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Abstract: The determination of nucleic acids has become an analytical diagnostic method with many
applications in fields such as biomedical sciences, environmental monitoring, forensic identification,
and food safety. Among the different methods for nucleic acid analysis, those based on the poly-
merase chain reaction (PCR) are nowadays considered the gold standards. Isothermal amplification
methods are an interesting alternative, especially in the design of chip-based architectures. Biosensing
platforms hold great promise for the simple and rapid detection of nucleic acids since they can be
embedded in lab-on-a-chip tools to perform nucleic acid extraction, amplification, and detection steps.
Electrochemical transduction schemes are particularly interesting in the design of small and portable
devices due to miniaturization, low-energy consumption, and multianalyte detection capability. The
aim of this review is to summarize the different applications of isothermal amplification methods
combined with electrochemical biosensing techniques in the development of lab-on-a-chip tools and
wearable sensors. Different isothermal amplification methods are revised, and examples of different
applications are discussed. Finally, a discussion on patented devices is also included.

Keywords: isothermal amplification; electrochemical platform; nucleic acids; wearable sensors;
microfluidics; cancer; viruses; bacteria

1. Introduction

The determination of nucleic acids is an analytical challenge that encompasses differ-
ent diagnostic applications, including the medical diagnosis of microbial infections and
cancer diseases, food safety, and environmental monitoring, just to cite a few examples.
Indeed, the recent coronavirus pandemic has demonstrated how nucleic acid detection
methods have become a gold-standard technology for virus and microbial detection. Fur-
thermore, liquid biopsy and the subsequent determination of circulating nucleic acids have
emerged as a challenging approach for the early detection of cancer and its recurrence, or
for monitoring the response to therapy and drug resistance [1–3]. This attractive concept
has been integrated in cancer management due to the recent implementation of extremely
sensitive and selective analytical genomic methodologies and bioinformatics tools. Besides
medical applications, the environmental and conservation sciences have benefited from ge-
netic analysis, with environmental DNA (eDNA) representing an emerging and minimally
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invasive approach to monitor species in many harsh and remote environments, including
river and marine ecosystems [4,5].

Nowadays, nucleic acid analysis requires sophisticated instrumentation mainly based
on Next-Generation Sequencing and Real-Time Polymerase Chain Reaction (RT-PCR).
However, the implementation of these technologies is not straightforward, especially in
low-resource settings, with the lack of trained personnel and infrastructures. Thus, one
challenging aspect is the ability to detect target DNA or RNA sequences without the
complexity of specialized laboratory equipment [6,7].

The development of compact, easy-to-use, and cost-effective lab-on-a-chip devices for
the detection of nucleic acids is thus important for many different applications, from medical
diagnostic to environmental monitoring. Typically, nucleic acid analysis is based on different
steps that include (a) sample acquisition, (b) nucleic acid extraction, (c) amplification, and
(d) detection. Biosensing platforms hold great promise for the simple and rapid detection of
nucleic acids, as they can be embedded in or coupled to microfluidic tools to perform nucleic
acid extraction and amplification steps. Thus, biosensing platforms can be implemented
as screening tests for in situ analyses. The sample-amplification step can be performed
by standard PCR, and some examples are already on the market [8]. Commonly, PCR
amplifies by a factor of 106–109 times the target sequence, increasing the sensitivity of the assay.
However, the utmost requirement for PCR is the rapid thermocycling between temperatures
of 95 ◦C and 50 ◦C, together with a precise temperature control. These features are technically
demanding. Isothermal techniques, on the other hand, by performing amplification at a
constant temperature, are claimed to be a promising, less demanding, and cost-effective
alternative to PCR [9]. Numerous types of such techniques, such as recombinase polymerase
amplification (RPA), loop-mediated isothermal amplification (LAMP), and helicase-dependent
amplification (HDA), are available and can be classified into enzymatic and non-enzymatic
strategies, differing in terms of operations and performances. An interesting feature is the
low operating temperature range (30–40 ◦C) of some of these isothermal methods that can
be supplied by the human body, eliminating the need for an external heating device and
becoming ideal for the development of wearable devices.

Beyond isothermal amplification, electrochemical detection schemes are emerging
in the field of nucleic acid analysis due to miniaturization, low consumption, and multi-
analyte detection capability [1,10]. Electrochemical devices monitor the changes in current,
potential, or impedance at an electrode–solution interface as a result of the binding of the
target nucleic acids with the selected capture probes, i.e., selected biomolecules (mainly
complementary oligonucleotide strands) deposited on the surface of an electrode [11].
Nano-structuration of the electrochemical platforms and the development of reliable signal-
amplification techniques are important factors to explain the improved quantitative detec-
tion performance of the electrochemical devices [12].

The purpose of this review is to summarize recent applications of isothermal ampli-
fication techniques coupled to electrochemical devices for the detection of nucleic acids.
While other reviews to date have provided very comprehensive summaries of the various
isothermal methods [13,14] and their use in the detection of nucleic acids [15,16], mainly by
optical detection, this manuscript is focused only on electrochemical detection strategies.
Furthermore, only those examples reported in the literature over the past 5 years, focused
on the coupling of amplification with electrochemical detection on microfluidic chips and
wearable tools, are here described in detail. A brief discussion over patents is also reported.

We are confident that this review offers an overview of the literature on this topic,
stimulating the development of smart and easy-to-operate diagnostic tools for applications
in several scientific areas and providing new possibilities for rapid diagnostics and point-
of-care testing.
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2. Behind the Scenes: Classification of Isothermal Amplification Techniques and Basic
Concepts of Electrochemical Methods

The different features of some frequently used isothermal amplification procedures
are briefly described in the following paragraphs and are summarized in Table 1. A brief
introduction to electrochemical methods is also reported in the following sections.

2.1. Nucleic Acid Sequence–Based Amplification (NASBA)

Nucleic acid sequence–based amplification (NASBA) is an isothermal amplification
technique that was first introduced in 1991 and is used to amplify ssRNA sequences by
simulating retroviral RNA replication [17]. The reaction requires three enzymes, namely
reverse transcriptase, T7 DNA-dependent RNA polymerase, and RNase H; and two primers,
forward primer (P1) and reverse primer (P2). As the reaction proceeds, the target RNA first
hybridizes to the P1, with a portion complementary to the 3’ end of the target RNA, while
another portion of P1 is complementary to the T7 promoter sequence. The target RNA, thus,
is converted into a complementary intermediate DNA (cDNA) by the reverse transcriptase.
Then the RNase H destroys the RNA template, and P2 binds the 5′ end of cDNA. The
reverse transcriptase, by using the second primer, P2, produces a ds cDNA containing
the promoter region. Thus, transcription of the dsDNA by the T7 DNA-dependent RNA
polymerase produces many strands of antisense RNA with respect to the target RNA.
The reaction can achieve 109-fold amplification in 1.5–2 h, at 41 ◦C, with a sensitivity
comparable to RT-PCR. However, in contrast to the latter [18], where the initial amount
of primers limits the yield of the reaction, in the NASBA method, the amount of RNA
produced is significantly greater, by about an order of magnitude. Another advantage of
NASBA is that the RNA produced is single-stranded, allowing rapid and simple detections
without the need for prior denaturation; moreover, the ssRNA amplicons can be reused for
another cycle of exponential amplification [19,20]. In addition, the reaction time of NASBA
is shorter than that of RT-PCR.

2.2. Strand Displacement Amplification (SDA)

Strand displacement amplification (SDA) was first described in 1992 and is based on
the use of four primers, two internal and two external [18]. The external primers are located
upstream of the internal primers and are complementary to the target sequence; the internal
primers contain a sequence complementary to the target and a sequence at 5’ for nicking the
endonuclease. Both types of primers then bind to the target and are extended by specific
DNA polymerases such as exo-Klenow or Bst (an enzyme derived from the large fragment
of Bacillus stearothermophilus DNA Polymerase I) that exerts strand-displacement activity.
In the case of linear amplification, when strands are formed and possess a nicking site, the
specific enzyme binds in the nicking reaction site and the DNA polymerase can then start a
new cycle of replication. By contrast, the exponential amplification reaction begins with a
single and double nicking cycle, followed by extension and then displacement.

All reactions occur simultaneously at 37 ◦C after an initial thermal denaturation for
dsDNA targets.

2.3. Loop-Mediated Isothermal Amplification (LAMP)

Loop-mediated isothermal amplification (LAMP) was first proposed in 2000 [21]. It is
a very specific one-step reaction that uses four target-specific primers, namely an internal
forward primer (FIP), an internal reverse primer (BIP), and two external primers (F3 and
B3), to recognize six different sites present at the level of the DNA sequence to be amplified.
FIP and BIP primers contain two functional sequences, one for priming extension in the
first step and the other for self-priming in the second step of the reaction, corresponding to
the sense and antisense sequences of the dsDNA target. As mentioned above, the reaction
takes place in two phases and is catalyzed by Bst DNA polymerase: the first phase is the
formation of the starting structure in which all four primers are used, whereas the second
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one is the phase of cyclic amplification, where only the internal primers are used. The
complete process of LAMP isothermal amplification is shown in Figure 1.
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Figure 1. Representation of the LAMP reaction. F2c and B2 are the sequences inside both ends of
the DNA target region. The inner sequences from the ends of F2c and B2 are designated F1c and
B1 The internal forward primer (FIP) contains the sequence F1c, a spacer, and the sequence (F2)
complementary to F2c. The internal reverse primer (BIP) contains the sequence (B1c) complementary
to B1, a spacer, and the sequence B2. The two outer primers consist of B3 and the sequence (F3)
complementary to F3c, respectively. In order to explain the reaction, the DNA sample containing
the target sequence and the four primers is heat denatured and rapidly cooled on ice. The LAMP
reaction is then initiated by the addition of the Bst DNA polymerase large fragment and carried out
at 65 ◦C for 1 h. The figure shows the process that starts with the primer. However, DNA synthesis
can also take place by starting with the BIP primer. Reprinted with permission from Reference [21].

In summary, FIP hybridizes to a specific region in the target DNA and initiates com-
plementary strand synthesis. External primer F3 hybridizes to another specific area in
the target DNA and initiates strand displacement DNA synthesis, releasing a FIP-linked
complementary strand, which can form a looped-out structure at one end. The single-
stranded DNA serves as a template for the synthesis of DNA by BIP. Subsequent B3-primed
strand displacement produces a DNA ring structure. At this point, the cyclic amplification
process is initiated by an internal primer that is complementary to the loop formed on
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the product and is continued by all internal primers in an alternating fashion, eventually
resulting in 109 copies of the target sequence in less than 1 h. The products obtained are
stem–loop DNA and structures with multiple loops, and these products can be detected
by both real-time and end-point assays. The LAMP method has several advantages over
PCR and other isothermal techniques. Compared to PCR, it provides easy handling and
needs less expensive equipment [22], and it also maintains certain robustness to pH and
temperature changes. Finally, untreated samples, such as urine and whole blood, which
inhibit PCR, do not affect the sensitivity of the LAMP reaction [23]. Compared to other
isothermal amplification procedures, it requires the use of fewer enzymes and does not
require a process of pre-amplification ligation.

The LAMP assay is widely used for the detection of bacteria [24], viruses [24,25], and
parasites [26,27].

2.4. Helicase-Dependent Amplification (HDA)

Helicase-dependent amplification, first described in 2004 [28], makes use of a helicase
enzyme instead of thermal treatment to denaturate dsDNA. The process begins with the
helicase unwinding of dsDNA to which forward and reverse primers can bind, followed
by polymerase-mediated elongation. After elongation, helicase can act again on the syn-
thesized dsDNA and the cycle asynchronously repeats. HDA has shown amplification
kinetics similar to current PCR, but it is performed at a constant temperature of 60–65 ◦C
for 60–120 min [29]. HDA can detect genomic eukaryotic and prokaryotic DNA and can
be performed on the extracted and purified DNA sample or directly on a crude sample
containing complex biofluids with a 10-fold lower sensitivity [28]. In summary, HDA is a
simple, rapid, one-step isothermal amplification technique.

2.5. Recombinase Polymerase Amplification (RPA)

Recombinase polymerase amplification (RPA) was first introduced in 2006 [30], based
on a probe amplification approach that exploits the specific action of recombinase and takes
advantage of its simplicity, flexibility, low reaction temperature of 37 ◦C, and speed by
obtaining results in 5–20 min [31]. The RPA reaction involves two primers, a recombinase
enzyme, a single-stranded binding protein, and a DNA polymerase to displace the DNA
strands. The recombinase aided by some proteins binds to oligonucleotide primers and
forms recombination strands that scan the target dsDNA for homologous sequences; when
these are found, a displacement-loop (D-loop) structure is formed as a product. The D-
loop structure is stabilized by the single-stranded DNA-binding protein. At this point,
replication is performed by a DNA polymerase that has strand dislocation activity necessary
to extend the primer. The new DNA strands produced are used for another round of RPA,
thus providing exponential amplification of the target. The entire amplification process is
described in Figure 2.

The first application of RPA integration in a microfluidic device was first carried out
in 2010 [32] for the detection of the antibiotic resistance gene mecA from S. aureus.

In conclusion, isothermal nucleic acid amplification techniques have innumerable
strengths over classical PCR, and therefore they appear to be of considerable interest in the
development of lab-on-a-chip systems for the determination of nucleic acids of clinical and
environmental interest coupled with electrochemical detection devices.

To better understand the advantages of these systems, a series of examples are given
in the following sections.
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Figure 2. Mechanism of the RPA reaction. The reaction begins with the binding of the recombinase (T4
UvsX) to the primers with the support of the loading factor (T4 UvsY). This produces a nucleoprotein
fragment that searches for the homologous sequence in the double-stranded DNA. Once homology
is found, the complex invades the duplex DNA, producing a D-loop structure to initiate a strand
exchange reaction, while the unwound filament is stabilized by the single-stranded binding proteins
(T4 gp32). The recombinase (Bsu or Sau) comes off from the nucleoprotein filament once the strand
exchange is performed and will be accessible for the next pair of primers. Then the DNA polymerase
elongates from the 3′ end of the primers. As the polymerization continues, the two parental strands
begin to separate and form two duplexes, and then the entire process repeats. Reprinted with
permission from Reference [30].

Table 1. Summary table of isothermal amplification techniques and their main characteristics.

Method Temp (◦C) Reaction Time
(min) Target Pros and Cons vs. PCR Reference

NASBA 41 90–120 RNA Power-saving (41 ◦C); ideal for RNA target; not ideal for
DNA target [17]

SDA 37–49 20–120 ssDNA
RNA

Power-saving (37–50 ◦C); suitable for miRNA; sample
preparation required [18]

LAMP 60–65 40–60 ssDNA Highly specific; commercial kits available; not suitable
for small targets; complex primers design [21]

HDA 37–60 60–120 dsDNA Use of helicase enzyme to melt the dsDNA template;
simplicity [28]

RPA 25–42 5–20
dsDNA
ssDNA
RNA

Lower temperature, 37 ◦C; fast amplification (20 min);
commercial kits available; stringent reaction conditions [33]

NASBA, nucleic acid sequence–based amplification; SDA, strand displacement amplification; LAMP, loop-
mediated isothermal amplification; HDA, helicase-dependent amplification; RPA, recombinase polymerase
amplification; ssDNA, single-strand DNA; dsDNA, double-strand DNA.
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2.6. Electrochemical Detection of Nucleic Acids

Electrochemical detection strategies are based on measurements of a current signal
(amperometric and voltammetric biosensors), a change in the potential at the equilibrium
(potentiometric sensors), or a difference in impedance. Several examples of papers in
which this kind of detection strategies are discussed in more detail are reported in the
literature; we kindly ask the reader to refer to detailed books [34,35] for the theory and
setup of electrochemical techniques, as well as review papers for an extensive discussion
on electrochemical principles employed in nucleic acid determination [10,11,36,37]. Briefly,
voltammetric techniques rely on the monitoring of the current response obtained by scan-
ning the applied potential in a specific range of values. By contrast, the technique based
on the constant application of a fixed potential value is known as amperometry. In both
of these techniques, the current is correlated to the concentration of the target analyte.
Potentiometric sensors rely on the passive measurement of the potential between two elec-
trodes, namely the indicator and the reference electrode, at the thermodynamic equilibrium
conditions. The electrochemical impedance spectroscopy (EIS) technique is used to carry
out impedance measurements. EIS is based on the observation of the system upon the per-
turbation of the cell with an alternating signal of small magnitude, overlaid on a constant
DC bias potential, commonly as a function of the frequency. EIS is particularly used for
monitoring the hybridization reaction in a label-free format [38]. Other electrochemical
label-free methods for the detection of nucleic acids rely on the electrochemical reduction
or oxidation of bases as a consequence of the hybridization between the capture probe
and the target sequence. Both guanine and adenine show an oxidation peak, in a potential
range from +1 V to +1.5 V (vs. Ag/AgCl) on most electrode materials, and are frequently
used for this purpose. The changes in the electrical properties at the interface [39] can also
be investigated for the development of a label-free-format assay.

Label-based methods possess many intriguing features since transduction can be
obtained in a number of different ways and can be higher sensitive and selective than a
label-free approach. The labels are typically redox-active molecules (such as methylene
blue, ferrocene derivatives, Ru-complexes and others) [40,41] that intercalate within the
DNA duplex, or bind preferentially to either single-strand (ss)DNA, RNA, or double-
strand (ds)DNA, or are capable of monitoring a difference in the strand conformation and
flexibility before and after the hybridization reaction.

Enzymes such as Horseradish Peroxidase (HRP) and Alkaline Phosphatase are com-
monly used as enzymatic labels. The most used electrochemical substrates for alkaline
phosphatases are p-aminophenyl phosphate and 1-naphthyl phosphate [42,43]. In the case
of HRP, tetramethylbenzidine (TMB) and hydroquinone (HQ), together with H2O2, are
frequently used [44]. Enzyme-like catalysts and nanozymes (e.g., metal nanoparticles,
metal oxides, G-quadruplets/hemin, and porphyrins) that mimic the activity of natural
enzymes, while often maintaining higher stability, are also frequently used.

Recycling of redox-active species, such as ruthenium hexamine (Ru(NH3)6
3+/2+) and

ferrocyanide-ferricyanide (Fe(CN)6
3−/4−), by implementing additional catalytic redox

cycles, are being more frequently proposed as labelling strategies to further improve the
assay’s sensitivity. Metal nanoparticles and liposomes have also been used as labels of the
hybridization event [43,45].

Different materials can be used as transducers in electrochemical measurements such
as metals (Au, Pt), metal oxides (TiO2), and carbon-based materials (e.g., glassy carbon,
graphite, graphene, carbon nanotubes etc.) [46]. Nanostructuration of the sensor sur-
face can dramatically improve the sensitivity of the assay [47]. Nanostructured electrode
platforms provide an improved mass transport and electrochemically active surface area.
Furthermore, nanostructuration could effectively accelerate electron transfers at the inter-
face between electrodes and detection molecules, leading to a rapid and sensitive current
response. In this sense, many examples of graphene-based sensors have now demonstrated
excellent analytical performances compared to other common carbon electrodes [48].
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Functional organic and inorganic conductive polymers have been tested to modify the
electrode surface and improve the efficiency of the redox reaction.

Photoelectrochemistry (PEC) can be exploited as an electroanalytical technique for
nucleic acid detection. The different strategies for label-free and label-based PEC assay
formats are schematically discussed in Reference [49].

3. Isothermal Amplification Techniques Coupled with Electrochemical Detection of
Microbial Agents for Medical, Food Safety, and Environmental Applications

Bacterial contamination of food and water is an issue of considerable interest because it
is linked to human and animal infectious diseases, some of which may lead to death. About
91% of all foodborne diseases are due to bacterial proliferation mainly of Escherichia coli,
Salmonella, and Campylobacter [50]. Such a rapid spread of bacterial agents is mainly due
to factors related to globalization and makes it necessary to monitor pathogens more
effectively. In addition to bacterial contamination of food and water, of considerable
importance are bacterial infections in humans, such as Mycobacterium tuberculosis (Mtb) or
the recent Covid-19 infection.

Current methods of microbial determination are based on laboratory techniques, such
as cell culture, microscopic analysis, and biochemical assays [51]. These techniques require
trained personnel and are time-consuming [52–54].

Portable and autonomous systems capable of performing accurate and rapid in situ
analyses are highly requested. The combination of isothermal DNA amplification methods
with microfluidic and electrochemical systems may address this need [52]. The integration
of these techniques has resulted in biosensing platforms with interesting sensitivity and
specificity for the detection of different analytes such as viruses, fungi, protozoa, bacteria,
and microalgae. Many publications can be found in the literature [55–60] regarding bacterial
detection by coupling isothermal amplification techniques and electrochemical signal
detection. Table 2 shows different examples of isothermal amplification and electrochemical
detection. Examples of chip-based systems are also reported.

As shown in Table 2, the coupling of isothermal amplification strategies with an
electrochemical readout in a chip format allows a decrease in the complexity and a speed
up of the analysis in comparison to what reported for other biosensing platforms developed
for nucleic acid analysis.

As an example, Tsaloglou et al. [61] developed a fully-integrated device that com-
bines RPA-based isothermal DNA amplification with the electrochemical detection of
Mycobacterium smegmatis, a tuberculosis simulant. In this work, the RPA reagents, the
genomic target DNA, and the redox label, [Ru(NH3)6]3+, were all included in a disposable
paper-based strip that is then inserted inside the heating module on the device (Figure 3).
With this scheme, the amplification reaction takes place for 20 min at 39 ◦C, automatically
followed by the electrochemical readout. Particularly, when the dsDNA binds to the ruthe-
nium complex, it leads to a drop in the cathodic current, proportional to the concentration
of DNA in the sample. Square wave voltammetry (SWV), was chosen in this study because
it is a sensitive, rapid, and compatible technique for a POC device. The developed device
allows electrochemical data to be transferred directly to the “cloud” via USB or Bluetooth
communication. With this strategy, the authors achieved a LOD equivalent to 11 CFU/mL
of M. tuberculosis.
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Table 2. Some examples of isothermal amplification-based strategies for the electrochemical detection
of microbial contamination.

Isothermal
Amplification

Method

Limit of
Detection

Lab-on-a-Chip
/Wearable
Platform

Real
Samples

Electrochemical
Detection

Type of
Electrode

Analysis
Time References

Mycobacterium
tuberculosis

LAMP 40 CFU
/equivalence - Sputum (CV) SPGE <65 min [55]

RPA 1 CFU/mL - None (DPV) SPCE - [56]

HDA 0.5 aM - None (DPV) SPCE From 2 to
8 h [57]

RPA 11 CFU/mL Yes None (SWV) SPCE - [61]

Staphylucoccus
aureus

LAMP 530 copies of
target - None

Resistive
pulse

sensing
SPCE - [58]

SDA 8 CFU/mL - Lake water
and honey DPV SPCE - [59]

Salmonella
spp./E. coli

LAMP
10 and

1 Bacteria DNA
copies

Yes None DPV Gold
electrodes

Less than
30 min [62]

SARS-CoV-
2

RPA 3.925 fg/µL Yes None DPV Gold
Electrode

Less than
20 min [63]

Lambda
DNA

LAMP 100 DNA
copies/mL Yes Saliva (EIS) pH-sensitive

electrode 30 min [64]

SDA, strand displacement amplification; LAMP, loop-mediated isothermal amplification; HDA, helicase-
dependent amplification; RPA, recombinase polymerase amplification; CV, cyclic voltammetry; DPV, differ-
ential pulse voltammetry; SWV, square wave voltammetry; EIS, electrochemical impedance spectroscopy; SPCE,
screen-printed carbon electrodes; SPGE, screen-printed gold electrode; CFU, colony-forming unit.

A different kind of disposable device was studied by Liu’s group [64], focusing on
the point-of-care detection of lambda DNA in spiked saliva samples. In particular, they
developed an integrated electronic-tube cap that featured a 3D-printed electrode equipped
with a membrane capable of extracting, concentrating, and purifying the DNA sequences.
The assembled cap with the captured DNA was then transferred to a reaction tube, where
the LAMP reaction took place, using an external heating block at 63 ◦C. To monitor the
electrochemical signal in a real-time and label-free method, a pH-sensitive layer (based
on IrOx) was introduced on the 3D-printed electrode substrate, which was connected
to the working electrode port of a multichannel potentiostat, while the carbon-paste-
coating electrode was connected to the reference electrode port. A sensitivity of 100 DNA
copies/mL within 30 min was achieved.

A similar strategy was also reported in Reference [62] for the real-time monitoring of
the LAMP reaction. In particular, the researchers used methylene blue as a redox probe
for the hybridization reaction. Methylene blue is easily intercalated into the double helix
of E. coli O157:H7 and Salmonella DNAs. The real-time electrochemical LAMP device
introduced in this study consists of a disposable eight-well PET electrochemical chip with
three chemically plated gold electrodes on one side that can be fixed on a heating block that
allows a constant temperature of 65 ◦C (for the LAMP amplification reaction). Differential
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pulse voltammetry (DPV) measurements exhibited LODs of 10 and 1 DNA copies for the
two abovementioned species, respectively. Moreover, the platform was tested on turbid
food samples, such as milk and juice.

In addition to the detection of bacteria, the detection of viruses is also becoming
increasingly important, given the recent SARS-CoV-2 pandemic. COVID-19 is a viral
respiratory infection that is part of severe acute respiratory syndromes [65]. The SARS-
CoV-2 pandemic started in 2019 when the first case was identified in December in Wuhan,
China, and is presumably due to animal-to-human transmission [66]. Therefore, in addition
to antiviral treatment and the use of vaccines, early diagnosis is also necessary to reduce
the virulence of the disease and prevent transmission [67]. The diagnostic tests that are
in use today involve PCR, but, to simplify the analysis, a procedure without the need for
thermocycling and based on isothermal amplification could be used. Interestingly, RPA
combined with electrochemical devices has enabled the development of wearable devices.
Indeed, the temperature used in RPA (i.e., 37 ◦C) allows these systems to operate by simple
skin contact, hence eliminating the need for an external heating device. Several studies have
already been reported in the literature focusing on devices that run RPA by exploiting body
temperature. Among those, Kim and co-workers [63] designed an electrochemical biosensor
based on microelectrode array chips consisting of five individual gold working electrodes
for the determination of multiple target genes related to SARS-CoV-2 by DPV. This allows
the measurement of different targets or the repeated measurement of the same target for at
least three times, avoiding any misdiagnosis. Notably, the RPA isothermal amplification
was carried out at human body temperature for 20 min and led to the hybridization of
amplicons with thiol-modified primers immobilized on the working electrode. A decrease
in current density can be noted as the amplicons accumulate, as displayed in Figure 4.

Similarly, Trinh and Lee [68] developed a flexible wearable microdevice based on
polydimethylsiloxane (PDMS) that adheres to human skin. The system takes advantage of
body heat to perform the isothermal amplification reaction. In detail, the polymer ratio of
PDMS was optimized to improve the flexibility and adhesion of the device. Using body
heat and storing the RPA reagents in PDMS molded microchambers, the authors managed
to amplify 210 bp from Escherichia coli O157:H7 and 203 bp of SARS-CoV-2 DNA plasmid
within 23 min, reaching LODs of approximately 500 pg/reaction and 600 fg/reaction (based
on gel electrophoresis), respectively. The overall process is shown in Figure 5.

Indeed, the works presented pave the way for simplified DNA amplification in remote
and resource-limited settings.
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Environmental monitoring is another interesting field of applications of isothermal
amplification and electrochemical detection of nucleic acids. As an example, monitoring
harmful algal blooms (HABs) is important to maintain the safety and health of coastal
environments. HABs are natural phenomena caused by the proliferation of microalgae,
macroalgae, or cyanobacteria that not only have a detrimental impact on ecosystems but
also on socio-economic activities, such as tourism and agriculture, and on human health.
These HABs phenomena have increased most likely due to globalization and sudden
climate change. Therefore, the identification and quantification of HAB species are of great
importance. In a recent paper, an electrochemical assay, based on RPA amplification was
developed. An eight-electrode array was used for monitoring the cathodic current due to
the enzymatic reaction between the HRP-labeled report probe and the enzyme substrate
(TMB and H2O2). A limit of detection of 9 pg/µL of Ostreopsis cf. ovata DNA (which
corresponds to ~640 cells/L) was reported, with no interferences from two non-target
Ostreopsis species (O. cf. siamensis and O. fattorussoi) [44].

In addition to HABs, microbial infections of different species of environmental impor-
tance can be easily monitored by coupling isothermal amplification and electrochemical
detection. A major threat to shellfish aquaculture is ostreid herpesvirus 1 (OsHV-1), partic-
ularly to pacific oyster (Crassostrea gigas) production [69]. The electrochemical biosensor
developed here is formed by using gold electrodes by chronoamperometric signal determi-
nation. The calibration curve resulted in an LOD of 207 target copies of Os-HV1 [70].

Many publications in the literature address the characterization of such species in a
simple, fast, reliable, and sensitive manner, applying isothermal amplification techniques
and electrochemical devices. However, unfortunately, no examples of coupling in a single
chip are reported.

4. Isothermal Amplification Techniques Coupled to Electrochemical Detection of
Cancer Biomarkers

Molecular diagnostics plays an important role in current oncology trials, trying to
decrease the number of recurrences and improve cancer treatment.

A number of nucleic acid sequences are studied as cancer biomarkers and biomarker
candidates, including DNA mutations, abnormally methylated DNA, the DNA of associ-
ated viruses, and circulating tumor DNA, as well as long non-coding RNA (lncRNA) and
small RNAs [71]. The continuous discovery of the importance of new biomarkers demands
new sensitive and specific technologies for their detection [72].

Lab-on-a-chip technologies present interesting features for point-of-care testing since
their main advantages are portability, user-friendly interfaces, and low cost.

Oliveira et al. [73] have developed a new diagnostic system that combines microfluidics
with droplet digital LAMP (ddLAMP) on a unique device that allows for the quantification
of the target. The multilayer 3D chip reported in this work can be developed in less than
30 min, using manufacturing mechanisms that are cheap and exploit direct laser writing
technology in polystyrene “Shrinky-dinks” sheets. Isothermal amplification and target
DNA quantification are performed directly on-chip. The microfluidic device has been
validated by amplification of targets ranging from 5 to 500,000 copies/reaction; moreover,
the amplification was performed in a volume of 10 mL, reaching a detection limit of five
copies/mL in 60 min. Specifically, this technique was used to quantify the cancer biomarker
c-Myc, but it can be extended to many others. The c-Myc gene encodes for a transcription
factor that is believed to regulate the expression of about 15% of all genes by binding to
Enhancer Box sequences (also called E-boxes) and using histone acetyltransferase (HAT).
Therefore, the c-Myc gene product acts as a protoncogene; its overexpression or mutation
in an activating sense can transform Myc into an oncogene. In many malignancies, the Myc
gene is constitutively mutated and expressed.

In their work, Moranova et al. [74] developed, optimized, and validated a diagnostic
assay for the detection of two prostate cancer RNA markers, namely PSA RNA (as control)
and PCA3 lncRNA. The authors monitored LAMP amplicons by using magnetic beads
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(MBs) which were then deposited on working electrodes by the use of magnets so as to
concentrate them. Finally, the target amplicons were determined by chronoamperometry in
the presence of the system HRP/H2O2/HQ, measuring the cathodic current corresponding
to the HRP-catalyzed reduction of H2O2 mediated by HQ. Specifically, the MBs were
deposited on the surface of the screen-printing carbon working electrode due to the presence
of a magnetic holder placed under the electrode’s surface. The MBs were then coated with
a hydroquinone solution, and the electrochemical current resulting from the enzymatic
reaction of hydroquinone oxidation was measured chronoamperometrically at −0.3 V [75].
This diagnostic bioassay has been used not only to determine the presence of biomarkers
in a selected group of prostate cancer cell lines, but also in the urine of men affected by
primary non-metastatic prostate tumors.

Exosomes, membranous vesicles with a size ranging from 30 to 150 nm, are very
important for intracellular communication and molecular exchange, being able to trans-
port mRNA, microRNA, lncRNA, proteins, and portions of DNA [76,77]. Lin et al. [78]
developed a “lab in a tube” system for the determination of exosomal nucleic acids. As
shown in Figure 6, the system combines three key steps, all performed within the same
vial: (i) isolation of exosomes, using immunomagnetic beads; (ii) lysis of exosomes to
extract nucleic acids of interest; and (iii) amplification, using the LAMP technique, and
determination of exosomal RNA of interest. This system was applied to the detection of
two exosomal lncRNAs of gastric cancer (HOTTIP and lncRNA-GC1), with a dynamic
detection from 300 to 10 ng/µL and a detection limit of 10 ng/µL. The system has also been
shown to be applicable to human serum of lncRNA HOTTIP exosomal RNA.
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LAMP was also used by Hashimoto et al. [79] for the development of a multiplex
system based on a single-channel liquid-flow chip for the determination of microRNAs
isolated from serum samples. The target sequences were initially elongated up to 100 base
pairs by reverse transcription (RT) and elongation reactions (EL). Then the primers required
for LAMP were adsorbed at five different positions on the surface of a liquid-flow channel.
After that, the solution containing polymerase, dNTPs, and the products from RT and EL
was entered into the DNA chip, and the primers came off slowly from their binding sites
and spread in the liquid-flow channel. Then a LAMP reaction took place only where the
primers were stopped. Target determination was performed by using the Ru(NH3)6

3+/2+

redox reaction. The coprecipitation of Ru(NH3)6
3+/2+ with the pyrophosphate produced

by the LAMP amplification reaction causes an increase in the redox current. Specifically,
the electrochemical determination was made by linear scanning voltammetry (LSV). The
cathodic peak current and peak potential were recorded.

Izandi et al. [80] demonstrated the relationship between cervical cancer and human
Papilloma virus (HPV) by using the LAMP isothermal amplification technique coupled
with an electrochemical detection platform. Specifically, they focused on the detection of
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HPV16 and HPV18, using a protocol that involves (1) lysis of tumor cells, (2) amplification
by the LAMP reaction of virus DNA, (3) hybridization of the products on modified magnetic
beads with specific capture probes, and (4) monitoring of the amplification reaction by the
electrochemical detection. Excellent agreement with classical PCR was achieved in the study.

In addition to the LAMP isothermal amplification technique, also RPA coupled to
electrochemical devices can be used for HPV detection. In particular, Ma et al. [5] developed
a method combining RPA-induced isothermal amplification, lateral flow dipstick (LFD),
and reverse dot blot (RDB) in the rapid identification of HPV genotypes within 1 h by two
complementary functional nucleic acid assays. From the conclusive data, the research team
showed that LFD had a short run time and could detect viral HPV down to a minimum of
102 copies, and RBD identified genotyping at a level of 103 copies.

RPA was also used in another study by Li et al. [81] for the development of an enhanced
electrochemical field (EFE)-based CRISPR biosensor to detect target DNA in solution in a
homogenous phase. The EFE–CRISPR biosensor takes advantage of the diffusivity differ-
ence between electrochemical oligonucleotide probes and CRISPR-cleaved probes toward a
negatively charged working electrode, allowing simple DNA detection. Thus, in the absence
of the target DNA, the ssDNA-MB probe is repelled by the negative charge present at the
electrode level during the pulsed differential voltammetry measurement (power range −0.6
to 1 V) because the DNA itself is negatively charged; this leads to a low current signal
recorded at the working electrode level. By contrast, in the presence of the target DNA,
the CRISPR-Cas12a protein is specifically activated and acts by nonspecifically cutting the
ssDNA-MB, which releases the MB probes that, having a lower negative charge and higher
perfusivity toward the electrode surface, leads to an increase in the electrochemical signal.
In contrast to other existing CRISPR biosensors, the one developed by this research group
enables the electrochemical detection of DNA on homogeneous samples, which not only fa-
cilitates sample adhesion to the electrode but also improves the efficiency of the reaction. The
developed biosensor was then applied to the detection of human papillomavirus (HPV16)
DNA in clinical samples by coupling it with the RPA isothermal amplification technique.

5. Patents Involving Isothermal Amplification in Electrochemical Chip-Based Platforms

Patent databases contain several inventions that combine the techniques mentioned in
the previous sections. Hence, such strategies do not always remain mere proofs-of-concept
or theoretical experiments but might find applications in various fields, including the
clinical one. Patent no. CN110129188A (2019) [82] by Haiyun and co-workers discloses
an integrated device capable of running an extraction of nucleic acids, an isothermal
amplification following a LAMP reaction, and finally an electrochemical detection all inside
its structure. The sample and all reagents are loaded dropwise inside a hole in the upper
layer of the platform. A middle layer controls the continuous introduction of the samples,
using a slidable magnetic mechanism. The system’s design provides a chamber for the
amplification, which is carried out at 65 ◦C, for 60 min, on a hot plate. On the bottom layer,
an electrode chip is located and is apt to record the DPV measurements.

Likewise, Shouhui and colleagues (patent no. CN104407036A, 2015) [83] invented a mi-
crofluidic device built on a printed electrode, enclosed by two layers of polydimethylsiloxane.
Sample injection is performed through a network of microchannels and serpentines on the
top layer, whereas the bottom layer creates two separate chambers for (i) DNA hybridization
and amplification reactions and (ii) electrochemical detection. A micro-device integrated into
the platform controls the temperature needed for the isothermal LAMP reaction.

Focusing on the detection of viruses, including SARS-CoV-2, the same inventors
(CN213012858U, 2021) [84] have recently built a small microfluidic electrochemical sensor
composed of three layers. In particular, the one on the bottom comprises a screen-printed
three-electrode system, whereas the middle part encases the microfluidic channels incised
on poly(methyl methacrylate), using a laser. Finally, a microfluidic covering layer closes the
top. A reaction chamber is used for the LAMP reaction and the electrochemical detection.
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The latter is achieved by immobilizing viral nucleic acids by using capture probes fixed
through S-Au bonds onto the surface of the working electrode.

Such examples highlight the possibility of producing small devices that integrate all
the multiple steps required to analyze nucleic acids, but in a portable and simple design
that eases POCT applications.

6. Conclusions

The aim of this review is to offer an overlook at alternative technologies for nucleic
acid amplification coupled with an electrochemical readout strategy. Different examples
of hyphenation of isothermal amplification methods to electrochemical platforms were
summarized in this review, focusing the attention on lab-on-a-chip platforms. An insight
into the application of isothermal amplification methods to wearable electrochemical
sensing platforms was also shown, and a brief overview of examples of the most recent
patents was given.

Indeed, as described in the present manuscript, the concept of electrochemical biosens-
ing of nucleic acids coupled with isothermal amplification has already been proved for
several applications, leading to the possible development of interesting point-of-care tests.
Two decades ago, the World Health Organization Special Programme for Research and
Training in Tropical Diseases (WHO/TDR) published a number of criteria that an ideal
point-of-care test should meet at all levels of the healthcare system in the developing world
to manage infectious diseases. These criteria are known by the acronym ASSURED (af-
fordable, sensitive, specific, user-friendly, rapid, equipment-free, and delivered) and have
become widely accepted as the benchmark for an ideal test that can be used at the point
of care. Indeed, the analytical performance of any diagnostic test, independently from
the final application, should be rigorously validated by the analysis in the selected real
matrices and by comparison with standard tests. Validation refers to the limit of detection,
the limit of quantification, the selectivity, the stability, and the robustness of the test, with
the analysis performed in real matrices. Considering the analytical performances of the
examples discussed in this review, we can conclude that, in many cases, the sensitivity
reached in standard conditions could be compliant with the requirement of the different
applications. The technology level is mature enough to afford the reliability in the real
world, and advances in technology have made the ASSURED criteria for lab-on-a-chip
platforms somewhat less daunting. However, information regarding the validation of the
lab-on-a-chip platforms in real matrices is still needed.

Other criteria that, in the near future, lab-on-a-chip tests should meet are real-time
connectivity, ease of specimen collection, and environmental friendliness. In particular, an
important issue, as recently demonstrated by the Covid pandemic, is the environmental
impact (i.e., environmental friendliness) of these platforms, and more future efforts should
be devoted to the environmental impact of these tests. Biodegradable and recyclable
materials should be used, when possible, for the support and encasings, as well as reagents
used in the tests. Indeed, some of the examples of lab-on-a-chip devices are based on
PDMS or other biocompatible materials. Nevertheless, more efforts should be devoted to
this purpose.
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