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Abstract: This review explores the emerging role of screen-printed electrodes (SPEs) in the detection of
breast cancer biomarkers. We discuss the fundamental principles and fabrication techniques of SPEs,
highlighting their adaptability and cost-effectiveness. The review examines various modification
strategies, including nanomaterial incorporation, polymer coatings, and biomolecule immobilization,
which enhance sensor performance. We analyze the application of SPEs in detecting protein, genetic,
and metabolite biomarkers associated with breast cancer, presenting recent advancements and
innovative approaches. The integration of SPEs with microfluidic systems and their potential in
wearable devices for continuous monitoring are explored. While emphasizing the promising aspects
of SPE-based biosensors, we also address current challenges in sensitivity, specificity, and real-world
applicability. The review concludes by discussing future perspectives, including the potential for
early screening and therapy monitoring, and the steps required for clinical implementation. This
comprehensive overview aims to stimulate further research and development in SPE-based biosensors
for improved breast cancer management.

Keywords: electrochemical sensors; nanomaterials; immunoassays; point-of-care diagnostics; mi-
crofluidics

1. Introduction

Breast cancer remains one of the most prevalent and devastating malignancies affecting
women worldwide. As the leading cause of cancer-related deaths among females, it poses
a significant global health challenge [1]. Early detection and accurate monitoring of breast
cancer progression are crucial for improving patient outcomes and survival rates [2]. In
this context, the identification and measurement of specific biomarkers have emerged as
powerful tools in breast cancer management, offering the potential for earlier diagnosis,
more precise prognosis, and personalized treatment strategies. Biomarkers, which are
measurable indicators of biological processes or conditions, play a pivotal role in breast
cancer research and clinical practice. These molecular signatures can be proteins, genetic
material, or metabolites that are differentially expressed in cancerous tissues or released
into bodily fluids. The detection and quantification of breast cancer biomarkers provide
valuable insights into the presence, stage, and characteristics of the disease [3,4]. Common
breast cancer biomarkers include proteins such as HER2 (Human Epidermal Growth
Factor Receptor 2), CA15-3 (Cancer Antigen 15-3), and CEA (Carcinoembryonic Antigen),
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as well as genetic markers like BRCA1 and BRCA2 mutations and specific microRNAs.
These biomarkers can be proteins, genetic materials, or metabolites that are differentially
expressed in cancerous tissues or released into bodily fluids. Table 1 summarizes some of
the most common breast cancer biomarkers, their molecular sizes, utility in breast cancer
management, and typical serum levels.

Table 1. Common breast cancer biomarkers, their characteristics, and clinical utility.

Level in Serum

Biomarker Name Size Utility (Normal/Pathological)
BRCA1 5592 nt Diagnostic for BC N/ A (genetic test)
BRCA2 11,385 nt Diagnostic for BC N/ A (genetic test)

Diagnostic and
>
HER2 2200 nt progrostic for BC <15 ng/mL/>15ng/mL [5]
CA15-3 300-450 kDa Prognostic for BC <30 U/mL/>30 U/mL [6]
CEA 180-200kDa  mportant for BC <5ng/mL/>5 ng/mL [7]
treatment strategy
CA125 200-2000 kDa Prognostic for BC <35U/mL/>35U/mL [8]
MUC1 2000 nt Diagnostic and <30 U/mL/>30 U/mL [9]
prognostic for BC
VEGF 14,000 nt Important for BC  _»q) oo /mL/>321.4 pg/mL [10]

treatment strategy

Prognostic and
CTC N/A important in therapy
monitoring of BC

0-1CTC/7.5mL/>2 CTC/
75mL [11]

N/A (expression levels

miRNA-21 20-24 nt Diagnostic for BC
compared to controls)
miRNA-16 20-24 nt Diagnostic for BC N/A (expression levels
compared to controls)
miRNA-155 21-24 nt Diagnostic for BC N/A (expression levels
compared to controls)
miRNA-652 22 nt Diagnostic for BC N/A (expression levels

compared to controls)

Despite the immense potential of biomarkers in breast cancer management, current
detection methods face several challenges. Traditional techniques such as enzyme-linked
immunosorbent assays (ELISA) [12], immunohistochemistry [13], and polymerase chain re-
action (PCR) [14] are often time-consuming, expensive, and require sophisticated laboratory
equipment and trained personnel. These limitations hinder the widespread implementation
of biomarker testing, particularly in resource-limited settings or for frequent monitoring
during treatment. Moreover, the complexity and variability of breast cancer necessitate
the simultaneous detection of multiple biomarkers for comprehensive disease assessment,
further complicating the analytical process. In light of these challenges, there is a pressing
need for innovative, cost-effective, and accessible technologies for breast cancer biomarker
detection. Screen-printed electrodes (SPEs) have emerged as a promising platform to ad-
dress this need, offering a unique combination of simplicity, affordability, and analytical
performance [15]. SPEs are miniaturized electrochemical sensors fabricated through a
screen-printing process, which allows for the mass production of reproducible and dis-
posable devices [16]. These electrodes typically consist of a working electrode, a counter
electrode, and a reference electrode printed on a solid substrate, creating a complete elec-
trochemical cell in a compact format (Figure 1). The potential of SPEs as low-cost sensors
for breast cancer biomarker detection stems from several key advantages. Firstly, their
simple and inexpensive fabrication process makes them highly suitable for large-scale
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production and single-use applications, addressing concerns of cross-contamination and
reducing the need for complex cleaning procedures. Secondly, SPEs offer remarkable
versatility in terms of electrode materials and surface modifications, allowing for tailored
designs to detect specific biomarkers with high sensitivity and selectivity. The ability to
incorporate various nanomaterials, polymers, and biomolecules onto the electrode sur-
face further enhances their analytical capabilities [17]. Furthermore, SPEs are compatible
with a wide range of electrochemical techniques, including amperometry, voltammetry,
and impedance spectroscopy, providing multiple avenues for biomarker detection and
quantification [18]. Their miniaturized format requires only small sample volumes, which
is particularly advantageous when working with limited biological specimens [19]. Ad-
ditionally, the portability and ease of use of SPE-based sensors make them well-suited
for point-of-care (POC) applications, potentially enabling rapid and on-site breast cancer
biomarker testing [20]. In terms of specificity, SPE-based biosensors can be tailored for
selective detection of breast cancer biomarkers through careful selection of biorecogni-
tion elements and surface modification strategies. For instance, the use of aptamers or
molecularly imprinted polymers on SPEs can provide highly specific binding sites for
target molecules, reducing non-specific interactions and improving selectivity compared to
traditional immunoassay platforms. When comparing SPE-based biosensors to traditional
sensing methods in real-world environments, several advantages become apparent. The
disposable nature of SPEs eliminates the need for complex cleaning procedures and reduces
the risk of cross-contamination, which is particularly beneficial in point-of-care settings.
Furthermore, the miniaturized design of SPEs requires smaller sample volumes compared
to conventional methods like ELISA, making them more suitable for analyzing limited
biological specimens.

counter electrode

| |
— ¢ ekl
electrode
reference
I — electrode
Insulating
polymer

Figure 1. Scheme of SPE.

Recent advancements in SPE technology have significantly improved their perfor-
mance in biosensing applications. The development of novel electrode materials, such as
carbon nanotubes, graphene, and metal nanoparticles, has enhanced the sensitivity and
electron transfer properties of SPEs [21]. Innovative surface modification strategies have
enabled the immobilization of various biorecognition elements, including antibodies, ap-
tamers, and molecularly imprinted polymers, expanding the range of detectable biomarkers
and improving specificity [22]. Moreover, the integration of SPEs with microfluidic systems
and multiplexed designs has opened up new possibilities for the simultaneous detection of
multiple breast cancer biomarkers, providing a more comprehensive disease profile [23].
The application of SPEs in breast cancer biomarker detection spans a wide spectrum of
molecular targets. Protein biomarkers, such as HER2 [24], CA15-3 [25], and CEA [26], have
been successfully detected using SPE-based immunosensors, often achieving sensitivities
comparable to or exceeding those of conventional immunoassays. Genetic biomarkers,
including BRCA1/2 mutations and circulating microRNAs [27,28], have been analyzed
using SPE-based DNA sensors and aptasensors, offering rapid and sensitive alternatives to
PCR-based methods.

Despite the significant progress in SPE-based breast cancer biomarker detection, sev-
eral challenges remain to be addressed for their widespread clinical adoption. These
include further improvements in sensitivity and specificity, especially in complex biological
matrices, as well as enhancing the long-term stability and reproducibility of the sensors.
The development of standardized fabrication processes and quality control measures is
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crucial for ensuring consistent performance across different batches of SPEs. Furthermore,
the integration of SPE-based sensors with user-friendly readout devices and data analysis
systems is essential for their practical implementation in clinical settings. This review
aims to explore the potential of SPEs as low-cost, sensitive, and versatile platforms for
breast cancer biomarker detection. We provide a comprehensive overview of SPE technol-
ogy, from fundamental principles and fabrication techniques to advanced modification
strategies that enhance biosensor performance. The review delves into the application of
SPEs for detecting various types of breast cancer biomarkers, including proteins, genetic
markers, and metabolites, highlighting innovative approaches and recent advancements in
the field. We also discuss the progress towards multiplexed detection of biomarker panels,
which offer a more comprehensive assessment of breast cancer status. Furthermore, this
review examines the current challenges facing SPE-based breast cancer biosensors and
explores future perspectives, including emerging materials, integration with microfluidics
and wearable devices, and considerations for clinical implementation. By synthesizing
the latest developments and identifying future research directions, this review aims to
stimulate further advancements in SPE-based biosensors for breast cancer management, po-
tentially leading to more accessible and effective tools for early detection and personalized
treatment strategies.

2. Screen-Printed Electrodes: Fundamentals and Fabrication

SPEs have emerged as a cornerstone technology in the field of electrochemical biosens-
ing, offering a unique combination of simplicity, cost-effectiveness, and analytical perfor-
mance. At their core, SPEs are miniaturized electrochemical cells fabricated through a
process akin to traditional screen-printing techniques used in the textile industry. This in-
novative approach to electrode production has revolutionized the development of portable
and disposable sensing platforms, particularly in the realm of biomedical diagnostics. The
basic structure of an SPE typically comprises three essential components: a working elec-
trode, a counter electrode, and a reference electrode (Figure 1). These elements are printed
in close proximity on a solid substrate, creating a complete electrochemical cell within a
compact footprint [22,29,30]. The working electrode serves as the primary sensing surface
where the electrochemical reactions of interest occur. It is often composed of conductive
materials such as carbon, gold, or platinum [31], chosen based on the specific requirements
of the target analyte and detection method. The counter electrode, usually made of the same
material as the working electrode, completes the electrical circuit and allows current to
flow through the cell. The reference electrode, commonly silver/silver chloride (Ag/AgCl),
provides a stable potential against which the working electrode potential is measured,
ensuring accurate and reproducible measurements.

The manufacturing process of SPEs involves several key steps that contribute to their
unique properties and advantages (Figure 2). The process begins with the preparation
of conductive inks or pastes, which form the basis of the electrode materials. These
inks are carefully formulated to achieve the desired conductivity, viscosity, and adhesion
properties [32]. Carbon-based inks, often incorporating graphite or carbon black, are widely
used due to their excellent conductivity, wide potential window, and low background
currents [33]. Metallic inks, such as those containing gold or silver particles, offer enhanced
conductivity and are particularly useful for certain biosensing applications [34]. Once the
inks are prepared, the actual printing process commences. A specially designed screen,
typically made of a fine mesh stretched over a frame, is used to define the electrode pattern.
The screen contains open areas corresponding to the desired electrode design, while the
rest of the mesh is blocked with a non-permeable material [35]. The conductive ink is then
forced through the open areas of the screen onto the substrate using a squeegee, depositing a
precise pattern of electrode material. This process is repeated for each electrode component,
with careful alignment ensuring the correct spatial arrangement of the working, counter,
and reference electrodes. The choice of substrate material plays a crucial role in the overall
performance and applicability of SPEs. Common substrate materials include various
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polymers such as polyethylene terephthalate (PET) [36], polyvinyl chloride (PVC) [37], and
ceramic materials [38]. These substrates are selected based on their mechanical stability,
chemical resistance, and compatibility with the intended application environment. The
flexibility of substrate choice allows for the production of both rigid and flexible SPEs,
expanding their potential use in diverse sensing scenarios. Following the printing process,
the electrodes undergo a curing step to solidify the ink and ensure proper adhesion to the
substrate. This may involve heat treatment, UV exposure, or simply air drying, depending
on the specific ink formulation. In some cases, additional layers may be printed on top of
the electrodes, such as insulating materials to define the active electrode area or protective
coatings to enhance durability.

Ma sk\
S Inlgaadidian Screen printed Addition of Screen printed
design. insulatingmaterial electrode

Figure 2. Schematic representation of the manufacturing process of SPEs. Reprinted with permission
from Ref. [16]. Copyright 2021 Elsevier.

The advantages of SPEs for biosensing applications are manifold. Their miniaturized
design requires only small sample volumes, which is particularly beneficial when working
with limited biological specimens. The disposable nature of SPEs eliminates concerns of
cross-contamination between samples and negates the need for time-consuming clean-
ing procedures. Moreover, the mass production capability of screen-printing technology
translates to low manufacturing costs, making SPEs an economically viable option for
widespread use in both research and clinical settings. Another significant advantage of
SPEs lies in their versatility and ease of modification. The electrode surface can be readily
functionalized with a wide range of biomolecules, nanomaterials, and polymers to enhance
sensitivity, selectivity, and overall analytical performance. This adaptability allows for the
development of tailored sensing platforms for specific biomarkers or classes of analytes.
Furthermore, the planar design of SPEs facilitates their integration into portable, handheld
devices, paving the way for POC diagnostic applications.

Recent advances in SPE fabrication techniques have further expanded their capabilities
and potential applications. One notable development is the incorporation of nanomate-
rials directly into the electrode inks. Carbon nanotubes (CNTs), graphene, and metal
nanoparticles have been successfully integrated into SPE formulations [39], resulting in
enhanced conductivity, increased surface area, and improved electrocatalytic properties.
These nanocomposite electrodes offer superior sensitivity and lower detection limits com-
pared to traditional carbon-based SPEs. Advancements in printing technology have also
contributed to the evolution of SPE fabrication. High-resolution printing techniques, such
as inkjet printing and microcontact printing, have enabled the production of SPEs with
finer features and more precise control over electrode geometry. This has led to the de-
velopment of microelectrode arrays [40,41] and interdigitated electrode designs [42,43],
which offer improved mass transport characteristics and enhanced sensitivity for certain
applications. The integration of SPEs with microfluidic systems represents another frontier
in their development [23,44]. By combining the electrochemical sensing capabilities of SPEs
with the precise fluid handling and sample processing capabilities of microfluidic devices,
researchers have created powerful lab-on-a-chip platforms for complex bioanalytical appli-
cations. These integrated systems offer the potential for automated, multi-step analyses
with minimal sample and reagent consumption.
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3. Modification Strategies for SPEs in Breast Cancer Biomarker Detection

The evolution of SPEs in breast cancer biomarker detection has been greatly enhanced
by the development of various modification strategies. These approaches aim to improve
the sensitivity, selectivity, and overall performance of SPEs, making them more suitable for
the complex task of detecting cancer-specific molecules. Among the most prominent modifi-
cation strategies are those involving nanomaterials, polymers, biomolecule immobilization
techniques, and methods to achieve multiplexing capabilities.

3.1. Nanomaterial-Based Screen-Printing Pastes

Nanomaterial-based modifications have revolutionized the field of SPE-based biosen-
sors for breast cancer detection. Carbon nanomaterials, such as CNTs and graphene, have
gained significant attention due to their exceptional electrical properties and high surface-
to-volume ratios. When incorporated into SPEs, these materials dramatically increase the
electrode’s active surface area, enhancing electron transfer rates and improving sensitivity
towards breast cancer biomarkers. Multi-walled carbon nanotubes (MWCNTSs), for instance,
have been used to modify SPEs for the detection of HER2 [45]. The three-dimensional net-
work formed by MWCNTs not only increases the electrode’s conductivity but also provides
numerous binding sites for biorecognition elements, resulting in improved detection limits.
Graphene and its derivatives, such as reduced graphene oxide (rGO), have also shown great
promise in SPE modification for breast cancer biomarker detection. The two-dimensional
structure of graphene offers an expansive surface for biomolecule immobilization while
maintaining excellent electrical conductivity. SPEs modified with graphene-based materials
have demonstrated enhanced sensitivity towards various breast cancer markers, including
CEA [46,47] and CA15-3 [25]. The unique properties of graphene also allow for easier
functionalization, enabling the attachment of specific biorecognition elements for targeted
biomarker detection. Figure 3 shows the morphology of MWCNT and rGO-modified SPEs.

Figure 3. SEM images of (A) MWCNTs and (B) rGO modified SPEs. Reprinted with permission from
Refs. [45,46]. Copyright 2016 MDPI and 2016 Elsevier.

Metal nanoparticles represent another class of nanomaterials extensively used in SPE
modification for breast cancer diagnostics. AuNPs, in particular, have been widely em-
ployed due to their biocompatibility, stability, and ability to facilitate electron transfer [48].
When incorporated into SPEs, AuNPs can serve as excellent platforms for the immobi-
lization of antibodies or aptamers specific to breast cancer biomarkers. The large surface
area of AuNPs allows for a high density of biorecognition elements, leading to improved
sensitivity and lower detection limits. AgNPs have also found in some applications in
SPE modification for breast cancer biomarker detection [49]. These metallic nanoparti-
cles often exhibit catalytic properties that can enhance the electrochemical response of
specific biomarkers.

Polymer-based modifications offer another versatile approach to enhancing SPE per-
formance in breast cancer biomarker detection. Conductive polymers, such as polypyrrole
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(PPy) and poly(1,5-diaminonaphthalene) [P(1,5DAN)], can be electropolymerized directly
onto SPE surfaces, creating a three-dimensional network that increases the electrode’s
surface area and improves its electrical properties. For example, Nguyen et al. [50] devel-
oped an electrochemical immunosensor for detecting the CA 15-3 using a bilayer film of
PPy nanowires (PPy NWs) and P(1,5DAN) on SPE. The PPy NWs inner layer provided
high surface area and conductivity, while the P(1,5DAN) outer layer enabled antibody
immobilization via amino groups. Magnetic beads conjugated with secondary antibodies
and horseradish peroxidase were used for signal amplification (Figure 4). The optimized
immunosensor exhibited a linear range of 0.05-20 U/mL and a detection limit of 0.02 U/mL
for CA 15-3. The PPy NWs/P(1,5DAN) bilayer showed superior performance compared
to single-layer films, with about 2 times higher current response than PPy NWs alone
and 4.5 times higher than P(1,5DAN) alone. The approach combined the advantages of
both polymers—PPy NWs provided high surface area and conductivity while P(1,5DAN)
enabled covalent antibody attachment. This bilayer strategy demonstrated the poten-
tial for developing sensitive electrochemical immunosensors with enhanced biomolecule
immobilization and electron transfer.

Steptavidin-coated
magnetic microbeads (MBs)

HRP-biotin

CA15-3 antibody-biotin (Ab2)

BSA

CA15-3 antigen

HRP-MBs-Ab,/CA15-3/Ab;-
P(1,5DAN)/PPy NWs/SPEs

L] Glutaraldehyde

@ ssA

P(1,5DAN)/PPy NWs/SPEs Ab:-P(1,5DAN)/PPy NWs/SPEs \"/ CA15-3 antibody (Abs)

Figure 4. Scheme of an immunosensor based on P(1,5DAN)/PPy NWs bilayer and magnetic beads
for CA15-3 detection. Reprinted with permission from Ref. [50]. Copyright 2017 Elsevier.

Molecularly imprinted polymers (MIPs) represent a unique class of synthetic materials
that can be tailored to recognize specific breast cancer biomarkers. When used to modify
SPEs, MIPs can create highly selective binding sites that mimic the recognition properties
of natural antibodies. This approach has been successfully applied to the detection of
various breast cancer-associated proteins and small molecules, offering a robust and cost-
effective alternative to traditional antibody-based assays. For example, Pacheco et al. [51]
developed a novel electrochemical sensor for detecting the CA 15-3 using a MIP on a screen-
printed gold electrode (Au-SPE). The MIP was created through direct surface imprinting
of CA 15-3 on the Au-SPE, followed by electropolymerization of 2-aminophenol. The
resulting MIP/Au-SPE sensor demonstrated high selectivity and sensitivity for CA 15-3
detection (Figure 5). Voltammetric analysis using hexacyanoferrate(II/III) as a redox probe
revealed a linear relationship between the peak current intensity and the logarithm of CA
15-3 concentration in the range of 5-50 U/mL. The sensor achieved a detection limit of
1.5 U/mL, which was well below the clinical cut-off value of 25 U/mL. Selectivity studies
showed some interference from HER2-ECD but minimal interference from cystatin C. When
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applied to spiked human serum samples, the sensor exhibited recoveries of 72-87% with
relative standard deviations of 5-9%.
I T ——
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Figure 5. Scheme of construction and operation of the MIP/Au-SPE. More details can be found in the
text. Reprinted with permission from Ref. [51]. Copyright 2018 Elsevier.

Hydrogel-based modifications have also gained attention in SPE development for
breast cancer diagnostics. These water-swollen polymeric networks can provide a three-
dimensional environment that mimics physiological conditions, potentially improving the
stability and activity of immobilized biomolecules. For example, Chocholova et al. [52]
developed an advanced impedimetric biosensor using a novel approach combining zwit-
terionic hydrogel-modified interfaces and glycoprofiling of HER2 protein. The hydrogel
significantly reduced non-specific protein adsorption, enhancing the sensor’s performance
in complex biological samples. Anti-HER?2 antibodies were covalently attached to the hy-
drogel surface for specific HER2 detection. The biosensor achieved a remarkable detection
limit of 5 pg/mL (77 fM) for HER2. Notably, the CBAmNB3-1 hydrogel-based sensor demon-
strated superior specificity with only 4.4% non-specific interactions compared to 6.2% for
the CBAmMNS3-2 variant. The researchers applied this ultrasensitive biosensor to glycopro-
file HER2 in human serum samples using lectins, successfully distinguishing between a
high-risk individual without breast cancer and a patient with stage 2 breast cancer.

3.2. Immobilization Strategies

Biomolecule immobilization techniques play a crucial role in the development of
effective SPE-based biosensors for breast cancer detection. The choice of immobilization
method can significantly impact the sensor’s sensitivity, stability, and overall performance.
Covalent attachment of biomolecules to the electrode surface is often preferred due to
its stability and reproducibility. Common approaches include the use of cross-linking
agents such as glutaraldehyde or carbodiimide chemistry to form stable bonds between the
biomolecules and the electrode surface [53]. Self-assembled monolayers (SAMs) have also
been extensively used for biomolecule immobilization on SPEs. This technique involves
the spontaneous formation of organized molecular layers on the electrode surface, provid-
ing a well-defined and controllable interface for subsequent attachment of biorecognition
elements. For example, Ferreira et al. [54] developed and optimized an electrochemical
aptasensor for detecting HER?2 protein using Au-SPE. Two sensing platforms were cre-
ated: a SAM and a ternary SAM. The SAM platform was composed of thiolated DNA
aptamers specific for HER2 and 1-mercapto-6-hexanol, while the ternary SAM included
1,6-hexanethiol (Figure 6). In phosphate-buffered saline, the SAM platform demonstrated
a sensitivity of 8.0% per decade and a LOD of 108.4 pg/mL. When tested in undiluted
human serum, the SAM platform exhibited a sensitivity of 4.1% per decade and an LOD of



Sensors 2024, 24, 5679

9 of 28

179 pg/mL. The study emphasized the use of SAM to create an organized and oriented
layer for biosensing applications.

SAM Ternary SAM

(a) Aptamer+MCH (b) Aptamer+HDT+MCH
M SWAAOH SWWAAS
Aptamer BSA MCH HDT

Figure 6. Surface architecture for SAM and ternary SAM. In (a) SPE modified with DNA Aptamer
and MCH to form a SAM. In (b) SPE modified with DNA Aptamer, MCH and HDT to form a ternary
SAM. The HDT can adopt a vertical or horizontal configuration, blocking the remaining spaces on
the irregular surface. Reprinted with permission from Ref. [54]. Copyright 2021 Elsevier.

3.3. Multiplex Sensors

The development of multiplexing capabilities in SPE-based biosensors represents a
significant advancement in breast cancer biomarker detection. Multiplexed assays allow
for the simultaneous detection of multiple biomarkers, providing a more comprehensive
picture of the disease state and potentially improving diagnostic accuracy. For example,
Marques et al. [55] developed the first multiplexed electrochemical immunosensor for
simultaneously detecting two breast cancer biomarkers: CA 15-3 and HER?2. The researchers
optimized a sandwich-type assay on dual SPE modified with AuNPs (Figure 7). They
achieved limits of detection of 2.9 ng/mL for HER and 5.0 U/mL for CA 15-3, both
below clinical cutoff values. The sensor showed linear responses from 9.8-50 ng/mL for
HER2-ECD and 17-70 U/mL for CA 15-3. Precision was adequate with relative standard
deviations around 5%.

(A) HER2ECD jiay (B) CA 15- 3

} 1

f%:ﬁﬂf

. * AuNPs ‘ HER2 ECD anti-HER2 Wranti-CAISG
& Casein

X\ # X7
@ sAp .CA15-3 anti-HER2-bio anti-CA15-3-bio

Figure 7. Schematic representation of the immunoassay for HER2 and CA 15-3 on a bi-SPCE-
AuNP. More details can be found in the text. Reprinted with permission from Ref. [55]. Copyright
2018 Elsevier.
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4. SPE-Based Biosensors for Breast Cancer Biomarkers

SPE-based biosensors have emerged as powerful tools for the detection and quantifi-
cation of various breast cancer biomarkers. These biosensors offer the potential for rapid,
sensitive, and cost-effective analysis of a wide range of molecular indicators associated
with breast cancer development, progression, and treatment response. The versatility of
SPE-based platforms allows for the detection of diverse biomarker types, including pro-
teins, genetic markers, and metabolites, each providing unique insights into the complex
biology of breast cancer.

4.1. HER?

Protein biomarkers have long been the cornerstone of breast cancer diagnostics and
monitoring, and SPE-based biosensors have shown remarkable capabilities in their detec-
tion. HER2 is a prime example of a critical breast cancer protein biomarker that has been
successfully targeted using SPE-based approaches. Overexpression of HER? is associated
with aggressive tumor behavior and poor prognosis, making its accurate detection cru-
cial for treatment decisions. SPE-based immunosensors for HER2 typically involve the
immobilization of anti-HER2 antibodies on the electrode surface. For example, Al-Khafaji
et al. [56] developed a simple and sensitive electrochemical immunoassay for detecting
HER2. The assay utilized antibody-functionalized magnetic beads coupled with SPE in a
sandwich format. After optimizing various parameters, including antibody concentrations
and incubation times, the assay demonstrated a linear response for HER2 in the clinically
relevant range of 0-15 ng/mL, with a detection limit of 6 ng/mL. The method showed
good reproducibility, with an average coefficient of variation of 7%. When tested on spiked
serum samples, the assay successfully discriminated between different HER2 concentra-
tions, even in the complex serum matrix. Analysis of real serum samples from breast cancer
patients revealed a correlation between signal intensity and cancer stage, with samples
from patients with advanced metastasis showing significantly higher signals (2.5-7.3 pA)
compared to those without metastasis or with lymph node involvement (0.15-0.23 pA).
Tallapragada et al. [57] developed an immunosensor using SPEs for detecting HER2 antigen
in human serum samples. The immunosensor employed an ELISA format without any
surface modification of the working electrode (Figure 8). The immunosensor demonstrated
a linear response to HER2 concentrations in two ranges: 5-20 ng/mL and 20-200 ng/mL.
The LOD and LOQ were 4 ng/mL and 5 ng/mL, respectively. The device showed good
reproducibility with a relative standard deviation of 0.7% for six electrodes. When tested on
real biological samples, the immunosensor detected an average abnormal serum HER?2 level
of 34 ng/mL in invasive breast cancer patients, while healthy individuals and non-invasive
breast cancer patients showed an average level of 13.45 ng/mL.

Figure 8. Schematic diagram of immunosensor preparation and electro-catalytic reduction in
TMB:H, O, substrate by the HRP attached to the immunoassay system. More details can be found in
the text. Reprinted with permission from Ref. [57]. Copyright 2017 Elsevier.
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One innovative approach for HER2 detection utilizes AuNPs-modified SPEs func-
tionalized with HER2-specific aptamers. This design capitalizes on the high surface area
and excellent conductivity of AuNPs, combined with the specificity of aptamer recogni-
tion. The binding of HER2 to the aptamers causes measurable changes in the electrode’s
electrochemical properties, allowing for quantitative detection. For example, Harahsheh
et al. [24] developed an aptamer-based biosensor for detecting HER2. The researchers
used a screen-printed carbon electrode modified with AuNPs to immobilize HER2-specific
aptamers. The biosensor exhibited a wide linear detection range from 0.001 to 100 ng/mL
and achieved a very low detection limit of 0.001 ng/mL. It demonstrated high sensitivity,
with a response of 52.85 pA per decade of HER2 concentration. The aptasensor showed a
fast binding time of only 5 min and maintained stable performance for 72 h with a relative
standard deviation of around 4%. Selectivity studies revealed minimal cross-reactivity with
interfering substances, with interference levels not exceeding 10% of the HER2 response.
When exposed to a mixture of HER2 and high concentrations of interfering substances, the
extent of interference was approximately 8%. These results indicated that the developed
aptasensor offered a promising platform for selective and sensitive HER2 detection in breast
cancer diagnostics. Table 2 shows the key characteristics of SPE-based electrochemical
sensors for the detection of HER2.

Table 2. Key characteristics of SPE-based electrochemical sensors for the detection of HER2.

1(\:/[od1ﬁcatlon Linear Detection Limit .Of Total Assay Time Automation/Manual Steps Real Sample Reference
omponents Range Detection
1. Incubate the aptamer-modified elec-
trode with 50 pL of the sample con-
taining MUC1 for 45 min.
MWCNTs+ MUC1 100 to 20 ng/mL Notexplicitty ~ 2. Rinse the electrode thoroughly with Human [45]
aptamers 2000 ng/mL g stated dIISUHed water to remove unbound an-  plood serum :
alytes.
3. Perform EIS measurement using a po-
tentiostat/galvanostat instrument.
1. Apply the serum sample containing
HER?2 to the prepared biosensor sur-
face.
2. Allow HER? to bind to the immobi-
lized anti-HER2 antibodies on the sen-
SPCE/CBAmMNS3/anti- Not explicitl: sor surface. Human
/ HER2 / - 0.005 ng/mL staf:zd Y 3. Perform EIS measurements. This in- serum [52]
volves:
4. For glycoprofiling, apply lectins (such
as PHA-E) to the captured HER2.
5. Perform another EIS measurement af-
ter lectin binding.
1. Incubate the modified SPEs with the
sample containing HER2 for 30 min.
. 2. Wash the electrodes with PBS buffer.
DNA 0.001 to 0.179 ng/mL Not explicitly 3. Perform EIS measurement in PBS con- Human [54]
aptamer/MCH 100 ng/mL ’ & stated taining 2.5 mM redox probe. serum g
4. Analyze the change in Rct to deter-
mine the HER2 concentration.
1. Place 60 pL of a mixture containing
the antigens (HER2-ECD and CA 15-
3) and anti-CA15-3-bio antibody on
the sensor and incubate for 1 h.
2. Wash the sensor with buffer 1.
3. Add 60 uL of anti-HER2-bio antibody
solution and incubate for 30 min.
4. Wash the sensor with buffer 1.
5. Add 60 uL of streptavidin-alkaline
. phosphatase (S-AP) solution and in-
bi-SPCE-AuNP-Ab 9.8 to 50 ng/mL 2.9 ng/mL Not explicitly cubate for 1 h. . [55]
stated 6. Wash the sensor with buffer 2.

7. Add 60 pL of 3-indoxyl phos-
phate/silver nitrate solution and al-
low the enzymatic reaction to proceed
for 20 min.

8. Perform linear sweep voltammetry
from —0.02 to 0.4 V at 50 mV/s to
measure the electrochemical oxida-
tion current of the enzymatically de-
posited silver.
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Ié:/loorﬁg:;?:no; LmeaIr{z;t:ctlon S‘;zgi(:)fn Total Assay Time Automation/Manual Steps Real Sample Reference

1. Mix the functionalized magnetic
beads with the sample containing
HER2 and incubate for 60 min.

2. Wash the beads three times using a
magnetic separator.

3. Add the secondary antibody solution
and incubate for 20 min.

MB- . 4. Wash the beads again three times.
Abl1/HER2/Ab2- 0to 15ng/mL 6ng/mL Not explicitly 5. Incubate with streptavidin-alkaline Serum [56]
biotin-SA-AP/SPE stated phosphatase conjugate for 10 min. sample

6. Wash the beads twice.

7. Resuspend the beads in buffer and
place on the screen-printed electrode.

8. Add the enzyme substrate (1-
naphthyl phosphate).

9. Perform DPV measurement after
5 min.

1. Cast 8 pL of various concentra-
tions of HER2 solution onto the pre-
pared SPE/AuNPs/Aptamer/MCH
electrode surface.

2. Incubate at room temperature for

0.001 to Not explicitl 5 min.
AuNPs/Aptamer/MCH 0y 0.001 ng/mL sta{; a 3. Wash with PBS to remove any un- - [24]
bound HER2.

4. Allow a binding reaction time of
10 min at 25 °C.

5. Perform DPV measurements to detect
the HER2 concentration.

1. Incubate the fabricated aptasensor
with different concentrations of HER2
protein solution for 60 min at room
temperature.

2. Wash the sensor with PBS buffer.

MPA /Cys/ 0.01 to Not explicitl 3. Perform el'ectrochemi'cal mea-
AuNP@HER2 15.0 ng/mL; 15.0 1.52 ng/mL stafe d Y surement using DPV in 10 mM - [58]
aptamer to 100.0 ng/mL [Fe(CN)e]*~/4~ redox probe solution.

4. Record the voltammogram from —0.2
to +0.4 V with a scan rate of 50 mV/s.

5. Analyze the reduction in current peak
corresponding to increasing HER2
concentrations

1. Deplete albumin from the serum sam-
ple using an albumin depletion kit.

2. Add the prepared serum sample to
the aptamer-modified working elec-
trode surface.

. 3. Allow the binding reaction to occur at
PLLF-RNA aptamer 10 to 60 ng/mL. 3ng/mL 4 min for 25°Cfor30min. Human [59]
detection 4. Add MB to the modified electrode serum
and incubate for 5 min at 25 °C.

5. Wash with Tris-HCl buffer to remove
unbound molecules.

6. Perform DPV measurement in Tris-

HCl buffer for 4 min.

1. Pipette 20 pL of the prepared HER2
antigen sample onto the working elec-
trode of the SPE

2. Incubate for 2 h at room temperature

3. Wash the electrode three times with
50 nL of wash buffer solution and dry
for 10 min at room temperature

4. Add 20 uL of detection antibody and
incubate for 2 h at room temperature

. 5. Wash and dry the electrode again as
ELISA-HER?2 ;)jg S‘lg/ mLL 4ng/mL Not explélcltly in step 3 N Human [57]
ng/m state 6. Add 20 pL of streptavidin-HRP and serum
incubate for 0.3 h (18 min) at room
temperature

7. Wash and dry the electrode again

8. Add 20 uL of TMB-H,0; (1:1 mixture)
and incubate for 0.3 h (18 min).

9. Add 50 uL of stop solution to stop the
oxidation process.

10. After 5 min, perform CV to record the

electrochemical response.
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Table 2. Cont.

Modification Linear Detection Limit of

Components Range Detection Total Assay Time Automation/Manual Steps Real Sample Reference

1. Insert the prepared electrochemical ar-
ray chip into the microfluidic device.
2. Flush the array with 0.05% PBS-T-20
for 2 min at a flow rate of 200 uL/min.
3. In a 1 mL centrifuge tube, mix:

- 100 puL of optimized secondary
antibody-HER-2
- 100 puL of optimized poly-HRP
dilution (1:250 in 0.1% BSA)
- 100 pL of sample
MPA /anti-HER- 4. Immediately inject this mixture into Pooled
2/biotin-anti-HER- - 0.012 ng/mL 15 min the microfluidic channel housing the human [60]
2/poly-HRP electrochemical array chips at a flow serum
rate of 200 L /min.
Allow to incubate for 10 min.
Wash with 0.05% PBS-T20 for 2 min.
Pass a solution of 1 mM hydro-
quinone through the microfluidic
channel.
8. Inject a mixture of 100 mM H,O, and
1mM HQ in PBS.
9. Generate an amperometric signal at
—0.15 V vs. pseudo-Ag/AgCl.

No o

1. Incubate the sample containing HER2
ECD with the biotinylated detection
antibody for 5 min.

2. Place the mixture on the prepared sen-
sor surface (which has the capture an-
tibody already immobilized) and in-
cubate for 1 h.

3. Add S-AP solution and incubate for

1h.
AuNP-anti-HER2 15 to 100 ng/mL 44ng/mL 2hand50min 4 Wash the sensor with Buffer 2 and dry. f;‘lrl‘;“

[61]
5. Add a solution containing the enzy-

matic substrate (3-indoxyl phosphate,

3-IP) and silver ions, and incubate for

20 min.
6. Perform linear SWV to detect the an-

alytical signal (potential scan from

—0.03 to +0.4 V at a scan rate of

0.05V/s).

1. Incubate a mixture containing the de-
tection antibody, HER2-ECD sample,
and BSA on the modified electrode
surface for 30 min.
2. Wash the electrode with buffer 1.
3. Add S-AP solution and incubate for
60 min.
MWCNT/AuNP 7.5-50 ng/mL 0.16 ng/mL 2hand20min 4  Wash the electrode first with buffer 1, Human [62]
then with buffer 3. serum
5. Add a mixture containing the enzy-
matic substrate (3-indoxyl phosphate)
and silver nitrate to the electrode sur-
face and incubate for 20 min.
6. Perform LSV to obtain the electro-
chemical signal.

1. Incubate the prepared affisensor with
the sample containing HER2 protein
for 60 min at room temperature.

2. Rinse the affisensor with 0.1 M PBS

. buffer pH 7.4 solution.
Affibody / AuNPs 0 t0 40,000 ng/L 6000 ng/L Not explcllﬂﬂy 3. Perform EIS measurements using 0.01 Human [63]
state M [Fe(CN)s]*~/4~ as redox probe pre- serum

pared in PBS buffer (0.1 M, pH 7.4).

4. Analyze the changes in Rct values ob-
tained after the affinity reaction with
HER?2 to determine the concentration.
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Table 2. Cont.

Modification Linear Detection Limit of

Components Range Detection Total Assay Time Automation/Manual Steps Real Sample Reference

1. Apply a sample containing the target
biomarker (HER-1 or HER-2) to the
sensor surface.
2. Allow time for the antigen in the sam-
ple to bind to the capture antibodies
on the sensor.
3. Add the detector antibody and allow
it to bind.
Not explicitl 4. Add the enzyme-labeled secondar Human
AuNP-Ab-HRP 0.25 to 50 ng/mL 0.03 ng/mL statid Y antibody (eit}}ier anti-species HRP 0}; serum [64]
AuNP-Ab-HRP conjugate).
5. Add the substrate solution
(TMB/H03).
6. Perform chronoamperometric mea-
surement at —200 mV for 110 s.
7. Analyze the resulting current signal
to determine the biomarker concen-
tration.

1. Incubation of the functionalized mag-
netic beads with the HER2 protein
sample for 20 min.
2. Washing steps to remove unbound
proteins.
3. Incubation with the secondary bi-
otinylated affibody for 45 min.
4. Washing steps.
5. Incubation with streptavidin-alkaline
Not explicitly phosphatase enzyme for 10 min. Human

stated 6. Washing steps. serum
7. Resuspension of the beads in buffer.
8

Placing the bead suspension onto
the working electrode of the screen-
printed electrochemical cells.

9. Addition of the enzyme substrate (1-
naphthyl phosphate).

10.  Incubation for 6 min.

11.  Performing differential pulse voltam-
metry measurements.

Strept-MB/Biot-Af 0to 20 ng/mL 1.8 ng/mL [65]

1. Place the biofunctionalized SPE chip
into the microfluidic system.

2. Introduce the sample (either PBS con-
taining HER2 or real saliva) into the
microfluidic system.

. 3. Perform EIS measurements using the
Not explicitly following parameters: Human
stated 4. Analyze the EIS data using the EIS saliva
spectrum analyzer software to fit the
results to the equivalent circuit model.

5. Calculate the normalized resistance
change (AR3/R3) based on the fitted
data.

0.005 to

ABA/anti-HER2 0.04 ng/mL

0.005 ng/mL [66]

4.2. CA15-3

CA15-3 is another crucial protein biomarker for breast cancer that has been extensively
studied using SPE-based biosensors. As a mucin-type glycoprotein shed from tumor cells,
CA15-3 levels in serum correlate with tumor burden and are valuable for monitoring
treatment response and disease recurrence. SPE-based sensors for CA15-3 often employ
sandwich-type immunoassay configurations, where the target protein is captured between
two specific antibodies. For example, Oliveira et al. [67] developed a disposable voltam-
metric immunosensor aimed at determining and quantifying the biomarker CA 15-3 in
human saliva and serum samples. The sandwich-type immunoassay was employed to
enhance specificity and sensitivity, leveraging antigen—antibody interactions alongside a
redox species, ferrocyanide potassium, for indirect antigen determination (Figure 9). The
immunosensor demonstrated a linear detection range from 2 to 16 U/mL with a sensi-
tivity of 0.012 pA /U mL~1. Its LOD was 0.56 U/mL, and the limit of quantification was
1.88 U/mL. The device showed minimal signal interference from other substances, with a
response variation of only 4.94%. Reproducibility was confirmed with a relative standard
deviation of 5.65%. A notable example of CA15-3 detection involves an MWCNT-modified
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SPE functionalized with a primary anti-CA15-3 antibody [68]. The study developed an elec-
trochemical immunosensor using a composite of doped poly(2-chloroaniline) (dP2ClAn)
and MWCNT to detect the breast cancer biomarker CA15-3 in serums. The composite
was coated layer-by-layer onto an SPE, with anti-CA15-3 antibodies successfully immo-
bilized through physical adsorption without a crosslinking agent. The immunosensor
demonstrated excellent performance within the range of 5 to 100 U/mL, with a detection
limit of 0.66 U/mL and a sensitivity of 254.67 pA/mL/U/cm?. Table 3 shows the key
characteristics of SPE-based electrochemical sensors for the detection of CA15-3.

il (A)

Ag/AgCl Ink v By
RE L
Graphite Ink T — \ &
WE < > /

I Mineral Spirit / l

Layer .I
I Graphite Ink //._//._ //
CE
« (B) . N
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\ Working electrode sPE/AuNPs  SMHCATS3 uNpsian
BSA
4
-=!
CA15-3
AUNPS/Ab/BSA/CA15-3 AUNPS/Ab/BSA

Figure 9. (A) Fabrication and (B) modification of SPE with AuNPs, anti-CA 15-3, and BSA to
develop an immunosensor for CA 15-3 determination. Modification occurred through the addition of
modifiers to the electrode surface using a pipette. After incubation with CA 15-3, a reduction in the
electrochemical signal was observed, as shown in the voltammogram. Reprinted with permission
from Ref. [67]. Copyright 2024 MDPL

Table 3. Key characteristics of SPE-based electrochemical sensors for the detection of CA 15-3.

Modification
Components

Linear Detection Limit of Total Assay

Range

Detection Time Automation/Manual Steps Real Sample Reference

Ab2-HRP/CA15-
3/BSA/Abl/MPA/
Au-rGO

1x 1077 to
1 x 10* U/mL

1. Incubate the prepared immunosensor
with 15 puL of CA15-3 solution for 30 min
at20°C.
2. Add 10 uL of anti-CA15-3 conjugated
with HRP (Ab2, 1 pg/mL) and incubate
for 30 min to form sandwich
immune-complexes.
Not explicitly 3. Perform SWV measurement in PBS Artificial
stated solution (pH 7.4) containing 2.5 mM HQ saliva
and 2.5 mM H,0,.
4. Record the SWV from 0.3 to —0.25 V, with
step potential —5 mV, amplitude 75 mV,
and frequency 2 Hz.
5. Analyze the resulting voltammogram to
determine the CA15-3 concentration
based on the calibration curve.

8 x 10710 U/mL [25]

HRP-MBs-Ab2/CA
15-3/Ab1-
P(1,5DAN)/PPy
NWs

0.05t020U/mL 0.02U/mL

1. Incubate the HRP-MBs-Ab2/CA 15-3
complexes with the immunosensor
(Ab1-P(1,5DAN)/PPy NWs/SPEs) for
60 min.
2. Place 50 uL of PBS containing a mixture
Not explicitly solution of 0.1 mM H,O, and 1 mM HQ
stated onto the electrode surface.
3. Perform electrochemical measurements
(CV or DPV) at room temperature.
4. Analyze the resulting voltammograms to
determine the CA 15-3 concentration
based on the calibration curve.

- [50]
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Table 3. Cont.

Modification Linear Detection Limit of Total Assay

Components Range Detection Time Automation/Manual Steps Real Sample Reference

1. Incubate the MIP/Au-SPE sensor in the
CA 15-3 standard or sample solution for
10 min.

2. After incubation, perform a DPV
measurement using a 5 mM
[Fe(CN)6]*~/4 solution as the redox
probe.

MIP 5t050 U/mL 1.5U/mL 15 min 3. Measure the peak current intensity from
the DPV voltammogram.

4. Compare the peak current intensity to a
calibration curve to determine the CA 15-3
concentration.

5. Regenerate the sensor by extracting CA
15-3 from the polymer using 0.5 M oxalic
acid solution.

Human

serum [5]]

1. Place 60 1L of a mixture containing the
analytes (HER2-ECD and CA 15-3) and
anti-CA15-3-bio antibody on the sensor
and incubate for 1 h.

2. Wash the sensor with buffer 1.

3. Add 60 uL of anti-HER2-bio antibody
solution and incubate for 30 min.

4. Wash the sensor with buffer 1.

Not explicitly 5. Add 60 uL of S-AP solution and incubate
stated for 1h. B (5]

6. Wash the sensor with buffer 2.

7. Add 60 uL of 3-indoxyl phosphate/silver
nitrate solution and incubate for 20 min.

8. Perform linear sweep voltammetry
between —0.02 and 0.4 V at 50 mV/s to
measure the electrochemical oxidation
current of the enzymatically deposited
silver.

bi-SPCE-AuNP-Ab 17 to 70 U/mL 5.0U/mL

1. Add 30 puL of the sample solution
containing CA 15-3 to the sensor.

2. Incubate the sensor with the sample for
lhat4°C.

3. Wash the sensor with 0.10 M Human
AuNP/Ab 2to16 U/mL 0.56 U/mL 1h phosphate-buffered saline (PBS, pH 7.5). saliva and [67]

4. Dry the sensor under nitrogen. serum

5. Perform electrochemical measurements
using DPV with 0.50 mM potassium
ferrocyanide in PBS as the redox species.

1. The prepared
BSA/Ab/MWCNT-dP2CIAn/SPE
electrode is incubated with the sample
containing CA15-3 for 40 min at 25 °C.
This incubation time was determined to
be optimal for binding between the
antibody and the CA15-3 antigen.

2. Washing: After incubation, the electrode is
washed three times with 6 uL of PBS
(0.01 M, pH 7.4) to remove any unbound
molecules.

3. Measurement: The detection is performed
using DPV in a solution of 5 mM
K3Fe(CN)s /K4Fe(CN)s containing 0.1 M
KCL

4. Analysis: The current response is
measured and compared to the calibration
curve to determine the CA15-3
concentration.

BSA/Ab/MWCNT-
dP2CIAn

Human
serum

Not explicitly

5t0 100 U/mL 0.66 U/mL stated

[68]

1. The sample containing CA 15-3 is
manually dropped onto the sensor and
incubated for 1hat4 °C.

2. After incubation, the electrochemical
measurement is performed using
chronoamperometry.

3. The current response is then analyzed to
determine the CA 15-3 concentration
based on the calibration curve.

Human
serum

Not explicitly

CNE/AuNP/MIP 5t035U/mL 1.16 U/mL stated

[69]
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Table 3. Cont.

Modification
Components

Linear Detection Limit of
Range Detection

Total Assay
Time

Automation/Manual Steps

Real Sample

Reference

C-PDDA-AuNPs-
Ab1-BSA

0.01to1U/mL 0.006 U/mL

Not explicitly
stated

1.

2.

Off-line biomarker capture:

- Add 20 uL of MP-Ab2-HRP to
340 pL of buffer containing CA15-3
- Incubate for 30 min at 37 °C
- Magnetically separate and wash the
captured analyte three times
- Resuspend in 125 pL of buffer

On-line detection in the DuID:

- Inject the resuspended sample into
the microfluidic system

- Allow incubation time (70 min
based on optimization)

- Wash the microfluidic channel with
PBS-BSA

- Inject a mixture of 0.1 mM H,O,
and 1.0 mM HQ

- Perform amperometric detection

Human
serum

[70]

PoPDA/Au

0.25t010.00U/m  0.05U/mL

Less than
30 min

Incubate the sensor with the sample
containing CA15-3 for 15 min.

Perform electrochemical measurements,
specifically SWV or EIS.

Analyze the electrochemical response to
determine the CA15-3 concentration.

Human
serum

[71]

MIP

0.10 to 100 U/mL 0.10U/mL

Not explicitly
stated

Incubate the MIP sensor surface with the
sample containing CA 15-3 for 30 min.
Wash the sensor surface with water to
remove any loosely bound materials.
Replace the sample solution with a drop
of 5 mM [Fe(CN)s]*~/4~ redox probe
solution.

Perform DPV measurements to detect the
CA 15-3 concentration.

Human
serum

[72]

AMPTMA-MIP

0.001 to

100 U/mL 0.000909 U/mL

Less than
20 min

Prepare the sample solution containing
CA 15-3in PB at pH 5.8.

Apply 5 uL of the prepared sample
solution to the working electrode surface
of the MIP sensor.

Incubate the sample on the sensor surface
for 20 min.

After incubation, perform electrochemical
measurements using SWV with a redox
probe solution containing 5.0 mM
K;3[Fe(CN)s] and 5.0 mM Ky[Fe(CN)g] in
phosphate bulffer.

Record the current response using the
following SWV parameters: step potential
of 5 mV, pulse amplitude of 10 mV, and
frequency of 5 Hz.

Analyze the current response to determine
the CA 15-3 concentration based on the
calibration curve.

Human
serum

[73]

Co0S,-GR-AuNPs

0.1to 150 U/mL 0.03U/mL

Not explicitly
stated

Incubate the prepared immunosensor
with different concentrations of CA15-3
antigen for 3h at 4 °C.

Rinse the immunosensor with deionized
water to remove any unstable adsorbed
CA15-3 from the electrode surface.
Perform electrochemical measurements
using 1.0 mM catechol as a probe.
Measure the DPV response, which
decreases with increasing CA15-3
concentration.

Human
serum

[74]

4.3. CEA

CEA is a well-established tumor marker that, while not specific to breast cancer, can
provide valuable information when monitored alongside other biomarkers. SPE-based
biosensors for CEA detection have explored various innovative approaches to enhance
sensitivity and specificity. One such approach involves the use of a dual-signal amplifica-
tion system. Ma et al. [75] developed a novel 3D origami electrochemical immunodevice
for sensitive POC testing of CEA using a dual-signal amplification strategy. The device
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employed Au nanorod-modified SPE (AuNRs-SPE) as the sensor platform and metal ion-
coated Au/bovine serum albumin nanospheres as tracing tags to achieve high sensitivity
(Figure 10). The dual-signal amplification approach allowed simultaneous detection of
CEA and cancer antigen 125 (CA125) with wide linear ranges spanning over 4 orders of
magnitude. Detection limits as low as 0.08 pg/mL for CEA and 0.06 mU/mL for CA125
were achieved. The device exhibited good stability, with only a 4% decrease in electro-
chemical response after 30 days of storage (). Relative standard deviations of 2.67% and
2.82% for CEA and CA125 detection indicated good precision and reproducibility. When
tested on human serum samples, the results showed good agreement with commercial
electrochemiluminescent single-analyte tests, with relative errors below 3.6%. The com-
bination of AuNRs-SPE and metal ion tracers provided significant signal amplification,
enabling highly sensitive multiplex detection of cancer biomarkers in a simple, low-cost
device suitable for POC applications. Shi et al. [76] developed a novel smartphone-based
electrochemical aptasensing platform for the POC testing of CEA. The platform utilized a
dual-signal output strategy based on ferrocene (Fc) and PdPt@PCN-224 to enhance sensi-
tivity and avoid false positive results. PAPt@PCN-224 nanocomposites exhibited strong
catalytic activity towards H,O, reduction, significantly improving detection sensitivity.
The presence of CEA caused a decrease in the HyO, reduction current and an increase in the
Fc oxidation current, enabling accurate CEA quantification. Under optimal conditions, the
aptasensor demonstrated a wide linear range from 1 pg/mL to 100 ng/mL, with low LOD
of 0.98 pg/mL using Fc and PAPt@PCN-224 as signal labels. The platform showed excellent
reproducibility with RSDs of 4.28% (Fc) and 3.30% (H,O,) for six biosensors. Table 4 shows
the key characteristics of SPE-based electrochemical sensors for the detection of CEA.

s
anti-CEA Ab, | anti-CA125 Ab,

e
Q. ) cea W0 caizs

8o
AwBSA b b
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&>@

Conductive pad

Board-A / \
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Figure 10. Scheme of the fabrication and assay procedures of 3D origami EC immunodevice.
(A) AuNRs-PWE: growth of an interconnected AuNRs layer on the surfaces of cellulose fibers
in bare PWE. (B) After immobilization with Ab;s, BSA, CEA and CA125. (C) After incubating with
the designed tracers. (D) After modification, this immunodevice was integrated with a transparent
device-holder, the device-holder was clamped closely and 40 uL supporting electrolyte was added
for electrochemical assay. Reprinted with permission from Ref. [75]. Copyright 2015 Elsevier.
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Table 4. Key characteristics of SPE-based electrochemical sensors for the detection of CEA.

Modification Linear Detection
Components Range

Limit of Total Assay

Detection Time Reference

Automation/Manual Steps Real Sample

1. Add 10 uL of sample containing CEA to
the sensor surface.
2. Incubate for 20 min at room temperature
in a moist chamber.
3. Rinse the electrodes with 100 mM PBS pH
7.1 to remove unbound analyte.
Perform EIS measurement. This is human
performed in 100 mM PBS pH 7.1 plus serum
equal ratio of 10 mM
Ks[Fe(CN)s]/Ky[Fe(CN)s].
5. Record impedance data from 2.5 KHz to
0.25 Hz with a modulation voltage of
10 mV at 0 V applied potential relative to
the reference.

1.5 x 1075 to
1.5 ng/mL

1.36 x 107# Not explicitly 4.

POct-Ab-CEA ng/mL stated

[77]

1.5 x 105 to

1.76 x 107* Not explicitly Same as above Human
1.5 x 1073 ng/mL

POct-Aff-CEA ng/mL stated serum

[77]

1. Drop 2.0 pL of sample solution containing
different concentrations of CEA and
CA125 onto the AuNRs-PWE.

Incubate for 210 s at room temperature.

Wash with PBS (pH 7.4).

Add 4.0 pL of the designed bioconjugates

(Ab2-Au/BSA-metal ion) to the

AuNRs-PWE.

Incubate for 210 s at room temperature.

Wash with PBS (pH 7.4).

Fold the device using a simple homemade

device-holder.

8. Fix and connect the 3D origami EC
immunodevice to the electrochemical
workstation.

9. Add 40 pL of HAc/NaAc solution (pH
4.5) as the supporting electrolyte.

10.  Perform a DPV scan from —0.9 V to
—0.3 V to record the amperometric
responses for simultaneous detection of
CEA and CA125.

LN

Ab1/AuNRs-
PWE/Au/BSA-
metal ion-Ab2

N o

1x 107 to
50 ng/mL

Human
serum

Not explicitly

-5
8 x 107 ng/mL stated

[75]

1. Incubation of the sensor with the sample
containing CEA for a specific time
(duration not specified).

2. Washing steps to remove unbound
analytes.

3. Addition of secondary antibody labeled

HRP-
Ab2/CEA/Abl/
AuNPs/rGO

0.5 to 25 ng/mL;
250 to
2000 ng/mL

0.28 ng/mL

Not explicitly
stated

with HRP and incubation (time not
specified).

Another washing step to remove unbound
secondary antibodies.

Addition of H,O, substrate (5 uM in

0.1 M PBS) for the electrochemical
measurement.

Performing CV or amperometry to
measure the electrochemical response.

HRP-Ab2/CEA/
Ab1/AgNPs-rGO

50 to 500 ng/mL

35ng/mL

Not explicitly
stated

Add diluted CEA solution (antigen) to the
modified SPE and incubate for 2-3 h at
room temperature.

Wash the electrode twice with PBS to
remove unbound antigen.

Add secondary detection antibody and
incubate for 2 h at room temperature.
Wash the electrode four times with PBS to
remove unbound antibody.

Add HRP-conjugated secondary antibody
and incubate for 30 min to 2 h at room
temperature.

Wash the electrode four times with PBS to
remove unbound conjugated antibody.
Add enzyme substrate (H,O,) using a
pipette.

Perform electrochemical measurement
(likely using cyclic voltammetry, though
the specific measurement step is not
explicitly detailed for the final detection).
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Table 4. Cont.

Modification
Components

Limit of
Detection

Linear Detection
Range

Total Assay
Time

Automation/Manual Steps

Real Sample

Reference

GCE/Au NPs/Abl/
BSA/CEA/Ab2-Ag
NPs@CS-
Hemin/rGO

2x 107 to
200 ng/mL

Not explicitly

-6
6.7 x 107° ng/mL stated

1.

Add the sample containing CEA to the
prepared immunosensor electrode and
incubate for 1h at 4 °C.

Rinse the electrode with PBS (pH 7.0) to
remove unbound CEA.

Add the Ab2 label (Ag
NPs@CS-Hemin/rGO-Ab2) to the
electrode surface and incubate for 45 min
at4°C.

Rinse the electrode again with PBS

(pH 7.0) to remove unbound Ab2 label.
Place the electrode in 10.0 mL of PBS
(pH 7.0).

Perform amperometric i-t curve
measurement at a potential of —0.4 V.
Once the background current stabilizes,
inject 10.0 L of H,O; (5.0 mol/L) into
the PBS under mild stirring.

Record the change in current signal.

Human
serum

[49]

PdPt@PCN-224-P-
dsDNA/Au

0.001 to
100 ng/mL

Not explicitly

-4
9.8 x 10~* ng/mL stated

Drop different concentrations of CEA onto
the PAPt@PCN-224-P-dsDNA /Au/SPE.
Incubate the electrode with CEA at 37 °C
for 30 min.

Rinse the electrode with purified water.
Immerse the electrode in PBS buffer
containing 10 mM H,O»,

Perform electrochemical measurements
using the smartphone-based platform.
Use the PSTouch software on the
smartphone to conduct and analyze the
electrochemical measurements.

Human
serum

[76]

CEA-MWCNT-PEI

0.005 to
500 ng/mL

Not explicitly

0.001 ng/mL stated

Incubate the xCEA immobilized
MWCNT-PEI/SPE with 50 uL of the CEA
standard or sample for 30 min at

25+ 3°C.

Wash the electrode with PBS (0.1 M,

pH 7.0).

Incubate the electrode with 10 uL of
«CEA-FCL in 100 uL PBS (0.01 M, pH 7.0)
for 30 min at 25 + 3 °C.

Wash the electrode again with PBS (0.1 M,
pH 7.0).

Add 100 nL of methanolic solution of
Triton X (2%) in PBS (0.1 M, pH 7.0) to
dissolve the bound FCL.

Perform SWV measurement from —0.3 to
0.5 V with 4 mV potential steps, 25 Hz
frequency, and 50 mV amplitude.

Human
serum

[78]

P-SPGE/R1/
anti-CEA

1.0to
100.0 ng/mL

Not explicitly

0.33 ng/mL stated

Incubate the prepared electrode in the
CEA solution for 30 min.

Wash the electrode with PBS
(phosphate-buffered saline).

Perform DPV measurements in PBS

(10 mM, pH 7.4).

Record the DPV signals by scanning from
—0.90 to +0.20 V at a pulse amplitude of
50 mV and a scan rate of 10 mV/s.

Human
serum

[79]

NH2-
G/Thi/AuNPs-
SPWE/Anti-CEA

Not explicitly

0.05 to 500 ng/mL stated

0.01 ng/mL

Apply the sample containing CEA to the
sample tab of the paper-based device.
Allow the sample to flow through the
microfluidic channel to the detection zone
containing the modified working
electrode.

Perform DPV measurement using the
three-electrode system (working, counter,
and reference electrodes) printed on the
paper device.

Measure the peak current from the DPV
response.

Calculate the CEA concentration using the
calibration curve relating peak current to
log CEA concentration.

Human
serum

[80]
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4.4. BRCA1

Genetic biomarkers, including specific gene mutations and alterations in gene expres-
sion patterns, play a crucial role in breast cancer risk assessment, diagnosis, and treatment
planning. SPE-based biosensors have shown promising results in the detection of genetic
markers, offering potential alternatives to traditional molecular biology techniques. The
detection of BRCA1 gene mutations, which are associated with increased breast cancer
risk, has been a focus of SPE-based genetic biomarker sensing. These approaches often
involve the immobilization of specific DNA probes on the electrode surface, followed by
hybridization with target DNA sequences from patient samples. Feng et al. [81] developed
a sensitive electrochemical DNA sensor for detecting the breast cancer susceptibility gene
BRCAL. The sensor utilized a DNA tetrahedral-structured probe (TSP) and Au-SPE. to
achieve signal amplification. A sandwich system was formed by hybridizing capture DNA,
target DNA (BRCA1), and reporter DNA (Figure 11). The sensor demonstrated a linear
detection range from 1 fM to 1 nM, with a low detection limit of 0.1 fM. The sensor’s
performance was attributed to the stable sandwich structure and signal enhancement from
AuNPs-DNA reporter complexes. In another work, Li et al. [82] investigated the use of
SWCNT-SPEs for electrochemical detection of DNA hybridization related to the BRCA1
breast cancer gene. The researchers optimized probe and target concentrations, finding
80 pg/mL and 120 pg/mL, respectively, as optimal. They achieved a detection limit of
378.52 nM for the target DNA. Electrochemical impedance spectroscopy complemented the
voltammetric results, showing a 25.4% decrease in charge transfer resistance after DNA
hybridization. The combination of SWCNTs and SPE proved effective for monitoring DNA
hybridization, with potential applications in detecting BRCA1 mutations in biological
samples.
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Figure 11. Scheme of fabrication of electrochemical DNA sensor for BRCA1 detection. CV curve and

amperometry (IT curve) were applied to investigate the electrochemical behavior of the proposed
electrochemical DNA sensor. Reprinted with permission from Ref. [81]. Copyright 2020 MDPL

4.5. MicroRNAs

MicroRNAs (miRNAs) have emerged as important genetic biomarkers in breast can-
cer, with specific miRNA expression profiles associated with different cancer subtypes
and disease stages. SPE-based biosensors for miRNA detection often exploit the high
specificity of nucleic acid hybridization combined with signal amplification strategies to
achieve the necessary sensitivity for these low-abundance targets. For example, Raucci
et al. [83] developed a paper-based electrochemical biosensor for detecting miRNA-652,
a biomarker associated with triple-negative breast cancer (TNBC). The device consisted
of an SPE on office paper, modified with AuNPs and an anti-miRNA probe (Figure 12).
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After optimizing experimental parameters, the biosensor demonstrated a detection limit
of approximately 0.4 nM for miRNA-652 in both standard solutions and human serum.
The system exhibited satisfactory repeatability of about 5% and good selectivity against
other potential interfering miRNAs. To enhance sensitivity, the researchers introduced an
innovative pre-concentration step using external wax-patterned chromatographic paper
disks. This approach improved the detection limit by 10-fold with just 10 pre-concentration
steps, applicable to both standard and human serum samples. The integration of the office
paper-based SPE with the external chromatographic paper-based disk for pre-concentration
resulted in a disposable device capable of providing immediate feedback in liquid biopsy
applications. Another electrochemical biosensor was developed for the simultaneous
detection of multiple miRNAs related to breast cancer [84]. The sensor utilized an SPE
modified with reduced graphene oxide, poly(2-aminobenzylamine), and AuNPs to enhance
sensitivity. Porous hollow Ag-Au nanoparticles tagged with metal ions were used as labels.
An anti-DNA-RNA hybrid antibody enabled detection of different hybridized capture
DNAs and miRNAs. The biosensor exhibited high selectivity, stability, and sensitivity, with
a wide linear range from 1 fM to 10 nM. Detection limits were 0.98 fM, 3.58 M, and 0.25 fM
for miRNA-155, miRNA-21, and miRNA-16, respectively. The platform demonstrated
good specificity, with one-base mismatched miRNA-21 detected at only 39.5% of the signal,
three-base mismatched at 3.2%, and completely mismatched similar to blank levels.

g

+ Target
N ?\.-’ Ty

Current / pA

Blank
Potential /V

2 &
\\%per-basedstrlp anti-miRNA-256-5p-MB

u AuNPs miRNA-256-5p

Figure 12. Scheme of paper-based SPE to detect miRNA-652. More details can be found in the text.
Reprinted with permission from Ref. [83]. Copyright 2024 Elsevier.

4.6. Metabolite Biomarkers

Metabolite biomarkers offer a unique perspective on the biochemical changes asso-
ciated with breast cancer, reflecting alterations in cellular metabolism that occur during
tumor development and progression. SPE-based biosensors for metabolite detection often
incorporate enzymes or other biocatalysts to achieve high specificity and sensitivity. Sarco-
sine, a metabolite that has been linked to breast cancer aggressiveness, has been successfully
detected using an SPE-based biosensor incorporating sarcosine oxidase [85]. This enzyme
catalyzes the oxidation of sarcosine, producing hydrogen peroxide as a byproduct. The
amperometric detection of hydrogen peroxide provides a quantitative measure of sarcosine
concentration. Another metabolite of interest in breast cancer is glutamate, which plays
a role in tumor cell proliferation and invasion. An SPE-based biosensor for glutamate
detection utilizes glutamate oxidase immobilized on porous CozO4 nanocubes [86]. The
enzyme catalyzes the oxidation of glutamate, generating hydrogen peroxide, which is then
electrochemically detected. This system demonstrates high specificity for glutamate in the
presence of other amino acids and has shown promise for monitoring glutamate levels in
breast cancer cell cultures.
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5. Challenges and Future Perspectives

Despite the significant advancements in SPE-based breast cancer biosensors, several
challenges remain that limit their widespread adoption in clinical settings. One of the
primary limitations is the complexity of biological samples, which can interfere with sensor
performance. The presence of numerous proteins, metabolites, and other biomolecules
in blood or tissue samples can lead to non-specific binding and false positive results [87].
Additionally, the low concentration of certain biomarkers, particularly in early-stage cancer,
poses a significant challenge for detection sensitivity. Current SPE-based biosensors often
struggle to achieve the ultra-low detection limits required for early cancer diagnosis without
complex sample preparation or signal amplification strategies [88]. Another limitation is the
stability and reproducibility of SPE-based biosensors over time. The surface modifications
and biorecognition elements used in these sensors can degrade or lose activity during
storage or repeated use, affecting the reliability of results. Furthermore, batch-to-batch
variations in electrode production and modification processes can lead to inconsistencies in
sensor performance, hindering their potential for standardized clinical use.

To address these challenges, research is focused on developing novel materials and
fabrication approaches. Emerging nanomaterials, such as two-dimensional transition
metal dichalcogenides and metal-organic frameworks, offer unique properties that could
enhance sensor sensitivity and stability [89]. These materials provide high surface areas
for biomarker capture and possess intrinsic catalytic activities that can amplify detection
signals. While nanomaterials offer many advantages in enhancing sensor sensitivity and
specificity, it is important to acknowledge that they can also contribute to variability
issues. The inherent batch-to-batch variations in nanomaterial synthesis and properties may
exacerbate inconsistencies in electrode structure and performance. This variability poses a
significant challenge for industrial-scale production and standardization of nanomaterial-
enhanced SPEs. Several approaches should be explored. One strategy is the development of
robust calibration protocols specifically tailored for nanomaterial-based electrodes. These
protocols may involve the use of well-characterized reference materials and multi-point
calibration curves to account for variations in nanomaterial properties. Additionally, the
integration of in-situ calibration features into sensor designs is being investigated. This
approach allows for real-time adjustment and compensation for batch-to-batch differences,
potentially improving the reliability of measurements in clinical settings. It is also important
to address the apparent discrepancy between the use of precious metals like gold in SPEs
and claims of low-cost production. While gold pastes for screen printing can indeed be
expensive, alternative approaches are being explored to balance performance and cost-
effectiveness. For example, sputtered gold thin-film electrodes have gained traction in
industrial practice for POC systems, offering a more economical solution for large-scale
production while maintaining excellent conductivity and biocompatibility.

Advanced fabrication techniques, including 3D printing and laser-induced graphene
formation, are being explored to create more precise and reproducible electrode structures
with enhanced electrochemical properties [90]. The integration of SPE-based biosensors
with microfluidic systems represents a promising avenue for overcoming sample complex-
ity issues. Microfluidic devices can incorporate sample preparation steps, such as filtration
and preconcentration, directly on-chip, reducing interference from complex matrices and
improving detection sensitivity. Moreover, the combination of microfluidics with SPEs
enables the development of fully integrated lab-on-a-chip devices capable of performing
multiple analytical steps in a single, compact platform.

While SPE-based biosensors for breast cancer biomarkers have shown great promise
in laboratory settings, their translation to industrial applications and clinical trials is still
in progress. Currently, most of the research in this field is at the proof-of-concept or early
validation stage, where the focus is on demonstrating the feasibility and potential of these
sensors in controlled environments. The transition from laboratory research to clinical
application is a complex and time-consuming process, requiring extensive validation, regu-
latory approval, and collaboration between researchers, clinicians, and industry partners.
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At present, the majority of studies involving SPE sensors for breast cancer biomarkers are
conducted as collaborative efforts between analytical chemists and medical professionals,
using patient blood samples to assess the potential real-world applicability of these devices.

6. Conclusions

In conclusion, this review has highlighted the significant potential of SPEs as low-cost,
sensitive, and versatile platforms for breast cancer biomarker detection. SPEs offer numer-
ous advantages, including simple fabrication, disposability, and compatibility with various
modification strategies to enhance performance. The integration of nanomaterials like
carbon nanotubes, graphene, and metal nanoparticles has dramatically improved the sensi-
tivity and specificity of SPE-based biosensors for detecting crucial breast cancer biomarkers
such as HER2, CA15-3, and CEA. Novel approaches in biomolecule immobilization, in-
cluding the use of aptamers and molecularly imprinted polymers, have further expanded
the capabilities of these sensors. The development of multiplexed assays on SPEs has
enabled simultaneous detection of multiple biomarkers, providing a more comprehensive
assessment of breast cancer status. While significant progress has been made, challenges
remain in terms of sensor stability, reproducibility, and performance in complex biological
matrices. Emerging research directions, such as the integration of SPEs with microfluidic
systems and the development of wearable sensors, offer promising avenues for overcoming
these limitations. The potential for early screening and therapy monitoring using SPE-
based biosensors is substantial, with the possibility of detecting cancer biomarkers at much
earlier stages and enabling more timely treatment adjustments. However, the path from
laboratory development to clinical implementation involves rigorous validation studies
and regulatory considerations. As sensor technologies continue to advance, SPE-based
biosensors are poised to play a crucial role in improving breast cancer diagnostics and
patient care, particularly in resource-limited settings and for POC applications.
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