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Abstract

The rising incidence and mortality rates of cancer have spurred advancements in precise and
effective early diagnosis methods. This study aimed to explore electrochemical biosensors for
detecting colorectal cancer (CRC). Biomarkers are crucial in screening tests and the treatment,
prognosis, and medical management of CRC. Quick and accurate detection of these biomarkers
aids in the early diagnosis of CRC. The article reviews various electrochemical recognition
methods for CRC biomarkers, including nanomaterials and immunosensors. It also discusses the
construction of electrochemical biosensors for distinguishing CRC-associated biomarkers. The
combination of electrochemical biosensors offers high sensitivity, selectivity, and stability due
to nanomaterials” unique physical and chemical properties, easy surface functionalization, high
electrochemical activity, and excellent compatibility. However, challenges such as electrode
passivation, nonspecific adsorption, signal drift, and result accuracy need further refinement.
Moreover, more sensitive and specific biomarkers are necessary for the initial diagnosis of CRC,
along with the combinations of biomarkers for multiple tests. This study also presents an updated

survey of electrochemical-cell-based biosensors, demonstrating promise for cancer detection.
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Introduction
Cancer happens as the fault or atypical control of the
cellular pathways, including cell growth, differentiation,
and death.! Colorectal cancer (CRC) is one of the most
common cancers. This kind of cancer is a significant
threat to our lives and is the fourth cause of cancer-
related death.”® The fundamental causes of the growing
prevalence of CRC are elderliness, nutritional conditions,
and lifestyle-associated risk factors such as obesity, low
physical activity, and smoking.* For effective treatment,
it is essential to monitor cancer cells swiftly, precisely,
and sensitively. Moreover, further and better scrutinizing
methods are required for cancer treatment.®

The progressive stage of CRC is used to diagnose the
majority of patients. It indicates that tumor cells have
spread and produced secondary cancers, which have a high
mortality rate. Compared to CRC patients in the primary
stage, who have a 90% chance of surviving for 5 years,
those in the progressive stage have a 5-year survival rate of
only 5-10%.° Therefore, the primary finding of CRC will
decrease its related mortality, providing more intervention
capacity and treatment chance. Presently, techniques that
are utilized to primarily find and predict cancers include
Western blotting, enzyme-linked immunosorbent assays,
and flow cytometry. Inappropriately, these methods

face technical obstacles and disadvantages such as time-
consuming procedures, complicated operation processes,
and an essential need for sample volume. In addition, trace
biomarkers might not be distinguished at the primary
stage of CRC. Consequently, it is essential to develop a
method without these disadvantages and barriers.’

According to Perumal and Hashim, scientists can now
identify cancer cells using electrochemical biosensors.®
CRC biomarkers can be quantitatively distinguished
using electrochemical biosensors. CEA, CA-50, CA-199,
CA-724, p53, Kras, Braf, EGFR, mucins, interleukin,
APC genes, and microRNA (miRNA) are some CRC
biomarkers.? Identifying CRC biomarkers is significant
for primary diagnosis, therapeutic effect observation,
disease scrutiny, prognosis, and targeted therapy.®
Additionally, electrochemical biosensors have drawn
significant interest in several fields, including cancer
detection and treatment.” When creating electrochemical
biosensors, altering various nanomaterials offers a quick,
simple, distinctive, and sensitive method.'*" This review
study discusses several electrochemical biosensors for
detecting CRC biomarkers, such as carbon materials,
carcinoembryonic antigen (CEA), carbohydrate antigen,
and miRNA, which are used for CRC diagnosis and
prognosis.
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Electrochemical Biosensors for Colorectal Cancer
Marker Detection

CRC-related Biomarkers are essential for diagnosing
cancers in clinical applications. Further, they are
significant markers for the exact diagnosis, prognosis, and
follow-up of the disease.'”"* Due to the high specificity
of the biological response and the high sensitivity of the
electrochemical analysis, electrochemical biosensors
provide an efficient way to detect CRC markers."
The electrochemical biosensor is the diagnostic tool
that converts biochemical events such as enzyme-
substrate reactions and antigen-antibody interactions
to electrical signals.'"'¢ Electrodes are usually utilized
as transformation parts in electrochemical biosensors
(Figure 1). The biological identification components are
typically coated on the electrode’s surface. Their response
signal is converted into electrical signals inside electrodes
to purposefully differentiate between biomolecules
and the target substance, resulting in the qualitative or
quantitative recognition of the target element.'”'

A wusual electrochemical biosensor contains three
parts; the first part includes biomolecular identification
components, which are biologically active ingredients
with molecular detection abilities. They mostly encompass
antibodies, nucleic acids, enzymes, aptamers (Apt),
tissues, and cells that play a significant role in the practical
construction of sensors.'” The transducer, or electrode, is
the second component. It modifies the communication
between the biometric component and the object to
behave more like a slow electrical signal. The exchange
circuit makes up the third component. Regarding various
biological detection systems, electrochemical biosensors
are categorized into enzyme sensors, immunosensors,
genosensors, and aptasensors.

The antibody is attached to the electrode’s surface in an
electrochemical immunosensor. Specific binding between
the antibody and the antigen results in the electrochemical
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reaction to different antigen concentrations in the
solution, which is then performed with the redox action.
Apt is a brief oligonucleotide that can bind to appropriate
ligands with strong specificity and high affinity. Apt can
be produced in large quantities, is easy to modify, and has
developed stability compared to antibodies.® The target
single-stranded DNA molecule with a corresponding
sequence is hybridized with the electrode-fixed ssDNA
probe in electrochemical genosensors to detect the
presence of the target ssDNA molecule in the solution. The
most widely used sensors are electrochemical biosensors,
which are the first advanced biosensors and are widely
utilized in research content.?>** This article examines how
various CRC biomarkers have been applied to various
electrochemical biosensors.

Carbon Material-Based Electrochemical Biosensors
Due to their electrical and structural characteristics,
carbon-based materials can be wused to make
electrochemical sensors. Due to their speed and
sensitivity in detecting molecules in various media, they
can be utilized as nanodevices. Moreover, they show a
large surface area, outstanding mechanical plasticity,
electrical conductivity, and chemical and thermal
stability.” As a result, carbon-based nanomaterials are
extraordinarily advantageous and have been employed in
various industrial fields.* Carbon nanomaterials, such as
graphene and carbon nanotubes (CNTs), are applied to
develop electrochemical biosensors.

CNTs come in two varieties, namely, single- and multi-
walled CNTs (SWCNTs and MWCNTSs). SWCNTSs have
recently been used to improve the electrical properties
of biosensors. According to Singh et al, SWCNTSs have
many electronic and mechanical features.”® Due to their
physicochemical properties, SWCNTs have drawn much
attention in electrochemical biosensors.”® Large surface
areas of SWCNTs have been shown to increase the
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Figure 1. Advantages, Essential Components, and Different Measurement Methods of the Electrochemical Biosensor
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immobilized enzymes’ capacity, broaden the response
zones between the substrate and enzyme, simplify
electrical conduction, and elevate the biosensors’ signal
reaction.”” Therefore, all these features suggest that
SWCNTs may be able to stimulate electron-transfer
reactions in various biological molecules. In biological
applications, SWCNT insolubility can present a problem.
Several nanocomposites with exclusive biocompatibility
features were accepted with SWCNTs to overcome
constant unsolvability in aqueous mixtures.?**

MWCNTs are fabricated of different layers of single-
walled graphene cylinders whose construction is
maintained by Van der Waals forces and has an interlayer
space of 3.4 A According to Agii et al, the sidewall
structure of MWCNTs is similar to the basal plane of
graphite.” In this respect, electron transfer rates might
be similar to those of the graphite edge-plane electrode.
Although MWCNTs are less remarkable than SWCNT's
and MWCNTs in terms of their properties, MWCNTSs are
regarded as a 1-dimensional carbon system. MWCNTs,
on the other hand, have been acting as a better electrode
scaffold due to their superior transference and electro-
catalytic properties. The antibodies’ solid substrate
can be changed through chemical processing for
immobilization.*

CNT-modified electrodes serve as a versatile scaffold
and are used in many enzyme biosensors. However,
biosensors with CNT-changed electrodes have received
less attention. This is possible because immobilization
methods for this modified electrode frequently involve
covalent or direct sorption bonds, which can decrease
the consistency of molecules and the bioelectrodes’
reproducibility.*> Alkyne-azide conjugates were created
through Cu(I)-catalyzed azide-alkyne cycloaddition using
MWCNTs as electrode convertors in the expansion of a
transforming growth factor immunosensor.*

One of their main drawbacks is that the industrial
process for CNTs is not entirely controlled. According to
Kavosietal,accumulation and poor consistency are serious
issues.” Furthermore, CNTs are typically insoluble, which
limits the applications for which they are helpful. Robust
van der Waals and stacking forces lead to an invariable
collection phenomenon caused by MWCNTs in a watery
solution, restricting their application.”> MWCNT surfaces
are chemically modified with sulfonic acid, hydroxyl, and
carboxyl groups to improve the dispersity and consistency
of the film on electrode surfaces.’**’

Carcinoembryonic Antigen Detection
CEA is a tumor marker usually used worldwide.?® It was
primarily designated in 1965 by Gold and Freedman.*
They recognized an antigen in the fetal colon and colon
with adenocarcinoma; conversely, it seemed not to be
present in the healthy adult colon. This protein was
known as a CEA because it was identified only in cancer
and embryonic tissues.*

The CEA level is typically not produced significantly

after birth.*' Identifying CEA, one of the essential
tumor markers, is crucial for various disease diagnoses,
monitoring, and therapeutic estimation.* Less than 5 gL.!
of CEA is typically expressed in healthy adults. More than
20 gL* of CEA in the blood serum may indicate cancer.
Due to its high concentration in roughly 95% of CRC
cases, accurate detection in the serum is crucial for the
analysis and monitoring of CRC.*’ Researchers developed
an immunosensor based on antibody-antigen-specific
binding for the detection of CEA. By using electrospinning
technology, they enhanced AuNPs and MWCNTSs onto
the outermost core-shell nanofiber electrodes. Therefore,
a specific CEA antibody was utilized on the electrode’s
surface to identify CEA unmistakably. Because of the
high surface-to-volume ratio and controllable porosity
of the nanofibers, the strong conduction of AuNPs and
MWCNTs caused a growth in the functional superficial
area of electrochemical electrodes and improved electron
transference.*

Jia et al designated the acquisition of a sandwich
electrochemical immunosensor for CEA detection. While
Au@PtPd porous nanorods (Au@PtPd MPS) served as the
signal enhancer, MoS_/CuS-Au functioned as the detecting
platform. The layered MoS, and Cu$ transmission metal
arrangement surpasses the combination phenomenon
triggered by solid Van der Waals power in the MoS,
layered crystal. To comprehend the initial amplification of
the signal, the Au-S link simultaneously disabled AuNPs
and Abl. The trimetallic section of the Au@PtPd MPS and
its unique porous core-shell rod-like structure allowed
for efficient catalytic operation. Due to its advantageous
biocompatibility, the Ab2 was modified, and the
sandwich reaction was accomplished. The amperometric
response of CEA at various concentrations was
distinguished under ideal investigational circumstances.
The intended immunosensor’s range was between 50
ng mL"' and 100 ng mL". Five groups of the intended
electrodes were similarly used to distinguish CEA, and
the relative standard deviation was less than 5%, proving
the immunosensor’s advantageous reproducibility.
Alpha-fetoprotein,  prostate-specific ~ antigen, and
human immunoglobulin G were utilized as interference
to examine the immunosensor’s selectivity. The high
selectivity of the immunosensor was demonstrated by
the lack of any reaction when CEA was not present in the
analyte with interference. The sandwich immunosensor
primarily relies on the inferred detection of secondary
components, which can be sensitively developed and
have a lower recognition threshold. Development in
transportability and convenience is necessary because the
sandwiched sensor has a complicated setup procedure
and requires a lengthy reply time.*

Researchers proposed an electrochemical
immunosensor for quantifiable CEA recognition
using Au-Ag/rGO@PDA nanocomposites. Due to
polydopamine’s  exceptional reduction and self-
aggregation, silver nanoparticles (AgNPs), polydopamine
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(PDA)-based nanomaterial, and AgNO, were alleviated
to AgNPs. The adsorption capability of fixed antibodies
was improved in the presence of AuNPs. A dual signal
development mechanism with Ag/rGO@PDA was also
created, allowing the differentiation of the electrochemical
reaction of CEA at dissimilar expressions using cyclic
voltammetry, which has a linear range of 0.001 ng mL"
to 80 ng mL"! to find the threshold of 0.286 pg mL".
Thereinafter, CEA was examined, but it was only 16% less
than the initial result, representing good constancy.*

Feng et al used GO-AuNPs as a CEA detection platform,
an electrochemical sandwich immunosensor, and Fe,O0,@
SiO,-NH, as a transporter. The covalent bond that holds
Ab2 and carboxyl ferrocene (Fc-COOH) together on
the external side of Fe,O,@SiO,-NH, can speed up the
decomposition of H,O,. GO-AuNPs more effectively
immobilize Abl. A common approach for the sensitive
discovery of CRC markers is now possible thanks to
this technique; thus, developing a high-performance
immunosensor has a wide range of potential applications
in diagnosing CRC.*

Antigen Detection for Carbohydrates

Carbohydrate antigen (CA 19.9), also named Sialyl Lewis
a, produced by gastrointestinal epithelium,* is a tumor-
associated antigen with a high molecular weight that can be
released into the blood and expressed on various cancers’
cell membranes. A high molecular weight describes it.
This marker is used to diagnose gastric, colorectal, and
pancreatic cancers. Similar to CEA, it is not a cancer-
specific marker and is related to a histological kind of
carcinoma and the tissue it comes from.”

Combining CEA and CA 19.9 assays can improve
diagnostic sensitivity for detecting CRC. Additionally,
Stiksma et al indicated that the simultaneous detection
of both markers is utilized as a postoperative factor in
determining the disease’s stage and how best to treat
patients.**! CA199 was primarily found in patients with
CRC and PC in 1981.%* The typical concentration is less
than 37 U mL"in sera. The atypical concentration could
be considered one of the related situation indicators for
the auxiliary prognostic and diagnosis estimation of
CRC.” Thus, several extremely sensitive electrochemical
immunosensors have been constantly progressed to
distinguish CA199. In addition, the CA199 and CEA
detection can successfully forecast CRC relapse and
metastasis.™

Metal nanoparticles are frequently applied in
electrochemical biosensors because of their vast, precise
surface region and high surface free energy, increasing the
electrochemical catalytic capacity of the biosensor.> Gold
and silver bimetal alloy hollow nanocrystals (AuAgHNCs
) were created using a technique developed by researchers.
Considering the development of the catalytic flow of
the oxygen-lessening response by AuAgHNCs, a novel
electrochemical immunosensor was tested for the CA199
level. Because of the high biocompatibility and catalytic

action of AuAgHNCs, the immunosensor presented an
outstanding analytical operation for CA199 detection,
with a proper linear range between 1 U mL™" and 30 U
mL™ and a finding limit of 0.228 U mL™". Due to their
exclusive electrical conductivity and redox features,
conductive polymers developed an exploration hotspot in
the electrochemical field.”

A new electrochemical redox-active nanocomposite was
manufactured and improved on a glassy carbon electrode
for CA199 recognition.”® The co-oxidants HAuCl4 and
K2PtCl4 were used in this device as co-oxidants, and the
monomer N, N'-diphenyl phenylenediamine (PPPD) was
applied. Due to the operational groups in their monomers,
polyaniline derivatives only produce one electrochemical
redox signal. After modification, the highest flow of the
altered composite meaningfully rises, displaying strong
electro-catalytic and electron transference abilities. In
conclusion, square wave voltammetry was utilized to
examine the immunosensor’s response to various CA199
expressions, and the recognition limit was 2.3x10* U
mL". The creation of the sensor also provides a reference
for using other nanocomposites. According to Heydari-
Bafrooei and Ensafi, biosensors frequently employ several
carbon-based nanomaterials, including CNTs, carbon
nanoparticles, and graphene.”!

Researchers designed an immunosensor with a
sandwich construction that uses Au@Pd-core/shell
bimetallic graphene nanocomposite (Au@Pd-Gra) as
a signal booster and gold nanoparticle-functionalized
porous graphene (Au-PGO) as a platform.”” A sizable
superficial area is made available for the fixation of Abl
and the facilitation of electron transference by presenting
Au-PGO. The vigorous peroxidase catalytic activity
of Au@Pd-Gra and the combination of Au@Pd-Gra
with horseradish peroxidase significantly increased the
biocatalytic activity of H,O, in the formation of thionine.
In ideal circumstances, the linear range of CA199
evaluated by differential pulse voltammetry was 0.015-
150 U mL", and the recognition limit was 0.006 U mL".

MicroRNA Detection
RNA molecules with only one strand make up miRNA.
It is encoded by endogenous genes, which are about
22 nucleotides long. Other genes that play a role in cell
differentiation and growth can be regulated by miRNA.
According to Magbool and Hussain, miRNA expression
outside of the normal range can lead to tumors and
cardiovascular diseases.®

Some studies have discovered that miRNA is
overexpressed, downregulated, or removed through CRC
progress. Therefore, several miRNAs can be utilized as
biomarkers for the diagnosis and prognosis of CRC.**%
For instance, carcinogenic miRNAs such as miR-21 can
regulate the growth of CRC by performing on target genes,
developing one of the widely scrutinized miRNAs in the
prognosis, diagnosis, and even treatment of CRC.5"%2

The measurable recognition and examination of
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correlated miRNAs through various procedures play
a significant role in the primary diagnosis of CRC.
The present methods usually utilized to find miRNA
concentration levels include real-time polymerase chain
reaction (RT-PCR),” DNA microarray,* and northern
blot technology.®® There are some difficulties even though
these techniques can sensitively distinguish miRNAs.
For instance, the RT-PCR technique is sensitive and
requires specific primers. Due to the high cost and lack
of a specific standard for information investigation and
confirmation, the specificity of the microarray technique
is lower than that of the RT-PCR technique. Cross-
hybridization occurs when homogeneous samples are
analyzed using high-sequence matches.® The northern
blot method’s low sensitivity and high sample processing
requirements have led to the distinction between high
sensitivity and practical techniques for its advancement.
Electrochemical gene biosensors have recently advanced
due to their advantages of high sensitivity, ease of use,
and accessibility, as well as their favorable perspectives in
target recognition and disease research.”

Due to the target miRNA’s low expression during the
recognition process, a correct signal might not be attained;
therefore, several techniques are needed to raise the target.
Oligonucleotide development methods have always
advanced due to numerous nanomaterials and enzymes
to distinguish better and analyze the target.®® Using two
single-stranded DNA probes and target materials for
sandwich hybridization tests to distinguish miRNA-21,
researchers developed an electrochemical biosensor using
an alkaline phosphatase (ALP) signal. In this method, the
pencil graphite electrode was changed using AuNPs, and
the signal was increased while setting the thiol-terminated
capture probe 1 (SH-P1). Using the first fragment of the
miRNA and the additional portion with the biotin-labeled
probe 2 (B-P2), SH-P1 was hybridized to form a sandwich
structure. In conclusion, the modified electrode contained
streptavidin and ALP. An electroactive-naphthol was
created to control the oxidation reaction by catalyzing the
electro-inactive-naphthyl phosphate with an enzyme. The
sensor exhibits high sensitivity with a detection limit of
100 pM, opening up a novel method for intensifying other
enzymes.®

Tian et al planned a label-free electrochemical miRNA
sensor by employing the signal increase influence of
nanomaterials. Self-assembling polypyrrole and AuNPs
creates a nano-superlattice construction that improves the
glassy carbon electrode, increasing the efficacy of electron
transfer. Single-stranded RNA (ssRNA) was utilized in a
signal examination to hybridize with the target miRNA
via hydrogen bonding. Eventually, toluidine blue with the
redox action was attached to intensify the signal, and the
sensor displayed an excellent linear association with the
range of 100 aM to 1 nM, presenting a finding limit of 78
aM.”®

The approachesbased on oligonucleotide intensification
mostly contain rolling circle amplification (RCA),

hybridization chain reaction (HCR), and catalytic hairpin
assembly (CHA). RCA is a method in which circular
DNA is employed as a pattern, generated by a DNA
primer, and converted into single-stranded DNA through
enzyme catalysis. The circular pattern has more benefits
in sensitivity and specificity because of its firm link and
effective polymerization.”

HCR is a signal increase method that exhibits an
isothermal enzyme-free feature in which the hybridization
of two connected and matching molecular probes is
started by the starting chain to shape long strands of DNA
with nicks in the double helix.”» CHA is an uncomplicated
isothermal amplification method. In the existence of
stimulators, two hairpins hybridize to produce a double
strand that causes catalytic intensification.”

To differentiate miRNA-21, researchers devised an
electrochemical biosensor that would take advantage
of CHA and RCA in the form of a double signal
intensification strategy ”. The thiolated probe was initially
presented on the gold electrode’s surface, and biotin-
labeled H1 and H2 hybrid double strands were generated
to detect miRNA-21. Subsequently, the RCA was detected
through DNA polymerase activity, and its output was
synchronized with streptavidin-labeled ALP to generate
electrical signals. The final results of differential pulse
voltammetry analysis demonstrated a positive linear
correlation with a range of 0.5 pM to 12500 pM and a
detection limit of 290 fM. Liang et al demonstrated that
the cascade hybridization chain reaction (C cascade HCR)
enhances an electrochemical biosensor for detecting
miRNA-21.7 Using this strategy, the downstream HCR’s
input is derived from the upstream HCR’s intermediate
creation. With a recognition limit of 11 pM, miRNA-21
can distinguish highly homologous targets and initiate
DNA self-assembly via the chain movement response. In
the study performed by Cheng et al, an electrochemical
biosensor was designed to find miRNA-21 using the
CHA/HCR intensification strategy.”

Conclusion

The prompt emphasizes the significance of early tumor
cell diagnosis for cancer patients’ effective treatment
and recovery. It underscores the need for simple and
sensitive diagnostic procedures to identify multiple
tumor biomarkers at low bodily fluid concentrations.
The study discussed the potential of electrochemical-cell-
based biosensors as a promising alternative to traditional
cancer detection methods, highlighting their high
sensitivity, adaptability, and rapid response in identifying
biomarkers associated with CRC. It also highlighted the
advantages of nanomaterials, surface functionalization,
and high electrochemical activity in constructing
electrochemical biosensors. The study concludes by
urging further development to address challenges such
as electrode passivation, nonspecific adsorption, drift in
sensor capabilities, and the need for more sensitive and
specific biomarkers for the initial diagnosis of CRC, as
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well as the integration of nanomaterials, sensor arrays,
and microfluidic chips in future research efforts to create
efficient and rapid biological recognition systems.
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