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1. Introduction

Diagnosis of cancer using carbon nanomaterial-
based biosensors

Suman Das, ©+2° Bijay Saha, i Manisha Tiwari® and Dhermendra K. Tiwari & *2

Cancer causes the death of a large population worldwide. Early-stage tumor detection is the major problem
in treating cancer patients effectively. Nanomaterial-based biosensors have emerged as a great tool for
diagnosis of many life-threatening diseases including cancer. Various carbon nanomaterial-based
biosensors have been evolved for cancer detection; these increase the accuracy of diagnosis in the very
early stage of tumor detection. The most common carbon nanomaterial-based biosensors are
electrochemical and optical sensors. These biosensors are portable and biocompatible with a long shelf-life
and show efficient results in cancer detection, diagnosis, management and treatment. In this review, we
summarize various types of electrochemical and optical carbon nanomaterial sensors and their applications,
efficiency and usability. This review will also give the background of their fabrication, synthesis and shelf-life,
which will help researchers and medical experts to improve and utilize them for cancer diagnosis.

200 types of cancers listed to date including breast, ovarian,
skin, hematologic, prostate, lung, leukemia, and colon

In the last few years, cancer has emerged as the most life-
threatening disease all over the world. There are more than
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cancers, affecting different body parts and thousands of
deaths are occurring each day. Osteosarcoma, the most
common primary bone cancer, occurs in different body parts
like the proximal humerus, around the knee and the
proximal tibia, and is largely observed in children, but can
also affect older adults."* There are many factors which may
be taken into account for the cause of cancer such as
autoimmune dysfunction, inherited mutations and some
environmental factors like exposure to carcinogenic
chemicals or certain radiation. Manifestations of various viral
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and bacterial infections are also responsible for the cause of
stomach and cervical cancers. Disruption of normal cell
signaling pathways leads to the production of cancer cells
that exhibit higher growth advantages as compared to the
normal cells. Cancer cells are produced from some different
epigenetic and/or genetic changes which cause inactivation
of tumor suppressor genes and activation of oncogenes.
However, in the case of diagnosis, various genes are
universally altered during this process, and the pattern of
change is not the same for tumors in different organs as well
as for tumors in the same location.’> According to the WHO,
over 9.6 million deaths were registered in 2018 and most of
the cancer deaths are lung (1.76 million deaths), colorectal
(862000 deaths), liver (782000 deaths), breast (627000
deaths), and stomach (783000 deaths) cancers. Therefore,
early detection of cancer is of utmost importance to monitor
the health condition of a patient as well as for a successful
treatment. Due to these reasons, more specific and sensitive
techniques are needed for the detection of this disease at a
very early stage. In the field of medical science, diagnosis of
a disease can be performed by detecting responsible
biomarkers present in urine, cerebrospinal fluid (CSF), blood
and other body fluids, which is considered as a very easy and
effective method. CD44 is considered as a promising surface
biomarker for the diagnosis of breast cancer stem cells
(BCSCs).* Apolipoprotein-A1 (Apo-A1) is a new biomarker
which is very prominent for the early diagnosis of bladder
cancer from human urine.” CA15-3 is considered the most
effective biomarker for breast cancer detection at a
concentration level of >100 U mL™".%” For the diagnosis of
cancer, existing methods rely on traditional procedures i.e.
cell morphology with the help of staining and microscopy.
These are the techniques based on biopsy and examination
of the tissue morphology, which can miss the cancer cells in
their earlier stages. There are some recent techniques using
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immunoassays that are very sensitive and selective towards
the low concentration of cancer biomarkers but can be

expensive and  time-consuming. Western  blotting,
immunohistochemistry (IHC), radioimmunoassay (RIA),
enzyme-linked immunosorbent assay (ELISA), high-

performance liquid chromatography (HPLC), and polymerase
chain reaction (PCR) are the conventional techniques used
for the identification of biomarkers with certain technical
limitations. To overcome these challenges a rapid and
sensitive as well as point of care technology is required for
rapid diagnosis. In the last few years, Scopus showed that
more than 2500 research articles have been published on
biosensors, which have been developed in the fields of
clinical diagnosis and biomedical studies due to their high
selectivity, sensitivity, faster response, easy handling, and
compatibility. Naderi and Jalali developed a modified glassy
carbon electrode (GCE) using poly i-serine, AuNPs and multi-
walled carbon nanotubes (MWCNTs) for electrochemical
detection of progesterone which is commonly used for the
confirmation of pregnancy.>® From point of care (POC)
diagnosis, biosensors would be a very cost-effective and rapid
tool for the detection of a disease. A biosensor is an
analytical device, where a bio-receptor is incorporated and
integrated with a transducer. The affinity between
complementary structures like antigen-antibody, enzyme-
substrate, and receptor-hormone is controlled by the specific
molecular recognition, which is the fundamental part of
biosensing and also responsible for the generation of
concentration-proportional signals in biosensors. The
specificity and selectivity of biosensors towards the detection
of biomarkers extremely depend on this molecular
recognition part connected to the transducer.'®

Different types of nanomaterials are used in biosensors
for clinical diagnosis such as gold, iron,"" silicon,'* magnetic
materials, quantum dots," 2D nanomaterials, nickel
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hexacyanoferrate nanoparticles (NiHCFNPs),"* etc. due to
their higher efficiency, higher detection limit of an analyte,
higher stability and lower cost. Several carbon-based
nanomaterials have been explored several times due to their
exclusive properties and used as a major component in
biosensors for clinical diagnosis of diseases such as cancer
(Table 1) with over 100 published research articles.

Due to the presence of unique chemical, optical and
physical properties, a large range of carbon-based materials
such as nanodiamonds, carbon nanotubes (SWNTs and
MWNTs), fullerenes, carbon onions,"* quantum dots like
carbon dots (CDs), and graphene quantum dots (GQDs)"
have been explored for the detection of cancer. Considering
these properties of carbon-based nanomaterials, here we aim
to discuss the recent advancements of carbon-based
nanomaterials in the diagnostic field of cancer.

2. Carbon-based nanomaterials

Nanoparticles are small particles having a size range between
1 and 100 nm."® The advancement of nanomaterials towards
biomedical applications has created a new era in the field of
medical science due to their extraordinary characteristics.
The higher surface to volume ratio, easy derivatization, and
higher thermal and mechanical stability makes
nanomaterials unique from other substances. Carbon is an
essential element in nature and has been targeted by humans
to develop its use in the medical field as well as
environmental research with the help of advanced technology
for a long time. With the development of nanoscience, the
size of carbon materials has changed from the microscopic
level to the nano level. Carbon-based nanomaterials, one of
the significant parts of nanotechnology, have attracted the
scientific world since their discovery. Nowadays, various
allotropes of carbon with specific dimensions (0D, 1D, 2D,
3D) and different hybridization such as sp, sp® and sp® have
been reported. In recent years, a large number of carbon
allotropes have been explored including very well-known
allotropic phases graphite, fullerene, and diamond to newly
discovered nanodiamonds, carbon nanobuds, graphene,
graphene oxide, carbon nanocones, carbon nanotubes
(CNTs), and quantum dots as well as their functionalized
forms'” and have been applied in many different fields such
as field emission display, nano-electronics and high-
frequency electronics,'®'® theragnostics,*® and energy storage
and conversion.?’ In the last few decades, carbon-based
materials have played a significant role in biosensor research
for enhancing reactivity and specificity. On the basis of their
salient properties, the uses of these materials in biosensors
have regularly expanded from building blocks to electrode
materials (Fig. 1).

2.1. Graphene

About 70 years ago, in 1947 the electronic structure of
graphene was evaluated by Wallace and McClure, who later
assumed the expression of the wave equation in 1956.
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Mouras and co-workers first introduced the name “graphene”
in 1987 in the form of “graphitic intercalation compounds
(GICs)”.>* Graphene is a single layer of carbon atoms that are
closely packed in a honeycomb type of lattice in two
dimensions or in other words a single layer of graphite sheet
having an sp®> hybridized carbon arrangement with an
interlayer distance of 3.4 A and a carbon-carbon bond
distance of 1.42 A.*® The first graphene was synthesized by
Geim and coworkers using mechanical exfoliation of well-
oriented pyrolytic graphite which is also known as the
scotch-tape method.”* Graphene nanomaterials have been
selectively used for electrochemical sensing of RNA and DNA
which is based on the strong ionic interaction between
positively charged nucleobases and negatively charged
carboxylic groups as well as strong n-m interaction between
the carbon framework and nucleobases.>**® Graphene-based
electrodes have been used for the detection of biomolecules
including H,0,, NADH, and dopamine due to the higher
electrochemical selectivity and sensitivity of graphene.”” The
use of graphene oxide (GO)-based nanomaterials for the
detection of glucose levels in the human body is now
increasing  prosperously.®® For field-effect transistors,
graphene is the ideal material due to its zero bandgap and it
can be tuned by surface modification.>® Label-free DNA
biosensors have been designed by Johnson and co-workers
based on single-stranded probe DNA functionalized graphene
field-effect transistors. This extremely sensitive sensor
represents a wide analytical range of detection limit of 1
femtomolar (fM) for 60 mer DNA oligonucleotides.

2.2. Carbon nanotubes (CNTS)

Carbon nanotubes (CNTs) have attracted the attention of
scientists in numerous applications in different research
areas due to their exceptional properties including thermal,
mechanical and chemical properties since their discovery.
lijima and coworkers first discovered carbon nanotubes,
which are also called bucky tubes, in 1991.>" From a
theoretical explanation, carbon nanotubes are hollow tube
structures made up of graphene sheets, with one or more
walls. They show a strong-layered structure due to the
presence of linked sp> hybridized carbon-carbon bonds,
which makes CNTs strongest and stiffest. Nowadays, multi-
walled-CNTs (MWCNTs) and single-walled-CNTs (SWCNTSs)
are manufactured by high-temperature processes such as
laser ablation, electric arc discharge and chemical vapor
deposition (CVD).** There are two types of CNTs depending
on layers; one is MWCNTs which consist of a group of
concentric cylinders with a usual periodic interlayer space,
sharing a common axis (Fig. 2C).** From real space analysis,
the interlayer spacing of MWNCNTs was observed in the
range of 0.34 nm to 0.39 nm.*" Considering the number of
layers, the inner and outer diameters of MWCNTs change
from 0.4 nm to a few nanometers, and 2 nm to 30 nm,
respectively.*® On the other hand, SWCNTs are characterised
as a well-organized, hollow graphite material, by folding up a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Showing different carbon-based materials used for the detection of various cancer biomarkers
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Detection
Biomarker Carbon material Detection technique level Reference
TP53 Reduced graphene Amperometry 2.9 nM-3.4 117
oxide-carboxymethylcellulose (rGO-CMC) nM
hybrid nanomaterial
mir-21 Graphene-modified pencil graphite Differential pulse voltammetry 2.09 mg mL™" 118
electrode (GME) (DPV) and electrochemical impedance
spectroscopy (EIS)
VEGFR2 Chitosan functionalized reduced Voltammetric technique 0.28 pM 119
graphene oxide
Prostate-specific Magnetic graphene oxide-PSMA,y, Differential pulse voltammetry (DPV) 10 pg mL™" 120
antigen (PSA)
CYFRA-21-1 3-Aminopropyl triethoxy saline (APTES) Differential pulse voltammetry (DPV) 2-22 ng mL™" 121
functionalized rGO-zirconia (ZrO,) based
nanocomposite
CEA AuNP functionalized magnetic MWCNTs Cyclic voltammetry and amperometric 1.7 fg mL™" 128
containing Pb(i) modified glassy carbon curve
electrode(Pb*" @AU@MWCNTs-Fe;0,)
CEA GO/MWCNT-COOH/Au@CeO, nanocomposite  Electrochemiluminescence 0.02 ng mL™" 129
CEA Ag NPs-MWCNTs/MnO2 Amperometric curve 0.03 pg mL™ 130
Prostate-specific rGO-MWCNT/AuNPs Electron transfer resistance (Ret) and 1pgmL™" 131
antigen (PSA) differential pulse voltammetry (DPV)
Alpha-fetoprotein PLL-SWCNTs Differential pulse voltammetry (DPV) 0.011 ng mL™" 132
(AFP) and electrochemical impedance
spectroscopy (EIS)
miRNA-24 MWCNT-modified glass carbon electrodes Differential pulse voltammetry (DPV) 1 pM mL™" 133
PSA Au/Ag-rGO/aminated-GQDs/carboxyl-GQDs Electrochemiluminescence 0.29 pg mL™ 132
CEA GQDs/Au@Pt Electrochemiluminescence 0.6 pg mL™" 133
CA199 GQD functionalized pPtPd nanochains Electrochemiluminescence 0.96 mU mL™" 140
miRNA-155 GQDs Amperometry 0.14 fM 141
IL-13Ro.2 GQD functionalized MWCNTs Amperometry 0.8 ng mL™" 142
miRNA-141 GO-AuNPs Surface plasmon resonance (SPR) 1fM 145
Cytokeratin 19 (CK19) Carboxyl-functionalized graphene oxide Surface plasmon resonance (SPR) 1 fg mL™" 147
(GO-COOH)
Folic acid protein (Au/rGO) Surface plasmon resonance (SPR) 5 fM 148
(FAP)
Pyrophosphate (PPi)  PDI-HIS-Cu-GO nanocomposites Fluorescence spectroscopy 0.60x107 M 150
Urokinase ssDNA-SWCNT Fluorescence spectroscopy 50 nM 151
plasminogen activator
(uPA)
CA125 Three-dimensional network of carbon Fluorescence spectroscopy 20 pug mL™ 152
nanotubes (3DNCNTs)
mir19 and R23 RNA ~ SWCNTs Photoluminescence 0.02 mg mL™" 153
Leukemia K562 cells  3-Glycidoxypropyl trimethoxysilane (GPMS) Photoconductivity 27cells per ml 154
functionalized CNTs
PSMA Functionalized MWCNTSs Electrochemiluminescence 0.88 ngmL™" 156
CEACAM5 VA-MWCNT Cyclic voltammetry (CV) and 0.92 UM 136
electrochemical impedance
spectra (EIS)
MALAT1 Au NCs/MWCNT-NH, Cyclic voltammetry (CV) 42.8 fM 137
Transmembrane SWNTs UV-vis spectrometry 5.2 x 105 157
protein CD63 particles per
uL
MMP-7, MMP-2, uPA  Peptide-MWCNT nanoprobes Fluorescence spectroscopy 0.5 pg mL ™ 158
B-Glucuronidase Nitrogen-doped carbon quantum dots Photoluminescence 03UL™ 161
(GLU) (N-CQDs)
Carbohydrate antigen Graphene oxide-PEI-carbon quantum dot Electrochemiluminescence 0.0017 UmL™" 162
15-3 (CA15-3) (CQD)-Au nanohybrid
K562 leukemia cells ZnO@CQDs Electrochemiluminescence 46 cells per 163
mL
miRNA-155 C-dot-MnO, nanosheets FRET 0.1x10"M 164
Mucin 1 protein Aptamer-CDs FRET 17.1 nM 165
o-i-Fucosidase (AFU)  AuNP functionalized CDs Fluorescence emission spectroscopy 3.4 nM 166
BRCA1 and BRCA2 Graphene-coated optical fiber Surface plasmon resonance (SPR) 1-100 nM 146
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Fig. 1 Flowchart showing the classification of biosensors developed
from carbon-based nanomaterials.

graphene sheet along a lattice vector into a cylindrical form
having diameters ranging from 0.4 to 3 nm and lengths
falling in the micrometer range of up to 20 cm.*®* SWCNTs
can form a bundle (rope)like structure where they are
hexagonally organized which helps bundle-like structures to
form a crystal-like configuration.’” A single wall can exist in
three different forms depending on the way of wrapping to a
cylinder such as chiral, zigzag, and armchair. A SWCNT is
described by a pair of indices (n & m) that depict the chiral
vector and control the electronic properties. If m = 0, then
the nanotubes are zigzag nanotubes; when m = n, then the
nanotubes are named as an armchair, and the rest of the
configurations are chiral when m * n (Fig. 2A).** There is
another special class of nanotubes called doubled-walled
carbon nanotubes (DWNTs), made up of two concentric
cylinders (Fig. 2B).>* DWNTs connect SWCNTs and MWCNTSs
and show properties of both kinds of CNTs. The diameter of
DWNTs is quite similar to that of SWCNTs but they largely
differ in mechanical stability.’® Besides this, the
immobilization of large functional molecules such as
receptor moieties at the surface of CNTs is highly favorable
due to their higher surface area, which is an important part
of biosensing application. CNTs have electrical conductivity
that makes them perfect for the transduction of electrical
signals formed after recognition of the target analyte. A
various number of functionalized CNT-based biosensors such
as electrochemical CNT-biosensors, immunosensors, FET
biosensors and optical biosensors have been developed for
the detection of different enzymes, proteins, DNA biomarkers
and cell-surface sugars.”® Feng and coworkers introduced a
disposable paper-based bipolar electrode (BPE) modified with
MWNTs for the detection of prostate-specific antigen (PSA)
that showed a significant response in the sensitive electro-
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Fig. 2 Different structures of carbon nanotubes in terms of their
number of walls. (A) Single-walled carbon nanotube (SWNT) structures
according to their chirality (chiral, zigzag and armchair). (B) Model of
double-walled carbon nanotubes (DWNTs). (C) Structure of multi-
walled carbon nanotubes (MWNTSs) consisting of many concentric
shells. Reproduced from ref. 33 with permission from Frontiers Media
S.A., copyright [2015].3

chemiluminescence (ECL) detection having a detection limit
of 1 pg mL™".>® Recently, Shobha and coworkers reported the
properties of both MWNTs and SWNTs for the earlier
detection of prostate cancer, through functionalization with
DNA strands that detect the PSA concentration level present
in blood samples.*” Unfunctionalized SWNTs exhibit low
intensity, fluorescence stability, and biocompatibility whereas
surface functionalization or modification changes the
interactions with the target analyte and affects the SWNT
fluorescence emission signals significantly,""*** and therefore
functionalized CNT materials are best candidates for
fluorescence-based sensing applications.*>**

2.3. Fullerene

Several numbers of 0D, 1D, and 2D carbon materials have
been developed such as carbon nanotubes, graphene,
nanowires, and nanoclusters for the betterment of the
application field. Fullerenes are also very potent active
members of this carbon nanostructure family. Fullerenes are
extremely symmetrical polyhedral clusters or closed cage-like
structures where each sp> hybridized carbon atom bonded in
an arrangement of fused six and five-membered rings and
these rings are formed by a total of 70 and 60 atoms, known
as C70 and C60, respectively.*> The next stable homolog after

© 2023 The Author(s). Published by the Royal Society of Chemistry
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C60 is C70 followed by C74, C76, C80, C82, and so on.*®
Since their invention, fullerenes having extraordinary
electrochemical properties and stability have attracted so
many researchers. Geodesic and electronic bonding is
responsible for the stability of C60 molecules. In 1966,
Daedalus proposed a scheme for making a large hollow
carbon cage. Later on, Osawa first introduced the I
symmetric soccer-like structure of the C60 molecule in 1970.
In 1985, the final breakthrough occurred in the discovery of
fullerene C60 by Kroto and Smalley during the process of
vaporizing graphite using an Nd:YAG laser. It was also named
as buckminsterfullerene because architect R. Buckminster
Fuller designed its structure*” which is very similar to a
soccer ball. The sp>-hybridized carbon formed an extended
n-m conjugation, which makes it a good electron acceptor.
Nowadays, fullerenes are being used in numerous research
fields including solar cells, biomedical applications,
nanoelectronics and supercapacitors. Fullerenes show high
potential biological activity due to their low diameter (7-10 A)
and higher opportunities in surface chemical modification.*®

In C60, two different bond lengths are observed, one is 6:6
ring bonds which can be treated as double bonds that are
shorter as compared to 6:5 bonds. C60 is not considered as a
super aromatic molecule because it tends to avoid double
bonds in pentagonal rings, ensuring poor electron
delocalization. Hence, C60 structures always behave as an
electron-deficient alkene and easily react with electron-rich
species. The experimental values of ionization potential (IP)
7.8 eV and electron affinity (EA) 2.7 eV of C60 revealed that
they can easily take part in electron transfer reactions and
also showed high electrochemistry which makes them active
members for electrochemical applications.**™*

The most broadly used procedure for the preparation of
fullerenes is primarily based on the arc plasma vaporization
of high carbon content materials like coal or graphite at low
inert gas pressure, but in this method the yield of pure
fullerenes is quite low. For better results and large scale
synthesis of fullerenes, high-frequency arc plasma-based
processes are used.’®> There are other synthesis procedures
that have been introduced based on chemical synthesis,
reactive precursors, and vaporization of carbon sources.>***

Since the discovery of fullerenes (C60), a drastic change
has been observed in the research field of biosensors. The
exceptional topological attributes and electrochemical
characteristics of fullerenes such as photo-thermal effect,
broad light absorption in the UV-vis region, a higher lifetime
of the triplet state, structural angular strain, and tendency to
act as electrophilic as well as nucleophilic characteristics
have attracted large interest of researchers to investigate this
material as a mediator in biosensor devices.’® To make
fullerene as an effective mediator in a biosensing device,
hydrophilicity and the presence of functional groups were
considered as important qualities in order to combine them
with the targeted biomolecules. But these two characteristics
are absent resulting in inefficient bioconjugation with
biologically active molecules.’® To overcome this difficulty,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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functionalization is highly needed with carboxy, amino or
hydroxyl groups. The methodology of functionalization may
vary depending on the area of application. Depending upon
the analyte (enzyme, protein, antigen, etc.) and type of
biosensor (potentiometric, electrochemical, optical), the
elemental fullerene is modified with necessary functional
groups so that they can suitably approach the target
molecule. As a result, there will be a sufficient electron
transfer between electrodes and the analyte.>” In the case of
a glucose biosensor, the fullerene is immobilized against the
glucose oxidase enzyme. It is reported that the sensitivity of
the glucose biosensor increases with the increase in
immobilization concentration of fullerenes.”® Fullerenes have
also been tested for urea detection using potentiometric as
well as piezoelectric biosensors. In a potentiometric
biosensor, a fullerene-urease bioconjugate was used on an
acrylic-based hydrogen ion membrane for the detection of
urea and the results showed that this conjugate is stable up
to 140 days.”® Besides electrochemical, potentiometric or
piezoelectric biosensors, there are many biosensors including
immunosensors®” and DNA sensors,’® where fullerenes play a
key role in the detection of biomolecules. The signal
modification, light-induced switching, and easy
functionalization capabilities of fullerenes are acknowledged
as a new and striking element in the modification or
fabrication of biosensors.

2.4. Carbon dots

The new member of the fluorescent carbon family is carbon
dots denoted as C-dots having a diameter of below 10 nm.*!
Carbon dots are a better alternative and become the most
promising material as compared to other toxic metal-based
quantum dots due to their biocompatibility and composition.®*
The structural analysis of carbon dots makes it clear that a
structural disorder occurs in the conjugation of aromatic
regions with graphene-like sp> hybridized bonds and aliphatic
regions with diamond-type-sp” hybridized bonds.*®

Carbon dots were derived accidentally during the synthesis
of carbon nanotubes by the arc discharge method.** Basically,
the effective pathways for the synthesis of carbon dots are
usually divided into two main parts: one is a top-down method
from the larger carbon structure (Fig. 3A)*® and another is a
bottom-up method where the organic molecular precursor is
used as a starting material.*" Top-down methods consist of
three main techniques: (i) the arc-discharge method, where raw
materials are oxidized with HNO; to introduce carboxyl
functional groups which enhance the hydrophilicity of the
material, (ii) the laser ablation method, where a 1064 nm
wavelength and 10 Hz Q-switched Nd:YAG laser is applied to
ablate the carbon material in the presence of water vapor at a
temperature of 900 °C and 75 kPa pressure in a flow of argon
gas, followed by HNO; activation, and the subsequent
passivation is also done with the help of polymeric agents such
as diamine-terminated poly(ethylene glycol),*> and (iii)
electrochemical synthesis, where an intense electric field helps
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Fig. 3 Synthesis of graphene nanodots/carbon nanodots. (A) Top-
down method and (B) bottom-up method. Reproduced from ref. 65
with permission from The Royal Society of Chemistry, copyright
[2012].%°

to cut the precursor material for the synthesis of carbon dots.*®
Bottom-up approaches are more diverse in nature (Fig. 3B).®®
These approaches are: (i) the microwave-assisted method from
the carbon source with glycerol, (ii) ultrasonic synthesis of CDs
from glucose in the presence of alkalis or acids,®” (iii) thermal
decomposition of carbon precursors using non coordinating
solvents®® and (iv) electrochemical carbonization of alcohols
under alkaline conditions.*’

Depending upon the synthesis method and structure, the
crystallinity and morphology of carbon dots could be classified
into three categories: (i) graphene quantum dots, carbon dots
having a n conjugated single layer sheet; (ii) carbon nanodots,
amorphous quasi-spherical nanodots having no quantum
confinement effect; and (iii) carbon quantum dots, nanodots
with a quantum confinement effect and crystalline structure.
One can distinguish these above materials based on precursors
that are being used in the synthesis procedure. Like in the case
of graphene quantum dots (GQDs), the precursors are
graphene-based materials while CQDs are synthesized from
other crystalline carbon materials like carbon nanotubes.”
Besides, the excitation wavelength is responsible for the
different emission wavelengths and intensity of the carbon
dots.®* Carbon nanodots show some attractive optical properties
such as chemiluminescence, electro-chemiluminescence, size-
dependent photoluminescence, up-conversion luminescence,
and photo-induced electron transfer.” CDs generally show
evident optical absorption in the UV region with an absorption
band around 260-320 nm and this wavelength can be enhanced
by surface passivation. CDs have the most promising feature,
i.e. photoluminescence (PL) emission which contains
independent and A.-dependent photoluminescence, and this
phenomenon is based on core and surface state-related
emission. Zhao and coworkers stated that A.-dependent PL
emission depends upon the different sizes of CDs.*® PL is
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measured by a parameter called quantum yield (QY). It has been
reported that naked CDs exhibit multicolor fluorescence
emission but the QY of these CDs is generally much lower.”"”*
The QY can be enhanced by several approaches such as
passivation” and purification procedures, and doping with
other elements.”* They have been broadly used for the
fluorescence analysis of different targets such as H,0,,” ions”®
and macromolecules like proteins due to their outstanding PL
properties. Mercury ions are considered as heavy metal ions
which may accumulate in vital organs and cause many
diseases.”” Qin and coworkers observed that the PL emission of
CDs could be selectively quenched by Hg>" ions, and with the
help of this phenomenon they synthesized CDs from flour with
a detection limit of 0.5 nM.”® Hydrogen peroxide (H,0,) is a
kind of stable reactive oxygen species (ROS) and is involved in
signal transduction, cell proliferation, aging, and death.” Liu
and coworkers prepared nitrogen-doped CD catalyzed Ag
nanoparticle (AgNP) composites which could be used to detect
the H,0, levels with a detection limit of 0.5 uM.””

2.5. Other carbon-based nanomaterials

In recent decades, a wide range of carbon-based
nanomaterials has been studied for the development of
various applications, focusing on their attractive electronic
properties. Thus, numerous carbonaceous materials have
been planned like carbon nanohorns, nanodiamonds,
nitrogen vacancy (NV) centre nanodiamonds, nano carbon
black and nanofibres. A short explanation of these carbon-
based materials is discussed below.

Carbon nanohorns or single-walled nanohorns (SWCNHs)
are very related single-walled carbon nanotubes, discovered by
Tijima in 1998.%° SWCNHs usually look like conical carbon
structures made up of sp> carbon sheets having a length in the
range of 40-50 nm and a diameter of 2-5 nm (Fig. 4A).*' The
structure of single-walled carbon nanohorns can be classified
into three different types such as: “bud-like”, “dahlia-like”, and
“seed-like”.** Nanohorns can show rich and diverse chemistry
as the surface of nanohorns consists of a mixture of heptagons,
hexagons, and pentagons. Significant quantities of carbon
nanohorns could be produced with high purity at room
temperature. Besides, there is no use of toxic metal catalysts for
the entire process, and to evaluate their biocompatibility, no
supplementary clean-up steps are required.* They have high
conductivity, high dispersibility, excellent chemical and thermal
stability, field-emission characteristics and semiconducting
properties. As compared to carbon nanotubes, SWCNHs are
metal-free and highly purified as well. So they could be used in
biosensor studies. SWCNHs were first used to construct a
glucose biosensor.** The biosensor was manufactured by
encapsulating glucose oxidase in the Nafion-SWCNH
composite. The glucose biosensor relying on the Nafion-
SWCNH composite acquired a low detection limit, high
sensitivity, and good selectivity.** Later on, SWCNHs were used
in the form of a biocompatible and novel matrix for constructing
H,0, biosensors. Besides this, an electrochemical biosensor has
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Fig. 4

(A) The structure of a carbon nanohorn. (B) Schematic representation of the possible hybridization in nanodiamonds. (C-E) Schematic

demonstration of formation of the cup-stacked CNF structure and (F) platelet CNF structure. (B) Reproduced from ref. 86 with permission from
the Institute of Physics (IOP), copyright [2016].%¢ (A) and (C-F) Reproduced from ref. 81 and 101 with permission from Multidisciplinary Digital

Publishing Institute (MDPI), copyright [2021, 2014].8%10*

been fabricated by adsorbing heme protein myoglobin (Mb)
onto the surface of non-covalently functionalized SWCNHs in
the presence of poly(styrene sulfonate) (PSS).**

Nanodiamonds are carbon nanomaterials with a
diamond-like crystal structure constructed from sp’-
hybridized carbon atoms having diameters in the range of 1
to 20 nm (Fig. 4B).***” Their properties are quite similar to
the organic molecules rather than bulk diamonds as the
carbon atoms are mostly attached to hydrogen and other
non-carbon atoms. Nanodiamonds (NDs) can be prepared in
various methods, but the most general method is the
detonation process where trinitrotoluene and hexogen
explosives are detonated in a controlled oxygen-deficient,
high-temperature and high-pressure atmosphere®® and
hence called “detonation NDs”. Nanodiamonds have
electrical resistivity and high thermal conductivity and show
exceptional mechanical characteristics such as hardness and
high strength as well as optical properties like refractive
index and high optical transparency.®” NDs are considered

© 2023 The Author(s). Published by the Royal Society of Chemistry

as a wide-band semiconducting material with the highest
optical band gap of all known materials.”® The exceptional
properties of nanodiamonds facilitate their applications in
different research areas including electronics, energy, optical
computing, and environmental areas. Furthermore, high
biocompatibility and low cytotoxicity make NDs a promising
material for biosensing applications.”’ The core of
nanodiamonds is extremely tailorable and the surface offers
some functional groups that can be utilized to modify
various systems, such as enzymes and proteins, and also be
added into composite materials.”> Nanodiamonds have
offered a unique proposal for bio-conjugation with
metalloproteins, DNA, antigens, and enzyme molecules.
Recently, researchers developed an enzyme-modified
diamond sensor that has been employed for the detection
of urea in solutions.”® Besides this, in the development of
an EDIS penicillin sensor, the pH-sensitive properties of
O-terminated NDs have also been studied.”® Nowadays, NV
centre nanodiamonds are used as a highly sensitive material
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in different types of biosensors. Basically, the NV centre is
termed as a point defect of nanodiamonds, consisting of a
nitrogen atom which replaces a carbon atom and a vacancy
pair along the (111) directions.’**> Carbon nano black is an
extremely fine fluffy powder with a high surface area.’® This
has been a widely used nanomaterial in the biosensing field
due to its high surface area and conductivity. Arduini and
coworkers have developed a screen-printed electrode
modified  with  carbon  black  nanoparticles for
electrochemical detection of paraoxon.®”"®

Carbon nanofibers (CNFs) are one of the most important
one-dimensional materials of the carbon family that have
been explored in both fundamental research and practical
applications. Depending wupon size, there are some
dissimilarities between conventional carbon fibers (CCFs)
and carbon nanofibers. The conventional CFs have diameters
in the range of micrometers whereas CNFs have diameters in
the range of 50-200 nm. CNFs can be synthesized by a less
expensive electro-spinning method where the polymer
nanofibers are needed to be prepared as they are used as
precursors of the CNFs*® or by the catalytic thermal chemical
vapor deposition growth method, generally cup-stacked CNFs
and platelet CNFs are synthesized by this method (Fig. 4C-
F).'%1" The performance of CNFs could be increased by the
modification of the active surface by adding oxygenated
groups. In addition, carbon nanofibers show high absorption
capacity, definite surface area, and high porosity. Carbon
nanofibers can show the same high conductivity as observed
in carbon nanotubes but CNFs can provide an even larger
functionalized surface area for the immobilization of
biomolecules such as proteins, enzymes, and DNA as
compared to carbon nanotubes.'*'*® They can also be easily
functionalized due to the presence of oxygen-containing
active sites on their surfaces.'®® Therefore, functionalization
is a very crucial part of utilizing their unique properties for
the development of biosensors. Wu and coworkers
introduced a CNF-based amperometric glucose sensor,'*
which confirmed the exceptional catalytic activity of soluble
CNFs. On the basis of the electro-catalytic activity of CNFs
toward NADH, Arvinte and co-workers reported a CNF-based
electrochemical biosensor and the whole electrochemistry of
NADH was observed at the CNF modified carbon electrode
with a decrease of oxidation potential of more than 300
mV.'% These studies concluded that CNFs are preferred as
an active candidate to construct electrochemical biosensors
and sensors.

3. Carbon nanomaterial-based
biosensor for cancer diagnosis
3.1. Electrochemical biosensor

Among all kinds of biosensors, electrochemical technique-
based biosensors are widely used in the diagnosis of
diseases, food safety and environmental monitoring. They are
a fusion of a biological component with an electronic
detection technique.'®® The working principle of these
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sensors deals with a specific electrochemical interaction
between the surface of the working electrode and the target
analyte. The electrochemical responses (current, impedance,
potential) are measured when the analyte reacts with the
working electrode.”®” Generally, a linear relationship should
be maintained between the analyte concentration and sensor
response for practical applications. There are different
techniques which could be utilized to capture the target
molecule; for example, electroactive target molecules, such as
dopamine or glucose, can be captured easily with the help of
a catalyst or without using a catalyst on the surface of the
electrode, and on the other hand, to capture inactive species,
other electroactive species such as hexacyanoferrate and
hydrogen peroxide (H,0,) are used onto the surface of the
electrode. A sandwich-type arrangement of captured analytes
activates the redox reaction of electroactive species that
enhances the sensitivity of the electrode. The two common
things for an electrode used in biosensing are selectivity and
sensitivity. The selectivity of an electrode deals with how
much specific an electrode is towards a selected target
whereas the sensitivity refers to how enhanced electron
transfer is from the analyte to the electrode. Increasing the
electrode surface area, modifying the electrode by integrating
good conducting materials into the electrode, or activating
the redox reaction is generally used to increase the electrode
response magnitude. Normally, the larger surface area of the
electrode has a higher number of reactive sites on it, which
results in an increased current response of a target analyte.'®
In recent years, many techniques have been used to fabricate
electrochemical sensors but pencil drawing is one of the
attractive, cost-effective and easiest ways for fabricating
paper-based devices.'® The other quantitative part is the
limit of detection (LOD), defined as the lowest concentration
of analyte where the signal to noise ratio is greater than
three, a parameter to check the sensor's performance. In
biosensors, selectivity is a crucial part, and depending upon
the target material, the bio-recognition element is placed on
the electrode element. For cancer sensors, both selection and
detection of the target antigen and its concentration in the
human body are the main tasks, and therefore the suitable
antibody for that particular antigen is placed on the electrode
surface."'® A common DNA biosensor is generally constructed
by the immobilization of single-stranded oligonucleotides on
sensing substrates to bind with the complementary (target)
DNA sequence through hybridization. Then a transducer
converts this hybridization into a measurable electrical
signal. It is always necessary to stop the nonspecific
interactions with the remaining binding site on the electrode
surface after immobilization. Based on the surface properties
and binding approach, bovine serum albumin (BSA) and
thiolated molecules on gold surfaces are broadly used.
Carbon nanoparticles (NPs) are ideal components of
biosensor platforms due to their excellent electrical
properties and large specific surface area. There are so many
techniques  to synthesize them  for  biosensor
applications.'*®'""3 S0  far, many electrochemical
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approaches have been executed for the detection of cancer
biomarkers such as amperometry, voltammetric techniques
(cyclic voltammetry (CV), stripping voltammetry, square wave
voltammetry, differential pulse voltammetry (DPV), and linear
sweep voltammetry) and impedimetry. Among all these
techniques, voltammetric methods particularly DPV and CV
are usually preferred. In the case of a voltammetric method,
two or three-electrode electrochemical cell systems are
combined with a potentiostat, which permits the application
of potential and measures the obtained current, whereas the
working principle of amperometric biosensors includes: (i)
an antibody that is attached with an electro-active species
like nanoparticles or an enzyme and (ii) this configuration is
allowed to capture the target analyte and then (iii) the
concentration of the target species or analyte is calculated by
applying a certain potential, and the obtained current is
measured.'™ The performance of these biosensors depends
on the electrode properties as the signal response is
produced close to the sensor-electrode surface.

Biomarkers are the most vital part of the diagnosis of any
kind of disease. Biomarkers found in body fluids consist of a
wide range of materials such as DNAs, RNAs, proteins,
polysaccharides, and small molecules (e.g:, uric acid,
dopamine, and glucose). For cancer biosensors, the detection
of antigen concentration is mainly important for cancer
diagnosis. Carbon nanomaterials open new pathways for the
development of biosensors due to their exceptional
mechanical, optical, chemical and thermal properties.
Carbon nanomaterials are usually used (i) in the bio-
recognition element of the sensor, where they offer binding
sites for target biomarkers, (ii) in the transducer section that
converts the detected molecular interaction on the electrode
surface into an electrochemical signal in the form of current
or impedance, and (iii) in labelling for target biomarkers in
signal amplification. The surface area of the electrode for
immobilization of bio-recognition elements could be
increased by functionalizing carbon nanomaterials with
organic  polymers, biopolymers, and metal oxide
nanoparticles. Normally, aptamers, proteins, antigens and
antibodies are widely used as biomarker capture probes.''
The recent development of functional carbon nanomaterials
provides new possibilities for improving the performance of
electrochemical sensors.

3.1.1. Graphene-based electrochemical biosensors. Among
all the two dimensional (2D) nanomaterials, graphene,
graphene-like materials and graphene-related nanomaterials
such as graphene oxide (GO) and reduced graphene oxide
(rGO) have been explored to enhance the analytical
performance of an electrochemical biosensor in order to
detect in vitro and in vivo cancer biomarkers at an early stage.
There are various types of biomarkers that represent different
cancer types including nucleic acid biomarkers such as
microRNAs (miRNAs), hyper-methylation of the glutathione
S-transferase p1 (GSTP1) gene, mutation of the p53 gene, and
protein biomarkers such as carcinoembryonic antigen (CEA),
alpha-fetoprotein (AFP), cancer antigens (CA125, CA15-3),
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and small molecules (dopamine, glucose), which are captured
by graphene biosensors due to their high affinity towards
these biomarkers. Graphene and related nanomaterial-based
electrochemical sensors show rapid response and high
selectivity while capturing these nucleic acid biomarkers."™* A
paper-based microfluidic electrochemical platform has been
developed by Wu and coworkers using rGO for quantitative
analysis of cancer biomarkers."">'"® Esteban and coworkers
developed a screen-printed carbon electrode modified with
functionalized O-carboxymethylcellulose (CMC) and rGO
followed by covalent immobilization with two different
selective hairpin-forming capture probes to capture the p53
tumor suppressor (TP53) gene.''” Furthermore, voltammetric
detection of miR-21 from cell lysates of breast and colorectal
cancers have also been investigated using a graphene
modified electrode. First, passive adsorption of the inosine
(In) substituted anti-miR-21 probe occurs onto the surface of
a graphene-modified pencil graphite electrode (GME) and
then the solid phase hybridization process is placed between
the InP probe and the target miR-21 which is monitored by
electrochemical techniques such as differential pulse
voltammetry (DPV) and electrochemical impedance
spectroscopy (EIS) with a detection limit of 2.09 mg mL™.
This technique could be used to detect miR-21 in the miR-21
positive breast cancer cell line (MCF-7) compared to the miR-
21 negative hepatoma cell line (HUH-7).'"® An
electrochemical biosensor was designed by modifying the
surface of a glassy carbon electrode with chitosan
functionalized rGO to detect vascular endothelial growth
factor receptor 2 (VEGFR2) with a detection limit of 0.28pM
and the hybridization event was monitored by a voltammetric
technique (Fig. 5)."'" It was observed that the current peak
increased while increasing the protein concentration from
0.4 pM to 86 pM. The designed biosensor provided a
detection limit of 0.28 pM.""® This method signifies a simple
and effective procedure to measure small changes in target
proteins on the electrode surface. A graphene-based
electrochemical immunosensor has also been used for the
detection of specific tumor biomarkers such as prostate-
specific antigen (PSA), carcinoembryonic antigen (CEA),
squamous cell carcinoma antigen (SCCA), etc. Yang and co-
workers designed an immunomagnetic sensor comprising
magnetic GO combined with conjugated antibodies of
prostate-specific membrane antigen (PSMA) for effective
capture and rapid detection of both relevant PSMA and
PSMA-positive prostate cancer (PCa) cells in blood
samples.”*® A 3-aminopropyl triethoxy saline (APTES)
functionalized rGO-zirconia (ZrO,) based nanocomposite was
also used as a surface modifier for ITO (indium titanium
oxide) electrodes to construct biosensors for oral cancer
biomarker CYFRA-21-1."*' Heidari and coworkers proposed a
modified glassy carbon electrode (GCE) based immunosensor
to detect p53 cancer biomarkers. A sandwich type
arrangement of GCE/CdS/p53-Ab1 and a p53-Ab2-tGO-AuNP
system have been utilized for the detection of p53 cancer

biomarkers. The ECL intensity of the immunosensor
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Fig. 5 Electrochemical detection of vascular endothelial growth
factor receptor 2 (VEGFR2) in the presence of a chitosan-rGO based
GCE). Reproduced from ref. 111 with permission from Elsevier,
copyright [2017].

enhanced due to the fabrication of graphene oxide and gold
nanoparticles. The linear range of this immunosensor was
found between 20 and 1000 fg ml™" with a LOD of 4 fg mI™
for p53 biomarkers."” CYFRA21-1 DNA is a sensitive
biomarker for non-small cell lung cancer (NSCLC). Chen and
coworkers reported a three dimensional electrochemical DNA
biosensor for the detection of CYFRA21-1 where ss-DNA
probe 5'-SHGAAGGGAGGAATGGTGTCAGGGGCG-3' is
attached onto the Ag nanoparticle functionalized 3D
graphene (3D GF/AgNPs). Under optimal conditions, this
sensor can detect the target DNA with high sensitivity and
with a detection limit of 1.0 x 107** M."**

3.1.2. CNT-based electrochemical biosensors.
Carcinoembryonic antigen (CEA) is a complex, highly
glycosylated macromolecule that belongs to the family of cell-
surface glycoproteins. The cells of the gastrointestinal tract
are responsible for the formation of these glycoproteins
during embryonic growth.'>*'** The concentration level of
CEA should be lower than 2.5 ng mL™" in the blood of
healthy adults. Ovarian carcinoma, lung and breast
cancers,'*® and mainly colorectal carcinoma'®’ are associated
with the increased concentration level of CEA. Li and
coworkers reported label-free electrochemical
immunosensing of CEA by a gold nanoparticle (AuNP)
functionalized magnetic MWCNT containing Pb(i) modified
glassy carbon electrode as a platform for the immobilization
of Ab1 to reduce hydrogen peroxide. This sensor provided a
linear relationship between the concentration and catalytic
reduction of hydrogen peroxide with a detection limit of 1.7
fg mL™."*® Pang and coworkers reported another interesting
label-free immunosensor for CEA detection on the basis of
ECL properties. They proposed a bio-analytical GCE modified
with GO, carboxylated MWCNTs (cMWCNTs) and AuNPs
functionalized with cerium oxide nanoparticles (CeO,NPs)
dispersed in chitosan. The transduction of the bio-
recognition event has been recognized by the decrease in the
ECL signals after interaction with CEA, with a detection limit
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in the range of 0.02 ng mL™". This immunosensor confirmed
stability and selectivity (no interference of other biomarkers
such as prostatic specific antigen (PSA), BSA, and AFP), with
potential application in serum samples (recoveries between
98.9 and 102.6%)."*° A non-enzymatic sandwich-type
electrochemical biosensor was introduced where the first
antibody (Ab1) of CEA was immobilized on the
B-cyclodextrin/multiwalled ~ carbon  nanotubes  (B-CD/
MWCNTSs), which improved the electrode surface and
enhanced the electrical conductivity (Fig. 6A). Further
upgradation of the surface could be achieved by using Ab2
immobilized  silver = nanoparticles-carbon  nanotubes/
manganese dioxide (Ag NPs-MWCNTs/MnO,), which
enhanced the electrical conductivity by the catalytic reduction
of hydrogen peroxide (Fig. 6B), with a detection limit of 0.03
pg mL™"' for CEA."*® Heydari-Bafrooei and Shemszadeh
prepared an ultrasensitive label-free electrochemical
aptasensor based on a modified rGO-MWCNT with densely
packed gold nanoparticle (rGO-MWCNT/AuNP) platform to
detect the biomarker prostate-specific antigen (PSA) in
serum. The detection was carried out on the variation of
electron transfer resistance (Rct) and differential pulse
voltammetry (DPV). As compared to other platforms, the
rGO-MWCNT/AuNP nanocomposite modified electrode is the
most sensitive aptasensing proposal for the determination of
PSA with a detection limit of 1 pg mL™."*" In the case of liver
cancer diagnosis, capturing the alpha-fetoprotein (AFP)
biomarker is the important task to do. Wang and coworkers
introduced a label-free AFP immunosensing platform based
on a Prussian blue (PB) film-modified GCE covered with
SWCNTs functionalized with polylysine (PLL-SWCNTSs) to
immobilize o-fetoprotein antibodies (anti-AFP) labeled with
horseradish peroxidase (HRP). The sensing was detected by
voltammetric and impedimetric techniques with a detection
limit of 0.011 ng mL™"."? Li and coworkers developed
MWCNT-modified glass carbon electrodes where the surface
of the electrode was immobilized with synthetic DNA probes
by covalent cross-linking. The probes being complementary
with miRNA-24 were hybridized with different concentrations
of miRNA-24. The formed hybrids on the electrode surface
were estimated by differential pulse voltammetry. The
hybridization between the probes and miRNA-24 was
detected on the basis of the change of the guanine oxidation
signal.”®® Sabahi and coworkers designed an FTO-based
biosensor to detect the miR-21 biomarker which is used for
the diagnosis of prostate cancer. Here a fluorine-doped tin
oxide (FTO) electrode is modified with thiolated receptor
probe-functionalized dendritic gold nanostructures (den-Au)
which are placed on a single-walled carbon nanotube
(SWCNT) platform. The differential pulse voltammetry (DPV)
technique is used for the sensing with a detection limit of
0.01 fmol L™."** Luo and coworkers developed an enzyme
free electrochemical immunosensor made up of a
SWCNT@GQD composite platform modified with an rGO-
AuNP system for the detection of CEA. This immunosensor
showed dual-signal amplification results having a linear
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Fig. 6 (A) Synthesis process of the label of a secondary antibody. (B)
Schematic representation showing the fabrication process of the
immunosensor. Reproduced from ref. 130 with permission from
Elsevier, copyright [2017].1%°

range of 50-650 pg mL™" with a lower detection limit of 5.3
pg mL™"."% A genosensor is very cost effective in detection of
the colorectal cancer biomarker CEACAMS5. In this
genosensor, vertically aligned multi-walled carbon nanotubes
are placed over a flexible PET substrate by a hot press
technique, which is used as a sensing electrode, and then the
DNA probe is immobilized to capture the target DNA.
Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry were used for the characterization of this
biosensor. The hybridization performance was monitored by
adding different concentrations of target DNA within a range
of 50 to 250 uM and a detection limit was found to be 0.92
uM."*® Nowadays, in all newly diagnosed cases, it has been
observed that non-small cell lung cancer (NSCLC) is the most
common type of lung cancer. Mei and coworkers designed an
ultrasensitive electrochemical biosensor where a gold
nanocage and amidated multi-walled nanotube (Au NC/
MWCNT-NH,) modified screen printed electrode has been
used for the detection of MALAT1, a diagnostic biomarker of
NSCLC. Cyclic voltammetry was used for the sensing with a
low detection limit of 42.8 fM."*”

3.1.3. Carbon quantum-dot-based electrochemical
biosensors. The application of carbon quantum-dots (QDs) in
the development of biomarker sensors is now in its early
stage.’'* Generally, graphene QDs are considered to date as a
potential candidate for the construction of ECL and
fluorescence-based biosensors. Wu and coworkers developed
a label-free ECL immunosensor with a detection limit of 0.29
pg mL™" for the detection of PSA by coating Au/Ag-rGO,
modified with aminated GR-QDs and GO-QDs, onto a GCE
and immobilizing anti-PSA on the electrode surface.*® Li
and coworkers constructed a highly sensitive paper-based
ECL immunobiosensor for the detection of CEA by using
nanoporous gold-chitosan hybrids and graphene quantum
dot functionalized Au@Pt."** The one-pot simple synthetic
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strategy of graphene quantum dots shows a higher quantum yield
and higher biocompatibility. With the property of good
conductivity, Yang and coworkers developed an ECL based
technique for the detection of tumor marker carbohydrate antigen
199 (CA199), by modifying a GCE with Au and Ag NP
functionalized rGO which enhanced the surface area of the
electrode to capture a large number of primary antibodies (anti-
CA199). The signal amplification has been done by anti-CA199
immobilization on GO-QD modified PtPd nano chains. Under
optimal conditions, the ECL immunosensor displayed a higher
detection range of 0.002-70 U mL™" and a lower detection limit of
0.96 mU mL """ A sensitive and accurate method has been
developed for the determination of miRNA-155 by constructing an
electrochemical biosensor, where activated carboxyl groups of
graphene quantum dots (GQDs) assembled on the aminated DNA
structure were immobilized onto the surface of the electrode. A
certain amount of HRP (horseradish peroxidase) immobilized on
GQDs which helped to enhance the electrochemical signals by
effectively catalyzing the hydrogen peroxide (H,O,)}-mediated
oxidation of 3,3',5,5"-tetramethylbenzidine (TMB). The proposed
electrochemical sensor displayed detection range of 1 fM to 100
pM with a LOD value of 0.14 fM."' Serafin and coworkers
reported the development of the first integrated electrochemical
immunosensor to detect IL-13Ra2. The working function of this
sensor is based on two parts; one of which is GQD functionalized
MWCNTs as nanocarriers of multiple detector antibodies and
HRP molecules and the other one is biotinylated capture antibody
of IL-13Ra2, immobilized on the streptavidin-modified screen-
printed electrodes (Fig. 7). A linear calibration plot varies from 2.7
to 100 ng mL™ of IL-13sRa2 observed in the amperometric
detection of a H,0,/hydroquinone (HQ)b system with a LOD value
of 0.8 ng mL ™' Selective mutation in the BRCA1 gene,
responsible for breast cancer, could be recognized by a DNA
biosensor based on the interaction of DNA layers attached onto a
carbon nanodot modified gold electrode (CD/AuSPE) and
thionine. Here, a probe (PROBEBRCA1) was first immobilized
onto the electrode and the recognition of target ssDNA and
detection of a mutation were based on the hybridization event
which was monitored using thionine as a redox indicator and
DPV. Under optimal conditions, this DNA sensor displayed a
detection limit of 55 pg mL™.

3.2. Optical biosensor

The working mechanism of these sensors deals with the
changes occurring in the emission of light considering
different target-recognition element interactions. A signal is
generated by the optical biosensor which is proportional to
the amount of target analyte present. Carbon NPs, especially
graphene  derivatives, come under the prominent
fluorescence quenchers.’*> A GO or rGO-based fluorescence
sensor is generally based on a fluorophore covalently bound
to a target capture probe which may be adsorb non-covalently
onto GO, but removed from the GO surface when the target
is attached. Adsorption leads to the quenching of
fluorescence, but is re-established upon target-capture probe
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Fig. 7 Scheme for the detection of IL-13sRa2 by a sandwich amperometric immunosensor using MWCNT/GQD-HRP-DAb nanocarriers.
Reproduced from ref. 142 with permission from Elsevier, copyright [2017].142

interaction."’® Due to some effective factors such as high

signal intensity, low background noise, easy detection, and
multiple target detection capability, these optical biosensors
including surface-enhanced Raman scattering (SERS), surface
plasmon resonance (SPR), and localized surface plasmon
resonance (LSPR) are very promising for bioassay
application.'*?

3.2.1. Graphene based optical biosensor. In SPR based
sensors, biorecognition elements are immobilized onto the
metal surface for molecular interaction with the target
analyte or biomarker and the interaction leads to a change in
mass and the refractive index of the sensor surface layer. The
transducer converts this interaction into an SPR signal as a
result of the concentration of analyte."** A very sensitive and
simple SPR biosensor has been constructed for the detection
of miRNA-141 by using graphene oxide-gold nanoparticle
(GO-AuNP) hybrids. Taking advantage of better performance
by GO-AuNP hybrids in SPR biosensors, the detection of
miRNA was achieved in two steps; firstly, the surface of the
Au film was immobilized by a short complete complementary
sequence of the thiolated capture DNA probe to recognize the
sequence of target miRNA-141 and secondly, the other
sequence of miRNA-141 was captured by the assistant DNA-
linked GO-AuNP hybrids. It was observed that the
constructed SPR biosensor presented a detection limit as low
as 1 fM."** A numerical analysis of the graphene-coated fiber-
optic based SPR biosensor has been developed to identify the
early onset of breast cancer gene-1 (BRCA1) and breast cancer
gene-2 (BRCA2). 916delTT and 6174delT are two specific
mutations observed in BRCA1 and BRCA2, considered for
numerical detection of breast cancer. The hybridization event

280 | Sens. Diagn., 2023, 2, 268-289

of DNA along with individual point mutations in BRCA1 and
BRCA2 genes was monitored by the attenuated total
reflectance technique.'*® Carboxyl-functionalized graphene
oxide (GO-COOH) on the Au film surface is a highly efficient
material for the SPR based biosensor to detect non-small cell
lung carcinoma (NSCLC) using the cytokeratin-19 (CK19)
protein biomarker. It has been observed that the field energy
propagation intensity and sensitivity for the detection of
CK19 protein by an SPR can be enhanced by depositing
-COOH modified GO sheets compared to other conventional
Au-based SPR chips and the lowest detectable limit was as
low as 1 fg mL™."*" Li and coworkers developed a selective
and sensitive label free graphene-based SPR biosensor for the
determination of folic acid protein (FAP) at the fM level in
human serum.'*® Depending upon the polarization and
absorption of graphene under total internal reflection, Fei
and coworkers developed a graphene-based optical refractive
index sensor in high resolution of 1.7 x 10”® with 4.3 x 10’
mV per RIU sensitivity, as well as a wide dynamic range. This
high sensitivity of the graphene optical sensor could be
utilized for live-cell, non-labeled and exact detection of less
concentrated cancer cells among normal cells at the single-
cell level. Besides this, it can show simultaneous detection
and discrimination of two cell lines without separation.™*® An
exclusive optical method that has a direct connection with
cancer diagnosis is the detection of the concentration level of
a cancer biomarker, pyrophosphate (PPi). Enhancement in
selectivity and sensitivity of PPi detection could be achieved
by the fabrication of the fluorescent probe PDI-HIS, copper
ions, and graphene oxide (GO). Under optimal experimental
conditions, the proposed sensor platform which is a self-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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assembled nanocomposite made of PCG (PDIHis + GO +
Cu”") showed a low detection limit of 1 fM for PPi compared
to PDI-HIS-Cu®".'*°

3.2.2. Carbon nanotube based optical biosensors. Single-
walled carbon nanotubes (SWCNTs) exhibit near-infrared
(NIR) photoluminescence (fluorescence) properties that has
been explored in field biosensing applications. These
fluorescence properties are observed in the 900-1600 nm
range. Ryan M. Williams and coworkers developed a sensitive
and specific fluorescent biosensor by using the optical
properties of carbon nanotubes for the detection of the
metastatic prostate cancer biomarker urokinase plasminogen
activator (uPA). Photoluminescent SWCNTs were modified to
specifically respond to uPA via antibody conjugation. Due to
this conjugation, modulation of the optical bandgap is
controlled by the analyte interaction.'® The DNA/aptamer-
CNT platform showed better results for the detection of
cancer biomarker CA125. A fluorescent biosensor has been
reported for the detection of the CA125 biomarker using anti-
CA125 antibody immobilized three-dimensional carbon
nanotubes (3DNCNTs)."*?

The near-infrared emission, photostability and sensitivity
of SWNTs make them a perfect candidate for the
development of optical sensors. CNT-based sensors are
capable of real-time optical measurement of hybridization
actions of microRNA and other oligonucleotides. A DNA-
nanotube based photoluminescent biosensor was developed
with a (GT);s single oligonucleotide sequence for the
detection of mir19 and R23 RNA. The single oligonucleotide
sequence has two parts, a nanotube binding sequence and a
miRNA capture sequence. The detection limit ranged from 10
and 100 pM (0.5-5 fmol) at a low concentration level of
sensor of 0.02 mg 17"."** Chronic myeloid leukemia (CML) is
one type of blood cancer and the early diagnosis is very much
important for the survival of the patients. A light-induced
optical biosensor containing CNTs is used as an electrooptic
material, which can detect leukemia, K562 cells.
3-Glycidoxypropyl  trimethoxysilane = (GPMS)  molecule
functionalized CNTs are used as a sensing platform,
immobilized with P-glycoprotein (anti-P-gp), and the
detection of leukemia K562 cells is based on charge transfer
induced Fermi level fluctuation of the electrode which in turn
is calculated in terms of the photoconductive response, with
a detection limit of 27 cells per mlL'* Prostate-specific
membrane antigen (PSMA) is a glycoprotein developed in the
prostatic epithelium, which is used as a biomarker for the
early detection of prostate cancer."> Juzgado and coworkers
reported a specific and sensitive novel ECL ELISA-like
immunosensor based on carbon nanotubes along with a
highly specific sandwich type immunoassay for the detection
of PSMA. To engineer the device, an optically transparent
electrode was tailored with doubly functionalized MWCNTs
containing amine groups and a monoclonal anti-PSMA
antibody and the antibody was labeled with an ECL probe.
Under experimental conditions, the proposed sensing device
presented a LOD of 0.88 ng mL™" in real complex samples
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such as cell lysates."*® Exosomes are also considered as a
cause of cancer. Exosomes can be detected by a visible and
colorimetric aptasensor based on DNA capped SWNTs.
Aptamers immobilized onto the surface of SWNTs are bound
with the exosome's transmembrane protein CD63 (Fig. 8A)
and leave the surface through conformational changes which
efficiently catalyze H,0,-mediated oxidation of 3,3',5,5'-
tetramethylbenzidine (TMB) and change its colour to blue in
solution. Under optimized experimental conditions, the LOD
is in the range of 5.2 x 10> particles per uL.">” Yong and
developed a novel CNT-based multicolor
fluorescent peptide nanoprobe considering the sensitivity
and rapid response towards the detection of three cancer-
related proteases such as matrix metalloproteinase-7 (MMP-
7), uPA and matrix metalloproteinase-2 (MMP-2). The
C-terminal of each of these three probes is labeled with a
fluorescent dye (ie. cyanine dye Cy3, fluorescein
isothiocyanate (FITC), cyanine dye Cy5) to react with three
different probes conjugated to the surface of CNTs. The
detection of this protease by nanoprobes is based on the
fluorescence quenching properties of the dye ie. highly
efficient long-range energy transfer from the dyes to CNTs.
Besides this, selective peptide cleavage occurred upon
incubation with the target proteases and released the dye
from the surface of the CNTs, which results in fluorescence
recovery that gives the source for the quantitative
measurement of protease activity (Fig. 8B). The reported LOD
for this method is 0.5 pg mL ™" to 500 pg mL™*.**®

3.2.3. Carbon nanodot based optical biosensor. CQDs have
attracted huge attention due to their numerous favorable
features including chemical inertness, small size, low toxicity
and eco-friendliness, size dependent luminescence emission,
biocompatibility and water solubility.®*%>*%°

CQDs are used as a useful fluorescent probe platform for
miRNA detection. The adsorption of FAM-labeled ss-DNA on
carbon quantum dots through m-n interactions resulted in
quenching of the fluorescence intensity when it binds to
miR9-1. Fluorescence resonance energy transfer (FRET) from
dyes to CQDs resulted in quenching of fluorescence. A duplex
helix was formed and double-stranded DNA/miRNA was
released from the surface of CQDs when miR9-1 binds with
the FAM-labeled ss-DNA and the fluorescence intensity was
recovered.'®® Early diagnosis has great practical significance
for the survival and treatment of cancer patients. Shuaimin
Lu and coworkers constructed a novel and ultra-sensitive
fluorescent biosensor for the detection of tumor invasive
biomarker B-glucuronidase (GLU) which is based on the
inner-filter effect (IFE). Nitrogen-doped CQDs (N-CQDs) were
synthesized and due to the presence of green
photoluminescence properties, they were employed as the
fluorophore in the IFE. 4-Nitrophenyl-p-p-glucuronide (PNPG)
was used to perform as the GLU substrate, and the GLU
catalytic product p-nitrophenol (pNP) was able to act as the
strong absorber in the IFE to quench the fluorescence of
N-CQDs due to the corresponding overlap between the
absorption of pNP and the excitation of N-CQDs. The signal
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permission from Elsevier, copyright [20171.3%7 (B) The principle of the MWCNT-based multicolor fluorescent peptide nanoprobe for the multiplex
detection of MMP-7, MMP-2, and uPA. Reproduced from ref. 158 with permission from The Royal Society of Chemistry, copyright [2013].2%®

of the GLU activity could be monitored by the fluorescence ~ Au and poly-dopamine based nanocomposite surface

intensity of N-CQDs. This method presented a low detection
limit of 0.3 U L™."*" Identification of carbohydrate antigen
15-3 (CA15-3), an important breast cancer biomarker, has
been done by a sandwich type chemiluminescence
immunosensor, where a graphene oxide-PEI-carbon
quantum dot (CQD)-Au nanohybrid acts as a probe. Here, an

282 | Sens. Diagn., 2023, 2, 268-289

provided a higher surface for immobilization of the initial
antibody (Ab1) which targets CA15-3 and the secondary
antibody (Ab2) was immobilized by an AuNP/CQD-PEI-GO
composite which acts as a nanoprobe (Fig. 9). Under the
synergistic action of polydopamine, AuNPs, PEI-GO and
AgNPs, the ECL signal of CQDs was significantly enhanced

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and considered as an excellent conductive material to speed
up the electron transfer rate and electrochemical detection
capability as well. Under optimal conditions, the constructed
immunosensor presented a linear concentration in the range
from 0.005 to 500 U mL*, with a detection limit of 0.0017 U
mL™."® Meng and coworkers developed a new ECL
biosensor for ultrasensitive and selective determination of
K562 leukemia cells. In order to develop the platform, a
screen-printed carbon electrode was modified with
nonporous gold. The good biocompatibility and less
cytotoxicity of the carbon quantum dot (CQD) coated ZnO
nanosphere (ZnO@CQD) system made it a good ECL label.
The aptamer was introduced to capture the cells and a
concanavalin A conjugated ZnO@CQD system was used for

© 2023 The Author(s). Published by the Royal Society of Chemistry

] 162

selective hybridization with the cell surface carbohydrate.
The proposed scheme exhibited excellent analytical
performance having a detection limit of 46 cells per mL."®
Mohammadi and coworkers engineered a FRET sensing
platform for the quantification of miRNA-155 with the help
of CDs and MnO, nanosheets, acting as energy donor-
acceptor pairs. The proposed sensing system showed high
specificity and was able to differentiate between
complementary target miRNA-155 and single base mismatch
miRNA-155. This approach has been taken into account in
order to detect not only spiked serum samples but also breast
cancer cells such as MCF-7."®* Ding and coworkers designed
an aptasensor where they used a FRET pair made up of
graphene oxide (GO) and an MUC1 aptamer conjugated
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carbon dot (aptamer-CDs) system for the identification of the
Mucin-1 (MUC1) protein. The FRET process takes place
between aptamer-CDs and GO via specific n-n interaction.
Despite addition of the target MUC1 protein, the competitive
attraction between aptamer-CDs and MUC1 is always greater
than that of aptamer-CDs and GO. As a result, the aptamer-
CDs were removed from the GO surface and the fluorescence
intensity of the CDs was restored. The linearity of this
aptasensor was achieved in the range of 20.0-804.0 nM with
a detection limit of 17.1 nM.'® Mintz and coworkers
developed an assay by combination of AuNPs and CDs for
o-i-fucosidase (AFU) biomarker detection to monitor
hepatocellular carcinoma (HCC). The selective interaction
between AFU and its corresponding antibody (IgG anti-
FUCA2) activates the fluorescence quenching properties of
CDs through energy transfer to the surface plasmon band of
the AuNPs, when they are present in close proximity in the
presence of AFU. According to this proposed assay, a
detection limit of 3.4 nM and a broad linear detection range
from 11.3 to 200 nM could be achieved.'®® A CD based
heterogeneous immunoassay was constructed for the
detection of human o-fetoprotein (AFP) using “nanolight
CDs” with a solid-phase platform. This immunoassay was
based on a sandwich immune complex made between CD
labeled Ab2 and AFP bound to the Ab1, immobilized onto
polystyrene well plates. The fluorescence intensities of this
sandwich immunosorbent assay were proportional to the AFP
antigen concentrations.'®®

4. Conclusion and future prospects

Nanomaterials are usually applied for surface modification of
working electrodes. Besides increasing the electrode's
effective surface area, they also enhance the performance of
the electrode. Surface modification with nanomaterials also
helps to amplify the output signals of a particular biosensor
by increasing the speed of electron transfer across electrode/
solution interfaces. The unique characteristics of carbon
nanomaterials have comprehensively contributed to the
growth and evolution of biosensors for the diagnosis of
cancer. As compared to other conventional sensing
techniques, carbon nanomaterial-based novel biosensors
exhibit better analytical performance. The unique properties
of graphene, CNTs, nanohorns, carbon nanodots, and
nanodiamonds have been proving different points of view in
the construction of novel nanostructured biosensors. In the
last few years, significant efforts have been made for the
advancement of immuno- and DNA-biosensors to determine
the prominent cancer biomarkers. Considering the features
of cost effectiveness, sensitivity, stability, simplicity and
selectivity, carbon nanostructure-based biosensors are
potential tools for the development of novel diagnostic
technologies. In reality, with the advancement in
nanotechnology, mostly in the field of carbon-based
nanomaterial synthesis and production, the contribution of
such materials also increases in the development of the
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biosensing field. Biosensing electrodes modified with
nanostructures improve not only the performance of
electrochemical and optical properties, but also a suitable
and biocompatible atmosphere for the immobilization of
recognition elements has been achieved, which is an
important step to set up immuno- and DNA-biosensors.
Thus, in this review, we presented a critical discussion about
different types of carbon nanomaterial based-biosensors for
the clinical diagnosis of cancer which have been reported in
the last few decades, highlighting the benefits of using
carbon nanostructured materials in the different stages
during the construction of biosensors. The biosensors
discussed in this article offer highly selective, cost-effective
and sensitive detection of cancer biomarkers with the help of
carbon nanomaterials as components. Therefore, the
biosensors would be extensively useful as an important
element for the advancement of automated diagnostic
systems. To achieve this goal, the main parameters of
biosensors like reproducibility, stability and biocompatibility
should be further improved in order to make them useful in
clinical laboratories and hospitals for the purpose of low-cost
diagnosis.

Abbreviations full form

CSF Cerebrospinal fluid

BCSCs Breast cancer in stem cells

Apo-Al Apolipoprotein-A1l

ELISA Enzyme-linked immunosorbent
assay

THC Immunohistochemistry

PCR Polymerase chain reaction

HPLC High-performance liquid
chromatography

RIA Radioimmunoassay

POC Point of care

NiHCFNPs Nickel hexacyanoferrate
nanoparticles

CDs Carbon dots

GQDs Graphene quantum dots

SWNTs Single walled nanotubes

MWNTSs Multi-walled nanotubes

CNTs Carbon nanotubes

GIC Graphitic intercalation compounds

GO Graphene oxide

CVD Chemical vapor deposition

FET Field-effect transistor

BPE Bipolar electrode

PSA Prostate-specific antigen

DWNTs Doubled-walled carbon nanotubes

P Ionization potential

EA Electron affinity

C-dots Carbon dots

PL Photoluminescence

QY Quantum yield

ROS Reactive oxygen species

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sd00182a

Open Access Article. Published on 16 December 2022. Downloaded on 6/20/2026 11:45:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

AgNPs
H,0,
SWCNHs
Mb

PSS

ND

EDIS

CNFs
CCFs
NADH

LOD
BSA
NP

(6)%
DPV
DNA
RNA
GSTP1
miRNAs
CEA
AFP
CMC
RGO
InP
GME
EIS

HUH-7
VEGFR2

SCCA
PSMA

PCa
APTES
ITO

ZrO,
CYFRA-21-1
GCE

Ab1

Ab2
AuNPs
ECL
NSCLC
tGO
cMWCNTSs

CeO,NPs
-CD/MWCNTs

Ag NPs-MWCNTs/MnO,
Rct

PB
HRP

Ag nanoparticles

Hydrogen peroxide

Single-walled nanohorns
Myoglobin

Polystyrene sulfonate
Nanodiamond
Electrolyte-diamond-insulator-
semiconductor

Carbon nanofibers

Conventional carbon fibers
Nicotinamide adenine dinucleotide
hydride

Limit of detection

Bovine serum albumin
Nanoparticle

Cyclic voltammetry

Differential pulse voltammetry
Deoxyribonucleic acid
Ribonucleic acid

Glutathione S-transferase P1
MicroRNAs

Carcinoembryonic antigen
Alpha-fetoprotein
Carboxymethylcellulose

Reduced graphene oxide

Inosine substituted probe
Graphene modified electrode
Electrochemical impedance
spectroscopy

Hepatoma cell line

Vascular endothelial growth factor
receptor 2

Squamous cell carcinoma antigen
Prostate-specific membrane antigen
Prostate cancer

Aminopropyl triethoxy saline
Indium titanium oxide

Zirconia

Cytokeratin 19 fragment

Glassy carbon electrode

Primary antibody

Secondary antibody

Gold nanoparticles
Electrochemiluminescence
Non-small cell lung cancer
Thiol-functionalized GO
Carboxylated multi-walled carbon
nanotubes

Cerium oxide nanoparticles
B-Cyclodextrin/multiwalled carbon
nanotubes

Silver nanoparticles-carbon
nanotubes/manganese dioxide
Electron transfer resistance
Prussian blue

Horseradish peroxidase

© 2023 The Author(s). Published by the Royal Society of Chemistry

anti-AFP

FTO

den-Au

EIS

PET

NC

Au NCs/MWCNT-NH,

MALAT1

CA
GR-QDs
GO-QDs
TMB

HQ
IL-13Ro.2

SPE
SsDNA
BRCA1

SPR
LSPR

SERS
GO-AuNPs
BRCA2
ATR
GO-COOH

CK19
FAP

mV

PPi
PDI-HIS

uPA
3DNCNTSs
CML
GPMS
P-gp
MMP-7
MMP-2
FITC
CQDs
GLU
IFE
N-CQDs

PNPG
PNP
ZnO
PEI-GO

HCC
AFU

View Article Online

Critical review

A-fetoprotein antibody
Fluorine-doped tin oxide
Dendritic gold nanostructures
Electrochemical impedance spectra
Polyethylene terephthalate
Nanocage

Gold nanocages/amidated
multi-walled nanotubes
Metastasis-associated lung
adenocarcinoma transcript 1
Carbohydrate antigen

Graphene reduced quantum dots
Graphene oxide quantum dots
3,3',5,5"-Tetramethylbenzidine
Hydroquinone

Interleukin-13 receptor subunit
alpha-2

Screen-printed electrode

Single stranded DNA

Breast cancer type 1 susceptibility
protein

Surface plasmon resonance
Localized surface plasmon
resonance

Surface-enhanced Raman scattering
Graphene oxide-gold nanoparticles
Breast cancer gene-2

Attenuated total reflection
Carboxyl-functionalized graphene
oxide

Cytokeratin 19

Folic acid protein

Millivolt

Pyrophosphate

Histidine functionalized
perylenediimide

Urokinase plasminogen activator
Three-dimensional carbon nanotubes
Chronic myeloid leukemia
3-Glycidoxypropyl trimethoxysilane
P-Glycoprotein

Matrix metalloproteinase-7
Matrix metalloproteinase-2
Fluorescein isothiocyanate
Carbon quantum dots
Glucuronidase

Inner-filter effect

Nitrogen-doped carbon quantum
dots
4-Nitrophenyl-B-p-glucuronide
p-Nitrophenol

Zinc oxide

Poly(ethylenimine) functionalized
graphene oxide

Hepatocellular carcinoma
A-1-fucosidase

Sens. Diagn., 2023, 2, 268-289 | 285


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sd00182a

Open Access Article. Published on 16 December 2022. Downloaded on 6/20/2026 11:45:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical review

MUC1
MnO,
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