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Circulating tumor DNA (ctDNA), carrying tumor-specific sequence mutations, is a promising biomarker
for classification, diagnosis and prognosis of cancers. However, there is still a great challenge in
discriminating single-base difference between ctDNA and its coexisting analogue (normal circulating
DNA, ncDNA) at a serum sample. A locked nucleic acid (LNA) probe combined with a-HL nanopore sensor
was designed, which achieved a high signal-to-background ratio (SBR) of ~8.34 x 10%, as well as a
significant discrimination capability (~12.3 times) of single-base difference. The accurate discrimination
strategy is label-free, convenient, selective and sensitive, which has great potential in the early diagnosis
of diseases and biomedical research fields.
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Circulating tumor DNA (ctDNA), carrying tumor-specific
sequence mutations, is a promising biomarker for classification,
diagnosis and prognosis of cancers [1-3]. Detection of ctDNA is
attracting much attention because its level in the peripheral blood
has been associated with tumor burden and malignant progres-
sion. However, it is still a great challenge to achieve the selective
detection in the peripheral blood because ctDNA, composed of
small nucleic acid fragments, generally represents a small fraction
(< 1.0%) of the total cell-free DNA (cfDNA) whilst its analogue with
single base substitutions coexists (normal circulating DNA, ncDNA)
[4,5]. In addition, single-stranded ctDNAs have a short half-life
which is less than 2 h in blood [6]. Some ctDNA sensors have been
proposed, such as a nanoplasmonic strategy based on peptide
nucleic acids (PNAs) [7] and a DNA-mediated surface-enhanced
Raman scattering (SERS) sensor [8]. Besides polymerase chain
reaction (PCR) [2], all these technologies have led to significant
contributions to ctDNA detection, but further application is still
hindered by complex sample preparation, tedious labeling
procedures and experimental skills [4,9]. Especially, these
single-signal response strategies are incapable of simultaneously
discriminating ctDNA with single-base difference.

Nanopore-based sensors, with the size-selective properties,
have become a new class of single-molecule analytical technology
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[10-14]. The classical nanopore is bacterial protein a-hemolysin (a-
HL) that can self-assemble across a planar lipid bilayer and form a
transmembrane nanopore with the diameter of ~1.4 nm [15-17].
Based on characteristic dwell time, «-HL nanopore sensors have
been explored to specifically detect disease-DNA/RNA biomarker
even with single-base mismatch [18-23]. Gu et al. proposed a
polycationic peptide-peptide nucleic acid probe for detecting
microRNAs with a 150-fold dwell time difference [20]. Our group
reported a shared-arm molecular beacon (MB) used as a specific
probe. Compared to common linear probe or classic MB, the
shared-arm MB achieved an enhanced signal-to-background ratio
(SBR) of ~10%, higher thermodynamic stability to bind with target
sequence, and faster hybridization rate [21]. The a-HL nanopore
based on shared-arm MB simultaneously discriminated full-
matched target DNA and single-base mismatch with a 6-fold
dwell time difference.

Recently, locked nucleic acid (LNA) was explored to be a
nanopore probe because LNA/DNA hybridization have increased
helical thermostability (higher melting temperature, T,,) com-
pared with DNA/DNA [24,25]. The LNA introduced in mismatch site
(such as A-T and A-G) can cause a dramatically magnified melting
temperature difference (ATy,) from 4.9 °C to 10.5°C between the
full-matched and single-base mismatched hybrid duplexes. It is
because LNA has a methylene bridge that connects the 2’-oxygen of
ribose with the 4’-carbon [26-28].

This covalent bridge effectively ‘locks’ the ribose in the N-type
conformation that is dominant in A-form DNA [29]. The other
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Fig.1. Illustration of LNA probe (LP)-enabled discrimination of ctDNA and ncDNA in
a nanopore.

reason is that LNA possesses a favorable toxicity profile [30,31] and
a relative degree of nuclease resistance [32,33]. Gu et al. reported a
single LNA approach that enhanced the DNA single-nucleotide
polymorphism (SNP) discrimination capability by over 22-fold
unzipping time difference [22]. Wang et al. reported that a LNA
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probe enabled a discrimination of microRNA with single nucleotide
mismatch [23]. Although some kinds of probes listed above have
made contributions to the specific discrimination, there are no
reports on the simultaneous discrimination of ctDNA with single-
nucleotide difference.

In this work, we designed a LNA probe for the a-HL nanopore to
simultaneously discriminate ctDNA and ncDNA with single-base
difference (Fig. 1). A single-stranded fragment KRAS G12DM [34],
which expression level was associated with colon carcinoma, was
chosen as the model ctDNA. LNA probe with the optimized length
of 11 nucleotides, preformed the significant AT, between full-
matched and single-base mismatched duplexes, and greatly
improved the discrimination capability of single-base mismatch
up to ~12.3 times. The designed LNA probe achieved simultaneous
identification of ctDNA and similar sequence ncDNA in a serum
sample. The designed LNA-based nanopore sensor is label-free and
highly specific for discriminating ctDNA with single-base differ-
ence, which has potential applications in early diagnosis and
prognosis of tumors.

Firstly, we explored the feasibility of the designed LNA probe for
detecting ctDNA. The 15-nt ctDNA from KRAS G12DM gene [34], a
promising biomarker of colon carcinoma was used as the model
target, and a LNA probe (LP) was designed to enhance the specific
hybridization capability. The materials and the investigation
methods used in this work were presented in Supporting
information. This probe was extended at the 3’ end with a
sequence of poly(dA);3 that acted as a guide to lead the LP/ctDNA
hybrids enter the vestibule of the nanopore for subsequent
translocation and increase the frequency of translocation events.
The voltage-dependent experiments confirmed that the mean
dwell time of translocation behavior decreased as transmembrane
potential increased (Fig. S1 in Supporting information). In order to
test the recognition capability of LP for ctDNA, we analyzed the
translocation events of all analytes, including ctDNA, LP, and the
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Fig. 2. Detection profile of ctDNA with a LNA probe. (A, B) Representative single-channel current traces of ctDNA (a), LP (b) and LP/ctDNA (c); (C) Scattering plots and (D)

histograms of dwell time for ctDNA, LP and LP/ctDNA.
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Fig. 3. Discrimination of ctDNA and ncDNA using P11 and LP11 probes. (A) Representative single-channel current traces for the test of the P11/ctDNA (a), P11/ncDNA (b), LP11/
ctDNA (c¢) and LP11/ncDNA (d); Histograms of dwell time for two hybrids using P11 (B) and LP11 probes (C); (D) Comparison of dwell time of the four hybrids using P11 and

LP11 probes.

hybrid added into the cis side of the nanopore at an applied
potential of +140 mV. As shown in Fig. 2, the addition of ctDNA and
LP produced translocation events with mean dwell time of
0.58 + 0.06 ms and 0.30 + 0.01 ms, respectively (Fig. 2D-a and D-
b). LP and ctDNA were mixed and prehybridized at the room
temperature. Translocation events of the mixture showed remark-
ably long blocks that lasted for 2502.93 + 287.43 ms (Fig. 2D-c),
~6.82 x 10° and ~8.34 x 10> longer than that of ctDNA and LP
alone, respectively (Fig. S2 in Supporting information). It was
demonstrated that LP can strongly bind with ctDNA. The LNA-
based nanopore sensor performed a high SBR of ~8.34 x 10°,
~400-fold higher than that of fluorescence-labeled strategies for
sensing the ctDNA target [35]. It was also higher than the SBR of
other LNA-based nanopore sensors for detecting disease-associat-
ed microRNA (~6.55 x 10%) [23] and for sensing foodborne
pathogenic DNA biomarker (~6.10 x 10%) [22]. The LP probe,
having such a high SBR, provides great potential for accurately
sensing ctDNA.

Then, we investigated whether LNA could enhance the
discrimination capability of ctDNA and ncDNA. As a coexisting
analogue of ctDNA in the peripheral blood, ncDNA has only single-
base substitution. The single nucleotide polymorphism site is
located in the middle of the ctDNA sequence, which is a thymine
(T) in the ctDNA and a cytosine (C) in ncDNA. To achieve the
accurate discrimination of ctDNA and ncDNA, a series of LNA
probes with different sequence lengths were designed (Table S1 in
Supporting information). We valued AT,, between LP/ctDNA
hybrid and LP/ncDNA hybrids through mfold Web Server [36],
where LP was replaced by DNA probe. The comparison results
(Table S2 in Supporting information) showed that the LP11

performed the largest AT, that suggested that the LP11/ctDNA
hybrid have the highest thermostability compared with other
hybrids.

The a-HL nanopore sensor was used to monitor translocation
behaviors of the hybrid P11/ctDNA, P11/ncDNA, LP11/ctDNA and
LP11/ncDNA at +140 mV (Fig. 3A). When DNA probe (P11) was
used, the full-matched P11/ctDNA generated numerous blocks
with an average dwell time of 9.66 + 1.15 ms, while the single-base
mismatched P11/ncDNA hybrid performed a dwell time of
4.91 +0.97 ms. The discrimination capability of the P11 probe
was ~2.0 times (Fig. 3B). For the LNA probe, the dwell time of the
full-matched LP11/ctDNA and mismatched LP11/ncDNA was
increased to 2502.93 4+ 287.43 ms and 204.06 + 20.76 ms, respec-
tively. The discrimination capability of LP11 was enhanced by
~12.3-fold (Fig. 3C). This was consistent with the AT, results
listed above. Furthermore, the results in Fig. 3D indicated that the
combination of the LNA with the nanopore technology possesses
an enhanced specificity in discriminating a single-nucleotide
difference between ctDNA and ncDNA.

In order to figure out the enhanced discrimination
capability of LP11 probe, we further analyzed the translocation
frequencies (f) produced by DNA probe or LNA probe (Table S3 in
Supporting information). For DNA probe, the translocation
frequencies of full match (P11/ctDNA) and single-base mismatch
(P11/ncDNA) were almost the same, 32.16 +10.69 min~! and
33.75+4.03 min" !, respectively. Significantly, the translocation
frequency of full-matched LP11/ctDNA was increased to
47.62 +6.60 min~. It is supported by previous reports that LNA
molecule has a covalent methylene bridge that makes A-form
helical structure dominant [24].
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Fig. 4. Specific discrimination of ctDNA from a mixture solution using LP11 probe.
(A) Current traces and (B) histograms of dwell time of mixture of LP11 with ncDNA
and ctDNA at different concentration ratios: (a-g) ncDNA:ctDNA =200:0, 180:20,
150:50, 100:100, 50:150, 20:180, 0:200. The total concentration of ncDNA and
ctDNA was 200 nmol/L.

To further explore the simultaneous discrimination of single-
nucleotide difference in the LP11 probe, translocation behaviors of
various mixtures were recorded at the applied potential of
+140 mV (Fig. 4). As shown in Fig. 4B, for the LP11/ctDNA alone,
one peak of blockage with a mean dwell time of
2502.93 +287.43 ms was observed, while the LP11/ncDNA alone
had the mean dwell time of 204.06 + 20.76 ms. Subsequently, a
series of mixture solutions containing various concentration ratios
of ctDNA to ncDNA were tested through the LNA-based nanopore
sensor. Two characteristic and well-separated dwell time peaks
were observed. When the concentration of ctDNA was as low as
20 nmol/L, 9 times lower than that of ncDNA, LP11 can discriminate
it from its coexistence ncDNA. The relative peak area of LP11/ctDNA
was gradually enhanced as the concentration ratio of ctDNA to
ncDNA increased. The peak area ratios of ctDNA over ncDNA were
0.14, 0.69, 2.07, 2.16 and 2.61, corresponding to mixture samples

20:180, 50:150, 100:100, 150:50 and 180:20, respectively, which
demonstrated that ctDNA and ncDNA were simultaneously
discriminated quite well. As far as we know, it is the first report
on ctDNA-related simultaneous discrimination. In this work, on
the basis of two characteristic and well-separated dwell time
peaks, LP11 can work as a potential molecular tool for simulta-
neously discriminating ctDNA from mismatched ncDNA, which is
expected to be used for early diagnosis and screening of tumors.

To evaluate the application of the LNA-based nanopore
strategy in detecting ctDNA in real biological samples, ctDNA
was directly spiked into the normal human serum samples (10%,
v/v). As shown in Fig. S3 (Supporting information), the current
traces of the serum samples retained a low level of noise-like
spikes, similar to the results reported in the literature [23].
However, for the mixture of the serum samples with LP11, a large
number of spike-like short blocks were recorded, corresponding
to the characteristic dwell time of LP11. At the presence of ctDNA
and LP11 in the serum samples, plenty of long blocks corre-
sponding to LP11/ctDNA were recorded. Although ctDNA and
ncDNA coexisted in the serum samples with a low concentration
ratio of 20:180, the characteristic dwell time peak of ctDNA was
easily discriminated from that of ncDNA. It was demonstrated
that the LNA-based nanopore sensor can be used to specifically
detect ctDNA in human serum samples.

For the Gaussian distribution overlap between LP11/ctDNA
and LP11/ncDNA, the receiver operating characteristic (ROC)
curve analysis was used to evaluate the accuracy of discrimina-
tion capability. The ROC has been a widely accepted diagnostic
tool that measures the accuracy of a test to discriminate true
positive events from false positive ones [18,22]. For each of the
selected dwell time thresholds, there would be some true positive
(TP =0-1) and false positive (FP =0-1) events. The area under the
ROC curve (AUC) (0.5-1) indicated the accuracy of the method for
discriminating single-nucleotide difference. ROC was analyzed
using web-based calculator [37]. As shown in Fig. S4 (Supporting
information), the AUC generated by P11 was only 0.60, and
surprisingly the AUC was increased to 0.82 when LP11 was used.
According to the reported evaluation criteria, the AUC of 0.82
indicates that the single-nucleotide difference discrimination
accuracy for ctDNA and ncDNA can be evaluated as "good". That
means that the translocation events presented in the overlap
range can be evaluated as ctDNA with the true positive fraction of
82%. In addition, its good anti-interference capability was also
confirmed since all results in serum samples were similar to the
records in non-serum samples (Figs. S5 and S6 in Supporting
information).

In summary, a LNA probe was designed to simultaneously
discriminate ctDNA and its coexisting analogue (ncDNA) in a
nanopore. The single-stranded fragment KRAS G12DM used as the
model ctDNA, the designed LNA probe performed a high signal-
to-background ratio of ~8.34 x 10° for sensing target ctDNA
based on nanopore electronic signals. Based on the enhanced
thermostability (T;,) of the LNA/ctDNA hybrid, the discrimination
capability of the LNA probe for ctDNA and ncDNA in a serum
sample reached up to ~12.3 times. This simultaneous discrimina-
tion strategy is label-free, convenient, selective, and sensitive,
which has great potential in the early diagnosis of diseases and
biomedical research fields.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.cclet.2019.05.033.
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