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GRAPHICAL ABSTRACT

e An Fc-labeled electrochemical
biosensor was developed for SNP
detection based on LCR and
hybridization.

e The MT-DNA is recycled and dupli-
cated exponentially through LCR to
achieve dramatic signal
amplification.

e The biosensor offers a low limit of
detection (0.75 aM) and detects the
allele frequency as low as 0.01%.

e The Dbiosensor is economical,
purification-free, highly-sensitive,
and selective for SNPs detection.
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Single nucleotide polymorphisms (SNPs) are crucial during the early diagnosis of a given disease as well
as in evaluating their response to certain drugs. Thus, this study sought the development of ferrocene
(Fc)-labeled electrochemical biosensor for SNP detection. This proposed system involves the ligation of
four short probes (e.g., A, B, A’, and B, where B’ is labeled with an Fc-tag) in the presence of target DNA
via ligase chain reaction (LCR), resulting in the formation of Fc-tagged duplex AB-A’B’ in 2". Subse-
quently, immobilization of the Fc-tagged duplex AB-A'B’ on a single-stranded DNA capture probe (SC-
DNA)-carboxyl multi-wall carbon nanotube (MWCNT-COOH) modified glassy carbon electrode (GCE) was
accomplished through hybridization. Owing to the specificity of hybridization, and the use of Fc as
electrochemical probe for detection of duplex AB-A’B’, such strategy realized directly analysis of LCR
products without the need for purification. By taking advantage of the thermal stability and high-
discrimination ability of HiFi Taqg DNA ligase for single-base differences, the specificity of hybridiza-
tion, the EGFR T790 M mutant DNA (MT-DNA) biosensor was developed to offer a low limit of detection
(0.75 aM), a high discrimination of single-base mismatches [as low as 0.01% (molar fraction)], a wide
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linear range of more than 7 orders of magnitude (1 aM—10 pM), and the recovery rates (95.3%—107.8%)
from human serum samples. Thus, the biosensor under development was found to be economical,
highly-sensitive, and exceptionally selective for detection of SNPs, and as well as extending the versatile
applications of LCR to offer great potential for diagnosis and individual clinical regimens.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Single nucleotide polymorphisms (SNPs) are single-base
changes at a specific location in an organism’s DNA, which may
change the structure and function of encoded proteins, healthy cell
regulation, and may cause severe genetic disorders or diseases [1].
Therefore, it is paramount to accurately and rapidly detect SNPs not
only for early diagnosis of disease but also for the development of
personalized medicine [2—5].

Currently, numerous technologies, such as real-time polymerase
chain reaction (RT-PCR) [6,7], next-generation sequencing (NGS)
[8], Sanger sequencing [9,10], allele-specific hybridization, mag-
netic nanoparticle-enzyme sandwich approach [11,12], toehold-
mediated strand displacement enzymatic approaches [13], and
nanofluidic-embedded biosensors [14], have been applied in
identifying SNPs. Nonetheless, the main drawbacks of these tech-
nologies are that they are time-consuming and expensive. Thus,
there is a growing need for a more economical, sensitive, and rapid
approach for detecting SNPs. In recent years, electrochemical
detection technology has become an alternative method for
detecting SNPs, which has the potential for biosensors develop-
ment, mainly because it does not require expensive instruments.
Numerous electrochemical detection methods based on surfaced
modified electrodes (SMEs) have been used for SNP analysis with
high-sensitivity, low-cost, and simple instrumentation [15—20].
Also, since the discovery of multi-walled carbon nanotubes
(MWCNTs) have demonstrated to be a very efficient sensing ma-
terial, especially for electroanalytical detection due to its high
specific surface area, excellent conductivity, and chemical inertness
[21—25]. However, pure MWCNTs tend to fall off the modified
electrodes resulting in poor reproducibility and stability. In order to
bypass such unwanted characteristics, we utilized Nafion as a more
appropriate sensing synergist. Nafion is a perfluorosulfonic acid
polymer with ideal properties, for example, electrochemical inac-
tivity, chemical inertness, anti-passivating properties, and hydro-
philic. This allowed for the development of a well-dispersed
carboxyl multi-wall carbon nanotube/Nafion composite (MWCNT-
COOH/Nafion) [26]. We coated this functionalized composite onto a
glassy carbon electrode (GCE) surface in order to prepare a stable
modified electrode (cMWCNT-NF/GCE). Such preparation provided
improvements in the stability and sensitivity of the electrode. We
then assembled the amino modified single-stranded DNA capture
probes (SC-DNAs) onto the cMWCNT-NF/GCE surface to construct
the resulting sensing electrode via amide bonds (SC-DNA/
cMWCNT-NF/GCE).

Pioneered by the Barany group in 1991, it is worth mentioning
that ligase chain reaction (LCR) is a technique developed for DNA-
dependent amplification with enzymatic allele discrimination
[4,27—30]. Given the high selectivity of the allele-specific enzy-
matic ligation and targeted recycling during thermal cycles, LCR
exhibits superior selectivity and powerful amplification ability,
which is optimal for SNP detection. However, LCR-based SNP
detection methods remain to be a challenge due to the separation
and purification of ligation products. Therefore, by combining LCR
with SC-DNA/cMWCNT-NF/GCE, we developed a sensitive

biosensor for SNP detection through the hybridization of duplex
AB-A’B’ with SC-DNA/cMWCNT-NF/GCE without the need for pu-
rification of unreacted Fc-labeled probe B’.

In the treatment of non-small cell lung cancer (NSCLC), the
T790 M point mutation in the epidermal growth factor receptor
(EGFR) gene accounts for nearly 50% of the acquired resistance to
EGFR-tyrosine kinase inhibitors (TKIs) [31,32]. Thus, identification
of EGFR T790 M mutation is crucial for choosing further therapeutic
strategies during disease progression [33—36].

Herein, we propose a universal LCR-based amplification and
electrochemical measuring strategy for SNP detection using EGFR
T790 M mutant DNA (MT-DNA) as the model analyte. Specifically,
the bases of the model analyte at the SNP site are T/A in the MT-
DNA and C/G in the wild-type DNA (WT-DNA), respectively. For
discrimination of the SNP and detection of MT-DNA, we designed
four entirely complementary probes (A, By, A’, and B'_yr) for a
typical MT-DNA LCR process. The sequences at the 5’ or 3’-end of
the probes were designed to be complementary to the MT-DNA. In
particular, probes B_yr and B’y were MT-DNA-specific because
the bases at the 5’-end of probe B’_yr and the 3’-end of probe B_yr
are T and A, which are respectively complementary to the bases of
MT-DNA at the SNP site [4,37,38]. Considering the ligation catalyzed
by HiFi Tag DNA ligase, probes A and B’_yr are modified with a
phosphate group at their 5’-end. As illustrated in Scheme 1, there
are three key steps involved in our protocol for SNP MT-DNA
detection. First, SC-DNA/cMWCNT-NF/GCE was prepared (Scheme
1A). Second, the typical LCR for MT-DNA is illustrated as follows
(Scheme 1B): In the presence of MT-DNA, after denaturation at
94 °C, probes A and B_y7 pair near their complementary sequences
on one template strand at the SNP site by annealing at 60 °C,
whereas probes A’ and B’_yr anneal with the second template
strand in a similar way. Two adjacent probes are ligated to generate
strands AB_yts and A’B’_yrs by the thermostable HiFi Tag DNA
ligase only when the two probes are perfectly matched to MT-DNA
at the junction SNP site. Following subsequent LCR cycles, MT-DNA,
the newly formed AB_yrs and A’B’_yrs all serve as templates to
generate AB-A’B’_ys. In this process, MT-DNA triggers LCR and
initiates the exponential amplification of the ligation products,
duplex AB-A’B’_yrs. In contrast, in the presence of WT-DNA in MT-
DNA-special LCR, probes remain unaltered because the mis-
matched WT-DNA can't trigger LCR (Scheme 1C). By analyzing the
LCR products, the MT-DNA and WT-DNA can be differentiated
effectively. Lastly, the electrochemical detection strategy is
designed (Scheme 1D). To realize the electrochemical measure-
ment, the 21 bases at 5’-end of probe A’ are complementary to SC-
DNA and also mismatched with MT-DNA, and ferrocene (Fc, redox
indicator for electrochemical detection) was labeled at 3/-end of the
probe B’_yr. Subsequently, incubating SC-DNA/cMWCNT-NF/GCE
with the LCR products, the duplex AB-A’B’_yrs hybridized with
SC-DNAs to form the DS-DNA on the electrode surface (DS-DNA/
cMWCNT-NF/GCE). Concertedly, Fc is close enough to the electrode
surface to produce a voltammetry signal. Only the perfectly
matched LCR products generate a detectable current signal of Fc,
single-base mismatched products only generate weak electro-
chemical signals (Scheme 1D). Hence, the DPV signal of Fc can
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Scheme 1. Schematic illustration of LCR-based MT-DNA electrochemical biosensor. (A) The fabrication of SC-DNA/cMWCNT-NF/GCE. (B

) The MT-DNA-specific LCR in presence of

MT-DNA. (C) The MT-DNA-specific LCR in presence of WT-DNA. (D) The electrochemical detection protocol of LCR-based MT-DNA electrochemlcal biosensor. (Fc: ferrocene,

electrochemically active indicators).

directly monitor the levels of AB-A’B’_yrs and indirectly indicate
the levels of the MT-DNA with high specificity.

The innovation of this work is summarized as follows: (1) Based
on the high selectivity and high efficiency of HiFi Tag DNA ligase, Fc-
tagged AB-A'B’ were generated exponentially through LCR in the

presence of perfectly matched target DNA. (2) Utilizing the elec-
trochemical probe, Fc, to label MT-DNA-special LCR products, the
number of Fc moieties attached to DS-DNA/cMWCNT-NF/GCE
electrode surface through hybridization can indirectly monitor
the levels of MT-DNA without the need for isolation and
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purification. (3) The advantages of hybridization, LCR reaction, as
well as the electrochemical testing methods provide high speci-
ficity, high selectivity, and high sensitivity for MT-DNA SNP anal-
ysis. In summary, our proposed Fc-labeled electrochemical strategy
combined with LCR and hybridization provides an economical,
purification-free, highly sensitive, and selective detection strategy
for SNP genotyping specific to EGFR T790 M (MT-DNA).

2. Experimental
2.1. Materials

Polyacrylamide gel electrophoresis (PAGE) kit was purchased
from KeyGen Biotech Co., Ltd. (Nanjing, China). MWCNT-COOH
with lengths of 10—30 um was obtained from XFNANO Technol-
ogy Co., Ltd. (Nanjing, China). HiFi Taqg DNA ligase and HiFi Tag DNA
ligase buffer (20 mM Tris-HCl, 150 mM KCl, 10 mM MgCl,, 10 mM
DTT, 1 mM NAD, and 0.1% Triton X-100) were purchased from New
England Biolabs. Nafion (5% ethanol solution) was purchased from
Sigma. N-hydroxysuccinimide (NHS), 1-Ethyl-3-(3-dimethylami
nopropyl)carbodiimide hydrochloride (EDC), and other chemicals
were obtained from Aladdin. (http://www.aladdin-e.com). 6-
Mercapto-1-hexanol (MCH) was purchased from Meryer Chemical
Technology Co., Ltd. (Shanghai, China). All chemicals were of
analytical reagent grade and used without further purification.

All synthetic oligonucleotides were purchased from Shanghai
Sangon Biological Engineering Technology and Service Co., Ltd.
(Shanghai, China). The EGFR T790 M mutation target DNA (MT-
DNA) and wild target DNA (WT-DNA), LCR probes (probe A, A’, B_vr,
and B’_yr are designed for MT-DNA detection. Probe B_ywrand B’ .wr
are designed for WT-DNA detection), and the amino-modified SC-
DNA are listed in Table 1.

All solutions were prepared with ultrapure water.

2.2. Apparatus

Cyclic voltammetry (CV), electrochemical impedance spectros-
copy (EIS), and differential pulse voltammetry (DPV) were carried
out on a CHI 660C electrochemical workstation (Chenhua Instru-
ment Company Shanghai, China, http://www.chinstruments.com)
equipped with a conventional three-electrode system. The con-
ventional three-electrode system consisted of a functionalized

Table 1
Sequences of the oligonucleotides in this study.

glassy carbon electrode (GCE) as the working electrode, a platinum
wire as the auxiliary electrode, and a KCl-saturated Ag/AgCl elec-
trode as the reference electrode. CV measurements ranged
from —1.0 to 0.5 V at a scan rate of 50 mV s~ . EIS measurements
were taken using AC modulation over the frequency range from
0.01 Hz to 100 kHz. DPV scans were incrementally conducted from
0 to 0.6 V at E 0.004 V, amplitude 0.05 V, pulse width 0.5 s, and
pulse period 0.5 s. All DPVs were baseline-corrected using the
application included in software package CHI Version 9.02. All
electrochemical experiments were performed at 25 °C.

Scanning electron microscopy (SEM) micrographs were recor-
ded by field-emission scanning electron microscopy (FESEM, Zeiss
Ultra Plus). All the LCR amplification were performed with a TI00™
Thermal Cycler (Bio-Rad, USA). The gels were visualized by using a
Gel Doc™ EZ Imager (Bio-Rad, USA).

2.3. Construction of sensing electrodes

The MWCNT-COOH (4.0 mg ml~!) was dispersed into a DMF
solution containing 0.0625% (wt%) Nafion and sonicated for 60 min,
which produced the highly dispersed MWCNT-COOH/Nafion sus-
pension. Before surface modification, the GCE was pre-treated to
obtain a mirror-like surface, according to a previous study [21].
MWCNT-COOH/Nafion modified the pre-treated GCE for the fabri-
cation of the SNP WT-DNA sensing electrode. Initially, 15 pL of the
prepared 4.0 mg ml~! MWCNT-COOH/Nafion suspension was drop-
coated onto the pre-treated GCE surface to form a uniform film by
subsequently air-drying at 25 °C (cMWCNT-NF/GCE). Next,
cMWCNT-NF/GCE was immersed in 200 puL of EDC/NHS (5 mM, 1:1)
solution for 12 h to activate carboxyl groups. Subsequently, 15 pL of
20 pM SC-DNA solution was coated onto the activated cMWCNT-
NF/GCE for 2 h, followed by the incubation with 10 uM MCH for
another 2 h. The amino groups of the SC-DNA at the 3’-end were
reacted with the carboxyl groups on the cMWCNT-NF/GCE, and
thus an SC-DNA-assembled sensing surface was obtained (SC-DNA/
cMWCNT-NF/GCE). The electrode was washed three times with
ultrapure water after each step to avoid nonspecific adsorption.

2.4. LCR amplification of MT-DNA

The LCR reaction was performed in a 20 pL solution containing
2 uL of 10 x HiFi Taq DNA ligase buffer, 0.5 uL of HiFi Tag DNA ligase,

DNA name Sequence (from 5' to 3')

MT-DNA CCTCCACCGTGCAGCTCATCATGCAGCTCATGCCCTTCGGC
WT-DNA CCTCCACCGTGCAGCTCATCACGCAGCTCATGCCCTTCGGC
Probe A P-TGATGAGCTGCACGGT

Probe A’ GACTACATAAGCTGGCGTTGGACCGTGCAGCTCATCA
Probe Bmr  AGGGCATGAGCTGCA

Probe B'mr P-TGCAGCTCATGCCCTAAAAA-Fc

SC-DNA CCAACGCCAGCTTATGTAGTCAAAAA-NH>

Probe B-wr AGGGCATGAGCTGCG

Probe B'wr P-CGCAGCTCATGCCCT AAAAA-Fc

The SNP sites are marked with red, italic and bold letter.
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20 nM probe A, 20 nM probe B_y1, 20 nM probe A’, 20 nM probe B’.
w1, and the appropriate amount of synthetic target DNA (MT-DNA,
or WT-DNA). First, the reaction solution was heated at 94 °C for
3 min, then carried out with 30 thermal cycles of denaturation at
94 °C for 30 s, and annealing and ligation at 60 °C for 1 min.

2.5. Hybridization and electrochemical analysis for MT-DNA

Construction of DS-DNA/cMWCNT-NF/GCE by hybridization re-
action, 20 pL of WT-DNA LCR products was drop-coated onto the
SC-DNA/cMWCNT-NF/GCE surface for 40 min at 25 °C. Subse-
quently, the construct was gently rinsed three times with ultrapure
water. Finally, electrochemical measurements such as CV, EIS, and
DPV were immediately performed in 30 min.

3. Results and discussion
3.1. Morphology of electrode

The surface morphology of GCE, cMWCNT-NF/GCE, and SC-DNA/
cMWCNT-NF/GCE was examined by SEM to confirm the stepwise
modification of the electrode. As shown in Fig. 1, the surface of the
GCE was smooth and homogeneous. Whereas the surfaces of
cMWCNT-NF/GCE and SC-DNA/cMWCNT-NF/GCE were heteroge-
neous and rough. MWCNTs-COOH particles were visible in Fig. 1B
and C, indicating that MWCNT-COOH had successfully modified the
GCE surface [39]. However, the difference between the morphology
of ¢cMWCNT-NF/GCE and SC-DNA/cMWCNT-NF/GCE was not
observed by SEM.

3.2. Electrochemical performance of the electrode

The specific surface area, electrical conductivity, and the elec-
trostatic interaction of the electrode surface were also character-
ized by CV and EIS techniques employing Fe(CN)2 /4~ as a probe
[40]. In order to confirm the successful construction of the elec-
trode, CV and EIS measurements at GCE, cMWCNT-NF/GCE, SC-
DNA/cMWCNT-NF/GCE, and DS-DNA/cMWCNT-NF/GCE was stud-
ied in 5.0 mM KsFe(CN)g/K4Fe(CN)g (1:1) solution containing 0.1 M
KCl. As shown in Fig. 2A, a pair of well-defined and reversible redox
peaks of Fe(CN)2 /4~ were observed at GCE (black line). Compared
with GCE, the peak current at c(MWCNT-NF/GCE (red line) increased
significantly, which provided evidence for a successful modification
of MWCNT-COOH on GCE with high surface area and excellent
conductivity. However, a decrease in the peak current was observed
for SC-DNA/cMWCNT-NF/GCE (blue line). This can be explained by
the negative charges of the SC-DNA phosphate backbone, which
hindered the electron transfer and mass transfer of Fe(CN)2 /4~
anions on the electrode surface. The DS-DNA/cMWCNT-NF/GCE has

more negative charges than SC-DNA/cMWCNT-NF/GCE, resulting in
a stronger electrostatic repulsion. Hence, the peak signal at DS-
DNA/cMWCNT-NF/GCE decreased further (magenta line). The
change in peak current of CV proved that the proposed biosensor
was successfully assembled as designed. Furthermore, the relevant
microscopic surface areas of GCE and cMWCNT-NF/GCE were
calculated by CV assays. In a reversible process, the relationship of
the anodic peak current i,, versus the scan rate v is given by the
Randles—Sevcik equation [41]: ipa = (2.69 x 10°) n3/2 AD'2c V112,
where, A is the surface area of the working electrode, v is the scan
rate, c is the concentration of K3Fe(CN)g, n is number of electrons
transferred, n = 1 for KsFe(CN)g, and D represents the diffusion
coefficient, D = 7.60 x 10°® cm? s~1. Therefore, the relative
microscopic surface area A of the bare GCE and cMWCNT-NF/GCE
calculated by the Randles-Sevcik equation were 0.040 and
0.156 cm?, respectively. The results proved that the relative
microscopic surface area of cMWCNT-NF/GCE had been increased
to approximately four times as compared with GCE because of the
successful functionalization by MWCNT-COOH. Additionally, EIS is
also an important approach for characterizing the electrode sur-
face. Typical EIS spectra generally consist of a semicircle portion at
higher frequencies corresponding to electron-transfer limited
process and a linear portion at lower frequencies representing the
diffusion-limited process. The semicircle diameter in EIS spectra
illustrates the charge-transfer resistance (Rct) that controls the
electron-transfer kinetics of the redox probe at the electrode
interface. Fig. 2B displays the EIS behavior of Fe(CN)2~/4~ at GCE
(red), cMWCNT-NF/GCE (blue), SC-DNA/cMWCNT-NF/GCE (green),
and DS-DNA/cMWCNT-NF/GCE (magenta). This figure shows that
the Rct of cMWCNT-NF/GCE is much lower than that of GCE, which
depicts that MWCNT-COOH improved conductivity at the
electrode-electrolyte interface. After immobilization of the SC-
DNA, the value of Rct increased, due to the strong electrostatic
repulsion interaction between Fe(CN)%’/“’ and SC-DNA. After the
hybridization through incubation of SC-DNA/cMWCNT-NF/GCE
with LCR products, stronger electrostatic repulsion increased the
Rct of DS-DNA/cMWCNT-NF/GCE continuously. These results are in
accordance with CV analysis. Therefore, the EIS assay was employed
to quantitatively monitored the construction process of the elec-
trochemical biosensor in our work.

3.3. Feasibility of LCR-based MT-DNA electrochemical biosensor

As mentioned, our proposed electrochemical platform for SNP
detection depends on LCR amplification and hybridization. Thus,
CV and DPV signals of Fc at DS-DNA/cMWCNT-NF/GCE were studied
in a 20 mM Tris-HCl solution to confirm the feasibility of the LCR-
based WT-DNA electrochemical biosensor. As shown in Fig. 3A,
almost no signal was observed for blank (magenta line, in the
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Fig. 1. SEM images of GCE (A), cMWCNT-NF/GCE (B), and SC-DNA/cMWCNT-NF/GCE (C).
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absence of MT-DNA and WT-DNA in LCR). However, in the presence
of MT-DNA in the LCR, a pair of well-defined redox peaks around
0.27 V and 0.34 V were observed for DS-DNA/cMWCNT-NF/GCE,
which were attributed to the reduction and oxidation of the Fc
molecules. Hence, the Fc molecules labeled at the 3’-end of the
probe B’_yr had access to the surface of the electrode through the
designed process. In addition, Fig. 3A shows the CV response at DS-
DNA/cMWCNT-NF/GCE at 0.1 pM, 1 fM, and 10 aM MT-DNA con-
centration in MT-DNA-specific LCR, respectively. With the increase
of MT-DNA concentration, the signal of Fc increased gradually,
indicating that more Fc molecules were bonded to the electrode
surface. In order to improve the sensitivity, we chose DPV as the
electrochemical measurement because DPV is a more sensitive and
effective electrochemical technology than the CV. The DPV
response of the Fc molecules modified on DS-DNA/cMWCNT-NF/
GCE was measured and shown in Fig. 3B. The magenta line is the
DPV response of the blank. The black, red, and blue line represent
the DPV response at DS-DNA/cMWCNT-NF/GCE for 0.1 pM, 1 fM,
and 10 aM MT-DNA concentration levels of in MT-DNA-specific LCR,
respectively. The blank resulted in almost no signal. Compared with
CV, the peak current of DPV increased more significantly with
increasing MT-DNA concentration. Therefore, DPV was applied for
SNP detection in the electrochemical strategy with a higher degree
of sensitivity.

Subsequently, the amplification efficiency and differentiation
ability of the proposed LCR-based SNP electrochemical strategy was

evaluated. Firstly, 1 fM MT-DNA and 1 fM WT-DNA were amplified
using the developed MT-DNA-special LCR approach and detected
by DPV through our developed electrochemical strategy. The DPV
responses of blank (blue), MT-DNA (black), and WT-DNA (red) are
shown in Fig. 3C. The peak current intensity in DPV response in-
creases in the presence of MT-DNA and is much stronger than these
of the blank and WT-DNA. There was a slight difference between
the DPV signals of the blank and WT-DNA. These results indicate an
excellent specificity for MT-DNA detection in the MT-DNA-special
system. In addition, the MT-DNA amplification products were
characterized by 8% PAGE using the SYBR I dye. As shown in Fig. 3C
(inset), a band (50—100 bp) was present for the MT-DNA-special
LCR system in the presence of MT-DNA (1 pM, L1), whereas there
were no bands (50—100 bp) for the MT-DNA-special LCR system in
the presence of WT-DNA (1 pM, L2) and blank (absence of MT-T and
WT-C, L3). This demonstrated that the base number of the LCR
products was consistent with the design and verified the feasibility
of the proposed LCR-based MT-DNA electrochemical approach.

In contrast, we also design the probe Byt and B'_wr to detect
WT-DNA by the same method accurately. The bases at the 5’-end of
probe B'_.wrt and the 3’-end of probe B.wr are C and G, which are
respectively complementary to the bases of WT-DNA at the SNP
site. Therefore, probes B.wr and B’_ywt were defined as WT-DNA-
specific probes (the sequences of probes are shown in Table 1). As
demonstrated in Fig. S1, the differentiation ability of the developed
LCR-based SNP WT-DNA electrochemical strategy was verified.
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In summary, our proposed LCR-based SNP electrochemical
strategy can distinguish and detect target DNA SNP with high
sensitivity and specificity.

3.4. Optimization of experimental conditions

In order to achieve high sensitivity and specificity, the concen-
tration of Nafion, the amount of MWCNT-COOH/Nafion suspension,
the amount of SC-DNA solution, as well as DPV buffer solution,
were carefully optimized. Thus, the well-performing MWCNT-
COOH/Nafion dispersion can be easily coated on GCE to construct
the cMWCNT-NF/GCE with excellent sensitivity, stability, and
reproducibility owing to the synergic effect of MWCNT-COOH and
Nafion. The concentration of Nafion and the amount of MWCNT-
COOH/Nafion dispersion were optimized according to the differ-
ence of Fe(CN)2 /4~ peak currents between cMWCNT-NF/GCE and
SC-DNA/cMWCNT-NF/GCE by CV. From Fig. S2, when the Nafion
concentration is higher than 0.0625%, the change of peak currents
between cMWCNT-NF/GCE and SC-DNA/cMWCNT-NF/GCE is
almost stable. However, when the concentration is 0.0625%, the
difference between peak currents rapidly increases to the
maximum. The higher the difference in peak current, the better the
surface modification by SC-DNA will be. Therefore, 0.0625% Nafion
was used as a synergist to improve the stability of biosensor
because it not only has an enhanced film-forming ability but also
can improve the stability of the sensing electrode by preventing
MWCNT-COOH from falling off. Based on the CV response of
Fe(CN)2 4~ on cMWCNT-NF/GCE (shown in Fig. S3A), the amount
of MWCNT-COOH/Nafion dispersion was optimized. The best CV
signal was obtained with 15 uL. MWCNT-COOH/Nafion dispersion.
The CV signal decreases with 20 pL, proving that the electrode
surface modification layer is too thick, resulting in its heterogeneity
to hinder electron conductivity and mass transfer. Then, we eval-
uated the amount of 20 M SC-DNA solution and shown in Fig. S3B.
Compared with the cMWCNT-NF/GCE, the peak current slightly
decreased with increasing SC-DNA amount and reached a stable
electrochemical signal at 15 pL. The above experimental results
demonstrated that 15 pL of MWCNT-COOH/Nafion (0.00625%
Nafion) did not hinder the reaction site on electrode surface and the
carboxyl groups of MWCNTs-COOH were almost completely
bonded with SC-DNA-NH; (20 uM) at 15 pL. And as shown in Fig. S4,
The Fe(CN)2 /4~ peak current of SC-DNA/cMWCNT-NF/GCE is
slightly higher than that of SC-DNA/cMWCNT/GCE. However, it is
worth noting that the RSD value of SC-DNA/cMWCNT-NF/GCE is
1.94%, and that of SC-DNA/cMWCNT/GCE is 3.05%, which indicates
that SC-DNA/cMWCNT-NF/GCE exhibits highly stable than SC-DNA/
cMWCNT/GCE. These results further confirm that Nafion can induce
the solubility of MWCNT-COOH and the stability of modified elec-
trodes. The composition of the DPV measuring buffer is also crucial
for increasing sensitivity and reproducibility. Therefore, we
compared the following two types of running buffers: Tris-HCl
(20 mM, pH = 7.2, containing 0.1 M KCl) and PBS (pH = 5.8). As
shown in Fig. S5, Tris-HCI produced the perfect DPV signal of Fc. In
summary, the optimum experimental parameters were 15 pL of
MWCNT-COOH/Nafion (0.00625% Nafion) suspension, 15 pL of
20 uM SC-DNA solution, and Tris-HCI (20 mM, pH = 7.2, containing
0.1 M KCl) buffer solution for DPV.

Furthermore, the retention life of the SC-DNA/cMWCNT-NF/GCE
and the optimal measuring time after hybridization at 25 °C were
investigated. For the retention life of SC-DNA, the CVs on SC-DNA/
cMWCNT-NF/GCE from the 1st to the 50th cycle at a scan rate of
50 mV s~ ! were obtained and shown in Fig. S6A. There is no dif-
ference between these CV signals, confirming that the electro-
chemical performance of SC-DNA on SC-DNA/cMWCNT-NF/GCE
remains unchanged, and the stability of SC-DNA/cMWCNT-NF/GCE

is excellent. After hybridization, the DPV of Fc bonded on DS-DNA/
cMW(CNT-NF/GCE at different times are shown in Fig. S6B. The peak
current values were 100%, 98.70%, 97.30%, and 93.90% at 30 min,
60 min, 120 min, and 240 min, respectively, which demonstrated
that the electrochemical activity of Fc decreases with time. There-
fore, considering the operability of the experimental staff and the
safety of the sample, the DPV experiment should be completed in
60 min after hybridization to obtain reliable experimental results.

3.5. Sensitivity and precision of the developed LCR-based MT-DNA
electrochemical biosensor

Under the optimized experimental conditions, the sensitivity of
the LCR-based MT-DNA electrochemical biosensor is evaluated by
using synthetic MT-DNA at different concentrations. As demon-
strated in Fig. 4A, increasing the concentration of MT-DNA from 1
aM to 10 pM, the DPV response of Fc increases more rapidly. A
calibration plot (Fig. 4B) was obtained by using the peak current (I/
pA) versus logarithmic values of concentration (Igcvr-pna)- The
linear relationship was obtained in the range of 1 aM—10 pM,
where the equation was I = 1.44 lgcmr-pna + 27.2, with R? = 0.9913.
The lower limit of detection (LOD) equals 0.75 aM using
LOD = 3.1430g/S, where dg stands for the standard deviation of the
seven responses of blank, and S represents the slope of the cali-
bration curve. As high as 10 pM, the DPV signal almost no longer
increases with the increase of MT-DNA concentration because of
steric the effect and saturation of hybridization sites. Consequently,
our proposed LCR-based MT-DNA electrochemical biosensor ach-
ieves excellent sensitivity as low as 0.75 aM and a wide dynamic
range of detection more than 7 orders of magnitude.

For any method, it must be repeatable and reproducible. As we
know, RSD obtained under the same conditions by an analyst is
repeatability, and RSD measured by different analysts is repro-
ducibility. RSD of the results measured is calculated by equation
RSD = (SD x 100%)/x, where SD is standard deviation and X re-
fers to the arithmetic mean of measuring results. In the presence of
1 fM MT-DNA, the repeatability and reproducibility of our proposed
MT-DNA electrochemical biosensor were calculated to be 2.15% and
2.57% (Fig. 5), indicating a high degree of precision.

3.6. Specificity of the developed LCR-based MT-DNA
electrochemical biosensor

To determine the specificity of the developed MT-DNA
biosensor, the MT-DNA and WT-DNA were mixed at different
mole percentages (MT-DNA molar fraction) of 100%, 50%, 10%, 1%,
0.1%, 0.01% and 0% to a total concentration of 500 fM, subsequently
serving as target DNA to amplify with MT-DNA-special LCR system.
The proposed electrochemical assay analyzed the products. As
shown in Fig. 6A, and Fig. 6B, the MT-DNA could be discriminated
from the mixture even when the molar percent was as low as 0.01%
by the MT-DNA biosensor. Thus, enhanced specificity in discrimi-
nating single base mutation from allele mixture was achieved by
our LCR-based SNP electrochemical biosensor.

3.7. Universality of LCR-based SNP electrochemical biosensor

The universality of the LCR-based SNP electrochemical strategy
was studied through WT-DNA-special system to detect WT-DNA,
and results were demonstrated in supporting information. For
WT-DNA biosensor, the values of peak current changed linearly
with the logarithm of WT-DNA concentration (Fig. S7), which can
be described with the equation I = 1.47 Igcwr.pna + 28.1 in the
range of 1 aM—10 pM (R? = 0.9884, and LOD = 0.77 aM). Moreover,
the repeatability and reproducibility were 2.53% and 2.60%,
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Fig. 4. The sensitivity of the LCR-based MT-DNA electrochemical biosensor for MT-DNA detection. (A) DPV responses of the biosensor to different MT-DNA concentrations. (B)
Calibration curve of peak current of DPV verses logarithm of MT-DNA concentration (from 1 aM to 10 pM) (error bars = SD, n = 3). Inset: the relationship between the peak current
of DPV and logarithm of MT-DNA concentration varying from 1 aM to 1 nM.
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respectively (Fig. S8). As shown in Fig. S9, the WT-DNA biosensor,
detected the target DNA from the WT-DNA and MT-DNA mixture
even when the molar percent was as low as 0.01%.

Moreover, in order to study the applicability of the LCR-based
SNP electrochemical biosensor in real samples, the recovery rate
of synthetic MT-DNA was investigated by adding 100 fM synthetic
MT-DNA into human serum through the proposed methodology. As
shown in Table S1, the recovery rates of 95.3%—107.8% confirmed
that the developed biosensor has high accuracy and reliability. In
addition, to investigate the capacity of the developed LCR-based
electrochemical biosensor, the content of MT-DNA in the tissue of
four patients with non-small cell lung cancer (NSCLC) was deter-
mined using this biosensor. The MT-DNA frequency in the tissue of
four patients with NSCLC range from 8% to 32%. In particular, the
experimental results obtained by our developed biosensor were in
good agreement with clinical detection results, indicating the
excellent practicability of the developed biosensor for the quanti-
fication of MT-DNA in real samples (Fig. S10).

4. Conclusion

Comparing to the double-stranded DNA-assembled electro-
chemical  biosensor  using LCR  amplification,  LCR-
electrochemiluminescence emission of quantum dots, real-time
fluorescence LCR, rolling circle amplification-responsive G-quad-
ruplex, DNA circuit based amplification-microfluidic chem-
iluminescence assay and other SNP detection approaches, the LOD
and specificity of our developed LCR-based MT-DNA electro-
chemical biosensor revealed markedly improvements (shown in
Table S2).

In summary, combined with LCR and Fc-labeled electrochemical
strategy, an economical, purification-free, and universal SNP elec-
trochemical biosensor was developed with high sensitivity and
excellent specificity. We constructed the biosensor on the base of
the MWCNT-COOH/Nafion composite due to Nafion improving the
stability and homogeneity of the sensing surface. Owing to the high
fidelity of LCR, enhanced selectivity of hybridization, and satisfac-
tory sensing of the electrochemical platform, the developed MT-
DNA biosensor provided a wide dynamic linear range of 7 orders
of magnitude (1 aM—10 pM), and with LOD as low as 0.75 aM.
Importantly, the developed biosensor discriminated against the
target DNA in the allele mixture even when the molar fraction was
as low as 0.01%. Also, it detected the target DNA of interest from
human serum samples with excellent results. Therefore, the
developed biosensor offers potential for the diagnosis of SNP-
related diseases and individual clinical regimens.
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