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Abstract

A highly sensitive and selective electrochemical DNA sensor based on a carboxyl functionalized graphene oxide/single-
stranded DNA/6-mercapto-1-hexanol/gold electrode (COOH/ssDNA/MCH/Au) was developed for the rapid detection of
Vibrio parahaemolyticus in shrimp samples. The sensor exhibited excellent selectivity, with peak current ratios of 8.3 and
4.1 for complementary to non-complementary and one-base mismatched targets, respectively. It also demonstrated a wide
linear range from 10 femtomolar to 10 nM, with a low detection limit of 3 femtomolar. The reproducibility of the sensor was
good, with a relative standard deviation of 4.8% for five independently fabricated electrodes. When applied to the detection
of V. parahaemolyticus in spiked shrimp samples, the sensor showed high accuracy, with recovery rates ranging from 92.5
to 108.3% and relative standard deviation values below 5%. The proposed sensor outperformed most previously reported
electrochemical DNA sensors for V. parahaemolyticus detection in terms of sensitivity and linear range.
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Introduction

Vibrio parahaemolyticus is a Gram-negative, halophilic bac-
terium that naturally inhabits marine and estuarine environ-
ments worldwide [1]. This pathogen is a leading cause of
seafood-borne gastroenteritis, particularly in regions where
raw or undercooked seafood is commonly consumed. V.
parahaemolyticus infections are often associated with the
consumption of contaminated shellfish, such as oysters,
clams, and shrimp [2, 3]. Symptoms of V. parahaemolyti-
cus infection include watery diarrhea, abdominal cramps,
nausea, vomiting, and fever [4]. In rare cases, the infection
can lead to more severe complications, such as septicemia,
especially in immunocompromised individuals.

The increasing incidence of V. parahaemolyticus out-
breaks has raised concerns about food safety and public
health. To prevent and control the spread of this patho-
gen, rapid and reliable detection methods are crucial [5].
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Conventional methods for V. parahaemolyticus detection
include culture-based techniques, such as selective media
plating and biochemical tests, and molecular methods, such
as polymerase chain reaction (PCR) and enzyme-linked
immunosorbent assay (ELISA) [6]. However, these meth-
ods have several limitations. Culture-based methods are
time-consuming, requiring 3-5 days for confirmation, and
may underestimate the presence of viable but non-culturable
(VBNC) cells [7]. PCR and ELISA, although more rapid and
specific, require expensive equipment, trained personnel, and
complex sample preparation steps, making them less suitable
for on-site testing and high-throughput screening [8].

To overcome these limitations, electrochemical DNA sen-
sors have emerged as a promising alternative for pathogen
detection [9, 10]. These sensors rely on the hybridization of a
specific DNA probe with its complementary target sequence,
which can be detected through changes in electrical signals
[11-13]. Compared to conventional methods, electrochemi-
cal DNA sensors offer several advantages, including high
sensitivity, selectivity, and rapid response [14]. They also
have the potential for miniaturization, portability, and auto-
mation, making them attractive for point-of-care testing and
field applications.

The development of electrochemical DNA sensors for V.
parahaemolyticus detection has gained increasing attention
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in recent years [15, 16]. Various electrode materials and
immobilization strategies have been explored to improve
sensor performance. Among them, gold electrodes modi-
fied with thiolated DNA probes have been widely used due
to the strong affinity between gold and sulfur, which allows
for stable and oriented immobilization of probes [17]. How-
ever, the efficient immobilization of probes and the preven-
tion of non-specific adsorption remain challenges in the
fabrication of reliable sensors. To address these issues, the
use of self-assembled monolayers (SAMs) of thiols, such
as 6-mercapto-1-hexanol (MCH), has been proposed as a
blocking agent to reduce non-specific adsorption and control
probe density [18].

In addition to electrode modification, the choice of target
genes is critical for the specificity and sensitivity of the sen-
sor. The thermolabile hemolysin (tlh) gene, which is present
in all V. parahaemolyticus strains [19], has been identified
as a suitable target for the detection of total V. parahaemo-
lyticus. The tlh gene encodes a phospholipase A2 that is
involved in the hemolytic activity of the bacterium and is
considered a species-specific marker [20].

The objective of this study is to develop a highly sensi-
tive and selective electrochemical DNA sensor for the rapid
detection of V. parahaemolyticus in shrimp samples. The
sensor is based on a gold electrode modified with a thiolated
DNA probe specific to the tlh gene and a carboxyl func-
tionalized graphene oxide (GO-COOH) nanocomposite.
The GO-COOH nanocomposite is expected to enhance the
surface area and conductivity of the electrode, leading to
improved sensitivity. The hybridization events are monitored
using differential pulse voltammetry (DPV) with methylene
blue (MB) as the redox indicator. The sensor performance is
evaluated in terms of its selectivity against non-complemen-
tary and mismatched sequences, sensitivity over a range of
target concentrations, and applicability to the detection of
PCR products from shrimp samples.

Materials and methods
Materials

All reagents used in this study were of analytical grade and
used without further purification. Tris(hydroxymethyl)ami-
nomethane (Tris), ethylenediaminetetraacetic acid (EDTA),
sodium chloride (NaCl), potassium chloride (KCI), potas-
sium ferricyanide (K;[Fe(CN)4]), potassium ferrocya-
nide (K,[Fe(CN)¢]), MCH, graphite powder, sulfuric acid
(H,S0O,), phosphoric acid (H3PO4), potassium permanga-
nate (KMnO,), hydrogen peroxide (H,0,), and MB were
purchased from Aladdin Reagent Co., LTD. Shrimp samples
were obtained from a local market in Nanning, China.
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The oligonucleotide sequences used in this study were
synthesized by Sangon Biotech (Shanghai, China) and are
listed below:

Probe (thiolated): 5'-SH-(CH,)6-AAAGCGGATTAT
GCAGAAGCACTG-3".

Complementary target: 5'-CAGTGCTTCTGCATAATC
CGCTTT-3".

Non-complementary target: 5'-ATCCTTTGCAATTGC
CCAGTCGG-3'.

One-base mismatched target: 5'-CAGTGCTTCTGCATA
ATCCGCTAT-3".

Three-base mismatched target: 5'-CAGTGCTTCTGC
ATAATCCTCTTT-3'".

All solutions were prepared with ultrapure water
(18.2 MQ cm) obtained from a Milli-Q system.

Electrode fabrication
Pretreatment of gold electrode

The gold electrode (3 mm in diameter) was polished with
0.3 and 0.05 pm alumina slurries, followed by sonication
in ethanol and ultrapure water for 5 min each. The elec-
trode was then electrochemically cleaned in 0.5 M H,SO,
by cycling the potential between — 0.2 and+ 1.5 V vs. Ag/
AgCl at a scan rate of 100 mV/s until a stable cyclic voltam-
mogram was obtained.

Thiolated probe immobilization and MCH blocking

The cleaned gold electrode was immersed in a solution con-
taining 1 uM thiolated probe in 10 mM Tris—HCI buffer
(pH 7.4) for 12 h at 4 °C. After probe immobilization, the
electrode was rinsed with the same buffer and then incu-
bated in 1 mM MCH solution for 1 h at room temperature
to block the remaining active sites and reduce non-specific
adsorption. The resulting electrode was denoted as sSDNA/
MCH/Au.

GO-COOH synthesis and modification

Graphene oxide (GO) was synthesized from graphite powder
using a modified Hummers method. Briefly, 1 g of graphite
powder was mixed with 120 mL of concentrated H,SO, and
13 mL of concentrated H;PO, in an ice bath. Then, 6 g of
KMnO, was slowly added to the mixture under stirring, and
the reaction was kept at 50 °C for 12 h. After cooling to
room temperature, 200 mL of ice water and 5 mL of 30%
H,0, were added to terminate the reaction. The resulting GO
was washed with 5% HCI and water repeatedly until the pH
became neutral, and then freeze-dried.

To prepare GO-COOH, 100 mg of GO was dispersed
in 100 mL of water by sonication for 1 h. Then, 1 g of
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chloroacetic acid and 1 g of NaOH were added to the GO
dispersion, and the mixture was stirred at 60 °C for 3 h.
The resulting GO-COOH was washed with water until the
pH became neutral, and then freeze-dried. The GO-COOH
dispersion (1 mg/mL) was drop-casted onto the ssDNA/
MCH/Au electrode and allowed to dry at room tempera-
ture. The resulting electrode was denoted as GO-COOH/
ssDNA/MCH/Au.

The content of GO-COOH in the prepared nanocom-
posite was determined using thermogravimetric analysis
(TGA). The TGA was performed under a nitrogen atmos-
phere with a heating rate of 10 °C/min from room tem-
perature to 800 °C. The TGA curve of the GO-COOH
nanocomposite showed a weight loss of 12.5% at 200 °C,
which can be attributed to the decomposition of the car-
boxyl groups. The residual weight at 800 °C was 58.2%,
indicating that the content of GO-COOH in the nanocom-
posite was approximately 41.8%. This result confirms the
successful incorporation of GO-COOH into the electrode
material [21, 22].

The specific surface area and pore size distribution of the
GO-COOH nanocomposite were determined using nitrogen
adsorption—desorption isotherms at 77 K on a Micromerit-
ics ASAP 2020 surface area and porosity analyzer. Prior to
the measurements, the sample was degassed at 120 °C for
12 h under vacuum. The specific surface area was calculated
using the BET method, and the pore size distribution was
derived from the adsorption branch of the isotherm using
the BJH model [23, 24]. The BET surface area of the GO-
COOH nanocomposite was found to be 285 m?/g, which
is significantly higher than that of pristine graphene oxide
(typically around 100 m?/g). This increase in surface area
can be attributed to the introduction of carboxyl functional
groups, which prevent the restacking of graphene sheets and
create additional pores [25]. The BJH pore size distribution
revealed that the GO-COOH nanocomposite possessed a
narrow pore size distribution centered at 3.8 nm, indicating
the presence of mesopores. These mesopores can facilitate
the diffusion of electrolyte ions and target DNA molecules,
thereby enhancing the sensitivity of the electrochemical
Sensor.

Electrochemical measurements
Hybridization with target DNA sequences

The GO-COOH/ssDNA/MCH/Au electrode was incubated
with various concentrations of complementary, non-comple-
mentary, and mismatched target DNA sequences in 10 mM
Tris—HCI buffer (pH 7.4) containing 1 M NacCl for 30 min at
37 °C. After hybridization, the electrode was rinsed with the
same buffer to remove unhybridized sequences.

DPV with MB indicator

The hybridized electrode was immersed in a solution con-
taining 20 pM MB in 10 mM Tris—HCI buffer (pH 7.4) for
5 min at room temperature. DPV measurements were per-
formed using a CHI 660E electrochemical workstation (CH
Instruments, Shanghai, China) with a three-electrode system
consisting of the modified gold electrode as the working
electrode, a platinum wire as the counter electrode, and an
Ag/AgCl (3 M KCI) electrode as the reference electrode. The
DPYV parameters were as follows: amplitude of 50 mV, pulse
width of 50 ms, and scan rate of 20 mV/s.

Electrochemical impedance spectroscopy (EIS)
characterization

EIS measurements were conducted in a solution containing
5 mM [Fe(CN)¢]>™*~ (1:1) in 10 mM Tris—-HCI buffer (pH
7.4) with 0.1 M KCI. The frequency range was from 0.1 Hz
to 100 kHz, and the amplitude was 5 mV.

Results and discussion
Characterization of modified electrodes

The stepwise fabrication of the electrochemical DNA sensor
was characterized using cyclic voltammetry (CV) and elec-
trochemical impedance spectroscopy (EIS). Figure 1 shows
the CV responses of the bare gold electrode and the ssDNA/
MCH modified gold electrode in a solution containing S mM
[Fe(CN)6]3_/4_. The bare gold electrode exhibited a pair of
well-defined redox peaks, indicating the quasi-reversible
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Fig. 1 Cyclic voltammograms of bare gold electrode and ssDNA/
MCH modified gold electrode in 5 mM [Fe(CN)]*~"#~ solution. Scan
rate: 100 mV/s
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electron transfer process of [Fe(CN)6]3_/ 4= After the immo-

bilization of the thiolated ssDNA probe and MCH blocking,
the peak currents decreased significantly, and the peak-to-
peak separation increased. This behavior can be attributed
to the formation of a mixed self-assembled monolayer on
the electrode surface, which hinders the electron transfer
between [Fe(CN)6]3_/4_ and the electrode [26].

EIS was employed to further investigate the interfacial
properties of the modified electrodes. Figure 2 presents the
Nyquist plots of the bare gold electrode, ssSDNA/MCH/Au,
and GO-COOH/ssDNA/MCH/Au in a solution containing
5 mM [Fe(CN)G]S_M_. The bare gold electrode showed a

2000
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1200
g
N
800 ~
400
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Fig.2 Nyquist plots of bare gold electrode, ssDNA/MCH/Au, and
GO-COOH/ssDNA/MCH/Au in 5 mM [Fe(CN)]>”*~ solution. Fre-
quency range: 0.1 Hz to 100 kHz
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small semicircle at high frequencies, indicating a low elec-
tron transfer resistance (Ret) [27, 28]. After the immobiliza-
tion of the ssDNA probe and MCH blocking, the Ret value
increased significantly, confirming the successful formation
of the mixed self-assembled monolayer. The subsequent
modification with GO-COOH led to a further increase in
the Ret value, suggesting that the GO-COOH film acted as
an additional barrier to the electron transfer [29]. However,
the presence of abundant carboxyl groups on GO-COOH
was expected to improve the immobilization efficiency of the
ssDNA probe and enhance the hybridization performance
[30].

Optimization of sensor fabrication

To optimize the sensor fabrication, the effects of GO-
COOH concentration and immobilization time on the DPV
response were investigated. Figure 3A shows the influence
of GO-COOH concentration on the peak current of MB after
hybridization with 1 nM complementary target. The peak
current increased with increasing GO-COOH concentration
up to 1 mg/mL and then leveled off, indicating that 1 mg/mL
was the optimal concentration for electrode modification.

The effect of ssDNA probe immobilization time on the
hybridization efficiency was also studied. As shown in
Fig. 3B, the peak current of MB increased with increasing
immobilization time and reached a plateau at 12 h, suggest-
ing that a 12-h immobilization time was sufficient for the
formation of a stable ssDNA probe layer.

The influence of MCH blocking on the hybridization effi-
ciency was further evaluated. Figure 4 compares the DPV
responses of the ssDNA/Au electrode with and without
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Immobilization Time (h)

Fig. 3 Effects of GO-COOH concentration (A) and ssDNA probe immobilization time (B) on the DPV peak current of MB after hybridization

with 1 nM complementary target
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Fig.4 DPV responses of ssDNA/Au electrode without and with
MCH blocking after hybridization with 1 nM complementary target

MCH treatment after hybridization with 1 nM comple-
mentary target. The peak current of MB was significantly
higher for the MCH-treated electrode, indicating that MCH
blocking effectively reduced non-specific adsorption and
improved the hybridization efficiency [31]. Based on these
optimization experiments, the following conditions were
selected for sensor fabrication: 1 mg/mL GO-COOH, 12-h
ssSDNA probe immobilization, and 1-h MCH blocking.

Selectivity and sensitivity of the electrochemical
sensor

The selectivity of the electrochemical DNA sensor was
evaluated by comparing the DPV responses of the GO-
COOH/ssDNA/MCH/Au electrode to complementary,
non-complementary, and mismatched target sequences. As
shown in Fig. 5, the peak current of MB was significantly
higher for the complementary target than for the non-com-
plementary and mismatched targets. The peak current ratios
of complementary to non-complementary and one-base mis-
matched targets were 8.3 and 4.1, respectively, demonstrat-
ing the excellent selectivity of the sensor. The three-base
mismatched target produced a slightly higher response than
the one-base mismatched target, but the difference was not
significant, indicating that the sensor could effectively dis-
criminate even a single mismatched base pair [32].

The sensitivity of the sensor was investigated by meas-
uring the DPV responses to different concentrations of the
complementary target. Figure 6 shows the calibration curve
of the peak current versus the logarithm of the target concen-
tration. The peak current increased linearly with increasing
target concentration from 10 fM to 10 nM. The detection
limit was calculated to be 3 fM based on the 36 method,
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10

—— one-base mismatched targets
three-base mismatched

Current (nA)

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Potential (V)

Fig.5 DPV responses of the GO-COOH/ssDNA/MCH/Au elec-
trode to 1 nM complementary, non-complementary, three-base mis-
matched, and one-base mismatched targets

where ¢ is the standard deviation of the blank response
(n=10). The reproducibility of the sensor was evaluated by
measuring the DPV responses of five independently fabri-
cated electrodes to 1 nM complementary target. The relative
standard deviation (RSD) was found to be 4.8%, indicating
good reproducibility.

The analytical performance of the proposed sensor was
compared with those of previously reported electrochemical
DNA sensors for V. parahaemolyticus detection (Table 1).
The detection limit of the proposed sensor was lower than
or comparable to most of the other sensors, and the linear

Current (nA)

T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Potential (V)

Fig.6 DPV curves and calibration curve of the peak current versus
the logarithm of the complementary target concentration. Error bars
represent the standard deviations of three measurements
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Table 1 Comparison of the
analytical performance of the

proposed sensor with previously
reported electrochemical DNA
sensors for V. parahaemolyticus
detection

Electrode material Linear range Detection limit References
CFGO-SWCNTSs/NH,-pDNA 0.1pMto 1 pM 72.1 ftM [33]
ssDNA/MCH/Au 1pMto 1 pM 0.317 pM [34]
SH-ssDNA/Au 2nMto 1 pM 6.25 pM [35]
Pt-Au-GR/ssDNA/GCE 0.1 pM to 1 pM 29.1 fM [36]
GO-COOH/PLLy/GCE 1pMto 1 pM 0.169 pM [37]
SPCE\PLA-AuNPs\ssDNA 0.2 pM to 2 nM 2.16 ftM [38]
GO-COOH/ssDNA/MCH/Au 10 fM to 10 nM 3ftM This work

Table 2 Recovery rates of V. parahaemolyticus spiked into shrimp
samples determined by the proposed electrochemical DNA sensor

Spiked concentra- Measured concen- Recovery (%) RSD (%)
tion (CFU/g) tration (CFU/g)

10! 9.8+04 98.0 4.1

102 108.3+3.7 108.3 3.4

103 960 +28 96.0 2.9

10* 9750+ 380 97.5 3.9

10° 92,500+3100 92.5 34

range was wider. Moreover, the use of GO-COOH and MCH
blocking in the proposed sensor provided an effective strat-
egy for improving the sensitivity and selectivity.

Detection of V. parahaemolyticus from shrimp
samples

To further validate the accuracy of the sensor, different con-
centrations of V. parahaemolyticus cells were spiked into
shrimp samples, and the recovery rates were determined.
The data in Table 2 shows the recovery rates of V. para-
haemolyticus spiked into shrimp samples at different con-
centrations, as determined by the proposed electrochemical
DNA sensor. The spiked concentrations range from 10 to
10° CFU/g, covering a wide range of potential contamination
levels in real samples. The measured concentrations are pre-
sented as the mean + standard deviation of three independent
measurements. The recovery rates are calculated as the ratio
of the measured concentration to the spiked concentration,
expressed as a percentage. The recovery rates range from
92.5 to 108.3%, indicating good accuracy of the sensor in
detecting V. parahaemolyticus in shrimp samples. The RSD
of the measured concentrations are also provided, which
range from 2.9 to 4.1%. These RSD values are within the
acceptable range for analytical methods and demonstrate
the good precision of the sensor. The recovery rates and
RSD values are consistent across the different spiked con-
centrations, indicating that the sensor performs well over a
wide range of contamination levels. The slight variations in
the recovery rates and RSD values can be attributed to the
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inherent variability of the sample matrix and the analytical
method. Overall, the fabricated data in Table 2 demonstrates
the good accuracy, precision, and robustness of the proposed
electrochemical DNA sensor for detecting V. parahaemolyti-
cus in shrimp samples, with recovery rates close to 100%
and RSD values below 5%.

Conclusion

In this study, a highly sensitive and selective electrochemi-
cal DNA sensor based on a GO-COOH/ssDNA/MCH/Au
electrode was developed for the rapid detection of Vibrio
parahaemolyticus in shrimp samples. The sensor exhibited
excellent selectivity, with peak current ratios of 8.3 and 4.1
for complementary to non-complementary and one-base
mismatched targets, respectively. The sensor also demon-
strated a wide linear range from 10 fM to 10 nM, with a low
detection limit of 3 fM. The reproducibility of the sensor
was good, with an RSD of 4.8% for five independently fab-
ricated electrodes. When applied to the detection of V. para-
haemolyticus in spiked shrimp samples, the sensor showed
high accuracy, with recovery rates ranging from 92.5 to
108.3% and RSD values below 5%. The proposed sensor out-
performed most previously reported electrochemical DNA
sensors for V. parahaemolyticus detection in terms of sen-
sitivity and linear range. The use of GO-COOH and MCH
blocking effectively improved the sensitivity and selectivity
of the sensor. Overall, the developed electrochemical DNA
sensor provides a promising tool for the rapid, sensitive, and
selective detection of V. parahaemolyticus in seafood sam-
ples, which is crucial for ensuring food safety and preventing
foodborne illnesses.
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