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Electrochemical genosensing finds applications across a wide range of fields, including clinical diagnostics,
forensic science, food safety, agriculture, biotechnology, cancer research, defense, environmental monitoring,
etc. It focuses on the detection of specific DNA or RNA sequences, often called target sequences, rather than
target analytes as in conventional (electro)analysis. Since the groundbreaking contributions dating back to the
late 1990s and early 2000s, nearly 500 articles have been published elucidating various important aspects of this
research field. This review aims to provide an overview of the current state of knowledge, serving as a

comprehensive synthesis of the most recent literature on electrochemical genosensors, published in the last five
years. Hopefully, it will also serve as a valuable resource for students, young researchers, scientists, non-
academics, or other professionals seeking a consolidated understanding of the key aspects behind this
research area, without delving into a collection of individual and scattered studies.

1. Introduction

Electrochemical genosensing emerges as a versatile approach for
detecting genetic material, specifically nucleic acids, making it an
evolving alternative to conventional central laboratory techniques such
as polymerase chain reaction (PCR) [1], reverse transcription PCR
(RT-PCR) [2], quantitative PCR (qPCR) [3,4], loop-mediated isothermal
amplification (LAMP) [5,6], Northern and Southern blotting [7,8], and
fluorescence in situ hybridization (FISH) [9]. This innovative approach
merges electrochemistry with sophisticated molecular biology methods
and reportedly offers rapid, sensitive, and selective detection of nucleic
acids. The main goal of this rapidly growing technology is to eventually
revolutionize various fields, including clinical diagnostics and environ-
mental monitoring, due to its noteworthy electroanalytical perfor-
mance, portability, and potential for multiplexed analysis. In the most
typical setup, electrochemical genosensing operates on the principle of
molecular recognition between complementary DNA (deoxyribonucleic
acid) or RNA (ribonucleic acid) strands [10]. DNA is the fundamental
genetic material of all living organisms [11], containing the sequence
that encodes the instructions for protein formation, the maintenance of
cellular functions, and the inheritance of genetic traits across genera-
tions [12]. The ability to accurately recognize and analyze DNA

sequences is crucial for understanding genetic diseases, identifying
pathogens, and studying genetic variation [13,14].

Similar to affinity biosensors, the main components of an electro-
chemical genosensor typically include a recognition element, such as
DNA or RNA capture probes, a transducer (supporting electrode), and a
signal-processing unit [15]. Capture probes are short, single-stranded
sequences of nucleotides that are complementary to the target
sequence [16]. In the most typical “direct” architecture, these probes are
immobilized or anchored on the surface of the supporting electrode by
various immobilization techniques. After the hybridization with the
target sequence, the electrochemical properties of the electrode inter-
face are altered so that the target sequence can be detected and quan-
tified using various electrochemical approaches. Alternatively, the
hybridization event can be carried out ex situ and then transferred to the
electrode surface, where the degree of hybridization is measured elec-
trochemically. The state-of-the-art in the field of electrochemical geno-
sensors offers far more diversified sensor architectures and detection
principles, and will be thoroughly presented in this review article. The
article will also provide a concise theoretical introduction to the com-
mon electrochemical techniques used, motivated by their ability to
detect swift and small changes in relevant electrochemical processes,
thereby enabling the detection of very low concentrations of target
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sequences that were beyond belief for decades. The high sensitivity of
electrochemical techniques is particularly advantageous in clinical di-
agnostics, where early detection of genetic mutations or infectious
agents is crucial for timely intervention and treatment. In addition,
owing to the specificity of the DNA hybridization event, e.g., a pairing of
complementary single-stranded DNAs (ssDNAs) to form a
double-stranded DNA molecule, electrochemical genosensors exhibit
excellent selectivity towards the target sequence. The complementary
base pairing between the DNA probe and the target sequence ensures
that only the desired sequence is detected, while non-specific binding is
minimized through precautionary measures taken during sensor fabri-
cation, which involve the introduction of various blocking agents [17].
This specificity minimizes false-positive results and enhances the accu-
racy of the genosensing platform, making it potentially reliable for
practical applications.

In electrochemical genosensing, a recurring but not essential step is
the use of a signal amplification process, such as enzyme-based ampli-
fication, secondary nucleic acid amplification, and nanomaterial-based
amplification. Enzyme-based amplification involves the use of en-
zymes to produce redox-active products that provide a relatively high
electrochemical response [18]. In nucleic acid amplification, enzymes or
nucleic acids are used to replicate, elongate, or break the DNA chain to
affect the corresponding electrochemical signal [19,20]. In
nanomaterial-based amplification, nanomaterials, which can be carbo-
naceous, magnetic, metallic, metal-oxides, zero-to three-dimensional,
etc., are incorporated into one or more layers of the sensor architec-
ture, which can serve both to amplify the electrochemical signal and as a
support for more stable immobilization of the biological recognition
elements [21,22].

The versatility of electrochemical genosensing aims to extend
beyond laboratory settings, as these sensors can be miniaturized and
integrated into portable devices for on-site and point-of-care di-
agnostics/applications. The simplicity and cutting-edge miniaturization
of the electrochemical instrumentation, coupled with the potential for
automation and multiplexed analysis, make electrochemical genosens-
ing a good candidate for resource-limited circumstances and decen-
tralized healthcare systems. More importantly, the swift turnaround
time of electrochemical genosensors facilitates real-time monitoring of
biological processes, such as disease progression, enabling timely
decision-making and intervention. Moreover, these devices hold prom-
ise for various other fields, including food safety [23], environmental
monitoring [24], and forensic analysis [25]. This is particularly relevant
for the detection of foodborne pathogens, environmental contaminants,
and genetic markers associated with advanced forensic investigations.
As research in the field of genosensing is spread across various disci-
plines and has progressed to the point where we can anticipate further
advancements that will enhance the overall genosensing performance
and broaden real-life applications, there is a need for a comprehensive
and systematic review article on recent electrochemical genosensing,
reflecting a broader selection of reports and criteria compared to already
available review articles.

2. Available review articles on genosensing

The first review on electrochemical genosensors dates back to 2011.
The authors revised the existing literature concerning different PCR-
amplification strategies [26]. The amplification step is often consid-
ered necessary due to very low concentrations of the target nucleic acids,
which are below the detection limits of conventional analytical tech-
niques. Thus, the amplification with the PCR protocol usually guaran-
tees comfort against false negative results. This review article gathered
29 published studies, related to the (i) direct sensing of the target nucleic
acids, (ii) nucleic acid detection through electroactive indicators, i.e.,
methylene blue (MB), meldola blue, Hoechst 33258 redox-active
molecule, transition metal complexes, and (iii) nucleic acid detection
via enzyme amplification schemes, e.g., by using alkaline phosphatase
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(ALP), horseradish peroxidase (HRP), other peroxidases (POD), or
glucose-6-phosphate dehydrogenase (G6PDH). The same group has also
published a review article that focused on thus far existing ca. 25
research reports on the subject of cancer-related micro RNAs (miRNAs)
detection [27]. In a more recent review, Mohammadi et al. provided an
updated version on the electrochemical genosensing of miRNAs,
covering ca. 20 articles, mainly dealing with different amplification
strategies [28]. A couple of years later, Campuzano et al. published a
comprehensive review concerning the genosensing of circulating bio-
markers holding different roles, such as risk screening, prognostic,
predictive, diagnostic, and disease monitoring [29]. At the time, the
review provided valuable perspectives on recent progress and future
prospects in the electrochemical detection of biomarkers related to
bacterial infections, viral infections, neurodegenerative diseases, and
cancer, involving a selection of 44 articles. The same group contributed
two more review articles, one on the matter of electrochemical geno-
sensing of circulating tumor DNA and its specific features [30], and the
second on the advances in electrochemical sensing targeting epigenetic
modifications of nucleic acids [31]. In addition, Prof. Ferapontova wrote
a concise and critical review on the trends of constructing label-free
DNA hybridization genosensors, focusing on the electrical properties
of nucleic acids, reviewing 51 articles [32].

An updated review on the DNA-based electrochemical sensing of
cancer biomarkers was published by Sadighbayan et al. [33]. It is
important to highlight that this review stands out as the most compre-
hensive one, encompassing over 150 articles on various types of cancer,
including colorectal, cervical, breast, prostate, lung, pancreatic, oral,
acute lymphocytic leukemia (ALL), and others. The authors opted for the
term “DNA-based biosensing” in the title, while the term “genosensor”
was extensively utilized throughout the manuscript, which focused on
contemporary DNA-hybridization sensors in a very systematic manner.

Manzanares-Palenzuela et al. have compiled an extensive review
discussing electrochemical DNA-hybridization sensors designed for
genetically-modified organisms (GMOs) [13]. The review encompasses
various facets, including the choice of electrochemical transducers,
target sequence selection, immobilization strategies, and detection
methods. The article summarized 35 articles related to the subject
matter.

In a very specific review article, Orozco et al. dealt with the elec-
trochemical genosensing tools for monitoring blooms in toxic algae
[34]. Besides the short review that involved ca. 10 articles, the authors
also presented their own work within the same scope and provided a
respectful critical overview concerning limitations and future prospects
behind the technology.

Similarly, Hasanzadeh et al. published a narrow-scoped review on
the nanomaterials and signal enhancement methods for the genosensing
of p53 tumor suppressor protein [35]. In a very detailed manner, the
authors reviewed ca. 20 electrochemical genosensors and provided
comparative tables with the relevant fabrication and analytical perfor-
mance data, including signal amplification components, linear range,
limit of detection (LOD), capture or target sequences, nanomaterials
used, etc. Babaei et al. reviewed electrochemical, optical, and surface
plasmon resonance genosensors for the detection of viral species, and
the approaches, limitations, and developments, with a review spanning
almost 300 articles [36]. Thapa et al. focused on describing captur-
e/signaling probe immobilization and signal amplification strategies in
electrochemical genosensing, reviewing ca. 140 articles [37].

A mini 3-page review was published by El Goumi, in which the
author briefly reviewed the definition and fields of application [38].
Finally, another review worth mentioning covers the usage of nano-
materials in electrochemical genosensing, covering various important
aspects [39].

3. Supporting electrodes for electrochemical genosensing

The choice of an appropriate supporting electrode is critical in
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genosensing because it might influence the sensitivity, selectivity,
reproducibility, and overall electroanalytical performance of the geno-
sensor. The supporting electrode serves as the substrate on which the
capture probe is immobilized, and its properties significantly affect the
interactions with the target sequence and the consequent signal trans-
duction. When selecting a suitable supporting electrode, researchers
should consider various key physicochemical properties and aim to
address as many of them as possible. These properties include surface
roughness, the chemical composition of the electrode surface, the
presence of functional groups, electrical conductivity, compatibility
with commonly used immobilization chemicals, biocompatibility with
the sample, ease of functionalization, electrochemical reproducibility,
stability, fabrication costs, etc. As in conventional biosensing, two major
types of supporting electrodes are mostly utilized, i.e., one-shot/
disposable and conventional solid electrodes. Disposable electrodes
are typically designed for on-site, real-time analysis, prioritizing ease of
use and integration into portable potentiostats. In contrast, conventional
solid electrodes are generally used in laboratory settings, offering higher
reproducibility, stability, and versatility for detailed electroanalytical as
well as fundamental studies. A variety of electrode materials and designs
are commonly employed in genosensing, each offering unique advan-
tages tailored to specific applications and operating settings, including
glassy carbon electrodes (GCE) [21,40-48], carbon electrodes (CE) [49,
501, gold electrodes (AuE) [51-64], gold microelectrodes (HAuE) [65],
3D-printed electrodes [66,67], paper-based electrodes [68], pencil
graphite electrodes (PGE) [69,70], aluminium-based electrodes [71],
carbon paste electrodes (CPE) [72], screen-printed carbon electrodes
(SPCE) [73-80], screen-printed gold electrodes (SPAuE) [17,81-92],
“in-house” produced electrodes [93-95], fluorine-doped tin oxide (FTO)
electrodes [96-98], and others [99-101].

Gold electrodes (AuEs) are probably the most preferred option,
particularly for their biocompatibility and ability to form strong thiol-
gold bonds, which reportedly enhance the stability of the immobilized
capture probe. Otherwise, it goes without saying that gold electrodes are
the most utilized electrodes in the general field of electrochemical bio-
sensing, with applications ranging from detecting DNA and RNA se-
quences [102], monitoring glucose levels in diabetes management
[103], identifying cancer biomarkers [104], tracking environmental
pollutants [105,106], performing drug screening [107], analyzing pro-
tein interactions [108], etc. Glassy carbon electrodes (GCEs) are
widely used due to their excellent chemical inertness, high conductivity,
and smooth surface, which assures efficient probe immobilization [109].
Interestingly, over the past several years, this type of supporting elec-
trode was solely used in direct detection approaches, characterized by
modification of the electrode surface with the appropriate nano-
materials, followed by the immobilization of the capture probes, and a
subsequent electrochemical detection typically based on the presence of
selected redox active species. On the other hand, advancements in thick
film technologies have led to the development of screen-printed elec-
trodes (SPEs), such as SPAuE and SPCE, which stand out for their
affordability and suitability for large-scale manufacturing. These fea-
tures make SPEs particularly suitable for tailoring portable and dispos-
able genosensors. However, while the intrinsic irreproducibility is a
persistent problem, their ease of functionalization is highly appealing
and attracts considerable attention.

It should be noted that AuEs, GCEs, and SPEs have been extensively
studied and widely employed in electrochemical sensing platforms for
many years. While they offer reliable performance and established
protocols for modification, their long-standing use limits their novelty
and innovative appeal in the context of emerging genosensing princi-
ples. As such, this review will prioritize studies that utilize less con-
ventional or newly engineered electrode substrates, which offer good
surface functionalization possibilities, adaptability for the integration of
functional nanomaterials, and potential for improved sensitivity and
selectivity in genosensing applications.

3D-printed nanocarbon electrodes were recently developed in
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Pumera's group by using the fused deposition modeling (FDM) method.
Nanocarbon/polylactic acid (PLA) filament was extruded at 220 °C from
the printing device nozzle into a 3D working electrode shape, and the
electrical conductivity of the printed electrodes was further enhanced
through the N,N-dimethylformamide-activation procedure reported
elsewhere [67]. Electrodes were used to monitor the DNA hybridization
process via enzyme-linked linear sweep voltammetry (LSV). Similarly,
the same group reported on the fabrication of a needle-like 3D-printed
working electrode included in a system comprising a poly-
dimethylsiloxane (PDMS) microfluidic channel and the 3D-printed
electrochemical cell. The electrode material was also based on nano-
carbon/PLA filaments, as mentioned above. The electrode was used to
immobilize ssDNA capture probe targeting the N gene sequence of
SARS-CoV-2, and the differential pulse voltammetry (DPV) was used to
follow adenine oxidation upon the desorption of the hybridization
product [66]. The fabrication procedure of such a sensor is depicted in
Fig. la.

Pencil graphite electrodes (PGEs) are low-cost, disposable, and
conductive platforms that have recently been used in electrochemical
sensing due to their ease of modification and availability. Flauzino et al.
used a graphite disk electrode in the standard three-electrode electro-
chemical setup for the detection of meat adulteration via electro-
chemical impedance spectroscopy (EIS) and square-wave voltammetry
(SWV) to quantify a specific target sequence [80]. Kivrak et al. exploited
PGEs by incorporating carbon nanotubes (CNTs), creating a working
electrode within the conventional three-electrode setup for detecting
specific point mutations in the genome using the CRISPR-Cas9 protocol
[70]. CRISPR stands for clustered regularly interspaced short palin-
dromic repeats, wheras CRISPR-Cas9 is a revolutionary genome-editing
tool, enabling precise modifications in DNA sequences [110]. The cap-
ture probe was immobilized via 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS), i.e., EDC/NHS
chemistry, and the detection of the sequence was carried out by DPV.
PGEs were also modified with graphene oxide (GO) via a slightly
modified Hummers' method [111], followed by the electrochemical
reduction to obtain reduced graphene oxide (rGO). The electrode was
then electropolymerized with 3-hydroxybutyric acid (BHB) monomer
via cyclic voltammetry (CV), while the immobilization of the capture
probe was performed by EDC/NHS protocol. In another report on the
usage of PGE for genosensing, Moattari et al. modified the PGE with
rGO, followed by electrodeposition of Au from the corresponding chlo-
ride solution [69]. Single-stranded DNA capture probe with 5'-thiol
group was immobilized onto the gold support, and the target sequence
was detected via EIS upon the hybridization event.

Magneto-actuated graphite-epoxy composite electrodes (m-
GEC) leverage the incorporation of magnetic nanoparticles within the
electrode matrix, enabling precise manipulation and orientation under
an external magnetic field. These electrodes can be particularly advan-
tageous in biosensing applications, as magnetic actuation allows for
controlled sensor-sample interaction and reduces nonspecific binding,
resulting in higher sensitivity and selectivity. However, they have
somewhat complex operating principles and laborious protocols. These
electrodes were used by Pallares-Rusinol et al. for the detection of spe-
cific exosomes, which are highly regarded for their role as biomarkers
for breast cancer [91]. The measurement procedure included the usage
of antibodies with the magnetic particles, amplification of the target
sequence with double-tagging RT-PCR, using primers tagged with biotin
and digoxigenin (DIG). DIG is a small steroid-like molecule derived from
the foxglove plant (Digitalis purpurea), commonly used as a
non-radioactive labeling molecule in molecular biology for detecting
nucleic acids [112]. The primer tagged with DIG served for labeling with
anti-DIG HRP conjugate, and electrochemical detection was performed
using an amperometric readout on the m-GEC, with HRP acting as the
reporter probe. The scheme is presented in Fig. 1b.

Carbon paste electrodes (CPEs) are made from a mixture of carbon
powder and a binder, typically a viscous oil-like liquid [113]. Known for
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Fig. 1. a) Fabrication process of 3D nanocarbon electrodes along with the simple detection scheme (image reproduced from Ref. [67] with permission from Wiley),
b) magneto-actuated graphite-epoxy composite electrodes (m-GEC) along with the signal generation scheme (image reproduced from Ref. [91] with permission from
ACS Publications), c) carbon paste electrodes (CPEs) used for genosensing of HIV-1 pol gene (image reproduced from Ref. [72] with permission from Elsevier).

their versatility, low cost, and ease of bulk modification, CPEs are widely
used for detecting biomolecules, environmental pollutants, and trace
metal ions [114-116]. Recently, they have been investigated in elec-
trochemical genosensing for the DPV detection of the HIV-1 pol gene of
the human immunodeficiency virus type 1 [72], which is responsible for
encoding key enzymes such as reverse transcriptase (RT), protease (PR),
and integrase (IN). For this purpose, the surface of CPE was impregnated
with lead ion-imprinted polymer nanoparticles, followed by the elec-
trochemical deposition of Au nanoparticles and the immobilization of
the corresponding ssDNA capture probe via a tris(2-carboxyethyl)
phosphine (TCEP)-based protocol (Fig. 1c).

Indium tin oxide (ITO) glass is a transparent and conductive ma-
terial commonly used as an electrode in biosensors and optoelectronic
devices due to its excellent electrical conductivity and optical trans-
parency. Javed et al. report on the use of ITO as the supporting electrode
for further modification with a GO/chitosan composite, and subsequent
DPV detection of the Mycobacterium tuberculosis target sequence. The
capture ssDNA probe was immobilized using 1 % glutaraldehyde (GA),
while bovine serum albumin (BSA) served for blocking the remaining
non-specific binding sites. The sensor was used in the conventional
three-electrode electrochemical cell [117]. Fluorine-doped tin oxide
(FTO) glass is also a transparent, conductive material used as an elec-
trode in (photo)electrochemical applications due to its high electrical
conductivity, chemical stability, and optical transparency. In a recent
study, Shishegari et al. used FTO glass as the supporting electrode for

multi-step modification. Firstly, sulfur-doped reduced graphene oxide
(S-rGO) was cast on the electrode surface to enhance conductivity, fol-
lowed by electrodeposition of dendritic palladium nanostructures
(Den-PdNS) to increase (electro)catalytic activity. Afterwards, a
cerium-based metal-organic framework (Ce-MOF) was added to provide
a high surface area with (electro)catalytic cerium sites. Finally, the
electrode was functionalized using EDC/NHS chemistry to enable the
immobilization of ssDNA capture probes, and a blocking agent was used
to prevent non-specific binding [96]. In a similar study, Heidari et al.
used an FTO electrode modified with a palladium-aluminum layered
double hydroxide (Pd-Al LDH) film. This modification provided high
conductivity and (electro)catalytic activity. A ssDNA probe was immo-
bilized on the LDH film, followed by the deposition of 6-mercapto-1-hex-
anol (MCH) to prevent non-specific interactions. The final step involved
the hybridization of target DNA to assess the electroanalytical perfor-
mance of the genosensor [97].

Paper-based electrodes have recently gained significant attention
in the general field of electroanalysis due to their low cost, flexibility,
biodegradability, and suitability for point-of-care applications, enabling
the fabrication of portable and disposable sensing platforms [118-120].
In electrochemical genosensing, a recent contribution from Zhan et al.
draws particular attention [121]. Carbon paper was modified with gold
nanoparticles to provide a high-surface-area scaffold, further function-
alized with DNA hairpins and GOx on the bioanode and DNA tetrahedra
on the biocathode, creating a dual-electrode system that drives catalytic
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hairpin assembly and electron transfer for ultrasensitive miRNA-21
detection. A study published by Bishoyi et al. reports the development
of a low-cost, paper-based genosensor for Zika virus detection, where the
supporting electrode, a paper-based graphene platform printed with
carbon conductive ink, was strategically modified by drop-depositing
AgNPs to enhance electron transfer kinetics and provide a biocompat-
ible surface, followed by immobilization of a DNA probe specific to Zika
virus, enabling sensitive detection through CV changes upon target DNA
hybridization [68].

A recent work proposed by Aldea et al. centers on the fabrication and
use of innovative gold-coated electrospun polymeric fiber electrodes
(Au/PMMA/PET), whose three-dimensional fibrous architecture
dramatically increases electroactive surface area and enables robust
immobilization of phosphorothioated oligonucleotides via strong Au-S
bonds, outperforming conventional planar Au/Ti/SiO5/Si electrodes in
sensitivity, selectivity, and stability for electrochemical genosensing of
the BCR/ABL fusion gene [100].

Finally, an original genosensor was recently demonstrated in which a
conical glass micropipette served as an electrode; the inner surface
of the pipette was modified with amino-functionalized silica nanowires
covalently linked to complementary probe DNA, enabling ultra-sensitive
miRNA detection through ionic current changes [101]. Meanwhile, the
outer surface is coated with AuNPs, which were further functionalized
with aptamers and MB to allow protein detection via surface-enhanced
Raman scattering (SERS). This dual-surface architecture provides
distinct and independent detection ~mechanisms  without
cross-interference.

As a final point, although the supporting electrode largely defines the
baseline electrochemical performance, it is the interface between the
transducer and the biological recognition element that ultimately dic-
tates functionality of the genosensor. From the selection of the sup-
porting electrode, the focus naturally shifts to the immobilization of
nucleic acid capture probes, a critical step that directly governs probe
density, orientation, accessibility, and long-term stability. It should be
emphasized that the physicochemical properties of the electrode,
particularly surface chemistry and roughness, impose clear constraints
on the anchoring and immobilization strategies that can be adopted.
Accordingly, probe immobilization should not be regarded as an isolated
fabrication step, but rather as an integral extension of electrode engi-
neering that links electrode selection to molecular recognition and
electrochemical signal transduction.

4. Anchoring strategies in electrochemical genosensing

The process of immobilizing the biological recognition element, i.e.,
the capture probe, represents a crucial step in the development and
fabrication of a sensitive and selective electrochemical genosensor. An
efficient immobilization method plays an important role in ensuring the
overall applicability and performance of the genosensor. On the other
hand, poor anchoring of the biological recognition element can produce
incorrect, false, and unreliable signals, which may result from substrate
defects, undesired aggregation, or the presence of non-specifically
adsorbed substances [122]. Since this topic has already been thor-
oughly reviewed in detail [123], this review article will only provide a
brief update on very recent related contributions, along with important
fundamental insights. Notably, and in addition to the more common
strategies where the biological recognition element is immobilized first,
some reported approaches begin by binding the target sequence directly
to the electrode surface. Subsequent steps are then applied to generate
an electrochemical signal corresponding to the presence of the target
sequence and its concentration.

Various strategies of probe immobilization are available and widely
used, including physisorption, chemisorption, covalent binding, affinity
binding, indirect probe immobilization techniques, n-n stacking, diazo-
nium coupling, glutaraldehyde crosslinking, etc.

Physisorption relies on the electrostatic attraction between the
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probe and the electrode surface and does not require special nucleic acid
modification protocols [124]. This method is widely accepted and
frequently employed because of its straightforward and simple nature,
as shown in Fig. 2a. However, it is associated with some limitations, as
the probe's accessibility to the target analyte may become restricted due
to the close interaction of the probe with the electrode surface, ulti-
mately leading to suboptimal analytical performance of the genosensor.
A potential approach to address and mitigate this disadvantage involves
the modification of the electrode surface with a polymeric layer, pos-
sessing suitable properties, such as biocompatibility, stability, or the
ability to protect the electrode from non-specific adsorption of analytes
[16]. There are several recent studies reporting on the physisorption
principles; for example, Bishoyi et al. immobilized DNA capture probes
onto the paper-based carbon SPE modified with silver nanoparticles
(AgNPs). The immobilization process involved drop-casting the AgNPs
on the surface of the working electrode, followed by the deposition of
the DNA probes on the AgNP-modified surface [68]. In a more recent
study, Jyoti et al. firstly deposited the target DNA sequence (t-DNA) onto
the 3D-printed nanocarbon electrode using the drop-casting technique,
followed by blocking the non-specific binding sites with BSA, and sub-
sequent drop-casting of the complementary biotinylated oligodeox-
ynucleotide [67]. In the final step, streptavidin-alkaline phosphatase
(SALP) was added, enabling the enzymatic conversion of the added
1-naphtyl phosphate into electroactive 1-naphthol, and the electro-
chemical signal was obtained with LSV. Jaroenram et al. used phys-
isorption to attach LAMP products mixed with Hoechst-33258 redox
molecules onto the surface of the screen-printed graphene electrode
(SPGE), followed by measuring the current response generated from the
interaction between the target molecules and the SPGEs using cyclic
voltammetry (CV) [93].

Chemisorption refers to a process in which the interaction between
the capture probe and the surface is stabilized and maintained through
the formation of reportedly strong chemical bonds. The most extensively
studied and commonly utilized method within this category involves the
formation of a self-assembled monolayer (SAM) of DNA probes, ach-
ieved through the process of chemisorption of the SAM onto either gold
electrode or gold nanoparticles (AuNPs). This particular technique is
widely adopted for immobilization purposes due to a strong interaction
and binding between thiolated nucleic acids and the gold surface [128].
The Au-S bond is known for its strength, stability, and reproducibility;
therefore, this interaction is extensively exploited in the field of geno-
sensing [129]. In Fig. 2b-a recently proposed electrochemical geno-
sensor based on this immobilization principle is shown [126].

Covalent binding is based on attaching a chemically modified end
of the DNA capture probe onto the activated supporting electrode sur-
face, achieved through the creation of strong and stable covalent bonds
between the two components (Fig. 2c and d) [128]. In contrast to
physisorption, the sensing layer based on covalent binding exhibits
enhanced stability and strength, making it more durable and reliable for
genosensor applications. Moreover, this method offers the advantage of
achieving a favorable vertical orientation of the DNA capture probes,
contributing to increased efficiency during the DNA hybridization step.
Pyrrole and its derivatives are frequently used in covalent binding
processes; they can be electropolymerized by CV, resulting in the for-
mation of polymeric films that establish a covalent bond with the nucleic
acid probes, enhancing the overall binding efficiency and stability
[130]. In addition, the application of carbodiimide reagents is widely
practiced in the covalent immobilization of DNA probes, with the
combination of NHS and EDC being the most commonly used. These
reagents function as carboxyl activators, facilitating the covalent
attachment between carboxyl groups and amines, thereby improving the
efficacy and reliability of the immobilization process [129]. Glutaral-
dehyde (GA) is also widely utilized in the design of genosensors as a
cross-linking agent, playing a key role in stabilizing the attachment of
the DNA capture probe and enhancing the overall performance and
durability of the genosensor. It acts by forming covalent links between
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amine groups on the DNA capture probes and the substrate/surface,
ensuring robust binding and improving the genosensor's sensitivity,
reproducibility, and resistance to time-degradation [131]. In a recent
study, GA facilitated immobilization of the MY09 DNA capture probe by
linking the amine groups on the poly(amidoamine) (PAMAM)-G5
dendrimer-coated gold nanoparticles (PAMAM-G5-AuNPs) to the ami-
nated DNA capture probe via Schiff base formation. This step was
essential to ensure stable capture probe binding for subsequent hy-
bridization with the target human papillomavirus (HPV) sequences. The
crosslinking step using GA was crucial to maintain the structural
integrity and sensing performance of the proposed genosensor [54]. In a

similar study, GA was used to activate aminated silica nanospheres,
facilitating the conjugation of aminated DNA capture probes. The
aldehyde groups of GA reacted with the primary amines on both the
DNA capture probe and the silica surface to form imine bonds (Schiff
bases). This linkage strategy was validated using Fourier-transform
infrared spectroscopy (FTIR), which showed characteristic imine bond
peaks. The GA-mediated immobilization step was critical for the con-
struction of the genosensor for detecting GMOs, ensuring strong and
stable attachment of the DNA capture probes to the
nanomaterial-modified support [75].

Diazonium coupling is a surface functionalization technique in
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which diazonium salts are electrochemically or chemically reduced to
generate reactive aryl radicals that form strong covalent bonds with
carbon-based electrodes, creating a stable organic layer with functional
groups for the robust and controlled covalent immobilization of bio-
molecules such as DNA capture probes. In a recent study, Ibrahim et al.
employed a diazonium-based electrografting strategy to modify the
surface of an SPCE with 4-carboxyphenyl groups. This was achieved by
generating diazonium salts in situ from 4-aminobenzoic acid and sodium
nitrite under acidic conditions, followed by electrochemical reduction to
form aryl radicals. These radicals covalently bonded to the carbon
electrode surface, forming a stable organic layer rich in carboxyl groups.
This functional layer was then activated using EDC/NHS chemistry to
enable the covalent attachment of a human telomeric G-quadruplex
DNA capture probe, which served as the biorecognition element [127].
G-quadruplexes are noncanonical nucleic acid secondary structures
formed in guanine-rich regions of DNA or RNA, consisting of stacked
planar arrangements of four guanine bases, called G-tetrads, and stabi-
lized by Hoogsteen hydrogen bonding and monovalent cations, typically
potassium or sodium [132]. These structures can adopt diverse topol-
ogies, such as parallel, antiparallel, or hybrid, depending on sequence
context, strand orientation, and environmental conditions. Their struc-
tural polymorphism and functional importance have made G-quad-
ruplexes attractive targets for therapeutic intervention, but they have
also recently found applications in electrochemical genosensing.
Affinity binding is another non-covalent immobilization technique
that occurs when molecules attach to the electrode surface through a
specific biorecognition event [43]. A well-known example of affinity
binding is the avidin-biotin system, where the DNA probe is biotinylated
to bind with avidin or streptavidin molecules that are anchored on the
electrode surface [21,133]. Notably, the biotin-streptavidin interaction
is one of the strongest known non-covalent bonds, with an exceptionally
high affinity (dissociation constant of ca. 10715 M) [134]. This system is
favored for its stability and mechanical resistance [37]. Additionally,
supramolecular interactions have also been explored in affinity binding.
For instance, Ortiz et al. developed a DNA sensor based on the interfacial
complexation between a bifunctionalized carboxymethylcellulose
(CMC) polymer backbone, containing ferrocene units, and a DNA probe
on a cyclodextrin-functionalized surface [135]. In recent years, several
articles have been published demonstrating the use of affinity binding as
the primary immobilization strategy, highlighting its effectiveness and
growing popularity in the development of biosensing platforms. Cha-
turvedi et al. reported on the genosensor utilizing an ssDNA probe
functionalized with biotin, which was immobilized on an
avidin-modified  reduced graphene  oxide-polydopamine-gold
nanoparticle-modified glassy carbon electrode (rGO-PDA-AuNP/GCE).
The high specificity of the avidin-biotin system ensured stable attach-
ment of the probe, allowing for selective hybridization with comple-
mentary Mycobacterium tuberculosis (MTB) DNA sequences [44]. In a
study conducted by Alzate et al., the biotinylated capture probe was
anchored onto streptavidin-coated magnetic beads. The hepatitis E virus
(HEV) target RNA hybridized with this capture probe and a DIG-labeled
signal probe, forming a sandwich complex. An anti-DIG antibody
labeled with HRP then bound to the signal probe, forming the complete
detection complex [83]. Chaibun et al. report on a multi-analyte elec-
trochemical genosensor, in which affinity binding played a central role
through streptavidin-biotin interactions. Specific DNA probes for
HPV-16 and HPV-18 were labeled with biotin and immobilized onto
streptavidin-coated magnetic beads. Target DNA sequences from oral
and cervical cancer samples were then hybridized with these immobi-
lized capture probes to form DNA duplexes. After the hybridization, the
signal was amplified using a biotinylated signaling probe and
streptavidin-HRP conjugate, which bound specifically to the
biotin-labeled DNA [136]. The assay proposed by Fortunati et al.
employed PNA (peptide nucleic acid) capture probes immobilized on
carboxylated magnetic beads by covalent binding strategies, enabling
high-affinity hybridization with DNA targets (KRAS p.G12D mutation
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and wild-type). Then, a biotin-labeled signal probe was hybridized to the
DNA-PNA duplex, followed by streptavidin-ALP binding to the biotin
moiety. The biotin-streptavidin-ALP complex enabled enzymatic gen-
eration of an electroactive product, i.e., hydroquinone, for voltammetric
detection [99].

In addition, commercial binders are ready-to-use immobilization
agents that create strong covalent links between functionalized elec-
trode surfaces and biomolecules like DNA probes, ensuring stable, ori-
ented, and efficient attachment for reliable genosensing. In the article by
Krishnan et al., a commercial linker, i.e., Mix&Go™ binder, was used as
a ready-to-use bioaffinity layer to activate the chitosan-butein (CSB)-
modified electrode surface and enable robust covalent immobilization of
the aminated DNA capture probe for the exosomal CD24 genosensor;
this commercial binder reportedly acted as a strong crosslinker, thereby
ensuring high probe density, proper orientation, and enhanced hybrid-
ization efficiency for detecting target DNA at ultra-low concentrations
[79].

Alternatives to the previously discussed methods are indirect probe
immobilization techniques, which utilize structures like DNA nano-
objects, one-dimensional arrays, and 2D or 3D crystalline materials to
anchor the probe. These structures enable interactions with the target
analytes without the need for direct contact with the electrode surface
[37]. A DNA tetrahedron was designed to immobilize a DNA capture
probe to a gold surface; three thiol groups in each tetrahedron vertex
were used for binding to the gold surface, whereas the DNA probe was
attached to the fourth vertex [137]. The 3D tetrahedron structure pro-
vided enhanced accessibility of the capture probes, maintaining their
upright orientation that led to elevated efficiency of the target hybrid-
ization and consequently high sensitivity and selectivity of the geno-
sensor [37,137].

n-nt stacking has been proposed as an efficient way to immobilize
DNA sequences onto carbon-modified supporting electrodes in recent
years. In the work by Crevillen et al., a microfluidic genosensor was
developed for rapid detection of SARS-CoV-2 RNA using a fully 3D-
printed electrochemical cell. The working electrode, fabricated with a
graphene/PLA filament, provides a n-rich carbon surface that enables
the physical adsorption of the ssDNA antisense probe through n-n
stacking interactions between the DNA nucleobases and the graphene
structures at the 3D-printed electrode. This non-covalent immobilization
keeps the probe firmly attached, yet allows it to be released upon hy-
bridization with the target RNA, causing a measurable change in the
oxidation signal of adenines. This simple n-n stacking approach makes
the system label-free, fast, and easy to regenerate for repeated testing
[66]. Asaadi et al. developed a genosensor using a porous carbon--
metal-organic framework (PCMOF) derived from ZIF-8 carbonization.
The graphene-like n-rich PCMOF surface enables strong non-covalent
hydrophobic and n—r stacking interactions with ssDNA capture probes.
The interaction anchors the ssDNA onto the PCMOF without chemical
modification, forming a biogate-keeper that traps MB inside the PCMOF
pores. Upon target DNA hybridization, the ssDNA forms
double-stranded DNA (dsDNA) with lower affinity for n—r stacking,
releasing MB and changing the electrochemical signal [45]. Another
electrochemical genosensor was designed using
ferrocene-functionalized graphene oxide (Fc-GO) nanosheets. The
ssDNA capture probe was adsorbed onto the Fc-GO via n-n stacking
between the nitrogenous DNA bases and the graphene oxide nanosheets.
The non-covalent immobilization created a stable complex that pro-
duced an electrochemical signal due to the ferrocene's redox activity.
When the target miRNA hybridized with the capture probe, the n-n
interaction was disrupted, which reduced the redox peak current,
providing a sensitive mechanism for the detection of miR-200a [42].
Eskandari et al. also reported on the DNA immobilization using a double
mechanism, i.e., electrostatic interaction between the negatively
charged DNA backbone and the positively charged CeO,, and crucially,
n-7 stacking between the nitrogenous bases of the DNA and the n-con-
jugated rGO sheets. This dual binding improves probe orientation and
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hybridization efficiency for the target sequence detection [138].

Once the capture probes are effectively immobilized, the genosensor
architecture is completed at the molecular level, but its analytical per-
formance is ultimately realized through the chosen electrochemical
detection technique. The manner in which nucleic acids are anchored
and organized at the electrode surface directly influences electron
transfer pathways, and kinetics at the interface. The following section
therefore focuses on electrochemical detection techniques, examining
how different transduction and amplification approaches translate mo-
lecular recognition events at the functionalized interface into measur-
able and analytically meaningful electrical signals.

5. Electrochemical techniques and detection schemes

Electrochemical detection techniques offer several advantages for
sensitive and selective measurement of biochemical interactions
(Figs. 3-4). Techniques such as amperometry (Fig. 3a), (pulse) voltam-
metric techniques (Fig. 3b-d), and EIS (Fig. 4) each provide unique
benefits, including rapid response times, ease of operation, and porta-
bility. In recent years, their adaptability to miniaturized systems and
suitability for multiplexed detection have greatly increased their appeal,
leading to a surge in biosensing-related research and publications. This
subsection provides a concise overview of the most prominent electro-
chemical techniques, with particular focus on their recent applications
in the field of genosensing.

Electrochemical Impedance Spectroscopy (EIS) is commonly used
for studying the electrical properties of materials and interfaces in
electrochemical systems, such as batteries [139], fuel cells [140], solar
cells [141], or as a tool in understanding the protective qualities of
coatings and kinetics of corrosion processes [142], for corrosion moni-
toring [143], supercapacitor studies [144], electrocatalysis [145],
biomedical and biological applications [146,147], fundamental kinetics
studies [148], etc. The versatility and non-destructive nature of EIS
make it a valuable tool in both fundamental research and application
studies. However, interpreting EIS data requires a deeper understanding
of theory and often involves complex equivalent circuit modeling to
accurately represent the physical and chemical processes occurring
within the system under investigation. Nevertheless, with the appro-
priately chosen equivalent circuit and data interpretation, its ability to
provide detailed information about charge transfer, diffusion processes,
and surface properties makes EIS a powerful tool for designing highly
sensitive and selective (bio)sensors for environmental [149], medical
[150], and other applications. It is generally accepted that the EIS
measurements are a non- and/or least-destructive electrochemical
technique; however, some studies suggest that repetitive EIS measure-
ments on the same electrode can lead to irreproducible signals [151].
The fundamental principle of genosensing using EIS is illustrated in
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Fig. 4.

Recently, our group has demonstrated how EIS can be used in elec-
trochemical genosensing of Citrus bark cracking viroid (CBCVd) in real
total RNA samples obtained from infected plants [21]. The supporting
GCE was modified in such a manner that the hybridization event be-
tween the immobilized ssDNA capture probe and the target circular RNA
sequence from the total RNA sample resulted in an increase of the charge
transfer resistance (R, quantifiable by EIS (Fig. 5a). The EIS mea-
surements were carried out in the frequency range of 10°-10~! Hz, at a
potential of +0.14 V, with an amplitude of 5 mV, in a solution con-
taining the external [Fe(CN)g] 4/3 redox probe. The potential of +0.14 V
represents the thermodynamic equilibrium between the oxidized and
reduced redox species under given experimental conditions, i.e., the
formal potential of the redox couple. It is defined as the potential at
which the concentrations of the oxidized and reduced species are equal,
and was determined from the midpoint of the anodic and cathodic peak
potentials in CV. As an analytical signal, the change in R, before and
after the hybridization event was used, i.e., ARt = Rinc-Rblank- The
recorded Nyquist spectra (-Z" vs Z’) exhibited a typical semicircle
spanning from higher to medium frequencies, which corresponds to the
charge transfer process, followed by the diffusion tail at lower fre-
quencies. The R parameters were obtained by nonlinear least squares
fitting (NLSF) using the Randles-type equivalent circuit model
(Rs([RctZw1Qan), which represents the real physicochemical processes
at the genosensor/electrolyte interface. Herein, Rg corresponds to the
solution resistance, Qq) is the constant phase element accounting for the
non-ideal double-layer capacitance, R, is the charge transfer resistance
of the genosensor/electrolyte interface, and Zy is the Warburg element
that models the diffusion phenomenon. The corresponding fit was
characterized by the chi-squared (y?) factor, being <1072, In a recent
study, Moattari et al. used the EIS technique to detect viral hemorrhagic
septicemia virus (VHSV) genome in a label-free operation mode. The
measurements were performed in the presence of the external [Fe
(CN)6]4'/ 3 redox probe, at the potential of +0.15 V. The AR value was,
presumably, extracted from the recorded impedimetric spectra using a
fitting procedure and a Randles-type equivalent circuit [69]. In another
report, EIS was used to investigate the analytical performance of the
genosensor for safe and early diagnostics of fetal gender, based on the
composite nanostructures loaded onto the GCE [47]. The proposed
genosensor was successfully used to determine the fetal sex in real DNA
samples obtained from pregnant individuals. Ansah et al. used EIS as an
electrochemical detection technique for P. falciparum, P. malariae, and
P. ovale, three malaria-related species [65]. The authors opted for the
relative response as the analytical signal, i.e., RR = [(R1—R¢)/Ro], where
Rp and R; represent the R before and after the addition of the target
sequence, respectively. The measurements were performed in the pres-
ence of the external [Fe(CN)g] 4/3 redox probe at the potential of +0.15
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Fig. 3. Schematics of the applied potentials along with the typical current responses of different electrochemical detection techniques predominantly used in
contemporary genosensing: a) chronoamperometry (CA), b) cyclic voltammetry (CV), ¢) square-wave voltammetry (SWV), d) differential pulse voltammetry (DPV).
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V.

It is widely accepted in the electrochemistry community that EIS is a
powerful tool to monitor discrete changes at solid-liquid interfaces;
therefore, its applicability extends across many fields. In genosensing,
EIS can also serve for efficient monitoring of the step-by-step fabrication
of the sensor layers [42,56,73,96,97,127], as well as to optimize its ar-
chitecture. Recently, Bonaldo et al. investigated the influence of
different types of BSA buffers, i.e., native or fragmented BSA, on the
electroanalytical signal using EIS [17]. BSA is commonly used to prevent
excessive non-specific binding in genosensing. It has been shown that
the detection sensitivity is limited when using native BSA, whereas the
use of fragmented BSA lowers steric hindrance, leading to higher signals,
as evidenced by EIS. The measurements were carried out in the Faradaic
regime, using the external [Fe(CN)6]4‘/ 3 redox probe, and the obtained
data were fitted with the Randles equivalent circuit.

Notably, the EIS technique also allows measurements in the non-
Faradaic regime. In such measurements, no redox probe is needed, as
the electroanalytical signal does not correspond to any oxidation or
reduction process in the investigated system, but is related to changes in
the capacitive properties of the (bio)sensing interface. In a recent study

by the group of Merkogi [17], a non-Faradaic EIS detection was used to
determine adulteration of beef by detecting a particular DNA sequence
(Fig. 5b and c). The obtained impedimetric spectra were fitted using the
equivalent circuit Rg-Qq;, in which Rg corresponds to the solution
resistance, while Qq; corresponds to the constant phase element, ac-
counting for the non-ideal double-layer capacitance [153]. The overall
impedance (Zcpg) can be calculated as the inverse of its admittance
(Ycpg), which is easily extracted using fitting software; the change in
Ycpr before and after the hybridization event between the capture and
the target probe was used as an analytical signal. The measurements
were performed at 0.0 V, with an amplitude of 10 mV in
phosphate-buffered saline (PBS) solutions with and without the target
sequence. In this case, the recorded Nyquist spectra did not exhibit a
typical semicircle because no charge transfer occurred in the system.
Instead, the spectra exhibited only a straight line emerging from the Rg,
related to the electrostatic interactions of the hybridization conjugate
and the electric double layer.

Amperometric sensors are a class of electrochemical sensors that
measure the current produced by the oxidation or reduction of an ana-
lyte or the redox/signal probe at the electrode surface; they operate by
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applying a constant potential to the working electrode relative to the
reference electrode, prompting the electrochemical reactions. The
resulting current is related to the concentration of the analyte, enabling
quantitative analysis. Despite their advantages, amperometric geno-
sensors face challenges such as fouling of the electrode surface [154,
155], limited selectivity in complex matrices, and potential interference
from other electroactive species. Ongoing research aims to address these
issues through the development of advanced electrode materials,
improved sensor designs, and advanced signal processing techniques
[156]. Amperometric genosensors mostly rely on more complex and less
robust detection schemes, including the utilization of TMB, i.e., 3,3',5,
5'-tetramethylbenzidine coupled with HoO3 enzymatic system [83,88,
95,1571, HRP-based protein-enzyme complexes [82], GOx-based enzy-
matic system with Prussian blue as the mediator [77], HRP-H30; in-
teractions [126], and hydroquinone (HQ)-H,05 redox systems [91]. Due
to the complexity and high originality of these detection schemes, they
will be explained in detail in this section.

For example, Alzate et al. report on the amperometric biosensor for
the detection of HEV genotype 3 in wastewater [83]. The detection
principle is as follows: a biotinylated capture probe is first immobilized
on streptavidin-coated magnetic beads (Fig. 6a). The target sequence is
then prehybridized with a DIG-labeled signalling probe before being
introduced to the capture probe-coated magnetic beads. The detection
scheme relies on the complementary pairing of DNA/RNA strands in the
sample; final recognition occurs through the signalling probe, which
binds to an anti-DIG monoclonal antibody labeled with the HRP enzyme.
The beads are then magnetically drawn to the surface of a SPAuE, where
the electrochemical detection is performed using chronoamperometry
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(CA), with Hy0O, as a reactant and TMB, a chromogenic substrate
commonly used in enzyme-based assays, as a mediator [158]. To obtain
the electrochemical signal, TMB is added, along with a fixed concen-
tration of 10 mM H>0, and a constant voltage of 150 mV is applied.
After 30 s of signal stabilization, the chronoamperometric detection lasts
for 60 s. The obtained current is directly proportional to the concen-
tration of the target sequence.

Streptavidin-coated magnetic beads, deposited onto m-GEC, were
also used by Pallares-Rusinol et al. to sequester double-tagged ampli-
cons, produced through a somewhat time-consuming procedure,
involving the preconcentration and lysis of exosomes [91]. Through 32
PCR cycles and double tagging with DIG and biotin, the double-tagged
amplicons were transferred to the streptavidin-coated magnetic beads,
followed by incubation with anti-DIG antibodies labeled with HRP
(Fig. 6b). The chronoamperometric detection was carried out in the
presence of HQ as a mediator and Hy0> at the potential of —0.1 V vs.
AglAgCL

Similarly, Cajigas et al. demonstrated amperometric genosensing of
SARS-CoV-2 using a sandwich-type architecture [82]. The genosensor
was assembled on top of maleimide-modified magnetic beads (MMB) by
linking a thiol-labeled capture probe via a strong covalent bond [159].
Then, the viral RNA target sequence was hybridized between the thio-
lated capture probe and a biotinylated signaling probe. Three different
protein-enzyme complexes, i.e., streptavidin-HRP, streptavidin
poly-HRP20, or streptavidin poly-HRP80, containing different quanti-
ties of HRP molecules, were specifically bound with biotin from the
signaling probe to complete the genosensing platform. Finally, the
genosensor performance was investigated using TMB in two ways: either
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colorimetrically, by following the formation of its oxidized colored
product in the presence of hydrogen peroxide, or chronomperometri-
cally, by monitoring the TMB reduction at a constant voltage of —150
mV for 60 s.

Caldevilla et al. firstly modified the SPAuE with a binary SAM, fol-
lowed by the immobilization of the thiolated ssDNA capture probe
[126]. In the next step, the target sequence was ex situ prehybridized
with the fluorescein isothiocyanate (FITC)-labeled signalling probe and
then transferred onto the sensor surface for hybridization with the
immobilized capture probe. In the next step, anti-fluorescein antibodies
labeled with peroxidase (anti-FITC-POD) were added, followed by
chronoamperometric measurements in the presence of TMB/H303
commercial substrate system at a potential of —0.1 V.

Another similar study was published by Morais et al., demonstrating
the detection of the toxic dinoflagellate, Alexandrium minutum [157].
SPAUE was first modified with SAM and the capture probe with a high
specificity towards the target. The latter was also ex situ prehybridized
with the FITC-labeled signalling probe and then transferred onto the
sensor surface for hybridization with the immobilized capture probe.
Finally, the anti-FITC-POD was added, followed by the chronoampero-
metric measurements using the TMB/H20; system at —0.1 V for 60 s.

Sanchez-Salcedo et al. also used a similar approach, which included
the formation of SAM on the SPAuE, and the immobilization of the
capture probes for two different target sequences that were recognized
as biomarkers for colorectal cancer [88]. The ex situ homogeneous
prehybridization of the targets was carried out simultaneously with two
different FITC-labeled signalling probes, allowing for the incorporation
of multiple anti-FITC-POD moieties and, consequently, better sensitivity
of the genosensor. The chronoamperometric measurements were carried
out in the presence of TMB/H505 (Fig. 6¢). More recently, Barbosa et al.
used the same approach for sensitive detection of VKORC1 1639 G > A
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and CYP2C9*2 polymorphisms for pharmacogenetic applications [160,
161].

A recent contribution came from Souza et al., starting from the
carboxylation of Fe304@Au core-shell magnetic particles, followed by
the immobilization of the aminated capture probe onto them. In the
following steps, the target sequence and FITC-labeled signalling probe
were first prehybridized ex situ, and then added to the particle-capture
probe conjugate (Fig. 6d). In the final step, the core-shell particles
functionalized with this DNA duplex were resuspended in anti-FITC-
POD and transferred onto the home-made gold electrode for the
amperometric measurements in the presence of TMB/H20; [95].

An enzymatic system, centered around rolling circle amplification
(RCA) in combination with RCA and chronoamperometry, was used by
Ciftci et al. for the detection of Ebola viral sequence [77]. The
Padlock-probe-target conjugate was attached to the commercially
available streptavidin-coated magnetic beads, followed by the amplifi-
cation of the attached conjugate. In the next step, the amplified product
was hybridized with the complementary biotinylated capture oligonu-
cleotide sequence. Then, the streptavidin-conjugated GOx was added,
and the amplified and labeled product was transferred onto the surface
of the SPCE with integrated Prussian blue mediator. The chro-
noamperometric detection was conducted at +0.80 V vs. pseudo Ag
reference electrode, to monitor the oxidation of HyO5 released from the
enzymatic reaction in the presence of 10 mM glucose in PBS (Fig. 7a).
Notably, RCA is an isothermal nucleic acid amplification technique that
exploits the ability of DNA polymerases to generate long single-stranded
DNA or RNA products from a circular template. Initiated by a short
primer hybridized to the circular DNA, the polymerase continuously
extends the strand, displacing the previously synthesized sequence and
producing a long concatemer containing tandem repeats which are
complementary to the template. Notably, unlike PCR, RCA operates at a

A. Hybridization and ligation of B. Coupling on magnetic

the padlock probe. Hybridization particles
of biotinylated probe
padlock
C. RCA on magnetic particles D. Labelling

[Ru(NHy))*

Biocathode

Bioanode

Fig. 7. Schematic representation of several state-of-the-art electrochemical genosensing strategies for nucleic acid detection: a) Step-by-step illustration of the RCA
assay, i.e., ligase chain reaction and reverse transcription-based amplification with glucose oxidase (GOx) labeling for electrochemical signal generation on Prussian
Blue-modified genosensor (image from Ref. [77] with permission from Elsevier), b) Padlock probe-based rolling circle amplification (RCA) on magnetic particles,
including hybridization, ligation, coupling, amplification, and labeling steps (image from Ref. [78] with permission from MDPI), ¢) cascade DNAzyme and CHA
system for dual-output signal transduction, integrating molecular recognition and amplification for sensitive miRNA detection (image [162] from permission from
ACS Publications), d) DNA tetrahedron-assisted catalytic hairpin assembly (CHA) for miRNA-21 detection on AuNP-modified paper electrodes, enabling signal
amplification through bioanode and biocathode design (image from Ref. [121] with permission from ACS Publications).
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constant temperature and does not require thermal cycling, making it
suitable for simple and portable diagnostic platforms. Ben Aissa et al.
utilized streptavidin-coated magnetic beads for the affinity capture of
biotinylated DNA probes specific to foodborne pathogens [78]. The
amplification strategy in this electrochemical genosensor relies on RCA
performed on magnetic particles after the target DNA is captured and
circularized using highly specific padlock probes (Fig. 7b). The padlock
probes hybridize to the E. coli 16 S rRNA gene and are ligated to form a
circular template, which serves as the substrate for RCA by phi29 DNA
polymerase under isothermal conditions. RCA generates long, repetitive
DNA strands that collapse into dense structures, providing multiple
binding sites for signal probes. For electrochemical detection, these RCA
products are labeled either directly with HRP-modified probes or indi-
rectly via digoxigenin-tagged probes followed by anti-DIG-HRP anti-
bodies, with the direct HRP approach offering superior sensitivity.
Importantly, this strategy amplifies the signal without thermocycling,
enabling highly sensitive detection on disposable screen-printed elec-
trodes using SWV.

Finally, the recent article published by Shunmugan et al. describes an
amperometric electrochemical genosensor developed on a streptavidin-
coated SPCE for detecting the ipaH gene, a molecular marker common to
Shigella species and enteroinvasive Escherichia coli, using HRP/TMB
enzymatic signal amplification following PCR-based target hybridiza-
tion. The capture probe was anchored to the electrode surface through a
biotin-streptavidin interaction, ensuring strong and specific immobili-
zation for efficient hybridization [163].

Voltammetric sensors measure the current response as the poten-
tial applied to the working electrode is scanned in anodic or cathodic
direction. These sensors are common in contemporary electroanalysis,
including trace metal detection [164,165], pesticide analysis [166],
glucose monitoring [167], cancer biomarker detection [168], corrosion
studies [169], detection of gases or explosives [170,171], etc. Cyclic
voltammetry (CV) is a widely used technique for studying redox pro-
cesses, electrode reaction mechanisms, and surface phenomena. CV is
particularly valuable for analyzing the reversibility of electrochemical
reactions, determining formal redox potentials, and probing electron
transfer kinetics. Importantly, beyond fundamental research, it is
extensively applied in fields such as battery development, corrosion
studies, electrocatalysis, and biosensing [172]. In recent years, it has
also been used as an electrochemical detection technique in genosens-
ing. CV can be used for this purpose only in the Faradaic operating
regime, combined with redox systems, such as potassium ferri/ferro-
cyanide ([Fe(CN)6]3'/ 4y couple [54,61,84-86], ferrocene [52], or other
redox-active labels [61]. The [Fe(CN)6]3'/ 4 is a well-known reversible
redox system used in numerous electrochemical studies; it undergoes a
one-electron transfer reaction, making it ideal for cyclic voltammetry,
(bio)sensor, and electron transfer kinetics studies due to its stability,
solubility, and well-defined redox behavior. For instance, Garcia-Mello
et al. have demonstrated the applicability of CV in combination with
[Fe(CN)el 3/4 in two recent articles, for the detection of the KRAS gene
[85] and the p53 gene mutation [84]. Both articles report on the usage of
SPAuEs associated with thiol-based chemistry for the immobilization of
capture probes, and doxorubicin as the signalling probe, upon the hy-
bridization event. In this case, the CV signal of [Fe(CN)6]3'/ 4 was
reduced due to the attachment of doxorubicin, enhancing a diffusion
barrier for the redox species. As the analytical signal, the authors used
the typical oxidation peak of this redox couple, positioned at ca. +0.2 V
vs. an AglAgCl reference electrode.

Hadian-Ghazvini et al. used polyethyleneimine-stabilized silver
nanoparticles to label the hybridization product of the capture probe
and the target sequence on the gold electrode [61]. The authors opted
for the oxidation peak of silver nanoparticles at ca. +0.19 V vs. an
AglAgCl reference electrode as the analytical signal. The measurements
were conducted in 0.1 M PBS (pH 7.4), from —0.6 to +0.6 V at a scan
rate of 100 mV s~ L.

In a very interesting study, Shamsipur et al. developed an
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ultrasensitive, label-free electrochemical genosensor for the detection of
HIV-1 pol gene using a CPE modified with lead ion-imprinted polymer
(Pb-IIP) nanoparticles and AuNPs. DPV was employed as the detection
technique to monitor changes in the oxidation current of lead ions,
serving as the redox probe. The measurements were conducted in a 0.1
M PBS (pH 7.4), in the potential range of —0.8 V to —0.2 V. with a scan
rate of 100 mV s}, a pulse width of 0.01 s, and a pulse amplitude of 0.1
V. Upon the hybridization event, the electron transfer of lead ions
diminished, resulting in a decreased lead oxidation current, being
reversely proportional to the concentration of the target DNA. The
genosensor demonstrated excellent selectivity, reproducibility, and
applicability in spiked serum samples [72].

Bishoyi et al. developed a paper-based electrochemical genosensor
for detecting Zika virus (ZIKV) target DNA using the CV technique. A
single-stranded DNA capture probe was immobilized on the AgNP-
modified paper-based electrode, and MB was used as the redox indica-
tor. The detection principle relied on the intercalation of MB into
double-stranded DNA formed upon hybridization with the target DNA.
This intercalation reduced the MB redox current, enabling quantifica-
tion of hybridization events in 10 mM MB in 0.1 M KCl at 50 mV s~}
[68].

Similarly, Jaroenman et al. developed a voltammetric sensor for
rapid on-site detection of Mycobacterium tuberculosis. Detection relies on
the redox behavior of Hoechst 33258, a molecule that binds to double-
stranded DNA. In the absence of the target DNA, free Hoechst molecules
generate a high oxidation current during CV measurement. When the
target DNA is present, LAMP amplifies the target sequence, and Hoechst
binds to the resulting amplicons, reducing the number of free redox
molecules and thus lowering the corresponding oxidation current. This
current change is interpreted against a predefined cutoff, producing a
simple positive/negative result. CV measurements were recorded using
the scan rate of 100 mV s}, and the oxidation peak at ca. +0.55 V was
used as the electroanalytical signal [93].

Gopal et al. used a gold electrode modified with rGO and metal-
organic frameworks (MOFs) for the CV detection of miRNA-21, using
ferrocene as the external redox probe. The measurements were con-
ducted in the potential range of —1.0 to +1.0 V, with a scan rate of 50
mV s~L. The authors opted for the ferrocene oxidation current at ca.
+0.5 V vs. AgIAgCl as the analytical signal, being proportional to the
concentration of the target sequence [52]. Notably, ferrocene is a stable
organometallic redox probe with reversible Fe?*/Fe>" transitions; un-
like the [Fe(CN)gl 3-/4 couple, ferrocene is neutral, less hydrophilic, and
widely used in biosensing and organic electrochemistry [173].

Pulse voltammetric techniques, in contrast, offer significant ad-
vantages over CV, particularly in terms of sensitivity; by applying pulses
rather than a continuous potential sweep, these methods enhance fara-
daic currents while suppressing background capacitive currents [174].
As a result, they can allow for lower detection limits, making them ideal
for trace-level analysis, even in complex electrochemical systems.
Similar to CV, these methods are viable only in the Faradaic operating
regime, by using specific oxidation and/or reduction processes. In recent
years, the prevalent pulse techniques used in genosensing were squar-
e-wave voltammetry and differential pulse voltammetry, combined
with the utilization of electroactive species such as toluidine blue (TB)
[76], [Fe(CN)e] 3/ 4', ninhydrin [57], Co-porphyrin [63], methylene blue
[45], ferrocene-based redox species [42], Pb nanoparticles as a signal-
ling label [72], chlorogenic acid [43], and others. The main difference
between SWV and DPV lies in their waveform and signal processing.
SWV applies a symmetrical square-wave potential superimposed on a
staircase waveform, measuring the current difference between forward
and reverse pulses [175]. Such an approach effectively reduces capaci-
tive currents, likely enhancing sensitivity, particularly for reversible
redox systems, and enabling faster measurements. In contrast, DPV ap-
plies a series of potential pulses on a linear sweep and measures the
current just before and just before the end of each pulse [176]. While
DPV is also sensitive and reduces capacitive interferences, it is generally
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slower than SWV due to its simpler pulse scheme. Moreover, SWV is
particularly advantageous for rapid screening and low-concentration
detection due to its high signal-to-noise ratio and potential scan speed;
DPV, on the other hand, is often preferred when precise peak resolution
is needed, especially in complex matrices. Recent genosensors based on
SWV and DPV are presented in the following section. In a very recent
study, a user-friendly, enzyme-assisted electrochemical point-of-care
(POC) test for detecting miR-200a-5p, a biomarker associated with
triple-negative breast cancer (TNBC), was demonstrated. The authors
developed a signal-ON platform using duplex-specific nuclease (DSN) to
selectively cleave DNA-RNA heteroduplexes. The DNA capture probe is
tagged with methylene blue (MB), and upon hybridization with the
target miRNA, DSN cleaves the duplex, releasing MB-labeled fragments.
These fragments generate an electrochemical signal recorded by SWV,
enabling sensitive detection without complex amplification or surface
modification steps [177].

Another recent study presents an ultrasensitive electrochemical
genosensor for miRNA-221 detection using a triple cascade amplifi-
cation system (CDH), i.e., catalytic hairpin assembly (CHA), Mg2+—
dependent DNAzyme, and hybridization chain reaction (HCR) (Fig. 7c).
The target miRNA-221 initiates CHA, forming a DNAzyme that cleaves a
substrate to release output DNAs. These outputs trigger HCR, forming
long dsDNA polymers intercalated with MB, generating a strong elec-
trochemical SWV signal [162].

Ben Aissa et al. employed SWV to detect RCA products generated
from E. coli DNA using padlock probes. Two readout strategies were
compared, i.e., direct labeling with HRP-tagged probes and indirect la-
beling using DIG-tagged probes followed by anti-DIG-HRP. The SWV
was conducted in phosphate buffer containing 1 mM HQ as the redox
mediator and 0.25 mM H50, as the substrate. The measurement was
carried out in the potential range of +0.1 V to —0.7 V, with a step and
amplitude of 10 mV and a frequency of 1 Hz [78]. Malla et al. developed
a magneto-electrochemical genosensor using Au-decorated magnetic
rGO for the detection of SARS-CoV-2 nucleocapsid (N) gene. SWV was
employed as the detection technique, HoO5 was used as the substrate for
HRP, and HQ served as the electron/redox mediator. The SWV param-
eters included an amplitude of 75 mV, a pulse period of 100 ms (cor-
responding to a frequency of 10 Hz), and a potential range from —0.2 V
to +0.4 V. The genosensor demonstrated very high sensitivity and
selectivity [73].

Flauzino et al. developed a genosensor using a graphite electrode
modified with rGO and poly(3-hydroxybenzoic acid) for detecting
mitochondrial DNA from beef. SWV was used to monitor hybridization
events between immobilized DNA probes and target DNA from meat
samples. The redox probe was the 5 mM [Fe(CN)6]3'/ 4 in 0.1 M KCL
SWV parameters included a potential range of —0.1 V to +0.6 V, an
amplitude of 25 mV, an increment of 4 mV, and a frequency of 15 Hz
[152].

Kabinsing et al. used SWV to detect miRNA-183-5p using a dual-
mode genosensor based on magnetic reduced graphene oxide (MrGO)
modified with toluidine blue (TB), which served both as a redox probe
and an intercalator; TB intercalated into the DNA/RNA duplex enabled a
label-free detection. The optimized SWV parameters for the analytical
performance tests were: an amplitude of 75 mV, a step potential of 20
mV, and a potential range of —0.6 V to +0.2 V [76].

Malecka et al. investigated the performance of electrochemical
genosensors based on cobalt porphyrin-labeled DNA immobilized on
either AuNPs or AgNPs. SWV was used to monitor the redox behavior of
the Co(II)/Co(III) couple, which served as the integrated redox probe.
The measurements were conducted in a phosphate buffer over a po-
tential range of +0.1 V to +0.75 V, with a step potential of 1 mV, a
frequency of 50 Hz, and an amplitude of 50 mV. The analyte was a 20-
mer DNA sequence complementary to the capture probe. The study
concluded that both nanoparticle systems performed similarly, with
AgNPs offering a more cost-effective alternative [63].

Mokni et al. designed a label-free electrochemical genosensor for
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detecting PCA3, a prostate cancer biomarker, in urine samples. SWV was
chosen over CV due to its superior signal resolution and lower capacitive
background. The detection was performed without any external redox
probe, relying instead on the intrinsic electroactivity of nucleobases.
SWV was conducted in 0.3 M NaCl within a potential range of —0.6 V to
-+0.6V, a step potential of 4 mV, an amplitude of 25 mV, and a frequency
of 25 Hz. Such a simple, label-free approach offers a promising route for
point-of-care diagnostics [87].

In the recent article by Razmi et al. [94], SWV was employed for
detecting Escherichia coli 0157:H7 DNA using a genosensor based on
gold nanostars (AuNSs). The genosensor was constructed by immobi-
lizing an aminated DNA capture probe onto a gold electrode modified
with AuNSs, followed by blocking with mercaptoethanol and labeling
with TB, a redox-active dye that binds to the DNA. The SWV measure-
ments were conducted in a 10 mM [Fe(CN)6]4'/ 3 solution, with 0.1 M
KCl serving as the supporting electrolyte. The SWV parameters included
a frequency of 1.0 Hz, an amplitude of 0.1 V, and a step size of 10 mV.
This approach enabled rapid, sensitive, and specific detection of the
target DNA, corroborating its suitability for environmental monitoring
applications.

Asaadi et al. developed a biogatekeeper-based electrochemical gen-
osensor for the detection of Nocardia spp. (multiple species within the
Nocardia genus) using a porous carbon material derived from a metal-
organic framework (PCMOF). The redox probe used was MB encapsu-
lated within the PCMOF. The genosensor was constructed by immobi-
lizing an ssDNA capture probe on the MB-loaded PCMOF, which was
then deposited onto the GCE. In the absence of the target, MB remained
trapped, producing a high DPV signal, while upon hybridization with
the target DNA, the probe-target duplex detached from the PCMOF,
releasing MB and reducing its signal. DPV was performed in 0.1 M PBS,
pH 7.4, over a potential range of —0.6 to +0.1 V with a scan rate of 50
mVs ! [45].

A multianalyte electrochemical genosensor for detecting high-risk
HPV genotypes 16 and 18 in oral and cervical cancer samples was
demonstrated, with DPV as the electrochemical detection technique
[136]. The architecture involved silica nanoparticles doped with MB for
HPV-16 and acridine orange (AO) for HPV-18 as redox indicators. These
particles were conjugated to the specific reporter probes and used in a
sandwich hybridization format with magnetic bead-bound capture
probes. DPV was used to detect the redox signals; for HPV-16, the po-
tential scan was in the range of —0.5 to +0.1 V, and for HPV-18, in the
range of +0.2 to +1.0 V. The step potential was 10 mV, modulation
amplitude 50 mV, interval time 0.05 s, and scan rate 100 mV s~L. The
genosensors showed high specificity and successful validation in clinical
samples.

Crevillen et al. developed a 3D-printed microfluidic genosensor for
detecting SARS-CoV-2 RNA within 7 min, involving the detection
mechanism that relies on the oxidation of adenine residues in the ssDNA
probe, which was monitored using DPV [66]. Upon hybridization with
the target RNA, the ssDNA desorbs from the electrode surface, leading to
a decrease in the DPV signal. DPV was conducted in PBS (pH 7.4) from
0.0 to +1.4 V, with a modulation time of 50 ms, an interval time of 0.5 s,
a step potential of 10 mV, a modulation amplitude of 50 mV, and a scan
rate of 20 mV s~ L.

Eskandari et al. developed a label-free electrochemical genosensor
for detecting the p53 gene, using the hybridization between the immo-
bilized ssDNA capture probe and its complementary target, which was
monitored by DPV in the presence of [Ru(bpys)]®*/>* as the redox
probe. The DPV measurements were conducted in 10 mM Tris-HCIL
buffer with 10 mM NaCl (pH 7.4), scanning the potential from +0.6 to
+1.3 V vs. AgIAgCl, using a modulation amplitude of 25 mV and a
modulation time of 50 ms. The genosensor demonstrated high sensitivity
and selectivity, including discrimination of mismatched sequences
[138].

A reusable genosensor for detecting Candida auris genomic DNA in
urine, exploiting ninhydrin as a novel hybridization indicator, was
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recently proposed. The gold electrode was modified with a thiolated
DNA capture probe, and hybridization was detected indirectly by
monitoring the oxidation peak of ninhydrin via DPV. The DPV was
performed in 0.1 M PBS, pH 7.4, with a potential scan from —0.7 to +0.2
V, scan rate of 30 mV s ', modulation amplitude of 60 mV, and interval
time of 0.2 s. The genosensor exhibited excellent selectivity, up to 8
times reusability, and stability of 100 % response after 80 days [57]. The
same group presented an electrochemical genosensor for detecting
miR-184 in human plasma; hybridization was detected both directly via
guanosine oxidation and indirectly by using ethidium bromide (EB) as
the redox probe. For indirect DPV detection, the potential was scanned
from 0.0 to +0.8 Vin 0.1 M PBS, pH 7.4, with a scan rate of 30 mV sLa
modulation amplitude of 60 mV, and an interval time of 0.2 s. The
genosensor was reusable up to 10 times, stable for 50 days, and selective
against non-complementary targets [56].

In the study presented by Moazampour et al., DPV was employed to
monitor the electrochemical response of Fc-GO nanosheets, which were
used as an electroactive label for detecting miR-200a. Measurements
were performed in 0.1 M PBS (pH 7.4), and the signal was recorded
before and after the hybridization event. The sensor demonstrated high
sensitivity and selectivity, including discrimination of single-base mis-
matches [42].

DPV was used to detect guanine oxidation signals as a label-free
method for identifying CRISPR-Cas9-induced mutations in the CIZ1
gene [70]. The genosensor was built on CNT/PGEs, with
inosine-substituted capture probes immobilized via carbodiimide
chemistry. Hybridization with complementary DNA restored guanine
signals, which were absent in the probe due to inosine substitution. DPV
scans were performed from +0.75 V to +1.40 V in acetate buffer (pH
4.8) at room temperature. The sensor could distinguish between entirely
complementary, mismatched, and non-complementary sequences, while
the method was validated using synthetic targets and PCR amplicons,
showing high specificity and potential for mutation screening.

A recent article by Rizi et al. describes a PCR-free electrochemical
genosensor for detecting MTB DNA using DPV to measure the peak
current of MB, acting as a redox indicator. MB was intercalated into the
DNA structure, and its signal decreased upon hybridization with the
target DNA; DPV was conducted in 0.05 M phosphate buffer, pH 7.0, by
scanning potential from +0.4 V to +0.1 V with a step potential of 5 mV,
modulation time of 0.020 s, and an interval time of 0.0329 s. The gen-
osensor showed excellent selectivity against mismatched and non-
complementary sequences and was successfully applied to clinical
sputum samples [41].

The three articles by Sohrabi et al. present a cohesive work focused
on developing highly sensitive, label-free electrochemical genosensors
for the detection of bacterial pathogens using DNA hybridization stra-
tegies and DPV as the electrochemical detection technique. Moreover,
all three studies employed [Fe(CN)6]3'/ 4 redox system, and the pro-
posed genosensors were validated in real biological matrices, demon-
strating their potential for clinical and environmental applications
[58-60].

Finally, apart from the above-mentioned electrochemical tech-
niques, a recent study has also demonstrated the applicability of open-
circuit voltage (OCV) measurements in electrochemical genosensing,
expanding the scope of signal transduction strategies [121]. The OCV
measurements were used in an enzymatic biofuel cell (EBFC) configu-
ration. The electroanalytical signal was generated by electron transfer
during glucose oxidation at the bioanode and the redox conversion of Ru
(NH3)2" to Ru(NH3)?" at the biocathode, with the amplified current
recorded via a digital multimeter after capacitor discharge. The ampli-
fication strategy in this electrochemical genosensor combines three
levels of signal enhancement, i.e., catalytic hairpin assembly (CHA) at
the bioanode, DNA tetrahedra at the biocathode, and an external
capacitor for electrical amplification (Fig. 7d). When miRNA-21 is pre-
sent, it triggers CHA by opening hairpin H1, enabling the attachment of
H2-glucose oxidase (H2-GOD) to the bioanode. GOD then catalyzes
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glucose oxidation, generating electrons that flow to the biocathode,
where DNA tetrahedra capture large amounts of Ru(NHg)g+ complexes,
further boosting conductivity. Finally, the capacitor stores and releases
charge to amplify the electrical signal, resulting in a highly sensitive,
“self-powered” genosensor. However, OCV measurements rely on
equilibrium potential shifts that are inherently small, usually slow to
stabilize, and highly susceptible to environmental fluctuations, which
limits their sensitivity and reproducibility in complex samples. In
contrast, pulse voltammetry, as reviewed, enables precise quantitative
readout over a broad dynamic range and allows discrimination between
specific hybridization events and nonspecific adsorption through
well-defined peak potentials and peak shapes. In summary, the most
common electroanalytical signals obtained via pulsed voltammetric
techniques, reported in contemporary electrochemical genosensing, are
depicted in Fig. 8.

In conclusion, while electrochemical techniques determine the mode
by which a biorecognition event is converted into a measurable elec-
troanalytical signal, the ultimate sensitivity, selectivity, and operational
robustness of a genosensor are largely governed by the materials form-
ing the sensing interface. Within this framework, nanomaterials should
not be viewed as simple electrode modifiers, but rather as functional
building blocks that regulate charge transfer, increase the effective
electroactive surface, and facilitate signal amplification at the nano-
scale. Accordingly, the following section focuses on the role of nano-
materials in contemporary electrochemical genosensing, emphasizing
how their distinctive physicochemical characteristics are used to
enhance analytical performance.

6. Nanomaterials in contemporary genosensing

It is widely accepted that nanomaterials play an important role in
enhancing the performance of electrochemical sensors [178,179]. This
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Fig. 8. The most commonly employed electroanalytical pulse voltammetric
signals (e.g., DPV or SWV) used in genosensing in recent years, shown with
respect to their peak potentials vs. AgIAgCl reference electrode. The signals
include oxidation peak of Pb, reduction of H,0,, oxidation of Co-porphyrin,
oxidation of MB, oxidation of ferrocene-based redox probe or tags, [Fe
(CN)e]>/* redox signalling, oxidation of chlorogenic acid, hydroquinone-based
redox signalling, and ninhydrin redox activity.
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also extends to genosensing applications, and the main reasons are the
unique properties of nanomaterials, which include high surface area,
excellent conductivity, biocompatibility, etc. Such characteristics enable
more sensitive, selective, and rapid detection of genetic material. More
importantly, nanomaterials improve the performance of genosensors by
providing better immobilization platforms for nucleic acids, enhancing
signal transduction, and offering (electro)catalytic properties that
amplify electroanalytical signals. Various types of nanomaterials have
been predominantly employed in state-of-the-art electrochemical gen-
osensors. This subsection provides a thorough review of recent trends
and advances in this context. Some of the most important nanomaterials
used in contemporary genosensing are presented in Fig. 9.

Magnetic beads and magnetic nanoparticles, whether commer-
cially available or synthesized, are widely employed, particularly in
modern amperometric genosensors, to enable efficient target separation
and pre-concentration, facilitating the detection process and enhancing
selectivity and sensitivity [73,77,78,82,83,91,95,99,136]. Moreover,
magnetic beads play an important role in the construction of electro-
chemical genosensors by serving as solid supports for capture probe
immobilization and facilitating target sequence capture through mag-
netic separation. These beads, typically streptavidin-coated, e.g.,
Dynabeads MyOne Streptavidin T1 from Thermo Fisher Scientific, were
used to bind biotinylated capture probes, enabling the formation of
sandwich-type hybridization complexes with target nucleic acids and
reporter probes [77,83,136]. The rationale for using magnetic beads lies
in their high surface area, ease of manipulation via magnets, and facile
washing and separation steps, which altogether enhance sensitivity and
reduce background noise. However, challenges such as steric hindrance
at high capture probe densities and the need for careful optimization of
hybridization conditions were noted. Souza et al. developed an elec-
trochemical magnetogenoassay using custom-synthesized core-shell
Fe304@Au magnetic nanoparticles for detecting the HMGA gene in
maize. These nanoparticles were synthesized in-house via thermal
decomposition and gold coating, then functionalized with SAMs for
covalent DNA capture probe immobilization. Similarly to the case of
commercial magnetic beads, the reason for using Fes04@Au was to
combine magnetic manipulability with excellent electrochemical prop-
erties of gold, enabling sensitive and reproducible DNA hybridization
and enzymatic signal amplification. Advantages include high surface
area, strong probe attachment, and enhanced signal-to-background
ratio; however, somewhat complex synthesis and potential aggrega-
tion at high capture probe densities were the drawbacks [95].

On the other hand, there is an emerging trend of using metal-
organic frameworks (MOFs) in genosensing that provide high surface
area and tunable porosity for capture probe immobilization. In the
above-discussed article by Asaadi et al., the use of PCMOF is highlighted
as a key innovation in the development of a highly sensitive electro-
chemical genosensor for detecting Nocardia spp. PCMOF offers several
advantages; besides high surface area, it provides a large and uniform
pore volume, which is ideal for encapsulating electroactive molecules
like MB, thereby assuring effective signal amplification. More impor-
tantly, its graphene-like n-rich structure facilitates strong n-n stacking
interactions with ssDNA, enabling efficient and stable capture probe
immobilization without the need for additional linkers. Furthermore,
PCMOF exhibits excellent water solubility, biocompatibility, and elec-
trochemical conductivity, all of which contribute to improved geno-
sensor performance. These properties make PCMOF an ideal
“nanocontainer” and signal amplifier in (bio)sensing applications,
providing controlled release strategies and high sensitivity, even in
complex biological matrices [45]. Similarly, in the article by Shishegari
et al., the use of cerium-based metal-organic frameworks (Ce-MOFs)
played an important role in enhancing the performance of the developed
electrochemical genosensor for SARS-CoV-2 detection. The Ce-MOFs
provided a high surface area and a wunique straw-sheaf-like
morphology, facilitating efficient biomolecule immobilization and
improved electron transfer. The coordinatively unsaturated cerium
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centers acted as catalytic sites, contributing to the high sensitivity of the
proposed genosensor. Although MOFs themselves possess generally low
electrical conductivity, their integration with conductive layers like
sulfur-doped reduced graphene oxide or dendritic palladium nano-
structures creates synergistic effects, boosting the electrochemical per-
formances of the genosensors. The Ce-MOF layer also enabled effective
functionalization via EDC/NHS chemistry, allowing for stable and spe-
cific capture probe attachment. Overall, the incorporation of Ce-MOF
into the genosensor architecture resulted in enhanced (electro)cata-
lytic activity, increased current density, and improved electroanalytical
performance [96]. Across two studies by Sohrabi et al., MOFs were
highlighted as suitable materials for enhancing the performance of
label-free electrochemical genosensors. In the first study, a Zn-based
MOF was used in combination with CMC and AuNPs to modify a gold
electrode, significantly improving the surface area, porosity, and elec-
tron transfer rate, which led to low detection limits for Haemophilus
influenzae DNA in plasma samples [59]. The second study employed a
bimetallic Fe/Mn MOF integrated with methyl-p-cyclodextrin and
AuNPs stabilized on multi-walled carbon nanotubes (MWCNTS), form-
ing a highly conductive and catalytically active nanocomposite. This
configuration enabled sensitive detection of Salmonella typhimurium,
likely benefiting from the synergistic effects of dual-metal centers and,
therefore, enhanced charge transfer [58].

Noble metal nanostructures are widely utilized in electrochemical
genosensing due to their exceptional conductivity, biocompatibility, and
surface functionalization capabilities, which significantly enhance
sensitivity and signal transduction. The incorporation of such nano-
structures into composites or the introduction onto novel types of sup-
porting electrodes has gained significant attention in recent years. For
instance, Bishoyi et al. synthesized AgNPs and deposited them onto a
paper-based graphene electrode to enhance electron transfer and pro-
vide a biocompatible surface for the DNA capture probe immobilization.
This approach led to a twofold increase in current response and enabled
the sensitive detection of the Zika virus [68]. Chaturvedi et al. con-
structed a ternary nanocomposite-based genosensor for MTB detection
using AuNPs embedded in a reduced graphene oxide-polydopamine
matrix. AuNPs contributed to improved conductivity and electron
transfer, while polydopamine facilitated biomolecule immobilization
[44]. Similarly, Ling Tan et al. designed a voltammetric genosensor for
transgenic soybean analysis using a silica-gold nanoparticle (SiOa.
—AuNP) composite. AuNPs were layered onto SPEs to enhance conduc-
tivity, while aminated silica nanospheres enabled high-density DNA
capture probe immobilization via glutaraldehyde crosslinking [75].
Another electrochemical genosensor was developed for detecting the
glycoprotein gene of VHSV using a PGE modified with rGO and AuNPs.
The AuNPs were electrochemically deposited onto the rGO layer to
enhance conductivity and facilitate thiol-based DNA capture probe
immobilization. The genosensor also exhibited high selectivity against
mismatched sequences [69]. As mentioned above in the section on the
detection schemes, Malecka et al. compared electrochemical geno-
sensors based on cobalt porphyrin-labeled DNA immobilized on either
gold or silver nanoparticles. Both AuNP and AgNP systems were
attached to gold electrodes via hybridization with corresponding cap-
ture probes. Interestingly, while AuNPs offered better separation and
less aggregation, AgNPs provided a more cost-effective alternative with
comparable sensitivity and selectivity, making them suitable for scalable
applications [63]. In the study by Razmi et al. [94], AuNSs were
employed in the design of a highly sensitive electrochemical genosensor
for detecting Escherichia coli 0157:H7 DNA. The AuNSs were deposited
onto a gold electrode to significantly increase the surface area and
enhance the immobilization of aminated DNA capture probes. The
star-shaped morphology of the nanoparticles, i.e., nanostars, provided a
high-density scaffold for capture probe attachment, which, combined
with the use of SWV, enabled rapid, selective, and ultra-sensitive
detection without the need for sample filtration. In the study by Sham-
sipur et al., AuNPs were electrodeposited onto a CPE modified with
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Fig. 9. Representative scanning electron microscopy (SEM) or transmission electron microscopy (TEM) micrographs illustrating the diversity of nanomaterials
encountered in contemporary electrochemical genosensing platforms: a) Dynabeads™ MyOne™ Streptavidin T1 magnetic beads used in a glucose-based genosensor
for the detection of viral nucleic acids via rolling cycle amplification and amperometry (images from Ref. [77] with permission from Elsevier), b) amino-modified
silica nanospheres used in a voltammetric genosensor for the detection of the cauliflower mosaic virus (CaMV35S) gene (image from Ref. [75] with permission
from Elsevier), ¢),d) Au nanostars used for fabrication of a genosensor for Escherichia coli O157:H7 DNA, characterized by FESEM-EDX, respectively (images from
Ref. [94] with permission from Royal Society of Chemistry), e) TizC;Tx MXenes used for fabrication of an impedimetric sensor for the detection of CBCVd RNA
sequence (image from Ref. [21] with permission from Elsevier), f) Zn-based MOF used as an electrode modification material for voltammetric detection of Hae-
mophilus Influenzae in human plasma samples (image from Ref. [59] with permission from Springer Nature), g) ZIF-8 MOF precursor for porous carbon used to
fabricate a voltammetric genosensor for the detection of Nocardia strains (image from Ref. [45] with permission from Elsevier), h) Ce-MOF used in fabrication of
voltammetric detection of SARS-CoV-2 target genes (image from Ref. [96] with permission from Elsevier), i) PLA/nanocarbon electrode material treated with DMF
used for the voltammetric detection of target DNA (image from Ref. [67] with permission from Elsevier), j) GO used in the fabrication of a voltammetric genosensor
for the detection of miR-200a (image from Ref. [42] with permission from Elsevier; white square covers original notation), k) rGO-polydopamine used in fabrication of
voltammetric genosensor for detection of Mycobacterium tuberculosis (image from Ref. [44] with permission from MDPI), 1) SPCE modified with graphene acid and m)
SPCE modified with graphene acid and the DNA capture probe, used in fabrication of an impedimetric genosensor for the detection of meat adulteration (images from
Ref. [80] with permission from Elsevier), n) GCE modified with carbon quantum dots and electropolymerized asparagine used in fabrication of voltammetric gen-
osensor for detection of miR-106b (image from Ref. [43] with permission from Elsevier), 0) Pd—-Al LDH/FTO electrode surface used in fabrication of voltammetric
detection of hepatitis B virus (image from Ref. [97] with permission from Springer Nature). Scale bars are indicated in each panel.
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Pb-IIP nanoparticles to create a highly sensitive, label-free electro-
chemical genosensor for detecting the HIV-1 pol gene. The combination
of AuNPs with Pb-IIP provided a novel dual-function platform: the
Pb-IIP acted as a redox-active probe, while the AuNPs enhanced capture
probe immobilization and signal transduction [72].

MXenes are a rapidly emerging class of 2D-layered transition metal
carbides or nitrides, typically derived from the selective etching of
precursor MAX phases [180]. Due to their unique combination of
metallic conductivity, hydrophilicity, high surface area, and rich surface
chemistry, MXenes have attracted considerable attention across various
fields. In energy storage, they are widely explored for applications in
supercapacitor and lithium-ion battery development due to their
excellent charge transport properties. In sensor applications, particu-
larly electrochemical gas sensors [170], humidity sensors [181], bio-
sensors [182,183] and genosensors [21,49], MXenes offer enhanced
signal transduction, attractive (electro)catalytic behavior, and facile
functionalization for biomolecule attachment.

Sun et al. developed a ratiometric electrochemical genosensor for
detecting sul2 using a hybrid nanomaterial composed of a Ti3Cy-MXene
monolayer decorated with AuNPs. The AuNPs were grown on the sur-
face of the MXene via a seed-mediated method, which prevented
restacking of the MXene nanosheets and enhanced their conductivity
and surface area. This configuration significantly increased the DNA
capture probe loading capacity and improved the electrochemical
response [49].

In our recent study, Ti3C2Tx MXene was employed as a key (electro)
catalytic component in the development of a label-free impedimetric
genosensor for the detection of CBCVd in hop plants. The MXene was
synthesized via selective etching of the Al layer from TizAlCy; MAX
phase, and its successful transformation was confirmed through scan-
ning electron microscopy, energy-dispersive X-ray spectroscopy, Raman
spectroscopy, X-ray diffraction, and FTIR analyses. Incorporated into the
genosensor architecture alongside streptavidin—-agarose beads and a
biotinylated ssDNA capture probe, the 2D-layered Ti3CyTy significantly
enhanced the electrochemical communication between the sensing
interface and the supporting electrode. This integration led to a five-fold
increase in sensitivity compared to the MXene-free architecture. The
high conductivity, large surface area, and rich surface chemistry of
MXene synergistically enabled efficient probe immobilization and signal
transduction, resulting in a sensitive CBCVd detection in real total RNA
samples obtained from the infected plants, even without the need for an
amplification step [21].

Carbon-based nanomaterials, such as graphene, CNTs, nano-
carbon, and carbon quantum dots, are known for their exceptional
electrical conductivity, high surface area, mechanical strength, and
chemical stability, making them highly valuable in a wide range of ap-
plications. Recently, in the field of electrochemical genosensing, carbon
nanomaterials served as excellent transducer platforms, enhancing
electron transfer and enabling sensitive and selective detection of
various target sequences [40,43,52,58,66-70,73,76,80,99,117,152].
Graphene and its chemically modified forms, such as GO, rGO, and
graphene acid, are widely employed for their high surface area and n-n
stacking interactions, which facilitate the immobilization of ssDNA
capture probes, as mentioned above. For example, Crevillen et al. used a
graphene/PLA filament in a 3D-printing pen to produce electrodes for
SARS-CoV-2 RNA detection, leveraging n—x stacking for capture probe
immobilization [66]. PGE modified with graphene or carbon nanotubes
also continues to serve as a low-cost, accessible platform for nucleic acid
sensing [69]. Flauzino et al. demonstrated the effectiveness of rGO/poly
(3-hydroxybenzoic acid) and graphene acid-modified electrodes for
DNA hybridization-based detection of beef adulteration and pork DNA
in meat samples, respectively [80,152]. Similarly, Eskandari et al.
employed a CeO2-rGO nanocomposite in a genosensor for the p53 gene,
taking advantage of rGO surface characteristics and electron transfer
[138]. CNTs, especially single-walled (SWCNTs) and multi-walled
(MWCNTSs) variants, have also been applied in genosensing due to
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their unique electrochemical and physico-chemical properties. Fortunati
et al. utilized SWCNT-modified SPEs for detecting KRAS mutations in
plasma, enabling point-of-care diagnostics [99]. Kivrak et al. fabricated
label-free genosensors with CNT-modified PGEs for the detection of
CRISPR-Cas9-induced mutations [70]. Ye et al. combined carboxylated
MWCNTs with AuNPs to create a sandwich-type genosensor for detect-
ing transgenes in genetically modified tomatoes [40]. Finally, carbon
quantum dots (CQDs) offer additional advantages like photo-
luminescence and excellent surface chemistry; for example,
Kuche-Meshki et al. synthesized CQDs from chitosan for genosensors
targeting miR-106b, achieving high sensitivity through enhanced sur-
face area and functional electropolymerization [43].

Layered double hydroxides (LDH) were recently introduced in the
field of electrochemical genosensing. Namely, Heidari et al. employed a
Pd-Al LDH film electrochemically deposited on an FTO electrode as a
high-surface-area, conductive platform for immobilizing amino-labeled
DNA capture probes, enabling sensitive detection of HBV DNA [97].
Similarly, Sohrabi et al. utilized Ni-Cr LDH nanosheets, synthesized via
a co-precipitation method and combined with biochar to form a
high-surface-area, conductive nanocomposite. The composite material
was immobilized onto a gold electrode to enhance electron transfer and
serve as a robust platform for the label-free electrochemical genosensing
of Haemophilus influenzae DNA through hybridization-based detection
[60].

7. Target sequences in contemporary electrochemical
genosensing

The somewhat remarkable versatility of electrochemical genosensors
has enabled the detection of a broad range of nucleic acid-based targets
in recent years. These include pathogenic microorganisms, cancer bio-
markers, food adulterants, genetic polymorphisms, and synthetic con-
structs, positioning electrochemical genosensing close or ahead of the
standard laboratory methods in molecular diagnostics and environ-
mental monitoring. Electrochemical genosensors have demonstrated
excellent performance in the detection of viral pathogens, including
SARS-CoV-2, through multiple genomic targets such as the N gene, RARp
gene, and combined RNA/DNA formats [66,73,82,96,127], hepatitis B
virus (HBV) [97], HPV genotypes [48,54,136], Zika virus [68], Ebola
virus [77], HIV-1 [72], HEV genotype 3 [83], VHSV [69], and CBCVd
RNA in hop plants [21]; these examples span over clinical, environ-
mental, and agricultural virology. In the bacterial and parasitic
pathogen domain, targets include E. coli [78,94], Salmonella typhimu-
rium [58], Haemophilus influenzae [59,60], Campylobacter jejuni [171],
Nocardia spp. [45], Mycobacterium tuberculosis, targeting both general
and 1S6110 sequences [41,44,93,117], and Group B Streptococcus (clb
gene) [52]. In parasitology, the DNA detection of several species of
Plasmodium (Plasmodium spp.) supports malaria diagnostics [65].
Fungal pathogens such as Candida auris are also accessible through
these genosensors [57]. In oncology, electrochemical genosensors
detect a wide spectrum of genetic alterations and biomarkers, including
mutations in KRAS [85,99], TP53 [51], and the p53 gene [84,138], as
well as markers of microsatellite instability like BAT-26 [86]. Epigenetic
markers, such as BMP3 gene methylation, also support colorectal cancer
diagnostics [61]. Furthermore, circulating RNA biomarkers such as
PCA3 long non-coding RNA, prostate-specific antigen messenger ribo-
nucleic RNA, colon cancer-associated transcript 1 gene (CCAT1),
GAPDH transcripts, and exosomal CD24 have been targeted for
non-invasive prostate, colorectal, breast, and ovarian cancer diagnostics
[79,87-89,91]. MiRNAs, including miR-106b [43], miR-200a [42],
miR-183-5p [76], and miR-184 [56], are also commonly detected for
applications in oncology and psychiatry. Importantly, in pharmacoge-
netics, electrochemical genosensors can detect single-nucleotide poly-
morphisms such as the brain-derived neurotrophic factors Val66Met
(rs6265) and CYP2C9*3 [81,126], while Klotho gene mutations have
relevance in aging and nephrology [90]. Electrochemical detection of
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the sex-determining region Y gene allows for non-invasive prenatal sex
determination [47]. Applications in food safety and authentication
include detecting meat species through beef and pork DNA [80,152],
GMO markers such as CaMV35S and HMGA genes [40,75,95], and plant
DNA like Erica arborea for honey origin validation [50].

Finally, these genosensors also target synthetic and engineered
constructs, such as synthetic DNA for influenza models [63], assay
calibration [67], and CRISPR-Cas9-induced mutations [70], demon-
strating their relevance in gene editing research. They have also been
applied for detecting antibiotic resistance genes, e.g., sul2, specific for
sulfonamide [49], further supporting their relevance in antimicrobial
protection.

While considerable effort has been devoted to optimizing target
sequence design and recognition, it needs to be noted that the subse-
quent performance and applicability of these genosensors remain con-
strained by the nature and complexity of the testing samples. Across all
electrochemical genosensing studies analyzed for this review article,
sample usage is dominated by simplified experimental systems, with a
clear prevalence of buffer-based assays employing synthetic nucleic
acid targets. Most of the studies rely exclusively on synthetic DNA or
RNA measured in buffer solutions, while some articles provide insuffi-
cient detail to ascertain level of biological relevance. In these works,
target analytes are most commonly synthetic oligonucleotides or PCR-
derived amplicons, enabling precise analytical control but avoiding
the complexities associated with real sample matrices. A smaller subset
of investigations extend validation to spiked biological samples, most
often serum or plasma with known target concentrations, representing
an intermediate level of realism. Only limited number of studies
explicitly report the use of real biological samples, indicating that
genuine clinical or biological validation remains limited. These articles
include, for instance, serum-derived DNA [184], unprocessed saliva
[185], urine [186], clinical DNA from pediatric leukemia patients [187],
clinical nasopharengyal swab samples [188], real pork and beef samples
[80,152], upper respiratory specimens [127], raw sputum samples
[117], RNA from fish samples [69], urine samples from patients
scheduled for prostate biopsies [87], real hop samples [21], etc. More
details on target sequences and tested samples are given in Table 1,
which summarizes recent advances in electrochemical genosensing by
organizing the latest research studies according to the key parameters
discussed in this and previous sections, as well as in the following section
concerning the emerging technologies, i.e., microfluidics and artificial
intelligence. This structured comparison facilitates direct evaluation of
different genosensing approaches, analytical performances, providing a
concise overview of research directions in the field.

8. Emerging technologies in electrochemical genosensing

The integration of electrochemical genosensors with microfluidics
and artificial intelligence (AI) is regarded as an emerging research di-
rection, expected to gain a momentum [199]. This section provides an
overview of the most recent, yet scarce, literature on this topic, with the
expectation that continued progress in these technologies will ultimately
pave the way for broader technology adoption. Notably, the synergy
between isothermal amplification strategies and microfluidics in elec-
trochemical genosensing has already been reviewed, covering nine ar-
ticles published prior to 2020 [200]. Microfluidic platforms offer precise
control over fluid handling, reaction kinetics, and assay timing, making
them particularly well suited for general field of electrochemical bio-
sensing [201]. By confining analytes within micrometer-scale channels,
microfluidics enhances mass transport toward the sensing interface,
accelerates hybridization, and reduces reagent and sample consump-
tion. In electrochemical genosensing, the integration of microfluidic
platforms has progressed beyond simple miniaturization. At the core of
microfluidic platforms, as in static conditions, is a working electrode,
which can be screen-printed gold, carbon, or graphene [184,188,
195-198], interdigitated gold electrodes [193], gold microelectrode
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arrays [186,189], MEMS-fabricated glass chips with a gold working
electrode [192], or planar gold electrodes on PET foil [194]. The
detection principles are analogous to those employed under static con-
ditions, i.e., direct or sandwich-type assays, with capture probes con-
sisting of single-stranded DNA specific to the target, hairpin DNA, thiol-
or biotin-modified DNA, or DNA aptamers. The anchoring strategies
used in these devices follow the same principles observed in contem-
porary static sensing, including EDC/NHS coupling, physical adsorption,
thiol-gold self-assembly chemistry, n—= stacking, glutaraldehyde cross-
linking, and streptavidin-biotin affinity binding. Interestingly, most
state-of-the-art microfluidic electrochemical genosensors do not incor-
porate additional nanomaterial modifications, as they strongly rely on
the inherent advantages provided by bare gold electrodes, in various
configurations, combined with thiol-based chemistry. Notable exception
includes the use of MWCNTs, Fe3Oy, or specific MOF compounds [198],
as well as (paramagnetic) beads for enzyme-based amperometric
detection approaches [189,197], described in detail above. Similar to
static conditions, microfluidic devices also employ common electro-
chemical techniques such as EIS and pulse voltammetric methods
operating in the Faradaic mode, in the presence of various redox-active
systems, including MB, porphyrin, enzymatic conversion of naphthyl to
napthol, ferrocene, etc.

Continuous-flow microfluidic platforms are typically fabricated from
PDMS or thermoplastics, exploiting laminar flow of the target to reduce
diffusion layer thickness and enhance analyte flux toward working
electrode surfaces, thereby accelerating hybridization and stabilizing
electrochemical responses. This effect is especially pronounced in
impedance-based platforms, where flow-assisted hybridization yields
more reproducible variation of R and interfacial capacitance compared
to static conditions [192]. Reportedly, microfluidic confinement also
improves analytical robustness by promoting uniform capture probe
immobilization and simultaneously limiting nonspecific adsorption,
resulting in improved signal-to-noise ratios in biologically relevant
matrices. Interestingly, reported limits of detection span several orders
of magnitude, from micromolar concentrations in amplification-free,
label-free systems to femtomolar or lower levels when biochemical
amplification or nanostructured electrodes are employed. This vari-
ability in reported analytical performances show that there is still room
for improvement of the technology itself. Perhaps the most attractive
feature of microfluidic devices is the capillary-driven operation,
providing an analytically attractive compromise between the analytical
performance and operational simplicity. Although detection limits
typically reside in the nano-to picomolar range, which is higher than in
static conditions, assays are completed up to 45 min using minimal re-
agent volumes, making these systems particularly interesting for
point-of-need applications where speed and robustness are more
important than (ultra)sensitivity itself. On the other hand, more com-
plex lab-on-chip architectures illustrate how microfluidics can encom-
pass multistep workflows, including lysis, nucleic acid extraction,
amplification, and electrochemical readout, into cohesive systems.
Importantly, the newest studies in this field also integrate isothermal
amplification or state-of-the-art CRISPR-based recognition with
real-time electrochemical monitoring [185,191,195]. In these systems,
microfluidics contributes not only confinement but also (i) contamina-
tion control, (ii) thermal management, and (iii) automated reagent
handling, enabling operation within clinically relevant timeframes. In
conclusion, the collective evidence from the most recent studies in-
dicates that microfluidic integration delivers its most meaningful
analytical contributions through improved kinetic efficiency, repro-
ducibility, and workflow integration rather than through sensitivity
enhancement, representing a good candidate for point-of-need
diagnostics.

In parallel, artificial intelligence (AI) and machine learning tech-
niques are being explored to address challenges across analytical
chemistry, including signal complexity, noise, data abundance, and
variability [202]. With that said, and given that electrochemical



Table 1
The most recent electrochemical genosensors listed based on their specific properties: supporting electrode used, electrochemical (EC) detection technique, genosensor/assay type, nanomaterials used in the fabrication
process, biological recognition element (capture probe) used, anchoring/immobilization strategy employed, signal generation principle, redox system utilized, target sequence, type of tested samples, limit of detection
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(LOD), reference (REF).

Supporting EC Assay type Nanomaterials Capture probe Anchoring/ Signal generation Redox system Target sequence Tested sample LOD REF
electrode detection used immobilization
technique strategy
HAUE EIS Direct type None Thiolated ssDNA Thiol-gold chemistry Change in charge Fe(CN)Z /% Plasmodium spp. Synthetic in 18.7 aM [65]
capture probe with MCH blocking transfer resistance DNA (malaria) buffer and real (P. falciparum);
agent (SAM) blood lysate 43.6 aM
(P. malariae);
27.9 aM
(P. ovale)
3D-printed LSV Direct type Nanocarbon-PLA Biotinylated DNA Adsorption of target Enzymatic 1-naphthol Synthetic DNA Synthetic in 0.95 pg mL~! [67]
nanocarbon (enzyme- composite capture probe DNA conversion of 1- (via ALP (model system) buffer
electrode linked naphthyl enzyme)
hybridization) phosphate to 1-
naphthol
3D-printed pen DPV Direct type 3D-printed Antisense ssSDNA Physical adsorption Adenine oxidation = None SARS-CoV-2 RNA Synthetic in 15 nM [66]
graphene/PLA graphene/PLA capture probe via n—n stacking signal decrease (N gene) buffer
electrode between ssDNA and upon
graphene hybridization
pAUE array CV, EIS Direct type None Hairpin DNA probe Thiol-gold self- Signal-on Porphyrin Bladder cancer Synthetic in 250 fM [186]
(microfluidic tagged with free- assembly mechanism: (intrinsic tag) methylation buffer and
device) base porphyrin porphyrin markers (E- SurineTM
exposure upon Cadherin, DAPK, Negative Urine
hairpin opening RARS) Control
after
hybridization
pPAUE CA Sandwich type Paramagnetic Biotinylated ssDNA Streptavidin-biotin Enzyme-linked p- PCR-amplified Thermally 0.2 nM [189]
(microfluidic beads capture probe affinity on magnetic amplification: aminophenyl fragment of Cor a denaturated PCR
device) beads alkaline phosphate 1.04 gene (hazelnut  amplicons in
phosphatase (substrate for allergen) buffer
converts p- AP)
aminophenyl
phosphate to p-
aminophenol,
detected
electrochemically
Au-coated DPV Direct type None Phosphorothioated Covalent gold—sulfur MB intercalation MB BCR/ABL fusion Synthetic in ca. 5 fM [100]
electrospun oligonucleotides bonding via in DNA duplex gene (Chronic buffer
polymeric phosphorothioate Myeloid Leukemia)
fibers modification
AuE CA Sandwich type Fe304@Au MNPs Aminated DNA EDC/NHS coupling Enzymatic signal TMB HMGA gene (maize)  Synthetic in 90 pM [95]
capture probe amplification buffer
targeting HMGA (TMB by HRP)
gene
AuE CV, EIS Sandwich type PEI-stabilized Thiolated ssDNA Thiol-gold chemistry AgNPs oxidation AgNPs, Fe BMP3 gene Synthetic in 1M [61]
AgNPs capture probe for (CN)Z~7* methylation (CRC buffer
BMP3 methylation biomarker)
AuE CV, EIS Direct type Polythiophene Aminated DNA EDC/NHS coupling to  Charge transfer Fe(CN)z~/*+ Schistosoma mansoni  Cerebrospinal 0.451 pg pL ! [64]
Acetic Acid probe specific to the  carboxyl groups on resistance and DNA fluid, urine,
(PTAA) film target PTAA redox current plasma from
changes infected patients
AuE CV, SWvV Direct type None Thiolated ssDNA Thiol-gold chemistry Intrinsic None PCA3 RNA (prostate  Urine samples 1.6 and 2.2 ng [87]
probes (Probe 1 and oxidation/ cancer biomarker) (from patients mL~

depending on

(continued on next page)
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Table 1 (continued)

Supporting EC Assay type Nanomaterials Capture probe Anchoring/ Signal generation Redox system Target sequence Tested sample LOD REF
electrode detection used immobilization
technique strategy
Probe 2) targeting reduction of schedued for the capture
PCA3 RNA nucleobases biopsies) probe
AuE DPASV Direct type Zn-MOF/CMC/ Thiolated ssDNA Thiol-gold chemistry ~ Hybridization- Fe(CN)Z "%+ Haemophilus Spiked plasma 1.48 fM [59]
AuNPs specific to the - with MCH blocking induced current influenzae (L-
fuculokinase gene agent (SAM) drop fuculokinase gene)
AuE DPV Direct type Fe/Mn-MOF/ Thiolated ssDNA Thiol-gold chemistry ~ Hybridization- Fe(CN) /% Salmonella Spiked milk 0.07 pM [58]
MBCD/AuNPs/ capture probe for with MCH blocking induced current typhimurium (ViaB
MWCNTs the ViaB gene agent (SAM) drop gene)
AuE DPV Direct type NiCr-LDH/BC/ Thiolated ssDNA Thiol-gold chemistry Hybridization- Fe(CN) /% Haemophilus Spiked urine 6.14 fM [601
AuNPs capture probe for L- with MCH blocking induced current influenzae (L-
fuculokinase gene agent (SAM) drop fuculokinase gene)
AuE DPV, CV, Direct type; TizCoTx MXene @  Hairpin DNA Thiol-gold chemistry MB signal MB and Fc sul2 gene Synthetic in 2.04 fM [49]
EIS ratiometric AuNPs capture probe on TizC,oTx MXene @ decrease, Fc signal (antibiotic buffer and real
genosensor AuNPs with MCH increase upon resistance) tap water
hybridization
AuE DPV, EIS Direct type None Thiolated ssDNA Chemisorption on the EB intercalation & EB, Ru miR-184 (Late-Life Plasma samples 1078 M [56]
capture probe for Au surface guanosine (NHz)Z+/3+ Depression
miR-184 oxidation biomarker)
AuE DPV, EIS Direct type None Thiolated ssDNA Chemisorption on the  Ninhydrin Ninhydrin, Fe Candida auris Urine samples 4.5 pg mL~! [571
capture probe Au surface oxidation peak (CN)E/* genomic DNA
specific to the target
AuE EIS, CV Direct type Polypyrrole and Aminated MY09 Glutaraldehyde Charge transfer Fe(CN)Z /% HPV genotypes (6, Synthetic in 0.04 pguL~tfor  [54]
PAMAM-G5- degenerate DNA crosslinking on resistance 16, 18, 31, 33) buffer plasmid DNA;
AuNPs probe PAMAM dendrimer increase and peak 0.34 pg puL~* for
current decrease cDNA from
upon clinical samples
hybridization
AuE SWV, CV, Direct type AgNPs or AuNPs Thiolated DNA Thiol-gold chemistry Co(II)/Co(III) Cobalt Synthetic DNA Synthetic in 3.8 aM (AuNP); [63]
DPV and Co- capture probe redox current porphyrin (avian influenza buffer 5.0 aM (AgNP)
porphyrin- drop upon (CoP) redox H5N1 model)
labeled DNA hybridization
AuE SWV, CV, Direct type None (uses DNA DNA fishhook Hydrophobic Dual-signal MB, Fc SARS-CoV-2 RDRP Synthetic in 0.80 fM for T1 [190]
EIS nanostructures) scaffold composed interaction between electrocatalysis and N gene buffer (SARS-CoV-2
of Cpl and Cp2 cholesterol-modified reaction (DEER) fragments; miRNA- RDRP gene);
DNA and HT SAM using MB and Fc 21 and Met dimer 3.55 fM for T2
layer mediated by (SARS-CoV-2 N
potassium gene)
ferricyanide
AuE DPV Sandwich type GO, Au NPs DNA aptamer 77 stacking on Enzymatic Hydroquinone  Salmonella spp. Synthetic in 80 copies of the [191]
(microfluidic graphene oxide and amplification with buffer and real HF183 gene
device) Au-S bond HRP catalysis environmental
samples
AuE EIS Direct type None Thiolated ssDNA Au-S chemisorption Hybridization- Fe(CN)Z /% Hepatocellular Synthetic in 24.1 nM [192]
(microfluidic probe (specific to (thiol-gold SAM) with  induced carcinoma-specific buffer
device) TP53 ¢.747G > T mercaptohexanol impedance change ctDNA (TP53
mutation) blocking (label-free mutation)
detection)
AuE SWvV CRISPR-based None Reporter RNA Thiol-gold self- Decrease in Ferrocene SARS-CoV-2 RNA Real biological 50 aM [185]
(microfluidic collateral tagged with assembly ferrocene signal samples
device) cleavage (not ferrocene after Casl3a
direct or cleavage
sandwich)

(continued on next page)
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Table 1 (continued)

Supporting EC Assay type Nanomaterials Capture probe Anchoring/ Signal generation Redox system Target sequence Tested sample LOD REF
electrode detection used immobilization
technique strategy
Carbon paper CV, DPV, Direct type Au NPs Hairpin DNA strand ~ Thiol-gold chemistry Electron transfer Ru(NH3)Z 3+ miRNA-21 Synthetic in 0.06 fM [121]
EIS with triple with a thiol group via GOx buffer
signal (bioanode); Ru
amplification (NH3)2Jr reduction
(CHA, DNA (biocathode),
tetrahedra, amplified by
capacitor) capacitor
CPE DPV Direct type AuNPs and Pb-IIP  Thiolated ssDNA Thiol-gold chemistry Pb oxidation Pb>+ HIV-1 pol gene Synthetic in 0.3 fM [72]
capture probe for current oxidation buffer
HIV-1 pol gene suppression
FTO SWV, Direct type GO and AuNPs Single-stranded Physical adsorption Current change Fe(CN)Z /% miRNA-21 Synthetic in 0.112 zM [98]
DPV, EIS with CHI miRNA-21 capture onto CHI-GO-AuNPs upon (Colorectal Cancer) buffer
probe nanocomposite hybridization
FTO CV, DPV, Direct type S-doped rGO, Aminated ssDNA EDC/NHS coupling Hybridization- Fe(CN)3~/* SARS-CoV-2 RdRp Spiked saliva 0.2 fM [96]
EIS Den-PdNS, Ce- capture targeting on Ce-MOF induced current gene
MOF RdRp SARS-CoV-2 drop
FTO DPV, CV, Direct type Pd-Al layered Aminated ssDNA EDC/NHS coupling Redox current Fe(CN)3~/* Hepatitis B virus Synthetic in 1fM [971
EIS double hydroxide  capture probe for on Pd-Al LDH film change due to (HBV) DNA buffer
(LDH) HBV DNA hybridization
GCE DPV Direct type PCMOF ssDNA antisense n—7 stacking of ssSDNA  Release of MB MB Nocardia spp. DNA Synthetic in 0.54 aM [45]
oligonucleotide on PCMOF from PCMOF buffer and (synthetic
sputum samples target); 4-7
copies per mL
(real samples)
GCE DPV Direct type TizCyTx MXene ssDNA probe Covalent bonding to MB intercalation MB Mycobacterium Synthetic in 11.24 fM [41]
and polypyrrole targeting the PPY/MXene tuberculosis DNA buffer and
(PPy) 1S6110 sequence composite (I1S6110) sputum samples
GCE DPV, CV, Direct type Carbon quantum Aminated ssDNA EDC/NHS coupling CGA oxidation Chlorogenic miR-106b (gastric Synthetic in 0.39 fM [43]
EIS dots (CQDs) capture probe for current change acid (CGA) cancer biomarker) buffer and
miR-106b upon spiked serum
hybridization samples
GCE DPV, CV, Sandwich type Fe304,~Au@Ag Thiolated DNA Thiol-gold chemistry H,0, reduction H,0, CaMV35S gene Synthetic in 107 M [40]
EIS core-shell MNPs capture probe catalysis (GMO marker) buffer
GCE DPV, EIS Direct type Amino- Aminated ssDNA Glutaraldehyde Redox current Ferrocene (Fc) miR-200a (ovarian Synthetic in 0.29 fM [42]
functionalized capture probe crosslinking and change due to redox label cancer biomarker) buffer and
CuO complementary to n-stacking with Fc-GO  hybridization spiked serum
nanoparticles, miR-200a samples
MnO, nanorods,
ferrocene-
functionalized
graphene oxide
(Fc-GO)
GCE EIS Direct type TizCyTx MXene Biotinylated ssDNA Biotin-streptavidin/ Charge transfer Fe(CN)3~/# CBCVd RNA (hop Total RNA 5.5 fM [21]
capture probe for agarose interaction resistance upon viroid) samples from
CBCVd RNA hybridization hop plants
GCE EIS, CV Direct type Cu(OH),@N-C Aminated DNA Amine-Cu interaction Change in charge Fe(CN)Z /% SRY gene (fetal sex Plasma samples 0.16 fM [47]
nanoboxes capture probe transfer resistance determination)
targeting SRY
GCE LSV Direct type rGO-PDA-AuNP Biotinylated ssDNA  Biotin-avidin Current Fe(CN)Z /% Mycobacterium Synthetic in 107 M [44]
nanocomposite capture probe interaction on suppression due to tuberculosis DNA buffer
specific to the target ~ rGO-PDA-AuNP- hybridization

modified GCE
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Table 1 (continued)

Supporting EC Assay type Nanomaterials Capture probe Anchoring/ Signal generation Redox system Target sequence Tested sample LOD REF
electrode detection used immobilization
technique strategy
GCE SWv Direct type Au NPs Double-loop hairpin ~ Thiol-gold chemistry MB intercalation MB miRNA-221 Cancer cell 9.25 aM [162]
with triple electrodeposited DNA capture probe into HCR product lysates
cascade
amplification
(CHA-
DNAzyme-
HCR)
Glass IC, SERS Direct type SiNWs (inner), Cp DNA (miRNA), EDC/NHS coupling Tonic current MB miRNA-1246, PSA Synthetic in 1 aM for [101]
micropipette (dual- AuNPs (outer) Aptamer (protein) for DNA probe, thiol- change (miRNA), (protein); miRNA- buffer miRNA; 0.001
(dual functionalized gold chemistry for Raman intensity 106a, CD44 ng mL~? for
functionalized) micropipette aptamer change (protein) (protein) protein
sensor)
Gold-coated glass ~ SWV Direct type Au nanostars Aminated DNA Amine-gold affinity TB intercalation TB E. coli 0157:H7 Synthetic in 0.01 zM [94]
electrode (AuNSs) capture probe binding into dsDNA DNA (Z3276 gene) buffer
targeting the Z3276
gene
Graphite EIS, SWV Direct type rGO Aminated ssDNA EDC/NHS coupling Change in charge Fe(CN)3~/* Beef DNA Real mixture of 1 % w/w pork [152]
electrode probe (cattle- transfer resistance (adulteration with pork and beef content in beef
mitochondrial DNA and peak current pork)
specific) upon
hybridization
Interdigitated EIS Direct type None DNA probe specific EDC/NHS covalent Change in None (label- HPV16 ssDNA Synthetic in 10.5 pM [193]
gold electrodes for HPV16 coupling on chitosan/  capacitance/ free buffer
(microfluidic chondroitin sulfate impedance upon impedance)
device) LbL film hybridization
ITO CV, DPV Direct type Graphene ssDNA capture Glutaraldehyde Charge transfer Fe(CN)Z/* Mycobacterium Raw sputum 3.4 pM [117]
oxide—chitosan probe with an crosslinking to amine resistance change tuberculosis samples
(GO-CHI) amino linker groups on GO-CHI upon (IS6110) DNA
composite hybridization
m-GEC CA Sandwich type Magnetic GAPDH-specific Biotin-streptavidin HRP-catalyzed HQ GAPDH transcripts Serum samples 415 exosomes [91]
(double- particles primers with biotin interaction on H,0,/HQ redox in breast cancer per pL (CD81
tagging PCR and digoxigenin magnetic particles exosomes IMS); 1225
with biotin/ tags exosomes per pL
digoxigenin (CD326 IMS)
labeling)
Paper-based cv Direct type AgNPs ssDNA capture Drop-casting onto MB intercalation MB Zika virus target Synthetic in 0.1 pM [68]
graphene probe targeting AgNP-modified paper DNA buffer
electrode ZIKV target DNA
PGE CV, DPV, Direct type RGO - AuNPs Thiolated single- Thiol-gold chemistry Rct increase and Fe(CN)Z /% VHSV RNA (fish Real biological 125 pM [69]
EIS composite stranded DNA on Au/RGO-modified change in current virus) samples: extracts
capture probe PGE upon from fish
targeting the VHSV hybridization
glycoprotein gene
PGE DPV Direct type CNTs Inosine-substituted EDC/NHS coupling to  Guanine oxidation =~ None CRISPR-Cas9- Synthetic in 213.7 nM [70]
ssDNA capture CNTs signal (yes/no induced mutations buffer
probe detection) (CIZ1 gene)
Polycrystalline DPV Direct type None Hairpin DNA Thiol-gold chemistry MB redox signal MB TP53 gene mutation  Synthetic in 10 nM [51]
AuE capture probe with with MCH blocking change upon (SNP) buffer and
MB label agent (SAM) hybridization simulated real
samples
Printed planar SWv Direct type None Thiol-modified DNA  Self-assembled Redox current MB vanB gene Synthetic in <50 nM [194]
AuE on PET foil probe monolayer via Au-S from methylene (vancomycin buffer (synthetic
bond and resistance marker) target);
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Table 1 (continued)

Supporting EC Assay type Nanomaterials Capture probe Anchoring/ Signal generation Redox system Target sequence Tested sample LOD REF
electrode detection used immobilization
technique strategy
(microfluidic complementary to mercaptohexanol blue tag on PCR qualitative
device) vanB gene backfilling amplicons detection of
asymmetric
PCR products
SPAuUE CA Sandwich type Magnetic beads Biotinylated DNA Biotin-streptavidin Enzymatic TMB + H20, Hepatitis E Virus Synthetic in 1.2 pM [83]
(streptavidin- capture probe interaction on reduction of TMB (HEV) genotype 3 buffer
coated) complementary to magnetic beads by HRP, measured
HEV genotype 3 electrochemically
SPAuUE CA Sandwich type None Thiolated DNA Thiol-gold chemistry Enzymatic TMB CYP2C9*2 SNP Synthetic in 13.03 pM (DNA- [160]
capture probe and with MCH blocking amplification via buffer Target G), 22.58
FITC-labeled agent (SAM) anti-FITC-POD pM (DNA-
signaling probe Target A)
SPAUE CA Sandwich type Magnetic Thiolated capture Thiol-maleimide HRP-catalyzed TMB SARS-CoV-2 RNA Synthetic in 0.6 pM [82]
particles probe and chemistry TMB reduction buffer and RNA
(maleimide- biotinylated extracted from
coated) signaling probes SARS-CoV-2 cell
culture
SPAUE CA Sandwich type None Thiolated capture Thiol-gold chemistry HRP-catalyzed TMB + H30, BDNF Val66Met Synthetic in Not explicitly [126]
probe and FITC- with MCH blocking TMB oxidation SNP (rs6265) buffer stated
labeled signal probe  agent (SAM)
SPAUE CA Sandwich type None Thiolated DNA Thiol-gold chemistry HRP-catalyzed TMB + H20» Alexandrium Synthetic in 24.78 pM [157]
capture probe with MCH blocking TMB/H,0, redox minutum DNA (toxic buffer
specific to the target  agent (SAM) reaction algae)
SPAUE CA Sandwich type None Thiolated DNA Thiol-gold chemistry HRP-catalyzed TMB + H,0, CYP2C9*3 SNP Synthetic in 42 and 87 pM [81]
capture probe with MCH blocking TMB/H,0, redox (pharmacogenetics) buffer
specific to the target ~ agent (SAM) reaction
SPAuUE CA Sandwich type None Thiolated DNA Thiol-gold chemistry HRP-catalyzed TMB + H,0, Erica arborea DNA Real plant 30 pM [50]1
capture probe with MCH blocking TMB/H,0, redox (honey samples
specific to the target ~ agent (SAM) reaction authentication)
SPAuUE CA Sandwich type None Thiolated capture Thiol-gold chemistry HRP-catalyzed TMB PCA3 IncRNA and Real urine 4.4 pM (PCA3); [89]
DNA probes for with p- TMB oxidation PSA mRNA samples from 1.5 pM (PSA)
PCA3 and PSA aminothiophenol (prostate cancer) biopsy positive
(SAM) patients
SPAUE CA Sandwich type None Thiolated capture Thiol-gold chemistry HRP-catalyzed TMB CCAT1 IncRNA Spiked plasma 990 fM [88]
DNA probes for with p- TMB oxidation (colorectal cancer) (CCAT1); 1830
CCAT1 and GAPDH aminothiophenol fM (GAPDH)
(SAM)
SPAUE Ccv Direct type None Thiolated ssDNA SAM using 11-mer- Doxorubicin Fe(CN)Z /% K-ras gene mutation  Synthetic in 7.96 fM [85]
capture probe captoundecanoic acid intercalation (k12p.1) buffer
specific to the target ~ (MUA) signal suppression
SPAUE Ccv Direct type None Thiolated ssDNA SAM using 11-mer- Doxorubicin Fe(CN)Z /% p53 gene mutation Synthetic in 175 aM [84]
capture probe captoundecanoic acid intercalation (175p2) buffer
specific to the target ~ (MUA) signal suppression
SPAUE CV, DPV Direct type None Thiolated ssDNA SAM using 11-mer- Dox intercalation Fe(CN)Z /% BAT-26 Synthetic in 71.74 aM [86]
capture probe captoundecanoic acid signal suppression microsatellite buffer
(MUA) instability marker
SPAuUE DPV Sandwich type None Thiolated DNA Thiol-gold chemistry Enzymatic 1-naphthol Klotho gene (kidney  Synthetic in 0.5 nM [90]
capture probe conversion of (via ALP disease) buffer
specific to Klotho naphthyl enzyme)
mRNA phosphate to
naphthol
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Table 1 (continued)

Supporting EC Assay type Nanomaterials Capture probe Anchoring/ Signal generation Redox system Target sequence Tested sample LOD REF

electrode detection used immobilization

technique strategy

SPAUE EIS, DPV Direct type CeO, NPs and ssDNA capture Physical adsorption Redox signal Ru(bpy)3 ™3+ p53 tumor Synthetic in 1.3 fM [138]

rGO and PANI probe via CeO decrease upon suppressor gene buffer
electrostatics and - hybridization (DNA)
stacking
SPAUE EIS, DPV, Direct type None (focus on ssDNA capture Thiol-gold chemistry Change in charge Fe(CN)Z /% Campylobacter jejuni  Synthetic in 200 nM [17]
cv BSA treatment) probe transfer resistance DNA buffer (threshold

and peak current concentration
upon for detectable
hybridization signal shift)

SPAuUE SWv Direct type; AgNPs MB-tagged peptide Thiol-gold chemistry Dual-signal: MB MB and AgNPs  Mycobacterium Simulated 1.59 fM (non- [92]
ratiometric nucleic acid (PNA) with MCH blocking and AgNPs tuberculosis (MTB) sputum with amplified MTB
genosensor capture probe agent (SAM) genomic DNA isolated MTB genomic DNA)

SPAUE SwWv Collateral None PolyU reporter Thiol-gold self- Decrease in MB MB SARS-CoV-2 RNA Synthetic in 10.0 aM [195]

(microfluidic cleavage-based tagged with assembly on electrode  redox current buffer and

device) CRISPR sensor methylene blue surface upon Cas13a nasopharyngeal
(not direct/ (MB) collateral cleavage swab samples
sandwich)

SPCE CA Sandwich Magnetic beads Padlock probe and Streptavidin-biotin H,0, generation PB Ebola virus RNA Synthetic in 1 pM (synthetic [771
(RCA-based) biotinylated capture  interaction from GOx + (clinical samples) buffer target); clinical

oligonucleotide accompanied by RCA glucose oxidation detection
on magnetic beads demonstrated
SPCE CA Sandwich type None Biotinylated DNA Streptavidin-biotin HRP-TMB TMB ipaH gene (Shigella Synthetic in 4 nM [163]
capture probe interaction enzymatic spp. & EIEC) buffer
targeting the ipaH reaction (current
gene signal)
SPCE CV, LSV Direct type Chitosan-butein Aminated DNA Mix&Go bioaffinity Redox current Intrinsic redox ~ Exosomal CD24 Synthetic in 2.24 pM [79]
conjugate (CSB) aptamer for layer drop-casted on quenching upon of CSB was (ovarian cancer buffer
exosomal CD24 CSB-modified hybridization used biomarker)
electrode
SPCE DPV Sandwich Magnetic beads, Biotinylated Biotin-avidin Redox dye release MB, AO HPV-16 and HPV- Synthetic in 22 fM for HPV- [136]
silica capture probe and interaction on (MB/AO) from 18 DNA (oral & buffer and 16; 20 fM for
nanoparticles redox-dye-labeled magnetic beads silica cervical) clinical (oraland ~ HPV-18
with MB (HPV- signal probe nanoparticles cervical)
16) and AO (HPV- samples
18)
SPCE DPV, CV Direct type Silica Aminated ssDNA Glutaraldehyde AQMS AQMS redox CaMV35S gene Synthetic in 2.37 fM [75]
nanospheres - capture probe for crosslinking intercalation into indicator (GMO soybean buffer and
AuNPs composite CaMV35S gene dsDNA marker) extracted from
soybean and soy
food samples
SPCE DPV, CV, Direct type None (uses DNA Human telomeric G-  Diazonium coupling MB redox current Methylene SARS-CoV-2 RNA Synthetic in 0.59 zM [127]
EIS nanostructures) quadruplex DNA and EDC/NHS enhanced by RNA-  blue (MB) buffer and upper  (synthetic
with RNA loop coupling on SPCE induced unfolding respiratory RNA); 1.4
specimens copies
confirmed (plasmid)
positive for
SARS-CoV-2
SPCE EIS (non- Direct type Graphene Acid Aminated ssDNA EDC/NHS coupling to  Admittance and None Pork mitochondrial Synthetic in 9 % w/w pork [80]
Faradaic) capture probe graphene acid impedance change DNA (meat buffer, pure beef  content in beef
(pork- carboxyl groups upon adulteration) and pork meat
mitochondrial DNA hybridization extracts,

specific)

mixtures of beef
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Table 1 (continued)

Supporting EC Assay type Nanomaterials Capture probe Anchoring/ Signal generation Redox system Target sequence Tested sample LOD REF
electrode detection used immobilization
technique strategy
and pork
extracts
SPCE SWvV Sandwich Magnetic beads Biotinylated Biotin-streptavidin Enzymatic HQ E. coli 16 S rRNA Synthetic in 0.67 pM [78]
(RCA-based) (streptavidin- oligonucleotide interaction on reaction of HRP gene buffer and DNA (synthetic
coated) specific to the target ~ magnetic particles with H,O, and extracts from DNA); 3 x 10°
HQ, detected via cultured E.coli CFU in 10 pL
SWV (bacterial
sample)
SPCE (double DPV Direct type None DNA capture probe Electrochemical MB intercalation MB HPV-16 DNA Synthetic in 0.23 copies per [48]
electrode targeting HPV-16 immobilization on into dsDNA and (cervical cancer) buffer and 40 pL
system) E6/E7 oncogene SPE via oxidation cervical tissue
chronoamperometry samples
SPCE ASWV Direct type AuNPs (formed acpcPNA Physical adsorption Gold metallization =~ Gold ions HBV DNA Synthetic in 7.23 pM [196]
(microfluidic during (pyrrolidinyl on nitrocellulose on DNA backbone (Au®h) buffer and real
device) metallization) peptide nucleic (hydrophobic followed by serum samples
acid) interactions) stripping
voltammetry
SPCE DPV Sandwich-type Magnetic beads Biotinylated DNA Streptavidin-biotin Enzymatic a-naphthol Sulfonamide Synthetic in 44.2 pmol L! [197]
(microfluidic (streptavidin- probe interaction on conversion of (generated resistance genes buffer (sull), 48.5
device) coated) complementary to magnetic beads a-naphthyl electroactive (sull, sul4) pmol L' (sul4)
sull/sul4 phosphate to species)
a-naphthol by
AlkP
SPE cv Direct type GO ssDNA capture EDC/NHS coupling Current Fe(CN)3~/# Group B Synthetic in 10712 M [52]
probe targeting the suppression upon Streptococcus (GBS) buffer
clb gene hybridization clb gene (Neonatal
Sepsis marker)
SPE SWv Direct type None MB-tagged DNA No immobilization on ~ MB release via MB miR-200a-5p Synthetic in 26 fM [177]
capture probe the electrode; DSN cleavage buffer and
specific to anti-miR-  detection in solution spiked serum
2001-5p via enzymatic samples
cleavage
SPE SWV, EIS,  Sandwich and MrGO DNA capture probe EDC/NHS coupling HRP catalysis or TBO miRNA-183-5p Synthetic in 0.86 aM [76]
CV direct (dual complementary to TBO intercalation (intercalator) (prostate cancer buffer and (intercalator
mode) miRNA-183-5p signal or HyO,/HQ biomarker) spiked serum method); 3.73
amplification (HRP) and urine aM (HRP
samples method)
SPE SWV, EIS,  Sandwich type Au-decorated DNA capture probe EDC/NHS coupling HRP-catalyzed H,0,/HQ SARS-CoV-2 N-gene  Spiked serum, 0.19 fM [73]
CV magnetic rGO complementary to H,0,/HQ redox (HRP) RNA/DNA urine, and saliva (serum); 0.33
(AMrGO) the SARS-CoV-2 N- reaction samples fM (urine); 0.37
gene fM (saliva)
SPE (microfluidic =~ DPV Direct type MWCNTs, Fe304,  ssDNA aptamer EDC/NHS covalent Catalytic redox Ru(NH3)Z "3+ H5N1 influenza Spiked serum 0.16 fM [198]
device) MOF specific to H5N1 coupling on recycling of Ru virus DNA
DNA carboxylated (NH3)2" mediated
MWCNT- by Fe;0,@TMU-
Fe;0,@TMU-8 8/MWCNT
composite composite
SPE/graphene cv Direct type Graphene LAMP amplicons Drop-cast the LAMP Hoechst redox Hoechst Mycobacterium Synthetic in 1 pg DNA or 40 [93]
(based on DNA targeting the product and redox current quenched 33258 tuberculosis DNA buffer and 104 genome
amplification 1S6110 gene of MTB  probe onto the SPE/ by DNA binding sputum samples equivalents
and redox graphene
probe
interaction)
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Table 1 (continued)

Target sequence Tested sample LOD REF

Redox system

Signal generation

Capture probe Anchoring/

Nanomaterials

EC Assay type
used

Supporting
electrode

immobilization

strategy

detection

technique

[184]

HIV: 1.45 nM;
HCV: 1.20 nM

Electrostatic Ru(NH3)Z*/3*  HIV-1 and HCV Real biological
sample: serum

interaction

Chitosan coating +
glutaraldehyde

acpcPNA probe

CA Direct type None

SPE/graphene

cDNA (coinfection

detection)

(specific for HIV-1
and HCV DNA)

(microfluidic

device)

derived cDNA

between Ru(IIl)

crosslinking for PNA

immobilization

complex and PNA-

DNA duplex

(current increase

upon

hybridization)

[99]

818 fM for

Spiked plasma
samples

KRAS p.G12D SNV
(liquid biopsy)

HQ

ALP-catalyzed
conversion of

EDC/NHS coupling

Peptide nucleic acid
(PNA) capture

probes

Magnetic

Sandwich type

DPV

SPE/SWCNTs

KRAS p.G12D;
1.98 pM for

on magnetic beads

microbeads

HQDP to HQ

KRAS wild-type

26
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genosensors often generate rich datasets that are laborious to interpret
using conventional analytical methods, Al and machine learning ap-
proaches are expected to play an important role in facilitating data
processing and interpretation, at least. Interestingly, the bond between
Al and electrochemistry has been already established. Recent reports
highlight the use of machine learning in voltammetric mechanistic
studies [203] and in the quantitative analysis of voltammetric reduction
processes of model compounds for thermodynamic and kinetic in-
vestigations [204]. AI has also been employed for the prediction of
voltammetric responses and in-depth analysis of model reactions [205].
Furthermore, the application of Al to the interpretation of EIS datasets
has recently gained attention, particularly given the successful deploy-
ment of these techniques in chromatography, Raman spectroscopy, IR
spectroscopy, and XRD [206]. Overall, these examples illustrate the
strong susceptibility of the analytical community to Al-based in-
novations. At present, however, many of these research efforts remain at
the stage of conceptualization rather than full realization. It is therefore
expected that more focused and application-driven studies integrating
Al within the framework of electrochemical genosensing will emerge in
the coming years, with the potential for unprecedented impact, analo-
gous to developments already seen in other analytical fields such as
chromatography and spectroscopy.

9. Challenges and future prospects

Regardless of the impressive progress that electrochemical geno-
sensing has achieved, several important challenges still prevent its full
transformation from laboratory and proof-of-concept studies into
commercialization and routine use in real-life settings. One of the most
persistent concerns is the need to preserve both sensitivity and speci-
ficity when operating in real, complex biological samples. Notably,
validation is mostly restricted to synthetic or spiked samples, while
systematic studies in relevant real matrices remain scarce. Biological
fluids such as blood, saliva, or urine, as well as food and environmental
extracts, contain various interfering species that can mask or mimic the
signal corresponding to the target sequence. For instance, single-
nucleotide polymorphism discrimination has been reported, but reli-
ably detecting such discrete deviations in highly heterogeneous matrices
remains a difficult task. This applies particularly to clinical diagnostics,
where false positives or false negatives can cause serious practical
consequences. Another persistent challenge lies in reproducibility and
standardization; many genosensing platforms are based on sophisticated
electrode modifications, nanomaterials, nanostructured composite
coatings, and multi-step capture probe anchoring/immobilization stra-
tegies. These procedures frequently vary between laboratories and can
produce significant differences in electroanalytical performance. The
absence of universal protocols makes it difficult to compare results
across studies and complicates the path toward regulatory endorsement.
For instance, under the European regulatory framework, electro-
chemical genosensors intended for medical use are classified as in vitro
diagnostic medical devices (IVDs) and therefore fall under Regulation
(EU) 2017/746 (IVDR) [207]. The IVDR introduces very strict re-
quirements for market access, shifting the focus from analytical
feasibility, toward demonstrated clinical value and long-term
reliability. However, critical practical aspects of electrochemical gen-
osensors such as long-term stability, shelf life, and performance under
dynamic conditions, i.e., field, hospital, bedside, are rarely addressed in
academia, despite their importance. The long-term stability of func-
tionalized electrodes and biological recognition elements poses clear
limitations; DNA/RNA probes, enzymes, or even nanomaterials may
degrade during storage or transportation, reducing the shelf life of de-
vices that are intended for point-of-care or field applications.
Manufacturing scalability presents an additional barrier. For instance,
screen-printed electrodes indeed offer highly desired cost efficiency, but
their integration into robust, engaging analytical platforms is still
challenging. Looking to the future, however, the field of electrochemical
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genosensing is ripe with opportunities. Emerging supporting electrodes,
including 3D-printed nanocarbon electrodes, SPEs, and transparent
conductive substrates such as ITO and FTO glass, demonstrate promising
directions by offering enhanced adaptability, integration with nano-
materials, portability, and cost-effective fabrication routes. Advances in
nanomaterials and surface engineering are expected to further enhance
both the sensitivity and selectivity of genosensors. Graphene-based
compounds, metal-organic frameworks, MXenes, and hybrid nano-
composites provide tunable surface properties that can improve probe
immobilization, may reduce nonspecific binding, and allow for multi-
plexed detection within a single device. Parallel to this, the integration
of electrochemical sensing with microfluidics and lab-on-a-chip tech-
nologies offers the promise of automated, miniaturized platforms
capable of handling sample preparation, detection, and analysis in a
portable manner. Equally exciting is the prospect of coupling geno-
sensors with emerging nucleic acid technologies, as mentioned above; it
needs to be noted, however, that the integration of RCA, CDH, CRISP-
R-Cas systems, or isothermal amplification methods with electro-
chemical genosensors still faces the challenge of balancing high
sensitivity and selectivity with operational simplicity and device prac-
tical applicability.

Finally, to summarize this review, while challenges relating to
reproducibility, stability, scalability, and clinical validation remain
significant, the pace of innovation is steady, arguably accelerating. The
integration of novel materials and cutting-edge nucleic acid technolo-
gies points toward a future in which genosensors could become valuable
tools mainly across medicine, food safety, and environmental moni-
toring. Of course, realizing this potential will require close(r) collabo-
ration between (electro)chemistry, molecular biology, computational
sciences, and engineering. The trajectory of progress suggests that
electrochemical genosensing is perhaps maturing from a laboratory
setup into a practical, real-life technology.
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List of abbreviations (by order of appearance)

PCR polymerase chain reaction
RT-PCR reverse transcription PCR

gPCR quantitative PCR

LAMP  loop-mediated isothermal amplification
FISH fluorescence in situ hybridization

DNA deoxyribonucleic acid

RNA ribonucleic acid

ss-DNA  single-stranded DNA
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MB methylene blue

ALP alkaline phosphatase
HRP horseradish peroxidase
POD peroxidase

G6PDH  glucose-6-phosphate dehydrogenase
miRNA  micro RNA

ALL acute lymphocytic leukemia
GMOs  genetically modified organisms
LOD limit of detection

GCE glassy carbon electrode

CE carbon electrodes

AuE gold electrodes

pAuE gold microelectrodes

PGE pencil graphite electrodes

CPE carbon paste electrodes

SPCE screen-printed carbon electrodes
SPAUE  screen-printed gold electrodes
FTO fluorine-doped tin oxide

SPE screen-printed electrode

FDM fused deposition modeling
PLA polylactic acid

LSV linear sweep voltammetry

PDMS  polydimethylsiloxane

DPV differential pulse voltammetry

EIS electrochemical impedance spectroscopy

SWv square-wave voltammetry

CNT carbon nanotube

CRISPR clustered regularly interspaced short palindromic repeats

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
NHS N-hydroxysuccinimide

GO graphene oxide

rGO reduced graphene oxide

BHB 3-hydroxybutyric acid

m-GEC  magneto-actuated graphite-epoxy composite electrodes
DIG digoxigenin

HIV human immunodeficiency virus

RT reverse transcriptase

PR protease

IN integrase

TCEP tris(2-carboxyethyl)phosphine

ITO indium tin oxide

GA glutaraldehyde

BSA bovine serum albumin

S-rGO  sulfur-doped reduced graphene oxide

Den-PdNS dendritic palladium nanostructures

Ce-MOF cerium-based metal-organic framework

Pd-Al LDH palladium-aluminum layered double hydroxide
MCH 6-mercapto-1-hexanol

PMMA  Poly(methyl methacrylate)
PET Polyethylene terephthalate
AgNP silver nanoparticle

t-DNA  target DNA

SALP streptavidin-alkaline phosphatase

SPGE screen-printed graphene electrode
Ccv cyclic voltammetry

SAM self-assembled monolayer

AuNP gold nanoparticle

PAMAM poly(amidoamine)

HPV human papilloma virus

FTIR Fourier-transform infrared spectroscopy
CMC carboxymethylcellulose

PDA polydopamine

MTB Mycobacterium tuberculosis

HEV Hepatitis E virus

RCA rolling circle amplification

GOx glucose oxidase
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PoC
PNA
KRAS
CSB
PCMOF
Fc-GO
CBCVd
Ret
NLSF
Rs

Qu

Zw
VHSV
RR
ZcpE
Ycpe
PBS
HMGA
TMB
HQ

CA
MMB
FITC
Pb-IIP
ZIKV
MOF
TB
CDH
CHA
HCR
MrGO
AuNSs
AO

EB
SEM
TEM
FESEM
EDX
DMF
MWCNTs
SWCNTs
CQDs
LDH
EC
PDMS
MEMS
IVDs

point-of-care
peptide nucleic acid
Kirsten rat sarcoma viral oncogene homolog
chitosan-butein
porous carbon metal-organic framework
ferrocene-functionalized graphene oxide
Citrus bark cracking viroid
charge transfer resistance
nonlinear least squares fitting
solution resistance
constant phase element; notably, the constant phase element
can also be abbreviated as CPE, which was already assigned to
carbon paste electrode in this manuscript
Warburg element
viral hemorrhagic septicemia virus
relative response
CPE (Qq)) impedance
CPE (Qq)) admittance
phosphate-buffered saline
high-mobility group protein
3,3,5,5-tetramethylbenzidine
hydroquinone
chronoamperometry
modified magnetic beads
fluorescein isothiocyanate
lead ion-imprinted polymer
Zika virus
metla-organic framework
toluidine blue
triple cascade amplification system
catalytic hairpin assembly
hybridization chain reaction
magnetic reduced graphene oxide
gold nanostars
acridine orange
ethidium bromide
scanning electron microscopy
transmission electron microscopy
field-emission scanning electron microscopy
energy-dispersive X-ray spectroscopy
dimethylformamide

multi-walled carbon nanotubes
single-walled carbon nanotubes
carbon quantum dots
layered double hydroxides
electrochemical (abbreviation used only in Table 1)
polydimethylsiloxane
microelectromechanical systems
in vitro diagnostic medical devices

Data availability

Data will be made available on request.
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