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A B S T R A C T

KRAS G12D point mutation plays an important role in the incidence of non-small-cell lung cancer (NSCLC) as
well as colorectal cancer, pancreatic cancer and breast cancer. Here, we developed a novel anchor-like DNA
(alDNA) electrochemical sensor for the detection of KRAS point mutation level (the concentration ratio of the
specific KRAS point mutant DNA (M-DNA) to the total DNA (t-DNA) of both mutant and wild-type DNAs carrying
the same allele). Compared to those conventional ligation-based DNA sensors, the proposed alDNA sensor
achieved the one-step capture of both wild-type and mutant DNA, and the subsequent detection on one chip,
which effectively decreased systematic errors from the uncertain differences on the interfacial structural and
microenvironmental changes, improved the detection accuracy. Also, with the usage of formamide-NaCl solu-
tion, the whole detection process including the denaturation of double-stranded DNA was performed under mild
temperature conditions (~40 °C). It greatly decreased the cost and improved the reproducibility and feasibility
of the method. Based on it, the linear correlations with the logarithm of concentration in wide range from 0.1 pM
to 10 nM for t-DNA and from 100 pM to 10 nM for M-DNA were achieved, respectively. The analysis of t-DNA-
and M-DNA-spiked human serum samples revealed the high accuracy of the method. This alDNA sensor is
convenient, low-cost and time-saving, with broad dynamic range, high sensitivity and selectivity. It can meet the
demands of the clinical detection on the KRAS point mutation level in blood samples, which means significant
for the earlier NSCLC diagnosis, individualized treatment, and therapeutic efficacy evaluation.

1. Introduction

DNA point mutations can change the amino acid sequence of
downstream proteins and lead to various diseases such as cancers [1].
Analyzing the genotype and the mutation of specific gene means sig-
nificant for the early diagnosis, individualized treatment, and ther-
apeutic efficacy evaluation of cancers [2,3]. Lung cancer is one of the
most common incident cancer with the highest cancer death rate [4–6].
The principle lung cancer is non-small-cell lung cancer (NSCLC) which
usually harbors KRAS mutations [7,8]. The G12D transition (G→A) is
one of the most common mutations in NSCLC patients including never
smokers [9]. In addition, it also associates with many other kinds of
cancers such as colorectal cancer [10], pancreatic cancer [11] and
breast cancer [12]. Therefore, accurate detection of KRAS G12D point
mutation has attracted great concerns in recent decade years. Many
technologies including Sanger sequencing [13], quantitative poly-
merase chain reaction (qPCR) [14], next-generation sequencing (NGS)

[15], and digital polymerase chain reaction (dPCR) [16] have been
widely used in the clinical diagnosis of KRAS mutation in lung cancer.
These technologies can be used to quantify DNA and figure out the
genotype, but most of them are time-cost and expensive. To achieve
rapid and more economical detections, various sensing strategies such
as molecular beacon [17]，enzymatic cleavage [18], and ligation [19]
have been developed and generally cooperated with fluorescence [19],
colorimetry [20], and SERS [21]. Despite most of these techniques have
achieved time-saving and reproducible detection for DNA point muta-
tions, they are still facing challenges in clinic applications.

Mutated DNA could exist in health people and display significant
concentration changes in patients with the progress or treatment of the
diseases. Recently, the Wellcome Trust Sanger Institute revealed that
almost everyone inherits dozens of DNA mutations from their parents
[22]. For middle-age healthy people, it is inevitable that cells carrying
DNA mutations exist in some organs [23]. As a result, some important
cancer-related DNAs have been widely uncovered in normal tissues and
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peripheral blood [24]. Since present DNA detections mainly depend on
the polymerase chain reaction, these low-abundant cancer-related DNAs
may greatly disturb the DNA detection and decrease the accuracy of
cancer diagnosis. In another hand, even if the mutated DNA can reflect
the process of tumor load, metastasis, and drug resistance, both the
plasma free DNA and mutated DNA significantly change with the pro-
gress or treatment of cancer. Therefore, compared to the KRAS G12D
point mutation concentration, its mutation level (M-DNA/t-DNA) which
was defined as the concentration ratio of the KRAS G12D mutation (M-
DNA) to the total KRAS (t-DNA, including mutant DNA and wild-type
DNA), should be a more effective index for the earlier diagnosis, in-
dividualized treatment, and therapeutic efficacy evaluation of cancer.

According to traditional gene techniques, to achieve the KRAS G12D
point mutation level, dual-channel method and instrumental for
double-signal detection is necessary. However, dual-channel techniques
inevitably encounter uncertain background differences which induce
poor reproducibility, robustness, and accuracy [25–29]. The situation is
aggravated when these biomarkers display large concentration differ-
ences. It requires the simultaneous detection of two forms with not only
high sensitivity but also the ability to tune the detection range with
convenient operation. Ultra-sensitive assays with broad detection range
can enable these detections, but they mostly rely on skilled operators,
complicated equipment and detection process [30]. Herein, to meet
these challenges, we developed a novel anchor-like DNA (alDNA)
electrochemical sensor to evaluate the KRAS G12D point mutation
level. The alDNA was formed by the partially hybridization between a
thiolated DNA and a methylene blue (MB) -labeled DNA. The un-
matched part in the alDNA cooperated to capture and quantify the t-
DNA. After treating the t-DNA covered alDNA sensor with denaturation
process, the M-DNA could be accurately detected. The dynamic ranges
of our method for t-DNA and M-DNA were 0.1 pM to 10 nM and 100 pM
to 10 nM, respectively. This convenient, low-cost and time-saving
method displayed broad dynamic range and high sensitivity, which
meet the demands of the clinical detection on the KRAS G12D point
mutation level in peripheral blood samples, meaning significant for the
earlier NSCLC diagnosis, individualized treatment, and therapeutic ef-
ficacy evaluation.

2. Experimental section

2.1. Reagents

All oligonucleotides listed in Table 1 were purchased from Shanghai
Sangon Biotechnology Co., Ltd. (Shanghai, China). All the blood sam-
ples were obtained from Xiangya Hospital Central South University
(Changsha, China). NaCl, KCl, MgCl2, CaCl2, Tris(hydroxymethyl)
aminomethane (Tris), Tris-HCl, and 6-Mercaptohexanol (MCH, 97%)
were purchased from Sigma-Aldrich (Shanghai, China). Ethanol
(99.7%) was purchased from Aladdin Industrial Co., Ltd. (Shanghai,
China). EDTA (≥98.5%) and formamide (FA) (> 99%) were obtained

from Shanghai Sangon Biotechnology Co., Ltd. (Shanghai, China). E.
coli DNA ligase was purchased from Takara Biotechnology Co., Ltd.
(Dalian, China), along with the 10-fold concentrated ligase buffer
containing 300mM Tris-HCl (pH 8.0), 40mM MgCl2, 100mM
(NH4)2SO4, 12mM EDTA, 1mM nicotinamide adenine nucleotide
(NAD), and 0.05% bovine serum albumin (BSA). All other chemicals
were of analytical-grade purity and used without further purification.
Deionized water (18.2MΩ cm, Millipore M-Q System Inc., Milford, MA,
USA) was used for all experiments.

2.2. Instruments

All the electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) measurements were conducted with a Gamry
Reference 600 electrochemical workstation (Gamry Instruments Co.,
Ltd., Warminster, PA, U.S.A.). Square wave voltammetry (SWV) was
conducted with a CHI832b electrochemical workstation (CH
Instruments Ins., Shanghai, China), and the parameters were referred to
our previous work [31]. A conventional three-electrode system was
employed, with a platinum wire as the auxiliary electrode and an Ag/
AgCl electrode filled with saturated KCl solution as the reference
electrode. All the potentials were referred to the Ag/AgCl electrode. All
the measurements were carried out at room temperature (ca. 25 °C).

2.3. Preparation of the alDNA sensor

The bare Au electrode (2mm in diameter) was mechanically po-
lished and electrochemically cleaned according to our previous work
[31]. Two μM cDNA was mixed with equal volume of 2 μM pcDNA and
incubated in a water bath at 37 °C for 2 h to form the alDNA. Then,
12 μL of the alDNA solution was dropped on the Au surface and in-
cubated in the dark for 14 h. After rinsed with Tris-HCl and deionized
water thoroughly, the electrode was immersed in 1mM MCH solution
for 1 h to block the unmodified spots and displace nonspecifically
bound alDNA.

2.4. Electrochemical detection process

All SWV measurements were performed in 10mM PBS. For the
detection of t-DNA, 12 μL target solution was dropped onto the alDNA
sensor surface, and incubated at 37 °C for 1 h. After thoroughly rinsing
the sensor with deionized water, the t-DNA concentration was de-
termined by SWV. Afterwards, 10 μL 2 U/μL of E. coli DNA ligase so-
lution was added on the electrode and incubated at 37 °C for 2 h. After
rinsed with Tris-HCl and deionized water, the electrode was immersed
in the FA-NaCl solution (10mM NaCl, 1 mM EDTA, 10mM Tris and
50% v/v FA) and incubated at 40 °C for 30min to denature the double-
stranded DNA. After rinsing the electrode with 4 °C deionized water (to
prevent the DNA from hybridization again), the M-DNA concentration
was detected by SWV.

Table 1
Names and sequences of all the oligonucleotides used in this work.
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2.5. Preparation of human serum sample

All the blood samples were obtained from Xiangya Hospital Central
South University (Changsha, China). All of the protocols were reviewed
by the Joint Ethics Committee of the Central South University Health
Authority and performed in accordance with national guidelines. The
blood sample was centrifugated at 2000 rpm for 15min to get the blood
serum. Then, the separated serum sample was treated with 100 kDa
ultra-filtration membrane to filter some coexisting proteins with larger
molecular weight in serum, reducing the interference from the non-
specific adsorption of co-existing proteins on the practical detection. At
last, the serum sample was stored at −80 °C for later use. Before the
detection involving serum sample, the ultra-filtered serum sample was
10-fold diluted using phosphate buffer solution (pH 7.4).

3. Results and discussion

3.1. Design strategy

Scheme 1 depicts the preparation of the alDNA sensor and the

detection mechanism of point mutation level. The alDNA is formed by
the hybridization reaction between a thiolated DNA (cDNA) and a MB-
labeled DNA (pcDNA). Six complementary base pairs between cDNA
and pcDNA, acted as the anchor shrank, stabilize the anchor-like con-
formation of alDNA [32,33] with the electrochemical probe MB close to
the electrode. The unmatched part in cDNA (including 20 bases) and
the whole sequence in pcDNA, cooperates as a capture part for the
target t-DNA (including W-DNA and M-DNA). Once the t-DNA is cap-
tured, the rigid duplex formed between the capture part and the t-DNA
will unwind the hybridization on the alDNA shrank. pcDNA turns up
and the electrochemical probe MB moves far away from the electrode.
Then, the resulted current (I1,t-DNA) can be employed for the quantita-
tive detection of t-DNA. Afterwards, due to the complete base match
between the capture part and the M-DNA, DNA ligase is used to link
pcDNA onto cDNA. Subsequently, the sensor is incubated in a FA-NaCl
solution at a mild temperature to unwind all the remained duplex
forms. As a result, only linked pcDNA is kept on the electrode. The
obtained current from MB (I2) could be employed for the quantitative
detection of M-DNA. The mutation level, defined as cM-DNA/ct-DNA, is
achieved.

Scheme 1. Schematic representation of the formation of the alDNA sensing surface (A), and the detection mechanism of the t-DNA (B) and M-DNA(C).
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For the first time, the proposed alDNA sensor achieves the detection
of DNA mutation level in one chip. Compared to those conventional
ligation-based DNA sensors, the proposed alDNA sensor has several
advantages. First, due to the close affinities to the capture part of
alDNA, both W-DNA and M-DNA can be captured and detected in one
step on one chip. Since the responses come from uniform interfacial
structure, the uncertain differences on the interfacial structural and
microenvironmental changes which usually appear in the traditional
multi-channel detections, can be effectively eliminated. In addition, W-
DNA and M-DNA are synchronously captured from one sample solution,
which will effectively decrease systematic errors, improve the detection
accuracy. Second, the unmatched part in cDNA and pcDNA, acted as the
flock part on the alDNA, faces directly to the bulk solution, facilitating
the capture of target molecules under extremely low concentrations.
Third, with the usage of the FA-NaCl solution, the whole detection
process including the denaturation of double-stranded DNA is per-
formed under mild temperature conditions (~40 °C). It will greatly
decrease the cost and improve the reproducibility and feasibility of the
method.

3.2. Feasibility of the alDNA sensor

In order to investigate the feasibility of the designed strategy for t-
DNA detection, the SWV responses of the alDNA sensor was detected
before and after incubation with target DNA molecules. As shown in
Fig. 1A, on the bare alDNA sensor, the peak current appears at −0.27 V,
which is accordant with the electrochemical oxidation potential of MB,
indicating the successful assembly of alDNA on the Au electrode. After
incubation with 10 nMW-DNA or M-DNA solution, both obtained cur-
rents decrease (~36 nA for M-DNA and ~34 nA for W-DNA), con-
firming the effective capture of W-DNA and M-DNA on the alDNA
sensor. The close current changes indicate the close affinities of both W-
DNA and M-DNA to the alDNA. It ensures the co-capture of W-DNA and
M-DNA in one step with slight competitive interference between two
recognition events. Since the recognitions of two DNA forms occur on
uniform interfacial structure, the uncertain interfacial structural and
microenvironmental changes which usually appear in the traditional
multi-channel detection, could be effectively eliminated.

Also, the feasibility of the designed strategy for M-DNA detections
was investigated. As shown in Fig. 1B, after treated with DNA ligase and
FA-NaCl solution, both alDNA/Au and W-DNA covered alDNA/Au (W-
DNA/alDNA/Au) display slight electrochemical signals. It is attributed to
the FA-NaCl-induced unwinding of double-strand DNA, and subsequent
removing of pcDNA from the sensor. However, on M-DNA covered
alDNA/Au (M-DNA/alDNA/Au), because of the complete base match
between the capture part of alDNA and the M-DNA, DNA ligase

effectively fixed the gap between cDNA and pcDNA. As a result, the
pcDNA was kept on the sensor even all the double-strand DNAs were
unwound and the M-DNA was removed. Then, a significant peak current
proportional to the M-DNA concentration was obtained, as curve b in
Fig. 1B.

EIS was used to further confirm the interface changes during the
alDNA fabrication and its application on t-DNA and M-DNA detections.
In Fig. 2, all the Nyquist plots of EIS consist a semicircle whose diameter
is proportional to the interfacial electron transfer resistance Ret, and a
long tail denoting diffusion of the redox species [Fe(CN)6]3-/4-. The bare
Au electrode displays a tiny semicircle diameter (curve a), indicating a
very fast electron transfer process. With the immobilization of alDNA
and MCH, the interfacial electron transfer was blocked and the semi-
circle diameter obviously increased (curve b). After alDNA sensor hy-
bridized with M-DNA or W-DNA, the Ret further increased (curve c). It
can be attributed to the double-stranded DNA with negatively charged
phosphate backbone greatly repelling the [Fe(CN)6]3-/4- from the
electrode surface. After treated with denaturation process, the Ret de-
creased dramatically on both W-DNA/alDNA/Au and M-DNA/alDNA/
Au (curve d), which is accordant with the removal of target DNA from
the electrode. Moreover, due to the additional removal of pcDNA, the
Ret was smaller on the W-DNA/alDNA/Au.

3.3. Optimization of the detection conditions

Since Wallace rule was announced and became the most common
equation for melting temperature (TM) prediction [34], high tempera-
ture has been generally adopted to denature the DNA duplex. Usually, a
reaction temperature above 90 °C is necessary for effective denatura-
tion. However, such high temperature could also induce the rearrange
of immobilized molecules, significantly reducing the detection re-
producibility. In this paper, we successfully avoid the high temperature
process with the usage of FA-NaCl solution. FA can compete efficiently
with the H-bonds between Watson-rick base pairs and lower the TM of
DNA by about 0.60 °C/% FA (v/v) in solution [35]. In addition, ac-
cording to Debye–Hückel electron shielding theory [36], the hy-
bridization of DNA recedes logarithmically with decreased ionic
strength. Based on these, we systematically investigated the effect of the
FA concentration and the ionic strength on the DNA denaturation at
40 °C, a temperature close to the physiological condition. The dena-
turation efficiency was evaluated with I2,W-DNA, which corresponded to
the SWV response of the W-DNA/alDNA/Au after treated with ligation
and denaturation process.

Obviously, the FA content significantly affects the denaturation ef-
fect. As shown in 3 A, with the FA content up to 50% v/v, the I2,W-DNA

value decreased to its lowest level of ~4.9 nA. This value is close to the

Fig. 1. Feasibilities of the alDNA sensing strategy for the t-DNA (A) and M-DNA (B) detections. (A) SWV responses of alDNA/Au (a), and the electrode treated with
10 nMM-DNA (b) or 10 nMW-DNA (c) in 10mM PBS (pH 7.4). (B) SWV responses of denatured M-DNA/alDNA/Au (b), W-DNA/alDNA/Au (c), and alDNA/Au (d).
The responses of bare alDNA/Au were displayed as curve a.
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SWV response of bare alDNA after denaturation (~4.7 nA in Fig. 1B),
which corresponds to non-specific adsorption of free pcDNA on the
electrode. Therefore, the optimal FA content is 50% v/v, which ensures
the completely denaturation of the double-stranded DNA. Fig. 3B dis-
plays the slightly effect of NaCl concentration on the DNA denaturation.
To ensure the stability of the sensor, 10mM NaCl was used. Ad-
ditionally, to achieve fast detection, the optimal denaturation time was
investigated. The I2,W-DNA value decreased as the denaturation time
increased from 0 to 30min and then leveled off (Fig. 3C). Therefore, for
this sensing system, 30min is the optimal denaturation time. Compared
to traditional high-temperature denaturation process, our method
greatly simplified the operation and shortened the detection time,

facilitating its application on the time-saving and low-cost assay.

3.4. Quantification detection of specific KRAS DNA and its G12D point
mutation

Fig. 4A displayed the SWV responses of the alDNA sensor after
treated with W-DNA or M-DNA, respectively. Obviously, with the cW-

DNA and cM-DNA increasing, the corresponding SWV responses (defined
as I1,W-DNA and I1,M-DNA) decreased gradually. To reduce the systematic
errors, all the peak currents were normalized (NI) by compared with the
initial peak current value corresponding to the bare alDNA (I0,alDNA),
and inserted in Fig. 4A. As expected, both calibration curves displayed

Fig. 2. Electrochemical impedance spectra of the different electrodes treated with M-DNA (A) or W-DNA (B) in 0.1M KCl aqueous solution containing 5mM [Fe
(CN)6]3-/4- as redox species.

Fig. 3. Optimization of experimental conditions. (A) Dependence of I2,W-DNA on the volume percentage of FA in the denaturation solution (FA + 10mM NaCl +
1mM EDTA+ 10mM Tris (pH 7.0)). (B) Dependence of I2,W-DNA on the concentration of NaCl in the denaturation solution (NaCl + 50% FA+ 1mM EDTA+ 10mM
Tris (pH 7.0)). (C) Dependence of I2,W-DNA on the denaturation time in FA-NaCl solution (50% FA + 10mM NaCl + 1mM EDTA + 10mM Tris (pH 7.0)). All the
current was detected on 10 nMW-DNA modified alDNA sensor in 10mM PBS (pH 7.4). Error bars represent the RSD from three independent experiments.
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similar feature, including good linear relationship with respect to the
analyte concentration ranging from 0.1 pM to 10 nM and close linear
equations (NI1,W-DNA = −6.2633 logcW-DNA+5.5161 (R=0.9917);
NI1,M-DNA =−6.3623 logcM-DNA+3.4076 (R=0.9974)). Based on it, an
average linear relationship with respect to the t-DNA concentration (ct-
DNA) ranging from 0.1 pM to 10 nM (NI1,t-DNA = −6.3128 logct-
DNA+4.4619) was obtained, which can be used for the quantitative
detection of t-DNA.

After treating the M-DNA covered alDNA sensor (M-DNA/alDNA)
with DNA ligase and FA-NaCl solution, the M-DNA concentrations were
directed detected by the SWV responses. As displayed in Fig. 4B, with
the cM-DNA increasing, the corresponding SWV responses (defined as
I2,M-DNA) increased gradually. On contrary, both bare and W-DNA
covered alDNA displayed small residual currents after denaturation
process, which should be ascribed to the non-specific adsorption of
pcDNA. It confirmed that both W-DNA and unreacted alDNA have slight
disturbance on the M-DNA detection. To reduce the systematic errors,
after subtract the residual current, all the peak currents from M-DNA/
alDNA were normalized (NI2,M-DNA) by compared with I0,alDNA, and
inserted in Fig. 4B. A good linear relationship of NI2,M-DNA

= 5.7213 logcM-DNA+87.9224 (R=0.9850) with the dynamic region
of cM-DNA from 100 pM to 10 nM was obtained for the quantitative de-
tection of M-DNA. The M-DNA concentration in peripheral blood from
patients with advanced tumors approximately ranges from 10−10 to
10−8 M [37,38]. Therefore, this proposed electrochemical method can

meet the demands of the clinical M-DNA level detection in peripheral
blood for the NSCLC diagnosis and therapeutic efficacy evaluation.

Finally, to assess its analytical application in real blood samples, the
alDNA sensor was employed to measure M-DNA and its t-DNA in 10-
fold diluted human blood serum samples. The diluted human serum
samples spiked with W-DNA and M-DNA at different concentrations
were investigated. All recoveries listed in Tables 2 and 3 confirm that
the alDNA sensor can achieve good performance for both t-DNA and M-
DNA detection in the serum samples, with an RSD of 3–12%. Therefore,
the developed method possesses high accuracy and is acceptable for the
practical detection.

4. Conclusions

This study developed a novel alDNA electrochemical sensor for the
detection of KRAS G12D point mutation level. Compared to those con-
ventional ligation-based DNA sensors, the proposed alDNA sensor
achieved the one-step capture of both wild-type and mutant DNAs car-
rying the same allele, and the subsequent detection on one chip. It ef-
fectively decreased systematic errors from the uncertain differences on
the interfacial structural and microenvironmental changes, improving
the detection accuracy. Also, with the usage of FA-NaCl solution, the
whole detection process including the denaturation of double-stranded
DNA was performed under mild temperature conditions. It greatly de-
creased the cost and improved the reproducibility and feasibility of the
method. Based on it, the linear correlations with the logarithm of con-
centration in wide range from 0.1 pM to 10 nM for t-DNA and from
100 pM to 10 nM for M-DNA were achieved, respectively. The analysis of
t-DNA-spiked human serum samples revealed the high accuracy of the
method. This alDNA sensor is convenient, low-cost and time-saving, with
broad dynamic range, high sensitivity and selectivity. It can meet the
demands of the clinical detection on the KRAS point mutation level in
blood samples, which means significant for the earlier NSCLC diagnosis,
individualized treatment, and therapeutic efficacy evaluation.

Fig. 4. Detections of the t-DNA and M-DNA. (A) SWV curves of the alDNA after incubated with M-DNA (black solid curves) or W-DNA (red dashed curves) under
different concentrations. Inserted is the dependence of NI1,t-DNA on the concentration of M-DNA (black solid curves) or W-DNA (red dashed curves). (B) SWV curves of
the M-DNA/alDNA (black solid curves) or W-DNA/alDNA (red dashed curves) after treated with E. coli DNA ligase and FA-NaCl solution. Inserted is the dependence
of NI2,M-DNA on logcM-DNA. Error bars represent the RSD from three independent determinations. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 2
Recoveries of the t-DNA detection in 10-fold-diluted human blood serum samples.

Sample Added (nM) Found (nM) Recovery (%) RSD (%)

1 0.1 (MUt-DNA) 0.093 ± 0.006 93 6
2 1 (MUt-DNA) 1.005 ± 0.074 101 7
3 0.1 (Wt-DNA) 0.099 ± 0.003 99 3
4 1 (Wt-DNA) 1.087 ± 0.116 109 12
5 1 (50%MUt-DNA+50%Wt-DNA) 1.168 ± 0.136 117 12

Table 3
Recoveries of the G12D M-DNA detection in 10-fold-diluted human blood
serum samples.

Sample Added (nM) Found (nM) Recovery (%) RSD (%)

1 0.1 0.091 ± 0.012 91 12
2 0.5 0.503 ± 0.015 101 3
3 1 1.043 ± 0.031 104 3
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