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Abstract

Fast, reliable and sensitive methods for nucleic acid detection are of growing practical interest
with respect to molecular diagnostics of cancer, infectious and genetic diseases. Currently, PCR-
based and other target amplification strategies are most extensively used in practice. At the same
time, such assays have limitations that can be overcome by alternative approaches. There is a
recent explosion in the design of methods that amplify the signal produced by a nucleic acid
target, without changing its copy number. This review aims at systematization and critical
analysis of enzyme-assisted target recycling (EATR) signal amplification technique. The
approach uses nucleases to recognize and cleave the probe-target complex. Cleavage reactions
produce a detectable signal. The advantages of such techniques are potentially low sensitivity to
contamination, lack of the requirement of a thermal cycler. Nucleases used for ETR include
sequence-dependent restriction or nicking endonucleases or sequence independent exonuclease
III, lambda exonuclease, RNase H, RNase HII, AP endonuclease, duplex-specific nuclease,
DNase I, or T7 exonuclease. EATR-based assays are potentially useful for point-of-care
diagnostics, single nucleotide polymorphisms genotyping and microRNA analysis. Specificity,
limit of detection and the potential impact of EATR strategies on molecular diagnostics are
discussed.

1. EATR in the context of hybridization-based techniques for nucleic acid detection

Sensitive and specific detection of nucleic acids finds fast-growing applications in diagnostics of
infectious diseases,l'3 microRNA analysis,“'6 food control,7'9 epigenetics,m'12 human
identification in forensic investigations,>"” as well as in biomedical research.'®'® For these
purposes, methods that use hybridization of oligonucleotide probes to the analyzed DNA or RNA
target have been widely used. The probes are pre-designed to bind complementary fragments of
target nucleic acids followed by detection of the probe-target complexes. Among the variety of
hybridization probe of particular importance are those that report the presence of targets in mix-
and-read formats by generating a fluorescent, chemiluminescent, electrochemical or visual
signals without the need for time-consuming and effort-intensive processing of the samples. The
examples of mix-and-read hybridization probes include the broad variety of binary (split)
probes,'**! molecular beacon (MB) probes™>* and their variations.*>*’

Since hybridization probes form 1:1 complex with their targets to produce a signal, the
limits of detection (LOD) for the probes with non-radioactive signal readout are not good enough
for detection of low-abundant nucleic acids. To improve the LOD of the hybridization assays,
they are used in combination with target amplification, probe amplification or signal
amplification strategies (Scheme 1). Target amplification allows replication of a DNA fragment
of interest 10°-10°-fold to achieve target concentration high enough to be detected with
conventional approaches (e.g. gel electrophoresis/staining or fluorescent probes). A classic
example of target amplification is polymerase chain reaction (PCR),?*>! which is a gold standard
in DNA detection in terms of LOD. However, it requires an expensive thermal cycler, which
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limits its application in point-of-care settings. Isothermal target amplification methods have
emerged recently as thermal cycler-free alternatives of PCR.>*> The examples of such methods
include helicase-dependent amplification (HDA),***” strand displacement amplification (SDA),*®
loop-mediated isothermal amplification (LAMP),*** recombinase polymerase amplification
(RPA).** However, all target amplification strategies are sensitive to cross-contaminations,
which produces false-positives, and, therefore, require trained personal and clean laboratory
space.

Approaches for detection of low concentrations of DNA and RNA
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Scheme 1. Classification of hybridization-based techniques for nucleic acid detection.

In probe amplification strategies, the amount of the target remains the same, but the probe
sequence is replicated. One example of such techniques is rolling circle amplification (RCA),*°
which was inspired by the mechanism of replication of viral circular DNA. In its linear
amplification format, it allows approximately 1000-fold signal increase. RCA uses a padlock
probe, which is a 5’-phosphorylated single-stranded DNA. The terminal fragments of the
padlock probe are designed to be complementary to a target DNA or RNA. When the target is
present, it brings together the terminal fragments of the probe, which forms a nicked circle being
sealed by DNA ligase. The circularized padlock probe is then amplified using a DNA
polymerase with strong strand displacement activity and no 5’-3’-exonuclease activity. As a
result, long DNA molecule containing multiple repeats of the complementary sequence to the
padlock probe is generated. This molecule can be detected by a conventional hybridization probe
targeting the tandem repeat sequence.

Another technique to improve the LOD is to use chemical approaches to amplify the signal
triggered by the presence of a target rather than the sequence of the target itself (signal
amplification techniques in Scheme 1). The signal amplification techniques are rather
heterogeneous. The examples of signal amplification approaches are branched DNA (bDNA)
technology,’'* hybridization chain reaction (HCR),*” tyramide signal amplification (TSA),
several liposome-assisted’””® and nanomaterials-assisted strategies including bio-barcode™ '
and dendrimer® assays, among others. Some of these techniques have been extensively reviewed
in literature.’”>%61:62-70

A group of signal amplification strategies rely on target recycling to overcome the
stoichiometric limitation of hybridization probes. In this approach, each target molecule initiates
multiple signaling events. In enzyme-assisted target recycling (EATR) (Fig. 1A), the probe-
target complex is specifically recognized by an enzyme (usually nuclease), and only the probe
strand is cleaved. The cleaved probe generates a detectable signal. The two fragments of the
cleaved probe have lower affinity to the target than the intact probe. This results in the target
release for binding to another molecule of the probe and triggering its cleavage. Cycling of
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hybridization and cleavage enables amplification of the signal. The advantages over target
amplification strategies include less sensitivity to contamination and, as a result, less false
positives due to liner rather than exponential character of amplification. In addition, most of the
EATR assays are isothermal. Indeed, in target amplification approaches, the target is duplicated
by elongation of a primer, and the resulting double-stranded DNA is too stable to dissociate
without thermal denaturation. In contrast, specific cleavage of the probe in the target recycling
approach would release the target without the need to increase the temperature.

A B 593 exonuclease assay C Invader assay

A - ne o B
= — | |
o~ s — F F
N\ =

Fig. 1. Enzyme-assisted target recycling (EATR) for nucleic acid detection: a general strategy and two
representative examples. (A) Generalized scheme of the approach. Target DNA binds a signal reporter
oligonucleotide present in excess. The resultant reporter-analyte complex is processed by an enzyme, thus
liberating the target. The reporter produces a signal after being cleaved. The released target molecule
participates in the next round of signal production allowing signal accumulation. (B) The 5°—3’
exonuclease assay.”"”> An oligonucleotide probe modified with a fluorophore and a quencher at its 5’-
and 3’-ends, respectively, hybridizes to a specific nucleic acid analyte. DNA polymerase uses its 5°—3’
exonuclease activity to hydrolyze the probe, thus releasing the fluorophore in solution. (C) Invader or flap
endonuclease assay.””> A fluorophore- and quencher-labeled reporter probe forms a specific flap
structure with the Invader probe and the target analyte. The structure is recognized by a flap
endonuclease, which hydrolyzes the reporter and releases the fluorophore in solution, followed by
fluorescence increase.

Two well-known mix-and-read EATR assays — the 5°—3’ exonuclease assay and flap
endonuclease assay — are illustrated in Figure 1B and C, respectively. In 5’—3’ exonuclease
assay, a fluorophore- and quencher-labeled probe is enzymatically cleaved upon hybridization to
its target. This approach is commercialized in a real-time PCR format and known as Tagman
assay. It takes advantage of the intrinsic 5’—3’ exonuclease activity of DNA polymerases used
for PCR.”""* Flap endonuclease assay (Fig. 1C) is used for single nucleotide polymorphisms
(SNP) genotyping and known as Invader assay.73’74 It can be used in a multiplex assay and
allows detection of the target at the zeptomol (10 ' mol) level in a PCR-free format.”” These two
technologies have undoubtedly advanced nucleic acid analysis, and their success underlines the
importance of EATR assays.

In this review, we focus on the most recent progress in the field of EATR-based nucleic acid
detection. New variations of the approach achieve impressively low LOD, high specificity and
selectivity, robustness and reduced cost. All this features are important for the point-of-care
(POC) affordable diagnostics. The approaches are grouped based on nucleases used for the
cleavage of the reporter substrates, which include restriction endonucleases, nicking
endonuclease, exonuclease 111, lambda exonuclease, RNase H and RNase HII, AP endonuclease,
duplex-specific nuclease and DNase 1.
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2. Hybridization probes used for EATR

It is not an exaggeration to say that almost all variations of hybridization probes have been
used with EATR strategy. The most commonly used probes/reporters are linear probes and
hairpin probes (Fig. 2). Linear probes are short single-stranded oligonucleotides. For fluorescent
detection a linear probe is labeled with a fluorophore, which can be an organic dye or a quantum
dot (QD) (Fig. 2A). The probe can be additionally conjugated with a non-fluorescent quencher
dye (Q) serving for reducing the fluorescence of the fluorophore in the intact probe. Such probe
is commonly referred to as a dual-labeled probe, or a Tagman probe.”®”” When the probe is
hybridized with a target, it is cleaved by an enzyme, which specifically recognizes the probe-
target hybrid. Cleavage of the probe generates fluorescent signal. In some assays, nanomaterial,
such as graphene oxide (GO), single wall carbon nanotubes (SWNT), carbon nitride nanosheets
(CNNS) and Pd nanowires (NW), are used as quenchers. These nanomaterials demonstrate
strong affinity to single-stranded DNA, while bind double-stranded DNA, mononucleotides and
free fluorophores in much less extent.”*™ This constitutes the basis for separation of the free
probe from the probe-target complex. Hybridization to the target results in desorbing the
complex from the nanomaterial surface in solution, where it is cleaved by an enzyme.
Fluorophore-labeled fragments of the probe are accumulated in solution, resulting in high
fluorescent signal.
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target FQ target
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> target __,, > target > > . reporter
! ! 36
electrode , electrode o
High signal Low signal Low signal High signal
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strands = target ; ‘
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Fig. 2. Hybridization probes/signal reporters most commonly used in EATR. (A) Dual labeled or Tagman
probe. (B) Molecular beacon (MB) probe. (C) Hairpin probe with electrochemical signal-OFF readout.
(D) Hairpin probe with electrochemical signal-ON readout. (E) Three-way DNA junction (3J) probe. (F)
Four-way DNA junction (4]) probe. (G) Probe containing a G-quadruplex-forming sequence.

Hairpin probes represent single-stranded oligonucleotides with complementary terminal
fragments. In accordance with its name, a hairpin probe folds into a stem-loop structure (a
hairpin). Molecular beacon (MB) probe is an example of hairpin probes with fluorescent readout
(Fig. 2B).**** 1t contains a fluorophore and a quencher attached to the opposite ends of the
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probe. The proximity of the fluorophore and quencher in the close MB conformation ensures low
signal of the probe in the absence of the target. The target, which is usually complementary to
the loop portion of MB probe, opens the hairpin and restores fluorescence. Enzymatic cleavage
of the probe in the probe-target complex allows accumulation of the fluorescently label probe
fragment and, therefore, amplifies the signal.

Electrochemical hairpin probe-based nucleic acid sensors can be realized in either signal-
OFF or signal-ON format. Correspondingly, the signal either decreases or increases in response
to the presence of the analyzed nucleic acid. Signal-on electrochemical sensors are not so
susceptible to false positives and offer the advantage of improved LOD and dynamic ranges in
comparison with signal-OFF sensors.*> In a simple signal-OFF sensor, a hairpin probe
immobilized on the electrode’s surface is labeled with an electroactive tag, for example,
methylene blue or ferrocene (Fig. 2C). The target-mediated cleavage of the probe results in the
release of the label, which decreases the electrochemical signal. In a simple signal-ON design,
the hairpin probe is unlabeled (Fig. 2D). It serves only for target recognition. The detection is
realized through binding of a reporter, which is modified with an electroactive label, to a
terminal fragment of the hairpin probe attached to the electrode. In the absence of the target, the
hairpin probe cannot hybridize to the detector probe due to the strong stem. When the probe is
cleaved by a nuclease upon binding to its complementary target, the electrode-immobilized
fragment of the probe is left intact and, therefore, becomes available for hybridization with the
reporter. This brings the electroactive label close to the electrode, thus increasing the signal (Fig.
2D). The aforementioned probes are examples of heterogeneous detection. Homogeneous
electrochemical sensors, where the probe is not covalently attached to the electrode, have been
also reported. In some designs, the electrochemical indicator is not covalently attached to the
probe, but binds to the probe or probe-target complex from solution.

EATR strategy was also used with junction probes. These probes are made of several strands,
which bind to their target nucleic acids forming three-way DNA junction (3J) * or four-way
DNA junction (4]) structures® 3J probes, which are also called “Y-junction probes”, contain two
strands that are partially complementary to each other. In addition, both strands are
complementary to the adjacent positions of the target. In case of fluorescent detection, one of the
strands is labeled with a fluorophore/quencher pair and functions as a reporter (Fig. 2E). 4]
probes consist of three strands, one of which is a reporter. Another two serve as adaptor strands
by indirectly connecting the target to the reporter (Fig. 2F). The cleavage of the reporter
destabilizes both 3J and 4J associates and results in releasing the target and fluorescent products
in solution.

A number of EATR-based assays take advantage of G-quadruplex forming sequences as
label-free signal reporters. It is known that in the presence of K" or NH; " DNA with short G-rich
repeats fold into the G-quadruplex structure,® which has strong affinity to porphyrins, such as
hemin.®” The complex of G-quadruplex with hemin acts as a peroxidase by catalyzing H,O,-
mediated oxidation of a number of organic compounds, which results in a color change or
chemiluminescent signal.*’* For nucleic acid detection purposes, the G-quadruplex-forming
sequence is partially sequestered in the stem of a hairpin probe and, therefore, inactive in the
absence of the target (Fig. 2G). Target-mediated cleavage of the probe releases the active G-
quadruplex sequence. Addition of hemin, hydrogen peroxide and an organic substrate initiates
the peroxidase reaction. One of the most commonly used peroxidase substrate is 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS). Its oxidation results in the green color of the
solution that can be detected by the naked eye or using a colorimeter. Another substrate is
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luminol, whose oxidation generates chemiluminescent signal. Alternatively, G-quadruplexes can
bind a fluorescent porphyrin N-methyl mesoporphyrin (NMM) and thereby increase its
fluorescence.

In the following sections of the review we will refer to Figure 2, to shorten the description of
EATR approaches that use the standard probes.

3. EATR assays based on sequence-specific enzymes

The first group includes nicking endonucleases (NEases) and restriction endonucleases
(REases). Both endonucleases require a specific nucleotide sequence for recognition and
cleavage. This may impose a limitation on the target sequence.

3.1. Restriction endonuclease-assisted assays

REases recognize a short specific sequence of nucleotides (recognition site) in the double-
stranded DNA and catalyze cleavage of phosphodiester bonds of the two strands within the
sequence. The cleavage occurs in a fixed position inside or near the recognition site. They are
naturally found in prokaryotes, where they serve to defend bacteria from phage invasion. A
great variety of restriction endonucleases of different specificity is commercially available.
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Fig. 3. Restriction endonuclease-assisted signal amplification with template enhanced hybridization
processes (TeHyP) strategy for fluorescent nucleic acid detection. (A) Scheme for the assay with first
generation 3J probes.® (B) Probe-target complex for the second generation 3J probes.”*”” Two enzyme-
recognition sites increased the efficiency and decreased the time of the assay.

Since REases cleave both strands of the double-stranded DNA substrate, the use of REases
for EATR with conventional probes will result in cleavage of the target along with the probe,
thus target recycling would not be possible.*** To overcome this limitation, 3J probes are used.
A group of Sintim suggested using 3J probes that operates via template enhanced hybridization
processes (TeHyP).* In TeHyP strategy, one of the detection probes was labeled with a
fluorophore and a quencher and, therefore, served as a signal reporter (Fig. 3A). A recognition
site for BfuCIl was in the probe-probe fragment between the attachment positions of the
fluorophore and quencher. It was imperative to have at least one base pair between the probes
junction and the enzyme recognition sequence, and attach the fluorophore group more than two
nucleotides away from the recognition site. In addition, a 5’-overhang after the recognition site
was required for enzymatic reaction to occur, so the blunt 5’-end at the unlabeled probe
generated as a side product of BfuCl-catalyzed reaction inhibited the amplification cycle. A
mismatch in the complementary region between the probes helped to reduce the background
cleavage in the absence of the target. The approach offered excellent selectivity allowing
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discrimination of single-nucleotide substitutions in the target sequence.® This high selectivity is
the consequence of the semi-independent binding of the two probes to the target analyte and is
shared by other binary probes.”'

The strategy was adapted for RNA detection.”® To reduce the undesired cleavage of the
unlabeled probe, the authors introduced nuclease-resistant phosphothioate moieties into the
cleavage site of the probe. In addition, a second nuclease-resistant enzyme-recognition site was
introduced into the unlabeled probe in a form of stem-loop (Fig. 3B), which increased the
efficiency of REase-catalyzed probe cleavage and considerably decreased the assay time to
minutes (in comparison with several hours required in case of first probe generation). Such
modification in the sensor design allowed detection of microRNA (miR-16), as well as E. coli
16S rRNA, both in total bacterial RNA preparation and in cell lysate. The modified assay was
also applicable for SNP discrimination.
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Fig. 4. REase-assisted electrochemical DNA detection using 3J probes. (A) A signal-OFF sensor using a
linear methylene blue-labeled capture probe.”® (B) A signal-OFF sensor made of a hairpin methylene
blue-labeled probe.”” (C) A signal-ON sensor made of a hairpin methylene blue-labeled probe.”’
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A systematic study to identify REases suitable for the 3J probe-based EATR strategy
revealed that only 12 REases out of 31 enzymes tested could be used with 3J probes — BfuCl,
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FDSau3Al, FDMoll, Bspl431, Sau3Al, Cfol, CviQI, Csp6l, FDCsp6l, FDCsp6l, Haelll,
FDMspl, Msel (FD standing for “fast digest” enzymes).”” In addition, it was found out that in
case of Bspl43l-aided assay the presence of a hairpin in one or both probes decreased the
background cleavage in the absence of the target. However, this modification also reduced the
fluorescence response in the presence of the target.

The REase-assisted 3J probes were also employed in combination with electrochemical
signal output’®”” In this case, either linear’® (Fig. 4A) or hairpin’’ (Fig. 4B and C)
probe/reporter containing methylene blue as an electroactive label were immobilized on a gold
electrode. In the presence of the target DNA, the 3J structure was formed, and the enzyme
cleaved the reporter into two fragments. In the signal-OFF format, the methylene blue-labeled
cleavage fragment of the reporter was released into solution along with the target (Fig. 4A and
B). As a result, the peak current decreased in a target concentration-dependent manner. A
detection limit of 14 pM was reported for the signal-OFF sensor with the linear reporter.”® The
assay was able to differentiate between the target sequences differing in a single nucleotide.
LOD of the hairpin capture probe (Fig. 4B) was ~1 nM.”” In the signal-ON sensor design,”’ the
methylene blue label was attached to an internal thymidine of the reporter and was intercalated
into its double-stranded region, which decreased the probability of the label to approach the
electrode. The reporter cleavage released the electro-active label on the single-stranded fragment
followed by the increase in the electrochemical signal (Fig. 4C). The disadvantages of the
approach were poor LOD (~ 1 nM) and long assay time. Interestingly, that out of six REases,
most of which could work efficiently with 3J probes in a homogeneous format, only two
enzymes — Bspl43] and FDSau3Al — were found to operate on solid support-bound 3J
structures.”’

A biotin-labeled linear reporter was employed for photoelectrochemical DNA detection using
indium tin oxide (ITO) coated with CdTe quantum dots-functionalized ZnO nanosheets as an
electrode.* The signal was generated due to electrochemical reduction of H,O, catalyzed by
horseradish peroxidase-labeled reporter immobilized on the electrode’s surface. In the presence
of a target DNA, the capture probe along with an assistant probe, hybridized to the target
forming a 3J structure with the recognition site for a restriction endonuclease Mbol (similar to
the approach depicted in Fig. 4). The enzyme cleaved off a short biotinylated fragment of the
capture probe, thus decreasing the amount of horseradish peroxidase available for H,O,
reduction on the electrode surface. A detection limit of ~ 1 fM at a signal-to-noise ratio of 3 was
achieved for a synthetic DNA target.

Another example of 3J probe-based electrochemical signal-OFF biosensor relied on
competition between the cleaved and intact reporter for binding to an electrode-immobilized
capture probe.”® The unlabeled capture probe was complementary to the 3’-end of the 5’-
biotinylated reporter. In the absence of the target, the reporter hybridized to the probe, thus
resulting in labeling the electrode’s surface with biotin. Biotin label attracted streptavidin-coated
silver-nanoparticle-tagged carbon nanospheres (St-Ag-CNS), which generated high signal on the
electrode (Fig. 5A). When target was present, a 3J structure containing Mbol-recognition
sequence was formed. The enzyme cleaved the reporter into two fragments, one of which
preserved the biotin label, while another contained the sequence complementary to the capture
probe. Since only the intact reporter probe could bring the biotin label to the electrode, the signal
was low (Fig. 5B). The LOD of 66 aM was reported for a synthetic DNA target.
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Fig. 5. Signal-OFF electrochemical sensor based on a competitive hybridization strategy.”® (A) In the
absence of the target, the intact reporter hybridized to the capture probe, which enabled high signal upon
interaction with streptavidin-coated silver-nanoparticle-tagged carbon nanospheres (St-Ag-CNS). (B) The
target-mediated cleavage of the reporter by Mbol removed the biotin label, and the signal was low.
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Fig. 6. Nucleic acid detection based on Fokl-assisted signal amplification.”” The original design contained
only two cleavage events (1* and 2™ cleavage). For the third cleavage (*) event to occur, the reporter was
modified to have another Fok/-recognition sequence and self-complementary sequences.

An interesting design using a dumbbell probe and a hairpin reporter was developed by
Willner and co-workers based on FokI/DNA scission machine.” Fokl is a restriction
endonuclease that cleaves two strands of the double-stranded DNA substrate 9 nucleotides
downstream and 13 nucleotides upstream of the recognition site, respectively.'”’ The assay
utilized a dumbbell-shaped double-hairpin DNA structure containing the enzyme-recognition site
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and a target-binding domain (Fig. 6). In the absence of the target DNA, Fokl could bind to its
recognition site but could not catalyze the cleavage, since the cleavage sites were missing. Upon
hybridization of the dumbbell-shaped probe to the target, both the Fokl recognition and cleavage
sites were formed (Fig. 6, top). The cleavage fragment of the probe still containing the Fokl-
recognition sequence could form a complex with yet another hairpin DNA labeled with a
fluorophore and a quencher at its opposite termini (reporter). Second Fokl-catalyzed cleavage
event resulted in separating the fluorophore from the quencher and restoring the fluorescent
signal. This assay allowed detection of a Tay-Sachs genetic disorder mutant at as low as 100 pM
level. To further amplify the signal, second Fokl-recognition site was introduced into the
reporter. In addition, it contained a self-complementary region, which enabled hybridization of
the intact reporter with its hairpin fragment produced by the enzyme. Third scission event
generated another molecule of the hairpin fragment, along with the fluorescent fragment. Hairpin
fragments of both the dumbbell-like probe and the reporter were recycled in the system, thus
amplifying the fluorescent signal. Such modification of the assay enabled improvement of the
detection limit 10,000-fold down to 10 M.

3.2. Nicking endonuclease-assisted assays

Similar to REases, nicking endonucleases recognize specific sequences in double-stranded
DNA. Unlike REases, they introduce a cut into only one predetermined strand of the duplex
producing a nick.'”! Nowadays, nicking endonucleases of different specificity are commercially
available. The majority of them are artificially engineered by altering restriction enzymes.
Nicking enzymes seem to be more attractive for EATR signal amplification, since there are a lot
more reports on NEase-depending assays than on the assays utilizing REases.

Since nicking endonucleases cut only one strand of the double-labeled DNA, it is possible to
use a conventional linear probe complementary to an analyzed nucleic acid sequence in an
NEase-assisted target-recycling format. Kiesling et al. introduced nicking endonuclease signal
amplification (NESA) method for identification of specific single- or double-stranded DNA
sequences.'” A linear reporter probe with a fluorophore label hybridized to a target DNA
creating a recognition site for a nicking endonuclease followed by the reporter cleavage. The
accumulated fluorescently labeled fragments of the probe were detected using capillary
electrophoresis. The authors employed NESA for the detection of Bacillus subtilis and Bacillus
anthracis genomic DNA. Cleavage of the probe catalyzed by Nt.AIwl was observed within one
minute. Less than 30 CFU were sufficient to detect target present in a single copy per cell when
NESA was used in combination with multiple displacement amplification of the genomic DNA.
Moreover, the approach enabled differentiation of the targeted bacterial species from the closely
related species.

A nicking endonuclease Nt.BstNBI was used for the detection of the hemmagglutinin gene of
influenza virus, both in mix-and-read fluorescent and lateral-flow immunoassay formats.'” In
this approach a linear reporter was modified at the opposite ends either with a
fluorophore/quencher pair (for mix-and-read assay) or with an antigen sulfamethoxydiazine and
biotin (for a strip immunoassay). The enzyme cleaved the probe in the probe-target complex into
two fragments, one of which carried either the fluorescent or antigen label for subsequent
detection. Using the mix-and-read assay at 55 °C, ~2x10'? copies (~3.3 pM) of the target RNA
were detected within 10-15 min. The authors also suggested a modified assay for the detection of
the nucleic acid sequences that do not have endonuclease-recognition sites. In this modified
assay, a validation probe was introduced. The probe contained a target-recognition fragment and
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another fragment complementary to a universal reporter, whose sequence was target-
independent. The enzyme recognized the duplex between the validation probe and reporter and
cleaved the reporter into the detectable fragments. The intact complex between the target and
validation probe could then bind another molecule of the reporter, thus enabling signal
amplification. To separate the target from other nucleic acids present in the sample, a surface-
immobilized capture probe complementary to another fragment of the target was required.

The NESA approach was used with CdTe quantum dots (QDs) as fluorescent labels.
Magnetic beads served for capturing the QDs in the absence of the target. For this purpose, both
magnetic beads and QDs were functionalized with short DNA oligonucleotides. A linear probe
also served as a linker to connect the magnetic beads and QDs by hybridizing to the
oligonucleotides attached to them. After separation from the beads, the solution fluorescence was
low. When present, the target hybridized to the probe, thus forming the recognition sequence for
a nicking endonuclease Nr.Al/wl and enabling the probe cleavage. The probe could no longer link
the QDs to the magnetic beads, and the fluorescence of the solution increased. As low as 5 fM of
a synthetic DNA target could be detected by this approach. Unfortunately, , the target must have
the Nt.Alwl-recognition sequence to be analyzed by this approach. Alternatively, other
endonucleases can be used, but only after re-optimization of the assay conditions. In addition, the
assay required several steps of incubation at different temperatures.

A fluorescent NESA assay was developed for the detection of 16S rRNA of a foodborne
pathogen Salmonella enteritidis.'” The assay made use of a linear probe containing a 9-nt
terminal fragment complementary to onp  reporter

a reporter (Fig. 7). The reporter was target YNy
labeled at its opposite ends with a — EEEID:DILf

carbon nanoparticle (CNP), which o 00 ecognition POP€
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carbqn nanoj[ubes (CNT) due to their theg presence of a compi,ementary target the probe (Black }a]md
affinity to single-stranded DNA. As 1, 1h1e) could be desorbed from carbon nanotubes, which
a result, the probe was hided from preferentially adsorb single-stranded DNA molecules. A
binding to the reporter. The target reporter labeled with carbon nanoparticles (CNP) and a
hybridized to the probe to form a quencher hybridizes to the reporter-recognition fragment of
probe-target duplex (Fig. 7), which the probe in the probe-target complex and forms the
resulted in breaking the connection recognition sequence for Nb. BbvClI, which cleaves the reporter
between the probe and CNT due to and restores the fluorescence of CNP.

low affinity of CNT to the double-stranded DNA. As a result, the reporter could bind to the
probe-target duplex and form a sequence recognized by Nb.BbvClI, which catalyzed cleavage of
the reporter into two fragments. The cleaved reporter was released from the probe-target
complex. Separation of the fluorophore from the quencher resulted in fluorescence increase. The
LOD of 70 pM was demonstrated for a model single-stranded DNA analyte. When employed
with lysate of S. enteritidis, the LOD was shown to be 100 CFU/mL. No signal above the
background was detected in case of S. typhimurium or E. coli, proving high specificity of the
assay.

104

served as a fluorophore, and a Black
Hole 1 as a quencher. The

fragment \ e -
fluorescence of the intact reporter
was low due to the proximity of the
quencher to CNP. When no target |
was present, the probe was bound to
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The NESA approach was used with an MB probe as a reporter.'®® The N.BstNBI-recognition
sequence was inserted in the loop portion of the MB probe. The enzyme cleaved the MB probe
bound to the target, thus separating the fluorophore and the quencher. The reported detection
limit of 6.2 pM was almost three orders of magnitude lower than that for a conventional MB
assay without enzyme-assisted signal amplification. The assay was SNP-specific only when a
mutation was either within the nicking endonuclease binding site or in the middle of the target
fragment. Therefore, the high selectivity of the assay was attributed mostly to the disturbing
effect of mutations on the enzyme binding.

An MB probe served as a reporter in a 3J-based NESA assay.'’’ In the presence of a target
DNA, the MB probe could be opened due to the formation of a 3J structure containing the
double-stranded Nt.BbvCl-recognition site (Fig. 8). The enzyme then cleaved the MB probe
producing fluorescent signal. The authors designed the probe to target a 23-nt fragment from the
HIV-1 U5 long terminal repeat sequence. The optimized 3J probe could detect as low as 50 pM
synthetic oligonucleotide target with the Nt.BbvCI-mediated
signal amplification, while without the enzyme the detection
limit of only 1.6 nM was achieved. The probe was shown to
be highly selective, with no signal above the background (the
target-free reaction) produced in the presence of a single-base
mismatched DNA target.

Similar 3J-based assay was employed for signal-OFF
microRNA detection.'”™ The assay used label-free mercury
ion-mediated conformational MB as a signaling probe. The
probe contained oligothymidylate terminal fragments that the target, assistant probe and MB
bound to each other due to the interaction of thymines via Probe.”” The site of MB probe
Hg”" ions. When bound to the MB probe, mercury ions were cleavage by Nt.BbvCl is shown with
unable to quench fluorescence of silver nanoclusters present 2" a7TOW:
in the sample, and the signal was high. In the presence of a microRNA target, the MB probe
opened up due to the formation of the 3J structure. Released into solution, mercury ions
quenched fluorescent signal of silver nanoclusters. The more MB probe molecules were open by
the released target, the more Hg”" became available for fluorescence quenching. Such approach
allowed detection of as low as 0.6 fM microRNA and discrimination of the target from a single-
base mismatched microRNA.

In some of the EATR-based assays, dual amplification approach was employed to further
improve the detection limit. For this purpose, methods for probe amplification, such as RCA, or
even target amplification (e.g. SDA) were used. In such dual amplification strategies, the target
functioned as a template for DNA ligase (in RCA) or as a primer for amplification of the probe
sequence (in both RCA and SDA). Since the target triggered enzyme-catalyzed probe cleavage
and was “reusable”, these approaches can still be referred to as a variation of EATR.

One example of dual amplification strategy relied on RCA to improve the LOD of the MB
probe-based NESA approach.'® In this design the assay additionally used DNA padlock probe,
DNA ligase, DNA polymerase and a primer (Fig. 9). Since a fragment of the padlock probe was
complementary to the MB probe, the RCA single-stranded DNA product could bind many copies
of the MB probe and, correspondingly, form many sites for the NEase recognition. As a result,
the LOD of the assay was ~85 fM, which is a ~ 100-fold improvement over the RCA-based MB
assay without the NESA. The selectivity of the RCA-dependent assay was attributed to the
mutation-tolerance of a DNA ligase, since the target interacted directly only with the padlock
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probe. Indeed, T4 DNA ligase was sensitive only to a mutation next to the nick site in the probe,
while E. coli DNA ligase allowed discrimination of all mutations around the nick site.

padlock probe

primer
DNA ligase DNA polymerase
_—

DNA target

Fig. 9. RCA-dependent NEase-assisted signal amplification (NESA) with an MB probe as a reporter.'*

linear probe (template) polymerization

microRNA N
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trigger 2
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Fig. 10. Fluorescent exponential amplification assay for microRNA based on the combination of NESA
and SDA. An NEase-recognition sequence is shown in orange, with the orange arrow pointing at a
cleavage site. (A) Linear template-based assay.'” (B) Hairpin template-based assay.'"'

NESA/SDA dual amplification strategy with fluorescent readout was described for
microRNAs detection.'” A microRNA target hybridized to a linear probe and served as a primer
for a DNA polymerase, which extended the microRNA and formed a double-stranded
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polymerization product containing the recognition sequence for a nicking enzyme Nt.BstNBI
(Fig. 10A). The enzyme cleaved the newly synthesized strand of the product releasing the
universal trigger 1. This sequence was complementary to the 3’-terminal single-stranded
fragment of an MB probe served as a reporter. The MB probe contained a fluorophore at its 5°-
end and a quencher at an internal nucleotide across from the fluorophore in the stem. In addition,
the reporter contained the Nt.BstNBI-recognition sequence in its loop portion. In the closed
conformation, the fluorescence of the reporter was quenched. Hybridization of the trigger to the
reporter resulted in the trigger elongation by the second SDA reaction, which opened the hairpin
and restored its fluorescence. Due to the formation of another double-stranded recognition
sequence, the nicking enzyme cleaved the fluorescent double-stranded polymerization product,
releasing trigger 2. The sequence of trigger 2 corresponded to that of the target microRNA.
Therefore, it could serve as a primer for the first SDA reaction. Two SDA and two nicking
reactions working together resulted in exponential amplification of the signal by converting one
target molecule into numerous trigger molecules. This dual strategy allowed a detection limit of
0.38 pM with the ability to discriminate between microRNA differing in a single nucleotide.
Similar assay utilizing a dual-labeled probe instead of the MB probe has been recently employed
for the detection of methylated DNA.''® The detection limit of 0.78 pM was achieved, and as low
as 0.1% methylation level was shown to be distinguished from the mixture of methylated and
unmethylated DNA.

Another SDA/NESA-based assay for microRNA analysis made use of a hairpin template
containing a 3’-overhang fragment complementary to the target microRNA adjacent to the
specific Nt.BsmAl-recognition sequence (Fig. 10B)."'" The stem-forming fragments were joined
by an 18-carbon spacer. The target was elongated by DNA polymerase followed by the
Nt.BsmAl-catalyzed cleavage of the newly synthesized strand to regenerate the target and
produce a DNA trigger, whose sequence was complementary to the stem region of the template.
Both elongation of microRNA and binding of the DNA trigger opened the template, thus
initiating the template recognition by an MB probe. The 3’-terminal fragment of the MB probe
was complementary to an external primer, which was elongated by DNA polymerase to produce
a fluorescent double-stranded complex of the MB probe with its complement (high signal). The
cycling of these reactions resulted in the cascaded amplification of the fluorescent reporter
resulting in LOD of 1 fM. The assay was able to differentiate between the members of the same
microRNA family.

To achieve low detection limits, cascade enzymatic signal amplification (CESA) approach
was suggested.''> The approach combined the following three components: Afu flap
endonuclease-based invasive signal amplification, flap ligation and NESA (Fig. 11). First step
was based on the Invader assay and involved two probes — a downstream probe (dp) and
upstream probe (up). When up and dp hybridized to the target, dp formed a 5’-flap that was
cleaved off by Afu flap endonuclease (Fig. 1C). This resulted in release of the target-
complementary dp fragment into solution and triggered binding of another intact dp to the up-
target complex (Fig. 11A). As a result, one target molecule could generate several thousand
cleaved flaps. Second step required ligation of the flap with a 5’-phosphorylated oligonucleotide
(p-oligo) using an MB probe as a ligation template. The flap and p-oligo hybridized to the
adjacent positions of the loop fragment of the MB probe and, upon ligation, opened up the probe
increasing fluorescence (Fig. 11B). The fluorescent signal was then amplified using the NESA
approach. The complex between the MB and the ligated flap contained a recognition sequence
for Nb.Bsml, which cleaved the MB into two fragments. Cleavage resulted in release and spatial
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separation of the fluorophore- and quencher-containing MB fragments (Fig. 11C). One ligated
flap molecule could initiate cleavage of multiple copies of the MB probe. Working together, the
two EATR strategies (flap endonuclease assay and NESA) enabled exponential signal
amplification and enabled detection of 1 M target.

A | B C
upstream 5 flap dowpsn’eam 5 3
probe (up) \Tﬂ' pé”pbe (dp)
STTTTITIII[]
/J target j/\
3 (/
51 '|_r|_m'3’ eriaoriuciease Breporter I
S~ AL 5 o p-oligo [ J %
3 S

Fig. 11. Cascade enzymatic signal amplification (CESA) approach.'” (A) A downstream (dp) and an
upstream probe (up) bind to a nucleic acid target forming a complex with a 5’-flap, which is cleaved off
by Afuu flap endonuclease. (B) The cleaved flap binds to an MB reporter adjacent to a 5’-phosphorylated
oligonucleotide (p-oligo), and a DNA ligase ligates the two oligonucleotides, which opens up the reporter.
(C) The complex between the ligated flap and the reporter contains a sequence recognized by a nicking
endonuclease, which cleaves the reporter amplifying the fluorescent signal.

A number of studies aimed at visual/colorimetric detection of nucleic acid targets. NESA-
based assays with visual or colorimetric readout are promising for instrument-free nucleic acid
analysis. For this purpose, several research groups suggested using a horseradish peroxidase-
mimicking deoxyribozyme, (Fig. 2G). Similar colorimetric DNA detection assays using the basic
NESA approach were independently reported by two research groups.''>''* In both works, the
G-quadruplex structure was sequestered with an 8-nucleotide long stem in a hairpin probe, which
opened up upon hybridization to a DNA target (Fig. 12, left). The target-probe duplex carried the
Nt.BstNBI-recognition site, and the enzyme cleaved the probe, releasing the active peroxidase
deoxyribozyme into solution. When hemin, ABTS and H,O, were added, the solution turned
green indicating the presence of the DNA target (Fig. 12, right). The intact target triggered
multiple rounds of the peroxidase activation, thus amplifying the signal. This signal
amplification strategy allowed the LOD of 1 pM'"® or 10 pM''* depending on the structure of the
hairpin probe and the assay conditions. These values of the LOD are 3-4 orders of magnitude
lower than for similar colorimetric assays without signal amplification.”""'*!''® High selectivity
of the assay owning to the specificity of Nt.BstNBI recognition allowed differentiation between
the fully complementary and a single nucleotide mismatch targets.

hairpin target T-l-l-|-|-|-|-[-|-|- N. BstNB/
_EE ey N
capture probe S ﬁH

peroxidase
deoxyribozyme
Fig. 12. Colorimetric assays using the basic NESA approach.''>'"*
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Fig. 13. Colorimetric assays for microRNA detection based on dual amplification strategy. (A) Rolling
circle amplification (RCA)-dependent approach.''” (B) Strand displacement amplification (SDA)-
dependent approach.'®

Several colorimetric assays utilizing dual amplification strategy were described. The NESA
approach was combined with either RCA'" or SDA''® to enable colorimetric detection of
microRNA (Fig. 13). In one report, a cascade amplified assay utilizing a dumbbell-like probe
consisting of a stem, loop and a mimic-loop was suggested (Fig. 13A)."" The sequence of
peroxidase deoxyribozyme was partially caged in the stem. A microRNA target hybridized to the
terminal fragments of the mimic-loop serving as a template for the ligation of the two ends and
producing a circularized dumbbell structure. Then, the microRNA target served as a primer in
RCA reaction, which generated a long single-stranded DNA product containing multiple repeats
complementary to the peroxidase deoxyribozyme sequence. The recognition sequence for a
nicking endonuclease Nt.A/wl was in the stem fragment of the dumbbell probe and,
consequently, of the RCA product. Upon the NEase cleavage, the polymerase-induced
replication was initiated, which displaced the nicked strand. As a result of continuous nicking,
polymerization and displacement, multiple copies of single-stranded DNA fragments containing
the peroxidase deoxyribozyme sequence were produced. In the presence of hemin, these active
deoxyribozymes catalyzed H,O,-dependent oxidation of ABTS generating a visual signal. In the
absence of the target microRNA, the NEase could cleave the dumbbell-like probe. However, the
fragment contained complementary sequence of the peroxidase deoxyribozyme incapable of
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catalysis (Fig. 13A, bottom left). The LOD of 50 aM (1 zmol in a 20-uL sample) was achieved.
The assay discriminated closely related sequences from the same microRNA family.

When NESA was used in combination with SDA, a microRNA target opened up a hairpin
probe containing the single-stranded 5’-terminal fragment complementary to the peroxidase
deoxyribozyme (Fig. 13B).""® The target then served as a primer for DNA amplification. An
additional primer complementary to the 3’-terminal fragment of the probe was employed. In the
presence of a DNA polymerase and dNTPs, double-stranded structures, which contained two
recognition sites for a nicking endonuclease N.BstNBI, were synthesized. The nicking enzyme
cleaved the newly-synthesized strand releasing the fragments containing either the peroxidase
deoxyribozyme or the target. The target could initiate next round of polymerization/cleavage.
The peroxidase ribozyme bound hemin and catalyzed ABTS oxidation to produce green color. In
the absence of the microRNA, no signal could be generated, since the newly synthesized strand
for peroxidase deoxyribozyme was blocked in the stem (Fig. 13B, left bottom). The detection
limit of 0.5 fM was reported.''*

The basic NESA approach was employed to fabricate electrochemical DNA sensors.
hairpin capture probe contained a 5’-terminal thiol group for the probe anchoring on the surface
of a gold electrode (Fig. 2C and D). The loop portion of the hairpin probe was complementary to
a DNA target. Upon hybridization to the target the hairpin probe opened up, and a double-
stranded recognition sequence for a nicking endonuclease N.BstNBI was formed in the target-
probe complex. The enzyme cleaved the hairpin probe followed by the target release, which
enabled signal amplification. The sensor could operate in a signal-OFF'" or signal-ON'%
formats. In a signal-OFF format, the high signal in the absence of the target was attributed to the
proximity of a ferrocene tag at the 3’-terminus of the hairpin probe to the electrode’s surface. In
the presence of the target, the tag-containing fragment of the probe was cleaved off, and the
signal decreased (Fig. 2C). In case of the signal-ON sensor, a 3’-ferrocene-labeled reporter was
used. It was complementary to the portion of the hairpin probe that remained attached to the
electrode upon the N.BstNBI-catalyzed probe cleavage (Fig. 2D). Both sensors demonstrated low
detection limits and high selectivity.

Another electrochemical sensor made use of a dual amplification strategy based on the
combination of the NESA and super-sandwich DNA self-assembling approaches (Fig. 14)."! In
this strategy, multiple copies of a biotinylated hairpin capture probe 1 (CP1) were attached to the
streptavidin-coated magnetic beads via streptavidin-biotin interactions. The CP1 had a target-
recognition fragment with the N.BstNBI-cleavage site. In the presence of the target, the CP1-
target hybrid was formed and recognized as a substrate by the NEase, which cleaved the CP1 and
released the target and one of the CP1 fragments in solution (Fig. 14A). The latter served as an
intermediate DNA. It contained a fragment complementary to the second capture probe, CP2,
which was immobilized on a gold electrode (Fig. 14B, left). Another fragment of the
intermediate DNA was complementary to a portion of the first helper probe, which, in turn, was
complementary to the second helper probe. Upon hybridization of CP2, intermediate DNA and
both helper probes, a supersandwich was assembled on the electrode’s surface (Fig. 14B,
middle). This assembly electrostatically adsorbed multiple copies of a positively charged
[Ru(NHs)s]*" (RuHex) indicator, which produces electrochemical signal (Fig. 14B, right). This
integrated strategy allowed the LOD of 0.36 fM and differentiation of the target from excess of
non-complementary or single base-mismatch DNA sequences. An important limitation of this
strategy is that target sequences must contain the enzyme-recognition site.

119,120
A
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Fig. 14. Dual signal amplification strategy based on the NESA and supersandwich assemblies for
electrochemical DNA detection.'” (A) A DNA target binds to a hairpin capture probe attached to
magnetic beads, thus forming a NEase recognition sequence. The enzyme cleaves the capture probe
releasing an intermediate DNA and the target in solution. (B) The intermediate DNA hybridizes to a
linear capture probe immobilized on a gold electrode and, together with two helper probes, forms a super-
sandwich associate, which adsorbs a RuHex electrochemical indicator.

A hairpin probe immobilized on a glassy carbon electrode coated with the K-doped
graphene-CdS:Eu nanocrystal (K-GR-NC) composite film was wused to design an
electrocheminescence (ECL) signal-OFF DNA biosensor.'”* K-GR-NC served for improving the
intensity of the ECL signal and provideda large specific surface for DNA loading. The stem
portion of the hairpin probe sequestered a G-quadruplex-forming sequence. When the loop
portion of the probe hybridized to the target, the recognition sequence for Nt.Alwl was formed.
The enzyme cleaved the probe enabling the electrode-immobilized G-rich fragment to fold into
the active G-quadruplex, which bound hemin and electrocatalyzed the reduction of H,O,
decreasing the ECL signal. There was linear relation between the ECL decrement and the
logarithm of target concentration in the range of 50 aM-10 pM with the LOD of 50 aM. The
sensor could differentiate between one-base mismatched sequences. Interestingly, a
chemiluminescent assay using Fe;04-Au nanoparticles enabled the LOD of ~ 0.86 fM. '* Even
lower LOD of 20 aM was achieved for another G-quadruplex-based sensor with ECL readout for
the detection of DNA species related to oral cancer markers.'?*
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Fig. 15. Dual amplification strategy based on NESA and RCA utilizing hairpin probes for electrochemical
DNA detection. (A) Cascade signal amplification with QD-labeled detection probe.'** (B) G-quadruplex-
dependent assay.'*”

Dual amplification strategy combining NESA with RCA using electrode-immobilized hairpin
probes was reported.'?>'?® In one assay, the biotin-labeled probe was attached to the streptavidin
agarose coated plate (Fig. 15A).'* Together with an assistant probe from solution, it hybridized
to a target DNA forming a 3J structure that contained the specific cleavage site for nicking
endonuclease Nt. BbvCI. Enzymatic cleavage of the probe destabilized the 3] structure, and both
the target and the assistant probe were released to amplify the amount of the cleaved hairpin
probes. The hairpin probe fragment attached to the solid surface of the plate served as a primer
for the RCA reaction using an external circular template. The product of RCA contained multiple
copies of a repeated oligonucleotide sequence recognized by the CdTe QD-labeled detection
probe. Finally, the cadmium component of QD-tagged RCA product was dissolved in HNO; to
be quantified by the stripping voltammetric analysis. By employing this four-step analysis, it was
possible to detect as low as 0.55 zmol of a DNA analyte in a 50 uL sample, which corresponds to
11 aM DNA. Remarkably, the dynamic range was shown to be 6 orders of magnitude, from 10
aM to 10 pM. It is interesting that without RCA the assay was also quite sensitive: a detection
limit of about 10 fM was achieved.'®> In another assay, a double-stranded probe-target complex
was formed (Fig. 15B).'*® Enzymatic cleavage of the probe produced an electrode-immobilized
fragment that could serve as a template for ligation of an external padlock probe and as a primer
for subsequent RCA. The padlock probe encoded a G-quadruplex-forming sequence possessing
affinity to hemin. Therefore, multiple G-quadruplex motives were formed. Their interaction with
hemin provided a means for direct electron transfer between hemin and the electrode. The LOD
of 0.25 fM was achieved with a synthetic DNA target mimicking the mutant human p53 gene.

In conclusion, the NESA approach was employed either alone or in combination with the
Invader or probe amplification approaches to develop a number of nucleic acid sensors with
fluorescent, colorimetric or electrochemical readouts. The lowest LOD was achieved when the
NESA strategy was combined with another amplification strategy (Table 1). It is interesting to
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note that even without additional amplification the LOD in the attomolar range was achieved for

a chemiluminescent biosensor.

122

NESA assay was applied
assembling/disassembling.'”” The detection limit of 10 pM was reported. This assay might be
especially useful for point-of-care detection of point mutations.

Table 1. The LOD for the reported NESA-based assays.”

in colorimetric/visual format using gold nanoparticle

NEase Recognition and Signal Probe LOD Ref.
cleavage site readout
Nt. Alwl 5-GGATCNNNN'N-3" | F/CE LP 30 CFU of Bacillus 102
3’-CCTAGNNNN N -5’ subtilis and Bacillus
anthracis
F LP/magnetic <5fM 104
beads
C DP/RCA 50 aM 117
LP/GNP ~10 pM 127
ECL HP 50 aM 122
CL HP ~0.86 M 123
Nt.BstNBI | 5’-GAGTCNNNN'N-3* | F LP ~2x10" copies of 103
3’-CTCAGNNNN N -5’ influenza virus
hemmagglutinin gene
MB 6.2 pM; 106
~85 fM (with RCA)
LP/SDA/HP 380 fM 109
reporter
EC HP (signal-OFF) | 68 aM 119
HP (signal-ON) | 167 fM 120
HP/super- 360 aM 121
sandwich
(signal-ON)
HP/RCA 250 aM 126
C HP 1 pM 113
10 pM 114
ECL LP 20 aM 124
Nt.BbvCI | 5’- CCTCA GC-3’ F 3JP 50 pM 107
3’-GGAGT,CG-5’ 0.6 M 108
LP/SDA/ linear | 0.78 pM of methylated 110
dual-labelled DNA
reporter
LP/CNT 70 pM; 100 CFU/ mL of 105
Salmonella enteritidis
EC HP 10 fM; 125
11 aM (with RCA)
C HP/SDA 0.5 fM 118
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Nb.Bsml 5’-GAATGC N-3° F Invader/MB 1 ™M 112
3’-CTTACG;N-5’
Nt.BsmAI | 5°- GTCTCN'N-3’ F HP/SDA/ MB 1 M 111
3’-CAGAGN N-5° reporter
‘Signal readout. F - fluorescent; C - colorimetricc EC - electrochemical; ECL -

electrochemiluminescence. CE - capillary electrophoresis-assisted detection; CL - chemilumminescence.
Probe: LP — linear probe; HP — hairpin probe; DP — dumbbell probe; MB — molecular beacon probe; 3JP
— three-way junction (3J) probe. GNP — gold nanoparticles; CNT- carbon nanotube; RCA - rolling circle
amplification; SDA - strand displacement amplification.

4. EATR assays based on sequence-independent enzymes.

The main disadvantage of NEases and REases as enzymes for EATR approaches is their
sequence-specificity: both types of enzymes require specific nucleotide sequence to be present in
the probe and its complementary target. It imposes the limitation on the target sequence. To
overcome this limitation, the use of sequence-independent nucleases has been suggested.
Examples of such enzymes include exonuclease III, A exonuclease, RNases HI and HII,
apurinic/apyrimidinic (AP) endonuclease, duplex-specific nuclease (DSN), DNase I, and T7
exonuclease (Table 2). These enzymes catalyze cleavage of phosphodiester bonds in either DNA
or RNA. Although the abovementioned nucleases do not require specific recognition sequence in
their substrate, they still display some substrate preference. For example, A exonuclease needs a
cleavable DNA strand to have a phosphate group on its 5’-end. AP endonuclease makes a cut at
the 5” of an AP site. Most of abovementioned nucleases use double-stranded DNA or DNA/RNA
hybrid as substrates, while DNase I, for example, is active on both single- and double-stranded
DNA, as well as on DNA in DNA/RNA hybrids. Among the sequence-independent nucleases,
exonuclease III seems to be more commonly used for EATR.

Table 2. The enzymes utilized in EATR assay.”

Enzyme Activity Preferential Comments
substrate
Exonuclease III | 3°—5’ stepwise dsDNA with blunt dsDNA with 3’-protruding end of

removal of ANMP less than four nucleotides can be

processed by the enzyme

of recessed 3’-end

(AP) sites from DNA
backbone

Lambda 5’—3’ stepwise dsDNA with a 5°- non-phosphorylated dsDNA and
exonuclease removal of ANMP phosphorylated end | ssDNA can be digested at a greatly
reduced rate
RNase H endonucleolytic RNA | RNA/DNA hybrids | if used on DNA-RNA-DNA/DNA
hydrolysis chimeric substrate, the
ribonucleotide insert should be at
least four nucleotides
RNase HII endonucleolytic RNA | RNA/DNA hybrids | preferentially nicks 5" to a
hydrolysis ribonucleotide within dSDNA
AP incising the dsDNA with an AP | It nicks the dsDNA at the phosphate
endonuclease apurinic/apyrimidinic | site groups 3" and 5’ to the AP site.

Depending on the class, AP
endonucleases generate either 3'-
OH/5"-phosphate or 3 -phosphate/5 -
OH termini.
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Duplex-specific | DNA cleavage dsDNA and requires perfectly matched duplexes
nuclease DNA/RNA hybrids | of 8-12 bp in length
DNase I endonucleolytic DNA | ssDNA, dsDNA and | produces di-, tri- and
cleavage DNA/RNA hybrids | oligonucleotides with 5’-phosphates
and 3’-OH groups
T7 exonuclease | 5°—3’ stepwise dsDNA and unable to degrade ssSRNA or dsSRNA
removal of ANMP DNA/RNA hybrids

*dNMP — deoxyribonucleoside monophosphate; ds — double-stranded; ss — single stranded
4.1. Exonuclease Ill-assisted assays

Exonuclease III catalyzes the stepwise removal of mononucleotides in the direction from 3’
to 5’ terminus. The preferred substrate for the enzyme is double-stranded DNA (dsDNA) with
blunt or recessed 3’-end. Single-stranded DNA and dsDNA with 3’-protruding end of 4 or more
nucleotides are resistant to cleavage by exonuclease IIL.'** Therefore, to preserve the intactness
of the target during the enzyme-catalyzed reaction in an exonuclease IlI-aided DNA sensor, the
signaling probes should have the blunt or recessed 3’-end in the probe-target hybrid (Fig. 16A).
A hairpin signaling probe should have the 3’-protruding end, which becomes blunt (or recessed)
upon hybridization with the target (Fig. 16B).

A
SIgnaI/ng probe
5’ target 3

3 target

s:gnalmg 3
probe
Fig. 16. Structural requirements for a signaling probe in case of exonuclease Ill-assisted signal
amplification assays. (A) In the probe-target complex, the probe should have 3’-blunt end, while the 3’-
end of the target should be protruding. (B) In the absence of a target the hairpin probe should possess the
3’-protruding end, which becomes blunt upon hybridization with the target.

An exonuclease I1I-based approach for signal amplification DNA detection was pioneered by
Okano and Kambara.'?’ The authors used a linear probe labeled with a fluorophore at its 5’-end.
When hybridized to a target DNA the probe was specifically digested by the enzyme from its 3’-
end. Shortening of the probe made the complex between the probe and the target unstable, and
the target dissociated to be able to bind to the next available target molecule. The accumulated
shortened probes were detected by gel electrophoresis. The authors observed high background
signal due to the enzymatic digestion of the free probe. However, this background reaction was
caused by the formation of intramolecular double-stranded fragment within the probe, and,
therefore, could be controlled by optimizing the sequence of the probe as well as by increasing
the assay temperature. The LOD of the assay was ~0.5 pM (0.9 amol in a 2uL sample). It is
interesting to note that the dominant products of the probe digestion were 7-mer oligonucleotides
due to dissociation of the short fragments from the target complex at the final stage of digestion.
The length of the probe digestion products should be taken into account while designing
exonuclease Ill-assisted assays.

In a number of assays, nanomaterials served for quenching the fluorescence of fluorophore-
labeled linear probes."”*'*® For this purpose, single walled carbon nanotubes (SWNT),'*
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graphene oxide (GO),"*""1** carbon nitride nanosheets (CNNS)"** and Pd nanowires (NWs)'*
were employed. These nanomaterials display the affinity to single-stranded DNA, but not to
double-stranded DNA, the fluorophore or the fluorophore-containing mononucleotide.”®™ In the
absence of the target, the single-stranded probe was bound to the surface, which brought the
fluorophore and the quencher in proximity and enabled fluorescence quenching. Hybridization of
the target to the probe decreased the affinity of the probe to the nanomaterial. The double-
stranded probe-target complex became a substrate for exonuclease III, which degraded the probe
releasing either a mononucleotide’>'*® or a trinucleotide'® containing the fluorophore. The
affinity of the nanomaterials to the released fluorescent fragments was even lower than that for
dsDNA. For the majority of the reported assays, the LOD lied in picomolar or subpicomolar
range: 50 pM," 20 pM,"*' 5 pM"** or 0.5 pM."** Lower LOD obtained by the last group'*® can
be attributed to the use of a surface blocking agent. Using CNNS as quenchers enabled the LOD
of 81 pM, ~26-fold improvement in comparison with “no enzyme” assay.'>> When Pd NWs were
used, the LOD of 0.3 nM was demonstrated, which was shown to be 20-fold lower than in an
Exo Ill-free assay.'*® Most nanomaterial-based assays are quite fast, with the total assay time
within 30-60 min, which is an undoubted advantage of this strategy. Another advantage is the
possibility of multiplex nucleic acid detection by using several probes modified with different
fluorophores, since the nanomaterials can efficiently quench a variety of fluorophores. This
advantage was successfully demonstrated for GO-based'**'** and CNNS-based'*® assays. At the
same time, the procedure of nanomaterial preparation is multistep and laborious. In addition, the
approach has relatively low selectivity, which is shared with all linear probes. This strategy was
employed for the analysis of telomerase activity'** and for site-specific determination of DNA
methylation** in cancer cells. The telomerase activity could be detected in the extract from at
least 250 HeLa cells. Using the luminol-H,O,-horse radish peroxidase system as a donor for
chemiluminescence resonance energy transfer, as low as 0.002% methylation level could be
determined in 0.5 nM mixture of methylated and unmethylated DNA."**

The exonuclease I1I-assisted target recycling was used in combination with a flow cytometry-
based DNA bead assay."’ In this case, a fluorophore-labeled linear probe was attached to a
microsphere. Each cycle of target-mediated degradation of the reporter by the enzyme resulted in
the removal of one fluorophore molecule from the microsphere surface, and the decrease in
fluorescence intensity of individual microsphere could be detected by flow cytometry. The
lowest LOD of 3.2 pM was achieved using high-density probe microspheres. Multiplexing
capability of the assay was also demonstrated.

Cui et al. used a displacement probe with exonuclease Ill-assisted signal amplification
strategy."*® The displacement probe contained two complementary strands, one of which was
labeled with a fluorophore at its 5’-end (fluorophore strand), while another was labeled with a
quencher at its 3’-end (quencher strand). The fluorophore strand was shorter than the quencher
one to ensure that the probe was not cleaved by exonuclease III in the absence of the target DNA
(Fig. 17). The fluorescence of the fluorophore strands was quenched due to the proximity of the
quencher group. The target displaced the quencher strand from the duplex forming the
fluorophore strand-target complex, in which the fluorescence was restored. Moreover, the
complex with the 3’-recessed end was a substrate for exonuclease IIl. After enzyme-catalyzed
degradation of the fluorophore strand, the target could displace another quencher strand from the
probe. This strategy allowed detection of as low as 24 pM DNA target within 20 min.
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Fig. 18. Three variations of exonuclease I1I-based signal amplification platform utilizing CdSe/ZnS
quantum dots (QD)."”’

Quantum dots as fluorophores were also explored for exonuclease IIl-based signal
amplification."” In one example, a linear probe was labeled with CdSe/ZnS QDs at its 5’-end
and with Black Hole quencher (BHQ) at its 3’-end (Fig. 18, 1). The LOD for this detection
platform was found to be 1 pM. By using QDs of different sizes, the authors demonstrated the
implementation of the platform for the multiplexed analysis. In addition, an indirect binding of
the QDs-labeled probe to the target was suggested, which overcame the requirement of a specific
QD/BHQ-modification for every new target-specific probe. The indirect binding platform
utilized a nucleic acid hairpin that contained a loop domain complementary to the target and a
conserved sequence, which was caged in the stem portion of the hairpin, complementary to the
probe. The conserved sequence of the “adaptor” hairpin was designed either to form 3’-terminal
overhang in the complex with the probe (Fig. 18, ii) or to be fully complementary to the probe
(Fig. 18, ii1). In the case of full complementarity, the exonuclease III digested both the probe and
the adaptor hairpin. The indirect sensing assay, however, took longer time than the direct one.

A low LOD of 83 aM for a fluorescently labeled linear probe was demonstrated using
fluorescence polarization as a detection technique.'** The intensity of the signal depended on the
freedom of the rotational motion of the fluorophore label. When the probe was intact, the
attached fluorophore had limited rotation, and fluorescence anisotropy was high. Exonuclease
II-catalyzed cleavage of the probe resulted in liberating the fluorophore-modified
mononucleotide, decreasing anisotropy. Enzyme-assisted signal amplification increased the LOD
by 6-7 orders of magnitude in comparison with the unamplified assay.
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A new type of probes named “linear molecular beacons” (LMBs) was used with exonuclease
Ill-assisted target recycling approach."*' An LMB probe represented a linear single-stranded
oligonucleotide, which, like MB probes, had both a fluorophore and a quencher. Both dyes were
attached close to the 3’-end of the probe, to the terminal and penultimate nucleotides,
respectively (Fig. 19). In the absence of the target, fluorescence of the probe was low due to
efficient quenching of the fluorophore by the closely located quencher dye. Hybridization to a
specific DNA target resulted in the formation of duplex with a recessed 3’-end at the probe,
which was degraded by the enzyme. A fluorophore-modified nucleotide was released in the
solution, thus being separated from the quencher, and the fluorescence was restored. The LOD of
120 fM was observed at room temperature. It was lower than the LOD for the displacement
probe targeting the same DNA, which resulted from a significant decrease in the background
fluorescence of LMB probe. In addition, the LMB probe demonstrated faster hybridization
kinetics than the displacement probe. Even lower LOD of 25 fM was observed when nonspecific
background enzyme-mediated cleavage of LMB probe was suppressed by reducing the
temperature to 4°C.
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Fig. 19. Exonuclease IlI-assisted signal amplification assay with a “linear molecular beacon” probe.'*!

The exonuclease Ill-based signal amplification strategy was also employed for hairpin
hybridization probes. Assays with fluorescent readout used MB probes as reporters.'**'** To
minimize the background digestion of the probe in the absence of the target, it was designed to
have the 3’-protruding end (Fig. 20). Black Hole quencher was attached to an internal position
close to the 3’-end of the probe. In the close conformation of the MB probe the quencher was
situated in the proximity to the fluorophore enabling efficient fluorescence quenching. In the
probe-target complex, the quencher was separated from the fluorophore, and the fluorescence
was partially restored. Enzymatic cleavage of the probe in the complex substantially increased
fluorescence due to the release of the fluorophore-containing short oligonucleotide in solution.
The detection limit of 10 pM was achieved after 30 min at 37 °C, which was considerably lower
than without amplification of the signal (7.8 nM).'"** Under these conditions the enzyme-aided
target recycling led only to a 4-fold signal increase over the background due to the background
cleavage of the free probe by exonuclease III. In order to abolish the background reaction, the
assay was performed at 4 °C, resulting in the LOD of 20 aM.'** Unfortunately, these new
conditions required 24 h to complete the assay. This value is among the lowest detection limits
for PCR-free assays reported so far, which is an undoubted advantage of the suggested strategy.
Alternatively, digestion-resistant locked nucleic acids (LNA) were introduced in the stem of the
MB probe.'* This modification enabled rapid detection of 30 fM synthetic DNA target at 37 °C.
The LNA-MB probe-based strategy was employed by the authors for monitoring of telomerase
activity.'*® For this purpose, the probe targeted the telomeric repeat sequence, which was
synthesized by telomerase by elongating a primer. As few as 30 breast cancer cells were shown
to be enough to detect telomerase activity.
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Fig. 20. Exonuclease Il-assisted signal amplification with molecular beacon probes.'**'**

To enable fluorescent readout, labeling of the signaling probes with a fluorescent tag is
required, which adds to the cost of the assay. Several label-free fluorescent or chemiluminescent
assays were reported.'**'* A simple assay utilized a label-free hairpin probe and a nucleic acid
dye SYBR Green 1.'** The dye strongly binds to the double-stranded DNA. In the absence of a
target DNA the probe had a stem region attracting the dye, and the fluorescence was high.
Hybridization of the probe to the target and its enzymatic cleavage removed double-stranded
regions suitable for SYBR Green I binding. The signal decreased. This simple assay
demonstrated the LOD of 160 pM for a synthetic DNA target. The linear range was from 0.3 to
2.5 nM. Another approach took advantage of G-quadruplex complexes with porphyrins or
thioflavin."*"*" In two reports, a duplex DNA probe was employed.'”” The probe contained two
3’-terminal single-stranded fragments, which secured the probe from degradation by exonuclease
IIT in the absence of the target (Fig. 21A). One strand of the probe contained a target-recognition
domain on its 3’-end, while another strand was a G-quadruplex-forming oligomer and served as
a signal reporter. In the presence of a specific DNA target, the probe strand with the blunt 3’-end
in the probe-target complex was degraded by exonuclease III, and the signal reporter was
liberated. The active G-quadruplex bound N-methyl mesoporphyrin'*® or Thioflavin T'* and
consequently enhanced their fluorescence. The LODs for the assays were found to be 36 pM'*
and 20 fM." Improved detection limit in the later report was attributed to the optimized
sequence of the G-rich probe, as well as to lower background provided by higher structural
selectivity of the thioflavin for G-quadruplexes.'*® The ability of G-quadruplex to increase the
ﬂuorescel:‘r‘%ce of N-methyl mesoporphyrin was also used in combination with RCA, with LOD of
2.5 pM.

The label-free chemilumnescent assay made use of a peroxidase-like activity of a hemin-G-
quadruplex complex using liminol as an oxidizable substrate.'*® The G-quadruplex-forming
sequence was a part of a hairpin probe (Fig. 21B). In the presence of a DNA target, exonuclease
IIT digested the portion of the hairpin probe complementary to the target, thus releasing the active
G-quadruplex-forming sequence in solution and generating the signal. High background resulted
from luminol oxidation by the unbound hemin was decreased by capturing the excess of free
hemin by SWNTs. The use of SWNTs enabled improvement of the LOD about 10-fold, from 0.1

pM to 12 tM.
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Fig. 21. Label-free fluorescent or chemiluminescent assays based on G-quadruplex formation. (A) Duplex
probe contained a G-quadruplex-forming reported strand, which folded into the active structure after
degradation of the second strand of the probe, allowing high fluorescent signal produced by G-
quadruplex-bound N-methyl mesoporphyrin IX (NMM)'® or Thioflavin T (THT)."® (B)
Chemiluminescent assay with decreased background due to absorption of hemin by SWNT.'*

The research group of Yang developed a universal platform to detect DNA with
colorimetric/visual signal output.'” The platform made use of two types of oligonucleotide-
modified gold nanoparticles and an oligonucleotide strand serving as a linker between them. In
addition to being complementary to the oligonucleotides attached to gold nanoparticles, the
linker was designed to hybridize to target DNA. In the absence of the target, the linker strand
brought two gold nanoparticles into proximity by hybridizing to the oligonucleotide strands
attached to them. The color of solution turned purple. In the presence of the target DNA, the
linker-target duplex with a recessed 3’-end was processed by exonuclease III, which cleaved the
linker strand. At the final stage, little or no linker strands were available to connect gold
nanoparticles to each other, and the color remained red. The detection limit of 15 pM was
achieved.

Another approach for label-free colorimetric/visual DNA detection was suggested by Bi and
colleagues.”™® In this approach called “exonuclease-assisted cascaded recycling amplification”
(Exo-CRA), a target DNA triggered the assembling of a DNA nanoball with branched DNA
structures from three types of unlabeled hairpin oligonucleotides (Fig. 22). One of the hairpin
oligonucleotides (MB1) served as both the reactant and signaling probe. It had a target-
recognition domain at the 3’-end and the G-quadruplex-forming sequence at the 5’-end. Two
other hairpin oligonucleotides (MB2 and MB3) acted as transducers to drive the cascading. In
the absence of the target DNA, the oligonucleotides self-hybridized in stable stem-loop
structures containing 3’-protruding ends that prevented their background cleavage by
exonuclease III. The G-quadruplex-forming sequence was “caged” in the stem region of MB1
and thereby inactive. The target triggered the DNA nanoball formation by opening up MBI,
which, in turn, hybridized to a fragment of MB2 making it available for binding to MB3. As a
result, several double-stranded fragments with blunt 3’-ends were formed, which could be
recognized as substrates for exonuclease III. After enzyme-mediated cleavage, three types of
short oligonucleotide strands were released: one serving as a trigger for the next
hybridization/cleavage event; one serving both as a trigger and as a signal reporter; and one
containing the target sequence (target recycling). The signal reporter folded in the G-quadruplex
structure, which bound hemin and catalyzed oxidation reaction leading to the color change (Fig.
22). The strategy allowed detection of as low as 0.1 pM DNA with the dynamic range of 8 orders
of magnitude. The use of three hairpin probes instead of just one enabled 100-fold improvement
in the LOD. Along with visual signal and low detection limit, an advantage of this strategy is that
only one hairpin, MB1 containing target-recognition domain, needed to be changed for any new
target DNA sequence. Starting with a single-stranded DNA target, the total assay time was about
30 min.
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Fig. 22. Colorimetric detection of DNA based on exonuclease-assisted cascaded recycling amplification
using label-free hairpin probes.'”

Similar strategy for label-free visual detection of HIV DNA utilized two instead of three
unmodified hairpin probes for signal amplification.”' Both probes contained the G-quadruplex
sequence in their 5’-terminal fragments. One of the probes also contained a target-recognition
domain, while another — a sequence complementary to the loop portion of the first hairpin. Two
semi-independent cycles of exonuclease Ill-catalyzed cleavage of the probes generated active G-
quadruplex sequences. The G-quadruplex-hemin complex then catalyzed ABTS oxidation
generating a visual signal. As low as 2.5 pM target could be detected with the possibility to
discriminate single-base mismatched targets from the perfectly matched DNA.

Several groups have reported electrochemical DNA sensors that utilize exonuclease III-
assisted signal amplification.'”*"'* Both heterogeneous and homogeneous electrochemical assay
formats were used. In case of heterogeneous assays, a DNA probe was immobilized on the
electrode surface, and the enzymatic cleavage of the probe occurred on the surface of the
electrode. In homogeneous format, the probe-target hybridization and enzyme-catalyzed
degradation of the probe took place in solution. Homogeneous electrochemical detection has an
advantage of faster DNA hybridization and enzyme catalysis, as well as simpler procedure for
preparation of an electrode. For both assay formats, an electro-active “tag” can be covalently
attached to the probe. Alternatively, a label-free design is possible, where redox tag is bound to
the probe and/or probe-target complex by non-covalent interactions (electrostatic interaction,
intercalation, etc.). In this case, the difference in electrochemical signal is achieved due to the
difference in the rate of diffusion between free and probe-bound redox tag.

A label-free heterogeneous assay for signal-OFF electrochemical DNA detection was
developed with a linear unlabeled probe immobilized on the gold electrode.'** In the absence of
target DNA, electrostatic interaction of the probe with a redox mediator [Ru(NH3)6]2+/ * allowed
electron transfer between the mediator and the electrode producing high redox signal (Fig. 23,
left). Exonuclease III selectively cleaved the target-bound probe into mononucleotides. After
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several probe cleavage cycles, the majority of the electrode-immobilized probe molecules were
degraded, and the redox mediator could no longer bind close to the electrode surface. The redox
signal was low (Fig. 23, right). At the optimized surface probe density, the sensor demonstrated
the LOD of 20 fM. The selectivity of DNA detection increased with the number of mismatches
in the probe-target hybrid, and the signal triggered by 4-nt mismatched DNA was close to the
background. The total assay time was 2 hrs at room temperature.

redox mediator

target DNA

High signal Low signal

Fig. 23. A label-free strategy for signal-OFF electrochemical detection of DNA with a linear probe.”* A
redox mediator [Ru(NHs)s]*"*" is bound to the probe by electrostatic interactions.

Another signal-OFF electrochemical biosensor utilized a linear capture probe attached to a
gold electrode and a linear biotinylated detection probe in solution (Fig. 24)."33 In the absence of
a nucleic acid target, the capture probe hybridized with the detection probe followed by
incubation with streptavidine-alkaline phosphatase conjugate (St-AP) and a substrate for alkaline
phosphatase, such as a-naphthyl phosphate. The enzymatic hydrolysis on the electrode surface
produced electrochemical signal (Fig. 24A). The target DNA bound to the capture probe
forming a duplex, in which the probe was degraded by exonuclease III. As a result, the amount
of the capture probe on the electrode surface available for hybridization with the detection probe
decreased, and the signal decreased accordingly (Fig. 24B). The detection limit of 8.7 fM was
achieved with a linear range 0.01 pM — 1 nM. The assay allowed selective detection of
Escherichia coli in milk samples down to 40 CFU/mL. Other bacteria — Streptococcus
pneumonia, Pseudomonas aeruginosa, a-hemolitic streptococcus — triggered the signal close to
background, proving good selectivity of the approach. The assay requires incubation of the
electrode at 37 °C with the target and the enzyme for 2 h, then with the detection probe for 1 h,
with St-AP for 30 min, and, finally, with a-naphthyl phosphate prior to detection.

A homogeneous label-free assay with electrochemical readout was developed.'** The assay
used a displacement probe, which consisted of two complementary non-labeled oligonucleotide
strands forming a duplex with 3’-protruding ends (similar to that depicted in Fig. 17). An
osmium complex that tends to intercalate into dSDNA was used as a redox indicator. In the
absence of the target, the redox indicator was bound to the probe, and the signal was low due to
the lower diffusion rate of the bound indicator to the electrode. The target displaced one of the
strands from the double-stranded probe forming another dsSDNA structure with one of the 3’-
ends (at the probe strand) being blunt or recessed. Exonuclease III catalyzed degradation of the
target-bound fragment of the probe, thus decreasing the amount of the intact double-stranded
probe or probe-target complex available for the redox indicator to bind. The detection limit for
the assay was found to be 2.5 nM after 10 min of incubation with the enzyme.
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Fig. 24. Electrochemical signal-OFF biosensor used for the detection of enteropathogenic bacteria.'> (A)
In the absence of the target DNA, a biotinylated detection probe bound to the electrode surface via
hybridization to an immobilized capture probe. The duplex was recognized by streptavidine-alkaline
phosphatase (St-AP), which bound o-naphthyl phosphate, thus permitting electrochemical signal. (B)
When target was present, it hybridized to the capture probe, which was cleaved by exonuclease III. After
several rounds of hybridization/cleavage, the majority of the capture probe was degraded, and the
detection probe could not approach to the electrode surface; the signal decreased.
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Fig. 25. Dual signal amplification strategy.'” (A) In the absence of the target a linker oligonucleotide

connected CdS quantum dots (QD) with magnetic beads by hybridizing to QD- and beads-attached
oligonucleotide strands. After magnetic separation of the complex from free CdS QD and acid dissolution
of separated CdS QD, the released Cd*" ions were detected by square wave voltammetry, and the signal
was high. (B) The linker hybridized to the target DNA forming the recessed 3’-end; exonuclease III
recognized the linker-target hybrid and degraded the linker, which could no longer connect QD with
magnetic beads. The separated magnetic beads did not contain CdS, and upon acid treatment the signal
was low.

A dual signal amplification strategy combining exonuclease Ill-assisted target recycling with
the CdS QD layer-by-layer (LBL) assembly amplification was described by Su and co-
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authors."” Electrochemical signal of the system relied on the detection of Cd*" ions, which were

released from QDs upon acid treatment. To capture the signal-producing QDs, magnetic beads
were used. Both QDs and magnetic beads were functionalized with short oligonucleotides, which
were complementary to the fragments of a linker strand (Fig. 25A). In the absence of a target
DNA, the linker connected QDs to the beads enabling magnetic separation of free QDs from
those bound to the linker. Acid treatment of the captured QDs generated high electrochemical
signal. When target was present, it hybridized to the linker and triggered its degradation by
exonuclease III (Fig. 25B). The degraded linker could no longer connect CdS QDs to the
magnetic beads. As a result, no Cd*" was present to produce electrochemical signal after
magnetic separation. The signal decreased with the decreased amount of intact linker in solution,
which, in turn, depended on the concentration of the target DNA. With that system, the authors
targeted a fragment of the 16S rRNA gene (nt 432-461) from the Escherichia coli uropathogenes
and achieved the LOD of 5 fM.

A heterogeneous signal-OFF electrochemical assay was developed with a hairpin probe
immobilized on a graphene/Au nanocomposites-modified carbon electrode.'® In its stem-loop
conformation, the probe had a 7-nt protruding 3’-end, which protected the free probe from
exonuclease IlI-catalyzed degradation. A specific DNA target hybridized to the probe making its
3’-end recognizable by the enzyme. The signal depended on redox conversion of the
electrochemical indicator [Fe(CN)6]3'/4' on the electrode. In the absence of the target, as well as
in the presence of the target but without exonuclease III, the negatively charged DNA repelled
the indicator from the electrode, which resulted in high electrode transfer resistance. Degradation
of the electrode-immobilized probe resulted in decreased resistance. The assay provided the
detection limit of 10 fM and a dynamic range of 50 fM - 5 nM.

Fan and colleagues used gold nanoparticles for dual signal amplification to detect a synthetic
target related to human immunodeficiency virus (HIV)."”’ Gold nanoparticles were
functionalized with a short oligonucleotide served as a reporter. The reporter was complementary
to the 5’-terminal fragment of an electrode-immobilized hairpin probe. In the absence of a target,
this fragment was blocked from interaction with the reporter in the stem, and the hairpin probe
was resistant to cleavage by exonuclease III due to its 3’-protruding end. The presence of a target
DNA opened up the hairpin probe on the electrode surface and triggered its cleavage by the
enzyme. Since the target was not complementary to the 5’-terminal fragment of the probe, the
enzyme left this electrode-immobilized fragment intact. It then hybridized to the reporter,
thereby loading the gold nanoparticles onto the electrode. The formed structure could bind
multiple [Ru(NH3)]*" electroactive labels via electrostatic interactions, enabling electrochemical
response. The LOD was found to be 33 pM.

Another signal-ON electrochemical biosensor utilizing gold nanoparticles took advantage of
dual signal amplification strategy.'>® The strategy combined exonuclease Ill-assisted target
recycling with a nanoparticle-based super-sandwich approach to amplify the signal. The assay
consisted of two steps. Interaction of a hairpin probe with the specific target and enzymatic
cleavage of the target-bound probe took place in solution (Fig. 26A). Since the target was
complementary only to the 3’-fragment of the probe, a short 5’-terminal probe fragment was
released after cleavage. It interacted with another hairpin probe — a capture probe immobilized
on a gold electrode (Fig. 26B). After hybridization, the capture probe contained a “sticky end”,
which was complementary to an oligonucleotide attached to a gold nanoparticle. Interaction of
the electrode-immobilized complex with the oligonucleotide-functionalized nanoparticles
produced a super-sandwich-like structure. The structure captured multiple molecules of an
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electrochemical indicator methylene blue, which increased the signal on the electrode.
Employment of the dual amplification strategy resulted in about 4-fold signal increase in
comparison with either target recycling or nanorpaticle-based super-sandwich strategy alone.
The LOD of 0.6 pM for a synthetic DNA target was demonstrated. High selectivity of the hairpin
probe enabled differentiation between SNP-containing targets. In addition, the assay is easily
adapted for any new target, since the sequence of only one label-free hairpin probe needs to be
changed.
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Fig. 26. Electrochemical signal-ON biosensor based on a dual signal amplification strategy with super-
sandwich-like detection.”® (A) Homogeneous target-recycling step. (B) Heterogeneous electrochemical
detection step.

An elegant approach for homogeneous signal-ON electrochemical assay was pioneered by a
Hsing and co-authors."”” In their design, an electrochemical molecular beacon (eMB) probe with
a 7-nt 3’-protruding end containing methylene blue label was used as a signal reporter. This
probe was not attached to the electrode, and the target detection was achieved due to the
difference in diffusivity between an oligonucleotide and a mononucleotide toward a negatively
charged indium tin oxide (ITO) electrode. In the absence of the target, eMB demonstrated
negligible electrochemical response due to electrostatic repulsion from the electrode. When the
target DNA was present, it hybridized to the eMB probe to form 3’-blunt end, which was
recognized by exonuclease III. The enzyme degraded the eMB probe releasing an electro-active
methylene-blue labeled mononucleotide, which diffused to the ITO electrode and caused an
increase of the electrochemical signal. The detection limit for the probe was found to be 20 pM
after 1 h. At the same time, the developed endonuclease Ill-assisted MB-based electrochemical
sensor demonstrated poor selectivity: a target with a single-nucleotide mismatch triggered the
signal 71 % of that of the perfectly matched DNA target. Recently, another research group
modified the immobilization-free eMB approach to improve the LOD down to 0.1 pM by
employing two autonomous cyclic production of the free electro-active mononucleotide.'® In the
modified design, the target-recognition domain of the ferrocene-labeled hairpin probe was
limited to the 3’-protruding fragment of the probe. The target-triggered digestion of the probe by
exonuclease III in the first cycle generated a secondary target analog that could trigger another
cycle of the probe degradation and be recycled along with the target to further amplify the signal.
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Fig. 27. Electrochemical DNA detection using exonuclease Ill-assisted autocatalytic target recycling
strategy.'®’ (A) Two cycles enabled exponential signal amplification. (B) Modification of the assay
utilizes an additional hairpin adaptor oligonucleotide to enable sensing of any DNA sequence. Instead of
hybridizing to the double-stranded probe directly, the target binds to the hairpin adaptor, thus opening it
up and allowing its hybridization to the probe. The probe-target hybrid then undergoes cleavage by the
enzyme leading to the high signal.

Duplex DNA probes self-assembled on the surface of a gold electrode were also used to
design electrochemical DNA sensors.'®"'® In one strategy, the duplex probe was formed by
hybridization between a hairpin strand and a 3’-thiol modified linear strand covalently attached
to the electrode’s surface (Fig. 27A).'°" The linear strand contained a G-quadruplex-forming
structure, which was inactivated by hybridization with the hairpin strand of the probe. The
hairpin probe contained a target-recognition domain in its stem region. Upon addition of the
target, the double-stranded probe-target complex was formed, in which the 3’-end at the hairpin
strand became blunt. Consequently, exonuclease recognized the complex and degraded the
hairpin strand liberating the G-quadruplex-forming strand. The G-quadruplex bound hemin on
the electrode surface. The electrochemical reduction of the bound hemin produces a signal
detected by differential pulse voltammetry. The enzyme-catalyzed degradation of the hairpin
strand also released the target and a fragment of the hairpin strand (trigger fragment) that was
complementary to the intact hairpin strand and could start the target recycling, thus further
amplifying the signal (Fig. 27A). Therefore, instead of one amplification cycle of reactions, the
assay contained two cycles, which allowed exponential signal amplification. The LOD for the
assay was 10 fM, which provided 100-fold improvement over conventional (single-cycling)
signal amplification strategy. The assay was also highly selective allowing discrimination of the
targets differing in a single nucleotide. In addition, the authors developed a versatile design of
the assay, which used the same probe for the detection of any target. It was achieved with the
help of an additional hairpin strand containing the target-recognizing domain in the loop and the
probe-binding domain in the stem (Fig. 28B). Another strategy was based on the specific affinity
of methylene blue used as a redox indicator to the unbound guanine bases.'® For this purpose,
the covalently attached strand of the probe was made guanine-free, while the longer strand
contained 5’-terminal G-rich single-stranded fragment. In the absence of the target the
electrochemical signal was high due to specific binding of the indicator to the G-rich fragment of
the probe. In the presence of the target, the longer strand of the probe became digested by
exonuclease III, and the G-rich fragment was removed from the electrode’s surface, which
decreased the amount of the indicator bound to the electrode. The approach demonstrated the
LOD of 20 fM for a synthetic DNA target.
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Exonuclease Ill-aided signal amplification strategy was also used in a format of DNA
microarrays.'® In this work an array of linear probes was created on gold-modified slides by
attaching them to the surface via their 5’-ends. In the presence of a DNA target ,a probe-target
duplex with the blunt or recessed 3’-terminus at the probe was formed and digested by
exonuclease III. The signal was detected with surface plasmon resonance (SPR) imaging. The
authors reported that upon recognition of the double-stranded probe-target substrate, exonuclease
IIT was able to completely remove the single-stranded DNA probe from the surface, and the
background cleavage of the probe in the absence of the target was not observed. The limit of
detection for the assay in the range of 10-100 pM was two orders of magnitude better than that
without exonuclease-assisted signal amplification.
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Fig. 28. Multiplex detection of pathogenic fungal DNAs with a nanowire SERRS sensor together with

exonuclease I1l-aided target recycling.'®

Combination of exonuclease IlI-assisted target recycling with a patterned gold nanowire (Au
NW)-on-film surface-enhanced resonance Raman scattering (SERRS) allowed detection of 100
fM DNA targets (3 amole in a 30 uL sample).'®* A capture DNA strand was attached to an Au
NW. The capture DNA was complementary to a specific Cy5-labeled DNA probe, which, in
turn, recognized its specific target DNA. Four Au NWs containing four different capture DNA
strands were prepared to enable multiplex detection of DNAs from pathogenic fungi causing
infections in immunocompromised patients (Fig. 28). When the four probes were mixed with a
target DNA, it hybridized to the specific probe forming the duplex with the blunt 3’-end at the
probe. After exonuclease III treatment, only the non-specific probes remained intact. They
hybridized to the complementary capture DNA strands on the surface of the patterned NW-on
film SERRS sensor, so Raman signal from Cy5 could be detected upon excitation. The NW
position containing capture strand complementary to the digested probe showed no SERRS
signal, thus revealing the nature of the DNA target. The LOD of 100 fM was reported. The NW
SERRS sensor performed equally well with synthetic targets, DNAs extracted from pathogens,
and real clinical samples.

Table 3 contains a summary of the described exonuclease III-dependent assays with the focus
on the LOD. For the majority of fluorescent assays, the LOD was in picomolar or subpicomolar
range. Unusually low LOD of 2.5 pM for an assay with a visual readout was reported for a
“nanoball” strategy. The lowest LOD values were reported for the assays with either
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electrochemical or fluorescent anisotropy readout. Combination of target recycling with an
additional amplification strategy, for example, super-sandwich or QD LBL assemblies, helped to

improve the LOD.
Table 3. The LOD for the reported exonuclease I1l-assisted target recycling assays.”
Signal readout Probe LOD Ref.
Fluorescence with LP ~0.5 pM (0.9 amol in a 2-pL sample), | 129
gel electrophoresis with S/B of 2 using M13 mp18 phage
DNA
Fluorescence LP/SWNT 50 pM 130
LP/GO 20 pM 131
5pM 132
0.5 pM 133
LP/ CNNS 81 pM 135
LP/ Pd NWs 0.3 nM 136
LP/magnetic beads/RCA/G- 2.5pM 147
quadruplex
Displacement probe 24 pM 138
DLP/QDs 1 pM 139
LMB 120 fM (room temperature); 25 fM (4 141
Oc)
MB 10 pM (37 °C); 20 aM (4 °C) 142
MB with LNA 30 fM 143
HP/SYBR Green 1 160 pM 144
Duplex probe/ 36 pM 145
G-quadruplex/NMM
Duplex probe/ 20 t™M 146
G-quadruplex/Thioflavin T
Fluorescence with LP/microspheres 3.2 pM 129
flow cytometry
Fluorescent LP 83 aM 140
anisotropy
Chemiluminescence | HP/G-quadruplex/ 0.1 pM; 12 fM (with SWNT) 148
hemin/luminol
Colorimetric/visual | Three HPs/ 0.1 pM 150
G-quadruplex/hemin/ABTS
Two HPs/ 2.5 pM 151
G-quadruplex/hemin/ABTS
Electrochemical Label-free LP/[Ru(NH;)]*"" | 20 fM 152
LP/biotin/St-AP 8.7 tM; 153
40 CFU/mL of E. coli in milk
Label-free displacement probe | 2.5 nM 154
/ Os[(bpy)x(dppz)]**
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LP/QDs/magnetic beads 5tM 155
Label-free HP/[Fe(CN)]*™* 10 fM 156
Label-free HP/ 33 pM 157
Au-NP/[Ru(NH3)s]*"**
Two label-free HPs/ 0.6 pM 158
Au-NP/methylene blue
eMB 20 pM 159
0.1 pM 160
Duplex probe/ 10 ftM 161
G-quadruplex/hemin
Duplex probe/methylene blue | 20 fM 162
Surface plasmon LP 10-100 pM 163
resonance
Surface-enhanced LP 100 fM of a synthetic 36-nt DNA and | 164
resonance Raman a 307-bp fragment from Aspergillus
scattering fumigatus DNA

*Some probe types are abbreviated as for Table 1. SWNT — single walled carbon nanotubes; GO —
graphene oxide; NWs — nanowires; CNNS — carbon nitride nanosheets; Au-NP — gold nanoparticles;
LMB - linear molecular beacon probe; LNA — locked nucleic acids; NMM — N-methyl mesoporphyrin;
St-AP — streptavidin-alkaline phosphatase comjugate; eMB — electrochemical molecular beacon (HP
labeled with methylene blue or ferrocene); S/B — signal-to-background ratio.

4.2. Lambda exonuclease-assisted assays

Exonuclease from bacteriophage A rapidly and processively degrades DNA in the 5°—3’
direction producing 5’-mononucleotides. The preferable substrate for the exonuclease is double-
stranded DNA with 5’-terminal phosphate. The enzyme is capable of digesting non-
phosphorylated double-stranded and single-stranded DNA, but at a greatly reduced rate.'®>'
Therefore, the single-stranded DNA probe usually contains a terminal 5’-phosphate group. Upon
hybridization with the target, the probe strand is degraded by the enzyme, and the intact DNA
target is “recycled” (as shown in Fig. 1A). The enzyme cannot process RNA-DNA hybrid; thus
the application is limited to the detection of DNA analytes.

Electrochemical assays based on A exonuclease-assisted target recycling used either a labeled
hairpin probe'®” or a label-free linear probe.'® The probes were immobilized on the electrode
surface via their 3’-ends, while their 5’-ends were phosphorylated. The hairpin probe contained
an internal methylene blue label in the loop portion (Fig. 29A). In the absence of the target the
electro-active label was away from the electrode, producing a small faradaic current (Fig. 29A,
left). The target hybridized to a fragment of the hairpin probe between its 5’-end and the inserted
label (Fig. 29A, middle). Hence, A exonuclease degraded only the target-bound portion of the
probe and halted when it reached the single-stranded methylene blue-containing fragment.
Therefore, the rigid stem-loop structure of the probe was permanently transformed into a flexible
linear structure with the electro-active label close to the electrode’s surface thus generating an
increased faradaic current (Fig. 29A, right). Unfortunately, the reported electrochemical DNA
sensor suffered from low specificity. Even a non-cognate target triggered a signal that was 26%
from that of the perfectly matched target. Only the targets containing five or more mismatches
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could be discriminated. The LOD for the exonuclease-assisted sensor was found to be about 2
nM, while the sensor without signal amplification detected as low as 10 nM target. High LOD
and low efficiency of the signal amplification can be attributed to the exhaustion of the available
probe on the electrode’s surface, as well as limited selectivity of A exonuclease for double-
stranded DNA, which generated high background signal by digesting the hairpin probe. This
problem seems to be absent in case of linear probes. For the label-free linear probe, a model
target corresponding the BRCA1 breast cancer gene could be detected with the LOD of
42 pM."®® In this approach, the electrochemical signal relied on the attraction of a redox indicator
[Fe(CN)s]*"* to the electrode surface. In the absence of the target, the negatively charged
indicator was repelled from the electrode due to a compact negatively charged layer formed by
the phosphate backbone of the immobilized probe (Fig. 29B, left). In the presence of the target,
the probe was digested by the enzyme, allowing the indicator to approach the electrode and
generate high signal (Flg 29B, right).
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Fig. 29. Electrochemical sensors for nucleic acids based on l exonuclease-assisted signal amplification.
(A) A hairpin probe equipped with a redox label is digested by the enzyme in the presence of the target
DNA."* (B) A label-free linear probe prevents a redox label from interacting with the electrode in the
absence of a target DNA, while is degraded by the enzyme upon hybridization to the target.'®®

sho¢ strand _SL target ” A homogeneous fluorescent assay was
TTTTT®  farget | B | TTTTT] | ® reported by Liu and colleagues.'® The assay
JF rand’ L made use of a fluorophore and a quencher-
ong stran _SL labeled partial DNA duplex with a 5’-
molecular onuciease  phosphorylated long strand as a probe (Fig.

beacon
reporter

N | 30). The proximity of the fluorophore to the
quencher in the duplex ensured low
fluorescence. In the absence of a DNA target
the 5’-phosphorylated fragment of the duplex
was in a single stranded form, which
prevented the phosphorylated probe from

Fig. 30. Fluorescent DNA detection using a double- Elngzge 3}11 }Lthe Xopucileaie. \Ziwzjelflr the tartge;
stranded probe.'® ybridized to the single-stranded fragment o
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the duplex probe, it formed a substrate for the enzyme. As a result of enzymatic digestion, the
fluorophore, the target and the short strand were released in solution. Fluorescent signal
increased. To further increase the signal, the released short strand opened an MB reporter, thus
(Fig. 30, bottom). The authors reported the LOD of 68 fM and good selectivity of the assay.

A split probe was used for a A exonuclease-assisted assay producing a surface enhanced

Raman scattering (SERS) signal (exo-SERS approach).'” It TAMRA

contained a 3’-biotinylated capture oligonucleotide and a 5>~ reporter probe S caplure probe
phosphorylated reporter probe carrying a TAMRA label °P] I HERNEEER |3Jf,otm
attached to its 3’-end via a hexaethylene glycol-containing ¥ target

decaadenylate linker (Fig. 31). The linker was essential to Q ‘ e
facilitate SERS signal. Both the capture and reporter probes magnetic beads
were complementary to the adjacent positions of a target Q; ’ (‘ DY ye
DNA. The probe-target complex was separated from the
excess of the reporter probe using streptavidin-coated 5p " €
magnetic beads. This complex contained a 5’-phosphate at IRIRRRININEE

the reporter and was digested by A exonuclease resulting in

the release of a TAMRA-labeled short fragment, which o
produced the characteristic TAMRA-related SERS signal. % /‘J\k
Using the assay, an 85-bp PCR fragment of the ompA gene SERS signal ,’ t

of Chlamydia trachomatis was detected with a LOD of

77 pM. High selectivity of the assay allowed differentiation Fig. 31. exo-SERS approach.'”
between the specific target and a non-specific PCR fragment from C. glabrata.

4.3. RNase H-assisted assays

RNase H degrades the RNA strand in DNA/RNA duplexes. The enzyme does not cleave
unhybridized RNA, as well as both single- and double-stranded DNA.'"" It is a non-specific
endonuclease, which catalyzes hydrolysis of RNA phosphodiester bonds. The cleavage products
contain 3’-hydroxyl and 5’-phosphate groups.

RNase H was used for a signal amplification approach named “cycling probe technology”
(CPT).'” In this isothermal approach with linear signal amplification, a chimeric probe made of
DNA with an insert of ribonucleotides was utilized (Fig. 32A). The probe was found to require at
least four ribonucleotides for efficient cleavage by RNase H.'”” RNase H cleaved within the
RNA portion of the probe in the probe-target hybrid, and the probe fragments dissociated from
the complex. The fragments of the probe are accumulated providing the means for the target
detection by a number of techniques (Fig. 32B). Originally, a CPT assay with a [y-""P]-labeled
chimeric probe was developed for the gel-based detection of the direct repeat region in
Mycobacterium tuberculosis."”* The assay demonstrated good specificity and was able to
differentiate between genomic DNA from M. tuberculosis and six species of nontuberculous
mycobacteria. A lower LOD corresponded to 100 bacterial cells. The authors reported that
roughly 1000 cleavage events occur within 30-min of the reaction.
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Fig. 32. Cycling probe technology (CPT). (A) The principle of CPT. (B) Different formats of CPT-based
assays.

In its later variations, CPT was combined with an enzyme-immuno assay (EIA) for
colorimetric detection.'”™ The chimeric probe was labeled with fluorescein and biotin at its 5°-
and 3’-ends, respectively (Fig. 32B). After sufficient rounds of RNase H-catalyzed probe
cleavage, the uncleaved probe was captured by surface-immobilized streptavidin and detected
using anti-fluorescein antibodies conjugated with horseradish peroxidase. CPT-EIA assays were
developed for the detection of the mecA gene in methicillin-resistant Staphylococcus
aureus,' """ vanA and vanB genes in vancomycin-resistant enterococci.'”®

Non-radioactive detection of Mycobacterium tuberculosis complex (MTC) bacterial species
using CPT was achieved.'” A 5’-biotinylated chimeric probe targeted Mt308 fragment, which is
present as a single copy in the species belonging to MTC. The probe was cleaved by RNase H in
the probe-target hybrid producing two fragments. The biotin-labeled fragment was
complementary to a capture probe immobilized on the surface of a microplate well. After
washing, the immobilized duplex was colorimetrically detected using a streptavidin peroxidase
conjugate. Due to steric hindrance, the longer uncleaved chimeric probe could not efficiently
hybridize to the capture probe, providing a basis for the detection. The LOD of the assay was
found to be 1 pM for a synthetic DNA target.

An alternative method for separation/detection in a CPT assay using capillary gel
electrophoresis with laser-induced fluorescence (CGE-LIF) was reported by Dickinson et al.'® It
was shown that CGE-LIF CPT assay could be completed within about 1 h with less than 4 min
required for the separation/detection step, while total time for the radioisotopic PAGE CPT assay
was 3-12 h. The LOD of 10°-10° copies of genomic DNA from Erwinia herbicola was achieved
with both CGE-LIF and radioisotopic PAGE methods. Another CPT assay for the detection of
the mecA gene of MRSA employed a microfluidic chip with gel-free capillary electrophoresis
separation of the chimeric probe fragments.'"® With off-chip CPT and on-chip
separation/detection, the LOD of 2 fM for the detection of a mecA-related 29-mer single-stranded
DNA analyte was reported. A fluorescent CPT-based DNA detection was demonstrated using a
CataCleave probe, a chimeric probe containing two different fluorophores (FAM and TAMRA)
adjacent to the 5> and 3’-ends of the RNA insert (Fig. 32B).'®* The CataCleave probe targeting
the capC gene of Bacillus anthracis detected 10 nM synthetic oligonucleotide in 5 min. When
combined with RCA, the probe was capable of real-time detection of 0.6 pM analyte.

RNase H-dependent signal amplification strategy with fluorescent readout was also
employed with a chimeric molecular beacon (cMB) probe.m’184 In this case the loop fragment of
the DNA MB probe was made of ribonucleotides. The RNA portion of cMB probe in the probe-
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target complex was cleaved by RNase H. The cleavage released the target and separated the
fluorophore-containing cMB fragment from the quencher, thus increasing the fluorescence of the
solution.  Unfortunately, the LOD of these assays was not reported, but
100 pM DNA target was shown to trigger about 8-fold fluorescence increase over the
background.'® Other reports described an assay with an SNP-specific cMB probe carrying a
single ribonucleotide insert."*>'*® When bound to a complementary DNA target, this probe was
cleaved at the 5’-side of the ribonucleotide by RNase HII from either Chlamidia pneumonia'™

or Thermus thermophillus."® In comparison with a simple MB-based hybridization assay, a 90-
fold enhancement in fluorescence change was observed.'® For SNPs differentiation the probe
was designed to have the ribonucleotide insert complementary to -1 or +1 position from the SNP
site.'™ The enzyme could not cleave the mismatched duplexes, thus providing the means for
SNP differentiation. With this approach, about 200 pM dsDNA target could be detected under
thermal cycle conditions. Two allele-specific cMB probes were required to genotype each SNP
site.

Indirect binding of the cMB probe with an analyzed target in RNase HII-assisted assay
enabled to use a single cMB probe for both alleles.” In  cMB probe 4J-complex
this report, the cMB probe containing two single U~ target
ribonucleotide inserts was used in conjunction with two Kﬁ} S\" _ J%
DNA adaptor strands, each of which contained a fragment S -~ i K
complementary to the cMB probe and a fragment ¢
complementary to the DNA or RNA analytes (Fig. 33). In adapm;l‘> —_—
the presence of the analyte, a 4J tetrapartite complex strands;\
containing the adaptor strands, the analyte and the cMB rﬁ
probe was formed. The cMB probe in the complex was Fig. 33. Indirect binding of a cMB
cleaved by RNase HII into three fragments, which resulted probe to a target using a 47 structure.*’
in destabilization of the complex and consequent release of
the adaptor strands and the target for next round of probe recognition and cleavage. The
approach is applicable for both DNA and RNA analysis, since RNase HII employed for signal
amplification preferably cleaves double-stranded DNA with a single ribonucleotide insert, while
is less efficient in cleavage of RNA/DNA hybrids. The LOD of 300 pM for a synthetic analyte
mimicking a fragment of hepatitis C virus (HCV) mRNA was demonstrated. Exceptionally high
selectivity of the approach that enabled differentiation between two alleles of human SNP
rs717302 at room temperature was achieved due to the binary character of the hybridization
probe.?! Both HCV RNA and rs717302 analytes were detected using the same cMB probe and
the adaptor strands with the analyte-specific fragments.

RNase-H assisted target recycling was described for linear RNA probes.'*” '™ According to
one approach, the label-free probes were arranged in microarrays.'®”'®® In the presence of
specific DNA targets, the target-bound probes were degraded by RNase H, and the signal was
detected using surface plasmon resonance imaging. The assay enabled a PCR-free detection of
the TSPY gene in human genomic DNA with the LOD of 1 fM."® In another approach, the
probe was modified with gold nanoparticles and a fluorescein label at its 5’- and 3’-ends,
respectively.'® The proximity of the dye to the gold nanoparticle quenched its fluorescence
ensuring low signal in the absence of a target DNA. When, the probe hybridized to the target, the
RNA-DNA probe-target hybrid became a substrate for the enzyme, which cleaved the probe
releasing the fluorophore in solution. The target DNA at 10 pM concentration triggered 1.8-fold
increase.
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Overall, RNase H requires synthesis of ribonucleotide-containing reporter oligonucleotide,
which are more expensive then DNA probes requited for alternative EATR approaches. However
these probes can be used as universal reporters for both DNA and RNA analytes of any
sequence.

4.4. AP endonuclease-assisted assays

Some EATR-based nucleic acid assays made use of a linear dual-labeled probe containing an
apurinic/apyrimidinic (AP) sites (AP probes) and a catalytic action of AP endonuclease.'””'"! AP
endonuclease catalyzes cleavage of the phosphodiester bonds 3’ and 5’ to the AP site.'”* The
probe was able to detect as little as 10 fmol of a synthetic target, which corresponds to 0.2 nM
target in solution.'”® The approach was adopted for the detection of active transcription factors
by utilizing an AP probe containing a consensus binding sequence.'”’ An AP probe containing
the E-box consensus sequence could detect the functional hetermodimer of the transcription
factors CLOCK/BMALI, which are a major component of the biological clock system, from as
few as 3000 HeLa cells.

4.5. Duplex-specific nuclease-assisted assays

Duplex-specific nuclease (DSN) catalyzes DNA cleavage in DNA/DNA and RNA/DNA
duplexes, while it renders inactive on single-stranded DNA and RNA.'”® It requires perfectly
matched duplexes of 8-12 bp in length. Strong preference of the enzyme to double-stranded
nucleic acids makes it attractive for EATR-based assays. DSN signal amplification (DSNSA)
approach was used for microRNA detection with either a dual-labeled probe'** or a hairpin
probe.'”>'® The LOD of 0.1 pM was reported for the dual-labeled probe assay, which is
comparable with PCR-based assays for microRNA detection. For the MB probe-dependent
fluorescent assay the LOD of 0.4 pM was demonstrated.'” In this assay, the stem of the MB
probe was made of 2-O-methyl ribonucleotides to prevent the probe from the background DSN-
catalyzed cleavage. The high selectivity of both assays allowed discrimination between the
closely related target sequences belonging to the same microRNA family. In yet another DSN-
assisted target recycling assay with fluorescent readout, the hairpin probe contained a sequence
of deoxyribozyme 8-17, which was partially sequestered in the stem and, therefore, inactive.'”
DSN-catalyzed cleavage of the probe in the probe-target complex liberated the active
deoxyribozyme 8-17, which could then bind and cleave a MB reporter, thus producing
fluorescent signal. Working together, DSN and 8-17 constituted a dual cascade signal
amplification system. Unfortunately, the detection limit of the system was only 10 pM, which
was disadvantageous in comparison with the non-cascading fluorescent assays.

Another variation of the same hairpin probe was developed for visual or colorimetric
readout.'”® Instead of 8-17 sequence, the probe contained the sequence for peroxidase-like G-
quadruplex deoxyribozyme. The G-rich sequence of the deoxyribozyme was partially
complementary with the 5’-terminal fragment of the hairpin forming an 8-nt “interfering tail”.
The rest of the G-rich sequence remained single-stranded at the 3’-end of the probe. Enzymatic
cleavage of the probe in the presence of the target liberated the active G-quadruplex. As a result,
green color of the solution was produced in the presence of hemin, ABTS and H,0,. It was
found that a visual color change could be detected in the presence of as low as2 nM target
microRNA. At the same time, the use of a UV/Vis-spectrometer allowed detection down to 20-
80 pM target.
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4.6. DNase I-assisted assays

DNase I is an endonuclease with a broad specificity. It catalyzes phosphodiester bond
cleavage in DNA utilizing single- or double-stranded DNA or DNA/RNA hybrids as substrates.
The products of DNase I-catalyzed cleavage are di-, tri- and oligonucleotides with 5’-phosphates
and 3’-hydroxyl groups.'”” Since the enzyme is not active towards RNA hydrolysis, it was used
in EATR assays for microRNA detection. In fact, DNase I assays are limited to RNA detection,
since a DNA target would be cleaved by the enzyme along with the probe. Another limitation of
DNase [-assisted assays is that an additional component capable of protecting the probe from
the enzyme-depending cleavage in the absence of the target is required. For this purpose,
nanomaterials were suggested. For instance, GO is known to efficiently absorb single-stranded
DNA and protect it from DNase I action.'”® In the assay developed by Yang and co-authors,'” a
fluorophore-labeled single-stranded probe was constrained from enzyme-catalyzed cleavage by
interacting with GO in the absence of a microRNA target. GO also serves as a quencher of the
fluorescent label, keeping the background low. If present, the target hybridized to the probe,
which weakened the probe-target complex interactions with GO. As a result, the probe in the
complex was degraded by DNase I, while the microRNA target remained intact and could
subsequently bind another probe molecule. The released fluorophore was separated from the
quencher enabling high fluorescent signal. The assay could be employed in a multiplex format
due to the ability of GO to efficiently quench fluorescence of a broad range of fluorophores. A
linear correlation between the signal and the target concentration was reported in the range of 20
pM-1 nM, with the detection limit of 9 pM. In addition, excellent differentiation between the
closely related sequences of microRNAs was demonstrated.

4.7. T7 exonuclease-assisted assays

Another enzyme employed for an EATR strategy is T7 exonuclease, which catalyzes
stepwise removal of mononucleotides from the 5’-end of a double-stranded DNA. It was used
with a dual-labeled probe bearing a fluorophore on its 5’-end and a quencher three nucleotides
away from the fluorophore.””’ The probe targeted the telomeric repeat sequence and, therefore,
enabled detection of telomerase activity, which adds the repeats onto the 3’-end of the human
chromosomes. However, the same principle can be employed to any nucleic acid sequence of
interest by designing the correspondent sequence-specific probe. The strategy was named “T7
exonuclease-assisted target recycling amplification” (TEATR). The telomerase assay utilized a
primer that became elongated with the repeat sequences by the action of telomerase to produce a
target for the probe recognition. T7 exonuclease cleaved off the end fluorophore label of the
probe in the probe-target complex, resulting in its separation from the quencher and fluorescence
increase. The target remained intact due to the 5’-teminal “overhang”. Upon degradation of the
probe, the target was released from the probe-target complex to be able to bind a new probe
molecule. The limit of detection of telomerase activity was equivalent to as few as 5 HeLa cells.
The assay was also useful for screening telomerase inhibitors.

Conclusion

Providing linear, not exponential, amplification, EATR approaches tend to have higher LODs
than PCR. However, the versatility and the potential to generate visual output signal make EART
promising for point-of-care diagnostics of diseases in the future. The EATR assays described in
this review vary in terms of both the type of the oligonucleotide reporters and the enzyme used
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for signal amplification. These assays can be grouped into simple assays, which use only EATR
strategy for signal amplification, and composite assays, which take advantage of additional
strategies for improving LODs. The additional strategies include SDA or RCA to amplify the
amount of the detected sequences (not necessary the original targets that initiate the dual
amplification process), as well as formation of super-sandwich-like structures in case of
electrochemical assays. The composite assays typically enable lower LODs, which in some
reports are as low as 20 aM. This LOD corresponds to 1200 molecules in a 100-pL sample and is
comparable with that of PCR. Most of the reported LODs, however, were obtained for synthetic
targets in artificial systems and have not been validated for clinical or environmental samples.
On the other hand, the multicomponent and multistage composite assays are potentially harder to
optimize and reproduce, which may impact the assay robustness and increase the rate of false-
positive and false-negative results. Multistage assays would also require longer hands-on time
and more reagents.

A possible limitation of EATR-based approaches is less efficient activity of enzymes with
oligonucleotide substrates covalently attached to a solid support. This should be taken into
account when heterogeneous assays (e.g. electrode- or nanoparticle-based formats) are designed.
In this case, the EART reaction should preferably be completed in solution prior to analysis of
the cleavage products.

Taking in consideration the advantages and limitations of EATR it is important to identify
the most useful applications for this class of techniques. Simple EATR-based assays are unlikely
to be competitive with PCR-based techniques in molecular diagnostics in terms of sensitivity. A
possible niche of EATR is in point-of-care (POC) diagnostics, where robust, inexpensive and
easy-to-use diagnostic tests are required. Indeed, many EATRs described above can operate in
mix-and-read formats and produce signals that can be detected without the need of expensive
equipment. The POC tests should preferably avoid multiple manipulation steps and long
incubation time, as well as minimize equipment use, which creates a venue towards further
optimization and perfection of EATR.

Another possible application of EATR-based approaches (especially, ones operating via dual
amplification) is SNP genotyping, where they appear to be competitive with rtPCR in terms of
selectivity. SNP-specific real-time PCR technologies require expensive reagents and PCR
thermal cyclers that can measure melting curves. Indeed, some of the aforementioned EATR
assays demonstrate great selectivity in the analysis of single-base substitutions owing to either
the sensitivity of the cleaving enzymes to mismatches or the split or conformationally-
constrained probe design. Importantly, the high selectivity is achieved at ambient temperatures,
which does not require time consuming and expensive analysis of melting temperatures. For an
EATR technique to be especially useful in SNP genotyping, it should be label-free or use the
same labeled reporter for multiple targets. Such EATR technologies are already available.

Third application niche is in the field of microRNA detection, which receives growing
attention due to the importance of microRNA for early stage cancer diagnostics. MicroRNA
targets represent a challenge for conventional PCR and other primer-dependent target
amplification techniques due to their short length (22-25 nt). EATR-based approaches are
compatible with the detection of short nucleotide sequences. Indeed, we mentioned a number of
EATR reports with the detection level of microRNA ranging from 0.5 fM to 20 pM. However, to
be applicable in this field, the assay must use only the enzyme that processes DNA/RNA hybrids
as substrates. This requirement limits the use of RNases, nicking endonucleases, and flap
endonucleases. At the same time, such limitation can be overcome if a “smart” design of the
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probe is employed. An example of such design is indirect binding of the cleavable reporter to the
analyzed target sequence.

In general, EATR is a perspective strategy for nucleic acid detection. However, the future of
the field depends on how significant are the reported proof-of-concept designs in real diagnostic
settings with clinical samples. A history of a commercialized PCR-free EATR technique, the
Invader assay, illustrates the importance and challenges of EATR technology for practical
applications, which should be taken in account when new EATR test is designed.
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