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Abstract
Aspirin resistance, the phenomenon of patient showing no response to aspirin, is characterized by a predominant mutation 

in the COX-1 gene. Accordingly, patients are routinely screened for mutations in this gene to determine whether they can 
benefit from aspirin treatment. In this work, we reported a simple and ultrasensitive electrochemical method for COX-1 C50T 
detection for the first time based on Electrochemical-Chemical-Chemical (ECC) redox cycling. In the procedure of assay, 
Ru(NH3)6

3+ is used as the electron acceptor that is electrostatically attracted to Peptide Nucleic Acid (PNA) modified electrodes 
and new chemical regents of Mercaptopropionic Acid (MPA) and cysteamine were introduced, which permits Ru(NH3)6

3+ to be 
regenerated for multiple redox cycles. Different Pulse Voltammetry (DPV) was applied to record the electrochemical signals, 
which increased linearly with the target DNA. Under optimal conditions, the DNA sensors showed a wide linear relationship, 
from 10 fM to 1 nM, with detection limits of 2.8 fM (S/N = 3). This strategy paves a new avenue for the determination of aspirin 
resistance gene in patient serum.
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Introduction
After more than a century, aspirin is one of the most commonly 

used drugs in western medicine for the prevention of cardiovascular 
diseases [1]. Despite adequate aspirin therapy, 6.2% to 57% 
patients still experience cardiovascular events, the phenomenon 
named as Aspirin Resistance (AR) [2]. Researchers have reported 
that genetic variability in Cyclooxygenase-1 (COX-1) C50T affect 
aspirin response with cardiovascular disease and could be used 
as specific genetic marker of AR [3,4]. Therefore, it is crucial to 
prescreen patients for their genotypes before prescribing aspirin to 
facilitate target therapy and decreasing the side effects associated 
with prolonged administration.

Various methods have been developed for the detection of the 
COX-1 mutation at the DNA level. Among them is the Polymerase 
Chain Reaction (PCR) or DNA sequencing [5,6]. DNA sequencing 
is an excellent approach for research studies that seek to profile large 
regions of DNA, but its implementation is prohibitively expensive 
for routine clinical use and the slow turnaround time (2-3 weeks) 
is not an ideal for optimal treatment outcomes.6 Also, PCR is prone 
to interference from the components of biological samples and 
requires purification of the nucleic acids from samples. Therefore, 
a method that is simpler, and able to detect rare mutations directly 
in serum, is required urgently.

 In recent years, a versatile platform for markers detection has 
been developed based on DNA sensors, owing to their low cost and 
potential for high levels of multiplexing and sensitivity [7]. This type 
of testing approach has been applied successfully to the analysis of 
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a subset of antibiotic resistance [8], but the feasibility of analysing 
resistance gene for anticoagulant drug in clinical samples has not 
been established. Here we explored the feasibility of applying this 
technology to direct analysis of the aspirin resistance gene COX-1 
from patient serum samples. To minimize the background current 
and increase the signal-to-noise ratio, a neutral charge biotinylated 
Peptide Nucleic Acid (PNA) probe complementary to the target 
sequence was selected to modify the electrode surface [9,10]. For 
accomplishing the low abundance sequence detection, streptavidin 
was further introduced during DNA sensor fabrication. Because it 
can provide more active sites for the immobilization PNA probe 
[11,12]. In order to immobilization more streptavidin, reduced 
Graphene Oxide–Tetraethylene Pentamine (rGO–TEPA) and Gold 
Porous Nanoparticles (Au PNPs) were integrated [13-15].

Electrochemical-Chemical-Chemical (ECC) redox cycling 
can be used to amplify signals produced at DNA modified 
electrode surfaces to increase the sensitivity and accuracy of 
a detection assay [16-18]. In the procedure of assay, Ru(NH3)6

3+ 
acts as a redox label and binds to DNA nonspecifically through 
electrostatic interactions with the phosphate backbone, and 
therefore, the electrochemical reduction of this species yields a 
signal that reports on the increase of negatively charged groups 
at the electrode surface upon hybridization of a target sequence 
[19]. In addition, to overcome the interfering redox reactions 
near the potential of interest and amplify signals, new chemical 
regents of MPA and Cys were introduced, which permits Ru(III) 
to be regenerated for multiple redox cycles [20]. In recent years, 
although promising research has produced DNA sensors using 
ECC redox cycle reporter system to detect mutated nucleotides 
in samples, to the best of our knowledge, this is the first reported 
use of DNA sensors for the detection COX-1 gene, a biomarker 
implicated aspirin resistance.

Expérimental
Chemicals and Materials

Reduced Graphene Oxide – Tetraethylene Pentamin (rGO-
TEPA) was provided by Nanjing XFNANO Materials TECH Co., 
Ltd. (China). Tris-(2-Carboxyethyl)-Phosphine Hydrochloride 
(TCEP), Gold (Ш) Chloride Trihydrate (HAuCl4·3H2O), 
streptavidin, 6-Mercaptohexanol (MCH), Ru(NH3)6Cl3, 
3-Mercaptopropionoic Acid (MPA), Cysteamine (Cys), were 
obtained from Sigma-Aldrich (St. Louis, USA, www. Sigma-
Aldrich. com). Potassium Ferricyanide (K3Fe(CN)6) and Potassium 
Ferrocyanide (K4Fe(CN)6) were purchased from Beijing Chemical 
Reagents Company (Beijing, China). Clinical serum samples were 
obtained from a local hospital and stored at 4°C. Biotinylated 
Peptide Nucleic Acid (PNA) probes were synthesized and 
purified by Shanghai RuiDi Biological Technology Co., Ltd. The 
sequences of PNA probes are as follows: 5’-Bio-Cys-O-ATC-ATC-

CTG-ACT-GGC-ATC-CGG-3’, where Bio represents biotin, O 
represents an ethylene glycol linker and Cys represents the amino 
acid cysteine. Other oligonucleotides were also synthesized and 
purified by Shanghai RuiDi Biological Technology Co., Ltd. with 
their sequences illustrated in Table S1.

Nucleotide name Sequence (5’→3’)

PNA Bio-Cys-O-ATC-ATC-CTG-ACT-GGC-
ATC-CGG

Target DNA CCG-GAT-GCC-AGT-CAG-GAT-GAT

Single-base mismatch CCG-GAT-GGC-AGT-CAG-GAT-GAT

Three-base mismatch CCG-GAT-GGC-AGT-CTG-GTT-GAT 

 Non-complementary GGC-TGA-GGC-TAC-GGC-ACT-G

Table S1: Synthetic oligonucleotide sequences in this study.

The buffer solutions involved in this study were as follow: 1 × 
TE buffer (10 mM Trishydroxymethylaminomethane hydrochloride 
(Tris-HCl), and 1.0 mM Ethylenediaminetetraacetic Acid (EDTA), 
pH 8.0), which was used to dissolve all oligonucleotides. 
Phosphate Buffered Solution (PBS) (pH 7.4, 0.1 M) was prepared 
with NaH2PO4 and Na2HPO4. Tris buffer solution (50 mM, pH 9) 
was obtained from Sigma-Aldrich (St. Louis, USA, www. Sigma-
Aldrich. com). All other reagents were of analytical reagent grade 
and used without further purification. Ultrapure water (>18.2 
ΩM) obtained from a Millipore Mill-Q purification system was 
used throughout the experiment.

Instruments
All electrochemical experiments were carried out on a 

CHI660E electrochemical workstation (Chenhua Instruments Co., 
Shanghai, China). Scanning Electron Microscopy (SEM) images 
were obtained by using a Hitachi S-3000N (Hitachi Limited, 
Japan). Field Emission Scanning Electron Microscopy (FE-SEM) 
image was conducted using a Hitachi S4800 (Hitachi Limited, 
Japan). Transmission Electron Microscopy (TEM) investigations 
were performed on a Hitachi Limited, Japan). A conventional three-
electrode system was used for all electrochemical measurements: 
a Ag/AgCl reference electrode and a Pt counter electrode, and the 
modified Glassy Carbon Electrode (GCE, 4-mm in diameter) as the 
working electrode. A one-compartment cell fitted with a Luggin 
capillary was used to separate the working compartment from the 
reference compartment. Quantitative real-time Polymerase Chain 
Reaction (qRT-PCR) experiments were performed on a Light 
Cycler Nano Real Time PCR Instrument (Roche, UK).

Preparation of Porous Au Nanoparticles
Porous Au NPs were synthesized referencing to the 

literature [21,22]. Briefly, 1 M KOH solution (0.05 mL), 10 mM 
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fresh ascorbic acid (3 mL) aqueous solution, and 2 mL H2O were 
sequentially injected into a conical flask. Then 2 mM Gold (Ш) 
chloride trihydrate solution (4 mL) was added. The mixture was 
blended for about 1min and then located in 600c thermostated 
container for 1 h. The resulting Au PNPs were centrifuged and 
washed with absolute ethanol and deionized-distilled water for 
thrice and then dispersed in 2 mL Milli-Q water.

Construction of DNA Sensors
The fabrication procedure of the electrochemical DNA 

biosensor is illustrated in Scheme 1. Prior to use, GCE was polished 
repeatedly using 0.3- and 0.05-µm alumina slurries followed by 
thorough rinsing with Milli-Q water. After successive sonication in 
baths of Milli-Q water, absolute alcohol and Milli-Q water again, 
the electrode was dried at room temperature. After that, 10 µL of 
rGO-TEPA (2 mg mL-1) was cast onto the electrode surface and 
dried in the air. Subsequently, the electrode was immersed in porous 
Au nanoparticles solution and connected to CHI660E workstation 
using a three-electrode set-up with a Ag/AgCl reference electrode 
and a Pt counter electrode.

Scheme 1: Schematic illustration of the electrochemical DNA bioassay protocol.

Au PNPs were electrochemically deposited onto the rGO-
TEPA-modified GCE surface under a constant potential of 
-0.2 V for 30 s. After washing with Milli-Q water, 10 µL of a 
streptavidin solution (100 ng mL-1) was dropped onto the modified 
electrode surface through the strong effect of Au-NH2 bonding to 
immobilize streptavidin. The electrode was kept at 4°C for 16 h, 
as streptavidin can retain its bioactivity for a long period of time 
at this temperature. After the reaction, the electrodes were washed 
with Milli-Q water to remove loosely bound chemicals and dried 
in nitrogen. After that, the device was covered with a EP lid.

Functionalization of DNA Sensors
An aqueous solution containing 1 µM of probe was 

mixed with 10 µM of aqueous Tris(2-carboxyethyl) phosphine 
hydrochloride solution and the mixture was left for overnight to 
cleave disulphide bonds. After that, 10 µL of probe solution was 
pipetted onto the sensors and incubated for 10 h in a dark humidity 
chamber at room temperature. Through the specific recognition 
between streptavidin and biotin, the biotinylated peptide 
nucleic acid probe was immobilized on the electrode surface for 
hybridization with target DNA. The sensors were then washed 
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thrice for 3 min with 0.1 × PBS at room temperature. The sensors 
were then treated with 1 mM of 6-Mercaptohexanol (MCH) for 
an hour at room temperature for back filling. After washing, the 
sensors were challenged with different concentration of targets for 
60 min at room temperature. After hybridization, the sensors were 
washed thrice for 3 min with 0.1 × PBS at room temperature and 
the electrochemical scans were acquired.

Electrochemical detection of COX-1 DNA
All electrochemical experiments were carried out using 

CHI660E electrochemical workstation with a three-electrode 
system featuring a Ag/AgCl reference electrode and a platinum 
wire auxiliary electrode. The accumulation of Ru(NH3)6

3+ was 
measured by immersing PNA/DNA-modified electrodes in 10 µM 
Ru(NH3)6Cl3 for 60 s, an amount of time where the cation would have 
equilibrated. By transferring to a Tris buffer solution (50 mM, pH 
9) containing 10 µM Ru(NH3)6Cl3, 0.5 mM 3-Mercaptopropionoic 
Acid (MPA) and 0.5 mM Cysteamine (Cys), Differential Pulse 
Voltammetry (DPV) signals were obtained with the potential range 
was from 0 V to 0.5 V, pulse amplitude of 50 mV, pulse width of 50 
ms, and a pulse period of 100 ms. Signal changes that correspond 
to specific targets were calculated with background-subtracted 
currents: change in current (∆I) = Iafter - Ibefore, where Iafter = current 
after target binding and Ibefore = current before target binding.

Results and discussion
Principle of this Method

We use a multi-pronged strategy to minimize the current in the 
absence of target nucleic acid. The sensors are functionalized with 
biotinylated Peptide Nucleic Acid (PNA) probes complementary 
to the target sequence. PNA is a synthetic nucleic acid analogue 
that has a neutral charge. This neutral charge minimizes the 
background current and increases the signal-to-noise ratio. Our 
new assay employs Ru(NH3)6

3+, Mercaptopropionic Acid (MPA) 
and cysteamine. The Ru(NH3)6

3+ electron acceptor complex 

is positively charged and binds to the sensors at levels that 
corresponding to the amount of negatively charged nucleic acid. 
On the application of a potential at 250 mV, Ru(NH3)6

3+ is oxidized 
to Ru(NH3)6

4+, producing a measurable current that reports on the 
presence of the target DNA. However, the limited concentration 
of Ru(NH3)6

3+ localized at the bound target nucleic acids yields 
a small current. To provide maximal sensitivity for the detection 
of DNA hybridization, we introduced MPA, the MPA is neutral 
charge, and so it does not bind to the sensor, but presents in 
solution to chemically reduce Ru(NH3)6

4+ back to Ru(NH3)6
3+, 

allowing for multiple turnovers of Ru(NH3)6
3+, which generates a 

high electrocatalytic current. This signal is further amplified by 
cysteamine, another reduction agent, which is chemically oxidized 
to cystamine by reducing the oxidized form of MPA (R-S-S-R) 
back to its reduced form (R-SH).
Characteristics of the Modified Electrodes

The stepwise DNA sensors fabrication processes were 
investigated by SEM and FE-SEM. (Figure 1A, 1a) display the 
typical SEM and FE-SEM images of rGO-TEPA. It was confirmed 
that rGO-TEPA has a wrinkled paper-like structure. SEM of the 
rGO-TEPA/Au PNPs is shown in (Figure 1B). As seen, spherical 
nanoparticles were coated on the rGO-TEPA surface. (Figure 1b) 
displays a typical TEM image of Au PNPs, which clearly reveals Au 
PNPs has porous spherical morphology and the average size of the 
nanoparticles was approximately 30 nm. Upon immobilization of 
streptavidin, proteins are trapped on the surface of the rGO-TEPA/
Au PNPs, and a blurry surface image was observed, distinct from 
that shown in (Figure 1B). This result is indicative of successful 
streptavidin bonding on the surface of the rGO-TEPA/Au PNPs. 
Afterwards, with the immobilization of the biotinylated PNA 
probe onto the rGO-TEPA/Au PNPs/streptavidin film, the modified 
nanostructure exhibited a crystal shape, as shown in (Figure 1D). 
This crystal shape is distinct from that shown in (Figure 1C), 
indicating that the biotinylated PNA probe was successfully 
introduced via specific recognition between streptavidin and biotin.
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Figure 1(A-D): SEM images of (A) rGO-TEPA, (B) rGO-TEPA/Au PNPs, (C) rGO-TEPA/AuPNPs/streptavidin, and (D) rGO-TEPA/Au PNPs/
streptavidin/PNA probe. The inset of (a) shows the FE-SEM image of rGO-TEPA; The inset of (b) shows the TEM image of Au PNPs.

Electrochemical Behavior of DNA Sensors
The electrochemical characteristics of different nanomaterials 

were investigated. It is clearly seen in (Figure 2A) that the electrode 
when modified by rGO-TEPA as compared with glassy-carbon 
electrode (curve a), and the electrode modified by Graphene Sheet 
(GS) (curve b), caused significantly increased currents (current c).

To investigate whether the Au PNPs were necessary for 
increasing the electron transferring of the DNA sensors, we 
challenged the GCE with Au PNPs, rGO-TEPA and rGO-TEPA/
Au PNPs. As seen in (Figure 2B), the signal observed in single 
rGO-TEPA (curve b) and Au PNPs (curve c) were significantly 
lower than the composite of rGO-TEPA/Au PNPs (curve d). 
These results clearly show that for the sensitive detection of target 
DNA, the presence of Au PNPs is essential. Because the Au PNPs 
facilitate the electron transfer of the sensor, thus amplifying the 
electrochemical signal.

Owing to Au PNPs can facilitate the electron transfer of the 
sensor, thus Au PNPs were electrodeposited on the surface of rGO-
TEPA to amplify the electrochemical signal. The deposition curve 
is shown in (Figure 2C). Increasing the deposition time resulted in 
a fast increase of the current responses, followed by a flat response 
at approximately 30 s. This indicated that the maximum deposition 
of Au PNPs was obtained. To evaluate whether Au PNPs have been 
successfully deposited on rGO-TEPA/GCE surface, we investigated 
the Cyclic Voltammetry (CV) of the rGO-TEPA modified electrode 
and rGO-TEPA/Au PNPs modified electrode in a 0.5 M H2SO4 
solution. The peaks are associated with the reduction of oxide 
species on the electrode surface and can be used to determine 
the surface composition [23]. The peak at approximately 0.9 V 
corresponded to Au species [24]. As shown in (Figure 2D). no peak 
was obvious for the rGO-TEPA modified electrode (curve a), while 
the rGO-TEPA/Au PNPs (curve b) generated an obvious peak at 
0.9 V in a 0.5 M H2SO4 solution, demonstrating that Au PNPs 
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had been successfully deposited on the rGO-TEPA/GCE surface. 
Meanwhile, using the Randles–Sevcik equation, the surface area 
of the rGO-TEPA/Au PNPs modified electrode is 4.81 times than 
that of the rGO-TEPA/GCE.

To monitor the modification procedure of the electrodes, CV 
experiments were performed in a 5 mM [Fe(CN)6] 

3-/4- solution. 
As shown in (Figure 2E). A pair of typical reversible redox peaks 
of ferricyanide ions can be observed on the bare GCE (curve a). 
After the electrode was modified with rGO-TEPA, the peak current 
of the CV increased (curve b) due to the excellent electrical 
conductivity of rGO-TEPA. After Au PNPs were electrodeposited 
on the above electrode, the peak current further increased (curve 
c), implying that Au PNPs promote electron transfer. When the 
modified electrode was incubated with streptavidin (curve d), the 
peak current decreased due to the poor conductivity of streptavidin. 
When the modified electrode was immobilized with a biotinylated 
PNA probe (curve e), the peak current decreased due to the specific 
recognition between streptavidin and the biotinylated PNA probe, 
which hindered electron transfer. The peak current sharply 
declined after the sensor was blocked with MCH (curve f) due to 
the formation of a hydrophobic layer.

EIS is one of the most powerful tools for probing the features 
of surface– modified electrodes. Therefore, to further illustrate 
that all of the fabrication steps were effective, the electrochemical 
behaviours were characterized by electrochemical impedance 
spectroscopy using a 5 mM [Fe(CN)6] 

3-/4- solution. It is well-
known that the semicircle diameter in EIS is equal to the electron 
transfer resistance (Ret) and that the linear part of the curve at 
low frequency represents the diffusion process. As shown in 
(Figure 2F). when rGO-TEPA was modified onto the electrode, the 
resistance decreased (curve b) compared with the bare GCE (curve 
a), indicating that rGO-TEPA accelerated the electron transfer 
of the electrode. When Au PNPs were electrodeposited onto the 
electrode, the resistance decreased (curve c), indicating that Au 
PNPs promoted electron transfer between the electrode and the 
solution. Afterwards, a large semicircle diameter was observed 
when streptavidin was dropped onto the electrode (curve d), 
implying that streptavidin was successively immobilized onto the 
electrode. This larger diameter might be attributed to an insulating 
layer of proteins hindering the diffusion of electrons between 
the electrolyte and the electrode surface. After the electrode was 
incubated with the biotinylated PNA probe (curve e), the Ret 
increased dramatically due to the nonconductive property of DNA. 
Subsequently, with MCH blocked onto the electrode, the resistance 
increased (curve f), indicating that the sensors had indeed been 
successfully fabricated.

Figure 2(A-F): (A) The CVs of (a) bare GCE, (b) GS/GCE, and (c) rGO-
TEPA/GCE in a 5 mM [Fe(CN)6] 

3-/4- solution containing a 0.1 M KCl 
solution. (B) DPV responses of the DNA sensor of different modification 
steps: (a) bare GCE; (b) GCE/rGO-TEPA; (c) GCE/Au PNPs; and (d) 
GCE/ rGO-TEPA /Au PNPs in 5 mM [Fe(CN)6] 

3-/4- containing a 0.1 M KCl 
solution. (C) The deposition curve of Au PNPs. (D) CV curves of GCE/
rGO-TEPA before (a) and after (b) deposition of porous gold nanoparticles 
in 0.5 M H2SO4 from 0 to 1.5 V at a scan rate of 100 mV/s. (E) CV 
characterization of electrodes at various stages of modification in a 5 mM 
[Fe(CN)6] 

3-/4- solution containing 0.1 M KCl: (a) bare GCE, (b) GCE/
rGO-TEPA, (c) GCE/rGO-TEPA/Au PNPs (d) GCE/rGO-TEPA/Au PNPs/
streptavidin, (e) GCE/rGO-TEPA/Au PNPs/streptavidin/PNA probe, (f) 
GCE/rGO-TEP/AuNPs/AuPNPs/streptavidin/PNA probe/MCH; 
(F) EIS for each immobilization step in 5 mM [Fe(CN)6] 

3-/4- containing 
a 0.1 M KCl solution: (a) bare GCE, (b) GCE/rGO-TEPA, (c) GCE/rGO-
TEPA/Au PNPs (d) GCE/rGO-TEPA/Au PNPs/streptavidin, (e) GCE/
rGO-TEPA/Au PNPs/streptavidin/PNA probe, (f)GCE/rGO-TEPA/Au 
PNPs/streptavidin/PNA probe/MCH in 5 mM [Fe(CN)6]

3-/4- containing a 
0.1 M KCl solution.

To validate that the signal amplification of our DNA assay, 
we investigated the dependence of the electrochemical signal on 
streptavidin. As expected, a significant signal change was observed 
in the presence of streptavidin (curve b) compared to the absence 
of streptavidin (curve a), shown in (Figure 3A). This results clearly 
show that for the sensitive detection of COX-1 DNA, the presence 
of streptavidin is essential. To verify the electrocatalytic current of 
the DNA sensors is dependent on the presence of target COX-1 
DNA, we tested the modified sensors with and without target 
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DNA. As shown in (Figure 3B). the signal monitored at rGO-TEPA/Au PNPs/GCE modified with a probe sequence complementary to 
a portion of the target COX-1 gene significantly increases after exposure of the electrode to a synthetic target oligonucleotide (curve c). 
While, for the experiment in which target DNA was not introduced to the electrode (curve b), the voltammetric peak currents dropped 
to the background level (curve a), indicating that the current change is dependent on target COX-1 DNA.

In order to evaluate the catalytic efficiencies achieved with redox reporter system, we compared the catalytic current using the 
redox reporter, Ru(NH3)6

3+, with and without the catalytic enhancement provided by MPA and Cys (Figure 3C). shows the typical 
Differential Pulse Voltammetry (DPV) measurements. No considerable catalytic currents were observed for single Ru(NH3)6

3+ (curve 
a), however, the catalytic current for Ru(NH3)6

3+ is successively amplified in the presence of MPA (curve b, more than 4 times) and MPA 
combined Cys (curve c, more than 6 times), owing to MPA and Cys creates multiple redox cycles for a single Ru(NH3)6

3+ molecule and 
thus amplifies the observed current.

Figure 3(A-C): (A) Cyclic voltammograms of the electrodes without (curve a) and with (curve b) streptavidin modification in 5 mM [Fe(CN)6]
3-/4- 

containing a 0.1 M KCl solution. (B) Cyclic voltammograms of the modified electrode before (curve b) and after (curve c) hybridization with target 
DNA in 5 mM [Fe(CN)6]

3-/4- containing a 0.1 M KCl solution. (C) Different Pulse Voltammetry (DPV) scans of DNA sensors modified with PNA/DNA 
duplexes and incubated in 10 µM Ru(NH3)6Cl3 for 60 s and then measured in a solution of 50 mM Tris buffer solution pH 9 (curve a), containing 0.5 mM 
3-Mercaptopropionoic Acid (MPA) (curve b) as catalytic enhancer, and containing 0.5 mM 3-mercaptopropionoic acid (MPA) and 0.5 mM cysteamine 
(curve C) as catalytic enhancer.

Optimization of Experimental Conditions
To ensure the high performance of the DNA sensor, several 

parameters involved in the experiments, such as the concentration 
of rGO-TEPA, deposition time of Au PNPs, concentration of 
streptavidin, concentration of PNA probe, immobilization time of 
PNA probe and incubation time were investigated. As shown in 
(Figure 4A). the current response increased rapidly with increasing 
rGO-TEPA concentrations from 0.5 mg mL-1 to 2.0 mg mL-1. A 
further increase in the concentration of rGO-TEPA decreased the 
current change, possibly because the excessive amount of rGO-
TEPA decreased the surface area of the electrode and deterred 
electron transfer. Thus, 2.0 mg mL-1 of rGO-TEPA was used for 
electrode modification. In addition, the deposition time of the 
Au PNPs was investigated. As shown in (Figure 4B), the current 
response increased with the increasing the deposition time of Au 
PNPs from 5 s to 30 s, and then, the current response decreased 
with further deposition time increases. As a result, the electrode 
exhibited the highest current response at a deposition time of 30 
s, possibly because the excessive amount of Au PNPs decreased 
the surface area of the electrode and deterred electron transfer. 
Therefore, the optimal deposition time of the Au PNPs was 30 s.

The concentration of streptavidin is another important factor 
influencing the DNA sensor response. Hence, the concentration 
of streptavidin is shown in (Figure 4C). With an increase in the 
concentration of streptavidin, the current responses first increased 
and then started to level off. The maximum current response 
appeared at 100 ng mL-1. Therefore, 100 ng mL-1 was chosen as 
the optimal concentration of streptavidin. Furthermore, to achieve 
an optimal electrochemical signal, the concentration of PNA probe 
was systematically tested (Figure 4D). shows that the current 
response increased beginning at a concentration of 0.1 nM, reached 
a maximum value at a concentration of 10 nM, and then decreased 
up to a concentration of 20 nM. The results suggested that the best 
concentration was 10 nM. Therefore, this concentration (10 nM) 
was chosen for subsequent research.

To evaluate the immobilization time of PNA probe, we 
investigated the current responses by varying the immobilization 
time of 100 pg mL-1 target DNA. As shown in (Figure 4E). with 
the increase of immobilization time, the current responses for the 
DNA sensor first increased quickly and then remained steady at 
approximately 10 h, indicating that the maximum immobilization of 
DNA sensor was obtained. To completely hybridize the target DNA 
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in the following step, 10 h was chosen as the optimal immobilization 
time. Moreover, to obtain an optimal electrochemical signal, the 
incubation time was investigated, as shown in (Figure 4F). For the 
reason that it would take time to reach the maximum formation of 
the PNA/DNA complexes, the current responses increased with 
the increasing of incubation time. As the formation of PNA/DNA 
complexes getting saturated, the current responses start to level 
off after 60 min. Therefore, 60 min was chosen as the optimal 
incubation time.

Figure 4(A-F): Effects of (A) the concentration of rGO-TEPA, where n = 
10 for each point. (B) deposition time of Au PNPs, where n = 10 for each 
point. (C) concentration of streptavidin and (D) PNA probe, where n = 
10 for each point. (E)immobilization time of PNA probe on the modified 
electrode, and (F) incubation time, where n = 10 for each point.

5Analytical performance of the DNA Sensor
To evaluate the sensitivity and quantitative range of the 

DNA sensor under the optimal assay conditions, the performance 
of the DNA sensor was evaluated with different concentrations of 
target DNA. As indicated in (Figure 5A), the DPV peak currents 
increased along with increasing concentrations of target DNA in the 
sample solution. The sample solution containing 3 mL of the 10-
fold-diluted human serum sample was used for these experiments. 
For quantification, we measured the DPV peak currents variation 
∆I (∆I = Iafter - Ibefore, where Iafter = current after target binding and 
Ibefore = current before target COX-1 binding). The calibration 
plots showed a good linear relationship between the peak currents 
(∆I) and logarithmic values of the analyte concentrations over 

the range of 10 fM to 1 nM, as shown in (Figure 5B). The linear 
regression equation was ∆I (µA) =0.6827 Lg C + 0.8343 [COX-1] 
(M) (R2 = 0.99). The detection limit of the method was estimated 
to be 2.8 fM at a signal-to-noise ratio of 3σ (where σ is the 
standard deviation of the blank, n = 8). The lower detection limit 
is attributed to the streptavidin-biotin system and the ECC redox 
cycling. Moreover, our strategy is technically simple and obviated 
the use of nanomaterials or multi-enzymes for signal amplification, 
reducing the operation complexity and assay cost.

Specificity, Reproducibility and Stability of the DNA 
Sensors

To investigate whether the DNA sensors could accurately 
interrogate a point-mutation, we challenged the DNA sensors with 
other oligonucleotides, such as single-base mismatch, three-base 
mismatch, non-complementary sequence and blank sample (a 
10-fold-diluted healthy human serum sample). The responses of 
the DNA sensors were measured and are shown in (Figure 5C). 
Athough hybridization and washing were performed at elevated 
procedure, compared with the current response obtained from 1 
nM COX-1, the responses caused by the mismatch sequences (1 
nM for each one) were weak and negligible and were as low as the 
blank current. This indicated the high affinity of the DNA sensors 
to its complementary DNA target and that the developed DNA 
sensors could discriminate different DNA sequences effectively. 
A nearly negligible current change was obtained, which indicated 
that the developed biosensor could potentially be used in clinical 
application.

To assess the reproducibility of the DNA sensors, the 
fabricated electrodes were assessed by intra- and inter-assay 
Relative Standard Derivations (RSDs), as shown in (Figure 5D) 
and (Table S2). The intra-assay precision of the developed DNA 
sensors was calculated by detecting three samples containing 
0.01, 1, and 100 pM of COX-1. Each sample was measured five 
times using five DNA sensors prepared in parallel. For different 
concentrations of COX-1, the intra-assay RSD values were less than 
3.97 %. The inter-assay precision was estimated by measuring one 
sample with three DNA sensors that were independently formed at 
the same GCE, the RSD values were less than 4.22 % for different 
concentrations of COX-1. These results indicate that the proposed 
DNA sensors possesses acceptable precision and reproducibility.

COX-1  0.01 1 100

RSD (%) Intra-assay 3.97 3.22 3.03

 Inter-assay 4.07 4.22 2..95

Table S2: Reproducibility of the electrochemical detection of COX-1.

To evaluate the stability of the DNA sensors, we investigated 
long-term storage. The DNA sensors were stored at 4°C when it 
was not in use and measured periodically. As shown in (Figure 
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5E), no obvious changes were observed during the first 3 days of 
storage, and the current changed by less than 1.6 %. In addition, 
we found that the electrode remains 97.2 % of its initial response 
to 10 pM targets for 7 days of storage and only loses 18.9 % of 
its sensing ability after one month of storage. Thus, the proposed 
DNA sensors has satisfactory stability.

Figure 5(A-F): (A) DPV signals of the DNA sensors in the presence of 
different concentrations of COX-1 and (B) the calibration curve of the DNA 
sensors for 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM of COX-1 (n = 3). 
(C) Specific response of the DNA sensors hybridized with complementary 
COX-1, single-base mismatch, three-base mismatch, non-complementary 
and blank sample (100 pM for each analyse). (D) Reproducibility of 7 
different electrodes modified with 100 pM of VKORC1. (E) The stability 
of the COX-1 DNA sensors (100 pM) after 3 d, 7d, 10 d, 14 d, 21 d, 
and 28 d. (F) Electrochemical currents of COX-1 in four serum samples 
detected by the presented method (black bars) and qRT-PCR (red bars), 
respectively.

Patient-Sample Analysis
To test the potential application of the DNA sensors for 

practical analysis, the DNA sensors were used to test the recovery 
of three concentrations of COX-1 in human serum samples, 
referencing the reported methods. Three concentrations (10 fM, 

1 pM and 1 nM) of COX-1-spiked human serum samples were 
prepared by the standard addition method. The serum samples were 
diluted to suitable concentrations with pH 7.4 PBS (1:10). It can be 
observed from (Table S3) that the relative standard deviations were 
in the range of 2.249 to 3.778% and that the recoveries were in the 
range of 87.70 to 101.21%. These results show that the developed 
DNA sensors might be preliminarily applied to determine the 
presence of COX-1 in real samples.

Samples Added Found* Recovery RSD

   (%) (%)

Sample-1 0.01 pM 0.877 pM 87.7 3.778

Sample-2 01:00 PM 0.998 pM 99.8 3.012

Sample-3 100 pM 101.21 
pM 101.21 2.249

Samples (1-3) were from healthy people.
*The values shown here are the average values from five 

measurements.
The ultimate goal of developing a mutation-discriminating 

DNA sensor was to enable the direct analysis of mutated sequences 
in patient samples. We challenged our DNA sensors with the task 
of analysing COX-1 gene in serum samples from four patients who 
were treated invalidly with aspirin. Ten microliter samples of the 
four different patients were used. Each human serum sample was 
measured 5 times. As illustrated in (Figure 5F), the DNA sensors 
showed different current response for each of the patient serum 
sample. From the current response, the concentrations of COX-1 
in the four different invalidly treated patients with aspirin were 
calculated to be 23.7 fM (Sample 1, Patient 1), 96.2 fM (Sample 2, 
Patient 1), 54.5 fM (Sample 3, Patient 3) and 272.8 fM (Sample 4, 
Patient 4), respectively. To ascertain the correctness of the results, 
we also tested the COX-1 contents with qRT-PCR. The results 
shown in Fig. 5F indicated that the levels of COX-1 in three real 
samples obtained by our method and qRT-PCR were of the same 
order of magnitude. Thus, the results indicated that the proposed 
DNA sensors could easily determine different concentrations of 
COX-1 and showed a high sensitivity.

Conclusion
In this paper, a novel and ultrasensitive electrochemical DNA 

sensor for the detection of COX-1 was prepared using ECC redox 
cycling. The proposed method has the following advantages: (1) 
a neutral charge biotinylated Peptide Nucleic Acid (PNA) probe 
modify the electrode surface can minimize the background current 
and increase the signal-to-noise ratio; (2) the newly introduced 
chemical regents of MPA and cysteamine not only permit Ru (NH)3+ 
to be regenerated for multiple redox cycles but also overcome the 
interfering redox reactions near the potential of interest; (3) the 
detection limit is low. The low detection limit indicates that this 
approach is applicable to clinical pre-administration detection. 
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Accordingly, this methodology could simplify and speed up the 
identification of drug-susceptible people, saving medical resources 
and reducing time to treatment. Although we have focused on the 
detection of COX-1 mutations for aspirin, the DNA sensor can 
be extended to other relevant mutations recurring in other types 
of medicine-related gene. So, the presence of multiple mutations 
may be interrogated simultaneously, allowing a more detailed and 
precision clinical administration.
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