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A B S T R A C T

The low concentrations of cancer biomarkers in the blood have limited the utility of quantitative bioassays
developed for the purpose. The advent of nicking endonucleases (NEases) as signal amplification tools have
greatly enhanced the detection efficiency and provided a multi-optional platform to design target specific de-
tection methods. The present review focuses on the prominent features of NEases, modified DNA probes (such as
hairpin (HP) probes, molecular beacons, and G- quadruplex) that mediate cyclic cascade and role of helper
enzymes. Application of NEase assisted signal amplification (NESA) has been discussed for diagnosis of two
prominent cancer biomarkers viz. DNA methyl transferase (Dam MTase) and microRNA (miRNA). NESA medi-
ated techniques such as rolling circle amplification (RCA), strand displacement amplification (SDA) and iso-
thermal exponential amplification (EXPAR), have been compared in light of their future applications in clinical
diagnosis. Significance of nanomaterials to achieve further amplification and NESA assays for simultaneous
detection of miRNAs has also been conversed. It is anticipated that the information gained from the analyses of
the prospects and limitations of NESA-based assays will be useful towards understanding the applications, and
improvement of efficient isothermal exponential amplification strategies for highly sensitive and selective de-
tection of cancer biomarkers.

1. Introduction

Cancer being the most dreadful disease necessitates early stage di-
agnosis to reduce mortality rate. A number of techniques are available
for the purpose, but suffer from limitations like invasive procedures,
low sensitivity, specificity, high cost and time consumption (Mittal
et al., 2017). Considering that the concentration of biomarkers is ul-
tralow in early stages of cancer, it is imperative to develop fast and
sensitive methods for detection. Biosensors are alternative technique for
the purpose and have created a distinct niche due to attributes of sen-
sitivity, specificity, quick response, on-site monitoring and cost bene-
fits. The initial era of bio-detection involved direct assessment of signals
produced by interaction between target and bioreceptor in 1: 1 stoi-
chiometric ratio and detection of signals produced by low concentration
of target was not possible. But, now the biosensor technology has ad-
vanced to a stage where the signals produced by targets present in low
concentration can be amplified through series of amplification steps

and thus, the current scientific strategy of biosensors seems like an
attractive alternative. Enormous literature is available regarding signal
amplification using nanomaterials (Devi et al., 2015; Mittal et al., 2017;
Vigneshvar et al., 2016; Yang et al., 2015), but only limited literature is
available about role of specific enzymes like NEases as signal amplifi-
cation tools.

NESA is a suitable strategy because it mediates amplification of
single target DNA into cyclic generation of multiple triggers that fa-
cilitates ultralow levels of detection. It also employs simple in-
strumentation and has the feasibility to be utilized for routine analysis
(Connolly and Trau, 2010). Basic design of NESA involves hybridization
of target DNA with the probe to generate a NEase-restriction site, which
is recognized by sequence-specific NEase. NEase-mediated cleavage of
probe releases the target DNA and further, initiates next cycle of hy-
bridization, cleavage and dissociation, which subsequently results in
signal amplification (Yin et al., 2012). NESA has gained attention be-
cause it has been reported to possess discrimination capability against

https://doi.org/10.1016/j.bios.2018.10.001
Received 30 June 2018; Received in revised form 27 September 2018; Accepted 1 October 2018

⁎ Corresponding author at: Department of Environmental Science and Technology, Central University of Punjab, Bathinda 151001, India.
E-mail addresses: sunil.cevs@gmail.com (S. Mittal), stpearl09@gmail.com (S. Thakur), anil.mantha@cup.edu.in (A.K. Mantha),

hardeep_kaur007@rediffmail.com (H. Kaur).

Biosensors and Bioelectronics 124–125 (2019) 233–243

Available online 02 October 2018
0956-5663/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09565663
https://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2018.10.001
https://doi.org/10.1016/j.bios.2018.10.001
mailto:sunil.cevs@gmail.com
mailto:stpearl09@gmail.com
mailto:anil.mantha@cup.edu.in
mailto:hardeep_kaur007@rediffmail.com
https://doi.org/10.1016/j.bios.2018.10.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2018.10.001&domain=pdf


single-base mismatch (Li et al., 2011). NEase-based techniques have
also been demonstrated to have potential to be used for protein de-
tection, however such methods are difficult to handle and are time-
consuming (Hun et al., 2010; Xue et al., 2012).

Recent studies have demonstrated that NESA has played an im-
perative role in improvement of detection sensitivity of target from two
to five folds (Dong et al., 2015; Zhang et al., 2016a, 2013). Therefore, in
an effort to stimulate interest in advances in biosensor technology and
its diagnostic applications for cancer detection, the current article
provides an overview on the recent advances in NESA-based assays,
their prospective applications, approaches, and challenges, with a focus
on their role in effective estimation of two important cancer biomarkers
- DNA methyl transferase (Dam MTase) and microRNAs (miRNAs). For
readers convenience a glossary is provided in the Supplementary data
to understand typical terms of molecular biology.

2. Nicking endonucleases (NEases)

NEases are mutated forms of restriction endonucleases that have
lost the ability to dimerize and hence cleave only one strand in the DNA
duplex or DNA-RNA hybrid at a specific recognition sequence. They
generate a nicked site in the DNA with extendable 3ˈ recessive ends,
which can be regenerated further for the next cycle of nicking exten-
sion. (Higgins et al., 2001). Most of the natural NEases have been iso-
lated from the Bacilli sps. Approximately 200 NEases have been iden-
tified and studied for their biological functions (Li et al., 2011). The
important NEases with their recognition sequences and characteristics
are enlisted in the Table 1.

NEases have immense applications in all streams of life sciences
ranging from DNA nanotechnology to biosensor technology (Miao
et al., 2015a; Yan et al., 2016). These have been employed in various
electrochemical biosensors and optical bioassays for diverse targets
such as metal ions, miRNA, DNA and enzymes (Chen et al., 2015b;
Cheng et al., 2016, 2015; Cui et al., 2016; Li et al., 2016a; Ma et al.,
2013; Wang et al., 2016a, 2016c, 2016e). The advantage of using
NEases is their bio-compatibility with other enzymes, which makes
them suitable for carrying out complex procedures of rolling circle
amplification (RCA) and isothermal exponential amplification (EXPAR)
(Song et al., 2016; Wang et al., 2014). The ability of nicked strand to
initiate strand extension reaction is a desired attribute in such ampli-
fication procedures. NEases may distinguish between methylated and
unmethylated recognition sequences which is an important character-
istic feature used to design bioassays for epigenetic studies, such as
evaluation of methylated DNA and estimation of Dam MTase activity
(Chen and Zhao, 2013; Cui et al., 2016; Li et al., 2016e; Zhang et al.,
2016d; Zhao et al., 2014, 2013b; Zhu et al., 2013). They have specific
recognition sequence requirement that should be fulfilled to obtain
single stranded cleavage products and may perform catalytic function
on immobilized targets as well. Due to this property, NEases are being
used in diverse bio-analytical techniques such as photo-electrochemical
immunoassays for cancer biomarkers (Lv et al., 2018; Qiu et al., 2017;

Shu and Tang, 2017; Zhang et al., 2018a). The detection efficiency of
such bioassays may further be improved with integration of micro-
fluidic approach for disease diagnosis (Zhou et al., 2018).

In addition to this, there are certain other enzyme characteristics
such as temperature, pH, concentration etc. which play important role
in bioassays. As far as optimum temperature is concerned, 37–55 °C
temperature has been applied for assays involving Nt.Alwl and
N.BstNBl endonucleases (Bi et al., 2013; Liu et al., 2012; Ma et al.,
2013; Niu et al., 2010; Wang et al., 2014, 2013, 2016e), whereas for
Nt.BbvC1, Nt.BsmA1 and Nt.BspQ1 optimum temperature of 30–37 °C
have been reported (Chen et al., 2015a; Hun et al., 2013; Song et al.,
2014; Wang et al., 2016c, 2016d; Yu et al., 2015; Zhao et al., 2013b;
Zhu et al., 2013). Exceptions of using higher temperatures (50 °C) have
also been reported for Nt.BbvC1 (Dong et al., 2015). Optimum pH for
enzyme activity has been reported to be pH 7.9 for almost all the en-
donucleases (Jia et al., 2010; Li et al., 2016b).

Most of the studies report that a minute amount (0.1–2.0 enzyme
units) of NEases is sufficient to carry out the restriction process, how-
ever, some studies have also used 5–40 enzyme units for the process (Bi
et al., 2013; Huang et al., 2017; Li et al., 2016b; Liu et al., 2013, 2017;
Wang et al., 2014; Xue et al., 2015a; Yu et al., 2015). In rare in-
vestigations, concentration as high as 200 units ml−1 has also been
optimized (Yin et al., 2017). To achieve maximum efficiency, appro-
priate reaction time is also required. Incubation period of 1–3 h have
been reported to achieve complete restriction in most studies (Bi et al.,
2013; Chen et al., 2015a; Dong et al., 2015; Wang et al., 2016c, 2013,
2016e). The optimum levels of all the enzyme parameters are highly
needed for efficient working of NEases to achieve signal amplification.

3. Components of NESA based bioassays

Main components of NESA based bioassays have been illustrated in
Scheme 1.

The working principle of a NESA based bioassays depend upon the
target to be assessed. The most important criterion is the selection of
appropriate bioreceptor. For Dam MTase and miRNA detection, a usual
practise is the employment of linear or HP DNA probes as bioreceptors.
The hybridization of target DNA with the probe is the basis of detection.
Use of molecular beacons (MB) or HP probes as target capturing probes
is very much preferred, as they remain in hair pin configuration without
target and restrict the unnecessary progression of reactions further
during the analysis. This reduces the background noise which is a de-
sired attribute of any bioassay. Fluorophore at one end and quencher
labelled at other end of MB enables development of fluorescence based
bioassays (Chen et al., 2015b, 2013; Dong et al., 2015; Niu et al., 2010;
Zhang et al., 2016b; Zhao et al., 2013b).

Another consideration for bioassay is whether a single probe is
sufficient or a combination of linear DNA probes, HP probes or MBs are
required to achieve the desired amplification. The inclusion of single or
multiple amplification cycles in the assay is also an important delib-
eration. Since the bioassays designed for amplified signal involve a
number of counterparts and numerous cycles of product generation,
consumption and regeneration, association of final product with the
signal producing moiety is the most critical parameter. This step needs
proper functioning of all the previous stages to accomplish amplified
signal. Generally amplification of target induced secondary signal is
desirable rather than amplification of primary signal produced directly
from the target-bioreceptor association (Liu et al., 2011). The further
sections have been devoted to discuss in brief the different components
of NESA based bioassays and considerations involved in selection of
appropriate recognition probes and their assembly with other compo-
nents of the system to produce an amplified signal. The role of NEase in
the progression of recognition process has been focused.

Table 1
Characteristics of important NEases.

Enzyme Recognition sequence Isolation source

Nb. BbvCI 3′- GGAGT˄CG - 5′ Bacillus brevis strain C
Nb. BsmI 3′- CTTAC˄GN- 5′ Bacillus stearothermophilus NUB 36
Nt. BstNBI 5′- GAGTCNNNN˅N- 3′ Bacilluc stearothermophilus
Nt. BspQI 5′- GCTCTTCN˅N- 3′ Bacillus sp. strain Q
Nt. BspD6I 5′- GAGTCNNNN˅N- 3′ Bacillus sp. strain D6
Nt. Bst9I 5′- GAGTCNNNN˅N- 3′ Bacilluc stearothermophilus strain 9
Nt. BstSEI 5′- GAGTCNNNN˅N- 3′ Bacilluc stearothermophilus
Nt. BsmAI 5´- GTCTCN˅N- 3´ Bacillus stearothermophilus A664
Nt. AlwI 5′- GGATCNNNN˅N- 3′ Engineered endonuclease
Nb. BsrDI 3′-CGTTAC˄NN- 5′ Bacillus stearothermophilius D70
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3.1. Hybridization probes

Hybridization Probes are the DNA or RNA probes complementary to
the target sequences and are used to capture them through hybridiza-
tion. These probes can be further divided as recognition probes, sig-
nalling probes and assistant probes depending on their function. The
various hybridization probes are discussed as follows:

3.1.1. Recognition/capture and signalling/reporter probes
The recognition/capture probes have the responsibility of target

recognition, whereas signalling/reporter probes are meant to produce a
signal corresponding to the target concentration. Different domains
with varied functions are incorporated in these probes, these necessa-
rily includes a domain containing recognition site for NEase, one do-
main for target recognition and other for signal production and am-
plification (Cheng et al., 2016; Li et al., 2011; Mao et al., 2015; Wang
et al., 2013; Zhu et al., 2013).

3.1.1.1. DNA probes. DNA probes are single stranded (ss) or double
stranded (ds), sequence specific DNA oligonucleotides (20–30 bp)
designed to capture target oligonucleotides and may contain NEases
recognition sites at defined positions. Various types of probes such as
dumbbell probes, locked nucleic acid (LNA) probes, assistant probes,
etc. have been used as capture probes in various studies (Bi et al., 2013,
2016; Dong et al., 2015; Huang et al., 2017, 2018; Song et al., 2016).
ssDNA probes are normally used to form a duplex with the target
oligonucleotide/miRNA, followed by polymerase mediated extension
which provides the recognition site for NEases. But, ssDNA probes have
limitation over ds or HP probes as they can hybridize with newly
generated sequences [produced through polymerase chain reaction
(PCR) or RCA] leading to background signals (Liu et al., 2017). HP
probes with long stem are preferred as capture probes as these provide
the specificity and stability, but these also compromises with
recognition affinity (Cui et al., 2017; Huang et al., 2018). As a
consequence, in-stem-mismatched HP probe have been designed in a
recent report for sensitive estimation of miRNA through NESA based
bioassay (Huang et al., 2018).

3.1.1.2. Molecular beacons (MB). MBs are the oligonucleotide
hybridization probes. As already mentioned, these are labelled with a
fluorophore at one end, and a quencher at the other end. Their sequence
promotes formation of HP shaped structures, which are disrupted to
linear forms in the presence of complementary nucleic acid sequence
(target). In this way, they are the non-radioactive hybridization
precursors used to detect specific nucleic acid sequences. The
versatile MBs with more than one domain work both as capture
probes as well as reporter probes in NESA assays. The domains are
specified for specific functions such as NEase recognition sequences and
signal producing counterparts. Presence of target sequence or miRNAs
opens up the stem of MB and restores fluorescence as illustrated in the

Fig. 1 (Cui et al., 2016; Dong et al., 2015; Tan et al., 2014; Xu et al.,
2016; Yin et al., 2013). The NEase assisted cleavage of MB further
enhances fluorescence signal (Chen and Zhao, 2013; Chen et al., 2013;
Cui et al., 2016; Dong et al., 2015; Wang et al., 2015; Zhang et al.,
2016b; Zhao et al., 2013b). This also leads to release of target or target
generated signal for another cycle of amplification. Certain studies have
illustrated intelligent probe designing by employment of a HP probe
along with a MB or two HP probes together, for target recognition and
signal production simultaneously (Li et al., 2016c; Liu et al., 2017,
2014b; Xu et al., 2016; Yu et al., 2015; Zhang et al., 2014; Zhao et al.,
2013b).

3.1.1.3. G-quadruplex. The most preferred signalling probes in NESA
are the G-rich sequences that may fold into G-quadruplex, a highly
stable DNA secondary structure capable of mimicking peroxidase
activity (Ruttkay-Nedecky et al., 2013). These G-quadruplex
structures have been exploited variably to produce output signal due
to recognition specificity (Ma et al., 2016; Wang et al., 2016d). In most
of the studies, G-quadruplexes formation has been related to the target
concentration through H2O2 mediated oxidation of fluorescent or redox
active compounds as depicted in the Fig. 2 (Bi et al., 2013; Cheng et al.,
2015; Li et al., 2016a, 2016c; Liu et al., 2014b; Nie et al., 2014; Song
et al., 2016; Wang et al., 2014, 2016d, 2013, 2016e; Xiang et al., 2014;
Yu et al., 2015; Zhang et al., 2016d; Zhou et al., 2014, 2012). Target
dependent formation of G-quadruplexes are also known to enhance the
fluorescence intensity of some anionic porphyrins as N-methyl
mesoporphyrin IX (NMM) [in the presence of potassium ions] and
Zinc(II)-protoporphyrin IX (Bi et al., 2016; Cheng et al., 2015; Cui et al.,
2017; Wang et al., 2016d; Xue et al., 2015a, 2015b; Zhang et al.,
2016d). Thioflavin has also been employed as reporter probe as it
specifically recognizes G-quadruplexes against ssDNA/dsDNA and has
no effect on RCA and EXPAR. Hence, it provides the advantage of low
background noise and real time monitoring (Huang et al., 2017; Jiang
et al., 2016).

Components 
of NESA

Hybridization 
probes

Recognition probes

(ssDNA probes, Molecular Beacons)

Signaling probes

(Molecular beacons, G-Quadruplex sequences)

Assistant probes

(ssDNA probes)

Cyclic design
Number of cycles (defines the mangnitude of signal 

amplification)

Helper enzymes Polymerases, Exonucleases,  Ligases

Scheme 1. Components of NESA.

Fig. 1. MB based fluorescence response in the presence of target miRNA.
Arrow defines the recognition site for NE.
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Association of oxidation products of G-quadruplex/hemin complex
with distinct platforms have been used to produce amplified response
against various targets. Wang et al. proposed a method that involved
NEase assisted chemiluminescence resonance energy transfer (CRET)
taking luminol as energy donor and polydopamine nanospheres (PDA)
as quencher (Wang et al., 2016c). In this study, the sensing probe
(extended to a G-quadruplex) was immobilized on PDA to produce
chemiluminescence through G-quadruplex/hemin mediated oxidation
of luminol. It was observed that in the absence of target miRNA, close
proximity between the donor and the quencher resulted in quenched
chemiluminescence, but, in the presence of target miRNA, a hybrid of
sensing probe and miRNA was formed. Consequently, NEase assisted
cleavage released G-quadruplex from the PDA surface in the solution
leading to seized CRET and restoration of chemiluminescence (Wang
et al., 2016c). In another report, NEase mediated formation of G-
quadruplex/hemin complex was associated with graphene quantum
dots (QD). In the study, NESA assisted formation of G-quadruplex/
hemin complex mediated oxidation of o-phenylenediamine (OPD) to 2,
3-diaminophenazine (DAP) which was able to quench the fluorescence
of graphene-QD and hence produced target dependent response (Wang
et al., 2016a).

3.1.1.4. Assistant/auxiliary probes. Assistant or auxiliary probes are the
secondary probes employed in the bioassays to create duplexes for
NEase catalytic action. These are designed as partially complementary
to a capture probe and target (DNA or RNA) to capture the target in a Y-
shaped junction (Chen et al., 2015a; Miao et al., 2015b). This creates a
duplex situation in the Y-shaped assembly and generates recognition
site for NEase that releases assistant probe and target for recycling
(Dong et al., 2014; Song et al., 2016). The cleaved part of capture probe
could be engaged in EXPAR reaction to finally generate G-quadruplex
structures and an amplified signal through G- quadruplexes/hemin
association as illustrated in the Fig. 3 (Song et al., 2016). G-
quadruplexes in such assays function as the reporter probe that
produces colorimetric or fluorescence signals as discussed in the
previous section.

3.2. Cyclic design of amplification process

To achieve amplification, it is necessary to design the bioassay in a
cascade manner that leads to regeneration of target or signal producing
moieties repeatedly (Cheng et al., 2016; Cui et al., 2016; Miao et al.,
2015b). The extent of signal amplification depends on the number of
cyclic processes involved in the working principle. Usually bioassays
with two or three cyclic processes are demonstrated to achieve higher
signal magnification (Bi et al., 2016; Chen et al., 2013; Cheng et al.,
2016; Hun et al., 2010; Li et al., 2016e; Liu et al., 2017; Song et al.,
2016; Wang et al., 2016b; Yu et al., 2015). Cheng et al. reported a fine
bioassay designed for detection of miRNA-21, with three cycles of
amplification (Fig. 4). Cycle I was associated with generation of large

number of replicas of target miRNA-21 (which were recycled again in
the cycle) and DNAzymes which were used in cycle II for carrying out
Zn2+ dependent cleavage of a substrate strand. The substrate strand
was designed in a way that after cleavage it moulded into a G-quad-
ruplex structure and carried out H2O2 aided oxidation of 3,3,5,5-tet-
ramethylbenzidine sulphate (TMB) in cycle III (Cheng et al., 2016). The
catalytic current signal of oxidized TMB assisted in determination of
target concentration. These kinds of dual amplification strategies
helped in the production of large number of signal sequences or G-
quadruplexes. Similarly, three cascade amplification involving target
recycling, nicking replication reaction and DNAzyme mediated fluor-
escence generation has also been reported for miRNA-27a and miRNA-
21 detection (Yin et al., 2017; Zhou et al., 2016b). This strategy

Fig. 2. G-quadruplex/hemin mediated oxidation of fluorescent or redox active compounds.

Fig. 3. Cyclic scheme of assistant probe mediated NESA assay for miRNA de-
tection through the formation of Y-shaped junction and G-quadruplex/hemin
complex (reprinted from Song et al., 2016 with permission).
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provides the advantages as it do not require any sophisticated instru-
ments, thermal cycling procedure or any washing and separation step
and holds the potential for ultrasensitive miRNA detection. Further, the
replacement of a probe in the unimolecular template could also extend
the method to other targets and techniques, such as fluorescence,
chemiluminescence, colorimetry etc.

Few studies have incorporated only a two cascade assay which have
been reported equally efficient in signal amplification (Liu et al., 2017;
Song et al., 2014; Xu et al., 2016; Yu et al., 2015; Zhang et al., 2014). It
is a general observation that the nicking step acts as the linker between
the two cycles and provides trigger for the last cycle to produce more
and more reporter probes and thus amplify the signals. For example,
Zhang et al. reported the formation of three-way junction (3 WJ) be-
tween the target miRNA, a 3WJ primer and a 3WJ probe to trigger a
cyclic isothermal amplification cycle. In the first cycle these assemblies
were cleaved by the NEase Nt.BbvCI to produce ssDNA products which
were utilized in the second cycle to produce a MB mediated fluores-
cence response (Zhang et al., 2014). Such two cascade assays have
gained detection limits upto attomolar levels of miRNA in very less time
(30min) as compared to duplex endonuclease mediated non-ex-
ponential signal amplification demonstrated by Tian & co-workers
(Tian et al., 2013). NEases in association with some other enzymes such
as polymerases and ligases enable the cyclic amplification of signals,
and their specific roles are further discussed in the next section.

3.3. Helper enzymes

NEases are usually used in combination with other enzymes such as
polymerases, ligases, exonucleases, restriction endonucleases etc., to
carry out amplification. Such enzymes are regarded as helper enzymes.
Polymerases are undoubtedly the most important enzymes in strand
displacement amplification (SDA), RCA and EXPAR based bioassays
and have been enormously used with NEases to design cyclic assays (Bi
et al., 2013; Chen et al., 2015a; Cheng et al., 2016; Cui et al., 2016; Hun
et al., 2010; Li et al., 2016b, 2016e; Liu et al., 2017; Mao et al., 2015;
Song et al., 2016, 2014; Tan et al., 2014; Wang et al., 2016b, 2014,
2013; Yu et al., 2015; Zhang et al., 2016d; Zhao et al., 2013a, 2014; Zhu
et al., 2013). Among these bioassays RCA is the most preferred method
of amplification, due to its simplicity, versatility and ability to carry out

reactions in biological environment, under mild reaction conditions
with high specificity (Jiang et al., 2016; Wang et al., 2014). Ad-
ditionally, RCA products may be modified in desired forms through
designing circular probes (Zhang et al., 2018a). The use of more than
one NEase along with exonuclease or endonucleases is also an option to
enhance the efficiency of the bioassay. For example, Nb. BbvCI and
Nb.BtsI have been used in a two stage isothermal assay to detect me-
thylated DNA (Zhu et al., 2013). Exonuclease III and λ- exonuclease
with NEases have been reported indispensable components in certain
bioassays and their application has further helped in signal magnifi-
cation (Cheng et al., 2015; Wang et al., 2016b; Xu et al., 2017; Zhang
et al., 2018b; Zhou et al., 2012). Restriction endonucleases have also
been incorporated in certain assays as helping enzymes to assist in
cyclic regeneration of target and signal amplification (Zeng et al., 2013;
Zhao et al., 2013b).

DNA Ligases are other important enzymes that mediate joining of
two DNA strands via catalysing phosphodiester bond formation. Ligases
have been used in NESA assays to regenerate recognition templates or
MBs (Bi et al., 2013; Chen et al., 2013; Li et al., 2016a, 2016c; Song
et al., 2016; Wang et al., 2015, 2014; Zou et al., 2015). The importance
of ligase becomes more significant when padlock probes are used in the
assay to amplify signal producing fragments through RCA (He et al.,
2017; Jiang et al., 2016; Li et al., 2016c; Liu et al., 2013; Wang et al.,
2014, 2016d). Padlock probes are specially designed probes with 5′ and
3′ ends complementary to the target sequence due to which these get
circularized in hybridized form. The advantage attributed by such
probes is that, they could be made completely circular with the use of
ligase (as it has no gap in the target complementary region) and hence
can trigger RCA for exponential signal amplification.

In bioassays designed for detection of Dam MTase, Dpn I and Hpa II
are often used as auxiliary enzymes to carry out methylation sensitive
restriction of target sequence/probe (Cui et al., 2017; Huang et al.,
2017; Xue et al., 2015a, 2015b; Zeng et al., 2013; Zhao et al., 2013b).
Fig. 5 illustrates the role of Dpn I in signal amplification for detection of
Dam MTase.

4. Application of NEases in clinical diagnosis of cancer biomarkers

NEases have been involved in the diagnosis of diverse targets,

Fig. 4. Design of 3 cascade process for the detection of miRNA-21 (reprinted from Cheng et al., 2016 with permission).

S. Mittal et al. Biosensors and Bioelectronics 124–125 (2019) 233–243

237



including cancer biomarkers. Bioassays for the detection of miRNA,
methyl transferase, ATP, thrombin, p53 gene etc. have been tre-
mendously reported in the last few years. NESA-based strategies have
superior advantages due to their specificity, simple instrumentation and
capability for further improvement compared to other analytical
methods. NEases have improved the detection limits of such assays to
many folds, as reported by numerous studies (Cheng et al., 2016; Cui
et al., 2016; Miao et al., 2015b; Zhao et al., 2014). This section is
dedicated to discuss few important NEase assisted bioassays designed
for clinical diagnosis of cancer biomarkers- Dam MTase and miRNAs.

4.1. DNA adenine methylation methyl transferase (Dam MTase)

DamMTase is a key enzyme involved in the transfer of methyl group
from S- adenosine methionine to the adenine or cytosine nucleotide of
the recognition sequence. Methylation play vital role in cellular func-
tions such as chromosome stability, genomic imprinting, X-chromo-
some inactivation and regulation of gene expression. Aberrant DNA
methylation has been associated with development of various human
pathologies including cancer. Hence, analysis of DNA methylation and
Dam MTase activities are the essential factors and thus, Dam Mtase has
been regarded as a potential biomarker for early diagnosis and prog-
nosis of cancer. Dam MTase has not only earned an explosive attention
due to its plausible role as cancer biomarker, but also as potential target
for anticancer therapy (Chen and Zhao, 2013; Zhang et al., 2016c; Zhou
et al., 2016a). Due to its high importance, it becomes highly essential to
detect this enzyme sensitively in highly complex matrices such as serum
samples. Their altered amount could directly be linked with diverse
cancer types depending upon hypo or hyper-methylation extent of the
target genes (Ehrlich, 2002; Lambert et al., 2015). This indicates that,

accurate estimation of Dam MTase in real clinical samples is an op-
portunity to configure disease status. A number of studies have reported
diverse assays for detection of Dam MTase which has been thoroughly
compiled in a comprehensive review (Poh et al., 2016), however, only
few studies on NESA based detection assays have been covered in the
same. Therefore, it is an effort to advocate the role and significance of
NEases in detection of Dam MTase in this section.

Estimation of Dam MTase is generally done by fluorescence based
assays employing NEases as signal amplification tools (Zhang et al.,
2015b). The simplest method is the use of a heteroduplex recognition
probe equipped with recognition sequences for both, Dam MTase and
NEase (Chen and Zhao, 2013). Fig. 5a illustrates NEase assisted me-
chanism proposed for detection of Dam MTase. In the absence of Dam
MTase, unmethylated ds DNA probe is cleaved by NEase, which pro-
vides opportunity to cleaved probe to hybridize with the MB leading to
improved fluorescence. The cleavage of linearized MB by NEase further
enhances fluorescence. This same assay may be further modified by
using enzymes Dam MTase and DpnI along with a HP probe harbouring
recognition sequences for NEases. In this case, DpnI mediated cleavage
of methylated HP probe (methylated by Dam MTase) generates ssDNA
fragments that may hybridize with MB leading to improved fluores-
cence which could further be enhanced by NEase mediated cleavage of
MB as illustrated in Fig. 5b (Zhao et al., 2013b). Similarly a number of
investigations have reported employment of Nb.BsmI, Nb.BbvCI or
Nt.BstNBI with DpnI to achieve highly sensitive Dam MTase detection
through NESA (Xue et al., 2015a, 2015b; Zeng et al., 2013).

Cui et al., introduced a more sensitive fluorescence based method
for detection of Dam MTase (Cui et al., 2016). The study used Zn2+

sensitive DNAzyme to quantify Dam MTase. A trifunctional recognition
probe with a methylation site for MTase and a nicking site for Nb.BbvCI

Fig. 5. a): DamMTase assay depends on the NEases activity (NE1 that cleaves unmethylated sequences) that results in cleavage of probe and MB and hence enhanced
fluorescence in the absence of Dam MTase, but quenches fluorescence in its presence. b) Dam MTase assay dependent of an endonuclease DpnI (which cleaves
methylated sequences) and NEase NE 2 activity that results in enhanced fluorescence in the presence of Dam MTase and quenched fluorescence in its absence. Arrows
around sequences points the recognition sequences for NEases (NE1&NE2) and endonuclease (DpnI).
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was fabricated. The method employed three enzymes, two probes and a
MB. The sensitivity and selectivity achieved in the method is com-
mendable and the method is applicable to complex biological matrices
such as human serum samples. The developed assay has also displayed
successful application in screening of potential anticancer drugs. Some
researchers have also used nanoparticles in NESA based assays to
achieve high sensitivity. Li et al. employed Raman probes prepared by
gold nanoparticles and magnetic separation of signal producing probes
that helped to remove background noise. The assay with three dis-
placement reactions facilitated generation of large number of signal
probes that were able to anneal with Raman probes and produce surface
enhanced Raman scattering (SERS) signals (Li et al., 2016e).

Instead of one way reaction system, combination of SDA and ex-
ponential RCA have also been reported to provide better sensitivity for
Dam MTase detection (Cui et al., 2017). In this investigation, nicking
activity of Nt.BbvCI on hybrid of long stem loop probe and HP probe
was able to generate primers for exponential RCA and produced en-
hanced fluorescence in the presence of Dam MTase. Recently, another
report demonstrated exponential NEase mediated RCA strategy using
dumbbell shaped probes (Huang et al., 2017). The C-rich dumbbell
probe was designed with recognition sites for Hpa II, Dam MTase and
NEase Nb.BbvCI which enabled the destruction of probe by Hpa II in the
absence of MTase, however in the presence of MTase, RCA took place
and resulted in NEase mediated production of G-quadruplexes. Thio-
flavin was used as the fluorescent probe in this case to produce en-
hanced fluorescence on interaction with G-quadruplexes (Huang et al.,
2017). This study clearly indicated the advantage of simple operation,
enhanced fluorescence and real time monitoring through inclusion of
NEase in the assay over the traditional linear RCA (without NEase)
performed by Zhao and co-workers (Zhao et al., 2016). In addition to
exponential RCA, NEase mediated hybridization chain reaction (HCR)
has also been reported to facilitate Dam MTase detection (Jiang et al.,
2017). The study employed NEase to step wise generate hemin/G-
quadruplex super sandwich structures through HCR that were able to
quench electro-chemiluminescence signal of oxygen/persulfate system.
However, in the presence of Dam MTase, NEase was unable to digest
methylated probe and generate G-quadruplexes which resulted in sup-
pression of quenching effect, subsequently enhanced electro-chemilu-
minescence was observed. The detection limits of few most important
assays for Dam MTase have been tabulated in Table 2.

Another method of Dam MTase estimation is colorimetric assay.
One such colorimetric assay has reported disappearance of green colour
with increasing amount of Dam MTase (Zhao et al., 2014). The working
principle was same as that of Chen and Zhao (2013), in addition, this
assay involved re-synthesis of nicked probe by a polymerase in a cyclic
process. The cleaved fragments folded into a G-quadruplex which cat-
alysed the oxidation of colourless ABTS2- to green ABTS- by hemin and
H2O2. In the presence of Dam MTase, the nicking reaction was con-
straint due to methylation which also restricted the formation of G-
quadruplex and hence no colour change was observed. Owing to the

naked eye identification, these methods provided rapid, cost effective
and efficient point of care (POC) testing in cancer diagnosis.

4.2. Micro RNAs

Micro RNAs (miRNAs) are the gene expression controlling, evolu-
tionary-conserved, single-stranded non-coding RNAs, whose aberrant
expression has been associated with various types of cancer. Hence,
they have the potential to be used as promising and ideal biomarkers
for classification, diagnosis, prognosis and therapy of various cancers
(Kilic et al., 2018; Mittal et al., 2017; Zhang et al., 2016a). However,
the specific and sensitive detection of miRNAs using conventional
techniques (PCR, microarray and Northern blotting) is quite difficult
and challenging because of its intrinsic properties like low plasma ex-
pression levels, high sequence homology, precise control of tempera-
ture cycling, expensive instrumentation and requirement of large
amount of sample. Hence, new improved isothermal amplification
strategies complementing currently available techniques for sensitive
miRNA quantification are required (Yin et al., 2013). Chen et al. have
given an elaborative account of signal amplification techniques for
miRNA detection, but the review lacks discussion on the role of NEases
(Chen et al., 2018). Therefore, the present review is an endeavour to
focus the significance and importance of NEases in bioassays designed
for the detection of miRNA.

NEases have been profoundly utilized in cascade bioassays for ac-
curate quantification of miRNAs in diverse types of cancers (Bi et al.,
2013; Cheng et al., 2016; Dong et al., 2014; Li et al., 2016a; Miao et al.,
2015b; Wang et al., 2013). Generally, the NEase mediated bioassays
utilized for miRNA can be divided into three broad categories as sum-
marized in the Scheme 2.

As illustrated in the scheme, RCA, SDA and EXPAR are the main
domains under which most of the miRNA detection assays can be ca-
tegorized. A simple RCA may contribute a large number of DNA “trig-
gers”, short oligonucleotides upon nickase action and may lead to en-
hanced signal (Chen et al., 2018; Jiang et al., 2016; Wen et al., 2012),
but, it could further be amplified with the integration of padlock probe
based exponential amplification (He et al., 2017; Liu et al., 2013; Wang
et al., 2016d). He et al. has demonstrated combination of SERS tech-
nology with padlock probe based exponential RCA process to achieve
sensitive and effective detection of miRNA-155 in clinical samples (He
et al., 2017). The only limitation of RCA in miRNA detection is the
requirement of pre-ligation step involving second enzyme, and the 3′- 5′
exonuclease activity of the involved Phi 29 DNA polymerase which may
lead to false negative results (Zhang et al., 2014). Similarly SDA has
also been integrated with isothermal exponential amplification to
achieve sensitive and specific detection of miRNAs (Bi et al., 2016; Yue
et al., 2017; Zhang et al., 2015a). But, SDA also suffers with constraints
of relatively complex designs and poor selectivity (Yin et al., 2013;

Table 2
Characteristics of NESA based studies for detection of Dam MTase.

References Assay time
(min)

Detection limit
(Uml−1)

Endonuclease used

Zheng et al. (2013) 120 1.29×10−4 Nb.BsmI
Chen and Zhao

(2013)
65 0.05 Nt.AlwI

Zhao et al. (2014) 77 0.4 Nt.AlwI
Xue et al. (2015a) 210 8.6× 10–5 Nt.BstNBI
Xue et al. (2015b) 60 1.5× 10−4 Nb.BbvCI
Cui et al. (2016) 135 8.2× 10−3 Nb.BbvCI
Liu et al. (2016d) 160 2.57×10−4 Nb.BbvCI
Cui et al. (2017) 360 8.1× 10–15 Nt.BbvCI
Huang et al. (2017) 150 1.1× 10−3 Nb.BbvCI
Jiang et al. (2017) 300 6.4× 10−3 Nt.AlwI
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Scheme 2. Categories of NESA based bioassays for miRNAs detection.
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Zhang et al., 2014). As a consequence, EXPAR comes out to be the most
preferred and sensitive method for NESA based miRNA detection (Deng
et al., 2017; Xu et al., 2016; Yan et al., 2013; Yu et al., 2014).

EXPAR is a unique technique employing exponential synthesis of
short oligonucleotides by itself, which acts as primer for amplification
process. EXPAR utilizes template containing two copies of sequence
complementary to the target DNA. These sequences are separated by a
recognition sequence for NEase. EXPAR implicates DNA polymerase
strand extension with strand displacement activity and NEase mediated
single strand nicking at a temperature of 55 °C. Further, this reaction
temperature of EXPAR is close to the estimated Tm value for annealing
(according to the length of miRNA) and hence employing EXPAR for
miRNA analysis represents a well-suited example. The intrinsic merits
of isothermal nature, rapid and high amplification kinetics with 106-109

fold amplification in relatively less time and expense along with
minimal interference by inhibitory components of clinical samples are
the attributes of EXPAR that confers distinct advantage and thus, makes
it a valuable method (Yu et al., 2014). Therefore, this section is dedi-
cated to discuss some common NESA based EXPAR strategies and de-
signs used to detect miRNA in complex biological matrices such as
human serum samples and cell lysates. EXPAR could further be cate-
gorized into assays with Y-shaped assemblies, nanomaterials in-
corporated assays and assays designed for multi-miRNA detection.

4.2.1. EXPAR based on Y-shaped assemblies
A major constraint in utilization of NEase-assisted amplification

strategy is requirement of specific sequence containing target analyte.
To counteract this limitation Y-shaped probe detection system has been
developed. The Y-shaped junction structure contains three com-
plementary branches of oligonucleotides. It has been reported to be
based on “template enhanced hybridization process”, in which Y-
shaped junction structure is formed due to hybridization of target DNA,
signal probe and assistant probe (Dong et al., 2014; Kong et al., 2010;
Song et al., 2016; Wang et al., 2016d). Dong et al. reported employment
of mercury intercalated MB probe and silver nanoclusters to realize
signal amplification. A Y-shaped assembly was formed between the
three i.e. MB probe, target sequence and an assistant probe. NEase
mediated cleavage of MB released intercalated mercury that quenched
fluorescence of silver nanoclusters. The nicking activity also re-
generated assistant probe and target sequence to carry out another
cleavage cycle that further quenched fluorescence (Dong et al., 2014).
Recent studies have displayed imperative role of NEases for miRNA
detection through electrochemical processes. Miao et al. immobilized a
methylene blue labelled capture probe on electrode surface which
contained a nicking domain for Nb.BbvCI and was partially com-
plementary to an assistant probe and the target miRNA. Association of
the three moieties (capture probe, assistant probe and the target
miRNA) on the working electrode produced a Y-shaped configuration
which induced NEase assisted cleavage. This resulted in release of as-
sistant probe and target miRNA for recycling and loss of methylene blue
from the electrode surface led to differential change in electrochemical
signal (Miao et al., 2015b). Similar strategy was utilized by Chen et al.
to amplify a segment released after the activity of Nt.BsmA1 on an
assembly of capture probe and target miRNA. The amplified segment
was incorporated in a Y-shaped junction at the electrode to produce
electro-chemiluminescence response, which was quenched in the pre-
sence of target miRNA (Chen et al., 2015a). With novel probe de-
signing, Y-shaped junction binary probe strategy seems promising to-
wards improvement of sensing system for effective and amplified
detection of various target analytes.

4.2.2. Nanomaterial incorporated EXPAR
Among the various novel methods developed for the purpose of

miRNA analysis, the application of nanotechnology employing in-
tracellular nanoprobes offers easy, rapid, reliable, highly sensitive, cost-
effective and simple operation option and thus, opens new avenues for

improvement of biomarker detection (Chen et al., 2018). Silver na-
noclusters have been utilized in assays for miRNA detection due to their
inherent fluorogenic properties (Dong et al., 2014; Liu et al., 2012;
Zhang et al., 2013). Some highly sensitive method for miRNA detection
has been reported by utilization of EXPAR system with DNA bio-bar-
code (Dong et al., 2015; Zhang et al., 2015a). Gold nanoparticles
(AuNPs) have been broadly used in such bio-bar-codes for nucleic acid-
based detection strategies. Dong et al. reported inclusion of AuNP la-
belled probes, LNA probes and NEase Nb.BbvCI to produce specific and
sensitive sandwich hybridization structures capable of producing
fluorescence in response to miRNA-21 (mediated by cleavage of MB).
LNA probes are high affinity RNA analogues, with 10 fold higher effi-
ciency than classical DNA probes (Dong et al., 2013) and hence at-
tributed a detection limit of 52.5 zM exclusively for miRNA-21 (Dong
et al., 2015). Utilization of AuNPs labelled probes have also been re-
ported for EXPAR based detection of miRNA-221–3p (Li et al., 2016b).
The detection limits, and other characteristics of assays designed for
detection of miRNAs mediated through NESA have been tabulated in
Table 3.

Incorporation of graphene oxide (GO) in EXPAR is another tech-
nique for signal amplification. The extra-ordinary quenching ability of
GO has been regarded as the reason for sensitive estimation of miRNA
with low background fluorescence (Li et al., 2016d; Liu et al., 2014a).
Briefly, the target miRNA was non-covalently immobilized on GO, fol-
lowed by its amplification through duplex formation with a HP probe
and polymerase activity. The large numbers of DNA templates (triggers)
were determined through SYBR green as the intercalated fluorescent
dye or followed by strand displacement and amplification step leading
to circular exponential amplification. Such nanomaterial based NESA
assays have been reported to be highly specific which could dis-
criminate between pre and mature miRNAs and even one base mis-
match. Their application to cell lysates is the most important attribute
contributed by the simple, label free and low-cost assay designs.

Another kind of nanomaterial incorporated in NESA assays are the
QD (Niu et al., 2010). A two stage EXPAR equipped with a single QD
has been reported for miRNA detection (Zhang and Zhang, 2011). The
investigation has employed polymerase and NEase for generating large
number of target oligonucleotides. In addition, Cy5 labelled reporter
probes and biotin labelled capture probes were utilized to form sand-
wich between them and target oligonucleotides. These numerous
sandwich hybrids were assembled at a single streptavidin labelled QD
that resulted in fluorescence resonance energy transfer (FRET) based
fluorescence enhancement. The assay claimed zero background signals
in the absence of target miRNA, in addition to this, the ability to con-
vert different miRNAs into same reporter oligonucleotides provided the
practical flexibility to the proposed assay. This delivered the ease to use
the same reporter and capture probes for different miRNAs, without the
need to resynthesize specific DNA probes (Zhang and Zhang, 2011).
Another recent study employed graphene QD as fluorescence quencher
of DAP (which was formed by G-quadruplex mediated oxidation of
OPD). The study ruled out the background signal through the in-
corporation of single walled carbon nanotubes (SWCNTs) which have
strong affinity for free hemin and thus reduced their contribution in
back ground signal (Wang et al., 2016a). An additional strategy re-
ported employment of 3D DNA walking machine comprising of AuNP,
CdS:Mn QDs, protector probe, walker probe and supporter probe to
construct an ‘on-off-super on’ type of biosensor for miRNA detection
(Xu et al., 2017). The investigation advocated that NEase mediated
generation of intermediate DNA enabled achievement of super on
condition that offered advantage of reduced background signal and
impressive detection sensitivity. These nanostructures enable highly
sensitive detection limits, and thus, seem plausible for miRNA analysis.

4.2.3. EXPAR assays for multi- miRNA detection
Recently researchers are focusing on multi-analyte assays in com-

parison to single-target assays due to the benefits of simultaneous
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analysis in less time (Yue et al., 2017). In addition to this, such ana-
lytical methods provide the estimation of more than one biomarker and
hence confirm the disease status. EXPAR has been modified to assess
levels of multi-miRNA in serum samples with incorporation of multi-
coloured fluorescent probes or chemiluminescence imaging array (Yue
et al., 2017; Zhang et al., 2013). Zhang et al. employed sequence spe-
cific oligonucleotide templates to synthesize fluorescent/muti-colour
DNA/silver nanocluster probes with distinct optical properties for si-
multaneous detection of miRNA-21 and miRNA-141. Whereas, Yue
et al. reported a chemiluminescence imaging array for high throughput
and simultaneous detection of miR-155, miR-let-7a and miR-141 based
on EXPAR and programmable DNA toehold-mediated strand displace-
ment reaction. Such multi-analyte NESA based EXPAR assays for
miRNA are rare, but they are the forthcoming cancer biosensors and
would provide reliable and highly efficient POC devices in near future.

In spite of so many advantages being offered by EXPAR, they also
suffer from some drawbacks such as non-specific background amplifi-
cation due to interaction between templates and polymerase in the
absence of target miRNA. Secondly they show unsatisfactory specificity
towards homologous sequences with mismatch bases at 5′ terminus and
in the middle (Zhang et al., 2014). In addition to this, all the EXPAR
based methods involve cumbersome procedures which are vulnerable
to contamination making it a tough job for clinical diagnosis (Yin et al.,
2013). Still NESA based EXPAR methods are the most sensitive ap-
proaches developed so far for cancer diagnosis, and further improve-
ments in the designs would definitely potentiate their application as
POC tools.

5. Conclusions and future prospects

This review focuses on the recent progress in the application of
NEases and describes the basic principles, acting roles of NEases, sig-
nalling strategies, and bioassays for detection of cancer biomarkers
Dam MTase and miRNA. Although, NEase has facilitated bioassay de-
signs for sensitive and specific estimation of these biomarkers, the as-
says suffer from few limitations and still need further improvement to
develop into reliable POC devices. Firstly, all the investigations dis-
cussed showcase the need of a very sophisticated instruments and
contamination free zones for analysis that limits their applicability as
robust analytical method. Secondly, although some signalling strategies
including gold and carbon-based nanomaterials have been employed in
NESA, the exploration of other nanomaterials is still in the initial stages.
Thirdly, the poor stability and reproducibility of the current bioassays
are hardly comparable to those of commercial enzyme-linked im-
munoassays (ELISAs), which greatly limit their application. In parti-
cular, the amplification of undesired sequences should be carefully
controlled because nonspecific events on the sensing interface are an
important cause of low reproducibility and background noise. A great
deal of effort should be devoted to overcome this problem. Finally, si-
multaneous multi-analyte and high throughput bioassays are particu-
larly valuable for diagnostic screening of miRNAs. However, the related
scientific reports are rare and advocates for new interventions in this
regard.

Fortunately, along with the constant advances in RCA, SDA and
EXPAR methods, there are also great opportunities and bright prospects
for the development of NESA based reliable diagnostic tools for cancer
detection. Dumbbell probe mediated exponential RCA is a promising
strategy for Dam MTase detection and further improvement in probe
designing could furnish better results. Moreover, by incorporating
photo-electrochemical (PEC) sensing system background signals may be
lowered and hence higher sensitivity may be achieved. Further, min-
iaturization and microfluidic approaches may convert the long and
complex analysis protocols into real time monitoring portable devices.
This may enable high-throughput assay for large quantities of complex
samples. NEases have provided the opportunity to design cyclic pro-
cesses for minute detection of diverse analytes, however the realization

of a POC device is still in infancy and need further research to become
reality.
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