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Electrochemical biosensors are gaining attention as

powerful tools in cancer diagnosis, particularly in liquid biopsy, due E— Multi-target

to their high efficiency, rapid response, exceptional sensitivity, and s 0 -
specificity. However, the complexity of intra- and intertumor =

heterogeneity, with variations in genetic and protein expression profiles .. ..ccues SRR S re—
and epigenetic modifications, makes electrochemical biosensors R ) L

susceptible to false-positive or false-negative diagnostic outcomes. To

address this challenge, there is growing interest in simultaneously
analyzing multiple biomarkers to reveal molecular characteristics of A s i
tumor heterogeneity for precise cancer diagnosis. In this Perspective, -
we highlight recent advancements in utilizing electrochemical
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biosensors for cancer diagnosis, with a specific emphasis on the
multitarget analysis of cancer biomarkers including tumor-associated
nucleic acids, tumor protein markers, extracellular vesicles, and tumor cells. These biosensors hold significant promise for improving
precision in early cancer diagnosis and monitoring, as well as potentially offering new insights into personalized cancer management.

electrochemical biosensor, cancer biomarker, multitarget analysis, tumor heterogeneity, cancer diagnosis

lectrochemical biosensors incorporating biological recog-

nition elements and electronic transducers can serve as
robust analytical tools for a wide range of analytes,
encompassing small molecules, nucleic acids, proteins, and
even cells.' Depending on the electroactive or nonelectroactive
properties of analytes, electrochemical biosensors transduce
biorecognition events into measurable signals that are
subsequently interrogated using appropriate electrochemical
techniques. For example, variations in the current generated by
electrochemical oxidation or reduction reactions are monitored
via amperometric and voltammetric techniques, while the
resistance and capacitance characteristics of an electrochemical
cell is measured using impedance techniques to establish a
quantitative relationship with the analyte concentration.
Compared with other conventional biosensors, electrochemical
biosensors possess several distinct advantages, such as low cost,
high sensitivity, simple operation, small analyte volume
requirement, rapid readout, and ease of portability and
miniaturization, which renders them applicable for point-of-
care testin% to acquire physiological and biochemical
information.” ™"

Among widespread applications of electrochemical bio-
sensors, the analysis of cancer biomarkers, such as tumor-
associated nucleic acids, tumor protein markers, extracellular
vesicles (EVs), and tumor cells, is of particular interest,
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highlighting their potential for indicating the occurrence of
cancer and monitoring the disease progression.””” Unlike
biological species (e.g., glucose and lactate) commonly used in
health monitoring, clinical biomarkers for cancer diagnosis
present a low abundance in the body fluids.*™'° For instance,
in the blood, the concentration of tumor-associated nucleic
acids (such as microRNAs) is typically at the fM or pM level,
tumor protein markers are often found in concentrations
ranging from fg/mL to pg/mL or even lower, while the
quantity of circulating tumor cells (CTCs) generally falls below
ten per milliliter. And although EVs possess a relatively high
abundance (approximatelyl0® to 10' particles/mL), the
proportion of EVs derived from tumors is extremely limited.
The low abundance along with the coexistence of a wealth of
nontarget components brings about considerable challenges in
sensitivity and specificity during the analysis of these cancer
biomarkers."' To address the challenges, recent researches on

October 22, 2024
November 26, 2024
December 2, 2024
December 11, 2024

https://doi.org/10.1021/jacsau.4c00989
JACS Au 2024, 4, 4655—4672


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianan+Xia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lijuan+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yujing+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Genxi+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.4c00989&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00989?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00989?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00989?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00989?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jaaucr/4/12?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/12?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/12?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/12?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.4c00989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

electrochemical biosensors have primarily focused on the
advancement in biorecognition systems and associated signal
amplification strategies. Emerging recognition elements such as
aptamers, molecular imprinting polymers, and affinity peptides
have been exploited and utilized as valuable complements to
antibodies for meeting the specific recognition and analysis
requirements of diverse cancer biomarkers.'>™'* Meanwhile, a
variety of signal amplification strategies have been devised
based on nanomaterials or molecular assembly processes and
applied in electrochemical biosensors to realize highly sensitive
analysis of cancer biomarkers.'>~"*

Despite the improved sensitivity and specificity, the clinical
practice of electrochemical biosensors in cancer diagnosis
remains hindered, particularly attributed to the high tumor
heterogeneity. As one of the main drivers of resistance to
cancer therapies, tumor heterogeneity encompasses the
variability in genetic and protein expression profiles as well
as epigenetic modifications across different tumors (intertumor
heterogeneity) or within the same tumor (intratumor
heterogeneity), which is also evident in distinct disease lesions
(spatial heterogeneity) or at different disease stages (temporal
heterogeneity).lg_21 Due to tumor heterogeneity, relying on a
single cancer biomarker is not sufficient for accurate tumor
identification or monitoring of tumor progression, resulting in
limited accuracy and efficacy in both cancer diagnosis and
treatment. Conversely, the utilization of multiple biomarkers
holds great promise for addressing the challenges posed by
tumor heterogeneity, thereby facilitating improved diagnostic
insights and enhancing the therapeutic outcomes for cancer
patients.””~*° In this regard, there is a growing interest in the
development of electrochemical biosensors that enable multi-
target analysis of coexisting cancer biomarkers, as these
biosensors are anticipated to create a more comprehensive
tumor molecular profile to reflect tumor heterogeneity. For
instance, electrochemical biosensors designed for the multi-
target analysis of nucleic acid biomarkers (such as tumor-
associated DNA and RNA) can provide gene expression
profiles that help differentiate among distinct cancer
subgroups. Similarly, electrochemical biosensors designed for
the multitarget analysis of protein biomarkers can reveal the
diversity of protein expression and modification present in
different malignant tumors. Moreover, through the multitarget
analysis of different biomarkers on the surface and inside of
EVs or intact tumor cells, electrochemical biosensors can more
effectively uncover the molecular characteristics of the
originating tumors, which allows for better monitoring of
disease progression at various steiges.26’27

To date, several reviews concerning the multitarget analysis
of biomarkers have been published.”” " Nevertheless, these
reviews mainly concentrate on either the integration of various
analytical techniques (not limited to electrochemical ap-
proaches) with micro/nanomaterials or the combined
detection of multiple biomarker species (such as nucleic
acids and proteins) across a range of diseases. Therefore, there
remains a lack of reviews focusing on the applications of
electrochemical biosensors in resolving tumor heterogeneity,
although a large number of papers and groundbreaking studies
have emerged in the past. In this context, we herein aim to
provide an up-to-date overview of the process in this fast-
moving field, presenting the latest achievements of electro-
chemical biosensors in the multitarget analysis of various
cancer biomarkers, such as tumor-associated nucleic acids,
tumor protein markers, EVs, and tumor cells (Figure 1), with a
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Figure 1. Schematic illustration of using electrochemical biosensors to
address tumor heterogeneity challenges for cancer diagnosis, mainly
focusing on multitarget analysis of tumor-associated nucleic acids,
tumor protein markers, EVs and tumor cells. Created with BioRender.
com.

specific emphasis on the work of the past five years.
Meanwhile, we are willing to share our prospects on the
future research directions of this filed and hope that this
perspective can contribute to promoting the clinical trans-
formation of electrochemical biosensors in precision cancer
diagnosis.

Tumor heterogeneity plays a crucial role in shaping the unique
genetic profiles observed in cancer patients, thereby high-
lighting the significance of tumor-associated nucleic acids as
biomarkers for cancer diagnosis, prognosis, and prediction.
Specifically, cell-free DNA (cfDNA) from tumors, such as
circulating tumor DNA (ctDNA), can accurately present the
mutations existing in cancers.”” This makes the assessment of
the mutation burden in cfDNA highly beneficial for diagnosing
cancer patients. Moreover, the molecular testing of circulating
RNA biomarkers, especially mRNAs (mRNAs), microRNAs
(miRNAs), long noncoding RNAs (IncRNAs), and circular
RNAs (circRNAs), have emerged as another promising
approach.” Nevertheless, the precise identification of tumor-
associated nucleic acids has always faced with the challenges
posed by their low abundance and the extensive coexistence of
nucleic acids with sequence similarities. Hence, an increasing
number of studies have been dedicated to developing
electrochemical biosensors for high-sensitivity and multitarget
analysis to enable the molecular profiling of tumor-associated
nucleic acids.

As a substitute for tissue-based genomic profiling, plasma
ctDNA analysis can identify mutations in specific genes and
reflect tumor heterogeneity.”* To overcome the difficulties
presented by low-frequency site mutations in ctDNA, DNA-
based amplification strategies are often integrated into
electrochemical biosensors to enable sensitive analysis of
tumor-specific mutations. For example, DNAzymes, specific
DNA sequences with excellent catalytic activity comparable to
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Figure 2. Electrochemical biosensors for multitarget analysis of tumor-associated nucleic acids. (A) Electrochemical biosensor based on a
multiplexed chip and combinatorial PNA probes to identify mutations of the EGFR gene. Reproduced with permission from ref 40. Copyright 2018
Wiley-VCH. (B) Bioelectronic single-molecule sensing array for the simultaneous analysis of both ctDNA and tumor protein markers. Reproduced
from ref 43. Available under a CC-BY 4.0 license. Copyright 2023 The authors. (C) Laser-induced graphene electrode array with microfluidic
channels for high-throughput analysis of miRNAs. Reproduced with permission from ref 60. Copyright 2024 Elsevier. (D) Dual analysis of miRNA-
21 and Let-7a in a single run based on SPEC. Reproduced from ref 65. Copyright 2023 American Chemical Society.

protein enzymes, are utilized to enhance the accumulation of
electroactive s'gnals by modulating conformational changes of
DNA probes;”> DNA polymerases that facilitate elongation of
DNA strands are used to catalyze isothermal DNA
amplification reactions for enhanced electrochemical signals;36
CRISPR/Cas systems, known for their exceptional precision in
inducing site-specific cleavage, are engineered to be activated
upon binding to the target ctDNA for unleashing inherent
trans-cleavage capability;”’ and functional nanoparticles are
widely applied to preparing electroactive signaling probes,
thereby amplifyin% the electrochemical detection signal of
ctDNA mutation.’

Combining these signal amplification strategies with spatially
separated electrodes, such as electrode arrays, a number of
electrochemical biosensors have been developed for spatial
multiplexed analyses of ctDNAs.*”~* For instance, Kelley and
co-workers developed an electrochemical biosensor to analyze
mutated circulating ctDNA with a specific focus on the KRAS
gene.”” The biosensor made use of DNA clutch probes to
prevent denatured ctDNA from reassociating, thereby ensuring
that only mutated ctDNA bound immobilized peptide nucleic
acid (PNA) probes to generate an electrochemical signal.
Based on this design and the further use of a microelectrode
array, the biosensor was challenged with PCR products of wild-
type KRAS and its seven mutant alleles and achieved analysis
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and discrimination of homozygous and heterozygous mutants
even in samples collected from cancer patients. With a similar
spatial multiplexing design, Kelley and co-workers also
proposed an electrochemical biosensor to identify mutations
of the epidermal growth factor receptor (EGFR) gene, which
had dozens of different alterations that included deletions,
insertions, and point mutations (Figure 2A).*" Combinatorial
PNA probes with variable positions at the N-terminal region
were utilized in the biosensor to effectively analyze serum
samples from patients diagnosed with nonsmall cell lung
cancer. Through the use of a multiplexed chip, the biosensor
was demonstrated applicable in the analysis of 40 clinically
relevant alterations within the EGFR gene, including 26
deletion mutations within exon 19, 6 insertion mutations
within exon 20, and 3 point mutations within exon 18.
Recently, Genco et al. reported another interesting work, in
which a bioelectronic single-molecule sensing array was
fabricated for the simultaneous analysis of both ctDNA and
tumor protein markers (Figure 2B).*’ The sensing array relied
on the use of single-molecule-with-a-large-transistor technol-
ogy and arranged in an 8 X 12 enzyme-linked immunosorbent
assay-like layout. By using the reader based on a custom Si-IC
chip to collect signals, analyses of KRAS mutation, mucin 1
(MUCL1), and CDSS in 47 patients’ fluids were multiplexed at
the single-molecule limit-of-identification, resulting in at least
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96% sensitivity and 100% specificity for the diagnosis of
pancreatic cancer.

mRNAs, serving as the direct carriers of genetic information
and the templates for encoding proteins, play an essential role
in biological processes. In cancer patients, alterations of
mRNAs can influence various facets of tumor development,
and the discovery of mRNAs in the plasma has been shown to
facilitate the development of noninvasive diagnostic and
prognostic tools.*”*> The analysis of tumor-associated
mRNAs is capable of reflecting the abnormalities in specific
gene expression and making valuable diagnostic contributions
beyond DNA analyses. Meanwhile, starting with miRNAs,
many efforts have been made to explore the biological roles of
linear noncoding RNAs, which also include IncRNAs.*® These
linear noncoding RNAs are found to participate in various
cellular processes by interfering with post-transcriptional and
translational regulations and are increasingly recognized as
potential RNA biomarkers in liquid biopsy due to their high
abundance and inherent stability in the blood.”’~* In
addition, unlike linear RNA biomarkers, circRNAs having a
covalently closed loop structure confer increased stability and
resistance to RNase degradation, which renders them as
promising noncoding RNA biomarkers for cancer diagnosis.”’
Notably, circRNAs contain unique back-splice junction
sequences that are formed via cyclization. This distinctive
sequence can serve as a recognition domain, facilitating the
incorporation of circRNAs into nucleic acids-based analysis
strategies, such as the activation of CRISPR-Cas systems and
the initiation of DNA amplification reactions.”"**

Compared to traditional RT-PCR techniques, electro-
chemical biosensors are generally easy to operate and thus
have found impressive success in multiple analyses of tumor-
associated RNA biomarkers, which may enhance the accuracy
of cancer diagnosis. One popular way to develop such
biosensors is with the help of the electrode array, similar to
that employed in multiple analyses of ctDNAs. In a
groundbreaking work, Xie et al. fabricated an 8 X 8 sensor
array by evaporating a titanium adhesion layer on a glass slide
and employed it to electrochemically detect the expression of
breast cancer susceptibility genes at the mRNA level, ie,
tumor protein pS3 (TPS3), heat-shock protein 90 (HSP90),
breast cancer gene 1 (BRCAI), and Histone H4 (His4).” In
human breast tissues, the sensor array allowed the direct
quantification of the target genes from mRNA extracts with
high sensitivity and specificity. The estimated lowest detectable
amount of a specific gene was approximately 800 copies in 1.5
ng of mRNA. Since then, a succession of array-based
multitarget analyses for tumor-associated RNA biomarkers
have been accomplished.”*™® For instance, Kelley and co-
workers devised multiplexed sensor arrays that integrated novel
nanostructured microelectrodes (NMEs) with rapid electro-
catalytic readout for profiling mRNAs and miRNAs.>">> These
arrays enabled the direct and amplification-free analysis of
multiple RNAs from cell extracts and clinical tumor samples,
using only nanograms of total RNA, and thereby were capable
of identifying gene fusions related to aggressive prostate cancer
and miRNA sequences overexpressed in human head and neck
cancer cells. Later, they extended the NMEs-based sensor array
to the specific detection of cancer-related mutations in cell-free
nucleic acids, encompassing not only cfDNAs but also
cfRNAs.>® Through the introduction of a clamp cocktail, the
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biosensor exhibited remarkable practicality in unprocessed
serum specimens from patients with lung cancer and
melanoma, and yielded outcomes in accordance with the
PCR. This marked the first successful analysis of cell-free
nucleic acids in serum without the necessity of enzymatic
amplification. Likewise, with the array design, Torrente-
Rodriguez et al. developed a magnetobiosensor for the
simultaneous analysis of two miRNAs (miRNA-21 and
miRNA-205) related to breast cancer.’’ By employing the
p19 RNA binding protein as a capture receptor and the H,O,/
hydroquinone system to generate amperometric signals, the
sensor exhibited desirable detection limits of 6 X 10° fM for
both target miRNAs, and demonstrated good usability in
metastatic breast cancer cells and tissues. Bruch et al. utilized
the dry film photoresist technology to manufacture a CRISPR/
Casl3a-powered electrochemical microfluidic biosensor for
miRNA detection.”® Based on the cleavage of the reporter
RNA by target miRNA-activated CRISPR/Casl3a, the
biosensor allowed the sensitive analysis of target miRNA
(e.g, miRNA-19b and miRNA-20a) down to 1 X 10* fM and
had the capacity for simultaneous analysis of up to eight
miRNA biomarkers. Very recently, Liu et al. integrated a laser-
induced graphene electrode array with microfluidic channels to
construct a high-throughput electrochemical biosensor for
miRNA analysis (Figure 2C).°° Thanks to the signal
amplification mediated by A-exonuclease, the biosensor was
able to perform multiplexed analysis of miR-21, miR-1246, and
miR-155 with detection limits of 140 fM, 240 fM, and 110 fM,
respectively. The high potential of the biosensor in cancer
diagnosis was also validated by assessing the expression levels
of these three miRNAs in exosomes and clinical serum
samples, showing high accuracy in distinguishing breast cancer
patients from healthy donors.

In addition to using electrode arrays, other strategies have
also been attempted for the development of electrochemical
biosensors to achieve multiplex analysis of cancer-associated
RNA biomarkers.”’ "’ For example, Labib et al. developed an
electrochemical biosensor to detect ultralow levels of miRNAs,
which possessed three detection modalities based on hybrid-
ization, p19 protein binding, and protein displacement.”’ By
adopting voltammetric and impedance techniques (such as
square wave voltammetry and electrochemical impedance
spectroscopy) to acquire signals, this three-mode sensor was
capable of identifying target miRNA as low as § X 107> fM
without amplification, and was applicable for sequential
analysis of multiple miRNAs on a single electrode. Meanwhile,
this three-mode sensor achieved success in directly profiling
three endogenous miRNAs in human serum, including hsa-
miRNA-21, has-miRNA-32, and hsa-miRNA-122, with quanti-
tative results validated by qPCR. Also using a sequential
multiplexing strategy, Sheng et al. presented a sensitive
biosensor for detecting a set of nonsmall cell lung cancer-
associated RNA biomarkers.’” In the biosensor, the sequential
multiplex was realized through the regeneration of electrode
interface induced by the combined enzymatic cleavage by
Uracil-DNA glycosylase and endonuclease IV. As a result, this
biosensor maintained high stability for up to 37 sequential
RNA measurements and was able to analyze multiple RNA
biomarkers, including miRNA-17, miRNA-155, TTF-1 mRNA,
miRNA-19b, miRNA-210 and EGFR mRNA. In another
approach, Qiu et al. employed a different but interesting
strategy, single particle electrochemical collision (SPEC), to
realize multitarget analysis of RNAs in a single run (Figure
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Wiley-VCH.

2D).% In their design, the complementary base pairing
between target miRNAs and single-stranded DNAs at the
surface of nanoparticles accelerated the removal of DNA
coating, thereby restoring the SPEC of the electrocatalysis of
Pt nanoparticles and the oxidation of Ag nanoparticles. By
monitoring the dual signals, two target miRNAs, miRNA-21
and Let-7a, were detected simultaneously with limits of 5.3 X
10° fM and 8.8 X 10° fM, respectively. Recently, Ye et al.
developed a novel “on—off-on” electrochemiluminescence-
based biosensor with dual targets of breast cancer-related
miRNA-21 and miRNA-105."” Two different DNA assembly
circuits, namely catalytic triple hairpin assembly and toehold-
mediated strand displacement reactions, were introduced in
this biosensor, facilitating the ultrasensitive quantitation of the
two miRNAs with limits of 2.03 X 10~ and 8.04 X 1072 fM,
respectively. Validation in cellular samples further demon-
strated that this sensor could effectively distinguish breast
cancer cells from nonbreast cancer cells and accurately identify
metastatic breast cancer cells, such as MDA-MB-231 cells.

In view of the intricate nature of tumor heterogeneity at the
molecular level, there is a growing interest in the multidimen-
sional analysis of tumor-associated RNAs in combination with
other cancer biomarkers.®*™7° In this regard, Zuo and co-
workers developed a DNA-framework-based molecular classi-
fier by using programmable atom-like nanoparticles (PANs).”!
As designed, the PANs were encoded with multivalence
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reporters and thus allowed the conversion of heterogeneous
molecular binding events into unified electrochemical sensing
signals, enabling the acquisition of comprehensive molecular
information in clinical samples. Benefiting from these valence-
encoded PANSs, the molecular classifier demonstrated effective-
ness in analyzing a panel of six prostate cancer-associated
biomarkers, including miRNA-153, miRNA-183, ROR2
mRNA, MEIS2 mRNA, prostate-specific antigen (PSA), and
sarcosine. Furthermore, the molecular classifier displayed a
high diagnostic power for prostate cancer with an area under
the curve of 100% based on optimized weight sets for the
biomarker panel, showing greatly enhanced accuracy compared
to that using a single biomarker (miRNA or mRNA).

The accessibility of blood as a readily available sample renders
circulating cancer biomarkers as potential tools for cancer
diagnosis and physical examination. Specifically, circulating
tumor protein markers, which originate from tumor-associated
tissues in response to cancer and related pathological states,
have been clinically utilized for screening and diagnosing
various cancers, evaluating responses to cancer treatment, and
monitoring prognosis during the disease progression.”” 74 In
recent years, electrochemical biosensors have made remarkable
achievements in the detection of tumor protein markers.

https://doi.org/10.1021/jacsau.4c00989
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However, it is evident that current biosensors are typically
confronted with two challenges: one is the challenge of
sensitivity due to the low abundance of the target protein, and
the other is the challenge of specificity due to nonspecific
adsorption from clinical samples at the electrode interface.
Furthermore, tumor protein markers encompass a range of
proteins from diverse sources, including glycoproteins,
hormones, enzymes, antigens, and other varieties. However,
extensive clinical data suggests that no single tumor protein
marker is universally applicable to all patients, even those with
the same type of cancer.”>’® Therefore, many efforts have been
and are being made to improve the performance of
electrochemical biosensors and to achieve the combined
analysis of tumor protein markers, which would be essential
for enhancing diagnostic accuracy while facilitating personal-
ized risk assessment for cancer management.

Since the initial discovery of tumor protein markers, such as
alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA),
and PSA, immunosensors have become a fundamental tool for
their analysis, relying on the high-affinity and noncovalent
interaction between the target and the antibody.”’ ™ For
instance, our group engineered an Escherichia coli biocarrier
harboring redox indicators and antibodies and developed an
electrochemical immunosensor for analyzing human epidermal
growth factor receptor-2 (HER-2), a key protein biomarker in
breast cancer subtyping.”’ Because of the great signal
amplification capability of Escherichia coli biocarrier arising
from its superior loading aptitude, as low as 35 pg/mL HER-2
was sensitively detected using our immunosensor. In another
representative work, Vargas et al. reported on a novel design
using hybrid cell membranes derived from human macro-
phages and red blood cells to construct the electrochemical
immunosensor.”® Taking tumor necrosis factor-alpha (TNF-a)
as a model target, the immunosensor displayed a remarkable
limit of detection of 150 pM (approximately 2.55 X 10° pg/
mL), demonstrating antifouling abilities of the hybrid
membrane in preventing nonspecific adsorption.

Given subtle changes at the protein level in the initiation of
cancer that may not be readily detectable through single
protein assays, developing electrochemical immunosensors for
the identification of multiple tumor protein markers is believed
to enhance predictive precision in cancer diagnosis. The
utilization of differentiated electrochemical signal labeling is
one popular approach in multitarget analysis. In a pioneering
work, Hayes et al. employed metal ions (such as bismuth and
indium ions) as electrochemical tracers to develop an
immunosensor capable of simultaneously detecting two
proteins.®’ Thereafter, Liu et al. further enhanced the design
of multiplex analysis through the utilization of inorganic metal
nanoparticles for electrochemical coding.82 Since then, the
sensing designs integrating different metal-based labels have
been frequently employed for the multitarget analysis of tumor
protein markers. For example, Kong et al. fabricated CdS/
DNA and PbS/DNA nanochains via in situ growth approach
and tethered them to relevant antibodies to serve as
distinguishable nanolabels in an immunosensor.”> Based on
the electrochemical stripping analysis of Cd** and Pb**
dissolved from these nanolabels, simultaneous detection of
CEA and AFP was achieved in a single run. The detect limit for
CEA reached 3.3 pg/mL while for AFP reached 7.8 pg/mL.
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Liu et al. reported an electrochemical immunosensor for
analyzing two neuroendocrine tumor-associated proteins,
chromogranin A (CgA) and chromogranin B (CgB), employ-
ing independent signals derived from Cu’* and Pb*'-deposited
porous magnesium silicate (Figure 3A).** Under optimal
conditions, this immunosensor was feasible to detect CgA and
CgB down to 5.3 X 1073 pg/mL and 2.1 X 107> pg/mL, and
exhibited satisfactory accuracy in real serum samples from
neuroendocrine tumor patients. Recently, Zhang et al
developed an electrochemical homogeneous platform based
on metal ions/SiO,NPs/magnetic beads for multitarget
immunoassay of tumor protein markers.** Utilizing the distinct
oxidation peak potentials and current signals of different metal
ions (Cd*, Cu®', Pb**, and Hg*"), this platform enabled the
simultaneous detection of four standard biomarkers for the
clinical molecular typing of breast cancer (i.e.,, HER-2, estrogen
receptor [ER], cell proliferation biomarker Ki67, and
progesterone receptor [PR]), with detection limits of 2 pg/
mL, 1.8 pg/mL, 10.36 pg/mL, and 1.33 pg/mL, respectively.
Apart from metal-based labels, redox molecules and enzymes
have also been employed in immunosensors to achieve
multitarget analysis of tumor protein markers.**™** In one
such work, Zhao et al. developed a sandwich-type immuno-
sensor for multiplexed analysis of three tumor protein markers
using ferrocene-carboxylic acid, anthraquinone-2-carboxylic
acid, and acetylsalicylic acid as signal sources.* Distinguishable
electrochemical signals were characterized by cyclic voltam-
metry and differential pulse voltammetry, demonstrating
satisfactory performance for simultaneous determinations of
CEA, AFP, and PSA. Similarly, Xie et al. proposed an
immobilization-free dual-target electrochemical biosensor that
combined distinguishable magnetic signal reporters.”” This
biosensor was capable of converting the quantities of target
tumor protein markers (i.e., CEA and AFP) into the signals of
potential-resolved methylene blue (MB) and 6-(ferrocenyl)-
hexanethiol, and thereby achieved delightful detection
performance with detection limits of 3.334 X 107> pg/mL
and 1.702 X 1072 pg/mL for the two proteins, respectively.
Electrode arrays and other forms of spatially separated
electrodes have also been extensively explored for multitarget
analysis of tumor protein markers over a long period.**~** One
of the early efforts was to position multiple gold electrodes on
a single microporous membrane, with each electrode being
functionalized by specific capture antibodies for independently
detecting two protein markers, PSA and human chorionic
gonadotropin.”” In another early attempt, Wilson patterned
two iridium oxide electrodes on a glass substrate and
developed an alkaline phosphatase-based amperometric
immunosensor.”" The spatial separation among the electrodes
empowered the sensor to concurrently measure AFP and CEA
with high precision and accuracy comparable to single-analyte
ELISAs. Likewise, La Belle et al. presented the first report on
an impedimetric biosensor for the detection of glycoproteins
bearing distinct glycan moieties.”” This sensor was dependent
on the functionalization of printed circuit board electrodes
with either peanut agglutinin or Sambucus nigra agglutinin,
which preferentially bound to the tumor-associated Galal—
3GalNAc and a2,6-linked sialic acid, respectively. In this field,
Rusling and colleagues have also been at the forefront of
research, making many significant contributions. For instance,
they utilized a nanostructured electrode based on single-wall
carbon nanotube forest to develop an amperometric
immunosensor with a detection limit as low as pg/mL.”> By
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integrating it with a simple four-electrode array, the sensor was
expanded to detect four tumor protein markers, including PSA,
prostate specific membrane antigen (PSMA), platelet factor-4,
and interleukin-6 (IL-6), with the necessary hi§h sensitivity for
detecting these markers at physiological levels.”® Concurrently,
they developed another sensitive amperometric immunosensor
by combining a densely packed gold nanoparticle platform
with massively labeled magnetic beads.”” Through integration
with a microfluidic chip featuring eight sensing elements, this
sensor could simultaneously measure several tumor protein
markers related to head and neck squamous cell carcinoma, i.e.,
IL-6, IL-8, vascular endothelial growth factor [VEGF], and
VEGEF-C, while achieving high sensitivity with subfemtomolar
detection limits (S X 107 pg/mL for IL-6, 1 X 107> pg/mL for
VEGF and IL-8, and 5 X 107 pg/mL for VEGF-C).”®
Subsequently, they further enhanced the performance of
amperometric immunosensors in multitarget analysis of
tumor protein markers by increasing array throughput,
improving protein capture procedure, or employing Fe;O,@
graphene oxide nanozymes instead of massively labeled
magnetic beads.”””'"" Recently, Rusling and co-workers have
concentrated on prostate cancer diagnosis and developed
several immunosensors with unprecedented sensitivity. For
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example, by using a screen-printed electrode array coated with
a dense layer of gold nanoparticles, they achieved subzepto-
mole detection of PSA, VEGF-D, ETS-related gene protein,
and insulin-like growth factor-1 down to 1.3 X 107% 8.8 X
1075, 63 X 1075 and 13 X 107 pg/mL.'”* With the
construction of an optimized microfluidic immunoarray with
subfg/mL detection limits, they also accomplished simulta-
neous analysis of an 8-protein panel while identifying a subset
comprising four proteins that demonstrated a much better
accuracy in predicting prostate cancer than using PSA alone.'”
Additionally, they developed a semiautonomous microfluidic
platform without magnetic beads for the amperometric analysis
of parathyroid hormone-related peptide (PTHrP) along with
its fragments (Figure 3B).'”* This sensor not only achieved an
ultralow detection limit of 3 X 107* pg/mL but also
highlighted the value of PTHrP in diagnosing aggressive
prostate cancer.

Integrating new sensing designs with spatially separated
electrodes has also presented opportunities for the multitarget
analysis of tumor protein markers.'”>™'*® For instance, Zhong
et al. developed a photoelectrochemical immunosensor for
analyzing two breast cancer-associated protein markers,
CA15-3 and CEA, in which metal—organic framework
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incorporating Ag,S was adopted to yield robust and stable dual
photocurrent signals.1 ® In a recent work, Diaz-Fernandez et al.
designed an antigen-DNA conjugates-based electrochemical
biosensor for antibody detection, which was termed as
Enzyme-Linked DNA Displacement (ELIDIS)."”” The inter-
action of antigen-DNA conjugate and the target antibody
facilitated the release of a GOx-linked DNA strand, which
subsequently hybridized with probe DNA to generate a
measurable signal upon the catalysis reaction. With the use
of a gold screen printed disposable electrode that presented
two working interfaces, the ELIDIS allowed simultaneous
analysis of different antibodies including the clinically relevant
one, Cetuximab, an FDA-approved chimeric monoclonal
antibody that specifically targeted EGFR to inhibit tumor
growth (Figure 3C).

Aptamers, a kind of synthetic single-stranded nucleic acid
ligands generated through SELEX (systematic evolution of
ligands by exponential enrichment), demonstrate remarkable
affinity and specificity in binding to a variety of biomolecules
and thus can serve as substitutes for antibodies in the
development of electrochemical biosensors.'””'' In an early
landmark study, aptamers were combined with the encoding
and amplification capabilities of quantum dots, achieving
electrochemical simultaneous detection of thrombin and
lysozyme.''" Despite the fact that the biosensor merely
employed model proteins as targets, it initiated the application
of aptamers in the multiplex analysis of proteins. Since then, by
adopting appropriate sensing designs, particularly through
employing unique three-dimensional structures upon target
binding via conformational changes or strand competitions,
aptamers have obtained considerable success in the multitarget
analysis of proteins, especially tumor protein markers.''>""* In
one such work, Shen et al. designed an electrochemical
biosensor utilizing redox probes-tagged molecular beacon
aptamers for simultaneous detection of multiple proteins.'"”
As shown in Figure 4A, these molecular beacon aptamers
labeled with anthraquinone, MB, and ferrocene underwent
conformational changes upon binding to target proteins,
leading to departures of the tagged redox probes from the
electrode surface and resulting in obvious alterations in
electrochemical response. By employing three breast cancer-
associated cytokines (i.e, VEGEF, interferon-y [IFN-y], and
TNF-a) as models, the biosensor demonstrated sensitive
quantification of target proteins as low as S pg/mL while
showed desirable recoveries in human serum samples.
Moreover, the noncovalent interaction between single-
stranded aptamers and various nanomaterials offers new
opportunities for the advancement of electrochemical bio-
sensors. In a representative work, a dual-signal biosensor was
developed by adopting the aptamer-coating Sb quantum
dots@ZIF-67 nanocomposites with the encapsulation of
electroactive molecules, such as MB and 3,3’,5,5’-tetramethyl-
benzidine (TMB)."'* Following the incubation with target
proteins, positively charged MB and TMB were released from
the nanocomposites after the removal of aptamer coating,
achieving the sensitive and accurate analysis of HER-2 and
estrogen receptor in a label-free manner. Similarly, Zhang and
co-workers devised a homogeneous electrochemical biosensor
by employing electron transfer cascades on the electrode-
nanoparticle interface (Figure 4B).'" In their design, redox
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indicator (Ri)-labeled aptamers or complementary single-
stranded DNA probes were initially adsorbed on the surface
of polydopamine nanoparticles (PDA). In this case, the
collision of PDA on the electrode triggered a cascade redox
cycling between the Ri and the nanoparticle through
synchronous electron transfer, producing an amplified signal
output. However, the presence of targets, not only tumor
protein markers but also tumor-associated nucleic acids or
small molecule metabolites, caused the Ri-labeled aptamers or
DNA probes to detach from the surface of PDA, thus
disrupting the cascade redox cycling and resulting in
significantly reduced signal output. Based on this design, the
biosensor was successfully used for quantitative analysis of
VEGF, miRNA-21, and ATP, three upregulated cancer
biomarkers, with wide linear ranges and low limits of detection
(32 fM [approximately 0.608 pg/mL], 3.86 X 10° fM, and 2.8
pM, respectively).

Many other interesting schemes have also been incorporated
in the construction of aptamer-based electrochemical bio-
sensors.''“~""? For instance, our group reported a universal
electrochemical biosensor for the analysis of tumor-associated
glycoprotein biomarkers by simultaneously using an aptamer
probe and a phenylboronic acid-modified DNA probe."'® The
binding of the two probes to a single glycoprotein resulted in a
spatial proximity effect that facilitated the formation of a
circular template for rolling circle amplification (RCA).
Subsequently, the amplification reaction produced a large
number of byproducts, pyrophosphate, which accelerated the
breakdown of ZIF-90 to release MB for electrochemical
measurements. The biosensor effectively avoided false positive
results associated with the single recognition, enabling precise
determination of a variety of tumor-associated glycoprotein
biomarkers, including CEA, AFP, and MUC!1 (Figure 4C).
Recently, Noh et al. prepared an Au microgap electrode coated
with aptamer/MXene nanosheets to determine TNF-a and
IEN-y levels using a single biosensor.''” Depending on the
alternating current electrothermal flow, both targets could be
detected within a short time (<10 min) and with desirable
limits of detection of 0.25 pg/mL and 0.26 pg/mL, respectively
(Figure 4D).

According to the definition established by the International
Society for Extracellular Vesicles (ISEV), EVs are the nano- or
microsized particles secreted by cells, which are delimited by a
lipid bilayer and incapable of self-replication.'*” EVs, including
exosomes and microvesicles, generally contain a large amount
of biocomponents from the parental cells, such as proteins,
nucleic acids, lipids, and metabolites. They are involved in
intercellular communication and contribute to cancer pro-
gression by promoting tumor growth, angiogenesis, immune
suppression, and distant metastasis.'*""'** Therefore, EVs have
become appealing circulating biomarkers in liquid biopsy for
early cancer detection and disease progression monitoring, as
well as for indicating drug resistance.'*> So far, electrochemical
biosensors have been utilized to determinate a series of EV
biomarkers, such as surface proteins and endogenous RNAs,
indicating their potential for diagnostic applications. Moreover,
the simultaneous targeting of two or more EV biomarkers has
been shown to overcome the stochastic expression effect of a
single biomarker on or within an individual vesicle, thereby
enhancing the utility of EV analysis in addressing tumor
heterogeneity for precise cancer diagnosis. Typically, the
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Figure S. Electrochemical biosensors for multitarget analysis of EV surface proteins. (A) Electrochemical biosensor for EV surface protein-specific
glycoform analysis based on simultaneous targeting of MUC1 and EpCAM. Reproduced from ref 125. Copyright 2020 American Chemical Society.
(B) Proximity-guaranteed DNA machine-based electrochemical biosensor for analyzing breast cancer EVs expressing both HER-2 and EGFR.
Reproduced from ref 129. Copyright 2024 American Chemical Society. (C) Impedance profiling of EV surface proteins based on a quadruple
sensor chip. Reproduced from ref 137. Copyright 2022 American Chemical Society.

analysis of EVs demands an initial step of isolating them from
diverse sources (e.g,, blood and urine). A variety of techniques,
for instance, ultracentrifugation, size-exclusion chromatogra-
phy, polymer-based precipitation, and affinity approaches
based on molecular recognition, have been developed to fulfill
this research requirement.'”” These techniques leverage the
biophysical or biochemical characteristics of EVs, like size,
density, charge, surface composition (such as specific surface
proteins or lipids), and their advancement provides increasing
possibilities for multitarget analysis of EVs. Nonetheless,
distinct isolation techniques exhibit notable variations in
terms of efficiency, specificity, cost-effectiveness, and their
impact on the composition of isolated EVs. Hence, careful
consideration should be given to the choice of isolation
techniques during the development of electrochemical
biosensors for EV analysis, which might directly influence
both the accuracy and diagnostic value of final analytical
outcomes.

EVs carry a wide variety of surface proteins mirroring parental
cells, which play a crucial role in their identification and
analysis. The sandwich-type model has been extensively used
to illustrate the interaction between the recognition element,
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the surface protein of EVs, and the signaling probe to produce
electrochemical signals. Unlike tumor protein markers, EVs
display a greater surface area and more binding sites for the
attachment of recognition and signaling probes, which may
help to enhance the detection sensitivity.

Based on the simultaneous targeting of dual surface proteins,
electrochemical biosensors have been widely developed for
analyzing EVs that expressed either CD9 and epithelial cell
adhesion molecule (EpCAM),"”* MUCI1 and EpCAM,'>
CD63 and nucleolin,"** CD63 and PD-L1,'*”'** HER-2 and
EGFR,'” CD49f and EpCAM,"*’ tyrosine kinase-like 7
(PTK7) and PSMA,"" or CD63 and MUCL."**"** In this
aspect, Ding and co-workers reported a representative work.'*>
As shown in Figure SA, an electrode-confined aptamer was
designed to target EpCAM for capturing EVs derived from the
breast cancer cell line MCF-7, and an inactivated galactose
oxidase (GO)-coupled aptamer was utilized to bind to the
glycoprotein MUC1 on the EV surface. Upon Cu’**-mediated
activation of the GO, localized remodeling of terminal
galactose/N-acetylgalactosamine was performed on the
MUCI surface, enabling the bioorthogonal labeling with
biotin-hydrazide and the subsequent labeling with streptavi-
din-horseradish peroxidase for electrochemical signal output.
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In combination with sialic acid cleavage manipulation, the
method, named quantitative localized analysis, revealed distinct
MUCl-specific sialylation capping ratios in EVs derived from
MCEF-7 and MDA-MB-231 cells, providing new insights into
the use of EVs as noninvasive indicators for breast cancer
subtyping. Not long ago, Ge et al. constructed a double-hook
type aptamer-based electrochemical biosensor to facilitate
accurate early diagnosis of oral cancer based on EV analysis.'*°
This sensor utilized CD63 aptamer as the first hook to capture
EVs, while another aptamer to target specific oral cancer-
associated EV surface protein, such as nucleolin. Through the
adoption of electrochemical impedance spectroscopy, this
sensor confirmed excellent linearity within the EV concen-
tration range of 3.1 X 10* to 3.1 X 10° particles/mL, with a
detection limit as low as 1.2 X 10* particles/mL. Our group
also proposed some interesting biosensors for the analysis of
EVs through the recognition of coexisting surface pro-
teins.'**'*” For example, we recently developed a proximity-
guaranteed DNA machine-based electrochemical biosensor for
analyzing breast cancer EVs expressing both HER-2 and EGFR
(Figure 5B)."” In the biosensor, target EVs were initially
captured by phosphatidylserine-targeting peptide-function-
alized microbeads and then were selectively labeled by two
proximity probes that bound to HER-2 and EGFR respectively,
triggering a proximity-guaranteed copper-free click ligation. As
a result, a ligated intact activator was generated to manipulate
the DNA machine, which eventually activated the trans-
cleavage activity of CRISPR-Casl2a to arouse amplified
signals. Challenging with EVs derived from the breast cancer
cell line BT474 and circulating EVs found in plasma samples,
the biosensor demonstrated high sensitivity with an impressive
detection limit of 985 particles/mL and also good clinical
practicability, which may have potential use in the subtype-
based diagnosis of breast cancer.

Despite the progress made in EV analysis using electro-
chemical biosensors based on simultaneous targeting of surface
proteins, which has enhanced our comprehension of the
molecular characteristics of tumors, these biosensors are
unlikely to be effective for all cancer patients, even those
with the same cancer due to the highly heterogeneous nature
of tumors. Instead, efforts have been devoted to developing
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electrochemical biosensors for protein profiling of EVs.'**~'*!

These biosensors can analyze a panel of EV surface proteins,
thereby providing a more comprehensive picture of the surface
molecular composition of EVs, which is of great significance
for accurately diagnosing cancers."*”'*’ One of the early
milestones in this aspect was accomplished by Lee and co-
workers, who developed an integrated magneto—electro-
chemical sensor for multiplexed EV analyses.">* This sensor
combined two orthogonal modalities, magnetic isolation and
electrochemical measurement, and adopted the chronoamper-
ometry approach for signal collection. By employing a portable,
eight-channel device, this sensor allowed for the simultaneous
profiling of multiple EV surface proteins, such as the three
typical tetraspanin proteins (CD63, CD9, CD81) or a
combination of six representative tumor markers (i.e.,
EpCAM, CD24, CAI125, HER-2, MUCIS, and EGFR),
showing superior sensitivity and speed compared to conven-
tional methods. In another work, Lee and co-workers
presented an improved version of the integrated magneto-
electrochemical biosensor, known as HiMEX, for the rapid
protein profiling of EVs."*> The HiMEX streamlined EV
protein profiling by combining the immune-magnetic enrich-
ment of EVs and the probe labeling for signal generation in a
single workflow. Based on integrating a compact reader to
carry out 96 parallel measurements, the HiMEX assessed
expression levels of a panel of EV surface proteins, including
EpCAM, EGFR, CD133, GPA33, CD24, and CD63, in less
than 1 h, empowering the classification of plasma samples from
102 colorectal cancer patients and 40 controls with an accuracy
of exceeded 96%. Recently, Kilic et al. prepared a quadruple
sensor chip to perform impedance profiling of EV surface
proteins (Figure 5C)."*” The sensor chip was custom-designed
with four antibody-functionalized working electrodes, which
facilitated the parallel analysis of multiple proteins based on
changes in electrochemical impedance spectroscopy. Through
one-step electropolymerization with different antibodies, a
glioblastoma (GBM) chip was successfully tailored to
simultaneously identify three known GBM biomarkers
(EGFR, EGFRvIII, PDGFRa) and showed potential clinical
utility by directly analyzing plasma samples from GBM
patients. Also using a sensor chip with multiple antibody-
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7. Electrochemical biosensors for multitarget analysis of tumor cells. (A) Dual-recognition-controlled electrochemical biosensor for the

accurate analysis of specific tumor cells. Reproduced with permission from ref 156. Copyright 2022 Elsevier. (B) In situ PDC-based electrochemical
biosensor for the precise differentiation of the stem-like subpopulation in breast cancer cells. Reproduced from ref 161. Copyright 2021 American
Chemical Society. (C) Endogenous miRNA discriminator utilizing enzyme-powered strand displacement reactions for the subtype-specific
diagnosis of breast cancer. Reproduced from ref 163. Available under a CC BY-NC 3.0 license. Copyright 2023 The authors. (D) PNA-peptide-
DNA copolymers-guided nanosensor for the AND-gated and dual-model sensing of cathepsin B and miRNA-21. Reproduced from ref 165.

Copyright 2023 American Chemical Society.

functionalized working electrodes, Zhang et al. constructed an
integrated electrochemical liquid biopsy platform based on
ZIF-90-Zn0O-MoS, nanohybrids for the direct profiling of EVs
in blood."*” In a cohort of 24 participants (n = 12 for healthy
individuals and n = 12 for lung cancer patients), the platform
revealed distinct expression profiles of EV surface proteins,
such as CD9, CD63, and CDS81, and demonstrated
effectiveness in differentiating cancerous groups from healthy
controls.

There is an abundance of RNA species inside EVs with
specialized functions, such as miRNAs, mRNAs, and
IncRNAs.'** Due to the protection of the outer lipid
membrane, EV RNAs exhibit much higher stability compared
to free RNAs in biofluids and are regarded as reliable
biomarkers in the noninvasive diagnosis of cancers.'*>'*°
Increasing evidence suggests that EVs from different cell types
and status have distinct RNA profiles. Consequently, in recent
years, electrochemical biosensors have been put forward for the
multitarget analysis of EV RNAs. For example, Yang et al.
developed a disposable paper-based electrochemical biosensor
for simultaneous detection of EV miRNAs (such as miRNA-

4665

155 and miRNA-21).'*” To achieve this, two electroactive
dyes-loaded functional MOFs were prepared with hairpin
DNA probe caps and were subsequently used in conjunction
with gold nanoparticles and graphene walls stacked carbon
fiber papers. The presence of target EV. miRNAs was designed
to trigger strand displacement reactions that produced obvious
signals from the electroactive dyes, giving the biosensor ideal
performance, even in clinical plasma samples. Furthermore,
Zhang et al. proposed an electrochemical biosensor utilizing
localized DNA tetrahedrons assisted catalytic hairpin assembly
(LDT-CHA) for sensitive profiling of EV miRNAs (Figure
6A)."*® The LDT-CHA leveraged an eflicient localized
reaction that reduced the distance between reaction units
and increased substrate concentration within a specific region,
contributing to the enhanced sensitivity in the analysis of
miRNA targets. Based on the LDT-CHA, a panel of four EV
miRNAs (i.e,, miRNA-1246, miRNA-21, miRNA-183—5P, and
miRNA-142—S5P) were quantitatively detected down to 2.5 X
1072 fM in 30 min, demonstrating improved accuracy for
diagnosing gastric cancer and monitoring treatment effects
compared to that using a single miRNA biomarker. Very
recently, these researchers also reported a sensitive electro-
chemical analysis of multiple EV-associated circRNAs through
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the integration of DT-CHA and tetrahedron-Dox-AuNPs
(TDA) tags.'*’ The dual signal amplification provided by
DT-CHA and TDA enabled this biosensor to achieve an
exceptional detection limit for target circRNAs, reaching
0.1531 fM. By profiling four specific circRNAs (circNRIP1,
circRANGAPI, circCORO1C, and circSHKBP1), this bio-
sensor further demonstrated remarkable efficacy in distinguish-
ing early gastric cancer patients from healthy donors.

Electrochemical biosensors are undoubtedly valuable for the
analysis of EV RNAs. However, current sensors either rely on
recognizing a single surface biomarker for EV enrichment,
leaving them susceptible to the expression variability of the
marker, or they analyze endogenous RNA through EV
disintegration, making it challenging to avoid interference
from free RNAs. To address these issues, our group recently
introduced an electrochemical biosensor based on homotypic
recognition for analyzing EVs and their carried RNAs."*" As
shown in Figure 6B, a biomimetic vesicle was prepared by
camouflaging a catalytic DNA machine with a breast cancer
cell membrane, which could identify and fuse with breast
cancer EVs sharing similar subtype characteristics. Following
the fusion, EV RNAs, such as miRNA-375 and PD-L1 mRNA,
acted as endogenous triggers to manipulate the catalytic DNA
machine, producing numerous clickable double-stranded DNA
products, which were finally enriched onto electrodes via click
chemistry for electrochemical determination. Leveraging the
homotypic recognition, our biosensor exhibited satisfactory
performance in evaluating the molecular features of breast
cancer EVs and demonstrated high reliability for subtype-based
diagnosis and stage-specific monitoring of breast cancer
patients.

Tumor cells, characterized by uncontrolled proliferation,
migration, and invasive capabilities, comprise the main
components of neoplastic tissues. Understanding their
behaviors and characteristics is essential for uncovering the
mechanisms behind cancers. This knowledge can offer
invaluable insights into fundamental processes that drive
tumorigenesis and can help identify potential therapeutic
targets. Of particular interest in liquid biopsy are CTCs that
disseminate from the primary tumor into the blood-
stream.”>""** They can provide abundant information about
disease progression, treatment evaluation, and prediction of
recurrence and distant metastasis. As intricate biological
entities, tumor cells carry a variety of genetic, epigenetic, and
molecular information and can be exploited to elucidate tumor
heterogeneity.'”® However, the analysis of tumor cells is
primarily impeded by their low abundance in the bloodstream,
particularly during the early stage of cancer, as well as by the
concurrent presence of numerous interfering cells. In this
sense, electrochemical biosensors capable of multitarget
analysis are essential for analyzing tumor cells because of
their inherent sensitivity and the comprehensive information
they provide.

Remarkable advancements have been witnessed in the
coidentification of multiple cell surface proteins by electro-
chemical biosensors, which would aid in the accurate targeting
and analysis of tumor cells."**™'’ In an earlier study, we
developed a sensitive electrochemical immunosensor for the
detection of breast cancer cells by simultaneously recognizing
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coexpressed cell surface proteins, MUC1 and CEA."** This
effectively enhanced the detection accuracy and facilitated the
classification of cancer cells. In another work, Wan et al.
reported a quite different strategy for the electrochemical
identification of cancer cells.">> Their strategy relied on the use
of a family of aptamer- or antibody-modified metal nano-
particles (including Cu nanoparticles, Ag nanoparticles, and Pd
nanoparticles), which were capable of generating well-resolved
and distinguishable voltammetric responses corresponding to
their respective target surface proteins. With the aid of these
nanoparticle labels, their strategy permitted simultaneous
analysis of multiple proteins on the surface of cancer cells,
such as HER-2, PSMA, and MUCI, yielding results
comparable to those obtained from the gold standard
immunostaining. Figure 7A shows another work reported by
our group, in which an electrochemical biosensor was
proposed based on the simultaneous binding of dual aptamer
probes to cell surface-expressing proteins, EpCAM and
MUCL."*® The hybridization of dual probes with each other
at the same breast cancer cell triggered a dimer-like RCA
reaction, resulting in the generation of long DNA products
with repeated G-quadruplex-forming sequences. Subsequently,
a significant current signal upon catalyzing the oxidation of
TMB was obtained and allowed for the sensitive detection of
target breast cancer cells down to 3 cells/mL. In a recent work,
Zhang et al. proposed an electrochemical and fluorescent dual-
mode biosensor based on three kinds of aptamer-function-
alized Co—Fe-MOF nanomaterials.'”” These nanomaterials
adsorbed aptamers for specific cell surface proteins, and
displayed nanozyme activity after the binding of aptamers to
their targets, leading to self-catalytic disintegration in the
presence of hydrogen peroxide. As a result, a large amount of
internally loaded dyes (MB, TMB or NR) were released to
generate corresponding electrochemical and fluorescent
signals. Using surface proteins such as PTK7, EpCAM, and
MUCI1 as targets, this dual-mode biosensor realized accurate
typing of different cancer cells and normal cells by
simultaneously analyzing the expression of these proteins in
one step.

Phenotypic characteristics of tumor cells are closely
associated with their biological properties. Recently, our
group has focused on the phenotypic characterization of a
specific subpopulation of breast cancer cells known as breast
cancer stem cells (BCSCs), which could be identified based on
the positive expression of surface protein CD44 and the
negative/low expression of another surface protein CD24. As
shown in Figure 7B, we first developed an electrochemical
biosensor for the precise differentiation of the stem-like
subpopulation in breast cancer cells, in which an in situ
programmable DNA circuit (PDC) was engineered following
the cell enrichment on anti-CD44-functionalized magnetic
beads.'®" Specifically, two capture probes (A1A@Anti-CD24
and B1B@Antinucleolin) bound to respective surface proteins
via antibody parts, while their nucleic acid parts served as
toeholds to operate the in situ PDC, eventually eliminating
signal labels from CD24" breast cancer cells. In this way, an
“always-ON” electrochemical sensor was established for BCSC
identification, which demonstrated comparable accuracy to the
“gold-standard” flow cytometry especially when used in breast
tumor-bearing mice. Very recently, we further constructed a
phenotype-directed DNA nanomachine for in situ multi-
demand analysis of the stem-like subpopulation in breast

tumors.'®> Two antibody-nucleic acid recognition probes (1@
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Anti-CD44 and I'@anti-CD24) were able to modulate the
strand migration pathway with varying displacement rates
when interacting with a three-stranded signal probe C/N/T.
As a result, the assembly product of C/T/I was exclusively
anchored at BCSCs, enabling the signal strand C to perform
diverse functions. The integration of electroactive silver
nanoclusters with the strand C allowed for the quantitative
determination of BCSCs, while the integration of biotin
enabled the “one-step” magnetic isolation of this subpopula-
tion. This method not only demonstrated comparable accuracy
to flow cytometry but also showed advantages of simple
operation and low cost in discriminating specific cell
subgroups, thereby advancing BCSC-targeted diagnosis, treat-
ment, and related mechanism researches.

Endogenous biomarkers within tumor cells, including but not
limited to RNAs, enzymes, lipids, thiols, and carbohydrates, are
closely associated with tumor progression. Accordingly,
emerging electrochemical biosensors are designed for their
multitarget analysis, which help to understand the biolohgical
processes of cancer development and drug screening.'*~'%> In
one such work, our group constructed an endogenous miRNA
discriminator utilizing enzyme-powered strand displacement
reactions to differentiate breast cancer cells from normal cells
and identify subtype-specific characteristics among them
(Figure 7C).'*® As designed, miRNA-21 was employed as a
universal biomarker of breast cancer cells to initiate the first
round of T7 exonuclease-powered strand displacement
reactions, while miRNA-210 was utilized to identify features
specific to the triple-negative subtype by initiating the second
round of the T7 exonuclease-powered strand displacement
reactions. Consequently, our discriminator demonstrated high
sensitivity to determine the two endogenous miRNAs at the
femtomolar level and facilitated the precise discrimination of
the subtype feature among different breast cancer cells. In
another interesting work, Xi et al. proposed a PNA-peptide-
DNA copolymers-guided nanosensor for the AND-gated and
dual-model sensing of cathepsin B and miRNA-21 (Figure
7D).'® The nanosensor was constructed by hybridizing PNA-
peptide-PNA triblock complexes with FAM-DNA/BHQ-DNA
duplexes and was designed to run a miRNA-21-assisted strand
displacement reaction upon cathepsin B-catalyzed activation,
leading to an obvious fluorescence recovery. In the meanwhile,
the released BHQ-DNA initiated another strand displacement
reaction at the inserted gold nanoelectrode, resulting in a ~
30% decrease in electrochemical signals at the single-cell level.

In this perspective, we provide an overview of recent
advancements in electrochemical biosensors, particularly for
the simultaneous analysis of multiple cancer biomarkers,
including tumor-associated nucleic acids, tumor protein
markers, EVs, and tumor cells. Electrochemical biosensors
have demonstrated superior characteristics of inherent
simplicity, wide measurement range, and low detection limit,
significantly contributing to early cancer diagnosis and
screening. More importantly, the electrochemical biosensors
capable of multitarget analysis of cancer biomarkers are
advantageous in addressing tumor heterogeneity. They can
overcome the relatively limited specificity and sensitivity of
single-target analysis in cancer diagnosis and offer more
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profound details concerning the molecular characteristics of
malignant tumors from multiple perspectives, potentially
providing more valuable tools for cancer management.

Despite the promising performance in the identification and
analysis of multiple cancer biomarkers, the integration of
electrochemical biosensors into clinical diagnostic practice still
confronts many challenges. Thus, ongoing efforts are required
to develop advanced electrochemical biosensors with superior
clinical practicality. For instance: (1) The diversity of cancer
biomarkers within a specific tumor is dictated by unique
molecular characteristics and varying abundances in biological
systems, including the potential presence of certain biomarkers
at extremely low levels. Consequently, there remains a desire
for recognition molecules with enhanced specificity and affinity
or signal amplification units with higher efficiency, in order to
improve detection sensitivity. (2) The risk of signal cross-
interference in multitarget analysis may give rise to false-
negative or false-positive results, ultimately affecting the
diagnostic accuracy. Thus, it is necessary to explore
combinations of electrochemical reporters with greater
discriminatory power or novel designs of microchannels and
electrode arrays that offer more rational spatial distributions.
(3) The complex biological composition of clinical samples
renders the electrochemical sensing interface highly vulnerable
to nonspecific adsorption. As such, integrating more effective
antifouling strategies is crucial for enhancing the stability and
reproducibility of electrochemical biosensors when analyzing
actual samples. (4) Multitarget analysis utilizing electro-
chemical biosensors can yield large quantities of current,
potential, or resistance data; this presents difficulties in
extracting relevant molecular information applicable to cancer
diagnosis. In this context, leveraging artificial intelligence—
particularly machine learning algorithms—is expected to
streamline data analysis processes while reducing signal noise
interference and improving both accuracy and depth in
multidiagnostic information extraction.

Overall, it is anticipated that the progression of future
electrochemical biosensors will be closely associated with the
enhancement of multimolecular recognition and clinical utility,
which would provide a more reliable tool for the precise
detection of cancers and the monitoring of treatment efficacy.
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