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Abstract: Lung cancer has a high mortality rate largely due
to late-stage diagnosis. Detecting protein and genetic bio-
markers through electrochemical immunosensors enables
non-invasive early diagnosis. This review discusses recent
advances in electrochemical immunosensors for detecting
clinically relevant lung cancer biomarkers. The use of
nanomaterials like graphene, carbon nanotubes, metal
nanoparticles, and conducting polymers in sensor fabrica-
tion improves electron transfer kinetics, enhances signal
transduction, and allows higher antibody loading. Smart
surface immobilization strategies optimize antibody orien-
tation and binding capacity. Amplification approaches uti-
lizing nanomaterials, enzymes, polymers, dendrimers, and
DNA nanostructures are applied to enhance output signal
per binding event. Various electroanalytical techniques
including amperometry, potentiometry, impedance spec-
troscopy, and voltammetry are employed for quantitative
monitoring. Recent immunosensors showcase low detec-
tion limits and wide linear ranges for measurement of
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major biomarkers like carcinoembryonic antigen, neuron
specific enolase, and cytokeratin fragment 21-1. Emerging
biomarkers such as microRNAs and circulating tumor cells
have also been targeted. However, reproducibility, selectivity,
multiplexing, and integration with point-of-care platforms need
improvement for widespread clinical translation. Overall, elec-
trochemical immunosensors hold immense potential for sensi-
tive, affordable lung cancer diagnosis if ongoing efforts can
address current limitations.

Keywords: lung cancer, biomarkers, immunosensors, nano-
materials, electrochemistry

1 Introduction

Lung cancer remains one of the most commonly diagnosed
cancers and the leading cause of cancer mortality world-
wide. It arises from the uncontrolled growth of abnormal
cells in the lung tissue, usually originating in the epithelial
cells lining the airways [1-3]. Lung cancer is clinically
divided into two main types — small cell lung cancer which
accounts for 15% of cases, and the more prevalent non-
small cell lung cancer (NSCLC) representing 85% of cases
[4-6]. Despite advances in treatment modalities, the prog-
nosis for lung cancer patients remains poor, with a 5-year
survival rate of only 18% [7]. This high mortality rate is
largely attributed to late-stage diagnosis, as patients tend to
be asymptomatic in early stages [8]. Hence, there is an
urgent need for diagnostic techniques that can detect
lung cancer at an early stage when it is still localized and
potentially curable.

The analysis of biomarkers present in body fluids
offers a very promising non-invasive approach for early
lung cancer diagnosis and screening. Lung cancer biomar-
kers refer to measurable indicators of disease onset and
progression that can be detected and quantified using bio-
sensor devices [9]. A number of protein and genetic bio-
markers have been identified, including carcinoembryonic
antigen (CEA) [10], neuron specific enolase (NSE) [11],
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cytokeratin fragment 21-1 (CYFRA21-1) [12], microRNA-21
(miR-21) [13], cell-free DNA [14], and circulating tumor cells
[15]. The development of rapid, inexpensive, and ultrasen-
sitive biosensors capable of detecting such biomarkers,
even at low concentrations in body fluids, can enable early
diagnosis which is key to improving clinical outcomes
through timely therapeutic intervention [16,17].

Table 1 shows the common methods and features of
different analytical methods for lung cancer biomarkers
detection. It can be seen that electrochemical immunosen-
sors offer high sensitivity down to the pgmL™ or even
fg'mL~ range for lung cancer biomarker detection due to
signal amplification strategies. However, they face chal-
lenges related to reproducibility, selectivity, and integration
into point-of-care devices. ELISA assays have high selectivity
but are more complex, time-consuming, and costly. qPCR
provides the highest sensitivity but requires specialized equip-
ment and reagents. Mass spectrometry also achieves very low
detection limits but is expensive and complex [18].

The performance of electrochemical immunosensors
relies heavily on the choice of electrode materials and
nanocomposites [19]. Carbon-based nanomaterials such as
graphene and carbon nanotubes (CNTs) offer high conduc-
tivity, surface area, and biocompatibility [20]. Metal and
metal oxide nanoparticles (NPs) like gold (Auw), silver (Ag),
and iron oxide can enhance electron transfer kinetics and
immobilize capture biomolecules [21]. Conducting polymers
further improve electrical properties. Additionally, hybrid
nanocomposites synergistically combine the advantages of
multiple materials for optimized immunosensor response.

Various immobilization strategies are utilized to attach
capture biomolecules such as antibodies onto the electrode
surface with optimal orientation and high binding capacity
[22]. Common approaches include physical adsorption,
covalent binding, affinity-based binding, and electrostatic
interaction. Once immobilized, the antibody specifically
binds to the target antigen, but the generated signal needs
to be amplified for improved detection sensitivity. Signal
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enhancement strategies include use of enzymes, NPs, con-
ducting polymers, dendrimers, and DNA nanostructures [23].

A range of electrochemical techniques are leveraged
for transduction of the binding event into a measurable
analytical signal. These include amperometry, potentiometry,
impedance spectroscopy, and voltammetry. Together, the
advances in nanomaterials, immobilization strategies, signal
amplification, and electrochemical detection techniques have
enabled unprecedented performance in electrochemical
immunosensors for detecting clinically relevant lung cancer
biomarkers like CEA, NSE, and CYFRA21-1 even at extremely
low concentrations [24]. This review discusses recent advances
in electrochemical immunosensors for detecting lung cancer
biomarkers, focusing on key aspects like nanomaterials,
immobilization strategies, signal enhancement approaches,
and detection techniques. The use of novel nanocomposites
and conductive polymers has enabled the development of
immunosensors with enhanced sensitivity, stability, and
reproducibility. Smart surface immobilization methods allow
optimal antibody orientation and hinding capacity. Amplifica-
tion strategies involve nanomaterials, enzymes, polymers, den-
drimers, and DNA nanostructures that amplify signal response.
Various electroanalytical techniques are leveraged for quanti-
tative monitoring of biomarker binding events. Recent applica-
tions showcase low detection limits and wide linear ranges for
measurement of major protein and genetic lung cancer bio-
markers. However, realization of their full clinical potential
requires addressing limitations related to reproducibility,
selectivity, multiplexing, and integration with point-of-care
platforms.

2 Electrode materials and
nanocomposites

The performance of electrochemical immunosensors relies
heavily on the choice of electrode materials and

Table 1: Comparison of different methods for lung cancer biomarker detection

Method Common detection Advantages Disadvantages
limit
Electrochemical 0.1pg-mL™ High sensitivity, low cost, Reproducibility issues, selectivity challenges
immunosensors portability
ELISA 1ng:mL™ Well established, high Complex procedure, high cost, time consuming
selectivity
gPCR 1fM High sensitivity, specificity Requires specialized equipment and reagents,
complex workflow, high cost
Mass spectrometry 0.1pg:mL™ High sensitivity, specificity Complex sample preparation, requires specialized

equipment, high cost
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nanocomposites used. The electrode material provides the
transduction interface where the biomarker binding event is
translated into a measurable electrical signal. Nanomaterials
offer several advantages like high surface area, conductivity,
biocompatibility, and catalytic properties that enhance sensor
response.

2.1 Carbon-based nanomaterials

Carbon nanomaterials such as graphene, CNTs, and bio-
char have become very popular for electrochemical immu-
nosensor fabrication owing to their exceptional electrical,
mechanical, and chemical properties. Graphene is a 2D
sheet of sp* hybridized carbon atoms arranged in a hon-
eycomb lattice. It has very high specific surface area, excel-
lent conductivity, good mechanical strength and flexibility,
ease of functionalization, and biocompatibility. Graphene
can be synthesized via chemical vapor deposition or solu-
tion-based oxidation-reduction methods to produce gra-
phene oxide which is then reduced. Graphene promotes
electron transfer kinetics and provides a suitable microen-
vironment for immobilizing biomolecules. For example,
Chen et al. [25] developed an electrochemical immuno-
sensor for sensitive detection of CEA. Graphene was used
as the sensing material due to its excellent properties such
as large surface area, high electrical conductivity and good
biocompatibility. The researchers functionalized carboxyl
graphene nanosheets with toluidine blue to form CGS-TB
nanocomposites (Figure 1a). Toluidine blue acted as an
electrochemical mediator to enhance the sensing signal.
The CGS-TB nanocomposites were then conjugated with
anti-CEA antibodies to form CGS-TB-Ab bioconjugates. These
bioconjugates acted as signal tags for detecting CEA. Chit-
osan-AuNPs were used as the sensing platform. They were
immobilized on the electrode surface and the capture anti-
CEA antibodies were attached. This allowed the capture
antibodies to capture CEA antigens from the sample

Electrochemical immunosensor for lung cancer biomarker sensing = 3

solution. In the immunosensor, the CGS-TB-Ab bioconjugates
bound to the captured CEA antigens, forming a sandwich
immunoassay. The toluidine blue molecules on the graphene
nanosheets generated an electrochemical signal that was pro-
portional to the CEA concentration.

Carbon nanotubes are 1D hollow tubular structures
made of rolled up graphene sheets. They have very high
tensile strength, surface area, and electrical conductivity.
Single-walled CNTs and multi-walled CNTs are commonly
used. CNTs can be functionalized to attach capture biomo-
lecules. The high conductivity of CNTs enhances electron
transfer and signal transduction. For example, Xu et al.
[26] focused on developing a label-free electrochemical
immune microelectrode array for the sensitive detection
of CEA. The researchers successfully synthesized a chitosan-
multi-walled carbon nanotube-thionine (CS-MWCNTSs-THI)
hybrid film through a one-step electrochemical deposition
process. This hybrid film was then employed to immobilize
anti-CEA antibodies, enabling the fabrication of a simple and
highly sensitive immune microelectrode array (MEA). The
detection mechanism was based on the formation of antigen-
antibody immunocomplexes leading to decreased response
currents, with the reduction directly proportional to CEA con-
centration. The immune MEA exhibited a wide linear range
for CEA detection (1 pg'mL " to 100 ng-'mL™) and a low limit of
detection (0.5 pg'mL ™ with signal noise ratio = 3). The hybrid
film’s nano-porous structure and the synergistic effect of
MWCNTs and THI contributed to the enhanced electroche-
mical performance.

Both graphene and CNTs facilitate electrochemical
biomarker sensing with lower overpotentials, higher sensi-
tivity, and lower detection limits compared to traditional elec-
trode materials. However, graphene offers better mechanical
stability and ease of surface modification compared to CNTs
which tend to aggregate. Combining graphene and carbon
nanotubes is also a strategy. Gu et al. [27] developed an inno-
vative electrochemical immunosensor for the detection of
CA125. The sensor, composed of nitrogen-doped reduced

Figure 1: (a) TEM image of CGS-TB nanocomposites. (b) SEM image of N-rGO@CMWCNTs/CS@AuNPs. Reproduced with permission from refs. [25,27].
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graphene oxide (N-rGO), carboxylated MWCNTs (CMWCNTS),
CS, and AuNPs on a glassy carbon electrode (GCE) (Figure 1h),
exhibited exceptional sensitivity and specificity. Through
careful optimization, the sensor achieved a wide linear
detection range spanning from 0.1 pg'mL~" to 100 ng-mL™"
of CA125, with a low detection limit of 0.04 pg'mL™. Notably,
the immunosensor showcased robust reproducibility, stability,
and selectivity, demonstrating its potential for clinical applica-
tions. The sensor’s effectiveness was validated by successful
analysis of spiked serum samples and real serum samples
from lung cancer patients, with recovery experiments yielding
accurate results and minimal variability.

Biochar is an excellent carbon material for the design
of electrochemical immunosensors. Biochar is a porous
carbon material produced from the pyrolysis of biomass
waste such as wood, agricultural residues, and manure. It
has a high surface area, stable structure, good electrical
conductivity, and abundant surface functional groups. These
properties make biochar very suitable for use as an electrode
material in electrochemical immunosensors [28-30]. For
example, Cancelliere et al. [31] presented a new electroche-
mical immunosensor based on screen-printed electrodes mod-
ified with biochar for the sensitive detection of interleukin-6
(IL-6). The use of biochar, produced from brewers’ spent grain,
provides both an electrochemical enhancement of the elec-
trode’s electron transfer kinetics and a protein binding sub-
strate for antibody immobilization. Two IL-6 immunosensors
were fabricated using different IL-6 antibodies. The layer-by-
layer assembly of the immunosensors was characterized elec-
trochemically and optimized. The biochar-modified electrodes
showed improved conductivity compared to bare electrodes.
The immunosensors demonstrated good analytical perfor-
mance in buffer and human serum, with limits of detection
as low as 4.8 pgmL~, linear ranges from 26 to 138 pgmL™,
and recoveries from 82% to 95%. They also showed selectivity
for IL-6 over other cytokines and stability for up to 14 days of
storage.

2.2 Metal NPs

Metal NPs made from Au, Ag, platinum (Pt), etc., have great
potential for electrochemical immunosensor applications
because of their high conductivity, biocompatibility, cata-
lytic properties, and high surface-to-volume ratio.

AuNPs are the most widely used. AuNPs can be synthe-
sized in different shapes and sizes and are stable, non-toxic,
and easily functionalized. AuNPs can adsorb proteins without
altering their biological activity. Furthermore, AuNPs enhance the
immobilization of capture antibodies and act as electrochemical

DE GRUYTER

labels when functionalized with secondary antibodies or enzymes
for signal amplification. For example, Hu et al. [32] aimed to
develop a biosynthesis method for AuNPs using an extract from
Eucalyptus leaves. The synthesized AuNPs demonstrated signifi-
cant potential as a natural antioxidant, displaying excellent free
radical scavenging activity. The NPs were found to be roughly
spherical in shape with sizes ranging from 10 to 30 nm. The
biosynthesized AuNPs exhibited strong antioxidant activity,
outperforming the standard ascorbic acid antioxidant in
a DPPH assay with an IC50 value of 7.25 uyg'mL™. Addition-
ally, the AuNPs demonstrated notable antibacterial effects
against several pathogenic bacterial strains. The results
highlight the potential of Eucalyptus leaf extract-synthesized
AuNPs for their application in the biomedical and pharma-
ceutical fields due to their antioxidant and antibacterial
properties. Nguyen and Jen [33] reported a novel micro-
fluidic chip designed to capture A549 human lung adenocar-
cinoma cells by utilizing a self-assembled monolayer (SAM)
of AuNPs functionalized with cell-specific aptamers. The
chip’s fabrication involves creating a SAM area on a glass
substrate using photolithography and AuNP attachment
through aminosilane treatment. Thiol-labeled aptamers are
then self-assembled onto the AuNP layer. The success of this
modification is confirmed through electrical impedance spec-
troscopy (EIS), showing enhanced impedance responses with
the presence of the SAM of AuNPs. Our previous publication
also used a glucose oxidase-functionalized gold nanorod
probe that can catalyze the deposition of AuNPs [34]. An
immunosensor was constructed by immobilizing capture
antibodies on a carbon nanotube-modified screen-printed
carbon electrode (SPCE). After the sandwich immunoassay,
the gold nanorod probe is captured on the immunosensor
surface. Then, the glucose oxidase catalyzes the deposition
of AuNPs from a developer solution containing glucose, med-
iator, and gold salt. The electrochemical stripping analysis of
both the gold nanorods and AuNPs produces an amplified
signal response, resulting in ultrahigh sensitivity (Figure 2).
When detecting CEA as a model analyte, the method achieved
an excellent performance. It had a wide linear detection
range from 0.01 to 100 ng-mL " with a detection limit as low
as 4.2pgmL™.

AgNPs have high electrical conductivity and exhibit
electrocatalytic activity towards hydrogen peroxide, allowing
their use in enzyme-based amperometric sensors. AgNPs can
also bind amino groups in proteins through Ag-NH, linkage.
Asadzadeh-Firouzabadi and Zare [35] focused on developing
an electrochemical nanogenosensor for the sensitive detec-
tion of miR-25 using AgNPs/single-walled carbon nanotubes
(SWCNTs) nanohybrid as an electroactive label. The nanohy-
brid was characterized through TEM and electrochemical
methods, revealing successful decoration of AgNPs on SWCNT
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Figure 2: Schematic of sandwich immunoassay based on the signal tracing of the glucose oxidase-functionalized nanoprobe. Reproduced with

permission from ref. [34].

surfaces. The nanosensor’s preparation steps were monitored
using cyclic voltammetry and electrochemical impedance
spectroscopy, confirming the immobilization of the probe
and subsequent hybridization with miR-25. The nanogen-
osensor demonstrated excellent selectivity and sensitivity, suc-
cessfully distinguishing between complementary, one-base
mismatch, and non-complementary targets. The sensor exhib-
ited a linear range for miR-25 concentration from 1 pM to
0.1nM, with a detection limit of 0.313 pM. Moreover, the nano-
genosensor’s reliability was confirmed by analyzing miR-25 in
human plasma samples through spiking experiments, show-
casing recovery rates between 97.58% and 105.91% with a low
relative standard deviation. Jafari-Kashi et al. [36] reported a
novel electrochemical DNA biosensor designed to detect the
lung cancer biomarker CYFRA21-1. The biosensor, constructed
on a modified glassy carbon electrode with layers of rGO, PPy,
and AgNPs, achieves remarkable sensitivity and selectivity.
Through systematic optimization of experimental conditions,
the biosensor demonstrates a wide linear detection range (10
fM to 1 M) and a low detection limit (2.4 fM). The use of AgNPs
serves to enhance the biosensor’s performance, contributing
to its excellent reproducibility and enabling the specific recog-
nition of the target biomarker.

PtNPs similarly enhance electron transfer kinetics and
increase the sensor sensitivity. The high surface area and
biocompatibility of metal NPs ultimately allow more target
analyte binding and improved detection limits. For example,
Lv et al. [37] described the development of a highly sensitive
electrochemical immunosensor for the detection of the lung
cancer biomarker CYFRA21-1. The sensor utilizes a conju-
gated nanosheet called TPAPCN that exhibits aggregation-
induced electrochemiluminescence (AIECL) as the signal
label. When aggregated, TPAPCN produces a much stronger

ECL emission signal compared to when dispersed. PtNPs
were synthesized on the TPAPCN nanosheets to improve
electron transfer and boost the ECL signal. The TPAPCN
was conjugated to a signal antibody. In addition, three-dimen-
sional graphene decorated with PtNPs and the electroactive
molecule THI (3D-GN/PtNPs/Th) was used to immobilize the
capture antibody and provide a stable internal electroche-
mical signal. By measuring the ratio of the ECL signal from
the TPAPCN label and the electrochemical signal from the
THI, the immunosensor eliminates noise and interference,
improving detection accuracy. The sensor exhibited excellent
sensitivity with a wide linear detection range of 50 fg'mL™" to
1ngmL™ and a low limit of detection of 16 fgmL™ for
CYFRA21-1.

2.3 Metal oxides

Metal oxides including iron oxide (Fes0,), titanium oxide
(TiO,), zinc oxide (ZnO), copper oxide (Cu0), etc., have also
been incorporated into immunosensor electrode materials.
They offer biocompatibility, high stability, and good elec-
trocatalytic behavior.

Fe3;04 NPs in particular improve electron transfer and
amplification of signal response. Wang et al. [38] described
the development of a sensitive electrochemical immuno-
sensor for detecting CEA levels. The immunosensor used a
sandwich technique, with the antibody immobilized on the
surface and magnetic Ag/MoS,@Fe3;0, NPs used as a label.
The Fe30, in the NPs allows them to be firmly attached to the
electrode surface due to its magnetic properties, avoiding
loss of the label. Using differential pulse voltammetry, the
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immunosensor was able to detect CEA in the range of 0.0001
to 20 ng'mL ", with a low detection limit of 0.03 pg-mL™. The
immunosensor also demonstrated excellent stability, selec-
tivity, and reproducibility. The use of the magnetic Fe;0,
NPs was key to the sensitive detection and performance of
the immunosensor by keeping the label immobilized on the
electrode surface.

TiO, NPs have been used to enhance antibody immo-
bilization and to develop enzyme-linked immunoassays.
Mavric€ et al. [39] provided an overview of electrochemical
biosensors based on TiO, nanomaterials for early detection
of cancer biomarkers. TiO, nanostructures like nanotubes,
NPs, and nanowires can enhance sensitivity by increasing
surface area for binding events. Important characteristics
for biosensing are high surface area, appropriate surface
chemistry for biomolecule attachment, and efficient elec-
tron transfer, which can be tuned in TiO, by creating oxygen
vacancies and Ti** defects. Sensors are often designed with
additional nanomaterials like AuNPs, graphene, or semicon-
ductor quantum dots to amplify signals and improve elec-
tron transfer. Reported detection limits are very low, down
to the fg'mL™ range for some protein biomarkers, showing
high sensitivity.

ZnO NPs and CeO, NPs also display strong protein
adsorption ability to enable detection of biomarkers. For
example, Che et al. [40] reported the development of an
electrochemical sensor using ZnO/porous graphene oxide
(ZnO/HGO) nanocomposites for the detection of the lung
cancer biomarkers CEA and CA153. The ZnO NPs were
grown on HGO sheets using a hydrothermal method. The
ZnO/HGO composite was used to modify a glassy carbon
electrode. Antibodies for CEA and CA153 were then immo-
bilized on the electrode surface to enable specific binding
to the target antigens. The sensor showed good linearity for
CEA detection from 0.1-20 ng-mL " with a detection limit of
0.07 ng-mL™", For CA153, the linear range was 0.5-70 U-mL™"
and the detection limit was 0.22 U'mL™. The ZnO NPs pro-
vided good biocompatibility and a high surface area, while
the HGO increased material transport and active sites. Yu
et al. [41] described the development of an electrochemical
immunosensor for detecting the biomarker NSE. The immu-
nosensor uses a sandwich structure with antibodies and
nanocomposite materials to amplify the detection signal. A
key component is the use of Au/Cu,O@Ce0, nanocomposites
as a label material. CeO, NPs were deposited onto Cu,O
nanocubes along with AuNPs to form a spiny surface.
CeO, helped provide favorable catalytic activity and stability
when combined with Cu,O. The rough nanocomposite sur-
face increased surface area to carry more antibodies. When
tested, the immunosensor showed high sensitivity with a
detection limit of 31.3 fgmL™, a wide linear range of 50
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fg-mL™ to 100 ng'mL ™, and good performance in selectivity
and stability. The inclusion of CeO, in the nanocomposite
label helped enhance catalytic activity and signal amplifica-
tion in the sensor.

2.4 Conducting polymers

Conducting polymers such as polyaniline (PANI), polypyr-
role (PPy), and poly(3,4-ethylenedioxythiophene) (PEDOT)
have also garnered interest for fabricating immunosensor
electrodes owing to their electrical conductivity, biocom-
patibility, environmental stability, and ease of synthesis.
These polymers can be chemically or electrochemically
polymerized to form uniform thin films on electrode surfaces.
Their conductive backbone facilitates electron transfer, while
their side chains can be modified with functional groups for
covalent antibody immobilization. Conducting polymers enhance
surface area, improve electrochemical reactivity, and lower elec-
trochemical impedance.

For example, PANI with good biocompatibility and elec-
trical conductivity has been widely employed. The amine
groups on PANI enable covalent binding of antibodies.
PANI also helps maintain biological activity of immobilized
antibodies. Park et al. [42] demonstrated an electroche-
mical aptasensor using a PANI/CNT nanocomposite for
detecting vascular endothelial growth factor (VEGF165).
The nanocomposite was synthesized by polymerizing ani-
line on the surface of acid-treated CNTs. Adding PANI to the
CNTs increased the sensor’s sensitivity and stability com-
pared to CNTs alone, due to PANI’s high conductivity and
large surface area. The VEGF165 aptamer was covalently
attached to the PANI/CNT surface (Figure 3). The sensor
detected VEGF165 with high sensitivity from 0.5 pg-mL™"
to 1ug-mL~", with a detection limit of 0.4 pg-mL™. This is
better performance than other reported VEGF sensors. The
sensor also showed good selectivity for VEGF165 against
other proteins. The use of the PANI/CNT nanocomposite
and aptamer binding provided excellent sensitivity and
selectivity for detecting the VEGF165 biomarker.

Similarly, PPy provides a biocompatible microenviron-
ment to maintain antibody binding activity. Kivrak et al.
[43] described the development of an electrochemical apta-
sensor using PPy nanofibers for the detection of NSCLC
cells. The aptasensor uses a pencil graphite electrode mod-
ified with composite nanofibers made of polyacrylonitrile
(PAN) and 10% PPy by weight. The high conductivity and
porosity of PPy enhances the performance of the nano-
fiber-modified electrode. The aptamer specific to the target
A549 cancer cells is immobilized on the surface. When the
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Figure 3: (a) Schematic illustration of the preparation of the PANI/CNT nanocomposite and the assembled VEGF165 aptamer on the sensor surfaces
for the VEGF sensors. (b) Fabrication and modification process of graphene-PEDOT:PSS modified paper-based aptasensor. Reproduced with per-

mission from refs. [42,44].

target cells bind to the aptamer, it causes an increase in
charge transfer resistance measured by electrochemical
impedance spectroscopy. The aptasensor shows high sen-
sitivity and selectivity for detecting A549 cells down to 1.2 x
10® cells'mL %, with human cervical cancer HeLa cells used
as a negative control. The PPy-containing nanofiber elec-
trode interface enables sensitive impedimetric detection of
the aptamer-cancer cell interactions.

Copolymers combining PSS and PEDOT have also been
synthesized to further improve electrochemical properties
and leverage synergistic effects. The high surface area and
permeability, good electrical conductivity, and biocompat-
ibility of conducting polymers ultimately result in higher
loading of capture antibodies and lower detection limits.
Yen et al. [44] described the development of a low-cost
paper-based electrochemical aptasensor for detecting CEA.
The sensor uses a graphene and PEDOT:PSS nanocomposite
coating on paper to create a conductive and sensitive sub-
strate for aptamer immobilization. Modifying the paper
with PEDOT:PSS helped improve the conductivity and sen-
sing performance of the electrode. The aptasensor showed a
good linear detection range of 0.77-14 ng'mL " for CEA and a
limit of detection around 1ng-mL™ in serum samples. The
key benefit of PEDOT:PSS modification was enhancing the
conductivity and sensitivity of the paper-based electrode in
a cost-effective and accessible way.

3 Immobilization strategies

The performance of electrochemical immunosensors depends
significantly on the immobilization strategy utilized to attach
the capture biomolecules onto the electrode surface. The
objective is to achieve high loading capacity, optimal orienta-
tion, strong binding affinity, and minimal non-specific adsorp-
tion [45]. Commonly used immobilization approaches include

physical adsorption, covalent binding, affinity-based attach-
ment, and electrostatic interaction.

Physical adsorption involves non-covalent immobiliza-
tion based on weak interactions such as van der Waals,
hydrogen bonding, and hydrophobic interactions between
the capture biomolecules and electrode surface. It is the
simplest technique and preserves the bioactivity of antibo-
dies or aptamers since it does not involve harsh chemical
treatment. For example, the van der Waals interaction
plays an important role in allowing the MoS, nanosheets
to be stably dispersed in an aqueous solution by the flavin
mononucleotide sodium salt (FMNs) [46]. Specifically, bulk
MoS, was exfoliated into nanosheets via ultrasonication.
However, the MoS; nanosheets are hydrophobic and tend
to agglomerate in water due to lack of hydrophilic groups.
FMNs contain an aromatic, conjugated structure that can
adsorb onto the basal plane of the MoS, nanosheets via
van der Waals interactions. The adsorbed FMNs provides
hydrophilicity and steric hindrance that stabilizes the dis-
persion of the MoS2 nanosheets in water. The FMNs/MoS,
nanocomposite showed excellent electrochemical properties
when immobilized on an electrode, likely due to the high
conductivity and large surface area of the MoS, nanosheets.
The phosphonate groups on the FMNs allowed covalent
immobilization of DNA probes for detection of target DNA.
Hydrogen bonding between polyethylene glycol (PEG) and
the antibodies plays an important role in the electroche-
mical immunosensor [47]. PEG helps immobilize the antibo-
dies onto the SPCE surface (Figure 4). The paper mentions
that PEG can form multiple hydrogen bonds with the amino
acid residues and main chain NH groups of the antibodies.
This allows more antibodies to attach to the PEG-modified
SPCE surface. PEG helps stabilize the binding sites (para-
topes) of the immobilized antibodies. The hydrogen bonding
between PEG and the antibodies likely preserves the struc-
ture of the antibody binding sites. This allows the antibodies
to retain their specificity and binding affinity for the target
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antigen. The preserved antibody binding sites lead to better
immunorecognition of the target antigen (ENO1) and subse-
quent binding of the detection antibodies tagged with AuNPs.
This results in a stronger electrochemical signal in the sensor.
Comparisons showed that the PEG-modified SPCE immobi-
lized fewer antibodies than the bare SPCE, but the PEG-mod-
ified sensor gave much higher signals. This suggests that the
PEG layer helped maintain more functional and properly-
folded antibodies on the surface.

However, physically adsorbed biomolecules are ran-
domly oriented and lack stability. They are prone to leaching
and denaturation, which reduces shelf-life. Graphene, CNTSs,
AuNPs, and polymers like chitosan are commonly used to
physically adsorb capture antibodies via hydrophobic and
n—7 stacking interactions [48-51]. For example, m—n stacking
interactions help immobilize the ssDNA on the graphene
quantum dots-ionic liquid-nafion (GQDs-IL-NF) composite
film modified electrode [52]. The GQDs have 7 electrons
that can interact with the aromatic nucleic acid bases of
sSDNA through m—m stacking. This allows the capture of the
methylene blue-labeled ssDNA substrates on the electrode
surface. It enables differentiation between ssDNA and dsDNA.
The GQDs can interact with ssDNA via n—n stacking but not
the more rigid dsDNA structure. This is utilized when the
auxiliary DNA hybridizes with the methylene blue-labeled
substrate DNA to form dsDNA, which detaches from the
GQDs surface leading to a drop in signal. It contributes to
the high sensitivity of the aptasensor. The strong m—m inter-
action facilitates binding of large amounts of the methylene
blue-labeled ssDNA substrates to the GQDs surface after the
target-induced DNAzyme recycling amplification. This gives a

anti-ENO1-tagged
AuNPs-congregates
bioprobes
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high electrochemical signal for sensitive detection of the
target protein. While easy to implement, the weak binding
limits sensor reproducibility and makes this approach unsui-
table for long-term monitoring applications.

Covalent binding forms strong and stable covalent
linkage between the capture element and nanomaterial
electrode surface, conferring high stability. A range of
functional groups can be used for covalent crosslinking
such as amine, carboxyl, aldehyde, hydroxyl, sulthydryl,
etc. [53,54]. For example, covalent bonding was used to
immobilize the antibodies onto the signal tags (Au-pThi
and Au-pMCP) [55]. The authors first activated the antibo-
dies using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC)/n-hydroxysuccinimide (NHS) to form amine-reactive
NHS esters. Then, the activated antibodies were covalently
bonded to the Au-pThi and Au-pMCP nanocomposites. This
allows the antibodies to be stably linked to the signal tags.
In another work [56], a sensor used gold interdigitated elec-
trode arrays modified with IL-6 antibodies, which was cova-
lently bound through a carboxylic acid group. This covalent
binding ensured that the antibodies were stably immobi-
lized on the electrode surface. The sensor detected IL-6 by
measuring changes in the current when a redox probe, fer-
rocyanide/ferricyanide, interacted with the electrode.

Gold screen-printed electrodes offer a convenient plat-
form for electrochemical immunosensors. Materials such
as MWCNTs with carboxylic acid functional groups and
biochar can be modified on the gold screen-printed elec-
trode surface via covalent immobilization. This can be
achieved using carbodiimide-mediated amide coupling reac-
tions to form covalent linkages between the amine groups of

AuCl,-—— Aud+ 4CI-
[ 3

Current

Figure 4: Schematic representation of the operation of the electrochemical immunosensor for the detection of ENO1. Reproduced with permission

from ref. [47].
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antibodies and the carboxylic groups on the material. For
example, the carboxylic groups on carbon nanotubes allow
covalent bonding to the antibody amine groups through
carbodiimide coupling. Similarly, the oxygen-containing func-
tional groups on biochar can react with carbodiimide to form
reactive intermediates for covalent attachment of antibodies.
Nafion can also be modified on the gold electrode through
electrostatic attraction and entrapment of antibodies within
its polymer network. The gold electrode surface further
enables covalent immobilization of antibodies through self-
assembled monolayers. The self-assembled monolayers pro-
vide a well-defined interface for carbodiimide coupling of
antibodies to the electrode. These various platforms and
immobilization strategies on gold screen-printed electrodes
— including covalent immobilization, electrostatic interaction
and entrapment — offer different advantages in terms of sta-
bility, loading capacity, orientation, and ease of implementa-
tion for electrochemical immunosensors.

Affinity-based attachment makes use of high affinity
non-covalent interaction between specific binding pairs such
as biotin/streptavidin, protein A/antibody, and nickel/histi-
dine tag. The binding pair is introduced onto the nanoma-
terial electrode surface and the capture element is modified
with the complementary component [57-59]. For example, a
streptavidin-biotin horseradish peroxidase (HRP) complex
(SABC) plays an important role in amplifying the signal in
the detection of the EGFR mutation status in lung cancer
patients [60]. The SABC complexes are prepared by mixing
streptavidin-HRP and biotin-HRP together. Streptavidin has
four binding sites for biotin. When mixed, the streptavidin
binds to biotin-HRP, forming complexes with multiple HRP
enzymes. The SABC complexes are then added to the elec-
trode. The biotin binding sites on streptavidin will bind to the
biotin on the reporter probes attached to the electrode. This
results in many HRP enzymes being brought to the electrode
surface through the streptavidin-biotin binding. In the detec-
tion step, the HRP catalyzes the oxidation of 3,3,5,5-tetra-
methylbenzidine to generate a current signal. Since there
are many HRP enzymes accumulated on the electrode due
to the SABC method, this greatly amplifies the current signal
compared to just having HRP directly conjugated to the
probe.

Electrostatic interaction relies on charge-based attrac-
tion between positively charged electrode materials like
chitosan and polyethyleneimine and negatively charged
capture biomolecules [53,61,62]. It is simple, mild, and pre-
serves bioactivity. For example, Liitfi Yola et al. [63] reported
a sensor platform was composed of a silicon nitride (SizN,)/
MoS, composite coated onto MWCNTs. The SisN,/MoS, com-
posite contains polar functional groups that can interact
electrostatically with the capture antibody (anti-CYFRA21-1-
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Ab1). The capture antibody is immobilized onto the SisN,/
MoS,-MWCNT modified electrode via electrostatic/ionic inter-
actions between the —NH, groups of the antibody and the
polar groups on the SisNy/MoS, surface. This electrostatic
immobilization provides stable attachment of the capture
antibody onto the sensor platform, orienting the antibodies
in an optimal position to bind the target antigen. The electro-
static immobilization also helps maintain the bioactivity of
the antibody and prevents denaturation. But the electrostatic
interaction is relatively weaker making the immobilized anti-
bodies prone to detachment. Changing pH or ionic strength
can disrupt the interaction.

In general, covalent attachment and affinity-based
strategies result in more stable and reproducible electro-
chemical immunosensor platforms compared to physical
adsorption which is prone to electrode fouling, denatura-
tion, and leakage of capture elements. However, covalent
methods can damage biomolecule structure while affinity
techniques require additional modification steps.

Ideally, the immobilization approach should provide
strong stable attachment, high loading density, uniform
oriented capture probe alignment, minimal non-specific
adsorption, and retention of biological activity. Overall, a
balance between high stability and high bioactivity needs
to be met through optimal design of electrode interface and
immobilization chemistry. Leveraging the advantages of dif-
ferent strategies is an emerging trend to develop smart “bio-
friendly” interfaces for enhanced immunosensor performance.

4 Signal amplification approaches

The intrinsic electrochemical signal generated from the
biomarker binding event on the immunosensor interface
is often not sufficient for sensitive detection, especially at
low biomarker concentrations. Hence, signal enhancement
strategies are crucial to improve sensor performance in
terms of detection limits and linear dynamic range. The
aim is to amplify the output electrochemical response per
binding event. Common approaches utilize enzymes, nano-
materials, polymers, dendrimers, and DNA nanostructures.

4.1 Enzyme labels

Enzyme labels like HRP and glucose oxidase (GOx) are
widely coupled to secondary antibodies. The enzyme cata-
lyzes the breakdown of substrates like hydrogen peroxide,
producing an electroactive product that amplifies the cur-
rent or potential response.
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For instance, HRP can act as an electron transfer agent
to amplify the electrochemical signal [64]. The HRP is
conjugated to streptavidin-coated magnetic beads, which
allows high loading of HRP on the sensor surface. HRP
catalyzes the oxidation of hydroquinone (HQ) by hydrogen
peroxide. This reaction generates an electrochemical signal
(reduction peak of HQ) that can be measured by voltam-
metric techniques like square wave voltammetry. The level
of HRP on the sensor surface, and consequently the elec-
trochemical signal, depends on the cleavage of the Asp-Glu-
Val-Asp (DEVD) peptide by caspase 3. When caspase 3 is
present, it cleaves the DEVD peptide, releasing HRP from
the surface and decreasing the electrochemical signal.
So, by measuring the reduction peak current of HQ, the
authors are able to detect caspase 3 activity down to 100
PM. The decrease in peak current correlates to the amount
of caspase 3 present.

GOx was used to label the biomarker proteins Annexin
II and MUC5AC [65]. The proteins are conjugated to GOx
using glutaraldehyde chemistry. When the GOx-labeled
proteins bind to their specific antibodies on the sensor
surface, the GOX can catalyze glucose oxidation, generating
H,0,. The H,0, generated is then reduced by the hydrazine
catalyst on the sensor surface, producing a measurable
current response. So, the GOx provides an electrochemical
signal to detect binding of the biomarker proteins. More
GOx-labeled protein bound to the sensor surface leads
to more H,0, generation and higher current. Less GOx
binding causes lower current. This forms the basis of a
competitive assay — unlabeled biomarker proteins compete
with GOx-labeled proteins for antibody binding sites. More
unlabeled protein leads to less GOx binding and lower
current. So, the concentration of unlabeled biomarker pro-
tein can be quantified by measuring the reduction in cur-
rent compared to a baseline with just GOx-labeled protein.
GOx amplification of the binding event into a detectable
electrochemical signal allows sensitive detection of the bio-
marker proteins down to pg'mL™ levels. In another work
[66], GOx catalyzes the oxidation of glucose to generate
hydrogen peroxide H,0,. H,O, acts as a coreactant to
enhance the ECL reaction of luminol. So, the presence of
GOx leads to in situ production of H,0, which amplifies the
ECL signal. GOx is conjugated to the Ab2. So, when the
immunoreaction occurs between the antigen and Abl,
the GOx labeled Ab2 binds as well, bringing GOx to the
electrode surface. This increases the amount of GOX near
the electrode, generating more H,0, and enhancing the
ECL signal further. GOx is loaded onto graphene along
with the ZnO NPs and Ab2. Graphene provides a larger
surface area to load more GOx and Ab2, further amplifying
the ECL signal.
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4.2 NP labels

Nanomaterials like AuNPs, CNT, graphene, Co30,, etc., can
be functionalized with detector antibodies to serve as
labels for signal enhancement. Owing to their high conduc-
tivity, catalytic properties, and large surface area, they act
as nanocarriers to load a high number of detector antibo-
dies and effectively amplify immunosensor response.

For example, Co30,@Ce0,-Au@Pt nanocomposite has
been used as enzyme-mimetic labels [67]. Cos0, nanocubes
have excellent electrocatalytic activity towards the reduc-
tion of H,0,. CeO, NPs further enhance the catalytic per-
formance of Co30, due to a synergistic effect. Au@Pt NPs
also have good electrocatalytic properties for H,0, reduc-
tion. Combining Au@Pt with Co30,@CeO, results in a nano-
composite with superior catalytic activity compared to the
individual components. The Co30,@CeO, core-shell struc-
ture provides a large surface area for loading the Au@Pt
NPs. This increases the amount of nanocomposite that can
bind to the secondary antibody and thus enhances the
catalytic current signal. The nanocomposite improves elec-
tron transfer efficiency on the electrode surface, leading to
higher sensitivity. Co30,@Ce0O,-Au@Pt exhibits enzyme-
mimetic catalytic activity similar to HRP towards H,0,
reduction. Using the nanocomposite instead of HRP helps
avoid instability issues associated with enzyme labels. The
synergetic effect and enhanced catalytic properties of the
Co30,@Ce0,-Au@Pt nanocomposite allow it to act as an
enzyme-mimetic label to amplify the electrochemical signal
and improve detection sensitivity for the immunosensor.

4.3 Dendrimers

Dendrimers are highly branched globular macromolecules
with numerous surface groups that can conjugate to signal
molecules like enzymes, metals, NPs, and redox markers.
The three-dimensional architecture provides a high loading
capacity. For example, Idris et al. [68] reported that immu-
nosensor is based on an exfoliated graphite electrode mod-
ified with a nanocomposite of carbon nanodots (CNDTSs) and
polypropylene imine dendrimer (PPI) (Figure 5). The den-
drimer plays an important role in the sensor. The PPI den-
drimer was electrodeposited onto the electrode surface
modified with CNDTs. It increases the surface area of the
electrode for higher antibody loading. Its spherical mor-
phology and surface functional groups facilitate immobiliza-
tion of the antibody through both electrostatic and host-
guest interactions. It improves conductivity and accelerates
electron transfer kinetics at the electrode interface. Its
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Figure 5: Processes involved in the preparation of the immunosensor.
Reproduced with permission from ref. [68].

biocompatibility helps maintain the bioactivity of the anti-
body for improved analyte binding. Together with the CNDTSs,
the dendrimer-CNDT nanocomposite synergistically enhances
the electrochemical signal. This results in higher sensitivity
with a low detection limit of 0.00145 ng-mL ™" for CEA.

4.4 DNA nanostructures

Self-assembled DNA nanoarchitectures such as tetrahe-
drons, nanoflowers, nanoribbons, and nanocages can inte-
grate numerous enhancer moieties like redox reporters,
enzymes, and NPs onto their large surface area. Hybridization
chain reaction or strand displacement amplification using func-
tional DNA structures can also produce a cascading signal
enhancement effect. For example, Liu et al. [69] described the
development of an electrochemical biosensor for detecting lung
cancer-related microRNAs using 3D DNA origami nanostruc-
tures. The sensor uses a 3D DNA tetrahedron structure as the
base. This tetrahedron has three thiol groups that allow it to self-
assemble on a gold electrode surface. A DNA strand with a stem-
loop structure is attached to the top of the tetrahedron. The loop
portion is complementary to the target microRNA. The stem part
contains a ferrocene tag for electrochemical signaling. When the
target microRNA hybridizes to the loop, it opens up the stem-
loop structure. This moves the ferrocene tag closer to the elec-
trode surface, increasing the electrochemical signal. The 3D
tetrahedron structure provides a scaffold to correctly orient
the signaling stem-loop probe on the surface. It also provides
some distance between the ferrocene tag and the electrode,
making the “signal-on” sensing mechanism possible. Without
the 3D nanostructure, the stem-loop probe would lie flat on
the surface. The ferrocene would already be close to the elec-
trode, so target hybridization would not change the signal as
much. This amplifies the current or potential response by
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several orders of magnitude. However, DNA nanoassembly
requires optimization and the structures may degrade under
harsh experimental conditions.

5 Applications for major lung
cancer biomarkers

Owing to their high sensitivity, selectivity, and afford-
ability, electrochemical immunosensors have been widely
applied for detecting common protein and genetic lung
cancer biomarkers. The use of advanced nanomaterials
and signal enhancement strategies has enabled improvements
in key analytical performance parameters such as detection
limits, linear ranges, and anti-interference capabilities.

5.1 CEA

CEA is an important broad-spectrum tumor marker upre-
gulated in lung cancer. Electrochemical immunosensors
have been developed targeting CEA for early diagnosis.
For instance, Wang et al. [70] reported an electrochemical
immunosensor for detecting the CEA. The immunosensor is
constructed on a fluorine-doped tin oxide electrode mod-
ified with a composite of PANI-loaded few-layered MXene
(MXene@PANI). AuNPs and B-cyclodextrin (Au-p-CD) are
further electrodeposited on the surface to immobilize anti-
CEA antibodies (Figure 6a). This sensor exhibits excellent
performance for CEA detection with a wide linear detection
range of 0.5-350ng'mL™" and a low limit of detection of
0.0429 ng-'mL ™. The high conductivity of the MXene@PANI
composite and the capability of Au-B-CD to efficiently immo-
bilize antibodies contribute to the sensor’s sensitivity. The
immunosensor also demonstrates good selectivity, reprodu-
cibility, and stability. Furthermore, it shows feasibility for
detecting CEA in human serum samples, with recovery
ratios of 97.52-103.98%. Gan et al. [71] described a similar
electrochemical immunosensor for detecting CEA. The immu-
nosensor uses magnetic DNA-tagged nanoprobes made of zir-
conia/iron oxide NPs bound to DNA and antibodies. When the
sensor detects CEA, it forms a sandwich structure with cap-
ture antibodies on the sensor surface, CEA, and the antibody-
bound nanoprobes (Figure 6b). The large amount of enzyme
horseradish peroxidase on the nanoprobes amplifies the
signal. This sensor was able to detect CEA at concentrations
as low as 5pgmL~, which is 100 times more sensitive than
conventional ELISA methods. Testing on human serum sam-
ples showed good accuracy compared to ELISA.
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Reproduced with permission from ref. [70,71].

5.2 NSE

NSE is an important biomarker upregulated in lung cancer
tissues. Wang et al. [72] developed a sensitive electroche-
mical immunosensor using a MoS,@Au nanozyme label for
detecting the biomarker NSE. The MoS, nanoflowers pro-
vided abundant sites to load Au nanoclusters which cata-
lyzed H,0, decomposition to amplify the amperometric
signal. The NSE antibody was coupled to the MoS,@Au
nanozyme while the capture antibody was immobilized
on reduced graphene oxide (Figure 7). The immunosensor
detected NSE from 0.1 pgmL™ to 10 ngmL™" with a low

Figure 7: MoS,@Au-Ab2 bioconjugate for NSE detection. Reproduced with

detection limit of 0.05 pg'mL ™. It showed good selectivity
against other proteins, reproducibility of 1.51% RSD, and
stability for 48 hours. The sensor was successfully applied
to NSE detection in spiked serum samples with recoveries
from 97.6% to 99.9%. The MoS,@Au nanozyme label enhanced
sensitivity and the performance indicates that this electroche-
mical immunosensor has potential for clinical diagnosis
of NSE.

Karaman et al. [73] described the development of a highly
sensitive electrochemical immunosensor for detecting NSE.
The immunosensor uses a GCE modified with AuNPs-deco-
rated graphene and MoS, nanocomposites as the sensor

S

MoS,@Au-A

=
N
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permission from ref. [72].
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platform. This provides a large surface area for antibody
binding. The signal is amplified using a cobalt iron oxide-
silver nanocomposite, which binds to secondary antibodies.
The immunosensor showed excellent performance for NSE
detection with a wide linear range from 0.01 to 1 pg-mL ™" and
alow limit of detection of 3 fg-mL™. It also demonstrated high
selectivity against interfering proteins and stability over a
7-week period. Han et al. [74] used a signal amplification
strategy based on the electrocatalytic properties of nickel
hexacyanoferrate nanoparticles (NiHCFNPs) towards dopa-
mine oxidation. The sensor is fabricated by modifying a
glassy carbon electrode with a film of porous gold nanocrys-
tals, followed by NiHCFNPs and then a layer of AuNPs-func-
tionalized graphene nanosheets (Au-Gra). This provides a
large surface area for antibody loading. In the presence of
dopamine, the NiHCFNPs greatly enhance the oxidation cur-
rent response. This amplification allows sensitive detection of
NSE down to 0.3pgmL~, with a wide linear range from
0.001-100 ng'mL ", The immunosensor exhibits high selec-
tivity, reproducibility, and stability. Testing on clinical sam-
ples shows good agreement with standard ELISA results.

5.3 CYFRA 211

CYFRA 21-1 is an important NSCLC biomarker. A novel
immunosensor was reported based on a hydroxyapatite-
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chitosan nanocomposite platform and dendritic CuS NPs
label. Kumar et al. [75] reported on the development of a
highly sensitive electrochemical biosensor for the detection
of the oral cancer biomarker CYFRA-21-1. The biosensor uses a
nanostructured yttrium oxide (nY,0s) platform functiona-
lized with antibodies specific for CYFRA-21-1. Structural char-
acterization shows successful synthesis of oval-shaped nY,03
NPs around 80 nm in size. The nY,03 was electrophoretically
deposited onto an ITO electrode and the antibodies were
immobilized using EDC-NHS chemistry (Figure 8). Testing
shows that the biosensor exhibits a wide linear detection
range from 0.01 to 50 ng'mL ™" CYFRA-21-1, with a remarkably
low limit of detection of 0.01 ng'mL . The biosensor demon-
strates high sensitivity of 226.0 Q@mLng . Analysis of saliva
samples shows good correlation between the biosensor and
ELISA for detecting CYFRA-21-1 levels.

Aydin et al. [76] presented a new electrochemical bio-
sensor for detecting the lung cancer biomarker CYFRA 21-1.
The biosensor uses an ITO electrode modified with a multi-
layer film consisting of electrodeposited AuNPs and an
electropolymerized amino-substituted pyrrole polymer (P
(PyAmn)). The AuNPs provide high conductivity and the P
(PyAmn) polymer provides a large surface area for anti-
body immobilization. The biosensor detects CYFRA 21-1
through specific binding to anti-CYFRA 21-1 antibodies on
the surface, which causes an increase in impedance mea-
sured by EIS. The biosensor demonstrated a wide linear
detection range from 0.015-90 pgmL~, a low detection
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Figure 8: Stepwise fabrication process of the BSA/anti-CYFRA-21-1/APTES/nY,03/ITO biosensor. Reproduced with permission from ref. [75].
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limit of 4.59 fg-mL™". It showed high selectivity for CYFRA
21-1 over other proteins. The biosensor was successfully
applied to detect spiked CYFRA 21-1 in human serum sam-
ples with recoveries of 95.47-106.70%. Lu et al. [77] utilized
a ring-opening polymerization (ROP) amplification strategy
to greatly improve detection sensitivity. The immuno-
sensor is fabricated by immobilizing capture antibodies
onto a gold electrode modified with a self-assembled mono-
layer. After CYFRA 21-1 binds to the capture antibodies,
detection antibodies are added, which initiates the ROP
reaction. This results in a large number of electroactive
ferrocene molecules becoming attached to the detection
antibodies, amplifying the detection signal. Using this ROP
amplification strategy, the immunosensor demonstrated a
low detection limit of 9.08 fg-mL’1 for CYFRA 21-1, which is
100-1,000 times lower than other reported methods. The
immunosensor also showed excellent selectivity against
other proteins, a wide linear detection range of 1pg-mL™"
to 1ug'mL ™, and good accuracy for the detection of clinical
serum samples.

5.4 Emerging biomarkers

In addition to conventional markers, immunosensors have
also targeted emerging lung cancer biomarkers. For instance,
progastrin-releasing peptide (ProGRP) is an important bio-
marker for lung cancer diagnosis and monitoring, especially
in early stages [78]. The immunosensor utilizes antibodies
specific to ProGRP immobilized on the electrode surface.
The interaction between ProGRP and the antibodies causes
measurable changes in electrical signals that correlate with
ProGRP concentration. The modified electrode provides a
large surface area and optimal environment for antibody
binding. The immunosensor demonstrated high sensitivity
with a detection limit of 0.133ng:mL™ ProGRP, along with
excellent reproducibility and storage stability over 30 days.

VEGF165 plays a key role in tumor angiogenesis and
metastasis in lung cancer. Amouzadeh Tabrizi et al. [79]
described the development of a novel electrochemical
aptasensor for the sensitive and selective detection of
VEGF165. The aptasensor is based on an anti-VEGF165
aptamer immobilized on a screen-printed electrode mod-
ified with ordered mesoporous carbon-gold nanocomposite.
The aptasensor detected VEGF165 through changes in inter-
facial electron transfer resistance measured by electroche-
mical impedance spectroscopy. The sensor exhibited a wide
linear detection range from 10.0 to 300 pg'mL ™" and a low
limit of detection of 1 pg-mL™.

Detecting microRNAs (miRNAs) like miR-21 holds immense
importance in lung cancer diagnostics due to their stability and
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regulatory roles. Liu et al. [80] reported a novel electrochemical
biosensing platform based on a hybrid DNA hydrogel, which
was developed for the sensitive detection of lung cancer-spe-
cific miR-21. The biosensor utilized ferrocene-tagged DNA
recognition probes that, when hybridized with miR-21, led
to the dissolution of the DNA hydrogel, causing a reduction
in current detectable by cyclic and differential pulse voltam-
metry. Notably, the biosensor exhibited a remarkable detec-
tion limit of 5nM for miR-21, along with a linear range of
detection spanning from 10 nM to 50 uM. Importantly, the
biosensor showcased high specificity for miR-21 over inter-
fering sequences, demonstrating its potential for selective
clinical diagnosis.

The study by Xu et al. [81] revolved around the signifi-
cance of detecting the EGFR exon 19 status in lung cancer,
as patients with exon 19 deletions often exhibit greater
sensitivity to EGFR tyrosine kinase inhibitors than those
with other EGFR mutations. By analyzing the conversa-
tions, it is evident that the utilization of deep learning techni-
ques, particularly the Bidirectional Long Short-Term Memory
model, proves to be effective in automating the detection of
EGER exon 19 deletions. This model, trained on a substantial
dataset of patient genomic sequences, demonstrates excellent
performance in terms of accuracy, sensitivity, and specificity,
outperforming previous methods such as Amplification
Refractory Mutation System PCR.

6 Trends and future outlook

While electrochemical immunosensors have shown immense
potential for sensitive detection of lung cancer hiomarkers,
there are ongoing efforts to further enhance their viability
and bring the technology closer to widespread clinical
adoption.

Simultaneous detection of multiple biomarkers on a
single integrated platform can provide more reliable diag-
nosis compared to measuring any single biomarker. Multiplexing
offers a promising approach to account for the complexity and
heterogeneity of lung cancers. For instance, nanocomposite inter-
faces capable of spatially isolating different antibodies or apta-
mers allow simultaneous measurement of markers like CEA,
NSE, CYFRA21-1 on the same electrode. The use of unique electro-
active labels for each biomarker enables discrimination by vol-
tammetric peak potential. Arrays of individually addressable
electrodes facilitate parallel multiplexed sensing. Multiplexing
technology needs further innovation to increase panel size and
assay speed. But the capability to profile expression patterns of
different lung cancer biomarkers would aid in early diagnosis
and personalized therapy.
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Point-of-care devices are increased impetus on devel-
oping miniaturized point-of-care diagnostic devices for rapid,
on-site detection of lung cancer biomarkers. Embedding
electrochemical immunosensors with microfluidics and
electronics into portable, inexpensive handheld gadgets and
microchips would enable decentralized testing. Integrated
microfluidic systems allow automated sample handling.
Handheld potentiostats linked to smartphones or tablets
provide data acquisition and connectivity. 3D printing can
produce low-cost immunoassay devices for resource-limited
settings. However, seamless integration and operational
robustness remain challenges.

Wearable electrochemical biosensors can allow con-
tinuous non-invasive monitoring of clinically relevant
biomarkers. Flexible and stretchable platforms based on
fabrics, tattoos, and patches with embedded immunosensors
are being designed. For instance, screen-printed electrodes
on stretchable substrates have been applied. Wireless sen-
sors for real-time tracking of lung cancer markers in sweat
or saliva could provide valuable diagnostic information
and aid in longitudinal disease management. However,
reproducibly manufacturing flexible sensor strips and
minimizing noise from motion artifacts require further
research.

Microfluidic microchips offer automation, miniaturiza-
tion, and multiplexing capabilities. Immunosensors coupled
to microfluidic platforms enhance kinetic analysis, allow in
situ calibration, and reduce sample volumes and reagent con-
sumption. Sensing and sample preparation can be integrated
onto compact Lab-on-a-Chip type devices for point-of-
care use.

Very few electrochemical immunosensors for cancer
biomarkers have been commercially translated so far. This
is due to practical challenges such as reproducibility across
fabrication batches, device stability under variable condi-
tions, selectivity in complex samples like whole blood, and
stringent clinical validation. Academic and industry part-
nerships focused on overcoming these limitations to develop
market-ready products need to be fostered by leveraging the
expertise of different stakeholders. Increased commerciali-
zation and regulatory approval would drive wider clinical
acceptance and make the devices viable diagnostic tools for
lung cancer.

In addition, there are several factors to consider when
choosing the appropriate electroanalytical technique for
specific biomarkers or clinical scenarios. The type of bio-
marker, required sensitivity, sample matrix, and purpose
of testing need to be balanced to identify the most appro-
priate technique. Impedance spectroscopy has been widely
used for detecting DNA and RNA biomarkers due to its high
sensitivity to surface binding events, while amperometry
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and voltammetry are commonly employed for protein
biomarkers due to their compatibility with enzyme labels
and NPs tags. Techniques like impedance spectroscopy
and voltammetry tend to achieve lower detection limits,
making them well suited for detecting biomarkers at low
concentrations. However, amperometry can also achieve
high sensitivity when combined with amplification strategies.
Some techniques may be more tolerant of complex matrices
like blood and serum samples. For instance, impedance spec-
troscopy has demonstrated good anti-interference capabilities
in complex media. Certain scenarios may prioritize para-
meters like speed, cost, or portability. For example, ampero-
metry is often favored for point-of-care applications due to
its simplicity and compatibility with miniaturized devices.
Meanwhile, impedance spectroscopy can offer label-free,
real-time monitoring capabilities suitable for longitudinal
studies.

7 Conclusion

Electrochemical immunosensors show promise for sensi-
tive lung cancer diagnosis. Nanomaterials like graphene
and metal NPs enhance sensor performance by increasing
surface area and conductivity. Advanced antibody immo-
bilization and signal amplification strategies improve sen-
sitivity. Recent sensors have achieved detection limits in
the femtogram per milliliter range for biomarkers like CEA
and miRNAs. However, multiplexed detection of multiple
biomarkers, point-of-care devices, and wearable platforms
could further improve clinical viability. While current
research has made impressive progress, commercializa-
tion, standardization and clinical validation are essential
next steps to translate these sensors into products for reg-
ulatory approval and real-world use. Widespread adoption
depends on addressing remaining challenges through mul-
tidisciplinary efforts.

In summary, electrochemical immunosensors repre-
sent a powerful platform for early lung cancer detection
and monitoring. Their ability to detect biomarkers at extre-
mely low levels holds promise for improving patient out-
comes through earlier diagnosis and treatment. However,
further research and development is needed to realize this
potential, from enhancing sensor performance to facili-
tating clinical integration. With a concerted push from
both academia and industry, electrochemical immunosen-
sors could transform lung cancer management in the
coming years.
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