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Abstract

In the current study, a sensitive electrochemical sensing strategy based on aptamer (APT) for detection of sulfadimidine (SM,)
was developed. A bare gold electrode (AuE) was first modified with 2-aminoethanethiol (2-AET) through self-assembly, used as
linker for the subsequent immobilization of multi-walled carbon nanotubes and gold nanoparticle composites (MWCNTs/
AuNPs). Then, the thiolated APT was assembled onto the electrode via sulfur-gold affinity. When SM, existed, the APT
combined with SM, and formed a complex structure. The specific binding of SM, and APT increased the impedance, leading
to hard electron transfer between the electrode surface and the redox probe [Fe(CN)s]* ’*~ and producing a significant reduction
of the signal. The SM, concentration could be reflected by the current difference of the peak currents before and after target
binding. Under optimized conditions, the linear dynamic range is from 0.1 to 50 ng mL™', with a detection limit of
0.055 ng mL™". The sensor exhibited desirable selectivity against other sulfonamides and performs successfully when analyzing
SMj; in pork samples.
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Introduction

Sulfonamide antibiotics (SAs), a series of synthetic antimicro-
bials containing a—SO,NH,— group, have been widely used as
veterinary drugs to inhibit bacterial growth and treat the infec-
tions in livestock production. However, indiscriminate use of
SAs in animal breeding can result in unacceptably high resi-
dues in foods [1]. The unwanted residues in animal feed may
induce hypersensitive allergic reactions and drug resistance
problems in humans. Some SAs are even potentially carcino-
genic [2, 3]. Given the food safety and public health concerns,
many countries have been legally established the maximum
residue limits (MRLs). According to European Union regula-
tions, the MRL of SAs in foods from animal origin is
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100 ng g ' [4]. Therefore, it is necessary to establish a rapid
and simple analytical method to determine the SA residues in
various samples.

So far, methods such as liquid chromatography/tandem
mass spectrometry (LC-MS/MS) [5-8], high-performance lig-
uid chromatography (HPLC) [9-11], capillary electrophoresis
[12, 13], enzyme-linked immune assay [14, 15], and
biosensor-based assays [16, 17] have been developed to ana-
lyze SA residues. Whereas these techniques have achieved
satisfactory results, some of them are generally cumbersome
and slow, and thus, the development of a real-time means for
such targets remains a compelling goal.

Recently, the aptasensors have been studied widely be-
cause of their unique advantages. Aptamer (APT) is a
single-stranded DNA or RNA ligand artificially selected for
various targets including small molecules, proteins, and cells
with specificity and high affinity. Compared with antibodies
as recognition elements, APT is such easier in synthesize and
more versatility in labeling, immobilization, and signaling
[18-20]. Therefore, numerous reports have studied on
aptasensors utilizing various signal transducers, such as
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fluorescent [21], colorimetric [22, 23], and electrochemical
systems [24, 25]. Among these methods, electrochemical de-
tection have attracted lots of attention because it is rapid and
cost-effective. More and more researchers focus on the use of
electrochemical aptasensor for SA detection.

Although APT is the promising specificity recognition el-
ement, one major drawback of APT is a rather poor detection
limit that was caused by the relatively low association con-
stants with small molecules. Because of this defect, the
high sensitivity required in determination of small mol-
ecules based on APT is hard to achieve by simple
“direct” binding. Hence, many works have been focused
on using nanomaterial modification to improve the re-
sponse signal.

Multi-walled carbon nanotubes (MWCNTSs) have received
particular attention due to their rich nanoporous, their layered,
and hollow structures [26], and their unique mechanical and
electrical properties [27, 28]. MWCNTs are widely served as a
perfect electrode-modifying material because of their high
specific surface area and excellent electrical performance.
MWCNTs functionalized with noble nanoparticles are also
considered as immobilization matrices with synergistic pur-
pose. Gold nanoparticles (AuNPs) are one of the highly stud-
ied nanoparticles in noble nanoparticles, owing to the superior
merits such as electrocatalytic ability, excellent conductivity,
and biocompatibility [29, 30]. The composites of MWCNTs
and AuNPs have been shown to be an effective approach to
enhance the properties of aptasensors [31-33].

In this study, we have developed electrochemical
aptasensor based on MWCNTs/AuNPs/AuE for the quantita-
tive detection of sulfadimidine (SM,; Scheme 1). For this
purpose, an AuE is first modified with 2-aminoethanethiol
(2-AET) through self-assembly to immobilize the MWCNT/
AuNP nanocomposites via the formation of amidic bonds be-
tween the aminic functionalities of the 2-AET and the carbox-
yl groups of MWCNTs (the MWCNTs are functionalized with
carboxyl groups by strong mixed acid pretreatment). Then,
thiolated APT was assembled onto the electrode via sulfur-
gold affinity. Upon SM, binding, electron transfer is inhibited,
probably due to the formation of APT and SM, can block the
diffusion of [Fe(CN)é]}/ 4~ towards the surface of working
electrode, producing a significant reduction of the signal.
Differential pulse voltammetry (DPV) was investigated for
the reading of the assay.
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Scheme 1 Chemical structure of sulfadimidine
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For all we know, there is rarely previous report on electro-
chemical aptasensor for SM, detection based on the
MWCNTs/AuNPs/AuE. With this system, the SM, could be
specifically detected, and a wide linear dynamic range as well
as a low detection limit could be achieved. Meanwhile, the
optimal conditions and other performance characteristics of
the detection system were also investigated: selectivity, repro-
ducibility, and stability, for example. Furthermore, the con-
structed electrode could be performed successfully to detect
SM, in pork samples.

Experimental
Reagents and materials

Thiol-terminated DNA oligonucleotides were received from
Sangon Biotech Co., Ltd. (Shanghai, China). The sequences
of employed single oligonucleotides are as follows: 5'SH-
TTA GCT TAT GCG TTG GCC GGG ATA AGG ATC
CAG CCG TTG TAG ATT TGC GTT CTA ACT CTC-3’
(DNA). MWCNT was purchased from Beijing Gaoke
Technology Material Co., Ltd. (Beijing, China). SM, and
chloroauric acid (HAuCl,) were ordered from Aladdin
Industrial Co., Ltd. (Shanghai, China). 6-Mercapto-1-
hexanol (MCH), N-hydroxysuccinimide (NHS), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide (EDC), and 2-
AET were received from Shanghai Yuanye Bio-Technology
Co., Ltd. (Shanghai, China). Tris-HCI (10 mM, 1 mM EDTA,
pH 7.4) was used as a solvent of APT. Phosphate-buffered
solution (PBS; 20 mM, pH 7.4) consisted of Na,HPOy,
NaH,PO,, and NaCl solutions. All other chemicals used were
of analytical grade.

Apparatus

Electrochemical tests were carried out on the CHI660E elec-
trochemical workstation (Shanghai Chenhua Instrument
Corporation, China) with a conventional three-electrode cell
that contained an AuE or modified AuE as working electrode,
an Ag/AgCl as reference electrode, and a platinum wire as
counter electrode. Fourier transform infrared spectroscopy
(FTIR) and transmission electron microscopy (TEM) were
performed on Nicolet 6700 (Thermo Fisher Scientific,
America) and HT7700 (Hitachi, Japan), respectively. The
UV-vis absorption spectra were collected using a UV-6100s
double beam spectrophotometer (Mapada, China).

Electrode preparation
The surface of AuE was firstly polished with 0.05 um alumina

slurry to get mirror-like and washed with ethanol and deion-
ized water by successive ultra-sonication for 5 min.
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Subsequently, the electrode was placed into an electrochemi-
cal cell using voltage cycling between — 0.3 and 1.5 V for 20
cycles in 1 M H,SO4 until background signal stabilization and
then rinsed thoroughly with deionized water.

Preparation of 2-AET/AuE

The self-assembly of 2-AET on AuE was by dipping elec-
trodes in 4 mM solution of 2-AET in absolute ethanol for
20 h. Following this procedure, the surface of AuE was mod-
ified with amino groups.

Preparation of MWCNTs/AuNPs/AuE

One gram of MWCNTs was treated with 80 mL of concen-
trated HNO3:H,SOy, (3:1) (v/v) for 24 h. After ultrasonic treat-
ment, the mixture was filtered and rinsed until the pH value
reached 6.5-7.0. The treated MWCNT was dried in a vacuum
oven under 120 °C for 4 h. This process was for the open of
the ends of long tubes and the introduction of carboxyl groups
to the surface.

MWCNTs/AuNPs were prepared by modifying a previous-
ly described procedure [34]. 4.5 mg of treated MWCNTs was
added in 6.0 mL of 1.0% (w/v) sodium citrate solution to
prepare a uniform suspension solution through a 5-min ultra-
sonic treatment. Then, this suspension was transferred to a
beaker containing 75.0 mL deionized water and heated to
the boiling point while stirring. Later, 750 uL of 1% (v/v)
HAuCl, was rapidly added, mixed thoroughly for 5 min,
and maintained at boiling point for another 5 min until the
color of the solution turned into watermelon red. Finally, the
resulting materials were placed in the vacuum oven to be dried
under 60 °C for 2 h.

The MWCNTs/AuNPs/AuE were obtained by dropping
5 uL of MWCNT/AuNP solution containing 0.2 M NHS

Scheme 2 Schematic diagram of

and 0.2 M EDC onto the surface of 2-AET/AuE for 2 h.
After removal of composite materials without covalent con-
nections by washing with PBS solution, the fabricated elec-
trode was dried at room temperature.

Preparation of APT/MWCNTs/AuNPs/AuE
and MCH/APT/MWCNTs/AuNPs/AuE

Five microliters of 5 uM thiol-labeled DNA (10 mM Tris-
HCI, 1 mM EDTA, pH="7.4) was dropwise added onto the
surface of the modified electrodes and was incubated 2 h in
order to make sure the immobilization of DNA with AuNPs
via sulfur-gold affinity. The electrode was rinsed with Tris-
HCI buffer solution to remove the physically adsorbed DNA
prior to use in the following procedure. To minimize the non-
specific DNA adsorption and block the possible remaining
active site on the bare gold surface, 5 uL of 1 M MCH solu-
tion was added onto APT/MWCNTs/AuNPs/AuE and incu-
bated at 37 °C for 1 h. The fabricated APT sensor was kept at
4 °C.

Experimental detection of SM,

The prepared aptasensor was immersed into desired concen-
trations of SM, solutions for 30 min at 37 °C and then cleaned
with Tris-HCI buffer solution, followed by EIS and DPV.

The detection principle was based on the changes of the
peak currents of the redox probe [Fe(CN)é]H 4~ before and
after the incubation of SM,. When the background current of
the aptasensor was stable, the peak current was recorded as /.
Then, after the formation of APT-SM, complex, the imped-
ance was increased, which led a decrease in peak current and
recorded as /. The changes of the current response (A7) were
given by Al = Iy — 1. The design concept of the detection
system was displayed in Scheme 2.

NH, NH,
the aptasensor to detect SM, ;
HN~"SH [ = %i\ MWW
L ——— —— \ L ——
2-AET L4 .
AuE 2-AET/AuE MWNTs/AuNPs/AuE APT/MWNTs/AuNPs/AuE
0 l

T eee———— =

EIV
=== MWNTs [} MCH
® AuNPs Aptamer(APT)
S99 MWNTs/AuNPs ‘ SM,
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EIS were performed under a signal amplitude of 5 mV over
the frequency range of 10 kHz to 10 mHz in a 10 mM
K4[Fe(CN)g]/K5[Fe(CN)g] solution containing 0.1 M KCI.
DPV were registered in the potential range from 0.0 to 0.5 V
vs Ag/AgCl at room temperature in a 5 mM Ky[Fe(CN)gl/
K;[Fe(CN)g] solution containing 0.1 M KCI. The parameters
applied were the following: 50 mV pulse amplitude, 0.1 pulse
width, and 0.5 s pulse period.

Results and discussion
Physicochemical characterization of the materials

The FTIR spectra confirmed the successful synthesis of the
materials. As illustrated in Fig. 1(a), there is a peak in the
FTIR spectrum of MWCNTs at 1547.52 cmfl, which can be
assigned to the C—C vibration. As shown in Fig. 1(b), the
FTIR spectrum of carboxylic MWCNTSs presents a character-
istic carboxyl peak at 1711.02 cm™' attributed to C=0
stretching, suggesting that the carboxylic groups’ introduction
into MWCNTs that improve the electrical catalytic properties
of MWCNTs is successful [35]. Simultaneously, the C—C vi-
bration peak of carboxylic MWCNTs enhanced oxidation
treatment, which means that some molecular structures are
interrupted to form smaller structures. The same vibrational
peaks of carboxylic MWCNTSs appear in the spectrum of the
nanocomposite with AuNPs (Fig. 1(c)), as expected.

UV-vis spectrophotometry was used to investigate the
nanocomposite (Fig. 2). The spectra of the MWCNT solution
show no absorption peak. For AuNPs, a sharp peak at around
520 nm appears. With the addition of AuNPs to MWCNTs,
the peak at 520 nm decreased in intensity, indicating that
AuNPs are successfully decorated onto the MWCNTs [30].
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Fig. 1 FTIR spectra of (a) MWCNTSs, (b) carboxylic MWCNTSs, and (c)
MWCNTs/AuNPs
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Fig. 2 UV-vis spectra of (a) MWCNTs, (b) AuNPs, and (c)
MWCNTSs/AuNPs

Also, we used TEM to characterize MWCNTs/AuNPs
(Fig. 3). TEM image of MWCNTs (Fig. 3a) clearly shows
the typical nanotube morphology. Compared to MWCNTs,
the length of carboxylic MWCNTs decreases remarkably.
The long tubes are split into shorter tubes, revealing an in-
creased number of open ends, which increases the specific
surface area and reactive site of the MWCNTs (Fig. 3b). In
the case of MWCNTs/AuNPs, AuNPs are observed as dark
dots that are well dispersed and uniformly deposited on the
ends or on the sidewalls of MWCNTSs (Fig. 3¢). The diameter
of AuNPs ranges from 10 to 20 nm. These results were con-
sistent with the result of FTIR spectra, which were similar to
those of previous studies [34].

In order to further validate the composites of MWCNTSs/
AuNPs, the energy-dispersive X-ray spectroscopy (EDS) ele-
mental analysis has been operated. As expected, the signals
for C and Au elements from MWCNTs and AuNPs are de-
tected in the EDS result (Fig. 3d).

Characteristics of electrochemistry on electrode
surface

EIS is an effective method to study the interface characteristics
of modified electrodes. Figure 4 shows the impedance spec-
troscopy of the different modified electrodes, and the imped-
ance data are fitted to an equivalent circuit, shown as an inset
in Fig. 4, which includes the commonly present electrolyte
resistance (Rs), electron-transfer resistance (Ret), constant
phase element (Q), and Warburg impedance (Zw). As shown
in Fig. 4, the bare AuE shows a relatively small semicircle
domain, which is estimated to be about 48.58 (). In the next
stage, the Ret increases obviously, which might be attributed
to the fact that the formed —NH, groups hinder the electron
transfer to the electrode surface (98.89 (2). After the surface is
modified by MWCNTs/AuNPs, the Ret decreases and is less
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Fig. 3 TEM image of a MWCNTs, b carboxylic MWCNTs, and ¢ MWCNTs/AuNPs, and d EDS elemental analysis spectrum of MWCNTs/AuNPs
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Fig. 4 EIS of the different electrodes (a) bare AuE, (b) 2-AET/AuE, (c)
MWCNTs/AuNPs/AuE, (d) APT/MWCNTs/AuNPs/AuE, (¢) MCH/
APT/MWCNTs/AuNPs/AuE, and (f) SM,/MCH/APT/MWCNTs/
AuNPs/AuE. Supporting electrolyte, 10 mM [Fe(CN)s]*"* +20 mM
PBS (pH 7.4) solution. The frequency range is at 1 x 10~ x 10° Hz.
Inset is the equivalent circuit mold applied to fit the impedance spectra

than the bare AuE, which indicates the introduction of nano-
composite that has a high specific surface area, and a syner-
gistic effect of MWCNTSs with AuNPs can effectively increase
the electrical conductivity (30.25 ). The value of Ret in-
creases to 385 ) after immobilization of APT, owing to the
electrostatic repulsion between the negatively charged inter-
face resulted by negative charge of APT and the negatively
charged redox probe [Fe(CN)g]> . Also, a further increment
in Ret (482.6 () is observed after the addition of MCH is
attributed to the blockage of any remaining free spaces on
the electrode. When the fabricated electrode reacts with
SM,, the value of Ret increases to 593.1 €2, due to the specific
binding of SM, that decreases the electron transfer efficiency.

Moreover, DPV was also employed to investigate the role
of composite material amplification. As shown in Fig. SA, the
two curves represent, respectively, that APT is immobilized
on the bare AuE and MWCNT/AuNP-modified AuE. It is
seen that the increased signal response of [Fe(CN)e]> 7~ was
recorded by using the immobilization interface of MWCNT/
AuNP-modified AuE. The reason seems that MWCNTs/
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Fig. 5 A DPV of different electrodes in 20 mM PBS containing 5 mM [Fe(CN)6]37/47 and 0.1 M KCI: (a) MCH/APT/AuE, (b) MCH/APT/MWCNTs/
AuNPs/AuE. B DPV of the MCH/APT/MWCNTs/AuNPs/AuE for SM, in the (a) absence or the (b) presence of 50 ng mL ! after incubation

AuNPs can not only enhance the immobilization sites of DNA
but also promote the electronic transfer. This result demon-
strates that the MWCNT/AuNP-modified AuE is very useful
for SM, sensing.

The feasibility of the proposed protocol using DPV was in-
vestigated by incubating the sensing interface with 0 and

C/uM

0 10 20 30 40 50 60

Temperature / C

50 ng mL ™" of SM, solution, respectively, under the same exper-
imental conditions. As shown in Fig. 5B, when the APT-SM,
recognition reaction was carried out, the change of the current
response was calculated as 37.01 pA, which decreased by
43.6%. The results are consistent with the EIS results, indicating
that this present method can be successfully used to detect SM,.
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Fig. 6 Optimization of the experimental conditions: effects of a APT concentration, b APT incubation time, ¢ APT incubation temperature, and d SM,
interaction time. Error bars are the standard deviations of three experiments. The DPV conditions were the same as Fig. 4
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Fig. 7 Calibration curve of DPV responses for varying SM,
concentrations from 0.1 to 50 ng mL™". Inset shows the peak currents
of'the electrochemical aptasensor to various concentrations of SM, (from
(a)—(h): 0, 0.1, 1, 10, 20, 30, 40, and 50 ng mL™")

Optimization of experimental conditions

To obtain a perfect sensitivity, some experimental parameters
were investigated and the decrease of [Fe(CN)¢]* "* peak
currents response before and after the SM, treatment (A[)
was used as an indicator.

For finding the optimum concentration of APT that
immobilized the electrode, five different concentrations of so-
lution were studied (1.0, 2.5, 5.0, 7.5, and 10.0 uM). As
shown in Fig. 6a, the A7 increased rapidly with the APT
concentration from 1 to 5 uM, then remained nearly
constant. It was probably because the immobilization
of APT had reached saturation point when the concen-
tration of APT was more than 5.0 uM. Therefore, the
concentration of 5.0 uM was selected for the prepara-
tion of the proposed aptasensor.

The incubation time of APT was investigated as it was one
of the important parameters of aptasensor. It was found that
Al increased gradually with increasing incubation time and
then tended to level off after more than 120 min (Fig. 6b).
This is probably owing to the full coverage of the

active sites on the electrode surface by the APT that stands
after 120 min. Hence, the incubation time of 120 min was
applied in the subsequent work.

The influence of incubation temperature of APT was also
studied over range of 4-55 °C. As shown in Fig. 6c, the A/
increased when the temperature rose and achieved a maxi-
mum at 37 °C. Thus, the incubation temperature was optimal
and chosen.

The different interaction time of SM, might cause the
peak current decreases in different degrees. Therefore,
the effect of interaction time was studied to determine
the optimum condition. As shown in Fig. 6d, the Af
increased as the interaction time increased from 10 to
30 min, and then tended to decrease slowly, indicating that
the APT-SM, complexes were saturated on the modified AuE
surface. Considering the time of analysis, 30 min was consid-
ered as the optimal interaction time.

Detection of SM,

The detection performance of the aptasensor was evalu-
ated by the change of peak currents after the introduc-
tion of SM, at a series of concentrations under the
optimal conditions. Figure 7 shows the changes of cur-
rent response (Al) were proportional to the SM, con-
centrations ranging from 0.1 to 50 ng mL™' with a
regression equation of the form A7 (pA)=0.536C
(ng mL 1) +16.169 and a linear correlation of R*=
0.993. A limit of detection of 0.055 ng mL ™' was esti-
mated according with the 3SD/m criterion, where SD
was the standard deviation (n=12) of the signals in
blank PBS solution, and m was the slope of the calibra-
tion graph. The results showed that it could successfully
detect the SM, with low detection limit and high sensi-
tivity. The performance of the aptasensor had also been
compared with other analytical systems, as shown in
Table 1.

Selectivity of the aptasensor

Besides sensitivity, selectivity was also an important feature
for aptasensors. Sulfamethoxazole (SMZ) and sulfadiazine

Table 1 Comparison of the

analytical performance with other Method Linear range Limit of detection References

methods for the determination of

SM, Surface plasmon resonance-based biosensor 0-200 pg kg ! 1.7 ug kg [36]
Evanescent wave immunosensor 0.17-10.73 ng mL™! 0.05 ng mL™! [13]
Enzyme-linked immunoassay 0.1-50 ug g 70ngg ' [37]
Planar waveguide evanescent wave i 0.19-10.10 ng mL ™' 0.06 ng mL™! [38]

mmunosensor

Aptasensor 0.1-50 ng mL ! 0.055 ng mL"™" This work
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(SDZ), which belong to the SA family, were examined for
their interference effects. As shown in Fig. 8, after reaction
with 50 ng mL™' SMZ and 50 ng mL™' SDZ, respec-
tively, the peak current decreased slightly (Fig. 8(b), (c)). In
contrast, after respectively reaction with 50 ng mL™' SM, and
the mix of 50 ng mL™! SM,, 50 ng mL~' SMZ, and
50 ng mL™" SDZ, there was a significant response of peak
current decreasing, and the current responses in the two solu-
tions showed less than 5% difference. It was obviously exhib-
ited that the proposed aptasensor was able to discriminate SM,
in complex samples from its analogues.

Reproducibility and stability of the aptasensor

The reproducibility was estimated with six purposed
electrodes independently fabricated by the same process.
The relative standard deviation (RSD) was 3.58% in the
presence 50 ng mL™' SM,. The low value of RSD
demonstrated the reliability of the fabrication process.
In addition, the stability of the aptasensor was studied.
After 10 consecutive measurements of DPV using the
same electrode, a RSD of 4.17% was acquired. The
long-time stability was also investigated. The aptasensor
was kept at 4 °C in the refrigerator and measured every
3-5 days. After 30 days, the current response is approx-
imately of the 90.08% of the original value.

Application in the detection of SM,

In order to evaluate the applicability and reliability of the
developed electrochemical aptasensor in real sample, the re-
covery experiment of SM, with different concentrations was
carried out. First, 0.5 g of mashed pork samples was sonicated
in 1 mL ethyl acetate. Then, it was centrifuged at 5000 rpm for
10 min. Finally, the supernatant was collected and prepared for

b ¢
0 ] . .
SM 2 SMZ SDZ Mixture

Fig. 8 Specificity of the aptasensor to 50 ng mL™' SM, by comparing it
to the different SAs at the same concentration. (a) SM,. (b) SMZ. (¢)
SDZ. (d) A mix of the three SAs
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Table2 SM, determination in real samples by the proposed aptasensor

Samples Added Found Recovery RSD
(ngmL™") (ngmL™) (%)

Pork samples 2 1.92 96 2.6
4 4.08 102 3.7
6 5.88 98 2.1

the next step. All the pork samples were assumed to be free of
SM,. SM, standard solutions were spiked into the real samples
to prepare the SM, concentrations of 2, 4, and 6 ng mL ™. All
the experimental measurements were performed three times
independently, and the results are shown in Table 2. It was seen
that the recoveries and the RSD were in the range of 96~102 and
2.1~3.7%, respectively, which confirmed that the proposed
aptasensor was applicable for SM, detection.

Conclusions

A novel electrochemical aptasensor based on MWCNT/
AuNP-modified AuE was proposed for the determination of
SM,. The design relies on the reduction of current of
[Fe(CN)é]3 4~ as redox probe after APT binding to their tar-
gets and signal enhancement of nanotechnology. The experi-
mental conditions related to APT are optimized by using DPV
method and this sensor exhibits a wide linear range, low de-
tection, admirable selectivity, and high reproducibility.
Furthermore, the recovery test also demonstrates the feasibil-
ity of the constructed aptasensor for SM, detection in the real
samples. Therefore, based on the remarkable performance, it
can become a powerful tool applied in the future on-site
detection.
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