wild-type sequences and
moreover, they are not capable of analyzing dsDNA.
Alternatively, systems have been developed to analyze
dsDNA directly, for example using DNA-binding zinc ﬁnger
proteins,11,32−36 but these have been limited to proof-ofconcept experiments. Overall, none of these methods analyze
ctDNAs for cancer-related mutations in clinical samples.
Recently, we reported an electrochemical strategy that was
the ﬁrst to facilitate the direct interrogation of circulating tumor
nucleic acids from patient serum samples.37 Designer clamp
molecules minimized cross-reactivity with wild-type nucleic
acids and other mutational variants. The approach was highly
speciﬁc, rapid, and sensitive to detect circulating nucleic acids in
cancer patient samples. Although this approach was successful
to detect tumor-speciﬁc circulating RNAs, the strategy could
not detect ctDNAs, likely because of the inability to target
double-stranded molecules.

■

RESULTS AND DISCUSSION

Strategy for ctDNA Detection using DNA Clutch
Probes. The design of the DCP electrochemical assay for
analysis of mutated ctDNA is depicted in Figure 1. In real
samples, target mutant ctDNAs are accompanied by large
number of wild-type ctDNAs; however, for simplicity, we
illustrate only two dsDNAs in Figure 1, one a wild-type
dsDNA, and another mutant-type dsDNA. In a ﬁrst phase,
dsDNAs are denatured to form ssDNA by heating them to 90
°C. The DCPs are designed to hybridize to one of the ssDNA
strands (they are complementary to that strand) and thereby
they prevent reassociation of the DNA strands.
11010
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Figure 2. Sensitivity and speciﬁcity of the ctDNA assay. (A) Electrochemical signals observed in the absence and presence of DNA clutch probes
(DCPs). Sensors functionalized with PNA probes corresponding to the KRAS 134A gene were challenged with mixtures of 134A PCR dsDNA (1
ng/μL) containing DCPs and PNA clamps, 134A PCR dsDNA (1 ng/μL) containing PNA clamps and but not DCPs, and noncomplementary (NC)
PCR dsDNA (1 ng/μL) containing DCPs and PNA clamps. (B) Electrochemical signals observed with ctDNA isolated from a mutant-positive lung
cancer patient sample in the absence and presence of DCPs. Sensors functionalized with universal KRAS PNA probes corresponding to the KRAS
mutant gene were challenged with mixtures of ctDNA isolated from a mutant positive lung cancer patient sample containing DCPs and PNA clamp
for wild-type gene, ctDNA isolated from the same mutant positive patient sample containing PNA clamp for wild-type gene and without DCPs, and
ctDNA isolated from a healthy donor (HD) containing both DCPs and PNA clamp for wild type. (C) Concentration-dependent signal change for
134A PCR dsDNA in samples containing DCPs and clamp for WT, and 100 pg/μL WT PCR dsDNA at the 134A mutant sensor. WT represents
wild-type target.

DNA Clutch Probe Design: Thermodynamic Considerations. Since the DCP is also complementary to the PNA
probe immobilized to the NME sensor, we divide each DCP
into two separate oligonucleotides. As a result, the stability of
the target-probe complex is much higher than that between the
DCPs and the PNA probe (i.e., the free energy (ΔG) is more
negative, and the melting temperature is much higher). For
example, the melting temperature of the PNA probe and one of
the mutant target of KRAS gene (134A) complex is
approximately 86 °C whereas melting temperatures of two of
the DCPs and PNA probe complexes are 53 and 42 °C (Table
S1 of the Supporting Information). In contrast, the free energy
between the DCPs and one of the ssDNA is negative enough
that the complex is stable at the hybridization temperature
(melting temperatures are approximately 82 and 86 °C and free
energy values are −51.6 kcal/mol and −54.9 kcal/mol) (Table
S1).
Mutational Analysis Approach. To achieve the speciﬁc
detection of mutated ctDNA, we use PNA clamps: these
hybridize to the wild-type ssDNA, preventing hybridization
with the probe. To prevent binding of sequences that do not
contain the mutation of interest, we designed the clamps so
that they would target each of the mutants (except the
detection target) as well as the wild-type sequence. We then
introduce this mixture of clamps onto a sensor chip that has
been functionalized with a PNA probe corresponding to the
mutant gene. Only the targeted mutant hybridizes to the probe;
all other mutations and the wild-type sequence are blocked by
their clamps and simply remain in solution and are washed
away (Figure 1B). After 30 min, we measure the electrochemical signal and determine the identity of the sequence.
We chose the KRAS gene as one target for initial testing; this
sequence has 7 somatic mutations at codons 12 and 13 of exon
2, which are 135A, 135C, 135T, 134A, 134C, 134T, and 138A.

We also selected the BRAF gene, which has a mutation at 1799
T > A, as a model detection targets. Mutated KRAS (Kirsten rat
sarcoma-2 virus) genes are associated with diﬀerent cancers,
including lung cancer, colorectal cancer, and ovarian
cancer,2,5,14,38,39 and the eﬀectiveness of targeted therapies are
aﬀected by the mutations. The mutated BRAF gene is
associated with a dangerous skin cancer, melanoma.
Electrochemical Sensors and Redox Readout System.
Photolithographic patterning was used to produce an array of
40 sensors for multiplexed ctDNA analysis (Figure 1C). A
SiO2-coated silicon wafer was used as a substrate for the
patterning of gold contact pads and electrical leads. On top of
the gold pattern, a layer of Si3N4 was deposited to form an
insulating layer on the top surface of the integrated circuit. A
templated surface for the growth of electrodeposited sensors
was formed by using photolithography to create 5 μm openings
in the Si3N4 insulating layer. We electrodeposited gold in the
patterned apertures to deposit three-dimensional microsensors.
The three-dimensional sensors extend from the chip surface
into solution,20,27,40,41 and have sizes and morphologies that
can be manipulated with deposition time, deposition potential,
gold ion concentration, and electrolyte composition. Since
nanostructuring enhances the sensitivity of the assay,27,42−45 we
electrodeposited the Au structures with a ﬁne layer of Pd to
produce nanostructured microelectrodes (NMEs). A SEM
image of a NME is shown in Figure 1D. The micron-size scale
of the three-dimensional electrodes increases the surface area
available for interaction with analyte molecules, while the
nanostructuring enhances the hybridization eﬃciency between
tethered probes and analytes in solution.46
We immobilized PNA probes complementary to mutated
sequences on the NMEs (Figure 1B). Following target
hybridization and washing, we used an electrocatalytic redox
couple composed of Ru(NH3)63+ and Fe(CN)63− to detect the
11011
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presence of speciﬁc ctDNA sequences.47 Ru(NH3)63+ is
accumulated at the electrode surface via electrostatic attraction
to the negatively charged DNAs that bind to the sensor surface
and is converted to Ru(NH3)62+ when the electrode reaches the
reduction potential. Ru(NH3)62+ is chemically oxidized back to
Ru(NH3)63+ by the Fe(CN)63− present in solution allowing for
multiple turnovers of Ru(NH3)63+, and signiﬁcant signal
ampliﬁcation. The increase of the posthybridization current
relative to the prehybridization current is used as a measure to
determine target hybridization (typical diﬀerential pulse
voltammograms (DPVs) before and after incubation with a
solution containing 1 ng/μL PCR products (134A) is shown in
Figure 1B).
Sensitivity and Speciﬁcity Studies with PCR Products.
The arrayed sensor chip was designed to interrogate samples to
probe for the presence of seven individual lung-cancer
associated point mutations of the KRAS gene. A set of DCPs,
PNA probes, and PNA clamps was designed, synthesized, and
tested to determine whether the electrochemical approach
could produce comparable results to existing PCR-based
methods.
To validate the detection principle, we challenged sensors
modiﬁed with one of the PNA probes speciﬁc to the mutant
target (for instance, here we use PNA probe speciﬁc to the
134A mutant gene) with PCR products mixed with DCPs and
PNA clamps; PCR products mixed with PNA clamps but
without DCPs; and noncomplementary PCR dsDNA with
DCPs and PNA clamps. We only observed signal changes with
complementary PCR dsDNA in the presence of DCPs (Figure
2A). No signal change in absence of DCPs indicates ineﬃcient
hybridization of DNA, due to reassociation of the DNA strands.
These results clearly illustrate that DCPs are necessary for
detection of dsDNA.
After conﬁrming that DCPs are necessary for detection of
PCR dsDNA, we investigated if DCPs are necessary to detect
mutated ctDNA. We challenged sensors modiﬁed with a
universal PNA probe37 mixture speciﬁc to all of the possible
types of mutations in KRAS gene with ctDNA isolated from a
mutant positive lung cancer patient mixed with DCPs and PNA
clamps; ctDNA isolated from same patient sample mixed with
PNA clamps but without DCPs; and ctDNA isolated from a
healthy control with DCPs and PNA clamps. We only observed
signal changes with ctDNA isolated from a mutant positive
patient in the presence of DCPs (Figure 2B). No signal change
in absence of DCPs indicates ineﬃcient hybridization of
mutated ctDNA. Further, no signal change with ctDNA isolated
from a healthy control indicate that our sensor is very speciﬁc.
These results clearly illustrate that DCPs are necessary for
detection of ctDNA and our previously developed electrochemical clamp assay is unsuccessful to detect ctDNA. The
percentage of mutation in this sample was approximately 1.6%
calculated by clamp PCR.
We investigated the sensitivity of the ctDNA assay by
monitoring the dependence of the electrochemical signal on the
concentration of PCR products containing the 134A mutation.
Wild-type PCR products were used to evaluate speciﬁcity.
Concentration-dependent titration data (Figure 2C) were
obtained with variable concentration of 134A PCR products
in the presence of 10 nM of each of the DNA clutch probes, 10
nM PNA clamps for WT, and 100 pg/μL WT PCR products.
To determine the detection limit of of the DCP assay, we
analyzed solutions containing PCR products at concentrations
ranging from 1 fg/μL to 100 pg/μL (Figure 2C). The signals

increased with increasing concentration of the target over this
range. It is apparent from the results that our sensor can detect
1 fg/μL target mutation in the presence of 100 pg/μL of wildtype PCR products, which means that our sensor is able to
detect 0.01% mutations. This level of sensitivity is similar to
that achieved with a similar assay for cell-free RNA.37
A high level of speciﬁcity is achieved here using PNA clamps.
A high level of sensitivity is obtained by using NMEs coupled
with an electrocatalytic reporter system to detect low levels of
mutations. NMEs improve hybridization eﬃciency due to their
three-dimensional structures that feature large surface areas
along with nanostructured surfaces. While the 3D structure
increases the probability of interactions with target molecules,
the nanostructured surfaces display probes in an active
orientation that promotes accessibility and binding of target
sequences. Moreover, the electrocatalytic reporter system
ampliﬁes the signal signiﬁcantly (more than 30-fold) by
regenerating the redox reporter probes.
Discrimination of Homozygous and Heterozygous
Mutants. Given the importance of distinguishing homozygous
from heterozygous mutants,48 we investigated whether the new
assay was suﬃciently speciﬁc to discriminate among the
diﬀerent mutant proﬁles. Sensors were functionalized simultaneously using eight diﬀerent probes of KRAS gene (seven
mutant probes and one wild-type probe) (Figure 3A) and were

Figure 3. Detection of samples corresponding to homozygous and
heterozygous KRAS mutants. (A) Chip layout for array enabling
detection of seven mutant alleles of KRAS and wild type. (B) Response
of mutant array chip challenged with 1 nM of 134A target DNA (19
bp) (C) Response of chip challenged with equimolar mixture (1 nM of
each) of 134A and wild-type target DNA. (D) Response of chip
challenged with ctDNAs isolated from a mutant-positive lung cancer
patient.

challenged with DNAs and a mutant positive patient sample.
Sensors were ﬁrst challenged with 1 nM synthetic target (19 bp
length) containing the 134A mutation (Figure 3B). The
response of sensors modiﬁed with the 134A mutant probe was
signiﬁcant, whereas no other probes showed signiﬁcant
response to this target. We also challenged the sensors with a
mixture of 134A mutant target and wild-type target (Figure
3C). The response of sensors modiﬁed with the 134A mutant
probe and wild type was signiﬁcant, whereas none of the other
probes showed an appreciable response to this DNA mixture.
In addition, to examine the ability of our sensors to detect
ctDNA mutations, we challenged our sensors with mutant11012
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positive lung cancer patient samples. Only electrodes functionalized with the 138A probe and wild-type probe showed a
signiﬁcant electrochemical response. These results indicate that
this patient sample has the 138A mutation in addition to the
wild-type sequence. The percentage of mutation in the ctDNA
was found approximately 0.1% (calculated using clamp PCR).
These results illustrate that the multiplexing provided by chip
enables the parallelized detection of ctDNA mutations and
ability to discriminate targets with very similar sequences.
These results further illustrate that our chip can identify any of
the known mutations at codons 12 and 13 of exon 2 of KRAS
gene speciﬁcally. Moreover, using a universal probe mixture we
are able to know any possible type of mutations at those
positions KRAS gene.
Analysis of ctDNA in Lung and Melanoma Patient
Samples. The ultimate goal for the DCP assay was to prove
that it was eﬀective in detecting mutated ctDNAs in patient
samples. We tested the ability of the electrochemical assay to
produce results comparable to a PCR-based method by
analyzing ctDNA in serum collected from lung cancer patients
(KRAS mutations) and melanoma patients (BRAF mutations)
(Tables 1 and 2). In the studies monitoring KRAS, a universal
probe mixture37 was used that permitted parallel analysis for all
possible known mutations in ctDNAs.

Table 2. Detection of Mutated ctDNA in Samples Collected
from Melanoma Patientsa
DCP chip analysis
sample
1
2
3
4
5
6
7
8
9
HD
a

DCP chip analysis
1
2
3
4
5
6
7
8
9
HD1
HD2

ΔI (nA)
−1.4
6.0
−0.9
−1.4
12.5
−0.7
8.6
−1.0
−1.2
0.2
−0.7

± 0.2
± 0.5
± 0.4
± 0.3
± 1.3
± 0.2
± 1.0
± 0.2
± 0.4
± 0.4
± 0.1

assessment
wild type
KRAS mutated
wild type
wild type
KRAS mutated
wild type
KRAS mutated
wild type
wild type
wild type
wild type

clamp PCR analysis
ΔCt-1

ΔCt-2

6

7

−2
3

16
6

4
−1
−3

6
14
14

−3

10

−0.5
−1.1
−1.3
7.9
0.3
−1.3
7.1
8.4
−0.3
−.2

± 0.3
± 0.5
± 0.4
± 1.0
± 0.3
± 0.5
± 1.0
± 0.7
± 0.6
± 0.1

clamp PCR analysis

assessment

ΔCt-1

ΔCt-2

assessment

wild type
wild type
wild type
BRAF mutated
wild type
wild type
BRAF mutated
BRAF mutated
wild type
wild type

0
0
−1
3
1
1
1
3
1
−2

11
12
11
7
10
11
11
8
13
12

wild type
wild type
wild type
BRAF mutated
wild type
wild type
wild type
BRAF mutated
wild type
wild type

See Table 1 for details of analysis.

signal collected from a patient sample was higher than the
cutoﬀ value, then the sample was called positive for the
mutation, and if it is lower, then the sample was negative for the
mutation. For each sample, a clamp PCR49 method was also
used to test for KRAS and BRAF mutations, and the results
obtained using this approach agreed with the results obtained
using the DCP electrochemical assay.
It is noteworthy that although the PCR signal was
undetermined in case of melanoma sample 7, the new assay
reported herein was successful in detecting mutation in this
sample. The abundance of mutations found (using clamp PCR)
in lung cancer patient samples of sample 2, sample 5, and
sample 7 were approximately 0.7%, 1.6%, and 1.6%, respectively
(Table 1) and 0.8% and 0.1% mutation were found in sample 4
and sample 8 respectively of melanoma patients (Table 2).
Conventional PCR methods, including real-time PCR,
cannot detect mutated ctDNA as they cannot detect minor
variants at levels <20%. COLD-PCR (coampliﬁcation at lower
denaturation temperature-PCR) is a good strategy for mutation
detection, as it is able to detect mutations down to 0.5−1%.50
However, COLD-PCR requires critical control of the
denaturation temperatures, necessitating a thermocycler with
a high degree of accuracy. Moreover, COLD-PCR is typically
coupled with DNA sequencing for conﬁrmation of the
abundance of mutant sequences. Digital PCR is another good
method for the detection of mutations in ctDNA. For example
droplet digital PCR is enabled to detect mutation down to 0.1
to 0.05%.51 But use of digital PCR is limited due its high cost.52
Moreover, the sensitivity of PCR methods is often reduced
because of interference from chemical species present in clinical
samples. In contrast, our method can detect mutation down to
0.01%, which is comparable to digital PCR.

Table 1. Detection of Mutated ctDNA in Samples Collected
from Lung Cancer Patientsa
sample

Δi (nA)

assessment
wild type
KRAS mutated
wild type
wild type
KRAS mutated
wild type
KRAS mutated
wild type
wild type
wild type
wild type

a

DCP chip-based sensors were challenged with circulating DNAs from
lung cancer patients. For the DCP chip-based analysis of ctDNAs, the
cutoﬀ threshold for the sensors was 1.65 nA. bFor clamp PCR, values
ΔCt-1 ≥ 2 are indicative of mutated sequences and ΔCt-1 values <0
are indicative of wild-type sequences. If 0< ΔCt-1 < 2, then ΔCt-2
should be analyzed and if ΔCt-2 > 6, then the sample is considered to
be wild-type. Error values are standard errors. The cycle number where
a detectable signal is generated is referred to as the cycle threshold
(Ct). ΔCt-1 values are calculated using the expression: ΔCt-1 =
(Standard Ct) − (Sample Ct) and ΔCt-2 values are derived by
analyzing Ct values of the non PNA mix versus the Ct values of the
samples, e.g., ΔCt-2 = (Sample Ct) − (non PNA mix Ct). The
standard Ct is 35 for the 7500 AB thermocycler used for this
experiment.

■

CONCLUSIONS
We have analyzed the ctDNA contained in samples collected
from lung cancer and melanoma patients using an electrochemical assay exhibiting high levels of sensitivity and
speciﬁcity. The speciﬁcity of our method approaches 0.01%.
The results match what can be obtained with standard PCRbased methods. The clamp chip that we developed previously
successfully detected mutated circulating RNA accurately but
could not detect ctDNA. The DCP approach that we introduce
in the present work prevents the reassociation of ssDNAs,
promoting hybridization to a PNA probe immobilized to the
sensor. DCPs were designed such that the free energy (ΔG)
between the target and the PNA probe was much lower (more

Serum samples collected from 9 lung cancer and 9 melanoma
patients were analyzed for ctDNA mutations, along with
samples collected from healthy individuals. For the lung cancer
patients, three of the nine lung cancer patient samples were
positive for KRAS mutations, and three of the nine melanoma
patient samples were positive for BRAF mutations. A cutoﬀ
value was calculated from the mean signal collected from a
healthy donor sample plus three standard deviations. If the
11013
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room temperature; 5 μm apertures on the fabricated electrodes were
used as the working electrode and were contacted using the exposed
bond pads. Au sensors were made using a deposition solution
containing 50 mM solution of HAuCl4 and 0.5 M HCl using DC
potential amperometry at 0 mV for 100 s. After being washed with
deionized water and drying, the Au sensors were coated with a thin
layer of Pd to form nanostructures by replating in a solution of 5 mM
H2PdCl4 and 0.5 M HClO4 at −250 mV for 10 s. The control of
sensor surface area has been characterized extensively53 and in this
study, the average surface area was 4.75 ± 0.3 × 10−4 cm2 as
determined by electrochemical Pd oxide stripping.
Sensor Preparation and Assay Protocol. Sensors were prepared
and assays conducted as described previously.37 The probe deposition
conditions used here were shown previously to lead to a surface
coverage of 2 × 1013 molecules/cm2.43 After the initial electrochemical
scanning, the chips were treated with diﬀerent targets at 65 °C for 30
min. This time point was selected based on prior work with RNA
targets.37 After being washed with PBS at 60 °C for 10 min followed
by washing for 10 min at room temperature, an electrochemical scan
of the chip was performed to assess sample hybridization.
ctDNA Isolation from Sera. Nucleic acids were isolated from
patient sera using a Norgen Biotek kit catalogue number 51000. After
isolation of bulk nucleic acids, we treated them with RNase A (Qiagen,
100 mg/mL) for 20 min at 37 °C to digest RNA (2 μL of RNase A
was mixed with 6 μL of sample).
Sample Preparation. DNA samples were mixed with 100 nM
PNA clamps, 100 nM DNA clutch probe 5′, and 100 nM DNA clutch
probe 3′, and the mixture was heated at 90 °C for 2 min. After that the
solution was chilled on ice for 2 min before being pipetted onto the
sensors. For patient samples, we treated samples with RNase A
(Qiagen, 100 mg/mL) to digest RNA.
cDNA Synthesis and Clamp PCR. Puriﬁed nucleic acids (30−754
ng) dissolved in 2 μL was used for cDNA synthesis in 20 μL reactions
with random hexamer primers and Superscript III reverse transcriptase. Two μL of cDNA was used in 50 mL not-competitive clamp
PCR reaction with 2 μM ﬁnal concentration of gene speciﬁc primers,
and 100 nM of PNA clamps, or in a 20 μL of real-time clamp PCR
reaction, Panagene kit. The clamp PCR was optimized as described
previously.37
Preparation of PCR Targets. Total RNA was isolated from
cultured cells (cell lines A549, U373vIII, and WM9 have 134 A KRAS,
wild-type KRAS and BRAF, and BRAF mutant (1799 T > A) genes,
respectively) by Trizol reagent (Invitrogen) and used for RT-PCR as
described previously.39 The PCR products were puriﬁed by agarose gel
electrophoresis and a gel extraction kit (Promega). The puriﬁed PCR
products were diluted with water to a ﬁnal concentration of 100 ng/
μL.
Electrochemical Analysis. All electrochemical experiments were
carried out using a Bioanalytical Systems Epsilon potentiostat with a
three-electrode system featuring a Ag/AgCl reference electrode and a
platinum wire auxiliary electrode. Electrochemical signals were
measured in a 0.1 × PBS containing 10 μM [Ru(NH3)6]Cl3, and 4
mM K3[Fe(CN)6]. Diﬀerential pulse voltammetry (DPV) signals were
obtained with a potential step of 5 mV, pulse amplitude of 50 mV,
pulse width 50 ms, and a pulse period of 100 ms. Signal changes
corresponding to speciﬁc target were calculated with backgroundsubtracted currents: change in currents = (Iafter − Ibefore) (where Iafter =
current after target binding, Ibefore = current before target binding).

negative) than binding energy between the DCPs and the PNA
probe. The collection of clamp sequences therefore compete
with the target sequence and only allow the speciﬁc mutated
target to bind to the chip. Minimally invasive analyses of
ctDNA oﬀer an attractive alternative to cancer tissue biopsies
and oﬀer a new means to monitor drug response and treatment
eﬃcacy. The sensitivity of our assay is extremely high, which
facilitates the direct sampling of serum (rather than invasive
sampling of a tumor) to proﬁle the mutational spectrum of a
tumor. The time required to analyze samples can be as short as
30 min, which is an advantage relative to the 2−3 h required for
PCR. Finally, the use of a chip-based format for the assay lends
itself to automation and incorporation of this type of testing
into user-friendly instrumentation. Moreover, our assay could
be expanded to monitor diseases caused by DNA viruses that
have DNA as their genetic material.

■

MATERIALS AND METHODS

HAuCl4 solution, potassium ferricyanide (K3[Fe(CN)6), and hexaamine ruthenium(III) chloride (Ru(NH3)6Cl3) were obtained from
Sigma-Aldrich. ACS-grade acetone, isopropyl alcohol (IPA), and
perchloric acid were obtained from EMD; hydrochloric acid was
purchased from VWR. Phosphate-buﬀered saline (PBS, pH 7.4, 1×)
was obtained from Invitrogen. All of the PNA probes and PNA clamps
were obtained from PNA Bio, U.S.A. PCR primers, synthetic DNA
targets, and DNA clutch probes (DCPs) were obtained from ACGT,
Canada. Lung cancer and melanoma patient serums were obtained
from Bioreclamation Inc., U.S.A. PCR primers for BRAF (95bp PCR
product): Forward primer: FPBRAF3 (5′-CCTCACAGTAAAAATAGGTGATTTTGG-3′), Reverse primer: RPBRAF3 (5′-CACAAAATGGATCCAGACAACTGTTC-3′). PCR primers for KRAS
(80bp PCR product): Forward primer: FPKRAS (5′-GCC-TGCTGA-AAA-TGA-CTG-AAT-ATA-3′), Reverse primer: RPKRAS (5′TTA-GCT-GTA-TCG-TCA-AGG-CAC-TC-3′). Sequences related to
KRAS mutation detection: PNA probes for 135A, 135C, 135T, 134A,
134C, 134T, 138A, and Universal probe are Cys-Gly-CTA CGC CAT
CAG CTC CAA C, Cys-Gly-CTA CGC CAG CAG CTC CAA C,
Cys-Gly-CTA CGC CAA CAG CTC CAA C, Cys-Gly-CTA CGC
CAC TAG CTC CAA C, Cys-Gly-CTA CGC CAC GAG CTC CAA
C, Cys-Gly-CTA CGC CAC AAG CTC CAA C, Cys-Gly-CTA CGT
CAC CAG CTC CAA C, Cys-Gly-CTA CGX CAX XAG CTC CAA
C (Where, X = mixture of A, T, and G with unimolar ratio)
respectively. PNA clamps for 135A, 135C, 135T, 134A, 134C, 134T,
138A, WT (135G) are ACG CCA TCA GCT C, ACG CCA GCA
GCT C, ACG CCA ACA GCT C, ACG CCA CTA GCT C, ACG
CCA CGA GCT C, ACG CCA CAA GCT C, CCT ACG TCA CCA
G, ACG CCA CCA GCT C, respectively. Synthetic ssDNA targets for
135A, 135C, 135T, 134A, 134C, 134T, 138A, WT (135G) are GTT
GGA GCT GAT GGC GTA G, GTT GGA GCT GCT GGC GTA G,
GTT GGA GCT GTT GGC GTA G, GTT GGA GCT AGT GGC
GTA G, GTT GGA GCT CGT GGC GTA G, GTT GGA GCT TGT
GGC GTA G, GTT GGA GCT GGT GAC GTA G, GTT GGA GCT
GGT GGC GTA G respectively. DNA clutch probe 5′ and DNA
clutch probe 3′are CTG AAA ATG ACT GAA TAT AAA CTT GTG
GTA GTT GGA GCT XX (where X = A, C, G, T is equimolar
concentration) and TGX CGT AGG CAA GAG TGC CTT GAC
GAT ACA GCT AAT TC respectively. Sequences related to BRAF
mutation detection: Probe for BRAF mutant (1799 T > A) is Cys-GlyGAT TTC TCT GTA GCT A. PNA clamp for BRAF WT is GAT
TTC ACT GTA G. Synthetic ssDNA Target for BRAF mutant and
WT are TAG CTA CAG AGA AAT C and TAG CTA CAG TGA
AAT C respectively. DNA clutch probe 5′ and DNA clutch probe 3′
are GAA GAC CTC ACA GTA AAA ATA GGT GAT TTT GGT
CTA GCT ACA GA and GAA ATC TCG ATG GAG TGG GTC
CCA TCA GTT TGA AC respectively.
Fabrication of NMEs. Chips were cleaned by sonication in
acetone for 5 min, rinsed with isopropyl alcohol, and DI water, and
dried with a ﬂow of nitrogen. Electrodeposition was performed at
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