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Editorial on the Research Topic

Graphene-Enhanced Electrochemical Sensing Platforms

Graphene is a two-dimensional carbon material with very wide applications. Its emergence has had a
very significant impact on the field of electrochemical sensing. The most direct impact is about the
large number of electrochemical sensors modified with graphene materials have been reported. The
purpose of this Research Topic is to attract scientists from different fields to provide individual
research on graphene electrochemical sensors. This Research Topic attracted a total of 12 papers,
including eight research articles and four mini-reviews. Not surprisingly, this topic has attracted
research efforts in different fields, including drug detection, investigation of antioxidant properties,
analysis of soil organic matter content and characterization of antimicrobial properties.

The detection of cancer indicators is the most frequent research direction in this Research Topic.
Zhang et al. summarized the development of carbon nanomaterials for electrochemical analysis of
gastric cancer markers, with particular emphasis on the important work of graphene in recent years.
Carcinoembryonic antigen (CEA), carbohydrate antigen (CA) 125, CA19-9, CA72-4 and several
miRNAs were presented in detail as the most important gastric cancer markers. Wei et al
summarized the recent development of graphene-based electrochemical sensors for detecting
hematological malignancies-associated biomarkers. They highlighted electrochemical sensors in
RNA biomarkers and protein-based markers. In addition, this mini-review specifically contains
label-free electrochemical sensors for the detection of DNA and CTC markers in blood tumors. A
mini-review was also contributed by (Xu et al.). They focused on the analytical application of graphene
electrochemical sensors in pancreatic cancer detection. They also discussed the use of CEA detection in
pancreatic cancer screening. Due to the specificity of pancreatic cancer, they also discuss the application
of graphene-assisted electrochemical sensors in mutant K-Ras gene detection. In addition to the review,
this Research Topic also attracted a research paper on cancer indicator detection. Wang et al. reported an
integrated electrode system on an FR-4 glass fiber. Graphene electrode has been used as a working
electrode. The proposed electrochemical sensor can be used for linear sensing of CEA in the range of 0.
2-15.0 ng/ml with a limit of detection of 0.085 ng/ml. From the above studies, it is clear that there is no
particularly strong specificity between cancer indicators and cancer, for example, CEA can be used as an
indicator for many different cancers. Therefore, for the diagnosis of cancer, a combination of multiple
indicators is often required. Therefore, how to establish an electrochemical sensor for multi-indicator
detection is an important direction for this technology in the future. This Research Topic not only
attracts detection for cancer indicators, but also for cancer drugs. Wu et al. reported a biosynthesized
graphene-silver nanocomposite for imatinib detection.

The detection of indicators has a very important place in clinical research. In addition to cancer
indicators, troponin I and blood glucose are very important indicators in the clinical diagnosis of
myocardial infarction and diabetes, respectively. In this Research Topic, Li et al. reported a silver
nanoparticles/MoS,/reduced graphene oxide electrochemical sensor for cardiac troponin I detection.

Frontiers in Chemistry | www.frontiersin.org

4 December 2021 | Volume 9 | Article 815981


http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2021.815981&domain=pdf&date_stamp=2021-12-02
https://www.frontiersin.org/articles/10.3389/fchem.2021.815981/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.815981/full
https://www.frontiersin.org/researchtopic/18434
https://www.frontiersin.org/articles/10.3389/fchem.2021.736271/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.735668/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.733371/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.721008/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.670074/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.680593/full
http://creativecommons.org/licenses/by/4.0/
mailto:fuli@hdu.edu.cn
https://doi.org/10.3389/fchem.2021.815981
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2021.815981

Fu et al.

Meanwhile, another mini-review summarizes the application of
electrochemical POC sensors in blood glucose detection (Li et al.).
The POC blood glucose sensor is a product that has been
commercialized, but still has some application disadvantages.
Graphene may be able to provide new solutions to these
problems.

Graphene has become a platform for evaluating microbial
resistance due to its excellent electrical properties and its two-
dimensional ~structure that allows microorganisms to be
sequestered. This Research Topic has attracted two articles in this
field. Li and Sun reported a graphene-assisted electrochemical sensor
for antibiotic resistance detection in Escherichia coli. Duan et al. also
reported an electrochemical sensor for drug resistance of Escherichia
coli. However, methylene blue was used as a probe in this work.

In addition to the common electrochemical sensors mentioned
above, this Research Topic has attracted three interesting works related
to the agricultural and phytological fields. Yue et al. used an
electrochemical sensor for peroxidase evaluation in herbal
medicines. The reduction of hydrogen peroxide by a graphene-
assisted sensor was used as a signal. Yan et al. reported a graphene
oxide-embedded hydrogel for antioxidant activity evaluation of
Scutellaria baicalensis. Liu et al. reported a pioneer work. For the
first time, they used graphene-modified electrodes for the detection of
organic matter content in the soil.

Editorial: Graphene Based Electrochemical Sensor
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Antioxidation is very important in medicine and food. The current evaluation technologies
often have many shortcomings. In this work, an improved electrochemical sensing
platform for the evaluation of antioxidant activity has been proposed. A hydrogel was
prepared based on graphene oxide, zinc ions, and chitosan. Zinc ions play the role of
crosslinking agents in hydrogels. The structure of chitosan can be destroyed by injecting
hydrogen peroxide into the hydrogel, and the free zinc ions can diffuse to the surface of
the electrode to participate in the electrochemical reaction. This electrochemical sensor
can evaluate the antioxidant activity by comparing the current difference of zinc reduction
before and after adding the antioxidant. With the help of graphene oxide, this hydrogel
can greatly enhance the sensing effect. We conducted tests on 10 real samples. This
proposed electrochemical platform has been successfully applied for evaluating the
antioxidant activity of Scutellaria baicalensis, and the results were compared to those
obtained from the 2,2-diphenyl-1-picrylhydrazyl-based traditional analysis technique.

Keywords: antioxidant activity, Scutellaria baicalensis, electrochemical analysis, hydrogel, graphene oxide

INTRODUCTION

Antioxidants are substances that effectively inhibit the oxidation of free radicals when present in
low concentrations. They can capture excess free radicals, neutralize them, and reduce the damage
caused by oxidative stress. Antioxidants can effectively clean up excess free radicals in the body and
prevent various diseases (Apak et al., 2018; Moteshakeri et al., 2018; Aghdam et al., 2019; Karimi-
Maleh et al.,, 2021a). Antioxidants can be divided into exogenous antioxidants and endogenous
antioxidants. Among them, exogenous antioxidants are the antioxidants that are taken into the
human body through food, such as flavonoids, vitamins, hormones, phenolic acids, and esters
(Brainina et al., 2019; Karimi-Maleh et al., 2019; Masek et al., 2019; Kurtulbas et al., 2020).

Many studies have proved that Chinese herbal medicine has antioxidant active ingredients
that can clean up and reduce the damage of the free radicals in the organism (Han et al., 2017;
Jin et al.,, 2018; Malekmohammad et al., 2019). At the same time, Chinese herbal medicine
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can also effectively enhance immunity. According to the main
antioxidant components present, the antioxidants in Chinese
herbal medicine can be divided into phenylhexoside, ginsenoside,
flavonoids, alkaloids, anthraquinone, and polysaccharides
(Karimi-Maleh et al, 2021b). However, evaluating the
antioxidant activity of Chinese herbal medicine is still a
difficult problem.

So far, the main methods used to evaluate antioxidant
activity include the hydrogen atom transfer method, the single-
electron transfer method, the chromatographic method, and the
electrochemical method (Shabani et al., 2020; Ye et al., 2020;
Carp et al.,, 2021). These methods all have some disadvantages.
For example, the hydrogen atom transfer method is when the
antioxidants transfer hydrogen atoms to free radicals, making
them inactive (Xu et al., 2020; Zhang et al., 2020; Zhou et al.,
2020). The advantage of this method is that it can be used
to determine water-soluble and oil-soluble substances, but the
disadvantage is that the light probe is sensitive and the method
is time-consuming (Boudier et al., 2012). The reaction rate of
the single-electron transfer method is usually very low, and it
takes a long time to complete the detection. Chromatography
allows quantification of the antioxidant capacity of OH, H,O5,
and peroxynitrite. However, this method is not easily adaptable
for high-throughput analysis requiring quality control, because it
requires multiple injections to measure the ethylene production
(Shui and Leong, 2004; Cimpoiu, 2006).

On the other hand, electrochemical methods have attracted
a lot of attention because of their rapidity and efficiency
(Kilmartin, 2001; Blasco et al., 2007; Teixeira et al., 2013; Apak
et al.,, 2016). The non-radical electrochemical methods include
cyclic voltammetry, enzyme voltammetry, and potentiometric
analysis (Ghanei-Motlagh et al, 2019; Ghanei-Motlagh and
Baghayeri, 2020; Naderi Asrami et al, 2020; Karimi-Maleh
et al., 2021¢; Nodehi et al., 2021). Electrode poisoning is the
reduction of efficiency on the electrode surface due to the

deposition of reactants (Karimi-Maleh et al., 2020). Recently,
an electrochemical method based on hydrogel has been used
for evaluating the antioxidant activity (Fu et al., 2018a,b). This
method uses the signal from the metal ions in the hydrogel
linkage, which could provide sensitive determination of the
antioxidant activity in the whole electrolyte system. In this work,
we further developed an advanced hydrogel using chitosan,
graphene oxide (GO), and zinc ions. The presence of GO in
the hydrogel system accelerates the electron transfer rate of the
metal ions during the sensing, which improves the performance
of the platform. Scutellaria baicalensis Georgi has been used as
a real example for evaluating the practical application of the
proposed method.

MATERIALS AND METHODS

All materials used in this work were analytical grade. Zinc
acetate, acetic acid, ascorbic acid, ascorbic acid, 2,2-diphenyl-
1-picrylhydrazyl (DPPH), and gallic acid were purchased
from Aladdin Reagent Inc (Chuhuazhi Rd, Shanghai, China).
Chitosan (50,000-190,000 Da) was purchased from Sigma-
Aldrich (St. Louis, MO, United States). Graphite powder was
purchased from Linke ChemTech Co. Ltd. (College Street,
Kolkata, India). The morphology of the hydrogel was observed
using a field emission scanning electron microscope (FESEM,
Apreo, FEI). The x-ray diffraction (XRD) patterns of the
sample were collected using an X-ray diffractometer (Broker
Philips PW1730). Thermal gravimetric analysis (TGA) was
carried out using a TGA instrument (BAHR-Thermoanalyse
GmbH, Altendorfstrafle 12 D-32609, Hiillhorst). The Fourier-
transform infrared spectroscopy (FTIR) spectra of the sample
were characterized using an FTIR spectrophotometer (Bruker
vector FTIR).

Preparation of the hydrogel: GO was prepared using a typical
Hummers method (Chen et al.,, 2013). The prepared GO was
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FIGURE 2 | (A) TGA curves of GO, chitosan, and C/GO/Zn. (B) SEM image of C/GO/Zn.

dispersed into water to form a 0.5 mg/ml dispersion for further
use. For the synthesis of the hydrogel, a certain amount of GO
dispersion was added into 10ml of 1 wt% chitosan solution
(in 1% acetic acid) under stirring. Then, 0.1 ml of zinc acetate
solution was added as well. After half an hour of stirring,
NaOH (0.1 M) was added drop-by-drop until the initiation of the
gelation process. The formed hydrogel was denoted as C/GO/Zn.
The hydrogel without GO was prepared using a similar process
without the addition of GO dispersion. This product was denoted
as C/Zn.

Preparation of Scutellaria baicalensis extract: A 5g sample of
Scutellaria baicalensis powder was weighed and 70% ethanol was
added in the mass ratio of 1:30 (powder:solvent). The ultrasonic-
assisted extraction method was used for extraction three times,
20 min each time. After filtration, the supernatant was taken as
the extract.

Antioxidant activity test: the antioxidant activity test was
carried out using two methods. The first one is the DPPH
measurement. Typically, 5 mg DPPH was dissolved in 125 ml of
C,H50H. Then, 0.8 ml of DPPH solution was mixed with 0.2 ml
of the Scutellaria baicalensis extract or different concentrations of
tocopheryl, and the reaction was kept away from light for 15 min
at room temperature. Then, the UV-Vis spectrophotometer
was used to determine the spectrophotometry value of the
solution, which was determined to be at 514nm. The second
method is the hydrogel-based electrochemical method. Typically,
after the addition of the Scutellaria baicalensis extract or
different concentrations of tocopheryl, a certain amount of
H,0; solution was injected. Sonication was conducted for 30s
to accelerate the diffusion. Then, a glassy carbon electrode
(GCE), Ag/AgCl (3M), and a Pt wire were inserted into
the hydrogel. Either cyclic voltammetry (CV) or differential
pulse voltammetry (DPV) was used for measuring the redox
of the Zn ions for evaluating the antioxidant activity of
the samples.
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FIGURE 3 | Current value of C/Zn and C/GO/Zn before and after the injection
of 0.1mlI HyO5 (10%) after 10 min.

RESULTS AND DISCUSSION

Figure 1A shows the FTIR spectra of GO, chitosan, and
C/GO/Zn. As shown in the figure, the spectrum of GO shows the
peaks located at 1,042, 1,626, 1,725, and 3,397 cm !, which can be
assigned to the stretching vibrations of the C-O, C=C, C=0, and
O-H bonds (Strankowski et al., 2016), respectively. The presence
of the peaks at 1,042 and 3,397 cm™! indicate the successful
formation of GO. The spectrum of chitosan shows a series of
peaks between 1,750 and 600 cm™!, indicating the stretching
of the C-H, C=0, C=C bonds (Manoratne et al., 2017), while
the peaks between 3,000 and 3,500 cm™! can be ascribed to the
stretching of the OH group (Lawrie et al., 2007). In addition,
the spectrum of C/GO/Zn shows the combination of both the
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FIGURE 4 | Effect of (A) concentration of Zn ions, (B) amount of GO dispersion, and (C) depolymerization time on the current difference recoded from CV.

materials, indicating the successful formation of the composite
in the hydrogel.

Figure 1B shows the XRD pattern of GO, chitosan, and
C/GO/Zn. The pattern of GO shows a typical peak at around 11°
due to the plane (200) of GO (Stobinski et al., 2014). The chitosan
shows a series of peaks between 10° and 30° due to the polymeric
networks (Tang et al., 2003). The C/GO/Zn shows a very similar
pattern compared with that of the chitosan. However, we can still
observe the appearance of the peak corresponding to the plane
(200) of GO.

Figure 2A shows the TGA profiles of GO, chitosan, and
C/GO/Zn. It can be seen that the GO shows a poor thermal
property, which causes weight loss at <100°C. This weight loss
can be ascribed to the evaporation of water. Then, the GO
shows a fast decline loss between 150 and 200°C, indicating the
reduction of oxygen-containing groups of the sheets plane (Li
et al., 2012). The curve of the chitosan shows that the mass loss

TABLE 1 | The antioxidant capacity of 10 samples of Scutellaria baicalensis
120 detected using the DPPH method and the proposed electrochemical method.
Sample No. DPPH (mgTrolox/mg) Electrochemical method (i A)
110 4
— 1 46.21 £1.07 40.1
<3_ 100 4 2 37.44 +0.78 29.8
~ 3 36.51 + 2.21 35.2
' g0
c 4 42.01 £1.04 33.5
g 80 4 5 4428 £ 1.22 31.6
=1 6 36.89 + 1.50 24.7
O 7 50.36 + 1.42 22.2
8 31.04 £0.94 421
60 Y 9 39.98 £ 0.71 375
10 41.20 + 1.08 36.9
50 T T T T T T
0 100 200 300 400 500
Concentration (uM)
begins at 230°C and continues until 400°C. It can be due to the
FIGURE 5 | Current value of G/GO/Zn after the injection of 0.1 ml of H2O2 depolymerization of chitosan and the degradation of glycosidic
(10%) and different concentrations of ascorbic acid. units. The further decline of the weight above 400°C can be

ascribed to the breakdown of the structure of chitosan (Corazzari
et al,, 2015). The curve of C/GO/Zn shows that the main weight
loss starts at above 205°C. The decline of the thermal stability
of the hydrogel can be ascribed to the formation of a network
between the two materials. The poor stability of the GO lowers
the thermal stability of the hydrogel.

Figure 2B shows the Scanning electron microscopic (SEM)
image of the C/GO/Zn hydrogel. It can be seen that the hydrogel
shows a very porous structure. This structure can be ascribed
to the successful formation of cross-links between zinc ions and
chitosan. In addition, the presence of GO in the hydrogel network
can be clearly identified.

Since chitosan needs to be dissolved in an acetic acid solution,
an acetic acid buffer solution was selected for the preparation of
the sensor platform. In the C/GO/Zn hydrogel, zinc ions are used
as crosslinking agents to connect chitosan and GO. Therefore,
if electrochemical scanning is carried out in the hydrogel, the
Zn ion will not be able to move freely from the hydrogel to the
electrode surface, hence, the electrochemical response will be low.
After the injection of hydrogen peroxide, the free zinc ions in the
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hydrogels become more diverse due to the slow destruction of the
structure of chitosan by the hydrogen peroxide. These free zinc
ions can rapidly diffuse to the electrode surface to participate in
the redox reaction. We use —0.6 V as the reduction potential of
the zinc ions and reflect the content of free zinc ions in hydrogels
according to the current value. At the same time, by comparing
the current values before and after the injection of hydrogen
peroxide, we can evaluate the damage effect of free radicals on
chitosan. It can be seen from Figure 3 that without GO, a certain
amount of hydrogen peroxide produces a current difference of
72 pA. However, with the participation of GO, the same amount
of hydrogen peroxide produces a current difference of 109 pA.
There are two reasons for this increase in the current difference.
First, GO helps the electron transfer of the zinc ions. The second
reason is that GO affects the stability of hydrogels, so that more
zinc ions will be released in the C/GO/Zn hydrogel under the
injection of the same amount of hydrogen peroxide.

Zinc ion addition is a very important factor. If the amount of
zinc added is not enough, the hydrogel will not be formed. If there
are too many zinc ions, the free zinc ions in the hydrogel will
affect the accuracy of the detection. Figure 4A shows the effect
of different zinc ion concentrations on hydrogels. It can be seen
from the figure that zinc ions increase the corresponding current
from 2 to 10 mM. Above 10 mM, the difference in the value of
current begins to decrease. Therefore, we chose 10 mM zinc ions
for the preparation of hydrogels.

The addition of GO is also a very important factor. GO in
fewer amounts will not be able to enhance the detected signal.
By contrast, too much GO will hinder the formation of the
hydrogels. As can be seen from Figure 4B, the current intensity
increases from 1 to 6 pl and reaches the saturation point.
Increasing the amount of GO will only have a small impact. If
the amount of GO is more than 11 pl, the C/GO/Zn hydrogel
will not be formed. Therefore, 6 pul of GO has been selected
for preparation.

The waiting time for the hydrogen peroxide to depolymerize
is also important. Sufficient time for depolymerization time
can make enough zinc ions participate in the electrochemical
reduction. As shown in Table 1, the reduction current gradually
increases from 1 to 10min and remains stable. Although
increasing the depolymerization world can further increase the
current, these tests have large errors. Therefore, we chose 10 min
as the depolymerization time.

Ascorbic acid is used as a detection molecule to measure
the antioxidant activity evaluation performance of the
electrochemical platform. After 5min of hydrogen peroxide
injection, we added different concentrations of ascorbic acid,
and then tested it at 10 min. Because ascorbic acid prevents
the free radicals from attacking the chitosan molecules further,
the reduction current of zinc ions will be reduced. Compared
with the current value without ascorbic acid and with ascorbic
acid, it can be used to evaluate the antioxidant activity of
ascorbic acid. Figure5 shows the current values against the
addition of 0.5 to 500 uM of ascorbic acid. It can be seen
that the increase in the concentration of ascorbic acid lowers
the current response. It can be seen that in the range of
2-450 uM, the decrease of the current value presents a linear

relationship, so it can be used to evaluate the antioxidant activity
of ascorbic acid.

We tested the antioxidant activity of Scutellaria baicalensis
purchased from 10 different samples. In addition to the
electrochemical detection method proposed in this paper, the
DPPH method was also used for comparison. In DPPH detection,
Trolox was used as the reference material. The antioxidant
capacities of these 10 samples were calculated by measuring
the absorbance of different concentrations of Trolox and DPPH
at the same time. The results are shown in Table 1. It can be
seen from the table that the antioxidant capacities of the 10
samples of Scutellaria baicalensis are not the same. This may
be because of the fact that they come from different places of
origin or use different processing technologies. Although the
two detection techniques cannot be compared horizontally, it
can be seen from the comparison of the differences between
the samples that the results of the proposed electrochemical
detection method are basically consistent with those of the
DPPH detection method. In both detection techniques, sample
7 shows the strongest antioxidant activity, while sample 8 shows
the weakest.

CONCLUSION

In this work, we proposed an electrochemical platform based
on a hydrogel synthesized using graphene, chitosan, and zinc
ions. This electrochemical platform can be used for evaluating
the antioxidant capacity by monitoring the current change with
the reduction of zinc ions. The addition of GO significantly
enhances the current response, which could be used for high-
sensitivity sensing. The proposed electrochemical platform was
successfully used for evaluating the antioxidant capacity of
Scutellaria baicalensis.
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The establishment of a monitoring technique for imatinib is necessary in clinical and
environmental toxicology. Leaf extracts of Lycoris longituba were used as reducing
agent for the one-step synthesis of reduced graphene oxide-Ag nanocomposites. This
nanocomposite was characterized by TEM, FTIR, XRD, and other instruments. Then, the
graphene/Ag nanocomposite was used as a modifier to be cemented on the surface of
the glassy carbon electrode. This electrode exhibited excellent electrochemical sensing
performance. Under the optimal conditions, the proposed electrode could detect imatinib
at 10 nM—0.28 mM with a low limit of detection. This electrochemical sensor also has
excellent anti-interference performance and reproducibility.
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INTRODUCTION

Cancer is one of the most important diseases facing humanity today. Cancer is lethal because
its cells are uncontrolled and proliferate indefinitely and spread throughout the body. Cytostatic
agents are the most commonly used class of anti-cancer drugs (Karthik et al., 2017; Liu et al,,
2018; Muti and Muti, 2018; Zahed et al., 2018). Their purpose is to inhibit the growth of cancer
cells. However, the widespread use of cytostatic agents has caused some other effects, such as on
environmental toxicology. Among them, imatinib is a specific inhibitor. Imatinib is frequently
used in the treatment of chronic myeloid leukemia and gastrointestinal stromal tumors (Cahill
et al,, 2017; Hochhaus et al., 2017). For example, patients with chronic myeloid leukemia can use
400 mg of imatinib per day. Previous reports have demonstrated that the cytogenetic and molecular
response to imatinib is associated with low plasma concentrations in patients with chronic myeloid
leukemia (Serrano et al., 2019; Buclin et al., 2020). Therefore, monitoring of imatinib is necessary,
both in the clinical and environmental toxicology fields.

Currently, the detection methods for imatinib include UV-vis spectroscopy (Grante et al., 2014),
HPLC (Roth et al., 2010), and electrophoresis (Li et al., 2012; Ahmed et al., 2019). Although these
methods can be used for the rapid detection of imatinib, they all have their own drawbacks. For
example, UV-vis spectroscopy requires a large number of samples. HPLC methods are slower
and require large instruments. The detection sensitivity of electrophoresis method is not enough.
Therefore, it is necessary to develop a technique for the rapid detection of imatinib. Electrochemical
sensors are a fast and sensitive detection technology. It enables highly sensitive detection of
electrochemically active substances. Previous studies have demonstrated that imatinib can be
oxidized at lower potentials, so assembling an imatinib-based electrochemical sensor is an approach
worth investigating.
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Conventional electrochemical sensors use carbon electrodes
for the detection of target molecules (Fu et al., 2019; Mahmoudi-
Moghaddam et al,, 2019; Zhou et al., 2020). Carbon electrodes
have a stable electrochemical window and do not react easily
with other substances. However, the electrochemical signal
of ordinary carbon electrodes is weak (Karimi-Maleh et al,
2021a), so it is difficult to meet the demand of highly sensitive
detection. Modification on the surface of ordinary carbon
electrodes is a common method to improve the electrochemical
activity of sensors (Cao et al, 2019; Alam et al., 2020; Fu
et al., 2020). Recent studies have shown that modification of
carbon nanomaterials on the surface of glassy carbon electrodes
can improve the performance (Karimi-Maleh et al, 2020).
For example, modification of graphene on the surface of
glassy carbon electrodes can increase the electrical conductivity.
However, the layer-layer interaction of graphene is so strong
that direct modification can cause agglomeration, which in turn
reduces the performance of the sensor (Kumar et al., 2019; Jadoon
et al,, 2020). Surface modification of polymers allows the surface
of graphene to be loaded with tubular energy groups. Under
the principle of homogeneous charge repulsion, the layer-layers
of graphene can be separated from each other. However, the
modified graphene also cannot perform very well due to the
poor electrical conductivity of the polymer (Liu et al., 2019).
Another strategy is to grow nanoparticles between graphene. The
graphene lamellae are separated by nanoparticles. This approach
is most beneficial for the modification of electrochemical sensors
(Karimi-Maleh et al., 2021b). The presence of nanoparticles can
increase the electrochemically active surface area. Also, some
nanoparticles have electrochemical catalytic properties that can
improve the sensitivity of detection.

Graphene-nanoparticle composites are synthesized by many
methods. In recent years, the one-step synthesis of graphene-
nanoparticle composites using plant extracts has attracted much
attention (Nandgaonkar et al., 2014; Keerthi et al., 2018; Khanam
and Hasan, 2019). This method does not require polluting
reducing agents and easily controls the size of nanoparticles.
For example, Song and Shi (2019) reported the synthesis

of graphene/Ag nanocomposites using Shewanella oneidensis.
Weng et al. (2018) reported the synthesis of graphene/Fe
nanocomposites using eucalyptus leaves.

In this work, we chose the leaf extract of Lycoris longituba
as a reducing agent. The graphene/Ag nanocomposites were
reduced by a one-step hydrothermal method. We characterized
the conforming materials. The synthesized composites were
used for surface modification of glassy carbon electrodes and
successfully used for electrochemical detection of imatinib. This
novel electrochemical sensor allows highly sensitive detection
of imatinib.

EXPERIMENTS

All reagents, including KH,POy4, Na;HPOy and silver nitrate
were purchased from Macklin Co. Ltd. and used without
purification. Graphene oxide (GO) was purchased from Nanin
Youshan Biotech Co. Ltd. Lycoris longituba was purchased from
local nursery. The working electrode, counter electrode and
reference electrode were glassy carbon electrode (GCE), Pt wire
and Ag/AgCl (3M), respectively. Phosphate buffer solution (PBS)
was prepared by mixing stock solutions of 0.1 M disodium
hydrogen phosphate and sodium dihydrogen phosphate. The
electrochemical determination of imatinib was carried out
using a CHI760 electrochemical workstation. Differential pulse
voltammetry (DPV) was used for electrochemical recording. The
scan range was 0-1.2'V. The pulse amplitude was 50 mV. The
pulse width was 0.05 s. The pulse period was 0.5 s.

The XRD pattern of sample was collected by a XRD with
Cu Ka (M 0.1546 nm) radiation (D8-Advanced, Bruker).
Transmission electron microscopy (TEM) image was observed
with a JEOL JEM-2100 high-resolution transmission electron
microscope. FTIR spectra were collected by a Fourier transform
infrared spectroscopy (Nicolet iS5, Thermo Scientific).

To prepare the aqueous extract of Lycoris longituba, its
crushed leaf (1:20 ratio) was shaken overnight at 200 rpm with
water as solvent. Then, the mixture was filtered, and the resulting
extract was used for further experiment. Then, 5 mL of the extract
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FIGURE 1 | (A) XRD pattern and (B) TEM image of biosynthesized G/Ag.
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was diluted to 20 mL, and silver nitrate (10 mM) was added to
it. This solution was transferred to an autoclave and heated at
120°C for 10 h. The composite was collected after filtration and
re-dispersed into water to form a 0.5 mg/mL dispersion (denoted
as G/Ag).

RESULTS AND DISCUSSION

Figure 1A shows the XRD pattern of the synthesized G/Ag. It can
be seen that four distinct planes of the sample corresponding to
(200), (220), (311), and (222) lattice plane of silver face-centered-
cube (fcc) crystal (Waterhouse et al,, 2001). This result was
mated to the reference data in JCPDS file no. 04-0783, suggesting
the successful formation of the Ag nanoparticles. Moreover, an
additional peak appearing at 26.10° can be also noticed, due to
the partial reduced GO sheets to form an ordered crystalline
structure (Wang et al., 2013). Figure 1B shows the TEM image
of the synthesized G/Ag. By the contrast with the background,
we can see the layered graphene. On the graphene lamellae we
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FIGURE 2 | FTIR spectrum of Lycoris longituba leaf extract and G/Ag.

can see the growing Ag nanoparticles. According to the statistics,
the average size of Ag nanoparticles is 24 nm.

Figure 2 shows the FTIR spectra of Lycoris longituba, and
biosynthesized G/Ag. It can be seen that the extract of Lycoris
longituba exhibited a series bands at range from 700 to 2,000
cm~!. The absorbance peak at 1,322 cm™! is corresponding
to the C-O stretching (Ranjana and Mendhulkar, 2015). In
addition, the peak located at 883 cm™! can be assigned to the
C-N vibrations of the nitroso groups. These two peaks were also
found in the biosynthesized G/Ag, suggesting the biomolecules
of the Lycoris longituba were attached on the composite surface.
The intensity of the oxygen containing groups on the G/Ag
is relatively low, indicating the reduction of GO during the
hydrothermal treatment.

Figure 3A shows the DPV curves of G/Ag/GCE in 10 uM
imatinib solution in the pH range between 4.0 and 8.0. It can be
seen that the oxidation potential of imatinib shifted to positive
direction along with the increase of the pH. Figure 3B shows the
plot of oxidation potential of imatinib vs. pH value. It can be seen
that a slope of 56.9 mV/pH was obtained, suggesting the equal
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FIGURE 4 | DPV curves of the bare GCE, GO/GCE, Ag/GCE, and G/Ag/GCE
toward 10 uM imatinib.
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FIGURE 3 | (A) DPV curves of the G/Ag/GCE in 10 M imatinib solution in the pH range between 4.0 and 8.0. (B) Plots of oxidation potential of imatinib vs. pH value.
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number of electron and proton were participated in the reaction.
In addition, the maximum oxidation response for imatinib was
observed at pH = 7.0. Therefore, pH = 7.0 was selected as the
optimal condition.

Figure 4 shows the DPV curves of 10 WM imatinib using
bare GCE, GO/GCE, Ag/GCE, and G/Ag/GCE. It can be seen
that the GCE only exhibited a very small oxidation peak with
a current response of 1.34 wA. The modification of GO on the
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FIGURE 5 | (A) LSV

2

curves of the G/Ag/GCE in 10 M imatinib solution in the scan rate between 10 and 200 mV/s. (B) Plots of v!/2 vs. current response.
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FIGURE 6 | (A) Chronoamperograms of the G/Ag/GCE in imatinib solution in the concentration of 10, 20, and 50 juM. (B) Plots of t~'/2 vs. current response.
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GCE showed no clear enhancement. In contrast, the modification
of Ag nanopartciles on the GCE surface showed an excellent
performance toward imatinib oxidation. An enhanced oxidation
peak was observed with 4.52 A response, suggesting the good
electrical conductivity of Ag nanoparticles can enhance the
sensing performance. In addition, the G/Ag/GCE showed an even
higher response toward imatinib with a much lower oxidation
potential, suggesting the combination of Ag and reduced GO
can trigger the electrocatalytic reaction with imatinib. The
electrocatalytic activity of the Ag nanoaprtciles was observed
when the corporation with carbon based materials (Asadian et al.,
2017; Liu et al., 2017; Majidi and Ghaderi, 2017; Kumar and
Goyal, 2018).

Figure 5 shows the LSV curves of G/Ag/GCE toward 10 pM
imatinib with different scan rate (from 10 to 200 mV/s). It

TABLE 1 | Electrochemical imatinib sensor performance comparison.

can be seen that, the electrochemical oxidation current of the
imatinib had a liner relationship with the v!/2 while the oxidation
potential shifted positively along with the increase of the scan
rate, indicating the electrochemical behavior of the imatinib
obeyed the diffusion-controlled process (Ivanishchev et al., 2016).

Figure 6A shows the chronoamperograms of G/Ag/GCE
toward imatinib with 10, 20, and 50 wM. Figure 6B shows
the corresponded cottrell plots. The diffusion coefficient was
calculated to be ~1.94 x 107> cm?/s.

As shown in Figure7, under the optimal experimental
conditions, the DPV curves of G/Ag/GCE for different
concentrations of imatinib were recorded. G/Ag/GCE has a linear
relationship with the concentration of imatinib, with a linear
range of 10 nM—280 uM and a detection limit of 1.1nM (S/N
= 3). As shown in Table 1, compared with other methods, this
method has a lower detection limit and a wider linear range.
Although there are some detection methods that work better
than our proposed sensors, such as LC/MS/MS and LC/TMS,
these methods require large instruments and cannot achieve
rapid detection.

Method Linear Detection limit Reference . L
detection In ord.er to discuss .the selectlYlty of G/Ag/GCE, .13
range common ions that may interfere with the actual detection
of imatinib were investigated in this experiment, as shown
Swv 19 5.55nM Chen et al., 2014 in Figure8. The results show that when the concentration
M=1.9uM of sodium ion, potassium ion, copper ion, manganese ion,
MS 0.1 - friedecky et al, cobalt ion, magnesium ion, mercury ion, zinc ion, lead
nM—1uM 2015 . . . . . . . .
Py 0 B N , on, nickel ion, barium ion, aluminum ion and chromium
.39n atamluyi an . . . . . .. .
AM—200 M Es'haghi, 2017 ion is lq tlmfes higher thl';m that lof 1mat1‘n1b, t?el_re is no
.y 0 6.3nM Brycht et al, 2016 obvious interference to the actual Qetectlon o 1mat1n11?.
AM—0.25 tM Therefore, the proposed sensor exhibited an excellent anti-
LC/MS/MS 100 0.1 pM Andriamanana et o, interference property.
nM—7.091 uM 2013 The proposed sensor has been then used for determining
Liquid 20 - Yang et al., 2013 the content of imatinib in serum samples. Standard addition
chromatography-nM—2.052 uM of imatinib was used. Table2 shows the performance of
tandem the sensor for real sample analysis. It can be seen that
mass
spectrometry excellent recovery performance was observed for each test,
PV . 1M This work indicating -the proposed sensor can be applied for real
280 UM sample sensing.
20
—16 The stable Ag nanoparticles were synthesized with the
=2 reduction of GO using leaf extracts of Lycoris longituba under
~ 412 hydrothermal condition. TEM, XRD and FTIR were used for
81 T characterizations. Based on the enhancement effect of imatinib
e & o 2
© ke g $
L 3 2 g
O 44 K Mg** 2 g 3 E
- ,;‘ s TABLE 2 | Electrochemical determination of imatinib content in serum samples
S 9 _ < using G/Ag/GCE.
o T 9 he)
- - 8 5 8
'5 4 Na e B o Sample Detected (hnM) Added (nM) Detected (hnM) Recovery (%)
2+ 5 8 i
O Cu 5 i
8 Glucose 2 1 0 10.00 9.77 97.70
2 0 20.00 20.47 102.35
3 0 50.00 50.44 100.88
FIGURE 8 | Anti-interference property of the G/Ag/GCE. 4 0 100.00 99.36 99.36
Frontiers in Chemistry | www.frontiersin.org 17 April 2021 | Volume 9 | Article 670074


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wu et al.

Electrochemical Detection of Imatinib

on the electrochemical oxidation signal, an electrochemical
sensor was constructed using G/Ag nanocomposite.Under the
optimal experimental conditions, a linear range of imatinib
detection was obtained between 10nM and 280 M with a
limit of detection of 1.1 nM. The proposed G/Ag/GCE showed
an excellent anti-interference property. In addition, it can be
applied to the detection of imatinib in real serum sample.
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Acute myocardial infarction has a high clinical mortality rate. The initial exclusion or
diagnosis is important for the timely treatment of patients with acute myocardial
infarction. As a marker, cardiac troponin | (cTnl) has a high specificity, high sensitivity
to myocardial injury and a long diagnostic window. Therefore, its diagnostic value is better
than previous markers of myocardial injury. In this work, we propose a novel aptamer
electrochemical sensor. This sensor consists of silver nanoparticles/MoS,/reduced
graphene oxide. The combination of these three materials can provide a synergistic
effect for the stable immobilization of aptamer. Our proposed aptamer electrochemical
sensor can detect cTnl with high sensitivity. After optimizing the parameters, the sensor
can provide linear detection of cTnl in the range of 0.3 pg/ml to 0.2 ng/ml. In addition, the
sensor is resistant to multiple interferents including urea, glucose, myoglobin, dopamine
and hemoglobin.

Keywords: aptamer electrochemical sensor, reduced graphene oxide, troponin I, mos2, glassy carbon electrode

INTRODUCTION

Troponin is a regulatory heteropeptide protein found in myogenic fiber filaments that plays a pivotal
role in the interaction between actin and myosin. It controls contraction and relaxation of skeletal
and cardiac muscles. Troponin is a complex that includes three subunits: ion-binding troponin
(cTnC), troponin that inhibits actin-myosin interaction (cTnl) and tropomyosin (cTnT), which is
used to bind the myosin complex to promyosin and promote myocardial contraction (Fan et al,
2018; Miao et al., 2019; Phonklam et al., 2020). It has been demonstrated that cTnl is a specific
biomarker for myocardial injury in dogs, cats, horses, pigs, goats, mice and cattle. Damage to
myocardial cell integrity is followed by partial release of cTnl into the blood, and elevated cardiac
troponin concentrations in peripheral blood indicate myocardial cell damage (Palladino et al., 2018;
Karimi-Maleh et al., 2020a; Cimen et al., 2020). Since myocardial infarction is one of the most
important factors leading to myocardial cell destruction, monitoring of cTnl blood concentrations is
particularly important for the early detection of myocardial infarction (Ye et al., 2018; Lee et al., 2019;
Sun et al., 2019a; Karimi-Maleh et al., 2020b, 2021). There is evidence that even small elevations in
cTnl may be associated with poor prognosis. However, as with most other current assays, their most
significant shortcoming lies within the first few hours of acute myocardial infarction onset. Current
cTnl assays are not effective in detecting elevated blood concentrations and are not effective in
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monitoring changes in lower concentrations of cTnl. Therefore,
the development and application of next-generation cTnl assays
is imminent (Negahdary et al., 2017; Zhang et al., 2018; Fu et al,,
2019b; Sun et al., 2019b; Zhou et al., 2020).
Radioimmunoassay is a method by which an isotope-labeled
antigen is added to an unlabeled antigen to cause a competitive
inhibition reaction with the antibody. The radioimmunoassay is
equal to the advantages due to its good utility and specificity, as well
as its high sensitivity. However, the method has disadvantages such
as the existence of radioactive contamination and short half-life of
isotopes, which to a certain extent limit the development and
application of radioimmunoassay (Qiao et al, 2018
Sarangadharan et al, 2018; Fu et al, 2019a; Wang et al, 2019;
Mokhtari et al.,, 2020; Xu et al., 2020). Fluorescent immunoassay is
mainly used for the diagnosis of infectious diseases due to its high
sensitivity, and it is one of the oldest labeled immunoassays.
However, the detection limit of fluorescence immunoassay is not
low enough. Moreover, it is difficult to store fluorescent samples for a
long time. Electrochemical immunosensor is an application that
combines electrochemiluminescence ~ measurement  with
immunosensor. It combines the advantages of high sensitivity of
electrochemiluminescence and high selectivity of immunoassay,
which has attracted the attention of many researchers (Dhawan
et al,, 2018; Regan et al,, 2018; Karimi-Maleh et al., 2020c; Wang

et al, 2020). The unique physicochemical properties of
nanomaterials make it a promising application in the
development  of  high-performance  electrochemical — and

electrochemiluminescent sensors.

Two-dimensional nano has been widely studied for its high
specific surface area and compatibility with miniaturized devices
(Khodadadi et al., 2019; Tahernejad-Javazmi et al., 2019). Among
them, MoS,, in which Mo atomic layers are arranged in a
hexagonal shape between S atomic layers, has an ultrathin
planar structure. It is to the surrounding
environment and becomes a suitable base material for building
aptamer sensors (Cai et al., 2018; Chekin et al., 2018). However,
MoS; has low electrical conductivity and Van Der Waals between
the layers tend to agglomerate it. Reduced graphene (rGO) with
active edge sites and excellent electrical properties can effectively
improve the electrochemical activity of MoS,. The composite of
other nanomaterials in rGO can reduce the layer-layer interaction
force, so the performance of rGO can be further ensured (Fathil
et al., 2017; Lopa et al.,, 2019). Among them, silver nanomaterial
materials are often used in the design of electrochemical sensors
due to their cheap price and good electrocatalytic properties
(Zhou et al., 2018; Yan et al., 2019).

This work synthesized AgNPs/MoS,/rGO nanocomposites. By
combining the excellent properties of the composite (large surface
area and good electrical conductivity) with the aptamer (high affinity
and specificity), a label-free electrochemical aptamer sensor was
developed for the sensitive and selective detection of ¢Tnl

sensitive

MATERIALS AND METHODS

cTnl and DNA oligonucleotides were obtained from Yeyuan
Biotech. Urea, thrombin, myoglobin, horseradish peroxidase,

Electrochemical Sensor for CTnl Detection

L-cysteine, hemoglobin, and prostate-specific antigen were
ordered from Alading Co. Ltd. Graphene oxide (GO) powder
was purchased from Xianfeng Nano Tech Co. Ltd. All other
reagents are analytically pure and can be used without additional
purification. 0.1 M Tris-HCI buffer solution has been used for
dissolving amino-modified ¢Tnl aptamer (AcTnl).

Sequence of the AcTnl is: 5'-NH,-C¢H,-CGTGCAGTAC
GCCAACCTTTCTCATGCGCGCTGCCCCTCTTA-3'.

All electrochemical tests, including cyclic voltammetry (CV),
differential pulse voltammetry (DPV), and electrochemical
impedance spectroscopy (EIS) were performed using the
CHI660 electrochemical analyzer/workstation with three-
electrode system. SEM image has been recorded using a ZEISS
MERLIN.

Synthesis of AgNPs/MoS,/rGO nanocomposite: 50 mg of
AgNO; was dissolved in 20ml of ethanol and 100 mg of
octadecylamine was added with vigorous stirring. After
complete dissolution, 50 mg of glucose and 60 mg of glycine
were added and sonicated. The solution was transferred to a
hydrothermal kettle and heated at 120°C for overnight. Silver
nanoparticles (AgNPs) were obtained after filtration. MoS,/rGO
was prepared by adding 10mg Na,MoO,2H,O and
20 mgL-cysteine into 20ml of GO dispersion (0.5 mg/ml,
DMEF). The mixture was then transferred into a hydrothermal
kettle and heated at 100°C for 5 h. The MoS,/rGO was collected
after the filtration. The AgNPs/MoS,/rGO nanocomposite was
prepared by adding AgNPs into MoS,/rGO composite dispersion
after 1 h sonication.

Electrode fabrication: A glassy carbon electrode (GCE) has
been used for sensor fabrication. Specifically, a certain amount of
AgNPs/MoS,/rGO nanocomposite was drop casted on a GCE
and dried naturally. Then, a certain amount of AcTnl was drop
casted on the AgNPs/MoS,/rGO/GCE. After drying, the AcTnl/
AgNPs/MoS,/rGO was incubated in the cTnl solution with
different concentration for 1h before electrochemical signal
recording.

RESULTS AND DISCUSSION

Figure 1 demonstrates the preparation and sensing strategy of
this label-free electrochemical aptamer sensor. AgNPs/MoS,/
rGO immobilized with GCE can immobilize the AcTnl
aptamer on the electrode surface via Ag-N bond. In this
process, the electrochemical signal of [Fe(CN)g]*>"* decreases
because the electron transfer is hindered by the nucleobases.
When AcTnl/AgNPs/MoS,/rGO is immersed in the cTnl
solution, the electrochemical signal is further reduced due to
the formation of AcTnI-cTnl complexes on the electrode surface
that further hinder electron transfer. By calculating the
relationship between peak current and c¢Tnl concentration, the
detection of cTnl concentration can be achieved.

Figure 2 shows the SEM images of AgNPs, MoS,/rGO, and
AgNPs/MoS,/rGO. The structure of silver nanoflowers can be
clearly observed in Figure 2A. The SEM images of MoS,/rGO
show the typical wrinkled and folded structure of graphene and
the layer-like structure of MoS,/rGO. The tight contact between
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FIGURE 1 | Schematic diagram for the preparation of the AcTnI/AgNPs/MoS,/rGO sensor for cTnl detection.
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FIGURE 2 | SEM images of (A) AgNPs (B) MoS,/rGO, and (C) AgNPs/MoS,/rGO.

MoS, and rGO is favorable for electron transfer. The SEM images
of AgNPs/MoS,/rGO nanocomposites clearly observe that
AgNPs are wrapped by MoS,/rGO composites.

We tested the electrochemical behavior of the electrode
surface during sensor assembly using a 5.0 mM [Fe(CN)6]3'/ +
solution containing 0.1 M KCI (Figure 3). The redox peak current
of the modified GCE was significantly increased due to the
excellent conductivity and electron transfer of rGO. After the
modification of GCE with MoS,/rGO and AgNPs/MoS,/rGO, the
currents increased significantly in turn, which was caused by the
large specific surface area of MoS, and the excellent
electrochemical properties of AgNPs.

The electrochemical properties of the sensor was further
investigated by EIS. In EIS, semicircular and straight regions
indicate electron transfer-limited processes and mass transfer
control processes (Demirbakan and Kemal Sezgintiirk, 2020; Lee
et al, 2020), respectively. Considering the variation of the
electron transfer resistance (R.), the EIS method can provide
important information to demonstrate the interaction between
the aptamer and the target protein. As shown in Figure 4, bare
GCE presents a small semicircle with an R, value of 266 Q2. Due
to the excellent properties and synergistic effects of rGO, MoS,
and AgNPs, the R, value decreases to 91 (2 after AgNPs/MoS,/
rGO modification, indicating that the electron transfer effect is

enhanced. This is consistent with the CV results of GCE and
AgNPs/MoS,/rGO/GCE. While the presence of AcTnl leads to
an increase in the spatial site blocking effect and hinders
electron transfer, the R, increases sharply to occur at 3.31
kQ, indicating the binding of AcTnl and AgNWs on the
electrode surface. With the binding of the target protein on
the AcTnI/AgNPs/MoS,/rGO/GCE surface, a continued
increase in R to 5.26 kQ) can be observed, indicating a
successful binding with the target protein to its aptamer,
which hinders the electron transfer.

In order to improve the sensitivity of detecting cTnl, different
parameters were optimized. Figure 5A shows the aptamer
electrodes assembled with different concentrations of AgNPs
in the MoS,/rGO dispersion. Although AgNPs have excellent
electrochemical properties, when AgNPs exceed a certain
concentration it may cause a high stacking density, resulting
in a lower detection efficiency of the sensor. Therefore, we chose
to add 250 puLof AgNPs into the MoS,/rGO dispersion.

The amount of modification of AgNPs/MoS,/rGO is an
important factor affecting the immobilization of AcTnl
Figure 5B shows the electrochemical response of the proposed
aptamer sensor AgNPs/MoS,/rGO at different modification
amounts. As the concentration of AgNPs/MoS,/rGO increases,
the electron transfer resistance of the interface may increase,
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while there may be some interference with the detection of ¢Tnl.
Therefore, 5 uL of AgNPs/MoS,/rGO dispersion was obtained as
the optimal condition.

The concentration of AcTnl affects the charge transfer
efficiency of the electrode interface for detecting cTnl
Figure 6A shows the effect of different AcTnl concentrations
on the DPV signal of AgNPs/MoS,/rGO. When the
concentration reaches 3 uM, the DPV response is significantly
reduced, indicating that the surface active site of the sensor may
be fully occupied. Considering the size of the aptamer itself, the
tightly packed surface prevents the aptamer from specifically

binding cTnl. because we chose 3 uM AcTnl as the optimal
concentration for the aptamer sensor.

The incubation time of ¢Tnl is also another important factor
affecting cTnl detection. As shown in Figure 6B, the
electrochemical signal did not change significantly after the
incubation time of AcTnl reached 30 min. This indicates that
the bioaffinity between AcTnl on the electrode surface and the
cTnl target saturated. On the other hand, the current response
stabilizes due to the spatial potential resistance effect, leading to a
decrease in sensitivity to the target. Therefore, we chose 30 min as
the optimal incubation time.
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After optimizing the parameters, we immersed AcTnl/AgNPs/
MoS,/rGO/GCE in different concentrations of c¢Tnl solutions.
Then, we detected the electrochemical signal by DPV in a 5 mM
[Fe(CN)g]*"* solution containing 0.5 M KCI (Figure 7A). We
recorded the linear relationship between the peak value of DPV
and the negative logarithm of the concentration of the cTnl
standard solution to establish a standard working curve
(Figure 7B). It can be seen that the DPV signal correlates well
with the negative logarithm of the c¢Tnl concentration in the
range of 0.3 pg/mL-0.2 ng/ml with the linear equation: Ip (pA) =
-2.73 logc (g/ml) —6.41 (R* = 0.9947) and the limit of detection
limit was 0.27 pg/ml.

To examine the performance of the aptamer sensor, we
tested the reproducibility, stability and specificity of AcTnl/
AgNPs/MoS,/rGO/GCE. The RSD of 1.72% was recorded by
checking 5 parallel measurements on the same sensor,
indicating that the electrochemical aptamer sensor for ¢Tnl
detection has good reproducibility. The stability of the
prepared aptamer sensor was further evaluated by
measuring the DPV current of the modified electrode after
one month. The electrochemical signal before and after storage
changed slightly with a 52% decrease in the peak DPYV,
demonstrating the good stability of the proposed
electrochemical aptamer sensor for ¢Tnl detection.

To determine the selectivity of the developed aptamer sensor, a
series of proteins were used for comparison, such as: urea (UA),
glucose (Glu), myoglobin (MB), dopamine (DP), and hemoglobin
(HB). Among them, the concentration of cTnI was 50 pg/ml and
the concentration of other infectants was 0.2 ng/ml due to the
excellent specific discrimination between ¢Tnl and AcTnl, the
aptamer sensor for interferers showed negligible change in
current response compared to ¢Tnl, and the results are shown
in Figure 8. The proposed aptamer sensor has good selectivity
and specific anti-interference ability.

CONCLUSION

In summary, an aptamer electrochemical sensor was constructed
using AgNPs/MoS,/rGO nanocomposite. By combining the
excellent properties of the composite (large surface area and
good electrical conductivity) with the aptamer (high affinity
and specificity), a label-free electrochemical aptamer sensor
was developed for the sensitive and selective detection of cTnl.
After the optimizations, the proposed aptamer sensor can linear
detect c¢Tnl between 0.3 pg/mL-0.2 ng/ml with a low limit of
detection of 0.27 pg/ml. In addition, the proposed aptamer sensor
has good selectivity and specific anti-interference ability.
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In recent years, antibiotic-resistant bacteria caused by antibiotic abuse in the medical
industry have become a new environmental pollutant that endangers public health.
Therefore, it is necessary to establish a detection method for evaluating drug-resistant
bacteria. In this work, we used Escherichia coli as a target model and proposed a method
to evaluate its drug resistance for three antibiotics. Graphene dispersion was used to co-
mix with E. coli cells for the purpose of increasing the current signal. This electrochemical-
based sensor allows the evaluation of the activity of E. coli on the electrode surface. When
antibiotics were present, the electrocatalytic reduction signal was diminished because of
the reduced activity of £. coli. Based on the difference in the electrochemical reduction
signal, we can evaluate the antibiotic resistance of different E. coli strains.

Keywords: electrochemical sensors, drug-resistant strains, activity determination, antibiotics, electrode
modification, catalytic reduction current

INTRODUCTION

Antibiotics are secondary metabolites that can interfere with cell growth and development (Simioni
etal, 2017; Wang M. et al., 2019). They are mainly of microbial origin. The biochemist Fleming first
discovered penicillin in 1929. Penicillin played an important role in World War II and was very
effective in controlling bacterial infections (Alsaiari et al., 2021). However, the harm of antibiotics to
the human body should not be underestimated. For example, furacilin enters the human body
through food and may cause cancer with long-term consumption (Hu et al., 2010). Similarly, the
commonly used sulfonamide antibiotic sulfadimethoxine has tumorigenic effects (Zhuang et al.,
2019). According to the classification of chemical structure, antibiotics can be roughly divided into
quinolone antibiotics, sulfonamide antibiotics, chloramphenicol antibiotics, aminoglycoside
antibiotics, beta-lactam antibiotics and tetracycline antibiotics (Sharaha et al., 2017).

Large amounts of antibiotics are often used in the medical industry, and bacteria can develop
resistance under the pressure of antibiotic selection. Antibiotic resistance genes (ARGs) are intrinsic
to the development of drug resistance (Osman et al., 2021). Earlier studies have found that resistant
bacteria are able to transfer the resistance genes they contain to other bacteria through animal excreta
at the genetic level, eventually causing the large-scale presence of resistant bacteria (Hu et al., 2017).

Drug-resistant bacteria (ARB) are some bacteria that are originally sensitive and turn out to be
resistant to drugs (Bengtson et al., 2017; Mulat et al., 2019). However, in low concentrations of
antibiotics, some bacteria that were previously resistant tend to lose their resistance. This is because
sensitive bacteria require fewer nutrients than resistant bacteria and have an advantage when
competing with resistant bacteria, which inhibit the growth of resistant bacteria (Mishra et al., 2018;
Sun et al., 2020). Therefore, reducing the abuse of antibiotics can reduce the risk of drug resistance. In
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general, long-term use of antibiotics tends to lead to the
development of bacterial resistance (Gorlenko et al, 2020;
Karimi-Maleh et al, 2020; Zhao et al, 2020). Bacterial
resistance has become one of the top 10 global health threats,
and its contamination is widespread and persistent. ARGs enter
the human body through the food chain and cause an imbalance
in the normal flora and increase the resistance of pathogenic and
conditionally pathogenic bacteria in the body, posing a serious
threat to the health of the body and disease control (Wang Y.
et al., 2019; Karimi-Maleh et al., 2021a).

The traditional method for detection of bacterial resistance is
the microbial inhibition method. Traditional microbial
suppression methods are mostly based on bacterial isolation
and culture methods, mainly for the detection of bacterial
drug resistance phenotypes (Asghar et al., 2017; Zhou et al,
2017; Karimi-Maleh et al., 2021b, 2021c). The commonly used
detection methods are mainly paper diffusion method and agar
dilution method. The paper diffusion method is to apply a drug-
sensitive tablet to M-H agar that has been inoculated with the
bacteria to be tested, and then measure the inhibition circle after
incubation. The size of the inhibition circle is closely related to the
resistance of bacteria, and the strength of bacterial resistance to
antibiotics is analyzed according to its size (Sedki et al., 2017).
Polymerase chain reaction (PCR) is a molecular biology
technique that allows rapid amplification of target genes.
Compared with traditional microbial inhibition methods, this
technique has the advantages of being less time-consuming and
easier to perform, and it can also meet the requirements of
simultaneous detection of large quantities of samples (Bagheri
etal,, 2019; Phung et al., 2020). However, the PCR technique also
has some shortcomings, such as easy contamination. Even a very
small amount of contamination can still cause false positives (Wu
et al,, 2020; Zhang X. et al., 2020; Zhi-bin et al., 2021). Moreover,
this technique is limited by the design of primers. Quantitative
real-time fluorescent PCR (qPCR) is based on normal PCR,
where a fluorescent dye or probe is added to the PCR reaction
system to reflect the amount of PCR product in real time by
changes in fluorescence signal. During the qPCR process, the
entire process is monitored in real time, allowing the
quantification of the amount of starting template (Waseem
et al,, 2019). The method is more specific, but expensive and
not suitable for analysis of a large number of samples. Therefore,
it is necessary to develop a rapid way to evaluate bacterial
resistance.

In recent years, there have been recent advances in the
electrochemical ultrasensitive detection of bacteria (Farooq
et al,, 2020; Fu et al,, 2020; Khan et al,, 2020; Zhang L. et al,,
2020). The principle of electrochemical methods for detecting
bacterial drug sensitivity is that bacterial respiration relies mainly
on electron transfer in the respiratory chain, and the coincidental
introduction of redox probes intervenes in the bacterial
respiratory chain. The electrochemical changes generated by
the respiratory chain activity can be detected rapidly and
reliably by electrochemical methods. Ertl et al. (2000, 2003)
used potassium ferricyanide as a redox probe. Escherichia coli
was mixed with a solution of potassium ferricyanide after 15 min
of interaction with antibiotics, and the electrical signal was
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measured by the chronoelectric method. The results were in
complete agreement with the conventional paper diffusion
method. This method can provide a report in <25 min.
However, the ICs, values measured by electrochemical method
were 100 times higher than the results obtained by standard
turbidity method, and the electrodes were found to adsorb
antibiotics during the test. Chotinantakul et al. (2014)
improved the test protocol based on Ertl et al. The antibiotics
were removed by centrifugation of E. coli after interaction with
bacteria and resuspended in a test solution containing potassium
ferricyanide, which gave the results of the drug sensitivity test
in 3-6 h.

However, the detection of bacterial resistance using
conventional commercial electrodes has the disadvantage of
insufficient sensitivity. Therefore, improving the performance
of electrodes can be a good way to improve the accuracy of
detection. In this work, we modified the conventional glassy
carbon electrode (GCE) with surface graphene ink, which can
greatly improve the sensing performance of the electrode
(Baghayeri, 2017; Zhang M. et al., 2020; Mohanraj et al., 2020;
Xu et al, 2020). The modified electrode can detect the
electrochemical reduction behavior of E. coli more sensitively.
Likewise, the differences in the altered electrochemical behavior
were amplified due to the influence of different antibiotics after
This technique could potentially be applied for the evaluation of
resistance for E. coli.

MATERIALS AND METHODS

All electrochemical measurements were carried out using a
CHI660E working station. A three-electrode system was
applied for all measurements. Specifically, a glassy carbon
electrode (GCE), a Pt foil and an Ag/AgCl electrode were used
as working electrode, counter electrode and reference electrode,
respectively. Escherichia coli J53 was purchased from Beijing Bio
Bo Wei Biotechnology Co., Ltd. Ofloxacin, penicillin and
cefepime was purchased from Sinopharm Chemical Reagent
Co., Ltd. Graphene dispersion was purchased from Jiangsu
XFNANO Materials Tech Co., Ltd. All other reagents used in
this work were analytical grade and used without further
purification. Phosphate buffer solution (PBS, 0.1 M) was
prepared by mixed stock solutions of 0.1 M disodium
hydrogen phosphate and sodium dihydrogen phosphate until
reach to the desired pH.

Escherichia coli J53 was grown over night in a Luria Bertani
(LB) medium (100 ml) at 37°C with shaking. The cells of E. coli
were collected after centrifugation and washed by PBS. The
colony forming units (CFU) were then counted. Then, the
E. coli was diluted by graphene dispersion to reach a desired
CFU by stirring.

Electrode surface modification was conducted by drop coating
of desired concentration of graphene-E. coli dispersion on the
GCE surface and kept in a humid chamber for 1 h before analysis.
Then, the electrode was inserted into a PBS and conducted a
voltammetric scan. The E. coli modified GCE was prepared using
a similar method but with out the mixing of graphene dispersion.
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FIGURE 1 | CVs of bare GCE, E. coli/GCE and graphene-E. coli/GCE in
PBS (pH = 7).

For antibiotic resistance tests, 5 pL of ofloxacin, penicillin and
cefepime solution was drop coated at graphene-E. coli modified
GCE. Then, the electrode was kept in a humid chamber. The
viability test was carried out at 1 h interval.

RESULTS AND DISCUSSION

Since bacterial cells have their own oxidoreductase system,
which has been shown to be involved in electron transfer
(Couto et al, 2018), we first investigated the direct
electrochemical behavior of E. coli. First, we performed
cyclic voltammetry (CV) tests only x 10" CFU E coli with
directly coated on the GCE surface (Figure 1). Comparing to
bare GCE, we could see a clear reduction peak at around
—0.4 V, which indicates that the electroactivity of bacterial cells
undergoes surface electrode reaction. However, the reduction
current of this reduction peak is not particularly pronounced
and is only 3.2 pA. In contrast, the intensity of the reduction
current of E. coli is significantly higher after co-mixing with
graphene. There are two reasons for this increase. The first one
is that the excellent electrical properties of graphene itself
improve the electron transfer rate (Pourmadadi et al., 2019).
The second is that the lamellar structure of graphene greatly
enhances the electrochemically active area (Gupta et al., 2019).
It enables more cells to participate in the electrochemical
reaction after wrapping E. coli. Therefore, with the
assistance of graphene, it became possible to evaluate the
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FIGURE 2 | DPV curves of graphene/GCE and graphene-E. coli/GCE in
PBS (pH = 7).
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FIGURE 3 | Reduction peak current of graphene-E. coli/GCE at different
pH conditions (n = 3).

antibiotic resistance of E. coli cells from its electrochemical
behavior.

After determining the electrochemical behavior of E. coli,
we used the electrochemical reduction peak as a probe for cell
viability evaluation. To make the detection more sensitive, we
further investigated the electrodes with differential pulse
voltammetry (DPV). Figure 2 shows the DPV curves of
graphene/GCE and graphene-E. coli/GCE. It can be seen
that graphene/GCE shows only a flat curve, but the curve of
graphene-E. coli/GCE has a clear reduction peak. At the same
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FIGURE 4 | Reduction peak current of graphene-E. coli/GCE at PBS
with 1 x 10° CFU (A), 5 x 10° CFU (B), 1 x 10° CFU (C), 5 x 10° CFU (D), 1 x
107 CFU (E), and 5 x 107 CFU (F) (0 = 3).

time, the reduction peak on DPV has some shift against CV, which
is due to the amplitude added by DPV (Vilas-Boas et al., 2019).
We can see that the DPV test has a better signal-to-noise ratio
than the CV. This reduction reaction is catalyzed by some
macromolecules in E. coli cells. The substances involved may
be cell surface c-type cytochromes and bacterial outer
membrane reductases, dehydrogenases and flavoproteins
(Vinod et al., 2002).

The pH of the buffer solution can significant effect on
electrochemistry. Electrochemically active substances have
different electrochemical behaviors at different pH
conditions. In the same time, the activity of E. coli is
different in different pH environments. Therefore, it is
necessary for us to optimize the pH conditions. Figure 3
shows the difference of reduction currents between pH 5-10.
It can be seen that the intensity of the currents gradually
increases as the acidic conditions move toward the neutral
conditions. The current peaks reached the maximum at 7.5.
As the pH environment gradually becomes alkaline, the
current value of the reduction peak starts to decrease. We
finally chose the optimal pH environment as 7.5.

The reduction current of DPV will also increase due to the
increase in the number of cells. Figure 4 shows the assay with
graphene-E. coli/GCE for 1 x 10° CFU, 5 x 10°CFU, 1 x
10°CFU, 5 x 10°CFU, 1 x 10’ CFU, and 5 x 10’ CFU. It
can be seen that the reduction current increases as the number
of cells increases. This may be due to the fact that more cells are
involved in the electrochemical reaction. However, too many
cells also lead to a decrease in the current, which is due to the
fact that E. coli itself does not have a good conductivity. Too
many cells form a thicker film, which hinders the transfer of
electrons. These results are in accordance with works
published recent years regards to the electrochemistry of
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FIGURE 5 | DPV curves of graphene-£. coli/GCE before and after
addition of ofloxacin, penicilin and cefepime at PBS.
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FIGURE 6 | Reduction peak currents of graphene-E. coli/GCE at PBS
after addition of ofloxacin, penicillin and cefepime (n = 3).

E. coli cells (Setterington and Alocilja, 2011; Dos Santos
et al., 2013). To reveal the maximum variability, we chose
1 x 107 CFU as the optimal condition.

Since antibiotics can kill E. coli. The inactive E. coli is unable to
perform effective electrochemical catalytic reaction. Therefore,
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the difference in reduction current can be used to detect the
number of surviving E. coli on the electrode surface. However,
E. coli possessing antibiotic resistance can survive in the presence
of antibiotics and therefore the behavior of electrochemical
reduction will receive only a small effect. In this work, we
tested the susceptibility of E. coli to ofloxacin, penicillin and
cefepime. Figure 5 shows the electrochemical behavior of
graphene-E. coli/GCE 1h after the addition of ofloxacin,
penicillin and cefepime. It can be seen that there is a
corresponding decrease in the reduction current in each curve
compared to the electrochemical behavior without the addition of
antibiotics. It represents a decrease in the number of cells able to
participate in the electrochemically catalyzed reduction due to the
destruction of E. coli by antibiotics and therefore a decrease in the
current.

We monitored the bacterial inhibition of the three antibiotics.
Figure 6 shows the electrochemical reduction currents at
different times after the addition of antibiotics to graphene-E.
coli/GCE. It can be seen that the electrochemical reduction
current increases with time, indicating that the antibiotic
continues to have an effect on E. coli. Ofloxacin after about
3 h The reduction current has no longer changes after 3 h after the
addition of ofloxacin. The same was true for penicillin and
cefepime, which took about 4 h. We can observe a gradual loss
of activity of E. coli during this process. However, if E. coli has
antibiotic resistance, it can maintain the original intensity of the
reduction current. Therefore, this technique could potentially be
used to identify drug-resistant strains of E. coli.
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CONCLUSION

In this work, we coated E. coli cells with a graphene dispersion,
which was then immobilized on the electrode surface. This
approach allows the evaluation of the activity of E. coli on the
electrode surface. The electrocatalytic reduction current is the
indicator in this evaluation. The current is proportional to the
activity of the cells on the surface of the electrode according to the
electrode. The antibiotic has an effect on the cells that result in the
decreasing of the electrocatalytic reduction signal. Therefore, this
strategy can be used to evaluate the resistance of cells to
antibiotics. After optimization of the parameters, we
successfully evaluated the resistance of E. coli to ofloxacin,
penicillin and cefepime.
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Due to the abuse of antibiotics in clinical, animal husbandry, and aquaculture, drug-
resistant pathogens are produced, which poses a great threat to human and the public
health. At present, a rapid and effective drug sensitivity test method is urgently needed to
effectively control the spread of drug-resistant bacteria. Using methylene blue as a redox
probe, the electrochemical signals of methylene blue in drug-resistant Escherichia coli
strains were analyzed by a CV method. Graphene ink has been used for enhancing the
electrochemical signal. Compared with the results of the traditional drug sensitivity test, we
proposed a rapid electrochemical drug sensitivity test method which can effectively identify
the drug sensitivity of Escherichia coli. The sensitivity of four E. coliisolates to ciprofloxacin,
gentamicin, and ampicillin was tested by an electrochemical drug sensitivity test. The
respiratory activity value %RA was used as an indicator of bacterial resistance by
electrochemical method.

Keywords: graphene, drug resistant, Escherichia coli, glassy carbon electrode, methylene blue

INTRODUCTION

Escherichia coli is a Gram-negative short bacillus, and it is also the most important and the most
abundant bacteria in the intestines of human beings and many animals (Jijie et al., 2018; Thakur et al.,
2018). For a long time, it was thought that E. coli was not pathogenic in general, but some E. coli with
special serotypes were found to be pathogenic to humans and animals, causing diarrhea, adult
pleurisy, and septicemia. Food safety is one of the most important food safety problems (Brosel-Oliu
et al.,, 2018; Zhou et al., 2018). With the abuse of antibiotics in clinic, animal husbandry, and
aquaculture, the problem of antibiotic resistance of bacteria in the world is becoming increasingly
serious. Foodborne drug-resistant bacteria may transmit drug resistance and drug-resistant genes to
humans through food chain, thus causing human infection (Gomez-Cruz et al., 2018; Zhu et al,,
2018). As an important mediator of drug-resistant genes, E. coli has the characteristics of easily
producing drug resistance and a rapid variation of drug resistance. Its resistance spectrum will be
further expanded with the change of time, which undoubtedly increases the harm of E. coli. In order
to control the food safety problems caused by foodborne pathogens from the source, effective drug
sensitivity detection methods are of great significance to prevent and control the infection and spread
of foodborne drug-resistant bacteria (Hua et al., 2018; Yao et al., 2018; Zeinhom et al., 2018).

In recent years, electrochemical methods have been reported in the ultrasensitive detection of
bacteria (Zheng et al., 2019; Karimi-Maleh et al., 2020a, 2021a). The principle of electrochemical
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detection of bacterial drug sensitivity is mainly based on the
electron transfer of respiratory chain in bacterial energy
metabolism (Fu et al., 2019; Xu et al., 2020; Zhang et al., 2020;
Zhou et al., 2020; Nodehi et al., 2021a; Nodehi et al., 2021b). The
respiration of bacteria involves the directional and orderly
transfer of electroactive particles and the redox reaction of
cellular substances (Khodadadi et al., 2019; Shamsadin-Azad
et al,, 2019; Karimi-Maleh et al., 2020b). The electrochemical
changes of respiratory chain activity can be detected by
electrochemical methods. The respiratory activity of bacteria
can be observed by analyzing the electrical signals of redox
probes so as to determine the drug sensitivity of bacteria. Ertl
et al. (2000) and Ertl et al. (2003) used potassium ferricyanide as
redox probe to explore an electrochemical method for the
detection of drug sensitivity of E. coli. They treated E. coli
with antibiotics for 20 min and then measured the electrical
signals in the solution containing potassium ferricyanide to
determine the drug sensitivity of the bacteria. The results were
consistent with the traditional paper diffusion method. This
method can provide a report within 25 min, but the ICs, value
of penicillin and chloramphenicol is 100 times higher than that of
the standard method. Chotinantakul et al. (2014) improved the
experimental scheme. After the interaction between E. coli and
bacteria, antibiotics were removed by centrifugation and then
added to the test solution containing potassium ferricyanide to
eliminate the influence of antibiotics on electrochemical test. This
method can give the results of drug sensitivity test in 36 h.
With the development of microcomputer processing
technology, the size of electrode can be reduced to micron or
even nano level, which provides a technical support for the
development of portable rapid detection system for drug-
resistant bacteria (Naderi Asrami et al., 2020; Baghayeri et al,,
2021; Karimi-Maleh et al., 2021b; Karimi-Maleh et al., 2021c).
Besant et al. Besant et al. (2015) limited the volume of bacterial
solution in a container of 2.75 nL and detected the reduction of
azurol by electrochemical method to reflect the bacterial
metabolic activity. This rapid electrochemical drug sensitivity
test method can report the drug sensitivity of bacteria within 1 h.
Methylene blue (MB) is a dye widely studied in
photodynamics. At the same time, due to its electrochemical
characteristics, there are also some studies on its application in
the field of chemically modified electrodes (Cui et al., 2018; Guo
et al., 2018; Yao et al.,, 2018; Taghdisi et al., 2019). The blue MB
can be reduced to colorless 1 mb by bacterial respiration, and the
greater the bacterial count, the shorter the fading time of
methylene blue. Due to its redox properties, MB is often used
as a redox probe in electrochemical detection (Yu et al., 2019).
Graphene has been frequently used for surface modification of
electrochemical sensors since its discovery. Its excellent electrical
properties can greatly enhance the sensing signal. Based on the
theory of electron transfer in the process of energy metabolism of
bacteria, the electrochemical characteristics of MB in E. coli from
food sources in vivo were studied by using MB as a redox probe.
Graphene ink has been used for electrode surface modification.
Combined with traditional drug sensitivity test methods, we
constructed a fast, sensitive, portable, and low-cost

Drug Resistance of Escherichia coli

TABLE 1 | Antibiotic susceptibility test results of E1-E4 toward ciprofloxacin,
gentamicin, and ampicillin.

Strain Antibiotics
Ciprofloxacin Gentamicin Ampicillin
E1 S S R
E2 R S R
E3 R R R
E4 R R S

electrochemical sensor system for a rapid detection of drug
resistance of foodborne bacteria.

MATERIALS AND METHODS

Reagents: methylene blue, potassium dihydrogen phosphate,
potassium hydrogen phosphate, trisodium citrate, magnesium
sulfate, calcium chloride, ammonium sulfate, ammonium
chloride, and ammonium formate were purchased from
Aladdin Co., Ltd. Graphene ink was purchased from Lowye
Tech. Co., Ltd. Tryptone, agar powder, and yeast extract
powder were purchased from Tianchen Biological Reagent Co.,
Ltd. Ciprofloxacin, gentamicin, and ampicillin were purchased
from Shanghai Yeyuan Biotech. Co., Ltd. E. coli ATCC25922 was
purchased from Guangdong Huankai Co., Ltd. All-field E. coli
(E1-E4) were collected from Qilu Medical University. Table 1
shows the antibiotic susceptibility test results of E1-E4 toward
ciprofloxacin, gentamicin, and ampicillin.

LB broth: weigh 20 g tryptone, 20 g sodium chloride, and 10 g
yeast extract, respectively, heat them, and dissolve them in
2,000 ml pure water. After adjusting pH to 7.2, the mixture
was poured into conical flasks at 120°C. The mixture was
sterilized with high-pressure steam for 15 min and then cooled
them for standby.

LB agar: weigh 20 g tryptone, 20 g sodium chloride, 10 g yeast
extract, and 30 g agar powder and heat them into 20,00 ml pure
water. Adjust the pH to 7.2 and transfer into conical flasks,
sterilize with 120°C high-pressure steam for 15 min, and then
keep them in a 60°C water bath.

Colony count of E. coli ATCC 25922: The LB agar at 60 “C was
poured into the culture dish. The agar in each culture dish was
about 5 mm high. After the bacterial solution was diluted with
10 times of normal saline, three samples with appropriate dilution
were selected, and 100 uL homogenate was added into the plate
for coating. At the same time, take 100 pL blank diluent and add
two sterile plates as blank control. The plate was inverted and
cultured in 37 °C incubator for 24 h, and the colony count was
conducted.

Effect of MB on the activity of E. coli ATCC25922: The
bacterial suspension with 5ml OD 4y as 0.6-0.8 (LB broth as
blank control) was taken and centrifuged at 4,000 rpm for 15 min.
After the supernatant was removed, the cells were redistributed in
four different concentrations (0.1, 0.2, 0.3, and 0.4 mM) of MB
solution. Under the condition of strictly avoiding light, the plate
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FIGURE 1 | (A) CV of 0.1 mM methylene blue on G-Au and G-GCE. (B) CV curve of different concentration of MB.
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TABLE 2 | Plate colony count of E.coli ATCC 26922 was determined after the
interaction of MB.

Concentration 10° 10° 107
of MB (mM)

0 44.32 10.62 7.71
0.1 43.22 8.27 2.23
0.2 41.22 7.32 1.66
0.3 37.20 6.55 0.21
0.4 32.26 3.67 0.00

colony count was carried out after being exposed to 150 rmp at
37°C for 10 min.

Electrochemical drug sensitivity test: The respiratory activity
value %RA was used as an indicator of bacterial resistance by
electrochemical method. The following equation has been used
for calculation:

B |10 — I + drug| < 100

#RA = |IO -I1- drug| ’

where %RA is respiratory activity; I, is the current value of
0.2 mM MB; and Lgpg is the current value in the absence of
the antibiotics. I, 4y is the current value in the presence of the
antibiotics. A higher %RA value reflects a higher respiratory
activity of bacteria, suggesting the antibiotics have little effect on
bacteria.

RESULTS AND DISCUSSION

In order to obtain the maximum electrical signal, 0.1 mM
methylene blue was scanned with graphene ink-modified gold
electrode (G-Au) and graphene ink-modified glassy carbon
electrode (G-GCE), respectively. It can be seen from
Figure 1A that the redox electric signal of methylene blue on
the G-GCE is significantly greater than that on the G-Au, which
may be due to the faster electron conduction velocity of
methylene blue on the carbon material than on the G-Au.
Therefore, we choose the G-GCE as the working electrode of
the follow-up experiment. In order to explore the relationship
between MB concentration and electrochemical response signal,

MB with E. coli

MB without E. coli

Current (uA)
D

04 03 -02 -01 00 01

Potential (V)

0.2

FIGURE 2 | CV curve of MB in the presence and absence of b.

CV scanning was performed on 5 different concentrations of MB.
As shown in Figure 1B, there is a good linear relationship
between MB concentration and the peak current of CV, and
the current response signal increases with the increase of MB
concentration.

As a photosensitizer, MB can damage DNA and protein of
E. coli. In order to ensure the activity of E. coli ATCC25922, the
plate colony count of 0.1, 0.2, 0.3, and 0.4 mM MB and 10® CFU/
mL E coli was studied. Results as shown in Table 2, the inhibitory
effect of MB on E. coli ATCC25922 was not particularly obvious
when the concentration of MB was 0.1-0.4 mM. However, with
the increase of MB concentration, the colony number of 10°
dilution degree decreased. Therefore, the higher the
concentration of MB, the greater the electrochemical signal.
Finally, 0.2 mM was used as the working concentration of MB
in vivo interaction with E. coli ATCC25922.

In order to explore the change of electrochemical signal of MB
in E. coli in vivo, E. coli ATCC25922 was mixed with 0.2 mM MB
for 7 min, and then the CV was scanned immediately. As shown
in Figure 2, compared with the blank, E. coli ATCC25922 showed
a significant decrease in the electrical signal and blue fading in the
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FIGURE 3 | Effect of dissolved oxygen on CV signal of MB in the
presence of E. coli ATCC25922.

test solution. It was found that the reduction peak current of CV
decreased by 35.7%, and the oxidation peak current decreased by
44.6%. This phenomenon is similar to that of Besant et al. (Besant
et al,, 2015) after mixing E. coli and azurol for a period of time.
The fading of blue in the test solution is due to the reduction of
blue MB to colorless L-MB by aerobic respiration of E. coli
ATCC25922. The decrease of electrical signal after adding
E. coli ATCC25922 is due to the fact that MB, as a redox
shuttle, mediates the respiratory chain of bacteria and obtains
electrons to be reduced during aerobic respiration. This results in
a decrease in the concentration of the oxidized MB that can be
detected in the solution, resulting in a decrease in the
current value.

In order to explore the interaction between oxygen and MB
and bacteria, the methylene blue solution with and without
bacteria was deoxidized for 7 min, and the CV results are
shown in Figure 3. In order to explore the interaction
between oxygen and MB and bacteria, the MB solution with
and without bacteria was deoxidized for 7 min, and the CV results
are shown in Figure 3. It can be seen from CV that the current is
lower than that without adding E. coli ATCC25922, no matter
whether or not deoxidizing. This is due to the respiration of
E. coli, which reduces a part of MB in the solution, resulting in the
decrease of MB concentration and current. It should be noted that
the current decreased more after the addition of E. coli with the
deoxidization, which indicated that the removal of dissolved
oxygen accelerated the reduction of MB by E. coli. The CV
diagram shows that when the potential is —0.5V, the current
of adding bacteria without deoxidizing is the same as that without
adding bacteria, indicating that there is no dissolved oxygen in the
solution even though there is no deoxidization after adding
bacteria. This is due to the respiration of living E. coli, which
consumes oxygen in the solution. Therefore, the respiration of
E. coli still preferentially consumes oxygen and then reduces MB
in the presence of oxygen in the solution. The reduction of MB by

Drug Resistance of Escherichia coli

E. coli can be accelerated by removing dissolved oxygen from the
solution.

In order to explore the relationship between the action time
and the electrical signal, the CV diagram of E. coli ATCC25922
mixed with 0.2 mM MB for different time was scanned, and the
results are shown in Figure 4. The figure represents the reduction
of MB by E. coli ATCC25922. It can be seen from Figure 4 that
the current remains basically unchanged in the first 0-4 min.
Then, the current increased rapidly in 4-8 min and reached a
stable level in 8-12 min. This shows that in the first 4 min, the
oxygen in the solution has not been completely consumed. The
reduction of MB by E. coli ATCC25922 is a slow process. At
4-8 min, the effect of oxygen was reduced, and MB was rapidly
reduced by bacterial respiration. During the 8-12 min, all MB in
the solution was reduced. In the experiment, it can also be
observed by naked eyes that the test solution gradually
changes from dark blue to colorless.

In order to explore the relationship between different
concentrations of E. coli ATCC25922 and MB electrical
signals, CV of different concentrations of E. coli ATCC25922
and 0.2 mM MB were scanned. It can be seen from Figure 5A that
CV oxidation peak and reduction peak are inversely proportional
to the concentration of E. coli ATCC25922. The correlation curve
between CV reduction peak current and the concentration of
E. coli ATCC25922 was obtained by linear fitting, and the curve is
shown in Figure 5B. The regression equation was established as
follows: Y = 0.266x-3.566 (R> = 0.9956).

In order to explore the appropriate concentration of
antibiotics for electrochemical drug sensitivity test, CV was
used to study the change of %RA value of 0.25, 0.5, 1, and
2 g/L gentamicin with E. coli 25,922 and E3 for 1 h. The results are
shown in Figure 6. It can be seen from the figure that the %RA
value of sensitive strain ATCC25922 is basically kept below 60
within the test range of gentamicin concentration, while the %RA
value of drug-resistant strain E3 is about 90 when gentamicin
concentration is 0.25 and 0.5 g/L. When the concentration of

1.6 §/§_§_,§
< 121
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L
]
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=
o —
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FIGURE 4 | Current overtime for E. coli ATCC 25922 interacting with MB
for different periods.
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FIGURE 5 | (A) CV curve of MB in the presence of different concentrations of E. coli ATCC 25922. (B) Plots of peak currents vs. the concentration of E. coli
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FIGURE 7 | %RA changes of E1-E4 toward ciprofloxacin, gentamicin,
and ampicillin.

gentamicin increased, although %RA began to decrease, it was
still higher than that of sensitive strain ATCC25922. In order to
make the electrochemical method accurately detect the difference
between sensitive strains and drug-resistant strains, so as not to
inhibit the respiratory activity of drug-resistant strains, 0.5 g/L

was selected as the concentration of electrochemical drug
sensitivity test.

We used electrochemical techniques to detect ciprofloxacin,
gentamicin, and ampicillin in E1-E4. As shown in Figure 7, the %
RA value of antibiotic resistant bacteria is almost 100. In contrast,
the %RA values of bacteria sensitive to antibiotics were less than
75. When the %RA measured by electrochemical method is less
than 75, it can be preliminarily determined that the bacteria are
sensitive to the antibiotic. When 75<%RA<100 determined by
electrochemical method, the antibiotic resistance of bacteria can
be preliminarily determined.

CONCLUSION

In this work, CV was used to study the electrochemical
characteristics of MB in the presence of E. coli ATCC25922.
We constructed the correlation curve between the CV peak
current and the concentration of E. coli ATCC25922. It
provides a theoretical basis for electrochemical detection of
bacteria. At the same time, we explored the electrochemical
detection of foodborne E. coli drug sensitivity. The sensitivity
of four E. coli isolates to three antibiotics was tested by the
electrochemical drug sensitivity test. The results showed that
bacteria were considered to be resistant to antibiotics when the
standard of drug sensitivity was 75<%RA<100.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

RD and DW conceived of the study. DW supervised the
development program. RD and XF conducted the analysis. RD
and DW wrote the manuscript. All authors read and approved of
the manuscript.

Frontiers in Chemistry | www.frontiersin.org

38

May 2021 | Volume 9 | Article 689735


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Duan et al.

FUNDING

This work was supported by Research Project of
Development Plan of Youth Innovation Team in Colleges

REFERENCES

Baghayeri, M., Amiri, A., Fayazi, M., Nodehi, M., and Esmaeelnia, A. (2021).
Electrochemical Detection of Bisphenol a on a MWCNTs/CuFe204
Nanocomposite Modified Glassy Carbon Electrode. Mater. Chem. Phys. 261,
124247. doi:10.1016/j.matchemphys.2021.124247

Besant, J. D., Sargent, E. H.,, and Kelley, S. O. (2015). Rapid Electrochemical
Phenotypic Profiling of Antibiotic-Resistant Bacteria. Lab. Chip 15, 2799-2807.
doi:10.1039/c51c00375j

Brosel-Oliu, S., Ferreira, R., Uria, N., Abramova, N., Gargallo, R., Mufioz-Pascual,
F.-X,, et al. (2018). Novel Impedimetric Aptasensor for Label-free Detection of
Escherichia coli O157:H7. Sensors Actuators B: Chem. 255, 2988-2995. doi:10.
1016/j.snb.2017.09.121

Chotinantakul, K., Suginta, W., and Schulte, A. (2014). Advanced Amperometric
Respiration Assay for Antimicrobial Susceptibility Testing. Anal. Chem. 86,
10315-10322. doi:10.1021/ac502554s

Cui, L, Lu, M,, Li, Y., Tang, B., and Zhang, C.-y. (2018). A Reusable Ratiometric
Electrochemical Biosensor on the Basis of the Binding of Methylene Blue to
DNA with Alternating at Base Sequence for Sensitive Detection of Adenosine.
Biosens. Bioelectron. 102, 87-93. doi:10.1016/j.bios.2017.11.025

Ertl, P., Unterladstaetter, B., Bayer, K., and Mikkelsen, S. R. (2000). Ferricyanide
Reduction byEscherichiacoli: Kinetics, Mechanism, and Application to the
Optimization of Recombinant Fermentations. Anal. Chem. 72, 4949-4956.
doi:10.1021/ac000358d

Ertl, P., Wagner, M., Corton, E., and Mikkelsen, S. R. (2003). Rapid Identification of
Viable Escherichia coli Subspecies with an Electrochemical Screen-Printed
Biosensor Array. Biosens. Bioelectron. 18, 907-916. doi:10.1016/s0956-
5663(02)00206-3

Fu, L, Xie, K., Wang, A, Lyu, F,, Ge, J., Zhang, L., et al. (2019). High Selective
Detection of Mercury (II) Ions by Thioether Side Groups on Metal-Organic
Frameworks. Analytica Chim. Acta 1081, 51-58. doi:10.1016/j.aca.2019.06.055

Gomez-Cruz, J., Nair, S., Manjarrez-Hernandez, A., Gavilanes-Parra, S., Ascanio,
G., and Escobedo, C. (2018). Cost-effective Flow-Through Nanohole Array-
Based Biosensing Platform for the Label-free Detection of Uropathogenic E. coli
in Real Time. Biosens. Bioelectron. 106, 105-110. doi:10.1016/j.bi0s.2018.01.055

Guo, J., Yuan, C, Yan, Q., Duan, Q., Li, X,, and Yi, G. (2018). An Electrochemical
Biosensor for microRNA-196a Detection Based on Cyclic Enzymatic Signal
Amplification and Template-free DNA Extension Reaction with the
Adsorption of Methylene Blue. Biosens. Bioelectron. 105, 103-108. doi:10.
1016/j.bi0s.2018.01.036

Hua, R, Hao, N.,, Lu, J,, Qian, J, Liu, Q., Li, H., et al. (2018). A Sensitive
Potentiometric Resolved Ratiometric Photoelectrochemical Aptasensor for
Escherichia coli Detection Fabricated with Non-metallic Nanomaterials.
Biosens. Bioelectron. 106, 57-63. doi:10.1016/j.bi0s.2018.01.053

Jijie, R, Kahlouche, K., Barras, A., Yamakawa, N., Bouckaert, J., Gharbi, T., et al.
(2018). Reduced Graphene Oxide/polyethylenimine Based Immunosensor for
the Selective and Sensitive Electrochemical Detection of Uropathogenic
Escherichia coli. Sensors Actuators B: Chem. 260, 255-263. doi:10.1016/j.snb.
2017.12.169

Karimi-Maleh, H., Alizadeh, M., Orooji, Y., Karimi, F., Baghayeri, M., Rouhi, J.,
et al. (2021a). Guanine-Based DNA Biosensor Amplified with Pt/SWCNTs
Nanocomposite as Analytical Tool for Nanomolar Determination of
Daunorubicin as an Anticancer Drug: A  Docking/Experimental
Investigation. Ind. Eng. Chem. Res. 60, 816-823. doi:10.1021/acs.iecr.0c04698

Karimi-Maleh, H., Karimi, F., Malekmohammadi, S., Zakariae, N., Esmaeili, R.,
Rostamnia, S., et al. (2020a). An Amplified Voltammetric Sensor Based on
Platinum Nanoparticle/polyoxometalate/two-Dimensional Hexagonal Boron
Nitride Nanosheets Composite and Ionic Liquid for Determination of
N-Hydroxysuccinimide in Water Samples. J. Mol Liquids 310, 113185.
doi:10.1016/j.molliq.2020.113185

Drug Resistance of Escherichia coli

and  Universities of Shandong  Province 2019
(N0.2019KJE014) and The Open Project of Shandong
Collaborative Innovation Center for Donkey Industry
Technology (No0.3193308).

Karimi-Maleh, H., Karimi, F., Orooji, Y., Mansouri, G., Razmjou, A., Aygun, A.,
et al. (2020b). A New Nickel-Based Co-crystal Complex Electrocatalyst
Amplified by NiO Dope Pt Nanostructure Hybrid; a Highly Sensitive
Approach for Determination of Cysteamine in the Presence of Serotonin.
Sci. Rep. 10, 11699. doi:10.1038/s41598-020-68663-2

Karimi-Maleh, H., Orooji, Y., Karimi, F., Alizadeh, M., Baghayeri, M., Rouhi, J.,
et al. (2021b). A Critical Review on the Use of Potentiometric Based Biosensors
for Biomarkers Detection. Biosens. Bioelectron. 184, 113252. doi:10.1016/j.bios.
2021.113252

Karimi-Maleh, H., Yola, M. L., Atar, N., Orooji, Y., Karimi, F., Senthil Kumar, P.,
et al. (2021c). A Novel Detection Method for Organophosphorus Insecticide
Fenamiphos: Molecularly Imprinted Electrochemical Sensor Based on Core-
Shell Co304@MOF-74 Nanocomposite. J. Colloid Interf. Sci. 592, 174-185.
doi:10.1016/j.jcis.2021.02.066

Khodadadi, A., Faghih-Mirzaei, E., Karimi-Maleh, H., Abbaspourrad, A., Agarwal,
S., and Gupta, V. K. (2019). A New Epirubicin Biosensor Based on Amplifying
DNA Interactions with Polypyrrole and Nitrogen-Doped Reduced Graphene:
Experimental and Docking Theoretical Investigations. Sensors Actuators B:
Chem. 284, 568-574. doi:10.1016/j.snb.2018.12.164

Naderi Asrami, P., Aberoomand Azar, P., Saber Tehrani, M., and Mozaffari, S. A.
(2020). Glucose Oxidase/Nano-ZnO/Thin Film Deposit FTO as an Innovative
Clinical Transducer: A Sensitive Glucose Biosensor. Front. Chem. 8, 503. doi:10.
3389/fchem.2020.00503

Nodehi, M., Baghayeri, M., Behazin, R., and Veisi, H. (2021a). Electrochemical
Aptasensor of Bisphenol A Constructed Based on 3D Mesoporous Structural
SBA-15-Met with a Thin Layer of Gold Nanoparticles. Microchemical J. 162,
105825. doi:10.1016/j.microc.2020.105825

Nodehi, M., Baghayeri, M., and Veisi, H. (2021b). Preparation of GO/Fe304@
PMDA/AuNPs Nanocomposite for Simultaneous Determination of As3+ and
Cu2+ by Stripping Voltammetry. Talanta 230, 122288. doi:10.1016/j.talanta.
2021.122288

Shamsadin-Azad, Z., Taher, M. A., Cheraghi, S., and Karimi-Maleh, H.
(2019). A Nanostructure Voltammetric Platform Amplified with Ionic
Liquid for Determination of Tert-Butylhydroxyanisole in the Presence
Kojic Acid. Food Measure 13, 1781-1787. d0i:10.1007/s11694-019-
00096-6

Taghdisi, S. M., Danesh, N. M., Nameghi, M. A., Ramezani, M., Alibolandi, M.,
Hassanzadeh-Khayat, M., et al. (2019). A Novel Electrochemical Aptasensor
Based on Nontarget-Induced High Accumulation of Methylene Blue on the
Surface of Electrode for Sensing of a-synuclein Oligomer. Biosens. Bioelectron.
123, 14-18. doi:10.1016/j.bios.2018.09.081

Thakur, B., Zhou, G., Chang, J., Pu, H., Jin, B., Sui, X,, et al. (2018). Rapid Detection
of Single E. coli Bacteria Using a Graphene-Based Field-Effect Transistor
Device. Biosens. Bioelectron. 110, 16-22. doi:10.1016/j.bios.2018.03.014

Xu, Y, Lu, Y., Zhang, P.,, Wang, Y., Zheng, Y., Fu, L., et al. (2020). Infrageneric
Phylogenetics Investigation of Chimonanthus Based on Electroactive
Compound  Profiles.  Bioelectrochemistry 133, 107455. doi:10.1016/j.
bioelechem.2020.107455

Yao, L., Wang, L., Huang, F., Cai, G., Xi, X,, and Lin, J. (2018). A Microfluidic
Impedance Biosensor Based on Immunomagnetic Separation and Urease
Catalysis for Continuous-Flow Detection of E. coli O157:H7. Sensors
Actuators B: Chem. 259, 1013-1021. doi:10.1016/j.snb.2017.12.110

Yu, Z., Luan, Y., Li, H., Wang, W., Wang, X,, and Zhang, Q. (2019). A Disposable
Electrochemical Aptasensor Using Single-Stranded DNA-Methylene Blue
Complex as Signal-Amplification Platform for Sensitive Sensing of
Bisphenol A. Sensors Actuators B: Chem. 284, 73-80. doi:10.1016/j.snb.2018.
12.126

Zeinhom, M. M. A., Wang, Y., Song, Y., Zhu, M.-],, Lin, Y., and Du, D. (2018). A
Portable Smart-Phone Device for Rapid and Sensitive Detection of E. coli O157:
H7 in Yoghurt and Egg. Biosens. Bioelectron. 99, 479-485. doi:10.1016/j.bios.
2017.08.002

Frontiers in Chemistry | www.frontiersin.org

May 2021 | Volume 9 | Article 689735


https://doi.org/10.1016/j.matchemphys.2021.124247
https://doi.org/10.1039/c5lc00375j
https://doi.org/10.1016/j.snb.2017.09.121
https://doi.org/10.1016/j.snb.2017.09.121
https://doi.org/10.1021/ac502554s
https://doi.org/10.1016/j.bios.2017.11.025
https://doi.org/10.1021/ac000358d
https://doi.org/10.1016/s0956-5663(02)00206-3
https://doi.org/10.1016/s0956-5663(02)00206-3
https://doi.org/10.1016/j.aca.2019.06.055
https://doi.org/10.1016/j.bios.2018.01.055
https://doi.org/10.1016/j.bios.2018.01.036
https://doi.org/10.1016/j.bios.2018.01.036
https://doi.org/10.1016/j.bios.2018.01.053
https://doi.org/10.1016/j.snb.2017.12.169
https://doi.org/10.1016/j.snb.2017.12.169
https://doi.org/10.1021/acs.iecr.0c04698
https://doi.org/10.1016/j.molliq.2020.113185
https://doi.org/10.1038/s41598-020-68663-2
https://doi.org/10.1016/j.bios.2021.113252
https://doi.org/10.1016/j.bios.2021.113252
https://doi.org/10.1016/j.jcis.2021.02.066
https://doi.org/10.1016/j.snb.2018.12.164
https://doi.org/10.3389/fchem.2020.00503
https://doi.org/10.3389/fchem.2020.00503
https://doi.org/10.1016/j.microc.2020.105825
https://doi.org/10.1016/j.talanta.2021.122288
https://doi.org/10.1016/j.talanta.2021.122288
https://doi.org/10.1007/s11694-019-00096-6
https://doi.org/10.1007/s11694-019-00096-6
https://doi.org/10.1016/j.bios.2018.09.081
https://doi.org/10.1016/j.bios.2018.03.014
https://doi.org/10.1016/j.bioelechem.2020.107455
https://doi.org/10.1016/j.bioelechem.2020.107455
https://doi.org/10.1016/j.snb.2017.12.110
https://doi.org/10.1016/j.snb.2018.12.126
https://doi.org/10.1016/j.snb.2018.12.126
https://doi.org/10.1016/j.bios.2017.08.002
https://doi.org/10.1016/j.bios.2017.08.002
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Duan et al.

Zhang, M., Pan, B., Wang, Y., Du, X,, Fu, L., Zheng, Y., et al. (2020). Recording the
Electrochemical Profile of Pueraria Leaves for Polyphyly Analysis.
ChemistrySelect 5, 5035-5040. doi:10.1002/slct.202001100

Zheng, L., Cai, G., Wang, S., Liao, M., Li, Y., and Lin, J. (2019). A
Microfluidic Rapid Detection of
Escherichia coli O157:H7 Using Gold Nanoparticle Aggregation and
Smart Phone Imaging. Biosens. Bioelectron. 124-125 (125), 143-149.
do0i:10.1016/j.bios.2018.10.006

Zhou, C., Zou, H., Li, M., Sun, C,, Ren, D., and Li, Y. (2018). Fiber Optic Surface
Plasmon Resonance Sensor for Detection of E. coli O157:H7 Based on
Antimicrobial Peptides and AgNPs-rGO. Biosens. Bioelectron. 117, 347-353.
doi:10.1016/j.bios.2018.06.005

Zhou, J., Zheng, Y., Zhang, J., Karimi-Maleh, H., Xu, Y., Zhou, Q., et al. (2020).
Characterization of the Electrochemical Profiles of Lycoris Seeds for Species
Identification and Infrageneric Relationships. Anal. Lett. 53, 2517-2528. doi:10.
1080/00032719.2020.1746327

Colorimetric Biosensor for

Drug Resistance of Escherichia coli

Zhu, C., Zhao, G., and Dou, W. (2018). Core-shell Red Silica Nanoparticles Based
Immunochromatographic Assay for Detection of Escherichia coli O157:H7.
Analytica Chim. Acta 1038, 97-104. doi:10.1016/j.aca.2018.07.003

Conflict of Interest: DW was employed by Dong-E E-Jiao Co. Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Duan, Fang and Wang. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

40

May 2021 | Volume 9 | Article 689735


https://doi.org/10.1002/slct.202001100
https://doi.org/10.1016/j.bios.2018.10.006
https://doi.org/10.1016/j.bios.2018.06.005
https://doi.org/10.1080/00032719.2020.1746327
https://doi.org/10.1080/00032719.2020.1746327
https://doi.org/10.1016/j.aca.2018.07.003
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

1' frontiers
in Chemistry

ORIGINAL RESEARCH
published: 23 June 2021
doi: 10.3389/fchem.2021.709487

OPEN ACCESS

Edited by:

Fatemeh Karimi,

Quchan University of Advanced
Technology, Iran

Reviewed by:

Somaye Cheraghi,

Shahid Bahonar University of
Kerman, Iran

Vahid Arabali,

Islamic Azad University Sari
Branch, Iran

*Correspondence:

Li Zeng
zengbingli@njucm.edu.cn

Shuai Yan
doctor_shualyan@njucm.edu.cn

TThese authors have contributed
equally to this work

Specialty section:

This article was submitted to
Electrochemistry,

a section of the journal
Frontiers in Chemistry

Received: 14 May 2021
Accepted: 10 June 2021
Published: 23 June 2021

Citation:

Yue Y, Su L, Hao M, Li W, Zeng L and
Yan S (2021) Evaluation of Peroxidase
in Herbal Medicines Based on an
Electrochemical Sensor.

Front. Chem. 9:709487.

doi: 10.3389/fchem.2021.709487

Check for
updates

Evaluation of Peroxidase in Herbal
Medicines Based on an
Electrochemical Sensor

Yinzi Yue™, Lianlin Su®', Min Hao®, Wenting Li', Li Zeng'* and Shuai Yan**

"First Clinical Medical School, Nanjing University of Chinese Medicine, Nanjing, China, 2School of Pharmacy, Nanjing University of
Chinese Medicine, Nanjing, China, °School of Pharmacy, Zhejiang Chinese Medicine University, Hangzhou, China, “Department
of Anorectal, Suzhou TCM Hospital Affiliated to Nanjing University of Chinese Medicine, Suzhou, China

Peroxidases are species-specific. Differences in peroxidase can objectively reflect the
genetics among species. The use of peroxidase to assist in species identification is
relatively simple and effective. In this work, we proposed a graphene-modified electrode.
This electrode can amplify the signal of electrocatalytic reduction of hydrogen peroxide.
Since peroxidase can catalyze the reduction of hydrogen peroxide, this signal can be used
as an indicator to demonstrate the content of peroxidase in different plant tissues. Twelve
herbal medicines were selected for our study. The results show that this electrochemical-
based detection technique was comparable to colorimetric method in terms of accuracy.

Keywords: peroxidase activity, herbal medicines, electrochemical evaluation, rapid detection, hydrogen peroxide

INTRODUCTION

The phenolics and enzymes in plant tissues are distributed in different locations in the cell. Enzymes
cannot come into contact with phenolic substrates, so enzymatic browning does not occur
(Paravisini and Peterson, 2019; Kizilgeci et al., 2020; Moon et al., 2020; Ozkan, 2020). However,
if damage or dehydration leads to the destruction of plant cell structure and changes the regionalized
distribution of phenolics and enzymes, the contact between phenolic substances, enzymes and
oxygen will cause enzymatic browning (Barpete et al., 2020). The presence of phenolic substrates,
enzymes and oxygen is necessary for enzymatic browning to occur. Enzymes that cause enzymatic
browning of plant include polyphenol oxidase, peroxidase, catalase, superoxide dismutase (Demir
and Isik, 2020), phenylalanine aminotransferase, etc. Among them, peroxidase is the main oxidase
that causes enzymatic browning in most plants (Ozbek et al., 2021; Tenish et al., 2021).

Peroxidase is an oxidase that uses hydrogen peroxide as an electron acceptor to catalyze substrates
and is widely found in plants, animals, and microorganisms (Chen et al., 2020; Karimi-Maleh et al.,
2021a; Lazzarotto et al., 2021). Most peroxidases contain heme cofactors and are mostly heme-
binding proteins containing iron ions. There are also some peroxidases in which the iron of heme is
replaced by copper, manganese, vanadium or selenium (Dong et al., 2020; Karimi-Maleh et al.,
2021c). Therefore, according to the different cofactors, ferric heme peroxidases can be divided into
two categories. The third type of structure is the chloride peroxidase and the cytochrome ¢ peroxidase
containing two hemoglobins (Fu et al., 2019; Li et al., 2020; Zhou et al., 2020). In addition, depending
on the isoelectric point, it can be divided into acid peroxidase, neutral peroxidase and basic
peroxidase. According to the binding state, it can be divided into soluble peroxidase, ion-bound
peroxidase and covalent-bound peroxidase (Xu et al., 2020; Karimi-Maleh et al., 2021b).

The activity and number of peroxidases vary greatly in different tissues and organs, different
growth, development periods, different physiological states and different varieties of plants.
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FIGURE 1 | Effect of (A) extraction time (B) material-liquid ratio and (C) pH on enzyme specific activity of Erycibe obtusifolia.

Peroxidases can largely reflect the characteristics of plant growth
and development, biometabolic status, ability to adapt to the
external environment and genetic differences among varieties.
The electrophoretic profiles of peroxidases are relatively stable
under certain conditions and are as species-specific as
morphological trait indicators (Yang et al., 2020; Ying et al,
2020; Zheng et al,, 2020). It has been widely used as a genetic
marker in plant variety identification, genetic diversity analysis,
plant disease resistance analysis, plant growth and development
analysis (Karimi-Maleh et al., 2020).

Non-denaturing  discontinuous  polyacrylamide  gel
electrophoresis (native PAGE) does not easily denature
proteins. It essentially does not disrupt the natural
conformation of proteins and the subunit interactions, so it
maintains protein biological activity (Rajhans et al., 2020;
Almaz et al,, 2021). This method is most widely used in the
detection of plant peroxidases because it does not denature
proteins. Sodium dodecyl-sulfate-gelatin-poly-acrylamide gel
electrophoresis (G-PAGE) is an electrophoretic technique
established in the early 1980s, which is a kind of
electrophoresis that maintains the enzyme biological activity
after electrophoresis (Liu et al., 2020). In phycological studies,
peroxidases are species-specific. Differences in peroxidases can
objectively reflect the genetics among species. The use of
peroxidase to assist in species identification is a relatively
simple and effective. Studies have shown that peroxidases are
involved in the physiological responses of plants to disease, insect,
salt, and drought resistance as well as resistance to biotic stresses
(Jamali et al,, 2014; Baghizadeh et al., 2015; Karaman, 2021;
Karaman et al., 2021).

Recently, an electrochemical-based detection technique has
been developed for the study of peroxidase activity in plants (Fu
et al, 2021). Since peroxidase can catalyze hydrogen peroxide
accordingly, differences in catalytic activity can be used to reflect
differences in peroxidase content in plant tissues. This method
can potentially be used for the determination of plant sex.
Electrochemical detection is a low-cost and university-based
analytical technique that is particularly suitable for rapid
detection. Therefore, this technology has a bright future in

plant detection. There is a very large market for herbal
medicine in Asia. Authentication of herbal medicines has been
a problem in this market. Based on the above information, the
identification of herbal medicines by using the difference of
peroxidase is a direction worth exploring.

In this work, twelve herbs were selected for electrochemical
testing. The peroxidases in the herbs were first extracted.
Graphene-modified electrodes were subsequently used to
detect these extracts in the presence of hydrogen peroxide.
The results revealed a large variation of peroxidase in different
herbs. This technique can potentially be used for the
identification of herbal species as well as the control of herbal
quality.

EXPERIMENTS

Materials

Ratan of Erycibe obtusifolia, leaf of Panax ginseng C. A. Mey, leaf
of Murraya exotica L., thizome of Zingiber officinale Rosc, seed of
Cassia obtusifolia L., rhizome of Pinellia ternate (Thunb.) Breit,
rhizome of Imperata cylindrica Beauv. var.major (Nees)
C.E.Hubb, pericarp of Zanthoxylum bungeanum Maxim, seed
of Trichosanthes rosthornii Harms, pericarp of Benincasa hispida
(Thunb.) Cogn, rhizome of Semiaquilegia adozoides (DC.)
Makino and seed of Strychnos nuxvomica L. were purchased
from local pharmacy and identified by Nanjing University of
Chinese Medicine. Disodium hydrogen phosphate, sodium
dihydrogen phosphate, potassium dihydrogen phosphate,
guaiacol, hydrogen peroxide, graphene ink, sulfuric acid,
phosphoric acid, anhydrous ethanol, Thomas Brilliant Blue G-
250, bovine serum albumin were all analytically grade.

Peroxidase Extraction

Weigh a certain amount of herbs and add PBS at 4°C. The pulping
time was 6 0°s, and then extracted for a certain time at 4°C. The
filtered filtrate was frozen and centrifuged at 9,000°r/min for
15°min, and the supernatant was collected as the crude enzyme
solution.
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Enzyme Activity Measurement Based on
Colorimetric Assay

Guaiacol was used as the reaction substrate in the colorimetric
assay. The reaction system consisted of 2.95ml of 18 mM
guaiacol and 1 mM H,0, (pH 5 PBS). Add 0.05ml of the
enzyme solution, cover the cuvette with a lid and mix rapidly,
measure the absorbance value at 470 nm at 30°C, count one time
every 10°s, and use 0.01 change in absorbance value per minute as
1 unit of enzyme activity.

Determination of Protein Content

The protein content was determined by the colorimetric method
of Bradford’s Komas Brilliant Blue G-250. Bovine serum protein
was used to make the standard curve. The absorbance value at
595 nm was used as the vertical coordinate for the standard curve.
The standard curve was plotted with the standard protein content
as the horizontal coordinate, and the protein mass in the sample
was calculated by the curve equation. Specific activity is the

activity per unit mass of enzyme, expressed as U/mg, specific
activity = activity (U)/mass of protein (mg).

Enzyme Activity Measurement Based on

Electrochemical Method

All electrochemical measurements were performed using a CHI
820D electrochemical workstation with a three-electrode system.
Specifically, a reference electrode (Ag/AgCl), a counter electrode
(Pt foil) and a working electrode (glassy carbon electrode, GCE).
Graphene ink (0.5 mg/ml) was firstly drop coated on the GCE
surface and dried naturally. Then, a linear sweep voltammetry
was used for detecting the electrocatalytic of peroxidase
toward H,0,.

RESULTS AND DISCUSSION

Firstly, we optimized the extraction process of peroxidase. The
extraction conditions were optimized using an orthogonal test.
The results of the single-factor test were analyzed in an
orthogonal test to derive the key factors influencing the
peroxidase extraction of Erycibe obtusifolia. The effects of
different extraction times of 0, 1, 2, 3 and 4h on the specific
activity of Erycibe obtusifolia peroxidase were investigated by
fixing the material-liquid ratio 1:5 at pH 4. It can be seen from
Figure 1A that the enzyme specific activity increased with the
increase of extraction time and stabilized when the extraction
time exceeded 1 h. The reason may be that the enzyme in Erycibe
obtusifolia tissue was not fully solubilized when the extraction
time was less than 1h. With the increase of time, the enzyme
leaching gradually reached the equilibrium, and the enzyme
specific activity tended to stabilize. 3h later, the enzyme
specific activity slightly decreased, which might be due to the
inactivation of the leached enzyme in the solution environment.
Figure 1B examines the effect of different stock-to-solution ratios
on the specific activity of honeysuckle peroxidase. The peroxidase
specific activity increased with the increase of the material-liquid
ratio between 1:7 and 1:5. When the material-liquid ratio was less
than 1.7, the peroxidase specific activity showed a decreasing
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FIGURE 4 | LSV curves of (A) Erycibe obtusifolia, Panax ginseng, Murraya exotica, Zingiber officinale, Cassia obtusifolia, Pinellia ternate and (B) Imperata cylindrica,
Zanthoxylum bungeanum, Trichosanthes rosthornii, Benincasa hispida, Semiaquilegia adozoides, Strychnos nuxvomica in the presence of 1 mM H,O, recorded using a
graphene modified GCE.

TABLE 1 | Enzyme activity measurement of Erycibe obtusifolia, Panax ginseng, Murraya exotica, Zingiber officinale, Cassia obtusifolia, Pinellia ternate, Imperata cylindrica,
Zanthoxylum bungeanum, Trichosanthes rosthornii, Benincasa hispida, Semiaquilegia adozoides and Strychnos nuxvomica based on colorimetric assay.

Herb Specific activity (U/mg)
Erycibe obtusifolia 162
Murraya exotica 174
Cassia obtusifolia 181
Imperata cylindrica 149
Trichosanthes rosthornii 152
Semiaquilegia adozoides 167

trend with decreasing material-liquid ratio. This may be due to
the increase of solids in the extraction system and the relative lack
of extraction solution due to the large material-liquid ratio. When
the material-liquid ratio was smaller, the enzyme leached from
plant tissues was diluted and showed a decrease in enzyme
activity. Figure 1C examines the effect of different extract pH
values on the specific activity of Erycibe obtusifolia peroxidase.
From Figure 1C, it can be seen that the enzyme specific activity
showed a trend of increasing and then decreasing between pH
4-9. The buffer pH of six had a better extraction effect. The
reason may be that the alkaline and more acidic environment had
an effect on the conformation of Erycibe obtusifolia peroxidase,
which led to a change in the molecular structure of the enzyme
causing a partial loss of enzyme activity. On the other hand, it
may be that more heteroproteins were leached at pH greater than
6, thus affecting the peroxidase extraction effect.

Figure 2 shows the CV curves of GCE and graphene modified
GCE on Erycibe obtusifolia peroxidase extracts. In the absence of
H,O, (Figure 2A), both electrodes have some redox peaks during
the anodic scan and cathodic scan. These peaks are due to the
oxidation and reduction of some substances possessing
electrochemical activity in Erycibe obtusifolia extracts, such as
flavonoids (Cai et al, 2020), pigments (Pearce et al., 2020),
carotenoids (Cizmek and Komorsky-Lovri), etc.

Figure 2B shows the CV curves of the two electrodes in PBS
for 1 mM H,O,. It can be seen that both electrodes have a
reduction of H,O, in the cathodic scan. In contrast, the

Herb Specific activity (U/mg)
Panax ginseng 154
Zingiber officinale 197
Pinellia ternate 72
Zanthoxylum bungeanum 169
Benincasa hispida 178
Strychnos nuxvomica 31

graphene-modified GCE possesses a very remarkable current
signal. Therefore, graphene can significantly increase the
current signal due to its excellent electrical properties
(Vasseghian et al., 2021).

The same can be observed in the assay of Erycibe obtusifolia
extracts (Figure 2C). It can be seen from the figure that the
graphene-modified electrode possesses a very significant current
signal. This amplification strategy of the current signal can greatly

increase the feasibility of detecting peroxidase by
electrochemistry.

The concentration of H,0, affects the performance of
electrocatalytic response. In general, the higher the

concentration of H,0, will lead a higher reduction current.
However, too much H,0, can rapidly deplete the peroxidase
enzyme, thus leading to a large variance. Figure 3 shows the LSV
curves in the presence of 0.5, 1, 1.5 and 2 mM H,0,. As expected,
the reduction current increases with increasing concentration of
H,0,. However, the reproducibility of the currents becomes
worse as the concentration increases. Therefore, we finally
chose 1 mM H,0, as the experimental concentration.

In order to distinguish more quickly the differences in
peroxidase in different herbal extracts, we measured twelve
herbs by LSV (Figure 4). It can be seen that Zingiber officinale
has the highest current and Strychnos nuxvomica has the lowest
current. According to the data in Figure 3, the order of
peroxidase activity of the twelve herbs was Zingiber officinale
> Cassia obtusifolia > Benincasa hispida > Murraya exotica
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> Trichosanthes rosthornii > Semiaquilegia adozoides >
Zanthoxylum bungeanum > Erycibe obtusifolia > Panax
ginseng > Imperata cylindrica > Pinellia ternate > Strychnos
nuxvomica. Table 1 shows the results of 12 herbs tested by
colorimetric assay. Except for Zanthoxylum bungeanum and
Semiaquilegia adozoides, the order of the results is consistent
with that of the electrochemical assay. Such results represent that
the electrochemical detection techniques we use can be used for
the identification and quality control of herbs.

CONCLUSION

Peroxidase can be used as an indicator for the identification of
herbs and quality control. An electrochemical-based assay was
proposed for the rapid detection of peroxidase in herbal
medicines. Graphene was used to modify the electrode to
achieve increased signal sensitivity. Peroxidase in herbs can
catalyze the electrochemical reduction of H,0,, so the
electrochemical reduction signal of H,O, can be used as an
indicator for the content of peroxidase in the samples. Based
on a investigation of 12 herbs, the accuracy of this detection
technique is comparable to that of colorimetric method.
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The rapid detection of organic matter in soil is of great interest in agriculture, but the
commonly used techniques require laboratory operation. Therefore, the development of a
technique that allows rapid detection of soil organic matter in the field is of great interest. In
this work, we propose an electrochemical-based approach for the detection of organic
matter in soil particles. Since soil particles immobilized directly on the electrode surface can
fall off during testing, we introduced graphene to coat the soil particles. The encapsulated
soil particles can be stably immobilized on the electrode surface. We have investigated the
electrochemical behavior of soil particles. The results show a correspondence between the
electrochemical oxidation and reduction of soil particles and the organic matter content in
them. We collected soil samples from three sites and constructed an electrochemical
modeling, testing framework with stability based on multiple calibrations and random
division of the prediction set. We used the equal interval partial least squares (EC-PLS)
method for potential optimization to establish the equivalent model set. A joint model for
the electrochemical analysis of organic matter in three locations of soil samples was
developed for the commonality study.

Keywords: soil organic matter, cyclic voltammetry, graphene, equivalent model set, joint model

INTRODUCTION

Soil organic matter content is one of the most important indicators of soil nutrient supply capacity
and fertility. Soil research scholars generally agree that there is a significant positive correlation
between soil organic matter content and soil quality. Therefore, the information of soil organic
matter content is one of the important value in the evaluation of ecological environment. At present,
the determination of soil organic matter content is generally performed in the laboratory by external
heating with potassium dichromate and combined spectroscopic/chromatographic analytical
techniques such as nuclear magnetic resonance and thermal cracking-mass spectrometry (Yang
et al., 2011). These determination methods have the advantage of higher measurement accuracy,
however, they require high operator requirements and longer time for detection, while a large
amount of reagents are consumed during the monitoring process.

In recent years, near-infrared spectroscopy has rapidly developed into a rapid, nondestructive,
multi-component simultaneous analysis technique. However, due to the complex composition of
soils, the investigations realized that two factors affect the spectral reflectance properties of soils: the
moisture content of the soil and iron-containing oxides. There is a high correlation between the
moisture in the soil and the reflectance of the spectrum, and an increase in soil moisture content leads
to a decrease in spectral reflectance (Summers et al., 2011). In addition, the presence of iron oxides
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causes a decrease in spectral reflectance and there are multiple
characteristic absorption summits in the soil spectrum caused by
iron oxides (Liu et al., 2018; Babaeian et al., 2019). Furthermore,
the ensemble frequency multiplication information of the
chemical bonds of hydrogen-containing groups contained in
the NIR spectra is very weak, and it is generally necessary to
pre-process the spectral data and then build a quantitative
calibration model of the spectra by chemometric methods.
Due to the presence of objective reasons such as the state of
the sample, errors in measurement, and instrument errors, the
raw spectra obtained from the instrument often contain some
interference information that is not related to the components to
be measured. The presence of interfering information can have an
impact on subsequent calibration model building such as reduced
accuracy or inaccurate prediction. Many studies are currently
centered on the development of spectral processing algorithms to
reduce the effects of interferences (Cambou et al., 2016; Sharififar
et al., 2019). Meanwhile, some scholars have borrowed analytical
techniques from other fields for detecting organic matter content
in soils. For example, thermogravimetric analysis and differential
scanning calorimetry, which are widely used in materials science,
have been used for the evaluation of soil organic matter content
(Fernandez et al., 2012; Siewert and Kucerik, 2015). Wiesheu et al.
(Wiesheu et al, 2018) explored the use of isotopic internal
standards combined with Raman spectroscopy for the
detection of soil organic matter content. These efforts provide
very valuable academic implications, but still rely on large
instruments in the detection results and require tedious
processing of soil samples. In this work, we aim to explore an
original detection technique based on solid state electroanalytical
chemistry (SSEAC) for the rapid analysis of soil organic matter
content in the field.

The application of electrochemical techniques in the field of
soil science consists of two main categories: 1) electrochemical
remediation of contaminated soils (Munoz-Morales et al., 2017;
Dominguez-Garay et al., 2018), and 2) detection of specific soil
contaminants (Zhao and Liu, 2018; Mondal and Subramaniam,
2019). In the second application area, investigations have made
a number of breakthroughs using liquid-phase electrochemical
analysis techniques that allow specific and highly sensitive
detection of pesticide residues and heavy metals in soils.
However, it is not reasonable to design techniques for the
detection of soil organic matter content using this type of
methodology because the soil sample pre-treatment
techniques for this type of technique are similar to
conventional chemical assays, which rely on laboratory
instruments and do not offer superiority. In this work, we
propose an alternative approach to evaluate the organic
matter content of undigested/dissolved soil samples directly
by using the SSEAC technique for rapid detection. Soil
particles contain a variety of plant-derived organic matter
molecules, some of which are capable of electrochemical
oxidation and/or reduction reactions, such as indoles,
polyphenols and quinones. In particular, lignin and cross-
linked phenolic polymers undergo substitution, addition,
coupling and bond cleavage reactions in electrochemical
oxidation and reduction. The electrochemical signal of these
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substances provides an indication that can be used to react to the
overall organic matter content of the soil.

EXPERIMENTS

In the study of this paper, soil areas from three locations were
collected (A, B, C). Each location was collected 77 soil samples.
All soil samples will be used to determine the organic matter
content of the soil using conventional and routine chemical
methods, but some pretreatment of the soil samples will be
required before measurement. At the beginning of the
experiment, all the soil samples collected were numbered and
recorded separately. The numbered soil samples were placed
sequentially on vellum and spread evenly and neatly in a cool,
dry and ventilated environment for air-drying. Particular care
should be taken not to expose the soil samples to direct sunlight
and baking during this process, as this can damage the integrity of
the soil sample composition and affect the accuracy of the organic
matter measurements. After the air-drying of all soil samples, the
visible impurities are removed from the soil samples and the
lumpy soil samples are carefully ground so that all soil samples
are in a homogeneous fine-grained state. These samples are then
passed through a 0.25 mm pore sieve, after which the soil samples
are preserved for the subsequent determination of soil organic
matter.

All electrochemical measurements were carried out using a
CHI 760e working station. Then, the polydopamine
functionalized graphene has been used for soil particle
encapsulation. Then 2 pL of the dispersion was drop coated on
a glassy carbon electrode and used as working electrode. A Pt wire
and an Ag/AgCl electrode have been used as counter electrode
and reference electrode, respectively.

RESULTS AND DISCUSSION

The underlying technology of SSEAC can be traced back to a
series of original works by Scholz’s team in the late 1980s and
early 1990s (Scholz et al., 1989a, 1989b; Scholz and Lange, 1992).
The first analysis of solid particles based on the SSEAC technique
was also presented by Scholz’s team in 1995 (Scholz et al., 1995).
They found a positive correlation between the current intensity of
the electrochemical oxygen precipitation reaction and the
amount of radiation accumulated on ceramic particles. In the
last decade, the Domenech-Carbo team combined metal
corrosion and electrochemical redox mechanisms and
developed several methods for the analysis of metal particles
including electrochemical impedance spectroscopy (Doménech-
Carbo et al., 2014), Tafel curves (Doménech-Carb¢ et al., 2016)
and polarization curves (Doménech-Carb¢ et al., 2012). They also
proposed voltammetry of immobilized microparticles (VIMP) for
the rapid and effective electrochemical analysis of solid particles.
SSEAC analysis is a promising technique for soil analysis due to
its low cost and speed, minimal sample requirement, and
applicability to both inorganic and organic particles. However,
due to technical constraints, a large number of SSEAC assays
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Polydopamine-graphene

SSEAC recording

FIGURE 2 | SEM images of (A) soil particles and (B) polydopamine-graphene encapsulated soil particles on the electrode surface.

based on the VIMP method have a large uncontrollability at both
the electrical and sample of the testing process. Therefore, we
thought to encapsulate soil particles with polydopamine-
modified graphene, which has high specific surface, high
electrical conductivity and good immobilization ability. The
material was used to adsorb oxidizable organic compounds
from the soil particles with high efficiency. The encapsulated
soil particles were directly immobilized on the surface of a printed
electrode with an integrated three-electrode system for highly
sensitive signal acquisition, as shown in Figure 1.

This work proposes to perform rapid detection of organic
matter content of soil by detecting the reaction of oxidizable
organic compounds in soil samples with reactive oxygen species
(ROS) generated by in situ electrochemistry as an indication. Soil
particles were adsorbed and coated with polydopamine-modified
graphene and cemented on the electrode surface. This allows for
signal acquisition of oxidizable organic compounds in the soil
sample. We also investigated the electrochemical response
mechanism of soil particles under encapsulation. A reasonable
signal acquisition standard was investigated, and the
correspondence between the oxidizable organic compounds in
soil particles and the overall organic matter content was explored
by using the conventional potassium dichromate external heating
method and NIR detection method as controls.

Modification of graphene surfaces using polydopamine is
often used to improve the dispersion of graphene in the
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FIGURE 3 | SSEAC spectra of soil particles.

aqueous phase and to achieve efficient modification of other
material surfaces with the help of the adhesion of polydopamine.
The SEM images in Figure 2 show the soil particles directly
immobilized on the electrode surface and the soil particles after
polydopamine-graphene coating. It can be seen that the
polydopamine-graphene can coat the soil particles very well
from the microscopic point of view, and has good film
formation on the electrode surface to achieve stable
immobilization. This makes the soil particles not easily detach
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TABLE 1 | Parameters and prediction results of the optimal PLS voltammetric
region model for soil SSEAC data.

Location Region F SEP" SEPae. SEPsp Rpawe Rpsp
A 0.0-1.0V 9 0.277 0.271 0.022 0.917 0.016
0.7-1.0V 6 0322 0.299 0.021 0.903  0.009
0.0-1.0V 9 0.260 0.241 0.014 0.922  0.007
Whole scan 11 0.247 0.230 0.022 0.919 0.011
B 0.0-1.0V 13 0.857 0.779 0.057 0.869  0.021
0.7-1.0V 17 1.207 1.035 0.124 0.801 0.043
0.0-1.0V 17 0.754 0.576 0.155 0.933  0.083

Whole scan 26  0.611 0.471 0.151 0.951 0.031

C 0.0-1.0V 20 0.365 0.318 0.041 0.814  0.022
0.7-1.0V 29 0418 0.366 0.061 0.851  0.041
0.0-1.0V 17 0.221 0.201 0.020 0.923  0.007
Whole scan 26  0.209 0.191 0.022 0.955  0.009

from the electrode during the electrochemical detection process
and improves the accuracy of the detection.

The cyclic voltammogram of the soil particles after half-
derivative convolution is shown in Figure 3. There are
multiple oxidation peaks (O1, O3, O4) in the range of +0.2 to
+0.8 V at the anode. From +1.0 V onwards there is a significant
current rise due to oxygen precipitation. During the negative
sweep, there is a clear reduction peak at +0.60 V (R1), followed by
a series of weak overlapping reduction peaks between +0.2 and
0.6 V (R2). A distinct reduction peak occurs near about —-1.0 V
due to hydrogen precipitation. These oxidation and reduction
peaks are signals due to the electrochemical oxidation or
reduction of organic matter in the soil. These observed
processes may be due to the superposition of signals from a
considerable number of compounds. Nevertheless, if the
electrochemical redox fingerprints of lignin and different
organic compounds are compared, it is shown that the Ol
process is probably the oxidation of the catechol moiety to the
corresponding o-quinones. O2 is the oxidation of monophenolic
moiety and/or methoxyphenol (Milczarek, 2009; Admassie et al.,
2014). R1 is the reduction process of some of the substances in O1
in the cathodic scan, while the R2 process is mainly attributed to
the reduction of organic compounds with a quinone structure.
During the second anodic scan, the peaks of O1 and O2 were
reduced. A series of additional oxidation signals (O3) between
-0.1 and +0.2V appeared, suggesting the generation of new
reactive oxygen clusters during the electrochemical process.

We tried to divide the collected soil samples into sample sets,
of which 30 samples were the test set and 47 samples were the
modeling set. In the modeling set, we divided 23 of the samples
into calibration set and 24 samples into prediction set in order to
avoid distortion of model evaluation as well as to get stable
prediction. In order to better analyze the models built by the
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EC-PLS method, we selected the first anode scan 0.0-1.0 V and
cathode scan 0.7 to —1.0 V, the second anode scan 0.0-1.0 V and
the full voltammetric region to build the PLS models, respectively.
Table 1 shows a summary of the optimal PLS model results for
different voltammetric regions, from which it can be seen that the
best modeling results were obtained for the full voltammetric
region, followed by very close modeling results under the anodic
scan, indicating that the SSEAC information of oxidizable
compounds in the soil can correspond better to the amount of
organic matter content in the soil.

From Table 1, it can be seen that the three locations of soil
samples are best modeled in the whole scan range. However, the
number of potentials in the whole scan range in the full CV scan
is very high and therefore the model is very complex. The
modeling effect of 0-1V is very close to the whole scan
range, which indicates that the information potential of the
soil is mainly in this potential window. Therefore, we modeled
0-1V has been selected for EC-PLS model establishment for
three locations of soil samples. Table 2 shows the parameters
and prediction effects of the optimal EC-PLS models for three
locations of soils.

From Table 2, the optimal EC-PLS model for the soil samples
at location A has a starting potential I, number of potentials N,
and number of potential intervals G of 0.204 V, 47, and 10,
respectively, with corresponding SEP* and Rp 4. were 0.248 wt%
and 0.922, respectively. The optimal EC-PLS models for the soil
samples from location B corresponded to a starting potential I,
number of potentials N, and number of potential intervals G of
0.306 V, 33, and 3, respectively. The corresponding SEP" and
Rp ave Were 0.551 wt% and 0.941, respectively. The optimal EC-
PLS model for the soil samples at location C had starting
potentials I, number of potentials N and number of potential
intervals G of 0.267 V, 31 and 9, respectively. Because different
soils contain different components with different information
potential intervals (Rasmussen et al., 2018; Liang et al., 2019), the
electrochemical voltammogram analysis model differs for
different types of soil organic matter.

In order to examine the effect of different information potentials
on the model prediction, we fix one of the parameters while varying
the remaining parameters and filter the locally optimal models
based on the minimum SEP" values. In this case, by fixing the
potential I and varying the remaining parameters, the locally
optimal model corresponding to each starting potential I is
filtered according to the minimum SEP" value. Similarly, by
fixing the number of potentials N and varying the remaining
parameters, the local optimum model corresponding to each
number of potentials N and the corresponding combination of
the remaining parameters can be filtered. The EC-PLS local
optimum models corresponding to the starting potentials and

TABLE 2 | The parameters and prediction effects of the optimal EC-PLS models for three locations of soils.

Location Potential (V) G N F
A 0.204 47 10 4
B 0.306 33 3 11
C 0.267 31 9 17

SEP* SEPave SEPs, Rp.ave Rp,sp
0.248 0.233 0.015 0.922 0.006
0.551 0.502 0.044 0.941 0.006
0.206 0.191 0.013 0.950 0.005
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FIGURE 4 | The optimal SEP* corresponding to the starting potential / and the number of potentials N of the soil EC-PLS model for A location.
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FIGURE 5 | The optimal SEP* corresponding to the starting potential / and the number of potentials N of the soil EC-PLS model for B location.
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FIGURE 6 | The optimal SEP* corresponding to the starting potential / and the number of potentials N of the soil EC-PLS model for C location.

the number of potentials for the electrochemical analysis models of The EC-PLS local optimum model for the organic matter of
organic matter from soils at sites A, B and C are shown in Figure4,  site A has a starting potential I and a number of potentials N of
Figure 5 and Figure 6, respectively. 0.204 V and 47, respectively, and the EC-PLS local optimum

Frontiers in Chemistry | www.frontiersin.org 51 June 2021 | Volume 9 | Article 699368


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Liu et al.

model for the organic matter of site B has a potential wavelength I
and a number of potentials N of 0.306 V and 33, respectively, as
seen in Figure 4. Based on the previous conclusions, we know
that the EC-PLS model for soils with a smaller number of
potentials has a much lower model complexity, which helps to
improve the model prediction. Moreover, the EC-PLS wavelength
models of soils at all three sites are better than the PLS wavelength
models of the whole scan range.

CONCLUSION

The detection of organic matter in the soil allows us to accurately
grasp the dynamics of soil fertility, which is important for
improving the utilization of agricultural resources and the
modern management of agriculture. In this work, we propose
an alternative approach to evaluate the organic matter content of
undigested/dissolved soil samples directly by using the SSEAC
technique for rapid detection. Soil particles contain a variety of
plant-derived organic matter molecules, some of which are
capable of electrochemical oxidation and/or reduction
reactions, such as indoles, polyphenols and quinones. The
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encapsulated soil particles were directly immobilized on the
surface of a printed electrode with an integrated three-
electrode system for highly sensitive signal acquisition.
Analytical models were developed for the analysis of soil
organic matter content at each of the three sites based on
different modeling approaches.
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In this work, an integrated electrode system consisting of a graphene working electrode, a
carbon counter electrode and an Ag/AgCl reference electrode was fabricated on an FR-4
glass fiber plate by a polyethylene self-adhesive mask stencil method combined with a
manual screen printing technique. The integrated graphene electrode was used as the
base electrode, and AuNPs were deposited on the working electrode surface by cyclic
voltammetry. Then, the carcinoembryonic antigen aptamer was immobilized using the
sulfhydryl self-assembly technique. The sensor uses [Fe(CN)g]® 4~ as a redox probe for
label free detection of carcinoembryonic antigen based on the impedance change caused
by the difference in electron transfer rate before and after the binding of carcinoembryonic
antigen aptamer and the target carcinoembryonic antigen. The results showed a good
linear relationship when the CEA concentration is in the range of 0.2-15.0 ng/ml. The
detection limit was calculated to be 0.085 ng/ml (S/N = 3).

Keywords: screen-printed carbon electrode, aptamer, carcinoembryonic antigen, EIS aptamer sensor, graphene
nano-sheet

INTRODUCTION

In the early 1990s, scientists used in vitro screening techniques to isolate RNA and DNA molecules
that specifically bind proteins, and these screened single-stranded oligonucleotides were called
aptamers (Macugen Diabetic Retinopathy Study Group, 2005; Ostroff et al., 2010). Oligonucleotides
are short single-stranded nucleic acid molecules that bind selectively and with high affinity to
proteins or other target molecules. Aptamers have many characteristics that antibodies do not have
and are often used as recognition elements for aptamer sensors (Pavlov et al., 2004; Zayats et al,,
2006).

Aptamers are easy to synthesize and easy to modify compared to other specific recognition
elements. In immunoassays, antibodies need to be obtained from animals and live cells. In contrast,
nucleic acid aptamers are usually screened in vitro using the SELEX technique (Sampson, 2003;
Darmostuk et al., 2015). In general, modification of antibodies leads to their inactivation. In contrast,
modification of the aptamer does not affect either the activity or the binding of the aptamer to the
target molecule (Zhang et al., 2018; Farzadfard et al., 2020). Unlike antibodies, which usually bind
only to their corresponding antigens, aptamers can recognize different targets such as proteins Liu
etal. (2020), peptides He et al. (2021), amino acids Idili et al. (2019), antibiotics Lin et al. (2018), small
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molecules Nakatsuka et al. (2018), viruses Chen et al. (2020), and
even metal ions (Zhang Y. et al., 2020). The affinity of the aptamer
for the target is far stronger than the binding force between the
antibody and the antigen. In addition, aptamers are more stable
than antibodies, which can be stored for longer periods of time at
room temperature. Aptamers can regain their activity under
appropriate conditions after denaturation (Belleperche and
DeRosa, 2018). This feature of aptamers allows the lifespan of
aptamer sensors to be extended.

Electrochemical aptasensor integrate the disciplines of
biology, chemistry, physics, electronics and medicine (Karimi-
Maleh et al., 2020; Kir, 2020; Ozbek et al., 2021). These disciplines
support and permeate each other, which has led to the gradual
development of electrochemical aptasensor (Zheng et al., 2018;
Fuetal.,, 2019a; Zhang M. et al., 2020; Kizilgeci et al., 2020; Ozkan,
2020; Karimi-Maleh et al, 2021b). Electrochemical aptamer
sensor has the following advantages: fast analysis, simple
operation method, good selectivity and high sensitivity. It is an
analytical detection device constructed by combining an aptamer
as a molecular recognition substance with electrochemical
sensing (Fu et al, 2018, 2019b; Xu et al, 2020; Zheng et al,,
2020). Therefore, electrochemical aptamer sensor has gradually
become a research hotspot.

Currently, cancer remains the most feared disease in the
world. In the early twenty-first century, prostate, lung, breast
and colon cancers topped the list of deaths in the United States
and Canada. In most developing countries, cancer was identified
as the second leading cause of death. This led to the use of tumor
markers Li et al. (2020a), Duan et al. (2021), Li et al. (2021), Wang
et al. (2021), which are chemical-based substances that reflect the
presence of tumors. They are not found in normal adult tissues
but only in embryonic tissues Karimi-Maleh et al. (2021c¢),
Karaman (2021), Karaman et al. (2021), or are present in
tumor tissues at levels that greatly exceed those found in
normal tissues (Li et al, 2020b; Vajhadin et al., 2020). Their
presence or quantitative changes can reveal the nature of tumors,
lend to the understanding of tumor histogenesis, cell
differentiation and cell function, which can provide assistance
in tumor diagnosis, classification and treatment guidance. Early
diagnosis of cancer is crucial to successfully save patients’ lives.
Therefore, sensitive and specific methods are needed to detect
them. Disease detection is achieved by measuring the levels of
biomarkers in blood, urine, and other body fluids.
Carcinoembryonic antigen (CEA), an acidic glycoprotein with
a relative molecular mass of 180 kDa, is of great importance for
the development and monitoring of lung cancer (Yang et al,
2018; Song et al., 2020). Usually, the CEA content in biological
samples is very low, and the threshold value of CEA in human
serum is 5.0 ng/ml. When the CEA content in serum is greater
than 5.0 ng/ml, it may be a precursor of lung cancer (Gu et al,
2018; Jozghorbani et al., 2021). Therefore, the detection of CEA is
particularly important. So far, fluorescence analysis Qiu et al.
(2017), radioimmunoassay Abu-Bakr El-Bayoumy et al. (2018),
enzyme-linked = immunoassay @ Wu et al.  (2021),
electrochemiluminescence Yang et al. (2020) and other
methods have been used for CEA detection. Among these
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methods, electrochemical methods have attracted the interest
of scientists due to the advantages of low cost and easy portability.
Graphene, a two-dimensional carbon material with high
electron density, dielectric properties and catalytic effects,
which make it widely used in biosensors (Mohanraj et al.,
2020; Ozcan et al, 2020). Most electrochemical aptamer
sensors require labeling of the aptamer, which is a
complicated process for labeling during experiments and may
affect the specific binding of the aptamer to the target (Yang et al.,
2017; Alavi-Tabari et al., 2018; Butmee et al., 2020; Naderi Asrami
etal., 2020; Karimi-Maleh et al., 2021a). In recent years, label free
aptamer sensors have attracted the interest of scientists because of
their label-free, simple operation, fast detection speed and low
cost (Rizwan et al., 2018). The main detection techniques used for
label free aptamer sensors are electrochemical impedance
spectroscopy (EIS) and square wave voltammetry coulometry.
EIS has been widely developed and applied in the field of
analytical chemistry for its high sensitivity (Singh et al.,, 2021).
In this work, an integrated thick film graphene electrode
system consisting of a graphene working electrode, a large
area carbon counter electrode and an Ag/AgCl reference
electrode was fabricated by a polyethylene self-adhesive mask
template method combined with screen printing technique. The
integrated graphene electrode was used as the base electrode, and
Au nanoparticle was deposited on the surface of the graphene
working electrode by cyclic voltammetry. The CEA aptamer was
immobilized by the sulthydryl self-assembly technique, and
[Fe(CN)g]*> "4~ was used as the probe. The EIS electrochemical
aptamer sensor for label free detection of CEA was constructed
based on the change of mass transfer resistance at the electrode
before and after the binding of [Fe(CN)g]*>™* to the CEA.

MATERIALS AND METHODS

Materials
All reagents were analytical grade and used without further
purification. ~ Carcinoembryonic antigen aptamer (CEA-

aptamer) was purchased from Bioengineering Co.Ltd. The
sequence of the thiol-labeled CEA aptamer is: 5'-SH-
ATACCAGCTTATTCAATT-3". The carcinoembryonic antigen
(CEA) was purchased from Shanghai Leadwave Biotechnology
Co. 6-Methoxyl-1-hexanol (MCH) purchased from Sigma.
Chloroauric acid (HAuCl4H,O), potassium ferricyanide (K,
[Fe(CN)¢]-3H,0O, potassium ferricyanide (K3 [Fe(CN)g]),
dipotassium hydrogen phosphate (K,HPO,), potassium
dihydrogen phosphate (KH,PO,) were purchased from
Sinopharm  Group Chemical Reagent Beijing Co.,Ltd.
Graphene ink (Sheet diameter: 1-5pum, Content: 5.0wt%,
Solvent: NMP) was purchased from Nanjing XFNANO
Materials Tech Co.,Ltd. Conductive silver adhesive purchased
from Shanghai Baoyin Electronic Materials Co.,Ltd. FR-4 glass
fiber board was purchased from Xi’an Xidian Electric Material
Co.,Ltd. 5mM Kj; [Fe(CN)g]-5mM K, [Fe(CN)g]-0.1 M PBS
(pH 7.0)-1.0M KC1 was used as the impedance detection
solution.
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FIGURE 1 | Preparation process of the aptamer sensor and the principle of detecting CEA.

Integrated Graphene Electrode Fabrication (pH 7.0)-0.1 M KC1 detection solution. The EIS was used for the
Take the appropriate amount of conductive grapheneinkandadd  detection. The frequency range and amplitude was
it to the Petri dish, scrape it well with a scraper to get a uniform 100 KHz~0.1 Hz and 5.0 mV, respectively. The impedance
sticky conductive paste. The polyethylene self-adhesive presenter ~ theoretical value was fitted with the Randles equivalent circuit
board is pasted onto a cleanly treated FR-4 glass fiberboard  to analyze the detection signal for quantitative detection of CEA.
substrate (the fiberboard was washed with ethanol and

distilled water and dried at room temperature). An integrated

three-electrode system containing a graphene working electrode, RESULTS AND DISCUSSION

a carbon counter electrode and a carbon reference electrode was

obtained by screen printing technique. Then 1 layer of silver paste ~ The surface morphology of SPE and Au/SPE was characterized
was evenly coated at the reference electrode and the prepared  using scanning electron microscopy, and the results are shown in
integrated electrode was dried in an oven at 70°C. An appropriate ~ Figure 2. Figure 2A shows the SPE surface is relatively flat with a
amount of 0.1 M FeCl; solution was dropped on the silver surface, ~ flaky distribution, which is consistent with the surface
and the silver was oxidized to FeCl,. After 1 h, the FeCl; solution ~ morphology of graphene (Kong et al, 2014). When AuNPs
was removed by rinsing with distilled water and air-dried to ~ were electrodeposited on the graphene electrode surface, a
obtain the Ag/AgCl reference electrode. Finally, all areas except ~ large number of uniform particles appeared on the electrode
the working electrode, counter electrode, reference electrode and ~ surface (Figure 2B), indicating that AuNPs were successfully

wire connection points were insulated with insulating tape. deposited on the SPE surface.
Figure 3 shows the EIS of the SPE and Au/SPE with different
Preparation of Aptamer Sensors CV cycles. It can be seen that the electron transfer resistance of

The preparation process of the aptamer sensor and the principle ~ [Fe(CN)¢]**" on the SPE surface is relatively large. After the
of detecting CEA was shown in Figure 1. Firstly, the graphene  electrodeposition of AuNPs on the SPE surface, the electron
SPE need to be activated. The SPE electrode was placed in 0.1 M transfer resistance of Au/SPE surface gradually decreases when
PBS for CV scan. The scanning potential interval is between —0.5  the number of deposited cycle increases from 2 to 5, which
and 1.5 V until a stable electrochemical signal was obtained. The indicates that the diffusion of [Fe(CN)g]>~*” in Au/SPE was
treated SPE was placed in 1mM HAuCly solution and  accelerated. This is because AuNPs has high electron density and
electrodeposited by CV. CV scan was performed at a potential  excellent dielectric properties, which promote electron transfer
of —1.5-1 V to obtain Au nanoparticle modified SPE (Au/SPCE). and increase the reversibility of redox substances on the electrode
The Au/SPE was washed with water and dried at room  surface (Chan et al, 2016). When the number of deposition
temperature, then 5pL of 1uM CEA-aptamer solution was  circles continues to increase, the electron transfer impedance of
pipetted onto the Au/SPE surface and incubated for 15h. The [Fe(CN)g]>™* on the Au/SPE surface almost no longer changes,
working electrode was then washed with PBS buffer solution to  indicating that the amount of AuNPs deposited on the SPE
remove the unbound aptamer to obtain CEA-A/Au/SPE. To  surface almost reaches saturation.

prevent non-specific adsorption on the electrode surface, 5 pL We then characterized the assembly process of the aptamer
of 20.0 nM MCH solution was coated to the electrode surface for sensor using EIS, as shown in Figure 4 [Fe(CN)g]>* hasa high
10 min to close the blank sites on the electrode surface. Then, the  electron transfer resistance at the SPE surface. When AuNPs were
electrode surface was thoroughly washed with PBS buffer solution ~ electrodeposited on the SPE surface, the electron transfer

to remove the excess MCH solution. The aptamer sensor M/CEA-  resistance decreased. This is because the AuNPs has excellent
A/Au/SPE was obtained. electrochemical properties, which accelerates the electron transfer

rate of [Fe(CN)4]>* on the electrode surface. When CEA-A was
Electrochemical Detection immobilized on the electrode surface by the sulthydryl self-

C/M/CEA-A/Au/SPE was obtained by applying 10 uL of CEA  assembly technique, the electron transfer of [Fe(CN)e]**™ at
solution coated on the surface of the assembled aptamer sensor  the electrode surface was hindered. This is due to the fact that the
and incubating it at 37°C for 1 h. The aptamer sensor was then =~ aptamer is a negatively charged phosphate backbone, and
washed with 0.01 M [Fe(CN)¢] pH 7.4 PBS solution to remove [Fe(CN)g]* 4~ mutually repel each other and hinder electron
the CEA adsorbed on the electrode surface. The aptamer transfer (Yan et al., 2014). The impedance value further increases
sensor was placed in 15 ml of 5 mM [Fe(CN)g]**-0.1 M PBS after using the sealer MCH to close the blank sites on the
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FIGURE 2 | SEM images of SPE and Au/SPE.
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FIGURE 3 | EIS of SPE and Au/SPE with different CV cycles recorded in
5 mM [Fe(CN)g>*".

electrode surface that are not occupied by the aptamer. When
Ing/mL CEA was incubated on the electrode, the impedance
value continued to increase because the binding of the target CEA
to the aptamer increased the spatial site resistance on the
electrode surface and slowed down the electron transfer rate
(Huang et al,, 2012).

Also, we have characterized the whole assembly process using
CV (Figure 5). It can be seen from Figure 5 that [Fe(CN)(]* 4~
has good reversibility on the SPE. When AuNPs were
electrodeposited on the SPE surface, the reversibility of
[Fe(CN)g]> "4~ on Au/SPE was further enhanced and the peak
potential difference was significantly reduced. When the CEA-A
with sulthydryl groups self-assembled on the Au/SPE surface
through Au-S bonds, the aptamer carrying a negatively charged
phosphate backbone would repel the negatively charged
[Fe(CN)g]>™*" and affect the electron transfer on the electrode
surface, making the peak current smaller. Closure of the blank
sites on the electrode surface not occupied by the aptamer with
MCH formed a dense film on the electrode surface, which made
the peak current further smaller. When 1ng/ml of CEA was
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FIGURE 4 | EIS plots of aptamer senor during the fabrication recorded in
5 mM [Fe(CN)g]> 74"
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FIGURE 6 | The effect of (A) CEA-A concentration (B) immobilization time and (C) incubation time on the aptasensor performance (n = 3).
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added, the electron transfer of [Fe(CN)4]>™*~ was hindered, and
the peak potential difference increased and the peak current
decreased. After the addition of 10 ng/ml of CEA, the peak
current continued to decrease.

The concentration of CEA-A immobilized on the surface of
the electrode is an important factor affecting the performance of
the sensor, so the CEA-A concentration was optimized. The
relationship  between the aptamer concentration of
carcinoembryonic antigen and the electron transfer resistance
(Rey) is shown in Figure 6A. When the aptamer concentration
increased from 0.1 to 1pM, the Ret of [Fe(CN)g]>* on the
sensor surface also increased gradually. When the aptamer
concentration continued to increase to 30 pM, the impedance
value reached a plateau and almost stopped changing. This
indicates that the amount of CEA-A immobilized on the
sensor surface has reached saturation. Therefore, the
concentration of carcinoembryonic antigen aptamer was
chosen to be 1 uM in subsequent experiments.

The immobilization time of the aptamer is an important factor
that affects the performance of the aptamer sensor, therefore, the
immobilization time of the aptamer was optimized. Figure 6B
shows the relationship between the change of [Fe(CN)e]> 4 in

the sensor surface heart after different times of immobilization of
the CEA aptamer on the electrode surface for 1 uM. As can be
seen from the figure, the R, of the sensor gradually increases
when the immobilization time of the CEA aptamer increases from
3 to 15h. When the immobilization time increases from 15 to
21 h, the impedance value reaches a plateau and basically stops
changing, indicating that the amount of aptamer immobilization
has basically reached the saturation state. Therefore, the selected
aptamer immobilization time was 15 h.

The binding time between the aptamer sensor and the target
CEA is also an important factor affecting the performance of the
sensor, so the binding time between the sensor and CEA was
investigated in this experiment. The aptamer sensor was
incubated with 10 uL of 0.5ng/ml CEA at 37°C for different
times, and the experimental results were shown in Figure 6C. It
can be seen that when the incubation time was varied between
10-60 min, a significant increase in the electron transfer
resistance occurred with the increase of time. When the
incubation time was between 60-70 min, there was a small
decrease in R, When incubation time excess 70 min, R
tended to be stable. This indicates that 70 min is a more
reasonable time for specific binding of the aptamer to the target.
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Under the optimized experimental conditions, different
concentrations of CEA were measured in 5.0 mM [Fe(CN)g]
37/%70.1 M PBS (pH 7.0)-1 M KCl using the proposed aptamer
sensor. The experimental results were shown in Figure 7.
Figure 7A shows the EIS plots of the aptamer sensor
combined with different concentrations of CEA. It can be seen
from Figure 7A that the impedance value of the aptamer sensor
in the blank solution is the smallest, and the impedance value
increases gradually when different concentrations of the target
CEA were added. This is because CEA binds to the aptamer
immobilized on the aptamer sensor, resulting in an increasing
electron transfer resistance of [Fe(CN)s]*™ 47.Figure 7B shows
the variation of electron transfer resistance with CEA
concentration. It can be seen from the figure that there is a
good linear relationship between the electrochemical aptamer
sensor and CEA when the CEA concentration is in the range of
0.2-15.0 ng/ml. The detection limit is 0.085 ng/ml (S/N = 3). The
selectivity study was carried out to compare the sensor’s
selectivity performance of 10ng/ml of CEA against DHEA,
AFP, Leptin, AA, BSA and UA. The results demonstrated high
selectivity with standard deviation less than 10%.

CONCLUSION

Graphene ink was used to prepare SPE. a simple and fast
unlabeled impedance-based electrochemical aptamer sensor for
CEA detection was constructed by electrochemical deposition of
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Rapid glucose testing is very important in the care of diabetes. Monitoring of blood glucose
is the most critical indicator of disease control in diabetic patients. The invention and
popularity of electrochemical sensors have made glucose detection fast and inexpensive.
The first generation of glucose sensors had limitations in terms of sensitivity and selectivity.
In order to overcome these problems, scientists have used a range of new materials to
produce new glucose electrochemical sensors with higher sensitivity, selectivity and lower
cost. A variety of different electrochemical sensors including enzymatic electrochemical
sensors and enzyme-free electrochemical sensors have been extensively investigated. We
discussed the development process of electrochemical glucose sensors in this review. We
focused on describing the benefits of carbon materials in nanomaterials, specially
graphene for sensors. In addition, we discussed the limitations of the sensors and
challenges in future research.

Keywords: enzyme-free electrochemical sensor, point of care, blood sugar care, graphene, carbon materials,
enzymatic electrochemical sensor

INTRODUCTION

Blood glucose a very important indicator in medical care due to the close relationship between the
level of sugar in the blood and many diseases, such as cardiovascular disease, type II diabetes and
obesity. Among them, diabetes is an important chronic disease faced by modern people (Klonoff
etal,, 2018; Zhu et al., 2020). It has a very high number of patients in both developed and developing
countries. Since diabetes leads to metabolic disorders, there is a close link between it and many other
diseases, such as kidney disease, nerve damage and heart disease (Chen et al., 2017; Pandey et al.,
2017). The monitoring of blood glucose is a very important part of the diagnosis and treatment of
diabetes. Therefore, how to quickly test blood glucose is a very important topic in medicine (Pleus
et al,, 2018).

Electrochemical sensors are the most commonly used method in glucose testing and have been
successfully commercialized (Long et al., 2018; Karimi-Maleh et al., 2020; Zhang et al., 2020; Zheng
et al,, 2020). Electrochemical glucose sensors include enzymatic and non-enzymatic sensors. Among
them, non-enzymatic electrochemical sensors are based on the direct electrochemical oxidation of
glucose on the electrode surface (Hwang et al., 2018; Ding et al., 2019; Li et al., 2019; Karimi-Maleh
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Lietal

et al,, 2021). Enzymatic electrochemical sensors are based on the
specific reaction between glucose oxidase and glucose to generate
a detection signal (Sehit and Altintas, 2020). For both enzymatic
and non-enzymatic electrochemical sensors, the use of suitable
nanomaterials in the assembly process can improve the sensitivity
of the sensor (Batool et al., 2019; Fan et al., 2021).

In this review, we first discussed the differences between
enzymatic and non-enzymatic sensors and compare the two
technologies. Then, we introduced the current state-of-the-art
in carbon nanomaterials, special graphene for glucose sensors
with challenges and opportunities.

GENERATIONS OF ELECTROCHEMICAL
GLUCOSE SENSORS

The glucose sensor consists of a modified electrode that
selectively catalyzes the oxidation of glucose on the electrode
surface and a transducer that converts the chemical signal of the
reaction into an electrical signal that is displayed by an
instrument (Zhang et al, 2021). Various types of glucose
sensors can be constructed by applying different modified
electrodes. According to the presence of glucose oxidase
(GOx) in the modified electrode, glucose sensors can be
divided into two categories: GOx sensors and non-enzymatic
glucose (NEG) sensors.

GOx sensors are formed by immobilizing GOx on the surface
of a modified electrode in combination with an electrochemical
device (Baghayeri et al, 2017; Hou et al, 2018; Mano, 2019;
German et al.,, 2020; Suzuki et al., 2020; Lipinska et al., 2021; Wu
et al., 2021). The first enzyme-based modified electrode was
developed by Clark and Lyons in 1962 (Clark and Lyons,
1962). The first enzyme-based modified electrode was
prepared by Updike and Hicks in 1967 as an electrochemical
glucose sensor for the quantitative determination of glucose in
serum (Updike and Hicks, 1967). Since then, GOx sensors have
been extensively studied and different types of GOx sensors have
been fabricated (Chen et al., 2013). According to the different
electron acceptors, there are three generations of GOx sensors.

The first generation GOx sensor uses oxygen as the electron
acceptor. GOx reduces oxygen to hydrogen peroxide in the
presence of glucose and determines the glucose concentration
by measuring the decrease in oxygen concentration or the
increase in hydrogen peroxide concentration during the
reaction (Abellan-Llobregat et al., 2017; Campbell et al., 2017;
Bagdzitnas and Palinauskas, 2020). However, the first generation
sensors are susceptible to the oxygen concentration in the
detection environment and have poor anti-interference
property (Okuda-Shimazaki et al, 2020; Walker and Dick,
2021). At a high potential level some coexisting species such
as ascorbic acid and uric acids are electroactive, reducing the
selectivity and accuracy of the sensors (Choi et al., 2019; Lee et al.,
2019). This problem can be minimized by using a permselective
membrane, reducing the access of the interferent to the surface of
the sensor transducer.

The second-generation GOx sensor uses an electron transfer
mediator instead of oxygen as the electron acceptor, which can
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overcoming the oxygen limitation of the first-generation GOx
sensor (Lin et al., 2019; Yadav et al, 2019). The electron
mediators are small, soluble redox-active molecules such as
ferrocene derivatives, ferricyanides, conductive organic salts
and quinones. These molecules can perform rapid and
reversible redox reactions. They accelerate the shuttling of
electrons between the active site of the enzyme and the
electrode surface, increasing the rate of enzymatic reactions
(Mahajan et al, 2018). However, the electron mediator can
easily diffuse out of the enzyme layer into the substrate
solution, which affects the stability of the sensor.

The third generation GOx sensor does not require oxygen
molecules or electron transfer mediator molecules as electron
acceptors compared with the previous two generations of GOx
sensors (Mehmeti et al, 2017; Cakiroglu and Ozacar, 2017;
Dahiya et al, 2020). They are made by immobilizing the
enzyme directly on the modified electrode, so that the active
site of the enzyme is in close proximity to the electrode for direct
electron transfer. This can improve the sensitivity and selectivity
of the glucose sensor. The materials used to immobilize the
enzyme are often organic conductive composite membranes,
organic conductive polymer membranes, metallic nanoparticles
or non-metallic nanoparticles (Meng et al., 2018; Xie et al., 2018;
Ding et al.,, 2019; Li et al., 2019; Wang et al., 2019; Shahhoseini
et al, 2019). However, the electron transfer rate of third
generation GOx sensors is still limited. GOx sensors have
good selectivity and sensitivity, but there are still some
problems, such as the complex immobilization process of
enzymes, which is prone to deactivation and denaturation.
The amount of enzymes immobilized each time cannot be
accurately controlled (Liu et al., 2017; Khalaf et al., 2020). In
addition, the use of enzymes is limited by external conditions
such as temperature, pH and humidity (Xu et al, 2017
Parashuram et al, 2019). Therefore, the development of
enzyme-free glucose (NEG) sensors is particularly important.
Moreover, the biosensor performance also depends on the
enzymatic layer thickness with high layer thickness resulting
in signal dampening or loss.

The modified electrode surface of NEG does not contain GOx.
Depending on the electrochemical detection method, NEG
electrochemical sensors can be divided into three categories:
potentiometric, voltammetric, and current sensors (Yang et al.,
2017; Zheng et al., 2018).

NOBEL METAL-MODIFIED GLUCOSE
SENSOR

Several metals, especially noble metals, have been studied as a
base material for the electrodes of non-enzymatic glucose sensors.
As aresult, a deeper understanding of the glucose direct oxidation
mechanism was achieved, showing that the mechanism depends
directly on the metallic catalyst used in the electrode (Zhong et al.,
2017; Wang et al., 2019). Moreover, advances in material science
led to the development of several metal alloys and hybrid
materials, allowing for improved properties when compared to
noble metals and metal oxides alone.
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Pt metal is one of the earliest and most widely used electrode
materials in glucose sensor because of its good catalytic activity
for the oxidation of many compounds, especially glucose.
However, CI” and other interferences in the solution can
strongly adsorb on the Pt electrode surface, occupying the
active site and reducing the catalytic activity, which seriously
hinders the application of Pt in glucose sensors.

Au electrode is very active in the catalytic oxidation of glucose
and have good biocompatibility, making them an excellent
electrode material. However, the adsorption of Au electrodes
to glucose is much less than that of Pt electrodes and is also
susceptible to interference by Cl”, which affects its catalytic
activity and stability (Toghill and Compton, 2010).

The catalytic oxidation of glucose by Pd as an electrode has a
high activity. In addition, Pd is cheaper than other noble metals.
However, Pd nanoparticles are very prone to polymerization and
the catalytic activity can only be maintained for a few minutes. In
order to improve the stability of Pd, many modification methods
have been investigated.

Metallic Ni electrodes have a very high sensitivity up to
36 6 mA mM/cm?, while Ni electrodes are not interfered with
by CI” and have good stability. However, many organic small
molecules can be oxidized on the Ni electrode surface, resulting in
poor selectivity of the metal Ni electrode for glucose and a narrow
linear range for glucose detection (Fleischmann et al., 1971). To
address these drawbacks of pure Ni electrodes, scientists have
investigated the application of nanostructured Ni with high
specific surface area and its oxidants in NEG sensors.

Metallic Cu electrodes are easy to prepare and inexpensive,
which have been widely studied and used for NEG sensors in
recent years. However, the strong adsorption of CI” on the surface
of Cu electrode interferes with the detection of glucose. In
addition, the electrode has a narrow detection range for
glucose. Meher et al. (Meher and Rao, 2013) prepared
sandwich structured CuO electrodes by homogeneous
deposition under the action of microwave. This electrode has a
high specific surface area and pore volume, which in turn
improves the sensitivity of the sensor. The response time for
the detection of glucose was only 0.7 s and the detection limit was
1 uM. Meanwhile, its stability is very good, with a sensitivity loss
of only 1.3% after 1 month of use. However, it has a narrow linear
range of 0-3 mM.

CARBON MATERIALS-MODIFIED
GLUCOSE SENSOR

Carbon materials, including fullerenes, diamond, carbon
nanotubes, graphene, and carbon nanofibers, have been widely
used as electrode materials for NEG sensors due to their excellent
electrical conductivity and electrochemical inertness. Among
them, graphene is most widely used.

Graphene is a planar hexagonal lattice material formed by sp*-
hybridized carbon atoms connected by covalent bonds. Its unique
electronic characteristics and physicochemical
properties make it show unique advantages in electrochemical
detection and electroanalysis. It can be used to prepare

structure
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electrochemical sensors for bioanalysis and environmental
detection with high sensitivity, good selectivity, fast current
response, wide detection range and low detection limit. The
high electrical conductivity of graphene and the large number
of boundary points, structural defects and functional groups in its
structure provide rich sites for adsorption and electrochemical
reactions. This can accelerate electron transfer and enable direct
electrochemical reaction and biosensing. Meanwhile,
compositionally and structurally rich graphene derivatives
offer the possibility to further tune their electrochemical
properties. Graphene with different structural features, such as
graphene nanoblankets, nanosheets, flake crystals, nanofibers,
nanoribbons and quantum dots, have been successively
applied to electrochemical investigations.

However, single graphene cannot meet all the requirements
for electrochemical detection. The curling, agglomeration,
stacking between layers and its dispersion in solvent of
graphene itself limit its application in electrochemistry.
Therefore, it 1is necessary to further improve the
electrochemical properties and enhance the electrochemical
effects of graphene by compounding it with other functional
nanomaterials such as inorganic and organic components.

There are many electrochemical sensing methods based on
graphene nanocomposites, and the most commonly used ones are
electrochemical impedance method/cyclic voltammetry and
chrono-current method. Among them, electrochemical
impedance spectroscopy is a powerful tool to study the nature
of electron transfer on the electrode surface. The Nyquist plot of
the impedance spectrum consists of two parts: the semicircular
part in the high frequency region corresponds to the electron
transfer limitation process. The linear part in the low-frequency
region corresponds to the diffusion process. The electron transfer
impedance is equal to the diameter of the semicircle. The electron
transfer impedance can be obtained from the size of the semicircle
diameter of different modified electrodes, and thus the
modification of the electrode surface and the electrical
properties of different electrode modification materials. Cyclic
voltammetry is used to compare the differences in peak current
and peak potential between electrodes with different material
modifications and different test conditions. This is combined with
the scan rate, pH, and concentration of the test substance to
obtain visual data for electrochemical performance analysis. The
relationship between current and time can be characterized by the
chrono-current method when different concentrations of the test
substance are added continuously to the test electrolyte. It can
obtain specific experimental data such as linear detection range,
detection limit and sensitivity from the chrono-current curve.

Hossain and Slaughter (2020) proposed a hybrid glucose
biosensor with high sensitivity and selectivity using both
multi-walled carbon nanotubes (MWCNTSs) and graphene.
Chemically derived graphene and MWCNTs functionalized
with carboxylic groups were synthesized using a one-step
solvothermal technique to produce a suspension containing
both materials. This suspension was then drop casted on a Au
electrode forming a thin film onto which PtNPs were
electrochemically deposited. Finally, GOx was immobilised on
the nanostructured electrode and coated with Nf.
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Noble metal nanoparticles (NPs) have a great specific surface
area, considerable electrical conductivity and reactivity. The
sufficient number of surface active sites endows them with
excellent electroanalytical and electrocatalytic ~properties.
Combining them with enzymes can act as excellent wires or
electron channels to accelerate the electron exchange between the
electrode and the redox protein/enzyme interface. Also, as a
biocompatible material, it can provide a microenvironment
similar to its nature for the immobilization of biomolecules
such as proteins and enzymes. This maintains their enzymatic
and electrochemical activity and allows more free orientation of
protein and enzyme molecules. This can reduce the insulating
nature of the protein shell or enzyme 3D structure in direct
electron transfer. Immobilization of NPs on the surface of the
substrate electrode is a very important step in the preparation of
composite electrocatalytic systems based on NPs. Graphene can
be used as a conductive carrier for the deposition of
electrocatalytic NPs.

Niu et al. (Shan et al, 2010) found that the electrocatalytic
activity of graphene composite with AuNPs for H,O, and O,
increased significantly and showed a wide linear response range,
high sensitivity and good reproducibility. Li et al. (Zhou et al,
2010) and Ramaprabhu et al. (Baby et al., 2010) further adsorbed
GOD on graphene-AuNP composite electrode to prepare glucose
biosensor. The results confirmed the effective retention of
bioactivity of GOD in graphene-AuNPs composites. Cyclic
voltammograms showed a fast and sensitive response to
glucose with typical catalytic oxidation and showed good
reproducibility, low detection limits and long-term stability.
This excellent property can be attributed to the synergistic
effect of graphene with AuNPs and the biocompatibility of the
composite. In addition, it can be attributed to the fact that AuNPs
prevent the restacking of graphene layers, leading to an increased
specific surface area and enhanced sensing performance.

PdNPs are efficient catalysts for chemical conversions such as
C-C bond formation, hydrogenation, hydrodehydrogenation,
carboxylation and oxidation. It shows excellent sensitivity and
selectivity for glucose oxidation. Zhang et al. (Lu et al.,, 2011)
prepared an enzyme-free electrochemical biosensor using
graphene-PANP hybrid material modified electrode and used it
for glucose detection. Nafion-graphene was first assembled on the
electrode and chemisorbed Pd**, followed by in situ formation of
PANPs on the electrode by reduction of Pd*" by hydrazine
hydrate. In alkaline medium, this graphene-PANP hybrid
modified electrode has very high electrochemical activity for
the electrocatalytic oxidation of glucose. It can quantify the
glucose concentration in a wide linear range of 10 uM-5 mM.
The experimental results also showed that the sensor has good
reproducibility and long-term stability. It exhibited high
selectivity without any interference in the presence of other
substances. Similarly, Jiang et al. (Zeng et al.,, 2011) covalently
functionalized graphene with chitosan (CS) to improve its
biocompatibility and hydrophilicity. They then further
modified PANPs using an in situ reduction method. the CS
maintained its structure intact on graphene and the PdNPs
were densely modified on graphene without agglomeration. A
novel glucose biosensor was prepared by covalently immobilizing
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GOD on the obtained nanocomposite coating-modified glassy
carbon electrode. Due to the synergistic effect of PANPs and
graphene, the electrode showed excellent electrocatalytic activity
towards H,O, and promoted a high loading of the enzyme.

Graphene compounded with metal oxide/semiconductor NPs
has gained widespread attention because of its excellent
electrocatalytic, electrochemical sensing and electrochemical
energy conversion properties. The large surface area and high
electrical conductivity of graphene itself make it an ideal two-
dimensional catalyst carrier for loading metal oxide/
semiconductor NPs and provides properties such as selective
catalysis or sensing.

Mao et al. (2021) investigated the use of reduced graphene
oxide (rGO) to increase the sensitivity and selectivity of a zinc
oxide (ZnO) nanorod based biosensor. In this case, a polyethylene
terephthalate (PET) substrate was used to hydrothermally
synthetise the ZnO nanorods. Then, electrodeposited rGO was
used to coat the ZnO/PET working electrode and AuNPs were
dispersed on the surface leading to the production of ZnO/rGO/
Au/PET. Finally, the GOx was physically adsorbed on the surface
of the electrode leading to the fabrication of a GOx/Rgo/ZnO/Au/
PET glucose biosensor with a sensitivity of 56.32 uA mM/cm?
and a linear range from 0.1 to 12 mM.

Graphene can be synergistically optimized not only by
nanocomposites with inorganic materials, but also by organic
materials for modification or functionalization. They provide a
novel and efficient platform for immobilizing redox enzymes,
achieving direct electrochemistry, and applying to the design and
preparation of third-generation electrochemical sensors. Nafion
is a perfluorinated sulfonate ionomer cross-linked polymer. Due
to the advantages of simple preparation, excellent electrical
conductivity, high chemical stability and biocompatibility, it
has been widely used as a protective and selective coating
material as well as a carrier for enzyme immobilization in
biosensors. Moreover, Nafion films are negatively charged and
some foreign substances into AA, UA and p-vinylaminophen are
easily excluded during detection. Chen et al. (2010) modified
GCE after immobilization of GOD on graphene/Nafion films and
used it as an electrochemiluminescence sensor for glucose
detection. It was shown that GOD maintained good bioactivity
after immobilization on the composite film. The sensor showed a
linear response of 2-100 uM for glucose with a detection limit of
1 uM. Al-Sagur et al. (2017) synthesised a multifunctional
conducting polyacrylic acid (PAA) hydrogel (MFH) integrated
with reduced graphene oxide (rGO), vinyl substituted polyaniline
(VS-PANI), and lutetium phthalocyanine (LuPc2) to create a
three dimensional (3D) robust matrix for GOx immobilization
and glucose measurement.

CONCLUSION AND FUTURE
PERSPECTIVES

Enzymatic-based glucose biosensors seem to correspond to the
ideal model for glucose biosensing. However, many challenges
such as short operational lifetime, temperature, and pH range, are
limiting their performance requiring the use of more advanced
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materials and fabrication techniques. Contrary to enzymatic
sensors, non-enzymatic glucose sensing presents higher
stability, selectivity, less complex manufacturing procedures,
and clinical uses.

Compounding graphene with nanomaterials is an effective
way to enhance functionality, and these graphene composite
based biosensors show excellent sensitivity and selectivity for
glucose detection. However, the development of graphene-based
materials and devices is still in its infancy, and there is a need to
continue to expand the scientific research of these materials and
devices in the field of electroanalysis and electrocatalysis in the
future. First, novel methods should be developed for the
controlled synthesis and processing of graphene. Second,
because graphene in composites is highly susceptible to
complex interactions with other molecules leading to
agglomeration, suitable methods should also be found to
control the morphology and size of other functional
nanomaterials on the graphene surface. In addition, the
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physical and chemical properties of the graphene surface, the
interactions between chemicals and biomolecules at the interface
and graphene should be studied in more depth. For example, the
adsorption mechanism of molecules on graphene, the orientation
of biomolecules on graphene Yao the interaction between
graphene and biomolecules and the mechanism of its effect on
the electron transport properties of graphene These studies can
provide a deeper understanding of the electrochemical properties
of graphene and its composites, which can facilitate the
application of graphene in glucose sensors.
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Pancreatic cancer is a highly lethal gastrointestinal malignancy. Most patients are already in
the middle to advanced stages of pancreatic cancer at the time of diagnosis and cannot be
treated completely. As a single-atom planar two-dimensional crystal, graphene’s unusual
electronic structure, specific electronic properties and excellent electron transport capacity
make it uniquely advantageous in the field of electrochemical sensing. In this mini-review,
we summarize the potential application of graphene in pancreatic cancer detection. K-Ras
gene, CEA and MicroRNA are important in the early diagnosis of pancreatic cancer.

Keywords: pancreatic cancer, microRNA-21, microRNA-196a, CEA, signal amplification, k-ras gene

INTRODUCTION

Pancreatic cancer is a malignant tumor of the gastrointestinal tract with a high mortality rate.
Currently, the diagnosis and treatment of pancreatic cancer are difficult (Neoptolemos et al., 2018).
Since the clinical symptoms of early stage pancreatic cancer are not obvious, most patients are
already in the middle and late stage of pancreatic cancer when they are diagnosed, and the 1-year
survival rate is less than 20%. The 5-years survival rate of pancreatic cancer patients is still less than
3% with the most effective treatment methods available. The 5-years survival rate for patients with
advanced pancreatic cancer is almost zero (Rawla et al., 2019). Considering the high mortality rate of
pancreatic cancer, the diagnosis of pancreatic cancer at an early stage will significantly reduce the
mortality rate of pancreatic cancer (Singhi et al., 2019).

A suitable tumor marker should be highly specific, sensitive and easy to detect. However,
numerous clinical studies have shown that it is very difficult to find an ideal tumor marker with 100%
specificity and sensitivity and whose level correlates with tumor size, stage and prognosis (Lai et al.,
2018). In the clinical diagnosis, some tumor markers with high specificity and complementary tumor
detection are often selected to improve the detection rate of tumors (Huang et al., 2018b).
Electrochemical sensor devices are an important tool for gene structure analysis and detection.
It can be used for rapid identification and detection of specific gene sequences by taking advantage of
the specific complementary pairing laws between molecules (Shan and Ma, 2017; Li et al,, 2021; Yan
et al., 2021).

Graphene is a new type of carbon nanomaterial discovered in 2004. With its ideal flat two-
dimensional structure, unique electronic, thermal, optical and mechanical properties, it has excellent
prospects for high-tech applications in electronics, mechanics, medicine and aerospace. After carbon
nanotubes, it is an emerging carbon nanomaterial with great theoretical and application prospects
after carbon nanotubes. As a single-atom planar two-dimensional crystal, graphene’s unusual
electronic structure, specific electronic properties and excellent electron transport capacity make
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it uniquely advantageous in the field of high-sensitivity detection
(Akbari jonous et al, 2019). Graphene, on the one hand,
combines the redox properties of some bioelectrically active
molecules and can detect the target molecule by its redox
reaction on the electrode surface and the corresponding
current signal (Coros et al., 2019; Wang et al., 2021b). On the
other hand, the bipolarity of graphene can be easily monitored in
resistive sensors (Krishnan et al, 2019). Graphene is thus
expected to allow highly sensitive monitoring, even of
individual molecules adsorbed to or leaving the surface of
graphene (Thangamuthu et al.,, 2019).

In this mini-review, we summarize the potential application of
graphene in pancreatic cancer detection. K-Ras gene, CEA and
MicroRNA are important in the early diagnosis of pancreatic
cancer. Therefore, this mini-review was divided into three
sections. Each section first described the value of the clinical
application of the analyte. Then, we described how the
electrochemical sensor can achieve sensitive detection with the
assistance of graphene.

Mutant K-Ras Gene Detection

A large number of studies have shown that the mutation rate of
K-Ras gene in pancreatic cancer patients can reach more than 90%,
and the product of K-Ras gene expression is K-Ras protein with
GTPase activity (Jelski and Mroczko, 2019). The K-Ras gene
expression product is K-Ras protein, which has GTPase activity.
It is activated when it binds to GTP and inactivated when it binds to
GDP (Satoh, 2021). K-Ras proteins are mainly located on the cell
membrane. PKC phosphorylates K-Ras protein, which weakens its
binding to the cell membrane and leads to a change in location
(Meng et al., 2020). K-Ras proteins also act as molecular switches
and play important roles in many signaling pathways (Wang et al.,
2017). The 12 codon of wild-type K-Ras gene is GGT, which can be
mutated to GAT, GTT and GCT. The common mutation type is
mainly GAT, and the mutation rate can reach more than 52%
(Wang et al., 2019). K-Ras gene mutations are a typical genetic point
mutation, and mutant K-Ras genes can be detected in the early
stages of pancreatic cancer. Therefore, the mutant K-Ras gene can be
a landmark gene for early pancreatic cancer diagnosis (Van Sciver
et al, 2018). Detection of mutations in the K-Ras gene enables early
pancreatic cancer surveillance and screening. DNA electrochemical
sensing electrodes are an important tool for gene structure analysis
and detection (Park et al., 2017). It enables the rapid identification
and detection of specific gene sequences by exploiting the specific
complementary pairing pattern between DNA molecules.

Shu et al. (2020) assembled an electrochemical sensor for
efficient and ultrasensitive detection of K-Ras gene fragments
using exonuclease III-assisted targeting cycling and nt-nt stacking
between graphene and nucleotide bases. Since the sensor utilized
fully complementary target DNA, exonuclease III could trigger
the target DNA loop, forming a short single-stranded DNA
probe. At the same time, they synthesized a novel ferrocene as
a probe for providing an electrochemical signal. This sensor
showed an excellent K-Ras detection capability and could
reach a detection limit of 20.4 fM.

Graphene quantum dots (GQDs) were wused for
electrochemiluminescence (ECL) detection of K-Ras genes

Sensor for Cancer Markers Detection

(Zhang et al., 2020). To improve the quantum yield of GQDs,
nitrogen (N-GQDs) was doped in GQDs. This can make the ECL
efficiency of N-GQDs greatly improved. Deoxyribonucleic acid
(DNA) was used as a ligating medium to adjust the distance
between GQDs and AuNPs. DNA double-stranded hybridization
was reached after 1 h incubation with the target K-Ras DNA. The
assay results showed that this GQDs-based composite could be
used for quantitative determination of K-Ras.

MicroRNA Detection

Recent studies have found that aberrant expression of microRNA,
a highly conserved class of endogenous non-coding RNA
molecules of 18-25 nucleotides in length, is also associated
with pancreatic cancer (Kanno et al., 2019; Mohammadi et al.,
2019). It is widely present in blood and can regulate gene
expression at both transcriptional and post-transcriptional
levels. When microRNAs with tumor suppressor effects are
formed during the process of gene mutation, deletion,
promoter methylation and other changes, their expression is
down-regulated or loss of function cannot down-regulate
oncogenes normally (Moutinho-Ribeiro et al, 2019; Pang
et al., 2019). For example, microRNA-15a, microRNA-16 and
Let-7a are down-regulated and their target oncogenes (e.g., BCL-
2, RAS) were abnormally expressed, leading to malignant
tumorigenesis. When microRNAs with oncogenic effects are
overexpressed, they downregulate suppressors or
involve other unrelated genes in cell differentiation (Si et al,
2020). Overexpression of oncogenic microRNA-17, microRNA-
21 and microRNA-210 downregulates tumor suppressors (e.g.,
TGFBR2), leading to the appearance of malignant tumors
(Bartsch et al., 2018). The abnormal expression of microRNA
is closely related to the occurrence, development and metastasis
of pancreatic cancer, especially miR-21 is overexpressed in the
blood of pancreatic cancer patients (Shen et al., 2018). Moreover,
miR-21 can be used to distinguish cancerous pancreas from
normal pancreas and also as an indicator of pancreatic cancer
prognosis.

Kilic et al. (2015) performed the first electrochemical detection
of miR-21 in cell lysates using a graphene-modified disposable
pencil-graphite electrode (GME). The surface characteristics of
GME were analyzed by electrochemical impedance spectroscopy
(EIS) and scanning electron microscopy (SEM). The detection
limit of the sensor was reduced by 2.77-fold to 2.09 ug/ml
(3.12pM) by the modification of graphene. In addition, the
results of this sensor were used to analyze mir-21 in cell
lysates of miR-21 positive breast cancer cell line (MCF-7) and
miR-21 negative hepatocellular carcinoma cell line (HUH-7).

Shin Low et al. (2020) proposed a smartphone-based
biosensing system for the detection of miR-21 in saliva.
reduced graphene oxide/gold (rGO/Au) composite modified
screen-printed electrodes are the main body of the sensor.
miR-21 and ssDNA probes hybridize and the peak current
decreases. Under optimal conditions, this sensor can sub ah
between 1 pM and 0.1 mM for miR-21 detection. In addition,
Zhang et al. (2014) reported a selective and sensitive biosensing
prototype based on graphene nanocomposite with functionalized
AuNPs for the sensing of miR-21.

tumor
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CEA Detection

Carcino-embryonic antigen (CEA), which is widely present in
digestive system cancers of endodermal origin, is also present in
the digestive tract of normal embryos (Jing et al., 2020). CEA is
one of the important markers of pancreatic cancer (Yang et al,,
2019). The sensitivity of CEA for the diagnosis of pancreatic
cancer is 55-78% and the specificity is 25-75% when the
reference value is 2.5ng/ml (Wang et al, 2021a). When the
reference value is 5ng/ml the sensitivity is 35-53% and the
specificity is 32-80%. Currently, the main protein tumor
marker for clinical detection of pancreatic cancer is CA19-9;
however, CA19-9 is a sialic acid Lewis blood group antigen that
may remain undetectable in Lewis-negative individuals with
advanced pancreatic cancer (Rizwan et al, 2018). Compared
with CA19-9, CEA does not have this problem, so CEA was
selected as a serum marker for pancreatic cancer. However, as a
tumor marker, the expression level of CEA increases in both
upper gastrointestinal tumors and pancreatic cancer (Yue et al.,
2021), and the level of CEA in some tumors is even higher than
that in pancreatic cancer (Hasanzadeh et al., 2017; Karimi-Maleh
et al., 2021a; Karimi-Maleh et al., 2021b; Karimi-Maleh et al,,
2021c). The sensitivity and specificity of CEA alone for pancreatic
cancer screening are insufficient to meet the clinical need for early
pancreatic cancer screening (Wang et al.,, 2018). Therefore, CEA
needs to be combined with pancreatic cancer-specific tumor
markers (e.g., miR-21) for the diagnosis of early pancreatic
cancer (Li et al., 2017).

Han et al. (2011) prepared a CEA electrochemical based on graphene
and several other nanomaterials. They first modified chitosan, ferrocene,
and nano-TiO, (CS-Fc-TiO,) composite membranes onto GCE. Then,
AuNPs and graphene nanohybrids were self-assembled onto the CS-Fc-
TiO, composite membrane modified electrode. This combination utilizes
the strong interaction between AuNPs and carcinoembryonic antibody
(anti-CEA) to further immobilize anti-CEA on the modified electrode
surface, resulting in a CEA immunosensor. Due to the high surface free
energy, strong adsorption affinity, good adaptability and conductivity of
AuNPs, they provide more binding sites and a more suitable
microenvironment for the immobilization of biomolecules. The
synergistic effect of graphene and AuNPs leads to high conductivity
and sensitivity, with linear detection range of 0.01-80 ng/ml for CEA
and detection limit of 34 pg/ml (S/N = 3). The sensor showed excellent
selectivity for CEA by detecting some possible interferents. The relative
deviations of the results for six plasma samples were less than 10%
compared with those of the commonly used dinical ELISA method.
The good agreement between the two methods was obtained, and the
simplicity and rapidity of the electrochemical assay showed great potential
for its clinical application and for the detection of low levels of protein. Liu
et al. (2017) constructed an electrochemical immunosensor for the
detection of CEA with a three-dimensional structure of reduced
graphene oxide-gold nano (3D RGO-Au) as the substrate material and
Cu,SnZnS, (CZTS) as the antibody marker material, with a wide linear
range of 0.5 pg/ml to 20 ng/ml and a detection limit of 0.16 pg/ml.

Zhou et al. (2015) reported a novel nucleic acid aptamer/graphene
oxide (Apt/GO)-based biosensor for CEA determination by capillary
electrophoresis-chemiluminescence (CE-CL). After the CEA aptamer
conjugated with horseradish peroxidase (HRP) is mixed with GO, the
CL is quenched because the HRP-Apt stacked on GO leads to the
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chemiluminescence resonance energy transfer. In the presence of
CEA, HRP-Apt and CEA form an HRP-Apt-CEA complex, resulting
in the separation of the complex from GO. The CL catalyzed by the
HRP-Apt-CEA complex can then be detected in the absence of any
CRET. the CEA content is calculated from the CL intensity, which is
linearly related to the CEA concentration from 0.0654 to 6.54 ng/ml,
with a detection limit of 4.8 pg/ml.

Huang et al. (2018a) developed an electrochemical nucleic acid
aptamer biosensor based on lead ion (Pb**)-dependent DNA
enzyme-assisted signal amplification and graphene quantum dot
ionic liquid-ion (GQDs-IL-NF) composite membrane for highly
sensitive determination of CEA. The CEA-containing nucleic
acid aptamer and the hairpin DNA of the DNAzyme chain
recognize the target and form a CEA-nucleic acid aptamer
complex in the presence of CEA. In the presence of Pb**, a
DNAzyme-assisted signal amplification reaction was performed
to produce large amounts of ssDNA. Adsorption of ssDNA onto
GQDs-IL-NF-modified GCEs by m-m stacking. As a result,
methylene blue-labeled substrate DNA (MB-substrate) is
immobilized on the electrode and generates an electrochemical
signal. Under optimal conditions, the biosensor shows a linear
range of 0.5 fg/ml to 0.5 ng/ml with a detection limit of 0.34 fg/ml.

CONCLUSION

Graphene, a novel material with a monolayer, two-dimensional
carbon nanostructure, has a great specific surface area and
excellent electronic, chemical, and mechanical properties. It
also has excellent biocompatibility, which makes it extremely
useful in all bioelectrical analyses. In the detection of pancreatic
cancer, graphene-based biosensors can show excellent sensitivity
and selectivity for both proteins (cancer markers) and DNA,
making it an ideal material for the construction of efficient, fast,
and sensitive detection biosensors. However, there are still some
factors affecting the application of graphene in biosensors that
need further detailed study. These issues include 1) the effect of
the oxygen-containing functional group fraction in graphene on
its electrochemical properties; 2) how to prepare graphene with
high electrical conductivity and good solution dispersion; 3) the
effect of heteroatom doping on the electrochemical properties
and stability of graphene; 4) the connection mode and interaction
between biomolecules and graphene in sensors; 5) the
biocompatibility of graphene in different biosensing
applications issues. These studies related to graphene-based
materials will open new directions in the field of biosensor
research.
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Hematologic malignancies are a group of malignant diseases of the hematologic system
that seriously endanger human health, mainly involving bone marrow, blood and lymphatic
tissues. However, among the available treatments for malignant hematologic diseases, low
detection rates and high recurrence rates are major problems in the treatment process.
The quantitative detection of hematologic malignancies-related biomarkers is the key to
refine the pathological typing of the disease to implement targeted therapy and thus
improve the prognosis. In recent years, bioelectrochemical methods for tumor cell and
blood detection have attracted the attention of an increasing number of scientists. The
development of biosensor technology, nanotechnology, probe technology, and lab-on-a-
chip technology has greatly facilitated the development of bioelectrochemical studies of
cells, especially for blood and cell-based assays and drug resistance differentiation. To
improve the sensitivity of detection, graphene is often used in the design of electrochemical
sensors. This mini-review provides an overview of the types of hematological
malignancies-associated biomarkers and their detection based on graphene assisted
electrochemical sensors.

Keywords: hematological malignancies, leukemia, graphene, electrochemical sesnor, DNA biosensors, label-free
biosensors

INTRODUCTION

Hematological malignancies are a series of blood disorders characterized by the malignant
transformation of normal cells of bone marrow and extramedullary hematopoietic organs into a
large number of tumor cells, which can seriously threaten human health (Chen et al., 2019; Gupta
et al., 2020). They are heterogeneous diseases, mainly classified as Leukemia, Lymphoma and
Multiple myeloma, and include more than 30 different subtypes. These subtypes differ greatly in
terms of etiology, clinical manifestations, diagnosis and treatment, and prognosis. Therefore, a
refined stratified diagnosis of the disease is needed to implement targeted therapy and thus improve
the prognosis (Fracchiolla et al., 2013; Hianik, 2021; Luo et al., 2021; Zhang et al., 2021). Currently,
the clinical diagnosis of hematologic tumors relies on imaging, including X-ray, computed
tomography, magnetic resonance imaging, endoscopy, and ultrasound. Although clinical imaging
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TABLE 1 | Currently used hematologic tumor-related biomarkers.

Hematological Subtype DNA
malignancies
Lymphoma NHL C-myc, Bcl-, Bcl-6, Bal-11, P53, P16, B2M,
PTPN1, TNFAIP3
HL B2M, PTPN11, TNFAIP3
Leukemia AML PML/RARa, AML1-ETO, CBFB-MYH11
ALL FLT3, PRAME, NPM1, C-KIT, CEBPA
CML P185BCR/ABL, TEL/AML1, E2A/PBX1,
MLL/AF4
CLL PRAME/BCR/ABL, ASS

Multiple myeloma - KRAS, NRA, BRAF, TRAF3, CYLD, LTB, TP53,

ATM, ATR

techniques can “locate and diagnose” tumors, they have low
sensitivity and limited ability to differentiate between benign
and malignant lesions (Baldo et al., 2016; Hasanzadeh et al., 2017;
Karimi-Maleh et al., 2021). However, these methods have certain
limitations: for example, high cost, low sensitivity, long detection
period, expensive, complicated detection methods, and some
detection methods even have radioactive contamination.
Compared with these methods, bioelectrochemical methods
have the advantages of simplicity, high sensitivity and low
cost. It can be easily implemented for quantitative
determination and clinical application of blood samples (Miao
et al., 2019; Rasheed et al., 2020; Li et al., 2021; Liu et al., 2021).

With the rapid development of modern biomedical
technologies such as molecular biology and genomics, people
have gained a deeper understanding of the pathogenesis of
hematologic tumors and have discovered a variety of tumor
biomarkers related to hematologic tumors. Information about
the currently used hematologic tumor-related biomarkers is
shown in Table 1.

The introduction of nanomaterials in electrochemical analysis
increases the conductivity and surface area of electrodes, thus
improves the catalytic activity. These properties can improve the
sensor detection sensitivity, shorten the response time, and realize
the real-time monitoring of the detector (Gurudatt et al., 2019;
Hrichi et al., 2019). Nanomaterials are modified onto the surface
of electrochemical sensors to capture biomolecules and improve
the immobilization efficiency and the sensitivity of the sensors. In
addition, nanomaterials can be used as markers to label and can
maintain the biological activity of biomolecules and their
corresponding components.

Graphene, with its unique physical and chemical properties, is
widely used in electrochemical analysis and has become a
research hotspot for electrochemical sensors. For example, Ji
et al. (2014) used graphene as a sensor interface to capture
more antibodies and thus amplify the detection signal. The
good performance of the sensor is mainly attributed to the
high specific surface area of graphene. The strong adsorption
property can immobilize more biomolecules. Its good electrical
conductivity improves the electron transfer. Hong et al. (2015);
Zhang (2016); Xu et al. (2017) constructed a series of
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miRNA Protein Cell
miR-21, miR-155 C-myc, Bax, Bcl2, CD3/4/7/8/ Ramos
20/22/45
- CD30/68/80 R-S
miR-181a, miR-15 CD33 HL-60/
K562
miR-128/181/204/218/221/331 CD10, CD19 CCRF-
CEM
miR-217/221/222 miR-17-92 ABL K562
miR-15/16/29/181 CD52 CLL
miR-21/32/93/133 miR-206/221/222,  CD30/38, M protein, CRP, LDH MM

miR-17-92

electrochemical immunosensors based on sulfur corynes/
graphene complexes as immobilization platforms for primary
antibodies. All of these sensors showed a wide detection range,
low detection limits and good stability. In addition, reduced
graphene can also be applied for the preparation of
electrochemical sensors (Yang and Zhang, 2014). Haque et al.
Ensafi et al. (2016) prepared an N-acryloxysuccinimide activated
amphiphilic polymer-coated reduced graphite oxide as a sensing
interface for electrochemical immunosensors. In this paper, we
discuss the application of bioelectrochemistry in the detection of
hematological malignancies from different perspectives of
graphene assisted electrochemical and electrogenerated
chemiluminescence biosensors.

LABELED BIOSENSORS

A single target is selected for sensing detection, which is a single-
target analysis method. Its direct quantification produces a signal
with low interference, good selectivity, high sensitivity and fast
response, which can detect the target at trace level. Labeled
biosensors are used for quantitative detection by monitoring
the change in signal when a marker interacts with a target.
The commonly used markers include quantum dots, metal
ions, ferrocene, methylene blue, sulfur cordial, anthraquinone
and enzymes with redox activity.

DNA electrochemical sensors are used to detect targets by
hybridization reactions of nucleic acid DNA. Usually, a single-
stranded DNA (ssDNA) probe is immobilized on the electrode
surface, and the complementary sequence-specific hybridization
between the probe and the target further captures the target DNA
(tDNA) into a double-stranded structure (dsDNA), which
triggers a change in the electrochemical signal for quantitative
analysis of tDNA.

Wang X. et al. (2018) proposed a novel and sensitive electro-
generated chemiluminescence (ECL) biosensing system for the
detection of the pl6INK4a gene. A nanofiber composite was
synthesized using graphene as the backbone of pyrrole. This
composite serves as a carrier for labeling dsDNA. after
optimization, this ECL can detect pl6INK4a linearly in the
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TABLE 2 | Electrochemical sensor for RNA biomarkers in hematological malignancies.
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Target Sensor Linear range LOD References
miRNA-21 Au-RGO/TIPCA?*/Ru(NHg)s>* 1 aM-10 pM 0.76 aM Cheng et al. (2015)
miRNA-21 Graphene/GME - 3.12 pM Kilic et al. (2015)
miR-155 SS-probe/GO/GNR 2.0 fM-8.0 pM 0.6 fM Azimzadeh et al. (2016)
miR-155 Amino-graphene 30 pM-1 nM 12.5 pM Salimi et al. (2019)
miR-122 Graphene-PGE 0.5-7 pg/ml 1.06 pM Kilic et al. (2016)

range of 0.1 pM-1 nM, and the detection limit can reach 0.05 pM.
Mazloum-Ardakani et al. (2018) reported a biosensor with
excellent electrical properties for the detection of acute
lymphoblastic leukemia. This sensor does not require the
involvement of enzymes and only requires the use of a simple
one-step synthesis of poly(catechol). By modification with
graphene sheets and AuNPs, the electrical conductivity of
poly(catechol) can be greatly enhanced. In this sensor,
catechols are used as active probes. Under optimal conditions,
the logarithm of this sensor is linear for the target DNA
concentration in the range of 100.0 uM to 10.0 pM.

Graphene was also used to prepare electrochemical sensors to
detect BCR/ABL fusion genes (Wang et al., 2014). Chitosan (CS)
was used to prepare a graphene sheet suspension and modified on
GCE, electropolymerized to form a PANI layer and then solidly
loaded with AuNPs for the capture probe. The probes were
double-labeled with 5'-SH and 3'-biotin for hairpin structure.
After hybridization with the target DNA, the hairpin structure is
forced open and the streptavidin-alkaline phosphatase can
covalently bind to the probe via avidin. Then, the catalytically
electroactive 1-naphthyl phosphate can be hydrolyzed to 1-
naphthol and exhibit a reduction current for detection. Under
optimal conditions, the sensor allows linear detection of the BCR/
ABL fusion gene in the range of 10-1000 pM with a detection
limit of 2.11 pM.

Several miRNAs are also important markers for the detection
of hematological malignancies. Nowadays electrochemical
techniques often use sandwich method via nucleotide
hybridization to achieve miRNA detection. Cheng et al. (2015)
prepared AuNPs-graphene modified GCE, assembled DNAL1 to
capture the target miRNA-21, and further bound DNA2 to form a
sandwich structure. They then used Cd**-modified titanium
phosphate nanoparticles as signal probes, along with
Ru(NH,)s>* as the electron mediator, bound electrostatically
to the sandwich structure. This sensor has a detection linear
range of 107'® to 107''M with a low limit of detection of
0.76 aM. The performance of some other sensors composed
of graphene for miRNA detection was listed in Table 2.

Protein-based markers are based on the principle of specific
binding between antigen and antibody to form stable antigen-
antibody complexes, which are converted into detectable
electrochemical signals for qualitative and quantitative analysis
and detection. He et al. (2013) developed a graphene-assisted
electrochemical immunoassay platform for the detection of
c-Myc. AuNPs were used as a label for the determination of
c-Myc. This sensor is based on a sandwich immunoassay strategy
where the target c-Myc is captured by an antibody to c-Myc

modified on a gold substrate, followed by the addition of another
CADb conjugated to the AuNPs label. sensor allows linear
detection of c-Myc between 4.3 Pm-43 nM with a detection
limit of 1.5 pM.

Cellular biosensors often employ antigenic antibodies as
recognition elements for cellular detection. The target is
captured by a specific immune reaction with certain groups on
the cell surface and converted into a detectable electrochemical
signal for qualitative and quantitative analysis. Yang et al. (2013)
assembled a cell sensor using carboxymethyl chitosan-
functionalized graphene (CMC-G). This sensor exhibited good
electrochemical behavior and cell capture ability for HL-60 cells.
Wang J. et al. (2018) proposed an electrochemical biosensor
assembled by signal amplification strategy using graphene
oxide - polyaniline (PANI) as a modified material for the
detection of K562 cells. Polystyrene microspheres
functionalized with multilayer CdS QDs were used as a
biosensor. the modification of GO-PANI composite not only
improved the electron transfer rate but also increased the loading
rate of tumor cells. This electrochemical sensor can detect a
minimum of three K562 cells.

Recently, aptamers are also often used as recognition elements
for cellular assays. Aptamers are short, single-stranded
oligonucleotides that are usually highly affinity and specific for
the target. Aptamers are smaller and more stable than traditional
biomolecular ligands such as antibodies, allowing for better
selective recognition of target tumor cells. Liu et al. (2016)
found that the morphology of AuNPs can affect the catalytic
activity of graphene towards peroxidase mimics. They
synthesized Au flowers in situ on the hemin/RGO surface and
solidified the aptamer. Then, they used this composite to prepare
an electrochemical sensor for K562 leukemia cancer cells. Zheng
et al. (2019) developed an electrochemical sensor for the highly
sensitive detection of K562 in tumor cells. They first designed
aptamer-DNA  concatamer-CdTe QDs probes by DNA
hybridization and covalent assembly. Then, they assembled
GCE/GO/PANI/GA/Concanavalin A step by step. this
electrochemical sensor can reach the detection limit of
60 cells/ml.

LABEL-FREE ELECTROCHEMICAL
SENSORS

Label-free electrochemical sensing methods are mostly used for
the detection of DNA and CTC markers in blood tumors. These
sensors are generally based on chemical methods to bind the
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FIGURE 1 | Scheme of hyaluronate-functionalized graphene for label-free HCT-116 detection (Copyright obtained from MDPI.)

target by immobilizing the capture probe on the electrode surface
through covalent linkage, including Au-S bonding, amino-
carboxy and amino-sulfonic acid groups. In addition, binding
is also based on physical methods such as electrostatic adsorption
and amino acid functionalized cross-linking.

Jing et al. (2018) prepared an effective hyaluronate-
functionalized graphene (HG) by chemical reduction of GO.
Using the self-assembly of HG with ethylenediamine and
sodium hyaluronate, a label-free electrochemical impedance
spectroscopy cell sensor could be assembled. Under optimal
conditions, this sensor can provide highly sensitive detection
of cancer cells HCT-116. Figure 1 shows a schematic diagram of
this detection strategy.

Shamsipur et al. (2020) exfoliated graphene with gold
nanoclusters (Hb@AuNCs) capped with hemoglobin. This
graphene has good dispersion due to the fact that Hb@AuNCs
can act as stabilizers through non-covalent bonds. This graphene
was used to make a highly sensitive electrochemical sensor.
Highly sensitive detection of BCR/ABL fusion gene can be
performed based on “signal off” and “signal on” strategies”.
Under optimal conditions, the sensor can detect linearly in the
range of 0.1 fM to 10 pM. The detection limit is 0.030 M.

Zhang et al. (2013) proposed a label-free electrochemical
sensor consisting of a combination of GO and polylysine that
can be used for the detection of K562 cells. This sensor is a thin
film that can immobilize live cells very well. [Fe(CN)g)*>"%- was
used as a detection probe and EIS was used as a technique for the
detection. Under optimal conditions, the electron transfer
resistance correlates well with the logarithmic value of the
K562 cell concentration. The detection range of this sensor
was from 100-10” cell/mL. The detection limit was 30 cell/mL.

Label-free electrochemical sensors save time and cost by
detecting the target material directly without a marker. This
can maintain the affinity of the recognition element to the
target and thus avoid the interference caused by secondary
detection and labeling reagents. However, label-free
electrochemical sensors have some drawbacks in practice, such
as the possibility of detachment of the recognition element bound

to the electrode surface during the experiment and the fluctuation
of the EIS, resulting in errors. These problems can lead to
relatively poor accuracy in the actual test and limit its
practical application.

CONCLUSION

This mini-review presents an introduction to biomarkers and
electrochemical detection techniques in hematological
malignancies. Among them we focus on the impact of
graphene development in the construction of such
electrochemical  sensors. ~However, improving the
sensitivity, specificity, and practicality of graphene
electrochemical biosensing methods in the face of
biomarkers present at trace levels in actual clinical samples
is still an important current issue. It is clear from the content
that the current graphene electrochemical sensor can detect
relatively few markers, so more markers can be developed for
detection. Graphene-based electrochemical sensors in
hematological malignancies biomarker analysis is still focus
on the single marker detection. Therefore, selecting multiple
types of typical markers for specific tumors for combined
detection can make the assay more specific and improve the
sensitivity and detection rate of tumor detection. Meanwhile,
current electrochemical biosensors are not ideal for the
detection of marker molecules in population samples.
Effective coupling of sensing design with population
sample pre-treatment, integrating target extraction,
enrichment and detection, and effectively improving the
utility of the sensor will be the focus of future research.
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Gastric cancer is one of the most common malignant tumors, and early diagnosis will be of
great significance to improve the survival quality and overall treatment outcome evaluation
of patients. Nanoelectrochemical immunosensor is an emerging biosensor combining
nanotechnology, electrochemical analysis method and immunological technology, which
has simple operation, fast analysis speed, high sensitivity, and good selectivity. This mini-
review summarized immunoassay techniques, nanotechnology and electrochemical
sensing for the early detection of gastric cancer. In particular, we focus on the tension
of carbon nanomaterials in this field, including the functionalized preparation of materials,
signal enhancement and the construction of novel sensing interfaces. Currently, various
tumor markers are being developed, but the more recognized gastric cancer tumor
markers are carcinoembryonic antigen (CEA), carbohydrate antigen (CA), CD44V9,
miRNAs, and programmed death ligand 1. Among them, the electrochemical
immunosensor allows the detection of CEA, CA, and miRNAs. The mini-review
focused on the development of using carbon based materials, especially carbon
nanotubes and graphene for immunosensor fabrication and gastric cancer markers
detection.

Keywords: carbon materials, immunosensor, carbon nanotubes, graphene, gastric cancer, biomarker

INTRODUCTION

In recent years, with the increase in the number of gastric cancer patients and their mortality rate, the
methods of gastric cancer diagnosis are in urgent need of solution. From the large number of patients
who died of gastric cancer, it can be seen that the main reason for the death is the late detection and
untimely treatment. In order to better prevention and detection, early gastric cancer detection is
crucial. The current methods of early gastric cancer detection include gastroscopy, radioactivity
(Archer and Grant, 1991), ultrasound, serum gastric function test, and gastrin 17 combined with
pepsinogen serological test. These assays have limitations, such as gastroscopy, ultrasound, and
radiological testing can be uncomfortable for patients and are not particularly effective. Biologic
tumor markers for gastric cancer is a more common and hot research direction. It can be detected
quickly and without negative effects on the patients themselves. Currently, various new tumor
markers are being developed, but the more recognized gastric cancer tumor markers are
carcinoembryonic antigen (CEA) (Ishigami et al., 2001; Zhang et al., 2021), carbohydrate
antigen (CA) (Gaspar et al,, 2001), CD44V9 (Mashima et al., 2019), miRNAs (Khandelwal et al.,
2019), and programmed death ligand 1 (PD-L1) (Wang et al,, 2019).
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Biosensors are a multidisciplinary intersection that includes
medical, biological, chemical, and electronic technologies
(Karimi-Maleh et al., 2021a; Luo et al., 2021). The principle of
biosensor analysis and detection is that when the substance to be
measured specifically binds to a molecular recognition element
(e.g., enzyme or antibody, etc.), the resulting complex is
transformed by a converter into a signal that can be output,
such as an optical signal or an electrical signal. Electrochemical
biosensors are divided into current, potential, capacitance, and
conductivity types according to the measurement signal.
According to the category of bioactive molecules, they can be
divided into enzyme sensors, tissue sensors, immunosensors,
DNA sensors, and microbial sensors. Among them,
electrochemical biosensors for monitoring specific reactions
between antigen—antibodies are called electrochemical
immunosensors. There are two key directions in the research
of electrochemical 1) designing novel
biocompatible biocomponent immobilization interfaces to
improve the loading and bioactivity of biocomponents on the
sensing interface; 2) employing novel immunoreactive signal
amplification techniques to enhance the sensitivity of the
sensors. Therefore, there has been a search for good materials
for immobilization of bioactive substances and efficient methods
for immobilization of biological components.

Nanomaterials have become one of the popular materials for
research and application in recent years due to their unique
properties in optical, magnetic, electrical, and catalytic properties
(Medetalibeyoglu et al., 2020; Akea et al., 2021; Karimi-Maleh
etal., 2021c; Liu et al., 2021). As a modifying material for sensor
interfaces and as a solid-loading matrix for biorecognition
molecules. Due to their large specific surface area, high surface
free energy, good biocompatibility, and rich in surface functional
groups, nanomaterials can be used in the construction of
biosensing interfaces to effectively increase the specific surface
area of electrodes, increase the loading of biomolecules on the
electrode surface, accelerate the electron transfer rate, enhance
the conductivity of modified electrodes, and accelerate the
response of sensors. Carbon is a widely studied and used
material in electrochemical sensor preparation. In the
macroscopic field, there are three forms of carbon isomers:
graphite, diamond, and amorphous carbon. However, the
discovery of fullerenes (C60) and carbon nanotubes (CNTs)
has led to new forms of carbon materials, and since then, the
research on carbon nanomaterials has been booming. In this
mini-review, we review the application of carbon nanomaterials,
especially CNTs and graphene, in the preparation of
electrochemical immunosensors and in the detection of gastric
cancer biomarkers.

immunosensors:

Carbon Materials Based Electrochemical

Biosensors

Carbon  nanomaterials play an important role in
bioelectrocatalytic reactions due to their high specific surface
area and their better biocompatibility (Naderi Asrami et al., 2020;
Karaman et al., 2021; Karimi-Maleh et al., 2021b). Their large
specific surface area and high surface reactivity lead to enhanced

Gastric Cancer Markers Detection

adsorption capacity of the materials, increased active sites on the
surface, and improved catalytic efficiency. Compared with
conventional sensors, carbon nanomaterials sensors are not
only smaller and faster, but also more accurate and reliable.
the discovery of CNTs has largely enriched the research of carbon
materials and triggered a trans-generational material revolution.
Britto et al. (1996) first made CNTs into electrodes and used them
for the electrocatalytic oxidation of the neurotransmitter
dopamine. The preparation method was similar to that of
carbon paste electrodes, using bromine imitation as the binder.
The CNTs have a good catalytic effect on the electrochemical
oxidation of dopamine. Timur et al. (2007) reported the
preparation of microbial sensors generated by immobilizing
Pseudomonas aeruginosa cells on CNTs with osmium
polymers as intermediates. By optimizing the amount of CNTs
and polymers, the electron migration rate can be increased and
can be used for microbial fuel cells and biochemical oxygen
demand (BOD) measurements in wastewater.

CNTs have high axial strength and stiffness, so they are often
used as reinforcement for composites. Meanwhile, their excellent
electrical and thermal conductivity can improve the functionality
of composite materials. The use of conducting polymers as
sensing electrodes has attracted much attention due to their
excellent electrochemical properties. The CNTs/polymer
composite materials can be divided into two categories. The
first one is to use CNTs as the main body and modify the
polymer on the wall of CNTs to increase the solubility of
CNTs. Another category is based on polymers as the main
body and CNTs as filler materials, mainly for conductive
polymer materials, with the aim of improving the conductivity
and stability of conductive polymers. Commonly used conductive
polymers such as polyaniline (PANI) and polypyrrole (PPy) (Pei
et al., 2019; Assari et al., 2020). They have good electrochemical
properties to amplify the signal current and eliminate the
influence of electrode impurities, and provide a suitable
environment for immobilizing biomolecules. Not only the
complexation of conductive polymers with CNTs, but also the
complexation of noble metals with CNTs has attracted a lot of
attention from researchers. Among many noble metals, AuNPs
have attracted much attention from researchers due to their
ability to maintain the biological activity of adsorbed enzymes
and reduce the hindrance of direct electron migration by protein
shells.

In addition to CNTs, carbon nanofibers (CNFs) have similar
high electrical conductivity, high mechanical strength, large
specific surface area, and thermal stability as CNTs. Both of
them can be used as good metal nanoparticle catalyst carriers with
promising applications in chemical/biological sensing and
catalysis. Sheng et al. (2010) introduced porous carbon
nanofiber (PCNF)/room temperature ionic liquid (RTIL)
membranes, which provide a suitable environment for direct
electron migration of ferrous hemoglobin proteins. Hemoglobin
(Hb), myoglobin (Mb), and cytochrome C showed a pair of
reversible redox peaks on the PCNF/RTIL-modified membranes.

Graphene has received great attention in the field of biosensors
in the last decade due to its high specific surface area, fast electron
transfer capability and good biocompatibility. Huang et al. (2011)
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prepared a sensitive label-free electrochemical immunosensor by
modifying carbon ionic liquid electrodes with amino-
functionalized graphene and AuNPs complexes. They first
applied the amino-modified graphene dropwise on the surface
of the carbon paste electrode, and then used electrostatic
interaction to adsorb a layer of negatively charged AuNPs on
the surface of the GO. A layer of antibodies. The modified
electrode is then immersed in bovine serum albumin (BSA)
solution to block the active site for non-specific adsorption. By
the specific interaction of anti-AFP on AFP, this sensor can detect
different concentrations of AFP.

Carcinoembryonic Antigen Detection
CEA, an acidic glycoprotein with human embryonic antigenic
properties, was first discovered in 1965. Chen et al. (2012) found
that perioperative chemotherapy improved overall survival in
patients with normal CEA levels prior to treatment in 2012. Bacac
et al. (2016) discovered a novel bispecific antibody to
carcinoembryonic antigen T cells for the treatment of CEA-
expressing solid tumors currently in phase I clinical trials in 2016.
CNTs are a very useful substrate material. For example, Lv
et al. (2018) immobilized bimetallic core-shell rhodium@
palladium nanodendrites (Rh@Pd NDs) onto sulfate-based
functionalized MWCNTs. This composite can be used as a
simple electrochemical immunosensor. Rh@Pd NDs possess a
unique dendritic nanostructure that provides an abundance of
catalytically active sites. Meanwhile, MWCNTSs improve the
performance of the sensor due to their excellent electrical
conductivity, good solubility, and high surface area. Their
proposed electrochemical immunosensor can provide linear
detection of CEA within 25 fg/ml-100 ng/ml under optimal
conditions. To further improve the immobilization
performance, cyclodextrins can be modified on CNTs. Han
et al. (2017) prepared a novel sensitive sandwich-type non-
enzymatic electrochemical immunosensor using cyclodextrin-
modified MWCNTSs. Synthesized silver nanoparticles-carbon
nanotubes/manganese dioxide (Ag NPs-MWCNTs/MnO,)
were used as a label for Ab2 to achieve duplex amplification
of the electrochemical signal. This immunosensor can reach the
detection limit of 0.03pg/ml for CEA. In addition to
cyclodextrins, chitosan also has a similar role. Gao et al
(2011)  prepared a  chitosan-carbon  nanotube-gold
nanoparticles nanocomposite membrane. This composite
membrane was able to exhibit better electrical conductivity,
high stability and good biocompatibility due to its three-
dimensional structure. Under optimal conditions, this
immunosensor can detect CEA in two linear ranges between
0.1-2.0 and 2.0-200.0 ng/ml with a detection limit of 0.04 ng/ml.
Graphene is now replacing carbon nanotubes in the
development of many sensors. For example, Jozghorbani et al.
(2021) developed a label-free electrochemical immunosensor for
the detection of CEA. They modified reduced graphene oxide
(rGO) on the surface of a glassy carbon electrode to form an
interface for binding antibodies. rGO has carboxyl groups on the
surface that can be used to bind to antibodies. This binding
between antibody and rGO can be confirmed by CV and EIS
characterization. The weakening of the electrochemical signal can

Gastric Cancer Markers Detection

be used as a signal of successful antibody modification. This
immunosensor allows linear detection of CEA in the
concentration range of 0.1-5ng/ml. The detection limit can
reach 0.05ng/ml. Chen et al. (2018) prepared AuNPs-TiO,-
graphene composites for sandwich immunosensing detection
of CEA. in this work, graphene was first modified with
dopamine via m-stacking and then immobilized with TiO,
nanoparticles. After that, AuNPs-TiO,-graphene composites
were synthesized by photoreduction method under UV
irradiation. The AuNPs interacted with HRP-Ab2 and
covalently attached HRP-Ab2. Under optimal conditions, this
sandwich immunosensor could detect CEA linearly in a wide
range of 0.005-200 ng/ml, and the detection limit It can reach
3.33 pg/ml.

Carbohydrate Antigen Detection
CA is a tumor cell-associated antigen. CA125, CA19-9, and
CA72-4 were considered to have the strongest correlation with
gastric cancer. Clinical data from Abbas et al. (Gao et al., 2018)
showed that elevated pre-treatment CA199 levels are associated
with a higher risk of tumor progression and a worse prognosis in
gastric cancer. CA199 can be reduced with the use of anti-
angiogenic agents and first-line platinum-based chemotherapy.
The role of carbon material in the CA199 assay is very similar
to that of the previous assay for CEA. Kalyani et al. (2021)
reported an electrochemical immunosensor based on
MWCNT-Fe;0,, which was dispersed in chitosan for
immobilization of specific antibodies. The detection range of
this electrochemical immunosensor was 1.0 pg/ML-100 ng, ml.
the detection limit was 0.163 pg/ml. Very similarly, Huang et al.
(2017) synthesized a polysulfate-gold composite (AuNPs@PThi).
This AuNPs@PThi can act as a sensitive redox probe and is
capable of amplifying electrochemical signals. Under optimal
conditions, this label-free immunosensor can linearly detect
CA199 from 6.5-520 U/ml with detection limits up to 0.26 U/ml.
The function of graphene here also remains as a substrate and
is used to improve the performance of the electrodes. As shown in
Figure 1, the Zn-Co-S/graphene composite can be used to detect
CA199 (Su et al, 2021). The Zn-Co-S dot-like nanoparticles
grown on graphene can form a conductive network, allowing the
direct reduction of H,O, by the active site. This electrochemical
immunosensor can detect CA199 linearly between 6.3 and 300 U/
ml with a detection limit of 0 U/ml. For practical considerations,
electrochemical immunosensors can also be assembled on screen-
printed electrodes (SPEs). Mic et al. (2020) modified SPEs with
thermally reduced graphene oxide (TRGO). The modified
electrodes can interact with CA199-His molecules by
adsorption. It was shown that TRGO has a very strong affinity
for CA199-His, to the extent that it can be used for quantitative
detection.

miRNA Detection

miRNAs are a class of small non-coding single-stranded RNAs
about 19-25nt long that are commonly found in plants and
animals. They can inhibit the transcription or translation of target
genes by incomplete binding to target mRNAs to perform their
biological functions. Since the year 2,000, miRNAs have been
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widely studied worldwide and more than two thousand miRNAs
have been identified and characterized. miRNAs are widely
involved in the development of gastric cancer (Daneshpour
et al., 2018; Huang et al,, 2019). H. pylori (HP) is a class I
gastric carcinogen. miR-223, miR-125a, and miR-21 expression
was found to be significantly increased in positive gastric cancer
specimens, while miR-218 expression was significantly decreased.
This suggests that HP infection may promote gastric cancer
formation by altering the corresponding miRNAs. Several
studies also demonstrated that miR-551b-3p, miR-100-5p, and
miR-363-3 were significantly down-regulated in gastric cancer
tissues and cells. miR-215 was significantly up-regulated in gastric
cancer tissues and cells. miR-429 aberrant expression may be
associated with age differences in gastric cancer development.
However, there are not many applications of carbon
nanomaterials in miRNA detection. Yammouri et al. (2017)
compared the detection of miR-125a by carbon black,
MWCNT and GO after preparing an electrochemical
immunosensor. Surprisingly, the lowest detection limit of
microRNA-125a was obtained with the sensor modified with
carbon black.

CONCLUSION

Gastric cancer is a malignant tumor originating from the
epithelial cells of the gastric mucosa, and it is the second
leading cause of cancer death worldwide. The development of
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