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DNA aptamers and DNAzymes, typically single-stranded DNA (ssDNA), are often selected through
systematic evolution of ligands by exponential enrichment (SELEX), and have demonstrated great
potential across various applications. However, the inherent properties and limited chemical space of
ssDNA pose challenges in terms of stability and functionality. Chemical modifications have emerged as
a powerful strategy to enhance the stability and extend the functionality of these molecules. In this
review, we summarize the types of chemical modifications applied to DNA aptamers and DNAzymes,
and highlight representative examples from the past five years that demonstrate how these modifications
expand their functional capabilities. We also discuss the current challenges and future directions in
advancing the methodologies and toolsets necessary to accelerate the development of chemically
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1 Introduction

DNA, traditionally viewed as a carrier of genetic information,
has been redefined as a programmable and versatile functional
molecule. Through in vitro systematic evolution of ligands by
exponential enrichment (SELEX),"* single-stranded DNAs
(ssDNAs) are evolved to fold into specific three-dimensional
structures, including aptamers and deoxyribozymes (DNA-
zymes). These functional DNAs leverage their unique confor-
mations to achieve high-affinity molecular recognition of target
ligands or catalyze specific chemical reactions.*® These func-
tional DNAs offer a unique combination of biocompatibility,
modularity, and chemical addressability, enabling their appli-
cations across therapeutics, biosensing, gene regulation, and
nanotechnology.'**®

However, unmodified ssDNAs face significant challenges
under physiological conditions. Although chemically more
stable than RNA due to the absence of the 2’-hydroxyl group,
ssDNAs remain vulnerable to nuclease degradation. In parallel,
their limited chemical diversity constrains conformational
complexity, which can compromise binding affinity, target
specificity, and catalytic efficiency. To improve biostability,
alternative scaffolds such as L-DNA and circular ssDNA (circ-
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ssDNA) have been developed. L-DNA, with its mirror-image
configuration, resists nuclease degradation but suffers from
high synthesis cost and lack of enzymatic amplification.*® Circ-
ssDNA provides enhanced nuclease resistance and thermal
stability, yet faces low synthesis yields and inefficient
selection.”**® These limitations underscore the need for more
generalizable and tunable strategies to enhance functional DNA
performance.

Chemical modification has thus emerged as a powerful
strategy to expand the structural and functional landscape of
DNA. By altering the nucleobase, sugar, or phosphate backbone,
modifications expand the structural and functional landscape
of ssDNAs—enhancing stability, enabling diverse molecular
interactions, and unlocking new catalytic modes. These benefits
are particularly evident in aptamers and DNAzymes. For
aptamers, chemical modifications can stabilize folded struc-
tures, improve binding kinetics, and extend biological half-
life.>*° In DNAzymes, strategically placed groups enable light*

or enzyme-responsive activation,”?° enhanced substrate

recognition, and tunable catalytic properties—supporting
applications from smart therapeutics to synthetic gene
circuits.>**

This review summarizes recent advances in the chemical
modification of DNA aptamers and DNAzymes, with an
emphasis on strategies that enhance stability, affinity, and
responsiveness (Fig. 1). We examine various modification
approaches and their underlying mechanisms for expanding
DNA functionality. Key developments in biomedical and
biotechnological applications are highlighted, illustrating how
chemical modifications have enabled novel capabilities. While
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Fig. 1 Chemical modifications of ssDNA to enhance its functional capabilities in diverse applications. This figure demonstrates how chemical
modifications of DNA aptamers and DNAzymes can improve their performance in various fields, including detection, biosensing, therapeutics,

and nanotechnology.

previous reviews have primarily addressed chemical modifica-
tions in either aptamers or DNAzymes within specific applica-
tions such as biosensing, diagnostics, and therapeutics,**” this
work is the first to comprehensively explore how these modifi-
cations enhance the functional capabilities and performance of
both systems. We also discuss current challenges and outline
future opportunities for the rational design and implementa-
tion of chemically modified DNA systems, advancing the field
toward broader biomedical and synthetic biology applications.

2 Types of chemical modifications

A variety of functional groups, including hydrophobic, hydro-
philic and charged moieties, can be incorporated via well-
established chemistries and many of those building blocks are
commercially available today. The chemical modifications may
be broadly classified according to the component of the nucle-
otide structure affected: the nucleobase, the sugar moiety, or
the phosphate backbone. Each strategy offers unique advan-
tages and has been tailored to different types of functional
nucleic acids (Fig. 2).

2.1 Sugar modifications

Chemical modifications of the sugar moieties in DNAs can
profoundly influence physicochemical and biological properties
of DNAs, including their stability, binding affinity,
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bioavailability, immunogenicity, and susceptibility to nuclease
degradation. These effects are achieved by altering the molec-
ular structure, conformational flexibility, and charge distribu-
tion of the nucleic acid backbone, thereby expanding their
potential in biomedical applications. The most common
modifications are the substitutions at the 2’ position of ribose
or deoxyribose, including 2’-methoxy (2’-OMe),*® 2'-fluoro (2'-
F),* and 2'-fluoroarabino (2’-FANA).* Besides that, a diverse
array of synthetic nucleic acid analogs have yielded, such as
threose nucleic acid (TNA),** hexitol nucleic acid (HNA),*?
locked nucleic acid (LNA),* unlocked nucleic acid (UNA),** and
cyclohexene nucleic acid (CeNA).*** These analogs exhibit
distinct structural features that confer enhanced biochemical
stability and target recognition capabilities.

2/-FANA is a chemically modified xeno-nucleic acid (XNA)
characterized by a unique 2'-fluoro substitution and an arabi-
nose sugar backbone. This structural modification significantly
enhances nuclease resistance, thermal stability, and confor-
mational rigidity. As a result, FANA serves as an ideal scaffold
for functional nucleic acids and has been widely employed in
gene regulation, RNA-targeted therapeutics, and synthetic
biology. Notably, FANA exhibits distinct advantages in
improving molecular stability, target-binding affinity, and
transmembrane delivery efficiency.***®* TNA, in particular,
replaces the natural deoxyribose with an unnatural four-carbon
a-i-threofuranose sugar. This substitution imparts TNA with
remarkable resistance to nuclease degradation and high

© 2025 The Author(s). Published by the Royal Society of Chemistry
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binding affinity toward target molecules.>**>** HNA, in which
the natural furanose ring is replaced with a six-membered
hexitol ring, features a unique backbone geometry that supports
the formation of non-canonical tertiary structures such as G-
quadruplexes. This structural flexibility enhances its binding
affinity toward target proteins, with dissociation constants
reaching the nanomolar range.**** Owing to these properties,
TNA, HNA and 2'-FANA serve as promising scaffold for the de
novo selection of highly stable and high-affinity DNA aptamers,
particularly in biosensing and therapeutic applications.>
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2.2 Backbone modifications

Backbone modifications of DNA play a critical role in enhancing
resistance to nuclease degradation, thereby significantly
extending the circulation time of nucleic acids in vivo.”*** In
recent years, various strategies have been developed to substi-
tute the non-bridging oxygen atoms in the phosphate backbone,
leading to the creation of diverse DNA analogs.**** Chemical
groups such as quinones can be introduced into the phosphate
backbone of DNA to endow DNAzymes with responsiveness to
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Fig. 2 Schematic representation of chemical modifications at different sites on ssDNA (a). This figure depicts various chemical modifications
introduced at specific sites within ssSDNA, highlighting representative modifications at the phosphate backbone, sugar moiety, and nucleobases:
(b) phosphate backbone modifications: examples include phosphorothioate, borane phosphonate, and PNA. (c) Sugar modifications: modifi-
cations such as 4'-thio, HNA, LNA, TNA and others are illustrated. (d) Base modifications: depictions of base modifications, including amino acid
modifications on the thymidine residue (e.g., Ser-thymidine, Ala-thymidine, Phe-thymidine) and the incorporation of unnatural bases such as Px,
Ds, and A™™. Abbreviations: PS, phosphorothioate; 2’-OMe, 2/-O-methyl; 2/-NH,, 2’'-amino; 2'-F, 2'-fluoro; FANA, 2’-deoxy-2'-fluoro-p-
darabinonucleic acid; ANA, arabinonucleic acid; HNA, 1,5-anhydrohexitol nucleic acid; CeNA, cyclohexenyl nucleic acid; LNA, locked nucleic

acid; TNA, threose nucleic acid; UNA, unlocked nucleic acid.
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light or enzymatic stimuli, enabling their integration with
CRISPR-Cas9 systems for regulated gene editing.*

Phosphorothioate (PS) is the most widely used modification
which involves replacing a non-bridging oxygen atom in the
phosphate group with a sulfur atom. This substitution not only
enhances the nuclease resistance of functional DNAs but also
introduces a chiral center at the phosphorus atom. The result-
ing Rp and Sp diastereomers may exhibit distinct biochemical
behaviors, an aspect that warrants further investigation. Studies
have shown that PS modifications can enhance the binding
affinity of nucleic acids to proteins, particularly arginine-rich
proteins through strengthened electrostatic and hydrophobic
interactions, and also can change the metal binding preference
from hard metals such as Mg>" to softer metals such as Mn**
and Cd>'.**** Despite its advantages, the stereochemical
complexity and synthetic cost of PS modifications still pose
challenges for broader mechanistic and functional exploration.

Peptide nucleic acids (PNAs) are nucleic acid analogs in
which the sugar-phosphate backbone is replaced by repeating
units of N-(2-aminoethyl)glycine, with the polyamide chain
covalently linked to nucleobases via a carboxymethyl spacer.
The absence of charged phosphate groups in PNAs confers
increased stability against enzymatic and chemical degrada-
tion. Furthermore, the lack of phosphate groups facilitates the
formation of stronger PNA/DNA duplexes, partly due to
Hoogsteen-like base pairing interactions.”

These variants exhibit unique properties such as increased
thermal stability, nuclease resistance, and the ability to form
stable duplexes with complementary nucleic acids, making
them valuable in biotechnology and therapeutic applications.

2.3 Base modifications

Natural DNA, composed of only four canonical bases (A, G, C,
and T), possesses a limited chemical repertoire that constrains
its ability to mimic the diverse side-chain functionalities of
proteins. This restriction hinders the capacity of functional
DNA to achieve high-affinity binding or catalytic specificity.
Since nucleobases play a central role in molecular recognition
and catalysis, modifying them provides a powerful strategy to
expand the chemical functionality of nucleic acids and to fine-
tune their interactions with target molecules.

One of the most common and simple base modifications is
N6-methyladenine (m°®A) modification,® which can be related to
the m°A demethylase in vivo to apply in gene regulation or
intracellular imaging. Chemical groups, such as amino,
carboxyl, alkyl, and alkynyl groups, can also be introduced to
the side chains of purine and pyrimidine to improve the prop-
erties of DNA aptamers.®*> Base-appended base such as U®"
and U*, are another kind of base modification that displays
high affinity for small molecules and proteins.®*** Apart from
nucleobase analogs, unnatural bases (UBs) are also significant,
such as Ds (7-(2-thienyl)imidazo[4,5-b]pyridine), Px (a diol-
modified 2-nitro-4-propynylpyrrole) and 7-phenylbutyl-7-deaza-
adenine.® By incorporating the hydrophobic base modification
7-phenylbutyl-7-deazaadenine, the study successfully developed
a DNA aptamer with significantly enhanced binding affinity for
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Heat Shock Protein 70 (Hsp70), achieving a K4 value as low as
14.8 + 0.3 nM, which is remarkably higher than that of its
natural counterparts (>5 uM).*> At the meanwhile, Ichiro Hirao's
group generated a series of high-affinity aptamers by genetic
alphabet expansion for SELEX (EXSELEX).*"®

Modifying the nucleotide bases can broaden the structural
and informational capacity of DNAs as well as effectively
bridging the chemical gap between DNAs and proteins. These
advances have been crucial for evolving aptamers that rival
antibodies in binding performance and for pushing nucleic
acid catalysts into new reaction spaces. Base modifications thus
complement sugar modifications: while sugar/backbone tweaks
mainly improve biostability and binding thermodynamics, base
modifications can qualitatively expand the functions and
targets accessible to nucleic acids.

3 Effects of chemical modifications
on DNA aptamers

DNA aptamers, often regarded as the chemical equivalents of
antibodies, have emerged as important molecular recognition
elements in medical diagnostics, therapeutics, and biosensing
applications due to their unique advantages, including low
immunogenicity, scalable production capabilities, minimal
batch-to-batch variability, chemical modifiability, and high
programmability. Notwithstanding these benefits, their clinical
and practical utility remains constrained by suboptimal
performance in critical performance metrics, particularly
structural stability, affinity maturation and target specificity
under physiological conditions. Chemical modifications
provide a way to enhance the reliability and functional efficacy
of DNA aptamers for real-world applications.

3.1 Enbancing stability

Despite DNA exhibiting greater chemical stability than RNA
from a structural chemistry perspective, it remains challenging
for DNA to maintain stability in biological environments due to
exposure to nucleases. Researchers have undertaken extensive
investigations to enhance the in vivo stability of DNA aptamers.
The synthesis of mirror-image DNA aptamers, which are not
recognized by nucleases, has demonstrated considerable
potential.’**>%* However, considering factors such as commer-
cial availability and ease of application, chemical modification
strategies to improve DNA aptamer stability are generally more
advantageous. Phosphorothioate modification at the 3’
terminus of DNA aptamers substantially improves their resis-
tance to nuclease degradation, enabling them to remain stable
in serum for up to 8 hours.”

Nucleic acid analogs represent an effective approach to resist
nuclease degradation, which are also not recognized by nucleases.
Aptamers selected from heteronucleic acid systems based on a-1-
threofuranosyl nucleic acid (TNA) have demonstrated superior
thermal stability compared to monoclonal antibodies, retaining
full activity even after 48 hours of incubation at 75 °C (Fig. 3a).**
Recently, Ji's group proposed a universal strategy to improve the
stability of DNA aptamers through glycosylation modification

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Chemical modification of aptamers to enhance stability. (a) TNA aptamer exhibited exceptional stability during HIV RT binding assays even
in the presence of snake venom phosphodiesterase (SVPE), a highly active 3’ exonuclease.?* Adapted with permission from ref. 24. Copyright
2020 American Chemical Society. (b) The synthesis of glycol nucleic acid aptamers (GNAAs), highlighting the development of a novel method for
their preparation using precise and programmable DNA solid-phase synthesis techniques.?® Reproduced with permission from ref. 26. Copyright

2025 Wiley-VCH.

(Fig. 3b).>* This approach enhances aptamer stability by reducing
the interaction between nucleases and the aptamer, resulting in
superior stabilization compared to currently used chemical
modification methods. Combining terminal and backbone
chemical modifications represents an effective approach to
improving the nuclease resistance and overall stability of DNA
aptamers, particularly in biological environments.”

3.2 Improving affinity

Compared to conventional antibodies, DNA aptamers exhibit
advantages such as low immunogenicity and facile chemical
modifications.” However, the limited chemical diversity of
natural nucleic acids can restrict their binding interactions with
target proteins. Chemical modifications-including nucleobase,
sugar, and phosphate backbone alterations-expand aptamer
diversity and enable additional non-covalent interactions,
thereby enhancing binding affinity and specificity.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Aptamers derived from chemically modified libraries are
termed “SOMAmers” (Slow Off-rate Modified Aptamers) due to
their notably low dissociation rate constants (k.g) with target
molecules.” Recent advances demonstrate that pre-SELEX
modifications, such as TNA,**”* unnatural bases (UBs),*® and
base-appended base,**”* effectively expand the chemical diver-
sity of the library, enabling the selection of high-affinity
aptamers.

Thrombin-binding aptamer (TBA) is a well-defined G-quad-
ruplex DNA aptamer widely used in biomedical research,
including anticoagulant therapy. Previous studies have focused
on modifying the sugar-phosphate backbone and nucleobases
to improve TBA's stability and other properties. Timofeev et al.
demonstrated that the recognition interface of the TBA can be
expanded by introducing amino, carboxyl, and alkynyl groups to
the side chains of residues T3.°* Yum et al. employed a modular
strategy to investigate the effects of amino acid modifications

Chem. Sci.
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Fig. 4 Chemical modification of aptamers to enhance binding affinity. (a) Thrombin-binding aptamer (TBA) sequence functionalized with
amino-nucleic acid hybrids (ANHs) to improve target interaction.”? Adapted with permission from ref. 72. Copyright 2021 American Chemical
Society. (b) Incorporation of hydrophobic 7-phenylbutyl-7 deazaadenine into the DNA library enables the selection of high binding affinity
aptamers targeting Heat Shock Protein 70(HSP70).¢¢ Reproduced with permission from ref. 66. Copyright 2023 Springer Nature.

on aptamers (Fig. 4a). Their results demonstrated that site-
specific incorporation of amino acid-nucleic acid hybrids
(ANHSs) significantly enhanced the binding affinity, achieving
a dissociation constant (Ky) of 2.94 nM, which represents a 2.5-
fold improvement compared to the unmodified aptamer.”
Therefore, targeted site-specific modification is an effective
approach to improving aptamer affinity.

The binding affinity of aptamers of Heat Shock Protein 70
was enhanced by over 100-fold by introducing hydrophobic 7-
phenylbutyl-7-deazaadenine modification (Fig. 4b). The most
optimized aptamer, HSc-9.1, exhibited a dissociation constant
(Kq) of 14.8 £ 0.3 nM.*® The indole modification is an important
way enabling DNA aptamers to highly specifically recognize the
glycan epitopes, either directly or by forming ligand-binding
structural motifs that are stabilized by hydrophobic cores.”

Molecular dynamics (MD) simulations have provided
preliminary evidence that the size, number, and position of
chemical modifications can influence aptamer-target interac-
tions by altering or inducing conformational changes in the
target, thereby facilitating aptamer binding.”” Although chem-
ical modifications have improved the properties of DNA
aptamers, most current research has focused on aptamers tar-
geting protein molecules,*”*”® and there is still no universally
effective strategy for optimizing the properties of aptamers
against diverse targets through chemical modification.

As structural information on aptamers and their binding
modes becomes increasingly detailed,”” rational design strate-
gies—incorporating rational chemical modifications to regulate
aptamer-target interactions collectively—are expected to
emerge. Such approaches will enable the precise tuning of
aptamer properties for a broader range of targets, thereby fully
realizing the potential of functional nucleic acids in
biomedicine.

4 Effects of chemical modifications
on DNAzymes

RNA-cleaving DNAzymes 10-23 and 8-17 (ref. 80) are the most
outstanding examples of DNA catalysts to date, which can be
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used as therapeutics to downregulate various RNAs (mRNA,
miRNA). Due to their low efficacy in clinical trials, RNA-cleaving
DNA enzymes (DNAzymes) as gene-silencing agents in thera-
peutic applications have stalled.”” As the catalytic cleavage
ability of DNAzymes is critical for the therapeutic efficiency and
detection limit of biosensors, much effort has been made to
enhance the biological stability and the catalytic activity of
DNAzymes in intracellular conditions.

4.1 Enhancing stability

In the past five years, researchers have primarily employed xeno-
nucleic acids (XNAs)-synthetic nucleic acid analogues that are
chemically modified at the ribose moiety with natural nucleo-
bases to enhance the biological stability of DNAzymes, espe-
cially conferring resistance to nucleases. Although XNAs can
moderately improve the nuclease resistance and biostability of
DNAzymes, these modifications alone offer only limited
stability gains.?* Additional chemical modifications at the 5’ and
3’ termini have been shown to confer more pronounced
improvements in both biological and thermal stability.

Studies have demonstrated that incorporating phosphoro-
thioate (PS) modifications at the terminal positions of DNAzyme
10-23, in addition to 2'-fluoroarabino nucleic acid (FANA)
modifications, can extend its half-life in serum to approximately
16 hours, representing more than a tenfold increase in
stability.** Consequently, current approaches often combine
multiple chemical modification strategies, targeting the
binding arms, catalytic core, and the terminal ends of DNA-
zymes, achieving optimal stability and functional performance
in biological environments.

4.2 Boosting catalytic activity

Foundational work demonstrated that the incorporation of
Locked Nucleic Acid (LNA) monomers into the binding arms of
DNAzymes markedly increases RNA cleavage efficiency.*
Specifically, LNAzymes achieved efficient cleavage under stoi-
chiometric conditions, dramatically outperforming the
unmodified enzyme, which required a significant molar excess.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This established the principle that subtle sugar modifications
could be a powerful tool for enhancing catalytic function.
Building on this success, researchers began systematically
investigating the impact of chemical alterations at other stra-
tegic positions, including the nucleobase and backbone, to
further optimize DNAzyme properties. He's group has system-
atically explored the effects of various chemical modifications
on deoxyadenosine residues within DNAzymes, particularly
targeting the 10-23 and 8-17 motifs. Incorporation of func-
tional groups such as amino, guanidino, or imidazole moieties
into less conserved regions can enhance catalytic efficiency and
alter metal ion preferences, presumably by modulating
hydrogen bonding interactions and the spatial conformation of
the catalytic site.***® These findings underscore the importance
of structural and mechanistic insights into DNAzyme catalysis,
providing valuable guidance for the rational design and chem-
ical evolution of DNAzymes with improved properties.

By systematically replacing each DNA residue in the catalytic
core of 10-23 with the corresponding FANA nucleotide,
researcher found that G2 and T8 are highly tolerant to substi-
tution with the FANA residues, a designed version of 10-23 that
carried both the G2 and U8 FANA mutations was nearly 50%
more active than the parental enzyme (Fig. 5a).*' Based on
a structure-guided chemical evolution strategy, the catalytic
efficiency of DNAzyme 10-23 was further optimized by Nguyen
et al., leveraging its acid-base catalytic mechanism driven by
proton transfer at the catalytic core dG14 and synergistic metal
ion coordination.* The incorporation of a 2'-O-methoxyethyl
(MOE) modification at dG14 could stabilize the A-form sugar
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pucker (3’-endo conformation) and enhance the -catalytic
microenvironment. Subsequent combinatorial modifications,
including 2'-O-methyl (OMe) substitutions at C7/C8 and
phosphorothioate (PS) backbone alterations in the binding
arms, further constrained conformational dynamics, yielding
mutant Dz 46 (Fig. 5¢). This variant achieved exceptional cata-
Iytic performance under physiological conditions, exhibiting
a turnover number of ~65 min ' within 30 minutes, over
threefold greater than the unmodified parent enzyme. Struc-
tural analyses revealed that MOE and OMe modifications
restricted DNAzyme flexibility, stabilizing critical interactions to
enforce an active conformation. This study establishes
a framework for rational design of high-performance DNA-
zymes with therapeutic potential. Recently, Yu's group reported
CaBn, a DNA catalyst modified with both carboxyl and benzyl
groups, exhibits a kops of 3.76 min ! in the presence of 1 mM
Mg>* (Fig. 5b), yield an approximately 700-fold increase in
activity during an RNA cleavage reaction on a DNA-RNA
chimeric substrate.®” This remarkable increase underscores the
significant potential of chemical modifications in enhancing
the catalytic efficiency of DNAzymes, highlighting their critical
role in optimizing DNA-based catalytic systems for a wide range
of biotechnological applications.

Peroxidase DNAzymes are an important class of DNA
enzymes, typically featuring a G-quadruplex (G4) structure, that
have emerged alongside RNA-cleaving DNAzymes. While less
extensively studied, these DNAzymes are gaining attention for
their potential in biosensing, environmental monitoring, and
chemical catalysis. Recent studies have shown that chemical
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faster than that of the unmodified parent enzyme.® Adapted with permission from ref. 81. Copyright 2021 Springer Nature. (b) Schematic
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modifications can improve both catalytic activity and stability of
peroxidase DNAzymes. For example, Shin et al. demonstrated
that phosphorothioate (PS) backbone modifications signifi-
cantly enhance the peroxidase-like activity of non-G-quadruplex
DNAzymes by modulating electron density along the DNA
backbone, thereby enhancing their biological detection effi-
ciency for specific nucleic acid sequences.**

Beyond post-selection modifications, de novo selection from
chemically modified nucleic acid libraries has emerged as
a powerful strategy for discovering novel DNAzymes. The
development of FANA and TNA enzymes highlights how such
modifications can expand the functional capabilities and
diversity of catalytic nucleic acids, driving progress in synthetic
biology and molecular evolution.*®*

It is important to note, not all chemical modifications
enhance DNAzyme activity. In fact, activity-blocking modifica-
tions can also play a crucial role in DNAzyme research. For
example, to investigate the structural features of DNAzymes,
researchers often introduce chemical groups at the cleavage site
to inhibit catalysis, allowing the capture and analysis of DNA-
zymes in their pre-catalytic state.’”*® Moreover, such modifica-
tions can be strategically designed to impart responsiveness to
specific stimuli, enabling the development of conditionally
activatable DNAzymes.

4.3 Modulating metal dependence

Most DNAzymes rely on divalent metal ions (M>") for catalysis,
which limits their activity under the low-metal conditions
commonly found in biological environments. Pioneering work
by Perrin and co-workers demonstrated that introducing
protein-like functional groups such as imidazole, amine, and
guanidinium into modified deoxyribonucleoside triphosphates
during in vitro selection can yield M>"-independent RNA-
cleaving DNAzymes.***> One representative catalyst, Dz7-38-32
exhibited a catalytic efficiency (kea/Ky) Of approximately 10°
M min~" at 37 °C with only 0.5 mM Mg>*, representing the
highest efficiency reported for any nucleic acid catalyst under
low-metal conditions at that time. These studies provided
a conceptual breakthrough, showing that chemically intro-
duced imidazole, amine, and guanidinium groups can mimic
protein-like acid-base and electrostatic catalysis, effectively
replacing divalent metal cofactors and overcoming the intrinsic
metal dependence of nucleic acid catalysis.”***

Recent studies have shown that chemical modifications can
not only eliminate but also tune metal-ion dependence.®*** In
the 8-17 DNAzyme family, targeted functionalization at specific
adenine residues with amino, imidazolyl, or guanidinium
groups modulated both catalytic efficiency and metal selectivity.
These site-specific modifications enhanced cleavage rates and
shifted metal preference, with certain variants showing higher
activity under Ca®"-promoted conditions relative to Mg>".
Structural and kinetic analyses revealed that such modifications
alter local folding and coordination environments, reshaping
the catalytic core to favor distinct metal-binding geometries.
Collectively, these findings laid the groundwork for subsequent
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efforts to eliminate or modulate the metal dependence of
DNAzymes through rational chemical design.

4.4 Enabling external stimuli-responsiveness

Beyond improving biostability and catalytic efficiency, chemical
modifications also expand the functional versatility of DNA-
zymes. When applied to selectively suppress DNAzyme activity,
these modifications can be integrated into stimulus-responsive
systems that restore function upon exposure to defined external
triggers.*®® Such systems hold great potential for applications
in biosensing, gene regulation, and targeted disease diagnostics
and therapeutics.

Photoresponsive chemical modifications represent a power-
ful strategy to confer spatiotemporal control over the activity of
functional DNAs, especially combined with upconversion
nanoparticles. By incorporating light-sensitive moieties—such
as azobenzene or photocleavable (PC) linkers'*—into critical
regions of DNAzymes or aptamers, the biological function of
DNA can be reversibly masked and subsequently restored upon
light irradiation.”?”*** This dynamic modulation enables precise
regulation of nucleic acid behavior in complex biological
environments.

Recent advances have demonstrated the utility of such
modifications across a range of applications. In the field of
metal ion sensing, photocaged DNAzymes conjugated to
upconversion nanoparticles have enabled NIR light-activated
detection of Zn** in both living cells and zebrafish embryos,
offering high specificity and spatial resolution (Fig. 6a).'*> For
protein regulation, DNA aptamer-functionalized spherical
nucleic acids have been designed to inhibit thrombin activity
upon NIR irradiation, facilitating deep-tissue modulation of
enzyme functions (Fig. 6¢)."” Furthermore, a modular nano-
platform based on photocleavable aptamers allows light-
controlled manipulation of protein subcellular localization in
live cells, providing a non-genetic strategy for dynamic control
of intracellular signaling (Fig. 6b).'** More recently, azobenzene-
modified aptamer agonists have been developed to reversibly
modulate receptor tyrosine kinase activity and downstream ERK
signaling in response to alternating light stimuli, enabling fine-
tuned regulation of cell fate decisions with high temporal
resolution (Fig. 6d)."”* Collectively, these systems demonstrate
the broad applicability of photo-responsive nucleic acid designs
for programmable, reversible, and minimally invasive regula-
tion in both basic research and biomedical contexts.

In addition to photo stimuli-responsive systems, epigenetic
enzyme-responsive platforms have recently gained considerable
attention. Fat mass and obesity-associated protein (FTO), the
first identified m°A demethylase, has emerged as a key
biomarker due to its dysregulation in various cancers and
metabolic disorders. Wang et al. pioneered the incorporated of
m°A modifications into DNAzymes to construct an epigeneti-
cally responsive system. The resulting m°A-caged DNAzyme is
specifically activated by FTO, enabling intracellular detection of
FTO activity (Fig. 7a).°® To further enhance sensitivity, this
system can be coupled with signal amplification strategies such
as rolling circle amplification (RCA), CRISPR/Casl2a-based

© 2025 The Author(s). Published by the Royal Society of Chemistry
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at 365 nm.**2 Reproduced with permission from ref. 102. Copyright 2018 American Chemical Society. (b) Upon NIR excitation, UCNPs emit UV
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cascade amplification, hybridization chain reaction (HCR), and
electrochemical sensing approaches,'****> achieving detection
limits as low as 0.596 fM.""* When combined with engineered
nanopipette technology, these modified DNAzymes have also
shown promise in single-cell epigenetic profiling (Fig. 7b)."**
The concept of enzyme-responsive DNAzymes can be
extended by introducing specific chemical groups at key cata-
lytic or binding sites to sense disease-related enzymatic activity.
For instance, a methyl-modified “repaired and activated”
DNAzyme system has been developed to monitor the repair
activity of methyltransferase in the context of drug treatment.”®
Another example involves NAD(P)H:quinone oxidoreductase 1
(NQO1), a flavoprotein enzyme overexpressed in many tumor
cells, which can orthogonally activate phenylquinone (QP)-
conjugated 17EQP DNAzymes (Fig. 7d). This strategy enables
tumor-selective genome editing through enzyme-inducible
CRISPR (eiCRISPR). Recently, Xie et al. developed gas signaling
molecule-responsive artificial DNAzyme-based Switches (GRAS)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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using chemically modified DNAzymes (Fig. 7c),"**> offering
a versatile platform for regulating diverse cellular processes
across a range of physiological contexts.

Collectively, both light-responsive and enzyme-responsive
DNAzyme systems exemplify the transformative potential of
chemical modifications in creating spatiotemporally control-
lable functional nucleic acids. By strategically introducing
photolabile or enzymatically cleavable groups, researchers have
developed DNAzymes that can be precisely activated by external
stimuli such as light or disease-associated enzymes, enabling
conditional control over catalytic function. These smart systems
not only facilitate fundamental studies of enzyme dynamics and
epigenetic regulation at the single-cell level, but also offer
promising platforms for targeted diagnostics, precision thera-
peutics, and real-time cellular modulation. The convergence of
chemical design, signal amplification strategies, and biological
responsiveness underscores the growing versatility of modified
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DNAzymes and sets the stage for their broader application in
complex biomedical environments.

5 Challenges and future directions

Current research on chemically modified DNA aptamers and
DNAzymes primarily advances along two major trajectories: (1)
the post-selection modification of these functional DNAs to
enhance their stability, binding affinity, or catalytic activity, and
(2) the de novo selection of functional sequences from DNA
libraries incorporating chemically modified nucleotides.’**
While these strategies have yielded significant functional
improvements (Table 1), the field continues to face substantial
challenges that limit both systematic development and broader
translational application.

One major constraint lies in the limited commercial avail-
ability and high cost of chemically modified nucleotides. Many
non-canonical monomers, especially those with unconventional
backbones or hydrophobic side chains, remain economically
inaccessible or synthetically challenging. As a result, most
studies rely on a narrow set of commercially available modifi-
cations, and only a few research groups with synthetic chem-
istry expertise are capable of exploring novel chemical
spaces.’*”>*%% The development of cost-efficient, modular, and
scalable synthesis routes, along with expanded commercial
offerings, is essential to democratize access and facilitate more
comprehensive exploration of chemically modified nucleic
acids.

Chem. Sci.

(H,S) signaling molecules.*® Adapted with permission from ref. 115.
P DNAzyme is selectively activated by quinone oxidoreductase (NQO1),
ith permission from ref. 30. Copyright 2022 American Chemical Society.

Another critical bottleneck lies in the technical limitations of
de novo selection from chemically diverse libraries. In addition
to expanding the range of chemical modifications, there is an
urgent need to enhance polymerase compatibility with unnat-
ural or non-native substrates, keeping pace with the increasing
chemical diversity of modified nucleotides.’*® While some
modifications, such as FANA,"” do not significantly impact
polymerase amplification, most modified nucleotides, espe-
cially those inducing steric or electronic perturbations, reduce
amplification efficiency. This poor substrate compatibility
diminishes amplification efficiency and limits library diver-
sity."® Furthermore, standard next-generation sequencing
platforms are frequently incompatible with heavily modified
strands, complicating accurate sequence recovery and down-
stream analysis. Advances in polymerase engineering to
improve substrate promiscuity," coupled with the develop-
ment of modification-tolerant sequencing technologies, are
essential for expanding the structural and chemical diversity
that can be harnessed through in vitro evolution.

A third key challenge is the lack of high-resolution structural
information on DNA aptamers and DNAzymes, with only
a limited number of three-dimensional structures reported to
date.”*'** In the absence of atomic-level insights into DNA
folding architectures, binding interfaces, and catalytic cores,
chemical modifications are often introduced through empirical
screening® rather than structure-guided design.®* The integra-
tion of structural techniques such as X-ray crystallography,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Quantitative effects of representative chemical modifications on DNA aptamers and DNAzymes

Property Quantitative improvement
DNAzyme/DNA aptamer Type of modification improved (fold change) Ref.
HIV-RT 3.17 TNA Stability >1400-fold increase in ¢, 24
(from 1-3 min to 72 h)
Sgc8 Glycosylation Stability ~14-fold increase in ¢;,, 26
Aptamer BC15-31 Phosphorothioate Affinity; stability ~2-fold (K4 reduced from 70
1.49 to 0.73 uM; N/A
HD1 N3-modified residues Affinity ~2-fold (reduced Ky, from 61
20.2 £ 1.3 nM to 9.8 & 0.6 nM)
TBA Amino acid-nucleic acid hybrids Affinity 2.5-Fold (K4 reduced from 72
7.28 nM to 2.94 nM)
HSc-9 7-Phenylbutyl-7-deazaadenine Affinity N/A (K4 = 14.8 £+ 0.3 nM) 66
SIgA binding aptamer Base-appended bases Affinity N/A (K4 = 3.7 nM) 64
SARS-CoV-2 aptamer Base-appended bases Affinity N/A (K4 = 1.2 nM) 75
DEN-NS1 aptamer Unnatural bases (UBs) Affinity N/A (Kq = 27-182 pM) 68
Protein glycan-binding Indole-modified bases Affinity N/A (Kq = 6-30 pM) 76
aptamer
8-17 DNAzyme Nucleoside analogues Catalytic activity ~1.6-3.6-fold increase 85 and 88
10-23 DNAzyme Nucleoside analogues Catalytic activity ~2.2-4.2-fold increase 86 and 87
10-23 DNAzyme FANA, XNA Catalytic activity ~50-fold increase (multiple-turnover) 81
10-23 DNAzyme LNA, OMe, MOE, phosphorothioate Catalytic activity N/A (kops Of ~0.65 min ") 32
10-23 DNAzyme Carboxyl and benzyl groups Catalytic activity ~700-fold increase (multiple-turnover) 89

NMR spectroscopy, and cryo-electron microscopy into func-
tional nucleic acid research will be crucial for elucidating
structure-function relationships. Recently, Tan's group utilized
NMR spectroscopy to analyze the binding sites of the aptamer
sgc8c, providing valuable guidance for the introduction of
chemical modifications. This study achieved simultaneous
improvements in both binding affinity and stability, under-
scoring the potential of structure-guided modification
strategies.”

Additionally, computational studies predicting the three-
dimensional structures of functional DNAs, along with molec-
ular docking simulations to explore interactions with target
molecules, will provide valuable insights for the integration of
unnatural nucleotides and the selection of modification
sites.”>'** Such approaches will enable precise site-directed
chemical modifications, fine-tuning biomolecular performance
and facilitating predictive control for future applications in
functional DNA design.

As the field continues to evolve, the growing diversity of
chemically modified functional DNAs highlights the urgent
need for standardized nomenclature, annotation frameworks,
and centralized databases. A curated resource documenting
modification types, sequence contexts, structural motifs, and
experimentally validated activities would facilitate comparative
analysis, promote reproducibility, and accelerate the design of
next-generation sequences using data-driven or machine
learning-assisted approaches.

Most current studies focus on a small number of well-char-
acterized aptamers and DNAzymes, such as the thrombin-
binding aptamer and the 8-17 DNAzyme, mainly serving as
proof-of-concept models. With the recent emergence of high-
affinity and biostable aptamers generated through advanced
SELEX technologies and machine learning-assisted

© 2025 The Author(s). Published by the Royal Society of Chemistry

discovery,'™” new opportunities are arising for functional

enhancement. Incorporating chemical modifications into these
newly identified aptamers is expected to bridge the gap between
conceptual studies and real-world applications in diagnostics,
therapeutics, and biosensing.

Despite notable progress in enhancing stability and func-
tionality through chemical modification, two persistent chal-
lenges continue to limit the practical translation of functional
DNAs.

First, the performance gap between DNA aptamers and
antibodies in complex biological matrices remains a major
obstacle. DNA aptamers selected under idealized SELEX
conditions often exhibit reduced binding specificity and affinity
in physiological environments due to off-target interactions,
glycan shielding, local ionic strength variations, and nuclease
degradation. To bridge this gap, future research should priori-
tize physiologically relevant SELEX protocols that better mimic
native biochemical conditions,*™° combined with stabiliza-
tion strategies such as 2'-O-methyl, phosphorothioate, or L-DNA
modifications.> Moreover, the integration of machine learning-
assisted prediction and in silico affinity evaluation can accel-
erate the identification of aptamers with robust performance in
complex biological systems.

Second, DNAzymes frequently display diminished catalytic
turnover under intracellular or in vivo conditions, complicating
the distinction between genuine catalysis and antisense-like
hybridization effects. To clarify catalytic mechanisms, rigorous
validation strategies are essential, including multiple-turnover
assays under substrate-excess conditions, single-turnover
kinetics to identify rate-limiting steps, and catalytic inhibition
(poisoning) tests that confirm metal dependence and active-site
integrity. Introducing inhibitory point mutations or chemical
modifications at catalytic residues can further serve as negative
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controls. Meanwhile, site-specific 2’-O-methyl or phosphoro-
thioate substitution patterns can suppress RNase H activation
while preserving catalytic activity. The development of intra-
cellular fluorescent reporters and real-time imaging platforms
will facilitate direct observation of cleavage reactions,
advancing the mechanistic understanding and optimization of
DNAzyme catalysis in biological environments.

Looking forward, the convergence of synthetic nucleotide
chemistry, polymerase engineering, structural biology, and
high-throughput screening technologies is poised to reshape
the development of functional DNAs. As interdisciplinary
barriers continue to be broken, chemically modified aptamers
and DNAzymes are expected to transition from experimental
tools to programmable molecular platforms for precision
diagnostics, targeted therapeutics, and other biology
applications.

6 Conclusions

Chemically modified DNA aptamers and DNAzymes have op-
ened new frontiers in the design of responsive, biostable, and
highly functional nucleic acid-based tools. By enabling precise
control over molecular interactions and resistance to biological
degradation, chemical modifications expand the functional
repertoire of DNA beyond its natural roles. As advances in
synthetic chemistry, polymerase engineering, structural
biology, and computational tools converge, the rational design
and high-throughput selection of modified aptamers and
DNAzymes will become increasingly feasible. Together, these
developments hold promise for the creation of programmable
nucleic acid systems with transformative applications in bi-
osensing, gene regulation, nanotechnology, and biocatalysis.
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