Open Access Article. Published on 03 de mar¢ 2021. Downloaded on 28/1/2026 5:06:21.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2021, 12, 5196

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 22nd February 2021
Accepted 26th February 2021

DOI: 10.1039/d1sc01044a

I ROYAL SOCIETY
PPN OF CHEMISTRY

Rapid and ultrasensitive electrochemical detection
of circulating tumor DNA by hybridization on the
network of gold-coated magnetic nanoparticlest

abd

Dongfei Chen,?*¢ Yanfang Wu, {2 2°¢ Sharmin Hoque,* Richard D. Tilley

and J. Justin Gooding () *ab¢

An accurate and robust method for quantifying the levels of circulating tumor DNA (ctDNA) is vital if this
potential biomarker is to be used for the early diagnosis of cancer. The analysis of ctDNA presents
unique challenges because of its short half-life and ultralow abundance in early stage cancers. Here we
develop an ultrasensitive electrochemical biosensor for rapid detection of ctDNA in whole blood. The
sensing of ctDNA is based on hybridization on a network of probe DNA modified gold-coated magnetic
nanoparticles (DNA-Au@MNPs). This DNA-Au@MNPs biosensor can selectively detect short- and long-
strand DNA targets. It has a broad dynamic range (2 aM to 20 nM) for 22 nucleotide DNA target with an
ultralow detection limit of 3.3 aM. For 101 nucleotide ctDNA target, a dynamic range from 200 aM to
20 nM was achieved with a detection limit of 5 fM. This DNA-Au@MNPs based sensor provides
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Introduction

Circulating cell-free tumor DNA (ctDNA) is small genomic
fragments (typically 90-150 base pairs long"?) released by tumor
cells into the bloodstream.*>® Importantly, ctDNA carries cancer-
specific genetic and epigenetic aberrations. As ctDNA can be
found in the blood stream, it is potentially an exceedingly
important liquid biopsy based biomarker for the early detection
of cancer that can be acquired minimally invasively.>®” The
analytical challenges are that ctDNA is found in extremely low
abundance (fM or lower) and has a short half-life (16 min to 2.5
h) in complex biological fluids such as blood.>®° As such, there
is an unmet need for rapidly responding, ultrasensitive
biosensor for the detection of ctDNA in blood.

The twin challenges of fast responses and low detection
limits are often contradictory. This is because to achieve sub-
picomolar detection limits, the underlying challenge to be
overcome is the slow mass transport of the analyte species to the
sensing interface, which results in slow response times.'* We
reported the concept of ‘dispersible electrodes’ to rise to these
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a promising method to achieve 20 min response time and minimally invasive cancer early diagnosis.

twin challenges.”*™ It utilizes gold-coated magnetic nano-
particles (Au@MNPs) that are distributed throughout the
sample such that diffusional pathlengths are short, effectively
seeking out the analyte, rather than the traditional sensing
paradigm where the analyte must find the sensing interface.*>*®
Application of a magnetic field allows the rapid reassembly of
the sensor from the dispersed Au@MNPs in a similar manner to
magnetic preconcentration. In magnetic preconcentration the
magnetic nanoparticles only transport the analyte. However,
with the dispersible electrode concept, the same Au@MNPs are
also the electrochemical transducers of a sensor. The reduced
diffusional pathlengths and magnetic field give rapid
responses. Additionally, the fact that more of the analyte is
captured than with a conventional sensor also gives higher
sensitivities and lowered detection limits."* This performance
has been shown to be even more impressive with DNA modified
Au@MNPs for the detection of microRNA, where the
outstanding electrochemical measurement performance was
suggested to be due to the network of the DNA-Au@MNPs, in
electric fields used in the electrochemistry, to create an in-built
amplification system.**

Herein, this study unlocks the potential of the dispersible
electrodes concept to develop an electrochemical sensor for the
detection of ctDNA. The sensor has the twin benefits of rapid
response and low detection limits that are so badly needed. The
Au@MNPs were synthesized and then modified with methylene
blue (MB)-labeled probe DNA molecules that are complemen-
tary to the target ctDNA to provide the sensor specificity. These
sensing nanoparticles are referred to as MB-DNA-Au@MNPs.
The MB at the end of thiolated probe DNA strands on MB-
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DNA-Au@MNPs served as redox probes. The magnitude of the
current from the MB is sensitive to the amount of target ctDNA
that hybridizes with the probe strands. To enhance the sensor
sensitivity, over the previous version of the electrically-
reconfigurable Au@MNP sensors for miRNA,"* the surface of
the macroscale gold electrode was modified with probe MB-
DNA and 6-mercapto-1-hexanol (MCH). This means that the
introduction of potassium ferricyanide (K;[Fe(CN)e]) into elec-
trolyte solution allows a MB/ferricyanide amplification system
to be established. The signal amplification is achieved through
the electroreduction of ferricyanide by MB tags from both
surfaces of the electrode and Au@MNPs. The feasibility of the
sensing strategy was validated by firstly applying the developed
sensor to detect a short-strand target DNA (22 nucleotides) as
the model analyte. The dynamic range, detection limit and
sensor specificity of the developed sensor were evaluated.
Afterwards, this sensor was employed to detect 101 nucleotide
ctDNA sequence indicative of non-small-cell lung cancer
(NSCLC) in buffer solutions and human blood samples with
a 20 min response time.

Results and discussion

The principle of the proposed sensing strategy is illustrated in
Fig. 1. As seen in Fig. 1a, the surfaces of the Au@MNPs were
modified with a MB modified DNA probe sequence, comple-
mentary to the target ctDNA. The Au@MNPs, shown by the
representative TEM image in Fig. S1,T were synthesized using
a previously developed method.” The characterization infor-
mation of Au@MNPs according to the MIRIBEL principle'” are
summarized in Table S3.1 10 uL of Au@MNP solution (1.56 X
10" particles per mL) was added to each sample, which resulted
in a total of 1.56 x 10® particles in each sample. The DNA probe
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Fig. 1 Schematic illustration of DNA-mediated reduction of potas-
sium ferricyanide (Ks[Fe(CN)gl) by methylene blue (MB). (a) Workflow
for the measurement of target ctDNA. (b) Electrochemical sensing
mechanism of the DNA sensor. (c) Background-subtracted square
wave voltammograms (SWVs) in the absence and presence of target
ctDNA (101 nucleotides). The frequency and pulse amplitude of square
wave voltammograms were 2 Hz and 25 mV, respectively.
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had a thiol modification at the 5" end and MB redox label at the
3’ end. After exposing the MB-DNA-Au@MNPs to complemen-
tary ctDNA target for 30 min, the hybridized MB-DNA-
Au@MNPs were separated from the supernatant solution by
applying a centrifugation step (5000 rpm for 5 min) and then
removal of the supernatant by pipette with a magnet placed at
the bottom of the sample tube. The hybridized MB-DNA-
Au@MNPs were rinsed twice with phosphate buffered saline
(PBS) solution (pH 7.4), discarding the supernatant, and then
re-dispersed into the 0.5 mM potassium ferricyanide
(K3[Fe(CN)g]) in PBS in a custom-made glass electrochemical
cell. The hybridized MB-DNA-Au@MNPs were collected onto the
surface of gold electrode using a magnet for electrochemical
measurements.

The electrochemical sensing mechanism of the DNA sensor
is presented in Fig. 1b. Under a magnet, the MB-DNA-
Au@MNPs were brought to the gold surface wherein a mixed
monolayer of single-strand DNA and MCH was immobilized
with an upright conformation of the MB-DNA strands.'*® A
redox amplification cycle,>*** where MB is reduced to leuco-
methylene blue (LB) which is then oxidized back to MB by
[Fe(CN)s]>~ in the detection solution, induces the signal
amplification.”® Square wave voltammograms (SWVs) repre-
senting the electrochemical signals, before and after hybrid-
ization with the target ctDNA are shown in Fig. 1c. An average
(50.7 £+ 3.7)% decrease in the magnitude of electrochemical
current for detecting 20 nM target ctDNA was observed.
According to our previous work,* after hybridizing with target
DNA strands, the formed duplex on the Au@MNP caused an
increased distance between the MB-DNA-AuU@MNPs, thus
impeding the electron tunnelling through the network of the
MB-DNA-Au@MNPs. It was confirmed that even when there was
a very limited number of hybridized DNA strands, and hence
duplex structures formed on the Au@MNPs, this process is
enough to cause changes in the electronic communication in
the network of MB-DNA-Au@MNPs and thus change the elec-
trochemical response correspondingly. Furthermore, the
pulsing of the applied electric field was also hypothesized to
influence the re-directing of the magnetically assembled
network of the Au@MNPs to be closer to the electrode surface,
which acts to further suppress the electrochemical current and
enhance the sensitivity of current change accounted for a small
number of target molecules. It is these two processes operating
together that enable the ultrasensitive detection of ctDNA by the
network of MB-DNA-Au@MNPs. Therefore, the decrease in peak
current can serve as a measure of the presence of target ctDNA.

Surface modification on the gold electrode surface is ex-
pected to have an impact on the electrochemical redox cycling
and thus the sensing performance. Herein, five different inter-
facial designs were investigated to obtain the maximum signal
change for the ultrasensitive detection of 22 nucleotide DNA
(Fig. 2). In panel (a), the gold foil is not modified, MB only exists
on the surface of Au@MNPs. In panel (b and d), MB only exists
on either the surface of Au@MNPs or the surface of gold foil; in
panel (c), MB is presented on both surfaces of gold foil and
Au@MNPs; in panel (e), no MB exists in the whole system. The
change in current shows that the self-assembled monolayer of
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Fig. 2 Hybridization-induced change in background-subtracted SWVs and percentage change in current after exposing the sensor to 20 nM
complementary target DNA (22 nucleotides) in five different systems as indicated by the cartoons. Electrolyte solution was 0.5 mM Kz[Fe(CN)gl in
phosphate buffered saline (pH 7.4). The frequency and pulse amplitude of SWVs were 2 Hz and 25 mV, respectively. Error bars represent standard

deviations from at least 3 independent measurements.

thiolated DNA and MCH on the underlying bulk gold electrode
as well as the Au@MNPs increases the sensitivity as there is
a larger change in current (panel (c)). Therefore, the system with
MB-DNA modified on both the gold foil and Au@MNPs was
chosen for further experiments. Note the presence of
[Fe(CN)e]>~ is also shown to be necessary (see Fig. S2 in the
ESIt). From the data presented in Fig. S2(e, f, h and i),} the
amplitude of changed current for detecting 20 nM target DNA in
the absence and presence of K3[Fe(CN)¢] was 0.016 pA and 0.96
nA, respectively. This gives a sixtyfold increase in signal inten-
sity for the detection of 20 nM DNA.

To examine the feasibility of the sensing platform for nucleic
acid detection, a 22 nucleotide DNA strand was selected as the
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Fig. 3 The dependence of hybridization-induced current change
from SWVs upon complementary target 22 nucleotide DNA concen-
tration (0 aM, 2 aM, 200 aM, 20 fM, 2 pM, 200 pM and 20 nM). Two
dash lines are provided to indicate the levels of the average blank and
the three times standard deviation above the averaged blank. Error
bars represent standard deviations from 5 independent
measurements.
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target. The dependence of the change in peak current in the
SWVs on target DNA concentration is shown in Fig. 3. The
change in current is linear with the logarithm of the concen-
tration of target DNA. The linear regression equation was Y =
4.32X + 88.97 with R*> = 0.993 and the standard error of the
regression was 1.72%. A broad dynamic range with ten orders of
concentration crossing 20 nM to 2 aM was achieved with an
extremely low detection limit of 3.3 aM. Usually, the concen-
tration of ctDNA in the bloodstream from cancer patients lies in
fM or lower.>® Our diagnostic method with the 3.3 aM detection
limit indicates a reliable sensitivity and great potential of this
proposed sensor for the ultrasensitive detection of cancer-
relevant nucleic acid targets in early stages. This broad linear
range is consistent with other reported studies.**?

The sensor was next challenged by detecting a long-strand
ctDNA (101 nucleotides) indicative of human non-small-cell
lung cancer (NSCLC) which stands for 80-85% of lung
cancer.”® The hybridization efficiency is dependent on the
position of the target nucleic acid where the probe DNA binds
to. To investigate the position-dependent hybridization effi-
ciency, we compared the performances of two kinds of probe
DNA sequences targeted to 3’ end and to the middle of ctDNA
target, respectively (Fig. 4a). A much lower hybridization effi-
ciency for the probe DNA targeting to the middle of target DNA
was observed compared with that binding to the 3’ end of target
DNA. These results demonstrate the importance of choosing the
appropriate nucleic acid to improve the sensitivity and speci-
ficity of sensing platform. This is particularly important for long
strand ctDNA detection. In further experiments below, the
probe DNA that targets to 3’ end of ctDNA was used.

There are three major challenges in achieving ultrasensitive
detection of ctDNA, that is, short half-life, low abundance in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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sensor to different concentrations of complementary ctDNA target (101

nucleotides) wherein the probe DNA hybridized to the 3’ end (red data points) and the middle (black data points) of the ctDNA. (b) Effect of
hybridization time after exposing the sensor to 20 nM complementary ctDNA target (101 nucleotides) on the SWV current change. (c)
Hybridization-induced change in the SWVs after exposing the sensor to complementary and single mismatched circulating tumor DNA target
sequences. (d) Hybridization-induced change in SWVs after exposing the sensor to different concentrations of complementary ctDNA target (101
nucleotides) spiked in phosphate buffered saline (black data points), human plasma (blue data points) and 50% human blood (red data points).
Two dash lines are provided to indicate the levels of the average blank and the three times standard deviation above the averaged blank. Error
bars represent standard deviations from at least 5 independent experiments.

early stages of cancer and the complex biological environment
of whole blood when focusing on liquid biopsies. The half-life
of ctDNA in the blood circulation is typically less than 2.5 h,>®
therefore, assay and hybridization time is a critical factor for
ctDNA detection. Digital PCR, as the gold standard method for
the quantification of ctDNA, however, presents a relatively good
sensitivity which is mainly limited by the maximum number of
droplets available for analysis. Moreover, this method requires
time (up to several hours) from the DNA extraction from blood
samples to the quantification of DNA.?**¢ Therefore, it is of great
significance to demonstrate this electrochemical detection
platform having the capability of rapidly analyzing ctDNA,
especially from blood samples directly. With the need for rapid
responses in mind, the impact of hybridization time on the
signal change of the sensor was investigated. Fig. 4b showed
that the hybridization-induced current change increased grad-
ually with the hybridization time from 0 to 20 min and there-
after remained steady. This 20 min response time makes the
MB-DNA-Au@MNP sensor the most rapidly responding ctDNA
biosensor we are aware of. Prior to our study, the fastest ctDNA
biosensor we found at a response time of 65 min for a 69 base-
pair long sequence.”” Other studies use shorter DNA sequences
as models of ctDNA and have response times of the order of 1.5
to 5.5 h.>#3¢

The specificity of the biosensor was explored using the long
ctDNA (101 nucleotides) strands by investigating single point
mutation of the NSCLC-related sequence. The average changes
of (50.7 & 3.7)% and (6.6 + 4.2)% decrease in the current were

© 2021 The Author(s). Published by the Royal Society of Chemistry

observed after hybridization with 20 nM complementary ctDNA
target and single mismatched 101 nucleotide ctDNA sequence
(Fig. 4c), indicating that this sensor can differentiate the tumor
DNA sequence from the wild-type (healthy) sequence. This
biosensor was also shown to be able to discriminate short-
strand complementary and single-mismatched DNA target (22
nucleotides) (see Fig. S3 in the ESIT). Averaged values of (1.36 +
0.03) pA and (0.83 & 0.03) pA were obtained from 10 consecutive
measurements of background-subtracted SWVs for the sensor
before and after exposure to 200 pM 101 nucleotide ctDNA
target, indicating stable signals for analytical analysis. Also, the
robustness of the measurement methodology was reflected by
the small variation among measurements in different concen-
trations, indicated by the narrow error bars in the results of
Fig. 4a.

Additionally, the detection limit and dynamic range of the
sensor were evaluated when detecting different concentrations
of 101 nucleotide ctDNA in phosphate buffered saline, undi-
luted human plasma and 50% whole human blood (Fig. 4d).
Plasma and blood samples used in this experiment were ob-
tained from a healthy human donor and were spiked with the
101 nucleotide ctDNA of different concentrations. We per-
formed the detection experiment with 50% human blood due to
the high viscosity of 100% whole blood impacting the efficiency
of the magnetic re-collection of the nanoparticles.** Compared
with the detection performance of the 22 nucleotide DNA target,
the sensing of 101 nucleotide ctDNA target presented a good
sensitivity and a dynamic range from 200 aM to 20 nM with
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a detection limit of 5 fM in phosphate buffered saline, indi-
cating that the length of the target did not significantly interfere
the sensing performance. Importantly, this detection range is
expected to align well with the levels of the ctDNA in patients for
early diagnosis. Furthermore, the sensor performance in 50%
human blood showed only minor decrease relative to phosphate
buffered saline and human plasma, exhibiting the robustness
of the sensor in complex biological media and the exciting
potential in clinically relevant analysis.

Conclusions

In summary, this study introduces a new electrochemical
sensing assay for the direct detection of ctDNA from whole
blood in combination with the DNA-Au@MNPs with high
sensitivity and excellent selectivity. This approach improves the
detection limit and response time by applying dispersible
electrodes to preconcentrate and collect analyte of interest to
the sensing interface, thus addressing the limited mass transfer
rate and achieving direct analysis of blood samples in ultralow
amounts. Moreover, the sensing platform can be applied to not
only short strand DNA sensing but also long strand ctDNA
sensing with a broad dynamic range and ultralow detection
limits. Additionally, the significantly reduced analysis time,
which can be as short as about 20 min, makes the approach
more attractive compared to PCR-based methods. Taken
together, the electrochemical sensing strategy reported here
demonstrates the potential to be used for minimally invasive
analysis of ctDNA, which could be used as an alternative to
cancer tissue biopsy for monitoring the dynamics of cancer.
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