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SUMMARY

DNA strands with unique secondary structures can catalyze various chemical re-
actions and mimic natural enzymes with the assistance of cofactors, which have
attracted much research attention. At the same time, the emerging DNA nano-
technology provides an efficient platform to organize functional components of
the enzymatic systems and regulate their catalytic performances. In this review,
we summarize the recent progress of DNA-based enzymatic systems. First, DNA-
zymes (Dzs) are introduced, and their versatile utilities are summarized. Then, G-
quadruplex/hemin (G4/hemin) Dzs with unique oxidase/peroxidase-mimicking
activities and representative examples where these Dzs served as biosensors
are explicitly elaborated. Next, the DNA-based enzymatic cascade systems fabri-
cated by the structural DNA nanotechnology are depicted. In addition, the appli-
cations of catalytic DNA nanostructures in biosensing and biomedicine are
included. At last, the challenges and the perspectives of the DNA-based enzy-
matic systems for practical applications are also discussed.

INTRODUCTION

DNA nanotechnology has been flourishing since the pathbreaking fabrication of the first immobilized 4-
arm DNA junction reported by Seeman and co-workers in 1982 (Seeman, 1982). Based on the seminal
DNA tiles, various complex DNA nanostructures have been successfully assembled, including the DNA
tile (Fu and Seeman, 1993), the double crossover (DX) structure (Liu et al., 2011), the single-stranded tile
(SST) (Wei et al., 2012), the DNA origami (Rothemund, 2006; Tikhomirov et al., 2017), and so on . DNA
origami has attracted significant attention in fabricating more complex structures with controlled sizes
and shapes. The DNA origami nanostructure is assembled by the annealing process where a long
single-stranded DNA (ssDNA) scaffolds (usually M13mp18 genome DNA) is folded into predesigned ge-
ometries by ~200 complementary short ssDNA (Rothemund, 2006). Up to now, the development of
DNA nanotechnology with high programmability and addressability has promoted the fabrication of
one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) DNA nanostructures (Vazquez-
Gonzélez et al., 2020). The extraordinary properties possessed by DNA nanostructures, including great
biocompatibility and programmability, enable their wide applications in materials science and biomedical
studies. A particularly fascinating part of DNA nanotechnology is the DNAzymes (Dzs), which refer to a class
of DNA nanostructures with excellent catalytic abilities to catalyze multiple reactions. The first DNA-based
catalyst was reported by Ronald Breaker and Gerald Joyce in 1994 (Breaker and Joyce, 1994). In their
pioneer work, DNA strands with unique secondary structures can catalyze the transesterification of RNA
phosphate diester bonds. Since then, a plethora of artificial DNA sequences as active enzymes were
selected by Systematic Evolution of Ligands by Exponential enrichment (SELEX), which has become an
important technology for Dzs library screening due to its excellent target analysis range and strong affinity
(Silverman, 2016; Kumar et al., 2019; Wang et al., 2021a). Regioselective Dzs consisting of synthetic DNA
single stands and different cofactors have been developed with diverse catalytic abilities (Kumar et al.,
2019; Hollenstein, 2015), e.g., DNA/RNA cleavage or ligation (Zhou et al., 2015, 2016; Praetorius et al.,
2017; Wu et al., 2017; Huang et al., 2020; Purtha et al., 2005), phosphorylation (Camden et al., 2016), hydro-
lysis (Chandra et al., 2009), and alkyne-azide “click’ cycloaddition (Liu et al., 2020a). Considering the versa-
tility in terms of catalytic mechanisms, Dzs have shown promising potentials for biosensing, theranostics,
and biomedicine, etc. (Huang et al., 2020; Liu et al., 2017a; Yousefi et al., 2018; Zhang et al., 2020; Peng
et al., 2017, Wei et al., 2020). Meanwhile, Dzs have advantages over protease and ribozyme due to the
easy fabrication, low cost, storage convenience, and high stability (Hollenstein, 2015; Guo et al., 2017).
In 1998, Travascio et al. reported a hemin-G4 Dz consisting of hemin and G4 with enhanced horseradish
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peroxidase (HRP)-like activity (Travascio et al., 1998). In this catalytic system, hemin not only possesses
inherent HRP-like activity but also works as an active cofactor of this designed artificial enzyme. In the pres-
ence of metal ions, guanine (G)-rich single-stranded short DNA sequences can bind to hemin tightly via the
formation of intramolecular G4, forming hemin-G4 Dzs. Peroxidase-mimicking G4 Dzs have drawn wide
attention as a substitution to natural HRP, thereby avoiding the intrinsic problems faced by the natural pro-
teins, e.g., instability and difficulty in modification (Morrison et al., 2018). Therefore, the hemin-G4 Dzs have
been successfully applied in the detection of biomarkers, microorganisms, biotoxins, and metal ions (Wang
et al., 2014; Hoang et al., 2015; Li et al., 2016; Liu et al., 2017b; Winterwerber et al., 2020).

Besides, DNA molecules can contribute to the assembly of DNA nanostructures with reasonable and pre-
cise design (Vazquez-Gonzélez et al., 2020). Plenty of DNA nanostructures or DNA-based nanoplatforms
have been fabricated with various sizes, morphologies, and dimensions by the accurate arrangement of
diversified DNA sequences. The DNA-based nanostructures provide platforms to immobilize catalytic en-
zymes and conduct cascade reactions. DNA nanoplatforms with 1D, 2D, and 3D structures have been de-
signed and fabricated to meet the need for DNA-based enzymatic cascade systems, for instance, wrapping
enzymes for protection, and providing a fixed platform to examine the catalytic mechanism, etc. (Fu et al.,
2014; Linko et al., 2015; Ngo et al., 2016; Chen et al., 2018b; Yang et al., 2019).

In this review, we aim to summarize the recent progress of Dzs into five parts: (1) the Dzs classified by their
different catalytic functions are firstly introduced, e.g., nucleotide cleavage and ligation, DNA phosphor-
ylation, and so on (Praetorius et al., 2017; Cuenoud and Szostak, 1995; Ponce-Salvatierra et al., 2016; San-
toro and Joyce, 1997); (2) the hemin-G4 Dzs, as a commonly used enzyme mimicking nanostructures, are
summarized in the second part; (3) the DNA-based enzymatic cascade systems, involving 1D, 2D, and
3D cascade reaction platforms based on DNA nanostructures, are discussed in the third part; (4) the pro-
spective applications of Dzs in biosensing and biomedicine are summarized in the following part; (5) the
challenges and future development trends in applying DNA molecules in building novel catalytic platforms
are finally discussed.

THE FUNCTIONS OF DZS

Since the first Dz reported by Ronald Breaker and Gerald Joyce in 1994 (Breaker and Joyce, 1994), many
kinds of Dzs for catalysis have been explored and synthesized. The sequences of Dzs and the cofactors
determine the functions of Dzs, which can be employed to catalyze various chemical reactions, such as liga-
tion and cleavage of nucleotides and DNA phosphorylation, etc. In this part, we will summarize various Dzs
according to their different catalytic functions.

DNA/RNA ligation

In 1995, Cuenoud et al. firstly screened and discovered a 47 nt long Dz, which is able to catalyze the forma-
tion of new phosphodiester bonds, and initiates the ligation between different DNA sequences (Cuenoud
and Szostak, 1995). Since then, more and more Dzs have been developed for the ligation of DNA or RNA.
Normally, Dzs with DNA ligase activity catalyze the ligation between two DNA sequences. This reaction re-
quires the imidazole group to be attached to the phosphate group at the 3’ end of one DNA fragment for
guaranteeing the ligation with the 5" end of the other DNA strand. Similarly, the ligations between RNA
strands by Dzs have also been reported. In 2005, Purtha and coworkers identified two kinds of Dzs via
in vitro selection, which are specific to Mg2+ and Zn%*, respectively (Purtha et al., 2005). Both of them
with 40 nt long DNA strand catalyze the linkage between two RNA substrates and allow various changes
at the sites far away from the ligation sites on RNA substrates, as depicted in Figure TA. These two kinds
of Dzs possess higher capabilities on catalyzing 3'-5' RNA linkages with relatively substantial yield and are
suitable to prepare long RNAs. In order to realize the optimal design of Dzs to develop their potential ap-
plications in biomedicine, many efforts on the study of the basic mechanism of their functions have been
conducted. Pena et al. analyzed the 3D crystal structure of a Dz specified to Mg?* (named 9DB1) in 2016 for
the first time (Ponce-Salvatierra et al., 2016). The revealed crystal structure preliminarily verifies that specific
DNA strands have the ability to realize tertiary folds to function catalytic activity. Afterward, Orozco's group
revealed the mechanism of RNA linkage catalyzed by 9DB1 experimentally and theoretically, which offers
more insights into the knowledge of key nucleotides in full sequences of Dzs and cofactors, improving the
design of novel and effective Dzs with ligase-like activity (Aranda et al., 2019). Furthermore, the Dzs-cata-
lyzed oligonucleotide 3'-phosphorylation has been elaborately studied. Li and coworkers have already iso-
lated nearly 50 kinds of DNA strands with polynucleotide kinase-like activity in 1999 (Li and Breaker, 1999).
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Figure 1. The Dzs with different catalytic performances

(A) Schematic illustration of DNA-catalyzed 3'-5' RNA ligation. Reproduced with permission (Purtha et al., 2005).
Copyright 2005, American Chemical Society.

(B) Scheme of DNA-catalyzed oligonucleotide 3'-phosphorylation. Reproduced with permission (Camden et al., 2016).
Copyright 2016, American Chemical Society.

(C) Scheme of a Dzs-catalytic NaA43 hairpin assembly (DzCHA) probe. Reproduced with permission (Wu et al., 2017).
Copyright 2017, Elsevier.

(D) Scheme of DNA-cleaving Dzs-guided self-excising cassettes to produce staple strands and scaffold for DNA
nanostructure assembly. Reproduced with permission (Praetorius et al., 2017). Copyright 2017, Nature Publishing Group.

Then, for a further and detailed exploration, Alison et al. identified a kind of Dz that enables DNA oligonu-
cleotide 3'-phosphorylation, wherein 5'-triphosphorylated RNA transcript (pppRNA) provides phosphoryl,
as is demonstrated in Figure 1B (Camden et al., 2016). The obtained Dzs, named 3’ Kin1, realizes the 3'-
phosphorylation of theoretically all DNA substrates with motif 5-NKR-3’ at 3’ end (N is oligonucleotide
sequence, Kis T or G, and R is A or G). Surprisingly, the mutation from A to T of the first sequence of
3'Kin1 induces unpredictable optimal activity. Here, they succeeded in verifying the feasibility of selecting
Dzs for oligonucleotide 3'-phosphorylation via in vitro selection.

Nucleotide-cleavage Dzs
RNA-cleavage Dzs

In the following part, we summarize two most commonly used Dzs with cleavage functionalities, i.e., RNA
cleavage and DNA cleavage. Since the first RNA-cleavage Dzs (RCD) revealed by Breaker and Joyce in 1994
(Breaker and Joyce, 1994), various Dzs have been extracted or synthesized for cleaving specific sites of
RNA, resulting in inactive genes at mRNA level to regulate the expression of related proteins (Wang
et al., 2021a, 2021b; Meng et al., 2019). Due to their precise mRNA regulation functions, RNA-cleavage
Dzs play a significant role in treating RNA viruses and other diseases such as tumors. The representative
RCDs, including 8-17 type and 10-23 type, were firstly reported by Joyce's group (Santoro and Joyce,
1997). Typical 8-17 Dzs with a catalytic core of 14 nucleotides can cleavage RNA at the sites extended
from A-G into N-G (N indicates A/U/C/G) with divalent metal ions as cofactors (Brown et al., 2003). Except
for catalyzing pyrimidine to form pyrimidine junctions, 8-17 Dzs show excellent catalytic activity to other
functional groups comprising purine and pyrimidine (Schlosser et al., 2008). Based on the valid RNA cleav-
age ability of 8-17 Dzs, Yu et al. induced phenyl boronate (BO) and phosphorothioate (PS) to modify Zn?*-
dependent 8-17 Dzs, which can be activated by intracellular reactive oxygen species (ROS) (Xiao et al.,
2019). BO embedded at the catalytic core can be removed by endogenous hydrogen peroxide (H205)
to recover the activity of BO-Dzs. Likewise, endogenous hypochlorous acid (HCIO) cleaves PS incorporated
at the site linked with a blocking sequence. Via these ways, BO-Dzs and PS-Dzs can be activated by H,O,
and HCIO coexisting in both murine cells and human cells.
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Taking advantage of 10-23 Dzs’ high specificity for Mg?* and high efficacy for RNA cleavage, Lin et al. re-
ported a 10-23 Dzs-based biosensor with an 18-base pair recognition site that can recognize homing endo-
nuclease (Lin et al., 2019). The endonuclease can cleave this 18-base pair recognition region to recover the
active configuration of Dzs to recognize their cofactor Mg®*. Meanwhile, the Mg?* triggers the Dzs-medi-
ated cleavage to release the DNA sequences tagged with a fluorophore, resulting in the change of fluores-
cent signals. Therefore, this 10-23 Dzs-based biosensor can be used for intracellular imaging of Mg?*. In
2019, Li's group delivered a nanohybrid consisting of 10-23 Dzs and Cu®* for synergistic tumor therapy
(Liu et al., 2021a). The 10-23 Dzs released from the nanohybrids can catalyze the vascular endothelial
growth factor-2 (VEGFR2) mRNA cleavage and then trigger the gene silencing, together with Cu™-medi-
ated hydroxyl radicals (-OH) generation for chemodynamic therapy. Generally, the 10-23 Dzs can be de-
signed to target almost any substrates at the RNA purine-pyrimidine junction, allowing the modulation
of gene expression and tumor treatment by regulating the expression of intracellular RNAs (Khachigian,
2019). Among RCDs, one type of Dzs have been designed based on monovalent metal ions rather than
divalent metal ions as the cofactors, enriching the functions of Dzs with the detection of monovalent metal
ions (Torabi et al., 2015). Zhou et al. reported Na*-dependent RCDs obtained by a choreographed in vitro
selection (Zhou et al., 2016). The designed DNA strands include a single adenine ribonucleotide (rA), which
facilitates the susceptible RNA cleavage. Itis noteworthy that this type of Dzs keeps active in different kinds
of chemical environments, including 54% alcoholic solvents, and only required Na* as the cleavage
cofactor. In addition, the designed Dz is still active at a relatively low concentration of Na* and a high con-
centration of ethanol (72%) or dimethylsulfoxide (DMSQO). The catalytic rate in such organic solvent is 1000-
fold higher than that in water. This kind of Dzs can be applied in the detection of the alcohol content, which
has a comparable detection performance to the commercial methods.

Lu’s group fabricated a biosensor based on the NaA43 Dzs combining catalytic hairpin assembly (CHA) to
measure Na* content (Figure 1C) (Wu et al., 2017). This biosensor named DzCHA can cleave the substrates
at rA and release hairpin DNA (H1) and short sequence DNA strands (I, red line) in the presence of Na*,
thereby recovering the fluorescence. The fluorescence intensity is proportional to the Na™ concentration.
For intracellular detection, the rA portion is modified with a UV-light-sensitive group, 2/-O-nitrobenzyl
adenosine (PG), forming the photocaged substrate strand of the NaA43 Dzs. The ultraviolet light removes
the PG and then relieves the rA portion from the photocaged substrate strand of the NaA43 Dzs, thus real-
izing a controllable activation of DzCHA probe. It is found that the combination of the feasible DzCHA
probe and additional Na* can trigger the strongest fluorescence signals, indicating that this DzCHA probe
can serve as the universal strategy for DNA-based sensors to enhance the detective signals, which is helpful
to further study the functions of metal ions in complicated biological environments.

DNA-cleavage Dzs

Another nuclease selected for DNA cleavage is referred to as DNA-cleavage Dzs (DCD), which was re-
ported as early as 2009 by Chandra (Chandra et al., 2009). They isolated a DNA-hydrolysis DCD with an
accelerated rate of 108, and subsequently, they inserted an Ala-Ser-Ala tripeptide sequence to the 40 nt
long DNA region to cleave amide bonds. This pioneering work for the selection of DNA-hydrolysis Dzs rep-
resents a milestone in the field of catalytic nucleic acids.

Besides the applications in sensing, imaging, or cancer therapy, DCDs can also make contributions to the
synthesis of various nanostructures. For instance, Dietz's group reported a DCD-assisted strategy for mass
production of DNA nanostructures (Praetorius et al., 2017), as shown in Figure 1D. The required DNA
staples (colored line) and the Zn2+—dependent self-cleaving Dzs (black line) are cloned into phagemid back-
bones for amplification. In the presence of Zn?*, the produced amplicons can be cleaved and release mul-
tiple staples and scaffold, thereby realizing a mass production of target structures. The feasibility of pro-
ducing desirable sequences obtained by cleavage DNA strands with DCDs will allow the mass
production of DNA nanostructures at low costs, which lay the foundation for future commercial use.

G4 WITH PEROXIDASE-MIMICKING ACTIVITY

The integration of G4 and hemin or porphyrin analogue exhibits HRP-like activity, and the assembled struc-
ture can be regarded as hemin-G4 Dzs. Compared with the natural peroxidase, HRP-mimicking Dzs take
the advantages of higher stability and compatibility, easier modification and synthesis. Therefore, they
are utilized in many fields, such as biosensors, nanostructure fabrication and DNA nanomachines (Mergny
and Sen, 2019). For instance, Kurapati et al. used an 18 nt long DNA sequence combined with porphyrin
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Figure 2. G4/hemin Dzs with enhanced HRP-like activity
(A) Degradation of GO induced by PS2.M-hemin complex. Scale bar: 500 nm. Reproduced with permission (Kurapati and Bianco, 2018). Copyright 2018,

Royal Society of Chemistry.

(B) The Dz-11-hemin complex used for enhanced enzymatic systems. The influences of different factors on enhancement effect of the adjacent adenine
(EnEAA effect): (Upper right) the different length of poly-T spacer and (Lower right) poly-A at 3’ terminal of G4 sequence. Reproduced with permission (Li
et al., 2016). Copyright 2016, Oxford Academic.

(C) Self-assembly and the catalytic performance of peroxidase-mimicked nanoparticles consisting of G-rich nucleic acid, His-rich peptide, and hemin.
Reproduced with permission (Liu et al., 2017b). Copyright 2017, American Chemical Society.

(D) Site-selective synthesis of polyaniline (PANI) on triangular DNA origami based on G4 Dzs. Scale bar: 200 nm. Reproduced with permission (Wang et al.,

2014). Copyright 2014, American Chemical Society.
(E) Light-triggered polydopamine formation on DNA origami by G4 Dzs catalysis. Reproduced with permission (Winterwerber et al., 2020). Copyright 2020,

Wiley-VCH.

moiety of hemin to oxidize and degrade graphene oxide (GO) in the presence of H,0,, as shown in Fig-
ure 2A (Kurapati and Bianco, 2018). The hemin-based Dzs catalyze H,O, oxidation in the form of two-elec-
tron mechanism (Poon et al., 2011), resulting in the generation of reactive oxygen intermediates (ROS); for
the two-electron oxidation mechanism of the hemin-based Dzs: two successive one-electron oxidations,
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named “oxygen rebound mechanism,” that proceed via a substrate radical intermediate (oxoiron [IV]
porphyrin cation radicals). It is operated in most hemin-based Dzs (Poon et al., 2011). In the mentioned
work, the produced ROS initiates the oxidation reaction on the defects or edges of GO, causing progres-
sive holes on GO surface, as is shown in the TEM images in Figure 2A (Kurapati and Bianco, 2018). This novel
hemin/G4 Dzs with better stability is capable of efficiently eliminating GO or other carbon nanomaterials,
which is of great value for the further application of carbon-based nanomaterials in the field of biomedicine
and relative industry. Recently, Belcher's group proposed an efficient approach to cut the single-wall car-
bon nanotubes (SWNTSs) with controlled length by using the DNA origami and G4-hemin Dzs hybrids (At-
sumi and Belcher, 2018). The hybrids are synthesized by immobilizing the hemin/G4 Dzs-wrapped SWNTs
onto the predesigned sites of the DNA origami via the biotin-streptavidin recognition. In the presence of
H,O,, the HRP-like hemin/G4 Dzs facilitate the decomposition of H,O; to generate free radicals that trig-
gers the cleavage of SWNT at G4-hemin Dzs existing sites. Accordingly, the pinpointed hemin/G4 Dzs on
the DNA origami realizes the rapid and efficient cutting of SWNTs with required lengths, which can be
further applied in the studies of quantum mechanics and the synthesis of nanopore-based sensors.

Recently, various methods have been explored to meet the need of improving catalytic activity of hemin-
based Dzs for further applications. Yao's group tried to add 3 adenines (A) into the Dzs to improve the
activity of G4 Dzs via the intramolecular enhancement effect of the adjacent adenine (EnEAA) effect (Fig-
ure 2B) (Li et al., 2016). By adding A bases at 3'-end of DNA core sequence, the purine N1 atom and exocy-
clic 6-amino groups of adenine accelerate the formation of the intermediate and critical active substance
during the catalytic process, causing a 5- to 20-fold enhancement of activity compared with original hemin-
based G4 Dzs. Different amounts of thymine (T) inserted at the 3'-end of the G4 core sequence result in a
declined activity with the increasing number of T bases. It indicates that only the adjacent A facilitates the
EnEAA effect, as is shown in Figure 2B (lower right). Similarly, in 2017, Zhou's group reported that G4 Dzs
possess intensive activity and perform length-dependent effects when the loop domains are A or C bases
(Chen et al., 2017). They found that the repeated dA nucleotides, which work as the linkers and loop se-
quences in the loops of parallel G-quadruplex, accelerate the intermediate formation to speed up the cat-
alytic process. The insertion of different nucleobases, especially dA, at the terminal of G4 was subsequently
demonstrated to greatly improve the catalytic activity of G4/hemin Dzs. This strategy also provides an idea
for designing the thermophilic and high-active G4/hemin Dzs by using the addition of dA at the terminal of
the G4 (Guo et al., 2017). Afterward, inspired by the -7 stacking conjugation between hemin and G4,
Zhou's group managed to modulate the activity of G4/hemin Dzs by modifying the flanking sequence close
to the terminal plane of G4 (Chen et al., 2018a). The highly active G4/hemin Dzs are expected to be used in
biosensors to realize desirable sensitivity. Subsequently, the improved catalytic performance of G4-Dzs
was achieved via the chemical modifications of the DNA backbone that provide G4 with double 3'-external
G-quartets (Virgilio et al., 2020). Virgilio et al. introduced a G4 Dz consisting of two G4 with similar 3'-ter-
minals (Virgilio et al., 2020). The increased 3’ end promotes the affinity of hemin, resulting in an intensive
catalytic ability. Recently, Wang et al. also proposed that the embedded external quartet was in favor of
the enhanced affinity to hemin and activation of the iron atom in hemin (Wang et al., 2020). Moreover,
the addition of histidine-rich peptides can also contribute to enhanced enzymatic activity (Liu et al.,
2017b, 2020b; Du et al., 2021, 2022), as is shown in Figure 2C. Van der Waals force drives histidine-rich pep-
tides to assemble with G-rich Dzs for capturing hemin. The stacking state of hemin presented at the termi-
nals of folded G-rich Dzs allows more hemins to be exposed to H,0,, resulting in the enhanced catalytic
activity. Furthermore, amino acid residues of histidine embed hemin to protect it from oxidative degrada-
tion. The synergistic effect of histidine and hemin accounts for the reasonably improved catalytic
performance.

Taking advantage of the HRP-like activity, hemin/G4 Dzs with negative charges hold the potential to assist
the synthesis of polyaniline (PANI). PANI is of great significance in electronics and energy storage. Nega-
tively charged polyelectrolyte is commonly used as the template for PANI growth. Wang and coworkers
developed a method for PANI growth on 2D triangular DNA origami (TOA) with controlled shape by the
guidance of HRP-mimicking hemin/G4 Dzs (Figure 2D) (Wang et al., 2014). The addressability of DNA
origami furnishes hemin/G4 Dzs with designed sites on TOA. In the presence of aniline and H,O,, Dzs at
the specific position on the TOA catalyze the oxidation of aniline into aniline radicals, followed by the sub-
sequent growth of PANI. The AFM images and the height of the synthesized PANI structures verified the
successful growth of PANI on 2D TOA (Figure 2D). Subsequently, Weil's group proposed a Dz catalyzed
method for the polymerization of dopamine (Winterwerber et al., 2020). They synthesized a tubular DNA
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Figure 3. DNA-nanostructure-based enzymatic cascade reaction systems
(A) lllustration of HRP/GOx bi-enzymes biocatalytic cascade on the DNA nanowire. Reproduced with permission (Wang et al., 2009). Copyright 2009,

American Chemical Society.
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Figure 3. Continued

(B) Scheme of reversible regulation of enzyme cascade reaction by a DNA nanomachine. Reproduced with permission (Xin et al., 2013). Copyright 2013,
Wiley-VCH.

(C) HRP/GOx enzymatic cascade on 2D DNA origami raft for real-time imaging at the single-molecule level under the different distances of immobilized
GOx. The green and red arrow refer to Brownian motion and enhanced motion, respectively. Reproduced with permission (Sun et al., 2017). Copyright 2017,
American Chemical Society.

(D) Co-assembled amylase, maltase, and glucokinase on triangular DNA origami for enzymatic cascade reaction with enhanced catalytical activity.
Reproduced with permission (Klein et al., 2019). Copyright 2019, American Chemical Society.

(E) Schematic illustration of DNA nanocage-encapsulated bi-enzymes system (GOx, orange; HRP, green) and the activity analysis of encapsulated GOx/HRP
pairs. Reproduced with permission (Zhao et al., 2016). Copyright 2016, Nature Publishing Group.

origami and settled the G4 Dzs at the specific sites to form the lined or the dotted patterns. The G4 Dzs
extensions act as the anchor sites for capturing the photosensitizer protoporphyrin IX (PPIX), a kind of
hemin analogue (Figure 2E). With irradiation of the visible light, PPIX induces the generation of ROS and
conducts the following dopamine oxidation at the specific sites. The light-mediated polymerization of
dopamine on 3D DNA origami succeeds in synthesizing well-defined nanostructures with spatiotemporal
control. Furthermore, the uniform deposition of polydopamine can enhance the stability of tubular DNA
origami in the solution without cations. Therefore, through manipulating hemin (or its analogies)/G4 Dzs
to optimize their functions and activities, this kind of DNA-based enzymatic system may generate broad
applications in biosensing, cancer therapies, and chemical reactions (Zhong et al., 2018; Sun et al., 2019,
Xu et al., 2021).

DNA-BASED ENZYMATIC CASCADE SYSTEMS

Taking advantage of the outstanding programmability and high biocompatibility, DNA nanostructures
have become promising candidates as the platform to load functional enzymes to fabricate stable, posi-
tion- and shape-controlled DNA-based enzymatic cascade systems. Plenty of 1D, 2D, and 3D DNA nano-
structures as enzyme immobilizing platforms for cascade reactions have been reported. The well-designed
DNA-based enzymatic cascade systems avail the further application and property study. A present land-
scape relevant to the fabrication and application of the enzymatic cascade systems based on DNA nano-
structures as the templates is described in this section.

Enzymatic cascade systems based on 1D DNA nanostructures and DNA tiles

The original DNA-based cascade enzymatic systems are fabricated on the scaffold of DNA tiles or 1D DNA
nanostructures. Wang et al. reported a 1D DNA nanowire obtained by the self-assembly of two kinds of
circular DNA moieties to organize glucose oxidase (GOx) and HRP, as is shown in Figure 3A (Wang
et al., 2009). Due to the high local concentration caused by the well-designed positioning of bi-enzymes,
the cascade reaction is activated by the addition of glucose. The catalytic rate of these enzymatic cascade
systems based on 1D DNA nanostructures is 6-fold higher than that caused by free bi-enzymes without the
DNA platform. Simple DNA nanostructures with precise design (e.g., DNA tiles) show potential in serving
as the platform to load enzymes and performing the cascade reaction. A DNA nanomachine reported by
Liu's group in 2013, which loaded bi-enzyme (GOx and HRP) on two arms of a single DNA tile, can realize
the reversible control of the cascade reaction (Figure 3B) (Xin et al., 2013). The strategy of strand displace-
ment reaction is used to incorporate a DNA motor into the middle of the DNA machine. The DNA motor
assists the DNA machine in switching back and forth between open and close states, resulting in the dis-
tance change between bi-enzymes, thereby regulating the cascade reaction. This strategy provides the
possibility for the subsequent study of DNA machines with more complex functions and different response
mechanisms to realize the modulation of multi-enzyme biosystems and facilitates follow-up explorations of
other distance-dependent biosystems.

Enzymatic cascade systems based on 2D DNA nanostructures

2D DNA nanostructures can also be used to investigate distance-dependent cascade reactions in confined
spaces. For instance, Fu et al. evaluated the effect of the distance-dependent kinetic process of bi-enzymes sys-
tems between GOx and HRP located on a confined rectangular DNA origami, as the distance changed from
10nmtoé65nm (Fuetal., 2012). They observed that the shorter distance between bi-enzymes resulted in stronger
catalytic activity due to a relatively close distance. It allows the intermediates to transfer from GOx to HRP along
the protein surface instead of diffusing in the bulk solution. Thus, the high local concentration of intermediates
leads to a significantly enhanced catalytic performance. Later, Fan' s group developed a raft-based platform
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using the triangular DNA origami for real-time imaging of enzymatic cascade at the single molecular level (Sun
et al., 2017). As demonstrated in Figure 3C, the upstream enzyme (GOx) is immobilized onto the cholesterol-
labeled triangular DNA origami raft, and the downstream enzyme (HRP) is anchored on the cholesterol-labeled
dsDNA intercalated in the supporting lipid bilayer. The average diffusion velocity of catalase under the different
distances of immobilized GOx was illustrated in the right image in Figure 3C. Within a given diameter range of
5 um of GOx, HRP performs a simple Brownian motion in the absence of substrate glucose. However, the addi-
tion of glucose triggers the generation of H,O;, (as is shown in the green region by the gray circle in the right im-
age in Figure 3C) to enhance HRP's motion within the region filled with H,O,. The HRP that is more than 5 um
away from Gox shows no significant different motion compared with the first group. The lateral motion of
HRP is enhanced as the substrate concentration increases within a close range, further illustrating the cascade
reaction facilitates an enhanced diffusion of enzymes. This work provides the opportunity for exploring the inter-
action between proteins. In addition, Klein et al. investigated the mechanism and kinetic performance of various
enzyme configurations in cascade reactions based on the TOA (Klein et al., 2019). As is shown in Figure 3D, three
kinds of enzymes are anchored on one arm of TOA to conduct the cascade reaction. The turnover rates versus two
factors (maltoheptaose concentration and NADH) for various combinations of tri-enzymes assembled on TOA in
different ratios and positions are evaluated from the theoretical and experimental point of view. In this work, due
to the enhanced stability of the enzymes, as well as DNA affinity and hydration layer effect, a nearly 30-fold
enhancement of the enzyme activity of tri-enzymes loaded on TOA was observed compared with that of tri-en-
zymes diffusing freely in solution. This method provided the opportunity to design more complicated cascade
systems and study the mechanism and kinetic performance of multiple enzyme systems.

Enzymatic cascade systems based on 3D DNA nanostructures

3D DNA nanostructures provide powerful tools to explore the catalytic performance of enzymatic cascade
systems due to their 3D-confined environment. Folding the 2D DNA nanostructure into 3D tubular DNA
origami promotes the study of controlling biocatalytic cascade reactions (Fu et al., 2013). Fu et al. tried
to assemble GOx/HRP on ROA with staples on edges for folding the 2D DNA nanostructure into 3D tubular
DNA origami. The connection between bi-enzymes is strengthened due to the low diffusion of substrates
within the tubular origami, resulting in the enhanced catalytic activity of the cascade system. Another bi-
enzyme system constructed on a 3D DNA origami cage was presented by Yan's group (Zhao et al,,
2016). As is shown in Figure 3E, the HRP and GOx are encapsulated within two half-origami cages, respec-
tively. Then, the extended captures at the edge of half-origami cages combine the two cages together via
DNA hybridization, assisting the integration of the enzymatic cascade system. The enzymatic activity of bio-
catalytic cascade reaction fabricated within 3D DNA origami cage exhibits 3-fold enhancement, which is
higher than that of freestanding bi-enzyme system. The enzymatic cascade systems based on 3D DNA
nanostructures may open up opportunities for protecting the enzymes from the degradation by protease
and also may mimic the local surroundings of enzymes in biological systems.

APPLICATIONS OF DNA-BASED ENZYMATIC SYSTEMS IN SENSING AND BIOMEDICINE
In vitro detection based on DNA-assembled enzymatic systems

Dzs-based sensors can work as a promising candidate for ion detection in vitro, including Mg?*, Ni*, Na™,
Zr?*, K*, and so on (Wu et al., 2017; Liu et al., 2021b; Chen et al., 2017; McConnell et al., 2021; Chengetal.,
2020, 2021; Ren et al., 2020). Liu's group developed a lanthanide-specific Dzs array for the separation of
lanthanides from non-lanthanides (Huang et al., 2016). They used five kinds of Dzs that respond to the
same substrate to identify the Lanthanides with high efficacy. This work offers a clear insight into the effec-
tiveness of utilizing various Dzs to generate pattern-based identification of different samples. Zhou et al.
designed a target-triggered Dz walker to detect copper in serum based on a Cu®*-specific Dz (Zhou
et al., 2021). The copper species in serum activated the catalysis of Cu®*-specific Dzs, which cleaves
FAM-tagged Cu-Dz substrate, resulting in the recovery of the fluorescence signal. Each walk of Cu?*-spe-
cific Dzs accompanies the release of FAM-tagged fragments and the recovery of fluorescence, which acts
as the monitoring signal for the 3D walking. This approach with highly enhanced detectability provides a
promising potential for the exploration of Cu metabolism-related diseases.

Dzs can also be fabricated on paper- or plastic-based devices, which can be used as biosensors to detect
bacteria and nucleic acids. Didar’s group developed an E. coli-specific RCA probe marked by fluorophore
on cyclo-olefin polymer film for monitoring pathogen in meat (Figure 4A) (Yousefi et al., 2018). The Dz-
based sensor holds steady in 14 days within a wide pH range and achieves a limit of detection (LOD) as
low as 10° CFU/mL for the E. coli detection in meat and apple juice. Recently, they have successfully
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Figure 4. Representative Dz-based biosensors for pathogens and metal-ion detections

(A) Principle of sensitive Dzs-based sensors in the presence of live E. coli cells. Reproduced with permission (Yousefi et al.,
2018). Copyright 2018, American Chemical Society.

(B) Scheme of the process of miRNA assay using the paper-based electrochemical sensor (PES) fabricated by Dzs.
Reproduced with permission (Liu et al., 2019). Copyright 2019, American Chemical Society.

(C) Scheme of a portable Dz-based device for Pb?* detection using a visual reading of capillary flow. Reproduced with
permission (Jiang et al., 2020). Copyright 2020, Elsevier.

immobilized bacteria-responsive and fluorogenic Dzs onto lubricant-infused surfaces to construct a Dzs-
based biosensor for pathogens detection within milk (Yousefi et al., 2021). The slippery surface effectively
reduces the nonspecific adhesion and biofouling of the designed RCDs-based biosensor applied in com-
plex samples, improving the cleave efficiency and sensitivity of the Dzs. The real-time monitoring of path-
ogens can effectively reduce the deaths and injuries caused by pathogens in food. Therefore, due to the
low cost and high sensitivity of the developed pathogen-specific Dzs, the obtained Dzs-based sensor fa-
cilitates their integrations into production technology for further practical detection of pathogens in
food and high payback for manufacturers. Ail et al. designed a colorimetric Helicobacter pylori (HP)-spe-
cific Dz-based sensor using a urease-based litmus method for the detection of HP in human stool samples
(Alietal., 2019). In the presence of bacteria, DNA-cleavage Dzs cause the urine-modified ssDNA to move to
the detection region with deposited litmus, resulting in the color change. This reported Dz probe for de-
tecting HP possesses advantages of low cost, portable ability, and detection efficiency, which is expected
to be used to prevent the health issues caused by pathogen infections. Liu et al. reported an Mg?*-depen-
dent Dzs-based sensor, which can perform efficient detection for microRNA-21 (miR-21) based on the elec-
trochemical paper (Figure 4B) (Liu et al., 2019). The target miR-21 is hybridized to the ssDNA probe, which
can be extended to dsDNA by KF polymerase. The resultant dsDNA is cleaved by nicking endonuclease to
release the Mg?*-dependent Dz strand. The Dz strands spontaneously fold to form an active loop-included
conformation and hybridize with the ferrocene-labeled DNA on paper. The Mg?* triggers the releases of
ferrocene-labeled DNA fragments, which can adsorb onto the carbon-nanotube-modified screen-printed
electrode, resulting in the enhanced electrical signal. This Mg?*-dependent Dzs-based paper sensor real-
izes sensitive detection of miR-21 with relatively low background.

Various approaches have been developed to construct the intelligent and portable device based on Dzs
and surface-enhanced Raman spectroscopy (SERS). In 2019, Wang et al. reported a portable SERS-based
sensor with the assistant of uranyl-selective Dzs for the detection of uranyl in the river and tap water (He
et al.,, 2019). The uranyl-selective Dzs are tagged with 50-rhodamine B (RhB) as SERS reporters. Once the
Dzs are cleaved by the target, the RhB-tagged fragment can be released and hybridize with its complemen-
tary DNA on 3D ZnO-Ag mesoporous nanosheet with three separate SERS biochips. Strong SERS signals
were monitored due to the incremental adjacency between the RhB reporters and the surface of the SERS
biochips. This Dzs-based device possesses high sensitivity and high detection speed and reach a limit of
detection for uranyl at the fM level. In addition, a portable visual capillary sensor for Pb?* detection based
on Pb?*-dependent Dzs (i.e., GR-5) was reported by Jiang et al. (2020). As is shown in Figure 4C, the cross-
linking of the GR-5 Dzs induces the polyacrylamide-nucleic acids to self-assemble into a hydrogel, which is
motionless in the capillary tube. With the addition of Pb?*, the substrate encapsulated in the hydrogel is
cleaved by GR-5 Dzs, leading to the disassembly of the hydrogel. This process undergoes a transition
from hydrogel to solution, resulting in the detectable migration in the capillary tube. The addition amount
of Pb?* has a positive influence on the moving distance in the capillary tube with a proportional relation.
This portable sensor allows the detection of Pb?* in tap water with high sensitivity and specificity, which
can also be further used in molecular diagnostics or analyte detection in food.

Intracellular and in vivo applications of DNA-based enzymatic systems

Metal-dependent Dzs can be used to regulate the interactions between cells. Lu’s group demonstrated the
Dzs-controlled cell dynamic system to manipulate the cell-cell motion (Qian et al., 2021). As depicted in
Figure 5A, the 5-end of Dz and its substrates are modified with cholesterol to insert into the phospholipid
layer on the surface of two groups of living cells via hydrophobic interactions. The other end of Dz is
labelled with a fluorophore for tracking. Two kinds of Dzs and their substrates are added and located on
the surface of different living cells. Zn?*-specific and Mg?*-specific Dzs are simultaneously assembled be-
tween cells, inducing the cell-cell aggregation. The right images in Figure 5A displayed the changeable
cell-cell behavior under the regulation of Dzs. With the addition of specific metal ions, the corresponding
sequence can be cleaved, inducing the disconnection between two cell spheroids. It is demonstrated that

¢? CellPress

OPEN ACCESS

iScience 25, 104018, April 15, 2022 11




¢? CellPress iScience
OPEN ACCESS

>

Cleavage site &2
Ao

ovatet

00000

DNAzyme-1 Substrate-2

) a:approaching
R 0
[T e j_
b:linkage
£ A A

DNAzyme

M
@ Cleavage

Substrate-1 () DNAzyme-2 §
e e VIS \:“>
Nm% [ T o

SRRREEEs

000000000000

OO0

Tale nlalelalateletarelele

0000

. AW Lipid anchor c:dissociation

Zn* cleavage site o i
0Cs 003 8 Mg™ cleavage site

B
: CE
" LMn" j Low High
: ¥
Mn?* £
-‘?’PTT \\—v :> DNAzyme oy s
,. IR e 7 ;
Egr-1 mRNA @
 fol-DNAzyme-MnPDA
Low S High
C
*% FHK
— - )
o o~ *¥
) 2 e
= —
s 5
x ()
E =
g S
s g
[7] =
x
a b c d a b c d e f

Figure 5. Dzs-based enzymatic systems for the cell motion and gene therapy

(A) Cell-cell interaction based on Dzs. Reproduced with permission (Qian et al., 2021). Copyright 2021, American Chemical Society.

(B) Scheme of fol-Dz-MnPDA nanoplatform for multimodal imaging-guided therapy. Reproduced with permission (Feng et al., 2018). Copyright 2018,
American Chemical Society.

(C) Dz@ZIF-8 nanosystem for fluorescence imaging and gene/photodynamic therapy. Reproduced with permission (Wang et al., 2019). Copyright 2019,
Wiley-VCH.

the addition of two kinds of metal ions for different Dzs can control the DNA double-chain switches, which
provides an intelligent tool to regulate dynamic cell behaviors.

Recently, researchers have been devoted to developing the applications of DNA-based enzymatic systems
in biosensing, bioimaging, and biotherapy in vivo. A representative work presented by Lu’s group in 2018
reported a Zn?"-dependent Dz for intracellular Zn?* detection (Yang et al.,, 2018). The Dz-based probe con-
jugated on lanthanide-doped up-conversion nanoparticles (UCNPs) can be excited by the near-infrared
(NIR) in living cells and zebrafish embryos. Furthermore, Wang's group demonstrated a biological circuit
based on Mn?*-specific, autocatalytic Dzs for miRNA imaging in mice (Wei et al., 2020). The circuit includes
a honeycomb MnO, nanosponge (hMNS) and the substrate of RCD. In the presence of GSH, the hMNS can
release Mn?", which acts as a cofactor for the Dz and the magnetic resonance imaging (MRI) contrast
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regent. The intracellular miRNA-21 triggers the hybridization chain reaction (HCR) reactions, generating
DNA nanowires containing Dzs units. The generated Dzs cleave the Mn?*-selected substrates and produce
new triggers for the feedback of HCR. Consequently, with the combination of cross-feedback of HCR and
Dz-based cleavage, the designed system realizes an amplified signal of miRNA. This hMNS-based Dz
probe can realize high sensitivity for miRNA detection by signal amplification effect and also make contri-
butions to its further application for miRNA detection in vivo with high spatial resolution. Another inter-
esting study reported by Xiong et al. realizes the detection of intracellular metal ions by a genetically
encoded sensor based on metal-ion-specific RCD (Xiong et al., 2020). The plasmids including two genet-
ically encoded fluorescent proteins (FPs) (Clover2 and Ruby?2) and inactive trans-acting Dzs are transfected
into the Hela cell. The Dzs with RNA-cleavage ability can inhibit the expression of Clover2 FP by cleaving
the Clover2 mRNA, whereas the expression of the red fluorescent protein mutant Ruby2 FP is not affected.
The relatively equal expression of Clover2 FP and Ruby2 FP is interrupted, inducing the emergence of un-
balanced fluorescent signals. Specifically, they used two kinds of RNA-cleaving Dzs to modulate the
expression of fluorescent proteins, including Mg?*-specific 10-23 Dzs and Zn?*-specific 8-17 Dzs, respec-
tively. Based on this reported mechanism, this strategy also provides opportunities to detect other intra-
cellular metal ions by using regioselective metal-dependent Dzs.

For further applying the DNA-based catalytic systems in biotherapy, Wang's group designed a folate-
labeled Dz-polydopamine-Mn?* nanoparticle, which simultaneously realized multimodal imaging and
gene therapy in vivo (Figure 5B) (Feng et al., 2018). In the presence of intracellular GSH, the nanoparticles
decompose and release Mn?*, which is the cofactor of the Dzs for mRNA cleavage, resulting in gene silence
and tumor growth inhibition. As is shown in Figure 5B (right), these nanoparticles induce clear photoacous-
tic imaging (PAI) and MRI signals in vivo. In addition, the desirable photothermal transduction efficiency
and gene silence ability of these nanoparticles endow them to be a promising candidate for tumor therapy.
Moreover, the same group reported another Zn?*-based Dz encapsulated in the metal-organic framework
(MOF), which is able to cleave the human early growth response-1 (EGR-1) mRNA to reduce the EGR-1
mRNA expression (Figure 5C) (Wang et al.,, 2019). By the integration of photodynamic therapy (PDT)
with gene therapy, the tumors are inhibited to a great degree. Recently, Yang's group reported an ultra-
long DNA sequence containing repeated Mn?*-specific Dz sequences for enhanced gene therapy by regu-
lating the catalytic performance of the NIR-light-driven Dzs in vivo (Zhao et al., 2021). Here, MnO, nanopar-
ticles with polydopamine coating were assembled on the surface of DNA nanostructures that can respond
to GSH and release Mn?" to activate the Mn?*-specific Dzs, cleaving the target EGR-1 mRNA. Meanwhile,
the desirable photothermal conversion ability of polydopamine can promote the temperature increase of
tumor sites to enhance the activity of Dzs, further facilitating gene therapy. This work achieves the regula-
tion of the activity of Dzs in vivo by the light-conversion method for an effective gene therapy that exhibits
great potential in clinical applications. Subsequently, Yang's group designed a DNA nanoscaffold for syn-
ergistic gene therapy by combining Mn?*-selected Dzs and CRISPR/Cas9 system (Li et al., 2022). They de-
signed an ultra-long ssDNA containing the sequences of Cas9/sgRNA recognition regime, the selected
Dzs, and Hhal restriction sites. This ultra-long ssDNA can be compressed by Mn?* to form DNA nanoscaf-
fold. The surface of the obtained DNA nanostructure is modified with Hhal coated with acid degradable
polymers. The exposed and acid-responsive Half enzyme triggers the release of Cas9/sgRNA and Dzs in
the acidic lysosome. With the help of cofactor Mn?* and the favorable delivery efficiency caused by
DNA scaffolds, Dzs with RNA-cleavage ability assist the CRISPR/Cas? to achieve the synergistic and
high-efficient gene therapy. In addition, a Dz-controlled enzymatic system (Dz13) demonstrated by
Meng et al. was used for gene regulation to inhibit the growth of squamous cell carcinomas (Meng
et al., 2019). This system is designed based on the tetrahedral DNA nanostructures (TDNs) as the delivery
platform. TDN modified with a 5’ end-extended Dz13 sequence performs a high intracellular uptake effi-
ciency of Dz13. With the desired accumulation of Dz13 in cells, highly active Dz13 triggers the cleavage
of c-Jun mRNA, which is related to cell proliferation, transformation, and apoptosis, to suppress the growth
of cancer cells via gene silencing. The combination of high-biocompatible DNA nanostructures as carriers
and Dzs for effective gene therapy provides inspiration for utilizing the DNA-based enzymatic platforms as
nucleic acid drugs to promote the gene therapy.

CHALLENGES AND PERSPECTIVES

Taking advantage of extraordinary programmability, both DNA molecules and DNA nanostructures can be
utilized for the construction of DNA-based enzymatic systems. The DNA-based enzymatic systems can be
applied in different fields, such as environmental monitoring and disease theranostics. Although the DNA-
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based enzymatic systems exhibit great potential in many application fields, there still remain several
challenges:

(1) The stability of Dzs under the complicated biological environment is one of the important issues.

Dzs tend to be degraded by nuclease, and the functions of Dzs may be interfered by proteins
that exist in the physiological environment. In order to prolong the circulation time of Dzs and main-
tain the activity of Dzs in the complex physiological matrix, the integration of Dzs with DNA nano-
structures may be a possible approach to protect the Dzs from being cleaved by endonucleases. In
2019, Wu's group presented a tetrahedron-based Dzs biosensor for intracellular miRNA detection
(Lietal, 2019). The DNA tetrahedron with high biocompatibility and flexibility were used as the car-
rier to deliver the Dzs into cells with high nuclease resistance and excellent cell permeability. Due to
their desirable cell penetration ability and structural stability, more and more Dzs-based biosensors
using DNA nanostructures as carriers have been fabricated, which open up new horizons for the effi-
cient delivery of Dzs at the cellular level and provide new opportunities for further tumor therapy
(Meng et al., 2019; Ren et al., 2019). Moreover, the modification of Dzs with unnatural nucleotides
is another promising strategy to enhance Dzs' stability, which has already been utilized in the devel-
opment of nucleic acid drugs (Wang et al., 2021b; Damha et al., 1998). For instance, Wang et al. have
accomplished a novel xeno-nucleic-acid-modified 10-23 Dz for enhanced resistance of nuclease
digestion and persistent activity in the physiological environment (Wang et al., 2021b). The new
type 10-23 Dz contains three kinds of nucleic acid, including DNA, 2'-fluoroarabino nucleic acids
(FANA) and a-L-threofuranosyl nucleic acid (TNA), wherein the fluorine atom at the 2’ position of
a 2'-deoxyarabinose sugar in FANA is designed to alleviate the nuclease digestion. In addition,
TNA possesses a modified four-carbon threose sugar, which can maintain the stability of the back-
bone structure. Therefore, the xeno-nucleic-acid-modified 10-23 Dz is endowed with fantastic sta-
bility and enhanced activity in the complex physiological environment, which can promote its appli-
cation for future clinical use.

More Dzs should be screened for the detection of various substrates in vitro and in vivo with
enhanced activity. Compared with the divalent metal ion-dependent Dzs (M?*) that have been
widely reported, few Dzs with high specificity for monovalent metal ions (M"), especially in vivo,
have been investigated (Torabi et al., 2015). A possible reason is that most M* ions lack ample af-
finity and specificity of binding with Dzs (Sarkar et al., 2014; Dubach et al., 2011). For instance, the
low selectivity and sensitivity of Na*-specific Dzs can be interfered by other M™ ions (e.g., K*) to
restrict the intracellular Na* detection efficiency (Geyer and Sen, 1997). To overcome this obstacle,
efforts are required for the development of novel catalytic core sequence of the Dzs, which possess
higher sensitivity for target ions and molecules. One feasible strategy is the combination of Dzs with
sequence-specific aptamers, which can achieve higher affinity for substrates, thereby increasing the
catalytic activity of Dzs (Saran et al., 2017).

(3) The catalytic mechanisms of different Dzs should be further clarified in order to obtain higher cat-

alytic performances by tuning the sequence design parameters rationally. Recently, Victor et al.
used 10-23 Dz as the model to study high-resolution structural characteristics of the relevant status
of the Dzs during the catalytic process (Borggréfe et al., 2022). The molecular conformation of Dzs
has been firstly characterized with high temporal resolution at the atomic level. The monitoring of
the dynamic changes of the Dzs happening in the catalytic process helps understand the Dzs activity
deeper and clearer, which provides a more detailed theoretical basis to design various Dzs with
optimized properties to realize their potential applications.

In summary, Dzs bear a plethora of advantages, such as easy fabrication, low cost, and high tolerance to
thermal and pH change compared with traditional protein-based enzymes. Therefore, the Dzs are excellent
candidates that can work in harsh environments where are not compatible to the conventional biocatalysts,
thus allowing Dz-based catalytic systems to be used for wide biological applications. DNA molecules and

DNA

nanostructures provide versatile platforms to fabricate enzymatic systems that can generate various

functions in complex environments. The integration of functional Dzs and DNA nanostructures to fabricate
the DNA-based enzymatic platforms endows the regulated activity, cellular delivery, and addressable posi-
tioning ability for complicated in vivo applications. Through the selection of DNA sequences and rational
design of the DNA nanostructures, these enzymatic systems will play more important roles in environ-
mental detection, chemical sensing, and disease treatments. With more and more efforts paid in this field,
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the fast development of DNA-based catalytic devices would promote the emergence of versatile

applications.
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