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Abstract

Breast cancer, a significant global health concern, has seen 2.3 million new cases and
700,000 deaths in 2020. Traditional diagnostic methods, such as mammography, ultrasound,
and MRI, have limitations, necessitating the development of innovative, non-invasive tools.
This article explores the potential of miRNA-based electrochemical biosensors for early
detection of breast cancer, focusing on their reliability, sensitivity, selectivity, affordability,
and personalized medicine. Using databases like PUBMED, Science Direct, ACS,
Springerlink, Taylor & Francis, and Google Scholar, a thorough literature search was
carried out in December 2025. Electrochemical biosensors and breast cancer miRNA
biomarkers were the main search terms utilized, along with early-detection-related
keywords. Studies were chosen for the search based on their applicability to the subject.
MicroRNAs, including miR-21, miR-155, and miR-122, are effective biomarkers for breast
cancer linked to tumor development and metastasis. Electrochemical biosensors, enhanced
by nanotechnology, detect these miRNAs with high sensitivity and selectivity. Utilizing
gold nanoparticles and graphene oxide, these biosensors enable real-time and portable
diagnostics, enhancing their potential in point-of-care settings. Electrochemical biosensors
based on miRNA biomarkers show promise for the early detection of breast cancer due to
their high sensitivity, selectivity, and cost-effectiveness. Further research is necessary to
validate their clinical efficacy and develop standardized protocols. Clinicians should stay
informed about these advancements to potentially integrate them into practice, improving
patient outcomes.
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1.INTRODUCTION advancements, breast cancer (BC) remains the
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responsible for about 9.6 million fatalities. S
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most common malignant tumors that endanger . . .
conventional diagnostic methods such as

women's health [1]. Despite ongoing medical
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imaging mammaography, ultrasound,
magnetic resonance imaging, histology, and
clinical and physical tests are inadequate,
early detection of breast cancer is essential.
Due to their low sensitivity, these techniques
can expose users to radiation and provide
false positive results. Despite being non-
invasive, ultrasound cannot take the place of
mammograms, particularly in women over
40 [3]. However, the patient may sustain
invasive or radioactive harm as a result of
these procedures. Furthermore, it is
challenging to detect the formation of cancer
using the aforementioned techniques if the
tumor tissue lacks typical pathological
abnormalities. With its simplicity, speed,
non-invasiveness, and real-time capabilities,
liquid biopsy is regarded as the most
promising new detection tool for early cancer
diagnosis [4]. Disease biomarkers and the
associated detection techniques are two
important aspects that have a direct impact on
liquid biopsy performance [5]. Frequently,
tumors are discovered after symptoms start to
show. Early identification is typically
associated with a better possibility of patient
survival, making it a more advantageous
course of action for cancer treatment.
Therefore, the identification of chemicals
produced in bodily fluids (such as blood,
urine, and saliva) that can be obtained by
minimally  invasive or  non-invasive
procedures (such as liquid biopsy) is the

foundation of next-generation cancer

diagnostics. Liquid biopsies, in particular,
can assist physicians in assessing the risk of
metastatic  relapse, monitoring therapy
response in real time, and early screening
patients for the best course of treatment.
Among other things, liquid biopsy techniques
focus especially on circulating nucleic acids,
such as circulating tumor cells (CTCs),
exosomes, and non-coding RNAs (ncCRNAs).
NcRNAs are increasingly being linked to
cancer, making them intriguing epigenetic
biomarker candidates for diagnosis and
prognosis. MicroRNAs (miRNAs) and long
non-coding RNAs (IncRNAs) are the two
most  significant and  well-researched
ncRNAs [6].

As a result, new biomarkers that are
developing, such as miRNAs, in bodily fluids
are crucial for breast cancer screening. A
class of tiny endogenous non-coding RNAs
known as miRNAs has been linked to several
illnesses, including cancer. Because miRNAs
are found in bodily fluids like blood, plasma,
and serum, their use as a biomarker for cancer
detection is crucial. Additional advantages of
miRNAs as a biomarker include their
stability at high temperatures, even at low or
high pH levels, prolonged room temperature
storage, and several freeze-thaw cycles [7].
The creation of biosensors with improved
sensitivity, selectivity, stability, and cost has
exploded in the last ten years. Based on their

mode of detection and the kind of signal they
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produce; these sensors can be divided into
several categories; the most widely used
types are electrochemical and optical
biosensors. Even if a lot of biosensors are still
in the research and development stage, their
eventual commercialization has enormous
potential to increase the efficacy and
efficiency of tumor marker detection in the
diagnosis of breast cancer [8]. Because of
their remarkable feature set, electrochemical
biosensors have become a leading option for
diagnosing breast cancer in this context.
These sensors are small, inexpensive, have an
easy-to-use design, great sensitivity, and
efficient functioning [9]. They also have
great potential to improve the sensitivity of
biomarker detection. This is accomplished by
using a variety of identification probes and
cutting-edge materials, opening the door for
novel approaches to breast cancer diagnosis
and treatment [8].The most popular
biosensing technique (BT) for measuring
miRNA is the electrochemical
nanobiosensor. It performs well when
measuring a variety of substances, including
proteins, enzymes, drugs, and miRNA [10].
This method uses the electrode as a converter
and the biological element as a detecting
component. Nanostructures are typically
employed in this system to bridge the
distance between the biological receiver and
the converter. Nucleic acids, enzymes,
bacteria, biological tissues, and antibodies

that can immobilize on the electrode are
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examples of biological materials employed in
nanobiosensors. Electrochemical techniques
like potentiometric, amperometric, cyclic
voltammetry, and impedance have been used
to measure the electrical signal produced by
the interaction between the analyte and
biological element. Additionally, the
analyte's concentration determines how
strong this electrical signal is. Combining
nanotechnology and the electrochemical
biosensor creates a new area of BTs called the
electrochemical nanobiosensor. Among the
many diagnostic advantages of this approach
is the easier, quicker, and less expensive
access to proprietary data. Materials at the
nanoscale improve the sensor's sensitivity,
accuracy, and other characteristics while
lowering the measurement limitations
[11]. Therefore, reducing mortality from
breast cancer requires early detection. The
use of biomarkers for early breast cancer
detection is an intriguing area of research
with significant promise to improve detection
and treatment outcomes. Therefore, the use
of biomarkers in early detection methods was
reviewed in this article.[12]. Thus, this review
focuses on the recent progress in miRNA-
based electrochemical biosensors for the
early detection and monitoring of breast
cancer. It aims to synthesize reported design
strategies, nanomaterial integrations, and
electrochemical approaches that enhance
sensitivity, selectivity, and cost-effectiveness

in liquid biopsy analysis. Furthermore, the
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study critically highlights current challenges
such as clinical validation, reproducibility in
real samples, and standardization, and
outlines future research directions needed to
facilitate the translation of these promising
biosensing platforms into practical tools for
personalized breast cancer diagnosis and

management.
2. Objective

The document aims to explore the use of
miRNA-based electrochemical biosensors
for early detection of breast cancer, focusing
on their reliability, sensitivity, selectivity,
and affordability, and their potential to
improve treatment outcomes, early diagnosis,
and  subtyping, thereby  advancing

personalized medicine.
3. Materials and Methods

Keywords and search strategy—In December
2025, a thorough search was carried out in
PUBMED, Science Direct, ACS,
Springerlink, Taylor & Francis, and Google
Scholar using the selected keywords.
Additionally, the following keywords were
used in the search: electrochemical
biosensors AND breast cancer AND miRNA
breast cancer biomarker OR miRNA BC
biomarkers AND early BC detection OR

Breast Cancer Diagnosis.

4. ldentification and Diagnosis of Breast

Cancer

Breast cancer is the most common cancer
among women globally, with
mammaography, ultrasonography,  and
imaging being the primary diagnostic
methods. However, these tests are expensive
due to specialized equipment and
professional analysis. In recent years,
electrochemical  biosensors have been
developed and successfully used in the
detection of tumor biomarkers due to their
high sensitivity and inexpensive equipment
costs [13]. BC is a multifaceted illness with
distinct subtypes like triple-negative (TN)
and estrogen receptor-positive (ER+), each
with unique risk factors and molecular
fingerprints. Precise subtyping is crucial for
understanding the disease's complexity and
individualized treatment plans, but detecting
multiple biomarkers is challenging [14].
Because aberrant expression of particular
microRNAs and enzymes is directly linked to
the formation and spread of cancer, early
detection and identification of metastatic
breast cancer are therefore essential for
successful therapy [15].For breast cancer
patients to receive effective therapy and have
a good prognosis, early diagnosis is essential.
The early detection of breast cancer and
precise lesion diagnosis are the goals of
imaging modalities. The two primary pillars

of efficient illness management are early
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detection and timely treatment [16]. Breast
imaging is critical for detecting, diagnosing,
and controlling cancers. Ultrasound is a
common medical technique, alongside
positron emission tomography (PET),
mammaography, ultrasound, MR,
scintimammography, and single photon
emission computed tomography (SPECT)
[17]. The diagnosis and assessment of breast
cancer establish whether preoperative
systemic therapy is required. Effective,
targeted therapies are essential. One of the
main priorities is lowering worldwide
disparities in diagnosis, care, and cutting-
edge drugs [8].

4.1. Mammography

Mammography is a diagnostic technique that
can be used for screening and diagnosis. It
creates images of the breast using x-ray
technology, identifying benign or malignant
abnormalities [16]. By finding early signs of
breast cancer, mammogram screening lowers
mortality. However, automated methods are
not enough to predict the occurrence of breast
cancer. Increasing mammographic density
can improve breast cancer risk models, and
gold-based nanoformulations can improve

the contrast of mammogram images [18].
4.2. MRI

Because early detection and treatment are
essential for improved patient outcomes, the

American Cancer Society (ACS) advises
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women with a lifetime risk of 20-25% or
higher to undergo annual breast magnetic
resonance imaging (MRI). Although MRI is
more expensive, it is usually more sensitive
and offers more thorough pathophysiology
data. Breast MRI produces three-dimensional
images utilizing radio waves and magnets,
and it has an average cancer output of 22
malignancies per 1000 women screened. This
is ten times higher than mammography and
twice as high for high-risk women. For
women who are genetically or familially at
high risk, contrast-enhanced breast MRI has
been verified [19].

4.3. Magnetic Resonance Spectroscopy

Because of its better sensitivity and negative
predictive value, dynamic contrast-enhanced
(DCE) magnetic resonance imaging (MRI) is
the gold standard for detecting breast cancer.
Its specificity, though, may result in further
diagnostic testing and needless biopsies. For
supplemental lesion characterization,
substitutes like diffusion-weighted imaging
and magnetic resonance spectroscopy (MRS)
have been suggested [20]. Diffusion-
weighted imaging (DWI1) is a technique that
enhances the anatomical features of magnetic
resonance imaging (MRI) by providing
microstructural and functional information.
Despite its high sensitivity for cancer
detection, DWI has limitations, such as the
need for gadolinium contrast agents and

contraindications for certain groups. DWI
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uses the apparent diffusion coefficient (ADC)
to distinguish between benign and malignant
breast lesions. Recent developments in MRI
gradient hardware allow for the study of
time-dependent ADCs, making DWI a
popular alternative for breast lesion
assessment [21].

4.4. Magnetic Resonance Elastography

Magnetic resonance elastography (MRE) is a
non-invasive imaging technique used to
measure the viscoelastic characteristics of
breast tissues under external stress. Breast
tumors are often more rigid due to their
higher cell, collagen, and proteoglycan
content.t. MRE can help overcome the
limitations of manual palpation in breast
cancer screening, but its main limitation is its
inability to detect small focal lesions and
achieve spatial resolution due to overlap
between benign and soft malignant tumors
[16].

4.5. Sentinel Lymph Node Biopsy (SLNB)

Sentinel lymph node biopsy (SLNB) is the
standard procedure for early breast cancer
surgery, replacing axillary lymph node
dissection (ALND) for clinically node-
negative cases. SLNB is minimally invasive
and yields the same staging information as
ALND. Neo-adjuvant chemotherapy (NAC)
is being studied to downstage the axilla in

advanced loco-regional BC, reducing the

need for axillary surgery and preventing
ALND consequences [22].

4.6. Breast-Specific Gamma Imaging

Breast-specific gamma imaging (BSGI) is a
molecular breast imaging technique similar
to MRI, used to identify sub-centimeter and
mammographically occult breast cancer. It
uses a radiotracer like Technetium Tc99m
Sestamibi and a specialized camera to view
the breast. Breast density doesn't affect
BSGI, unlike mammography. Compared to
scintimammography, BSGI has higher
sensitivity for detecting sub-centimeter
lesions. However, it's not suitable for routine
breast cancer screening due to radiation
exposure [16]. Sonography, also known as
ultrasound, is an imaging technique that uses
sound waves to create images of internal
body  structures, providing  crucial
information for diagnosing various illnesses,
and combining ultrasound and MRI enhances
tumor identification precision [23]. Breast
ultrasonography  offers a  significant
advantage over mammography by using
sound waves instead of ionizing radiation. X-
rays are used in mammograms for accurate
breast tissue images, but ionizing radiation
exposure raises concerns, especially during
multiple screenings, in younger age, and
pregnant women. Breast ultrasonography
uses safe sound waves, making it a safer

choice for routine screenings [24].
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4.7. Automated Breast Ultrasound (ABUS)

The automated breast volume scanner
(ABVS) is unable to distinguish between
benign and malignant tumors, so a 3D quasi-
static elastography system was developed to
analyze dense breast tissue. This system uses
cross-model attention-guided tumor
segmentation, achieving a precision of
74.51% and recall of 64.43% in ABUS
images, overcoming the limitations of
mammography [23]. Breast cancer imaging
techniques face challenges like high costs
and balancing sensitivity and specificity.
New biomarkers are needed to detect and
monitor breast cancer early and continuously,
understand molecular processes, develop
targeted treatments, and track patient
reactions. Biochemical markers like proteins,
mMRNAs, enzymes, and microRNAs have
shown promise [8]. According to the research
reviewed above, while mammography and
ultrasound are the most commonly used
diagnostic techniques for breast cancer,
newer modalities like DCE-MRI, MRE,
SLNB, and BSGI are being considered for
effective data collection. MRI can capture
data from both breasts, while conventional
mammography can only focus on one.
Contrast agents can also enhance the quality

of the data.

5. Biosensors and Breast Cancer
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5.1. Biosensor-Based Clinical Diagnostics

and Their Use in the Detection of Cancer

Biosensors are essential tools for cancer
monitoring and diagnosis. They convert
biological reactions into quantifiable data
using a biological component like cells or
macromolecules and a physicochemical
detector. These devices offer high sensitivity,
specificity, and speed of detection, making
them useful for early detection, prognosis,
and therapy monitoring. (Fig. 1)
Technological developments are expected to
enhance  biosensor  capabilities  and
applications in cancer diagnosis, particularly
in breast cancer early detection. Biosensors
hold great promise for the early detection of

cancer [12].
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Fig. 1. Integrating engineering technologies in

biosensor  development can enhance the
sensitivity and accuracy of cancer-specific

biomarker detection for early detection [12].
5.2. Electrochemical Biosensors

Biosensors are analytical devices that detect
target molecules, crucial for the early
detection of breast cancer, molecular subtype
categorization,

therapeutic approach
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selection, and prognosis assessment. They
offer advantages in specificity, sensitivity,
speed, and cost compared to conventional
methods. Over the past decade, numerous
biosensors have improved in sensitivity,
selectivity, stability, and affordability. This
study reviews research on various types of
biosensors, including optical and
electrochemical biosensors, developed for
identifying  breast tumor indicators.
Electrochemical biosensors detect target
molecules by observing the electrochemical
response on electrode surfaces. Cyclic
voltammetry  (CV), differential pulse
voltammetry  (DPV), square  wave
voltammetry  (SWV), linear  sweep
voltammetry (LSV), electrochemical
impedance spectroscopy (EIS), field-effect
biosensors (FET), and other techniques are
the primary techniques for electrochemical
detection [25]. A biomarker is a feature that
can be objectively measured and evaluated to
indicate normal biological processes,
pathological processes, or pharmacological
responses to therapeutic interventions. These
biomarkers can be found inside or outside
cells and can be used to determine the course
of breast cancer and differentiate between
cancer patients and healthy individuals.
Examples of potential biomarkers include
cell surface receptor proteins, mutant genes,
microRNAs, cells, and exosomes. A
summary of the several kinds of biomarkers

linked to breast cancer, such as altered genes

and microRNAs, is shown in Fig 2 [26].

.
Breast Cancer Biomarkers
Genetic /miRNAs
miRNA-21
miRNA-155
miRNA-122 MiRNA-24
miRNA-522
miRNA-141 miRNA-34a
miRNA-103
ée" MiRNA-27b
BRCA1
miRNA-9 miRNA-210
miRNA-10b
miRNA-16
N

Fig 2. provides a comprehensive overview of
various biomarkers linked to breast cancer, such

as mutated genes and microRNAs [27-29].

Electrochemical biosensors efficiently detect
miRNAs due to low detection limits, low
equipment costs, and small sample volumes,
enabling simultaneous detection of multiple
analytes using DNA immobilization
techniques [30]. Biosensor technologies are
revolutionizing healthcare by enabling faster
pathogen identification and simplifying
disease response. They convert biological
interactions into measurable signals using
markers like proteins or glucose, eliminating
centralized testing and enhancing disease
outbreak response. These technologies can
enhance breast cancer diagnostics by

providing sensitive, specialized methods for

DOI: 10.30473/ijac.2026.77335.1342



early detection, personalized treatment, and

improved patient outcomes[8].

5.3. Electrochemical Biosensors for Breast

Cancer Diagnosis

Biomarkers, including proteins, molecules,
DNA, microRNAs, and enzymes, are crucial
for diagnosing and tracking breast cancer.
Conventional methods have inadequate
sensitivity, = making  early  detection
challenging. Electrochemical biosensors,
which combine various identification probes
and high-performance materials, improve
biomarker detection sensitivity and offer new
avenues for breast cancer surveillance [31].
Electrochemical ~ biosensors,  primarily
immuno- and geno-sensors, are used to
determine  circulating  breast  cancer
biomarkers. These bioreceptors include
DNA/RNA strands, aptamers, antibodies,
and peptides. Advances in screen-printed
electrodes (SPEs), magnetic beads (MBs),
and nanomaterials are improving analytical
performance, miniaturization capability, and
production costs. Genetic biomarkers used
for non-invasive breast cancer diagnosis
include detecting gene mutations and
dysregulation of specific miRNAs [32]. A
biosensor is an electronic device that aids in
the early diagnosis of breast cancer by
identifying and measuring BC biomarkers. It
consists of a bio-receptor and transducer,
converting recognition into a quantifiable

signal. Electrochemical biosensors are cost-
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effective and simple, offering high sensitivity
and selectivity. Performance is evaluated
based on linear range, sensitivity, reaction
time, limit of detection, selectivity, stability,

and repeatability [33].

Nucleic acids are versatile and advantageous
bio-receptors, capable of detecting and
recognizing various analytes. They are used
in biosensing for the detection and tracking
of breast cancer, with electrochemical
biosensors being integrated for diagnosis.
These biosensors consist of probe DNA that
self-hybridates onto the sensor surface,
producing an electrochemical signal based on
the concentration of the target biomarker.
Nucleic acid-based compounds, such as
aptamers, demonstrate selectivity,
sensitivity, and binding capabilities to
various  targets, including  proteins,
metabolites, and whole cells. Recent
developments in electrochemical biosensors
based on aptamers have gained interest for
cancer detection due to their mobility,
disposability, and on-site analysis. These
biosensors offer multiplexed monitoring, low
cost, and noninvasive nature, allowing
simultaneous assessment of multiple targets

in a single drop of patient sample [34].
6. Biomarkers of BC

Tumor biomarker detections are crucial for
diagnosing, tracking, classifying, evaluating

chemotherapy resistance, and staging cancer.
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Biosensors can be classified based on
biorecognition substance and transducer
type. Electrochemical biosensors, based on
electrochemical interactions, enable the
simultaneous estimation of multiple analytes
with high sensitivity and specificity. The
development of sensitive, robust, and
selective biosensors for cancer diagnostics is
promising due to low sample pre-treatment
procedures. These platforms offer real-time
evaluation and high sensitivity, making them
ideal for portable use in patient care or
doctor's offices [35].

6.1. MiRNAs are Detected and Measured
Electrochemically

A significant portion of the human
transcriptome is made up of noncoding
RNAs (ncRNAs), a family of functional
RNA molecules that lack the protein-coding
characteristic. These include circular RNAS,
transfer RNAs, ribosomal RNAs, long
NcRNAs, and short ncRNAs. With lengths of
roughly 20-25 nucleotides, microRNAs
(miRNAs) are a highly conserved class of
small noncoding RNAs that mainly control
gene expression by either encouraging
messenger RNA breakdown or suppressing
its translation. Numerous human disorders,
including cancer and immunological
dysfunction, are linked to abnormal
expression of miRNAs, which regulate a
range of cellular processes involving

development, differentiation, and signaling.

Since miRNAs are soluble and detectable in
cancer cells, blood, plasma, and patient
saliva, they have drawn more interest as
cancer biomarkers for the non-invasive early
diagnosis, detection, and treatment of breast
cancer [28]. Recent studies have used RNA
extracted from patient biological materials,
including mMRNA and miRNA, to diagnose
cancers. In Table 1, a collection of studies on
the electrochemical detection of breast cancer
biomarkers in nucleic acids in standard
solutions is presented, using only analyte.
Biosensors like colorimetry, fluorescence,
and electrochemistry have been used to track
mMiRNA-21 in bodily fluids. These studies
show that miRNA-21 is a useful breast cancer
biomarker for detection, with
electrochemical biosensors showing high
sensitivity and specificity for miRNA target
analytes. MiRNAs are used as biological
markers in various diseases, including
cancer, viral infections, cardiovascular
disorders, and metabolic disorders, due to
their role in regulating physiological and
pathological processes [36]. One of the
specific microRNA markers linked to breast
cancer is the overexpression of miR-21,
which is associated with increased cell
invasion and proliferation. Breast cancer
development, especially triple-negative
breast cancer, has been linked to elevated
miR-155 levels. While miR-146a
deregulation is linked to the development of

breast cancer and plays a role in
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Table 1. Selected research on the electroanalytical detection of breast cancer biomarkers in

nucleic acid in standard solutions with just the analyte [28].

Biomarker

Linear

Redox Probe Biosensor Design Technique LOD Ref.
Analyte Range
[Fe(IN(CN)s] -12 -11_
£IFe(ll)(CN) | Au/AuNPSIGOISH-ssDNA | Dpy | M7 107 1 1910 o a7
. ) .
miR-122 6]
-9
- SPGE/ssDNA ppy | >OX L0 - [38]
79_
Os(VI)bipy HDME/ssDNA DPV 2.0x10° 42(')0:1%98 v | [39]
miR-522 X 10
Os(V1)bipy HMDE/ssDNA-MB DPV - sox107m | 1400
—16 —15_
S GCE/PANI-PA/sSDNA DPV 3.4x10 10>10 ™ | (ag]
. M 1.0 x 102 M
Vb GCE/MWCNT- ppy | BOXI0F [(10x105 o,
PAMAM/ssDNA M 1.0x 107 M
1.0 x 102
-3
S GO-PGE/ssDNA ppy | GOX10% 1 4o x102g | [43]
g L ) Lfl
(88x10°
L gL?l) | 20x10310
iR 348 S CA-IL-PGE/ssDNA DPV | 7 ox107 | x102gLt | [44]
gL™)
8.4x10°8
M 1.4 x 107~
3+
[Co(phen)s ] PGE/ssDNA DPV 13x107 | 43x107 M [45]
M
: PbS-QDs, | GCE; LCR, MB_CP1CP2; 31x10% | 50x10%_
MR-103 | c4s.ops PbS-QDs, CdS-QDs SWV M 11x10°Mm | [46]
: PbS-QDs, | GCE; LCR, MB_CP1CP2; 31x10% | 50x10%_
MiR-27b | c4s.0ps PbS-QDs, CdS-QDs SWV M 11x10°Mm | 4]
AU/GQ-DNA-CHA- 46x10% | 1.0x105_
let-7 hemin/GQ DNAzyme DPV M 10x10°Mm | 148
65x10° | 50x10 5
S GCE/poly(JUGCo-JUGA) SWV \ Cox 100 | 149
AUGE/CNTS/ssDNA, 10x10% | 1.0x10 "
miR-141 HRP ELISA-like amplification SWV M 1.0x10°M [50]
AUHCP1-HCP2, 4% 100
Thi, Fc ssDNAL/Fe;04 NPs/Thi, DPV A - [28]
ssDNA2/Fe;04 NPs/Fc, HCR
CPE/Fes04sNPs@AgG/NH; - 1.5 x 10716 50107 -
RSV DPV : 1.0x10° | [51]
SSDNA g/mL
g/mL
. GCE/GOJAU NRs/SH- 60x10% | 2.0x10 5
miR-155 0B SDNA DPV \ 60x1002 | 52
GCE/MWCNTS/PtNPS/DNA e T
PMouOw® | ,CHA, PSC@AuNPs-ALP, | Dpy | 18x107% | 10X10 B g
PP M 1.0x10°M
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GCE/Fe-Ni@rGO/QD-Ag,

20x107Y

5.0 x 10720~

hematoxylin Au NS/SH-ssDNA DPV M 50x10m | B4
14x10% | 1.0x 105

HRP Au/ssDNA-GQDs A M 1ox1013Mm | 801

11x10% | 50x10 %

Mb Au/PNA21, PNA155—CHA SWV M cox10°M | [
PbS-QDs, GCE; LCR, MB-CP1CP2; WV 12x10% | 50x10 % [56]
CdS-QDs PbS-QDs, CdS-QDs M 3.0x101 M

SPCE/rGOs/Au NPs/SH- 50x107%% | 1.0x 10

Fe sSDNA,; Fc-Au NPs-ssDNA DPV M 20x1012M [57]

50x10° [ 1.0x10°%

Fc ITO/PET/hydrogel-ssDNA DPV M 50x105M [58]

Au/PNA21, PNA155; Fc- _ _
) ’ 24x10% | 1.0x 104

Fc CHA21, Mb-CHA155 SWV M s0x10°M | [89]

detection
. - 80x10¥ | 1.0x 105

Mb Au/chitosan/ssDNA origami DPV M 10x10°M [59]

1.0x10% | 29x107%5-

Mb PGE/CB-Au NPs/ssDNA DPV M Zox107M | [60]

—-10
MDB PGE/PPy/ssDNA DPV L7 >|<v|10 — [61]
7.7x10Y | 1.0x10%-
Mb, TCEP AU/LNA-TWJ ACV M Lox101M | [62]
78x10%Y | 1.0x10%-
B Au/Au NPs-PPy/ssDNA DPV M 1ox10°M | [63
Ks [Fe(CN)s -16 -15
1 IRUNHs)s |  SPCE/AuNPs/ssDNA swy | A0 A0 10X 10 ey
1ch M 1.0x10% M
20x 1077 | LOX 107
miR-21 Ag NPs GCE/Au NPs/DNA LSV M 5.0x 107 [65]
M.
1.9x10* | 19x10°5-
HRP SPCE/Au NPs/ssDNA SWV M lox10im | [66]
[Fe(1)(CN)s ] ,14 ,14
o 2.0x 10 1.0 x 10—
4
/Fegl] | I3)fCN) GCE/SA/ssDNA EIS M 1ox108M | [67]
[Fe(IN(CN)s ] -14 -14
3.5x 10 5.0 x 1074
4- -
/Fegl]l I3)7(CN) GCE/HP1, HP2, DG-TIS DPV M cox107M | [68]
CeO2 - 43x107% | 1.0x 10—
AUGGOX HPAD/Au NRs DPV M Lox102p | [69]
MoS2-Thi- GCE/Mo0S2 -Thi-Au 26x10% | 1.0x10%2-
Au NPs NPs/ssDNA SWV M 10x10°m | 70
B AU/SWCNs/NDs/ssDNA- DPV 20x10% | 1.0x 10 % [71]
HCR-hemin/GQ DNAzyme M 1.0 x 10° M
1.0 x
) } -15
Fc GCE/E)GN(ZE gg/ HP ppv | 18 >;v|10 105-1.0x | [72]
y 100 M
AU/HCP1-HCP2,
. ssDNA1/Fe304 NPs/Thi, 4.6 x 10716
Thi, Fe ssDNA2/Fe304 NPs/Fc, DPV M — [56]

HCR
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inflammation and carcinogenesis, miR-
10b is linked to the invasive and
metastatic potential of breast cancer cells,
and miR-34a functions as a tumor
suppressor, and low levels are associated
with a poor prognosis in breast cancer.
The expression profiles of these
microRNAs, which are present in patient
samples such as blood or tissue, can aid in
the diagnosis and treatment of breast
cancer. Research on  microRNA
biomarkers is ongoing and could
potentially improve current diagnostic

techniques [12].

Research has demonstrated that miR-
199a-5p, a circulating miRNA, may be a
good option for the early diagnosis of
Triple Negative Breast Cancer (TNBC). A
novel electrochemical nanobiosensor for
serum miR-199a-5p detection was
developed using graphene oxide and gold
nanoroad. The electrochemical properties
and behavior of the nanobiosensor were
investigated using the electrochemical
impedance method (EIS). The synthesis
of nanomaterials was confirmed using
scanning electron microscopy (SEM),
field emission  scanning electron
microscopy (FE-SEM), UV-Vis
spectrophotometry, and energy dispersive
spectroscopy (EDS). The microRNA
199a-5p  detecting  electrochemical
nanobiosensor was tested for the first

time, offering a straightforward, easy-to-
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use, and reasonably priced approach for
identifying and measuring target miRNA
in human serum samples and FBS. The
low detection limit indicates high
sensitivity in detecting target miRNA.
This nanobiosensor can be used to
identify low levels of miR-199a-5p in
early stages of TNBC [11].

MiR-122 is a crucial diagnostic marker in
breast cancer screening, diagnosis, and
treatment evaluations. Circulating miR-
122 predicts metastases in patients and
influences  therapeutic  approaches.
Elevated blood levels of miR-122 are
linked to metastases in BC patients. Blood
tests can monitor treatment
effectiveness.The PBA-AuMXene QD
nanocomposite was used in the production
of this miR-122 biosensor. By adding Au-
MXene QD, PBA, a non-conductive
polymer, could be converted into a
conductive  composite  using  this
technique. Next, thiol-Au linkages were
used to covalently fix the thiolated SSDNA
probe to the nanocomposite surface. The
creation of an ultrasensitive biosensor to
identify the breast cancer biomarker
miR122 is described in this work. The
biosensor had a broad linear diagnostic
range, low LOD, and good sensitivity for
miR-122 detection [73].

The biosensor uses a Metal-Organic

Framework (MOF) structure and
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magnetic rod carbon paste electrodes. It
uses materials like Fe@rGO, CuBTC-
AlA (CuMOF), and carbon nanofibers to
improve electrode surface-to-volume
ratio and speed up electron transfer.
MicroRNAs are attached to the electrode
surface using 1-pyrenebutyric acid N-
hydroxysuccinimide ester. Tests show
selectivity and repeatability, and the
nanobiosensor can detect microRNA 155
without interference. The MoSe2@1T-
MoS2 heterojunction electrode material
and specific RNA recognition probes are
used [74]. Mir-155, a carcinogenic
miRNA, is a key biomarker for cancer
diagnosis, staging, progression, and
prognosis. Its overexpression in breast
cancer promotes tumorigenesis, and its
concentration increases in patients' sera.
The precise and accurate measurement of
miR-155 in serum or plasma is crucial for
early detection and prognosis of breast
cancer, as it is a prominent circulating
miRNA[52].

The study suggests that miRNA
expression profiles could be valuable
diagnostic indicators for breast cancer
patients. MiRNAs like miR200c, miR-16,
Let-7, miR-183, miR-34c, and miR-203
target key cellular and molecular
pathways like Spl, Wipl, EMT, and
BMIL1. These findings highlight the
critical roles of various miRNAs in breast
cancer development and metastasis,

suggesting that using these miRNAs as

therapeutic and diagnostic biomarkers
could improve patient care[8].

7. Discussion

The review emphasizes the importance of
early breast cancer diagnosis and the
potential of electrochemical biosensors
using miRNAs as a viable strategy. It
acknowledges  the  drawbacks  of
conventional techniques like MRI and
mammography, which often have low
sensitivity and radiation  exposure.
MiRNAs like miR-21 and miR-155 are
used as stable biomarkers in liquid biopsy
for cancer diagnosis [75]. This review
focuses on electrochemical biosensors,
particularly those with nanotechnology,
which enhance sensitivity and reduce
detection limits. It contrasts with optical
biosensors and other techniques, such as
differential pulse voltammetry. The
review highlights unique designs like
graphene oxide and gold nanorods for
certain  miRNAs and highlights the
multiplexed detection of numerous
miRNAS, a recent development compared
to single biomarkers. Biosensors could be
used in personalized medicine to subtype
breast cancer and monitor therapy
response in real time, aligning with the
field's direction and providing insights
into specific advancements and their

potential impact on treatment outcomes

(8].
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The analysis of current biosensing
platforms for breast cancer highlights
electrochemical biosensors as highly
promising tools for miRNA detection, due
to their high analytical sensitivity, low
cost, and suitability for point-of-care
applications [76; 77].Compared with
optical methods, electrochemical systems
offer advantages in miniaturization and
lower background interference,
particularly in liquid biopsy applications
[78].Furthermore,  integration  with
nanostructured materials such as graphene
derivatives, MXenes and metal organic
frameworks markedly enhances electron
transfer kinetics and signal amplification,
enabling ultrasensitive detection of target
mMiRNAs. Nevertheless, important
limitations persist, including
susceptibility to biofouling in complex
biological ~ matrices,  batch-to-batch
variability, and insufficient large-cohort
clinical ~ validation  [79]  Optical
biosensors, although generally more
instrument-dependent and costly, still
provide strengths in multiplex imaging
capability and label-free detection in
certain analytical contexts.Therefore,
future progress in miRNA biosensing for
breast cancer will depend on rigorous
platform  benchmarking, antifouling
interface  engineering,  standardized
fabrication protocols, and comprehensive
clinical validation to facilitate clinical
translation.[78; 79]
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8. CONCLUSIONS

This review demonstrates that miRNA-
based electrochemical biosensors are
emerging as powerful tools for the early
detection and monitoring of breast cancer,
offering  clear  advantages  over
conventional diagnostic approaches in
terms of sensitivity, miniaturization, cost,
and suitability for liquid biopsy. The
literature  consistently  shows  that
integrating advanced nanomaterials,
efficient probe immobilization strategies,
and antifouling interfaces markedly
improves analytical performance,
enabling ultrasensitive  detection of
clinically relevant miRNAs such as miR-
21, miR-155, miR-199a-5p, and miR-122.

However, critical gaps remain between
laboratory  success and  clinical
implementation. Most reported platforms
are validated in controlled conditions or
limited sample sets, and challenges persist
regarding standardization, reproducibility
in complex biological matrices, long-term
stability, and scalable manufacturing. In
addition, the biological heterogeneity of
breast cancer indicates that future
progress will depend on multiplex
miRNA panels rather than single-
biomarker assays. Looking forward,
research should prioritize large-cohort
clinical validation, integrated point-of-
care device development, and robust
benchmarking frameworks. Addressing

these issues will be essential for
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translating  electrochemical ~miRNA
biosensors from promising prototypes
into clinically reliable tools. With
continued interdisciplinary advances,
these platforms have strong potential to
complement existing screening methods
and support more precise, personalized

breast cancer management.
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