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Application of Nucleic Acid e
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in Electrochemical DNA Sensors

Zhongfeng Gao

Abstract Inrecent decades, electrochemical DNA sensor has been demonstrated as
up-and-coming alternative clinical diagnostic equipment through studying biological
recognition matters and transforming them into a sensitive electrochemical output
signals. This is because the conventional diagnostic strategies, for example, optical
methods, have certain limitations including expensive, laborious, time-consuming,
low sensitivity, and selectivity. Nucleic acid amplification strategies and principle
of electrochemical signaling are two the most important aspects that should be con-
sidered before constructing highly sensitive and selective electrochemical sensor.
In this chapter, we show how we are able to construct and investigate biosensing
systems that utilize electrochemical signaling. Representative assays demonstrating
the performance and merits of each nucleic acid amplification strategies are showed
along with discussions on the limits of each strategy. Starting off from their sens-
ing principles and significant characters, the adoption of nucleic acid amplification
strategies in biosensing and their future outlooks are also provided.

7.1 Introduction

For sensitive biosensing, optical signals, such as fluorescence and colorimetry, are
often used to quantitative detection of the target concentration. Conventional optical-
based nucleic acid amplification methods not only demand accurate and cost equip-
ment but also require sophisticated numerical algorithms to interpret the experimen-
tal data. In recent years, massive creative designs of electrochemical DNA sensors
based on nucleic acid amplification techniques have been reported for trace target
detection. These types of devices combine nucleic acid amplification methods with
electrochemical transducers to produce an amplified signal, and thus offer a precise,

Z. Gao (X))

Shandong Provincial Key Laboratory of Detection Technology for Tumour Markers, College of
Chemistry and Chemical Engineering, Linyi University, Linyi 276005, Shandong, People’s
Republic of China

e-mail: gaozhongfeng @lyu.edu.cn

© Springer Nature Singapore Pte Ltd. 2019 129
S. Zhang et al. (eds.), Nucleic Acid Amplification Strategies for Biosensing,
Bioimaging and Biomedicine, https://doi.org/10.1007/978-981-13-7044-1_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-7044-1_7&domain=pdf
mailto:gaozhongfeng@lyu.edu.cn
https://doi.org/10.1007/978-981-13-7044-1_7

130 Z. Gao

inexpensive, and user-friendly platform for various practical applications, including
environmental monitoring and clinical diagnosis.

A classic electrochemical DNA sensor studies the variation of electrical current
that generated by redox reactions on the sensor surface. This method possesses several
merits, including rapidity, simplicity, high sensitivity, and inexpensive. In particular,
an electronic signal is directly yielded from electrochemical reactions; thus, costly
equipment for signal transduction can be avoided. On account of the immobilization
of functional DNA probes on electrode surfaces, miniaturized, portable, and sensitive
biosensing systems can be created accordingly.

7.2 Preparation of Electrochemical DNA Sensor and Its
Redox Labeling Methods

7.2.1 Preparation of Electrochemical DNA Sensor

For a classical electrochemical DNA sensor, gold electrode is one of the most fre-
quently used working electrodes, and the thiolated DNA probes can be readily
attached on the surface by stable gold—sulfur bonds (Gorodetsky et al. 2008). By
phosphoramidite chemistry, the modification of terminal thiolated DNA can be sim-
ply realized when chemical synthesizes the probe. When the clean gold surface is
immersed in a thiolated DNA solution, the immobilization of DNA can be realized
readily on gold electrode surface, producing a self-assembled monolayer (SAM).
The gold surface that immobilized with mixed SAM from alkanethiol alcohols and
thiolated DNA generate a significantly better quality (less nonspecific adsorption and
uniform packing) than that immobilized purely of thiolated DNA. The alkanethiol
(e.g., 6-Mercaptohexanol)-DNA mixed SAM is traditionally used (White et al. 2008).
Long alkanethiols, such as 11-mercaptoundecanol, are also found to passivate gold
electrode surfaces. And the stability has been demonstrated after long-term dry stor-
age (Lai et al. 20006).

In recent years, researchers devoted many efforts to explore new immobi-
lization methods and supporting materials for the fabrication of DNA biosen-
sors. In 2008, a DNA electrochemical biosensor based on covalent immobi-
lization of ssDNA by coupling of sol-gel and self-assembled methods was
fabricated (Fig. 7.1a). 3-Glycidoxypropyltrimethoxysiloxane (GPTMS) and 3-
mercaptopropyltrimethoxysiloxane (MPTMS) were employed to prepare functional
sol-gel film, which could assemble on the gold electrode surface by the sulfur-Au
chemistry (Li et al. 2008b). Through co-condensation between silanols, GPTMS
sol-gel interconnected into MPTMS sol-gel and offered epoxide groups for cova-
lent immobilization of aminated ssSDNA by epoxide/amine coupling reaction. The
as-prepared biosensor showed promising performance, including good selectivity,
high sensitivity, and regeneration ability. Furthermore, covalent immobilization of
aminated ssSDNA by diazotization coupling on self-assembled 4-ATP monolayer was
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Fig. 7.1 a Schematic representation for the construction of electrochemical DNA biosensor based
on covalent attachment of DNA on self-assembled MPTMS-GPTMS sol-gel-modified gold elec-
trode. Reprinted from Li et al. (2008b). Copyright 2008, with permission from Elsevier. b Fabrication
of electrochemical DNA biosensor based on covalent immobilization of DNA on self-assembled
diazo-ATP-modified gold electrode using diazotization coupling. Reprinted from Li et al. (2009a).
Copyright 2009, with permission from Elsevier

developed (Fig. 7.1b) (Li et al. 2009a). The 4-ATP could stably assemble on the gold
surface by sulfur—gold interaction. Through diazotization interaction, diazo-ATP for
covalent immobilization of ssDNA was achieved, providing remarkable conductibil-
ity for electron transfer. Other materials, such as conducting polymers (Li et al. 2008c;
Nie et al. 2009), also have been demonstrated to prepare functional DNA sensor with
significant sensitivity and selectivity, which could be used for the detection of DNA
hybridization events.
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7.2.2 Redox Labeling Methods for Electrochemical DNA
Sensor

On the basis of the redox reactions of electroactive probes that confined to the gold
electrode surface, sensitive electrochemical signaling is readily accomplished (Wang
et al. 2008). In the past two decades, various redox labeling strategies have been
reported for electrochemical DNA sensors. Redox reporter can be used to label DNA
probe by an intercalation or covalent linker. To indirectly investigate the electrochem-
ical performance of DNA SAM, the solution-diffused redox reporters are frequently
employed. Therefore, the variations in the electrochemical response reflect the target
concentration in the system.

7.2.2.1 Intercalation-Based Methods

Intercalation is the insertion of a reporter between the adjacent base pairs of a DNA
duplex through a noncovalent interaction. The reporters, named intercalators, are
mostly aromatic, planar, and polycyclic. Intensively investigated DNA intercalators
include methylene blue (MB), Meldola’s blue (MDB), and some transition metal
complexes. Typically, thiolated dsSDNA with mismatched or matched sequences are
first attached on gold electrode and then incubated with redox-active intercalator at
micromolar concentration. In this case, the electrochemical reporter can be easily
addressable, producing electrochemical signals.

MB, an organic molecule that belongs to the phenothiazine family, is a widely
used redox indicator in electrochemical DNA sensors (Liu et al. 2012). It generates
different voltammetric signals in the presence of ssDNA or dsDNA. As an indicator
of the extent of DNA sensor, the widespread use of MB is owing to the relatively low
potential value of its electrochemical reaction. For example, the oxidation potential
is around —0.20 V versus Ag/AgCl depending on the experimental conditions used
(Loaiza et al. 2007). Thus, it allows minimization of potential electroactive inter-
ferences. In comparison with the electrochemical signals obtained in the presence
of ssDNA probes, MB exhibits higher electrochemical signals after the hybridiza-
tion process. These enhanced signals might be attributed to the interaction of MB
with G bases, as well as to its intercalation in the dsDNA, if there are at least two
G-C base pairs (Bang et al. 2005). To investigate DNA-mediated charge transport,
intercalated redox reporters are extensively employed. By using the intercalator, the
density or amount of self-assembled DNA on the electrode surface can be accurately
examined and ssDNA and dsDNA can be accurately differentiated. In addition, the
DNA-mediated electron transfer at long range can be greatly influenced by coupling
of intercalators into the p-stack of DNA. The electrochemical signals generated from
redox reporters have been proved sensitive to subtle perturbations in the base stack-
ing and DNA sequences. Meanwhile, the mismatches, protein binding, and structural
damages all lead to less efficient charge flow within DNA.
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Another classic electrochemical indicator, MDB, can intercalate into the dSDNA
by the planar phenoxazine ring in its structure (Reid et al. 2002). The electrochemical
active center of MDB is not fully enveloped by the bulky DNA when the aromatic
ring of MDB intercalates into dsDNA. Thus, it is still available for redox activity,
and it can be employed as a hybridization indicator for electrochemical biosensing
assays (Pedrero et al. 2011; Radoi and Compagnone 2009).

Transition metal complexes exhibit significant potential and have been demon-
strated as the mostly used electroactive indicators for bimolecular analysis.
We developed a complex diaquabis [N-(2-pyridinylmethyl) benzamide-2-N, O]-
cadmium(II) dinitrate { [CdL,(H,0),](NO3),, where L = N-(2-pyridinylmethyl) ben-
zamide }(Zhang et al 2007). The proposed [CdL,]** had excellent electrochemical
activity and could intercalate into the double helix of dsDNA. Using [CdL,]** as an
electroactive indicator, the detection of human hepatitis B virus DNA was investi-
gated by differential pulse voltammetry (DPV). The copper (II) complex of Luteolin
C30H;gCuO, (Cul,) was demonstrated to intercalate into double helices of the
dsDNA (Niu et al. 2009). Using CuL; as an electroactive indicator, ssDNA fragment
of human hepatitis B virus could be selectively detected. A complex of rutin(R)
Cs4HsgMnO3, (abbreviated by MnR,) was reported and also used as the electro-
chemical indicator for the detection of DNA hybridization event (Niu et al. 2008).
We summarized the classic transition metal complexes and their interaction to DNA
in a review, which is helpful for the reader to understand (Li et al. 2008a).

7.2.2.2 Covalently Tethered Redox-Active Methods

Using flexible alkyl linkages, various reporters, including MB and ferrocene (Fc),
have been tethered covalently to the distal terminus of DNA. By varying the surface
density or orientation of DNA SAM, the position of redox reporters can be easily
regulated due to the highly restricted mobility of the redox reporters. When the
length of alkyl linkages is limited, the only surface-controlled process is the redox
reaction of reporters without the consideration of diffusive processes. In this case, the
interpretation of obtained results is simplified. It should be noted that only one redox
reporter is present on each DNA construct. Thus, it is a powerful tool to examine
DNA density on the electrode surface in a 1:1 ratio with the reporter.

The reaction protocol has been successfully developed for covalent tethering of
MB and Fc (Willner and Zayats 2007; Gao et al. 2014). The preparation of amino-
labeled DNA probes and subsequent immobilization of the redox reporter by the
amino functionality to the terminal phosphodiester are often involved. For MB, the
NHS-ester of N-(carboxypropyl)methylene blue has been the gold-standard route.
For Fc, N-hydroxysuccinimide (NHS) ester of ferrocenecarboxylic acid is typically
used. It should be prepared freshly right before tethering to the amino-labeled DNA
probe because the activated ester is unstable.
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7.2.2.3 Solution-Diffused Methods

Owing to the strong electrostatic interactions, the common negatively charged redox
reporters, which are freely diffusing in aqueous solution, cannot reach the DNA-
immobilized electrode surface. For instance, the electronegative DNA phosphate
backbone can electrostatically repel the negatively charged [Fe(CN)s]>~"~ ions.
Thus, the redox reporters cannot get into close proximity with the electrode surface
(Gao et al. 2015). This results in a high electron transfer resistance, which can be
monitored through recording electrochemical impedance spectroscopy (EIS). How-
ever, the diffusion of [Fe(CN)s]*~*~ ions toward the sensor surface can be improved
upon treatment or binding to positively charged proteins, which leads to a decrease
in the electron transfer resistance (Zhou et al. 2012).

[Ru(NH;3)g]**?* is another solution-based redox system and often employed as a
stable and accurate reporter to determine the DNA density on the electrode surface
(Gaoet al. 2013). The [Ru(NH;)g]** ions diffuse to the sensor surface and electrostat-
ically bind to the electronegative DNA backbone. Their characteristic surface redox
reaction can be adapted to discriminate the contribution of solution-diffused redox
centers: DNA dehybridization is detected by a reduced signal from the electrostati-
cally bound [Ru(NH;)s]**. Besides, the surface densities of both double- and single-
stranded DNA can be detected by integration of the reduction peak of [Ru(NH3)6]**
to [Ru(NH3)s]**. Following the treatment of [Ru(NH3)g]** with a concentration of
5.0 mM or lower ionic strength, the surface concentration of [Ru(NH3)s]**, I'ry, can
be calculated by the following equation (Steel et al. 1998):

0

= — (7.1)

l—‘Ru

where Q represents the charge obtained by integrating the reduction peak area of
surface-bound [Ru(NH3)s]%*, n is the number of electrons involved in the redox
reaction (which is 1), F represents Faraday’s constant, and A is the electrode area.
This equation assumes as follows: (1) The interaction between [Ru(NH3 Yot is purely
electrostatic; (2) full saturation of the DNA-modified surface with [Ru(NHz)s]>*
occurs; (3) there is complete exchange of [Ru(NH3)s]** with compensation by Na*
ions; (4) every phosphate molecule is accessible for electrostatic binding to the redox
cations.

Under saturation conditions (i.e., where the highest possible concentration of
surface-bound [Ru(NH3)6]>*, I'ry, Was achieved), the measured 'y, value can be
converted to the surface density of DNA (Cheng et al. 2007), I'pna, using the fol-
lowing equation:

b4
I'pna = FRu<_)NA (7.2)
m
where z represents the valence of the redox cation and m is the number of nucleotides
in the DNA.
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7.3 Electrochemical Sensors Based on Nucleic Acid
Amplification

The signal amplification methods can be divided into two groups based on whether
the temperature changes during reactions (Patterson et al. 2013). One category is ther-
mocycling amplification methods. For example, polymerase chain reaction (PCR),
which is recognized as a traditional signal amplification strategy for sensitive and
selective detection of nucleic acids at extremely low concentrations. The other group
called isothermal amplification method that has been established since the early
1990s.

7.3.1 Electrochemical Sensors Based on Thermocycling PCR
Amplification Systems

The electrochemical real-time method is first reported by Hsing and co-workers using
solid-phase PCR with a simple experimental setup (Yeung et al. 2006) (Fig. 7.2a). To
extend electrode-bound primers, a reaction mix containing ferrocene-modified dUTP
is employed. Thus, any amplification is measurable as an increase in ferrocene redox
current. They further implemented this strategy within an integrated PCR chip with
microfabricated electrodes and realized a detection limit as low as 3 x 10° copies and
a 1000-fold dynamic range (Yeung et al. 2008). Although pioneering, this method
still has several disadvantages relative to standard optical approaches. For example,
compared to standard optical approaches which can realize low detection limits of
three DNA copies, its sensitivity and dynamic range are poorly presented (Bustin
et al. 2009). This discrepancy presumably arises because of the inefficiency of solid-
phase polymerization (Pemov et al. 2005). The degradation or loss of primers during
electrochemical measurement indicates a second limitation. In this case, they were
only able to measure at between four and six amplification cycles, thus reduces the
precision of detection.

The development of second-generation techniques which are more analogous to
current optical methods is motivated by the limited sensitivity and precision of the
above generation electrochemical PCR. The first-generation techniques are reported
to monitor amplifications by testing either the loss of electroactive intercalating
reporters or the consumption of electroactive nucleobases upon binding or incorpo-
rating into dsDNA.

Defever and co-workers, the first group to explore solution-phase electrochemi-
cal PCR, used electrochemical method to directly monitor the concentration of free
nucleotides in solution as they are consumed during amplification (Defever et al.
2009) (Fig. 7.2b). They first developed the electrochemical approach capable of mon-
itoring PCR at each cycle, significantly improving the system accuracy. The redox
reactivity of 7-deaza-dGTP, the guanidine analogue, was also investigated. They indi-
cated that when its base incorporates into a dsDNA, it can be effectively reduced. The
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Fig. 7.2 a The electrochemical real-time PCR system using surface-bound primers that are elon-
gated by amplification. Reprinted with the permission from Yeung et al. (2006). Copyright 2006
American Chemical Society. b A direct method for the electrochemical detection of PCR prod-
ucts measures electroactive nucleotides using redox mediators. Reprinted with the permission from
Defever et al. (2009). Copyright 2009 American Chemical Society. ¢ The electrochemical eTaq PCR
platform uses a redox label-modified probe. Reprinted from Luo et al. (2011). Copyright 2011, with
permission from Elsevier. d The use of electroactive redox reporters that intercalate in dsDNA is
a direct electrochemical method for monitoring PCR in real time. Reprinted from Patterson et al.
(2013). Copyright 2013, with permission from Elsevier

detection limits as low as 283 bp sequence from human cytomegalovirus (HCMV)
and 2300 bp sequence from the bacterial genome of Achromobacter xylosoxidans
were obtained with a wide dynamic range over eight orders of magnitude.

Inspired by the TagMan method, an electrochemical analog, which named ‘eTaq’
and supported sequence-specific, electrochemical gPCR, was reported by Luo and co-
workers (Luo et al. 2011) (Fig. 7.2c¢). In this method, eTaq probe is modified with an
electroactive reporter, such as MB or Fc. The diffusion of the reporter to a negatively
charged indium tin oxide electrode was decreased due to the high molecular weight
and negative charge. Upon hydrolysis into less highly charged, lower-molecular-
weight mononucleotides diffusion of the reporter to the electrode surface is increased,
improving the observed electrochemical signal. In consequence, they employed this
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method to detect a 137 bp segment of human genomic DNA with low background
and excellent signal-to-noise ratio. However, the authors stated that the precision,
dynamic range, and detection limit of the strategy have not been well investigated. For
example, the detection of a single, relatively high target concentration about 1.6 x
10° copies is presented. And, this method has not yet been investigated in the context
of a fully integrated truly continuous system, which is the second concern. Manual
pipetting was used to transfer the amplicons from the solution onto the electrode chip
at specific cycles, although their preliminary results showed feasibility.

To conduct optical qPCR, DNA-intercalating fluorescent dyes are usually
employed. Thus, in electrochemical qPCR systems, the employment of electroactive
intercalators has not surprisingly been discovered (Fig. 7.2d) (Patterson et al. 2013;
Wilhelm and Pingoud 2003). When a low-molecular-weight redox reporter attaches
to a high-molecular-weight amplicon, the diffusivity is reduced, which is commonly
explored and demonstrated. The reduced diffusivity decreases the efficiency with
which the reporter approaches the electrode surface and transfers an electron. Sev-
eral intercalating reporters have been well exploited, to further improve this strategy,
by Defever and co-workers. And, they showed that Os[(bpy),DPPZ]** (DPPZ is
dipyrido[3,2-a:2’,3'-c]phena-zine) displayed the critical attributes of good thermal
stability, strong binding efficiency to double-stranded amplicons, low inhibition effi-
ciency for PCR, and high sensitivity. To examine PCR at each cycle by using this
reporter, quantitative detection of the same target from HCMYV was processed. They
finally achieved a low detection limit of 10 copies with a wide dynamic range over
six orders of magnitude (Defever et al. 2011). An intercalation-based microfluidic
gPCR system has been developed by Won and co-workers. They realized accurate
detection of initial copy numbers of Chlamydia trachomatis DNA by a homemade
microelectrode-patterned glass chip using MB as an intercalating reporter (Won et al.
2011). A low detection limit of 10° copies target DNA was obtained with a dynamic
range spanning four orders of magnitude. In support of the proposed signaling princi-
ple, Won et al. have demonstrated that the transport of MB to the electrode decreases
by more than an order of magnitude upon intercalation into a 612 bp dsDNA.

7.3.2 Electrochemical Sensor Based on Isothermal
Amplification

Although PCR presents significant biosensing performance and is by far the most
well-established approach to amplify nucleic acids, it still has many limitations,
including high cost, easy contamination, and time-consuming (Pedrero et al. 2011).
In addition, the requirement of a sophisticated thermal cycler greatly restricts the
applications of PCR in the point-of-care measurements and resource-limited settings.
Alternatively, isothermal amplification that combines with electrochemical methods
indicates an extensive attraction and great opportunity for biosensing applications.
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7.3.2.1 Quantitative Electrochemical Methods Using
Helicase-Dependent Amplification

The mechanism of helicase-dependent amplification (HDA) is similar to that of PCR,
accelerating adaptation in current biosensing approaches. Generally, three steps are
included in HAD reaction that are template separation, primer hybridization, and
primer extension (Qi et al. 2018). The first step is template separation. DNA helicase
is used to separate dsDNAs, and each of them is covered by ssDNA-binding proteins.
For the second step, two specific primers attach to each ssDNA, respectively, and
finally extend their sequence to form the corresponding dsDNAs in the presence of
DNA polymerase. By taking the newly generated dsDNAs as the substrates, the next
cycle of HDA reaction starts with the use of DNA helicase. As aresult, the continuous
cycle processes lead to an exponential amplification of the target. To dissociate the
two DNA strands, instead of using high temperatures, a thermostable DNA helicase
is employed in this method, which processes this step enzymatically (Deng and Gao
2015; Barreda-Garcia et al. 2015; Vincent et al. 2004).

Taking advantage of the similarities between HDA and PCR, Kivlehan et al.
proposed Os[(bpy),DPPZ]?* as an intercalating redox reporter to establish the first
isothermal real-time electrochemical system (Kivlehan et al. 2011). Using a dis-
posable microplate with embedded electrodes, continuous measurements were con-
ducted every 38 s throughout the reaction, achieving excellent temporal resolu-
tion. However, they mention that HAD is inhibited by the proposed electrochemical
reporter, and thus almost twice the time is needed for the determination of the same
initial targets number as their optical method (e.g., ~28 min for fluorescence versus
~45 min for electrochemistry at 105 copies).

In addition to homogeneous detection, Lobo-Castanon et al. proposed an HDA-
based heterogenous-phase strategy by determining the unpurified HDA amplicons to
electrochemical detect transgene extracted from the Cauliflower Mosaic Virus 35 S
Promoter (CaMV35S) (Moura-Melo et al. 2015) (Fig. 7.3). The HDA products
attached to the signaling probes that were modified with fluorescein isothiocyanate
(FITC) and further bound to the thiolated P35S-capture probes. To combine with
the FITC, the anti-FITC-peroxidase (POD) fragments were added. By catalyzing the
oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) under the condition of H,O,, the
electrochemical signal was detected, which performed highly sensitive and selective
detection of target CaMV35S with a low detection limit down to 30 copies.

Despite the merits of HDA, optimization of experimental conditions including
primer sets and buffer composition, to ensure the HDA reaction can be conducted
effectively, is often ineluctable. However, PCR experiments are often used for the
optimization. As a result, more investigations should be carried out to achieve the
whole potential of HDA. Moreover, the development of helicases and ssDNA-binding
proteins should be focused in future researches. Finally, the improvement of the effi-
ciency of the existing helicases and ssDNA-binding proteins should not be ignored,
which are important to the identification of the rate-limiting step in HDA.
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Fig. 7.3 HDA-based heterogenous-phase electrochemical biosensor for transgene detection.
Reprinted with the permission from Moura-Melo et al. (2015). Copyright 2015 American Chemical
Society

7.3.2.2 Quantitative Electrochemical Sensor Using Loop-Mediated
Isothermal Amplification

Loop-mediated isothermal amplification (LAMP) is another widely used isothermal
strategy to be integrated into an electrochemical platform and employs strand displac-
ing polymerase and a loop-forming primers to produce large, concatemeric amplicons
comprising multiple copies of the amplification analytes (Notomi et al. 2000). LAMP
has demonstrated to be an effective and alternative protocol to PCR because of its
significant amplification yields and specificity. For instance, a high amplicon yield
can be obtained by LAMP method (>500 ng/ml, even ~100 times greater than PCR)
(Nagamine et al. 2002b). Similarly, the specificity of LAMP is remarkable greater
than that of PCR, because it needs that four to six distinct primer probes simulta-
neously recognize six to eight different regions within the target (Nagamine et al.
2002a). Despite the complexity, commercially available master mixes and readily
accessible primer design software have greatly decreased the overheads and cost
of LAMP, contributing to its increasing popularity (Mori and Notomi 2009). Given
these strengths, it is reasonable that, in recent years, LAMP has been integrated with
electrochemical method to develop a real-time biosensing platform combining the
very real benefits of both.

LAMP has recently been used to combine with electrochemical method for the
detection of various analytes. The electrochemical detection is conducted by detect-
ing redox molecules in the absence or presence of amplicons or by immobilizing
redox-labeled LAMP amplicons on the surface of electrode. The LAMP amplicons
can be measured after the amplification reactions or be detected in real time. The
expected electrochemical signals can be monitored by square wave voltammetry
(SWV), linear sweep voltammetry (LSV), differential pulse voltammetry (DPV),
and the change of conductivity.
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Nagatani and co-workers first presented a semi-real-time electrochemical moni-
toring approach based on the reverse transcription LAMP using a screen-printed elec-
trode for the detection of influenza virus RNA (Nagatani et al. 2011). They used MB
as an electroactive DNA intercalator to combine with amplified DNA, and SWV was
used as the electrochemical signal in the RT-LAMP biosensing system. Based on the
RT-LAMP, amplification process of DNA was successfully monitored by recording
and analyzing the MB electrochemical signal with only one screen-printed working
electrode. The obtained electrochemical current was greatly related to the concen-
tration of target RNA and the extent of DNA amplification. This approach avoids
potential cross-contamination because both the amplification and the detection pro-
cesses are possible in a single tube, and laborious probe immobilization is not needed.
Moreover, this approach offers a novel aspect to fabricate sensitive electrochemical
handheld biosensors.

Recently, Marchal and co-workers reported a sensitive and selective electrochemi-
cal LAMP approach to determinate single DNA copies by using one nonintercalating
reporter (Ru(NH3)g+) and three intercalating redox reporters (MB, [Os(bpy)»dppz]**,
and PhP), respectively. Compared with the traditional PCR and fluorescence LAMP
assays, they carefully studied the sensing performance that monitored by each of
the four electrochemical reporters (Martin et al. 2016). More intercalating redox
reporters were used, with the progress of the reaction, to combine with the LAMP
amplicons. Besides, in the presence of Ru(NH;);*, it prefers to bind with the by-
product pyrophosphate anion, which can be released significantly in the reaction. The
two distinct combination assays between nonintercalating and intercalating probes
with LAMP products lead to a reduced current along with the amplification. Thus,
the proposed approach provided an accurate and reliable merit for real-time electro-
chemical LAMP.

Taking a different approach, a microfluidic multiplex electrochemical LAMP
(named WME-LAMP) system was developed by Kong and colleagues for the sensitive
and real-time detection of multiple bacteria (Luo et al. 2014) (Fig. 7.4a). Multiplex
assay was achieved with the addition of different samples into the isolated elec-
trochemical microchambers. A lower electrochemical current was generated after
performing the LAMP reaction than that generated before LAMP, owing to the inter-
calation of MB into the DNA duplex and the slow diffusion of MB to the electrode
surface. The proposed wuME-LAMP chip realized the detection limits as low as 17,
28, and 16 copies/\L for Haemophilus influenza, Mycobacterium tuberculosis, and
Klebsiella pneumonia, respectively.

Taken advantages of LAMP, a microfluidic electrochemical quantitative (MEQ)-
LAMP platform is developed for simple, sensitive, rapid, and quantitative determi-
nation of Salmonella genomic DNA at the point of care by Hsieh and co-workers.
DNA amplification was electrochemically processed in real time utilizing MB to
record measurements at 1-min intervals within a monolithic microfluidic device. By
a single-step process, they realized a low detection limit as few as 16 copies of tar-
get sequence in less than an hour (Hsieh et al. 2012) (Fig. 7.4b). Compared with
most other electrochemical detection systems, this method exhibits better sensitivity
and faster response speed. As the sensor surface can be simply modified to contain
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multiple chambers for parallel determination of multiple targets, the proposed MEQ-
LAMP strategy is readily compatible with multiplexing. The significant potential and
the performance for expanded capability might inspire researchers to envision the
MEQ-LAMP platform as a viable protocol for biosensing at the point of care.

Accurate calibration and control of temperature are demanded for quantitative
detection because the activity of polymerase in LAMP is greatly influent by tem-
perature. Therefore, create stable LAMP enzymes and other LAMP biochemical
components is in great demand. In addition, nonenzymatic LAMP biosensing meth-
ods might also be achieved that could be practical and potential for remote settings.
LAMP, as a powerful tool, has significant promise in the establishment of practical
approaches in future.
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7.3.2.3 Quantitative Electrochemical Sensor Using Rolling Circle
Amplification

Rolling circle amplification (RCA), a sensitive and selective isothermal amplifica-
tion technique, has been broadly employed in various domains owing to its high
efficiency and simplicity (Gao et al. 2018). Various electrochemical RCA (ERCA)
strategies have been reported to achieve ultrahigh sensitivity, such as hyperbranched
rolling circle amplification (HRCA) and padlock exponential rolling circle amplifi-
cation (P-ERCA). Lizardi and co-workers first proposed HRCA for the determina-
tion of single base mismatch in a small quantity of human genomic DNA (Lizardi
1998). In addition, HRCA is simplicity, less time-consuming, ultrahigh sensitivity,
and cost-effective performance. Compared with conventional PCR assay, HRCA has
the advantage that it can be carried out at constant temperature without the need of
complex thermal cyclers. During the past decades, HRCA has been extensively used
for the detection of viral RNA, DNA, metal ions, small molecules, and proteins.

In 2013, Lin et al. developed a label-free electrochemical aptasensor for the deter-
mination of platelet-derived growth factor B-chain (PDGF-BB) based on HRCA
with high specificity and sensitivity (Wang et al. 2013) (Fig. 7.5a). First, cDNA was
attached on the gold electrode surface by Au—S bond and it could partially hybridize
with aptamer probe to form the DNA duplex. When PDGF-BB was added, it prefers
to hybridize with the aptamer probe, removing the aptamer probe from the electrode
surface. In this case, the cDNA presented free state and able to hybridize with a pad-
lock probe. The padlock probe contains a small gap, and it could generate a circular
padlock probe in the presence of E. coli DNA ligase. Primer 1 was hybridized with the
circular padlock probe, leading to the RCA reaction by polymerase to generate long
ssDNA with repeated region, providing as the templates to hybridize with primer 2.
Therefore, primer 2 extended immediately forward with the addition of DNA poly-
merase. In this case, a number of dsDNA were produced on the electrode surface.
Finally, the electrochemical indicator, MB, was used to insert into the dsDNA, gen-
erating significant electrochemical signals that were proportional to the amount of
target. Thus, a label-free electrochemical aptasensor based on HRCA amplification
was established, realizing a detection limit as low as 1.6 fM of PDGF-BB and high
selectivity against other interferents, such as thrombin, lysozyme, and human serum
albumin (HSA).

Yi and colleagues created an electrochemical biosensor for sensitive determina-
tion of DNA fragments by integrating HRCA with hairpin-mediated circular strand
displacement polymerization (CSD) (Li et al. 2016) (Fig. 7.5b). The hairpin probe
that immobilized on the gold electrode surface can be opened to form the dsDNA,
when target DNA was added. Then, the unfolded stem binds with biotin-labeled
primer probe, resulting in the DNA strand polymerization with the aid of ANTPs and
DNA polymerase. Therefore, the target DNA was released to trigger the next cycle
of hybridization process with hairpin probes, resulting in the accumulation of biotin-
labeled DNAs. Given the specific and strong streptavidin—biotin interaction, massive
streptavidin molecules were attached on gold surface. With the addition of HRCA
primers and circular templates, the HRCA reaction was occurred. Consequently,
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Fig. 7.5 a HRCA-based electrochemical biosensor for PDGF-BB detection. Reproduced from
Wang et al. (2013) by permission of The Royal Society of Chemistry. b Electrochemical DNA
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from Li et al. (2016). Copyright 2016, with permission from Elsevier. ¢ Schematic illustration of P-
ERCA assay and CoFe, 04 MNPs assisted no substrate nanoelectrocatalysis for miR-21 detection.
Reprinted from Yu et al. (2017). Copyright 2017, with permission from Elsevier

massive dsDNA with various lengths were generated. Finally, the biotin-labeled
probes are selectively attached to the dsDNA, which further linked to the streptavid-
in—alkaline phosphatase (ST-AP). The recorded electrochemical signal that catalyzed
by alkaline phosphatase (AP) was produced from the irreversible conversion of «-
naphthyl phosphate («-NP) to electroactive products, which was measured by DPV.
The proposed strategy realized an ultrahigh sensitivity for DNA detection with a low
detection limit down to 8.9 aM.

Taking a different approach, P-ERCA has been recently established. Yu and
colleagues developed a P-ERCA method for electrochemical determination of
microRNA-21 (miR-21) using magnetic nanoparticles (MNPs) for nonsubstrate
nanoelectrocatalysis (Yu et al. 2017) (Fig. 7.5c). The exponential growth of P-ERCA
triggers was demonstrated during the continuous process of polymerization and
cleavage. Meanwhile, the electrode surface was modified with capture probe I (CP
I), which could hybridize with triggers and further produce the immobilization of CP
II/Au@CoFe,04/Tb-Gra composites on the surface. Finally, the expected signal was
electrochemically measured from the MNPs-aided nonsubstrate nanoelectrocataly-
sis. The proposed method showed an excellent sensitivity, realizing a low detection
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limit of 0.3 fM for miR-21 detection. Taken together, the electrochemical P-ERCA
approaches are universal and suitable for the detection of various targets, such as pro-
teins and nucleic acids. The method has the advantages of low cost, rapid response,
high sensitivity, simplicity, and specificity, which holds significant promise in the
development of clinical diagnostics, environmental monitoring, and food safety.

Despite its significant performance, RCA-based electrochemical devices, or diag-
nostic protocols have yet to reach the commercial market. To date, the RCA ampli-
fication kit has been created only for research use, such as the Illustra TempliPhi
DNA amplification kits from GE HealthCare (Buckinghamshire, UK). Developing
RCA-based electrochemical sensors is of importance for point-of-care testing and
holds great business opportunities in future.

7.3.2.4 Quantitative Electrochemical Sensor Using
Nanomaterial-Assisted Amplification

To meet the growing requirements for ultrasensitive biosensing, scientists have estab-
lished various strategies to improve the response of the electrochemical DNA sensor
by modifying with functional nanomaterials. With the development of nanotechnol-
ogy, significant attention has been paid to various nanomaterials, such as MNPs,
quantum dots (QDs), metal nanoparticles, carbon-based nanomaterials, and poly-
meric NPs. Owing to the remarkable biological compatibility, chemical stability,
nontoxicity, high surface area, remarkable conductivity, and catalytic activity, the
introduction of nanomaterials has significantly enhanced the biosensing performance
to obtain the amplified electrochemical signal and the stabilized recognition probes.

In recent years, many reviews on functional nanomaterials and their biosens-
ing applications have been published. Herein, we simply concentrate on the recent
development of nanomaterial-based signal amplification strategies, especially gold
nanoparticle (AuNPs), in ultrasensitive DNA-based electrochemical biosensing.
In 2008, Zhang and co-workers fabricated an electrochemical sensor based on a
structure-switching aptamer and reporter DNA loaded on AuNPs for the detection of
adenosine (Fig. 7.6a) (Zhang et al. 2008). The electroactive complex, [Ru(NH3)s]%,
acts as a signaling transducer. As a single AuNP can be loaded with hundreds of
reporter DNA strands, this provides a great amplification of electrochemical sig-
nal for the detection of adenosine. Based on this method, the adenosine could be
determined with a detection limit as low as 0.18 nM. Next, Hu et al. developed a
sensitive electrochemical DNA sensor based on multifunctional encoded AuNPs and
nanoporous gold (NPG) electrode (Fig. 7.6b) (Hu et al. 2008). Different from the
above-mentioned AuNPs with one kind of DNA probe, the AuNPs we used here
labeled with two kinds of DNA biobarcode. One is complementary to the target
DNA, while the other is not, decreasing the cross-reaction of targets on the same
AuNPs. Given the multifunctional encoded AuNPs and dual-amplification effects of
the electrode, the proposed biosensor achieved a low detection limit of 28 aM DNA.

Taken the advantages of high loading capacity, programmable ability, and signal
amplification ability, AuNPs were widely used for the fabrication of electrochemical
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sensors to detect various targets, such as DNA (Zhong et al. 2009; Hu et al. 2009;
Li et al. 2009b), miRNA (Song et al. 2016), thrombin (Zhang et al. 2009a), human
a-fetoprotein (Ding et al. 2009), and cancer cell (Ding et al. 2010). As multiple
DNA can be attached to the gold surface to construct biobarcode AuNPs, amplified
electrical biobarcode assay for one-pot detection of multiple targets was realized (Li
et al. 2010a, b; Zhang et al. 2009b, 2011). In addition, other nanomaterials, such as
functionalized metal—organic framework, also show significant sensing performance
and promising for the detection of a wide range of targets (Shi et al. 2017).

7.3.2.5 Quantitative Electrochemical Sensor Using Enzyme-Free
Nucleic Acid Amplification

Toehold-mediated strand displacement (TMSD) has proved to be a useful strategy
for the design of enzyme-free isothermal amplification systems to selectively and
sensitively detect a broad range of targets (Zhang and Seelig 2011). Firstly, a long
ssDNA, in a typical TMSD, hybridizes to the toehold area of dsDNA, initiating the
strand displacement rapidly and producing a new dsDNA with all complementary
base pairs (Genot et al. 2011; Yurke et al. 2000). Hybridization chain reaction (HCR)
is a prominent example of TMSD. A cascade of hybridization events, in a typical
HCR, was occurred between alternating two hairpin probes induced by an initiator,
producing a long-nicked dsDNA (Dirks and Pierce 2004). Not only linear HCR,
branched HCR strategies for exponential amplification have also been constructed (Bi
etal.2017). For example, a TMSD-based nonlinear HCR designs that usually occur in
an exponential manner are reported by Hsing and colleagues (Xuan and Hsing 2014)
(Fig. 7.7a). Firstly, they added trigger into the system, which was used to hybridize
with the toehold of Substrate-A and triggering the first TMSD reaction. In this case,
the black probe could be displaced to open the first functional loop. A new toehold
of the displaced strand was exposed, hybridizing with the Assistant-A and extending
forward to open the second loop. Thus, By-product-A was released. Substrate-A has
two exposed sequences, and it could further hybridize with the toehold of Substrate-B.
Consequently, the dissociation of By-product-B and the hybridization of Assistant-B
were proceeded. In this case, the product, consisting two ssDNA that are the same
as the trigger DNA, is exposed and continually triggers TMSD reactions, which
therefore leading to the exponentially growth of the branched DNA nanostructure.
An enzyme-free and immobilization-free electrochemical biosensing method
based on nonlinear HCR system has been established for nucleic acid detection
(Xuan et al. 2015) (Fig. 7.7b). The PNA probes labeled with ferrocene (Fc-PNAs)
freely dispersed in solution in the absence of target, which can attach to the surface of
negatively charged indium tin oxide (ITO) electrode and generate a significant elec-
trochemical current. In the presence of the target, the nonlinear HCR was triggered
and the branched DNA/PNA nanostructures were exponentially generated, and it
hardly in close to the ITO electrode surface. Therefore, the reduction of the electro-
chemical signal was significantly amplified. It is worth noting that Fc-PNA was used
to hybridize onto the dendritic DNA nanostructures with strong binding strength and
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ear HCR. Reprinted with the permission from Xuan and Hsing (2014). Copyright 2014 American
Chemical Society. b Principle of enzyme-free and immobilization-free exponential amplification
assay based on nonlinear HCR for electrochemical detection of nucleic acids. Reprinted with the
permission from Xuan et al. (2015). Copyright 2015 American Chemical Society. ¢ A enzyme-free
and solid-phase exponential amplification system based on nonlinear HCR for the detection of ATP.
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high hybridization kinetics efficiency between DNA and PNA. The proposed method
demonstrated a high sensitivity with a low detection limit of 100 fM.

Ding et al. designed an electrochemical biosensor, unlike the immobilization-free
strategy that stated above, by attaching the capture probe onto the surface of gold
electrode to detect ATP (Ding et al. 2017) (Fig. 7.7¢). With the addition of ATP, it
preferable to attach with its aptamer, resulting in the release of trigger DNA which
could hybridize with the toehold of Substrate 1. Thus, the first TMSD reaction was
triggered. Helper 1 was designed to hybridize with the region iii of Substrate 1-B and
extended forward to generate the By-product-1. Substrate 1-A strand was designed
with two identical sequences and combined with the two toeholds of Substrates 2,
respectively. Then, By-product 2 was dissociated with the assistant of Helper 2.
Finally, the product, consisting two target regions, was produced. Another cycle of
reaction could be triggered, leading to the exponentially growth of DNA nanostruc-
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tures. The resultant electrode surface was immobilized with DNA dendrimers that
modified with terminal biotin by capture probe, which linked to ST-AP to produce
significant electrochemical signal by the irreversible conversion of «-NP to elec-
troactive products catalyzed by AP. This assay realized a detection limit as low as
5.8 nM of ATP.

Enzyme-free methods, compared with enzyme-assisted isothermal amplification
methods, have the merit of simple and rapid response because of the inherent nonen-
zyme property (Gao et al. 2016). Moreover, enzyme-free strategies have excellent
structural versatility, amplification efficiency, and controllable kinetics, which thus
have significant promise in the application areas of biosensing, bioimaging, and
biomedicine.

7.4 Conclusion

In this chapter, a series of nucleic acid amplification methods have been summa-
rized and their electrochemical applications in fabrication of sensitive and selective
biosensors during the recent years have been introduced. Given the significant merits
of high amplification efficiency and biosensing sensitivity, nucleic acid amplifica-
tion has been proved as a powerful protocol for electrochemical bioassays. With the
development of bioanalytical chemistry, including DNAzymes and aptamers, elec-
trochemical biosensors based on nucleic acid amplification techniques have been
expanded to detect a wide range of targets, such as proteins, nucleic acids, ions, and
small biomolecules. Furthermore, the combination of nucleic acid amplification with
portable devices or microsystems has facilitated the development of clinical diag-
nosis with ultrahigh selectivity and sensitivity. In this research field, initial research
was concentrated on the preparation of biosensing platforms that can perform con-
current and real-time electrochemical detection during the amplification process. In
recent years, scientists have already developed promising electrochemical systems
that deliver quantification capabilities and sensitivity that potentially rival bench-top
optical systems. To date, the approach of integrating nucleic acid amplification with
intercalating electroactive molecules within microfluidic electrochemical devices
holds great potential and promising for practical applications. With the development
of detection mechanisms and amplification techniques, coupled with straight-forward
sample preparation and multiplexed assays, electrochemical strategies might bring
new power for real-time detection to the clinical diagnostic at point-of-care in future
(Patterson et al. 2013).
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