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A B S T R A C T

Biosensors have been commonly used in biomedical diagnostic tools in recent years, because of a wide range of
application, such as point-of-care monitoring of treatment and disease progression, drug discovery, commonly
use food control, environmental monitoring and biomedical research. Additionally, development of DNA bio-
sensors has been increased enormously over the past few years as confirmed by the large number of scientific
publications in this field. A wide range of techniques can be used for the development of DNA biosensors, such as
DNA nano-machines and various signal amplification strategies. This article selectively reviews the recent ad-
vances in DNA base biosensors with various signal amplification strategies for detection of cancer DNA and
microRNA, infectious microorganisms, and toxic metal ions.

1. Introduction

Modern healthcare systems are dependent intensely on in vitro di-
agnostics, therefore, the number of clinical tests in life sciences have
become highly demanding (Lazcka et al., 2007). On the other hand, the
detection of diseases-associated nucleic acids is of great importance for
on-time and precise diagnosis and therapy due to close association of
nucleic acids with human diseases (Valente et al., 2016; Stratton, 2011;
Esquela-Kerscher and Slack, 2006b; Jeffrey, 2008). Hence, develop-
ment of sensitive, trusty, time efficient, and cheap analytical systems is
needed. Usual methods, for example molecular detection methods
(immunological or non-immunological) and microbial culture tests are
either time consuming or need complicated and costly tools (Lazcka
et al., 2007).

Biosensor technology is probably one of the most progressive ways
that solves a number of problems regarding low sensitivity, time, and
cost issues in clinical diagnosis. A biosensor is a device, which provides
quantitative analytical information using a bio-recognition element in
direct contact with a transduction element (Johnson and Mutharasan,
2014). It includes two most important components; a biological

component, that reacts with a target material, and a signal-generating
component, that detects the resulting products (Bhalla et al., 2016).
Biosensors are employed in disease monitoring, drug discovery, and
detection of pollutants, disease-causing microorganisms (Jolly et al.,
2015; Sharma et al., 2015; Van Dorst et al., 2010), and markers that are
indicators of a disease in bodily fluids.

Recognizing molecules are the basic elements of biosensors as the
sensitivity and specificity of the sensing elements play a key role in the
sensor device performance (Tothill, 2009). Different biosensors rely on
different biomolecules, such as nucleic acids, antibodies or cells, which
can work as both bio-receptors and signaling molecules or labels
(Liebana and Drago, 2016). Nucleic acids are one of the recognizing
molecules that are used in different forms, such as hairpin DNAs
(hpDNAs) (Bath and Turberfield, 2007; Venkataraman et al., 2007;
Green et al., 2006). In addition, over the past several decades, various
techniques, as signal transducers, have been developed for precise de-
tection of the specific nucleic acid sequences, including electrochemical
(Ge et al., 2016; Liu et al., 2014; Low et al., 2017; Xiong et al., 2017b),
colorimetric (Teengam et al., 2017; Duan et al., 2015), fluorescence (Yu
et al., 2014; Liu et al., 2013b; He et al., 2010; Tan et al., 2015),
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Electrochemiluminescence (ECL) (Freeman et al., 2011), photoelec-
trochemical (PEC) (Zhao et al., 2014; Zang et al., 2016; Li et al., 2015)
and SPR biosensors (Zhang et al., 2012; Cao et al., 2018).

Additionally, signal amplification strategies for ultrasensitive DNA
detection have attracted extra attention. Among the amplification
methods that have been developed, are catalyze hairpin assembly
(CHA), hybridization chain reaction (HCR), toehold-triggered strand
displacement reaction (TSDR), and enzyme-assisted target recycling
(Chen et al., 2016a; Wu et al., 2017; Li et al., 2015; Khodakov et al.,
2013).

In this review, we will first give a brief explanation of the hpDNA
structure, different signal transducers, and signal amplification strate-
gies. Then, DNA based biosensors with various signal amplification
strategies for detection of cancer DNA and microRNA (miRNA), in-
fectious microorganisms, and toxic metal ions will be discussed.

2. DNA nano-machines

DNA can be programmed and assembled in an expectable manner
owing to its perfect recognition characteristics, depending on the
Watson-Crick base-pairing (Li et al., 2013). DNA has been considered as
one of the most promising natural molecules in nanotechnology due to
characteristics (Guo et al., 2015) , like stability of data storage and the
elasticity in design (Wang and Ding, 2014; Lin et al., 2011a). The self-
assembly feature of DNA makes it a unique template to be an ex-
cellently shaped and controlled matter on the nanometer scale
(McLaughlin et al., 2011).

DNA has been used to develop a number of nanomechanical devices,
for example nucleic acid walkers (Wang et al., 2011; Liu et al., 2013c),
circuits and logic gates (Fan et al., 2015; Nie et al., 2015), tweezers
(Shimron et al., 2013), catalytic amplifiers (Yin et al., 2008; Tsourkas
et al., 2003), sensors (S. Liu et al., 2015; B. Liu et al., 2015; Gao et al.,
2016), and other molecular devices (Li et al., 2008; Dittmer et al.,
2004). These DNA nanomachines can be stimulated by different inputs,
such as fuel DNA strands (Zheng et al., 2012) and metal ions (Bi et al.,
2013), and have been applied for detection of targets in vitro and in
vivo (Karunanayake Mudiyanselage et al., 2018; Liao et al., 2018). In
the most of DNA machines, used hpDNA structure can be self-assembled
into determined target structures without human intervention (Yin
et al., 2008). A brief explanation of hpDNA, which is used in most DNA
base biosensors, is explained below.

A hpDNA is a specifically designed single-stranded oligonucleotide
with self-complementary properties that can be folded into a stem-loop
structure under proper situations. Therefore, in general, it creates two
main open and closed forms (Yin et al., 2008; Tsourkas et al., 2003;
Bonnet et al., 1998). HpDNA has been broadly utilized as the sensing
element in biosensors (Liu et al., 2008). The stem-loop hpDNA probe
has high hybridization specificity and unique selectivity to the target
molecules, such as DNA and small molecules (Riccelli et al., 2001;
Riccelli et al., 2001).

3. Signal transduction

The fundamental role of the sensor is to create appropriate platform
for the formation of the probe-target complex, causing the signal to be
created for electronic readout (Bhalla et al., 2015). Therefore, one of
the essential elements of each biosensor is the signal transduction,
which can be coupled with the appropriate readout device.
Development of hpDNA based biosensors has been carried out with
various detection systems. Therefore, a electrochemical, mechanical, or
optical systems is required to report DNA and target bindings
(Drummond et al., 2003).

3.1. Electrochemical readout

A typical electrochemical DNA biosensor uses an electrode surface

as the platform to immobilize biological sensing hpDNA, for which the
analyte-binding result is monitored based on current electrochemical
differences (Zhang et al., 2018c). The electrochemical method is sui-
table for DNA detection. Hence, electrochemical reactions directly
create the electronic signals; moreover, they do not require expensive
signal transduction tools. Moreover, immobilized probe sequences can
be accomplished with an inexpensive electrochemical analyzer (Wang,
2005). Additionally, electrochemical systems are portable for clinical
testing, with high sensitivity, low cost, low-power requirements, and
high compatibility with advanced micromachining and microfabrica-
tion technologies (Ge et al., 2018; Xiong et al., 2017a).

Electrochemiluminescence (ECL) is a powerful analytical technique
that has pooled the advantages of chemiluminescence and electro-
chemistry. ECL is a light generation-based method, in which the high-
energy electron is transferred between electrogenerated species
(Richter, 2004; Sun et al., 2010). ECL is attracting more attention be-
cause of its good reproducibility, low background, simplicity, and high
sensitivity (Sun et al., 2010; L. Li et al., 2018; Y. Li et al., 2018; M. Li
et al., 2018; Wang et al., 2018).

PEC detection is another method that is generated based on the
biological interactions between the biosensing elements and their cor-
responding target analytes, leading to the photocurrent changes crea-
tion (Zhao et al., 2011). This method has attracted extensive attention
for its benefits, such as low background signals, low cost, high sensi-
tivity, quick response, and simplicity ( Li et al., 2015; Dong et al.,
2004). Consequently, in the past decade a variety of photoelec-
trochemical biosensors have been developed to sense biologically im-
portant species (Shi et al., 2018; L. Li et al., 2018; M. Li et al., 2018; Y.
Li et al., 2018; Wang et al., 2018).

3.2. Optical readout

Optical DNA based biosensors include fluorescence-labeled (Liu
et al., 2018a), enzyme-labeled, nanoparticle-labeled, or label-free de-
tection methods, such as Surface plasmon resonance (SPR) (Li et al.,
2016a). Florescence-based optical biosensors are extremely sensitive
with 107 molecule/cm2 detection limit; however, sophisticate and
costly instruments are highly needed (Epstein et al., 2002). SPR, an-
other optical technique, reports changes in the refractive index of a thin
metal film substrate that occurs upon adsorption of the analyte and is
suitable for target detection in an array-based approach that is more
expensive and complicated than that of fluorescent-based techniques
(McDonnell, 2001).

4. Signal amplification strategies

During the past decades, several enzyme-assisted or enzyme-free
amplification strategies have commonly been employed to further in-
crease the sensitivity and selectivity of biosensors in the biosensor's
construction. Enzyme-assisted amplification includes enzyme-assisted
nucleic acid amplification technologies, such as nuclease-assisted
hairpin assembly (Zhang et al., 2014), enzyme catalyzed reaction (Xia
et al., 2015), and enzyme-free amplification methods like catalyzed
hairpin assembly (CHA) (He et al., 2016), hybridization chain reaction
(HCR) (Chen et al., 2012), and toehold-triggered strand displacement
reaction (TSDR) (Zhang and Seelig, 2011). Signal amplification by au-
tonomous DNA self-assembly constructs is a simple and strong frame-
work for target detection. Some of these strategies will be explained
below.

4.1. Catalyzed hairpin assembly (CHA)

Catalyzed hairpin assembly (CHA) is a strong enzyme-free signal-
amplification reaction that has a variable range of potential applica-
tions, especially in biosensing (Li et al., 2012). CHA, which was de-
veloped from DNA nanotechnology, is programmed with DNA self-
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assembly and disassembly reactions (Fig. 1) (Yin et al., 2008). CHA is a
naturally flexible and scalable circuit, requiring only the design of base-
pairing of strands (Pan et al., 2018). Numerous CHA-based biosensors
have been developed that provide low-cost and point-of-care diagnostic
approaches (Tang et al., 2015; Su et al., 2017).

4.2. Hybridization chain reaction (HCR)

Hybridization chain reaction (HCR) is a complementary base paring
reaction, which is triggered by an initiator (target) and circulates a
chain reaction of hybridization events to produce nicked double-strand
(dsDNA) to alternating copolymers, making HCR a promising enzyme-
free strategy in signal amplification (Dirks and Pierce, 2004; Cao et al.,
2018). This reaction gives slow background and high sensitivity in
obtained results from biosensors (Chen et al., 2018; Geet al., 2018;
Chen et al., 2012). These advantages make HCR as an attractive
strategy in DNA sensing.

4.3. Toehold-triggered strand displacement reaction (TSDR)

Toehold-triggered strand displacement reaction (TSDR) is a method
for the assembly and regulation of the DNA nanostructures and nano-
machines (Zhu et al., 2014; Khodakov et al., 2013). In TSDR, through
the stepwise branch migration induced by a short single-stranded do-
main termed “toehold” (typically 5-8 nucleotides), one DNA strand in a
pre-hybridized duplex is exchanged by another strand to make a more
constant double-stranded complex (Zhang and Seelig, 2011; Jiang et al.,
2018). By varying the base number of toeholds, the kinetic rate of TSDR
could be quantitatively controlled over a factor of 106 (Zhang and
Seelig, 2011). This method has displayed great benefits with respect to
sensitive, portable, and rapid detection of target analytes (Zhao et al.,
2018).

4.4. Difficulties encountered in the signal amplification strategies

Generally, one of the limitation of non-enzymatic amplification
strategies for analytical application is that they may not be able to
amplify quite small biological signals (Jung and Ellington, 2014). Be-
cause of its output in placed within stem structures, CHA designing has
become more difficult. On the other hand, to improve amplification
well, CHA can be cascaded. Although the cascaded CHA reaction gen-
erates greater amplification but causes non-specific binding and leads to
background signal, as the layers of cascade increase, the time of reac-
tion will be increased, making it less useful for diagnostic applications.
To overcome these problems, CHA can be brought along with enzymes
(Jung and Ellington, 2014; Jiang et al., 2014).

Another signal amplification strategy is HCR, which is not typically
used in complex circuits due to lack of a specific sequence output.
Although HCR reaction continues until the substrates are exhausted, it
is difficult to quantify the targets (Jung and Ellington, 2014; Chen et al.,
2017). In our opinion, some difficulties might be related to loading or
bio-conjugation of signaling probe on the modified electrode and some
others might be attributed to site specific binding of capture and target
probes. It seems that in the future, in situ controlling of hybridization of
capture and target probes via high resolution imaging techniques, and
consequently, the specificity of the developed system will be highly
improved. Furthermore, hybridization temperature and time will be
controlled via mentioned techniques that might have significant effect
on the sensitivity of the designed biosensors.

5. Application of hpDNA base biosensor in clinical diagnosis

Beyond all these features, the applications of DNA base biosensors
as bio-components have offered extraordinary prospects in diagnostic
assays. Here we will briefly define some applications of DNA-based
biosensors with various signal amplification strategies for detection of
cancer-related microRNAs (miRNAs) and DNA, infectious micro-
organism, and toxic metal ions.

5.1. Application of hpDNA based biosensors for detection of cancer miRNA

MiRNAs are a class of small (21–24nt), endogenous, and non-coding
RNA molecules (Wen et al., 2012) that can regulate gene expression and
play essential roles in a range of biological processes (Rossi, 2009;
Ventura and Jacks, 2009). Cancer, diabetes, and neurological diseases
can be resulted from the unusual expression of miRNAs (Lujambio and
Lowe, 2012; Deng et al., 2014; Eacker et al., 2009). Because of the
crucial role of miRNAs in the development and progression of cancer, it
can be considered as one of the biomarkers for early diagnosis of var-
ious cancers (Shah et al., 2014). Therefore, quantitative analysis of
miRNAs is important for better understanding of their roles in cancers.
Many traditional methods, such as bioluminescence assays, quantitative
Real-time PCR, and Northern blotting are broadly used to detect
miRNAs (Cissell et al., 2008; Valoczi et al., 2004; Ruby et al., 2006).
However, these methods are inappropriate in clinical analysis due to
low sensitivity, consuming time, complexity, and high cost. Alter-
natively, the DNA-based biosensors with high sensitivity is developed in
recent studies. A list of instances of the accessible reports of DNA based
biosensors with various signal amplification strategies for detection of
different cancer-related miRNA is provided in Tables 1, 2. In addition,
typical examples of DNA based biosensors for recognition of miR-21 are
argued in the following part.

Fig. 1. Schematic diagrams of catalyzed hairpin assembly (Assembly and Disassembly reaction).
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MiR-21 is one of the most common oncomiRs and is overexpressed
in most human cancers (Esquela-Kerscher and Slack, 2006a). Recent
studies have reported the survival and proliferation of tumor cells upon
over expression of miR-21 (Medina et al., 2010).

In a study, an ultrasensitive platform was designed with multilayer
signal amplification strategy for identification of miR-21. In this study,
the gold decorated magnetic nanoparticle (GMNP)-labeled hpDNA
provided a foundation for multilayer G-quadruplex DNAzyme forma-
tion and brought along with CHA (Catalyzed hairpin assembly) reaction
for signal amplification. In the presence of miRNA biomarker,
DNAzyme, which is A DNA sequence with catalytic activity, produces a
colored complex, which is measured by the colorimetric method. This
biosensor has the ability to detect less than 1 aM of miR-21 and has high
specificity compared to other methods. Additionally, due to its special
design, it can easily separate the single mismatches (Hosseinzadeh
et al., 2018).

In another study, an enzyme-free electrochemical biosensor was
developed for sensitive detection of miR-21. This biosensor is designed
based on two ferrocene-labeled DNA nanoprobe (DNP) and targeted
recycling amplification. In the presence of miR-21 and a hpDNA strand,
two ferrocene-labeled DNA strand and the target miRNA are released
from electrode surface and dramatically decrease the electrochemical
signal through the toehold-mediated strand displacement reaction
(TSDRs). Detection limitation of this biosensor for miR-21 is 0.31 fM.
The suggested biosensor showed high sensitivity, stability, and speci-
ficity for the biomarkers analysis (Zhang et al., 2018a).

Recently a label-free and enzyme-free isothermal biosensor was
designed based on fluorescence method for assaying the nucleic acid.

This study used CHA reaction with high signal amplification ability and
DNA-template silver cluster (AgNCs) lighting up strategy for more re-
liable and efficient biosensing. MiR-21, as a target, started the CHA
reaction and caused fluorescence enhancer and AgNCs in close proxi-
mity, leading to the fluorescence enhancement that could be easily
visualized. This simple system is able to detect vital clinical analytes
like miRNAs without necessity to complex processes or special in-
strumentations (Pan et al., 2018).

Meanwhile, hpDNA biosensors can be utilized for recognition of
targets with several working principles, Hong et al. have presented an
electrochemical biosensor for miRNA detection that is based on tung-
sten oxide-graphene (WO3-Gr) composites combination with CHA
target recycling and enzyme signal amplification that allow the detec-
tion of miRNA with high sensitivity and selectivity. Sensing platform
formed by coupling with WO3-Gr composites and gold nanoparticles
(AuNPs) was used for the immobilization of captured hairpin probe
(H1). H1 hairpin structure is opened when hybridization with target
miR-21 occurs, then target miRNA is displaced with another biotiny-
lated hpDNA (H2) and released for starting next cycle. Therefore, a
large amount of H1-H2 duplex is produced and a large number of signal
indicator streptavidin-conjugated alkaline phosphatase (SA-ALP) is
conjugated to avidin-biotin on the surface of electrode. Finally, a large
amount of the enzymatic product of ALP and ascorbic acid produce a
strongly electrochemical response with electrochemical-chemical-che-
mical (ECC) redox cycling induction in the presence of ferrocene me-
thanol (FcM) and tris (2-carboxyethyl) phosphine (TCEP). Combining of
these will ultimately lead to a very low detection limitation for target
miR-21 down to 0.05 fM (Fig. 2) (Shuai et al., 2016).

Table 1
A list of examples of the available reports of DNA base biosensors with various signal amplification strategies for cancer miR-21.

Signal amplification strategies Signal transduction Limit of detection(LOD) Reference

WO3-Gr coupling with CHA target recycling and SA-ALP as a signal indicators Electrochemical 0.05 fM (Shuai et al., 2016)
Dual target-recycling amplification based on (DSN) and CHA Fluorescence and ECL 5.4 fM (Hao et al., 2015)
GNP modified hairpin ssDNA SPR Low as 3 nM (Hu et al., 2015)
CHA amplification coupling with streptavidin aptamer SPR 1 pM (Li et al., 2016a)
Two-stage signal amplification BBA consist of MNP-DNA and AuNP-DNA along with CHA Fluorescence Low as 97.9 zM (Tang et al., 2018)
Strand displacement amplification(SDA) and CHA with DNAzyme formation Colorimetry Low as 1.7 fM (Yan et al., 2015)
GMNP-labeled CHA-3WJ Colorimetry Low as 1 aM (Hosseinzadeh et al., 2018)
Enzyme-free target recycling amplification labled with ferrocene hairpin DNA 2D Electrochemical 0.31 fM (Zhang et al., 2018a)
CHA amplifier and lighting up AgNCs system Fluorescence 38 pM (Pan et al., 2018)
End blocked DNAzyme-CHA Chemiluminescence 0.02 fM (Deng et al., 2018)

Abbreviations: WO3-Gr, tungsten oxide-graphene composites; CHA, catalyzed hairpin DNA; SA-ALP, streptavidin-conjugated-alkaline phosphatase; DSN, duplex-
specific nuclease; GNP, gold nanoparticle; BBA, bio-barcode assay; MNP-DNA, magnetic nanoparticles functionalized with DNA probe; AuNP, Au nanoparticle; SDA,
strand displacement amplification; GMNP, gold decorated magnetic nanoparticle; 3WJ, 3 way junction.

Table 2
A list of examples of the available reports of DNA base biosensors with various signal amplification strategies for different cancer microRNAs.

Target microRNA Signal amplification strategies Signal transduction Limit of detection
(LOD)

Reference

miR-15a Distance-dependent ERET system between QDs and AuNCs Electrochemiluminescence At fM (Cheng et al., 2014)
miR-16 Hairpin-structured DNA with MB in 5, terminal and thiol group

in 3, terminal immobilized on the gold electrode
Electrochemical 0.14 nM (Gao et al., 2018a)

miR-122 Target-CHA and iron based metal-organic frame works mediated
nonenzymatic co-reaction

Electrochemical 0.003 fM (M. Li et al., 2018; Y. Li et al.,
2018; L. Li et al., 2018)

CHA base biosensor by using 2-AP and ThT Fluorescence 72 pM (Liu et al., 2017b)
miR-106a CHA with CNNS Fluorescence 0.10 pM (Liao et al., 2018)
miR-141 Combining of two enzyme free amplifications strategies HCR and

CHA
Fluorescence 0.3 fM (Wei et al., 2016)

miR-155 CHA and cascade electrocatalysis (Cyt c and Alcohol oxidase) Electrochemical 0.35 fM (Wu et al., 2015)
Let7a microRNA CHA coupled with HCR Colorimetry 7.4 fM (Wu et al., 2016)
miR-17 and miR-222 SDA and CHA with DNAzyme formation Colorimetry Low as 1.7 fM (Yan et al., 2015)
miR-221 Combination of the target-CHA and supersandwich amplification

strategies with HRP-DNA as signal tags
Electrochemical Low as 0.6 pM (Zhang et al., 2017)

Abbreviations: ERET, electrochemiluminescence resonance energy transfer; QDs, quantum dots; AuNCs, Au nanocluster; MB, methylene blue; CHA, catalyzed hairpin
DNA; 2AP, 2-amino purine; ThT, thioflavin T; CNNS, carbon nitride nanosheets; HCR, hybridization chain reaction; Cyt c, cytochrome c; SDA, strand displacement
amplification; HRP, horseradish peroxidase.
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5.2. Application of hpDNA base biosensors for detection of nucleic acids

In the past decades, the development of amplified nucleic acid
biosensors have been considered for sensitive and selective detection of
DNA sequences for genetic therapy, cancer screening, molecular diag-
nosis, and environmental monitoring (Das et al., 2015; Wang et al.,
2014; Meng et al., 2016; Rodriguez-Mozaz et al., 2006). Until now,
various biosensors have been designed with different amplification
strategies and signal transducers. In these amplification strategies, DNA
based nanomaterials such as hpDNAs have mostly been used. Here is a
typical example of these biosensors discussed which is developed for
DNA detection. Additionally, Table 3 lists instances of DNA base bio-
sensors for recognition of various cancer DNAs.

Recently, a simple enzyme-free electrochemical biosensor was de-
signed for nucleic acid detection with 0.3 pM detection limit. In this
study beneficial properties of TSDR and host-guest interaction of β-
cyclodextrin (β-CD) are used. This was due to elevation of Fe3O4@
SiO2@β-CD nanocomposites detection sensitivity as the capture probe
and ferrocene-labeled hpDNA as the electrochemical probe. In the
presence of target DNA, TSDR process induced the conformation
change of hpDNA (H1) and subsequent assembly stimulation of assis-
tant probes with H1 along with the release of target DNA and initiated
the next TSDR recycling. This reaction causes production of many open
H1 substrates. In the next step, the separation of these hpDNAs was
done with a magnet, which resulted in a clear current peak decrease.
This biosensor showed low detection limitation and excellent selectivity
for nucleic acid sensing (Jiang et al., 2018).

5.3. Application of hpDNA based biosensors for detection of infectious
microorganisms

The detection of pathogenic microorganisms is crucial for preven-
tion and identification of health and safety-related problems (Lazcka
et al., 2007). We need to obtain analytical results in the shortest time.
That is while, the traditional detection approaches of microorganism
are clearly insufficient and, therefore, developments of rapid and

sensitive methods are needed. Biosensors are promising approaches and
several biosensors with hpDNA probe have been developed to identify
microorganisms and viral DNAs (Velusamy et al., 2010; Gu et al.,
2006). Two typical examples of hpDNA biosensor developed for de-
tection of viruses will are argued in the next part. In addition, Table 4
lists instances of hpDNA for recognition of microorganisms and viruses.

Recently, an ultrasensitive PEC biosensor with cascade signal am-
plification was designed for Human T-lymphotropic virus-1 (HTLV-1)
DNA detection. This system benefits combination of λ-exonuclease as-
sisted target recycling, hybridization chain reaction (HCR), and enzyme
catalysis for signal amplification. In the presence of HTLV-1 DNA
(target DNA), the hpDNA (H1) hybridizes with target DNA, and then,
this structure will be recognized by λ-Exo and cleaving. λ-Exo helps to
target DNA recycling. This enzymatic reaction leads to release of the
target DNA and output DNA. Afterwards, output DNA binds to capture
DNA and many biotin-labeled hpDNAs with HCR loaded on the pho-
toelectrode. Finally, biotin-labeled hpDNAs interact with avidin-labeled
alkaline phosphatase (avidin-ALP) and catalyze dephosphorylation of
Phospho Ascorbic Acid (AAP) to Ascorbic Acid (AA), resulting in in-
creasing the photo current signal. The designed PEC displayed a sen-
sitive and specific detection of HTLV-1 DNA down to 11.3 aM, there-
fore, this strategy provides an effective assessment for diseases early
diagnosis (Shi et al., 2018).

Moreover, another study employed a rapid and cost effective optical
biosensor based on Thioflavin T (ThT)-induced G-quadruplexes for
Human immunodeficiency virus (HIV) DNA detection. This system uses
two hpDNA structure (HP1 and HP2) and Thioflavin T (ThT) as a
fluorescent probe for G-quadruplex in target DNA assay. In the presence
of HIV DNA, HP1 is open and releases complementary region for HP2,
hence, HP2 hybridizes with HP1, leading to exposing of the G-rich se-
quence. Finally, Thioflavin T (ThT) is added and bound to G-quad-
ruplex, leading fluorescence intensity enhancement. The biosensor ex-
hibited high sensitivity with detection limit of 2.4 nM (Zhang et al.,
2018b).

Fig. 2. Schematic diagram of preparation of
the electrochemical biosensor based on CHA
and enzyme signal amplification for detection
of miR-21(Abbreviations: WO3-Gr, tungsten
oxide-graphene composites; AuNP, Au nano-
particle; BSA, bovine serum albumin; SA-ALP,
streptavidin-conjugated alkalin phosphatase;
TCEP, tris (carboxyethyl) phosphin; FcM, fer-
rocen methanol; APP, ascorbyle poly phos-
phate; AA, ascorbic acid).

R. Abolhasan et al. Biosensors and Bioelectronics 129 (2019) 164–174

168



Ta
bl
e
3

Li
st
s
of

ex
am

pl
es

of
D
N
A

ba
se

bi
os
en

so
rs

fo
r
de

te
ct
io
n
of

va
ri
ou

s
ca
nc

er
D
N
A
s.

Ta
rg
et

D
N
A

Si
gn

al
am

pl
ifi

ca
ti
on

st
ra
te
gi
es

Si
gn

al
tr
an

sd
uc

ti
on

Li
m
it

of
de

te
ct
io
n

(L
O
D
)

R
ef
er
en

ce

tD
N
A

Fo
r
en

zy
m
e-
fr
ee

se
ns
in
g
st
ra
te
gy

us
ed

Fe
3
O
4
@
Si
O
2
@
β-
C
D

na
no

co
m
po

si
te
s
as

th
e
ca
pt
ur
e
pr
ob

e
an

d
fe
rr
oc

en
e-

la
be

le
d
ha

ir
pi
n
D
N
A

as
a
el
ec
tr
oc

he
m
ic
al

pr
ob

e
El
ec
tr
oc

he
m
ic
al

0.
3
pM

(J
ia
ng

et
al
.,
20

18
)

C
om

bi
ni
ng

of
th
re
e
di
ve

rs
dy

na
m
ic

D
N
A

as
se
m
bl
y
st
ra
te
gi
es

in
cl
ud

e
D
N
A
-f
ue

le
d
ta
rg
et

re
cy
cl
in
g,

C
H
A

an
d
H
C
R

El
ec
tr
oc

he
m
ic
al

50
aM

(L
iu

et
al
.,
20

17
a)

C
on

fo
rm

at
io
n
ch

an
ge

of
G
-q
ua

dr
up

le
x
ha

ir
pi
n
D
N
A

Fl
uo

re
sc
en

ce
D
ow

n
to

40
pM

(L
iu

et
al
.,
20

18
b)

C
M
L,

Ty
pe

b3
a2

D
N
A

se
qu

en
ce

C
dT

e/
TC

PP
na

no
co

m
po

si
te
s
la
be

le
d
pr
ob

e
D
N
A
,λ

-E
xo

as
si
st
ed

ta
rg
et

re
cy
cl
in
g,

ha
ir
pi
n
D
N
A
im

m
ob

ili
ze
d
w
it
h
Zn

O
/

C
dS

he
te
ro

na
no

st
ru
ct
ur
e

Ph
ot
oe

le
ct
ro
ch

em
ic
al

25
.6

aM
(S
hi

et
al
.,
20

16
)

tD
N
A

A
ut
on

om
ou

s
ca
sc
ad

e
D
N
A

re
pl
ic
at
io
n
st
ra
te
gy

an
d
en

zy
m
e/
go

ld
na

no
pa

rt
ic
le

po
st

am
pl
ifi
ca
ti
on

st
ra
te
gy

_
ha

ir
pi
n

D
N
A

pr
ob

e
w
it
h
re
co

gn
it
io
n
si
te

fo
r
tD

N
A

an
d
ni
ck
in
g
en

do
nu

cl
ea
se

El
ec
tr
oc

he
m
ic
al

0.
06

5
fM

(L
iu

et
al
.,
20

16
)

K
-r
as

ge
ne

H
ai
rp
in

D
N
A
pr
ob

e
la
be

le
d
w
it
h
M
B
an

d
FC

im
m
ob

ili
ze
d
on

th
e
go

ld
el
ec
tr
od

e
an

d
Ex

o
II
I-
as
si
st
ed

ta
rg
et

re
cy
cl
in
g

am
pl
ifi
ca
ti
on

El
ec
tr
oc

he
m
ic
al

4.
16

fM
(X

io
ng

et
al
.,
20

15
b)

tD
N
A

C
H
A

an
d
Fe

TM
Py

P-
m
ed

ia
te
d
ch

em
ilu

m
in
es
ce
nc

e
Ph

ot
oe

le
ct
ro
ch

em
ic
al

2.
2
fM

(Z
an

g
et

al
.,
20

15
)

C
dS

e
Q
D

m
od

ifi
ed

G
C
E
ac
t
as

th
e
co

re
ac
ta
nt

of
R
u(
bp

y)
3
2
+

EC
L/

R
u(
bp

y)
3
2
+

in
te
rc
al
at
ed

in
to

th
e
lo
op

of
ha

ir
pi
n

D
N
A

pr
ob

e
El
ec
tr
oc

he
m
ilu

m
in
es
ce
nc

e
1.
9
×

10
–1

6
(D

on
g
et

al
.,
20

15
)

Th
io
la
te
d
sh
ar
ed

-s
te
m

ha
ir
pi
n
D
N
A

ta
gg

ed
w
it
h
R
u(
bp

y)
3
2
+

on
th
e
su
rf
ac
e
of

G
O
/A

uN
Ps

m
od

ifi
ed

G
C
E

El
ec
tr
oc

he
m
ilu

m
in
es
ce
nc

e
65

aM
(H

ua
ng

et
al
.,
20

15
)

C
H
A

co
m
bi
ne

d
w
it
h
na

no
ca
ta
ly
st

la
be

l-b
as
ed

re
do

x
cy
cl
in
g
re
ac
ti
on

El
ec
tr
oc

he
m
ic
al

0.
3
aM

(H
un

et
al
.,
20

15
)

Ex
o
II
I-
as
si
st
ed

ca
sc
ad

e
ta
rg
et

re
cy
cl
in
g
co

m
bi
ne

d
w
it
h
D
N
A
zy
m
e

Fl
uo

re
sc
en

ce
20

fM
(B
.L

iu
et

al
.,
20

15
;S

.L
iu

et
al
.,

20
15

)
K
-r
as

ge
ne

U
se
d
bi
ot
in

la
be

le
d
ha

ir
pi
n
D
N
A

pr
ob

e/
H
R
P-
st
re
pt
av

id
in

ca
pp

ed
A
uN

Ps
El
ec
tr
oc

he
m
ic
al

0.
03

5
fM

(F
an

g
et

al
.,
20

14
)

tD
N
A

H
ai
rp
in

D
N
A
pr
ob

e
fu
nc

ti
on

al
iz
ed

M
N
Ps

an
d
Ex

o
II
I-
in
du

ce
d
tw

o-
st
ag

e
au

to
ca
ta
ly
ti
c
re
cy
cl
in
g
am

pl
ifi
ca
ti
on

st
ra
te
gy

m
ed

ia
te
d
by

Zn
PP

IX
/G

-q
ua

dr
up

le
x
as

a
fl
uo

re
sc
en

t
na

no
ta
g

Fl
uo

re
sc
en

ce
0.
75

fM
(X

ue
et

al
.,
20

14
)

P5
3
m
ut
at
io
n
ge

ne
LC

bi
os
en

so
r
ba

se
d
on

fo
rm

at
io
n
of

D
N
A

de
nd

ri
m
er
s
fr
om

ha
ir
pi
n
D
N
A

pr
ob

es
by

H
C
R

O
pt
ic
al

Lo
w

as
0.
08

nM
(T
an

et
al
.,
20

14
)

tD
N
A

M
ul
ti
-f
un

ct
io
na

l
du

al
-h
ai
rp
in

D
N
A

la
be

le
d
w
it
h
M
B

El
ec
tr
oc

he
m
ic
al

50
nM

(H
e
et

al
.,
20

13
)

C
yt
oc

hr
om

e
P4

50
2D

6
N
A
SD

P
as

a
si
gn

al
am

pl
ifi
ca
ti
on

an
d
bi
ot
in
yl
at
ed

ha
ir
pi
n
D
N
A

w
it
h
N
Ea

se
re
co

gn
it
io
n
si
te

as
a
pr
ob

e
La

te
ra
l-fl

ow
bi
os
en

so
r

10
0
aM

(L
iu

et
al
.,
20

13
a)

tD
N
A

En
zy
m
e-
fr
ee

bi
os
en

so
r
ba

se
d
on

th
e
co

m
bi
na

ti
on

of
C
H
A

an
d
H
C
R

El
ec
tr
oc

he
m
ic
al

0.
1
fM

(L
iu

et
al
.,
20

13
a)

A
bb

re
vi
at
io
ns
:β

-C
D
,β

-c
yc
lo
dx

tr
in
;C

H
A
,c
at
al
yz
ed

ha
ir
pi
n
D
N
A
;H

C
R
,h

yb
ri
di
za
ti
on

ch
ai
n
re
ac
ti
on

;C
M
L,

ch
ro
ni
c
m
ye

lo
ge

no
us

le
uk

em
ia
;T

C
PP

,m
es
o-
te
tr
a(
4-
ca
rb
ox

yp
he

ny
l)
po

rp
hi
ne

;E
xo

,e
xo

nu
cl
ea
se
;M

B,
m
et
hy

le
ne

bl
ue

;F
c,

fe
rr
oc

en
e;

Fe
TM

Py
P,

ir
on

(I
II
)
m
es
o-
te
tr
ak

is
(N

-m
et
hy

lp
yr
id
in
um

-4
-y
l)
po

rp
hy

ri
n;

Q
D
,q

ua
nt
um

do
t;
G
C
E,

gl
as
sy

ca
rb
on

el
ec
tr
od

e;
R
u(
bp

y)
3
2
+
,2

,2
'-b

ip
yr
id
in
e-
ru
th
en

iu
m
;E

C
L,

el
ec
tr
oc

he
m
ilu

m
in
es
ce
nc

e;
G
O
/

A
uN

P,
gr
ap

he
ne

ox
id
e/
A
u
na

no
pa

rt
ic
le
;H

R
P,

ho
rs
er
ad

is
h
pe

ro
xi
da

se
;M

N
Ps
,m

ag
ne

ti
c
na

no
pa

rt
ic
le
s;
Zn

PP
IX
,z

in
c(
II
)-
pr
ot
op

or
ph

yr
in

IX
;L

C
,l
iq
ui
d
cr
ys
ta
l;
N
A
SD

P,
N
Ea

se
-a
ss
is
te
d
st
ra
nd

-d
is
pl
ac
em

en
t
po

ly
m
er
iz
at
io
n;

N
Ea

se
,n

ic
ki
ng

en
do

nu
cl
ea
se
.

R. Abolhasan et al. Biosensors and Bioelectronics 129 (2019) 164–174

169



5.4. Application of hpDNA based biosensors for detection of toxic metal ions

Metals heavier than threshold limit are toxic to human and there are
several health risks related with them (Jaishankar et al., 2014). Delayed
detection and assessment of these metal toxins in solutions has been
reported as the reason of numerous health problems in human
(Priyadarshini and Pradhan, 2017). Therefore, there is a massive need
to measure the toxic metal content in drinking water resources. To this
aim, on time and accurate analysis of toxic metal ions in aqueous
samples is the main challenge today. Very sophisticated equipment like
inductively coupled plasma mass spectrometry (ICP-MS), Atomic ab-
sorption spectrometry (AAS), ICP-AES and etc. have been used for
monitoring and detecting metal ions in solutions (Parham et al., 2009;
D'Ilio et al., 2008). However, these methods have several dis-
advantages, including highly cost instrumentation, complicated sample
preparation, and the need for well-trained operators (Kim et al., 2008).
Hence, investigation of a feasible, rapid, and cost effective method for
metal ion detection is a major prerequisite today.

Nanotechnology has presented a major advance in this regard, with
the development of numerous nanoprobes for detection of metal ions.
In this part, two typical examples of biosensors that combine hpDNA
probe and DNA species are developed for detection of lead and mercury
will be argued in the next part. Additionally, Table 5 lists instances of
biosensors with various signal amplification strategies for detection of
metal ions.

In the past several decades, ECL has attracted much attention be-
cause of its sensitive and simplified set up and low background signal
(Richter, 2004). Lin Cheng et al. in 2017, constructed ECL biosensor for
mercury (Hg) (II) detection. This system used ferrocene-labeled hpDNA
probe as a recognition molecule and modified Ruthenium (II) tris-(bi-
pyridine) (Ru (bpy)32+)/ Cyclodextrins-Au nanoparticles (CD-AuNps)/
Nafion on the glass carbon electrode (GCE). In the presence of Hg(II),
the probe tends to form T_Hg (II)_Tcomplex and leads to palpable re-
covery of ECL of Ru (bpy)32+, which provides a simple, rapid, and
selective sensing platform for mercury identification with 0.1 nM de-
tection limit (Cheng et al., 2017).

In another study, electrochemical biosensor amplified determina-
tion of lead ions (Pb2+) and was designed based on a specific
DNAzymes for selective detection and immobilization of these
DNAzymes, which utilizes reduced grapheme oxide-tetra-
ethylenepentamine-gold nanoparticles (rGO-TEPA-Au). Also, as the
signal tag, hpDNA labeled with Palladium-Platinum nanoparticles was
used as modified Fe metallo-organic frameworks (Fe-MOFs/PdPt NPs).
In the presence of Pb2+ substrate, strand of DNAzyme conformation
changed to single strand DNA and caused to hybridize with the labeled
hpDNA and catalyze H2O2 with Fe-MOFs/PdPt NPs to increase the
sensitivity of the biosensor (Yu et al., 2018).

6. Conclusion

In summary, in this review, we tried to summarize the DNA based
biosensors with various signal amplification strategies for detection of
cancer DNA and miRNA, infections microorganisms, and toxic metal
ions. The applications of DNA based biosensors as bio-components have
presented strong views in diagnostic tests and DNA nanotechnology has
a lot of applications in this area. Additionally, in order to increase the
sensitivity of the biosensor-based methods, they use a variety of signal
amplification strategies, such as CHA, HCR and enzyme-assisted target
recycling, which show high sensitivity and specificity and can be easily
programmed and modified to different requests. We believe that it is
possible that in the future, signal amplifiers can reconstruct the diag-
nostic device or lead to new treatment options. DNA base biosensors in
comparison to other methods of DNA identification confer advantages,
such as high sensitivity, specificity, selectivity, and cost effectiveness.
As a consequence, DNA based biosensors may give great assistance to
improve the accuracy and specificity for clinical diagnosis such as pointTa

bl
e
4

Ex
am

pl
es

of
D
N
A

ba
se

bi
os
en

so
r
fo
r
de

te
ct
io
n
of

m
ic
ro
or
ga

ni
sm

s
an

d
vi
ru
se
s.

Ta
rg
et

m
ic
ro

or
ga

ni
sm

Si
gn

al
am

pl
ifi

ca
ti
on

st
ra
te
gi
es

Si
gn

al
tr
an

sd
uc

ti
on

Li
m
it

of
de

te
ct
io
n

(L
O
D
)

R
ef
er
en

ce

H
TL

V
-1

λ-
Ex

oa
ss
is
te
d
ta
rg
et

re
cy
cl
in
g
w
it
h
H
C
R
an

d
en

zy
m
e
ca
ta
ly
si
s

Ph
ot
oe

le
ct
ro
ch

em
ic
al

11
.3

aM
(S
hi

et
al
.,
20

18
)

H
IV

Th
io
fl
av

in
T-
in
du

ce
d
G
-q
ua

dr
up

le
xe
s
ba

se
d
bi
os
en

so
r

Fl
uo

re
sc
en

ce
2.
4
nM

(Z
ha

ng
et

al
.,
20

18
b)

H
IV
-1

Ex
o-
I
hy

dr
ol
ys
is

as
si
st
ed

ha
ir
pi
n
D
N
A

to
re
du

ce
ba

ck
gr
ou

nd
si
gn

al
El
ec
tr
oc

he
m
ic
al

15
0
fM

(G
ao

et
al
.,
20

18
b)

H
TL

V
-I
I
D
N
A

Th
re
e
st
ag

e
ca
sc
ad

e
si
gn

al
am

pl
ifi
ca
ti
on

st
ra
te
gy

in
cl
ud

e
C
H
A
,H

C
R
an

d
A
LP

-t
ri
gg

er
ed

in
-s
it
u
ge

ne
ra
ti
on

of
A
A

Ph
ot
oe

le
ct
ro
ch

em
ic
al

0.
05

2
fM

(X
io
ng

et
al
.,
20

18
)

H
IV

ge
ne

A
ut
oc

at
al
yt
ic

an
d
Ex

o
II
I-
as
si
st
ed

ca
sc
ad

e
si
gn

al
am

pl
ifi
ca
ti
on

st
ra
te
gy

an
d
ha

ir
pi
n
D
N
A

El
ec
tr
oc

he
m
ic
al

4.
83

fM
(X

io
ng

et
al
.,
20

17
b)

H
IV
-1

Bi
os
en

so
r
ba

se
d
on

el
ec
tr
oc

he
m
ic
al

si
gn

al
st
ra
te
gy

an
d
tr
ip
le
-h
el
ix

m
ol
ec
ul
ar

sw
it
ch

w
it
h
a
ha

ir
pi
n
D
N
A

pr
ob

e
la
be

le
d
w
it
h
M
B
im

m
ob

ili
ze
d
on

go
ld

el
ec
tr
od

e
an

d
ss
D
N
A

m
od

ifi
ed

w
it
h
tw

o
FC

El
ec
tr
oc

he
m
ic
al

0.
12

pM
(X

io
ng

et
al
.,
20

17
a)

H
IV
-1
,H

IV
-2

La
be

l-f
re
e
m
ul
ti
-e
le
ct
ro
de

ar
ra
y
w
it
h
th
io
la
te
d
ha

ir
pi
n
D
N
A

pr
ob

e
El
ec
tr
oc

he
m
ic
al

0.
1
nM

(Z
ha

ng
et

al
.,
20

10
)

A
fl
at
ox

in
B
of

A
sp
er
gi
llu

s
C
as
ca
de

d
si
gn

al
am

pl
ifi
ca
ti
on

w
it
h
en

zy
m
e-
fr
ee

ca
ta
ly
ti
c
D
N
A

ci
rc
ui
t
an

d
us
in
g
go

ld
na

no
pa

rt
ic
le

C
ol
or
im

et
ry

2
pM

(C
he

n
et

al
.,
20

16
b)

Ly
tA

ge
ne

of
S.
pn

eu
m
on

ia
e
an

d
w
ho

le
ce
ll
of

Sa
lm

on
el
la

Ty
ph

im
ur
iu
m

C
om

bi
ni
ng

th
e
si
gn

al
tr
an

sd
uc

er
an

d
C
H
A

ba
se
d
si
gn

al
am

pl
ifi
ca
ti
on

C
ol
or
im

et
ry

32
pM

(C
he

n
et

al
.,
20

15
)

V
ib
ri
o
pa

ra
ha

em
ol
yt
ic
us

U
se
d
ha

ir
pi
n
D
N
A

ap
ta
m
er

co
nj
ug

at
ed

w
it
h
TE

X
61

5
(F
lu
or
es
ce
nt

dy
e)

C
he

m
ilu

m
in
es
ce
nc

e
22

30
ce
lls
/m

l
(K

w
un

et
al
.,
20

14
)

Le
gi
on

el
la

Pn
eu

m
op

hi
la

La
be

l-f
re
e
de

te
ct
io
n
w
it
h
ha

ir
pi
n
D
N
A
-f
er
ro
ce
ne

pr
ob

es
on

go
ld

el
ec
tr
od

e
El
ec
tr
oc

he
m
ic
al

2.
3
×

10
–1

4
(R

ai
et

al
.,
20

12
)

E.
co

li
D
N
A

lig
as
e

C
on

fo
rm

at
io
n
ch

an
ge

of
th
e
ha

ir
pi
n
D
N
A

pr
ob

e
SP

R
0.
6
nM

(L
ua

n
et

al
.,
20

10
)

A
bb

re
vi
at
io
ns
:H

TL
V
,h

um
an

T-
ce
ll
ly
m
ph

ot
ro
pi
c
vi
ru
s;
Ex

o,
ex
on

uc
le
as
e;

H
C
R
,h

yb
ri
di
za
ti
on

ch
ai
n
re
ac
ti
on

;H
IV
,h

um
an

im
m
un

od
efi

ci
en

cy
vi
ru
s;
C
H
A
,c

at
al
yz
ed

ha
ir
pi
n
D
N
A
as
se
m
bl
y;

A
LP

,a
lk
al
in
e
ph

os
ph

at
es
;A

A
,

as
co

rb
ic

ac
id
;M

B,
m
et
hy

le
ne

bl
ue

;F
c.

fe
rr
oc

en
ce
.

R. Abolhasan et al. Biosensors and Bioelectronics 129 (2019) 164–174

170



of care monitoring of disease, environmental monitoring, food control
and biomedical research in the future.
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