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Abstract
Rapid and selective sensing of KRAS gene mutation which plays a crucial role in the development of colorectal, pancre-
atic, and lung cancers is of great significance in the early diagnosis of cancers. In the current study, we developed a simple 
electrochemical biosensor by differential pulse voltammetry technique for the specific detection of KRAS mutation that 
uses the mismatch-specific cleavage activity of T7-Endonuclease I (T7EI) coupled with horseradish peroxidase (HRP) to 
catalyze the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) substrate in the presence of hydrogen peroxide (H2O2). In 
addition, we synthesized the nanocomposite composed of multi-walled carbon nanotube/chitosan-ionic liquid/gold nano-
particles (MWCNT/Chit-IL/AuNPs) on screen-printed carbon electrode surface to increase the electrode surface area and 
electrochemical signal. In principle, T7E1 enzyme recognized and cleaved the mismatched site formed by the presence of 
KRAS gene mutation, removing 5′-biotin of capture probes and subsequently reducing the differential pulse voltammetry 
signal compared to wild-type KRAS gene. With this proposed strategy, a limit of detection of 11.89 fM was achieved with 
a broad linear relationship from 100 fM to 1 µM and discriminated 0.1% of mutant genes from the wild-type target genes. 
This confirms that the developed biosensor is a potential platform for the detection of mutations in early disease diagnosis.

Keywords  KRAS G12D mutation · T7-Endonuclease I (T7EI) · Screen-printed carbon electrode · Nanocomposite · 
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Introduction

The KRAS (Kirsten Ras Sarcoma) gene, which is also known 
as a proto-oncogene, is one of the human RAS gene fam-
ily that encodes a small GTPase transductor protein called 
KRAS [1]. Among the three human RAS genes (KRAS, 
NRAS, and HRAS), KRAS is the most frequently mutated 
RAS isoform that can lead to the occurrence of various can-
cers such as pancreatic adenocarcinomas, colorectal cancers 
(CRCs), and lung adenocarcinomas [2–4]. KRAS mutations, 
which often occur in codon 12 and 13 of exon 2, are present 
in 35–40% of CRC cases and manifest as an early phenom-
enon in CRC [5–8]. Thus, KRAS mutations are an attractive 
therapeutic target for several cancer diseases that can be used 

to monitor the patient’s drug response. Therefore, there is a 
high demand for specific and quantitative detection strate-
gies for KRAS mutations that will help with prompt initia-
tion of primary treatment.

Currently, different methods have been reported for detec-
tion of KRAS mutations, most of which rely on gel electro-
phoresis [9], real-time quantitative polymerase chain reac-
tions [10], pyrosequencing [11], fluorescence spectrometry 
[12], surface plasmon resonance [13], and electrochemilu-
minescence [14]. Although these techniques have high sen-
sitivity to KRAS mutations, they require relatively expensive 
instrument and skilled personnel to perform the experiments. 
In recent years, electrochemical biosensors have received 
the special attention because of their portability, simplic-
ity, fast response, high sensitivity, and low sample volume. 
Various electrochemical mutation detection assays, which 
rely on hybridization, ligation, and nucleotide extension, 
have been developed to improve the detection sensitivity for 
low amount of target DNA. These assays are often coupled 
with signal amplification techniques, such as exonuclease 
III-aided target recycling [15], rolling circle amplification 
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[16], nicking enzyme signal amplification [17], strand-dis-
placement amplification [18], DNA replication [19], enzyme 
capped gold nanoparticle conjugates [20], single base exten-
sion reaction [21], and loop-mediated isothermal amplifi-
cation [22]. However, these assays can generate high false 
positive signals and, therefore, have unsatisfactory discrimi-
nation power. Aside from improving detection sensitivity, 
more attention should be paid to enhance the specificity for 
cancer-related mutations.

In this work, we developed a simple electrochemical 
strategy by differential pulse voltammetry that relies 
on the mismatch-specific cleavage activity of the T7 
Endonuclease I (T7EI) for the detection of cancer-related 
mutations. As a model target, KRAS c.35G > A (p. G12D) 
was selected, and the capability of T7EI to recognize and 
cleave non-perfectly matched DNA was systematically 
investigated. For improving electrochemical signaling, 
we prepared nanocomposites composed of amine-
functionalized multi-wall carbon nanotube (MWCNT), 
ionic liquid (IL), chitosan (Chit), and gold nanoparticles 
(AuNPs) to modify the electrode surface [23]. In addition, 
horseradish peroxidase-catalyzed reactions were utilized 
to amplify electrochemical signals.

Experimental section

Materials and reagents

Gold (III) chloride hydrate (HAuCl4, 99.9%), potassium 
hexacyanoferrate (III), potassium hexacyanoferrate (II), 
tris(2-carboxyethyl) phosphine, 3,3′,5,5′-tetramethylbenzi-
dine dihydrochloride (TMB), 6-mercaptohexanol (MCH), 
streptavidin-peroxidase (SA-HRP) polymer, and fetal 
bovine serum (FBS) were purchased from Sigma-Aldrich, 
USA. Tetrabutylammonium hydrogen sulfate (Ionic liq-
uid, IL) was purchased from Daejung Chemicals & Metals 
Co. Limited, Korea. Amine-functionalized Multi-Walled 
Carbon Nanotube (MWCNT) was synthesized by Adnano 
Technologies Pvt. Ltd, India. Dulbecco’s modified Eagle 
medium (DMEM) and Roswell Park Memorial Institute 
(RPMI) 1640 medium were purchased from HyClone 
(Logan, UT, USA). nPfu-Forte DNA polymerase and T7 
endonuclease I (T7EI) were obtained from Enzynomics 
Co (Daejeon, Korea). All oligonucleotides were synthe-
sized by Integrated DNA Technologies, Inc. USA, and 
their sequence information is listed in Online Resource 1. 
Stock solutions of oligonucleotides were prepared in dieth-
ylpyrocarbonate (DEPC)-treated water and stored at − 20° 
C until use. All other chemicals were of analytical-grade 
purity and used without further purification. All the elec-
trochemical measurements were performed by an Autolab 
potentiostat/galvanostat, PGSTAT 204 (Metrohm Autolab, 

The Netherlands) supported by a frequency response ana-
lyzer for impedance spectroscopy. Screen-printed carbon 
electrodes (DRP-C11L) with a diameter of 4 mm and 
comprising silver pseudo-reference, carbon working, and 
carbon counter electrodes were obtained from Metrohm 
DropSens (Asturias, Spain).

Preparation of MWCNT/Chit‑IL/AuNP composite

For the preparation of MWCNT/Chit-IL, 5 mg of chitosan 
was first dissolved in a 1% acetic acid solution and 
adjusted to pH 5 by 1 N NaOH, to which 2 mg of amine-
functionalized MWCNT and 120 µl of 0.1 M IL were then 
added. The solution was sonicated for 16 h to achieve a 
homogenous mixture. The AuNP solution was prepared by 
the reduction of HAuCl4 with trisodium citrate, according 
to the following literature [24]. Next, MWCNT/Chit-IL 
solution was added dropwise in the AuNP solution under 
vigorous agitation until a homogenous black color appears, 
confirming the formation of MWCNT/Chit-IL/AuNPs 
nanocomposites. After ultrasonication for an additional 
12 h, the black precipitate was isolated via centrifugation 
at 8500 rpm for 1 h. Finally, the collected precipitates 
were washed three times with distilled water, dried under 
a vacuum at 60 °C overnight, and suspended in 1% acetic 
acid until further use.

Preparation and characterization of modified 
electrode

First, 6  µl of MWCNT/Chit-IL/AuNPs nanocomposite 
solution was added dropwise on the screen-printed carbon 
electrode (SPCE) surface and dried completely. Then, the 
modified electrode was rinsed thoroughly with 1x phos-
phate buffered saline (PBS). The dual modified capture 
probe (3′-end thiol and 5′-end biotins; 1 µM) was pre-
pared by treating with 10 mM TCEP in 0.05 M Tris–HCl 
containing 0.1 M KCl buffer (pH: 7.2) for 1 h to reduce 
disulfide bonds. Next, 10 µl of the capture probe was incu-
bated on the MWCNT/Chit-IL/AuNPs/SPCE overnight in a 
humidified chamber for the formation of Au–S bonds. After 
washing the electrode with 1x PBS to remove the weakly 
adsorbed capture probes, 10 µl of 1 mM MCH solution was 
dropped on the modified electrode surface and incubated 
for 45 min. Finally, the modified electrode was thoroughly 
rinsed with 1x PBS, before being used to detect the KRAS 
G12D mutation.

The modified electrode surfaces were analyzed using 
a field emission scanning electron microscope (FE-SEM; 
SU8010, Hitachi, Tokyo, Japan), cyclic voltammetry 
(CV), and electrochemical impedance spectroscopy (EIS) 
measurements in 10 mM [Fe(CN)6]3−/4− containing 0.1 M 
KCl.
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Verification of T7EI‑mediated cleavage reactions 
using polyacrylamide gel electrophoresis (PAGE) 
analysis

To verify the T7EI-mediated cleavage reactions on mutant 
targets, we rationally designed single-base mismatches 
(A-C, A-G, and A-A) between the capture probe and 
target DNA (Online Resource 1). Then, 0.2 µM of the 
capture probe (A) and target DNA (T, C, G, and A) were 
hybridized as follows: 95 °C for 5 min; 85 °C for 10 s 
(− 2 °C/s); 25 °C for 10 s (− 0.1 °C/s). Next, they were 
cooled at 4 °C for 10 min and then treated with T7EI (2 
U/µl) at 37 °C for 1 h. The resulting DNA products were 
analyzed in 20% native polyacrylamide gel. The gel was 
pre-run at 200 V for 10 min, and then loaded with DNA 
products in 1x gel loading dye, and electrophoresis was 
run at a constant voltage of 160 V for 60 min. Finally, the 
gel was stained in GreenStar™ Nucleic Acid Staining 
solution (Bioneer, Daejeon, Korea) for 15 min and then 
imaged using the ChemiDoc Imaging System (Bio-rad 
Laboratories, Korea).

Cell culture

Three human colon cancer cell lines (HT29, LS174T, and 
COLO-205) and two human breast cancer cell lines (MDA-
MB-231 and MCF-7) were purchased from the Korean 
Cell Line Bank and cultured in DMEM and RPMI 1640. 
Each medium was supplemented with 10% FBS, 100 U/ml 
penicillin, and 100 µg/ml streptomycin (WELGENE Inc. 
Gyeongsangbuk-do, Korea). Cells were incubated at 37 °C 
in a humidified atmosphere of 5% CO2. Genomic DNA 
(gDNA) was extracted from cancer cells using a Total DNA 
Extraction S & V Kit (Bionics Co., Ltd. Daejeon, Korea) and 
gDNA concentrations were evaluated using a SpectraMax 
iD5 Microplate Reader (Molecular Devices, Sunnyvale, CA, 
USA).

Asymmetric PCR amplification

Asymmetric PCR was performed under the following 
conditions: the initial denaturation at 95 °C for 3 min, fol-
lowed by 25 cycles of 95 °C for 30 s, 60 °C for 20 s, and 
72 °C for 30 s, and then a final extension at 72 °C for 5 min. 
The amplification was performed in 20 µl of PCR solu-
tion containing 50 ng/µl of gDNA, 1.25 U of nPfu-Forte 
polymerase, 1x nPfu-Forte reaction buffer, and 0.2 mM 
of dNTPs. A pair of PCR primers at 10:1 ratio (2.5 µM 
reverse primer:0.25 µM forward primer) was employed to 
generate the single-stranded DNA (ssDNA) product. The 
asymmetric PCR products were confirmed via agarose gel 
electrophoresis.

Electrochemical assay procedure

For DNA hybridization between target DNA and the capture 
probe on the modified electrode surface, 10 µl of wild (T) or 
mutant (C) type target DNA in 0.05 M Tris–HCl (pH 7.4) 
containing 0.1 M KCl was dropped onto the capture probe 
immobilized on the modified electrode (MWCNT/Chit-IL/
AuNPs), followed by incubation for 45 min at room tem-
perature. After washing the electrode surface with 1x PBS 
to remove the unbound DNA oligonucleotides, 10 µl of T7EI 
(2 U/µl) was added and incubated at 37 °C for 2 h. Next, the 
electrode surface was washed with 1x PBS and incubated 
with 20 µl of SA-HRP polymer (0.01 mg/ml) for 20 min 
at room temperature to form the biotin-SA-HRP complex, 
which catalyzes the oxidation reaction of TMB in the pres-
ence of H2O2. After rinsing the electrode surface, 100 µl of 
TMB (2 mM) containing H2O2 (1 mM) was applied onto the 
electrode surface for 5 min. Differential pulse voltammetry 
(DPV) analyses were performed in 20 mM HEPES buffer 
(pH 6.5; 50 mM KCl and 200 mM NaCl) using potential 
scanning from 0.1 to 0.6 V with a pulse amplitude of 25 mV.

Results and discussion

Principle of the proposed electrochemical strategy

An overview of the simple electrochemical biosensor for 
mutation detection by enzymatic cleavage is illustrated in 
Scheme 1. First, to increase the effective surface area and 
electrical conductivity, we modified the SPCE with a nano-
composite mixture of MWCNT/Chit-IL/AuNPs, and the 
dual modified capture probe (3′-end thiol and 5′-end biotin) 
that can recognize the specific target DNA was immobi-
lized on the modified electrode surface (MWCNT/Chit-IL/
AuNPs) through the formation of Au–S bonds. Then, target 
DNA samples (wild-type or mutant-type) were applied on 
the modified electrode surface to hybridize with the cap-
ture probe. Next, T7EI was used to selectively cleave the 
mutation site on the dsDNA, as T7EI acts on the mismatch 
(A-C) formed in the mutant type of target DNA but not on 
the perfectly matched dsDNA (A-T) of the wild type. As a 
result, the biotin at 5′-ends of the capture probe hybridized 
with mutant target samples are removed from the electrode 
surface, while the capture probes hybridized with wild type 
target samples remain intact. To get the amplified electro-
chemical signal, SA-HRP conjugate was applied on the elec-
trode surface to form the biotin-SA-HRP complex, which 
catalyzes the oxidation reaction of TMB in the presence of 
H2O2. Thus, in the presence of the wild target, an ampli-
fied electrochemical signal is produced, but in the presence 
of the mutant target, a negligible electrochemical signal is 
generated.
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Characterization of modified sensing interface

Figure 1A presents the morphological images of bare (a), 
MWCNT/Chit-IL (b), and MWCNT/Chit-IL/AuNP elec-
trodes (c), respectively. Figure 1A(b) indicates the forma-
tion of a homogenous and spaghetti-like porous interface 
of MWCNT/Chit-IL nanocomposite with a high specific 
surface area on the electrode surface, confirming that func-
tionalized MWCNT was uniformly mixed with chitosan and 
ionic liquid. In addition, the formation of MWCNT/Chit-
IL/AuNPs was demonstrated by the appearance of bright 
spot on the surface of MWCNTs (Fig. 1A(c) and Online 
Resource 2), which is attributed to the fact that the AuNPs 
interact with the free amino groups of both MWCNT and 
chitosan [25].

Figure 1B shows that the bare electrode (a) displayed 
a good pair of well-defined redox peaks, whereas in the 
case of MWCNT/Chit-IL-modified electrode (b), the redox 
peak current of [Fe(CN)6]3−/4− was higher than that of the 
bare one due to the increase in surface area and electron 
transfer. Importantly, modification with MWCNT/Chit-IL/
AuNPs generated the highest current signal (c), indicating 
the successful modification of the electrode with a large 
specific surface area and excellent electrical conductivity. 
The EIS results were also consistent with the CV results. As 

illustrated in Fig. 1C, the Nyquist plot of modified electrodes 
showed that the electron transfer resistance (Rct) decreased 
dramatically when the bare electrode (a) was modified with 
MWCNT/Chit-IL/AuNPs (c), implying that the modified 
sensing interface increased the electron transfer rate between 
the electrode and the [Fe(CN)6]3−/4− electroactive couple. 
Furthermore, when the dual modified capture probe (3′-end 
thiol and 5′-end biotin) was immobilized onto the MWCNT/
Chit-IL/AuNP-modified electrode, the redox peak current 
of [Fe (CN)6]3−/4− was reduced (Fig. 1B(d)) and the Rct was 
increased (Fig. 1C(d); inset), thereby confirming the suc-
cessful immobilization of capture probe on the surface of 
the modified electrode. In addition, the electroactive sur-
face area (A) of MWCNT/Chit-IL and MWCNT/Chit-IL/
AuNP-modified electrode was determined according to the 
Randles-Sevick equation [26].

where Ip is the peak current, n is the transferring 
electron number, A is the electroactive area (cm2), D is 
the diffusion coefficient, C is the concentration of the 
substrate, and v is the scan rate. The diffusion coefficient 
of redox probe is 7.6 × 10–6 cm2  s −1 [27]. In Online 
Resource 3A and B, the current density, J (μA⋅cm-2) of 
modified electrodes was proportional to the square root of 

Ip = 2.65 × 10
5n3∕2AD1∕2Cv1∕2

Scheme 1   Schematic illustration of the proposed electrochemical biosensor for mutation detection using T7-Endonuclease I
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scan rate. The calculated surface area for each electrode 
is summarized in Table  1. These results clearly show 
the significant improvement (ca. 220%) compared to 
bare screen-printed carbon electrode, indicating that the 
developed materials can be used as the versatile platform 
for the sensitive electrochemical assay by increasing 
the electrode surface area and electrochemical signal. 
Moreover, the stability of the proposed biosensor was 
high, as evidenced by the results in Online Resource 4.

Investigation of T7EI‑catalyzed cleavage reactions 
and detection feasibility

Although T7EI is known to recognize and cleave non-
perfectly matched dsDNA, it is important to determine the 
cleavage efficiency of all single base pair mismatches in het-
eroduplex DNA [28, 29]. As shown in Fig. 2A, the A-C mis-
match was the most effectively recognized and completely 
cleaved by T7EI. On the other hand, the cleavage efficiencies 
of other mismatches (A-G and A-A) were not as effective 
as that of the A-C mismatch. This result proves that T7EI 
can recognize single-base mismatch sites in heteroduplex 
DNA, where at least one of the mismatched bases contain 
cytosine [30].

To demonstrate the feasibility of the proposed electro-
chemical detection strategy, reactions were performed under 
different conditions and the resulting DPV signals were 
measured. As shown in Fig. 2B and Online Resource 5, 
when there is no target DNA, a high electrochemical signal 
was observed regardless of the presence of T7EI (curves 
a and b, respectively) because the biotin on the capture 
probe was intact, and thus, the biotin-SA-HRP complex 

Fig. 1   Characterization of sensing interface. A FE-SEM images of 
(a) bare SPCE, (b) MWCNT/Chit-IL/SPCE, and (c) MWCNT/Chit-
IL/AuNPs/SPCE. The scale bars for the high and low magnification 
(inset) views are 200  nm and 1  μm, respectively. B Cyclic voltam-
metry (CV) and C electrochemical impedance spectroscopy (EIS) of 

(a) bare SPCE, (b) MWCNT/Chit-IL/SPCE, (c) MWCNT/Chit-IL/
AuNPs/SPCE, and (d) Dual modified capture probe on MWCNT/
Chit-IL/AuNPs/SPCE. CV curves were recorded at a scan rate of 
100 mV/s, and EIS data were collected within the frequency range of 
10,000 to 0.1 Hz

Table 1   The electroactive surface area of bare screen-printed carbon 
electrode (SPCE), MWCNT/Chit-IL-modified, and MWCNT/Chit-IL/
AuNP-modified electrode

* Metrohm; Autolab SPCE; DRP-C11L

Electrode Electroactive 
surface area, A 
(cm2)

Bare SPCE 0.11*
MWCNT/Chit-IL 0.16
MWCNT/Chit-IL/AuNPs 0.24
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was formed, allowing TMB to be oxidized. When the wild 
target was hybridized with capture probe, a high electro-
chemical signal was also generated in both the absence and 

presence of T7EI (curves c and d, respectively), which is 
comparable to the signal without target DNA. In contrast, 
probing the mutant target resulted in a different DPV sig-
nal in the presence of T7EI. Specifically, in the absence of 
T7EI, a high electrochemical signal was generated (curve e); 
however, upon T7EI treatment, the DPV signal significantly 
decreased (curve f) due to the removal of biotin moieties. 
These results validated the applicability of the prepared 
biosensor to the detection of the mutant target. In addition, 
the interfacial properties of the fabricated biosensor were 
also examined via CV analysis. As shown in Fig. 2C, the 
hybridization of target DNA (wild or mutant) with capture 
probe on the modified electrode surface produced similar 
redox currents of [Fe(CN)6]3−/4− (curves a and c), which 
was likely due to the electrostatic repulsion between the 
negatively charged [Fe(CN)6]3−/4− ions in the solution and 
the negatively charged phosphate backbone of the DNA 
on the surface of the electrode. To evaluate the cleavage 
activity via T7EI, the hybridized DNA was treated with 
T7EI. As expected, the mismatch site in the mutant target 
was recognized and cleaved by the T7EI, and the dsDNA 
became shorter, resulting in the increased redox current of 
[Fe(CN)6]3−/4− (curve d). On the contrary, T7EI treatment 
did not affect the matched dsDNA (wild-type target) (curve 
b) showing a redox current peak similar to the ones without 
T7EI treatment (curve a and c). These CV results support the 
detection feasibility of our developed biosensor.

Sensitivity and selectivity of the proposed 
biosensor

To obtain the best performance of the proposed electrochem-
ical biosensor, we optimized the reaction conditions required 
for the efficient analysis of target mutations by examining 
the current responses. In a series of experiments, we varied 
the composite percentage of MWCNT/Chit-IL and AuNPs, 
the hybridization time between capture probe and target, 
and T7EI concentration and incubation time. The results 
show that the ideal conditions for detection of the mutant 
gene are as follows: 13% and 87% (v/v) of MWCNT/Chit-IL 
and AuNP solution to prepare the nanocomposite, 45 min 
of hybridization time, 2 h of T7EI reaction time, and 2 U/
µL concentration of T7EI on the electrode surface (Online 
Resource 6 A–E).

Under the optimized conditions, the detection sensitivity 
of the assaying system was determined by measuring the 
DPV signals with various mutant target concentrations rang-
ing from 1 µM to 100 fM (Fig. 3A a–h; i: blank). As shown 
in Fig. 3A, the TMB oxidation peak currents increased with 
the decreasing concentration of the mutant target, demon-
strating that the cleavage efficiency of T7EI is dependent 
on the amount of mutant target. In Fig. 3B, the plot of DPV 
current vs. the logarithm of mutant target concentrations 

Fig. 2   Investigation of T7-Endonuclease I (T7EI)-catalyzed reac-
tions and detection feasibility. A Gel electrophoresis of heteroduplex 
DNA treated with T7EI. Lane 1: A-T base pair (perfectly matched); 
Lane 2: A-C mismatch base pair; Lane 3: A-G mismatch base pair; 
Lane 4: A-A mismatch base pair. B Differential pulse voltammetry 
(DPV) signals under different detection conditions (a) capture probe 
without T7EI, (b) capture probe with T7EI, (c) capture probe/wild 
target without T7EI, (d) capture probe/wild target with T7EI, (e) cap-
ture probe/mutant target without T7EI, and (f) capture probe/mutant 
target with T7EI. C Electrochemical interfacial properties of the 
proposed biosensor (a) capture probe/wild target/without T7EI treat-
ment, (b) capture probe/wild target/with T7EI treatment, (c) capture 
probe/mutant target/without T7EI treatment, and (d) capture probe/
mutant target/with T7EI treatment. Cyclic voltammetry was per-
formed in 10 mM [Fe(CN)6]3−/4− and 0.1 KCl solution at a scan rate 
of 100 mV/s
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showed a broad linear range with a coefficient correlation 
of 0.98. The limit of detection (LOD) is calculated to be 
11.89 fM, based on definition of LOD = 3σ/m (where σ is the 
standard deviation of the blank signal, and m is the slope of 
the linear calibration plot), which is comparable or superior 
to the LOD of previous detection systems (Online Resource 
7).

To evaluate the selectivity of this biosensor for muta-
tion detection, we evaluated whether the biosensor could 
detect mutant targets in the presence of large amounts of 
wild targets. The mixtures of mutant/wild targets with differ-
ent molar ratios (0.1%, 1%, 10%, and 100%) were analyzed 
using the proposed biosensor, wherein the concentration of 
wild targets was fixed at 100 pM. Figure 3C shows that the 
DPV signals decreased with the increasing molar ratio of 
mutant target DNA. It is noticeable that 0.1% of the mutant 
DNA could be discriminated from the wild target DNA (p 
value = 0.0044, two-tailed t test), which is comparable or 
superior to other methods [31, 32]. These results confirm 
that the proposed method has an excellent capability to 
detect even a low-abundance mutation in a large background 
of wild-type targets, implying its potential for clinical appli-
cation. These results show that our developed biosensor has 
potential application for the detection of mutated genes in 
cancer cells. Moreover, the proposed biosensor is not only 
applicable for the specific mutation detection but also for the 
detection of other target molecules by employing the specific 
receptors such as antibody or aptamers. Since there are many 
antibodies or aptamers specific to drugs, herbicides, pesti-
cides, etc., [33, 34] this proposed biosensor can serve as a 
versatile platform for the detection of various target species.

Mutation detection in cancer cells

To assess the applicability of the prepared biosensor for 
mutation detection, experiments were carried out in can-
cer cell lines. We selected the colorectal cancer cell lines 
COLO-205 and HT29, and breast cancer cell lines MDA-
MB-231 and MCF-7, as KRAS G12D wild-type cell lines, 
while LS174T (colorectal cancer) was selected as the KRAS 
G12D mutant cell line. Genomic DNA from each cell line 
was first extracted and amplified by asymmetric PCR to gen-
erate 112 bp single-stranded DNA targets (Online Resource 
8), which could hybridize with the capture probe on the 
modified electrode. Next, amplicons from different cell 
lines were applied on the developed biosensors. As shown 
in Fig. 4, the diminished DPV signal was only observed in 
the mutant-type cell line LS174T, while other four wild-type 
cell lines generated high current signals. These results show 
that our developed biosensor has potential application for the 
detection of mutated genes in cancer cells.

Fig. 3   Detection sensitivity and selectivity of the developed biosen-
sor. A Differential pulse voltammetry (DPV) signals in the pres-
ence of different concentrations of mutant target DNA (a–i: 1  µM, 
100 nM, 10 nM, 1 nM, 100 pM, 10 pM, 1 pM, 100 fM, and blank, 
respectively). B The calibration plot of the DPV peak current ver-
sus concentrations of the mutant target DNA (from 1 × 10–13  M to 
1 × 10–6 M). Inset shows the linear relationship of the DPV peak cur-
rent versus log concentrations of the mutant target DNA (from log 
1 × 10–13 (− 13 M) to log 1 × 10–6 M (− 6 M)). The maximum DPV 
current was obtained at 0.3 V by measuring from 0.1 to 0.6 V with a 
pulse amplitude of 25 mV. C Comparison of current response in the 
mixtures of mutant/wild targets with different molar ratios (mutant 
target: 0, 0.1%, 1%, 10%, and 100%; wild target: fixed at 100  pM). 
Error bars were derived from three separate assays
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Conclusion

We developed a simple electrochemical biosensor for the 
detection KRAS mutants by T7 Endonuclease I. The biosen-
sor developed in this study provides an easy, time-saving, 
robust, sensitive, and selective approach for mutation detec-
tion. It has a high potential for application to detect other 
cancer-related mutations, enabling early diagnosis of cancer 
and more versatile use in biomedical research. Moreover, 
the proposed assay can be applied for the detection of other 
genetic biomarkers by designing the artificial mismatch to 
be formed with the capture probe, which can be cleaved by 
T7EI. We believe that this platform can be used for the sen-
sitive and specific detection of various genetic biomarkers.
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