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DNAzyme-Functionalized Nanomaterials: Recent
Preparation, Current Applications, and Future Challenges

Jabrane Jouha and Hai Xiong*

DNAzyme-nanomaterial bioconjugates are a popular hybrid and have
received major attention for diverse biomedical applications, such as
bioimaging, biosensor development, cancer therapy, and drug delivery.
Therefore, significant efforts are made to develop different strategies for

the preparation of inorganic and organic nanoparticles (NPs) with specific
morphologies and properties. DNAzymes functionalized with metal-organic
frameworks (MOFs), gold nanoparticles (AuNPs), graphene oxide (GO),
and molybdenum disulfide (MoS,) are introduced and summarized in

popular ones because they can cleave the
phosphodiester bonds between any unpaired
purine-pyrimidine.'® In the presence of
specific metal ions such as Mg?* 12 Pp2+ 13l
Cu?* ™ and Na*™% DNAzyme can suc-
cessfully cut off the target messenger RNA
(mRNA) by catalyzing the hydrolysis of the
phosphodiester of target RNA. Another
important DNAzyme used is the G-quad-
ruplex/hemin peroxidase-mimicking DNA-

detail in this review. Moreover, the focus is on representative examples of
applications of DNAzyme—nanomaterials over recent years, especially in
bioimaging, biosensing, phototherapy, and stimulation response delivery
in living systems, with their several advantages and drawbacks. Finally, the
perspective regarding the future directions of research addressing these

challenges is also discussed and highlighted.

1. Introduction

DNAzymes are single-stranded DNA (ssDNA) molecules that
can catalyze a variety of reactions, such as RNA and DNA ligation
or cleavage, and so on. DNAzymes have also have been widely
exploited as potential therapeutic agents for gene silencing and
inclusion in biosensing platforms because of their unique cofactor-
dependent and sequence-specific catalytic properties.'=! However,
most of the reported DNAzyme-based sensors utilize RNA-cleaving
DNAzymes (RCD) discovered in 1994 by the Joyce group.! A rep-
resentative DNAzyme for RNA cleavage shares a similar secondary
structure with two binding arms and an active site in the middle.”!
In addition, the transition state takes places where the 2-OH
group, next to the scissile phosphodiester, in the ribo-adenine (rA)
serves a nucleophile to displace the 5™-oxygen in the phosphodi-
ester, resulting in two cleavage fragments with a 23 cyclic phos-
phate and a 5-OH terminus supported by metal ions.>? Of all
types of DNAzymes, 8-17 and 10-23 DNAzymes are the two most
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zyme. Assisted by a hemin cofactor, which
can catalyze an oxidation reaction between
H,0, and chromogenic substrates, such
as  2,2"-azinobis  (3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS) and 3,3°5,5-tetra-
methylbenzidine (TMB), producing a signal
amplification.” "] In fact, many researches
on DNAzymes have been reviewed
elsewhere.[20-24

Metal-organic frameworks (MOFs) are promising next-gen-
eration materials for a wide range of applications, including
selective catalysis,!*>3% conductivity material for fuel cells 3%
gas adsorption and purification,’33 sensing,’ drug
delivery, and biomedical applications including photodynamic/
photothermal therapy (PDT).*=* Their high ability to modify
porosity and large surface area improves the controlled release
of several biological substances, features ease of functionaliza-
tion, good water solubility, degradability, and biocompatibility.
Furthermore, MOFs are created as robust solid systems for
anchoring oligonucleotides via adsorption®#! and van der
Waals (vdW) interactions,”] or covalent conjugation.*84
Because of these properties and the inherent chemistry of
MOFs, they can also encapsulate biocomposites based on living
cells and viruses as well as bio-macromolecules (e.g., enzymes,
proteins, polysaccharides, and DNA).[50-52]

Benefiting from their chemical stability, unique optical
and electronic features, low-/non-cytotoxicity, high surface-
to-volume ratio, and easy synthesis with different sizes and
shapes, gold nanoparticles (AuNPs) show potential applica-
tions in mnanoscience,’>> photocatalysts,l®) chemical and
biological sensing,®>! and as theranostic platforms.8-64
Recently, the roles of stabilizing agents, such as surfactants,
polymers, silica, polyethylene glycol (PEG) ligands, and metal
shells in colloidal suspensions of AuNPs, were reported.®? In
particular, AuNPs have been extensively exploited to construct
functionalized nanoplatforms with a wide variety of biomol-
ecules including enzymes,[®*% antibodies,®>%! peptides or
protein, -9l and nucleic acids,”*73! which attracted immense
attention as sensors, for bioimaging, drug delivery, and even
clinical treatment./
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2D materials are promising building blocks for advanced
biomedical applications, due to their unique physical, robust
mechanical, and chemical properties.”>””] Mostly, graphene
oxide (GO) and molybdenum disulfide (MoS,) have been the
subject of various researches. Furthermore, these nanoparticles
can be generated on a large scale and exhibit intense fluores-
cence properties in aqueous solutions, and the use of these two
materials for DNA-based detection has been developed with
simple DNA8-81 and aptamers.[8283]

Among the diverse combinations of biomolecules and nano-
materials, DNA-functionalized inorganic surfaces including
metal-organic frameworks, gold nanoparticles, carbon-based
nanomaterials, and metal oxides have provided one of the most
versatile hybrid platforms.”28488] These materials can achieve
optical signals, act as transport vehicles, and deliver metal ions
for DNAzyme catalysis. Recently, several reviews concerning
the design and application of DNAzymes or the biological
applications of nanomaterials have been published.®*2 How-
ever, a few reviews have focused on current advances (especially
within the last few years) and future challenges involving DNA-
zyme nanomaterials, which might be important for advance-
ments in the field.

Herein, we will focus on summarizing relevant examples of
the encapsulation of DNAzymes in MOF shells, AuNPs, GO, or
MoS,, with wide ranging applications in various fields such as
drug delivery, biosensing, and imaging cells. Furthermore, we
conclude with their perspectives on biomedical applications and
the future directions that might be the focus of further study.

2. Preparation of DNAzyme@nanomaterials

Different strategies are available for the preparation of the
DNA conjugates based on nanomaterials. Unlike the typical
ssDNA or double-stranded DNA (dsDNA), DNA/RNA cleaving
DNAzymes have single- and double-stranded sections, and
exhibit a variety of secondary structures. The bases of the rigid
duplex regions are protected, whereas the ssDNA regions are
more pliable and can be better conjugated to surfaces. In addi-
tion, the structure of DNA and the lengths of nucleobases
strongly influence the interactions between DNA and nano-
materials. To construct advanced DNAzyme-nanomaterial
platforms, herein we describe the most successful methods
employing DNA and nanomaterials as building elements.

2.1. DNAzyme@MOFs

Nucleic acids are well known for their fragile nature and their
digestion by nucleases. Thus, searching for potential vectors able
to absorb and release these molecules remains a challenge. MOFs
can afford promising nonviral vectors for the cellular transmis-
sion of plasmid DNA.”®l The first example of nucleic acid-MOF
nanoparticle hybrids was reported by Mirkin and co-workers in
2014. Using a strain-promoted click reaction, the oligonucleotides
with a dibenzylcyclooctyne were added to an azide-functionalized
UiO-66 MOF. Compared to nonfunctionalized MOF particles,
UiO-66 MOFs made a steric and electrostatic barrier, which
increased stability and enhanced cellular ingestion capacities.*’!
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Similarly, Zhou et al. have used the reversible DNA infiltration
into the pores of MOFs. The diverse lengths (11-53 bp) of ssDNA
can be selectively bound into a class of MOFs (Ni-IRMOF-74-11—
V). This provides precise release of ssDNA with high transfec-
tion efficiency into a wide range of cell types such as CD4* T
and THP-1 cells, and unmatched by the commercialized non-
viral vectors including Neofect and Lipo (50%) as shown in
Figure 1a and Figure 1D, respectively.”! The Shukla group has
also explored a facile synthetic method suitable for encapsu-
lating the plasmid DNA (pDNA) of MOF vectors for intracellular
gene delivery. In the presence of propidium iodide (PI), pDNA-
encapsulating zeolitic imidazole framework-8 (ZIF-8) has a peak
at 617 nm, and represents a fluorescent DNA stain commonly
used for staining cellular DNA (Figure 1lc—f). Moreover, the
encapsulated green fluorescent protein (GFP) plasmid (plGFP)
remained almost intact due to the detection of green fluorescent
signals for GFP expression in human prostate cancer epithelial
cells (PC-3).° To encapsulate pDNA into ZIF-8, Tang’s group
used a similar approach but followed a one-pot method via bio-
mimetic mineralization and coprecipitation.l?’! Benefiting from
their protection against nuclease activity, the pDNA molecules
are very well shared within the two nanostructures. Additionally,
plGFP-C1@ZIF-8-PEI nanosheets exhibit great pH-responsive,
better loading capacity and solid binding affinity owing to the
higher electrostatic interaction between polyethyleneimine
(PEI) and pDNA (Figure 1g). In vitro tests showed that the
ZIF-8-PEI 25 kD vector improves cellular uptake and endosomal
escape of the protected pDNA, resulting in effective gene expres-
sion with high transfection efficacy. To achieve gene silencing
of the human early growth response-1 (EGR-1) mRNA and its
cleavage activity, the ZIF-8 produced DNAzyme and Zn?" ions
once within the cells. In further investigations, a functionalized
DNAzyme with a chlorin e6 moiety was encapsulated in ZIF-8
nanoparticles.’” For photodynamic therapy, the auxiliary photo-
sensitizer (PS) Ce6 can induce reactive oxygen species (ROS) in
cancer cells, leading to a reduction in tumor size. This nano-
system could successfully be delivered a therapeutic DNAzyme
to cancer cells while avoiding nuclease kinetics.

Farha and co-workers also described a new approach for
intracellular protein delivery that depends on the DNA-MOF
system.”! In this method, 74 NU-1000 and PCN-222/MOF-545
were produced in nanoparticle form to encapsulate insulin used
as a model protein, as illustrated in Figure 1h—j. DNA layer was
imposed to stabilize the function of the insulin-encapsulated
MOF under high dielectric conditions, keeping the activity
with a tenfold increase in cellular absorption. The good control
over enzymatic degradation via advantageous DNA distribu-
tion on the periphery of insulin@MOF was attributed to the
exceptional stability of the insulin-encapsulated, DNA-coated
MOF. Currently, there is very little information about how cells
interact with insulin-coated DNA-coated MOF nanoparticles
during their absorption.

2.2. DNAzyme @AuNPs
The synthesis of DNAzyme—gold nanoparticles has received

much attention in the development of new tools for potential
applications. The interactions between DNA and AuNPs are
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Figure 1. a) Schematic incorporation of ssDNA in Ni-IRMOF-74 series. b) Expression process: uptake, protection, and release of ssDNA using

Ni-IRMOF-74-11. Adapted with permission.[*”l Copyright 2018, Springer Nature. c) Schematic synthesis of plIGFP@ZIF-8. Scanning electron microscopy
image of d) ZIF-8 and e) pIGFP@ZIF-8. f) Small-angle X-ray scattering (SAXS) patterns of ZIF-8 (black) and biomimetically mineralized pIGFP@ ZIF-8
(purple) after the washing procedure. Adapted with permission.* Copyright 2019, Wiley-VCH. g) Schematic synthesis of pEGFP-C1@ZIF-8 through
biomimetic mineralization and pEGFP-C1@ZIF-8-polymer applied coprecipitation method and their cellular uptake. Reproduced with permission.*’l
Copyright 2019, Wiley-VCH. h) Schematic Illustration of insulin encapsulation MOF subsequently DNA surface functionalization. i) Crystal structures
of two mesoporous Zr MOFs: NU-1000 and PCN-222/MOF-545, and their respective organic linkers. j) DNA functionalization of insulin encapsulated
MOF NPs at 3’ terminal phosphate modified nucleic acids. Reproduced with permission.’l Copyright 2019, American Chemical Society.

greatly influenced by the structure of DNA and the surface
characteristics of AuNPs. Thiolated DNA with a high affinity
for Au—S (200 k] mol™!) has long been applied to functionalize
Au surfaces.”-1%% The negatively charged phosphate frame-
work is not linked to the Au surface, but a phosphorothioate,
in which sulfur substitutes one of the nonbridging oxygen
atoms, has a higher affinity than DNA bases.U The higher
reactivity between sulfur atoms and the surfaces of Au nanopar-
ticles allows the construction of stable coordinated connections
between Au and thiols. The original methodology used a salt-
aging process, in which NaCl was progressively added to the
system.[102193] Mirkin et al. demonstrated that the salt is required
to reduce their long-range charge repulsion so that DNA can
be adsorbed onto AuNPs. As a result, the newly adsorbed DNA
might push the adsorbed bases out of the way, forcing the
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DNAs to stand upright. In addition to charge screening, inser-
tion of PEG between the amine/thiol functional group and the
end of DNA molecules could improve DNA packing density by
minimizing steric interactions and intermolecular repulsion of
adjacent DNA strands at the surface of AuNPs.l%4

As classic examples, four construction methods including
Au—S covalent conjugation,%2 Au adsorption,® electro-
static interactions,!9 and selfinsertion'” are summarized
in Figure 2a-d. Unlike the Au—S covalent conjugation,/02
the coordination between the DNA bases and AuNPs is
strong enough to fix DNA to the surface of gold nanomate-
rials (Figure 2b). Keto and imino groups on AuNPs can adsorb
all four DNA bases.['%® According to numerous experimental
studies, thymine has the lowest affinity, while adenine has
the highest affinity, and the position of cytosine and guanine

© 2021 Wiley-VCH GmbH
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Figure 2. Interactions of gold nanoparticles and DNA: a) Au—S bond,[%2 b) AuNPs—poly-A binding,% c) single strand adsorption interac-
tion, %! d) nucleic acid self-insertion interaction.'”] e) DNA containing poly-A at low pH is required to assemble into a parallel duplex.”] f) The
freezing operation requires no additional reagents.["”] g) Schematic showing freezing-directed conjugation of thiolated DNA onto AuNPs. Reproduced

with permission."®l Copyright 2019, American Chemical Society.

depending on the measurement.['0>19-11 Fan and co-workers
designed monovalent or multivalent conjugates by combining
ssDNA with poly-A. By altering the sequence length, and posi-
tion of poly-A in the single strand, the valence bond may be
tuned.>13] In the latter case, Lu and co-workers revealed
a selfiinsertion approach for functionalization of DNA on
the surface of gold nanoparticles, indicating that the affinity
between DNA and AuNPs is essential for the deposition and
diffusion of Au atoms as well as the morphological control
of AuNPs.1%] Meanwhile, high-stability DNA functionaliza-
tion was achieved in situ during the one-step synthesis while
maintaining biorecognition, providing for the programmed
assembly of novel nanostructures (Figure 2d). Due to the
strong adsorption on the surface of spherical gold nanoparti-
cles, poly-A and poly-C moderate the formation of flower-like
gold nanoparticles, whereas poly-T retains the shape of spher-
ical gold nanoparticles due to its poor adsorption. They also
demonstrated that the DNA-functionalized nanoflowers are
easily taken up by cells and can be observed under dark-field
microscopy (DFM).
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Using a low-pH buffer™ or freezing,">'1°] Liu et al. devel-
oped methods that enabled quicker conjugation. In these
studies, it was discovered that a high density of DNA could
be achieved in 3 min at pH 3. DNA containing poly-A was
later shown to be particularly appealing for this approach
due to the production of parallel duplexes (Figure 2e).'l An
interesting approach was suggested by the same group who
showed that DNA may be successfully connected by freezing
and thawing mixtures of DNA and AuNPs without the need
for any other reagents (Figure 2f).') More crucially, the
DNA density was 20-30% higher than that obtained with
traditional salt aging. DNA hybridization is also aided by
lowering the temperature, enabling the creation of superior
nanoflares with doubled probe density and signaling sensi-
tivity. The ends of the DNA oligonucleotides can be aligned
and stretched to expose them. The acidic and freezing condi-
tions are still salt related, but the elongated conformation of
DNA also has an important effect, allowing for substantially
faster DNA adsorption while maintaining the upright orien-
tation of DNA (Figure 2g).[116:118]
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2.3. DNAzyme@MoS,

MoS, is a form of transition metal sulfide that helps to improve
planar electric transportation capabilities by stacking cova-
lently bonded S—Mo—S through weak van der Waals interac-
tions."” In comparison to other nanomaterials such as GO,
MoS; nanosheets may be synthesized on a wide scale and have
high fluorescence quenching characteristics in an aqueous
solution for sensing without further processing. Further-
more, 2D-layered MoS, also exhibits better solubility in water,
mechanical resistance, and electrical performance.'?% More-
over, the vdW forces are primarily responsible for the absorption
of DNA by MoS, as a 2D-layered structure analogous to gra-
phene, according to theoretical work shown in Figure 3.121-123]
This interaction between nucleobases and the basal plane of
MoS, allows adsorption of ssDNA while rejecting dsDNA.[124123]

By comparing their chemical structures, it is clear that MoS,
is not the same as GO. For instance, GO can adsorb DNA by
m—m stacking with DNA bases, but MoS; is nonaromatic. Fu’s
group was the first to report the binding of MoS, nanosheets
with DNAzyme in 2015, and subsequently, the interaction
of MoS, with DNA has been extensively studied.[®0119126-129]
Taking advantage of the fluorescence quenching potential
(MoS,) nanosheet and the specific recognition by DNAzyme, a
novel fluorescent probe detection employing uranyl ion (UO,%)
in an aqueous environment has also been investigated.[3%

2.4. DNAzyme@GO

Because of their superior mechanical, electrical, and thermal
properties, graphene-based sheets, particularly graphene oxide,
have prompted a lot of interest in biological applications. Con-
sequently, GO is an excellent fluorescence agent, tempering
fluorescently labeled DNA almost completely upon adsorption.
Furthermore, using 77 stacking and hydrogen bonding, the
DNA fragments were released and adsorbed onto the GO sur-
face. Therefore, ssDNA is more faster and effectively adsorbed
by graphene oxide than dsDNA.[3! DNAzymes are the most
common type of functional nucleic acids that can catalyze reac-
tions or link to a target molecule, and they can recognize a
wide range of targets. Investigation into the field of the interac-
tions between GO and DNAzymes has been quite limited. For
example, Wen et al. designed a Cy3-loaded substrate hybrid-
ized with the 17E DNAzyme, which has an insufficient affinity
for binding to GO, while the cleavage substrate in the form of
ssDNA was proficiently adsorbed.'3%

FEEEE

MoS,: Van der Waals force
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A few studies have been carried out regarding the interactions
of GO and ssDNA strands with varying lengths of bases.['33134
According to these studies, purine bases bind more firmly than
pyrimidines, implying the importance of aromatic stacking. Fur-
thermore, Min co-workers evaluated the DNA adsorption capacity
and kinetics of two different sizes of GO using three different
DNAs of various lengths.'® They revealed that shorter DNA
coated more efficiently into GO regardless of GO size, and that
DNA had faster adsorption kinetics with nanographene oxide.
Liu and co-workers demonstrated that poly-C DNA binds to GO
much more strongly than other DNA homopolymers.!¢ Using
molecular dynamics simulations, it was found that enhanced
phosphate backbone-GO hydrogen bonding was responsible for
the increased poly-C affinity to GO at neutral pH.'*¥/l The same
group recently demonstrated that freezing DNA oligonucleotides
stretched them and caused them to form more oxidized hydro-
philic areas on GO.!’8 Meanwhile, heating directed DNA to
hydrophobic regions, leading to very stable conjugates that were
more durable in terms of nonspecific displacement than the
freezing samples as illustrated in Figure 4.

3. Current Applications

Nanomaterials possess optical and catalytic properties that
enable to perform effectively the function of DNAzymes. Repre-
sentative examples of applications of DNAzyme-nanomaterials
in recent years, particularly in bioimaging biosensing, photo-
therapy, and stimulation response delivery in living cells have
been discussed.

3.1. Applications of DNAzyme—MOF Nanoparticle Probes

Benefiting from their unique properties, such as chemical and
structural adaptability, multiple coordination sites, large sur-
face areas, and simple preparation, DNAzyme-MOF nanopar-
ticle-based probes have been used in a variety of applications,
including bioimaging and biosensing drug delivery, as well as
phototherapy.

3.1.1. DNAzyme@ MOF as Biosensing and Bioimaging Platforms
Following their successful preparation, DNAzyme @MOF-based

probes have been used for biosensing and bioimaging of a
variety of targets. These probes are divided into fluorescence

GO: Hydrogen Bonding & n—r stacking

Figure 3. Schematic illustration of different interactions of DNA with MoS, and GO. Adapted with permission.l?l Copyright 2017, American Chemical

Society.
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Figure 4. Schematic Illustration of the positions of DNA on GO and its operation mechanism depending on different conditions. Reproduced with

permission.® Copyright 2020, American Chemical Society.

colorimetric, electrochemical, and photo-electrochemical sen-
sors based on their output signals. A varies of probe sensing
performances are presented in Table 1.

Fluorescence sensors show great promise for the identifica-
tion of targets in vitro and living cells because of their great
spatial resolution, high sensitivity, and quick detection speed.
Detection and fluorescence imaging of intracellular molecules
(including proteins, metal ions, and microRNAs (miRNAs))
can afford quantitative data concerning target expression
levels, which is beneficial for biological research. Chu and co-
workers prepared ZIF-8 as a potential carrier for a nucleic acid
probe to access into cells, and a novel ratiometric fluorescence
imaging approach using DNAzyme for miRNA-21 imaging
was designed.®! The 8-17 DNAzyme strand was labeled with
a fluorophore (Cy5) at the 5’ terminus, and the substrate strand
(S-DNA) was bonded with a fluorophore (Cy3) at the thymidine
near the site of Cy5 having a segment complementary to the
target miRNA-21 to produce a duplex probe (Figure 5a). The
high level of Zn?" on the ZIF-8 surface could attach an enor-
mous number of nucleic acid probes via electrostatic coupling,
protecting nucleic acids from cellular degradation and pro-
moting endosome escape. With high contrast and repeatability,
the proposed sensor was used to image miRNA-21 expression
levels in MCF-7, Hela, and L02 cells. Recently, Zhao and co-
workers developed a ZIF-8-encapsulating DNAzyme nano-
platform by biomimetic mineralization.*) ZIF-8, which is
positively charged and has a high DNAzyme loading capacity,

Table 1. The sensing performances of some typical sensors based on
DNAzyme probes.

Sensors Sensing performances Ref.

Fluorescence sensors Quick response, high sensitivity, high [45,139]

spatial resolution

Colorimetric sensor Visualization of output signals, in situ  [161,164,165]

and real-time detection, low cost

Electrochemical sensors Quick response and high sensitivity, [140]

miniaturization and portability, low cost

Photo-electrochemical High sensitivity and low background [171,178]

sensors noise
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was able to penetrate cells. This biomimetic mineralization syn-
thesis method provides more effective protection against DNase
I activity, which is used as a model digesting enzyme, than free
DNAzyme. This nanomaterial has allowed highly sensitive and
selective fluorescent detection of Pb?" in water, as well as Pb?"
bioimaging in living cells (Figure 5b,c). Moreover, the linear
detection range for Pb** was (50-500) x 107 m.

Later, by immobilizing a Pb**-dependent DNAzyme onto a
streptavidin-functionalized graphene oxide-tetraethylene pen-
tamine-gold (rGO-TEPA-Au) nanoparticles platform, He and co-
workers reported a highly sensitive and selective probe for the
detection of Pb?".0 The target catalytically cleaves the substrate
strand of the DNAzyme in the presence of Pb?!, causing the cata-
lytic strand to separate from the sensor as shown in Figure 6a,b.
The sensor’s newly synthesized single-stranded DNA can hybridize
with Fe-MOFs/PdPt NP-labeled hairpin DNA. The use of a Pb**-
dependent DNAzyme improved selectivity of the biosensor, while
Fe-MOFs/PdPt NPs-HP catalyzed H,0, to amplify the electro-
chemical signal and improve sensitivity for the first time. More-
over, the biosensor was used to detect Pb?* in water samples, with
outstanding analytical performance for Pb?!, showing that it has a
lot of potential for environmental monitoring applications.

A further interesting example was described by Li and
co-workers who reported two-photon (TP) imaging of Zn?' in
a living body using a phosphate-ion-activated DNAzyme MOF
nanoprobe."! In this assay, a TP fluorophore at the 5" end was
coupled to the substrate-binding strand of the Zn?*-specific
DNAzyme (8-17), and the enzyme strand tagged with BHQ1
as a quencher. The double-stranded DNAzyme structure was
initially formed by mixing these two strands simultaneously.
Then, the assembly of TP-DNAzyme inside the MOFs was
attributed mostly to the coordination between the DNAzyme
backbone’s phosphonate O atoms and Zr atoms in the MOFs,
as shown in Figure 6c.

Because phosphate ions were present at high intracellular
concentrations, the TP-DNAzyme was released from the sur-
face of the MOFs. The substrate strand of the TP-DNAzyme
is cleaved in the presence of Zn?¥, releasing a shorter DNA
strand labeled with the TP fluorophore, resulting in a high
fluorescence signal that might be clearly viewed with TP
imaging. With a tissue signal penetration depth of 120 pm and
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Figure 5. a) Sensing principle of the ratiometric fluorescence imaging strategy based on DNAzyme for miRNA-21 imaging. Reproduced with permis-
sion.! Copyright 2017, American Chemical Society. b) Schematic synthesis of DNAzyme@ZIF-8. c) Principle sensing of DNAzyme for metal ions’

fluorescent detection. Reproduced with permission.l*%l Copyright 2020, Springer.

a detection limit of 3.53 x 10~ M, this TP~-DNAzyme-MOF bio-
sensor enables highly selective Zn?* sensing and a tissue signal
penetration of 120 m. This research also showed that the pro-
posed sensor could be used to monitor apoptosis using Zn**
determination and quantification.

3.1.2. DNAzyme@ MOF Platform for Enhanced Phototherapy

Through electrostatic and coordination interactions, metal—
organic frameworks can be used as flexible nanocarriers to
accommodate functional nucleic acids such as DNAzymes.

(© .
cx-@ = 4

(1 H,BDC MOFs TP-DNAzyme-MOFs

"y e

The increase of Zn?*

Intracellular PO,* triggered
DNAzyme release

Apoptosis

Nucleus

PO,*-sensitive release for DNAzyme
TP-excitation with NIR light
Apoptosis cell and deep tissue imaging

strand £% BSA

S (GO-TEPA-Au 8 streptavidi b
w— catalytic strand g Pb* O Fe-MOF @ PdPt NP ?m-pkllmlry DNA

B TP A RIS

o BHQ1 7 \ /" BHQ1-ZnE

Figure 6. a) The preparation process of Fe-MOFs/PdPt NPs-HP. b) Schematic representation of the proposed strategy for the biosensor. Reproduced
with permission.% Copyright 2018, Elsevier B.V. c) Design of the TP-DNAzyme-MOFs nanoprobe and Its functions in monitoring cell apoptosis.

Reproduced with permission.["l Copyright 2020, American Chemical Society.
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Nowadays, MOFs are applied as an appropriate vehicle for
delivering therapeutic payloads to cancer cells. Moreover, MOFs
encapsulating DNAzyme/photosensitizer nanoplatforms might
be constructed as a smart therapeutic nanosystem for much
improved gene therapy owing to the auxiliary of photodynamic
treatment. In this section, we review recent advancements in
the use of DNAzyme@MOF-based nanoplatforms in cancer
photodynamic treatment in this section, particularly the modifi-
cation of MOFs based on their functions in PDT.

To date, Ce6 is a commercial PS used for fluorescence
imaging-guided PDT, because of its near-infrared (NIR) fluo-
rescence emission and capacity to produce significant quanti-
ties of ROS.M2 Poor solubility of Ce6 under physiological

pH 5.5 Self-sufficient Zn**
| T— +
Release

DNAzyme@ZIF-8

(b)

MCF-7 Tumor
Bearing Mice

b - d =

www.small-journal.com

conditions,™ which readily aggregates, poses several challenges,
Ce6 fluorescence quenching in aggregation states results in
lower PS activity or imaging signals. As a result, choosing appro-
priate vehicles to deliver Ce6 to tumor regions becomes crucial.
Wang et al. prepared a therapeutic nanosystem based on
MOF-functionalized DNAzyme with a chlorin e6 and (Ce6D-
NAzyme) for combined gene therapy and photodynamic treat-
ment using one-pot encapsulation as shown in Figure 7a; the
rate of early apoptosis for the photoirradiated Ce6-DNAzyme@
ZIF-8 grew to 44.9% after delivery into the acidic cytoplasm of
cancer cells, which was significantly higher than with individual
gene therapy or PDT, which only retained 19.85% and 33.6%,
respectively (Figure 7b). After 21 days, the size and weight of
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=
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=
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S 1}
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a b ¢ d e f

Figure 7. a)The pH-triggered release of DNAzyme and Zn?*-ion cofactors for gene-silencing therapy. b) DNAzyme@ZIF-8 nanosystem for fluorescence
imaging-guided combined gene/photodynamic therapy. c) Photographs and d) tumor weights after treatments with a) phosphate buffer saline, b) pho-
toirradiation alone, c) Ce6-cDNA@ZIF-8, d) Ce6-DNAzyme@ZIF-8, €) photoirradiated Ce6-cDNA@ZIF-8, and f) the photoirradiated Ce6-DNAzyme@
ZIF-8. Adapted with permission.I®l Copyright 2019, Wiley-VCH.
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the tumors treated with “photoirradiated Ce6-DNAzyme@
ZIF-8” (Figure 7c-e,f) and their controls (Figure 7c-a—e) were
examined. The encapsulation technique prevents aggregation
of Ceb6, providing for effective imaging guidance using Ce6 flu-
orescence, whereas NIR-photoirradiated Ce6 produces singlet
oxygen, allowing for an auxiliary phototherapeutic function.

3.1.3. Stimuli—Responsive Therapeutic Platform Based
on DNAzyme@MOF

Stimuli-responsive-based metal-organic frameworks delivery
backbones have attracted considerable interest in the controlled
release of drugs and clinical treatment.*>153 The stimuli for
such reversible switching in these applications include exog-
enous stimuli (such as temperature, light, and pressure) and
endogenous stimuli (such as pH, H,S, glucose, ATP, and
ions),™ as illustrated in Figure 8.

Several publications have reported on the development of
stimuli-responsive  MOFs with chemical capping functions.
However, the fabrication of stimuli-responsive DNAzyme/MOF
hybrid platforms is rare and understudied. In addition, stimuli—
responsive DNAzyme/MOF hybrids have been introduced as
new functional materials for controlled drug release and nano-
medical applications. The MOFs have the following benefits over
the SiO, nanoparticles, which were reported previously:(>>1¢!
i) MOFs have an =10-fold higher surface area than SiO, par-
ticles, allowing for precise nucleic acid-ligand modification;

Redox \\

Endogenous

Stimuli Responsive A
MOFs v

www.small-journal.com

ii) nucleic-acid-functionalized MOFs are stable as mixtures in
solution, whereas nucleic-acid-modified mesoporous SiO, nano-
particles tend to aggregate and precipitate; and iii) the coupling
of nucleic acids to metal-organic frameworks as stimuli-respon-
sive capping units is hugely interesting because biological com-
ponents like genes, miRNA, or protein biomarkers might be
employed to open the DNA caps. Willner and co-workers reported
the first example of MOF loading and unloading using stimuli—
responsive  DNA-capping units. They developed a versatile
strategy for covalently linking nucleic acids to nanoscale metal-
organic framework (NMOFs) as stimuli-responsive carriers of
pharmaceuticals or analogs of drugs, based on the “click chem-
istry” method.*®l Two distinct stimuli-responsive nucleic-acid-
based NMOFs have been described. As a lock, one NMOF carrier
used a pH-responsive nucleic acid duplex. The duplex DNA cap-
ping units were detached at pH = 5.0 by reconfiguration of the
duplex constituents to the i-motif structure, allowing the capping
units to be unlocked and the loads to be released. In the second
system, NMOFs were labeled with doxorubicin (DOX) and using
metal-ion-dependent substrate/DNAzyme complexes as stimuli—
responsive nucleic acid capping units (metal ion: Mg* or Pb*).
Nucleic acid locking units are split apart in the presence of
the appropriate metal ions, leading to the release of cargo loads.
Moreover, with the incorporation of the ATP aptamer sequence,
“smart” Mg?"-dependent DNAzyme-capped doxorubicin-loaded
NMOFs were generated, as shown in Figure 10. The cooperative
triggers including ATP and Mg?* ions allow these NMOFs to be
unlocked. The “smart” carrier provides sense-and-treat functions

i

[ Magnetic |
\  field /

\
}J 7\;_-./
a0

/Temperature)
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Figure 8. Schematic representation of different endogeneous and exogeneous stimuli-responsive based MOFs.
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Figure 9. a) Mg?ion-dependent DNAzyme-guided unlocking of loaded UiO-68 NMOFs. b) Cooperative ATP-driven activation of the Mg?-dependent
DNAzyme units to unlock DOX-loaded UiO-68 MOFs. c) Time-dependent release of DOX from the (3)/(4)-locked drug-loaded UiO-68 NMOFs.
d) Cytotoxicity of the (3)/(4)-locked DOX-loaded NMOFs toward MCF-10A normal epithelial breast cells and MDA-MB-231 breast cancer cells. Repro-

duced with permission.[*l Copyright 2017, Royal Society of Chemistry.

because ATP is overexpressed in cancer cells. The “smart” ATP/
Mg?*-triggered doxorubicin-loaded NMOFs also show prefer-
ential cytotoxicity toward MDA-MB-231 breast cancer cells and
MCEF-10A normal epithelial breast cells (Figure 9).

Recently, a redox dyshomeostasis (RDH) strategy is proposed
by Bu’s group, based on the pH/hypoxia/H,0, triple stimuli—
responsive nanoplatforms FeCysPW@ZIF-82@CAT Dz (Dz:
DNAzymes, CAT: catalase) to disrupt redox homeostasis by
enhancing intracellular H,0, and decreasing glutathione (GSH)
levels, as illustrated in Figure 10a. In an acidic environment,
the ZIF-82@CAT Dz shell is degraded, releasing CAT Dz, free
Zn?" jons, and electrophilic ligands. The dissociated electrophilic
ligands deplete GSH under hypoxic conditions, and the Zn?*
ions function as cofactors to accelerate CAT Dz-mediated CAT
silencing to allow H,0, buildup. RDH is produced in hypoxic
cells by simultaneous increases in oxidants and antioxidants,
resulting in increased intracellular H,0,, and chemodynamic
therapy (CDT) has been employed to promote ROS-mediated
apoptosis, which was also applied to enhance CDT-mediated
hypoxic tumor therapy.™ In the same year, Zhou and co-
workers developed a metal-organic-framework-coated MnO,
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sheets that were rationally planned and created as nanocarriers
for co-delivery of a survival blocking DNAzyme and DOX for
chemogene combinatorial cancer therapy.”® The assembly pro-
cess for the probe is illustrated in Figure 10b. In this system, the
MOF was coated under mild conditions concurrent with DNA-
zyme encapsulation, and the MnO, nanosheets were easily pre-
pared to load DOX. In tumor cells, the nanosystem penetrates
and degrades in response to intracellular stimuli, releasing DNA-
zyme and DOX. Thus, Mn?* could operate as a metal cofactor for
effective DNAzyme activation for survival downregulation to sen-
sitize DOX-based cancer treatment, all while avoiding systemic
toxicity. In the presence of abundant H,0,, in situ created Mn?*
activates the CDT by producing a highly toxic hydroxyl radical
(-OH). This study provides an innovative technique to overcome
the main limitations of DNAzymes for RNAIi applications.

3.2. Applications of DNAzyme-AuNPs’ Probes
Given the success of different preparation strategies for

DNAzyme—gold nanoparticles, the most common applications of
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Figure 10. a,b) Schematic of the design and its applications of FeCysPW@ZIF-82@CAT Dz. Reproduced with permission.””} Copyright 2020, Wiley-
VCH. ¢) Schematic illustration of the construction of MnO,/DOX@DNAzyme and its synergistic antitumor mechanism. Reproduced with permis-
sion.™8 Copyright 2020, Elsevier B.V.

these nanomaterials include i) biosensing; ii) bioimaging, which ~ 3.2.1. DNAzyme—AuNPs as Biosensing and Imaging Platforms

can accurately image metal ions and microRNAs; and iii) biomed-

ical, which includes early disease diagnosis and drug delivery. The =~ AuNPs have a variety of useful signaling pathways, and DNA-
following sections introduce some of these properties. zyme can exploit their physical and chemical features for
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sensing applications.”*1%% The surface chemistry of AuNPs,

as well as their interactions with DNAzymes and targets, must
be carefully considered when developing analytical biosensors.
As mentioned above, in the signal output step, the sensors are
classified into colorimetric sensors, electrochemical sensors,
photo-electrochemical sensors, and other sensors (Table 1).
Representative and recent examples of such biosensors are
discussed in this section. AuNPs are optical materials with
distance-dependent surface plasmon characteristics that cause
significant color changes compared to those of organic dyes,
making them suitable for colorimetric sensing. Using DNA-
zyme-directed assembly of AuNPs, Liu and Lu have developed
highly selective Pb?" biosensors with sensitivity tuning across
several orders of magnitude.161-164

An early example that demonstrated DNAzyme-
functionalized AuNPs to detect Pb*" was developed by Liu
and Lu in 2003.1%] That study first extended the substrate at
each of the 3’and 5’ends as long as the recognition part of the
enzyme is remained. At each end, the substrate strand (Suby,)
was hybridized to the enzyme strand while retaining the 17E
recognition portion. These hybridizations cause gold nanopar-
ticle aggregation, which results in blue color. In the presence
of Pb(II), however, the 17E catalyzes the hydrolytic cleavage of
Sub,,, preventing the formation of nanoparticle aggregates.
As a result, a red color appears. This method yielded a limit
of detection (LOD) of 100 x 10 m for Pb?*" For other metal
ions such as copper,['M1% variations of the method using dis-
tinct DNAzymes have been developed. Interestingly, a sensi-
tive and simultaneous approach for the detection of Pb?" and
Cu?* was reported using a one-step strategy based on the pincer
enzyme strand (E-DNA) and circular DNAzyme cleavage reac-
tion.l'”] The pincer E-DNA on the AuNPs can be labeled with
the S-DNA to shape DNAzyme for simultaneous recognition
of Pb?" and Cu?" ions. Furthermore, the fluorophore-labeled
S-DNA was cleaved from the surface of the AuNPs with the aid
of Pb*" and Cu?" as shown in Figure 11. After that, the pincer
E-DNA was liberated for a circular catalytic cleavage reaction,
which resulted in a considerable recovery of fluorescence

E-DNA1 NNV

E-DNA2 VVVVVVWV .

\/? . X)gf.
.
| &l AN 2( S

\ [~ Pincer E-DNA
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intensities for both Pb?* and Cu?*. The LOD of 80 x 1072 and
30 x 10712 m for Pb?" and Cu?* respectively, were attained with
good sensitivity using an amplification technique. This method
has great potential for detecting and imaging metal ions in
environmental and biological systems at the same time.

For the intracellular imaging applications, Lu’s group has pub-
lished a variety of researches using DNAzymes in this field. The
39E enzyme strand, its substrate strand, and 13 nm AuNPs make
up the DNAzyme-AuNPs cellular sensor (39ES-AuNPs).[18]
The enzyme strand was coated with a thiol group at the 3" end
for AuNP immobilization, while the substrate strand was func-
tionalized with a Cy3 fluorophore at the 5" end and BHQ-2 at
the 3’ end as shown in Figure 12a. The fluorophore-labeled
substrate strand is cleaved by the DNAzyme in the presence of
uranyl, leading to the release of the shorter product chain car-
rying the Cy3 and enhanced fluorescence. Due to the difficulty
in delivering the DNAzyme within cells, fluorescent probes with
one-photon emission are not suitable. To address this constraint,
Tang’s group developed a fluorescent nanomaterial based on
AuNPs-DNAzyme for simultaneous imaging of Zn?* and Cu?*
in living systems.'%) This nanoprobe is highly selective, has good
nuclease stability, and is biocompatible (Figure 12b).

By modifying a Zn*"-specific DNAzyme (8-17ES), Zhang and
co-workers reported a TP probe based on DNAzyme—AuNPs for
imaging intracellular Zn?* as shown in Figure 12c.”% Instead
of using UV light, Yang et al. designed conjugated photocaged
DNAzymes onto lanthanide-doped upconversion nanoparticles
(UCNPs) and successfully converted a deep tissue incorporating
NIR from 980 to 365 nm emission. Zn?" ions were imaged in
cells using this system. Wang et al., on the other hand, designed
a near-infrared photothermal method to deliver the DNAzymes
into cells and undergo activation.?! The hybridization of the
system made up of a three-stranded DNAzyme precursor (TSDP)
prevents the DNAzyme activity (Figure 12d). Increased tempera-
ture de-hybridized the TSDP to release the active DNAzyme,
resulting in cleavage products bearing a fluorophore after the
functionalization of the TSDP onto gold nanoparticles and under
NIR light. This method was used to image Zn?" in Hela cells.
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Figure 11. Schematic illustration of fluorescent nanoprobe for simultaneous determination of Pb>" and Cu?* based on E-DNA and signal amplification

strategy. Reproduced with permission.®”] Copyright 2019, Elsevier B.V.
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Figure 12. a) Illustration of fluorescent DNAzyme immobilized on AuNPs as the selective sensor of uranyl inside living cells. Reproduced with permis-
sion.8 Copyright 2013, American Chemical Society. b) Simultaneous imaging of Zn?* and Cu?" in living cells based on DNAzyme-modified AuNPs.
Reproduced with permission.l'®l Copyright 2015, American Chemical Society. c) Design of a TP fluorescent DNAzyme conjugated AuNPs as a selective
sensor of intracellular Zn?*. Reproduced with permission.[7%l Copyright 2018, American Chemical Society. d) Imaging of intracellular Zn?* by the NIR
photothermal activated DNAzyme—~AuNPs. Reproduced with permission.[""l Copyright 2017, Royal Society of Chemistry. e) Acid-switchable DNAzyme
nanodevice for imaging dual metal ions in the physiological environment. Reproduced with permission.l72 Copyright 2020, American Chemical Society.
f) AuNPs loaded with split-DNAzyme probes for magnified detection. Reproduced with permission.[3 Copyright 2017, American Chemical Society. g)
AuNPs—DNAzyme motor for amplified detection and bioimaging of the specific microRNA in living cells. Reproduced with permission.["l Copyright

2017, Springer Nature.

Nevertheless, the traditional fluorescence probes are limited for
their visual analysis of endogenous metal ions in living cells.
To meet this challenge, Cui et al. developed an acid-switchable
DNA (SW-DNA) immobilized on AuNPs.l”2l When the nanode-
vice enters living cells, the SW-DNA changes its configuration
from linear to a triplex under acidic cytoplasmic conditions (pH
=~ 4.5-5.0), and the hybridized strands are liberated. Then, they
react with DNAzyme precursors to form the active DNAzyme,
which can further realize multi-imaging of intracellular metal
ions, Zn*" and- Pb?* ions, as illustrated in Figure 12e. In addi-
tion to metal ions, Wu et al. developed a novel intracellular nano-
probe, employing AuNPs loaded with split DNAzyme to detect
miRNAs under physiological microenvironment.””?l In their
design, the target sequence could activate the DNAzyme, which
can then continuously cleave the fluorophore-labeled substrate
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strands and result in fluorescence recovery. Two splits of DNA-
zymes construct an inactive DNA motif with its substrate in
the absence of target miRNA using partial hybridization at the
same time as the fluorescence is quenched. It also demonstrated
excellent properties as an intracellular nanoprobe for cancer-
related miRNA detection at physiological Mg?* concentrations,
with low cytotoxicity, great resistance to enzymatic degradation,
and cellular permeability, resulting in a fluorescence signal that
was amplified (Figure 12f). Interestingly, Peng et al. reported a
DNAzyme motor that responds to a specific intracellular target
in living cells.” This motor is made up of 20 nm AuNPs
coated with substrate strands that serve as DNA tracks and
DNAzyme structures that are individually muted by a locking
strand as shown in Figure 12g. Intracellular-specific miRNA can
hybridize with the locking strand, which causes the DNAzyme
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motor to walk autonomously on the surface of the AuNPs. This
AuNPs-DNAzyme motor was achieved magnified detection and
bioimaging of the specific microRNAs in human cancer cells by
exploiting a fuel-strand-triggered cleavage of substrate strands.
Extra Mn?" was added to increase DNAzyme activity. Since then,
various intracellular miRNA detection designs based on DNA
walkers or motor systems have been developed.V>~77]

3.2.2. DNAzyme@AuNPs’ Platform for Enhanced Phototherapy

Nanoparticles have been widely studied as potential theranostic
agents for cancer treatment in recent years. The capacity of AuNPs
to resonantly absorb and scatter incident light (LSPR), causing
solid localized surface plasmon resonance, makes them an attrac-
tive nanomaterial. Because of their high heat conversion efficiency
and robust absorption, AuNPs can be employed for photothermal
therapy. However, most PSs have limited water solubility, making
delivery into cancer cells challenging. In this regard, using an
excellent carrier could be a viable solution to the limitation of
PDT for cancer therapy.”87% PSs can be delivered using AuNP—
DNA conjugates. In 2017, Tang and co-workers designed gold
nanomachines made from intelligent alpha-cyclodextrin (¢+CD)
for tumor-selective diagnosis and therapy.”®l The proposed a-CD

www.small-journal.com

caps prevent hybridization between DNA strands on gold nano-
particles, and resist clearance during blood circulation, have strong
nuclease resistance, and helped preserve blood circulation stability.
However, in a mildly acidic tumor microenvironment, they
are released, resulting in DNA hybridization and the forma-
tion of large-sized gold aggregates, capable of surviving in
tumor regions despite high interstitial fluid pressure, as well
as tumor-selective photoacoustic imaging and phototherapy for
diagnosis and therapy, as shown in Figure 13a. Moreover, Long
and co-workers introduced a binary system for miRNA-21 tar-
geted imaging and photothermal treatment of single cells.[8%]
Both molecular beacon (MB)-conjugated AuNPs (MB-1/MB-2
for probe-1/probe-2, respectively, which are encapsulated in
liposomes for cell delivery) consisted of this binary system. As
shown in Figure 13b, the loop portion of the MB was designed
to complement miRNA21. The absorption of AuNPs shifts to
near-infrared as a result of miRNA-induced aggregation, which
may be shown from DFM and exploited for photothermal
therapy. Importantly, the suggested approach successfully elim-
inated MCF-7 breast cancer cells, and it has since been tested in
tumor-bearing mice, demonstrating a considerable therapeutic
impact with no obvious side effect effects (Figure 13b,c).
Recently, Kim and co-workers created a DNA-AuNPs dynamic
nanomachine for combined antitumor therapy.®! In their design,

@) Gold nanopariicle wvwne cu-cmm,\,\m»m-rv\):j
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Figure 13. a) Mild-acid-triggered self-fabrication and tumor-specific photoacoustic imaging and photothermal therapy. Reproduced with permission. "8l
Copyright 2017, Royal Society of Chemistry. b) A miRNA-21-induced gold nanoparticles and fluorescence “off-on”. c) In situ imaging of miRNA-21 in
MCF-7 cells and the miRNA-targeted NIR therapy. Reproduced with permission.'3% Copyright 2016, American Chemical Society.

Small 2021, 17, 2105439

2105439 (14 of 23)

© 2021 Wiley-VCH GmbH

85U8017 SUOWWOD SANEa.D 3edl|dde au Ag peusenob a1 SajolMe YO ‘9SN JO Sa|NI o} Akeiqi8UIIUO AB]IA UO (SUONIPUD-PU-SWS)LI0O"AB | 1M ARe.d 1 [Bul [UO//:SANL) SUORIPUOD Pue SWB | 8u1 89S *[2202/TT/G0] Uo ARiqiTauliuo A8im ‘Areiqi Aisieaiunenybus 1 Ad 657S0T202  1ILS/Z00T OT/I0p/00" A3 1M Aelq el uo//sdny wouy peapeojumod ‘TS ‘T20Z ‘62898T9T



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

Acidification

(@)
Neutral pH (~7.4)
ZnPc loading on
G-quadruplex
-DOX loading on
DNA duplex

4

www.small-journal.com

Endosomal pH (~5.0)
i-motif transition and aggrog)tlon of AuNPs

DOX release by the
a dissociation of DNA duplex

©Q B M U U e x

AuNP G-quadruplex  i-motif Gl sequence Complementary DOX ZnPc
(acidic pH) (neutral pH) sequence
(b) . Laser Irradiation
Vo Au-GI-DOX-ZnPc

Combinatorial therapy
at an initial stage

\4

Successful eradication of
triple negative breast cancer

¢ =

“~ Photothermal therapy —
Heat geheration

-

302
10, A_OS generation
‘ \Q / Photodynamic

High therapeutic =~ «—
effect
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nanomachine inducing triple combinatorial anti-tumor therapy (chemo/photodynamic, and photothermal therapy. Adapted with permission.'¥1l Copy-
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the surfaces of gold nanoparticles were modified with functional
DNA containing the G-quadruplex and the i-motif sequence (GI).
Furthermore, the i-motif hybridizes with its corresponding DNA
sequence to produce a duplex DNA (cDNA). Then, with excellent
selectivity, DOX and zinc phthalocyanine (ZnPc) were loaded inside
the i-motif/cDNA duplex and G-quadruplex, respectively, as shown
in Figure 14. This nanomachine showed intracellular pH-respon-
sive dynamic activity and a synergistic therapeutic effect, resulting
in triple chemo-/photodynamic and photothermal therapy.

3.2.3. Stimuli—Responsive Therapeutic Platform Based
on DNAzyme@ AuNPs

Another interesting application of DNAzyme-based nano-
structures, the stimuli-responsive DNAzyme-conjugated gold
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nanoparticles, has emerged as an intelligent drug delivery
system for cancer therapy. In recent years, there has been a
resurgence in interest in using DNA-AuNPs' nanoplatforms to
develop effective cancer therapy methods. However, the potential
of the DNAzyme-AuNPs system as an intelligent drug carrier for
stimuli-responsive in gene therapy has rarely been investigated.
In this section, we discuss some representative examples of these
therapeutic applications including exogenous stimuli and endog-
enous stimuli for DNAzyme-functionalized AuNPs.

In 2016, Zhu and co-workers proposed a GNPs-ES-DOX/ZnO
nanomaterial that effectively delivered antisense miRNA and
antitumor drugs for the combined gene modulation and drug
release.l8] In this system, a Zn?* ligation-dependent DNAzyme
and AS1411 aptamer were made on gold nanoparticles through
Au—S bonding, and by hybridization between the DNAzyme
and its substrate strand as illustrated in Figure 15. Then, the
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Figure 15. Schematic illustration of the nanoprobe GNPs-ES-DOX/ZnO for the combination of gene modulation and drug release. Reproduced with

permission.'®2 Copyright 2016, Springer Nature.

DOX was polymerized in the double-stranded GC pairs. Fur-
thermore, positively charged ZnO@quantum dot (QDs) were
electrostatically adsorbed onto the gold nanoparticles (GNPs) to
assemble the intracellular probe (GNPs-ES-DOX/ZnO). Under
an acidic environment, the release of DNAzyme is activated by
Zn?* ions, which are generated via the dissolution of ZnO@
QDs. Such pH-sensitive nanocarriers have indicated that
improved effective therapeutic efficacy can be achieved through
the suppression of endogenous miR-21 levels, resulting in the
inhibition of cell proliferation and activation of cell apoptosis.

3.3. DNAzyme—MoS, Nanoparticle Probes as Biosensing
and Imaging Platforms

The combination of MoS, and DNAzyme recognition event out-
comes in novel sensing platforms. However, biological applica-
tions of DNAzyme-Mo$S, nanosheets have only been developed
once up until now. MoS, nanosheets can securely adsorb dye-
loaded ssDNA and quench the dye fluorescence, but it has a
lower affinity for dsDNA.[1°]

Based on molybdenum disulfide nanosheets and DNAzymes,
Fu and co-workers reported a turn-off fluorescence probe for the
detection of uranyl ions.[3% UO,?*could cleave DNAzyme to release
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a G6-carboxylfluorescein (FAM)-labeled ssDNA in the presence
UO,?*, and the liberated molecule can be effectively adsorbed to the
surface of MoS, as illustrated in Figure 16. As a result, the fluores-
cence intensity was noticeably reduced. Moreover, MoS, nanosheets
show a low affinity for the substrate—enzyme combination DNA-
zyme. With a recovery of 96-102% and an relative standard devia-
tion (RSD) of <5% (n = 6), the suggested sensor was employed with
an LOD of 2.14 x 10~ m for UO,?* in an aqueous environment. As a
result, a sensing platform with high sensitivity and stability, as well
as swift analysis time, was developed for the detection of UO,?*.

3.4. DNAzyme-GO Nanoparticle Probes as Biosensing
and Imaging Platforms

The combination of DNAzymes and GO frameworks has pro-
vided many possibilities for developing amplified fluorescence
biosensors.

In 2011, Yu's group reported a GO-DNAzyme-based probe for
Pb?* “turn-on” detection via amplified fluorescence.®*l As shown
in Figure 17, the substrate strand is tagged at the 5" end with a
FAM, which is hybridized to the DNAzyme strand to generate a
DNAzyme-substrate hybrid with a wide ssDNA loop to interact
with the GO. A FAM-labeled DNAzyme-substrate hybrid served
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% FAM

Figure 16. illustration of the detection principle of the suggested fluorescent biosensor DNAzyme-MoS,. Reproduced with permission.

Copyright 2015, Elsevier B.V.

as a molecular recognition module as well as a signal reporter,
while GO functioned as a super quencher. This sensing system
was used to determine Pb?* in an aqueous environment with an
LOD of 300 x 1072 m and had high sensitivity toward the target.
As mentioned in the following sections, Wen et al. pre-
sented a “turn-off” design in which the interactions between
GO and an 8-17 DNAzyme revealed that Pb** may pre-
cisely modify the couplings by cleavage of the 17S substrate
(Figure 18a). They used GO nanoprobe sensors with excel-
lent sensitivity, selectivity, and programmable dynamics to
extend a simple mix-and-detect fluorescence sensor for Pb%*
ions. Thus, the planar shape of graphene allows it to adsorb
a variety of DNA probes.['3?] In 2017, Huang’s group designed
a DNAzyme branched junction structure with three kinds of
DNAzymes and GO for simultaneous fluorescent detection of
Cu?, Pb?*, and Mg?" . As illustrated in Figure 18b,c, three
fluorophore-labeled DNA sequences containing E-DNA and
S-DNA were fused to produce a DNAzyme binding structure.
The S-DNA was cleaved and adsorbed on the GO surface
under the target metal ion to quench the fluorescent signal.
Furthermore, the detection limits for Cu?*, Mg?", and Pb?
were predicted to be 1 x 107, 200 x 107, and 0.3 x 107 M,
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respectively. This technique demonstrates how sensors can
be used to detect and image numerous metal ions in environ-
mental and biological systems.

Later, Radhakrishnan and co-workers reported on a fluorescent
biosensing platform based on a self-assembled GO-DNAzyme
complex for the detection of Pb(II) and Hg(II) ions." The DNA-
zyme and substrate strands hybridize and attach to the surface
of GO, which acts as a signal sensor while quenching the signal.
When the Pb(II) ion enters the DNAzyme, it cleaves and releases
fragments on the GO surface. The remarkable fluorescent inten-
sity of the thioflavin T (ThT) fluorescent probe was due to its
binding to the G-quadruplex, as shown in Figure 19. In addition,
the detection limits of 96 x 10712 m for Pb (II) and 356 x 10712 m
for Hg(1I) were achieved within the range of 0 to 0.05 X 10~ m. As
a result, this suggested method has a high potential for detecting
Pb(II) and Hg(II) ions in biological systems with excellent effects.

4. Summary and Future Outlook

Nanoparticles with distinct physical and chemical properties
have trigged intensive interest in nanoscience fields. Especially,
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Figure 17. a) Illustration of secondary structure of the GR-5 DNAzyme hybridized with the FAM-labeled substrate strand. b) Secondary structure of the
8-17 DNAzyme hybridized with the FAM-labeled substrate strand; the “rA” adenosine ribonucleotide. c) Schematic illustration of the DNAzyme-GO
based fluorescence sensor for Pb2*. Reproduced with permission.'® Copyright 2011, Elsevier B.V.
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Figure 18. a) Schematic for the Pb?-modulated coordination between DNAzyme and GO. The fluorescence spectra of a mixture of DNAzyme and GO
upon interaction with 0 to 2 X 107 m of Pb?". Reproduced with permission.'2 Copyright 2011, Royal Society of Chemistry. b) Illustration of the simulta-
neous fluorescent determination of Cu?*, Pb?*, and Mg?" based on GO platform. c) The spectra of selectivity for the proposed biosensor. Reproduced

with permission.l® Copyright 2017, Elsevier B.V.

the development of inorganic and organic NPs with functional
DNAzymes in living systems has attracted considerable atten-
tion and has emerged as a new area in biomedical research.

In this review, we summarized various methods for assembling
DNAzymes with four surfaces types, including such as metal-
organic frameworks, gold nanomaterials, graphene oxide, and
molybdenum disulfide involving encapsulation, covalent conjuga-
tion, adsorption, and self-insertion. In addition, systematic studies
regarding synthesis conditions, with the versatility in structure and
function, were investigated in detail to better understand the inter-
action between these nanomaterials and DNAzyme. Meanwhile,
with the advantages of optical, magnetic, and electronic properties
and surfaces for immobilization offered by these nanosystems,
we have highlighted the promising applications of DNAzyme—
nanomaterial conjugates, particularly notable recent advances.

Small 2021, 17, 2105439

2105439 (18 of 23)

Overall, these nanoplatforms can be used to detect metals in
aqueous solutions and can even be delivered into cells for bio-
imaging and biosensing. They can measure and image intra-
cellular nucleic acids such as miRNA and mRNA. As reported,
they can also serve as a carrier for phototherapy and stimuli—
responsive drug delivery, which shows great promise in real-
izing the therapeutic effects. Given these signs of progress,
there are still many challenges to overcome to further develop
certain future directions in this emerging field along with the
following aspects:

1) Several studies have shown that the use of DNAzyme-MOF
conjugates for phototherapy has some drawbacks such as
O,-dependence, inhomogeneous heat distribution, and lim-
ited tissue delivery. This will necessitate the creation of more
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efficient synthetic routes to generate smaller MOFs with more
homogeneous sizes, as well as the appropriate functionaliza-
tion to improve stability in physiological media. With the ad-
vancements in the field of MOFs, it is believed that a precise
understanding of the growth mechanisms of MOFs on the cell
surfaces is crucial for the future development of DNAzyme@
MOFs nanoplatforms for controlled biomedical applications.
While several examples in the literature have employed cova-
lent organic framework (COF) in fluorescence-based sensing
platforms for DNA detection,!8¢%] DNAzyme-COF com-
plexes require further studies. This system will have greater
selectivity, sensitivity, and stability, as well as a broader range
of applications in chemistry, biology, and medicine.

The preparation of DNAzyme—-AuNPs conjugated with spe-
cific DNAzyme strands and functionalization of diverse
regions of AuNPs remains challenging. Numerous efforts
are still to identify easy solutions to achieve these objec-
tives. Moreover, the anchoring of DNAzyme on the surface
of AuNPs via Au—S bonds is unstable in a variable environ-
ment. For breaking through this bottleneck, Yang’s group
and Tang’s group developed a novel strategy via replacing the
Au—S bond with Au—Se or Pt—S bond, respectively.?>°!l To
ensure that the optimal DNAzyme activity has been driven
primarily by controlling the interface between DNAzyme and
nanomaterials. For instance, the density and orientation of
DNAzymes are critical for the regulation of their activity.
Although many types of 2D nanomaterials interacting with
DNA have been reported,[26129192-195] most of these stud-
ies have been performed on GO, MoS,, and WS,, which
can all adsorb single-stranded DNA (Table 2). However, the
interaction between GO and MoS, with DNAzyme has rarely
been explored. These challenges will motivate researchers
to develop new enhanced interaction methods and applica-
tions of DNAzymes with these kinds of nanomaterials. As
a result, there is still much work to be done on developing
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U1
~
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diverse bonds between DNAzymes and nanomaterials for
programming the construction of DNAzyme-functionalized
nanomaterials for biomedical applications.

In terms of increasing the binding affinity of DNAzymes
to metal ions, significant progress has been made. A large
number of metal ions have been isolated from proteins and
small molecules in cells. However, the free metals available
for DNAzyme have rarely been discussed. Meanwhile, some
new trends and challenges may be easily observed, such as
the selection of various metal-ion-dependent DNAzymes and
simulation of the binding mechanisms.[1%61%7]

It is also important that long-term subsequent monitoring
of the organism is essential. Furthermore, current imaging
studies and therapeutic applications are far from being used
clinically, and a thorough understanding of the mechanism

Table 2. Typical examples of DNA-2D nanomaterial conjugates.

Nanomaterial DNA probe Ref.
TPA-COF Single strand DNA [188]
TpTta-COF Single strand DNA and nucleotides [189]
TTA-DFP COF Single strand DNA [187]
EB-TFB-COF Label-free detection of double [186]
strand DNA
MoS, Single strand DNA [126]
MoS, Double-stranded DNA [129]
MoS,-GO Single strand DNA [193]
WS, Single strand DNA [192]
WS, Double-stranded DNA [194]
TMDS (MoS,, MoSe, WS,, WSe,) Hairpin DNA [195]

Ethidium bromide (EB); 2,6-diformylpyridine (DFP), 4,4',4”-(1,3,5-triazine-2,4,6-
triyl)trianiline (TTA); 1,3,5-triformylphloroglucinol (Tp), 4,4',4"-(1,3,5-triazine-2,4,6-
triyl)trianiline (Tta); transition metal dichalcogenides (TMDs).
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of absorption, metabolism, and excretion is required. Finally,
future efforts should focus on increasing the binding affin-
ity of DNAzymes to metal ions, in combination with various
mechanisms to achieve excellent efficacy in cancer or other dis-
eases. Although DNAzyme-based nanotherapeutic platforms
for clinical applications remain a long-standing challenge in
nanomedical development, groups of researchers have made
significant progress. Therefore, more attention could be paid
to the development of the new DNAzyme/nanomaterials con-
jugates to address these challenges.
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