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Abstract

Nucleic acid enzymes (NAzymes) are a class of nucleic acid molecules with catalytic activity, which can be modulated by the
presence of different species such as metal ions, genetic biomarkers, small molecules or proteins, among others. NAzymes
offer several important advantages for development of novel bioanalytical strategies, resulting from their functionality as spe-
cific recognition elements and as amplified analytical signal generators, making them ideal candidates for developing highly
specific bioanalytical strategies for the detection of a wide variety of targets. When coupled with the exceptional features of
inorganic nanoparticles (NPs), the sensitivity of the assays can be significantly improved, allowing the detection of targets
using many different detection techniques including visual readout, spectrophotometry, fluorimetry, electrochemilumines-
cence, voltammetry, and single-particle inductively coupled plasma-mass spectrometry. Here we provide an overview of the
fundamentals of novel strategies developed to achieve analytical signal amplification based on the use of NAzymes coupled
with inorganic NPs. Some representative examples of such strategies for the highly sensitive detection of different targets
will be presented, including metal ions, proteins, DNA- or RNA-based biomarkers, and small molecules or microorganisms.
Furthermore, future prospective challenges will be discussed.
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Nucleic acid enzymes and their potential
in bioanalytical applications

Genetic nanomaterials with intrinsic enzyme-like properties
have attracted growing interest due to their striking advan-
tages over traditional enzymes, such as low cost, easy sur-
face modification, high stability and robustness, and tunable
activity [1]. These features enable them to be considered as
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a potent substitute for natural enzymes to construct novel
analytical platforms for detecting various analytes, from
small molecules to proteins and cells. In this vein, research-
ers have recently been exploiting both natural and synthetic
properties of nucleic acids, including catalysis by nucleic
acid enzymes (NAzymes) for the development of novel and
improved bioanalytical strategies and sensors [2]. NAzymes
are composed of single-stranded sequences of either DNA
(deoxyribozymes or DNAzymes) or RNA (ribozymes),
organized into domains required for enzymatic activity
(catalytic core domains) and substrate recognition (sub-
strate binding domains) [3, 4]. These NAzymes are capable
of catalyzing a broad range of chemical reactions, including
cleavage, ligation, phosphorylation, or deglycosylation of
DNA or RNA. Catalytic nucleic acids, sometimes in combi-
nation with aptamers, have been studied extensively for their
capacity to provide the basis for biosensors.

The most widely studied NAzymes are those with cleav-
ing capability of RNA substrates, producing the rupture
between two RNA bases, and resulting in two shorter dif-
ferent sequences. The sequences of these DNAzymes were
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generated in vitro by prior selection from a library of DNA
sequences. Their structure consists of a central sequence,
which makes up the catalytic core, and a sequence that is
complementary to the substrate containing the RNA bases
to be cleaved (see Fig. 1). Using appropriate labels at both
ends of the substrate, the scission produced can generate a
change in the analytical signal [5, 6].

In addition, to increase the versatility and utility of
NAzymes, Mokany et al. developed in 2010 multicompo-
nent complexes, known as multicomponent nucleic acid
enzymes (MNAzymes), which produce amplified “output”
signals in response to specific “input” signals (a certain tar-
get sequence). MNAzymes were developed by breaking the
catalytic core into two parts (partzyme A and partzyme B)
and including new sequences in each partzyme [7]. There-
fore, MNAzymes have two different specific recognition
areas, the substrate-binding arm, which interacts with the
substrate to be cleaved, and a second recognition area com-
monly called sensor arm, that is complementary to the tar-
get. The partzymes assemble into active MNAzymes only in
the presence of a specific assembly species such as a target
nucleic acid. Once formed, MNAzymes catalytically cut the
substrate through the RNA bases, generating an amplified
signal that heralds the presence of the target while leaving
the target intact (Fig. 1) [8].

The catalytic core of the enzyme is made of about 13 or
15 nucleotides that require divalent metal cations for their
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Fig.1 Scheme of RNA-cleaving NAzyme conformations. Left: A
DNAzyme with cleaving capability is represented in green. When
a substrate containing two RNA bases (in blue) hybridizes with
the DNAzyme, the cleavage takes place, generating two shorter
sequences that are easily displaced. Hence, a new substrate molecule
can bind the DNAzyme to start the process again. P1 and P2 are two
probes located at both ends (nanoparticles [NPs], dyes, fluorophores,
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operation. Depending on the nucleotide sequence of the cat-
alytic core, specific cations are associated with the activity
of the enzyme, such as Pb**, Mg**, Cu®*, Zn**, and Hg*",
among others [9]. Hence, target-specific NAzymes are active
under certain assay conditions that have to be customized
for each NAzyme, such as different media and activation
temperatures.

Besides the aforementioned and widely used DNAzymes
with cleaving catalytic capabilities, DNAzymes made of
guanine-rich oligonucleotides can form a four-stranded
structure (known as G-quadruplex or G4) which exhibits a
rather different catalytic activity. In these structures, G bases
are hydrogen bonded to each other forming planar conforma-
tions known as the G-tetrad [10, 11]. Due to van der Waals
interactions, ligands such as metalloporphyrins are able to
stack on the terminal G-tetrads of the G-quadruplex. An
iron porphyrin, typically hemin (the active center of heme-
proteins as peroxidase), is the most studied metalloporphyrin
in this field because of its ability to bind to the G-quadruplex
with high affinity, and also due to its peroxidase-like activity
as consequence of the reversible transformation of Fe(IIl)/
Fe(Il) [12]. Such hemin/G-quadruplex complexes with per-
oxidase-like activity are in fact a new kind of DNAzyme
that, as will be summarized in the bioanalytical applications
section, are mainly exploited for the detection of proteins
[13].
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etc.). Changes in the distance between them will serve to monitor
the presence of substrate. Right: An MNAzyme is represented in
green. The catalytic core has been divided into two parts, and another
sequence (complementary to the target sequence) was introduced at
the bottom. The behavior is similar to the DNAzyme on the left, but
the presence of a target is needed to activate the catalytic activity of
the MNAzyme
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Such special features offered by NAzymes, including high
stability, extraordinary catalytic activity, and the possibility
of being tailored with high specificity against a certain tar-
get, make them a promising tool to be exploited in different
areas, including clinical biosensing, environmental monitor-
ing, or food control.

Besides the inherent advantages of NAzymes, the syn-
ergistic use of inorganic NPs as labels for analytical detec-
tion can also add value to improve the sensitivity of the
detection assay. Because of this, most of the applications
combining NAzymes and NPs take advantage of the opto-
electronic characteristics of gold NPs (AuNPs), but other
types of NPs have been also evaluated, including platinum
NPs (PtNPs), quantum dots (QDs), magnetic NPs (MNPs),
or cerium oxide NPs, among others. The different types of
NPs introduce different valuable optoelectronic and physical
properties that significantly improve the sensitivity of the
bioanalytical methods.

In the following sections, selected bioanalytical applica-
tions based on the use of DNAzymes and MNAzymes cou-
pled to NPs will be presented. First, developments of DNA-
zymes coupled to NPs for sensitive detection of different
biochemical targets will be summarized. Second, some bio-
analytical applications of MNAzymes, using different types
of NPs as labels, will be presented. The section devoted to
bioanalytical applications of DNAzymes and NPs has been
classified according to the type of analyte detected, because
the number of publications in this topic is higher, and there-
fore, a more general information is provided. Nevertheless,
Table 1, which includes the main figures of merit for each
publication has been included to show more detail of each
publication. Conversely, the section related to the bioana-
lytical applications of MNAzymes with NPs has been clas-
sified according to the type of NPs used, and provides more
information about each publication because the number of
publications is much lower when compared to those based
on DNAzymes, and the novelty of the strategies is higher.

(Bio)analytical applications based
on DNAzymes and NPs

Detection of metals

Interestingly, Pb?* has played an important role in nucleic
acids chemistry. This explains that, since 2000, DNA has
been extensively used for selective detection of Pb>*. Such
an ion can serve as the most active cofactor for RNA-cleav-
ing DNAzymes. In addition, Pb>* can tightly bind to various
G-quadruplex sequences, inducing their unique folding and
binding to other molecules.

Therefore, the detection of Pb>* ions is undoubtedly one
of the most investigated analytical applications based on

the combination of DNAzymes and NPs, and it constitutes
nearly 30% of the research articles published on this topic.
In addition, among those publications, most of them employ
AuNPs, and are based on the cleavage catalytic activity that
takes place in the presence of Pb** ions, where a substrate
strand can be cleaved at its ribonucleotide adenosine (rA)
site. The strategies evaluated so far for the detection of
Pb%* are diverse, and it is not the purpose of this review
to examine all of them, but to provide an overview of the
main approaches developed based on different detection
techniques. In this sense, surface plasmon resonance (SPR)
sensors have been described using AuNPs, where the DNA-
zyme and substrate assembly are immobilized onto a gold
solid film, containing a AuNP at the other end. The presence
of Pb** activates the catalytic activity of the DNAzyme,
and cleavage of the substrate takes place. This is the basis
of a pioneer work where the cleavage of the substrate gives
rise to a conformational change, and the AuNPs fall closer
to the gold film, increasing the measured SPR signal [14].
In an alternative approach, the AuNPs are removed from
the surface of the sensor, decreasing the localized surface
plasmon (LSP) and the surface plasmon polariton (SPP)
coupling [15].

There are also several publications that describe the
detection of Pb>* ions using electrochemical techniques.
These methods are mainly based on the immobilization of
the DNAzyme and substrate on a surface, such as graphene
oxide, and the presence of Pb*" ions produces a confor-
mational change that can be followed through by differ-
ential pulse voltammetry (DPV) assisted by ferricyanide
([Fe(CN)6]3_/4_) [33]. Another example makes use of a
PtNPs/TiO2/a-Fe,05 composite and the DNAzyme immo-
bilized onto a gold electrode. The presence of Pb>* ions
activates the cleavage of the DNAzyme, and the nanocom-
posite is deposited onto the electrode surface, increasing the
signal measured by DPV [34]. This strategy was successfully
applied to the detection of Pb** ions in samples of lake water
and human serum.

Development of lateral flow tests (LFTs) to carry out the
visual detection of lead ions has been also described, achiev-
ing a low detection limit of just 1 nM with the naked eye
after a 1-h incubation step for the sample containing Pb>*
with the DNAzyme, and a second step of 15 min after the
addition of the mixture on the pad of the strip for developing
the assay [16].

The aforementioned applications for P detection,
which are based on ultraviolet—visible (UV-Vis) spectropho-
tometry, fluorimetry, or electrochemical techniques, achieve
low detection limits on the nanomolar to picomolar order.
When compared to the most commonly employed elemen-
tal techniques, including inductively coupled plasma mass
spectrometry (ICP-MS), atomic absorption spectrometry
(AAS), and inductively coupled plasma atomic emission
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Table 1 Summary of some characteristics of NAzymes applications

Method Target Detection Sample Time, tempera- LOD Linear range Ref.
ture
DNAzymes Pb** SPR Clinical human 20 min 25 °C 8.56 pM 100" Mto 107%  [14]
AuNPs serum M
Groundwater 25 min 37 °C 80 pM 10" M to 107° [15]
M
LFT Soil 15 min 25 °C 0.05 nM 0.01 to 100 pM [16]
Uo,** RLS Water 10 min 25 °C 4.09 tM 1361078 t0 1.50  [17]
1077M
WMS Water 10 min 25 °C 2.87 nM 9.57 to 120 nM [18]
20 min 55 °C
Colorimetric Drinking water 30 min 25 °C 50 nM 50 to 500 nM [19]
sensor
Hg>* Fluorescence Chinese herbs 85 min 25 °C 80 pM 0.2 to 150 nM [20]
sensor
Zn** Cu** Fluorescence cell  HepG2 Cells 180 min37°C  0.47 nM Zn** InMto30nM  [21]
imaging 0.45 nM Cu?* Zn**, 1 nM to
20 nM Cu**
miRNA-141 LOVE-Icells, 8h37°C 25 pM - [22]
SMMC-7721
cells, HeLa
cells, 22Rv1
cells
Zn*t Hela cells 60 min 37 °C - 1 to 10 pM [23]
DENV-2 NGC Colorimetric Mosquito cells 30 min 37 °C 10 TCID50 10 to 10° TCID50 [24]
sensor units
DNAzymes Thrombin Colorimetric Not applied to 90 min 4 °C 0.6 nM 0.8 to 10 nM [25]
(G-quadruplex) sensor real samples
AuNPs Myoglobin Serum 180min37°C  2.5n0M 25t0100nM  [26]
5 min 25 °C
invA gene of Water 5 min 95 °C 0.44 nM 0.5 to 50 nM [27]
Salmonella 60 min 37 °C
205 min 25 °C
SEB Human serum 5 min 95 °C 1 pgmL~! 0.1 to 500 pg [28]
85 min 25 °C mL™!
CEA Electrochemical ~ Human serum 160 min 25 °C 0.42 pg mL™! 1.0pgmL™ 020 [29]
(impedance) ng mL™!
miR-26a Notappliedto ~ 120min25°C 15107 M 301077 Mto 1.0 [30]
real samples 1074 M
Thrombin DPV Human blood 100 min 4 °C 20 fM 100 fM to 20 nM  [31]
serum
CA19-9 CE-CLIA Human serum 60 min 37 °C 0.016 UmL™! 0.025to0 1.00 U [32]
mL™!
DNAzymes Pb>* DPV River, lake, and 45 min 37 °C 15 pM 0.05nM to 0.4 [33]
RGO-AuNPs tap water mM
DNAzymes Drinking water, 40 min 37 °C 0.29 pM I1pMto 0.1 pM  [34]
PtNPs/TiO,/a- serum 180 min 25 °C
Fe,0;
DNAzymes CEA Human serum 90 min 25 °C 32fg mL™! 10 fg mL~" t0 200 [35]
(G-quadruplex) ng mL™!
AuNPs/GQDs
DNAzymes Thrombin ECL Human serum 6h37°C 0.28 fM 1fMto 1 nM [36]
AuNPs
CdSeTe@ZnSNPs
DNAzymes Cardiac troponin ~ Chemilumines- Human serum 60 min 37 °C 84 fg L' 0.003 to 270 ng [37]
(G-quadruplex) T cence Lt

AgNPs
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Table 1 (continued)
Method Target Detection Sample Time, tempera- LOD Linear range Ref.
ture
DNAzymes DNA Chronoamperom- Not applied to 20h25°C 0.6 fM 1.0fMto 10 pM  [38]
PtNPs/CNTs etry real samples
DNAzymes Hg>* SWV River, lake, and 70 min 25 °C 0.006 pg L 0.002 to 20 pg [39]
(G-quadruplex) drinking water L!
Au@AgNPs
DNAzymes GHK peptide Serum 80 min 37 °C 0.2 pg mL™! 1pgmL~to 1ng [40]
ZrNPs 30 min 25 °C mL™!
DNAzymes Thrombin Optical sensor Human plasma 90 min 37 °C 0.5nM 0.5 to 20 nM [41]
(G-quadruplex)  MuUC1 Colorimetric Serum 150 min25°C  5.08 nM 50t0 1000nM  [42]
MNPs Cocaine, cocaine sensor Serum, plasma, 120 min 25 °C 50 nM 0.1 pM to 20 pM [43]
metabolite urine
MNAzymes Gon, Syph, Mal,  Colorimetric Not applied to 80 min 50 °C 50 pM 50 to 1000 pM [44]
AuNPs HBV sensor real samples
Staphylococcus Blood 165min50°C  10°CFUmL™"  107to 10°CFU  [45]
aureus mL™!
SARS-CoV-2 Blood 80 min 50 °C 10% copies of 10 to 10° copies  [46]
DNA/reaction of DNA/reac-
tion
ATP Human serum 90 min 25 °C 5.3pM 10 pM to 100 nM  [47]
Malaria DNA, sp-ICP-MS Serum 3h45°C 0.1 pmol L! 0.1 to 25 pmol [48]
miRNA-10b 15 min 60 °C L!
miR-21, miR-141, Fluorescence cell HeLa cells 40h 37 °C 10 pM - [49]
let-7d, miR- imaging
200b, miR-429
MNAzymes miRNA Optomagnetic HeLa cells 60 min 50 °C 1.5pM 10 pM to 100 nM  [50]
MNPs measurement
mRNA Cell imaging MCEF-7 cells 30h37°C 18 pM - [51]
MNAzymes miRNA-21, ICP-MS Human serum, 3h37°C 11 pmol L' 50 to 2000 pmol  [52]
MBeads miRNA-155, HepG-2 cells L!
miRNA-10b
DNA Fluorescence Not applied to 60 min 25 °C 180 tM 7.8t031.2 pM [53]
real samples
MNAzymes GBS Electro-chemilu-  Serum 120 min 37 °C 68 aM 0.1fM to 1 nM [54]

CuMn-CeO, NPs

minescence

SPR surface plasmon resonance, LTF lateral flow test, RLS resonance light scattering, WMS wireless magnetoelastic sensor, DPV differential
pulse voltammetry, CE-CLIA capillary electrophoresis-based chemiluminescent immunoassay, ECL electro-chemiluminescence, SWV square
wave voltammetry, /CP-MS inductively coupled plasma, sp-ICP-MS single-particle ICP-MS, DENV-2 NGC dengue virus, SEB staphylococcal
enterotoxin B, CEA carcinoembryonic antigen, CA19-9 carbohydrate antigen, GHK glycyl-L-histidyl-L-lysine, Gon gonorrhea, Syph syphilis bac-
teria, Mal malaria parasite, HBV hepatitis B virus, ATP adenosine triphosphate, GBS group B streptococci

spectrometry (ICP-AES), the limits of detection achieved
are in the nanomolar range [55-57]. Hence, coupling DNA-
zymes with NPs has allowed for development of analyti-
cal methods with similar or lower detection limits without
requiring the expensive and complex equipment used in the
abovementioned elemental detection techniques.
DNAzyme-based sensors have been developed to detect
other metal ions besides Pb**, including Mg>*, Hg>*, Cu®*,
Zn**, Cd**, and UO,?*. Due to the extremely low detection
limits achieved, the detection of uranyl ions based on the use
of DNAzymes merits special attention, being highly compet-
itive over other conventional detection systems (e.g., atomic
mass spectrometry). In a similar manner to Pb** detection,

studies in which DNAzymes were used for the detection
of uranyl ions are mostly based on the use of AuNPs. A
very simple approach is the use of AuNPs decorated with a
uranyl-specific DNAzyme. The presence of UO,** produces
the cleavage of the DNA on the surface of the NPs, decreas-
ing the stability of the AuNPs. The aggregation of the NPs
is measured through resonance light scattering, achieving
a limit of detection on the order of 4 nM [17]. A wireless
magnetoelastic sensor with a similar detection limit was also
developed for highly selective detection of uranyl ions. In
this work, the presence of UO,*" produces the cleavage of
the substrate strand of the DNAzyme to generate a single-
stranded DNA (ssDNA) that is adsorbed onto the graphene

@ Springer



5206

Sanchez-Visedo A. et al.

oxide film, giving rise to a decrease in the resonance fre-
quency of the magnetoelastic sensor [18]. Finally, a similar
approach based on the lower stability of AuNPs after cleav-
age of the surface DNA but using colorimetric detection was
also published, with a limit of detection around 50 nM [19].

Hg?* sensing based on DNAzymes has also been pro-
posed based on a highly effective strategy that merits
a special highlight. The approach is based on the well-
known thymine-Hg(II)-thymine (T-Hg?*-T) interaction,
that generates the binding of two DNA strands to form the
enzyme strand DNA (E-DNA). A fluorophore-labeled hair-
pin is located on the surface of the AuNPs. Hence, in the
absence of Hg>* a low fluorescence signal is observed due
to a Forster resonance energy transfer (FRET) phenomenon
between the fluorophore and the AuNPs. The presence of
Hg(1I) produces the E-DNA which binds to the hairpin to
form a Mg(II)-dependent DNAzyme structure. Because the
release of the fluorophore gives rise to a recovery of the
fluorescence, the circular cleavage of the hairpins results
in amplification, achieving a detection limit of 80 pM [20].

Electrochemical detection of Hg?" was also carried out
using Au/Ag core/shell NPs and T-Hg?*-T interactions. In
this study, the NPs were surface-modified with different
DNA sequences: one generated the G-quadruplex DNA-
zyme, and another complementary to the DNA sequence
immobilized onto the gold electrode surface. In the pres-
ence of Hg?*, a double-stranded DNA structure is generated
between the DNA immobilized onto the electrode and the
DNA decorating the NPs as a consequence of the T-Hg?*-T
interactions. Hence, DNAzymes are close to the surface of
the electrode, and oxidation of H,0, can be easily meas-
ured (see Fig. 2). The excellent sensitivity achieved in this
work, with a limit of detection of 6 ng L7, is due to several

Fig.2 Scheme of the Au/Ag
core/shell NPs, surface-modi-
fied with the hemin/G-quadru-
plex DNAzyme and the DNA
(green arrow) complementary to
the sequence immobilized onto
the electrode surface (purple
arrow). The presence of Hg>*
generates the double-stranded
DNA, bringing the NPs and
the DNAzyme close to the
surface of the electrode where
the catalyzed oxidation of H,0,
is measured [39]. This figure

is licensed under a CC BY 4.0
license and can be found at
https://creativecommons.org/
licenses/by/4.0/. It is attributed
to Yanling Zhao and Xianmei
Xie, and the original version
can be found at https://doi.org/
10.21577/0103-5053.20170133
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factors: (i) the bimetallic Au/Ag core/shell NPs can enhance
the electrocatalytic oxidation of H,0,; (ii) the G-quadruplex
DNAzyme employed also catalyzes the oxidation of H,0,;
and (iii) the large surface area allows each NP to contain
multiple DNAzymes [39].

The aforementioned examples demonstrated the utility
of DNAzymes for metal sensing taking advantage of the
metal-dependent activity of some DNAzymes. It is worth
mentioning that the same principle has been exploited for
intracellular imaging of metal ions. It is well known that
simultaneous detection of Zn>* and Cu®" is attracting signifi-
cant interest due to the important roles they play in regula-
tion of biological systems. Hence, a two-color fluorescence
nanoprobe was designed based on the use of AuNPs that
were surface-modified with two DNAzymes specific to
those ions, and their corresponding substrates were labeled
with different fluorophores at the 5' end (see Fig. 3; FAM
for the Zn substrate, and Cy5 for the Cu substrate). In this
nanoassembly, the fluorescence emission is quenched by the
AuNPs and the quencher molecule. The presence of Zn>*
or Cu* causes the cleavage of the substrate. Thus, the dis-
tance between the fluorophore and both the quencher and the
AuNP increases, producing an increase of the fluorescent
signal that can be correlated with both the concentration
and location of the intracellular Zn>" and Cu?*. It should be
noted that the use of AuNPs presents advantages beyond the
obvious quenching efficiency. Because AuNPs present high
stability in biological systems, they are capable of entering
cells without the need for transfection agents, and are resist-
ant to degradation [21].

Recently, in an attempt to overcome the limitations of
traditional one-photon fluorescent probes for intracellular
applications, a two-photon fluorescent probe was designed

DNA2
DNA3 + Hemin
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Fig.3 Scheme of the simul-
taneous imaging of Zn>* and
Cu?* in living cells based on
DNAzyme-modified AuNPs
[21]. Reprinted with permission
from Analytical Chemistry 2015

87 (9), 4829-4835, Copyright
© 2015 American Chemical
Society
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to increase the light penetration depth and to minimize tis-
sue autofluorescence and photodamage. The experimental
design uses a two-photon fluorophore as a label, presenting a
luminescence emission at 490 nm and a near-infrared (NIR)
light as an excitation source (760 nm). With this strategy, the
imaging of Zn** was successful, achieving tissue penetration
up to 160 pm and excellent photostability (no significant
light drift was observed even after 100 min of continuous
irradiation). This method provides a superior strategy for
designing other probes for metal ion imaging in living cells
[23].

Detection of proteins

Many applications described in the literature using
DNAzymes for the detection of proteins are based
on the peroxidase mimic G-quadruplex DNAzyme.
Among them, the detection of thrombin has been
widely studied, using a specific aptamer to perform
the recognition of the target in combination with

different types of NPs, including AuPdNPs [31],
AuNPs [25], or MNPs [41] to achieve the electro-
chemical or optical detection readouts. Among these
works, the first one describes an interesting mode
to obtain triple amplification, and consequently,
high sensitivity for the voltammetric detection of
thrombin. For this purpose, AuPdNPs surface-mod-
ified with horseradish peroxidase (HRP) and with
a thrombin aptamer that can react with hemin to
form a hemin/G-quadruplex DNAzyme were linked
onto poly(o-phenylenediamine) microspheres (a
redox-active material). AuNPs were bioconjugated
to a thiolated thrombin aptamer and then elec-
trodeposited onto a glassy carbon electrode (GCE).
In a sandwich-type assay, the aptamer immobilized
onto the GCE recognizes and captures the throm-
bin, and then, the solution containing the HRP/
hemin/G-quadruplex/AuPdNPs is added, and spe-
cific recognition between the immobilized thrombin
and the aptamer takes place. In this assay, HRP, the
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AuPdNPs, and the DNAzyme can catalyze the elec-
trochemical reaction of poly(o-phenylendiamine) in
the presence of H,0,, and the peak current, related
to the amount of thrombin, is greatly amplified,
achieving a limit of detection of 20 fM [31].

There are also few examples in the literature based on
RNA-cleaving DNAzymes for the detection of proteins
involving a thrombin aptamer as recognition element.
For instance, ZrNPs [40] and CdSe@ZnS QDs [36] were
combined with DNAzymes to perform electrochemical or
electroluminescent detection, respectively. In this sense,
a DNA hairpin composed of an 8-17 DNAzyme and a
thrombin aptamer was built to carry out the thrombin
recognition (see Fig. 4). Hence, the presence of the target
opened the hairpin, and the DNAzyme started to cleave
the substrate, constituting the first step of amplification.
Those cleaved fragments were then available to open
the capture DNA which was immobilized onto the gold
electrode. Consequently, the capture DNA could also
interact with biobar-coded AuNPs-CdSeTe@ZnS QDs to
generate the electrochemiluminescence signal, achieving

a second amplification step. This strategy resulted in
a limit of detection for thrombin as low as 0.28 fM in
serum samples, and obtaining ideal results in terms of
selectivity as well.

Besides the most widely studied thrombin, some other
proteins have been detected using a G-quadruplex DNA-
zyme. Most of the methods proposed exploit the perox-
idase-mimic activity that in the presence of hemin gen-
erates H,O,. The resulting hydrogen peroxide is further
employed to produce the oxidation of the colorless ABTS
[2,2'-azinobis(3-ethylbenzthiazoline-6-sulfonate)], gener-
ating a blue-green product that will be employed for the
colorimetric detection of tumor biomarker MUC1 [42], or
the visual detection of myoglobin [26]. In other studies,
the H,O, is used to generate a chemiluminescent signal
in the presence of luminol-p-iodophenol that is regis-
tered with a charge-coupled device (CCD) camera for the
detection of cardiac troponin T [37]. Last but not least,
G-quadruplex DNAzymes coupled with AuNPs have been
also employed to electrochemically detect proteins such as
carcinoembryonic antigen (CEA), where the generation of

Recycle
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Om Hairpin DNA 5 ) Thrombin ? Capture DNA I&f Fragment

2. DNAzyme °

mm— Substrate € AuNPs

Fig.4 Schematic illustration of the dual signal amplification strategy-
based electro-chemiluminescence (ECL) aptasensor for detection of
thrombin [36]. In the upper part of the figure, a hairpin DNA contain-
ing a thrombin aptamer and a DNAzyme is shown. The presence of
thrombin opens the hairpin, so the substrate binds to the DNAzyme,
that in the presence of Zn ions cleaves the substrate, which is liber-
ated, and the DNAzyme is available to bind a new substrate sequence
(first amplification step). In the lower part of the figure, a capture
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DNA probe is immobilized onto the surface of a gold electrode. The
presence of the cleaved substrate opens the capture DNA that can
now interact with the biobar-coded AuNPs-CdSeTe@ZnS QDs. Each
AuNP contains many CdSeTe@ZnS QDs, which are the ECL signal
probes that constitute the second amplification step. Reprinted with
permission from ACS Appl. Mater. Interfaces 2015, 7, 1, 696703,
Copyright © 2014 American Chemical Society
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H,0, has been exploited to perform voltammetric [35] or
impedimetric [29] detection of CEA.

Detection of DNA/RNA biomarkers

The use of DNAzymes coupled with the detection of genetic
targets using NPs has been also widely investigated. In a
pioneer development, carboxylated nanotubes (CNTs) were
modified with Pt via layer-by-layer assembly and further
functionalized with the DNAzyme and the reporter probe
through platinum-sulfur bonds. This sandwich-type detec-
tion is based on the use of a gold electrode modified with
a capture probe that interacts with the target, while several
DNAzyme/Pt NPs/CNTs are confined on the surface of the
electrode. The addition of hemin activates the DNAzyme
and catalyzes the reduction of the oxidized 3,3',5,5'-tetra-
methylbenzidine (TMB), which was measured using chrono-
amperometry. The peak current of the DNA biosensor was
logarithmically related to the target concentration across
the range of 1.0 fM to 10 pM, with a limit of detection of
0.6 fM [38]. A similar approach was developed to detect
the InvA gene of Salmonella. The target DNA was captured
on a well surface, and subsequently, AuNPs modified with
both the detection probe and the DNAzyme were added
to the medium. Upon the addition of hemin, the oxidation
of TMB occurs, and spectrophotometric detection is per-
formed, achieving a limit of detection of 0.44 nM for the
target sequence, corresponding to an interval of 3 X 10? to
3 x 10® CFU mL"! for salmonella detection in water [27].

Immobilization of the DNAzyme on the electrode was
also carried out for impedimetric detection of miRNA using
AuNPs. In this case, in the presence of hemin, the DNA-
zyme catalyzes the oxidation of 4-chloro-1-napthol (CN)
to form an insoluble product. The presence of the precipi-
tate generates a barrier that increases the electron transfer
resistance. With this scheme, and using electrochemical
impedance spectroscopy and microgravimetric quartz crys-
tal microbalance, the detection limit was 15 aM, achieving
an excellent differentiation ability for single-base mismatch
[30].

Coupling DNAzyme cleavage catalysis with the aggrega-
tion of AuNPs has been also used to detect an RNA sequence
of dengue virus. In this approach, the target sequence inter-
acts with the DNAzyme, and introduction of Mg?** and
a heating step produce the digestion of the viral RNA,
deshielding the AuNPs and leading to their aggregation [24].
It is worth mentioning that the inclusion of sodium dodecyl
sulfate (SDS) in the reaction mixture allows for detection
directly on the supernatant of the cell culture, minimizing
the sample treatment, and achieving a detection limit of 10
TCIDys, units in a matter of 30 min.

AuNPs were also employed for miRNA-141 imaging in
living cancer cells, since it is overexpressed in the cancer

cell line LOVE-1, whereas the control cell line SMMC-
7721 shows minimal levels of miRNA-141. In this study,
the surface of the AuNPs was decorated with hairpin-locked
DNAzyme strands with a fluorescent label. In absence of
the target, the fluorescence of the dye is quenched by the
AuNPs. The presence of the target provokes the opening
of the hairpin, activating the DNAzyme, and cleavage of a
DNA fragment containing the dye takes place. As conse-
quence, the fluorophores are released from the AuNP sur-
face, and a fluorescence enhancement takes place, while the
target is also released to bind with another hairpin-locked
DNAzyme, significantly improving the sensitivity. These
results provide a new tool for understanding miRNA func-
tionality in biological processes for fundamental research
and clinical diagnostics [22].

Detection of small biomolecules
and microorganisms

Sensitive detection of small biomolecules and microorgan-
isms has also been achieved using DNAzymes. For instance,
an efficient signal amplification strategy based on the use of
an antibody-AuNP-DNAzyme assembly was designed for
the detection and quantification of the carbohydrate anti-
gen 19-9 (CA19-9), a well-known tumor marker, in human
serum samples. For this purpose, multifunctional AuNPs
were prepared by decorating their surface with both a spe-
cific antibody toward CA19-9 and a hemin/G-quadruplex
DNAzyme. The target interacts specifically with the anti-
body, and the nanoassembly containing CA19-9 is separated
from the one that did not interact with the target through
capillary electrophoresis. The high sensitivity achieved is
due to the amplification of the signal due to the hemin/G-
quadruplex complex, which presents catalytic activity simi-
lar to that of peroxidase, and can be used to obtain a chemi-
luminescent signal in the presence of luminol [32].

A colorimetric strategy based on DNAzymes and MNPs
(used as amplification and separation elements) was devel-
oped for the detection of cocaine. In this work, MNPs were
decorated with an aptamer that specifically recognizes
cocaine. Once again, using a hemin/G-quadruplex complex,
the H,0,-mediated oxidation of TMB takes place, giving
rise to a solution color change and providing a limit of detec-
tion of 50 nM [43].

Very few articles have described the use of DNAzymes
for detecting genetic material specific to certain microor-
ganisms to evidence the presence of such microorganisms
in the media. In this sense, a specific aptamer for staphy-
lococcal enterotoxin B (SEB) detection is immobilized
on an enzyme-linked immunoassay (ELISA) plate with a
probe “G.” In the absence of the target, the G-quadruplex
sequences are not released, and no activity of the DNA-
zyme can be observed. Hence, the H,0, reduces the gold
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ions, generating quasi-spherical and well-dispersed AuNPs
in a red solution. Conversely, in the presence of a target, a
conformational change occurs on the aptamer, liberating the
G-quadruplex-forming sequences and converting them into
active hemin/G-quadruplex peroxidase-mimicking DNA-
zymes. As a consequence, the H,0, is consumed, and the
kinetics of crystal growth slows, giving rise to the aggrega-
tion of the AuNPs as observed through a shift of the SPR
peak toward higher wavelengths (changing from red to blue
color) [28].

MNAzymes and NPs for bioanalytical
applications

As previously described, MNAzymes have been developed
to increase the versatility and utility of NAzymes. Synergis-
tic combination of MNAzymes with inorganic NPs proved
to be specially suited to achieve the extremely low detec-
tion limits often required for biomarker detection. Because
there are still few publications related to this topic, the main
approaches combining MNAzymes with inorganic NPs for
bioanalytical purposes described in the literature are sum-
marized in this section, and have been classified according
to the type of nanomaterial employed.

AuNPs

MNAzymes can be used as tools for direct detection of
nucleic acids in a protein-free, isothermal, optical format,
when coupled with AuNPs as detection tags. The use of
AuNPs coupled with MNAzymes has been exploited using
two main approaches for the detection of long genetic
sequences like DNA and RNA or shorter sequences such as
miRNAs. The first approach, reported by Zagorovsky and
Chan [44], takes advantage of the optoelectronic properties
of AuNPs. In this study, the detection of a target is executed
by evaluating the changes produced on the SPR peak when
the AuNPs are aggregated or not aggregated in a colloidal
suspension. For this purpose, AuNPs are surface-modified
with short, thiolated DNA sequences, which are partially
complementary to a substrate DNA sequence containing an
rA base. This substrate is also complementary to the upper
arms of the MNAzyme; thus, when the substrate is intact,
the AuNPs are in close proximity. However, when the MNA-
zyme is activated in the presence of the target, cleavage of
the substrate takes place in a multiple turnover, which is split
into two shorter strands, increasing the distance between the
AuNPs. Based on this strategy (see Fig. 5a), in the absence
of the target, a dark purple color will be observed due to
the aggregation of AuNPs, whereas the presence of the tar-
get will activate the MNAzyme, and the color will change
to red/pink due to the good colloidal stability of AuNPs.
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Just by changing the sequence of the sensor arms, multi-
analyte detection is demonstrated. In fact, genetic targets
corresponding to gonorrhea (Gon), syphilis bacteria (Syph),
malaria parasite (Mal), and hepatitis B virus (HBV) have
been detected in parallel with sensitivity on the order of
250 pM in 80 min. Following this strategy, Mohamed et al.
[45] recently reported the implementation of this methodol-
ogy for the detection of bacterial RNA from Staphylococcus
aureus (S. aureus) and their genetic modifications that con-
ferred them resistance to antibiotics such as penicillin, with
clinical sensitivity of 90% in less than 3 h of assay. Hannah
et al. [46] reported this strategy to differentiate COVID-19
(SARS-CoV-2) from influenza A (H3N2) virus with clini-
cal sensitivity of 93% in 85 min. Finally, Zhu et al. [47]
performed a similar aggregation assay for the detection of
adenosine triphosphate (ATP) by modifying sensor arms of
MNAzymes with longer sequences that specifically recog-
nize ATP molecules, achieving a limit of detection of 5.3
pM in 60 min.

The colorimetric detection of AuNPs coupled with MNA-
zyme amplification is a simple, rapid, and cost-effective way
to detect genetic targets or other types of small molecules
with high sensitivity. However, alternative techniques have
been described to detect AuNP aggregates formed during the
assay, one being the elemental detection of gold atoms. For
example, Yin et al. [48] ran the homogeneous assay based
on MNAzymes and AuNPs, and the readout was performed
using single-particle ICP-MS (sp-ICP-MS) capable of dis-
tinguishing between aggregated and non-aggregated AuNPs,
achieving a sub-picomolar limit of detection. This work
takes advantage of the differences between large aggregates
of particles and small AuNPs formed by non-cleaved and
cleaved substrate systems, respectively. Therefore, increas-
ing the target concentration (i.e., more cleaved substrate)
induces a decrease in the signal intensity of the aggregated
particles, while at the same time, increasing the pulse fre-
quency. Thus, size differences can be discriminated using
sp-ICP-MS, enabling the application of this strategy to the
detection of a long sequence from malaria DNA and a short
sequence from miRNA-10 with a fitting range of 0.1-25 pM.

AuNPs can also be used as electron acceptors because
they can absorb the fluorescence emission of fluorophores.
This feature, coupled with the ability of MNAzymes to
cleave a substrate sequence in the presence of the target, ena-
bles the development of methods based on FRET between
AuNPs and a fluorophore with an emission band close to
the absorption band of AuNPs (see Fig. 5b). Based on this
approach, Wu et al. [49] developed an intracellular nano-
probe system for miRNA sensing in living cells. To achieve
this, the substrate sequence to be cleaved by the MNAzyme
in the presence of the miRNA is modified with AuNPs at one
end and with the fluorophore FAM at the other end. Hence,
the donor and acceptor are in close proximity in the absence
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Fig.5 MNAzymes coupled with NPs as a signal amplification tool. a
AuNPs as probes used in MNAzyme aggregation assays with visual/
UV-Vis and sp-ICP-MS detection [44—48]. b AuNPs as probes used
as quenchers of organic fluorophores (F) coupled to MNAzymes for
fluorescence detection [49]. ¢ MNPs as probes used in MNAzyme
aggregation assays with optomagnetic detection [50]. d MNP probes

of the target, and no fluorescent emission is observed. The
rupture of the substrate upon activation of the MNAzyme
in the presence of the target gives rise to a recovery of the
fluorescence signal of FAM. It is noteworthy that AuNP-
based probes can naturally permeate the cell membrane and
that the intracellular target can activate MNAzymes under a

‘ ' S
—

Fluorescence

Intensity

Wavelength (nm)

used as carriers for multiple lanthanide (L) detection by ICP-MS
[52]. e MNPs used as carriers for fluorescence assays with organic
quencher (Q) and F as probes coupled with MNAzymes for fluores-
cence detection [51, 53]. f Catalytic NPs of CuMn-CeO, modified
with luminol as probes in an MNAzyme-mediated assay for ECL
detection [54]

physiological concentration of Mg*, allowing for real-time
fluorescence imaging of miR-21 in cancer cells with a detec-
tion limit of 10 pM.
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MNPs and magnetic beads

Many variations of the basic MNAzyme design, some of
which involve using MNPs, have provided further function-
alities. The potential and versatility of MNPs arises from
their paramagnetic and superparamagnetic properties, which
make them suitable carrier probes because the MNPs can
be guided via magnetic fields to a desired location. This
fact, coupled with the ability of MNAzymes to cut a specific
genetic substrate, guides the sequences (either the MNA-
zymes or the substrate) and sets them onto specific areas
of recognition and introduces the possibility for separating
the non-cleaved substrate from the rest of the components.
Three strategies have been described using MNPs or mag-
netic beads (MBs) combined with MNAzymes.

A recent publication employs the disintegration of MNP
assemblies for the detection of miRNA. MNP assemblies
are tailored with the substrate sequences of the MNAzymes,
which are activated in the presence of miRNA, leading to
a rupture and disintegration of the MNP assemblies (see
Fig. 5¢). The concentration of released MNPs is proportional
to the concentration of the target which is quantified by a
405-nm laser-based optomagnetic sensor, achieving a limit
of detection on the order of a few pM [50].

The second detection approach using MBs is based on
elemental detection by anchoring elemental tags or labels
at one end of the substrate arm (see Fig. 5d). In this sense,
Kang et al. [52] reported an assay employing lanthanide tags
for the simultaneous detection of multiple miRNAs by ICP-
MS. In this case, streptavidin-modified MNPs and three dif-
ferent substrate arms labeled with biotin at one end and lan-
thanide tags (Tb, Ho, Lu) at the other end were constructed.
In the presence of the targets, three different pairs of MNA-
zymes were assembled with their corresponding substrate,
releasing the fragment with the lanthanide tag that will be
further monitored through ICP-MS. Using this approach,
multiple-target recognition with a detection limit on the
order of the picomolar was achieved. Finally, a third detec-
tion approach is based on the use of fluorophore—quencher
interaction as assay probes. Both substrate ends are modified
with a fluorophore and its respective quencher. As aforemen-
tioned, the presence of the target produces an increase of the
fluorescence signal due to the cleavage of the substrate (see
Fig. Se). In this sense, Safdar et al. [53] reported a microw-
ell-based bioassay for multiplex nucleic acid detection using
MBs. Two sets of MBs were functionalized with two differ-
ent MNAzyme sequences. To enable duplex detection, these
sequences comprised the same core and included different
target and substrate binding arms, with two different quench-
ing and fluorophore probes, tailored for detection of either
Streptococcus pneumoniae or human adenovirus targets.
Then, both sets of MBs were mixed in a 1-to-1 ratio and
positioned by permanent magnets on the microwell plate,
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with their respective substrate and target sequences. The
presence of each target activated its corresponding MNA-
zyme, and cleavage of the specific substrate took place.
Hence, a recovery of the fluorescence signal at 535 nm for
Streptococcus pneumoniae and 567 nm for human adenovi-
rus occurs. With this scheme, a detection limit on the sub-
picomolar region was achieved. A similar approach based
on fluorophore—quencher interaction was also reported by
Bakshi et al. [51]. In this study, MNPs activated by a mag-
netic field act as carriers for the intracellular detection and
imaging of a genetic biomarker for breast cancer.

Catalytic NPs (nanospheres of CuMn-CeO,)

It is well known that certain NPs present catalytic capaci-
ties that can be exploited in the development of improved
electrochemical tests. The presence of metal oxides with
special surface mixed-valence properties, such as cerium
oxide (CeO,) NPs, which have a redox pair of Ce** / Ce*™,
can switch oxidation states on the lattice surface. In addi-
tion to this redox feature, CeO, nanocrystals can act as a
host matrix for several doping elements, including Gd, Sm,
Cu, or Mn, resulting in a significant increase of the catalytic
performance of the NP. Inspired by the abovementioned
principle, Ling et al. [54] reported the use of CuMn-CeO,
nanospheres with a large specific surface area that can act
as nanocarrier for the development of an ECL biosensor for
the detection of group B streptococci (GBS) with a detec-
tion limit in the attomolar region. In this pioneer work, a
GCE with gold deposited on its surface was modified with
a capture probe (CP), and CuMn-CeO, nanospheres were
modified with a signal probe (SP) and a chemiluminescence
complex named polyethylenimine-luminol (PEI-luminol). In
a previous step, the substrate hairpin sequence is cleaved by
MNAZzymes in the presence of the target analyte. The shorter
sequence resulting from the cleavage of the substrate hairpin
acts as linker and hybridizes with CP and SP, producing an
approximation between the nanospheres modified with PEI-
luminol and the gold electrode surface, stimulating oxida-
tion of H,0, test solution, and leading to an increase in the
fluorescent signal of PEI-luminol (see Fig. 5f).

Summary and future trends

Clearly, the excellent properties exhibited by DNAzymes,
including high stability, good catalytic activity that can
be converted into a signal amplification step, and the pos-
sibility for introducing structural modifications to make
them specific against a certain target, make such structures
ideal tools to be exploited in the development of highly
sensitive bioanalytical strategies. Many different chemical
reactions, including RNA cleavage, oxidative or hydrolytic
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DNA cleavage, DNA or RNA ligation, or peroxidase reac-
tions based on G-quadruplex, have now been carried out
by DNAzymes. DNAzymes can catalyze their respective
reactions in multiple turnovers, which allows for sensi-
tive bioanalytical detection. Additionally, the synergistic
combination of DNAzymes with the outstanding features
offered by inorganic NPs allows for highly selective and
ultrasensitive detection of a wide variety of targets, while
also offering an easy integration into colorimetric, fluo-
rometric, and electrochemical assays, making them well
suited as chemosensors in simple and portable devices.

To further increase the versatility and utility of
NAzymes, MNAzyme-based assays have recently appeared
as an alternative type of isothermal, signal-amplifying
genetic detection method. Many variations of the basic
MNAzyme scheme design have already been successfully
demonstrated for a wide variety of target analytes. The
modular nature of MNAzymes provides a great potential
for their integration into diverse devices such as diagnos-
tic biosensors, molecular computers, and/or nanoscale
machines.

As aresult, a wide variety of DNAzymes and MNAzymes
have been already successfully applied in biomedical imag-
ing of metal ions, proteins, bacteria, and other targets, as
summarized in this review. Most of the applications of the
NAzymes described thus far exploit the cleavage activity of
DNAzymes or MNAzymes in a way that, in the presence of
the target, a substrate is cleaved, and the distance between
a NP and another NP, fluorophore, or lanthanide label
increases. This change in distance can be monitored through
optical, electrochemical, or elemental detection, and it has
been mainly applied to the detection of metals and DNA or
RNA fragments that act as biomarkers or are related to the
presence of microorganisms. On the other hand, detection
of protein targets is mainly performed using G-quadruplex
DNAzymes together with hemin. In these types of applica-
tions, the NPs act mainly as catalysts to produce H,O, that
will be used to generate a colorimetric response or to be used
as labels in electrochemical systems. With the increasing
number of publications on this topic nowadays, it is obvi-
ous that DNAzymes constitute a novel tool to be exploited
in biosensing applications. Although there are few products
on the market based on DNAzymes, there are hundreds of
patents using DNAzyme- or MNAzyme-based biosensors,
which reveals the significant potential that they offer to go
from the lab to the market.

Despite the enormous progress in this field, to advance
the field further and to reach the full potential of the DNA-
zymes and MNAzymes, we still need to meet several
challenges.

An important issue that still remains unclear is the under-
standing of the specific catalysis mechanism. Understanding
how the DNAzymes are capable of catalyzing reactions will

reveal the experimental conditions needed to obtain the best
catalytic performance, for instance, choosing the best diva-
lent metal needed to activate a certain DNAzyme, the optimal
NAzyme, substrates, reaction buffers, and operating condi-
tions. Therefore, further efforts to comprehend DNAzymes at
a more fundamental level would also allow for the generation
of new and improved DNAzymes.

Most importantly, it is critical to identify DNAzymes and
MNAzymes that can work well in real sample matrices. Most
DNAzymes only work in simple solutions, under well-con-
trolled conditions of pH, ionic strength, buffering agent, and
temperature. As a result, a small change in reaction condi-
tions can result in large changes in activity, hindering their
applicability in real samples. Rational design of DNAzymes
and MNAzymes whose activities can tolerate fluctuations of
conditions should be explored.

Moreover, most DNAzymes and MNAzymes reported to
date exhibit response times that are on orders of magnitude
slower than conventional protein enzymes, resulting in quite
long analysis times. Improved selection methods using lower
target concentrations and shorter reaction times may help such
genetic structures match the performance of protein enzymes.

Although some publications have shown the great potential
of DNAzymes coupled with NPs for in vitro cellular imag-
ing, e.g., using two-photon NIR fluorescent NPs, we have not
found literature on this topic for in vivo applications, so this is
another area to explore.

In brief, new innovative methodologies based on the syner-
gistic combination of inorganic NPs, DNAzymes, and MNA-
zymes have been developed during the last decade, showing
the potential of such combinations for highly sensitive detec-
tion of biomolecules. Designing bioanalytical devices using
DNAzymes and MNAzymes is a growing field today, which
undoubtedly will benefit bioanalysis given the ability to utilize
multiple assay formats, with the possibility of a further signal
amplification in combination with inorganic NPs, and to inte-
grate these assays into a range of different devices. We expect
that an exponential number of research developments on this
topic will emerge in the near future.
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