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ABSTRACT: Graphene- and carbon-based nanomaterials are key materials to

develop advanced biosensors for the sensitive detection of many biomarkers owing L

to their unique properties. Biosensors have attracted increasing interest because they lellznpm:m

allow eflicacious, sensitive, selective, rapid, and low-cost diagnosis. Biosensors are detecilon

analytical devices based on receptors for the process of detection and transducers for $hiis é Yy o
response measuring. Biosensors can be based on electrochemical, piezoelectric, I mmmm‘:&
thermal, and optical transduction mechanisms. Early virus identification provides dhvtion Applications JE
critical information about potentially effective and selective therapies, extends the

therapeutic window, and thereby reduces morbidity. The sensitivity and selectivity o PS¢ 22
of graphene can be amended via functionalizing it or conjoining it with further e ot
materials. Amendment of the optical and electrical features of the hybrid structure e getecten

by introducing appropriate functional groups or counterparts is especially appealing

for quick and easy-to-use virus detection. Various techniques for the electrochemical

detection of viruses depending on antigen—antibody interactions or DNA hybridization are discussed in this work, and the reasons
behind using graphene and related carbon nanomaterials for the fabrication are presented and discussed. We review the existing
state-of-the-art directions of graphene-based classifications for detecting DNA, protein, and hormone biomarkers and summarize the
use of the different biosensors to detect several diseases, like cancer, Alzheimer’s disease, and diabetes, to sense numerous viruses,
including SARS-CoV-2, human immunodeficiency virus, rotavirus, Zika virus, and hepatitis B virus, and to detect the recent
pandemic virus COVID-19. The general concepts, mechanisms of action, benefits, and disadvantages of advanced virus biosensors
are discussed to afford beneficial evidence of the creation and manufacture of innovative virus biosensors. We emphasize that
graphene-based nanomaterials are ideal candidates for electrochemical biosensor engineering due to their special and tunable
physicochemical properties.
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H INTRODUCTION Unfortunately, in this case, it is difficult cure.” Therefore, the
early diagnosis of cancer in its early stage can decrease the risk
of a fatal outcome. AD is a neurodegenerative disorder that
appears in the dementia form and often affects people aged 65
or older. Its clinical diagnosis is not good compared with other
diseases, and there is no suitable treatment. It has been found
to have affected more than 37 million people worldwide, which
is largely due to the aging of the population and the lack of
medicines for those cases. Moreover, it is a global crisis
because of its high cost, which could reach around 600 billion

Common diseases threaten the lives of many people in the
world. Pandemic outbreaks, such as the one we are
experiencing nowadays related to COVID-19, strongly visual-
ize this reality. Most of these diseases are leading to death at a
young age, and the number of patients and deaths related to
diabetes, cancers, and Alzheimer’s disease (AD) is increasing
year by year. Diabetes mellitus is a metabolic disorder that
leads to increasing levels of glucose in the blood. High levels of
glucose are associated with heart disease, blindness, and kidney

: . o dollars.®
failure. Therefore, early detection of glucose concentration is a orars
. . 12 . . .
very important issue.’” In addition, cancer is considered to be T
the most common and widespread disease worldwide as Received: May 28, 2021 T
usually results from different genetic factors or is caused by Accepted:  February 10, 2022 ‘.:.ME-

environmental factors. Cancer is an abnormal growth of cells Published: March 1, 2022

and causes the formation of masses of cells, which are
characterized as a tumor and can then spread from the original
site of injury to the rest of the cells and organs in the body.
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Figure 1. Representation of biosensors depending on signal transducer mechanisms.

The conventional techniques for monitoring and diagnosing
diabetes, such as commercial glucose analyzers, are based on
finger pricking, which has defect inaccuracy and neglects
changes in glucose concentration at differences in time
between taking samples, for example, at night during sleeping.
For cancer, the cross-sectional computed tomography (CT)
scan is expensive, and centrifugation, fluorescence, chromatog-
raphy, and magnetic-activation processes reduce the quality or
the diagnosis because it depends on personal judgment. Efforts
have been carried out to detect these diseases early to
overcome the problems of the conventional methods.
Biosensors are an attractive and interesting alterative because
they are effective, sensitive, selective, rapid, and low-cost
diagnosis tools. The biosensor is an analytical device that is
based on receptors for the process of detection and transducers
for measuring the response. Biosensors depend on different
transduction mechanisms like electrochemical, piezoelectric,
thermal, and optical mechanisms. Biosensors can be used for
the recognition of enzymes, genes, proteins, and antibodies
(Figure 1). Biosensors can be used for different applications
including DNA detection, pathogen detection, hormone
detection, protein detection, and cancer biomarkers (Figure
2). Carbon is an attractive material for use in sensors as both 1-
D carbon nanotubes (CNTs) and 2-D graphene.*™"’

Sensors that convert biological reactions, such as enzyme—
substrate reactions and antigen—antibody interactions, into
electrical signals are referred to as electrochemical biosensors.”
An electrode is a critical component of an electrochemical
biosensor because it serves as a firm substrate for biomolecule
immobilization and electron mobility.”~” Furthermore, select-
ing the right functional material aimed at the electrode is an
important step in achieving excellent biosensor performance.
Various electrochemistry-driven biosensing approaches for
inexpensive and small analytical devices aimed at on-site
analysis have recently been introduced. However, designing an
appropriate on-site biosensor that meets the needed sensitivity
while maintaining excellent reproducibility is still a challenge.
For high-performance electrochemical analysis, the use of well-
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Figure 2. Different biomedical applications of biosensors including
DNA detection, pathogen detection, hormone detection, protein
detection, and cancer biomarkers.

designed nanomaterials as a supportive condition aimed at
signal amplification has gained traction.” Nanomaterials have a
huge surface area that allows for greater filling aptitude and
reactant mass transport, which are directed to a synergistic
effect for signal strengthening.”~ "’

The detection of a biological interaction on the electrode
surface is the basis for all electrochemical biosensors. The
biorecognition element and its accessibility/reactivity deter-
mine the sensor’s sensitivity, stability, reusability, specificity,
and cost. Given the functional mechanism of electrochemical
biosensors, proper electrode surface modification is critical to
their effectiveness. Surface alterations aid not only in the
appropriate immobilization of bioreceptors but also in noise
reduction and increased sensitivity. More importantly, surface
functionalization reduces nonspecific binding of the analyte or
other components on the surface, which is undesirable.
Furthermore, the structure of biomolecules on the surface
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displays an imperative effect on determining a biosensor’s
sensitivity and selectivity. To put it another way, the biosensor
performance is heavily influenced by the materials utilized to
modify the surfaces and the surface chemistry or functionaliza-
tion approach employed to immobilize the bioreceptors.
Silicon, glass, gold, CNTs, conducting polymers, graphene,
and other electrode surfaces are utilized for the immobilization
of biomolecules in electrochemical biosensors.”

Surface modification of electrodes has a crucial influence on
the efficiency and application of electrochemical biosensors.
The materials employed for surface modifications should be
biocompatible and stable to guarantee the stable immobiliza-
tion of bioreceptors. Self-assembled monolayers (SAMs),
conductive polymers, and other nanomaterials are commonly
employed for surface modification. Nanomaterials, with their
large surface area, high electron-transfer rate, and superior
biocompatibility, play an essential role in the development of
electrochemical biosensors. The bioreceptor’s use and nature
should guide the selection of the best immobilization strategy.
An antibody should be immobilized on the surface in the “end-
on” orientation in an affinity-based sensor to enable it to bind
the antigen. Similarly, the upright or nearly upright orientation
of DNA is critical for efficient target hybridization. If the
covalent link does not alter the reactivity, then covalent
binding via active ester chemistry is one of the most suitable
and stable techniques of immobilization. The emphasis point
in defining the efficacy of the electrochemical biosensor is the
assortment of a suitable surface modification strategy and the
immobilization of the bioreceptor.”™ "’

Graphene, CNTs, crystalline diamond, and diamond-like
carbon are considered as carbon nanomaterials with extra-
ordinary electrochemical features that have led to their
prevalent utilization. In addition, the promise of new carbon-
derived nanostructures in sensing applications is undeniable
because they exhibit features not found in bulk materials. As a
result, they can work under harsh conditions with greater
sensitivity and selectivity and over a wider temperature ranger
in addition to dynamic ranges. For electrochemical detection, a
variety of materials have been utilized as electrode materials,
together with platinum, gold, and various kinds of carbon.”™®
Carbon polymorphs, for instance, graphene, CNTs, and
diamond, have been engaged as electrode materials aimed at
electrochemical sensing in recent years.'” The exceptional
features of carbon nanomaterials, for instance, their huge
surface-to-volume ratio, high conductivity, and electron
mobility at ambient temperature, have targeted toward several
improvements in electrochemical sensors.”~* Graphene, on the
contrary, has a limited quantity and is hydrophobic, which
limits its application in biosensors.® Graphene oxide (GO) and
reduced graphene oxide (rGO) solved the problem by
enhancing the hydrophilicity of the graphene layer, which
resulted in outstanding electrical conductivity and ease of
surface modification for biomolecule immobilization, respec-
tively.'”

On the subject of GO’s excellent physicochemical character-
istics, its utilization in novel optical biosensing systems has
been studied."” Although it is possible to use GO as a long-
range photoluminescence quenching agent, it can also be
treated in suspension and easily complexed with biological
molecules. GO photoluminescence can also be seen with
donor/acceptor molecules exposed on a planar surface, as we
demonstrated.”” Even though nothing was known about the
impact of GO characteristics on biosensing performance 6
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years ago, it is now recognized that they can be adjusted based
on the oxidation degree, lateral size, and layer count.
Biosensors based on genetically engineered organisms are
able to operate as colloidal suspensions. As a matter of fact,
recent studies have shown novel ways to integrate GO-based
biosensors into solids without the necessity of colloidal
suspensions, which makes possible their use in new devices.
In addition to photoluminescent signals, the bulk of GO-based
optical biosensing approaches use photoluminescence. How-
ever, new developments in label-free optical biosensing
approaches using GO have also been made. These findings
are presented in a progress report on this interesting topic,
highlighting both its difficulties and its potential.

In addition, CNTs have outperformed materials widely
applied as electrode interfaces that have high conductivity and
chemical stability according to the literature. Because of their
enhanced sensitivity and improved signal-to-noise ratio,
electrochemical transducers that use CNTs as substrates
boost the performance of amperometric enzyme electrodes,
immunosensors, and nucleic-acid-sensing instruments. CNT-
modified electrode interfaces are extremely tempting for use
aimed at a range of amperometric oxidase- and dehydrogenase-
based biosensors due to the increased electrochemical
reactivity of species like nicotinamide adenine dinucleotide
(NADH) and hydrogen peroxide.””"" Transducers made of
CNTs have been shown to improve biocatalytic reactions
while also serving as a platform aimed at multiple enzyme tags.
CNTs behave like molecular wires when aligned as “forests”,
allowing for smoother the insolubility of electron transfer
between the underlying electrode and the enzyme’s redox
center. CNTs have been applied in a diversity of applications,
including sensors, actuators, and energy storage, due to their
specific properties."~'” In addition, CNTs and graphene show
several features such as electrical, structural, chemical, and
mechanical properties that are appropriate for the progress of
biosensors. These include electrical conductivity and tremen-
dous electrocatalytic activity, good stability, a large surface
area, and flexible mechanical features.'""?

Single-walled carbon nanotubes (SWCNTs) have recently
become popular in biosensors to improve their electrical
characteristics. SWCNTs reveal outstanding electrical and
mechanical features."* SWCNTs in electrochemical biosensors
have gained researchers’ curiosity because of their physico-
chemical properties.'> Their large surface area could help to
enhance the quantity of immobilized enzymes, expand the
reaction regions between the enzyme and the substrate,
improve the electrical conductivity, and boost the biosensor
signal response.'® However, the insolubility of SWCNTs may
hinder their biological uses. Certain nanocomposites with high
biocompatibility were utilized to overcome the stable
insolubility in aqueous solutions.'” ™" Multifunctional
SWCNTs serve as a platform for developing innovative
biosensor systems that incorporate immobilized biomolecules
in conjunction with enzymes and redox mediators. Holzinger
et al. investigated a variety of SWCNT functionalizations to
develop a polyvalent sensing electrode.”’

It is well known that SWCNTs are highly desirable
nanomaterials aimed at an extensive assortment of applications
because of their mechanical, chemical, and optical features.
SWCNTSs manufactured in bulk exhibit a wide range of chiral
species and properties (e.g,, electronic structures). A highly
filtered and segregated process is required to fully utilize
SWCNTSs.”" The limited surface area of the biosensor makes it
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Figure 3. (A) Shift in impedance caused by sensing mismatched DNA bases. (B) Reproducibility as a function of cycle count. (C) Diagram of the
DNA impedimetric biosensor’s assembly and recognition via enzyme-assisted target recycling. In panel C, electrochemically reduced graphene
oxide (ERGO), which is readily accessible, may be a useful medium for signal amplification in DNA hybridization EIS measurements. With the use
of enzyme-assisted target recycling, efficient interfacial tuning can be obtained, including high impedance caused by ssDNA samples directly
adsorbed on graphene materials and low impedance caused by the continuous desorption of target—sample DNA hybrids in addition to the
subsequent digestion of the sample. Just a few DNA targets can lead to the enzymatic digestion of many DNA samples. Because of the brilliant
electrical conductivity of rGO, electron-transfer resistance is drastically decreased after DNA samples are limited. Reproduced with permission from

ref 36. Copyright 2019 The Royal Society of Chemistry.

difficult to engage with large biorecognition agents like
mammalian cells, to manage sensor production, and to
undergo chemical modification.”” This is especially true
when using bodily fluid samples that contain several proteins
and Iipids.23 For example, the nonspecific binding impact
directly affects the analytical performance of the biosensor, and
hence more advanced sensors are necessary.”

Multiwalled carbon nanotubes (MWCNTS) are made up of
numerous layers of concentric single-walled graphene cylinders
held together by van der Waals forces.”* MWCNTSs have a
sidewall structure like graphite.”> The solid substrate is
chemically altered for antibody immobilization.”® A suitable
functioning MWCNT surface is necessary due to the structural
degradation of MWCNTSs during functionalization, including
decapping at the ends and slicing and breaking the length. The
oxygen functional groups of functionalized MWCNTs and the
—NH, groups of the antibody form covalent bonds.””
According to Zheng and Zheng, hydrophobic—hydrophobic
forces immobilize the nonpolar amino acid chain of gelatin to
the side wall of MWCNT, resulting in a stable dispersion.”’
Increasing the quantity of MWCNTs in the MWCNT/gelatin
dispersion improves its strength.”*>° Using MWCNTs in
nanoparticles (NPs) can increase the analytical performance.
Li et al. developed an ultrasensitive electrochemical biosensor
using AuNP hybrid MWCNTs-SO;H as an electrode materi-
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al.*® Xu et al. created an amperometric glucose biosensor using
glucose oxidase and dendrimer-encapsulated Pt NPs on
MWCNTSs.>" A low limit of detection (LOD), wide linearity,
high precision, and better functioning constancy were achieved
because of the enzyme electrode’s unique 3-D shape. CNTs
have a number of disadvantages. One of which is that their
production progression is not completely organized. The
difficulty of aggregation and the lack of homogeneity are
crucial.>»*> CNTs are also often insoluble, which makes them
difficult to use in practical applications. Strong stacking and
van der Waals forces cause MWCNTs in aqueous solution to
develop irreversible aggregation, limiting their utility.”*
MWCNT surfaces are chemically treated with sulfonic acid
groups, hydroxyl groups, and carboxyl groups to im prove the
film dispersity and uniformity on electrode surfaces.

B ADVANTAGES AND DRAWBACKS OF GRAPHENE
AND ITS RELATED MATERIALS AIMED AT
ELECTROCHEMICAL BIOSENSOR APPLICATIONS

There has been a rise in interest in the growth of
electrochemical biosensors with enhanced performance
because of their wide range of applications, from medical
diagnostics and healthcare to environmental monitoring and
industrial manufacturing. The high sensitivity, selectivity,
repeatability, and stability are among the major problems in

https://doi.org/10.1021/acsbiomaterials.1c00710
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developing biosensors. Sensor surface stability and interference
from other analytes must be kept to a minimum as well. The
use of graphene and similar materials in biosensor applications
has a few advantages and disadvantages. We can briefly
summarize the advantage of graphene materials to be the high
electrical and thermal conductivities and the high control of
functionalization and the disadvantages to be the hydro-
phobicity, high cost, difficult workability, and small production.
The water dispensability, polar functionalization, low cost, and
easy workability are strong advantages for GO, whereas the
lower electrical and thermal conductivity, surface random
functionalization, and poor control on postpreparation
functionalization are disadvantages. The high electrical and
thermal conductivities, good control on functionalization, and
lower cost than neat graphene are the advantages of rGO, and
the hydrophobicity, difficult workability, and properties related
to the production methodology used are disadvantages.

This work provides a survey with respect to biosensors
depending on graphene and CNTs and their suitability aimed
at the detection and early diagnoses of common diseases such
as diabetes, cancers (in particular, lung cancer, which is among
the principal causes of death), and AD. Moreover, the ability of
graphene and CNTs to detect DNA, proteins, hormones,
enzymes, and viruses is presented.

DNA Detection. Cao et al. proposed a new electrochemical
impedimetric nanobiosensor depending on electrochemically
active rGO deposited on a gold working electrode to detect the
HIV-1 virus gene. The nanobiosensor used the exonuclease III
enzyme to improve the electrochemical indication measured at
the detection time based on its affinity to break double-
stranded DNA (dsDNA) molecules rather than single-stranded
DNA (ssDNA). ssDNA was noncovalently directly immobi-
lized on the rGO surface without using any linker molecules to
detect the target DNA. On the contrary, target DNA was
added to the cell matrix with known changed concentrations to
test the functionality of the nanobiosensor, revealing an LOD
of 10 aM (10 X 107'® M). Moreover, the sensitivity of the
nanobiosensor without reducing GO was also evaluated. The
result shows that the GO reduction plays a relevant role in the
signal amplification along with exonuclease III, as the LOD of
GO electrode was 50 fM, which is significantly larger than that
of the rGO electrode. According to Cao et al, the
nanobiosensor was fully reproducible just by adding new
DNA probes. Figure 3A indicates the high selectivity of the
nanobiosensor, and Figure 3B reveals its reproducibility.*®
Furthermore, the assembly of the DNA impedimetric
biosensor and its recognition via the enzyme supported
objective recycling, as shown in Figure 3C.

Cao et al. proposed a simple, responsive, and repeatable
label-free DNA impedimetric sensor device. The readily
accessible electrochemically reduced graphene oxide (ERGO)
is supposedly a useful medium for amplification of signals in
DNA hybridization electrochemical impedance spectroscopy
(EIS) measurements when combined with exonuclease IIL
Using enzyme-assisted target recycling, extraordinary impe-
dance generated through ssDNA probes unswervingly
adsorbed on top of graphene materials can be converted to
squat impedance produced by the persistent desorption of
target—probe DNA hybrids and the subsequent probe
digestion. Because of rGO’s excellent electrical conductivity,
the electron-transfer resistance is significantly reduced after the
DNA probes are withdrawn. By combining enzymatic and
electrical amplification, expanded variations in impedimetric
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signals should be able to detect DNA targets more accurately.
It should also be noted that both DNA targets and probes are
label-free, and the sensor can be reproduced merely by
switching the DNA probes.*

Li et al. established a label-free graphene-based nano-
biosensor to distinguish the gene of human immunodeficiency
virus 1 (HIV1) using its complementary ssDNA probe
immobilized above the surface of the detecting rGO/graphene
electrode. The nanobiosensor was fabricated via bonding
ERGO noncovalently to the surface of glassy graphene
electrodes. In addition, the proposed nanobiosensor electrode
rGO/graphene was compared with bare rGO, bare graphene,
and GO/graphene electrodes, showing its sensitivity advant-
age. This advanced sensitivity was used to detect the amount of
target DNA, reaching an LOD of 1.58 X 10™! pM and a linear
range (1 uM to 10 pM). The fabrication method has
advantages based on its low cost and label-free recognition
and due to the fact that no signal amplification or ssDNA
immobilizing steps are needed. In addition, fluorescence
emission analysis was used to study the functionality of the
nanobiosensor in detecting the target DNA. The study showed
that ssDNA was strongly noncovalently bonded to the GO
surface. After the addition of the target DNA, it took 30 min
for it to completely bond with the ssDNA due to the strong
forces between ssDNA and GO, which, over time, were
weakened by the new bond between the dsDNA. A
noncomplementary DNA sequence was applied to show a
good selectivity for the target DNA arrangement to study the
selectivity of the nanobiosensor. However, the stability of the
nanobiosensor still needs improvements due to the breakdown
of ssDNA molecules. Furthermore, the sensitivity of the
suggested nanobiosensor still needs improvement compared
with nanobiosensors with metal nanomaterial and covalently
bonded graphene/DNA sensors.’”

Cai et al. assembled a graphene-based nanobiosensor on a
field-effect transistor (FET) chip for DNA detection using a
peptide nucleic acid (PNA) probe. Chemically reduced GO
was added to the sensor chip; then, 1-pyrenebutanoic acid
succinimidyl ester (PBSE) was introduced above the rGO
surface to link PNA molecules to the nanobiosensor. DNA
detection and quantization were predicted through PNA-—
DNA hybridization with no labeling and a 100 fM LOD. Using
PNA as a detection probe enhanced the sensitivity of the
nanobiosensor chip because of the absence of electric repulsion
between the negative charges of the deoxyribose phosphate
basis of the DNA molecule and the neutral backbone of the
PNA molecule. Moreover, the nanobiosensor differentiated
between the target DNA and a DNA molecule with one
different base beside a noncomplementary DNA molecule. In
addition, the proposed nanobiosensor has interesting advan-
tages, such as reduced background noise, signals of high
resolution, and relatively low-cost fabrication methods.
However, the reproducibility of the nanobiosensor still needs
improvement, as shown in the experiments where the signal
decreased to 96.67% of the first signal in the second detection
experiment and to 83.33% in the third detection experiment.’®

Dong et al. assembled a nanobiosensor based on rGO that
deposited electrochemically on glassy carbon electrodes
(GCEs) for DNA detection. Gold nanoparticles (AuNPs)
labeled with ssDNA probes and carbon nanospheres function-
alized with horseradish peroxidase (HRP) were applied for
signal amplification. In addition, ssDNA probes labeled with a
thiol group were used to link the AuNPs to rGO surfaces.
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Figure 4. Electrochemical signaling by (A) CV and (B) EIS investigation in [Fe(CN)4]** solution through the nanobiosensor operation. (C)
Specificity and selectivity of the nanobiosensor based on experiments repeated four times, illustrated in the bar chart. Panels A—C are reproduced
with permission from ref 42. Copyright 2017 The Royal Society of Chemistry. (D) Photoelectrochemical signaling by EIS analysis. (E) Diagram of
the photoelectrochemical biosensor aimed at microRNA recognition. In addition, the method is dependent on the development of oligonucleotides
with two distinct domains: one that phosphorothioates (ps-) DNA (ps: sulfur-containing variants of the phosphodiester backbone) and the other
that phosphates (po-) DNA. When faced with nucleotides, Cd** has a 3000-fold preference for sulfur over oxygen binding, despite the fact that po-
DNA can interact with CdS. As a result, Cd** would prefer to intermingle with ps-DNA, and the structure of DNA—CdS QDs would be
established. Panels D and E are reproduced with permission from ref 43. Copyright 2014 The Royal Society of Chemistry.

Furthermore, the biotinyl group was used for target labeling.
The results show very high sensitivity with 5 aM LOD and a
linear domain from 1 X 1077 to 1 X 107" M. Furthermore,
the nanobiosensor differentiated the target DNA from two
other DNAEs, the first with one-base mismatching and the other
with three-base mismatching. The proposed nanobiosensor

holds great potential in the biomedical field for its high

969

sensitivity and selectivity; however, its fabrication and sensing
method is costly and complicated.*

Alzheimer’s Disease Detection. AD is a serious neuro-
degenerative disease that affects more than 17 million people
around the world, mainly aged over 65 years old. AD is
associated with memory and cognitive loss, which leads to
disability on a daily basis. With the huge burden this disease
causes socially and economically, it is necessary to find a
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diagnostic method to detect this illness in its early stages.*’
Recently, several biosensors/nanobiosensors have proven to be
useful for the estimation of diverse AD biomarkers by means of
approaches other than electrochemical methods."

Azimazadeh et al. applied ERGO as an electrochemical
biosensor and miR-137 as a biomarker to detect AD."
Furthermore, a screen-printed carbon electrode (SPCE) was
adjusted by the addition of GO and gold nanowires (Au NWs)
to improve the selectivity of the nanobiosensor. The GO was
reduced electrochemically to ERGO to increase its electrical
conductivity. Subsequently, ssDNA thiolated probes (ssDNA
probes) were added to the nanobiosensor to bind to mi-R137
and form a double-stranded miRNA—DNA probe through the
detection process. Doxorubicin (Dox) is a powerful anticancer
drug with a wide range of effects. Its use is unfortunately linked
to the development of dose-dependent, cumulative, perma-
nent, and long-term cardiotoxic side effects. Genetic and
epigenetic fingerprints in each patient can influence the
frequency and severity of Dox cardiotoxicity. Dox can also
have an effect on epigenetic control. Dox affects mitochondrial
metabolism, and epigenetic modifications are based on
mitochondrial metabolites that serve as cofactors or substrates
for several epigenetic enzymes, according to research. As a
result, Dox-mediated changes in the cardiac mitochondrial
metabolism may have an impact on the epigenetic landscape
and may help us to understand why Dox cardiotoxicity persists
long after drug administration. Dox was used in the experiment
as an electrochemical label to improve the selectivity of the
nanobiosensor due to its low reduction potential, which allows
the nanobiosensor to differentiate between the target miRNA
and other molecules. Furthermore, the Dox intercalation
mechanism is its interaction with double-stranded oligonucleo-
tides, allowing double-stranded miR-137 and ssDNA probes to
be differentiated from other nonspecific single-stranded
oligonucleotides (miR-155, miR-21, and one-base and three-
base mismatch oligos).">**

Through the electrode modification, the cyclic voltammetry
(CV) curves are varied at both oxidation and reduction, as
shown in (Figure 4A). Furthermore, the Nyquist plots (Figure
4B) show that the SPCE electrode has a low charge-transfer
resistance (R,) (1860 U) and thus a higher electrical
conductivity. The CV and EIS plots show appropriate
outcomes throughout the change of the nanobiosensor
electrode, as the EIS study reveals the increase in R by the
presence of SS-probes (2449 U) and the target miRNA (11813
U).

Consequently, the nanobiosensor (Figure 4C) showed high
selectivity toward the target miRNA (miR-137) in the presence
of other highly concentrated oligos and miRNA (miR-21 and
miR-155).

MicroRNAs (miRNAs) are small noncoding RNAs that use
an antisense mechanism to repress target mRNAs.*>*
Furthermore, Nyquist plots of the EIS analysis (Figure 4D)
showed the efficiency of the nanobiosensor fabrication. The
electron-transfer resistance (R,) increased because of the
addition of an ssDNA probe, which connected to SWCNTs-
COOH by a n interaction. In addition, the fabricated
nanobiosensor can be used to recognize other miRNAs by
using a suitable ssDNA probe.*>**

Cao et al. indicated that DNA—CdS quantum dot (QD)-
sensitized SWCNTs-COOH were used to create a flexible
photoelectrochemical biosensing platform. A convenient,
sensitive, and precise biosensor for the direct detection of

970

miRNAs was intended using cyclic enzymatic amplification,
resulting in a novel approach for miRNA analysis."’ The
SWCNTs were added to an indium tin oxide (ITO) electrode
to distinguish the target miRNA alongside the DNA—-CdS
QDs for detection enhancement (Figure 4E). As a result, the
presynthesized method was replaced in this study by a one-step
suitable preparation pathway of DNA-labeled QDs. When
faced with nucleotides, Cd** has a 3000-fold partiality for
sulfur over oxygen binding, despite the fact that phosphate
(po)-DNA can interact with CdS. As a result, Cd** would
prefer to interrelate with phosphorothioate (ps)-DNA, and the
structure of DNA—CdS QDs would be established, as
displayed in Figure 4E.

Using miRNA-7f as a guide, a novel signal-off photo-
electrochemical biosensor was created, which caused an
enormous number of CdS QDs to break away from
SWCNTs-COOH after hybridizing with DNA probes, low-
ering the photocurrent (Figure 4E). This research established a
new, sensitive, and selective method aimed at the straight
exposure of miRNAs using low-potential visible-light irradi-
ation, which could be used in other biological assays.

Hormone Detection. Baluta et al. assembled electro-
chemical nanobiosensors depending on graphene quantum
dots (GQDs) to detect the adrenaline hormone with an 83 nM
LOD and a linear response ranging between 1 and 120 X 107
M.* The laccase enzyme was linked by glutaraldehyde on a
GCE adjusted with GQDs. This nanobiosensor has advantages
based on its simple fabrication and cost-effectiveness.
Furthermore, it shows great stability when stored at 4 °C
because it maintains its activity for more than 3 months.
Moreover, the nanobiosensors showed good selectivity for
adrenaline among many other coexisting molecules, including
ascorbic acid (AA), uric acid (UA), cysteine, tryptophan, and
glutathione.™

Sun et al. anticipated an electrochemical CNT-based
nanobiosensor for the simultaneous sensing of dopamine
(DA) and serotonin. GCE was modified with CNTs; then,
nickel(I1) oxide (NiO) and poly(3,4-ethylene dioxythiophene)
(PEDOT) were added. Differentiation between DA and
serotonin was possible in the presence of CNTs. In addition,
NiO and PEDOT were used in the structure of the
nanobiosensor to enhance its sensitivity toward biological
molecules. The experiments reported an LOD of 0.026 uM
and a linear domain of 0.03 to 20 uM for DA and an LOD of
0.063 and a linear domain of 0.3—35 uM for serotonin.
Moreover, the nanobiosensor preserved 95.3% of its signal for
serotonin detection and 91.3% of its signal for DA detection
after 37 days.*

Apetrei et al. proposed a label-free nanobiosensor with a
very simple fabrication strategy for the detection of DA and
adrenaline from the catecholamine family. In addition, the
working electrode was assembled via the installation of
graphene on a carbon electrode. Tyrosinase was used for
signal amplification and was linked to the electrode by
glutaraldehyde. The nanobiosensor showed acceptable sensi-
tivity with a 2.42 X 107" 4uM LOD and a 0.2—25 uM linear
range for DA and a 6.56 X 107" yM LOD and 1-27.5 uM
linear range for adrenaline. The nanobiosensor conducted
almost 10 detection tests with a signal drop of <5% to evaluate
the reproducibility. However, the nanobiosensor stability was
not sufficient for long-term use, as it restored only 67% of the
original signal after storage for 3 days at 4 °C."
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Kim et al. created a noninvasive label-free immunosensor
depending on rGO for cortisol sensing through the cortisol
monoclonal antibody (c-Mab). In addition, rGO was added to
an ITO electrode; then, c-Mab was covalently attached to its
surface by an ethyl(dimethylaminopropyl) carbodiimide/N-
hydroxysuccinimide (EDC/NHS) linker. Furthermore, etha-
nolamine was also added to the nanobiosensor electrode to
minimize nontarget molecule attachment. A real sample of
human saliva with a low LOD of 27.6 pM was used to test the
nanobiosensor’s accuracy. The functionality of the nano-
biosensor was evaluated in slices of rat adrenal gland solution
rich with molecules with comparable structures to that of
cortisol. In addition, the fabricated nanobiosensor revealed a
good selectivity toward cortisol in the solution, which can be
explained by the c-Mab aflinity toward cortisol and the noise
reduction caused by ethanolamine. No details, however, were
mentioned about the reproducibility or stability of the
nanobiosensor.**

Raymundo-Pereira et al. technologically advanced a low-cost
carbon-based nanobiosensor to detect estriol hormone in
water. The working electrode was a porous-structured thin film
of carbon black nanoballs (CNBs) and silver nanoparticles
(AgNPs) deposited on a GCE. CNBs were prepared from
carbon black powder, then hybridized with AgNPs. The use of
metal nanomaterial in the electrode, such as AgNPs in this
case, prevents the gathering of estriol electro-oxidation on the
electrode surface. In addition, the nanobiosensor exhibited
good sensitivity and a relatively low LOD of 0.16 ymol L™
however, it showed a narrow linear domain from 0.2 to 3.0
pmol L', Moreover, the stability was evaluated, indicating
adequate reproducibility, as just a 5.5% relative standard
deviation was reported after 50 pulses of differential pulse
voltammetry (DPV).*

Cincotto et al. invented an electrochemical enzyme
nanobiosensor depending on GO reduced chemically by
NaBH, and hybridized with antimony pentoxide (Sb,O;)
attached to the rGO oxygen functional groups to detect estriol
hormone in water and urine. Furthermore, the rGO/Sb,04
hybrid was added to a GCE to compose the working electrode.
Sb,O; has advantages in electrochemical sensing due to its
surface deformity and acidic characteristics. Furthermore,
glutaraldehyde was used to link laccase enzymes covalently
to the electrode surface based on its oxidizing properties,
which act on estriol as a phenol-containing molecule. A low
LOD of 11 nM was reported alongside an extensive linear
region from 25 nM to 1.03 M. Additionally, a fast signal
response of almost 4 s was recorded. Moreover, concentrations
(10 and 100 times the estriol concentration) of eight different
nontarget molecules (hydroquinone, catechol, DA, progester-
one, BPA, 17beta-estradiol, ethinyl estradiol, and vitamin C)
that may cause background noise were used to test the
selectivity of the nanobiosensor. These nontarget molecules
caused no apparent detection signal at 10 times the
concentration of estriol; however, signals equivalent to the
estriol signals were recorded for 17beta-estradiol and ethinyl
estradiol at 100 times the concentration of estriol, which can
be explained by the comparable structures of these molecules.
The stability of the nanobiosensor was estimated via storing it
for 2 months at —4 °C, and 84 and 52% of its functionality was
restored after 1 and 2 months, respectively. Equally important,
the nanobiosensor detected the target hormone in a real urine
sample and retrieved nearly 100% of the added concen-
tration.>’
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Protein and Cancer (Protein) Biomarkers. Eissa et al.
applied a graphene-based immunosensor to estimate the f-
lactoglobulin protein that is present in milk products. The
immunosensor displayed a suitable selectivity and sensitivity
for antigen—antibody formation. The graphene screen-printed
electrode (SPE) was adjusted with 4-nitrophenyl diazonium
cations; then, the nitro groups were electrochemically reduced
to amine groups, forming an organic sheet over the graphene
SPE. Glutaraldehyde was used to stimulate the amine groups,
which immobilized the antibodies of f-lactoglobulin on the
graphene SPE. After immunosensor fabrication, the voltam-
metric analysis was used to study the functioning of the
nanobiosensor. With the progressive addition of S-lactoglobu-
lin, the measured current declined sequentially in a linear
perspective. This result shows the efficiency of the
immunosensor fabrication, where the current decline indicates
the successful attachment of the S-lactoglobulin protein to the
antibodies on the graphene SPE surface. Moreover, the
sensitivity of the immunosensor was tested to reveal an
estimation limit of 0.85 pg:mL~" and a linear range of 0.001—
100 ng'mL~". In addition, the selectivity of the anticipated
immunosensor was observed by using four proteins other than
the target protein (casein, ovalbumin, bovine serum albumin
(BSA), and egg lysozyme), and it showed negative results.
Furthermore, the immunosensor was tested with a real sample
of milk-containing snacks and sweets, and it showed quite
similar results to those previously mentioned. In conclusion,
this study proposes an immunosensor with good sensitivity
with a 0.85 pgrmL™" LOD and a wide linear range (0.001—100
ng-mL™") with no label or amplification and good selectivity of
the target protein. These good characteristics can be
attributable to the high stability of the organic sheet on the
graphene SPE surface and the large number of immobilized S-
lactoglobulin antibodies.”"

Feng et al. used an electrochemical-label-free graphene-
based nanobiosensor aimed at the estimation of the cyclin A,
protein. The nanobiosensor was fabricated by adding a layer of
chemically converted graphene to meso-tetra(4-carboxyphenyl)
porphyrin (TCPP) on a GCE. The addition of TCPP
improved the chemical stability of the electrode and facilitated
the attachment of higher amounts of P, peptide by providing
extra carboxylic groups. The attachment probe used in the
proposed nanobiosensor was hexapeptide P;, which showed a
high tendency to connect specifically to the target protein
cyclin A,. Furthermore, Tween 20 (polyoxyethylene sorbitol
ester) was used in the experiment as a biocompatible surfactant
to elude the attachment of nonspecific molecules to the
electrode and thus to minimize the effect of background noise
on the nanobiosensor. After the fabrication of the nano-
biosensor, the electron-transfer resistance reached a value of
143.8 €, and it increased significantly to 348.7 € after the
addition of cyclin A,, which indicated the attachment of the
target protein to the surface of the electrode. In addition, with
the addition of more cyclin A,, the resistance grew even more,
showing a linear relation between the concentration of cyclin
A, and the electrical resistance. The EIS analysis showed a
good LOD of 0.32 pM for protein sensing. Additionally, the
electrical resistance increased slightly after the introduction of
nonspecific proteins (BSA, human serum albumin (HSA), and
lysozyme) to the nanobiosensor, indicating a good selectivity
for the target protein. Moreover, the nanobiosensor response
to the addition of starved cell extract can be ignored. This
selectivity can be explained by the tendency of P, to specifically
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attach to cyclin A, and the ability of Tween 20 to minimize
nonspecific molecule attachment.>”

Yagati et al. used a graphene-based label-free nanobiosensor
to perceive C-reactive protein noninvasively in human serum at
room temperature with high specificity at low frequencies. An
array of eight microelectrodes of ITO were adjusted with an
ERGO/AuNP hybrid, which improved the conductivity of the
electrode. Furthermore, the electrical conductivities of ITO/
AuNP and ITO/ERGO electrodes were tested separately, with
the ITO/ERGO/AuNP electrodes showing the best electrical
conductivity among all electrodes. The nanobiosensor was
then adjusted with anti-C-reactive protein antibodies to
recognize C-reactive protein antigens during the detection
process. The BSA protein was also compiled with the
nanobiosensor to reduce the background noise responses and
to enhance the discrimination against the targeted protein.
Afterward, the functionality of the nanobiosensor was
evaluated in human serum samples. The samples were
organized through the addition of known dissimilar quantities
of the target protein in diluted serum. In addition, the results
showed good specificity at low frequencies and without any
amplification with an estimation limit of almost 0.08 ng mL ™"
and a linear domain of 1-1000 ng mL™!. Moreover, the
nanobiosensor preserved its functionality after 1 week of
storage at 4 °C and pH 7.4. This result indicates that the
proposed nanobiosensor is good at maintaining the biomaterial
on its surface, which can be explained by the presence of
AuNPs on it. AuNPs avert the amassing of graphene films,
which aids in maintaining the antibodies of the target protein
and prevents their release from the surface over time.
Moreover, this promising nanobiosensor can be applied to
detect other different ?roteins and antigens by using the
appropriate antibodies.”

Cancer biomarkers are small molecules in the blood and
tissue of humans, and their abnormal concentration can point
out the presence of certain cancers.”* Consequently, the
exposure of tumor markers is very significant in cancer
diagnoses, especially at the beginning level of cancer. Many
proteins represent biomarkers for the detection and diagnosis
of cancer.”> The common protein biomarkers are carcinoem-
bryonic antigen (CEA), a-fetoprotein (AFP), cancer antigen
15-3 (CA1S-3), cancer antigen 125 (CAI25), and prostate-
specific antigen (PSA).>° As shown in Table 1, CEA can be

Table 1. Different Biomarkers Used for Cancer Detection

cancer biomarker type of cancer detection ref

carcinoembryonic antigen (CEA)  lung, breast, ovarian, and colon 57

a-fetoprotein (AFP) liver, testicular, and S8
nasopharyngeal

cancer antigen 15-3 (CA1S-3) breast 59

cancer antigen 125 (CAI2S) ovarian 60

prostate-specific antigen (PSA) prostate 61

linked to lung, breast, ovarian, and colon cancers.”’ The AFP
concentration in healthy human serum is <25 ng/mlL, and
increases in the concentration of AFP can indicate liver,
testicular, and nasopharyngeal cancers.”® A CA15-3 concen-
tration of >100 U/mL is the most associated biomarker of
breast cancer.”” CA12S or MUC16 can be used to estimate
ovarian cancer, and a higher concentration of CA125 (>s U/
mL) is associated with ovarian cancer.’” PSA is a biomarker
applied to diagnose prostate cancer.’’ Thus it is highly relevant
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to detect biomarkers sensitively in low concentrations.
Therefore, various biosensors are applied for the exposure of
protein biomarkers, such as electrochemical detection
methods, optical detection methods, and mass-based detection
techniques.”” Graphene and CNTs are attractive nanomaterials
for modification in biosensors to detect biomarkers.

To recognize the CEA cancer biomarker, Singh et al.
described a low-cost and lightweight biosensor. The fabricated
biosensor consists of a graphene film developed on copper
(Cu) via chemical vapor deposition (CVD). In addition, PBSE
was applied as a linker to immobilize the CEA antibody, and
BSA was used to cover unspecific centers. After the addition of
CEA, the charge-transfer resistance (R.) standards were
increased because of the formation of CEA and anti-CEA
complexes that blocked the transfer of electrons. Therefore, the
BSA/anti-CEA/PBSE/graphene/Cu electrode can be used in
CEA detection with a sensitivity value of 563.4 Q ng™' mL
cm™ an LOD value of 0.23 ng mL™', and a linear response
range value of 1.0—25.0 ng mL™" (normal value of ~5.0 ng
mL™"). Anti-CEA/BSA/PBSE/ graphene/Cu electrodes can
thus be used as prospective biosensors for the early stage of
cancer because of their elevated sensitivity, selectivity, stability,
and reliability that aim at the detection of CEA via EIS
measurements.®>

For the responsive exposure of AFP, Yang et al
technologically advanced a label-free electrochemical immu-
nosensor relying on AuNPs-poly(3,4-ethylenedioxythiophene)
(PEDOT)/Prussian blue (PB)-rGO. Furthermore, the AuNPs-
PEDOT 3D nanostructure had a large surface area, which
enabled the AFP antibody to be effectively captured. AFP
antigen was also immobilized on anti-AFP/AuNPs-PEDOT/
PB-rGO/GCE, resulting in a reduction in the sensor’s peak
present. As a result, AFP was distinguished through the sensor.
With a linear range of 0.01—50 ng mL™" and a low LOD of 3.3
Pg mL™}, the AuNPs-PEDOT/PB-rGO nanocomposite dis-
plays efficient electrochemical operation, strong conductivity,
and excellent stability. When compared with the traditional
enzyme-linked immunosorbent assay (ELISA) approach for
detecting AFP in human serum, this biosensor produces
adequate results.”*

Some efforts have been made to detect CEA and AFP
instantaneously. Jia et al. incorporated rGO/AuNPs into
thionine (Thi) and PB on an ITO electrode for the
simultaneous detection of CEA and AFP (Figure 5A).° In
addition, rGO/AuNPs/Thi was applied toward the immobi-
lization of anti-CEA and rGO/AuNPs/PB for the immobiliza-
tion of anti-AFP. The sensor is based on the reaction between
antibodies and their antigens, the detection targeted for a
reduction trend in the peak current of Thi and PB (Figure SB).
The multiplexed biosensor exhibits linear working ranges of
0.01—300 ng mL~’, and the LODs are 0.650 pg mL ™" for CEA
and 0.885 pg mL™' for AFP.”> Furthermore, Chen et al.
studied a low-cost electrochemical immunosensor in sandwich
format aimed at the synchronized detection of CEA and AFP.
This biosensor depends on a sensing platform of chitosan-
AuNPs (CHIT-AuNPs) and multiple signal labels depending
on carboxylated GO sheets added to toluidine blue (TB)/anti-
CEA (Ab,,) for CEA detection and PB/anti-AFP (Ab, ,) for
AFP detection. This sensor revealed a linear range of 0.5—60
ng mL™" and LODs of 0.1 ng mL™" for CEA and 0.05 ng mL™!
for AFP.%

Researchers used rGO/Thi/AuNPs and rGO/PB/AuNPs
nanocomposites to assess the CEA and AFP levels to realize
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Figure S. (A) Thi molecules were noncovalently appended to the rGO surface via 7—7 stacking interrelations, whereas PB nanoparticles were
cultivated upon this rGO surface via an in situ reduction method to demonstrate the nanocomposite solidification process of rtGO/Thi/AuNPs and
rGO/PB/AuNPs. Because of the interaction between the amine groups of rGO and the AuNPs, AuNPs were immobilized on rGO/Thi and rGO/
PB nanocomposites. (B) Schematic representation of the electrochemical immunoassay procedure. Interactions between antibody amine groups
and AuNPs immobilized anti-CEA and anti-AFP through into relevant aspects coated with rGO/Thi/AuNPs and rGO/PB/AuNDPs, respectively.
AuNPs’ distinct features create an ideal microenvironment for antibody immobilization while preserving biological proteins. A single square-wave
voltammetry (SWV) test was observed after the cells were independently subcultured to various doses of CEA and AFP. Because of the increased
steric hindrance caused by the formation of antibody—antigen immunocomplexes on the ITO surface, the peak currents of Thi and PB, which were
directly proportional to the concentrations of the corresponding antigens, were reduced. The CEA and AFP levels in blood sample could be
assumed to be constant upon this relationship. Reproduced with permission from ref 65. Copyright © 2013 Elsevier.

the electrochemical immunoassay protocol.66 Figure SA
demonstrates the noncovalent attachment of Thi molecules
to the rGO surface via 7—7 stacking interactions, whereas PB
NPs were grown on the rGO surface via an in situ reduction
technique. AuNPs were immobilized on rGO/Thi and rGO/
PB nanocomposites by the interaction between the amine
groups of rGO and the AuNPs. Anti-CEA and anti-AFP were
immobilized to analogous extents and coated with rGO/Thi/
AuNPs and rGO/PB/AuNPs, respectively, as shown in Figure
5B, through the relationships of the amine groups of antibodies
with the AuNDPs. After the cells were incubated separately with
various quantities of CEA and AFP, a single square-wave
voltammetry (SWV) test was performed. The peak currents of
Thi and PB, which were unswervingly relative to the
concentrations of conforming antigens, were reduced as a
result of increased steric hindrance caused by the formation of
antibody—antigen immunocomplexes on the ITO surface. On
the basis of the relationship, the levels of CEA and AFP in
serum samples could be measured.

Khoshroo et al. established a label-free electrochemical
sensor aimed at recognition of CA1S-3 cancer biomarkers
depending on CoS,-GR and AuNPs composites with graphite
SPEs. In this research, an electrochemical sensing platform for
electrochemical immunosensors was built using CoS,-GR and
AuNP composites (CoS,-GR-AuNPs). AuNPs serve as an
immobilization site for antibody binding in the proposed
immunosensor. In addition to a vast surface area, the CoS,-GR
nanocomposite possesses remarkable electrocatalytic action for
catechol oxidation, which helps boost the amount of
immobilized CA15-3 antibody. In addition, CoS,-GR-AuNPs
(CA15-3)-modified graphite-SPEs were employed to produce
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an enzyme-free and label-free electrochemical immunosensor
to detect the protein biomarker CAI1S5-3. The CoS,-GR
composite was used due to its high electrocatalytic activity of
catechol oxidation and the ability to increase the immobiliza-
tion effect of the CA15-3 antibody through its wide surface
area. They also added AuNPs as the sites of immobilization to
bind antibodies. The CA15-3 antigen could be detected from
the electrocatalytic activity of CoS,-GR-AuNPs/SPE for
catechol oxidation, where they found a decrease in the peak
current when the interaction between the antigen and the
antibody occurred (Figure 6). This issue is due to the
development of an insulating layer from the anti-CA15-3 and
CA15-3 antigen complexes that prevents electron transfer and
catechol oxidation. The biosensor shows a varied linear range
of 0.1—-150 U mL™ and a low LOD of 0.03 U mL™". CoS,-
GR-AuNPs can be used for clinical application in human
serum. The immunosensor performed well in regards to its
accuracy, stability, and specificity, and it was effectively used to
detect CA15-3 in serum models.”’

Fan et al. developed a paper-based electrochemical
immunosensor aimed at the discovery of CA125. Furthermore,
the biosensor depends on rGO/Thi/AuNPs nanocomposites
and has been developed through screen-printing on low-cost
pure cellulose paper. CA12S antibody was put out of action by
the working electrode to specify the sensor for the recognition
of the CAI2S antigen. The formation of anti-CA125 and
CAI2S antigen, which takes a maximum of 20 min, leads to an
insulating layer for electron transfer to the electrode surface,
targeting a reduction in the peak current of Thi. Therefore, this
biosensor can detect the CA125 antigen. This electrochemical
sensor exhibited excellent replicability, stability, and confidence
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Figure 6. Fabrication procedure of the CoS,-GR-AuNPs immunosensor. An electrochemical sensing platform aimed at electrochemical
immunosensors was built via CoS,-GR and AuNPs composites (CoS,-GR-AuNPs). AuNPs serve as an immobilization site for antibody binding in
the proposed immunosensor. In addition to a vast surface area, the CoS,-GR nanocomposite possesses remarkable electrocatalytic action for
catechol oxidation, which helps raise the aggregation of immobilized CA15-3 antibody. Graphite screen-printed electrodes adapted with CoS,-GR-
AuNPs (CA1S5-3) were used to produce an enzyme-free and label-free electrochemical immunosensor to detect the CA1S-3 protein biomarker.
Because of the electrocatalytic activity of the CoS,-GR nanocomposite in catechol oxidation as a sample, the CA15-3 antigen was characterized
through amended screen-printed electrodes after binding to the electrode surface through interaction with the CA15-3 antibody. Additionally, the
immunosensor was designed to have a linear range of 0.1—150 U mL™" and an LOD of 0.03 U mL™". In addition, the immunosensor performed
well in terms of the accuracy, stability, and specificity, and it was efficaciously used to detect CA15-3 in serum models. Reproduced with permission

from ref 67. Copyright 2017 Elsevier.

with a linear range from 0.1 to 200 U mL™" and an LOD of
0.01 U mL™". rGO/Thi/AuNPs nanocomposites can be used
toward the recognition of CA12$ in human blood serum.®®

An exceedingly sensitive electrochemical immunosensor
built on MWCNTs and ionic liquid (IL) nanocomposites
adapted with GCEs aimed at the uncovering of PSA was
established by Salimi et al. In addition, the fabricated sensor
depends on the immobilization of PSA-antibody (anti-PSA)
onto MWCNTs/IL nanocomposites and the binding of PSA
antigen to the active sites of the PSA antibody. The higher
concentration of PSA antigen leads to a decrease in the active
sites of the antibody. Therefore, the sensor can effectively
detect PSA antigen. The DPV peak current of the
immunosensor shows a sensitivity of 0.95 mA ng mL™’, an
LOD of 20 pg mL™}, and two linear concentration ranges of
0.2 to 1.0 and 1—40 ng mL™". It was found that the ILs/CNTs
immunosensor shows a promising performance in noticing
PSA in cancer tissue and human serum samples with accuracy,
high sensitivity, and selectivity for the detection of PSA.®

It is crucial to discover and characterize cancer biomarkers
early to make an accurate diagnosis. Mandal et al. used this
knowledge to industrialize a biosensor based on CNT
electrodes with interdigitated electrode patterns and integrated
polydimethylsiloxane (PDMS) microfluidic channels to
estimate the CA-125 cancer biomarker. The biosensor
improves detection by lowering the process time, cost, and
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space requirements. CNTs have a large surface area, which
enhances the electron transport and thus increases the
sensitivity. Additionally, the CA-125 antibodies improve the
biosensor’s stability. The study method is primarily based on
the design of a surface modification process for increased
sensitivity under shear flow rate circumstances using CNTs.
The interdigitated electrode transducer was modified with
functionalized CNTs to improve the signal. The biosensor was
connected to PDMS microfluidic channels to enable a directed
self-driven flow. The results reveal that by employing CNT-
modified interdigitated electrodes in a capillary flow state,
disease-specific antigens (CA-125) may be differentiated in a
microvolume of biofluid.”’

Because of the chemical dealings between both the antibody
and the antigen to form the CA-125 antibody and CA-125
antigen complex, the dielectric characteristics and capacitance
were altered. This modification defined the biosensor’s success
for recognizing the CA-125 antigen.”” Additionally, Mandal et
al. demonstrated the feasibility of developing a functioning
carboxylic CNT biosensor with an interdigitated electrode
pattern and an integrated microfluidic channel. Even at low
CA-125 antigen concentrations, the interdigitated electrodes
aided the sensing process in a confined space. CNTs exhibited
a greater capacitance value due to their remarkable surface-to-
volume ratio and increased electron-transfer rate, which had a
direct effect on the sensor’s sensitivity enhancement. The CA-
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Figure 7. Representation of the electrochemical immunoassay protocol. CGN-Thi-anti-CEA, CGN-DAP-anti-PSA, and CGN-Cd**-anti-AFP
bioconjugates were first prepared to make electrochemical immunoprobes. The reduction of AuNPs and the carbonization of glucose took place in
a microwave-assisted reaction. The reactive oxygen groups of CGN immobilized three redox probes: Thi, DAP, and Cd**. Three electrochemical
immunoprobes were obtained after the antibodies were directly immobilized on CGN AuNPs. Reproduced with permission from ref 72. Copyright

2015 Elsevier.

125 antibodies were covalently devoted to the carboxylic
CNTs in this study, resulting in enhanced antibody stability,
even at high shear flow rates. The tests in this work used
carboxylic-functionalized CNTs with a 3% surface coverage.
The existence of a higher proportion of carboxylic-function-
alized groups on the surface of CNTs may give a location for
the attachment of more antibodies, which would affect the
stability of the CNTs and their sensitivity. Additionally, the
biosensor based on CNT interdigitated electrodes may be a
viable tool for the discovery of additional disease biomarkers.

For the recognition of AFP, an innovative sandwich-type
electrochemical immunosensor depending on functionalized
nanomaterial labels and bienzyme biocatalyzed precipitation
was created by Yang and coworkers. They studied the
electrochemical immunosensor depending on single-walled
carbon nanohorns (SWCNHs) by means of labels and
bienzymes (HRP and glucose oxidase). In addition, enzymes
acting as biocatalysts accelerated the oxidation of 4-chloro-1-
naphthol (4-CN) by H,0,, resulting in an insoluble substance
on the electrode surface; the mass stacking on the device
directed to a dramatic increase in amplitude. With a linear
range of 0.001—60 ng mL™" and a low LOD of 0.33 pg mL™"
for the detection of AFP, the immunosensor demonstrates high
sensitivity, good selectivity, and stability. Moreover, bienzyme/
Ab,/SWCNHs biosensors can be applied in serum testers.” In
addition, the immunosensor has strong selectivity, stability,
and reproducibility. The study concluded the following main
points, which are responsible for the dramatic signal
amplification: (1) For sandwich-type immunosensors, enzy-
matically catalyzed precipitates depending on the bienzyme
direction greatly improved the signal strength. (2) SWCNHs
can serve as suitable carriers with a wide surface area for
effective biomolecule immobilization and a large space for
insoluble items. (3) Antibodies can be increased by using Au—
graphene as an electrode modifier. In clinical tumor biomarker
screening, the amplification strategy showed promise. Yang et
al. believe that this innovative approach can easily be extended
to identify other proteins and that it has clinical application
potential.”"

Xu et al. introduced a sandwich-format electrochemical
immunosensor that simultaneously exposed three cancer
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biomarkers: CEA, PSA, and AFP (Figure 7). Carbon—gold
nanocomposite (CGN)-Thi-anti-CEA and CGN-DAP-anti-
PSA in addition to CGN-Cd**-anti-AFP bioconjugates were
manufactured first to render electrochemical immunoprobes.
In a microwave-assisted reaction, AuNPs were reduced, and
glucose was carbonized. Three redox probes were immobilized
by CGN’s reactive oxygen groups: Thi, DAP, and Cd*". After
the antibodies were immobilized in a straight line on CGN
AuNPs, three electrochemical immunoprobes were acquired
(Figure 7). Using the casting process, the GCE was directly
amended with positively charged IL-rGO for modification.
GCE was then immersed in an aqueous polystyrene sulfonate
(PSS) solution for a few minutes. Because the isoelectric point
of the antibody was a pH of ~9.0, it was usually positively
charged. CEA-, AFP-, and PSA-captured antibodies were
immobilized on GCE using this technique. Because of the
exceedingly biospecific recognition interactions between the
antigens and the corresponding antibodies, a sandwich-type
immunoassay was formed after the immunosensor was
consecutively incubated with a mixture of antigen solutions
and a mixture of 1:1:1 diluted CGN-Thi-anti-CEA, CGN-
DAP-anti-PSA, and CGN-Cd**-anti-AFP bioconjugates. SWV
was applied to collect the most recent responses. The
concentrations of equivalent antigens were directly compared
to the distinct voltammetric peaks of Thi, DAP, and Cd**. The
obtained linear relationship allowed for the quantitative
measurement of CEA, AFP, and PSA in serum models.
Consequently, the immunosensor is based on the carbon—
gold nanocomposite (CGN) as a probe in addition to Thi-anti-
CEA, DAP-anti-PSA, and Cd**-anti-AFP to detect the three
antibodies, CEA, PSA, and AFP, respectively. Because of the
profusion of reactive oxygen functional groups on its surface,
this nanocomposite demonstrated excellent adsorption apti-
tude for redox probes, for instance, certain organic dyes and
metal jons. Additional binding sites were supplied by the
AuNPs on the nanocomposite for the three antibodies, CEA,
PSA, and AFP. In addition, the immunosensor is based on the
reaction between antibodies and their antigens. Via SWV, three
distinct signals can be perceived in a single run. In addition, the
current response measurements of Thi, DA, and Cd** were
related to their corresponding antigens, and the SWV peak
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Figure 8. (A) Incubation of CEA labels. The Au-CeO, (1 mL, 1.8 mg/mL) solution was treated ultrasonically for 30 min before being combined
with a detecting antibody dispersion (1 mL, 10 g/mL) and incubated for 12 h at 4 °C. Blue toluidine (TB, 2 mg) and EDC/NHS (10 mM/2 mM)
were then incubated for 12 h at 4 °C. The tetrafluoroborate was mixed with CMC (10 mg) as the ionic liquid (IL, 8 mg) after centrifugation and
incubated at 4 °C for 1 h. After centrifugation, the supernatant was washed with PBS (pH 7.4) to eradicate excess TB prior to the colorless
supernatant. The mixture from TB/Au-CeO,/CMC/ILs-Ab, was then dissolved in PBS (1 mL, pH 7.4) and held at a temperature of 4 °C. (B)
Immunosensor diagram (TB/Au-CeO,/CMC/Ils). Bare SPCE was amended to create an efficient surface area of the electrode with the distributed
Au-Cu,S-CuS/graphene (4.5 L, 1.2 mg/mL) to produce a directly usable surface. Former layers were incubated in a type of Abl (4.5 L, 10 g/mL)
and BSA solution (4.5 L, 0% by weight) with unpredictable concentrations of CEA (4.5 L) and TB/Au-CeO,/CMC/IL. (C) Double-signal
enhancement technique. The peak oxidation current of Cu,S-CuS decreases, whereas the peak oxidation current of TB increases. The response to
the quantitative determination signal of the CEA is the shift of double signals “AI = Alpy + |Al, s cusl”. (Alg and |AI, g ¢yl are the changes in
the oxidation peak currents of TB and Cu,S-CuS$ currents, respectively.) The LOD is 0.78 pg/mL, and the linear range is 0.001—100 ng/mL. The
ratiometric electrochemical method is a basic technique for detecting tumor markers with accuracy, simplicity, and sensitivity, and it shows promise
for the quantitative recognition of other tumor markers in clinical diagnoses. Reproduced with permission from ref 81. Copyright 2017 Elsevier.

currents of Thi, DA, and Cd*" improved with increasing
concentration of the corresponding antigens. This sensor
revealed good sensitivity and selectivity with a linear range of
0.01—100 ng mL™", and the LODs were 2.7 pg mL ™" for CEA,
4.8 pg mL™" for PSA, and 3.1 pg mL™' for AFP for the
detection of CEA, PSA, and AFP simultaneously.72

Lung cancer is the leading cause of death for men and the
second leading cause of death for women.”* Furthermore, lung
cancer is categorized into two major types: small cell lung
cancer (SCLC) and nonsmall cell lung cancer (NSCLC).
Additionally, SCLC represents ~20% of lung malignancy, and
NSCLC represents >80% of lung malignancy.”*”> Therefore,
there is much interest in the detection of NCLC and SCLC.
Detection of the high concentration of biomarkers related to
lung cancer is essential for the monitoring and diagnosis of
lung cancer. In addition, NSCLC can be detected through
biomarkers such as CEA, cytokeratin fragment antigen 21-1
(CYFRA21-1), EGFR gene, and microRNA (miR-25).”°"7% A
neuron-specific enolase (NSE) biomarker is used for the
sensitive and specific estimation of SCLC.” Biosensors are
widely used to determine biomarker levels with high sensitivity
aimed at the diagnosis of lung cancer.”’

Wei et al. used the dual-signaling electrochemical radio-
metric approach to study an electrochemical biosensor aimed
at CEA recognition. This sandwich-type biosensor uses AuNPs
with a Cu,S-CuS/graphene composite (Au-Cu,S-CuS/gra-
phene) as the matrix material and carboxyl-AuNPs with
mesoporous CeO, NPs and a TB complex (TB/Au-CeO,/
carboxymethyl cellulose (CMC)/Ils) to detect CEA (Figure
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8A,B). Furthermore, the electrochemical behavior of the
biosensor indicates the decrease in the Cu,S-CuS oxidation
peak current and the increase in the TB oxidation peak current
when the CEA concentration is increased (Figure 8C). In
addition, the TB/Au-CeO,/CMC/ILs-Ab, synthesis method is
shown in Figure 8A. The Au-CeO, solution (1 mL, 1.8 mg/
mL) was ultrasonically treated for 30 min before being mixed
with a detection antibody dispersion (1 mL, 10 g/mL) and
incubated at 4 °C for 12 h. The mixture was then incubated at
4 °C for 12 h with TB (2 mg) and EDC/NHS (10 mM/2
mM). 1-Butyl-pyridine tetrafluoroborate was mixed with CMC
(10 mg) as an IL (8 mg) and incubated for 1 h at 4 °C after
centrifugation. Figure 8B demonstrates a representative
illustration of a sandwich-type electrochemical immunosensor.
After being rinsed with phosphate-buffered saline (PBS) (pH
74), the completed electrode was preheated for electro-
chemical experiments. Figure 8C also shows the dual-signaling
augmentation methodology used by the electrochemical
ratiometric immunosensor. “Alry + |Alc, s cysl” is applied as

the response signal to amplify the electrochemical response to
quantitatively evaluate the deliberation of CEA. With
increasing CEA concentration, the oxidation peak current of
Cu,S-CuS decreases, whereas the oxidation peak current of TB
increases. The response signal aimed at the quantitative
determination of CEA is the change of dual signals “AI = Al

+ |Alcys.cusl” (Alpg and Al g cusl are the alteration

principles of the oxidation peak currents of TB and Cu,S-
CuS, respectively.) The linear range is 0.001 to 100 ng/mL,
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with an LOD of 0.78 pg/mL (S/N = 3). Additionally, the
ratiometric electrochemical structure is a humble approach
aimed at distinguishing tumor indications that is accurate,
simple, sensitive, and precise, and it is promising for the
quantitative recognition of other tumor markers in clinical
diagnosis. Therefore, the quantitative concentration of CEA
from the peak current of the oxidation of TB and Cu,S-CuS
can be detected with a linear range of 0.001—100 ng/mL and
an LOD of 0.78 pg/mL. Additionally, this electrochemical
biosensor shows high performance in clinical application for
human blood serum due to its accuracy and selectivity.®

Zhu et al. established an electrochemical immunosensor
focusing on the sensitive identification of CEA through the
antibody and antigen reaction and based on graphene
decorated by a AuNP (Au-GN) amended with a GCE and
the immobilization of HRP and an HRP-labeled anti-CEA
antibody (HRP-anti-CEA) on Au-GN/GCE. The effect of the
reaction between HRP-anti-CEA and the CEA antigen was
remarkable, where the cathodic peak current response of
hydroquinone (HQ) decreased. In addition, the immunosen-
sor was thus able to detect CEA effectively. Additionally, the
HRP/HRP-anti-CEA/graphene nanoplatelets (GNPs)-GNs/
GCE biosensor exhibits high selectivity and stability with a
linear range of 0.10—80 ng mL ™" and an LOD of 0.04 ng mL™"
for CEA detection. This biosensor has possible use in human
serum samples when associated with ELISA measurement.®”

Zhang et al. assembled a label-free electrochemical
immunosensor that consists of a 3-D macroporous reduced
graphene oxide/polyaniline (3DM rGO/PANI) film aimed at
the recognition of NSE for SCLC. In addition, the 3DM rGO/
PANI composite is categorized through an auspicious surface
area that expands the immobilization of NSE antibodies. In
addition, the immunosensor can prevent the adsorption of
other antibodies and specify an NSE antibody by blocking the
rest of the active sites by 1 wt % of BSA. The complex of anti-
NSE and NSE antigen blocks electron transfer to the electrode;
therefore, the peak current of the sensor decreases.
Consequently, the sensor succeeds in NSE detection. The
current response of PANI decreases with increasing NSE
concentration, so, PANI is important to indicate the
concentration of NSE. Furthermore, the 3DM rGO/PANI
immunosensor shows a linear range (0.5 pg mL™' to 10.0 ng
mL™") and an LOD of 0.1 pg mL™" aimed at NSE detection. In
addition, the immunosensor can be useful in serum samples to
detect NSE when compared with the electrochemilumines-
cence (ECL) analyzer.83

To detect the specific and important biomarker of NSCLC,
Chen et al. established a 3-D electrochemical DNA biosensor
for CYFRA21-1 (CYFRA21-1 DNA) detection based on 3D
graphene and AgNPs (3D GF/AgNPs). The applied 3D GF/
AgNPs DNA biosensor is dependent on the probe ssDNA
immobilization of the modified electrode and the hybridization
with target DNA, targeting toward a reduction in the peak
current of the electrode. This biosensor shows an LOD of 1.0
X 107'* M and a linear range from 1.0 X 10™"* to 1.0 X 107/
under optimal conditions, with high sensitivity, good stability,
and selectivity for CYFRA21-1 DNA detection. The 3D GE/
AgNPs biosensor has excellent performance when applied to
lung cancer tissue samples due to its low price, outstanding
accuracy, and rapid response time.

Shoja et al. used a two-step electropolymerization of Ni(1I)-
oxytetracycline-guiding metallopolymer NPs (Ni-OTC NPs)
over a pencil graphite electrode (PGE) surface adapted with an
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rGO/carboxyl-functionalized ordered mesoporous cation to
develop an electrochemical genobiosensor aimed at detecting
EGEFR exon 21 point mutations. rGO and carboxyl-function-
alized ordered mesoporous carbon (ffOMC) were deposited
above the electrode surface to increase the electrical
conductivity and the electrochemical effective surface area.
They described a DNA biosensor for the exposure of NSCLC
EGFR exon2l (L8S8R mutation point). The biosensor
consists of a PGE adapted with an rGO/carboxyl-function-
alized ordered mesoporous carbon (rGO/f-OMC) composite
with added metallopolymer Ni-OTC NPs through two-step
electropolymerization. A strong amide-bond-immobilized
ssDNA apprehension probe with amine groups at the 5" end
served as a recognition element on the rGO/f-OMC/PGE
surface. Electropolymerized Ni-OTC metallopolymer NPs
were electropolymerized to the rGO/ssDNA-OMC/PGE
surface; then, hybridization was carried out using Ni-OTC
NPs as a redox label in DPV. The prepared rGO/f-OMC/Ni-
OTC NPs/PGE biosensor demonstrated long-term stability
(21 days) with a broad linear range (0.1 to 3 M) and a strong
linear response (R* = 0.998) with high sensitivity (0.0188 mA/
uM) and a low LOD (120 nM) under ideal conditions.®” This
DNA biosensor had a low-cost fabrication process along with
good stability and repeatability. Only suitable for use in
alkaline solutions, the modified rGO/f-OMC/Ni-OTC NPs/
PGE has the ability to be used in the production of other
electrochemical DNA biosensors and electrochemical immu-
nosensors.”’

Jia et al. describes a cheap, optical, and fast immunochro-
matographic assay system on cotton thread for the detection of
CEA by the use of nanocomposite reporter NPs of CNT/
GNPs. This biosensor shows a lower cost and higher sensitivity
than the ordinary reported probe based on CNTs or GNPs.
The performance of the biosensor for the detection of CEA
can be perceived via the naked eye, where a deep color appears
in the absence of CEA on the test zone, providing a negative
test, because only the CNT/GNPs reported probe was in the
sample (Figure 9). CEA has been immobilized on a cotton
thread for the construction of a test area. The capillary effect
caused the CNT/GNP sample solution to flow through the
long axis of the cotton thread when loaded on the sampling
pad. In addition, in the presence of target CEA, the decreasing
combined quantity of CNT/GNPs nanocomposite reporter
probes on the test zone was directly read via the naked eye
(Figure 9). Meanwhile, a commercially available scanner may
be used to perform quantitative detection. As compared with
standard AuNPs or CNTs as reporter probes, the method’s
sensitivity was increased by two to three orders of magnitude.
The CNT/GNP-based immunochromatographic assay exhibits
good selectivity with a linear range of 5—500 ng/m and an
LOD of 2.32 ng/mL CEA (S/N 3) under ideal conditions,
which is sensitive for clinical diagnosis.86 Finally, when
compared with previously recorded individual CNT or GNP
reporter probes, the CNT/GNPs nanocomposite reporter
probe demonstrated significant sensitivity improvements. This
proposed method performed well for CEA detection and had a
low LOD. These findings suggest that the innovative CNT/
GNPs nanocomposite reporter-probe-based immunochroma-
tographic assay on cotton thread is mostly well suited for
point-of-care (POC) diagnostics in resource-constrained
areas.”® The research method’s ease of use and high sensitivity
make it a promising candidate for further protein biomarker
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Figure 9. Bonding event between CEA inside the sample solution
(unknown concentration) and established CEA (immobilized on the
cotton thread test zone) and dAb in the area of the CNT/GNPs
nanocomposite is used for the novel nanocomposite test of the CNT/
GNPs nanocomposite probe depending on the cotton thread
biosensor aimed at CEA exposure. CEA has been immobilized on
cotton thread to create a test area. The capillary effect caused the
CNT/GNP nanomaterial reporter’s CEA solution to move along the
long axis of the cotton thread when loaded on the sample pad. The
CNT/GNPs nanocomposite accumulates only periodically on the test
area as a result of the competition between CEA in the sample
solution and that preimmobilized at the test zone. There was a drastic
worsening of the color band of the test zone with a reduction in the
accumulation of CNT/GNPs. The strength of the color band was
inversely comparative to the levels of the analyte. The test zone had a
considerably strong color, showing that the biosensor was functioning
properly, in the absence of the goal CEA. The sample solution was
dropped into the sample pad with the nanocomposite reporter sample
of the analytes CEA and CNT/GNPs, and a positive test resulted in
the sample solution with the CNT/GNP nanocomposite reporter
with an unaccompanied sample. Reproduced with permission from ref
86. Copyright 2017 Elsevier.

studies in clinical diagnosis. The identification of cancer
biomarkers will be multiplexed in future research.

Gao et al. designed a new amperometric immunosensor
depending on gold nanoclusters. The identical nanomultilayer
film was first created by the layer-by-layer (LBL) fabrication of
positively charged carbon nanotubes (PDCNTs) enveloped in
poly(diallyldimethylammonium chloride) and negatively
charged poly(sodium-p-styrene-sulfonate) (PSS/PDCNT),
that provided a large manageable surface area and a
biocompatible microenvironment. Gold nanoclusters were
electrodeposited on the electrode to immobilize the anti-
CEA. The Au/PDCNT/(PSS/PDCNT), multilayer-film-
modified GCE was used for the sensitive detection of CEA.
Gold nanoclusters were electrochemically deposited on the
changed electrode in HAuCl, solution (1.5 mM) between 0.2
and 1.0 V at a scan rate of SO mV s™' for 15 cycles to obtain
the Au/PDCNTs/(PSS/PDCNTs),/GCE. It was then soaked
in anti-CEA solution for an overnight period at 4 °C. Finally,
the electrode was incubated in 0.2% BSA for 2 h to prevent
nonspecific adsorption through blocking any residual active
sites of gold nanoclusters and magnetic carbon nanotubes
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(MCNTs). This immunosensor depends on the interaction
between the antibody and the antigen, which leads to a further
increase in the charge-transfer resistance (R.) by EIS
measurement. The Au/PDCNT/(PSS/PDCNT), multilayer
film exhibited two linear ranges, 0.1 to 2.0 ng mL™! and 2.0—
160.0 ng mL™', with an LOD of 0.06 ng mL™', enhanced
stability, %ood selectivity, and good reproducibility for CEA
detection.”” In addition, the amperometric immunosensor that
was developed had great sensitivity, a low LOD, and good
durability. The developed immunosensor showed adequate
accuracy when compared with the data acquired from the
ELISA.

Asadzadeh-Firouzabadi et al. manufactured an electro-
chemical genosensor consisting of AgNPs and SWCNTSs
(AgNP/SWCNT nanohybrids) acting as a mark to detect
miRNA (miR-25) associated with lung cancer. The nano-
genosensor is based on the hybridization of different miRNA
targets to a conjugated AgNPs/SWCNTs nanohybrid at the
probe/GA/Cys-AuNPs/GCE surface (Figure 10i). The peak
current of the AgNPs/SWCNTs nanohybrid on the modified
electrode after hybridization with targets was decreased by
100.0% with a complementary target, 45.8% with a single-base
mismatch target, and 8.5% with a noncomplementary target
(Figure 10ii). Therefore, the AgNPs/SWCNTSs nanohybrid
genosensor can discriminate complementary, single-base
mismatch, or noncomplementary targets and detect the target
concentration from its oxidation signals.®”

Table 2 summarizes the detection of breast, ovarian, colon,
liver, testicular, nasopharyngeal, and prostate cancer bio-
markers through graphene- and carbon-based biosensors, and
Table 3 summarizes the discovery of lung cancer biomarkers
through utilizing both graphene and carbon biosensors.

Diabetes Detection (Enzyme-based). Diabetes is
considered a chronic disease and a public health issue around
the world.*’ In 2017, the number of adults aged 20—79 with
diabetes was 425 million, and it is anticipated to increase to
629 million people by 2045. In the same year, the number of
deaths due to diabetes was ~5 million.”” Diabetes is caused by
high blood glucose levels.”" Diabetes can be categorized into
type 1, type 2, and gestational diabetes. Type 1 diabetes is due
to the destruction of autoimmune cells, whereas type 2
diabetes is due to a defect in 8 cells in the pancreas, leading to
a deficiency in insulin secretion that is responsible for
controlling blood glucose levels. Gestational diabetes results
from a high glucose level in pregnancy.”> Monitoring glucose
levels is the best way to detect of diabetes.”> There have been
numerous efforts to detect glucose via electrochemical
biosensors. An enzymatic glucose sensor based on enzymes
like glucose oxides or glucose dehydrogenase in the electrode
has been used to detect glucose.”* This sensor is used due to
its outstanding sensitivity and selectivity, but the obstacles to
its use are the high cost, instability, and rapid loss of activity of
the enzyme. In addition, the enzyme is affected by factors of
the external environment like the temperature, humidity, and
pH.”*” Therefore, a nonenzymatic sensor is an excellent
alternative to detect glucose because of its many advantages,
such as its low cost, stability, and robustness.””™”® CNTs,
whether MWCNTs or SWCNTs, can be applied for
biosensors. Additionally, SWCNTSs have a great surface area,
high sensitivity, and excellent electrical activity.”” MWCNTs
show a wide surface area, good stability, and elevated
adsorption ability.'” Therefore, graphene and CNTs have
promising performance in biosensors.
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permission from ref 88. Copyright 2018 Elsevier.

Table 2. Summary of Graphene- and Carbon-based Biosensors Aimed at the Detection of Breast, Ovarian, Colon Liver,
Testicular, Nasopharyngeal, Breast, Ovarian, and Prostate Cancer Biomarkers

materials biomarker electrode detection limit linear range ref.
PBSE/graphene/Cu/BSA CEA G/Cu 0.23 ng mL™! 1.0-25.0 ng mL™* 63
AuNPs-PEDOT/PB-rGO AFP GCE 3.3 pg mL™! 0.01—50 ng mL™" 64
Thi/rGO/AuNPs CEA ITO 0.650 pg mL™! 0.01—300 ng mL™" 65
PB/rGO/AuNPs AFP ITO 0.885 pg mL™" 0.01-300 ng mL™" 65
TB/GO-COOH CEA GCE 0.1 ng mL™" 0.5—60 ng mL™! 66
PB GO-COOH AFP GCE 0.05 ng mL™" 0.5-60 ng mL™" 66
CoS,-GR-AuNPs CA 15-3 SPE 0.03 U mL™! 0.1-150 U mL™* 67
rGO/Thi/AuNPs CA 125 carbon working electrode 0.01 U mL™! 0.1-200 U mL™! 68
ILs/MWCNTs PSA GCE 20 pg mL™ 0.2—40 ng mL™" 69
SWCNHs-bienzyme AFP GCE 0.33 pg mL™ 0.001-60 ng mL™"' 71
CGN-Thi CEA GCE 2.7 pg mL™! 0.01-100 ng mL™" 72
CGN-DAP PSA GCE 4.8 pg mL™' 0.01-100 ng mL™" 72
CGN-Cd** AFP GCE 3.1 pg mL™! 0.01-100 ng mL™" 72

Table 3. Summary of Graphene and Carbon Biosensors Aimed at Lung Cancer Biomarker Recognition

nanomaterials biomarker electrode detection limit linear range ref
Au-Cu,S-CuS/graphene and TB/Au-CeO,/CMC/ILs  CEA SPCE 0.78 pg/mL 0.001-100 ng/mL 81
Au-GN CEA GCE 0.04 ng mL™"' 0.10—80 ng mL™" 82
3DM rGO/PANI film NSE Au 0.1 pg mL™" 0.5 pg mL™" to 100 ng mL™" 83
3D GF/AgNPs CYFRA21-1 nickel foam 1.0 X 107 M 1.0 X 107" to 1.0 x 1077 84
rGO/ssDNA-OMC/Ni-OTC NPs EGFR exon 21 point PGE 120 nM 0.1-3 uM 85

mutation
CNT/GNPs CEA 2.32 ng/mL 5—500 ng/m 86
Au/PDCNT/(PSS/PDCN),multilayer film CEA GCE 0.06 ng mL™" 0.1-2.0 ng mL™" 87
2.0-160.0 ng mL™"

AgNPs/SWCNTSs nanohybrid miRNA (miR-25) GCE 33X 108M 10X 102 -1.0x107°M 88

1.0 X 107 t0 1.0 X 1078 M
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Figure 11. (a) SEM images of rGO on Ni foam at lower magnification. (The inset displays a higher magnification SEM image of rtGO@NF.) (b)
SEM images of CoNi,Se,-rGO on Ni foam at lower magnification. (The inset shows a higher magnification SEM image.) (c) SEM images of
CoNi,Se,-rGO@NF presenting a nanoflake-like geometry with a rough electrode surface. (d) Amperometric response of CoNi,Se,-tGO@NF upon
the successive addition of glucose. Inset: Current response with the existence of a low concentration of glucose. (e) Calibration curve for the
current response to glucose concentration. Reproduced with permission from ref 101. Copyright 2019 The Royal Society of Chemistry.

Recently, Amin et al. produced a CoNi,Se,-rGO@NF sensor
with a nanoflake-like geometry with an identical and highly 3D
catalytic film system for the detection of glucose (Figure 11a—
c). The amperometric and calibration curves for the existing
response of the sensor were sharply amplified with growing
glucose in diverse amounts (Figure 11d,e). This sensor was
tested on blood samples to estimate the glucose level, and it
showed values that were very similar to those obtained from a
commercially available glucometer (ReliOn), indicating the
reliability of this sensor and its accuracy and promise for
practical use for glucose detection in blood."""

By a one-pot hydrothermal treatment, Yan et al. assembled a
nonenzymatic glucose sensor depending on copper sulfide
nanoflakes and an rGO (rGO/CuSNFs) nanocomposite
adapted to a GCE for glucose detection. Using a one-pot
hydrothermal treatment that simultaneously reduced GO and
formed CuS nanoflakes in situ, an rGO/CuSNF nano-
composite was successfully synthesized in this research. The
disposable rGO/CuSNFs nanocomposite was then applied to
produce a nonenzymatic electrochemical sensor aimed at the
exceedingly sensitive and selective exposure of glucose. In
addition, the enzymeless sensor demonstrated noteworthy
catalytic activity against glucose oxidation under optimized
conditions, with a quick response time of 6 s, a broad linear
range of 1 to 2000 uM, a high sensitivity of 53.5 uM (cm®
mM)™!, and a low LOD of 0.19 uM. Furthermore, glucose
models in both human wurine and blood serum were
successfully distinguished by the present sensor, showing that
the nanocomposite rGO/CuSNF is an identical auspicious
nonenzymatic glucose-sensing material for real-world samples.

The in situ synthesis of rGO/CuSNFs nanocomposites is
depicted in Figure 12a. First, by electrostatic interaction, Cu**
ions were absorbed above the GO nanosheet surface. Cu®* ions
then hydrolyzed in the NaOH solution to create nucleated
Cu(OH),. After that, the S* generated by the decomposition
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of total amino acids (TAAs) was capable of sulfurating
Cu(OH), and reducing GO sheets. In addition, graphene
worked as a corresponding surfactant in the synthesis process,
preventing the formation of CuS nanoflake clusters, while the
CuS nanoflakes served as spacers, reducing graphene
restacking. Furthermore, the anodic peak current at rGO/
CuSNFs/GCE increased after the addition of 0.3 mM of
glucose, demonstrating the high performance of the sensor for
the oxidation of glucose and its detection (Figure 12b).
Increasing the oxidation current with the growth of glucose
concentration (Figure 12¢) allowed the quantitative sensing of
glucose. The electrochemical current response was studied in
the presence of Na*, Ca**, A, NO;, CI", SO,*", folic acid
(FA), DA, oxalic acid (OA), AA, UA, fructose, maltose, and
lactose. In addition, it showed good stability, good
reproducibility, and high selectivity for glucose (0.5 mM)
over AA, DA, FA, OA (0.1 mM), and other carbohydrates.
Additionally, the rGO/CuSNFs/GCE sensor gave effective
results when applied to human urine and blood serum samples
for glucose detection.'”

Yan et al. were able to design a simple one-pot procedure for
producing a rGO/CuSNFs nanocomposite utilizing in situ
hydrothermal handling. In addition, during the hydrothermal
treatment, GO suppression and the in situ manufacturing of
CuS nanoflakes were realized. Additionally, the nanocomposite
rGO/CuSNFs in development can effectively speed up
electron transport while also extending catalytically active
areas despite the high electrochemical efliciency. When
evaluated under ideal conditions, the nonenzymatic glucose
sensor has a broader linear assortment, low recognition
threshold, great reproducibility, extended storage stability,
admirable anti-interferential capabilities, and realistic sensing
applications. As a result, the rGO/CuSNFs nanocomposite
facilitates the enzyme-free glucose sensor development
approach.'**
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Figure 12. (a) rGO/CuSNFs composite creation and its use in nonenzymatic glucose sensing. First, by an electrostatic interaction, Cu** ions were
engaged above the GO nanosheet surface. Cu®* ions then hydrolyzed in NaOH solution to create nucleated Cu(OH),. As a final point, the $>~
generated by the disintegration of TAA was capable of concurrently sulfurating Cu(OH), and reducing the GO sheets. Furthermore, graphene
assisted as an equivalent surfactant in the synthesis process, preventing the collection of CuS nanoflakes, while the CuS nanoflakes served as
spacers, reducing graphene restacking. (b) CVs of the rGO/CuSNFs/GCE in 0.1 M NaOH solution without and with 3.0 mM glucose. (c) CVs of
the rGO/CuSNFs/GCE in 0.1 M NaOH solution with different concentrations of glucose. Reproduced with permission from ref 102. Copyright

2018 The Royal Society of Chemistry.

Rao et al. used hydrothermal treatment and calcination to
make a NiCo,0,/nitrogen-doped rGO/IL (NiCo,O,@N-
rGO/IL) nanocomposite. By means of a GCE, the biosensing
features of NiCo,0,@N-rGO/IL, NiCo,0,@N-rGO, and
NiCo,0, against glucose were investigated. In addition, the
sensor can be applied to reliably measure glucose in a sample
of human blood serum. Figure 13a shows a detailed schematic
diagram of the prepared biosensor, which uses NiCo,O,,
nitrogen-doped reduced graphene, and a NiCo,0,/N-rGO/IL
nanocomposite to identify glucose. In addition, Figure 13b
displays the TEM images of NiCo,0,/N-rGO/IL, which
shows high electrical conductivity. IL provides electron
transfer, and the electrode widens the linear range of
NiCo0,0,/N-rGO sensors. Therefore, the metal oxides, GO,
and the IL synergistic composition lead to excellent electro-
catalytic activity aimed at glucose with a rapid response time.
In addition, the NiCo,0,/N-rGO/IL composite has a
sensitivity of almost 3.76 mA mM™' cm™? with a respectable
linear value from 0.001 to 4.555 mM at a potential of +0.5 V in
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addition to an LOD of 0.18 mM (Figure 13c,d). Its long-term
stability and reproducibility make NiCo,0,/N-rGO/IL
sensors promising for real-world use. When compared with a
commercial glucose meter, the NiCo,0,/N-rGO/IL biosensor
was applied to assess glucose levels in human blood serum and
provided promising performance (Hitachi).'*

Wang et al. described the one-step synthesis of rGO
reinforced platinum—nickel oxide nanoplate arrays (Pt-NiO/
rGO) for the detection of glucose (Figure 14A). The SEM
appearance of Pt-NiO is demonstrated in Figure 14B. The 3D
array structure of Pt-NiO/rGO/GCE improves the electron
transfer and increases the attachment of NiO/rGO onto the
electrode to boost the specific surface area, targeting a double
increase in the oxidation current compared with Pt-NiO/GCE
after the addition of glucose. The obtained sensitivity was
832.95 mA cm® mM, the LOD was 2.67 mM, and the linear
values were between 0.008 and 14.5 mM (Figure 14C). The
fabricated sensor had high stability, repeatability, and
selectivity for glucose with some chemicals and organic
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Figure 13. (a) Fabrication of NiCo,0,/N-rGO/IL/GCE. The graphene oxide (GO) was prepared; then, a mixture of NiCl,-4H,0 (0.119 g),
CoCl,-6H,0 (0.237 g), and urea (0.09 g) was added to 10 mL of water or 10 mL of the GO dispersion (3 mg mL™") for the synthesis of the
NiCo,0,/N-rGO composite. For the hydrothermal reaction, the solution was put in a 30 mL Teflon-lined stainless-steel autoclave at 160 °C for 9
h. Finally, the NiCo,0,@N-rGO composite was created by thermally treating the dried products at 350 °C for 3 h. After that, 40 mL of BMIMBF4
was applied at 1 mg mL™" to a 10 mL NiCo,0,@N-rGO aqueous suspension. The mixture was ultrasonicated for 10 min before being stored in a
firmly taped up glass bottle and stirred at room temperature for 12 h. The NiCo,0,@N-rGO/IL composite that resulted was then centrifuged. The
NiCo0,0,@N-rGO/IL composite was dispersed in ultrapure water. (b) TEM images of NiCo,0,/N-rGO/IL. (c) Amperometric responses to the
consecutive accumulation of glucose and (d) corresponding concentration of glucose in 0.1 M KOH. Applied potential: +0.5 V. Reproduced with
permission from ref 103. Copyright 2017 The Royal Society of Chemistry and the Centre National de la Recherche Scientifique.

compounds. The amperometric response of the sensor was
unchanged for different materials interfering with glucose, but
a small increase in current was reported for fructose, AA, and
DA, and a large increase in current was reported for glucose.
Therefore, Pt-NiO/rGO/GCE has good selectivity for glucose
(Figure 14D). For practical applications, the fabricated sensor
exhibits good performance for glucose detection in blood
serum, and it can be directly used on concentrated blood
without dilution, unlike some other sensors.'**

Ammara et al. designed a nonenzymatic glucose sensor
depending on a thin film of CNT with nickel and copper
nanomaterials to form Ni/Cu/CNTs nanocomposite electro-
des (Figure 15a). The CV analysis shows the oxidation peak
current that increases after the addition of 0.5 mM of glucose
(Figure 15b). This result is due to Cu and Ni NPs that have
exceptional electrocatalytic performance for glucose oxidation
and the CNT electrode that supports high conductivity to
improve the electron transfer. Therefore, the Ni/Cu/CNTs
sensor has outstanding electrocatalytic action aimed at glucose
oxidation with extraordinary sensitivity (Figure 1S5c). The
oxidation current of Ni/Cu/CNTs is still ~90% after 25 days,
indicating good stability. The high sensitivity, good stability,
and reproducibility make Ni/Cu/CNTs a promising nano-
composite candidate for glucose detection.'*
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A simple electrochemical method for fabricating AgNPs has
been developed by Baghayeri et al. using metformin-function-
alized MWCNTs (Ag@MH/MWCNT nanocomposite). The
Ag@MH/MWCNT-based glucose biosensor was found to
have a large response window for glucose concentrations
ranging from 1.0 nM to 350 M, a fast amperometric response
time (4 s), a low LOD of 0.0003 uM (S/N = 3), high
sensitivity, and strong selectivity. The researchers in that work
assembled a low-cost glucose biosensor based on Ag@MH/
MWCNT nanocomposites modified to GCEs (Figure 16A).
Before each experiment, the GCE was polished in order with
1.0 and 0.3 ym alumina powder, rinsed thoroughly with
distilled water between each polishing phase, ultrasonicated in
ethanol and distilled water, and dried at room temperature.
After that, 1.0 mg of MH/MWCNT was distributed using 2.0
mL of ethanol. After that, GCEs were treated with a 6.0 uL
drop of MH/MWCNT (MH/MWCNT/GCE) or MWCNT
(MWCNT/GCE) solution and dried in the air. The applied
route for the formation of the Ag@MH/MWCNT nano-
composite is schematically depicted in Figure 16A. The
fabricated material SEM image is illustrated in Figure 16B. The
Ag@MH/MWCNT nanocomposite has great stability and
excellent electrocatalytic activity in alkaline solutions for
glucose oxidation. In addition, the Ag@MH/MWCNT-based
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glucose biosensor displays wide linear values (1.0 nM to 350
M), a low LOD of 0.0003 M, respectable sensitivity, and low
amperometric response time (4 s) (Figure 16C). The sensor
was applied in glucose with interfering biomaterials. The
amperometric response shows no alteration in the response
current for other interfering species and increases for glucose,
indicating that this sensor has high selectivity for glucose over
other biological materials. The Ag@MH/MWCNT was also
applied in blood serum and urine samples for glucose detection
and exhibits good results compared with the spectrophoto-
metric method. Therefore, Ag@MH/MWCNT nanocompo-
site materials have efficient properties to be used in practical
applications.' %

Zhang et al. prepared composites of copper ferrite
(CuFe,0,) and MWCNTS as a nonenzymatic glucose sensor
(Figure 17A,B). Furthermore, the CuFe,O, material has
catalytic activity for glucose oxidation, leading to an increase
in the current response for CuFe,O,/GCE with respect to a
bare GCE after the addition of glucose. Nonetheless,
CuFe,0,/MWCNT/GCE composites show a highly increased
oxidation current after the addition of glucose, as MWCNT
improves the low conductivity of CuFe,O, (Figure 17C).
Therefore, CuFe,O,/MWCNT/GCE has high electroactivity
for glucose oxidation, allowing its detection. This sensor
exhibits a low LOD of 0.2 mM, a wide linear range of 0.5—
1400 mM, and a fast amperometric response time. This sensor
has high stability, reproducibility, and selectivity limited at 0.4
V. The selectivity of the CuFe,0,/MWCNTs glucose sensor is
not affected by other carbohydrates, AA, DA, or UA, but it is
affected by 4-acetamidophenol (AP) at >0.4 V (Figure 17D).
Additionally, the CuFe,O,/MWCNT/GCE biosensor has an
auspicious performance for glucose recognition in human
blood serum depending on its precision and reliability.""”

An unpretentious solvothermal method was used to create a
hierarchical 3-D flower-like nickel(Il)-terephthalic acid (Ni-
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(TPA)) metal—organic framework (MOF) structure. The
MOF’s optimum concentration and electrochemical inter-
action were increased via mixing SWCNTSs with the produced
Ni(TPA) MOF using an ultrasonic method. In addition, the
nanocomposite has a significantly higher electrochemical
response and electrocatalytic activity against glucose oxidation
than the single-component Ni(TPA) and SWCNT according
to the findings. The Ni(TPA)-SWCNT-modified electrode has
excellent selectivity, a broad linear range (20 uM to 4.4 mM), a
low LOD of 4.6 uM, and a quick response time of 5 s for
glucose detection. With a deviation rate of 0—6.7% and a
correlation coefficient (r) of 0.9940 (n = 20, P < 0.0001), the
established sensor has good agreement with the integrated
biochemical analyzer for glucose analysis in specific blood
serum, which is indicative of high accuracy and a great
potential for real implementation in rapid glucose analysis.
Wang et al. developed a sensor based on a Ni(TPA)-SWCNT-
CS dispersion added to a GCE for effective glucose oxidation
(Figure 18A,B). The exceedingly electroactive and stable
composite Ni(TPA)-SWCNT-CS was generated through
dispersing a novel 3-D flower-like Ni(TPA) MOF in chitosan
(CS) solution containing highly electroconductive carbon
content of SWCNTs (Figure 18A). Merging the broad surface
area and the great electronic conductivity of the SWCNT with
the extraordinary electrocatalysis of Ni(TPA) for glucose
oxidation, an electrochemical enzymeless glucose sensor was
developed (Figure 18B). Electrocatalytic assays have found
that in the present case of biological interferents, for instance,
AA, DA, and UA, the identified sensor has excellent selectivity
for glucose oxidation. The oxidation current of Ni(TPA)-
SWCNT-CS/GCE aimed at glucose highly increases after the
addition of glucose compared with the low oxidation current of
Ni(TPA)-CS/GCE and the unchanging current of SWCNT-
CS/GCE. This result indicates the role of Ni(TPA) in glucose
oxidation and that of SWCNT, which allows the low electrical
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Figure 15. (a) SEM images of the Ni/Cu/CNTs electrode. (b) Cyclic voltammogram of the Ni/Cu/CNTs electrode after and before adding 0.5
mM glucose. (c) Current versus time plot of the Ni/Cu/CNTs nanocomposite for variable glucose concentrations. Inset: Plot of current and
glucose concentration. Reproduced with permission from ref 105. Copyright 2018 Elsevier.

conductivity of the Ni(TPA) MOF to be improved. Therefore,
the Ni(TPA)-SWCNT-CS/GCE sensor reveals excellent
electrolytic ability for glucose oxidation. The Ni(TPA)-
SWCNT-CS/GCE sensor shows a low LOD of 4.6 uM, a
wide linear range (20 uM to 4.4 mM), and a rapid response
(<S5 s), indicating great potential for application in glucose
detection by amperometric response (Figure 18CD). In
practical use, the Ni(TPA)-SWCNT-CS/GCE sensor was
useful in human blood serum and gave similar results as the
automatic biochemical analyzer. In addition, these findings
suggest that a Ni(TPA)-SWCNT-based biosensor could be
aimed at nonenzymatic glucose exposure in the real world.
Thus the Ni(TPA)-SWCNT-CS/GCE sensor has respectable
reliability and excellent selectivity for the recognition of
glucose in practical applications.'”® Table 4 summarizes
graphene- and carbon-based biosensors applied for diabetes
detection.

Pathogenic Viruses: Zika Virus, HIV Virus, Hepatitis B
Virus, and COVID-19. Zika Virus. The Zika virus, emerging
from Uganda’s Zika woodland,'*” is a Flaviviridae family single-
stranded RNA virus.''® This virus generates the Zika infection,
which is also identified as Zika virus disease, with symptoms
like rash, edema, headache joint pain, and malaise that are
quite close to the symptoms of Dengue.''' Transference is
mostly attributed to the bite of the female Aedes aegypti
mosquito.''” In addition, the Zika disease has many trans-
mission manners and pathways,u‘g_115 including blood trans-
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fusion and transplants of marrow or organs, and it can even be
passed through sexual intercourse and from mother to
infant."'®""” In the scenario of horizontal transference
throughout pregnancy, microcephaly in the neonate and
several birth deformities can be triggered.lls’ng’119

The electrochemical adjustment of pencil carbon graphite
electrodes (PCGEs) was explained by da Fonseca Alves et al.
Solutions under acidic conditions have been established using
materials containing 3-amino-4-hydroxybenzoic acid (3-4-
AHBA). Furthermore, the substance has been used to
immobilize the Zika virus’s oligonucleotide ssDNA. The dip
sequential of the higher electrostatic repulsion of [Fe(CN)4]*",
achieved by the increase in phosphates by the addition of the
complementary target sequence, was used to identify the
hybridization. Furthermore, using actual human serum samples
loaded with Zika virus, the device demonstrated a perfect
linear correlation coefficient (r* = 0.997), a relatively low level
of dila;%nosis (25.4 pM), and precision (RSD) of 3.1% (Figure
19).

Electrochemically synthesizing a polymer derived from 3 to
4-AHBA above the PCGE surface resulted in an innovative
surrounding substance aimed at the production of biosensors.
Figure 19A confirms the voltammograms acquired with the
PCGE in 100 consecutive cycles. In addition, in the first
potential cycle, there were two oxidation peaks (M1, at +0.75
V, and M2, at +0.85 V) but only one cathodic phase (M3, at
+0.64 V) in the reverse scan. Because the electrochemical
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Figure 16. (A) Fabrication process of Ag@MH/MWCNT nanocomposites on the electrode surface. GCE was refined with 1.0 and 0.3 ym alumina
powder in order before each experiment, bathed with distilled water between each polishing process, ultrasonicated in ethanol and distilled water,
and dried at 23 °C. Next, 2.0 mL of ethanol was used to spread 1.0 mg of MH/MWCNT. After that, a 6.0 uL drop of MH/MWCNT (MH/
MWCNT/GCE) or MWCNT (MWCNT/GCE) solution was added to the GCEs and dried in the air. Chronoamperometry was used to deposit
Ag NPs on the electrodes in a 1.0 mM AgNOj solution, which was then deaerated via aeration with nitrogen at a 0.0 V potential (vs AglAgCIIKCl
(3 M)) for 180 s. (B) SEM data of Ag@MH/MWCNT/GCE. (C) Sensor’s amperometric response after successive additions of various
concentrations of glucose in 0.1 M NaOH at a working potential of +0.70 V. Reproduced with permission from ref 106. Copyright 2015 Elsevier.

functionality of two such oxidation processes was indeed
observed with 2-aminophenol (2AP), that structure’s electro-
oxidation pathway was explored for evaluation. The first
oxidation peak (M1) in 2AP and aniline was responsible for
the oxidation of the —NH, group. 2AP developed a distinct
voltammetric behavior after the second oxidation process. The
second oxidation peak appeared when aniline was electro-
polymerized, but it was at a lower anodic potential. The
current gradually decreased by improving the cycle number,
which implied that the electrode’s surface had been modified
with a material resulting from the 3-4-AHBA. Furthermore, the
monomer peak’s current response decreased, implying that
cation radicals were reacting and the products were put out of
action above the surface, making it challenging for more
monomer to enter the working electrode.'”’ Throughout the
first stage, there was also a contraction peak (P1, at +0.33 V).
Three more oxidation peaks developed at reduced anodic
potentials following the second scan, with the current
expanding after each cycle. A fresh reduction wave (PS,
+0.15 V) appeared after a few cycles. The presence of peaks at
a lower anodic potential was clear evidence of polymer film
formation. Peaks at these potentials suggested the formation of
structures not formerly existent in the solution, which required
less oxidizing or reducing energy (at lower anodic potential)
because of the amplified mesomeric impact. Figure 19B—D
demonstrates the electrochemical characterization of the
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polymer produced on the surface of the PCGE-utilizing
solutions containing just the buffer electrolyte, potassium
ferricyanide, and hexaammineruthenium(II) chloride.

As can be observed from the data, an electroactive substance
was set down above the electrode surface (Figure 19B). Both
the P2 and PS pairings and the solitary oxidation peak P4
(Figure 19A) indicated that the electrode had been switched
and was now coupled to the polymer’s electroactivity during
electropolymerization. This indicated that P1 and P3 were
associated with the identical phenoxazine rings (polymer
precursors) identified in 2AP and that these species were
washed away during the washing process. Figure 19C shows
the results obtained with the potassium ferrocyanide anionic
probe in the potential range of 0.0 to 0.5 V. Figure 19D is
similar to Figure 19C, but it displays the results acquired with a
cationic probe that operates in the +0.1 to 0.4 V potential
range. The representing electrolyte in this case had a high
background current (curve d) with a reduction peak at ~0.25
V that lasted after the probe was incorporated. The polymer
was connected to a 0.25 V peak, whereas the probe was
connected to a 0.15 V peak. Because the polymer contributed
more to the faradaic current in the electrolyte, the probe signal
was obstructed. The current variation retrieved using the
anionic probe, for example, was 26 A at the oxidation peak (0.1
V) but 290 A at +0.34 V, nearly 11 times higher (Figure 19C).
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ref 107. Copyright © 2015 The Royal Society of Chemistry.

The recorded results aimed at the left behind species result in
the use of an anionic potassium ferricyanide probe.

Afsahi et al. established a cheap, compressed graphene-
enabled biosensor to recognize Zika virus with a decidedly
explicit immobilized monoclonal antibody. The real-time,
quantitative recognition of native Zika viral (ZIKV) antigens
is possible with monoclonal antibodies covalently bound to
graphene using field-effect biosensing (FEB). The percentage
shift in antigen response capacity (ZIKV NS1) corresponds to
clinically relevant antigen detection levels in buffer concen-
trations as low as 450 pM. Testing Zika antigen in a simulated
human serum demonstrated potential diagnostic applications.
Furthermore, the graphene platform can be responsible for
sophisticated quantitative data from nonclinical biophysical
kinetics methods, making it suitable for both clinical and future
diagnostic applications. The peculiarity of the ZIKV NS1
antigen provides the early recognition of active disease in
presumptive Zika infections.'”!

When suitable biological targets are placed on the surface as
the gate dielectric, the channel current and gate capacitance of
a field-effect graphene transistor vary in a predictable manner
(Figure 20a). The two read-out channels accessible are the I-
Response (the current via the channel) and the current study
concern (C-Response, capacitance of the biosensor to the
liquid). As illustrated in Figure 20b, the Agile Plus program,
which runs on a PC linked to the system via USB, controls the
system and reads the data. Interestingly, target immobilization
on the 1.0 nm thick graphene surface happens at an optimum
density of S proteins/um?, verifying the C-Response transition
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following protein immobilization, as illustrated in the atomic
force microscopy (AFM) image (Figure 20c). The graphene
efficiency is indicated by means of the low D/G ratio (0.1) in
the Raman spectrum (Figure 20d). Biosensors are managed
during the procedure, as shown in Figure 20e. The capacitance
response increased by 20% after immunoglobulin immobiliza-
tion (Figure 20e). The C-Response increased by 100%
between the wash phases and the calibrated baseline (Figure
20e). This shows that irreversible chemical problems existed
on the surface, permitting the biosensor to be used. In that
work, the C-Response channel was utilized, as Anti-Zika NS1
has a bigger effect on the graphene transistor capacity than the
source-drain resistance. Figure 20e represents a complete cycle
of liquid gate voltage (—100 to 100 mV) and back. Figure 20f
illustrates exemplary full current versus gate-voltage curves
throughout calibration, quenching, and washing. A larger I-Vg
slope entails an enlarged graphene biosensor sensitivity.
MOFs have been shown to be collective fluorescence
quenchers for DNA/RNA, as revealed in numerous studies.
Despite this, many MOFs have a low structural stability, which
restricts their practical applications. Consequently, it remains
of significant interest to produce stable nanobiosensors suited
for usage in complicated environments. In that work, Li et al.
used as a nanobiosensor a new angle of nitrogen-doped porous
carbon (NPC) derived from MOF-based precursors for the
fluorescence detection of ZIKV RNA variants. A charge-
coupled device (CCD)-based imaging system was applied to
capture the fluorescence signal. A TAMRA-tagged ZIKV RNA
probe (P-DNA) was structurally related to the NPC and
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Figure 18. (A,B) Fabrication and application of the N(TPA)-SWCNT composite as a nonenzymatic electrocatalyst aimed at glucose sensing. The
promising electroactive and stable composite, Ni(TPA)-SWCNT-CS MOF, was created using a solvothermal method and dispersed in chitosan
(CS) solution comprising highly electroconductive carbon content of single-walled carbon nanotubes (SWCNTs) (Figure 18A). Combining the
wide surface area and the extraordinary electronic conductivity of SWCNTs with the great electrocatalysis of Ni(TPA) aimed at glucose oxidation,
an electrochemical enzymeless glucose sensor was developed (Figure 18B). Per the electrochemical investigations, the electrochemistry of the
Ni(II)/Ni(II) pair can be clearly spotted, and its electrochemical amplitude may be substantially improved through introducing an SWCNT.
Furthermore, electrocatalytic assays discovered that the identified sensor has admirable glucose oxidation selectivity with biological interferents like
ascorbic acid (AA), dopamine (DA), and uric acid (UA). (C) Amperometric results of Ni(TPA)-SWCNT-CS/GCE after adding 0.02 mM glucose
in 0.1 M NaOH at +0.55 V. Inset: An exaggerated amperometric curve in a low-concentration area. (D) Electrocatalytic current versus glucose
concentration. Reproduced with permission from ref 108. Copyright 2018 Elsevier.

Table 4. Summary of Graphene and Carbon-based Biosensors for Diabetes Detection

detection limit sen51t1v1ty response time

glucose sensor (uM) (uA mM™" cm™?) linear range sample (s) ref
CoNi,Se,-tTGO@NF 0.651 18890 1 uM to 4.0 mM blood serum 4 101
rGO/CuSNFs 0.19 S3.5 1-2000 uM blood serum and urine <6 102
NiCo,0,/N-rGO/IL 0.18 3760 0.001—4.555 mM blood serum <2 103
Pt-NiO/rGO 2.67 832.95 0.008—14.5 mM blood serum S 104
Ni/Cu/CNTs 2.0 1836.5 0.02—4.5 mM 108
Ag@MH/MWCNT 0.0003 1.0 nM to 350 uM  blood serum and urine 4 106
CuFe,0,-MWCNTSs 0.2 0.0005—1.4 mM blood serum <5 107
Ni(TPA)-SWCNT-CS/GCE 4.6 20 uM to 4.4 mM blood serum <S5 108
formed a P-DNA@NPC complex with substantial fluorescence spiked in human saliva. This research will provide an important
quenching. When the target site’s RNA (T-RNA) was new perspective on the possible integration of carbon

introduced, the P-DNA was able to escape from NPC by
producing a double-stranded hybrid and caused fluorescence
recovery. With an LOD of 023 nM, the P-DNA@NPC
complex was valid and reliable for the ZIKV RNA sequence

nanomaterials and a CCD-based fluorescence imaging platform
aimed at the nucleic acid assay. It has been indicated that the

fluorescence recovery intensity is linear, where the ZIKV T-

assay, outperforming many formerly studied fluorescent DNA RNA concentrations ranged from 1 to 600 nM, as shown in
sensors. Furthermore, it was capable of distinguishing Figure 21. For potential practical applications, this highly
mismatched RNA and perceiving ZIKV RNA arrangements sensitive and selective biosensor may be accessible.'”
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Figure 19. PCGE cyclic voltammograms: (A) In aqueous 0.5 M H,SO, solution comprising 2.5 mM 3-4-AHBA, noted with 100 screenings. (The
position of the current shift is indicated by the arrows.) (B) In 0.5 M H,SO, solution, the pair with v = 50.0 mV s™%. (C) In 0.1 M KCl (c,d) and
including 5.0 mM K;Fe(CN); (a,b) at the potential opening between 0.0 and 0.5 V. (D) In 0.1 M KCl (c,d) and including 5.0 mM [Ru(NH;)]Cp,
(a,b) at the potential opening between —0.4 and 0.1 V. Curves a and c refer to the unmodified PCGE, whereas curves b and d refer to the poly(3-4-
AHBA)-modified PCGE. Reproduced with permission from ref 120. Copyright 2019 Elsevier.

Selectivity toward certain target molecules, in addition to
sensitivity, is an important metric to consider as soon as the
efficiency of a sensing coordination is appraised. As can be
observed in Figure 21A, the fluorescence image of T1 is
slightly darker than that of TO. The picture brightness of T2
and T3 is nearly comparable to the signal of the Tris-HCI
buffer solution. As shown in Figure 21B, the RE of T1 (92%) is
slightly lower than the significance acquired with TO. When T2
or T3 was used to expose the P-DNA@NPC device, there was
essentially no difference in the fluorescence intensity. These
data reveal that the P-DNA@NPC approach is very
discriminating for correct T-RNA, as indicated through the
reduced fluorescence recovery even when investigating
oligonucleotide patterns with only a standard discrepancy.'*”

Human Immunodeficiency Infection Virus. Since the first
cases of AIDS were distinguished in 1981, almost ~30 million
deaths have been prompted by HIV.'”® Around 1.1 million
individuals are ailing in the United States with HIV; of these,
around 166000 individuals have no knowledge of their
condition, and 30% of new HIV diseases are passed on
through people with undiscovered HIV. Whereas effective
methods of HIV counteraction are valuable in controlling HIV
transmission, early and precise recognizable proof of HIV
disease is essential to the health of the population. The
ordinary procedures for identifying HIV are carried out by
methods for identifying the antibodies the body produces
toward HIV."”*'** The antibody of HIV testing has a time
window of approximately 3—6 weeks after infection; antigen
screening decreases the time window to ~16 days. An intense
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examination is in progress to develop a fast and sensitive
protease action test for HIV-1 to decrease the time window
and to identify HIV toward the early phases of viral
disease.'*7"**

Zhang et al. fabricated a structure for the quick, responsive,
and exact recognition of HIV-1 protease focused on the GO
fluorescence biosensing framework. Furthermore, for the life
cycle of HIV, HIV-1 protease is essential. Fluorescence-marked
peptide particles of the HIV-1 protease substrate were
covalently combined with GO. Fluorescein was effectively
decreased through GO without HIV-1 protease. The substrate
peptide was separated into small parts, delivering fluorescence,
and HIV-1 protease was detected. In addition, using this
sensing procedure, HIV-1 proteases could be distinguished at
1.18 ng/mL. Furthermore, the sensor could successfully
recognize HIV-1 protease in human serum,"”’

Gong et al. have set up an impedimetric HIV-1 biosensor
based on graphene-Nafion composite films. The biosensor was
fabricated by adsorbing the ssDNA on graphene-Nafion
balanced on a layer of smooth carbon cathode through the
utilization of 7—7* stacking interactions. On the basis of the
negative ssDNA and the steric hindrance, the electron
transport of the terminals toward the [Fe(CN)6]>~/* redox
couple was difficult. Additionally, the helix production made
dsDNA release from the biosensor layer. The sensor’s LOD
was 2.3 X 107"* M. This graphene-Nafion biosensor displays
solid selectivity, sensibility, and reproducibility for HIV-1
recognition.130
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Figure 20. (a) Diagram of the graphene biosensor chip’s sensor portion. A zero-length linker is used to immobilize antibodies on pristine graphene.
In a graphene-channeled liquid gated transistor, these antibodies, along with the PEG block, serve as the dielectric. (b) Diagram of the complete
sensor chip device along with the sensor chip, reading electronics and digital control, and PC network management display applications. (c)
Graphene AFM image after active protein attachment. Scale bar: 1 ym, Z height: 10 nm. (d) After system fabrication, the Raman spectrum shows a
low D/G ratio, indicating superior graphene. (e) Capacitance shift as a percentage above the graphene biosensor chip surface during target
immobilization and quenching. (f) I-Vg curves at various stages of immobilization. The steepening of the I-Vg slope suggests a significant shift in
surface chemistry and increased biosensor sensitivity. Reproduced with permission from ref 121. Copyright 2018 Elsevier.
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Figure 21. T-RNA recognition in complicated samples using the P-
DNA@NPC device. (A) Fluorescence quenching shots after creating
extra T-RNA concentrations in saliva samples plus Tris-HCI buffer
solution: 600, 100, and 10 nM T-RNA. At a given concentration,
compatible T-RNA (T0) and three kinds of mutation sequences,
single-base mismatched T-RNA (T1), double-base mismatched T-
RNA (T2), and noncomplementary T-RNA (T3), were used to study
the selectivity of the NPC and the chance of distinguishing mutations
(600 nM). The fluorescence image of T1 is somewhat darker than
that of TO. (B) Fluorescence intensity obtained when using a different
T-RNA. The picture quality of T2 and T3 is nearly comparable to the
signal of the Tris-HCI buffer solution. T1’s RE (92%) is slightly lower
than that of TO. Reproduced with permission from ref 122. Copyright
2019 Elsevier.
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Hepatitis B Virus. The hepatitis B virus (HBV) is a critical,
acute, widespread viral infection. Even though the frequency of
HBYV infection has decreased, 2 billion individuals still have the
disease, and thus >350 million persons are carriers of HBV."'
The surface antigen of hepatitis B (HBsAg) is a virological
HBV identification marker and plays a crucial role in timely
identification. If the blood concentration of HBsAg is >1 ng/
mL, then the individual is assumed to be diagnosed with HBV.
Many researchers have found that HBV increases the risk of
developing liver cirrhosis and liver cancer in men and women
by as much as 40 and 15%, respectively.'’” Different
conventional methods, like the ELISA,"**"** the polymerase
chain reaction,"*"*® and chemiluminescence immunoassays
have been established to identify HBsAg.">”"*® Nevertheless,
those techniques cannot satisfy the POC testing needs.'*”'*’

Zhao et al. have built up a fluorescence immunosensor using
graphene-oxide—ferrocene (GO-Fc-CS/Au)-based nanocom-
posites aimed at HBsAg recognition (Figure 22). The modified
film demonstrated increased electrical conductivity and strong
reversible redox signal, biocompatibility, and film-forming
properties for fixing antibodies. For HBsAg, the immunosensor
has a linear range of 0.05—150 ng/mL, with an LOD of 0.01
ng/mL. The immunosensor shows suitable characteristics for
application in clinical diagnosis."*'

For 5 min, GE was immersed in fresh piranha solution
(H,SO,/H,0, 3:1), then sonicated in absolute ethanol and
water. GE was then polished with alumina powder before
rinsing with 100% ethanol and water twice. At 23 °C, the GO-
Fc-CS solution (6 pL) was distributed evenly onto the cleaned
GE surface with a syringe to generate a smooth composite
sheet. The AuNPs solution (6 uL) was sprayed on the GE
surface and allowed to dry at 23 °C. GE upgraded with GO-Fc-
CS/AuNPs was immersed for 12 h in HBsAb (hepatitis B
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Figure 22. Graphic illustration of step-by-step immunosensor manufacturing. GE was immersed in fresh piranha solution (H,SO,/H,0, 3:1)
followed by sonication in absolute ethanol and water. After that, GE was polished with alumina powder before being bathed twice with absolute
ethanol and water. At 23 °C, the GO-Fc-CS solution (6 yL) was blown-out uniformly against the cleaned GE surface with a syringe to form a
smooth composite film. In addition, the AuNPs solution (6 #L) was sprayed on the GE surface and allowed to dry at 23 °C. The GE modified with
GO-Fc-CS/AuNPs was immersed in HBsAb solution (300 ng/mL) for 12 h. Finally, the GO-Fc-CS/AuNPs/HBsAb-modified electrode was
incubated in a 0.5% BSA solution to prevent nonspecific adsorption by blocking any remaining active sites. The electrode was held in the
refrigerator (4 °C) for potential use. Reproduced with permission from ref 141. Copyright 2018 John Wiley and Sons.

antibody) solution (300 ng/mL). As a final point, the GO-Fc-
CS/AuNPs/HBsAb-modified electrode was incubated in a
0.5% BSA solution to prevent nonspecific adsorption by
blocking any remaining active sites. For potential use, the
electrode was held in the refrigerator (4 °C). Figure 22 shows a
basic schematic diagram of the GO-Fc-CS/AuNPs/HBsAb
immunosensor fabrication process.

Coronaviruses (COVID-19). Coronaviruses belong to the
subfamily Coronavirinae, order Nidovirales, and family
Coronaviridae. They are enveloped, spherical viruses with an
ssRNA genome.142 Currently, we are experiencing a pandemic
situation linked to the coronavirus SARS-CoV-2/2019-nCoV/
COVID-19 outbreak, which has lead to a serious threat to
public health worldwide.'** Together with the development of
vaccines aimed at COVID-19, early and rapid diagnosis is the
key to precluding the virus spread. The outstanding sensitivity
and selectivity of biosensors enabled them to be applied as an
effective tool for the recognition of COVID-19."*" Biosensors
have attracted attention as effective (sensitive and selective)
and cost-eflicient analytical diagnostic apparatuses aimed at
early-stage disease diagnosis that are vital for personalized
medical and lifestyle maintenance. The identification of a
specific disease biomarker at the molecular level (pM level) has
proven tremendously effective for monitoring disease pro-
gression during treatment. Such bioinformatics and multi-
aspect analytics are required to evaluate a prescription drug’s
efficacy, optimize therapy, and correlate biomarker levels with
disease pathogenesis. Advances in the manufacture of the
sensing unit, system integration, interface, packaging, and POC
sensing efficiency have enabled diagnostics to be adapted to
illness management requirements and patient illness character-
istics, culminating in customized testing.145 Mujawar et al.
explored tailored health-care-management-related analytical
resources that can help everyone improve their health, with
the overreaching aim of achieving a safe future in a responsible
way.'** Such affordable intelligent diagnostic techniques are
urgently needed to manage the COVID-19 pandemic, a life-
threatening infectious respiratory disease, as the quick,
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selective, and sensitive detection of human beta coronavirus
(SARS-CoV-2) is key."**

Mujawar et al. described the suggested developments of the
future biosensor market projection and the associated
obstacles."** Their investigation was meant to act as a call to
professionals to build improved analytical biosensing tech-
nologies for disease diagnostics that will enable personalized
health care and wellbeing at individual and community
levels."*~"*° Mujawar et al. recommended that scientific
investigations should introduce the concept of miniaturization
in biosensors to study the prerequisites for POC implementa-
tion.'*" In addition, the employment of POC biosensors using
a smartphone for useful artificial intelligence (AI)- and internet
of medical things (IoMT)-assisted bioinformatics analysis
aimed at speedy and crucial diagnostics has also proven to be
effective for prompt therapy customization and individualized
disease diagnostics. More research on Al- and IoT-assisted
SARS-CoV-2 recognition at small concentrations for prema-
ture COVID-19 diagnostics at the POC is needed, consistent
with this study, to efficiently tackle the epidemic in a
personalized way.'>'~'>?

Although significant developments have been made in
biosensor systems, a number of hurdles remain to be dealt
with, including the cost, sensitivity, mobility, longevity,
bioactive chemical interoperability, and many more, with a
view toward achieving home and POC disease diagnostics. The
creation of innovative electric biomaterials (in particular,
biopolymers such as CS, scaffolds, and other biopolymers)
with total immunological compatibility and the desired
interaction with human bodies will become the key
consideration in sensor development. The investigation of
miniaturized potentiostats (M-Ps) operated via smartphones
might also be a major component for real-time diagnosis at the
POC that is essential for pandemic site therapeutic
interventions. Microelectromechanical system (MEMS)-based
biosensing appears to be a game-changing tool for examining
the nanotoxicity features of nanomaterials and the cell
physiology in response to external influences including viruses,
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Figure 23. Diagram of the next-generation biosensor-based diagnostics system aimed at personalized health wellness through bioinformatics that
manage the diagnostics processes, protocol development, disease profiling, drug improvement, treatment optimization, and personalized medicine
and showing a positive effect on the patient monitoring, disease management, and personalized health delivery. Reproduced with permission from

ref 144. Copyright 2020 Elsevier.
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Figure 24. Operation of the COVID-19 FET sensor. The SARS-CoV-2 spike antibody is attached to the graphene sheet using a probe linker called
1-pyrenebutyric acid N-hydroxysuccinimide ester (PBASE). Reproduced with permission from ref 154. Copyright 2020 American Chemical

Society.

transmitted diseases, and the inhalation of pollution particles.
The use of sophisticated chip-based sensors would be
extremely beneficial for managing the concentration of various
NPs aimed at biomedical applications, the evaluation of drug
efficacy, and the evaluation of therapeutic potential.'**~"** The
results of such a sensing technology, as illustrated in Figure 23,
can provide the required informatics for the development of a
product for daily use and for drug/vaccine therapy to provide
better treatment.

Seo et al. fabricated a graphene-based FET biosensor aimed
at revealing SARS-CoV-2 in clinical samples using immuno-
assays.'>* Graphene sheets of the FET were covered with a
specific SARS-CoV-2 antibody through 1-pyrenebutyric acid
N-hydroxysuccinimide ester (PBASE) (an interfacing molecule
used as a probe linker). They possibly identified the SARS-
CoV-2 spike protein in phosphate-buffered saline (PBS) and
clinical transport medium, showing an LOD of 1 and 100 fg/
mL, respectively. Furthermore, the FET sensor could detect
SARS-CoV-2 in culture medium with an LOD of 1.6 X 10
pfu/mL. In addition, nasopharyngeal swab samples of COVID-
19 patients were used to test the detection efficiency of the
biosensor. With an LOD of 242 X 10* copies/mL, the
COVID-19 FET sensor may possibly differentiate among
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infected and noninfected persons. This FET biosensor shows
high performance with good sensitivity at low concentrations
without any sample pretreatment or labeling,">*~">*

Seo et al. developed a graphene-based biosensing technology
that was functionalized with the SARS-CoV-2 spike antibody
to utilize as a SARS-CoV-2 viral recognition tool (COVID-19
FET sensor).”>* The SARS-CoV-2 spike antibody was
immobilized onto the manufactured device using PBASE, an
excellent interface binding agent employed as a probe linker
(Figure 24). In addition, that sensor was also capable of telling
the difference between SARS-CoV-2 and MERS-CoV antigen
proteins. These results demonstrate that a COVID-19 FET
sensor based on the combination of a SARS-CoV-2 spike
antibody with graphene can recognize the SARS-CoV-2 virus
in clinical specimens with great sensitivity.'*? 7>

Clinical samples can be used to test the COVID-19 FET
sensor’s detection performance aimed at the SARS-CoV-2
pathogen in patient cases. Seo et al. gathered and stored
nasopharyngeal swab swabs from COVID-19 patients and
healthy volunteers in universal transport medium (UTM) to
achieve this goal. Before adding patient samples to the device,
they tested nasopharyngeal swab samples from normal subjects
to establish the basal signal. In addition, the FET sensor also
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Figure 25. Conceptual diagram of the SPCE/NPs/nano-Dendroids/GO/Ab probe production for POC identification of COVID-19 infection. In
the initial step, SPCE was modified using electrochemically deposited AuNPs. In addition, the AuNPs were electrochemically deposited with an
acid solution of HAuCl, in the bare SPCE as an electrolyte in a three-electrode device. Next, the Au-nano-Dendroids on the amended surface of the
SPCE/AuNP were electrochemically produced. In the next stage, the synthesized GO was subsequently coated with the SPCE/AuNP/Au-nano-
Dendroids. The anti-ALP immobilization then took place on the dried surface of the SPCE/AuNP/Au-nano-Dendroids/GO electrode. The sensor
surface was carefully rinsed with distilled water after incubation to extract unreacted anti-ALP, then blocked with 0.1% bovine serum albumin to
remove nonspecific contact sites. The name supplied to the final revised sensor was SPCE/AuNPs/Au-nano-Dendroids/GO/anti-ALP.

Reproduced with permission from ref 167. Copyright 2020 Elsevier.

responded to patient samples diluted up to 1:1 X 10° (242
copies/mL), and the normalized response curve of the FET
sensor was linear. Given that UTM contains various reagents
and generates noise signals, they believed that the COVID-19
FET sensor’s LOD was low enough for practical application.
Nonetheless, novel FET sensor materials for UTM should be
developed to improve the detection accuracy by reducing noise
signals. For comparison, the existing COVID-19 molecular
diagnostic tests have an LOD of 50—100 copies.'*71%¢

Mahato et al. demonstrated a label-free EIS-based biomarker
localization method by sequentially depositing metallic NPs,
electrochemically tailored nanodendroids, and GO nano-
composites over an SPCE. In addition, the antibodies
againstthe particular biomarker were restrained by utilizing a
bioconjugation method.'*”'® Because of its power and high
explanatory execution, the improvement of this detection
device for COVID-19 location was proposed by incorporating
the recognition stage with newfound markers explicit to
COVID-19 as RNA-subordinate RNA polymerase (RdRp)/
helicase (H) genes of SARS-CoV-2. Subsequently, the SPCE/
NPs/nano-Dendroids/GO/anti-RdRp helicase (Figure 25)
may be another approach for effectively analyzing the
contamination of COVID-19.'%%'%

The sensor probe was constructed by performing sequential
surface changes over the bare SPCE. The AuNPs were
deposited electrochemically on the bare SPCE within that
procedure, utilizing an acidic solution of HAuCl, (0.005% in
0.5 M H,SO,) as the electrolyte in a three-electrode device
capable of five successive linear sweep voltammetry (LSV)
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scans inside a conceivable frame of 1.5 to 0.4 V at a scan rate of
100 mV/s. The voltage and time given were —0.6 V and 60 s,
respectively. The electrochemical installation of Au-nano-
Dendroids was proficient via a chrono-amperometric method,
which was carried out at —0.3 V for 600 s using a three-
electrode device containing HAuCl, solution (5% in KCl 0.1
M) as an electrolyte. In the following stage, the synthesized
GO was coated onto the modified electrode surface of SPCE/
AuNPs/Au-nano-Dendroids. In a nutshell, a GO solution (1
mg/mL) was created by dissolving GO in ethanol and spin
coating 2 L of the solution followed by 30 min of drying. The
anti-ALP immobilization was then performed on the withered
SPCE/AuNPs/Au-nano-Dendroids/GO electrode surface. In
addition, SO mL of EDC/NHS (100/100 mM) solution was
preserved and protected for 30 min. The final upgraded sensor
probe was assigned the name SPCE/AuNPs/Au-nano-
Dendroids/GO/anti-ALP. Figure 25 depicts the step-by-step
fabrication of the sensor probe and the detection theory.

In an ongoing report based on a nonenzymatic electro-
chemical nanoprobe for chemical analyte assurance in blood
samples,170 Chandra used a gold-sputtered, nanohierarchical
3D dendritic structure, MWCNT-coordinated, dendrite-
modified electrode, leading to high conductivity and electro-
catalysis. Subsequently, these nanoprobes are valuable as a
stage to get and break down the different COVID-19 infection
biomarkers, such as the spike protein (S), envelope protein
(E), nucleocapsid protein (N), membrane protein (M), and
open reading frame 1b (ORF1b) of the viral RNA.'®%!7'~17
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Table 5. Summary of Electrochemical Approaches in Virus Detection

electrochemical approaches type of electrodes targeted virus limit of detection (LOD)  ref

conductometry Ag nanofiber array electrode bovine viral diarrhea virus (BVDV) 103 CCID/mL 174

cyclic voltammetry graphene microelectrode rotavirus 10° PFU/mL 175

EIS Au electrode human influenza A virus H3N2 8 ng/mL 176

DpPV nanostructured alumina on Pt Dengue type 2 virus (DENV-2) 1 PFU/mL 177
wire electrode

EIS ferrocene methanol nanostructured alumina on Pt DENV-2 1 PFU/mL 178
wire electrode

amperometry polypyrrole nanoribbons on Au cucumber mosaic virus (CMV) 10 ng/mL 179
microelectrode array

SSWV, fluorescence AuNPs on carbon electrode murine norovirus (MNV) 180 viruses 180

DPV graphene/AuNP composite on norovirus 100 pM 181
carbon electrode

EIS gold electrode avian influenza virus 8 ng/mL 176

chrono-amperometric, DPV carbon SPE HSN1 and HINI virus protein 8.3 pM (HSN1) and 182

9.4 pM (HIN1)

electrochemical LFIA gold electrode SARS-CoV-2 S ng/mL 183

luciferase immunosorbent assay gold electrode SARS-CoV-2 0.4 ng/mL 184

LFIA based on superparamagnetic nanoparticles  gold electrode SARS-CoV-2 S ng/mL 185

paper-based ELISA nanostructured alumina on Pt SARS-CoV-2 9 mg/mL 186
wire electrode

disposable ELISA nanostructured alumina on Pt SARS-CoV-2 2.8 ng/mL 187
wire electrode

vertical-flow paper-based assay Au electrode SARS-CoV-2 750 ng/mL 188

DPV GCE influenza virus A 0.43 pg/mL 189

chrono-amperometry carbon electrode human influenza A virus HON2 16 HAU 190

Swv AuNPs on carbon electrode Middle East respiratory syndrome 400 fg/mL 191

EIS Au interdigitated microelectrode avian influenza virus (AIV) HSN1 10 EDIS0/mL 192

array

These sensors are being evaluated for coupling the electronic
signal to cell phones for improved diagnostic systems.'®*

Because the quest to produce a COVID-19 vaccine is the
main focus right now, it is important to comprehend the
epidemiological physiognomies with the purpose of combating
the outbreak. Furthermore, it is recommended that the
disease’s potent intermediate hosts be identified to avoid and
eliminate the disease in the near future. These measures
necessitate a convincing disease detection strategy. As a result,
POC-based, label-free recognition procedures incorporated
into smartphones can not only monitor the disease’s spread
around the world but also enable the development of a library
of data and the facts necessary for potential pandemic
preparedness. When early warning is delivered in affected
areas, clinicians can rapidly identify the proper care for each
new patient, and public health officials can control the disease
spread. The efficient integration of label-free technology can be
used to develop a tailor-made analysis framework for COVID-
19 and other infectious disorders. Table 5 summarizes and
compares electrochemical methods in virus detection,
especially new detection methods in SARS-CoV-2.

B FINAL REMARKS

Nanomaterial-based biosensors provide excellent sensing
capability, high sensitivity, and high selectivity, even at lower
concentrations. In this Review, we have described the recent
advancement of graphene and carbon nanomaterials modifying
the electrode of biosensors. Biosensors based on graphene or
carbon nanomaterials incorporated with other nanomaterials
have promising performance in the detection of biomarkers,
for instance, DNA, proteins, and hormones, for the early
diagnosis of diseases, for instance, cancer, AD, and diabetes.
They are also useful for pathogenic viruses that cause diseases
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such as the Zika virus, HIV, HBV, and, finally, the recent virus
COVID-19. Important efforts have been carried out to detect
these diseases early to develop and overcome the problems of
conventional methods. The use of biosensors is attractive and
of interest because they allow an effective, sensitive, selective,
rapid, and low-cost diagnosis. The biosensor is an analytical
device that is based on receptors for the process of detection
and transducers for getting the measuring response. Biosensors
can be of different types, such as electrochemical, piezoelectric,
thermal, and optical biosensors that depend on the process of
transduction. Biosensor-based graphene and CNTs have
shown sensitivity and selectivity for analyte detection, a wide
linear range, a low LOD, a fast response time, long stability,
and respectable reproducibility. All of these features are
ascribed to their enormous surface area and good electro-
chemical and mechanical activities.

In recent years, many biosensors have been made that match
the sensitivity and selectivity criteria for practical applications,
but they have been insufficient for industrial manufacturing
and marketing. Some challenges to mass production are the
sophisticated sensor assembly operations, expensive elements,
potential undesirable nanoscale characteristics, and lack of
storage stability. The integration of biosensors into automated
and miniaturized systems and even some strategies to create
the same sensor sets and to expand to industrial customization
remain to be accomplished. In addition, many of the available
biosensors have not been authenticated by means of a
significant number of patient samples. While still in its early
phases, research on carbon-based biosensors aimed at cancer
and disease recognition has shown promise and a vision for
future illness diagnosis and health monitoring. Biomarker
sensors aimed at routine clinical directions are expected to be
developed as this area progresses. As a result, on the basis of
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the current progress, carbon-nanomaterial-based biosensors
have a promising future, and their growth, and the inclusion of
new biomarkers, will continue. This Review describes the state
of the art of the development of biosensors based on graphene
and CNTs and the techniques for the detection and early
diagnoses of the most common diseases, including different
types of cancer, and also presents the ability of graphene and
carbon aimed at the exposure of pathogenic viruses and
proteins.

B FUTURE PERSPECTIVES

Because optical and electrochemical approaches are both very
sensitive and selective, they are excellent for on-site, real-time,
easy-to-use, and low-cost virus recognition. The sustainability
of electrode materials can be a constraint for electrochemical
approaches; however, handled professionally, electrodes (e.g.,
in the configuration of microchips) could give acceptable
sustainabilty. Cyan graphene and graphene acid, two graphene
derivatives that are both conductive and have a distinct
chemical nature, provide innovative avenues for a graphene-
based raised area that can be utilized to accurately design
biosensors. For larger and more reliable directions of graphene
derivatives in (bio)sensorics, high batch-to-batch reproduci-
bility and standardization are required. Additionally, the
increased use of these kinds of materials may motivate
additional investigations. The dispensability of graphene-
based nanocomposites allows them to be utilized as an ink
for ink-printed electrodes and paper-based biosensors, broad-
ening their biosensor applications and enabling downsizing.
Atomically precise manufacturing, standardization, and multi-
readout biosensors should all be taken into consideration
because they can assist in reducing the number of false-positive
and -negative results. Miniaturization, integration with fluid
systems, and multichip systems are all key difficulties aimed at
the next generation of graphene-based biosensors. Addition-
ally, these features, in response to the elevated sensitivity,
selectivity, and large-scale processing, make graphene sensors
ideal for detecting a wide spectrum of viral species. With the
purpose of offering a low-cost, effective, and adaptable
platform for (bio)sensing that can be utilized on site, for
example, as POC devices, an amalgamation of graphene-based
biosensors with smartphones has much potential. Graphene
and its derivatives are without a doubt ideal materials for
constructing efficient virus detection biosensors that can be
readily applied to novel viruses. Graphene-based biosensors are
in the early stages of development, but they have much
commercial potential.
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