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Therapeutic DNAzymes: From Structure Design to Clinical
Applications

Jiaqi Yan, Meixin Ran, Xian Shen,* and Hongbo Zhang*

Therapeutic DNAzymes have unceasingly intrigued the scientific community
owing to their prosperous gene regulation capability. The efficacy of
DNAzymes against many types of diseases has been extensively studied for
over two decades. However, the high expectations for DNAzymes are still not
translated to the clinic because of their low effectiveness in vivo. Over the last
five years, several aspects have been considered to optimize
DNAzyme-integrated therapeutics, including structural stability, mechanism
exploration, cell internalization rate, cofactor activation, and off-target effects.
Hence, this review first discusses the early monotherapy and structural
design of DNAzymes. Subsequently, the latest modes of action are reviewed,
followed by an elaboration on structural stabilization strategies considering
the catalytic core and substrate-binding arms. DNAzyme-based synergistic
therapy is then examined, highlighting responsive carrier construction,
synergistic effects, the latest discovered advanced functions, and off-target
concerns. Beyond this, key clinical advances in DNAzyme-based therapy are
elucidated by showcasing clinical progress. Finally, future trends and
development challenges for DNAzyme-powered therapeutics in the coming
years are discussed in detail.
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1. Introduction

DNAzymes were first discovered by Breaker
and Joyce in 1994.[1] Their creation marked
a great breakthrough in therapeutics and
biocatalysis. To date, no DNA sequence with
catalytic function has been found occur-
ring naturally. These man-made enzymes
have been actively used in both biosens-
ing and therapeutics for the past 29 years.[2]

In the biosensing field, in addition to
their well-known metal-sensing activity,[3]

DNAzymes also respond to bacterial lysate
components,[4] biotargets, such as DNA,[5]

microRNA (miRNA),[6] and specific gene
sequences,[7] and adenosine triphosphate
(ATP).[8] The field of biosensing has con-
sistently grown since 2000,[3] with numer-
ous outstanding summarizing and predict-
ing reviews.[9]

However, from the perspective of devel-
opment, the DNAzyme expansion process
in therapeutic areas is vastly different
from that in biosensing. Showing promise,
DNAzymes as therapeutics have been

broadly studied in vivo since 1999.[10] As gene-regulatory agents,
RNA-cleaving DNAzymes can recognize and silence specific
gene sequences.[11] In addition, DNAzymes possess tremendous
merits, such as high selectivity,[12] multiple turnover rates, no per-
manent influence on the genome, simple design, and suitability
for large-scale rapid production, which have great clinical appli-
cation value.[13] Through considerable exploration over the past
two decades, DNAzyme-related therapeutics have covered can-
cer, viral, asthma, cardiovascular, inflammatory, and central ner-
vous system diseases.[14] Nevertheless, more in-depth research
on DNAzymes revealed that in vivo treatment is limited by sev-
eral obstacles. For example, indispensable metal cofactors can be
seen as an advantage for metal-ion monitoring, but the lack of
metal ions within physiological conditions limits the target RNA
depletion ability of DNAzymes.[15] Hence, the expansion of ther-
apeutic DNAzymes for treatment in vivo has gradually shifted
from its early flourishing, manifesting as sluggish clinical stud-
ies.

In the last five years, rapid advancements in nanomedicine
and synergistic concept maturation have brought a second stage
of promise for therapeutic research on DNAzymes. The logical
relationships behind DNAzyme-based therapeutics and biosens-
ing are closely blended. For instance, the concept of build-
ing biomarker sensing systems can be employed when design-
ing specific RNA-cleavage DNAzymes with biomarker target
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Scheme 1. Schematic of DNAzyme-based therapeutic research, from early studies to the latest investigations (RCA rolling circle amplification, CHA
catalytic hairpin assembly, PTT photothermal therapy, PDT photodynamic therapy).

therapeutic effects.[16,17] In addition, sensing based on photore-
sponsive DNAzymes[18] can also be applied in light-triggered
DNAzyme-integrated synergistic therapy. This promising stage
is also reflected in the extensive combination of DNAzymes with
other therapeutics and an increasing number of publications.
However, systematic reviews summarizing and analyzing ther-
apeutic DNAzyme research ideas and directions are scarce, espe-
cially over the past five years.

In this review, we dissect therapeutic DNAzyme evolution in
time, as well as the perspectives of DNA functional materials[19]

(Scheme 1). We delineate the entire development process, from
early structural modifications, disease treatment directions, and
drug delivery strategies, to the latest exploration of catalytic mech-
anisms, combination treatment strategies, and state-of-the-art
novel functions. Through backtracking and cutting-edge follow-
up, we clearly show the expansion of therapeutic DNAzymes to
obtain experience from early research failure and gain new un-
derstanding and application ideas for current technology. More-
over, we also regard DNAzymes as a building block for the con-
struction of biological functional materials, to deeply analyze
their role as the basic unit of material design. In addition, the

current clinical situation and future research directions are de-
scribed.

2. Background of DNAzyme-Based Therapy

During its rapid expansion since 1999, DNAzyme-based treat-
ment has been employed in vitro/vivo in clinical studies, and its
safety and effectiveness have been verified in humans. Owing to
their easy synthesis and design flexibility, DNAzymes have been
widely tailored and used in an extremely wide range of studies,
including antiviral,[20] anti-inflammatory,[21] anticancer,[22] and
the treatment of cardiovascular[23] and central nervous system
diseases.[24] Despite the lack of novel delivery systems and syner-
gistic effect in combination with other advanced strategies, this
period of advancements provided a solid foundation for the re-
cent design and therapeutic applications of DNAzymes.[25]

However, the current clinical enthusiasm for DNAzymes is
much lower than that between 2009 and 2014. This is due to their
low activity in vivo, which has led to stagnating clinical research
(Figure 1). Specifically, stability modification of DNAzymes lacks
theoretical guidance. Without deep analysis of conformation and

Adv. Mater. 2023, 35, 2300374 2300374 (2 of 34) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2023, 30, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202300374 by A
bo A

kadem
i, W

iley O
nline L

ibrary on [02/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advmat.de

Figure 1. Number of clinical programs launched per year.

action mechanism of DNAzyme/RNA complex,[13b] the modifi-
cation processes rely heavily on large-scale screening. Thus, the
catalytic performance and stability of DNAzymes could not be en-
hanced simultaneously. Moreover, the concentration of metal co-
factors in diseased tissues is insufficient, resulting in low catalytic
efficiency. More importantly, although DNAzymes can recognize
specific genes, they still induce off-target effects and cannot si-
lence genes in specific diseased tissues.

Hence, in this section, we first summarized the rapid devel-
opment period of DNAzymes, which highlights the DNAzyme-
based monotherapeutic system, including different disease treat-
ments, as well as drug delivery systems. Later, we emphasized the
problems identified during this vigorous development period, in-
cluding contradictions and conflicts in structural modification
and the issue of insufficient coenzymes.

2.1. A Stage of Rapid Development

2.1.1. DNAzyme-Based Monotreatment for Different Diseases

DNAzyme-based therapies cover a wide range of diseases, in-
cluding viruses, inflammation, cancer, cardiovascular, and cen-
tral nervous system diseases (Table 1). Among the different thera-
peutic DNAzymes, 10-23 DNAzyme played a leading role in early
treatment. In general, DNAzyme-based therapy initially tended
to focus on the ability to silence specific messenger ribonucleic
acid (mRNAs), and the adenine-uracil (AU) nucleotide within
the “start codon” of RNA was usually set at the 10-23 DNAzyme
cleavage position. DNAzymes can be designed as regulators for
different gene sequences according to the purpose of disease
treatment.

Table 1. DNAzymes as early stage therapeutic agents for different diseases..

Disease Target Outcome Ref.

Viral diseases HIV Inhibit viral replication [26]

Hepatitis B virus Suppress the corresponding antigen proteins [28]

Human rhinovirus Inhibit transcription and translation [15a]

EBV Impact tumor microvascular permeability [29]

Antiangiogenic VEGF-A Reduce neovascularization [33]

VEGF-R2 Inhibit tumor angiogenesis [36]

IGF-II Inhibit the invasion and migration of liver cancer cells [39]

12-LOX Inhibit tumor vascular proliferation [40]

Antimetastatic Akt1 Strongly inhibit Akt1 mRNA and protein expression in the NPC
cell line CNE1–LMP1

[43]

EBV LMP1 Inhibit cancer proliferation and enhance radiosensitivity [44]

MMP-9 mRNA Inhibit both angiogenesis and metastasis [46]

Cardiovascular disease PAI-1 mRNA Realize regeneration and functional heart recovery [47]

TNF-𝛼 A significant reduction in left ventricular end diastolic pressure
and lung weight, accompanied by increases in arterial blood

pressure and myocardial blood flow

[49]

Anti-inflammation therapy GATA3 Significantly attenuate early or even late asthma responses
triggered by allergens in patients with allergic asthma

[52]

iNOS gene A significant decrease in NO levels in the serum and
peritoneal lavage

[21]

TGF-𝛽 Useful in glomerulonephritis treatment [54]

Central nervous system
diseases

Twist Decrease transcription [24,55]
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First, DNAzymes are conducive for the treatment of viral dis-
eases. Viruses often have very simple elements, with the most
basic components including genetic material (DNA and RNA)
and proteins, and sometimes modifications of sugar and lipid
units. The genetic material of the virus can be either DNA or
RNA, which is also divided into one or two strands. Whether
DNA or RNA, double- or single-stranded, these genetic mate-
rials play a decisive role in guiding the synthesis of viral pro-
teins. Hence, DNAzymes can serve as viral mRNA cleavage ma-
chines to mediate the downregulation of viral proteins. For ex-
ample, human immunodeficiency virus-1 (HIV-1) integrase is
a protein with a molecular weight of 32 kDa, encoded by the
HIV pol gene, and an essential enzyme for HIV replication. In
this case, 10-23 DNAzyme was utilized to inhibit HIV-1 inte-
grase gene expression,[26] and viral replication was significantly
inhibited. By contrast, HIV fusion and internalization can be en-
hanced by binding C-C chemokine receptor type 5 (CCR-5) and C-
X-C chemokine receptor type 4 (CXCR-4) receptors on host cells.
Therefore, DNAzymes have also been used to silence host cell
receptor mRNA to reduce viral internalization.[27] Furthermore,
other types of viruses have been treated using DNAzymes, in-
cluding hepatitis B virus,[28] human rhinovirus,[15a] and Epstein–
Barr virus (EBV),[29] suggesting that DNAzymes are an effec-
tive means to treat viruses. In addition to antiviral treatment,
DNAzymes can also be used to detect viruses, including severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2).[30]

DNAzymes can be used against cancer from several per-
spectives, including antiangiogenic, antimetastatic, tumor cell
apoptosis induction, and cancer-related kinase inhibition. Early
treatment based on DNAzymes mostly involved silencing onco-
genes and focused on a single treatment.[31] Wu et al. first used
DNAzymes for cancer treatment[32] to deplete the bcr–abl gene
for cancer cell suppression. Detecting fresh CD34+ (CD = cluster
of differentiation) bone-marrow cells from patients with chronic
myeloid leukemia showed that DNAzymes could specifically in-
hibit 80% of the growth of bcr–abl-positive colonies, which con-
firmed their therapeutic ability.

DNAzymes can be used as antiangiogenic agents. Vascu-
lar endothelial growth factor A (VEGF-A) plays an impor-
tant role in angiogenesis, vascular permeability, and metasta-
sis during tumorigenesis. It has been demonstrated that early
growth response (EGR)-1 induced by the extracellular-signal-
regulated kinase pathway can activate VEGF-A in lung can-
cer cells.[33] Hence, an investigation found that intratumorally
delivering EGR-1-targeted DNAzymes could effectively reduce
neovascularization.[34] VEGF receptor 2 (VEGF-R2) is another
potential target to inhibit tumor angiogenesis.[35] DNAzymes
can achieve tumor angiogenesis inhibition by cleaving VEGF-
R2 mRNA.[36] Zhang et al. found that DNAzymes could effec-
tively digest the VEGF-R2 mRNA substrate in a concentration-
and time-dependent manner. In addition to revealing antian-
giogenesis function through in vitro experiments, a DNAzyme
complex within a nonviral vector could also significantly inhibit
tumor growth in vivo. After the fourth injection, compared to
the control, the tumor size in the DNAzyme treatment group
decreased by nearly 75%.[36] Another example is insulin-like
growth factor II (IGF-II), a mitogenic peptide overexpressed in
liver cancer cells.[37] IGF-II directly promotes angiogenesis in
liver cancer.[38] Thus, DNAzymes with IGF-II-silencing effects

were utilized to inhibit the invasion and migration of liver can-
cer cells.[39] VEGF and matrix metalloproteinase (MMP) were
also downregulated in DNAzyme-treated cells, which verified the
function of DNAzymes as a new therapeutic molecule with a
liver-cancer-cell-targeting effect.[39] Notably, human-platelet-type
12-lipoxygenase (12-LOX) and MMP9 play key roles in promot-
ing angiogenesis in prostate cancer,[40] and 12-LOX inhibition
using DNAzymes as gene regulation agents can inhibit the vas-
cular proliferation of tumors.[41] In summary, tumor angiogen-
esis is mediated by multiple mechanisms. Different matched
DNAzymes can be developed to cope with this phenomenon by
silencing tumor-angiogenesis-promoting genes.

Antimetastasis is another main topic in DNAzyme-based can-
cer therapy. The protein kinase Akt1 is related to tumor pro-
gression and metastatic signaling pathways and has been con-
sidered as a promising target for gene silencing.[42] Cao and
co-workers utilized DNAzymes to intercept Akt for nasopharyn-
geal carcinoma (NPC). DNAzyme strongly inhibited Akt1 mRNA
and latent membrane protein 1 (LMP1) expression in the NPC
nasopharyngeal carcinoma epithelioid cell line (CNE1). Further
studies have also shown that DNAzymes can inhibit cell prolifer-
ation, stimulate apoptosis, and inhibit the growth of xenografts
in nude mice.[43] Another similar example is the EBV LMP1,
which regulates the reaction of stromal cells in the tumor mi-
croenvironment to promote cancer progression and metastasis.
DNAzymes have been applied to downregulate LMP1 expres-
sion in cancer cells, which inhibits cancer proliferation and en-
hances radiosensitivity.[44] Moreover, the abovementioned MMPs
were also correlated with both angiogenesis and metastasis. Yang
et al.[45] and Hallett et al.[46] used DNAzymes to silence MMP-9
mRNA in different cancer cell lines, exhibiting great prospects.

DNAzymes can be used to treat cardiovascular disease.[23] Af-
ter DNAzymes with specific plasminogen activator inhibitor-1
(PAI-1) mRNA cleavage function were injected into the area
around the infarction in rats, PAI-1 expression significantly de-
clined. This improved the neovascularization of the infarcted
tissue. In addition, inhibition of PAI-1 gene expression us-
ing DNAzymes has enabled regeneration and functional heart
recovery.[47] Another example is activation of the tumour necro-
sis factor alpha (TNF-𝛼) signal transduction pathway, which may
lead to vascular dysfunction and the occurrence and development
of atherosclerosis. In severe cases, myocardial infarction and
heart failure may be induced.[48] The delivery of TNF-𝛼-targeted
DNAzymes in rats with heart failure can mediate a significant re-
duction in left ventricular end-diastolic pressure and lung weight,
accompanied by an increase in arterial blood pressure and my-
ocardial blood flow.[49]

DNAzymes are good candidates for anti-inflammatory ther-
apies. Bronchial asthma is a chronic inflammatory disease.
DNAzymes can be used to treat asthma by downregulating
GATA3.[50] Krug et al.[51] reported that the use of SB010
(DNAzyme targeting GATA3 mRNA) significantly attenuated
early or even late asthma responses triggered by allergens in
patients with allergic asthma. Caramori et al. also claimed that
GATA3-specific DNAzymes can be used to explore the pathophys-
iological effects of GATA3 expressed by pulmonary resident and
inflammatory cells in asthma.[52] Other anti-inflammatory con-
ditions can also be treated through DNAzyme-powered gene si-
lencing. For instance, increased NO production by nitric oxide
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synthase (iNOS) also mediates various inflammatory diseases.[53]

DNAzyme treatment resulted in a significant decrease in NO lev-
els in serum and peritoneal lavage, which confirmed the func-
tional inhibition of the iNOS gene in lipopolysaccharides (LPS)-
injected mice. In addition, DNAzymes can limit the excessive
NO produced via costimulation by cytokines and LPS in mouse
peritoneal macrophages.[21] Another study strongly suggested
that inhibiting transforming growth factor beta (TGF-𝛽) expres-
sion in the mesangium is an important treatment strategy to
prevent the progression of renal fibrosis. Therefore, glomeru-
lonephritis can be cured using deoxyribonuclease (DNase), which
inhibits TGF-𝛽. Hori and co-workers developed a new gene
transfer system using electroporation in vivo. DNAzyme solu-
tions were injected into the renal artery, and then an electric
pulse was stimulated using tweezer-type electrodes, which can
introduce genes into mesangial cells in almost all glomeruli.
These results indicated that inhibiting TGF-𝛽1 expression via
electroporation-mediated DNAzyme transfer might be useful to
treat glomerulonephritis.[54]

DNAzymes also have important functions in other central
nervous system (CNS) diseases, providing powerful support for
gene therapy.[24,55] For example, Twist is a basic helix–loop–helix
transcription factor involved in the regulation of cell differenti-
ation and apoptosis. Studies have shown that it plays a role in
skull development and leads to skull fusion. Phylactou and co-
workers utilized DNAzymes as downregulators of Twist expres-
sion. Full-length Twist mRNA cleavage results showed that the
Twist mRNA level decreased significantly after DNAzyme trans-
fection into C3H10 cells. This was accompanied by a significant
increase in p21 mRNA level. Finally, DNAzyme transfection led
to an increase in apoptosis, showing the importance of Twist in
the apoptosis pathway.[56]

In this section, we described the therapeutic strategies
achieved using DNAzymes as early monotherapy. Although this
development process did not emphasize on cooperative treat-
ment strategies, as well as combinations with modern tissue
engineering materials and metal coenzymes, these experiments
demonstrated the effectiveness of DNAzymes, forming a brilliant
chapter in their historical development.

2.1.2. Delivery Systems for DNAzyme-Based Monotherapy

Nanobiotechnology can help DNAzymes achieve efficient cat-
alytic activity in target tissues.[57] Nonviral transfection vectors
are generally employed to deliver oligonucleotide-based systems,
owing to their safety and stability. Before 2017, DNAzyme deliv-
ery using nonviral carriers mostly used nanomaterials, such as
liposomes, polymers, and metal-based nanoparticles.[58]

Liposomes are composed of phospholipids with a single or bi-
layer structure. Their hydrophilic inner and hydrophobic outer
layers can be loaded with drugs with different physicochemi-
cal properties.[59] Liposomes can be prepared as particles of dif-
ferent sizes, which are biodegradable and nontoxic. In addi-
tion, by modifying the liposome surface, targeted drug deliv-
ery can be achieved at specific physiological sites. Hence, the
liposome system is a good option for DNAzyme delivery, as
it can prolong retention time in vivo. For instance, vascular
smooth muscle cell (SMC) proliferation is key to failure of vein

transplantation after coronary artery bypass grafting. C-Jun plays
an important role in SMC proliferation and intimal hyperpla-
sia. Li et al.[60] used cationic liposome preparations to deliver
DNAzymes targeting the transcription factor c-Jun, which were
safe and well-tolerated after local administration. Compared with
nonfunctional DNAzymes with catalytic domain mutations, the
DNAzyme system in nanocarriers significantly reduced SMC
proliferation and c-Jun protein expression in vitro. Commercial
liposomes, such as Lipofectamine 2000, are also a good choice for
DNAzyme delivery. EBV-encoded LMP1 mediates the occurrence
and development of NPC. Ke et al.[61] used Lipofectamine 2000 as
a DNAzyme transfection reagent and found that it effectively in-
hibited LMP1 expression and reduced the cell proliferation rate.
DNAzymes targeting LMP1 effectively controlled tumor growth
in vivo; therefore, they may have therapeutic significance for NPC
treatment.

Polymers are considered ideal drug delivery materials because
of their biodegradability, biocompatibility, water solubility, stor-
age stability, and other physical and chemical properties.[62] De-
pending on their structure, polymers can be divided into lin-
ear polymers, dendrimers, and hyperbranched polymers. When
used as drug delivery systems, polymers with different structures
can carry drugs in various ways according to their respective ad-
vantages, including encapsulating drugs in reservoirs with poly-
mer coatings (reservoir type), embedding drugs in a polymer
matrix (integral type), carrying drugs via polymer–drug conjuga-
tion, and introducing targeting factors to deliver drugs to spe-
cific disease sites.[63] Therefore, DNAzymes combined with poly-
mers for targeted delivery show promising prospects. Aurora ki-
nase A overexpression is highly associated with the malignant
phenotype of prostate cancer. Xing et al.[64] achieved targeted
DNAzyme delivery targeting aurora kinase A using the N-acetyl-
l-leucine-polyvinyl imine polymer derivative as a drug carrier.
Flow cytometry and confocal laser scanning microscopy showed
that the polymer could achieve cellular uptake of nanoparticles
through energy-dependent and reticulin-mediated pathways, and
a higher DNAzyme concentration in the cytoplasm could be ob-
tained through further endosome escape.

Compared with organic nanoparticles, inorganic mate-
rials have the advantages of controllable characteristics,
such as uniform size, large surface area, and easy surface
functionalization.[65] In addition, inorganic nanoparticles have
unique photothermal and electromagnetic properties, which can
endow them with potential functions, such as synergistic therapy
and targeted tracing imaging.[66] Therefore, the application of
inorganic materials, such as gold nanoparticles (AuNPs) and
silica carbon materials, in nucleic acid drug delivery systems has
received extensive attention. Combining inorganic nanomateri-
als with DNAzymes can significantly improve the efficiency of
gene knockout. Yehl et al.[67] combined DNAzyme on the AuNP
surface and used it to downregulate the expression of the GDF15
gene, which is highly expressed in breast cancer. Studies have
shown that when DNAzyme binding to the AuNP surface can
increase its resistance to nucleases, which is expected to solve
the key limitations of in vivo research. Subsequently, the same
research group achieved TNF-𝛼 silencing using this design.[68]

In comparison, the authors found that AuNPs had a higher
transfection efficiency than Lipofectamine. Hepatitis C virus
(HCV) is a single-stranded RNA virus. A potential therapeutic

Adv. Mater. 2023, 35, 2300374 2300374 (5 of 34) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2023, 30, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202300374 by A
bo A

kadem
i, W

iley O
nline L

ibrary on [02/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advmat.de

Table 2. Different DNAzyme modifications..

Type Advantages Disadvantages Modification Ref.

3ʹ-inversed dT Resist enzymatic degradation primarily
from 3ʹ-exonucleases, safe and stable,

increased catalytic rate

Slower product release rate Right or reversed 3ʹ-thymidine orientation [71, 72]

Recognition arm DNAzymes (7 + 7, 9 + 9, 8 +
8 bp)

[10, 73]

Phosphorothiate
linkages

Protect oligonucleotide sequences from
degradation, enhance cleavage efficiency

Antisense oligodeoxynucleotides are
toxic, immunoreactive, and

increase the affinity for cellular
proteins, producing

sequence-independent reactions

– [75, 80–82]

2ʹ-O-methylation High biostability, increased oligonucleotide
binding affinity

– Four or five 2ʹ-O-methyl monomers at the 5ʹ and
3ʹ ends of the substrate recognition arm

[15a, 76]

LNAs Inhibit mature and precursor miRNAs,
raise silencing efficiency, increase

oligonucleotide binding affinity

Affect catalytic activity and biological
potency

Two or four modified LNA monomers [77, 83]

strategy involves silencing the HCV genome, thus preventing
the virus from replicating in host cells. Ryoo et al.[69] constructed
iron oxide nanoparticles modified with a cell-penetrating peptide
to deliver DNAzymes targeting the HCV gene NS3, which
encodes helicase and protease. The hybrid system had a strong
ability to knockout NS3 mRNA without adverse reactions.

Another interesting example in 2015 was the use of DNAzyme
cofactors as building materials for nanocarrier construction. The
10-23 DNAzyme requires at least 5 mm Mg2+ ions for efficient
catalysis. However, in vivo, it only contains less than 2 mm
Mg2+,[70a] which is less efficient. Fan et al.[70b] used MnO2 as
a DNAzyme carrier to deliver the coenzyme factor Mn2+. The
DNAzyme–MnO2 system inhibited the expression of EGR-1
mRNA by 60%. However, the authors did not mention the thera-
peutic effect of the Mn2+ cofactor.

In summary, early DNAzyme delivery systems were singu-
lar and relied on mimicking conventional oligonucleotide-based
drug carriers. Nevertheless, DNAzymes have unique chemical
properties compared to those of other nuclear-acid-based agents.
They can mediate the degradation of RNase-H-based target se-
quences through traditional complementary base pairing and
employ special nucleic acid catalytic cleavage mechanisms. In
addition, DNAzymes require the assistance of a metal cofactor.
Therefore, the delivery vector should be tailored according to each
unique property. Moreover, early DNAzymes were essentially 10-
23 DNAzymes. Different DNAzymes have different catalytic ac-
tivities in the presence of different metals, whose ions can pro-
duce different biological functions in the body. Therefore, multi-
ple DNAzymes have been widely used in treatment studies. Ad-
ditionally, DNAzymes should be combined with other treatments
to achieve efficient and synergistic treatment. These early prob-
lems have been gradually emphasized in recent studies and will
be discussed further in subsequent chapters.

2.2. Problems Identified during Development

2.2.1. Shortcomings of Random-Based Structural Optimization
Processes

Antisense therapy usually requires therapeutic agents to
be chemically stabilized to resist enzymatic degradation.

DNAzymes also need to be tailored as special chemical struc-
tures to play a stable and powerful role in cells, as well as in vivo.
However, the development of nucleic acid chemistry has not
revealed which stable modification method is the most feasible,
or which combination adjustment method is the most effective
for DNAzymes (Table 2). Throughout the clinical application or
experimental operation, we found that 3ʹ-inversed dT is the most
widely used modification method, which has been applied in
more than 90% of DNAzyme formulations in clinical studies to
date. This is not only because it can resist enzymatic degradation
primarily by 3ʹ-exonucleases, but also because it is safe and
stable.[71] It is more cost-effective than other stable means [phos-
phorothiate, 2ʹ-O-methylation, and locked nucleic acids (LNAs)]
for clinical translation. However, there are many conflicting
conclusions regarding the 3ʹ-inversed dT stabilization method,
concerning catalytic rate enhancement and antinuclease activity.

Specifically, 3ʹ-inversed dT could increase the catalytic activity
of DNAzymes in human serum or plasma from 70 min to 22 h,
and oligonucleotides with catalytic activity could be extracted 24 h
after cell transfection.[72] In addition, Santiago et al. compared
the molecular structural integrity of DNAzymes with right or re-
versed 3ʹ-thymidine orientation after incubation in the serum.
DNAzymes of the correct orientation group were almost com-
pletely degraded at 24 h, while the inverted orientation was al-
most unaffected even after 48 h.[10] Furthermore, Sun et al. com-
pared the effect of the 3ʹ-modification on the catalytic activity
of DNAzymes under different substrate-binding arm lengths.[73]

They found that reverse thymidine modification decreased cat-
alytic efficiency for the short recognition arm DNAzymes (7 +
7 bp). When the substrate recognition arm was extended to 9
+ 9 bp, the relative catalytic efficiency was improved tenfold
through reverse base modification. A DNAzyme with an inter-
mediate length (8 + 8 bp) binding arm showed a twofold increase
in catalytic efficiency. Thus, 3ʹ-inversed dT base improvement
varied depending on the length of the substrate-binding arm. A
length of 8–9 bp was found to be optimal in this study. Moreover,
the inverted dT at the 3ʹ-ends of DNAzymes have recently been
modified to improve resistance to 3ʹ → 5ʹ exonuclease.[74] Sur-
prisingly, Kurreck and co-workers showed the opposite conclu-
sion. They found that 3ʹ-inverted-dT modification did not show
any potential to improve the catalytic activity of DNAzymes.[15a]
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This opposite verdict questioned the ability of 3ʹ-end capping in-
versed dT to increase the catalytic activity of DNAzymes.

Additionally, many other molecular chemotypes, including
phosphorothioate linkages,[75] 2ʹ-O-methylribonucleotides,[76]

LNAs,[77] and hairpin structure capping,[78] have also been
investigated for substrate-binding arm[79] modification. Notwith-
standing, there are many contradictions concerning these
modifications.[14] For example, phosphorothioates have been
used to protect oligonucleotide sequences from degradation.
However, after replacing all phosphorothioate binding arms,
DNAzymes were completely inactivated in the substrate excess
experiment.[15a] Moreover, phosphorothioate renders antisense
oligodeoxynucleotides toxic[80] and immunoreactive[81] and
increases the affinity for cellular proteins.[82]

In addition, Maiti and co-workers[83] modified two and four
LNA monomers on both ends of the DNAzyme recognition arm
and conducted a comparative study on miRNA silencing. The si-
lencing effect of DNAzymes modified with four LNAs was en-
hanced, compared with that of DNAzymes modified with only
two LNAs, which was better than that of unmodified DNAzymes.
Subsequently, the group used LNA-modified DNAzymes to in-
hibit mature and precursor miRNAs,[84] and the results con-
firmed the LNA function. However, Kurreck and co-workers[15a]

challenged this phenomenon. When four or more LNA nu-
cleotides were introduced at both ends of the substrate-binding
arm, the reaction speed of DNAzymes was greatly reduced, prob-
ably because of the slow release of the cleaved substrate.

In an example of 2ʹ-O-methyl modification, Kurreck and
co-workers[15a] found that modifying four or five 2ʹ-O-methyl
monomers at the 5ʹ- and 3ʹ -ends of the substrate recognition
arm achieved higher activity than that of the LNA-modified
DNAzyme. By contrast, Chaput and co-workers[85] found that
the catalytic activity of DNAzymes modified with 2ʹ-O-methyl
monomers was slower than that of LNA replacement, regardless
of single turnover or excess substrate conditions.

The reasons for the abovementioned conflicting conclusions,
which exist even in current studies,[85,86] are that detecting cat-
alytic rates is not comparable owing to the different conditions
and priorities adopted by each laboratory. The specific reasons for
this may be as follows. 1) Each research group adopted different
substrate sequences, and the long sequence formed different sec-
ondary structures that hindered the accessibility of DNAzymes.
2) Each group was treated with a different catalytic medium.
Thus, researchers are expected to standardize the catalytic media
to avoid conflicting results. Moreover, since some studies may
involve miRNAs or long-chain mRNAs, the catalytic substrates
cannot be the same; thus, the catalytic rates of different substrate
sequences should be compared separately.

Modifications to the substrate recognition arm vary, and no
study to date has confirmed the most appropriate modification
method. By reviewing the development process, it can be deter-
mined that 3ʹ-inverted-dT modification inhibits DNAzyme degra-
dation by exonucleases, allowing DNAzymes to function more
efficiently in vivo. Nevertheless, more evidence suggests that in
addition to exonucleases, endonucleases also play an important
role in DNAzyme metabolism,[87] while 3ʹ–3ʹ-terminal-linked dT
cannot resist endonucleases, such as Exo I or Exo III. Therefore,
modifying all DNAzyme nucleotides with different chemotypes
aims to solve the enzymatic degradation problem. However, this

idea is difficult to implement. First, even slight modifications
of the catalytic DNAzyme core involve a conformational change
in the DNAzyme/RNA complex, which often reduces catalytic
activity.[88] Second, modifications to the substrate-binding arm
have several limitations. Overly modified nucleic acids lead to ex-
cessive affinity between DNAzymes and substrates, resulting in
substrates not being separated from DNAzymes after cleavage,
thereby inhibiting catalysis via multiple turnover rates. Moreover,
excessive substrate modification causes nucleotides close to the
catalytic core to interfere with its conformation.[15a] To address
these issues, new molecular mechanisms and conformational ex-
plorations have been initiated over the past five years, which will
be discussed in the next chapters.

2.2.2. Lack of Metal Cofactors and Off-Target Concerns

The lack of metal cofactors at the disease site is detrimental to
the in vivo activity of DNAzymes. Experiments have clearly indi-
cated that the lack of metal ions is the root cause of low or no
DNAzyme activity in vivo.[89] At present, the clinical applications
of DNAzymes are all based on direct delivery without cofactor
supplementation, which may be the main reason for unsatisfac-
tory clinical results.

In addition, DNAzymes can achieve specific substrate gene
regulation using accurately designed substrate recognition se-
quences with accuracy up to a single nucleotide.[90] Experiments
have also shown that DNAzymes have higher targeting proper-
ties than antisense oligonucleotides (ASOs).[91] However, some
oncogenic or drug-resistant genes not only exist at the disease
site, but also play an important role in healthy cells. Indiscrim-
inate regulation in all tissues can lead to significant adverse ef-
fects. For example, heat shock protein (HSP) 70 is a cell-stress
protein inducing cells to resist high temperatures and damage.[92]

Its high expression in healthy cells can reduce damage caused
by hyperthermia.[93] However, high HSP70 expression in can-
cer cells can lead to tumor resistance to photothermal therapy.
Therefore, when DNAzymes are used to regulate HSP70 mRNA
expression, healthy and paracancerous tissues should be distin-
guished.

2.3. Solution Exploration

In recent years, scientists have gradually become aware of
the abovementioned challenges, including 1) standardization of
chaotic catalytic rate research, 2) simultaneous augmentation of
catalytic activity and enzyme resistance capacity, 3) supplementa-
tion of metal cofactors in target tissues, and 4) improvement of
DNAzyme tissue recognizability.

Therefore, the structural stability improvement of DNAzymes
has gradually evolved from random modification to mechanis-
tic studies based on theoretical guidance. Moreover, a series of
standardized schemes has been proposed to study DNAzyme cat-
alytic rates. Advanced nanocarrier design also realized sufficient
metal cofactor supply in diseased tissues and improved the tu-
mor recognition and synergistic therapeutic effect of DNAzymes.
Therefore, DNAzyme research has become a completely new
field. In the following chapters, we will gradually analyze the
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research frontiers of DNAzymes, from their structural design,
delivery systems, and stabilization strategies, to their combina-
tions and advanced therapeutic applications.

3. Recent Structure Designs for DNAzyme
Catalytic Efficiency Augmentation

In the last five years, owing to great progress in the field of nu-
cleic acid chemistry, the number of articles on DNAzyme ther-
apy has increased exponentially. Clinical setbacks have prompted
researchers to re-examine the molecular mechanisms and func-
tions of each nucleic acid inside DNAzymes. In addition, the as-
sociated company “Sterna Biologicals GmbH & Co. KG” also con-
ducted a second round of financing for DNAzyme therapy, used
for novel DNAzyme-based therapy.

Current structural mechanistic studies on DNAzymes can
be summarized in two aspects: 1) structural analysis of the
substrate-binding arms and 2) functional studies of the nu-
cleotides in the catalytic core.

3.1. Substrate-Binding Domain

Clear concepts have been gradually developed for substrate recog-
nition sequence modifications.[94] First, the affinity between
the DNAzyme and its target sequence should increase, but
DNAzyme separation from the cleaved substrate should not be
affected. Second, the ability of biological enzymes to degrade
DNAzymes must be reduced.

In 2021, 10-23 DNAzyme was systematically modified by Cha-
put and co-workers to balance binding kinetics with multiple
turnover catalytic effects.[85] In this study, 2ʹ-fluoroarabino nu-
cleic acid (FANA), a xeno-nucleic acid (XNA)[95] with completely
different physical and chemical properties from those of natural
DNA and RNA, were utilized to replace all nucleotides in the sub-
strate chain, abbreviated as F10-23 (Figure 2A). FANA represents
the substitution of the 2ʹ-hydroxy group of 2ʹ-deoxyarabinose
with a fluorine atom,[96] which can increase the affinity between
DNAzyme and target RNA. Furthermore, 𝛼-l-threofuranosyl nu-
cleic acid (TNA) was added to the 5ʹ- and 3ʹ-terminal positions
to protect the DNAzyme from nuclease digestion, abbreviated
as X10-23 (Figure 2B). For TNA, the natural five-carbon ribose
in RNA was replaced with a four-carbon threose that was com-
pletely resistant to DNA- and RNA-degrading enzymes.[97] The
activities of F10-23 and X10-23 were 50 times higher than that
of the parent DNAzyme, when the substrate RNA concentration
was tenfold higher than that of the DNAzyme. This indicated that
F10-23 and X10-23 had important structural differences between
their precatalytic and postcatalytic states compared to the parent
10-23 DNAzyme.

Due to the TNA modification, X10-23 could resist high levels
of DNA nuclear enzymes, compared with F10-23, which clearly
suggested that X10-23 possessed markedly enhanced biostabil-
ity (Figure 2C). Among other nucleic acid modifications, 2ʹ-O-
methyl ribonucleotides (OME) and LNA-modified nucleic acids
have also received significant attention owing to their enhanced
activity and biological stability. Therefore, OME10-23 (Figure 2D)
and LNA10-23 (Figure 2E) were also prepared, and their catalytic

efficiencies were compared. Under all test conditions, LNA10-
23 was significantly faster than OME10-23, but it was slower
than the abovementioned X10-23 under multiturnover condi-
tions (Figure 2F). Finally, XNAzyme was selected to verify gene
silencing in the green fluorescent protein (GFP)-transfected hu-
man embryonic kidney 293 (HEK293) cells (Figure 2G). The gene
silencing efficiency was the highest when multiple sites of GFP
mRNA were targeted (Figure 2H). In summary, this achievement
represents an important advance in the design of therapeutic
DNAzymes in clinical research.[98] The target gene shearing effi-
ciency and degradation resistance were simultaneously improved
by chemical modification of the DNAzymes.

Interestingly, a scientific debate published in Nature Chem-
istry in 2022[86a,c] between Spitale and Chaput from the Univer-
sity of California and Taylor and Holliger from the University of
Cambridge based on the abovementioned work is expected to ex-
ert a standardized and clear driving force for overall therapeutic
DNAzyme-based catalytic study. Taylor and Holliger questioned
the core argument of this research from three perspectives. First,
RNase H may be the primary cause of targeted mRNA degra-
dation after full replacement of the substrate recognition arm
with LNA, as reports show that up to five complex chains of
FANA and DNA can enhance target RNA degradation through
RNase H.[99] In addition, DNAzymes are mainly found in the
unfolded state due to the lack of metal coenzyme factors in the
in vivo physiological environment;[100] therefore, FANA-modified
DNAzymes may very likely perform imperfect pairing with the
target RNA, leading to RNase H recruitment (Figure 2I). Sec-
ond, Taylor and Holliger repeated the catalytic effect of X10-23
DNAzymes and found that their catalytic rate was not as high as
that mentioned in ref. [85]. They suspected that the authors used
unrealistic short-chain RNA as the substrate for the experiment.
In current research on therapeutic DNAzymes, researchers con-
veniently use short-chain RNA sequences as substrates, which
do not have secondary structures.[101] This method can determine
the success of the modification by comparing the catalytic rates of
modified and unmodified DNAzymes. However, DNAzymes en-
counter RNA sequences that have stable secondary structures in
vivo. The complex secondary structure hinders DNAzymes from
accessing RNA, thereby reducing their catalytic rate. Because the
targets studied in each study were different, the RNA sequences
and secondary structures were incompatible, which explains why
the catalytic rates between different groups were difficult to com-
pare, even with the same DNAzyme. Third, Taylor and Holliger
proposed that LNA-modified DNAzymes are difficult to degrade
using standard DNase treatment steps and will continue to cleave
the substrate sequence during quantitative polymerase chain re-
action (qPCR). Treating qPCR as a single reading would therefore
result in a false positive.[102]

Chaput and co-workers immediately replied to all arguments.
The authors pointed out that X10-23 only achieved gene silenc-
ing against wild-type and G12V mutant Kirsten rat sarcoma virus
(KRAS) mRNA in a previously verified allele-specific gene silenc-
ing experiment, and there was no off-target effect.[86b] If RNase H
mediates mRNA silencing, similar genes should also be silenced
in large quantities. In addition, the authors replied that the FANA
oligonucleotide could increase the potency of RNase H only in the
specific case of ASO construction using the gapmer method.[99]

Thus, the central DNA region should act as the binding site for
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Figure 2. Comparison of different modification methods of DNAzymes and catalytic effects. A,B) Structure of F10-23 and X10-23 DNAzymes. C) Com-
parison of catalytic rates of F10-23 and X10-23 DNAzymes. D,E) structure of OME10-23 and LNA10-23 DNAzymes. F) Representative polyacrylamide
gel electrophoresis (PAGE) gels showing RNA cleavage activity of OME10-23 and LNA10-23 DNAzymes under steady-state (left) and multiple turnover
conditions (multiple-turnover). G) Schematic representation of cells transfected with GFP mRNA and DNAzymes simultaneously. H) Gene silencing
results in different splicing situations. A–H) Adapted with permission.[85] Copyright 2021, Springer Nature. I) Schematic diagram, proposing that at
low physiological concentrations of Mg2+, and when the target RNA is longer and more structured, DNAzymes achieve RNase-H-mediated RNA cleav-
age through RNA interactions with residues sequestered in their catalytic core, in contrast to DNAzyme’s catalytic activity is irrelevant. Adapted with
permission.[86c] Copyright 2022, Springer Nature.

RNase H, whereas the flanking FANA fragment should serve to
increase the affinity of ASO for mRNA, rather than FANA acting
as the binding site for RNase H.

Furthermore, the cleavage sites may be different even for the
same substrate strand. Hence, different DNAzyme accessibility
to the substrate strand will influence catalytic efficiency. Chaput
and co-workers claimed that Taylor and Holliger did not provide
sufficient operational data, which made their comparison inap-
propriate. However, the authors acknowledged and agreed with
the views of Taylor and Holliger regarding the selection of the
negative blank control. In detail, it would be better to change a
single base in the catalytic ring instead of using core inverted
X10-23i as the control group. Chaput and co-workers further
agreed that different cells express different levels of RNase H.
Therefore, cell-free experiments are needed to standardize and
simulate intracellular environments.

Overall, based on the debate between Chaput and co-workers
and Taylor and Holliger, to eliminate conflicting conclusions, re-
searchers are expected to use long-chain RNA instead of short-
chain RNA fragments to simulate real environments in future ex-
periments. In addition, the catalytic medium should be unified,
including the metal content and nuclease addition. The RNase-
H-mediated antisense effect should be fully considered, and the
silencing efficiency of the target RNA should be verified using
various means.

3.2. Catalytic Core Modifications with Theoretical Guidance

There are numerous optimization strategies for the catalytic
loop of DNAzymes.[103] Conventional practices focus on improv-
ing DNAzyme resistance against nucleases, thereby improving
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bioavailability,[104] or replacing the functional groups on multi-
ple nucleic acids to improve catalytic activity.[15a,105] For example,
the 6-amino group in adenine can be replaced or stabilized as
a general acid or base to participate in catalytic reactions. How-
ever, functional modification of DNA residues in the catalytic
loop of DNAzymes may lead to self-defeating effects. Substitu-
tion at the C10, G14, and A15 positions led to low DNAzyme activ-
ity (20–30%).[85] Because optimization of the DNAzyme catalytic
core is different from its substrate recognition arms, enhanced
DNAzyme stability should be considered, as well as the system-
atic study of the catalytic ring conformation and its interaction
with cofactor metal ions.

The development of DNAzymes based on the abovementioned
random optimization[106] or systematic screening[107] has led to
progressive breakthroughs. However, despite the satisfactory cat-
alytic efficiency of DNAzymes in vitro, clinical cases of success-
ful treatment are still rare to date,[13b] which is related to the de-
creased catalytic activity in the cellular environment and deficient
knowledge of the underlying mechanism. Rational sequence de-
sign and structural modification strategies based on scientific
theoretical guidance can expedite the development of DNAzyme
technology.[108] Therefore, it is important to fully understand the
basis of DNAzyme-mediated catalytic processes, including their
potential molecular structures, dynamic processes, and metal co-
factor interactions.

At present, the crystal structures of various RNA-cleaving
DNAzymes have been resolved.[109] These structural studies are
important, because they reveal a reasonable catalytic mechanism
for DNAzymes, the role of metal cofactors, and the necessary nu-
cleotides in the DNAzyme sequence.[9a] Among them, the func-
tion of each nucleotide at the catalytic ring site of the two best-
known RNA-cleaving DNAzymes (10-23 and 8-17) has been stud-
ied deeply and systematically, which can improve the rational
design of DNAzymes to ensure high catalytic efficiency in vivo.
Here, the numerical designation 10-23 indicates the 23rd clone
in the 10th round of DNAse selection experiments, and 8-17 de-
notes the 17th clone in the 8th round.[110]

Specifically, cationic cofactor binding to the active sites of 8-
17 DNAzyme (Figure 3A) and substrate cleavage catalysis were
studied in 2017.[109b] By observing the crystal structure of the
8-17 DNAzyme Dz36/substrate complex, Gan and co-workers
found that G+1 and G−1 were kinked at the substrate cleav-
age site and paired with T1 and A14 on the catalytic ring, re-
spectively (Figure 3B). This structure could fix the orientations
of G+1 and G−1 and promote RNA cleavage. When metal co-
factors participated in the catalytic reaction, the Pb2+ cofactor
could not induce additional DNAzyme folding, whereas Mg2+

and Zn2+ could induce additional folding, resulting in lower
catalytic rates.[111] Furthermore, the general acid–base catalytic
mechanism of 8-17 DNAzymes was elucidated. The nucleobase
of the G13 residue may act as a general base to deprotonate the
2ʹ-OH of G−1 to attack the 3ʹ-phosphate of G−1 (Figure 3C).
The authors showed that the N1 atom of G13 facilitates DNAse
catalysis after observing a significant decrease in DNAzyme ac-
tivity through methylation at the N1 position. At the same time,
the pKa of the water molecule decreased after it coordinated
with the Pb2+ cofactor,[112] and it could be used as a general
acid to provide a proton for the O5ʹ of G+1 to leave, thus pro-
moting the cleavage of the RNA target (Figure 3D). Overall,

a clear understanding of each important nucleotide function
within the catalytic ring will facilitate the design of biopoly-
mers, providing new solutions to enhance DNAzyme catalytic
activity.

Fast forward to 2022, Etzkorn and co-workers first per-
formed NMR-based time-resolved structural analysis of 10-23
DNAzyme.[109a] In this study, the molecular structure, confor-
mational transformation, and coordinate region of metal ions in
the precatalytic DNAzyme–RNA complex were studied, reveal-
ing the factors affecting DNAzyme-mediated catalysis. First, as
depicted in Figure 3E, the 10-23 DNAzyme contained 15 nu-
cleotide catalytic loops. The 5ʹ-adenine of the catalytic ring (A5)
was replaced with cytosine to avoid the risk of catalytic loop
dimerization caused by the palindromic sequence[109d] and to en-
hance NMR accessibility. Temperature-dependent NMR experi-
ments revealed that the catalytic DNAzyme ring was partially
fixed. The 5ʹ -end (C3–C7) was fixed to facilitate catalysis, whereas
the 3ʹ-end (T8–C13) possessed plasticity to facilitate conforma-
tional transformation. This unexpected molecular structure al-
lowed the complete exposure of the substrate cleavage site to the
catalytic ring region (Figure 3F). Moreover, three metal-binding
sites were identified in the catalytic loop. Binding site I can pro-
mote cleavage-site alignment, site II responds to catalytic activa-
tion, and site III is responsible for C13 and G14 activation to im-
prove 10-23 DNAzyme catalytic activity (Figure 3G). According to
the Brønsted–Lowry acid–base theory and microsecond-long all-
atom molecular dynamics simulations, the authors found that
Mg2+ reduced the basicity of G14 by reducing the electron den-
sity on the purine ring, thereby blocking the interaction between
G14 and the cleavage site (Figure 3H,I). The 6-thiol modification
of G14 resulted in a sixfold increase in cleavage rate (Figure 3J).
In conclusion, DNAzyme optimization requires special modifi-
cation of the three metal-binding sites.

Different DNAzymes have different catalytic ring structures
and coordination states of metal cofactors. For example, com-
pared with another DNAzyme (9DB1), studied by Orozco and
co-workers in 2019,[113] only two Mg2+ binding sites were found,
while the abovementioned 10-23 DNAzyme had three binding
sites. The two DNAzymes exhibited catalytic rings with com-
pletely different spatial structures. Therefore, modification of
the catalytic ring should depend on our understanding of the
functionality of each nucleotide in the catalytic loop of each
DNAzyme. This design optimization pattern based on nucleic
acid function is superior to traditional random optimization of
DNAzymes.

4. Recent Delivery Strategies for DNAzyme
Catalytic Improvement

In addition to chemical modifications, nanomaterial-based
strategies are another solution to overcome the shortcomings of
DNAzymes. Currently, DNAzymes are synergized or protected
considerably by other materials, including organic or inorganic
constituents. These carrier construction approaches aim to im-
prove DNAzyme stability and loading degree and realize syner-
gistic therapeutic strategies. Hence, in this chapter, combinations
of various materials with DNAzymes are discussed from the per-
spective of drug delivery system construction.
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Figure 3. Mechanistic studies on the catalytic core conformation of DNAzymes. A) Sequences of DNAzymes and substrates and observed secondary
structures. B) Mimics of the catalytic core and GG kink based on the DNAzyme–Pb2+ complex structure. C) Coordination simulation of Pb2+ with catalytic
water in the DNAzyme/Pb2+ structure. D) Mechanistic predictions regarding the cleavage of RNA substrates by 8-17 DNAzymes. A–D) Adapted with
permission.[109b] Copyright 2017, Springer Nature. E) Schematic diagram of 10-23 DNAzymes for targeting mRNA. F) Simplified representation of the
precatalytic complex, highlighting the association of the catalytic core with the catalytic site. G) Simplified view of three metal-ion binding regions.
H) Metal ions activate DNAzymes by condensing the DNAzyme structure and bringing the catalytic loop into an active conformation. I) Snapshot of
molecular dynamics (MD) simulation showing a plausible cleavage mechanism involving the interaction of G14 with the O2ʹ atom of rG0. J) Modification
of 6-thio-G14 significantly increases the activity in the presence of Mg2+. E–J) Adapted with permission.[109a] Copyright 2021, Springer Nature.

4.1. Cofactor-Incorporated Delivery Strategies

Owing to the special metal-ion activation characteristics of
DNAzymes, an increasing number of studies have focused on
the smart utilization of the corresponding metal cofactors. These
metal cofactors can be fabricated as the material components of
the nanocarrier and realize the corresponding ion-based therapy.

Zinc ions are effective in inhibiting glycolysis and achieving
hunger treatment in tumors.[114] In addition, DNAzymes using
zinc ions as an activation cofactor have also been widely used.[115]

Therefore, silencing glucose-supplied genes with DNAzymes
and using zinc as the metal cofactor and nanocarrier material is
an effective synergistic therapeutic strategy. Shi and co-workers
used hyaluronic-acid (HA)-encapsulated ZIF-8 (ZIF = zeolitic
imidazolate framework) as a drug delivery vehicle and encapsu-
lated DNAzymes that could cleave glucose transporter 1 (GLUT1)

mRNA[116] (Figure 4A). This system could actively target tumor
cells through CD44-mediated enhanced uptake. After endocyto-
sis, the released Zn2+ could mediate tumor-specific “Zn2+ inter-
ference,” with a strong inhibition of glycolysis through nicoti-
namide adenine dinucleotide (NAD+) downregulation and glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) inactivation.
Moreover, Zn2+ interference could reduce GLUT1 expression by
specifically activating DNAzyme catalytic cleavage (Figure 4A).
Experimental results showed that the final composite, HA-
modified ZIF-8 nanosystem loaded with DNAzyme (HZ@GD),
can cut off the supply of glucose and further achieve energy de-
pletion in the tumor system (Figure 4B). The nanosystem could
achieve 80.8% tumor growth inhibition in vivo without systemic
toxicity. This study validated an intriguing therapeutic platform
that enables an ion-interference-induced starvation strategy to ef-
fectively treat tumors. On the other hand, Zn2+ has also been
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Figure 4. Divalent metal cofactors for functional carrier construction and synergistic therapy. A) GLUT1 mRNA cleaving DNAzymes combined with
Zn2+ nanocarrier. B) The silencing effect of GLUT1 mRNA level for the nanoenabled DNAzymes. A,B) Adapted with permission.[116] Copyright 2022,
Wiley-VCH. C) DNAzymes synergized with Cu+. D) TEM picture of DNAzyme/Cu+ composite. E) The biodistribution of the nanosystems. F) VEGF-R2
inhibition effect for different treatment groups. C–F) Adapted with permission.[126] Copyright 2021, Wiley-VCH. G) Functional DNAzymes protected by
secondary DNAzymes for stimulated carrier building and synergistic therapy. H) substrate strand and target survivin gene depletion effect. I) Tumor ex
vivo photos and tumor mass. G–I) Adapted with permission.[131] Copyright 2021, Wiley-VCH.

reported as an intracellular ATP scavenger to reduce the ex-
pression of HSPs[117] or the tumor drug resistance gene P-
glycoprotein (P-gp).[118] In addition, the acidic/hypoxic response
properties of Zn2+-based ZIFs have been widely investigated.[119]

Therefore, we believe that multistage gene/ion synergistic ther-
apy realized by combining DNAzymes with other Zn2+ functions
will expand the construction of therapeutic systems.

Mn2+ has the advantage of an excellent chemodynamical ef-
fect for converting endogenous H2O2 into toxic •OH. More-
over, MnO2-based nanomaterials have been widely prepared to
obtain glutathione (GSH)-responsive nanocarriers.[120] There-
fore, DNAzymes can be integrated with MnO2 nanomateri-
als for Mn2+-activated responsive drug delivery and synergis-
tic therapy.[121] Peng et al. incorporated two Mn2+-triggered

DNAzymes within MnO2-nanosheet-based systems specifically
activated by intracellular miRNA-155 and telomerase biomark-
ers for different therapeutic functions, including antitumor an-
giogenesis and proapoptosis mRNA gene regulation.[122] The
DNAzymes adsorbed on the complex were released specifically
in a tumor environment with sufficient metal cofactor Mn2+.
Meanwhile, EGR-1 and survivin mRNA were knocked out af-
ter DNAzymes were unlocked, and a double-gene synergistic
therapy was realized. Simultaneous fluorescence imaging was
achieved by designing DNAzymes with locker structures.

Tumor-specific release of Cu+ ions can efficiently catalyze
H2O2 to produce •OH through a Fenton-like reaction.[123] In
addition, the released Cu+ ions deplete GSH within cells, thus
protecting •OH from being removed, which greatly improves

Adv. Mater. 2023, 35, 2300374 2300374 (12 of 34) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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chemokinetic therapy efficiency.[124] Therefore, Cu+ ions have
also been widely combined with DNAzyme-mediated gene
therapy.[125] Zhao and co-workers constructed a hybrid nanos-
tructure with an ultrahigh loading capacity, which consisted only
of DNAzyme and Cu2+[126] (Figure 4C). Transmission electron
microscopy (TEM) characterization revealed that the nanoparti-
cles had a smooth, spherical shape (Figure 4D). After codelivery
of DNAzyme and Cu2+ to cancer cells, GSH reduced the released
Cu2+ to Cu+. A large amount of Cu+ can catalyze endogenous
H2O2 to form cytotoxic •OH radicals for chemodynamic therapy.
The experimental results showed that the system effectively
accumulated in tumors and showed an amplified cascade antitu-
mor effect (Figure 4E). Later, DNAzymes catalyzed the cleavage
of VEGF-R2 mRNA to achieve gene therapy (Figure 4F).

Wang and co-workers have also been dedicated to this
DNAzyme/ion synergistic strategy in recent years. In addi-
tion to the previously mentioned synergistic therapy combining
DNAzymes with Mn2+,[127] systems for other metals have also
been extensively constructed. They first utilized ZIF-8 nanopar-
ticles to carry out DNAzyme-based gene therapy with a Zn2+

cofactor self-sufficient effect.[128] Chu and co-workers adopted
ZIF-8 nanoparticles as DNAzyme carriers, but they were only
used for intracellular miR-21 detection.[129] In the same year, a
Zn2+ self-sufficient DNAzyme-driven drug delivery system was
constructed.[130] This system consisted of a DNAzyme-based
DNA scaffold fabricated through rolling circle amplification
(RCA) guidance, and pH-responsive ZnO nanoparticles were
encapsulated within the scaffold. Furthermore, the aptamer se-
quence was encoded into the RCA template to promote effec-
tive vector delivery to the cancer cells. Under stimulation by
the tumor/lysosome acidic microenvironment, ZnO can be dis-
solved into Zn2+, which can be further used as a DNAzyme
cofactor. Recently, this group established a compact DNAzyme
nanoplatform for multifunctional intelligent gene therapy.[131]

The delicate DNAzymes were temporarily masked by the other
self-activated DNAzymes through RCA, so they could remain
inactive in physiological liquid, but active under stimulation.
As depicted in Figure 4G, nanocapsules can accumulate specif-
ically in cancer cells through multivalent tumor-anchored ap-
tamer chains, where they are activated sequentially in response
to cascade DNAzyme activation via intelligent stimulation for
the final DNAzyme-mediated gene silencing. Ultimately, the sub-
strate strand and target survivin gene were efficiently depleted
(Figure 4H). After in vivo treatment, the tumor was significantly
suppressed (Figure 4I).

The combined application of metal ions has become a pop-
ular research topic.[123] Different metal ions can accelerate the
catalytic rate of DNAzymes and realize multi-ion-based combi-
nation therapy. Zhao et al. developed a synergistic preparation
by combining DNAzyme with a Fe/Mn-multimetal (FMM)-based
metal–organic framework (MOF)[132] (Figure 5A). The FMM
MOF enabled efficient delivery of DNAzymes against biodegra-
dation in systemic circulation. Interestingly, once ingested by
cancer cells, the multifunctional FMM nanoplates released Fe2+

under H+/GSH stimulation and achieve chemokinetic therapy
via the Fenton reaction. At the same time, FMM nanoplates also
exhibited photothermal conversion ability, which can improve
the overall treatment through the photothermal effect. Subse-
quently, DNAzymes can target the Twist gene to achieve en-

hanced gene silencing under Mn2+ catalysis to inhibit tumor
growth and metastasis (Figure 5B). Thus, Mn2+ and Fe2+ could be
significantly released under pH = 5.5 and GSH conditions using
atomic absorption spectrometry as a testing method, as shown
in Figure 5C. The representative images of the lungs collected
from 4T1-tumor-bearing mice show that the final formulation
(FMM@Dz) could effectively inhibit cancer cell lung metastasis
under laser irradiation. Western blot results also confirmed that
the final preparation effectively spliced the Twist gene to achieve
tumor proapoptosis (Figure 5D,E).

4.2. DNAzyme-Integrated DNA-Functional-Material-Based
Delivery Strategies

Therapeutic DNAzymes with RNA-depleting effects are versatile
building blocks for the construction of sophisticated biological
machineries. Combination strategies for DNAzymes with other
materials form the basis of synergistic therapies. Among the
different materials, the combination of DNAzymes with pure-
structural DNA units is simpler and more unique. Therefore, the
method of assembling DNAzymes with pure DNA units was first
discussed in this section. Functional augmentation strategies for
DNAzyme-incorporated DNA functional materials were further
illustrated, including RCA, catalytic hairpin assembly (CHA), and
toehold-mediated strand displacement.

4.2.1. DNAzymes Combined with Pure Structural DNA

DNAzymes can be combined with structural DNA con-
stituents using the origami technique[133] for geometric DNA
structures,[134] aptamers,[135] and other DNA units, such as DNA
walker, DNA tweezers.[136]

DNA origami technology with accurate spatial addressing
and rich site-marking abilities[137] has become an ideal plat-
form for the design of custom biological machines.[138] Previ-
ously, nontherapeutic DNAzymes, such as hemin/G-quadruplex
DNAzymes, have been combined with DNA origami technol-
ogy to construct specific switches.[139] Furthermore, Willner and
co-workers combined RNA-cleaving DNAzymes as metal-ion-
responsive unlocking tools with origami technology to prepare
switchable nanocavities,[140] as shown in Figure 6A. The lid in
the center of the DNA nanosheet (Tile N) was fixed with two L1
strands to form a closed structure. In the presence of Zn2+, the
system could mediate L1 chain cleavage by DNAzymes to achieve
unlocking. Subsequently, the lid can be lifted using helper chains
H1 and H2, enabling the formation of voids. Atomic force mi-
croscopy (AFM) clearly shows that the lid is pulled open, and the
void formation rate is above 60% (Figure 6B). Therefore, com-
bining DNAzymes with DNA-origami-technology-based drug de-
livery systems[141] will enable the construction of nanoplatforms
with different gene- or metal-ion-responsive abilities.

Therapeutic DNAzymes have been used to construct tetrahe-
dral DNA nanotherapy systems.[142] First, DNAzymes are not effi-
cient in endocytosis, so the membrane permeability of DNA tetra-
hedrons provides a new strategy for the intracellular transport of
DNAzymes.[143] Subsequently, a DNAzyme, which cleaves c-Jun
mRNA, was added at the 5ʹ-end of the single-stranded DNA tetra-
hedrons to reduce c-Jun gene expression and inhibit the growth
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Figure 5. DNAzymes together with dual-metal-based gene/ion therapy. A) DNAzymes combined with two metal-contained MOF systems. B) After
endocytosis, the therapeutic mechanism for PTT, PDT, and gene-based triple synergistic therapy. C) The release profile for different metal ions. D) The
represented lung pictures of different groups after mice were sacrificed. E) The PCR and Western Blot results for relative twist mRNA level. A–D) Adapted
with permission.[132] Copyright 2022, Wiley-VCH.
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Figure 6. DNAzyme-incorporated DNA functional materials. A) Schematic illustration of Zn2+-dependent DNAzyme as an unlocking catalyst to form
nanopores in origami. B) AFM images correspond to the locked configuration of the origami tile as well as the unlocked origami tile. A,B) Adapted with
permission.[140] Copyright 2019, Springer Nature. C,D) Mechanism of action of two DNA tetrahedral nanomachines containing DNAzymes. C) Adapted
with permission.[142] Copyright 2019, American Chemical Society. D) Adapted with permission.[144] Copyright 2022, Elsevier Ltd. E) Schematic represen-
tation of aptamer/DNAzyme complexes for cancer-related gene detection and regulation. Adapted with permission.[145] Copyright 2019, Royal Society
of Chemistry. F) DNAzyme-mediated assembly of DNA walkers and their intracellular manipulation for miRNA imaging. Adapted with permission.[16]

Copyright 2021, American Chemical Society.
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of squamous cell carcinoma (Figure 6C). Therapeutic DNAzymes
could be efficiently delivered through the tetrahedral DNA struc-
ture, and cell proliferation was significantly reduced. In addi-
tion to target mRNA silencing, researchers have reported that
DNAzymes, which bind to DNA tetrahedrons, could simulta-
neously detect miRNA content and regulate gene expression in
cells.[144] Specifically, the P1, P2, P4, and P5 chains constitute
the basic backbone of the DNA tetrahedron, and P5 contains the
DNAzyme sequence, which can cut the P3 sequence (Figure 6D).
This operation can separate the fluorescein amidites (FAM) flu-
orophore on the P3 sequence from the Black Hole Quencher-1
dye (BHQ1) quencher to realize fluorescence imaging. An im-
portant mechanism of this imaging is that DNAzymes contain
a miRNA-responsive inhibitor sequence, which triggers fluores-
cence through miRNA activation and silences miRNA to achieve
gene therapy.

DNAzymes can also conjugate with aptamers through base
pairing, T4 ligation, or sequence integration to enhance the antin-
uclease effect and improve the tumor-targeting capacity.[145] Af-
ter reasonably designing the sequence structure and forming
the catalytic unit, the DNAzyme/aptamer complex can monitor
tumor-related genes by generating detectable fluorescence sig-
nals and regulating gene expression at the mRNA and protein lev-
els. Zhou and co-workers combined aptamers with DNAzymes
to achieve receptor-mediated enhanced DNAzyme delivery to
cells (Figure 6E). Simultaneously, cleavage of the target gene
was mediated by Mg2+ ions. Furthermore, DNAzyme activa-
tion upon binding to substrate target sequences enables fluores-
cence imaging.[145] Shi and co-workers designed a round aptamer
(Sgc8)–DNAzyme (EtNa) complex to achieve local programmed
death-ligand 1 (PD-L1) inhibition. This method could signifi-
cantly improve DNAzyme stability and tumor targeting.[146] In
contrast to the DNA sequence integration method adopted by
Zhou and co-workers, Shi and co-workers utilized complemen-
tary base pairing and the T4 ligation strategy. These methods rep-
resent basic design ideas for combining DNAzymes with DNA
materials.

Many other small molecular machines, such as DNA walk-
ers, tweezers, switches, robots, gears, and motors,[147] are avail-
able to construct DNA biomaterials. The combination of these
small components has powerful biological functions, especially
in DNA walkers, whose cascade signal enhancement through
autonomous movement is considered a powerful signal amplifi-
cation strategy. Wu and co-workers used a DNAzyme-integrated
DNA walker system to detect abnormal miRNA expression,[16]

as shown in Figure 6F. In this study, DNAzyme machines were
combined with AuNPs. Notably the serum resistance of the
DNAzyme walker system increased fivefold, and the catalytic ac-
tivity increased more than eightfold when a circular convex pro-
tection structure was introduced in the middle of the DNAzyme
catalytic core. This protective structure was designed based on
the miRNA-21 recognition system, which facilitated the ability
to image miRNAs far beyond commercial transfection reagents
and the well-known fluorescence in situ hybridization (FISH)
technique. Similarly, the system may also achieve miRNA-21
silencing; however, in this work, the authors did not mention
this investigation. Another example of using a 3D DNAzyme-
based DNA walker nanoprobe structure is to image amyloid 𝛽

oligomers (A𝛽O) in living cells and in vivo. The presence of A𝛽O

can trigger the DNAzyme to walk through the substrate chains,
labeled with a fluorophore (named "TAMRA"). The TAMRA-
containing substrate strands were modified on the AuNP surface
(quencher); hence, substrate cleavage could recover the fluores-
cence signal.[148]

In conclusion, the combination of DNAzymes with other mul-
tifunctional DNA materials can enhance DNAzyme function and
stability, but also endow other DNA materials with the function
of mRNA depletion. This complimentary design greatly enriches
the design of DNAzyme-based synergistic therapies.

4.2.2. DNAzyme-Incorporated Structures with the RCA Strategy

RCA is a nucleic-acid-based synthesis technology for micro-/
nanomaterials.[149] By designing a fixed-sequence template,
isothermal amplification of the repetitive sequence can be re-
alized with the help of RNA or DNA polymerase.[131] In addi-
tion, DNA-based metal-complex structures can be constructed.
For instance, after the addition of magnesium pyrophosphate
(Mg2PPi), dense accumulation of DNA nanoflowers (NFs) can
be achieved through nucleic-acid-driven crystallization. In a re-
cent study, programmable RCA-based structures were applied
to nucleic acid drug delivery systems capable of responding to
target signals.[150] Different functional sequence units were in-
cluded in the template chain. For example, the prostate-specific
membrane antigen (PSMA)-binding aptamer served as a cell-
targeting aptamer, and cholesterol-labeled DNA binding strands
could achieve a synergistic enhancing effect on cellular uptake,
while an ATP-binding aptamer was applied to construct a ra-
tiometric aptasensing switch.[150] Therefore, based on this de-
sign, DNAzyme sequences can be added to the template chain
to achieve repeat fragment replication for efficient catalytic treat-
ment of diseases.[151]

Jin et al. programmed two types of DNAzymes (silencing
EGR-1 and survivin mRNA), together with AS1411 aptamer se-
quences, to build into the template chain and prepared DNA
nanoflowers under the action of Mg2PPi.[152] Under acidic condi-
tions, Mg2PPi decomposition generates Mg2+ ions, which could
be used as a cofactor for the two DNAzymes, increasing their abil-
ity to recognize and cleave the target mRNAs. The TEM structure
of the nanoparticles is shown in Figure 7A, and the nanoflower
structure was destroyed under acidic conditions (Figure 7B), en-
abling targeted degradation within the tumor microenvironment.
At the same time, both mRNAs were significantly downregulated
from a therapeutic standpoint, which showed that DNAzymes
could achieve improved effects even without any structural modi-
fication (Figure 7C). In another example, a multifunctional DNA
nanoflower was prepared under RCA guidance, and its tem-
plate strand contained an effective autophagy mRNA inhibitor,
DNAzymes, a binding site for the tumor-targeting aptamer, and
a photosensitizer chlorin e6 (Ce6) acceptor.[153] The multifunc-
tional DNA nanoflower could specifically target tumor cells, pro-
duce Ce6-mediated reactive oxygen species (ROS) under light,
and improve DNAzyme bioavailability, resulting in enhanced au-
tophagy inhibition.

DNAzymes can cleave intracellular RNA genes, as well as
DNA sequences generated under RCA guidance. Self-catabolic
DNA nanoflowers with high stability can be synthesized using a
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Figure 7. Rolling-circle-amplification-mediated nanostructure construction of DNAzymes. A) TEM image of DNAzyme-based nanoflower with acidic pH-
responsive ability. B) TEM image of DNAzyme nanoflower after incubation within acidic buffer. C) The gene regulation effect of DNAzyme NPs within cells.
A–C) Adapted with permission.[152] Copyright 2017, the Author(s), published by Srpinger Nature. D) The DNAzyme/Zn0.5Mn0.5Fe2O4 (ZMF) composite
nanosystem fabrication. E) Self-cleavage and gene regulation of hierarchical nanomaterials. D,E) Adapted with permission.[154] Copyright 2021, Wiley-
VCH. F) DNAzyme-incorporated nanoflower for photothermal converter loading. G) The fabrication of KMnO4–dopamine-based photothermal converter.
F,G) Adapted with permission.[156] Copyright 2021, American Chemical Society.

RCA strategy[154] for sequential activation of DNAzyme-mediated
gene silencing. These DNA nanocomposites contain two-stage
space-time DNAzymes, with the functional DNA component am-
plified hundreds or thousands of times. From Figure 7D, we
can see that DNA nanoflowers can achieve self-assembly me-
diated only by RCA, without the assisted growth of metal ions.
Promoter-like Zn–Mn–Ferrite nanoparticles composed of multi-
ple metal ions were loaded into the pores on the nanoflower sur-
face. Under high GSH conditions, metal nanoparticles can be de-
graded to release DNAzyme cofactors, which drives DNAzyme-
1 inside the nanoflowers to achieve self-structural cleavage and
mediate their collapse (Figure 7E). Subsequently, second-stage
DNAzymes cleave intracellular oncogenes. The simultaneous re-
lease of Zn2+, Mn2+, and Fe2+ can initiate a Fenton’s reaction,

resulting in high-efficiency gene/chemical kinetic therapy. The
system showed remarkable tumor growth inhibition in a breast
cancer mouse model, shedding new light on DNAzymes as fun-
damental components of responsive biomaterials. Moreover, this
process significantly improved DNAzyme activity and target re-
sponses, as the nanoplatform could regulate the event order,
which is an attractive way to regulate cell function and fate.

Interestingly, the catalytic activity of DNAzymes increased
with increasing temperature.[155] Yang and co-workers self-
assembled DNAzymes into nanoparticles using the RCA method
and loaded dopamine-mediated photothermal materials onto the
nanoparticle surface pores[156] (Figure 7F). Nanocomposites ac-
cumulated at the tumor site, where polydopamine induced a tem-
perature rise through photothermal conversion (Figure 7G). In
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vitro and in vivo experiments showed that the temperature in-
crease enhanced the DNAzyme mRNA cleavage activity and pro-
moted epidermal growth receptor (GFR-1) protein downregula-
tion in tumor cells. Hence, RCA technology has become a pow-
erful tool to maximize the therapeutic capabilities of DNAzymes
with many sophisticated functional purposes.

4.2.3. DNAzyme-Integrated Structures Using CHA

CHA is a technology for isothermal amplification of autonomous
DNA devices using hairpin structures as fuel.[157] Typically, this
hairpin reaction process is based on toehold-mediated strand
displacement.[158] Hairpin sequences can be opened 10–100
times faster through an external toehold than an internal toe-
hold when designing DNA hairpin structures.[158b] CHA is of-
ten used to detect specific gene sequences.[159] Hence, the great-
est advantage of CHA combined with DNAzymes is sequence-
responsive DNAzyme self-assembly.[160] Moreover, hairpin struc-
tures can also be easily self-constructed to form nanospheres or
nanowires.[161] This approach results in a higher local concentra-
tion of reaction components, and spatial limitations can be uti-
lized to accelerate the reaction rate.[162]

For example, Wei et al. developed a therapeutic DNAzyme
system based on CHA design.[127a] In this system, Mn2+-
based honeycomb MnO2 nanosponge (hMNS) particles were
fabricated and combined with a DNAzyme prodrug to con-
duct hybridization-chain-reaction (HCR)-guided intracellular
self-assembly of DNAzymes.[127a] hMNS not only delivered
DNAzymes, but also provided Mn2+ as a DNAzyme cofactor
and magnetic resonance imaging agent (Figure 8A). Figure 8B,C
shows the assembly pattern of DNA sequences guided by CHA.
First, as shown in Figure 8B, the target sequence miR-21 can
stimulate independent cross-hybridization of hairpin sequences
(H1, H2, H3, and H4) to long linear nanowires. In detail, based on
the chain replacement reaction mediated by the toehold, H1 was
opened by the target sequence miR-21 by hybridizing with the a–
b (pink) domain of H1. The c–b* (pink) sequence in the open H1
was exposed and immediately hybridized with the b–c* (blue) se-
quence of hairpin H2. Then, the H2 structure was opened, and
the b*–d (blue) sequence was released, complementary to the
d*–b (pink) sequence within H3. Subsequently, the opened H3
included the exposed e–b* (pink) domain, which could hybridize
with the b–e* (blue) sequence of hairpin H4 to release the tar-
get sequence b*–a*, which can open H1 again. Therefore, dur-
ing HCR, miR-21 can excite the hairpins of H1, H2, H3, and H4
to repeatedly cross-link as nanowires. Furthermore, DNAzymes
were assigned to different hairpin structures and did not become
catalytically active until self-assembled. Catalyzed by miRNA-21,
DNAzymes assembled into DNA nanowires, and some fluores-
cent groups also achieved light transfer to achieve miRNA detec-
tion (Figure 8C).

In addition to single-factor constructs, multiple types of
DNAzymes can also be combined using CHA.[127b] For example,
a self-sufficient therapeutic nanosystem was realized by finely
designing a DNAzyme prodrug and MnO2 into biocompatible
nanocapsules with tumor-specific recognition/activation.[127b]

Similarly, the MnO2 component immediately decomposed into
Mn2+ ions to supplement the indispensable DNAzyme cofac-

tors as needed. Subsequently, the endogenous microRNA cat-
alyzed the amplified assembly of DNA prodrugs via CHA, si-
multaneously silencing two key tumor-associated mRNAs me-
diated by DNAzymes (Figure 8D). The CHA mechanism is
shown in Figure 8E. Survivin and EGR-1-targeted DNAzymes
were assigned to different hairpin structures to design DNAzyme
prodrugs. Activated by intracellular high-expression miRNAs,
the hairpin structure can be opened to construct activated
DNAzymes. Furthermore, Liu et al. expanded the abovemen-
tioned DNAzyme prodrug system into a structure with a sticky
end and formed DNA nanospheres by adding adhesion chains
for in situ detection of miRNA.[161] Therefore, nanosystem design
based on CHA can construct DNAzymes with an accurate gene
sequence response. Next, we will further analyze DNAzyme sys-
tems constructed based on CHA technology in combination with
other treatment strategies.

4.3. Nanomaterial-Based Exploration of Off-Target Effects

Gene regulation therapy with tumor/healthy tissue discrimina-
tion is an important research direction for DNAzymes. Cur-
rently, DNAzyme-based studies focus on the separate regulation
of genes in healthy and cancerous cells. Using surfactant-assisted
synthesis, Liu et al. successfully prepared GSH-responsive photo-
sensitive ultrathin 2D nanosheets and adsorbed Ce6–DNAzyme
onto their surface to form a Ce6–DNAzyme/[Cu(tz)] therapeutic
system.[163] When the nanosystem entered the tumor tissue, the
high expression of GSH decomposed the nanosheet and medi-
ated targeted DNAzyme release to cancer cells to catalyze mRNA
cleavage. Simultaneously, under laser irradiation at 660 nm, the
Ce6 group can generate 1O2 for type II photodynamic therapy
(PDT), and the nanocarrier can mediate the generation of ·OH
in type I PDT under laser irradiation at 808 nm. Importantly,
this tumor-specific DNAzyme release platform showed excellent
EGR-1 cancer-cell-targeted gene silencing, with mRNA inhibited
by 84% in MCF-7 (human breast cancer cells) and only 6% in
MCF-10A (normal human breast epithelial cells).

In addition to nanocarriers, DNAzyme modification can also
achieve tumor-specific gene regulation. Wang et al. developed
m6A-modified DNAzymes. Intracellular fat mass and obesity-
associated protein can specifically remove the m6A-caging group
and promote DNAzyme return to its active configuration.
DNAzyme activation by simple demethylase assists methylase
knockout and mediates tumor cell apoptosis.[164]

Intelligent nanomachines that rely on DNAzyme logic gates
as the center of control have also contributed to discriminat-
ing between cancerous and healthy cells. Wang et al. con-
structed an intelligent nanomachine by integrating a double-
responsive DNAzyme logic system with a Prussian blue analog
MOF (Figure 9A,B).[165] The nanomachine could regulate cata-
lase expression by sensing miRNA-21 in cancer cells, resulting
in H2O2 accumulation. H2O2 was also recognized by DNAzymes,
which further amplified their gene therapy function (Figure 9C).
By contrast, this DNAzyme logic gate was silent in normal cells
due to the low levels of miR-21 and H2O2 (Figure 9D). There-
fore, nanodevices controlled by the DNAzyme logic gate play an
important role in the gene regulation of specific tumor tissues.
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Figure 8. Construction of DNAzyme nanostructures based on catalytic hairpin assembly technology. A) DNAzymes bind to Mn2+ carriers to achieve
intracellular nanowire self-assembly. B) Construction of DNA nanowires triggered by miRNA-21. C) Illustration of gene regulation mechanism and signal
amplification effect. A–C) Adapted with permission.[127a] Copyright 2020, Wiley-VCH. D) DNAzyme prodrugs are activated intracellularly to achieve
dual gene regulation. E) Schematic diagram of the structure preparation with multiple DNAzymes in one system. D,E) Adapted with permission.[127b]

Copyright 2020, Wiley-VCH.

5. Recent Synergistic Strategies to Improve
DNAzyme Therapeutic Effect

In the past five years, DNAzymes have been integrated into many
aspects of gene therapy owing to the development of multiple
disciplines. Single-stranded RNA, including mRNA or miRNA,
can be target-silenced, and double-stranded DNA (dsDNA) can
also be accurately cleaved. DNAzymes can also be applied to var-
ious biocircuit or logical gate constructions[166] used for disease-
targeted therapy. The abundance of delivery vectors is essen-
tial for DNAzyme technology.[167] The carrier can supply metal
cofactors for DNAzymes in specific tissues and realize multi-
ple synergistic treatments. In addition, the types of therapeu-

tic DNAzymes have expanded, including 10-23, 8-17E, EtNa,
and others. Here, we introduce a recently discovered DNAzyme-
based synergistic therapy, with a specific focus on recent ad-
vances in different therapeutic strategies.

5.1. DNAzymes in Immune Therapy

Ferroptosis has been confirmed to induce immunogenic tumor
cell death, thus activating the immune system.[168] In turn, the
activated immune system can enhance ferroptosis by secret-
ing interferon gamma. Therefore, the combination of ferropto-
sis and immunotherapy is expected to achieve complementary
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Figure 9. A) Design of Mn2+-facilitated DNAzyme-based nanomachine. B) The logical gate for the nanomachine. C) Two input signals for triggering
H2O2 elevation and catalase (CAT) mRNA inhibition. D) The self-cycle amplification effect for targeting nanomachine within cancer cells. A–D) Adapted
with permission.[165] Copyright 2022, Wiley-VCH.

advantages. However, the tumor microenvironment decreases
the cancer cell response to ferroptosis, and the immune sys-
tem is negatively regulated by immunosuppression pathways.
Therefore, Liu et al. designed a metal–phenolic network (MPN)
nanoplatform loaded with PD-L1-inhibitory DNAzyme for syn-
ergistic treatment with ferroptosis and immunosuppressive PD-
1/PD-L1 pathway downregulation.[169] MPNs contained a variety
of metal ions, including Mn2+ to activate DNAzymes and Fe3+ for
reduction to Fe2+ for ferroptosis. This work provided an efficient
and simple combination for tumor immune treatment.

Macrophage polarization and the PD-1/PD-L1 checkpoint
within the tumor microenvironment are two key factors related
to tumor immune augmentation treatment design. Ca2+ can
regulate the polarization of tumor-associated macrophages.[146a]

Therefore, combining PD-L1 mRNA-cleaving DNAzymes
with calcium-ion-based materials can simultaneously regu-
late tumor macrophage polarization and release immuno-
suppression. Based on this, Shi and co-workers regulated
tumor-related macrophage polarization and relieved immuno-
suppression using a calcium carbonate nanocarrier loaded with
a DNAzyme/aptamer complex,[146a] as shown in Figure 10A. In
this study, the Sgc8 aptamer stabilized the EtNa DNAzyme
through complementary binding. Subsequently, circular

aptamer-DNAzyme (cAD) was absorbed on the surface of
the CaCO3 nanoparticles for DNAzyme delivery. As a result,
this system could achieve enhanced uptake through the protein
tyrosine kinase 7 (PTK7) receptor, and the released Ca2+ could
activate DNAzymes and regulate tumor-related macrophage
polarization. M1 macrophages with high CD80 expression grad-
ually increased under regulation by this nanosystem. However,
the number of tumor-associated macrophages with high CD206
expression gradually decreased (Figure 10B). These results
demonstrated the tumor macrophage polarization effect of
the metal cofactor Ca2+. Additionally, as shown in Figure 10C,
the DNAzyme/aptamer complex was investigated. The cAD
remained intact even when cultured with Exo I enzyme, while
the single Sgc8 or EtNa units were already degraded. Further-
more, fluorescence resonance energy transfer was introduced
into the design to verify DNAzyme functionality. In conclusion,
combining PD-L1 mRNA-scavenging DNAzymes with calcium
ions can enhance tumor immunotherapy.

In addition, recent studies have shown that DNAzymes target-
ing PD-L1 mRNA can be delivered in combination with other
metal ions and drugs to achieve multistage immune activation
therapy.[170] Therefore, anti-PD-L1 mRNA DNAzymes can be
used in the field of tumor immunotherapy.
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Figure 10. A) Combination of DNAzymes with Ca2+ for immune synergistic therapy. B) Polarization regulation of tumor-related macrophages. C) Stabi-
lization of DNAzymes/aptamer complex. A–C) Adapted with permission.[146a] Copyright 2022, Wiley-VCH. D) Fabrication of liposomal nanoglue platform
for DNAzymes and photosensitizer Ce6 coloading. Adapted with permission.[172] Copyright 2022, American Chemical Society. E) Illustration describing
the DNAzyme system with enhanced lysosome escaped effect, to achieve gene–PDT combination treatment. F) TEM images of upconversion nanopar-
ticles. G) The gene-cleavage effect for DNAzymes. E–G) Adapted with permission.[175] Copyright 2022, Wiley-VCH.

5.2. DNAzymes in Photothermal/Photodynamic Therapy

RNA-cleaving DNAzymes combined with photosensitizers
can achieve synergistic gene/photothermal/photodynamic
therapy,[171] which greatly enhances the therapeutic effect in
cancer. Moreover, high temperatures can boost the catalytic
efficiency of DNAzymes,[155,156] making DNAzyme-incorporated
photothermal therapy a promising future opportunity. Simulta-
neously, integration of nanomaterials to enhance the catalytic
efficiency of both photosensitizers and DNAzymes further
inhibits cancer progression.[172]

Photothermal therapy (PTT) is hindered by HSP upregulation
under heat stress. To date, HSP-targeted DNAzymes have been
widely designed to boost photothermal therapy.[173] For instance,
Zhou and co-workers developed a core–shell nanoplatform com-
posed of a polydopamine core and a MnO2 shell (PDA@MnO2).
The HSP mRNA target DNAzyme was adsorbed onto the par-
ticle surface through its phosphate backbone.[174] The resulting
PDA@MnO2/DNAzyme (DZ) could passively accumulate in the
tumor and release Mn2+ in response to intracellular GSH, which
acted as a metal cofactor to activate the DNAzyme for HSP70
downregulation. As a result, the PTT efficacy of PDA@MnO2
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was significantly enhanced, resulting in complete tumor elimi-
nation under laser irradiation. In a recent study, Yu et al. pre-
pared MnO2-based liposome nanoglues that adhere to human
EGR-1-targeted DNAzymes (Figure 10D). The authors concluded
that there are two ways to attach DNA to the nanoparticle sur-
face: covalent and noncovalent. Because chemically modified
DNA is very expensive, a noncovalent adhesive method was used
in this study. In addition to DNAzyme-mediated gene therapy,
Ce6 loaded inside liposomes could synergistically achieve photo-
dynamic synergistic therapy.[172] The use of liposome nanogels
(DNAzyme/MnO2/Lip) in combination with the gene silencing
agent DNAzyme and the photosensitizer Ce6 achieved effective
photo-gene-therapy.

However, as described in the above chapter, the stability of
DNAzymes in cells is poor, which limits their clinical applica-
tion. Nanocarriers are an effective solution for this issue. Using
complex nanocarriers to coat DNAzymes can protect them from
degradation and improve their stability during in vivo transporta-
tion. However, when cells internalize nanocarriers, DNAzymes
still need to escape from the lysosomes to exert an effect.
Zhao and co-workers developed a photocontrolled DNAzyme
delivery platform (Figure 10E) by combining a near-infrared
(NIR)-responsive photosensitizer with upconversion nanopar-
ticles (Figure 10F) and achieved an enhanced gene silencing
effect.[175] This system allowed NIR light to produce cytotoxic
reactive oxygen species, which enhanced the intracellular lyso-
somal escape function of the DNAzyme. DNAzymes were effi-
ciently released and substrate gene knockout was achieved using
laser irradiation, compared to the laser-free group (Figure 10G).
Therefore, the combination of gene therapy and NIR-light-
triggered photodynamic therapy is expected to solve the current
problem of insufficient intracellular DNAzyme activity.

Coincidentally, aggregation-induced emission (AIE) photosen-
sitizers (thienobenzodithiophene (TBD–Br)) have also been ap-
plied to help DNAzymes achieve lysosomal escape.[176] When
the nanosized preparations were located inside the lysosomes
of tumor cells, the 1O2 produced by TBD–Br under light de-
stroyed the lysosomal structure and promoted the escape of Zn2+-
coordinated DNAzyme nanoparticles. In vitro and in vivo results
showed that the designed AIE-based nanoplatform could induce
tumor cell apoptosis through AIE photosensitizers (TBD–Br) and
downregulate the EGR-1 protein to inhibit the growth of tumor
cells under light irradiation.

5.3. DNAzymes in Chemotherapy

DNAzyme synergy with chemotherapeutic agents is another
promising therapeutic strategy.[177] Considering the design of
DNAzyme/chemodrug systems, the function of DNAzymes can
be divided into two types. The first serves to detect miRNA con-
tent during chemotherapy, and the second enhances chemother-
apy effectiveness.

For example, Zhang et al. constructed a miRNA-detecting
DNAzyme-based theranostic platform with doxorubicin (DOX)-
loaded iridium oxide as the core structure.[178] DNAzymes were
designed as detection probes and fixed on the surface of iridium
oxide nanoparticles. In the presence of miRNA-21, DNAzymes

cleaved the designed substrate and released fluorescence sig-
nals. Moreover, the nanosystem promoted photothermally con-
trolled release of the internally loaded chemodrug DOX un-
der NIR irradiation. Detective DNAzymes can also be used in
combination with upconverting nanomaterials to achieve syn-
ergistic diagnosis and treatment with chemotherapeutic drugs.
Core–shell NaYF4:Yb, Tm@NaYF4 upconverting nanoparticles
were prepared by Zhou et al., and two functional DNA mod-
ules were riveted onto the nanoparticle surface (Figure 11A).[179]

The first module consisted of FAM- and BHQ1-modified hairpin
structural strands with DNAzyme fragments. In the stem-ring
state, FAM fluorescence was quenched by BHQ1. However, upon
recognition by the oncogene miRNA-21, the stem-ring structure
was opened, and the DNAzyme was activated to facilitate fluo-
rophore release. Using the advantage of multiple turnover rates,
miRNA-21 could be released and start another cycle. Through
this cyclic amplification process, miRNA-21 content can be sensi-
tively detected via FAM reduction fluorescence. The second mod-
ule comprised the UV-sensitive photocleavable linker-mediated
DOX-releasing unit.[180] DOX could be embedded into comple-
mentary dsDNA. When upconverting nanoparticles were irradi-
ated with 980 nm NIR light, the upconverted nanomaterials emit-
ted 365 nm UV light[181] and cleaved the two photocleavable link-
ers to release ASOs and DOX for synergistic therapy. The sur-
vivin protein expression level demonstrated the NIR-mediated
gene regulatory function of DNAzymes (Figure 11B).

Multidrug resistance in tumors is a key reason for the low ef-
fectiveness of tumor chemotherapy. Therefore, it is particularly
important to develop a therapeutic system that can reverse this
phenomenon. Liang et al. prepared DNA nanoflowers with re-
peated DNAzyme sequences for P-gp silencing (Figure 11C).[182]

The system was fabricated based on RCA with the assistance
of Mg2PPi. DNA nanoflowers could be loaded with DOX to
achieve enhanced chemotherapy through multidrug resistance
gene inhibition. Specifically, after the nanosystem entered the
cells, Mg2PPi was degraded at a lower pH, which promoted lyso-
somal rupture and DNAzyme sequence release. Then, the P-gp
mRNA was silenced under Mg2+ catalysis (Figure 11D). The II
and V groups showed that DNAzymes significantly inhibited P-
gp expression (Figure 11E), which greatly enhanced chemother-
apeutic efficiency (I: Control; II: P-gp-NFs; III: DOX; IV: Con-
NFs–DOX; V: P-gp-NFs–DOX). In addition to P-gp, Bcl-xL is an-
other gene that causes chemotherapy resistance. Yu et al. used
DNAzymes to downregulate Bcl-xL mRNA expression to enhance
the radiosensitivity and chemosensitivity of the chemotherapeu-
tic drug Fluorouracil (5-FU).[183]

Prodrug-mediated tumor in situ activation combined with
DNAzyme-mediated gene therapy is a new synergistic therapeu-
tic strategy. A biMOF-encapsulated DNAzyme system was devel-
oped to activate anticancer drugs in cancer cells and deplete EGR-
1 mRNA mediated by DNAzymes (Figure 11F).[184] Dual metals,
including Cu ions, have been used in catalytic prodrug activa-
tion. Zinc ions were used to activate the DNAzymes. The sys-
tem minimized the side effects on normal organisms and could
only kill cancer cells at the tumor site. The authors found that
the DNAzymes could be specifically released in an acidic release
medium (Figure 11G), and the prodrug could be activated by the
copper ions (Figure 11H).
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Figure 11. DNAzymes with chemotherapy. A) Overall scheme picture for DNAzyme-and-doxorubicin-coloaded upconverting nanoparticle system. B)
The survivin expression level for different therapeutic groups. A,B) Adapted with permission.[179] Copyright 2022, Elsevier. C) Scheme picture for fabri-
cating DNA nanoflowers (NFs) with P-gp targeting DNAzymes and DOX codelivery capacity. D) DNAzyme-mediated P-gp mRNA cleavage for enhanced
chemotherapy. E) Western blot results for P-gp expression level through different treatments (I: Control; II: P-gp-NFs; III: DOX; IV: Con-NFs–DOX; V:
P-gp-NFs–DOX). C–E) Adapted with permission.[182] Copyright 2022, Elsevier. F) Chemogene synergistic therapy incorporating CuI-mediated prodrug
cancer cell in situ synthesis and DNAzyme-produced gene therapy. G) The pH-responsive DNAzyme release from the bimetal–organic framework, and its
substrate cleavage effect. H) the prodrug synthesis during CuI-powered click reaction. F–H) Adapted with permission.[184] Copyright 2021, Wiley-VCH.

6. DNAzymes in Advanced Gene Therapy

6.1. MiRNA-Responsive Gene Therapy

MiRNA-responsive drug delivery and drug activation systems can
achieve accurately targeted disease treatment.[185] They exhibit
bright development prospects for material degradation to facil-

itate therapeutic drug release[186] and for therapeutic effect of the
nucleic acid materials themselves.[187]

Specifically, DNAzymes can serve as gatekeepers for payload
release of stimuli.[188] In this study, the fluorescent dyes methy-
lene blue and thionine were trapped in mesoporous silica. Mg2+-
or Zn2+-dependent DNAzyme sequences riveted to the surface
of the functional nanostructures, locking the dyes inside. The
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Figure 12. Schematic of the codelivery system of Cas9/sgRNA and DNAzyme prepared by RCA method. A) Molecular design and preparation of DNA
sequences. B) The gene therapy process of the nanosystem in cancer cells, including gene editing mediated by cas9/single guide RNA (sgRNA), and
mRNA regulation mediated by DNAzymes. Adapted with permission.[192] Copyright 2022, Wiley-VCH.

respective DNAzymes were activated in the presence of Mg2+ or
Zn2+, resulting in specific cleavage of the respective gates and
selective dye release.

On the other hand, the abovementioned gatekeeper materi-
als for DNAzymes can also be activated as therapeutic gene
regulators. For example, a highly repetitive DNAzyme triggered
by miR-21 has been reported for catalytic cleavage of EGR-1
mRNA.[189] The nanostructure could perform amplified miR-
21 imaging in living cells and effectively inhibit the prolifera-
tion of cancer cells with high specificity, thereby generating sen-
sitive diagnostic signals and accurate therapeutic effects. This
work, an example of miRNA-triggered intracellular DNAzyme
self-assembly, demonstrated the uniqueness and advancement
of miRNA-responsive payload release. This method is superior
to traditional pH-sensitive response systems, because the acidic
environment within the lysosome after endocytosis is the same
in healthy and cancerous cells.

MiRNA-106a has also been used to activate DNAzymes for
dual gene regulation.[187] In this study, an AuNP–Ys nanoplat-
form was prepared by modifying AuNPs with a specifically de-
signed Y motif, and an AuNP–Ds nanoplatform was obtained
by colabeling Raman molecules with dsDNA linkers on AuNPs.
When recognizing intracellular cancer-related miRNAs, the Y
motif and dsDNA linker underwent miRNA-triggered ATP-
driven conformational transformation, thereby significantly en-
hancing signal transduction. Additionally, miRNAs were released
for recycling. The miRNA-106a activated system could also be
used for sensitive recognition of DNase to catalyze Mg2+-assisted
cleavage of survivin and c-Jun mRNA, thereby performing effec-
tive double-gene silencing treatment in cancer cells.

6.2. CRISPR/Cas System

Clustered regularly interspaced short palindromic repeats
(CRISPR/Cas) systems are an efficient and universal gene-
editing platform, expected to treat diseases that traditional drugs
cannot overcome. However, efficient delivery of the CRISPR/Cas
system and improvements in gene editing efficiency in the tis-
sue microenvironment are the focus of current studies.[190] In
addition, the CRISPR/Cas system edits the DNA strand located
in the nucleus, so it should be combined with other means
to realize joint regulation of mRNA functioning in the cyto-
plasm. Consequently, combining CRISPR/Cas9 with DNAzymes
has attracted attention recently.[191] Yang and co-workers re-
ported a CRISPR/Cas9 nanosystem based on proton activation
combined with Mn2+ to compress the DNA complex to form
nanostructures.[192] The DNA structure in this system encoded
the DNAzyme sequence and HhaI cleavage site, as well as the
CRISPR/Cas9 sgRNA recognition sequence (Figure 12A). The
nanostructure surface was coated with the HhaI enzyme using
an acid-degradable polymer. Thus, HhaI was released from the
polymer after endocytosis in response to the H+ in lysosomes.
Subsequently, affected by the HhaI enzyme, nanocarriers could
achieve precise disintegration and release both DNAzymes and
the CRISPR/Cas9 system, which could simultaneously regulate
DNA and mRNA (Figure 12B).

In addition to dual mRNA/DNA regulation, DNAzyme and the
CRISPR–Cas combined systems can also enhance CRISPR–Cas
application to non-nucleic-acid targets.[193] Therefore, the combi-
nation of DNAzymes and the CRISPR–Cas system has a broad
research scope.
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Figure 13. A,B) DNAzymes with the help of peptide nucleic acid for
double-strand DNA regulation. A,B) Adapted with permission.[194] Copy-
right 2021, American Chemical Society.

6.3. Peptide-Nucleic-Acid (PNA)-Assisted Double-Stranded DNA
Nicking “PANDA”

Although great progress has been made in DNAzyme regulation
of single-stranded RNA, its effect on dsDNA has not been ver-
ified, which is ascribed to the difficulty of DNAzymes forming
Watson–Crick base pairs with dsDNA. This restriction hinders
the use of DNAzymes in genetic engineering. Lu and co-workers
overcame this limitation, allowing DNAzymes to modify dsDNA
without impacting their activity or target sequence specificity.[194]

In the process of pursuing this goal, the researchers were in-
spired by the CRISPR/Cas system (Figure 13A) (Cas protein un-
locks dsDNA and guides RNA strands to combine with com-
plementary DNA strands) and adopted a smaller and simpler
substitute PNA to achieve a similar goal. PNA is a nucleic acid
analog with a strong binding affinity to dsDNA used to develop
DNA manipulation tools.[195] This feature enables DNAzymes
to pair with the dsDNA sequence using PNA to bind one of
the double strands and leave part of the complementary sin-
gle strand (Figure 13B). Using this feature, Lu and co-workers
demonstrated the ability to cleave dsDNA in a highly sequence-
specific manner by combining PNA with DNAzymes.

6.4. Cell–Cell Interaction Regulation

Regulating cell–cell interactions and cell behavior through cell
surface engineering is greatly significant for biological research,
including cell fate control and cell therapy. Despite many ef-
forts to induce cell–cell assembly through various cell surface
modifications triggered by macromolecules or organic metabo-
lites, cell–cell interactions are challenging to control, includ-
ing via metal-ion-triggered assembly and disassembly. Lu and
co-workers reported a DNAzyme-based strategy for controllable
cell–cell interactions triggered by metal ions.[196] Cleavage based
on metal-dependent DNAse could effectively manipulate cell
behavior, including cell-to-cell connections and decomposition.
During the experiments, Zn2+- and Mg2+-specific DNAzymes
and their respective substrate chains were assembled as build-
ing blocks (Figure 13A). Then, dsDNA switches were demon-
strated, which could realize two-factor-mediated decomposition
(Figure 13B). In addition, the two cell spheroids could be assem-
bled and disassembled using this method. Hence, owing to the
availability of various metal-specific DNAzymes, this method can
be easily applied to construct dynamic cell systems controlled by

other metal ions. This technology has subsequently been used
in combination with cancer therapy for dynamic intercellular
and intracellular regulation using engineered DNAzyme molec-
ular machines.[197] In this work, Lu and co-workers employed
DNAzymes to achieve distance regulation between T cells/cancer
cells, as well as distance regulation between mitochondria within
cells. As shown in Figure 14C, the shortened distance between T
cells and cancer cells is mediated by the conformational change
of the G4 conjoined body under acidic conditions. Mitochondria
in cells are also realized by the combination of complementary
paired DNAzymes. Bound mitochondria lead to an increase in
ROS, mediating apoptosis.

7. Other Recent Preclinical Applications for
DNAzymes

In recent years, DNAzymes have mainly been used in cancer
treatment. This is attributed to the vast application of emerg-
ing nanotechnologies in the field of cancer research. Few stud-
ies have been carried out in the past five years for diseases other
than cancer. However, the application of DNAzymes in differ-
ent research areas also provides a promising opportunity for fur-
ther progression. In this section, we introduce the application of
DNAzymes to develop treatment strategies in fields other than
cancer.

Nine incurable polyglutamine (polyQ) diseases with neurode-
generative characteristics are mediated by repeated cytosine–
adenine–guanine (CAG) amplification. Therefore, DNAzymes
based on repeated CAG cleavage can improve cell viability
without affecting the mitochondrial metabolism. Ashizawa and
co-workers found that DNAzyme activity remained stable for
at least one month after delivery into the mouse brain.[198]

The DNAzymes significantly reduced the high-molecular weight
Ataxia Type 3 Neurodegenerative Disorder (ATXN3) protein in
the Spinocerebellar ataxia type 3 SCA3 mouse model. Therefore,
DNAzymes are effective RNA-silencing molecules that may be
used to treat a variety of polyQ diseases.

Allergic asthma is a serious chronic lung disease in both
children and adults worldwide that can lead to significant
morbidity and mortality. Many patients suffer from treatment-
resistant asthma, indicating the need to develop new treat-
ments for this disease. Rouge and co-workers have worked
on DNAzyme-based allergic asthma therapy for decades.[51,199]

In a recent study, peptide-cross-linked nucleic acid nanocap-
sules (NANs) were utilized to deliver GATA3-specific DNAse
to immune cells and regulate their transcriptional activity and
behavior.[200] NANs were composed of a peptide cross-linked
surfactant with inflammation-responsive degradability. GATA3-
specific DNAzymes were combined with NAN for GATA3 mRNA
silencing. DNAzymes could be effectively delivered to human
peripheral blood mononuclear cells without the need for harsh
transfection agents. In addition, mice treated with DNAzyme-
loaded NANs during asthma induced by house dust mites ex-
hibited less severe allergic lung inflammation (measured via pul-
monary eosinophilia) than the control group (mice treated with
house dust mites only). This study showed that peptide-cross-
linked GATA3 DNAzyme–NANs have potential for use in human
patients.
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Figure 14. A) DNAzymes regulate cell–cell interactions. B) Two-factor disassembly control of cell assembly by DNAzyme-based DNA switches. A,B)
Adapted with permission.[196] Copyright 2021, American Chemical Society. C) DNAzyme-mediated T cell/cancer cell communication, as well as mito-
chondrial communication. Adapted with permission.[197] Copyright 2022, Wiley-VCH.

8. Clinical Applications of DNAzymes

Currently, many phase I and II clinical trials are being conducted
by medical institutions and Sterna Biologicals for DNAzymes as
potential therapeutic agents to reverse cancer, inflammation, and
respiratory diseases. At this stage, some DNAzymes have been
demonstrated as safe and well-tolerated in humans, with positive
therapeutic effects under specific conditions.

8.1. DNAzymes in Anticancer Therapy

A phase I and II clinical study (clinical trial ID: NCT01229942) of
anti-EBV-encoded LMP1 Dz1 in combination with radiation ther-
apy for NPC was conducted at the Xiangya Hospital of Central
South University from 2009 to 2011.[29b] To date, only a few clin-
ical results have been published. Forty patients with NPC were
recruited for this randomized, double-blinded clinical study. Dz1
was first modified via two phosphorothioate linkages at both the
3ʹ- and 5ʹ-ends of its substrate-binding arms and then intratu-
morally injected into NPC patients undergoing radiation therapy.
Compared to the control group, the tumor regression rate mea-
sured via magnetic resonance imaging significantly improved in
the Dz1 group. Dz1 also affected tumor vasculature permeabil-
ity and EBV copies. The results showed that Dz1 is safe and has
therapeutic effects. The study also suggested that a larger popu-
lation of patients should be recruited and that Dz1 blood circula-
tion time and follow-up time should be extended to obtain more
reliable study results.

A comprehensive preclinical toxicology study of Dz13 was per-
formed at the University of New South Wales to study its safety.[22]

The daily intravenous dose to the tumor-bearing mice was more
than 30 times higher than the highest clinical dose, and there
were no significant adverse effects on clinical blood, biochem-

istry, or organ histology in the mice. Dass and Choong found that
single and repeated doses of Dz13 administered intravenously
or via an intrauterine pump had no negative effects on blood
cell counts or biochemical parameters in normal mice.[201] Tis-
sue distribution experiments showed transient Dz13 accumula-
tion in the liver, resulting in minimal hepatotoxicity, which was
also observed in the interfering DNAzyme group. These preclin-
ical results suggest that Dz13 may be well-tolerated in patients
with cancer.

Another phase I clinical trial (clinical trial ID: AC-
TRN12610000162011) of anti-c-Jun Dz-13 was carried out at
the University of New South Wales from 2010 to 2012.[202]

In this investigation, nine participants with nodular basal
cell carcinoma received an intratumoral injection and were
monitored for more than four weeks to evaluate the human
safety and tolerability of Dz13. For stability, Dz13 was capped
with an inverted thymine at the 3ʹ-position and was entirely
stabilized by a phosphodiester-linked base.[74a] Moreover,
Dz13 was encapsulated in a cationic lipid carrier composed
of 1,2-dioleoyl-sn-glycerol-3-phosphoethanolamine and 1,2-
dioleoyl-3-trimethylammonium-propane. Fourteen days after
injection, the treatment group underwent tumor resection, and
biopsy samples were used to determine the expression of c-Jun
and neoplastic markers. All patients completed the trial without
drug-related adverse events or systemic Dz13 leakage. C-Jun
expression in resected tumors was significantly reduced in all
nine patients. In addition, Dz13 increased caspase-3, -8, and -9,
as well as P53 expression levels and decreased Bcl-2 and MMP-9
protein expression. In addition, Dz13 could stimulate inflam-
mation and immune cell infiltration at the tumor site. Notably,
five patients (56%) exhibited reduced histologic tumor depth,
and Dz13 was well-tolerated in humans, showing potential
therapeutic effects.[203]
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8.2. DNAzymes against Chronic Inflammatory Diseases

The World Health Organization lists chronic inflammatory dis-
eases as the most cause of death,[204] considering type 2 in-
flammation as the main manifestation. For example, asthma[205]

(>50%), ulcerative colitis, chronic obstructive pulmonary disease
(COPD), and atopic dermatitis[206] are all related to type 2 inflam-
mation. GATA3 is an ideal target to treat type 2 inflammatory
disease.[206b] GATA3 downregulation reduces the expression of
inflammatory factors and simultaneously antagonizes inflamma-
tory processes.

Sterna Biologicals is currently working on the introduction of
three different DNAzyme therapies for asthma (SB010), atopic
dermatitis (SB011), and ulcerative colitis (SB012) into clinical tri-
als. To date, Sterna Biologicals has successfully completed three
phase IIa clinical trials and is promoting two leading projects, in-
cluding advanced and intermediate clinical trials for asthma and
ulcerative colitis. The inhalation liquid preparation SB010, topi-
cal emulsion SB011, and enema SB012 all use the patented hgd40
preparation component with an inverted thymidine residue at the
3ʹ-end.[51] They intend to publish their research results in aca-
demic journals. The latest results are displayed on the official
website of Sterna Biologicals.

Specifically, single (clinical trial ID: NCT001470911) or mul-
tiple doses (clinical trial ID: NCT01554319) of SB010 have
promised safety for healthy subjects in phase Ia studies. SB010
was further subjected to a phase Ib randomized, double-blinded,
placebo-controlled, parallel-group (per dose level) test with dose
escalation to evaluate its safety, tolerance, and pharmacokinet-
ics (clinical trial ID: NCT01577953). Twenty-four male patients
(aged 18–45) with stable allergic asthma with airway hyperre-
sponsiveness received three dosage levels (5, 10, and 20 mg) of
SB010-atomized solution through a controlled respiratory system
(AKITA2APIXNEB). The patients showed good tolerance to all
prepared SB010 dosages.

A phase IIa proof-of-concept trial (clinical trial ID:
NCT01743768), designed as a randomized, double-blinded,
parallel-group, multicenter clinical trial, was conducted to eval-
uate the efficacy of SB010 as an inhaled GATA3 antagonist for
Th2-driven asthma.[207] Forty-three patients with mild asthma
were recruited, and 39 eligible patients were assigned to the
SB010 (21) and placebo (18) groups to examine the improvement
in lung function following specific allergen challenge. Partici-
pants were exposed to the same concentration of each specific
allergen predosing and 28 days postdosing. Topical administra-
tion of SB010 yielded statistically significant improvements in
lung function in both early and late asthma responses, compared
with placebo. SB010 was well-tolerated and safe. Consequently,
Sterna Biologicals is currently conducting the GIANT-1 trial to
further evaluate the effects of SB010-targeted GATA3 in patients
with moderate-to-severe asthma.[208] Participants receiving daily
oral inhalation of SB010 were monitored for airway effects based
on the proportion of expired nitric oxide. The safety, tolerability,
and pharmacokinetics of hgd40 at repeated oral inhaled doses of
SB010 were also evaluated.[209]

Additionally, Sterna Biologicals has established further tech-
nical and medical validation through hgd40-based programs in
COPD[210] and atopic dermatitis (clinical trial ID: NCT02079688).
A randomized, double-blinded, placebo-controlled, multicenter

clinical trial (clinical trial ID: DRKS00006087) was performed
and registered in the German Clinical Trials Registry. The pur-
pose of this clinical trial was to evaluate the feasibility and safety
of inhaled SB010 to treat COPD sputum eosinophilia. Twenty-
three patients were assigned to two groups (SB010, 9; placebo,
10). After 28 days of treatment, sputum eosinophil counts were
reduced in patients who inhaled SB010, compared to those in the
placebo group. This long-term study of SB010 demonstrated its
safety and tolerability.

A phase IIa, single-center, randomized, vehicle-controlled,
double-blinded trial was also conducted to assess the efficacy,
safety, and tolerability of topical formulation SB011 applied to
lesional skin in 25 patients with atopic eczema. SB011 (hgd40)
was prepared as a 2% water–oil–water emulsion.[211] The results
of this study have not been published yet.

An SB012 enema targeting GATA3 mRNA was developed to
treat ulcerative colitis.[212] Topical administration of SB012 to
20 patients with moderate-to-severe ulcerative colitis was well-
tolerated in a prospective, multicenter, randomized, double-
blinded, placebo-controlled phase IIa trial (clinical trial ID:
NCT02129439). SB012 could improve clinical and endoscopic ex-
amination results. Consequently, Sterna Biologicals is currently
developing a novel colon-targeted oral formulation of hgd40 for
phase IIb clinical trials in patients with moderate to severe ulcer-
ative colitis.[213]

In conclusion, treatment based on DNAzymes is in progress,
and preliminary trials have shown that DNAzymes have good
safety, tolerability, and efficacy, and limitless future applica-
tion developments. Sterna Biologicals secured €12 000 000 and
€10 000 000 in 2021 and 2022, respectively, showing that their
development is on the rise. However, since the first project was
established in 2009, most clinical trials have been conducted up
until 2014 (Figure 15), and the number of projects has gradu-
ally decreased in recent years. Only one developer, Sterna Biolog-
icals, was the main driving force of each clinical trial. Therefore,
we hope that more companies, as well as the medical sector, will
join the efforts to promote DNAzyme treatment in the future.

9. Conclusions and Perspectives

Therapeutic DNAzyme studies can be divided into two major pe-
riods: from early single-therapeutic application to use as biolog-
ical machine components in recent years. Throughout their his-
tory, DNAzymes have demonstrated various biological applica-
tions, and research on therapeutic DNAzymes includes, but is
not limited to, structural stability, disease diagnosis and treat-
ment, delivery systems, and various advanced applications. We
discussed the development model, key limitations, and current
solutions for each research hotspot in the scientific commu-
nity. In this review, we first elaborated on the efforts to mod-
ify the structural stability of DNAzymes in earlier studies, high-
lighting the existing contradictions and directions for resolution.
Following the timeline, we further dissected the catalytic struc-
tural studies of DNAzymes in recent years and emphasized the
concept of designing and modifying DNAzyme structures from
the perspective of nucleotide function, rather than relying on
large-scale screening. Subsequently, we identified various dis-
eases treated using DNAzyme-based monotherapy, as well as the
early delivery methods of DNAzymes. Subsequently, we explored
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Figure 15. All clinical progress of DNAzymes to date.

various techniques to construct active therapeutic biomachines
using DNAzymes as functional building blocks. In addition, the
focus of this review was to illustrate that DNAzymes have been
combined with other therapeutic and vector construction meth-
ods to achieve many types of synergistic therapeutic effects in
recent years. We also provided specific introduction and analy-
sis of the current cutting-edge applications of DNAzymes and
their off-target effects. Finally, we summarized the progress of

all DNAzyme clinical trials since the first clinical project was es-
tablished in 2009, focusing on the administration and structural
modification methods of each DNAzyme treatment. Below, we
discuss the challenges in each study area and provide insightful
viewpoints.

First, although DNAzymes can effectively bind and cleave
target mRNA in vitro and in vivo, their biological effects are
easily influenced by many factors, such as serum stability and
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catalytic efficiency. From a structural stabilization perspective,
3ʹ-thymidine modification is commonly accepted and applied to
protect DNAzymes from degradation.

The length of the substrate chain and the influence of other en-
zymes in the solution should be fully considered when compar-
ing the catalytic rates of DNAzymes with different modified struc-
tures. In addition, several factors should be considered. First, the
structure of the catalytic core should not be affected. Second, the
ability of the substrate chain to dissociate from the substrate and
achieve multiple turnover rates should be guaranteed. Third, the
immunogenicity of the modified sequence should be avoided.
The method used by Etzkorn and co-workers[109a] to predict the
function of each DNAzyme nucleotide using nuclear magnetic
resonance and molecular simulation is a very creative design, but
it requires wider scientific popularization.

Second, optimized DNAzyme delivery is an excellent solution
to enhance catalytic function. Recently, DNAzyme vector design
has been explored extensively. In contrast to early carrier de-
signs that imitate other oligonucleotide drug carriers, new deliv-
ery systems follow the DNAzyme structural and functional char-
acteristics. For example, metal cofactors have been designed as
functional carriers to deliver DNAzymes. Using Mg2+- or Mn2+-
mediated DNA RCA of nanoflower structures, DNAzymes can be
combined with other functional sequences, such as aptamers.[214]

Furthermore, so far, it has been found that metals including iron,
copper, and manganese can be combined with DNA sequences
to form nanohybrid systems. This phenomenon provides a wide
design space for the carrier design of DNAzymes. Since these
metal ions can not only form nanostructures with DNAzymes
to protect DNAzymes from the influence of enzymes, but also
serve as cofactors to contribute to the vitality of DNAzymes. At
the same time, the metal ions themselves can also achieve ion
therapy. The combination of metal ions with DNAzymes is very
promising. Therefore, future vector design should focus on the
DNAzyme structural characteristics and structural advantages.

Subsequently, more diseases should be considered for ther-
apeutic DNAzyme research. Five years ago, treatments using
DNAzymes involved all medical fields embodied in the diver-
sity of diseases. However, despite the enhanced catalytic ability
of DNAzymes, most of the investigated diseases are cancers, re-
lated to the popularity of cancer research. The authors believe that
DNAzyme research should not be limited to cancer, and studies
on other diseases can expand the functional uses of DNAzymes.

Finally, off-target DNAzyme effects should be considered.
In addition to targeted therapy mediated by nanocarrier sys-
tems, the DNAzyme structure should be modified for tar-
get recognition. Multicomponent DNAzymes (MNAzymes) are
an example strategy.[90,165] However, although target sequences
(miRNA-155,[17] miRNA-21,[17] miRNA-10b,[215] and SARS-CoV-
2[216]) have been broadly explored for biomarker sensing in
≈10 years of MNAzyme development, the MNAzyme substrate
strand for therapeutic purposes has been mainly used for
fluorescence/quencher-based signal detection, rather than target
gene silencing. For example, the common stereotypical cleavage
site sequence for 17E-based MNAzyme is 3ʹ-TrArGG-5ʹ,[17,90,217]

and the sequence for 10-23-based MNAzymes is 3ʹ-CrUrGC-
5ʹ.[7a,215,218] Hence, it is of great significance to incorporate
MNAzymes popular for biomarker testing into DNAzyme-based
target therapeutic systems. Even though DNAzymes are func-

tionally similar to nucleic acid drugs such as antisense oligonu-
cleotides and small interfering RNA (siRNA), but their unique
advantages continue to attract the enthusiasm of researchers.
Compared with antisense oligonucleotides, DNAzymes pos-
sessed higher targeting ability. Furthermore, it has higher sta-
bility and is cheaper to synthesize than siRNA and does not
rely on RNA-induced silencing complex (RISC) for silencing
mechanism.[219] Therefore, we firmly believe that the research on
therapeutic DNAzymes will be more and more in-depth in future.

DNAzyme research has only reached the tip of the iceberg. The
current delay in clinical research does not mean that the research
has entered a period of decline. By contrast, this has pushed sci-
entists to identify key problems in clinical research. An increas-
ing number of researchers are enthusiastic about DNAzymes as
therapeutic agents. We expect more clinical programs to be im-
plemented and more institutions to participate in promoting the
development of DNAzymes as clinical therapeutic agents.
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