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A B S T R A C T

Electrochemical genosensors have emerged as a powerful tool for the early diagnosis of pathogens, offering 
advantages such as high sensitivity, rapid response times, low cost, and easy adaptability for point-of-care ap
plications. This review highlights recent advancements in CRISPR-Cas-integrated electrochemical systems, novel 
nanomaterial architectures, and label-free detection mechanisms. Key innovations include anisotropic gold 
nanostructures, MXene composites with exceptional conductivity, and poly(ortho-aminophenol) films, which 
enable attomolar detection limits for pathogens such as bacteria and parasites. We evaluate DNA hybridization- 
based approaches, emphasizing innovations in signal amplification strategies such as saltatory rolling circle 
amplification and self-assembled monolayers, which address specificity challenges in complex matrices. Addi
tionally, we highlight the integration of electrochemical genosensors with microfluidic platforms, including 
automated sample-to-answer workflows and multiplexed detection architectures, which address traditional 
laboratory bottlenecks. By cataloging advancements in material science, bioreceptor design, and microfluidic 
automation, this work provides a comprehensive yet focused resource for researchers advancing the frontiers of 
rapid, portable pathogen diagnostics. Furthermore, we explore the commercial potential of these technologies, 
providing insights that could guide the development of highly sensitive, field-deployable biosensors for clinical 
and environmental applications.
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1. Introduction

The latest global health crisis, COVID-19, has once again substanti
ated the reality that infectious diseases continue to pose a primary 
challenge in healthcare systems worldwide in spite of significant prog
ress in the medical sciences. Approximately 15 % of global mortality is 
believed to result from infectious diseases [1]. Pathogens of viruses, 
bacteria, fungi, and protozoa are major causes of widespread diseases, 
and among these, viruses and bacteria are the most prevalent. The 
development of sensitive, rapid, and field-applicable techniques for 
detecting these pathogens is crucial to prompt diagnosis and treatment 
of infectious diseases to prevent their spread and global impact on 
human health [2].

Innovative methods have emerged through discoveries such as new 
biomarkers, utilization of new technologies such as nanotechnology, 
and advances in microfluidic-based miniaturization, allowing for the 
development of portable, accurate, rapid, and cost-effective point-of- 
care (POC) detection platforms. Molecular diagnostics employing DNA 
and RNA biomarkers represent the forefront of detection mechanisms 
for infectious diseases. Despite the considerable sensitivities offered by 
conventional techniques relying on antibodies, such as enzyme-linked 
immunosorbent assay and polymerase chain reaction (PCR), they suf
fer from drawbacks including being time-consuming, labor-intensive, 
and reliant on relatively expensive equipment. Additionally, their 
applicability is constrained to laboratory settings due to the necessity for 
sample pre-treatment [2].

Biosensors, particularly electrochemical genosensors, have gained 
prominence as diagnostic tools due to their rapidity, specificity, and 
adaptability. Over the past 50 years, they have revolutionized health
care by enabling early diseases detection. Their efficacy in clinical care, 
coupled with attributes such as rapidity, specificity, and responsiveness, 
is deemed crucial for enabling early diagnosis and treatment [3]. The 
integration of transducers into biomaterials has facilitated the creation 
of interfaces capable of generating signals, appropriately referred to as 
biosensors. Biosensors may be categorized according to the structure of 
the transducer, labeling, and general configuration, tailored to specific 
functionalities and affinities. The recognition of analytes frequently in
duces a change in the three-dimensional structure, which is then 
transduced into a signal [4]. Biosensors are broadly classified based on 
their signal transduction mechanisms, including optical (emission, ab
sorption, surface plasmon resonance), piezoelectric (mass-sensitive 
quartz crystal microbalance), thermal, and electrochemical biosensors 
[5]. While optical biosensors offer high sensitivity, they often require 
complex instrumentation and are less portable. Piezoelectric and ther
mal biosensors, though label-free, suffer from limited multiplexing ca
pabilities and slower response times. While, electrochemical biosensors 
have gained significant attention due to their high sensitivity, 
cost-effectiveness, and rapid response times [6].

Electrochemical biosensors, particularly electrochemical geno
sensors, offer distinct advantages, including low power consumption, 
compatibility with microfluidic platforms, and real-time signal trans
duction. These genosensors operate by detecting nucleic acid (NA) hy
bridization events via electrochemical readout, eliminating the need for 
bulky optical detection systems. At their core, electrochemical geno
sensors consist of a biological sensing system and an electrochemical 
transducer with a primary focus on detecting present or prospective 
alterations associated with interactions that occur at the sensor/sample 
interface [7]. Regarding the electrochemical genosensors, a funda
mental analytical factor in determining DNA hybridization that should 
be given paramount significance is the electrochemical response alter
ation in the target DNA (tDNA) absence and presence. Enhancing 
sensitivity and lowering the limit of detection (LOD) pose the primary 
hurdles in the advancement of electrochemical biosensors to detect 
minute amounts of analyte in real samples. To overcome these problems, 
nanomaterials, due to their unique physicochemical properties, are 
regarded as next-generation electrochemical biosensors. Different 

nanomaterials are used in electrochemical biosensors fabrication, 
including metallic nanostructures of gold [8], palladium [9] and silver 
[10], metal oxide nanostructures [11], semiconductors [12] and carbon 
allotropes [13], which are the most stable nanoparticles (NPs) with high 
potential in the fields of biosensing and diagnostics because of their 
exceptional optical, chemical, and electrical properties.

The extensively miniaturized microfluidic technology enables the 
integration of intricate NA detection procedures on a single chip [14,
15], which simplifies the procedures and contributes to the establish
ment of automated and effective diagnostic systems [16–19]. The inte
gration of microfluidics with NA hybridization detection can also 
enhance the sensitivity of the assay, rendering it a potent instrument for 
clinical microbiology examinations and amplified signal generation for 
analysis of minimal amounts of DNA and RNA [20–23]. Integration of 
electrochemical genosensors with analytical microfluidic devices as a 
single miniaturized platform is a promising approach that has already 
been explored in both research and certain commercial biomedical 
products [24]. The combination of these two platforms offers benefits in 
contrast to conventional electrochemical sensing systems, such as ac
curate manipulation of small sample quantities, disposability, need for a 
reduced number of samples, cost efficiency, and rapid analysis. The 
capability to operate with a small sample size enables improved detec
tion sensitivity while reducing operator exposure to harmful pathogens 
[25,26]. Most importantly, this integration also introduces the multi
plexing mode, such as the concurrent detection of various target species 
within a singular sample, thereby addressing traditional laboratory 
bottlenecks through automated workflows [2].

In this review, we provide a comprehensive analysis of recent ad
vancements in electrochemical genosensors for pathogen detection 
(Scheme 1). We begin by discussing various electrochemical genosens
ing approaches, highlighting DNA hybridization-based techniques, 
signal amplification strategies, and the role of self-assembled mono
layers. Next, we explore the integration of nanomaterials, including 
metallic nanostructures and conducting polymers, in enhancing the 
sensitivity and selectivity of genosensors. We then examine the 
emerging role of CRISPR-powered electrochemical genosensors and 
their impact on attomolar-level detection. Further, we discuss the inte
gration of NA amplification techniques, such as loop-mediated 
isothermal amplification, with electrochemical detection to improve 
diagnostic accuracy. We also cover applications of electrochemical 
genosensors for bacterial, viral, fungal, and parasitic pathogen detec
tion, providing examples of recent innovations. Finally, we highlight the 
convergence of electrochemical genosensors with microfluidics for 
automated, high-throughput detection and discuss commercialization 
prospects, addressing challenges and future directions in the field. By 
structuring this review in a focused manner, we aim to provide a valu
able resource for researchers developing next-generation pathogen 
detection technologies.

2. Electrochemical genosensing approaches

NA-based biosensors rely on sequence-specific base pairing between 
probe DNA (pDNA) and tDNA. For example, DNA microarrays enable 
semi-quantitative and multiplexed gene expression analysis in a single 
assay [27]. Typically, these biosensors employ a single-stranded DNA 
(ssDNA; pDNA) immobilized on a transducer surface. When this pDNA 
recognizes and hybridizes with its tDNA or complementary (target) 
RNA, electrochemical techniques facilitate signal transduction, while 
variations exist on the fundamentals of pDNA/tDNA interactions. One 
approach utilizes peptide nucleic acid (PNA) probes (pPNAs), where the 
negatively charged DNA sugar-phosphate backbone is substituted with a 
neutral pseudopeptide chain. pPNAs exhibit enhanced binding affinities 
(compared to their ssDNA counterparts) for tDNA, and the decreased 
charge on these pPNAs offers advantages for certain electroanalytical 
methods. Another variation is the sandwich assay, wherein an immo
bilized probe binds to one region of an analyte, while a labeled probe 
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binds to a different region. A third variation, termed ‘‘molecular bea
con’’, involves probe sequences that self-bind to form stem-and-loop or 
hairpin structures. tDNAs compete for binding with these structures, 
inducing a conformational change in the probe and enabling highly 
sensitive detection of low tDNA quantities. The most effective NA bio
sensors can discern between tDNA and one with a single base mis
matched DNA (missDNA), a level of specificity necessary for identifying 
single nucleotide polymorphisms. There is significant interest in 
employing single nucleotide polymorphism detection to identify pa
tients with genetic disorders. Having explored the fundamental elec
trochemical genosensing approaches, it is essential to consider how the 
immobilization of NAs on sensor surfaces plays a crucial role in 
enhancing detection performance. In the following section, we examine 
the role of self-assembled monolayers (SAMs) in optimizing hybridiza
tion efficiency and signal transduction.

3. NA self-assembled monolayers (SAMs)

Immobilized pDNA orientation on electrode surfaces critically in
fluences electrochemical performance and hybridization efficiency. 
While ssDNA with a persistence length of ~1 nm is highly flexible and 
demonstrates a temperature-dependent behavior, double-stranded DNA 
(dsDNA) is more resilient, exhibits a rod-like shape, and is characterized 
by a persistence length of up to 50 nm. Beyond DNA and RNA, various 
other NA structures such as PNAs hold an appeal for the advancement of 
biosensors. Most current NA detection approaches rely on the hybridi
zation process between pDNA and tDNA, and (unless hybridization oc
curs in a solution) its effectiveness is heavily reliant on the accessibility 
of pDNA for hybridization and, consequently, on the pDNA immobili
zation technique employed. The most straightforward immobilization 
method involves the physical adsorption of pDNA onto electrode sur
faces, resulting in biomolecules lying flat on the surface [28]. This state 
allows for DNA analysis either through its direct electrochemical oxi
dation/reduction or by monitoring signals from redox indicators. To 
exert more precise control over the pDNA surface state, electrostatic 
interactions between the sugar-phosphate backbone of pDNA and 
positively charged surfaces, such as poly(ethyleneimine)-modified sur
face or amino-silanized glass, have been employed to create functional 
DNA electrodes capable of highly specific hybridization reactions [29]. 
More intricate immobilization methods involve attaching pDNA to the 
surfaces using synthetic linkers introduced through automated NA 
synthesis, either at the 5′ or 3′ end of the DNA sequence [30]. This 

arrangement aims to orient the DNA molecule toward the solution 
phase, making it more accessible for hybridization. On gold and some 
other metallic electrode surfaces such as silver and platinum, pDNA can 
be immobilized using alkanethiol linkers, cyclic disulfides, and multiple 
dithiol tags [31–33]. Since ssDNA is strongly chemisorbed on the gold 
surface via its structural bases, the gold surface must be additionally 
blocked by alkanethiols such as 6-mercapto-1-hexanol to prevent 
nonspecific adsorption of pDNA. A dual back-filler comprising 6-mer
capto-1-hexanol and dithiothreitol co-adsorbed with pDNA creates a 
highly compact ternary monolayer with lower background noise and 
increased resistance to fouling [34–36]. Less commonly employed are 
strategies involving the covalent attachment of unmodified pDNAs to 
functionalized alkanethiol SAMs. For instance, this can be achieved 
through carbodiimide coupling between the -COOH-terminated SAM 
and the 3′-hydroxy end of DNA [37] although this approach results in a 
less controlled composition of the produced pDNA layers. While SAMs 
provide a stable and well-organized interface for DNA immobilization, 
additional strategies are needed to further improve sensor sensitivity 
and stability. Conducting and non-conducting polymers offer versatile 
platforms for DNA immobilization and signal amplification, as discussed 
in the next section.

4. Conducting and non-conducting polymer-based 
electrochemical genosensors

Conducting polymers (CPs), such as poly(aniline) (PANI) and poly 
(pyrrole) (PPy) are cost-effective and tunable materials widely used in 
electrochemical biosensors. Their high conductivity and biocompati
bility make them ideal for biomolecule immobilization. The selectivity, 
sensitivity, stability, and reproducibility of the electrochemical bio
sensors’ responses can be improved by designing CPs through chemical 
grafting of functional groups, nanostructures, or combining them with 
NPs [38–40]. The most popular CPs that have been developed so far are 
poly(aniline) (PANI), poly(2-aminophenol), poly(4-aminophenol), poly 
(3,4-ethylenedioxythiophene), poly(pyrrole) (PPy), poly(thiophene), 
and poly(5-carboxyindole) [41–45]. In an investigation, gold NPs (Au 
NPs) were utilized with PANI in an electrochemical sensing platform for 
the fast detection of Escherichia coli (E. coli) [46]. This biosensor was 
designed based on a dual-signal amplified strategy and a screen-printed 
carbon electrode (SPCE) modified with PANI and Au NPs as substrates. 
Then, the biotinylated pDNA was immobilized on the PANI/Au NP/a
vidin composite on the SPCE surface via biotin-avidin interaction. 

Scheme 1. Recent advancements in electrochemical genosensors for pathogen detection.
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Subsequently, a hybridization solution containing bacterial lysis, a 
digoxigenin-labeled pDNA, and an anti-digoxigenin-labeled horseradish 
peroxidase (HRP) enzyme was added to the SPCE surface. Finally, tet
ramethylbenzidine was placed on the electrode surface, and the cyclic 
voltammetry measurement was employed for detection (Fig. 1A). The 
proposed genosensor can detect as low as 4 CFU mL-1 of E. coli bacteria 
and had a linear detection range of 4 to 4 × 106 CFU mL-1. This bio
sensing system was able to rapidly detect E. coli in urine and water 
samples.

In another study, a label-free DNA sensor was developed using a 
composite of cerium oxide nanorods (CeO2 NRs) decorated with PPy NPs 
for the detection of Salmonella [47]. The incorporation of PPy NPs into 
CeO2 NRs enhanced the conductivity and stability of the electrode, 
optimizing it for electrochemical applications. The sensor was fabricated 
through the hydrothermal synthesis of CeO2-NRs, followed by in-situ 
chemical oxidative polymerization of pyrrole, resulting in a composite 
electrode that allowed for the covalent immobilization of ssDNA se
quences (Fig. 1B). The electrochemical performance of the sensor was 
assessed using electrochemical impedance spectroscopy (EIS) with [Fe 
(CN)6]3-/4- as a redox marker, exhibiting a linear response for DNA 
detection over a concentration range of 1.0 × 10-9 to 1.0 × 10-6 mol L-1. 
The sensor demonstrated a LOD of 2.86×10-7 mol L-1. This study re
inforces the significant performance enhancements electrochemical 
sensors gained from combining CPs like PPy with nanostructured 
materials.

Khoder et al. investigated the potential of a nanostructured PPy 
formed through template-free electrochemical polymerization, as an 
effective platform for amperometric DNA detection [48]. To enhance 
functionality, the PPy surface was aminated through the electrochemical 
oxidation of ethylenediamine or poly(amidoamine) dendrimers, 
enabling the covalent attachment of pDNAs and ferrocene redox re
porters. The resulting modified PPy exhibited key properties such as 
high surface area, hydrophilicity, and rapid electron transfer rates (up to 
18 s-1), contributing to improved DNA sensing performance. The 
biosensor demonstrated a detection limit of 0.36 atomolar without 
requiring amplification and successfully identified genomic DNA 
(gDNA) of Mycobacterium tuberculosis (M. tuberculosis), distinguishing 
between wild-type and mutant strains with high specificity (Fig. 1C).

On the other hand, non-conductive polymers play a pivotal role in 
advancing electrochemical biosensors by minimizing background sig
nals due to their insulating nature. This property significantly enhances 
the specificity and sensitivity of genosensors. Among these polymers, 
chitosan (CS), a naturally derived material, has gained a lot of attention. 
With its rich amine groups, CS enables the covalent attachment of 
various biomolecules, making it a versatile substrate for sensor devel
opment [49]. In the realm of DNA-based biosensors, researchers 
commonly used CS as a platform for immobilizing pDNA modified with 
an amine group, facilitated by the linker glutaraldehyde [50,51]. 
Notably, its non-conductive nature hasn’t limited its applications; on the 
contrary, researchers have successfully combined CS with various 
conductive 0-to-2D materials to enhance electrical conductivity and, 
consequently, the sensitivity of detection [52–54]. This integration 
showcases the adaptability of CS to optimize the performance of elec
trochemical genosensors (Table 1). For instance, Wasiewska et al. [8] 
developed a highly sensitive electrochemical genosensor for the deter
mination of Shiga toxin-producing E. coli by targeting the stx1 gene 
using Au NPs and CS nanocomposite to immobilize a pDNA through 
covalent bonding (Fig. 2A).

In another investigation, CS was employed in the development of 
electronic tongues and genosensors for pathogen detection, such as 
Staphylococcus aureus (S. aureus) DNA, a significant pathogen in bovine 
mastitis [55]. CS was utilized to create layer-by-layer films on micro
fluidic interdigitated electrodes. The genosensors, comprising 10 bi
layers of CS/chondroitin sulfate or 8 bilayers of CS/sericin, were 
functionalized with an active layer of pDNA S. aureus and demonstrated 
high sensitivity with a detection limit of 5.90×10-19 mol L-1 through 

specific DNA hybridization. The performance of both sensor types was 
enhanced by machine learning techniques, achieving an accuracy of up 
to 89 % for genosensing. The use of CS allows for potential applications 
in wearable devices due to their biocompatibility and low-cost nature.

Further demonstrating the versatility of CS, another study developed 
an electrochemical genosensor using a composite of multiwalled carbon 
nanotubes, CS, and bismuth, combined with lead sulfide NPs as a 
signaling pDNA (Fig. 2B) [56]. This sensor achieved a detection limit of 
1.0 × 10-14 mol L-1 for pathogenic Aeromonas species. The role of CS in 
this sensor is pivotal, contributing to its biocompatibility, mechanical 
strength, and excellent film-forming ability. The sensor demonstrated a 
significant potential for applications in biomedical diagnostics, food 
safety, and environmental monitoring.

In another study, an electrochemical genosensor was developed, 
using a hybrid nanocomposite of iron oxide and CS modified with gra
phene (Gr) oxide [57]. The properties of CS enhanced the sensor’s 
electrochemical performance by providing a suitable environment for 
pDNA immobilization due to its excellent film-forming ability and 
nontoxicity. The hybrid nanocomposite was synthesized and deposited 
onto an indium tin oxide electrode, where it facilitates the covalent 
attachment of specific pDNAs targeting E. coli DNA (Fig. 2C). EIS 
revealed a linear response to complementary DNA (cDNA) concentra
tions from 10-6 to 10-14 mol L-1, with a detection limit of 1.0 × 10-14 mol 
L-1. The inclusion of CS not only improves the sensor’s mechanical 
strength, but also enhances the electrochemical properties by increasing 
the effective surface area for DNA immobilization.

5. MXenes and metal-organic frameworks (MOFs) for 
genosensing

MXenes, a class of two-dimensional transition metal carbides/ni
trides, have emerged as transformative materials for electrochemical 
genosensing due to their high conductivity, hydrophilic surfaces, 
tunable surface chemistry, and exceptional mechanical stability. These 
properties lead to enhance signal-to-noise ratio. The terminal hydroxyl/ 
oxygen groups on MXenes enable covalent functionalization of pDNAs 
with minimizing nonspecific adsorption in complex biological matrices, 
while their high surface area enhances charge transfer and stabilizes 
nanocomposite interfaces. These properties position MXenes as ideal 
substrates for sensitive and selective NA detection [58]. Metal-organic 
frameworks (MOFs), crystalline porous materials with ultrahigh sur
face areas, tunable pore sizes, and functionalizable ligands, further 
expand the nanomaterial toolkit. MOFs’ modular architectures allow for 
pDNA immobilization within their cavities, while their porosity facili
tates target preconcentration and localized signal amplification [13].

Ketabi et al. introduced an electrochemical genosensor for rotavirus 
RNA detection, leveraging a nanocomposite of hierarchical flower-like 
gold nanostructures, MXene, and PPy [59]. MXene nanosheets were 
synergized with PPy to amplify electrochemical signals. The MXene/PPy 
composite provided a stable platform for anchoring thiolated ssDNA 
probes, while its high surface area enhanced electron transfer kinetics. 
This design achieved a detection limit of 0.8 × 10–18 mol L-1 across a 
broad range (10–18–10–7 mol L-1) and maintained 95.1 % performance 
over 24 days, underscoring MXenes’ role in improving both sensitivity 
and long-term stability. Building on MXenes’ versatility, a biosensor for 
M. tuberculosis using Ti₃C₂ MXenes functionalized with zirconium ions 
was developed [60]. The zirconium-modified MXenes selectively bound 
to phosphate groups on 16S rDNA fragments, bridging nanogap elec
trodes to alter conductance. This interaction eliminated the need for 
probes, streamlining detection to 2 h with a LOD of 20 CFU mL-1. 
MXenes’ conductivity and surface chemistry enabled rapid, specific 
identification in sputum samples, highlighting their utility in 
resource-limited settings. MOFs have unlocked new possibilities through 
their porous structures and design flexibility. Cerium-based MOFs 
(Ce-MOF) with dendritic palladium nanostructures and sulfur-doped 
graphene oxide for SARS-CoV-2 detection [61]. The Ce-MOF’s high 
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Fig. 1. A) Schematic presentation of a voltammetric DNA recognition strategy for E. coli using an electrode modified with PANI and Au NPs. TMB denoted 3,3′,5,5′- 
tetramethylbenzidine. Adapted with permission from [46]. Copyright 2019, Springer Nature. B) Schematic presentation of a DNA biosensor for Salmonella based on 
CeO2 NRs decorated with PPy NPs. Adapted with permission from [47]. Copyright 2019, Springer Nature. C) Schematic presentation of a DNA biosensor for 
M. tuberculosis based on PPy nanowires (nw-PPy). PAMAM G2 denotes polyamidoamine of second generation. Adapted with permission from [48]. Copyright 
2020, Elsevier.
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Table 1 
Electrochemical genosensors for detection of pathogens.

Analyte Electrode pDNA sequence Nanomaterial 
(s)

Detection 
technique

Detection range LOD Ref.

stx1 gene of 
Shiga toxin- 
producing 
E. coli

Interdigitated 
Au

5′-CTGGATGATCTCAGTGGGCGTTCTTATGTAA-3′ Au NPs and a 
CS-Au 
nanocomposite

SWV 10-16 to 10-6 mol L-1 100 amol L-1 [8]

E. coli SPCE 5′-GTCAATGAGCAAAGGTATTAACTTTACTCCCTTCC-3′ PANI and Au 
NPs

CV 4×106–4 CFU 4 CFU [46]

Salmonella N/A 5′-GGCTGGTACCACCTCTTCTACCATGG-3′ CeO2 NRs, and 
Ppy NPs

EIS 1.0×10-9–1.0×10–6 

mol L-1
2.86×10–7 mol 
L-1

[47]

M. Tuberculosis Au 5′-CCGACTGTTGGCGCTGGG-3′ PPy nanowires Amperometry 1 amol L-1–1 pmol 
L-1

0.36 amol L-1 [48]

S. aureus Interdigitated 
Au

5′-GGACGACATTAGACGAATCA-3′ CS, chondroitin 
sulphate, 
sericin and Au 
NPs modified 
with sericin

EIS 1×10-18–1×10–6 

mol L-1
5.90×10–19 

mol L-1
[55]

Aeromonas Glassy carbon N/A MWCNTs, CS, 
Bi, and PbS NPs

DPV 3×10-13–1.1×10–14 

mol L-1
1×10–14 mol L- 

1, >102 CFU 
mL-1 of 
Aeromonas

[56]

E. coli In-Sn oxide 5′-GGTCCGCTTGCTCTCGC-3′ Gr oxide, iron 
oxide NPs, and 
CS

EIS 10–6-10–14 mol L- 

1
1×10–14 mol L- 

1
[57]

S. aureus Glassy carbon 5ʹ-TTATTTTATTTTATT-3ʹ Au NPs SWV 0.415 fg µL-1–41.5 
ng µL-1

2.51 fg µL-1 [62]

S. Typhimurium Au 5′-TCAGCGTTCCTTTACCATTTTTTTAACTTATTTGGTTTTTTTTTT-3′ N/A DPV 6.7×10¹− 6.7×105 

CFU mL− 1
55 CFU mL− 1 [63]

Salmonella In-Sn oxide Capture probe: 5′-CCGTTCTGACGCTGGCCCACTTCA-3′ N/A DPV 1 to 1000 genome 
units

2.4 nmol L-1 [69]
Signaling probe: 5′-CCGGACGAATATCGTCGTAATGGCTGAAGGTGGAGTACA-3′

Corynebacterium 
diphtheriae

Au 5′-AGGAATCGAAAACTTTTCTTCGTACCACGGGACTAAACCTGGTTATGTAGATTCC-3′ N/A SWV After 5 min 
hybridization: 
0.16-2 μmol L-1

After 5 min 
hybridization: 
20.8 nmol L-1

[73]

After 30 min 
hybridization: 
13.5-60 nmol L-1

After 30 min 
hybridization: 
0.5 nmol L-1

Salmonella Glassy carbon 5′-TTT TTG ATG AGT-3′ PPy-rGO and 
Au NPs

DPV For synthetic tDNA: 
1.0×10- 

16–1.0×10–10 mol 
L-1

For synthetic 
tDNA: 4.7× 10- 

17 mol L-1

[74]

For Salmonella: 9.6- 
9.6×104 CFU mL− 1

For Salmonella: 
8.07 CFU mL− 1

M. Tuberculosis Screen- 
printed Gr

5′-GCCCCGATGGTTTGCG-3′ Gr NPs CV N/A 1 pg total DNA, 
40 genome 
equivalents of 
M. Tuberculosis

[70]
5′-GGGTTAGCCACACTTTGCG-3′
5′-TAGGTCGATGGGGCGATCGG/TTTT/GGGTGTCGAGTCGATCTGC-3′
5′-GCGCGATGGCGAACTCAAGG/TTTT/GGCACCGTAAACACCGTAG-3′
5′-CAGCTCGGTCAGCTGTGT-3′
5′-CACATCAGCCGCGTCCA-3′

E. coli SPCE 5′- 
GTTACCCGCAGAAGAAGAGTGTACCGACCTCAGTATCTTGCGACGTCAGTGGATAGTGTCTTACACGATTTATACCTTTGCTCATTGAC- 
3′

Streptavidin 
MPs

SWV N/A 6.7 amol [76]

Additional abbreviations:
Cyclic voltammetry (CV).
Multi-walled carbon nanotubes (MWCNTs).
Reduced graphene oxide (rGrO).
Square wave voltammetry (SWV).
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surface area and coordinatively unsaturated cerium sites optimized DNA 
probe loading and catalytic activity, yielding a LOD of 0.2 fmol L-1. The 
MOF’s porous framework also minimized interference in saliva samples, 
illustrating how MOFs enhance specificity by isolating targets from 
complex matrices.

6. Clustered regularly interspaced short palindromic repeat 
(CRISPR)-powered electrochemical genosensors

CRISPR-Cas systems have emerged as a breakthrough technology, 
offering attomolar detection limits, high specificity, and cost-effective 
workflows. CRISPR-Cas systems consist of guide RNA and Cas nucle
ases, classified into two classes based on effector complexity: Class 1 
(multi-effector complexes) and Class 2 (single-effector proteins). CRISPR 
systems can be easily programmed using CRISPR-RNAs, identified and 
cleaved by either ssDNA or dsDNA. Recently, Cas-integrated electro
chemical (E-CRISPR) sensors have been extensively employed to tackle 
the challenges of biomarker detection due to their highly selective 
affinity-based interactions with diverse biological targets. E-CRISPR 
bears all the working, counter, and reference electrodes, and Cas initi
ates cleavage of reporter strands only when complementarity is formed, 
resulting in the generation of electrochemical output signals. This ver
satile and straightforward CRISPR approach has been effectively incor
porated into the development of sensors for various biologically 
significant analytes, including NA, protein and pathogen, and employed 
in genome engineering and transcription regulation. Huang et al. com
bined saltatory RCA (SRCA) and a CRISPR-Cas12a system to develop an 
electrochemical biosensor for the detection of S. aureus, one of the most 
common foodborne pathogens [62]. A GCE was modified with Au NPs, 
and a reporter probe with MB as an indicator signal was covalently 
immobilized. In the presence of S. aureus, tDNA was firstly amplified via 
SRCA and then recognized and combined with CRISPR RNA, activating 
the trans-cleavage activity of Cas12a and the cleavage of the reporter 
probe from the electrode surface. This biosensor exhibited superior 
sensitivity, compared to alternative electrochemical biosensors, and 
LOD values of 2.51 fg μL-1 for gDNA and 3 CFU mL-1 of S. aureus in pure 
cultures, respectively. This superiority was predominantly ascribed to 
the heightened amplification efficiency of SRCA and the distinctive 
trans-cleavage activity inherent in the CRISPR-Cas12a system. The 
incorporation of CRISPR enhanced the sensor’s ultrahigh sensitivity and 
specificity for target detection. By CRISPR-Cas12a’s specific recognition 
of the target, the likelihood of false-positive results arising from 
nonspecific amplification was diminished. In another study, He et al. 
developed a sensitive and rapid detection system to detect Salmonella 
typhimurium (S. typhimurium) by PCR and an E-CRISPR biosensor [63]. 
Specifically designed PCR primers ensured a perfect match with the 
tDNA sequence, endowing the E-CRISPR system with exquisite speci
ficity to distinguish the bacteria of interest from non-tDNA. The 
E-CRISPR bacterial detection involved Cas12a-mediated cleavage and 
subsequent electrochemical detection. The electrochemical signal 
decreased dramatically when the second amplification of the extracted 
DNA of bacteria caused the release of electrochemical labels through 
activating the collateral cleavage activity of the Cas12a protein against 
signaling hairpin pDNAs. The design of hairpin DNA on the electrode 
increased the efficiency of Cas12a collateral cleavage by reducing the 

steric hindrance, which improved the detection performance of the 
electrochemical sensor in tDNA. Leveraging the high amplification ca
pabilities of PCR on bacterial genes and the accurate tDNA recognition 
based on the CRISPR method, the E-CRISPR system attained a linear 
range from 6.7 × 101 to 6.7 × 105 CFU mL-1 with a LOD of 55 CFU mL-1 

in pure culture, and 820 CFU mL-1 in spiked poultry meat. The detection 
of S. typhimurium in the poultry sample took <2.5 h.

Continuing the exploration of CRISPR-powered electrochemical 
genosensors, recent advancements have further demonstrated the 
versatility and precision of these systems in detecting a wide array of 
biological targets. These innovations leverage the unique properties of 
CRISPR-Cas systems, combined with novel signal amplification and 
transduction strategies, to achieve unprecedented levels of sensitivity 
and specificity. Li et al. introduced an electrochemical sensor that cou
ples rolling circle amplification (RCA) with CRISPR-Cas12a to detect 
E. coli-2571 with exceptional sensitivity [64]. In their design, a 
double-stranded aptamer specifically binds to the target bacteria, which 
then competitively displaces a secondary aptamer. This displacement 
triggers T4 ligase-mediated circular DNA formation, and subsequent 
RCA produces long strands of ssDNA. These ssDNA fragments activate 
the trans-cleavage function of CRISPR-Cas12a, which in turn cleaves 
ferrocene-labeled probes on a gold electrode, altering the electro
chemical signal. The sensor covers a linear detection range from 102 to 
107 CFU mL-1 and reaches an LOD of 5.28 CFU mL-1, a value that is 
surpassed the sensitivity of conventional chemiluminescence biosensors 
(LOD of 130 CFU mL-1). Moreover, specificity assessments showed 
negligible cross-reactivity with S. aureus, Salmonella, and other E. coli 
strains, while tests on real-world samples (e.g., pure water and milk) 
resulted in recoveries between 93 and 101.5 %. By integrating RCA’s 
powerful amplification with the precise cleavage of CRISPR-Cas12a, the 
approach minimizes background noise and offers a rapid, cost-effective, 
and highly specific method for pathogen detection, with potential ap
plications in both clinical and environmental monitoring. Building on 
the theme of NA detection, Nguyen et al. developed an electrochemical 
biosensor that bypasses NA amplification by leveraging CRISPR-Cas9 for 
the simultaneous detection of HPV 16 and HPV 18 L1 genes [65]. A 
Cas9-sgRNA complex then precisely cleaves the target DNA, releasing 
fragments tagged with either MB or ferrocene, which generate distinct 
electrochemical signals. The sensor exhibits a wide dynamic range from 
1 fmol L-1 up to 10 nmol L-1 and achieved remarkably low limits of 
detection (0.4 fmol L-1 for HPV 16 L1 and 0.51 fmol L-1 for HPV 18 L1), 
performance that rivaled RT-PCR. The inherent specificity of the 
CRISPR-Cas9 mechanism minimizes false positives through accurate 
target recognition. In a similar vein, Fan et al. reported an 
amplification-free electrochemical sensor that integrates antimonene 
nanosheets (Sb NSs) with CRISPR-Cas12a for NA detection [66]. In this 
method, a gold electrode was modified with Sb NSs to enhance the 
adsorption of ssDNA, which was then decorated with MB-labeled re
porters. Upon recognition of the target DNA, the trans-cleavage activity 
of CRISPR-Cas12a non-specifically cut the labeled ssDNA, causing a 
drop in the electrochemical signal as detected by square wave voltam
metry (SWV). The sensor could detect SARS-CoV-2 DNA down to 1.0 ×
10–16 mol L-1 within 35 min, and it exhibited excellent specificity against 
non-target viruses (e.g., MERS, H1N1) and even single-base mismatches. 
The sensor demonstrated remarkable stability (to 8 weeks) and 

Fig. 2. A) A fully integrated silicon chip and an optical image of interdigitated gold microelectrode (IDE) (A), silicon chip in a chip holder (B), cyclic voltammograms 
recorded using an IDE-based sensor in 0.04 % CS, 50 ppm Au pH 5 (C), cyclic voltammograms in 5 mmol L-1 Fe(CN)6

3-/Fe(CN)6
4-, 0.1 mol L-1 KCl at (i) unmodified IDE 

and after deposition of (ii) 0.4 % CS with 50 ppm HAuCl4 (Cht-Au), (iii) Au NPs, and (iv) Au NPs/Cht-Au (D), impedance measurements in 5 mmol L-1 Fe(CN)6
3-/Fe 

(CN)6
4-, 0.1 mol L-1 KCl at (i) unmodified IDE and after deposition of (ii) Au NPs and (iii) Au NPs/Cht-Au (E), and oxidation peak current of 5 mmol L-1 Fe(CN)6

3-/Fe 
(CN)6

4-, 0.1 mol L-1 KCl at IDE modified with ChtAu nanocomposite where the concentration of CS varied between 0.01 and 0.05 %. Adapted without needing 
permission from [8]. Copyright 2022, Elsevier. B) Schematic representation of an electrochemical genosensor using a composite of multiwalled carbon nanotubes, CS, 
and Bi, combined with PbS NPs as a signaling pDNA. 1–5: hybridization steps and dissolution of sandwich structure in 1 mol L-1 HNO3. I-III: decoration of a glassy 
carbon with multiwalled carbon nanotubes-CC-Bi and electrodeposition of Pb2+. Adapted with permission from [56]. Copyright 2015, Elsevier. C) Schematic rep
resentation of preparation of a hybrid nanocomposite of iron oxide and CS modified with Gr oxide on the surface of an In-Sn oxide surface, and its application for 
electrochemical detection of E. coli. Adapted with permission from [57]. Copyright 2015, Elsevier.
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reproducibility (over 50 cycles), while its integration with a portable 
SPCE made it highly suitable for point-of-care applications. The large 
surface area of Sb NSs, coupled with CRISPR’s precision eliminated the 
need for further NA amplification. A biosensor that combined 
CRISPR-Cas13a with catalytic hairpin assembly (CHA) for the ultra
sensitive detection of dengue virus (DENV) RNA was designed [67]. 
Their device employed a gold electrode modified with a reporter 
RNA-silenced DNA walker (DW) alongside a hairpin structure (H1). 
When DENV RNA was present, it activated the trans-cleavage activity of 
CRISPR-Cas13a, leading to release DW to initiate CHA. The released DW 
opens H1, thereby exposing a binding site for ferrocene-labeled hairpin 
2, which significantly amplified the electrochemical signal. This 
biosensor offered a linear detection range from 5 fmol L-1 to 50 nmol L-1 

and an LOD of 0.78 fmol L-1, and it demonstrated high specificity by 
effectively discriminating against non-target DENV serotypes and 
random RNA sequences. Clinical testing using extracted RNA confirmed 
a robust correlation with standard methods. The amplification-free 
design, which marries the precision of CRISPR with the signal 
enhancement provided by CHA, enabled rapid (90 min) and portable 
diagnostics, with easy adaptability to other RNA targets via simple 
modifications of the crRNA sequence. In another study, Wu et al. 
advanced the field by developing an amplification-free E-CRISPR 
tailored for detection of the SARS-CoV-2 Delta variant [68]. Their 
approach integrated CRISPR-Cas12a with AuNP-modified electrodes, 
where AuNPs boost both electrical conductivity and probe immobili
zation. MB-labeled ssDNA serves as a reporter, when tDNA was present, 
the trans-cleavage activity of CRISPR-Cas12a cleaved the reporter, 
leading to a measurable decrease in the electrochemical signals. The 
sensor operated over a linear range from 100 fmol L-1 to 10 nmol L-1 and 
achieved an LOD of 50 fmol L-1, while exhibiting high specificity by 
distinguishing non-target viruses (such as MERS and influenza) and 
differentiating the Delta variant from the wild-type strain. Clinical 
evaluations using both synthetic and extracted RNA samples yielded 
results that strongly correlated with fluorescence-based assays. More
over, the biosensor’s integration with a portable SPCE and a wireless 
micro-electrochemical platform enabled point-of-care testing within one 
hour, and its programmable crRNA allowed swift adaptation to 
emerging SARS-CoV-2 variants. These studies collectively highlighted 
the transformative potential of CRISPR-powered electrochemical geno
sensors in achieving ultrasensitive, specific, and rapid detection of 
pathogens and NAs. By leveraging the unique properties of CRISPR-Cas 
systems and innovative signal amplification strategies, these platforms 
offered versatile solutions for clinical diagnostics, environmental 
monitoring, and point-of-care testing. Although CRISPR-powered bio
sensors significantly enhance the specificity and sensitivity of NA 
detection, further improvements can be achieved by incorporating NA 
amplification techniques.

7. Electrochemical genosensing after NA amplification

Integration of NA amplification methods, such as PCR or isothermal 
amplification, with electrochemical genosensors offers significant ad
vantages in the detection of trace amounts of tDNA. However, chal
lenges exist, including the need for sophisticated equipment for PCR- 
based amplification, which can be cumbersome for POC applications. 
Isothermal amplification methods address this limitation but may 
exhibit reduced sensitivity, compared to PCR. Balancing the benefits of 
amplification with the practical constraints of the chosen method is 
crucial for optimizing the performance of electrochemical genosensors 
in diverse applications, ranging from medical diagnostics to environ
mental monitoring [69–72]. In a study, the possibility of adapting PCR 
primers to helicase-dependent amplification for the detection of Sal
monella (a gram-negative enteric bacilli and a zoonotic food-borne 
pathogen) by isothermal amplification of its DNA sequence was re
ported [69]. Detecting Salmonella with high sensitivity is not achievable 
without PCR and HAD. Marchlewicz et al. developed an electrochemical 

DNA biosensor to detect single-stranded tox gene fragments of the 
toxigenic Corynebacterium diphtheriae strain [73]. This genosensor was 
employed to diagnose the early stages of diphtheria. Probes were used as 
the loop-and-stem “hairpin” DNA sequences and amplified tox gene 
fragments in an asymmetric PCR reaction were detected. The biosensor 
signal was based on conformational changes within the probe, and the 
distance between the electrode surface and a redox marker tethered to 
the probe. Ye et al. developed a quickly responding electrochemical 
biosensor for detecting Salmonella using an invA genosensor [74]. In this 
work, PPy-functionalized reduced Gr oxide, HRP-streptavidin bio
functionalized Au NP, and PCR were employed as a transducer, a 
nanotag to amplify the detection signal via hydrogen peroxide enzy
matic reduction in the existence of hydroquinone, and an amplification 
method. Target invA concentrations between 1.0 × 10-16 and 1.0 × 10-10 

mol L-1 were linearly quantified with a LOD of 4.7 × 10-17 mol L-1, and 
Salmonella was detected during 2 h from 9.6 to 9.6 × 104 CFU mL-1 with 
a LOD of 8.1 CFU mL-1.

New amplification methods are needed to substitute PCR to elimi
nate the need for an advanced thermocycler and make routine testing for 
NA cost-effective. Sensitive and specific techniques based on amplifying 
tDNA at a constant temperature, like loop-mediated isothermal ampli
fication (LAMP), are appropriate alternatives [70,75]. In a study, a novel 
integrated POC platform was presented to detect M. tuberculosis using 
LAMP [70]. In this biosensor, the LAMP products were mixed with the 
Hoechst-33258 redox agent to prevent degradation by the existing trace 
nucleases in the reaction. The biosensor could detect up to 1 pg of the 
total DNA or 40 M. tuberculosis genomes. Ben Aissa et al. reported a 
genosensor for the detection of E. coli using a padlock probe and a 
subsequent rolling RCA step [76]. The sensing process could be inte
grated with magnetic particles (MPs) providing several benefits 
including pre-concentration of E. coli DNA using a target-specific mag
netic probe and then amplification of bacterial DNA on MPs by 
employing RCA. Two different electrochemical readout approaches, 
direct and indirect methods, for the RCA amplicons on MPs, were tested. 
In the first case, the magnetic RCA product was labeled with a digox
igenin marker and then incubated with an anti-DIG-HRP antibody as an 
electrochemical reporter. In the second one, the detection process was 
carried out directly with an HRP marker. Having discussed the inte
gration of NA amplification with electrochemical genosensors, it is 
crucial to examine their real-world applications in pathogen detection. 
The following section delves into the detection of bacterial pathogens, 
highlighting various genosensor designs tailored for different bacterial 
species.

8. Electrochemical genosensor of bacteria

Legionella pneumophila (L. pneumophila) as a gram-negative and 
fastidious bacterium causes Pontiac fever and Legionaries’ disease. Due 
to the severe growth of this pathogen, molecular diagnostics based on 
DNA can be very important, especially because traditional culture 
methods are time-consuming, often requiring over a week, and may miss 
viable but non-culturable cells. The ability of L. pneumophila to enter the 
viable but non-culturable state highlights the need for more sensitive 
and rapid detection methods, as traditional culture-based approaches 
may miss these forms of the pathogen and lead to inaccurate results. 
DNA-based techniques, such as biosensors, allow for early and accurate 
identification by targeting specific genes, enabling timely intervention 
during outbreaks. These methods also overcome the limitations of 
culture-based detection, which can suffer from contamination and 
reduced sensitivity. L. pneumophila is one of the threatening pathogens 
with many challenges for its rapid and specific detection, making DNA- 
based molecular diagnostics crucial for public health management. 
Mobed et al. developed a novel electrochemical genosensor for the 
detection of L. pneumophila bacteria based on electrodeposited Au NPs/ 
cysteamine [77]. Toluidine blue (TB) was an electrochemical redox 
marker to monitor hybridization reactions. Bacchu et al. developed an 
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electrochemical DNA biosensor for the selective detection of Salmonella 
enterica serovar typhi for early diagnosis of typhoid [78]. Au NPs and poly 
(cysteine) were used as a substrate in which an amine-labeled Salmonella 
enterica serovar typhi-specific pDNA was immobilized on its surface, and 
anthraquinone-2-sulfonic acid was used as a marker (Fig. 3A). A 
response range of 10-6 to 10-22 mol L-1 and 1.8 × 105 to 1.8 CFU mL-1 

with LODs of 6.8 × 10-25 mol L-1 and 1 CFU mL-1 were obtained. Li et al. 
introduced a label-free cloth-based super-sandwich electrochemical 
aptasensor to detect S. typhimurium [79]. A DNA super-sandwich (DSS) 
was generated by a hybridization reaction between two ssDNAs, in 
which MB was inserted in its grooves to amplify the current signal and 
enhance the detection sensitivity. Several aptamers are bound to target 
bacteria and form a complex of target bacteria-aptamers. Target bacteria 
are immobilized on the surface of the electrode by attaching the 
aptamers to the pDNAs. Then, another tail of the aptamers is hybridized 
with DSS. When the concentration of the target bacteria was increased, a 
more complex target bacteria aptamer was formed, which caused more 
DSS to attach to them. One of the main advantages of the proposed 
biosensor is that it doesn’t need DNA extraction and amplification. 
Therefore, the detection was performed in less time and at a lower cost. 
A genosensor for sensitive and selective detection of Acinetobacter bau
mannii gene sequence was presented [80]. In this approach, a pDNA was 
adsorbed on the surface of CS-modified disposable pencil graphite 
electrodes, and the guanine oxidation signal was measured to quantify 
the hybridization (Fig. 3B). A LOD of 1.86 nmol L-1 and a linear response 
range of 5 to 150 nmol L-1 were achieved.

A rapid sputum test for the detection of M. tuberculosis was developed 

by Sailimiyan Rizi et al. [81]. A M. tuberculosis H37Rv specific 22-bp 
oligonucleotide within the IS 6110 sequence of the bacterium genome 
was detected by exploiting a PPy/Mxene nanocomposite. The modifi
cation process involved drop-casting of Ti3C2Tx MXene, prepared 
through the delamination process of synthesized Ti3AlC2 MAX phase in 
HCl/LiF solution, and electrodeposition of pyrrole on the surface. The 
ability of the proposed biosensor was evaluated by measuring the peak 
current of MB as a redox indicator, showing a linear range of 100 fmol 
L-1 to 25 fmol L-1, and a LOD of 11.2 fmol L-1. Cheng et al. investigated a 
sensitive electrochemical biosensor to detect Chlamydia Trachomatis 
[82]. This biosensor was built on a foundation of a bovine serum albu
min (BSA) carrier and target-responsive DNA hydrogels supported by 
duplex-specific nuclease. Target rRNA can initiate the DNA hydrogel 
response, causing duplex-specific nuclease to continuously cut target 
rRNA, subsequently releasing a huge amount of HRP-labeled streptavi
din (SA-HRP) that was previously encapsulated in the hydrogel. The 
gold electrode exploited a porous BSA layer with normal interstices after 
polishing, cleaning, and modifying steps to capture the released SA-HRP. 
The thiol-modified and biotin-modified pDNAs were then fixed in these 
interstices and assembled to be distributed on the electrode surface, 
which consequently stabilized the capture of SA-HRP. The redox reac
tion of 3,3′,5,50′-tetramethylbenzidine and hydrogen peroxide was then 
accelerated by SA-HRP, generating a detectable current signal that was 
equivalent to the concentration of Chlamydia Trachomatis 16S rRNA 
between 10 fmol L-1 and 25 mol L-1 with 5.8 fmol L-1 as a LOD (Fig. 3C). 
Biosensors can be applicable in the production chain of juice to detect 
Alicyclobacillus acidoterrestris. This thermophilic and acidophilic 

Fig. 3. A) Schematic presentation of fabrication of an electrochemical DNA biosensor using Au NPs and poly(cysteine) and detection of Salmonella enterica serovar 
typhi. Adapted with permission from [78]. Copyright 2022, Elsevier. B) A schematic view of assay protocol used for electrochemical sensing of Acinetobacter bau
mannii gene by a CS-modified disposable pencil graphite electrode. Adapted with permission from [80]. Copyright 2022, Elsevier. C) Schematic presentation of 
fabrication of an electrochemical biosensor to detect Chlamydia Trachomatis. A diagram for construction of target-responsive DNA hydrogels (A), a diagram for 
modification process of bovine serum albumin carrier platform (B), detection of Chlamydia Trachomatis based on DSN-assisted target-responsive DNA hydrogels and 
bovine serum albumin carrier platform (C). Adapted with permission from [82]. Copyright 2022, Elsevier. D) Fabrication and working steps of an electrochemical 
DNA biosensor for detection of E. faecalis. Adapted with permission from [87]. Copyright 2019, Elsevier.
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bacterium is found in soil and is usually linked to the deterioration of 
acidic liquids and juices, such as orange juice. An electrochemical gen
osensor was introduced by Flauzino et al. to detect the genome DNA of 
Alicyclobacillus acidoterrestris, employing surface modification with poly 
(3-hydroxybenzoic acid) and reduced Gr oxide, and Hoechst 33258 (a 
common DNA stainer) as a marker [83]. Table 2 summarizes the key 
components and performance characteristics of various electrochemical 
genosensors developed for the detection of different bacterial 
pathogens.

E. coli is a pathogenic bacterium that plays a significant social and 
economic role in food safety and foodborne illness. Shi et al. developed a 
portable electrochemical biosensor for the detection of E. coli O157:H7 
gDNA from chicken meat with controlling ability with a smartphone 
[84]. SPEs were first modified by in situ-produced and -functionalized 
nitrogen-doped carbonized polymer dots on a few black phosphorus film 
and then with Au NPs, and MB was a redox marker. tDNA was measured 
in a range of 1.0 × 10-19 and 1.0 × 10-6 mol L-1 with a LOD of 3.3 × 10-20 

mol L-1. E. coli was also measured using an electrochemical genosensor 
fabricated with animated hollow silica spheres-covered Au NPs, and 
anthraquinone was employed as a marker [85].

Detection of Enterococcus faecalis (E. faecalis), as a facultative 
anaerobic, gram-positive, and catalase-negative bacterium with the 
capability of surviving and growing under a variety of conditions, was 
studied by Nazari-Vanani et al. [86]. An ice crystal-like gold nano
structure was electrodeposited on a gold electrode surface as a trans
ducer associated with a redox marker of TB. TB binding with both ssDNA 
and dsDNA was shortly studied showing the TB ability to discriminate 
between ssDNA and dsDNA. The LOD of this genosensor for the detec
tion of EF gDNA was 30.1 ng μL-1.

Further advancements include an electrochemical DNA biosensor for 
rapid and sensitive detection of E. faecalis [87]. This biosensor was 
constructed by immobilizing a specific pDNA, derived from the 16S 
rRNA sequence of E. faecalis, onto a gold electrode using SAMs. The 
biosensor exhibited a low detection limit of 3.3 amol L-1 for synthetic 
tDNA and could differentiate between single-, double-, and 
triple-missDNA with high selectivity (Fig. 3D). It quantified E. faecalis 
gDNA within the range of 1.1 × 10-7 to 1.1 ng mL-1, with a detection 
limit of 7.1 × 10-9 ng mL-1. The biosensor showed a relative standard 
deviation of 2.8 % without the need for pre-PCR amplification.

In the realm of Brucella detection, a highly sensitive electrochemical 
genosensor was developed using palladium NPs as a transducer [88]. 
This sensor was fabricated by electrodepositing palladium NPs onto a 
gold surface, facilitating the immobilization of a Brucella-specific pDNA. 
The genosensor demonstrated a detection limit of 2.7 × 10-20 mol L-1 

and a linear concentration range from 1.0 × 10-12 to 1.0 × 10-19 mol L-1. 
Performance validation included testing with cultured bacteria and 
human samples, with or without prior PCR amplification. The selectivity 
of the sensor against non-Brucella bacterial genomes was confirmed, 
underscoring its effectiveness for rapid brucellosis diagnosis.

Another development in Brucella detection involved an electro
chemical genosensor featuring a 3D nanostructure of gold nanoribbons 
covered with gold nanoblooms [89]. This innovative design was ach
ieved through sonoelectrodeposition on a gold surface, serving as a 
transducer for immobilizing a Brucella-specific pDNA. This architecture 
significantly increased the surface area and enhanced the immobiliza
tion of a Brucella-specific pDNA. The genosensor demonstrated a high 
sensitivity with a detection limit of 2.53×10-15 ng μL-1, and a linear 
detection range from 1.07×10-14 to 1.07×10-2 ng μL-1. It effectively 
differentiated between cDNA and mismatched DNA sequences and 
performed well with human serum samples without requiring PCR 
amplification. The combination of high sensitivity, rapid response, and 
cost-effectiveness of this sensor positions it as a significant advancement 
in molecular diagnostics, suitable for early bacterial infection detection 
in medical and environmental contexts. Beyond bacterial detection, 
electrochemical genosensors have also been successfully applied to 
detect parasitic infections. The next section explores advancements in 

genosensors for diagnosing parasites, focusing on their sensitivity, 
specificity, and real-world applicability.

9. Electrochemical genosensor of parasites

Trichomonas vaginalis (T. vaginalis) is one of the most commonly 
colonizing parasites, endangering public and human health by causing a 
Trichomoniasis infection. A label-free electrochemical genosensor was 
developed by Delshadi-Jahromi et al. to detect the T. vaginalis gDNA 
[90]. In this study, a facile procedure was used to electrodeposit 
anisotropic-shaped Au NPs as a transducer, which was combined with 
TB as a redox marker. The anisotropic shape of the gold nanostructure 
expectedly amplified the electrochemical signal to improve the sensi
tivity and specificity of the genosensor. More tDNA concentrations led to 
capturing by the immobilized pDNA leading to a decrease in the peak 
current caused by the reduction of the redox marker. The electro
chemical response of the genosensor was finally correlated with tDNA 
concentrations ranging from 1.0 × 10-19 to 1.0 × 10-12 mol L-1 with a low 
LOD of 3.1 × 10-20 mol L-1. A similar label-free electrochemical 
biosensor focused on detecting the MR TV 29 18S ribosomal RNA gene 
from T. vaginalis utilized non-spherical Au NPs as the transducer sub
strate, electrodeposited onto an Au surface [91]. This sensor, which used 
DPV with a ferro/ferricyanide redox indicator, achieved a wide detec
tion range from 1.0 × 10-20 to 1.0 × 10-12 mol L-1, and a LOD of 2.1 ×
10-21 mol L-1 for synthetic DNA and 68.9 ng mL-1 for gDNA (Fig. 4A). It 
demonstrated high selectivity, distinguishing between cDNA, 
non-complementary DNA (ncDNA), and mismatched DNA sequences.

Another study introduced an ultrasensitive, label-free electro
chemical DNA biosensor for T. vaginalis detection, employing a poly 
(ortho-aminophenol) film as a nanotransducer and redox-active indi
cator [92]. The biosensor utilized a thiolated pDNA specific to 
T. vaginalis, immobilized on the surface of poly(ortho-aminophenol) film 
(Fig. 4B). Detection was achieved by DPV, with the biosensor demon
strating a LOD of 3.9 × 10-21 mol L-1 for synthetic cDNA and 1.0 pg µL-1 

for gDNA. It effectively differentiated between cDNA, ncDNA, and 
mismatched sequences, showcasing high selectivity and reproducibility. 
Additionally, the biosensor demonstrated excellent reproducibility, 
long-term stability, and reusability over multiple cycles of hybridization 
and dehybridization.

In contrast, for the detection of Leishmania parasites, a range of 
electrochemical genosensors have been developed. One such sensor 
used cadmium sulfide nanosheets as the transducer material for 
detecting Leishmania infantum (L. infantum), the causative agent of 
visceral leishmaniasis [93]. This impedimetric genosensor operated 
without labels or PCR amplification and achieved a wide dynamic 
detection range from 1.0 × 10-14 to 1.0 × 10-6 mol L-1 for cDNA, with a 
LOD of 0.81 fmol L-1. It also detected L. infantum gDNA in the range of 
5–50 ng µL-1 with a detection limit of 1.2 ng µL-1, demonstrating 
excellent selectivity, reproducibility, and stability (Fig. 4C).

Nazari-Vanani et al. investigated another genosensor for L. infantum 
using non-spherical Au NPs, which provided a high surface area for 
pDNA immobilization [94]. The sensor, which employed TB as a hy
bridization indicator, achieved a detection limit of 0.2 amol L-1 and 
effectively distinguished between tDNA and mismatched DNA se
quences (Fig. 4D).

For T. vaginalis detection, a label-free electrochemical genosensor 
was developed using anisotropic-shaped Au NPs electrodeposited onto a 
gold electrode as the transducer [95]. A specific DNA sequence from the 
parasite’s genome was immobilized on these NPs, with TB as the redox 
marker to detect hybridization. The sensor displayed a detection range 
of 1.0 × 10-19 to 1.0 × 10-12 mol L-1 and a LOD as low as 3.1 × 10-20 mol 
L-1. It effectively differentiated between cDNA, mismatched, and ncDNA 
sequences and was tested on human samples, showing results compa
rable to the PCR-gel electrophoresis method. The genosensor was stable 
for over 26 days with a relative standard deviation of 3.9 %, highlighting 
its reproducibility for practical applications.
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Table 2 
Electrochemical genosensors for detection of bacteria.

Analyte Electrode pDNA sequence Nanomaterial(s) Detection 
technique

Detection range LOD Ref.

L. pneumophila Au 5′-TCGATACTCTCCCCGCCCCTTTTGTATCGACG-3′ Au NPs CV, SWV 1 μmol L-1–1 zmol L-1 1 zmol L-1 [77]
Salmonella enterica 

serovar Typhi
SPCE 5′-TCTCTTAGCGCAAGCGACTG-3′ Au NPs and poly 

(ysteine)
DPV For tDNA: 1×10-6–1×10–22 

mol L-1
For tDNA: 6.8×10–25 

mol L-1
[78]

For real S. typhi. Typhi 
samples: 1.8-1.8×105 CFU 
mL-1

For real S. Typhi 
samples: 1 CFU mL-1

S. typhimurium SPCE 5′- 
TATGGCGGCGTCACCCGACGGGGACTTGACATTATGACAGTGTTACGGCGCTCTT- 
3′

N/A DPV 102-108 CFU mL-1 16 CFU mL-1 [79]

Acinetobacter 
baumannii

Pencil 
graphite

5ʹ-TTITIAACTATTTACITCAICATIC-3ʹ CS DPV 5-150 nmol L-1 1.86 nM [80]

M. tuberculosis Glassy 
carbon

5′-CAAAGTGTGGCTAACCCTGAA-3′ Ti3C2 MXene 
nanosheets and PPy

DPV 100 fmol L-1–25 nmol L-1 11.24 fmol L-1 [81]

Chlamydia trachomatis Au 5ʹ-TTTTTTTTTTTTTTTTTTTT-3ʹ N/A Amperometry, 
EIS

10 fmol L-1–25 pmol L-1 5.8 fmol L-1 [82]

E. coli SPCE 5′-GGTCCGCTTGCTCTCGC-3′ N-CPDs, FLBP, Au NPs DPV 1.0×10-19–1.0×10–6 mol L- 

1
3.33×10–20 mol L-1 [84]

E. coli SPCE 5′-GGTCCGCTTGCTCTCGC-3′ Aminated hollow silica 
spheres and Au NPs

DPV 1.0×10-12–1.0×10–2 μmol 
L-1

8.17×10–14 µmol L-1 [85]

E. faecalis Au 5′-CAATTGGAAAGAGGAGTGGCGGACG-3′ Ice crystals-like Au NPs DPV For synthetic tDNA: 
1.0×10-17–1.0×10–10 mol 
L-1

For synthetic tDNA: 
4.7×10–20 mol L-1

[86]

For genomic DNA: 100-160 
ng μL-1

For gDNA: 30.1 ng 
μL-1

E. faecalis Au 5′-CAATTGGAAAGAGGAGTGGCGGACG-3′ N/A DPV 1.1×10-7–1.1 ng mL-1 7.1×10–9 ng mL-1 [87]
Brucella Au 5′-TGCCGATCACTTAAGGGCCTTCAT-3′ Pd NPs DPV 1.0×10–12 mol L- 

1–1.0×10–19 mol L-1
2.7×10–20 mol L-1 [88]

Brucella Au 5′-TGCCGATCACTTAAGGGCCTTCAT-3′ Au nanoribbons 
covered by Au 
nanoblooms

DPV 10 zmol L-1–10 pmol L-1 1.71 zmol L-1 [89]

Additional abbreviations:
Nitrogen-doped carbonized polymer dots (N-CPDs).
Few-layer black phosphorus (FLBP).
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Further advancements for detecting Leishmania major (L. major) 
include the use of gold nanoleaves in an electrochemical biosensor [96]. 
The sensor operates without PCR amplification or labeling, employing a 
"signal-on" mechanism for enhanced sensitivity. Gold nanoleaves were 
electrodeposited onto a gold electrode with spermidine acting as a 
shape-directing agent during their electrodeposition. The unique struc
ture of gold nanoleaves, resembling tree leaves, provides a high surface 
area that is advantageous for immobilizing pDNAs, thereby enhancing 
the biosensor’s sensitivity and efficiency in detecting the tDNA. Sper
midine was used to facilitate the formation of gold nanoleaves by 
influencing the morphology of the deposited gold. The presence of 
spermidine leads to the adsorption of an amine layer on the gold surface, 
which bears a positive charge due to the acidic conditions of the solu
tion. This positive charge promotes further electrostatic adsorption of 
gold ions (AuCl4- ), resulting in the nucleation and growth of gold 
nanoleaves on the electrode surface. This genosensor achieved a LOD of 
1.8 × 10-20 mol L-1 for synthetic DNA and 0.07 ng µL-1 for gDNA, dis
tinguishing L. major from other species with high selectivity. This 
approach is promising for diagnosing cutaneous leishmaniasis, espe
cially in resource-limited settings.

Another label-free, PCR-free genosensor for L. major used gold hi
erarchical nanoleaflets synthesized with spermidine [97]. This sensor 
monitored DNA hybridization using ferrocyanide as a marker, detecting 
synthetic DNA with a detection limit of 2.98×10-21 mol L-1 and gDNA 
concentration of 0.11 ng µL-1. The oxidation peak of ferrocyanide is 
recorded during DPV to assess the presence of hybridized DNA. The 
sensor was successfully applied to biopsy samples, offering a 
cost-effective and highly sensitive approach for clinical diagnostics 
without the need for PCR amplification.

Additionally, Heli et al. developed an electrochemical genosensor for 
L. major using cobalt-zinc ferrite quantum dots, providing a robust 

solution for parasitic DNA detection [98]. The quantum dots enhanced 
both pDNA immobilization and the electrocatalysis of MB, used as a 
redox marker. This genosensor detected synthetic DNA at concentra
tions as low as 2.0 × 10-19 mol L-1 and gDNA with a detection limit of 1.8 
× 10-14 ng µL-1. It exhibited high selectivity for L. major over other 
species such as L. infantum and L. tropica, detecting parasitic DNA from 
patient samples without the need for PCR amplification.

10. Electrochemical genosensor of fungi

Cryptococcal meningitis is a chronic disease with difficulty in early 
diagnosis and high morbidity and mortality. Liu et al. focused on easily 
detecting the DNA of Cryptococcus neoformans from cryptococcal men
ingitis patients [99]. They constructed an electrochemical DNA 
biosensor based on competitive assembly and homogeneous hybridiza
tion, not in the solid-liquid phase but in the solution phase, which 
resulted in higher hybridization efficiency and faster kinetics. For this 
purpose, two pDNAs captured the thermally denatured ssDNA. One 
pDNA was thiolated and immobilized on a gold electrode surface, and 
another biotin-labeled reporter pDNA was present in the solution phase. 
Thiolated pDNA was hybridized with one part of tDNA, and biotinylated 
pDNA was hybridized with another part of tDNA. Streptavidin-POD 
conjugate was also employed for enzyme-linked amperometric ampli
fication. tDNA was successfully detected in a linear range between 5 
pmol L-1 and 1 nmol L-1 with a LOD of 800 fmol L-1 (Fig. 5A).

A similar approach was used to develop an electrochemical geno
sensor for detecting Candida auris (C. auris), a multidrug-resistant fungal 
pathogen responsible for nosocomial outbreaks [100]. This genosensor 
leverages a gold electrode functionalized with a specific pDNA and 
employs ninhydrin as a novel hybridization indicator (Fig. 5B). Ninhy
drin selective binding to dsDNA, as confirmed by theoretical 

Fig. 4. A) Schematic presentation of fabrication and signal generation processes of a T. vaginalis biosensor. p-ssDNA, t-ssDNA and MCH denote pDNA, tDNA and 6- 
mercapto-1-hexanol, respectively. Adapted with permission from [91]. Copyright 2023, Elsevier. B) Fabrication steps of a T. vaginalis biosensor and c-DNA detection. 
OAP, MCH and p-DNA denote o-aminophenol, 6-mercapto-1-hexanol and pDNA, respectively. Adapted with permission from [92]. Copyright 2022, Elsevier. C) 
Fabrication procedures and signal generation mechanism of a L. infantum genosensor. PO denotes pDNA. Adapted with permission from [93]. Copyright 2020, 
Elsevier. D) Schematic presentation of an electrochemical genosensor for L. infantum kDNA genome using non-spherical Au NPs (ns-AuNPs). MCH denotes 6-mer
capto-1-hexanol. Adapted with permission from [94]. Copyright 2018, Elsevier.

A. Dehghan et al.                                                                                                                                                                                                                               Sensors and Actuators Reports 9 (2025) 100335 

13 



Fig. 5. A) Schematic illustration of electrochemical DNA sensors based on homogeneous and heterogeneous hybridization strategies, respectively. Adapted with 
permission from [99]. Copyright 2018, Elsevier. B) Schematic diagrams of the design of a reusable electrochemical genosensor for the detection of C. auris gDNA. 
Adapted with permission from [100]. Copyright 2021, Elsevier. C) Scheme of the graphene-based electrochemical DNA biosensor for the detection of U. virens. 
Adapted with permission from [101]. Ox-GNP denotes oxidised graphene nanoparticles.
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calculations, provides a highly sensitive detection mechanism, differ
entiating it from conventional indicators. The sensor demonstrated a 
LOD of 4.5 pg µL-1 for C. auris gDNA in real samples like urine, with high 
selectivity, distinguishing C. auris from other pathogens such as Candida 
albicans, E. coli, and Neisseria meningitidis. It also maintained perfor
mance over eight hybridization cycles and exhibited 100 % signal sta
bility after 80 days, making it a valuable tool for POC diagnostics due to 
its label-free, cost-effective, and simple design.

In agricultural pathogen detection, a Gr-based electrochemical DNA 
biosensor was developed for detecting Ustilaginoidea virens, the causa
tive agent of false smut in rice [101]. This biosensor utilizes oxidized Gr 
NPs, enhancing conductivity and sensitivity. The device operates on a 
paper-based electrochemical platform, offering an eco-friendly and 
cost-effective alternative to traditional metal or glass electrodes. A 
pDNA specific to the fungal pathogen is used, with hybridization 
detected via cyclic and linear voltammetries and MB serving as the 
intercalating indicator (Fig. 5C). The biosensor showed a LOD of 10 fmol 
L-1 and exhibited excellent selectivity, distinguishing between cDNA and 
ncDNA sequences. The integration of oxidized Gr NPs improved the 
biomolecule interaction and enhanced the sensitivity and detection limit 
of the sensor, making it a promising tool for early and in-field detection 
of Ustilaginoidea virens in rice.

11. Electrochemical genosensor of viruses

For hepatitis B virus (HBV) detection, an electrochemical genosensor 
was developed based on poly(4-aminophenol) [42]. This genosensor 
utilizes a specific pDNA targeting the HBV DNA sequence and offers two 
detection methods: direct detection via the oxidation of guanine and 
adenine bases and indirect detection using ethidium bromide as a hy
bridization indicator. In the indirect method, ethidium bromide in
tercalates into the dsDNA formed during hybridization, increasing the 
oxidation current measured (Fig. 6). The sensor achieved a detection 
limit of 2.61 nmol L-1 and demonstrated high sensitivity and selectivity 
for cDNA sequences, while also distinguishing ncDNA and mismatched 
sequences. AFM confirmed the functionality of the sensor, offering vi
sual evidence of hybridized and non-hybridized surfaces. The capability 
of this genosensor for real sample analysis and rapid detection makes it a 
promising tool for diagnosing HBV and other DNA-based viral diseases. 
Similarly, a polymer-based electrochemical genosensor was designed for 
the detection of Epstein-Barr Virus (EBV) [43]. This sensor utilized poly 
(4-aminothiophenol) and a specific pDNA for EBV. It also employed dual 

detection methods, with direct detection through DNA base oxidation 
and indirect detection, using ethidium bromide intercalation. The sensor 
demonstrated a detection limit of 17.32 nmol L-1 and effectively 
differentiated between cDNA, ncDNA, and single-missDNAs, ensuring 
high specificity for EBV. Furthermore, it maintained stability over 120 
days and exhibited resistance to interference from common biological 
substances, highlighting its potential for clinical applications in detect
ing EBV-related diseases such as infectious mononucleosis and associ
ated malignancies.

Yahyavi et al. introduced a NA-based electrochemical biosensor for 
the detection of influenza B virus using Au NPs [102]. In this study, a 
specific pDNA targeting the conserved nucleoprotein region of the 
B/Victoria/2/87 influenza virus was immobilized onto an Au 
NPs-modified electrode. The increased surface area provided by the Au 
NPs enhanced the sensor’s sensitivity, enabling the detection of viral 
sequences. The biosensor exhibited high specificity and successfully 
distinguished cDNA, mismatched, and ncDNA sequences. Its perfor
mance was validated against real-time PCR in clinical samples, where it 
showed full agreement, confirming its reliability. With an operational 
stability of at least 25 days, this genosensor offers a rapid, sensitive, and 
cost-effective solution for detecting influenza B and other viral patho
gens in clinical diagnostics.

Another approach involved the development of an electrochemical 
biosensor for detecting influenza A virus, utilizing meso/macroporous 
cobalt (II) oxide nanoflakes as the transducer material [103]. These 
nanoflakes, electrodeposited onto a platinum surface, provided a high 
surface area for the immobilization of a pDNA targeting the influenza A 
virus genome. This label-free genosensor detects DNA hybridization by 
measuring changes in current post-hybridization, without the need for 
pDNA modification or tagging, simplifying the fabrication process and 
reducing costs. The sensor demonstrated a detection limit of 86.4 amol 
L-1 for viral DNA and 0.28 ng µL-1 for RNA-derived cDNA. Its perfor
mance was validated in human samples, where significant changes in 
peak currents confirmed the presence of viral RNA in patient samples. 
The label-free design, combined with its high sensitivity and low-cost 
preparation, makes this biosensor a promising tool for viral detection 
in resource-limited settings, circumventing the limitations of traditional 
methods such as PCR. Table 3 provides a comprehensive summary of the 
electrochemical genosensors developed for the detection of parasites, 
fungi, and viruses, including their analytes, bioreceptors, nanomaterials, 
and detection ranges. While standalone electrochemical genosensors 
have demonstrated remarkable capabilities in pathogen detection, 
integrating them with microfluidic platforms further enhances their ef
ficiency and portability.

12. A convergence of fields: electrochemical genosensors and 
microfluidics

Microfluidic electrochemical biosensing combines electrochemistry, 
biosensing, and microfluidics to enable portable, miniaturized diag
nostic platforms [104–107]. Various types of microfluidic systems, such 
as lab-on-a-chip (LOC), paper-based, and digital microfluidics, are 
among the diverse array of platforms that have been developed [108,
109]. Each platform offers unique capabilities and can be tailored to 
specific analytical requirements. These systems enable precise manipu
lation of microliter-scale volumes, streamlining sample preparation, 
isolation, and detection in automated workflows. By harnessing the 
manipulation of fluid flow through microchannel networks, microfluidic 
systems offer a versatile approach to fabricating electrochemical sensors 
capable of detecting target analytes in complex matrices such as human 
blood.

12.1. Microfluidic modules for sample preparation

Before conducting the bioassay, various steps of sample preparation 
must be completed to examine the details of the sample. Identifying the 

Fig. 6. Schematic presentation of preparation route for an electrochemical 
DNA biosensor, including electrode polishing, surface modification via elec
tropolymerization, pDNA immobilization, blocking with BSA, tDNA hybridi
zation, and indirect detection using ethidium bromide. Adapted with 
permission from [42]. Copyright 2014, Elsevier.
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Table 3 
Electrochemical genosensors for detection of parasites, fungi, and viruses.

Analyte Electrode pDNA sequence Nanomaterial(s) Detection 
technique

Detection range LOD Ref.

HBV Graphite 5′-GAGGAGTTGGGGGAGCACATT-3′ poly(4- 
aminophenol)

DPV 1.89×10-9- 
1.89×10-6 mol L-1

2.61 nmol L-1 [42]

EBV Graphite 5′-AGGGATGCCTGGACACAAGA-3′ poly(4- 
aminothiophenol)

DPV 3.78-756 µmol L-1 17.32 nmol L-1 [43]

T. vaginalis Au 5′-CATGTCCTCTCCAAGCGTAAGTACTGGGG- 
3′

Anisotropic-shaped 
Au NPs

DPV 1.0×10- 

19–1.0×10-12 mol 
L-1

3.1×10-20 mol 
L-1

[90]

T. vaginalis Au 5′-GAAGTCCTTCGGTTAAAGTTC-3′ Non-spherical Au 
NPs

DPV 1×10-20–1×10-12 

mol L-1
2.1×10-21 mol 
L-1

[91]

T. vaginalis Glassy 
carbon

5′-GAAGTCCTTCGGTTAAAGTTC-3′ POAP DPV Synthetic tDNA: 
1.0×10- 

20–1.0×10-12 mol 
L-1

Synthetic tDNA: 
3.9×10-21 mol 
L-1

[92]

gDNA: 0.55-64 ng 
μL-1

gDNA: 1.0 pg 
μL-1

L. infantum Pt 5′-GTAATGTTACCCGATAGAAGTCTCGT-3′ CdS nanosheets EIS Synthetic tDNA: 
1.0×10- 

14–1.0×10-6 mol L- 

1

Synthetic tDNA: 
0.81 f mol L-1 

(6.5 fg mL-1)

[93]

gDNA: 5-50 ng 
µL− 1

gDNA: 1.2 ng 
µL-1

L. infantum Au 5′-ATCTCGTAAGCAGATCGCTGTGTCAC-3′ Non-spherical Au 
NPs

DPV Synthetic tDNA: 
1.0×10- 

18–1.0×10-10 mol 
L− 1

Synthetic tDNA: 
2.0×10-19 mol 
L-1

[94]

gDNA: 15-50 ng 
mL− 1

gDNA: 9 ng mL- 

1

T. vaginalis Au 5′-CATGTCCTCTCCAAGCGTAAGTACTGGGG- 
3′

Anisotropic-shaped 
Au NPs

DPV cDNA: 1.0×10- 

19–1.0×10-12 mol 
L− 1

cDNA: 3.1×10- 

20 mol L-1
[95]

gDNA: 50-85 ng 
μL− 1

gDNA: 48.1 ng 
μL-1

L. major Au 5′-AACCCACTAAAGCGTCACCCAACA-3′ Au nanoleaves DPV Synthetic tDNA: 
1.0×10- 

19–1.0×10-10 mol 
L− 1

Synthetic tDNA: 
1.8×10-20 mol 
L-1

[96]

gDNA: 0.5-20 ng 
μL-1

gDNA: 0.07 ng 
μL-1

L. major Au 5′-AACCCACTAAAGCGTCACCCAACA-3′ Au hierarchical 
nanoleaflets

DPV Synthetic tDNA: 
1.0×10-12 to 
1.0×10-20 mol L-1

Synthetic tDNA: 
2.98×10-21 mol 
L-1

[97]

gDNA: 0.5-15 ng 
μL-1

gDNA: 0.11 ng 
μL-1

L. major Carbon paste 5′-TGTTGGGTGACGCTTTAGTGGGTT-3′ Co-Zn ferrite 
quantum dots

DPV Synthetic tDNA: 
1.0×10- 

11–1.0×10-18 mol 
L-1

Synthetic tDNA: 
2.0×10-19 mol 
L-1

[98]

For gDNA: 
7.31×10- 

14–7.31×10-6 ng 
μL-1

For gDNA: 
1.80×10-14 ng 
μL-1

Cryptococcus 
neoformans

Au 5′- 
GAGACGGGCAGAGTAACCCATACCGTCGAT- 
3′

N/A Amperometry 5 pmol L-1–1 nmol 
L-1

800 fmol L-1 [99]

C. auris Au 5′-AACAAAACGAAAAAAAAAGCGTAGA-3′ N/A DPV, EIS 4.5-45 ng μL-1 4.5 pg μL-1 [100]
Ustilaginoidea 

virens
Disposable 
paper-based

5′-TCTTGGCTCCTCGGAAGCTC-3′ Oxidized Gr NPs CV, LSV 10 µmol L-1–10 
fmol L-1

10 fM [101]

Influenza B 
virus

Au 5′-GCCCGGAGTGAGACGAGAAATGCAG-3′ Au NPs DPV 1.0×10- 

20–1.0×10-10 mol 
L-1

86.4 amol L-1 [102]

Influenza A 
virus

Pt 5′-GGTTTTGGCCAGCACTACAGC-3′ Meso/macroporous 
CoO nanoflakes

DPV Synthetic tDNA: 
1.0 fmol L-1–1.0 
nmol L-1

Synthetic tDNA: 
86.4 amol L-1

[103]

cDNA: 0.5-10 ng 
µL-1

cDNA: 0.28 ng 
µL-1

gDNA: 100-160 ng 
μL-1

gDNA: 30.1 ng 
μL-1

Additional abbreviations:
Cyclic voltammetry (CV).
Linear sweep voltammetry (LSV).
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targets involves matching common pairs like antibodies/antigens, en
zymes/substrates, DNA or RNA/their complementary sequences, and 
aptamers or bacteriophages/whole bacterial cells with diagnostic ele
ments. Chip-scale extraction from biological samples has been achieved 
using various techniques that leverage miniaturization principles and 
physicochemical mechanisms. Most biological samples are a complex 
mixture of compounds, which can interfere with the analysis by masking 
the analyte of interest, reducing sensitivity or producing noise. Thus, a 
separation step is carried out before analyzing target molecules to 
eliminate unwanted materials that could lead to problematic interfer
ence. To investigate the desired molecules that are present inside a cell, 
it is necessary to first break down the cell to release the target molecules, 
and subsequently separate and isolate them. Integrated steps of cell lysis 
and NA extraction must be established to accomplish the precise, high- 
throughput NA analysis that will result in a comprehensive under
standing of the biological system [110].

Typically, microfluidic devices for NA extraction follow a specific 
sequence of steps. Initially, the sample is introduced into the device 
through an inlet. Next, a lysis step occurs either within an inlet chamber 
or in a dedicated lysis module. The NAs are then captured in an 
extraction domain, where washing and elution phases occur, resulting in 
the extraction being withdrawn through an outlet port. Any waste 
generated during the process is usually collected in a designated area on 
the chip. In certain cases, such as RNA extraction, there may be a 
separate chamber for cDNA retrotranscription. While some of these 
procedures can be carried out either on the chip or off the chip, 
depending on the purpose and design of the device, others are funda
mental to the NA extraction process and are typically performed on the 
chip itself [111].

12.1.1. Cell lysis in a microfluidic system
Different techniques have been devised for cell lysis on microfluidic 

platforms classified into four primary categories:
(i) Chemical lysis utilizes lysis buffers and detergents and is 

commonly employed to disrupt cell membranes and release cellular 
contents [112–114]. Chemical lysis can be categorized into alkaline and 
detergent lyses [112]. Alkaline lysis that uses hydroxide ions for cell 
disruption is suitable for various cell types but entails slow processing 
times of up to 12 h. Conversely, detergent lysis is more widely used for 
mammalian cells and necessitates additional steps for bacterial cells due 
to their protective outer cell wall [115]. Mild non-ionic detergents like 
zwitterionic detergent and Triton-X are preferred to minimize damage to 
proteins and enzymes [116]. Chemical lysis is favored in microfluidics 
for its simplicity [117].

(ii) Thermal lysis employs high temperatures to disrupt cell mem
branes, facilitating access to intracellular components by denaturing 
membrane proteins [118]. Temperature sensors are crucial for precise 
temperature control to prevent protein damage. Most thermal lysis 
methods utilize ohmic heating due to its low power consumption and 
scalability for microfluidic devices. Lee et al. developed an automated 
microfluidic device for DNA amplification, integrating micro heaters 
and temperature sensors to efficiently regulate temperature within the 
lysis chamber [119]. In another study, Packard et al. presented 
detergent-free, heat-only lysis on a microfluidic chip using E. coli cells, 
achieving efficient cell lysis and subsequent analysis of membrane 
compromise, protein, and DNA release. These advancements highlight 
the potential of thermal lysis in microfluidic applications [120].

(iii) Electrical lysis (also known as electroporation) is frequently 
employed for cell lysis, facilitating the creation of transient pores in the 
cell membranes by applying an external electric field. These pores 
release intracellular components once the transmembrane potential 
surpasses a specific threshold. Unlike chemical lysis with detergents, 
electroporation does not impact intracellular contents [121–123]. De
vices for electroporation share similarities with mechanical and chem
ical methods in terms of flow-drive mechanisms. Typically, electrodes 
are made of materials like gold or platinum wire [124,125]. Various 

studies have reported the use of direct and alternating current (DC and 
AC) electric fields for lysis, addressing challenges such as gas bubble 
formation near the electrodes [124,126–129]. Researchers have 
designed innovative microfluidic chips with liquid electrodes, trans
parent ITO electrodes, and planar electrodes to achieve efficient, 
controlled, and rapid cell lysis under low-voltage conditions [130,131]. 
These advancements enhance the speed and effectiveness of cell lysis 
processes, demonstrating promising applications in various biological 
studies and analyses.

(iv) Mechanical lysis involves physically breaking down cell mem
branes using sheer force and direct damaging cell structures to release 
intracellular components [112]. A common approach integrates small 
nanoscale obstacles in microchannels to squeeze the cells and destroy 
their walls, ensuring sufficient shear stress. Capillary effects can also 
accelerate flow and increase shear forces in the lysis region [132]. 
Microfluidic systems, specifically lab-on-a-disk platforms, can be uti
lized to generate shear forces and disrupt cell membranes. Dehghan 
et al. employed a magnetic stirrer system with a rotating disk, where 
stationary magnets actuated a small stainless steel rotor, generating 
shear forces to effectively lyse the cells by disrupting their membranes 
during the rotation process [133]. Similar techniques involve using tiny 
and rotating ferromagnetic disks on a CD to swirl grinding beads and 
lyse cells, using an oscillating magnetic field [134]. Membranes can also 
be ruptured when cells are exposed to pressure waves with enough en
ergy by using ultrasonic agitation [135]. Carlo et al. developed a device 
with sharp nanostructures to effectively penetrate cell membranes 
without harming extracted proteins [136]. Additionally, Han et al. uti
lized porous silica monoliths to mechanically lyse blood cells while 
allowing intact bacteria to traverse, enabling selective lysis based on the 
cell size and membrane tension [137]. This approach achieved high 
recovery rates of intact bacteria and effective sample preparation for 
downstream analysis. These advancements underscore the versatility 
and efficacy of mechanical lysis methods in microfluidic applications. 
Following cell lysis, the effective extraction and purification of NAs are 
paramount to ensure downstream detection accuracy. Microfluidic 
platforms have evolved diverse mechanisms for NA extraction, catego
rized by their underlying physicochemical principles.

12.1.2. Microfluidic NA extraction
Following cell lysis or NA release from the samples, numerous 

microfluidic sensing setups necessitate the purification or concentration 
of NA before its transfer to the sensor. Therefore, several methods for NA 
extraction have been devised within micro-total-analysis systems. These 
techniques can be classified based on the fundamental mechanisms 
underlying NA separation as field-assisted extraction, electrostatic 
interaction, membrane separation, and functionalized microparticles. 

- Field-assisted extraction: The efficacy of sample preparation can be 
significantly enhanced by incorporating diverse energy fields, such 
as mechanical forces, and electrical, acoustic, and magnetic fields 
[138,139]. By chance, these forms of energy are frequently utilized 
in microfluidics to precisely manipulate substances and fluids at a 
minute scale. Consequently, most microfluidic setups are designed 
for analyte extraction, separation, or isolation relying on the aid of 
an external energy source. Based on the specific type of energy 
assistance, these techniques can be categorized into 
microflow-assisted extraction, centrifugal-assisted extraction, elec
tric field-assisted extraction, acoustic-assisted extraction, and mag
netic field-assisted extraction [140–146].

- Electrostatic interactions: Several NA extraction methods have been 
developed using electrostatic interactions between DNA and modi
fied surfaces. These techniques typically utilize an amine-coated 
surface, where amine groups carry a positive charge at acidic pH 
levels, facilitating the binding of negatively charged DNA. However, 
the effectiveness of this method diminishes as the pH level becomes 
>7, posing challenges during the DNA amplification step due to the 
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high pH required for elution. To address this pH-related issue 
inherent in conventional electrostatic methods, researchers have 
explored the use of a CS-coated surface for DNA extraction from the 
whole blood. CS exhibits a cationic charge at pH=5 and can be 
readily neutralized at pH=9. Microfluidic channels featuring high- 
density CS coatings were developed and evaluated using lysed 
whole blood samples [110,147].

- Membrane separation: This technique integrates the membrane 
material into microchip devices, enabling miniaturized processes 
such as filtration, membrane extraction, and dialysis. NAs can adhere 
to silica or glass fibers in solutions with high ionic strength as elec
trostatic repulsion diminishes. Following washing with a non-polar 
solvent, DNA can be extracted using a low-ionic-strength buffer 
[110,147,148]. As an illustration, a silica membrane was enclosed 
within the middle of a multilayer assembly microchip platform and 
used to separate NAs from cellular debris post-bacterial lysis [149]. 
The refined NA of E. coli O157:H7 could be acquired in just 3 min, 
highlighting its viability for POC diagnostics. In handling biological 
specimens like cells, their physical and chemical attributes can be 
leveraged to implement membrane separation.

- Functionalized microspheres or magnetic beads: These beads with 
DNA adsorbent surfaces have also been deployed in various capac
ities for DNA extraction. MPs coated with functionalized carboxyl 
groups or silica have been employed to isolate DNA from biological 
specimens [110,150–154].

12.2. Integration platforms

Integrating multiple laboratory functions into microfluidic systems is 
highly desirable for on-site biosensing platforms. Compact microfluidic 
devices are well-suited for electrochemical sensors due to their reli
ability as molecular diagnostic platforms. Moreover, most measurement 
devices can directly interface with electrochemical signals, making the 
combination of microfluidics and electrochemical sensing a cost- 
effective and scalable approach for NA detection assays [155,156]. 
The integration of these technologies offers several advantages, 
including reduced sample and reagent consumption, shorter processing 
times, automated sample preparation and detection, high-throughput 
capabilities, multiplexed analysis within a single device, and improved 
portability and disposability [155,157–159].

Despite their high sensitivity and portability, electrochemical geno
sensors face several challenges in real-world applications, such as vari
ability due to manual sample preparation, nonspecific binding in 
complex biological matrices, and technical difficulties in achieving 
multiplexed detection within miniaturized platforms. The integration of 
microfluidics effectively addresses these limitations by combining pre
cise fluid control, automation, and system miniaturization, thereby 
enhancing sensor performance across multiple dimensions [160–162]. 
Specifically, microfluidic platforms augment electrochemical geno
sensors in the following ways: 

- Minimizing nonspecific binding and background noise: Microfluidic 
channels enable controlled sample flow, reducing sample dispersion 
and surface fouling. This results in improved specificity and signal 
clarity, particularly in complex biological samples [163].

- Enhancing sensitivity and signal amplification: The ability to pre
cisely manipulate fluid volumes within microchannels leads to 
increased analyte concentration, improving detection limits and 
signal-to-noise ratios. Additionally, efficient redox reactions facili
tated by controlled microfluidic flow enhance electrochemical signal 
output [164].

- Enabling automated and high-throughput processing: Microfluidic 
integration allows for fully automated sample handling, minimizing 
human intervention and ensuring reproducibility. This is particularly 
beneficial for clinical diagnostics and point-of-care applications, 
where rapid and consistent results are essential [160].

- Facilitating multiplexed detection: Microfluidic architectures can 
accommodate multiple detection zones within a single device, 
enabling the simultaneous analysis of multiple targets. This is a 
crucial advancement for pathogen detection and disease diagnostics, 
where comprehensive screening is often required [160].

- Improving portability and field deployability: The miniaturized na
ture of microfluidic-electrochemical platforms reduces power and 
reagent requirements, making them ideal for point-of-care and field- 
based diagnostics. Unlike bulky optical biosensing systems, electro
chemical microfluidic platforms offer robust and low-cost alterna
tives for rapid and decentralized testing [165].

By integrating these advancements, microfluidic electrochemical 
genosensors provide a more efficient, accurate, and scalable approach to 
NA-based diagnostics, bridging the gap between laboratory research and 
real-world applications.

Electrochemical microfluidic systems have proven advantages over 
conventional approaches in certain applications. For instance, Cheng 
et al.’s electrochemical microfluidic platform overcame the response 
constraints of the electrochemical biosensors that are used today [166]. 
Packed transducer materials between a top and bottom microelectrode 
characterize this microfluidic system. With the non-planar interdigitated 
electrode and the packed transducer material, a flow-through porous 
electrode was produced. Because of the special construction, each bound 
target or capture probe can be placed anywhere in the electrode or flow 
field and contribute to the overall signal, resulting in improved sensi
tivity and selectivity (Fig. 7A). This enables fmol L-1 sensitivity for DNA 
detection. Interestingly, a SAM-based stem-loop probe-modified gold 
microwire was used to create a woven-based microfluidic device [167]. 
Liquids were conveyed to the surface of the microwires/multifilament 
threads, which served as electrodes in the device, by utilizing the 
wicking property of the woven textile without the need for an extra 
pump. When combined with recombinase polymerase amplification, the 
fiber-based sensor could identify, in 65–70 min, gDNA from Staphylo
coccus epidermidis that was unpurified and isothermally amplified, with a 
detection limit of 10 copies/μL. These textile-based sensors could offer a 
substitute for POC NA diagnostics and wearable sensors (Fig. 7B).

Microfluidic platforms can also provide sample-to-answer solutions. 
Within a 3D-printed LOC platform, the automation of extracting, 
concentrating, and amplifying SARS-CoV-2 RNA from raw saliva was 
accomplished [168]. Specifically, to bypass the necessity of prior puri
fication steps, processes involving viral lysis and nuclease inactivation 
were executed by adding a proteinase K solution at 55 ◦C, succeeded by 
an inactivation step at 95 ◦C. Moreover, a poly(ethersulfone) membrane 
was utilized to capture the NAs present in the saliva sample. Subse
quently, the LAMP and CRISPR-based assays were carried out in distinct 
reaction chambers. This device facilitated the automated manipulation 
of liquids, starting from sample preparation up to the interpretation of 
signals. Moreover, this microfluidic chip incorporated a module for 
detecting host antibodies, thereby enabling the simultaneous analysis of 
multiple markers at the POC and supporting extensive monitoring of 
COVID-19 infections (Fig. 7C). In another study, a film-based micro
fluidic chip for POC was created by Park et al. to assess microorganisms 
causing foodborne diseases [169]. The chip combined solution mixing, 
electrochemical detection, and gene amplification functions. Its con
struction is made possible using patterned poly(ester) and poly(imide) 
sheets on a poly(carbonate) housing chip, which makes assembly and 
alignment straightforward. The platform allowed for the simultaneous 
amplification of the genes from foodborne pathogens using several 
microfluidic chambers and Hoechst 33258 for electrochemical detec
tion. It may be manually constructed in 10 min. With the ability to 
identify S. aureus and E. coli at colony-forming unit concentrations as 
low as 10 and 100, respectively, this device exhibited high sensitivity 
and reproducibility. It can be used as a POC tool to screen different 
pathogens that cause foodborne illnesses (Fig. 7D).

Multiplexing detection is implied to be necessary to accurately 
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diagnose some diseases. A few electrochemical microfluidic systems 
achieved this by creating subsections within their channel. For instance, 
the middle poly(dimethylsiloxane) layer of a 3D microfluidic platform 
had four sensing, four mixing, and four incubation zones that allowed 
for the simultaneous detection of four miRNAs [170]. MoS2-CuFe2O4-
based nanocomposites were synthesized to change the electrode due to 
their better catalytic activity and improved specific surface area to 
significantly boost the signal gain. This platform used for miRNA mul
tiplexing detection based on 2D nanomaterials allows for POC diagnosis 
of paratuberculosis (Fig. 8A). Additionally, IMEAC, an integrated 
microfluidic electrochemical assay for cervical cancer, was introduced 
for the diagnosis of cervical cancer [171]. The device is noteworthy for 
utilizing a unique passive plasma separator that isolates plasma with no 
need to applying an external force. Since the separation is automated, 
hr-HPV16 cDNA can be found directly in an extracted plasma sample. 
When combined with an electrochemical sensor based on Gr oxide, a 
sample-to-answer workflow was accomplished with little manual 
intervention (Fig. 8B).

While microfluidic-electrochemical platforms enable simultaneous 
detection of multiple pathogens (e.g., S. aureus and E. coli in Park et al.’s 
work, Fig. 7D), several challenges hinder widespread adoption. First, 
cross-reactivity between probes remains a critical issue, as non-specific 
binding in complex biological matrices can generate false positives. For 
example, the IMEAC device (Fig. 8B) mitigates this by spatially sepa
rating plasma and antibody detection zones, but such designs increase 
device complexity and limit scalability. Second, signal interference 
arises when redox markers (e.g., methylene blue, ferrocene) with 
overlapping electrochemical signatures are used for distinct targets, 
complicating signal deconvolution. Third, probe design complexity es
calates with the number of targets, requiring orthogonal immobilization 
strategies (e.g., MXene composites) to maintain hybridization efficiency. 
Material limitations, such as the finite surface area of electrodes for 
probe functionalization, further constrain multiplexing density. 
Addressing these challenges will require innovations in CRISPR-Cas 
systems for sequence-specific amplification, nanomaterials with 
tunable conductive properties, and AI-driven algorithms to resolve 
overlapping signals.

One type of microfluidic system that has gained popularity for POC 
clinical diagnostic applications is the paper-based analytical device. 
Paper-based materials have several advantages over other materials, 
including low cost, ease of manufacturing, high flexibility, disposability, 
and the ability to transport samples with no need for an externally 
driven force [172–174]. Miniaturization, mobility, low cost, and POC 
diagnosis are further characteristics of electrochemical biosensors that 

integrate with paper-based analytical tools. In this regard, Srisomwat 
et al. presented a paper-based electrochemical biosensor to detect 
HBV-associated [175]. They did this by utilizing an electrochemical 
lateral flow assay. This assay included both a gold metallization tech
nique and a printed-delayed configuration. The sensing platform spe
cifically has a straight non-delayed channel, a zigzag delayed channel, 
and a detecting zone. Gold pre-metallization was performed at the 
delayed channel zone, and pPNA was fixed on the detection zone with an 
electrode positioned underneath. DNA hybridization and gold metalli
zation proceeded automatically and consecutively by utilizing this dif
ferential flow architecture (Fig. 9). The procedure took about 7 min to 
finish, demonstrating a potential molecular diagnostic platform without 
sacrificing sensitivity or selectivity.

Most microfluidic devices rely on the capture of the analyte using 
probes that have been fixed in specific regions of the microchannel of the 
device. In this instance, Ben-Yoav et al.’s work is relevant [155]. They 
created a dual-layer microfluidic valve array on poly(dimethylsiloxane) 
to create a microfluidic arrayed electrochemical LOC platform. 30-mer 
oligonucleotides were employed for label-free hybridization detection 
via EIS. Thiolated oligos were immobilized on a gold surface, and the 
flux was managed using a system of valved manipulation (Fig. 10A). 
They achieved a theoretical LOD of 1 nmol L-1. This group used a 
diffusion-restriction model in a miniaturized biochip nanovolume 
reactor to precisely characterize DNA hybridization events in another 
investigation [176]. They concentrated on changes in diffusional resis
tance and charge transfer resistance. After the microfluidic biosensor 
was incubated with tDNA for 20 min, it showed selective detection of 
tDNAs with a calculated detection limit of 3.8 nmol L-1 and 
cross-reactivity of 13 %. The sensitivity of the biosensor was demon
strated by increasing impedance values at low frequencies to increase 
tDNA concentration. Charge transfer resistance and tDNA concentration 
had a semilogarithmic relationship (Fig. 10B). Kutluk et al. reported 
another interesting example [177]. They specifically focused on a 
disposable microfluidic technology for microRNA-197 (22-mer) elec
trochemical detection. The biotinylated pDNA was immobilized by first 
coating the microchannel with streptavidin and then obstructing it with 
biotin and BSA. An enzymatic reaction based on glucose oxidase was 
followed by an amperometric readout after the flux was stopped for a 
predetermined amount of time (stop-flow) (Fig. 10C). This biosensor, 
using 0.58 μL of the sample, yielded a LOD of 1.27 nmol L-1.

Sfragano et al. presented an electrochemical assay conducted inside a 
tiny card-based device powered by microfluidic manipulation, requiring 
minimal amounts of consumables and human intervention [159]. The 
technique used DNA-modified MPs in conjunction with sample/signal 

Fig. 7. A) An electrochemical sensor used a shear-enhanced, flow-through nanoporous capacitive electrode (ESSENCE). (A) Schematic diagram of assembled 
microfluidic device’s different components. (B) A fully assembled ESSENCE chip. (C) Nano-ordered material with the functional capture probes packed in a 
microfluidic channel between two electrode arrays to form a porous structure. Due to the enhanced shear forces (from the packed electrode structure), the non- 
specific binding molecules will be washed away from the packing material’s surface. (D) The material electrode (ME) behaving like a shorted electrode for 
conductive packing. (E) Using two ME electrode pairs together. The first pair was packed while the second pair was blank. The top and the bottom electrodes for each 
ME pair were shorted together. Adapted with permission from [166]. Copyright 2021, Elsevier. B) Microfluidic electrochemical biosensors for clinical diagnosis. 
Schematics of electrochemical DNA (E-DNA) sensor fabrication, integration into the Coolmax-weave, and isothermal amplification using recombinase polymerase 
amplification (RPA): (A) schematics of stepwise-electrochemical characterization of 6MCH-modified Au microwires and threads, MCH denotes 6-mercapto-1-hexa
nol; (B) and (C) photos of the real integrated microwires and Au multifilament threads into the woven microfluidic devices, respectively; (D) schematics of 
immobilization of MB conjugated stem-loop (S-L) DNA probes on the clean Au microwire surface and later backfilling of the electrode surface by 6MCH; (E) 
schematics of the mechanism of RPA and providing tDNA using lambda exonuclease enzyme for the detection step; (F) schematics of the woven E-DNA sensor into 
Coolmax-cotton weave. Copyright 2021, Wiley. Adapted with permission from [167]. Copyright 2021, Wiley. C) Schematic of CRISPR electrochemical assays and 
assay performance using clinical samples: (A) overview of the microfluidic chip designed for an LOC sample-to-answer saliva detection of SARS-CoV-2 RNA and 
antibodies; (B) an exploded view of the multiplexed system, which included a heater system, a sealed microfluidic chip and a multiplexed electrochemical sensor 
chip; (C) photograph of the microfluidic system with a quarter dollar for scale. (D) Schematic illustrating the surface chemistry of the EC assay. Without viral RNA 
(top row), the biotinylated ssDNA RP probe is not cleaved; therefore, the polystreptavidin-HRP binds to the PNA/ biotin-DNA duplex when added to the EC sensor 
chip and consequently precipitates TMB, resulting in an increase in current. In contrast, the biotinylated RP ssDNA is hydrolysed in the presence of viral target RNA 
(bottom row), cleaving the biotin group. Consequently, polystreptavidin-HRP does not bind to the surface of the chips, resulting in no TMB precipitation and no 
increase in current. Copyright 2022, Nature. Adapted with permission from [168]. Copyright 2022, Nature Portfolio. D) Scheme of a film-based integrated chip for 
pathogen analysis: (A) The fabricated integrated chip consisted of four parts: an inlet for solution injection, PCR chamber, mixing chamber, and detection area. The 
same configuration of five channels was designed for simultaneous detection of different pathogens on a single chip; (B) a schematic illustration of the functionalities 
and each part of the integrated chip; (C) The fluidic flow in the integrated chip. Adapted with permission from [169]. Copyright 2018, Elsevier.
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dual amplification to identify the results of DNA amplification. Identi
fying the sul1 and sul4 genes implicated in resistance to sulfonamide 
antibiotics is the main goal of the investigation. After being removed 
from E. coli cells, the resistance genes were amplified using an 
enzyme-assisted isothermal amplification technique. The low-cost and 
card-based setup that used microfluidic technology to examine the 
amplification products required little manual labor and small sample 
volumes. The platform successfully detected diluted amplification 
products of sul1 extracted from E. coli living cells in approximately one 
hour, with limits of detection of 44.2 pmol L-1 for sul1 and 48.5 pmol L-1 

for sul4. This offers a potential method for identifying sulfonamide 
resistance genes in environmental and clinical matrices (Fig. 10D).

A technique for DNA trace analysis using on-chip pre-concentration, 
separation, and electrochemical detection in microchip gel electropho
resis using Au NPs to improve performance and sensitivity was pre
sented [178]. Three parallel channels made up the microchip: one for 
microchip gel electrophoresis with electrochemical detection and two 
for field-amplified sample stacking and injection. Au NPs were added to 
the stacking and separation buffers to enhance pre-concentration and 

separation. The approach successfully examined a 100-bp DNA ladder 
including 13 fragments and demonstrated a considerable improvement 
in sensitivity.

The evolution of electrochemical microfluidic biosensors from 
foundational research to commercialization is clear. A wide range of 
materials-assisted electrochemical microfluidic systems have been used 
for a various goals, including low cost, wearability, and the elimination 
of the need for extra liquid manipulation. Multiplex detection, minia
turization, and sample-to-answer solutions are further research prior
ities for developing useful molecular diagnosis devices. Despite existing 
instances, the level of maturity remains restricted. The interdisciplinary 
character of the difficulties is becoming clearer; therefore, more ad
vancements should be expected to suit broader scenarios. The following 
are the most crucial obstacles to be overcome: low sample volume and 
low Reynolds number, which affect sample preparation and fluid mix
ing; physical and chemical effects, such as capillary forces, surface 
roughness, and chemical interactions between analytes and construction 
materials; and low electrochemical signal-to-noise ratio, which is caused 
by the reduced surface area and volume [179]. These constraints result 

Fig. 8. A) MoS2 nanosheets-based electrochemical miRNA sensor. (A) Schematic presentation of a MoS2-CuFe2O4 nanocomposite synthesis, (B) principle of miRNA 
detection using MoS2-MP nanocarriers, and (C) structure of the polydimethylsiloxane microfluidic platform showing inlets (I1–5), mixing zones, incubation zones, 
sensing zones, outlets (O1–4) and integrated electrodes, inset: miRNA detection on the nanocomposite modified electrode. MPTS denotes (3-mercaptopropyl) tri
methoxysilane. Adapted with permission from [170]. Copyright 2018, Royal Society of Chemistry. B) Illustration of an integrated microfluidic electrochemical assay 
for cervical cancer detection: (A) and (B) side and top view of an integrated microfluidic electrochemical assay for cervical cancer (IMEAC) device that integrated two 
main modules: passive plasma separator (PPS) for plasma isolation and an electrochemical biosensor; (C) IMEAC was fabricated via connecting the outlet of the PPS 
device to the inlet of a chamber that covers the electrodes of the electrochemical biosensor using tubing; (D) a demonstration of the assay with food dye. Adapted 
with permission from [171]. Copyright 2022, Royal Society of Chemistry.
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in reduced density of probe surfaces, which alters their orientation; the 
presence of interfering oligonucleotides, which may induce mismatches; 
and limited mass transport and diffusion of tDNAs toward surface hy
bridization under static conditions [155]. By overcoming these obsta
cles, the development of miniaturized devices with several benefits for 
use in clinical settings could be accelerated. As research advances 
continue to push the boundaries of electrochemical genosensing and 

microfluidics, some of these innovations have transitioned from the 
laboratory to commercial applications. The final section discusses 
commercially available systems, their advantages, and remaining chal
lenges in translating electrochemical genosensors into widespread 
clinical use.

13. Commercial systems

The concept of the microfluidic electrochemical biosensor has gained 
significant attention, leading to the commercialization of many versions 
of devices for portable POC analysis. An exemplary system that en
compasses numerous features is the Abbott POC i-STATs System [180]. 
The analyzer is specifically designed to be used with a selection of car
tridges that have enclosed microchannels. These microchannels are 
intended to process small amounts of whole blood depending on the 
specific type of cartridge. The cartridges allow for the measurement of 
25 different substances and parameters related to blood chemistry. The 
detection method used is electrochemical, and many of the tests rely on 
catalytic biosensors (such as urea nitrogen, glucose, creatinine, lactate, 
ACT Celite, ACT Kaolin, and PT/INR), ion selective electrodes (such as 
Na+, K+, iCa2+), or affinity biosensors (such as cTnI, creatine kinase-MB, 
and B-type natriuretic peptide). Although other microfluidic electro
chemical POC devices have been fabricated, they still lack the necessary 
approval for diagnostic purposes. For example, an analogous portable 
gadget called the Nanomix eLab is used to identify cardiac biomarkers 
using cartridges [181]. Additional POC devices utilizing electrochemical 
biosensors are the Daktari CD4, an instrument designed for HIV di
agnoses [182], and the Biosensia RapiPlex, which is used for 

Fig. 9. Schematic illustration of the electrochemical lateral flow assay device 
for one-step HBV DNA detection. acpcPNA denotes pyrrolidinyl peptide nucleic 
acid. Adapted with permission from [175]. Copyright 2021, American Chemi
cal Society.

Fig. 10. A) Microfluidic-valved chip, showing (A) the fabricated arrayed electrochemical chip, (B) top valve configuration and the bottom assay channels, (C) entire 
assembled device, (D) vertical (top) and horizontal (bottom) valve configurations, and (E) valve actuation via the hydraulic channel to pinch off the microfluidic 
assay channel. Adapted with permission from [155]. Copyright 2015, Elsevier. B) The diffusion-based biosensing approach for (A) macro-scale biochips and (B) 
microfluidic-based biochips with the reflective boundary provided in the microfluidic biochips. Adapted with permission from [176]. Copyright 2012, Elsevier. C) 
Illustration of the (a) competitive and (b) sandwich assay formats that were employed for the detection of the target miRNA-197 on the microfluidic biosensor. (c) 
Image of the microfluidic biosensor, visualizing the immobilization area (black), the electrochemical cell with the counter, reference and working electrodes (green), 
and the stopping barrier (SB), shown in blue, which separates the two chambers. Adapted with permission from [177]. Copyright 2020, Elsevier. D) Schematic 
illustration of a microfluidic electrochemical detection system for analyzing sulfonamide resistance genes (e.g., sul1 and sul4) using DNA-modified magnetic 
beads [159].
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electrochemical immunoassays for multiplexed detection [183].

14. Commercialization challenges and future directions

The development of biosensors is driven by the need to meet social 
demands through the creation of economically viable and effective 
biosensor devices. Despite their superior sensitivity and speed, electro
chemical genosensors face commercialization challenges, including 
cost-effectiveness and scalability, which must be addressed to compete 
with optical biosensors. Notable technological instances of POC bio
sensors encompass LOC compact fluidic systems that have complete 
integration of sample preparation, PCR amplification, and electro
chemical detection stages. Nevertheless, the expense of producing them 
may hinder their use in widespread applications by healthcare facilities, 
and other enhancements are required to eliminate the lengthy PCR 
amplification steps (2 h out of a total assay duration of 3.5 h). Nanopore 
DNA sequencing is now the most promising technology among existing 
options. It has a wide range of applications in scientific studies, and 
commercial tools are already being used for this purpose. Moreover, it 
remains uncertain if clinical nanopore diagnostic devices will achieve 
comparable levels of effectiveness.

Despite these advancements, several key challenges still hinder the 
scalability and deployment of genosensors for pathogen detection. 
Addressing these limitations is crucial for the effective translation of 
laboratory research into practical applications. One major challenge in 
the large-scale production of genosensors is maintaining batch-to-batch 
consistency while ensuring affordability. The fabrication of 
nanomaterial-based electrodes and microfluidic platforms often requires 
complex, high-cost manufacturing processes that hinder mass produc
tion. To address this, scalable printing techniques such as screen- 
printing or inkjet deposition of biomaterials have been explored [184,
185]. Additionally, integrating biosensors with disposable or reusable 
substrates can help lower costs while maintaining performance. For 
example, paper-based microfluidic devices have gained attention due to 
their low cost, ease of manufacturing, and disposability, making them 
ideal for resource-limited settings.

For field applications, genosensors must function reliably in diverse 
environmental conditions, from clinical settings to remote or resource- 
limited areas. Factors such as sample preparation complexity, stability 
of biological recognition elements, and the need for trained personnel 
limit practical deployment. Future efforts should focus on integrated, 
fully automated POC devices that minimize user intervention [186]. 
Moreover, regulatory approvals, including compliance with FDA and CE 
standards, remain a major hurdle for commercialization, requiring 
extensive validation studies.

The integration of microfluidics with electrochemical biosensors has 
shown immense potential in improving assay sensitivity, reducing 
sample volume requirements, and enhancing portability. Microfluidic 
platforms allow precise manipulation of fluids, enabling efficient sample 
pre-treatment, target enrichment, and multiplexed detection. Addi
tionally, the use of microfluidic chips enables the automation of complex 
biochemical reactions, such as NA amplification and hybridization, 
within a miniaturized and cost-effective framework. Future research 
should focus on optimizing microfluidic flow dynamics to improve re
action efficiency, reducing clogging issues, and developing paper-based 
microfluidic sensors for resource-limited settings.

Detecting multiple pathogens simultaneously remains a significant 
bottleneck due to signal interference and cross-reactivity among 
different probes. Innovations in microarray-based electrochemical 
detection and barcode DNA technologies may enhance multiplexing 
capabilities [187]. Additionally, the development of AI-assisted signal 
processing algorithms could improve specificity and allow real-time 
analysis of complex biological samples.

Biofouling caused by the non-specific adsorption of proteins, cells, 
and other biomolecules can severely degrade sensor performance, 
leading to false positives or signal drift. To counteract this, researchers 

are exploring antifouling coatings, such as polyethylene glycol and 
zwitterionic polymers, as well as self-cleaning electrode surfaces [188]. 
Additionally, electrochemical pulse-cleaning strategies and enzymatic 
degradation approaches may offer promising solutions.

Future research should focus on integrating these strategies into 
genosensor platforms to create robust, scalable, and user-friendly diag
nostic tools. The convergence of nanotechnology, automation, and AI- 
driven analytics is expected to drive the next wave of advancements, 
making genosensors a cornerstone of rapid and decentralized pathogen 
detection.

15. Conclusions and future outlooks

The convergence of electrochemistry, biosensors, and microfluidics 
is expanding the boundaries of conventional scientific and technical 
fields. This review comprehensively examines the various domains and 
their intersections, with a particular focus on applications. Although 
there are numerous types of microfluidic electrochemical biosensors 
designed for NAs, there appears to be a potential for developing novel 
techniques that can accurately measure tiny molecules like proteins and 
antibodies. Future advancements should prioritize multiplexed detec
tion architectures using CRISPR-programmable systems and AI-assisted 
signal resolution to address co-infections and polymicrobial contami
nation. In addition to these prospects, microfluidic electrochemical 
biosensors encounter competition as other approaches become more 
affordable and compact. For instance, there are bench-top and personal 
mass spectrometers that can accomplish extremely specific detection 
without requiring biorecognition elements. However, despite this 
competition, progress in microfluidic electrochemical biosensors could 
potentially result in additional and even compatible technologies. Given 
the progress made thus far, we suggest that the intersecting fields of 
microfluidics, electrochemistry, and biosensors will continue to develop 
in unforeseeable ways. It is anticipated that this evolution will provide 
intriguing and perhaps significant ideas that could have a profound 
impact on our world.
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