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Important applications of DNA nanotechnology
combined with CRISPR/Cas systems in
biotechnology
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DNA nanotechnology leverages the specificity of Watson—Crick base pairing and the inherent attributes of
DNA, enabling the exploitation of molecular characteristics, notably self-assembly, in nucleic acids to
fabricate novel, controllable nanoscale structures and mechanisms. In the emerging field of DNA
nanotechnology, DNA is not only a genetic material, but also a versatile multifunctional polymer,
comprising deoxyribonucleotides, and facilitating the construction of precisely dimensioned and precise
shaped two-dimensional (2D) and three-dimensional (3D) nanostructures. DNA molecules act as carriers
of biological information, with notable advancements in bioimaging, biosensing, showing the profound
impact. Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated
systems (Cas) constitute self-defense mechanisms employed by bacteria and archaea to defend against
viral invasion. With the discovery and modification of various functional Cas proteins, coupled with the
identification of increasingly designable and programmable CRISPR RNAs (crRNAs), the potential of the
CRISPR/Cas system in the field of molecular diagnostics is steadily being realized. Structural DNA
nanotechnology provides a customizable and modular platform for accurate positioning of nanoscopic
materials, for e.g., biomedical uses. This addressability has just recently been applied in conjunction with
the newly developed gene engineering tools to enable impactful, programmable nanotechnological
applications. As of yet, self-assembled DNA nanostructures have been mainly employed to enhance and
direct the delivery of CRISPR/Cas, but lately the groundwork has also been laid out for other intriguing
and complex functions. These recent advances will be described in this perspective. This review explores
biosensing detection methods that combine DNA nanotechnology with CRISPR/Cas systems. These
techniques are used in biosensors to detect small molecules such as DNA, RNA, and etc. The
combination of 2D and 3D DNA nanostructures with the CRISPR/Cas system holds significant value and
great development prospects in the detection of important biomarkers, gene editing, and other
biological applications in fields like biosensing.

biosensing applications, representing an innovative molecular
nanotechnology. In the 1980s, Seeman first proposed the

DNA nanotechnology leverages the specificity of Watson-Crick
base pairing and the unique properties of DNA, employing self-
assembly strategies to construct stable and programmable two-
dimensional (2D), three-dimensional (3D), and even multidi-
mensional DNA nanostructures. These structures can integrate
with other technologies to detect and deliver small molecules in

“Clinical Laboratory, Chongqing Jiulongpo District People's Hospital, Chongqing
400050, China. E-mail: lijiankezhang@126.com

tClinical Laboratory, Chengdu Xindu District People's Hospital, Sichuan 610599,
China

°Key Laboratory of Clinical Laboratory Diagnostics (Ministry of Education), College of
Laboratory Medicine, Chongqing Medical University, Chongqing, 400016, China.
E-mail: dingshijia@163.com

DOIL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4ra08325¢

(ES)

6208 | RSC Adv, 2025, 15, 6208-6230

concept of using nucleic acids to construct self-assembled
nanomaterials, which spurred the rapid development of DNA
nanotechnology in the biological field. At this point, DNA was
no longer seen merely as genetic material. Due to the inherent
structural characteristics of DNA molecules, such as predictable
intermolecular interactions (Watson-Crick base pairing), auto-
mated chemical synthesis, and enzymatic modification, many
DNA or DNA-based nanostructures have achieved precise
control of size and shape, as well as controllable self-assembly
of surface chemistry and dynamic functions, in one-
dimensional, two-dimensional, or three-dimensional forms.>
DNA nanostructures possess unique characteristics that endow
them with powerful signal output capabilities.®* DNA, composed
of deoxyribonucleotides, is a macromolecular polymer with
good stability and programmability. It has found extensive
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Table 1 Biosensing application of DNA nanotechnology combined with CRISPR/Cas systems
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CRISPR/Cas DNA Sensing
system nanostructure mode Biosensing application Linear range LOD Ref.
CRISPR/Cas9 2D-DNA Cascade-HCR The delivery of Cas9 — — 15
system nanostructure RNP
HCR The detection 10” to 10° CFU mL ™" 30 CFU mL ™" 16
of M.TB(H37Ra)
CASLFA The detection of Lm, — — 17
GMO and ASFV
CHA MiR-21 detection and 1 pM to 10 nM 23.5 fM 18
miR-21 imaging
CHA ASPs — — 19
RCA and CHA The detection of miRNA 10 fM to 100 pM 3.45 fM 20
RACE The detection of 1 pM to 10 nM 90 fM 21
miRNAs
RCA The detection of S. 10 CFUmL ™" to 7 CFUmL™" 22
aureus 107 CFU mL ™"
RCA The detection of miRNA 0.1 fM to 0.1 uM 10 aM 23
let-7-5p
CAS-EXPAR The detection of ss-DNA 1 amoL to 10 fmoL 0.82 amoL 24
CRISPR- The detection of target 1fMto 1 nM 437 aM 25
EXPAR mutation
ESDR The detection of ctDNA 0.01 pM to 500 pM 0.13 pM 26
CRISDA The detection of target — 2.5 aM 27
DNA
SDA-RCA The detection of E. coli 5 fM to 5 pM 1.87 fM 28
0157:H7
3D-DNA GqRNA Photo-reversible — — 29
nanostructure modality
G-quadruplex Improving genome — — 30
motif editing
Cas-G4EX The detection of sSRNA 250 aM to 2.5 nM 250 aM 31
The detection of ssDNA 100 aM to 1 nM 100 aM
G4/hemin Synergistic PDT — — 32
DNA- Target genome editing — — 33
crosslinked
nanogel
CRISPR/Cas12 2D-DNA CRISPR- The detection of SASR- — — 34
system nanostructure CHLFA CoV-2
The detection of MTB — —
CLAP The detection of SARS- — 4 copies pL~* 35
CoV-2
CHA The detection of PCBs 500 fg mL™" to 128 fg mL ™" 36
50 ng mL ™"
RCA The detection of dsDNA 40 pM to 90 pM 45.0 pM 37
RCA The detection of 20 pM to 500 pM 22 pM 38
Alternaria
RCA The detection of FEN1 1x 10 °to 41 x1077UpuL™?t 39
1x10° ULt
cPER The detection of RNase 0.005 t0 0.1 UmL ™" 0.00061 U mL™" 40
H
SRPL-TraCs The detection of HIV-1 1 pM to 100 pM 0.13 pM 41
3D-DNA DNA The detection of HPV18 0.5 nM to 10 nM 3 nM 42
nanostructure tetrahedron
G-quadruplex The detection of L. 5 pM to 250 pM 5 pM 43
donovani
G-quadruplex The detection of S. — 20 CFU 44
enterica
HMPs The detection of HPV — 2 aM 45
CRISPR/Cas13 2D-DNA Enzymatic The detection of miRNA 100 fM to 1 nM 83.2 fM 46
system nanostructure cycle
amplification
RCA and PCR The detection of — — 47

cccDNA
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utility as a versatile biomaterial to construct various nano-
structures with precise dimensions and specific shapes. DNA
nanotechnology represents an interdisciplinary research field
that leverages the nanoscale dimensions, rigid structure, and
robust encoding capabilities of DNA (deoxyribonucleic acid) to
fabricate diverse nanostructures. These structures find appli-
cations across biomedicine, chemistry, and materials science,
biomedicine, chemistry, and materials science, driving signifi-
cant advancements in bioimaging, biosensing, and drug
delivery. The evolution of DNA nanotechnology has revolu-
tionized our perception of DNA from solely a genetic informa-
tion carrier to a pivotal tool for engineering nanostructures.**

Clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated systems (Cas) are self-defense
mechanisms used by bacteria and archaea to resist viral inva-
sion.® They ensure specificity through the base pairing principle
of guide RNA with target nucleic acids and achieve gene cutting
and modification with the help of Cas proteins.” The combi-
nation of CRISPR and its associated proteins (Cas) forms
a powerful, efficient, and programmable molecular scissor
capable of inducing genetic cuts at specified target sites.
CRISPR/Cas effector proteins are diverse, varying in size,
structure, composition, and targets.® CRISPR/Cas, originally
a part of microorganisms’ adaptive immune system against viral
pathogens, has undergone redesign to achieve precise nucleic
acid recognition and subsequent cleavage. These advancements
mark a new era of genetic manipulation. The CRISPR system,
a prokaryotic adaptive immune system, enabling modulation of
DNA replication, activation, transcription, and translation
processes,” has emerged as a revolutionary tool for genome
editing, transcription regulation, and molecular diagnostics.*

In the past decade, CRISPR-Cas gene editing technology has
revolutionized molecular biology experiments and instilled
tremendous promise for the treatment of human genetic
diseases. The CRISPR system is currently classified into two
major classes with six types. The primary characteristic of the
first class is the use of multiple Cas proteins working together to
exert effects, including type I, type III, and type IV. The second
class requires only a single effector protein to perform the
functions of the multi-protein systems of the first class, making
it the preferred choice for applications such as gene editing.
This class is mainly divided into three types: type II, type V, and
type VI,'* with corresponding effector proteins Cas9, Cas12, and
Cas13, respectively. While most Cas9 and Cas12 variants exhibit
DNA endonuclease activity, Cas13 variants demonstrate
a distinct preference for RNA targeting and cleavage.*

The discovery and refinement of various functional Cas
proteins, coupled with the designable and programmable
clustered regularly interspaced short palindromic repeats
ribonucleic acids (CRISPR RNA, crRNA), have progressively
unlocked the potential of the CRISPR/Cas system in molecular
diagnostics. Recent years have witnessed burgeoning interest in
its applications in biosensing and bioimaging, which are now
prominent areas of exploration. Due to its precise nucleic acid
targeting and cleavage functions, the CRISPR/Cas system can
easily integrate with various signal amplification technologies,
thereby enhancing its efficacy in biosensing applications. The
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Scheme 1 Schematic illustration of several synthetic forms of 2D and
3D DNA nanotechnology combined with CRISPR/Cas systems in
biotechnology.

combined application of these technologies in biosensing
systems demonstrates high sensitivity and specificity,*'*
enabling the detection of ions, small molecules, proteins,
enzymes, exosomes, pathogenic bacteria, viruses, and more,
facilitating various signal output modes (Table 1). This review
will focus on the classification and mechanism of CRISPR/Cas
systems, as well as the 2D and 3D DNA nanostructures assem-
bled with CRISPR/Cas systems and their significant roles in the
field of biology,*® as shown in Scheme 1. It summarizes recent
research progress, analyzes challenges faced in practical appli-
cations, and anticipates future trends in the research and
application of DNA nanotechnology combined with the CRISPR/
Cas system in biological detection, suggesting potential new
research areas.*»*

2. DNA nanotechnology

The field of DNA nanotechnology was pioneered by Nadrian C.
Seeman and his colleagues in the early 1980s. Based on the
classical Watson—Crick base pairing rules and the self-assembly
of DNA's basic components, predictable structures capable of
producing a wide array of complex architectures were created.>
In particular, the integration of biotechnology and nanotech-
nology has led to the development of innovative technologies
such as biosensors, drug delivery, and biological imaging.>
Nucleic acids are regarded as among the most crucial molecules
in organisms and are hypothesized to have played a funda-
mental role in the origin of life on Earth. Since 2010, DNA
nanotechnology has made significant strides, undoubtedly
overcoming the limitations of DNA solely as genetic material.
Therefore, DNA nanotechnology represents a novel approach
for constructing biosensors, where nucleic acids offer signifi-
cant advantages as biomolecular probes.>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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DNA nanostructures are recognized for their exceptional
editability and biocompatibility** The design and assembly of
DNA nanstructures is a critical aspect of DNA
nanotechnology. DNA nanstructures design typically relies on
the high programmability and self-assembly capability of DNA
molecules. Pairing complementary DNA fragments allow for the
rational design and construction of nanstructures with pre-
defined topologies and geometries.>® Leveraging the program-
mability of Watson-Crick base pairing and the binding
capabilities of DNA with other molecules, artificially con-
structed DNA nanstructures have increasingly found complex
and diverse applications in biosensors.”® DNA nanstructures
exhibit precise geometric shapes, spatial addressing capabil-
ities, and enhanced biological stability. DNA nanotechnology,
with its programmability and self-assembly capability, has
facilitated the construction of a variety of nanoscale devices and
materials, spanning from simple 2D patterns to intricate 3D
structures, thereby paving the way for new avenues in scientific
and technological exploration.*”** In biosensing applications,
DNA nanstructures capitalize on their high molecular recogni-
tion, signal amplification, and transduction capabilities,
providing new pathways for ultra-sensitive and highly selective
biomolecule detection, promising significant advancements in
future biosensing technologies.

3. CRISPR/Cas systems

The CRISPR/Cas system is an adaptive immune system discov-
ered in bacteria and archaea, primarily employed to defend
against viral and exogenous DNA invasion.*>** This system
consists of two main parts: CRISPR (Clustered Regularly Inter-
spaced Short Palindromic Repeats) and Cas genes (CRISPR-
associated genes), with the latter encoding CRISPR-associated
proteins (Cas proteins).*** CRISPR/Cas systems are gene edit-
ing technologies originating from bacteria and archaea,
enabling precise modification of specific DNA sequences.
Initially, this system served as a natural immune mechanism in
these microorganisms to defend against viruses attacks (such as
phages). CRISPR/Cas systems are found in various bacteria and
archaea, each with different compositions and mechanisms of
action. According to evolutionary relationships, the CRISPR/Cas
system can be classified into two major classes and six minor
classes. The first class consists of multi-effector protein
complexes, including types I, III, and IV, which are less
frequently employed. The second class comprises single-
effector proteins, including type II (Cas9 endonuclease),
type V (Cas12 and Cas14 nucleases), and type VI (Cas13 nucle-
ases).**** Due to their efficiency and simplicity, second class
systems have found extensive applications in genome editing,
gene expression regulation, and nucleic acid detection. The
CRISPR/Cas system's ability to specifically recognize target
sequences provides unique advantages for nucleic acid detec-
tion, particularly in the specific recognition of target DNA by
Cas9 and Cas12a, and target RNA by Cas13a.”® Cas9, Casl2a,
and Cas13a are the most studied and widely applied effector
proteins of the CRISPR/Cas system. CRISPR consists of repeti-
tive sequences—short, palindromic DNA sequences that repeat

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and spacer sequences—fragments extracted from foreign DNA
(e-g:, or plasmids), inserted between repetitive
sequences to record and remember genetic information of
invaders. CRISPR-associated proteins (Cas) associated with
CRISPR sequences, responsible for executing various functions,
particularly DNA cleavage.® The CRISPR/Cas system functions
through three main stages to recognize and destroy foreign
DNA: adaptation, expression, and interference stage. CRISPR/
Cas systems are natural immune mechanisms utilized by
bacteria and archaea to combat viral invasions, subsequently
harnessed by scientists as potent gene editing tools.®”% This
technology has widespread applications in biomedical research,
agriculture, and other fields, significantly advancing the study
and application of genetics.*”®

viruses

4. The application of CRISPR/Cas in
molecular detection

CRISPR/Cas systems have witnessed a surge in their utilization
in the field of diagnostics. As molecular diagnostic tools, they
possess high sensitivity and specificity, capable of rapid testing,
thereby reducing the dependence on expensive equipment and
specialized personnel compared to traditional PCR tech-
niques.”® CRISPR/Cas systems distinguish in detecting DNA or
RNA molecules, particularly in rapid identification of pathogens
by recognizing their specific DNA or RNA sequences.”* CRISPR/
Cas systems are primarily applied in molecular detection due to
their efficient nucleic acid recognition and detection capabil-
ities. CRISPR/Cas systems demonstrate tremendous potential in
detecting pathogen DNA or RNA due to their high specificity
and sensitivity.” Initially, CRISPR-Cas systems were developed
for nucleic acid recognition in molecular diagnostics.” Systems
such as SHERLOCK and DETECTR represent significant appli-
cations of CRISPR/Cas technology in rapid diagnostic tools.
Additionally, CRISPR/Cas systems can detect point mutations or
single nucleotide variations, crucial for pathogen analysis
during infection.” Researchers have also employed signal
amplification techniques to enhance the signal strength of
CRISPR/Cas systems.” These systems extend beyond nucleic
acid detection into clinical and other application areas,
including the use of Cas14 for diagnostics.”® Another important
application of CRISPR/Cas systems is in constructing biosens-
ing platforms for specific infectious disease detection and
diagnosis.” The continuous development of CRISPR/Cas tech-
nology has greatly advanced the development of molecular
diagnostic systems.”

In summary, the utilization of CRISPR/Cas systems in
molecular detection holds vast promise and is widely appli-
cable.” CRISPR/Cas systems possess characteristics such as
high efficiency, specificity, and considerable scalability. Their
integration into molecular diagnostics enhances detection
sensitivity and specificity streamlines operational procedures,
and lowers costs, thereby offering robust technical support for
rapid and convenient pathogen detection. However, challenges
persist in their clinical application, including the need for
suitable delivery tools and concerns regarding toxicity,
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immunogenicity, and off-target effects.”® The application of
CRISPR/Cas systems in molecular detection has transitioned
from laboratory research to practical applications, demon-
strating broad prospects and significant development potential.
Nonetheless, overcoming challenges such as enhancing detec-
tion stability and reducing costs is crucial for broader adoption
in practical clinical diagnostics.”””®

4.1 The structure and mechanism of CRISPR/Cas 9

The CRISPR/Cas9 system, originating from prokaryotic immune
mechanisms, is a potent gene-editing tool defending against
bacteriophages and conjugative plasmids.** The core of the
CRISPR/Cas9 system is the Cas9 protein, a single effector

Bacterial cell

— {cas9 >[cas1
v

>[can2 >——
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protein that introduces specific double-strand breaks at target
DNA sequences guided by gRNA.*' CRISPR/Cas9 technology has
revolutionized genome editing across species. Cas9 nuclease
cleaves target DNA with the help of trans-activating CRISPR RNA
(tracrRNA) and CRISPR RNA (crRNA), ensuring sequence spec-
ificity through Watson-Crick base pairing®® and recognizing
adjacent PAM sequences for activation and cleavage.*> Cas9
protein includes essential regions for gRNA and target DNA
binding.*® The simplicity and efficiency of CRISPR/Cas9 have
fueled its broad use in genome engineering, influencing both
DNA editing and gene regulation across species, significantly
advancing biological research.

The CRISPR/Cas9 mechanism comprises acquisition, tran-
scription, and interference stages: acquiring spacers from
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Scheme 2 Biological mechanisms of the CRISPR/Cas9 system. This scheme has been reproduced from ref. 85 with permission from Du, et al.
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invaders, transcribing the CRISPR locus,
viruses®* (as shown in the Schemes 2 and 3).

4.1.1 The application of CRISPR/Cas9 system combined
with DNA nanotechnology. CRISPR/Cas9 has become a novel
tool for the precise detection of nucleic acids and other
substances due to its efficiency and speed. Cas9, a program-
mable nucleic acid “nicking” tool, cleaves target ssDNA with
high efficiency and simplicity. Guided by sgRNA, the Cas9
protein locates and cleaves the DNA strand near the protospacer
adjacent motif (PAM) site. Recent diagnostic techniques based
on CRISPR have gained attention for their sensitivity (from
Cas's collateral cleavage), selectivity (via enzyme recognition),
and versatility (through programmability).®** Combining
CRISPR-Cas system with DNA nanotechnology can be used to
detect nucleic acids, proteins, and small molecules. Utilizing
these biosensors, it is possible to develop new point-of-care
diagnostic methods for pathogen detection, genotyping,
cancer mutation detection, and disease diagnosis.?®

4.1.2 The application of CRISPR/Cas9 system combined
with two-dimensional DNA nanostructures. 2D DNA structures
via DNA nanotechnology form under specific conditions with
stable, flexible DNA strands interactions. These 2D products
formed by hybridization chain reaction (HCR), rolling ring
amplification reaction (RCA), catalytic hairpin assembly (CHA),
and exponential isothermal amplified strand displacement
reaction (EXPAR). Combining CRISPR/Cas9 system with DNA
nanotechnology in biosensors allows integrates small mole-
cules (DNA, RNA, and proteins), boosting detection sensitivity
and specificity. This greatly leverages the gene-editing capabil-
ities, biological detection capabilities, and bio-delivery capa-
bilities of the CRISPR/Cas9 system. For instance, Song et al.
described dynamic assembly/disassembly of DNA nanoframe-
works for controlled Cas9 ribonucleoprotein (RNP) delivery.'
Through HCR, sgRNA binds with the NF to form DNA-RNA
complexes; the internal space of the NF expands, facilitating

and targeting

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

the loading of the Cas9 protein. In cancer cells, the overex-
pressed ribonuclease H (RNase H) digest RNA in DNA-RNA
complexes, releasing Cas9 RNP for gene editing. Huang et al.
proposed a novel MSPQC M.TB sensor based on the CRISPR/
Cas9 system.'® This sensor can distinguish single base
mismatches in the 10-base protospacer adjacent motif (PAM)
region. In the proposed sensor, single-stranded DNA on gold
interdigitated electrodes is used as a capture probe for the
target and as an initiator for the HCR. CRISPR/Cas9 acts as the
recognition element to identify the capture/target dsDNA. When
the target is present, the capture probe hybridizes with the
target to form dsDNA, which the CRISPR/Cas9 can recognize
and cleave. The sensor targets specific sequence fragments
of M.TB 16S rRNA for M.TB detection. The shortest detection
time is 2.3 hours, with a detection limit (LOD) of 30 CFU mL ™/,
utilizing the CRISPR/Cas9 tool. Xusheng Wang and et al. have
also developed a rapid, accurate, and portable nucleic acid
detection platform that integrates CRISPR/Cas9 recognition
technology into a lateral flow detection platform, minimizing
the reliance on equipment and specialized personnel. There-
fore, they named this technology CRISPR/Cas9-mediated lateral
flow nucleic acid assay (CASLFA). CASLFA achieved a detection
limit of a few hundred gene copies, comparable to PCR.
Importantly, by adopting a sgRNA-anchored hybridization
assay, the AuNP-DNA probe is universal, and the lateral flow
device pre-assembled with the AuNP-DNA probe can be used to
detect any target gene. The CASLFA method maintains high
sensitivity while also exhibiting high specificity."”” CHA, an
enzyme-free self-assembly signal amplification strategy, is
noted for identifying DNA, RNA, and small molecules in vitro
and in vivo. Many methods combining CRISPR-Cas9 system's
specific cleavage activity with in vitro amplification strategies for
detecting dsDNA and ssDNA. Liu et al. reported CRISPR-Cas9
and CHA for exosome miRNA and live cell imaging detec-
tion.” The signal output modes of CHA are diverse, including

RSC Adv, 2025, 15, 6208-6230 | 6213
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Fig.1 (A) Scheme of cascade dynamic assembly/disassembly of NF as a nanocarrier for the controlled delivery of Cas9 RNP. This figure has been
reproduced from ref. 15 with permission from Song, et al. Copyright 2023. (B) Response mechanism of development of an MSPQC nucleic acid
sensor based on CRISPR/Cas9 for the detection of Mycobacterium tuberculosis. This figure has been reproduced from ref. 16 with permission
from Huang, et al. Copyright 2022. (C) Schematic illustrating the developed CASLFA method. This figure has been reproduced from ref. 17 with
permission from Wang, et al. Copyright 2020. (D) Scheme of a sensitive and specific method for microRNA detection and in situ imaging based
on a CRISPR-Cas9 modified CHA. This figure has been reproduced from ref. 18 with permission from Liu, et al. Copyright 2020. (E) Strategy of
constructing RNA-based artificial signaling pathways between endogenous genes in mammalian cells. This figure has been reproduced from ref.

19 with permission from Wu, et al. Copyright 2024.

commonly used electrochemical, fluorescent, and colorimetric
methods, which exhibit high signal-to-noise ratios and strong
universality. However, the specificity of CHA methods still
requires further improvement. And Wu et al. engineered gene
networks via synthetic signal pathways (ASP) to reprogram cell
responses and phenotypes under different conditions, aiming
for various diagnostic and therapeutic purposes. The research
team utilized the CHA system combined with controllable
CRISPR-Cas9 to convert signals triggering mRNA expression
into target genes regulation. By introducing these RNA-based
gene circuits, mammalian cells were endowed with autonomy,
enabling response to ligand stimuli and RNA expression
changes across cell types, controlling cell fate via ASPs linked to
cellular apoptosis (Fig. 1).*°

RCA has emerged as a highly specific isothermal gene
amplification method. RCA can be conducted at a constant
temperature in the presence of polymerase (30 °C or even room
temperature) without the need for complex instruments. The
high specificity of RCA reaction is mainly attributed to stringent
parameter requirements, particularly the need for complete
primer complementarity with the circular DNA template during
initiation, rendering it ideal for single nucleotide poly-
morphism analysis. Liu et al. in their laboratory integrated RCA,
CRISPR/Cas9, and CHA technologies to develop a miRNA
detection method. In this method, the target miRNA circular-
izes to trigger RCA, yielding long single-stranded DNA products
with repeated hairpin structures. Upon addition of comple-
mentary sequences, dsDNA forms. Cas9 enzyme facilitates
cleavage of RCA products into hairpin probes, which, when
unfolded by target miRNA, initiate CHA for signal generation.*
Extracellular vesicle (EV)-derived microRNAs (miRNAs) play
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a crucial role in disease diagnosis and prognosis assessment
due to their multiplex detection capabilities. Here, Wang et al.
developed a highly specific nucleic acid detection platform.*
Integrating CRISPR/Cas system and RCA technology, this plat-
form quantitatively detects multiple EV-derived miRNAs
isothermally. Specifically, the method achieves single-base
resolution via dual-specificity recognition using hairpin probe-
mediated ligation and PAM-triggered cleavage. The robustness
of the method was validated by high consistency in detecting
EV-derived miRNA abundance using RCA-assisted CRISPR/Cas9
cleavage (RACE) and RT-qPCR in cancer cells and lung cancer
patients. This highlights its potential in screening, diagnosing,
and prognosticating various diseases. In summary, RACE is
a powerful tool for multiplex, specific nucleic acid detection in
point-of-care diagnostics and on-site analysis. Giving increasing
concerns about food safety, rapid identification of Staphylo-
coccus aureus (S. aureus) is of significant importance. Here, Zhen
et al. have designed a novel electrochemical biosensor®* based
on the CRISPR/Cas9 system and RCA-assisted “silver chain”
linking on gold interdigitated electrodes (Au-IDE). This sensor
utilizes RCA to generate long DNA chains spanning the Au-IDE,
with CRISPR/Cas9 serve as the recognition element to identify
capture/target dsDNA. Additionally, silver staining technology
was employed to enhance detection sensitivity. The sensor
detects Staphylococcus aureus by monitoring impedance
changes caused by the connection or disruption of silver chains
on the Au-IDE, achieving a detection limit (LOD) of 7 CFU mL "
within 1.5 hours. Importantly, this sensor successfully identifies
Staphylococcus aureus in real food samples, highlighting its
potential for food monitoring applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In other ecological detection studies, Wang et al. utilized
RCA assisted CRISPR/Cas9 detection method to investigate
miRNA let-7-5p derived from parasites and other sources.> The
team used a series of diluted let-7 standard samples to compare
the limits of detection (LOD) among qPCR, RCA, and RCA-
assisted CRISPR/Cas9 methods. The results indicated that
RCA-assisted CRISPR/Cas9 assay could effectively differentiate
let-7 from tapeworms and other species, achieving an LOD of 10
aM. These findings highlight that the RCA-assisted CRISPR/
Cas9 method for let-7-5p detection is sensitive and specific,
serving as a universal diagnostic tool for diseases like tapeworm
infections, particularly suitable for early diagnosis (15 dpi). In
this study, compared to traditional gPCR and RCA methods, the
RCA-assisted CRISPR/Cas9 method for analyzing let-7 exhibited
superior sensitivity. Notably, sensitivity is paramount in
detecting samples with low abundances, notably miRNAs,
particularly during the early stages of pathogen infection diag-
nosis. Despite its advantages, this new method still has limi-
tations. The experimental process involves three steps, posing
a potential risk of cross-contamination. Therefore, future
research should prioritize developing single-tube detection
methods to reduce the processing time and enhancing accu-
racy. Additionally, this method possesses the potential for
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detecting various other arthropod species. Given the relatively
low incidence of human arthropod infections, this method
holds promise for early diagnosis of human cysticercosis and
trichinellosis. The integration of this methodology with radio-
logical techniques holds the potential to significantly augment
its diagnostic accuracy (Fig. 2).

EXPAR is a robust nucleic acid amplification technique
involving polymerase-directed chain extension and single-
strand cleavage induced by nicking endonucleases (NEase),
which has proven effective in nucleic acid and protein analysis.
Compared to other isothermal amplification methods, EXPAR
offers superior amplification efficiency and rapid kinetics. Here,
Huang et al. have developed a CRISPR/Cas9-triggered expo-
nential amplification method (CAS-EXPAR),** which combines
the site-specific cleavage of Cas9/sgRNA with the rapid ampli-
fication kinetics of EXPAR. This method eliminates the need for
exogenous primers that may lead to non-specific triggering
reactions. Instead, “primers” are generated through site-specific
cleavage of the target DNA sequence and accumulate during the
reaction. Using real-time fluorescence intensity analysis, CAS-
EXPAR achieves sensitive DNA detection within 1 hour. In
addition, by combining bisulfite conversion to convert single-
base methylation into single-base mutations, this strategy can
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(A) Scheme of CRISPR/Cas9-assisted garland RCA-based miRNA detection approach. This figure has been reproduced from ref. 20 with

permission from Liu, et al. Copyright 2022. (B) Schematic reaction mechanism of RACE. This figure has been reproduced from ref. 21 with
permission from Wang, et al. Copyright 2020. (C) Schematic illustration of a supersensitive electrochemical sensor based on RCA amplification-
assisted “silver chain”-linked gold interdigital electrodes and CRISPR/Cas9 for the detection of Staphylococcus aureus in food. This figure has
been reproduced from ref. 22 with permission from Zhen, et al. Copyright 2024. (D) Scheme of parasite-derived microRNA let-7-5p detection for
metacestodiasis based on rolling circular amplification assisted CRISPR/Cas9. This figure has been reproduced from ref. 23 with permission from
Wang, et al. Copyright 2024.
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also achieve site-specific DNA methylation detection. CAS-
EXPAR utilizes target DNA fragments generated by CRISPR/
Cas9 cleavage as primers for the exponential amplification
reaction, which produces large amounts of DNA copies moni-
tored in real-time by fluorescence detection. This strategy
combines the advantages of CRISPR/Cas9 and exponential
amplification, featuring high specificity and rapid amplification
kinetics. The detection limit of this strategy is 0.82 amol,
demonstrating excellent specificity in distinguishing single-
base mismatches. Song et al. described a new method for
detecting DNA mutations using EXPAR triggered by clustered
regularly interspaced short palindromic repeats (CRISPR),
termed CRISPR-EXPAR.” The research team designed a CRISPR
system composed of two Cas9/sgRNA complexes to cleave and
identify a specific mutation region within the target DNA. This
facilitates EXPAR through iterative extension and cleavage
reactions with minimal repeats. Based on this design principle,
they successfully identified mutations in the human epidermal
growth factor receptor 2 (HER2) gene, achieving a detection
limit as low as 437 aM, with excellent specificity. This tech-
nology can serve as a novel isothermal method by redesigning
single-guide RNA (sgRNA) to effectively recognize various
mutation target sites.

Circulating tumor DNA (ctDNA) plays a crucial role in the
early diagnosis and prognosis of various cancers, serving as
a reliable biomarker for predicting treatment responses.
However, the low abundance of ctDNA in peripheral blood and
the high background of wild-type DNA affect the precise and
specific measurement of ctDNA. In this significant study, Mei
Chen et al. developed a novel three-dimensional GR/AuPtPd
nano-flower sensing platform based on Entropy-Driven Strand
Displacement Reaction (ESDR) triggered by CRISPR/Cas9
cleavage, for effective detection of ctDNA.** Due to the
complex operational steps and stringent reaction conditions
required for ESDR amplification, it was used to detect muta-
tions in epidermal growth factor receptor (EGFR) ctDNA. This
method combines the site-specific cleavage advantage of ‘gene
scissors’ Cas9/sgRNA with the rapid amplification kinetics of
ESDR, achieving not only high amplification efficiency but also
high specificity in distinguishing single nucleotide mismatches.
The diagram below details the guiding principles of this tech-
nology. Based on the proven effectiveness of the three-
dimensional GR/AuPtPd hybrid nano-flower as an excellent
electrochemical sensing platform, the electrochemical
biosensor based on three-dimensional GR/AuPtPd nano-flower
demonstrates high specificity and excellent performance in
human serum detection. It significantly enhances the sensitivity
of detecting ctDNA using CRISPR/Cas9-triggered ESDR. This
innovative strategy serves as a multifunctional DNA detection
method for biological analysis and clinical diagnostics,
providing a new paradigm for efficient ctDNA detection and
demonstrating enormous potential in clinical and diagnostic
applications.

DNA isothermal amplification technologies have more great
advantages than traditional PCR techniques in diagnostic
applications. Such as Zhou et al. reported a CRISPR-Cas9-
triggered nucleic acid endonuclease - mediated strand
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displacement amplification (SDA) method (abbreviated as
CRISDA),”” used for sensitive amplification and detection of
double-stranded DNA (dsDNA). This technology fully utilizes
the high sensitivity, strict specificity, and unique conforma-
tional rearrangement of CRISPR effectors in recognizing target
DNA. The method is combined with robust peptide nucleic acid
(PNA) invasion-mediated endpoint measurements, achieving
sub-atto-molar sensitivity and single-base specificity even in
complex sample backgrounds. After a series of concept valida-
tion studies, they demonstrated the ultra-high sensitivity
detection capability of CRISDA by specifically amplifying and
detecting target DNA segments in both human and transgenic
soybean MON87705 genomes. Finally, by integrating CRISDA
technology with Cas9-mediated target enrichment methods,
they showcased the versatility of CRISDA, highlighting its sub-
atto-molar sensitivity. CRISDA thus emerges as a powerful tool
for nucleic acid ultra-sensitive detection and diagnostics. In
recent decades, methods used to detect Escherichia coli 0157:H7
have included traditional culture methods, real-time PCR,
ELISA (enzyme-linked immunosorbent assay), and others.
these traditional detection methods are time-
consuming, complex, and low sensitivity. Therefore,
researchers have developed various methods, including fluo-
rescence, chemiluminescence, and electrochemical detection
combined with various biosensors, to detect Escherichia coli
0157:H7. Among all these methods, fluorescence is widely used
due to its rapid analysis and high sensitivity. Therefore, Sun
et al. developed a two-step isothermal amplification method
triggered by CRISPR-Cas9 for fluorescence detection of Escher-
ichia coli 0157:H7.”® 1t is reported that E. coli O157:H7 is an
important pathogen causing severe infections and economic
losses. In the study, the CRISPR-Cas9 system recognized and
cleaved the target virulence gene sequence, triggering strand
displacement amplification and RCA. After amplification, the
abundant products hybridized with probes, and the fluores-
cence of the probes was quenched on a metal-organic frame-
work platform, thereby restoring fluorescence at atypical
excitation/emission wavelengths of 480/518 nm. This method
exhibits high sensitivity with a detection limit of 4.0 x 10* CFU
mL ™" and a detection range from 1.3 x 10> CFU mL ™' to 6.5 x
10* CFU mL . Moreover, the detection method demonstrates
significant specificity and is applicable to real samples,
ensuring high accuracy, holding great potential for applications
in bacterial detection, food safety monitoring, or clinical diag-
nostics (Fig. 3).

4.1.3 The application of CRISPR/Cas9 system combined
with three-dimensional DNA nanostructures. With the rapid
development of DNA nanotechnology, DNA nanostructures
have shown enormous potential applications in fields such as
biosensing, bioimaging, drug delivery, cell biology, and mate-
rials manufacturing.®” Typical three-dimensional DNA nano-
structures include G-quadruplexes, DNA tetrahedrons, DNA
dendrimers, amorphous structures like DNA hydrogels, and
DNA origami structures. DNA, as an ideal sensing molecule, can
be precisely designed into nanostructures due to its program-
mability, assembling into spatial structures with specific sizes
and shapes. These structures are not only specific but also

However,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a) Production of dsDNA fragment containing target mutation through DNA
cleavage by the CRISPR-Cas9 system and its denaturation through breathing
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(A) Schematic illustration of CRISPR/Cas9 triggered isothermal amplification for site-specific nucleic acid detection. This figure has been

reproduced from ref. 24 with permission from Huang, et al. Copyright 2018. (B) Schematic illustration of the CRISPR-EXPAR strategy for the
detection of target mutation. This figure has been reproduced from ref. 25 with permission from Song, et al. Copyright 2021. (C) Schematic of the
principle of the CRISPR/Cas9-triggered ESDR based on a 118 3D GR/AuPtPd nanoflower biosensor. This figure has been reproduced from ref. 26
with permission from Chen, et al. Copyright 2021. (D) Schematic reaction mechanism of CRISDA for ultrasensitive DNA Detection. This figure has
been reproduced from ref. 27 with permission from Zhou, et al. Copyright 2018. (E) Scheme of CRISPR-Cas9 triggered SDA-RCA method based
on UiO66 platform. This figure has been reproduced from ref. 28 with permission from Sun, et al. Copyright 2020.

robust and durable, capable of functioning under a wide range
of biologically relevant temperatures and conditions.?®** In
recent years, the presence of G4 structures in the human
genome has been directly visualized using antibodies against
G4 structures and fluorescent G4 probes.”® DNA enzymes, based
on DNA, are important catalysts known for their excellent
activity, programmability, signal amplification through catalytic
turnover, high chemical stability, simplicity of synthesis, and

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

ease of modification, making them widely applicable.”” Given
these significant characteristics, hemin/G-quadruplex DNA
enzymes have been widely used in electrochemical, colori-
metric, chemiluminescent sensors, and biosensors for detect-
ing various targets. In this context, we focus on the synergistic
application of the CRISPR system with G-quadruplexes. The
design of G-quadruplex and similar structures enhances the
gene editing capabilities of the CRISPR system, yet their
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application together in biosensors for target detection is less
explored.

CRISPR technology holds great promise in gene regulation
and editing. Deng et al. designed a light switch on G-quadruplex
gRNA (GqRNA), embedding bis-azobenzene derivatives (AZD"")
to precisely control gene editing and expression. Their research
indicates that rational design of G-quadruplex on crRNA
provides higher stability and sequence recognition specificity
compared to unmodified sgRNA. Therefore, the proposed light-
reversible mode strategy offers a new opportunity for regulating
CRISPR-Cas9, enhancing its safety and applicability.> Although
Cas9 can effectively bind and cleave DNA under in vitro condi-
tions, its activity varies significantly in cells due to differences in
target sites. This variability depends on genomic locus dispar-
ities and the availability of sufficient Cas9/single guide RNA
(sgRNA) complexes for cleavage. To date, most methods rely on
Cas9 protein engineering or base modifications in sgRNA
sequences to enhance CRISPR/Cas9 activity. Smita Nahar et al.
demonstrated that structure-based rational design of sgRNA
can improve Cas9 cleavage efficiency in vivo. By appending
a naturally occurring RNA G-quadruplex motif at the 5 end of
sgRNA, stability and target cleavage efficiency were enhanced in
zebrafish embryos without inducing off-target effects. This
highlights its value in designing better and more optimized
genome editing triggers.*® Accurate and effective detection of
single-stranded nucleic acids is crucial in disease diagnostics
and pathological research. Therefore, Wang et al. developed
a PAM-assisted CRISPR/Cas9 system-mediated G4-EXPAR (Cas-
G4EX) strategy,® which integrates sequence-dependent
cleavage of the CRISPR/Cas9 system with the high efficiency
of exponential amplification. Cas-G4EX integrates the
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advantages of CRISPR/Cas9 and EXPAR, exhibiting excellent
site-specific recognition capability and high-performance
amplification efficiency. EXPAR products are short ssDNA
chains rich in G, capable of forming G-quadruplex structures in
the presence of hemin. G4/hemin mimics peroxidase activity,
catalyzing the ABTS-H,O, system, thereby displaying bright
green color. Meanwhile, the programmability of the CRISPR/
Cas9 system makes this method a universal detection para-
digm for any ssRNA or ssDNA. Cas-G4EX also demonstrates
good discriminatory ability for single-base mutations in single-
stranded nucleic acids. Therefore, the Cas-G4EX detection
method provides a promising platform for molecular diagnos-
tics and pathological analysis applications.

Song et al. reported a multifunctional DNA/upconversion
nanoparticle (UCNP) complex based on RCA, which synergisti-
cally delivers Cas9 RNP, hemin, and PP for combined photo-
dynamic therapy (PDT). High gene editing efficiency and
efficient PDT were achieved both in vitro and in vivo, indicating
the clinical trial potential of UCND. The multifunctional and
intelligent DNA/UCNP complex overcomes limitations and
barriers associated with PDT, thus poised to meet the demands
of precision medicine.*

Using DNA as the sole component, skeleton, or crosslinking
agent of hydrogels, pure DNA hydrogels are formed through
chemical interactions (where chemical bonds act as cross-
linking points) or physical interactions (non-covalent interac-
tions such as hydrogen bonds, van der Waals forces, or
interlacing of DNA molecular chains). Hydrogels have advan-
tages such as large surface area and high biocompatibility,
making them efficient for sensing and other applications. Ding
et al. developed a CRISPR/Cas9 delivery platform based on non-

(A) Schematic illustration of G-quadruplex-based CRISPR photoswitch for spatiotemporal control of genomic modulation. This figure has

been reproduced from ref. 29 with permission from Deng, et al. Copyright 2023. (B) Representation of various Cas9—-sgRNA complexes. This
figure has been reproduced from ref. 30 with permission from Nahar, et al. Copyright 2018. (C) Schematic illustration of Cas-G4EX assay for
colorimetric detection of ssRNA and ssDNA. This figure has been reproduced from ref. 31 with permission from Wang, et al. Copyright 2021. (D)
Scheme of an RCA-based multifunctional DNA/UCNP complex for the controlled co-delivery of Cas9 RNP, hemin, and PP for synergistic
photodynamic therapy. This figure has been reproduced from ref. 32 with permission from Song, et al. Copyright 2024. (E) Schematic illustration
of the Cas9/sgRNA-embedded nucleic acid nanogel formation and its delivery in vitro. This figure has been reproduced from ref. 33 with
permission from Ding, et al. Copyright 2019.
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cationic nanogels.*® In this platform, DNA-g-PCL brushes
loaded with Cas9/sgRNA are crosslinked through nucleic acid
hybridization to form nanogels. After embedding in the nano-
gels, the physiological stability of Cas9/sgRNA is significantly
enhanced due to the protective compact structure of the
nanogels. This nanogel-based CRISPR/Cas9 delivery system is
the first example using non-cationic DNA nanostructures as
carriers for gene editing tools. Embedding in nanogels signifi-
cantly enhances the physiological stability of Cas9/sgRNA gene
editing tools (Fig. 4).

4.2 The structure and mechanism of CRISPR/Cas12

The CRISPR/Cas12 system is an adaptive immune mechanism
found in bacteria and archaea, used for editing and detection by
targeting specific DNA sequences in humans and other organ-
isms. Structurally, the CRISPR/Cas12 system exhibits several
significant features. Unlike Cas9, Cas12a (also known as Cpf1)
and Cas12b (also known as C2c1) proteins are typically smaller,
about half the size of Cas12a.”® These compact Cas12 proteins
display structural diversity, offering possibilities for expanding
the CRISPR toolbox. Furthermore, the fundamental principle of
CRISPR-Cas systems involves the assembly of CRISPR-derived
transcripts (crRNA) with Cas proteins to target and cleave
complementary nucleic acids.”* The various subtypes of Cas12,
including Casl12a, Casl2b, Casl2c, and Casl2d, further
broaden its application prospects.”® Cas12 proteins demon-
strate high specificity and efficiency in recognizing and cleaving
double-stranded DNA through their unique cleavage mecha-
nism and protein structure, allowing for targeted binding to
specific sites and local unwinding of the DNA helix** Cas12
proteins also exhibit non-specific trans-cleavage activity on
single-stranded DNA, a feature that is particularly useful in
molecular diagnostics.®®

The diversity and unique structure of the CRISPR-Cas12
system make it a powerful tool for gene editing and nucleic
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acid detection. These systems not only efficiently perform gene
editing but also maintain activity across a wide range of
temperatures, demonstrating high specificity and minimal off-
target effects in mammalian genome engineering.””*® Struc-
tural studies of the CRISPR/Cas12 system reveal its enormous
potential as a versatile tool for gene editing and molecular
detection. Understanding the detailed structure and functional
characteristics of the CRISPR/Cas12 system enables scientists to
further optimize and develop new CRISPR-Cas tools to meet the
diverse needs of biomedical and biotechnological applications.
The biological mechanisms of the CRISPR/Cas12 system can be
divided into several stages® (as shown in the scheme below). In
conclusion, the CRISPR/Cas12 system is a versatile tool for gene
editing and molecular diagnostics, with its wide-ranging
applications and unique mechanisms playing a significant
role in biomedical research and clinical applications
(Scheme 4).

4.2.1 The application of CRISPR/Cas12 system combined
with DNA nanotechnology. CRISPR/Cas systems are among the
most powerful molecular scissors, capable of precisely and
specifically identifying and cleaving target nucleic acids in
a simple and flexible manner, a capability unmatched by other
molecular scissors like restriction enzymes and zinc finger
nucleases. When used for analysis and diagnostics, CRISPR/Cas
systems leverage their unique characteristics to exhibit signifi-
cant advantages. Firstly, CRISPR/Cas systems specifically
recognize target nucleic acids through the 20-base pair spacer
region of the crRNA, ensuring sequence-specific detection and
site-specific imaging, while minimizing off-target binding or
cleavage. Moreover, crRNA can be chemically synthesized in
large quantities and modified, greatly accelerating the
screening and application of crRNAs with adjustable specificity
(sensitive or tolerant to single nucleotide mutations). Secondly,
the CRISPR/Cas system can recoghize dsDNA without denatur-
ation. This unique binding property allows the CRISPR/Cas
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Scheme 4 Overview of CRISPR-Cas 12 based assay approaches. This scheme has been reproduced from ref. 99 with permission from Mann,

et al. Copyright 2022.
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system to directly capture and detect target genes on various
optical and electrochemical detection platforms, as well as
enabling in situ imaging of genomic loci in live cells. Thirdly,
the ease of recognition of dsDNA amplicons facilitates the
integration of the CRISPR/Cas system with other nucleic acid
amplification method, including PCR, LAMP, and RPA, devel-
oping ultra-sensitive nucleic acid detection methods. Further-
more, the CRISPR/Cas system boasts remarkable flexibility and
modularity, featuring diverse nuclease activity modes. By
selecting the appropriate Cas mechanism, researchers can
detect a broad spectrum of nucleic acid targets, encompassing
dsDNA, ssDNA, and RNA, as evidenced by previous studies.******

In recent years, the distinctive ¢rans-cleavage activity of
Cas12a has been harnessed extensively in the development of
Casl2a detection techniques with different signal output
methods to achieve simple, ultra-sensitive, and portable detec-
tion of targets.

4.2.2 The application of CRISPR/Cas12 system combined
with two-dimensional DNA nanostructures. CRISPR/Cas12
systems combined with DNA nanotechnology flexibly recog-
nize nucleic acids, proteins, metal ions, and other substances in
biosensors, greatly enhancing detection sensitivity, specificity,
and other performance metrics. Simultaneously, they signifi-
cantly leverage the gene editing capabilities and biosensing
detection capabilities of CRISPR/Cas12 systems. The following
section mainly elaborates on the technical applications of
CRISPR/Cas12 systems combined with 2D DNA nanostructures
such as HCR, CHA, RCA and so on.

Cheng et al. proposed a lateral flow assay technology based
on chain hybridization strategy in their research,** named
CHLFA, a nucleic acid hybridization-based lateral flow assay
platform. They integrated CRISPR technology with CHLFA to
construct the CRISPR-CHLFA visual gene detection system.
Based on this research, the developed CRISPR system and
CHLFA platform demonstrated excellent performance in visual
detection of SARS-CoV-2 and MTB clinical specimens. This work
primarily showcases the CRISPR-CHLFA concept based on the
Cas12a system, and the feasibility of CRISPR-CHLFA platform
based on Cas13a has also been demonstrated, indicating that
CRISPR-CHLFA can serve as a universal, multifunctional bio-
sensing platform for point-of-care testing (POCT). Additionally,
Zhang et al. developed a visual detection method based on
AuNP, which combines Casl2a reverse transcription-assisted
loop-mediated isothermal amplification (RT-LAMP) called
CLAP detection method.** CLAP analysis is easy to operate and
scalable for high-throughput detection. This is the first colori-
metric assay based on AuNP, combined with Cas12 and RT-
LAMP, suitable for on-site diagnosis of COVID-19.

Polychlorinated biphenyls (PCBs) are ubiquitous persistent
organic pollutants that have harmful effects on environmental
safety and human health. In response, Deng et al. proposed
a logic gate biosensing platform for simultaneous detection of
multiple PCBs.*® The team designed a CHA module to convert
and amplify each trigger DNA into programmable DNA
duplexes, thereby initiating the reverse cleavage activity of
CRISPR/Cas12a to achieve signal output. This biosensing plat-
form offers advantages such as multiple input combinations,
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intuitive digital output, high flexibility, and scalability, making
it highly promising for intelligent detection of various PCBs.

Current tools for detecting genetically modified crops, such
as polymerase chain reaction (PCR), require specialized equip-
ment and complex operations. Xiaoying Zhu and colleagues
introduced a clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas system,*” utilizing isothermal amplifica-
tion as the amplification reporter gene for analyzing transgenes.
This approach allows for isothermal and label-free detection of
transgenic crops. To enhance detection sensitivity, researchers
employed RCA, designing RCA primers as substrates for Cas12a
cleavage to monitor transgene recognition. This assay, named
isoCRISPR, enables label-free and isothermal amplification
detection of transgenic maize. iSOCRISPR detection enriches
the toolbox for identifying genetically modified crops and
expands the application of CRISPR/Cas in food authenticity and
safety.

Citrus Alternaria, a plant pathogen spread globally, easily
triggers citrus brown spot disease and metabolizes mycotoxins.
Lanrui Ma et al. introduced a ‘label-free’ and ‘on-site’ visual
fluorescence detection method for citrus Alternaria brown spot
disease based on CRISPR-Cas12a and RCA.* This method uses
ssDNA complementary to RCA primers as reverse cleavage
substrates for CRISPR-Casl2a, cleverly combining CRISPR-
Cas12a and RCA amplification of G-quadruplex structures.
Using a portable light source for excitation, the experiment
successfully distinguished Alternaria from other citrus patho-
gens, demonstrating the method's specificity. Validation of the
method's practicality was achieved by analyzing cultured Alter-
naria and actual citrus leaf and fruit samples. Xiang-Lan He
et al. have constructed a cascade signal amplification fluores-
cence biosensor for ultra-sensitive and rapid detection of FEN1.
This biosensor relied on FEN1-induced production of the 5'flap
DNA, and combined rolling circle amplification (RCA) and
CRISPR/Cas12a one-pot system (RCOS). By utilizing branched
dsDNA substrates to provoke FEN1 activity, the 5'flap DNA was
cleaved and isolated through magnetic separation. By
combining RCA and CRISPR/Casl2a one-pot cascade signal
amplification, the detection signal was remarkable enhanced.
The RCOS exhibited excellent sensitivity with a limit of detec-
tion (LOD) of 4.1 x 10~7 U pL ", which was more sensitive and
expeditious than many other approaches.*® In addition to the
application of 2D DNA nanotechnology combined with CRISPR
Cas12 system mentioned above, other 2D DNA nanotechnology
also plays an important role in detecting biomolecular markers,
like Zuowei Xie et al. introduce a new signal amplification
strategy based on cascade primer exchange reaction (cPER) and
CRISPR/Cas12a system for sensitive and specific analysis of
RNase H activity. In the presence of RNase H, the RNA fragment
of DR HP was specifically degraded and the blocked primer DNA
was released. The process of enzymatic hydrolysis of substrate
hairpin and cyclic signal amplification was completed in a one-
step method under isothermal conditions, nriching many
activator strands to initiate ¢rans-cleavage of CRISPR/Cas
system, Furthermore, inhibitor screening experiments and
real samples analysis in human serum and cell extracts further
verified that the proposed strategy possessed great potential in
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the application for biological enzyme research,’ and Yong-Li
Song** and other researches have developed a selective recog-
nition proximity ligation and signal amplification with T7
transcription and CRISPR/Cas12a system, SRPL-TraCs, for
highly sensitive and selective detecting HIV-1 DNA in homoge-
neous reaction. The T7 transcription accumulated a large
amount of crRNA in situ, which were incorporated into the
CRISPR/Cas12a system to construct cascade signal amplifica-
tion strategies for target detection. Additionally, the detection
system can achieve satisfactory reproducibility and reliability.
Considering its high sensitivity, selectivity, and user-
friendliness, maybe the SRPL-TraCs will be a promising tool
for clinical diagnostics in the quantitative analysis of nucleic
acids and fascinating biological molecule (Fig. 5).

4.2.3 The application of the CRISPR/Casl12 system
combined with three-dimensional DNA nanostructures. Among
various signal transducers tested in nanopore experiments,
DNA nanostructures with precise shapes and adjustable sizes
have the potential to become the most widely applicable
transducers. DNA nanostructures with certain hardness and
uniform size can be assembled according to specific apertures.
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Their surfaces can be modified with different nucleic acid
probes, small molecules, peptides, or protein antibodies to
selectively bind to targets. The following section primarily
elaborates on the technical applications of the CRISPR/Cas12
system combined with DNA tetrahedrons, G-quadruplexes,
and other nanostructures.

CRISPR-Cas12a has proven to be an excellent signal trans-
duction system. CRISPR-Cas12a is an RNA-guided enzyme that
can specifically bind to and cleave target DNA. However, its
application in nanosensing has only recently been reported.
Zhang et al.** expanded the application scope of CRISPR-Cas12a
transduction methods through the innovative integration of the
recently verified DNA tetrahedron as a signal transducer. The
DNA tetrahedron was linked to magnetic beads via single-
stranded DNA, while the CRISPR-Casl2a system serves to
connect the DNA tetrahedron with the target DNA. Leveraging
the inherent characteristics of the CRISPR-Cas12a system, this
sensor ensures high sensitivity and specificity. Sensors based on
the CRISPR-Cas12a transduction mechanism exhibit versatility
in their adaptability to diverse, making them promising for
practical diagnostic applications.
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Fig. 5 (A) Scheme of chain hybridization-based CRISPR-lateral flow assay enables accurate gene visual detection. This figure has been repro-
duced from ref. 34 with permission from Cheng, et al. Copyright 2021. (B) Schematic of the CLAP assay for detecting SARS-CoV-2 by the naked-
eye readout. This figure has been reproduced from ref. 35 with permission from Zhang, et al. Copyright 2021. (C) Scheme of integrating CRISPR-
Casl2a with CHA as a logic gate biosensing platform for the detection of polychlorinated biphenyls in water samples. This figure has been
reproduced from ref. 36 with permission from Deng, et al. Copyright 2023. (D) Scheme of label-free detection of transgenic crops using an
isothermal amplification reporting CRISPR/Cas12 assay. This figure has been reproduced from ref. 37 with permission from Zhu, et al. Copyright
2022. (E) Scheme of integrating CRISPR-Cas12a and rolling circle-amplified G-quadruplex for naked-eye fluorescent “off-on” detection of citrus
Alternaria. This figure has been reproduced from ref. 38 with permission from Ma, et al. Copyright 2024. (F) Scheme of ultra-sensitive fluo-
rescence biosensor with rolling circle amplification and CRISPR/Cas12a one-pot system for FEN1 detection. This figure has been reproduced
from ref. 39 with permission from He, et al. Copyright 2025. (G) The working mechanism of the RNase H activity assay combining cPER with
CRISPR/Cas12a. This figure has been reproduced from ref. 40 with permission from Xie, et al. Copyright 2022. (H) Schematic illustrating of the
SRPL-TraCs for HIV-1 DNA detection. This figure has been reproduced from ref. 41 with permission from Song, et al. Copyright 2023.
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Early diagnosis of parasitic pathogens can significantly
reduce medical, economic, and social burdens. Gao et al. re-
ported the use of G4 DNAzyme as a reporter gene for CRISPR/
Cas12, constructing a label-free detection method*® capable of
early diagnosing infections of Moniliformis moniliformis within
single cells. This detection method, known as GsubCas12,
combines the trans-cleavage of Cas12a with catalytic oxidation
using G4 DNAzyme, enabling detection of as few as 3.1 para-
sites. Moreover, compared to chemically labeled nucleic acid
probes, the introduction of G4 DNAzyme proves more effective.
Additionally, this assay does not require complex equipment for
thermal cycling conditions. Benefiting from high programma-
bility, GsubCas12 detection serves as a versatile platform for
detecting pathogenic parasites, showing promise for diag-
nosing parasitic diseases in resource-limited areas.

Xia et al, have developed an unlabeled high-sensitivity
detection method for Salmonella enterica based on the G-
quadruplex probe CRISPR-Cas12 system (referred to as G-
CRISPR-Cas).* The G-quadruplex probe serves as a substrate for
Cas12a, enabling label-free analysis of foodborne pathogens.
Due to the amplification process induced by loop-mediated
isothermal amplification (LAMP), the G-CRISPR-Cas detection
method can detect intestinal pathogens down to 20 CFU. G-
CRISPR-Cas detection can be conducted in a single tube
under isothermal conditions, making it suitable for on-site
diagnosis of foodborne pathogen infections or contamination
outside the laboratory. Therefore, the G-CRISPR-Cas analysis
method holds promise for diagnosing foodborne pathogen
infections or contamination in slaughterhouses, markets, and
other outdoor settings. Ultimately, the G-CRISPR-Cas method
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was applied to study the colonization of intestinal streptococci
in chicken intestines and organs.

Recent reports indicate that hydrogel microspheres can serve
as containers for CRISPR/Cas reactions, with widespread
applications in biosensing. The porous internal structure of
hydrogel microspheres facilitates unhindered movement of
biomolecules, resembling diffusion and reaction kinetics in
solution. Yoon Ho Roh and colleagues leverage these advan-
tages in CRISPR/Cas detection by integrating Cas into hydrogel
microspheres, simplifying multiplex nucleic acid detection
while preserving Cas enzymatic activity. Termed CLAMP (Cas-
Loaded Annotated Micro-Particles), this CRISPR/Cas system
based on HMPs (hydrogel microspheres) is designed for
multiplex nucleic acid detection. Roh et al. immobilize Cas
proteins within spatially encoded nanogel microspheres, where
each HMP labeled with spatial codes targets unique nucleic acid
sequences. Exploring its potential clinical applications, CLAMP
is applied to detect high-risk human papillomavirus (HPV) DNA
in cervical brush samples.*> Additionally, the realm of utilizing
three-dimensional DNA nanostructures, encompassing DNA
origami, DNA dendrimers, and DNA tetrahedrons in conjunc-
tion with CRISPR/Cas12 for biological detection and delivery,
remains relatively underexplored. This domain holds immense
potential for future advancements in sensor applications and
various other scientific endeavors, suggesting promising pros-
pects for development (Fig. 6).

4.3 The structure and mechanism of CRISPR/Cas13

CRISPR/Cas13 systems are RNA-targeting nucleases with high
programmability and specificity. Research into their structure
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(A) Schematic illustration of a solid-state nanopore sensor using a DNA tetrahedron as a signal transducer based on the CRISPR-cas12a

conversion mechanism. This figure has been reproduced from ref. 42 with permission from Zhang, et al. Copyright 2022. (B) Schematic diagram
of GsubCasl12 assay for detection of pathogenic parasites. This figure has been reproduced from ref. 43 with permission from Gao, et al.
Copyright 2022. (C) Working principle of G-CRISPR-Cas assay and its application for label-free analysis of foodborne pathogens and in vivo
colonization. This figure has been reproduced from ref. 44 with permission from Xia, et al. Copyright 2021. (D) Overview of the multiplexed
CLAMP assay. This figure has been reproduced from ref. 45 with permission from Roh, et al. Copyright 2023.
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and mechanism has revealed various unique characteristics and
potential applications. Guided by crRNA (CRISPR RNA), Cas13
nucleases primarily recognize and bind to target RNA segments,
subsequently.’® This process involves crRNA binding to target
RNA and conformational changes in the Cas13 protein, ulti-
mately activating its nuclease activity.'**'** Structurally, the Cas13
protein family comprises multiple subtypes (e.g., Cas13a, Cas13b,
Cas13d), each with distinct structural features and functional
mechanisms. For instance, Cas13bt3 is a compact variant acti-
vated in a length-dependent manner on target RNA and primarily
cleaves at internal “UC” sites.'®'°® Furthermore, structural
studies of Cas13bt3 have revealed its conformation in fully acti-
vated states, guiding further engineering efforts.'* Cas13's self-
defense mechanism is also a significant focus in its structural
studies. For instance, through cryo-EM structural analysis,
researchers have identified a mechanism that inhibits self-
cleavage, achieved by complementary binding of tags and anti-
tags to prevent degradation of its own RNA.'”” In terms of appli-
cations, Cas13 is considered a promising RNA-targeting platform
due to its lack of dependence on protospacer flanking sequences
(PFS), ease of packaging, and non-permanent damage, making it
suitable for various applications such as RNA knockdown and
transcriptional regulation, particularly showing broad prospects
in nucleic acid diagnostics and gene therapy.’® In summary, the
CRISPR/Cas13 system achieves efficient RNA targeting and
degradation through its unique structure and mechanisms,
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providing robust tools and platforms for both basic research and
clinical applications.'*® The CRISPR/Cas13 response mechanism
is shown below (Scheme 5).1%®

4.3.1 The application of CRISPR/Cas13 system combined
with DNA nanotechnology. CRISPR/Cas13 has shown tremen-
dous potential in cancer diagnosis, treatment, and research. Its
RNA-targeting capability makes it a promising tool for early
detection and monitoring of cancer biomarkers, without the
need for complex instrumentation.’® CRISPR/Cas13 with DNA
detection technology represents an emerging tool for both gene
editing and diagnostics, characterized by high sensitivity and
specificity. This technology utilizes the unique RNA-cleaving
activity of Cas13 protein, guided by crRNA to target and cleave
specific RNA sequences for detection. Additionally, Cas13's
“collateral cleavage” activity allows it to cleave fluorescent
reporter molecules upon recognizing target RNA, enabling
detection of the target sequence's presence. The application of
DNA nanotechnology enhances the safety and effectiveness of
CRISPR/Cas systems in diagnosing and treating infectious
diseases™” This combined approach opens new avenues not
only in gene editing but also in broader biomedical
applications.

Researchers have developed a series of biosensing platforms
for nucleic acids, proteins, small molecules, metal ions, etc.,
utilizing the collateral cleavage activity of Cas12a, Cas14a, and
Cas13a/b. Several notable examples of CRISPR-based biosensing
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Scheme 5 Molecular mechanisms of CRISPR-Cas13 expression and interference. (a) The expression of Casl3 and the CRISPR array produces the
multifunctional Casl3 effector protein and the pre-crRNA that is processed into crRNA by Casl3s REC. (b) Base pairing between the spacer
region of a crRNA and the single-stranded region of a target RNA in the context of the Cas13:crRNA complex sets the stage for target RNA
cleavage by the Cas13 NUC lobe (c). Accessibility to the catalytic site leads to nonspecific degradation of bystander RNA. In part (c) the bystander
RNA is an artificial reporter RNA used in SHERLOCK approaches described below. The reporter includes Casl3 nuclease-preferred squence, a 50
fluorescent dye, and a 30 quencher. Upon cleavage, a fluorescent signal is produced. (d) A hypothetical time-course of collateral effect, target
RNA, and nontarget RNA levels upon induction of Cas13:crRNA expression. This scheme has been reproduced from ref. 108 with permission

from Kordys, et al. Copyright 2022.

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

RSC Adv, 2025, 15, 6208-6230 | 6223


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra08325c

Open Access Article. Published on 25 February 2025. Downloaded on 4/9/2026 7:39:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

A
A B
) ¢ - 5, -
" ~ O ‘,\p < o
e W N )
oL ©
| A\ 4 oo o
4
~ ‘\1‘- Lﬂ:‘ AN b . . eV

mIRNA Cast3acrRNA Trigger CHi Trigged NB.BBVCI UCNPs AuNPs Fe,0, DNA1.DNA2 Separation

Fig. 7

View Article Online

Review

. VOO /*?J WO/
. © © ne
' - ® C (®
* -
©O (@] 22N -
A 2 e
+
NA -9
- ” "
- =
’V\, =
s 9

(A) Scheme of highly sensitive and specific miRNA detection method based on magnetic upconversion nanoparticle enhancement and

CRISPR/Casl13a-driven signal amplification. This figure has been reproduced from ref. 46 with permission from Guan, et al. Copyright 2023. (B)
Design and working principle of the CRISPR-based cccDNA assay for HBV cccDNA detection. This figure has been reproduced from ref. 47 with

permission from Zhang, et al. Copyright 2022.

systems include SHERLOCK, HOLMES, DETECTR, among others.
In these biosensing systems, single-stranded DNA (or RNA) signal
reporter probes are introduced into the CRISPR-Cas reaction
system. By detecting changes in specific signals including fluo-
rescence and colorimetric changes, precise monitoring of the
specific recognition events conducted by Cas nucleases towards
target DNA (or RNA) sequences is enabled. Nonetheless,
a majority of these innovative CRISPR-based biosensing meth-
odologies heavily depend on fluorescent reporter probes, neces-
sitating the utilization of specialized optical detection equipment
or instruments. Consequently, this reliance restricts their exten-
sive application in point-of-care testing (POCT) scenarios.
Overall, research combining CRISPR/Cas13 with nanotech-
nology demonstrates significant potential in precise and effi-
cient gene detection and therapy.
4.3.2 CRISPR/Cas13  system
dimensional DNA nanostructures.

combined with two-

CRISPR/Cas13 systems
have wide applications in the biomedical field. The following
section mainly discusses the application of CRISPR/Cas13
systems combined with 2D DNA nanostructures like SDA and
RCA.

MicroRNAs (miRNAs), a class of small molecules with signif-
icant regulatory functions, have been widely used as biomarkers
for early diagnosis of various diseases in the field of biosensing.
Therefore, the development of a highly sensitive and specific
miRNA detection platform is crucial. Liwen Guan et al. designed
an enzyme-cyclic amplification system based on CRISPR/Cas13,*
using magnetic upconversion nanoparticles (MUCNPs) as
biosensors to detect miRNA with high sensitivity and fidelity.
Benefiting from the high fidelity and specificity of CRISPR/
Casl3a, the triggering enzyme cyclic amplification, and the
high fidelity and specificity of UCNPs within MUCNPs, this
method demonstrates a high sensitivity and specificity in miRNA
detection. Even in complex environments containing 10% fetal
bovine serum (FBS) and serum samples, the method maintains
high sensitivity and specificity in miRNA detection. Additionally,
the detection limit of this method can be as low as 83.2 fM.

Based on CRISPR, cccDNA detection is an ultra-sensitive and
highly specific method for detecting HBV cccDNA. Xiangying
Zhang's team has developed a new strategy named CRISPR-

6224 | RSC Adv, 2025, 15, 6208-6230

based cccDNA detection method.*” The CRISPR-based cccDNA
detection involves sample preprocessing, amplification, and
detection steps. During the amplification step, the preprocessed
sample serves as a template for RCA amplification via PCR to
increase the target sequence's quantity. T7 RNA polymerase is
used to transcribe the target sequence into single-stranded RNA
(ssRNA). The T7 promoter sequence is attached to the front of
the PCR product, enabling the PCR product to be transcribed
into ssRNA with a specific target crRNA detected by Cas13a. In
the detection step, specific crRNA guides Cas13a to recognize
the target RNA complementary to crRNA intervals, triggering
Cas13a-mediated reporter RNA cleavage for real-time detection
of the target. CRISPR-based cccDNA detection is an ultra-
sensitive and highly specific method for detecting HBV
cccDNA. It provides a powerful tool for clinical treatment and
effectively guides patients receiving long-term anti-HBV therapy
to improve their therapeutic efficacy. Further research is needed
to optimize the amplification and detection steps of this
method and validate the connection between liver tissue and
extrahepatic HBV cccDNA.

The application of CRISPR/Cas13 systems combined with
three-dimensional DNA nanostructures is less explored in
related fields, making it a promising direction for future
development (Fig. 7).

5. Conclusion and prospects

DNA nanotechnology leveraging its unparalleled engineering
prowess and biocompatibility, has garnered extensive applica-
tion in the biomedical realm, showcasing vast potential across
diverse disciplines.'** For several decades now, adhering to the
fundamental Watson-Crick base pairing principles, DNA has
been harnessed as a versatile programmable building block for
constructing precisely molecularly defined nanostructures. The
intricate size, shape, and configuration of these nanostructures
can be meticulously tailored through strategic sequence design,
facilitating the creation of DNA architectures with unparalleled
versatility and arbitrary geometries. DNA nanotechnology has
made significant strides in drug delivery and gene therapy.
Through molecular recognition, DNA nanotechnology can build
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nanostructures with precisely controllable size, shape, and
surface chemistry, which are crucial for drug delivery processes.
Additionally, DNA nanotechnology has been instrumental in
advancing biosensor technology, significantly boosting their
performance metrics such as sensitivity, specificity, speed, and
reproducibility through innovative interface engineering strat-
egies.”” These sensors exhibit versatility in detecting a broad
spectrum of biomolecules, ranging from nucleic acids and
proteins to small molecules and ions pertinent to physiological
processes.**** The application of DNA nanostructures in
biomedical sciences spans multiple areas, including biosens-
ing, bioimaging, drug delivery, and therapy.

The CRISPR/Cas system is a revolutionary genetic editing
tool that has been widely applied in biomedical and biotech-
nological fields. Originally discovered in prokaryotes as part of
their adaptive immune system, this system can defend against
the invasion of foreign nucleic acids such as viral genomes and
plasmids. Overall, the CRISPR/Cas system, as a powerful genetic
editing tool, despite facing numerous challenges, holds
immense potential in basic research, clinical applications, and
biotechnology. Scientists are dedicated to overcoming these
challenges to achieve its broader and safer application. The
simplicity and efficiency of the CRISPR/Cas9 system have
facilitated its widespread use in genome engineering, enabling
editing of DNA not only in eukaryotic cells and organisms but
also regulating gene expression."® The extensive application of
the CRISPR/Cas system has significantly advanced biological
research, particularly through structural studies of the CRISPR/
Cas12 variant. These studies have unveiled its immense
potential as a versatile genetic editing and molecular detection
tool within the realm of structural biology. Meanwhile, the
CRISPR/Cas13 system, an RNA-targeting ribonuclease, exhibits
high programmability and specificity. Research into its struc-
ture and mechanisms has revealed several unique characteris-
tics and promising applications. The combination of CRISPR/
Cas systems with DNA nanotechnology demonstrates enor-
mous potential in the fields of gene editing and biomedicine.
The integration of DNA nanotechnology with CRISPR/Cas
systems has become the foundation for developing advanced
pathogen detection technologies. This union not only enhances
the efficiency and accuracy of gene editing but also lays the
groundwork for achieving more complex functionalities in the
future. DNA nanotechnology, owing to its inherent program-
mability, precise base pairing capabilities, and exceptional
biocompatibility, emerges as an optimal vehicle for the delivery
of CRISPR/Cas tools. Researchers have successfully constructed
various DNA nanostructures, ranging from stationary branched
DNA junctions and self-assembling nanostructures to intricate
two-dimensional and three-dimensional constructs. These
tailored structures furnish CRISPR/Cas systems with a highly
customizable and modular platform, facilitating their integra-
tion and application The biorecognition detection methods
discussed in this article, combining DNA nanotechnology with
CRISPR/Cas systems, include HCA using two-dimensional DNA
nanotechnology, CHA, and RCA. Three-dimensional DNA
nanotechnology involves DNA tetrahedrons, G-quadruplexes,
DNA hydrogels, etc. These technologies empower biosensors

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with the capability to detect minute entities like DNA, RNA, and
microorganisms. Consequently, the synergistic integration of
these advancements not merely boosts the efficacy of CRISPR/
Cas systems but also forges novel paths for addressing both
established and unknown genetic disorders. DNA nanotech-
nology has expansive application prospects within biomedical
science, pioneering various new biomedical applications
through its unique programmability, functionalization, and
dynamic responsiveness. However, DNA nanotechnology still
faces several challenges in clinical translation, including
stability in vivo, immune responses, and large-scale production.
Information on further research and addressing these chal-
lenges will help propel the practical application of DNA nano-
technology in biomedicine. The combined application of
CRISPR/Cas systems with DNA nanotechnology has shown
unprecedented potential in gene editing and biomedical fields,
particularly in enhancing the delivery efficiency and functional
diversity of CRISPR/Cas systems. DNA nanotechnology and
CRISPR/Cas system can realize the detection of various
biomarkers at the laboratory level, which has a broad applica-
tion prospect in the fields of biosensing, medical diagnosis and
biopharmaceuticals. Despite the impressive performance of
CRISPR/Cas systems in laboratory research, their clinical
application still encounters various obstacles. These problems,
which urgently need to be researched and solved, are mainly (1)
the limitations of nucleic acids themselves. Nucleic acid
aptamers used for biomarker detection have cross-reactivity
between them, and the detection process of nucleic acid is
complex, harsh conditions, different laboratories for the same
target detection of nucleic acid affinity, specificity, and other
chemical parameters such as differences, which leads to nucleic
acid in the diagnosis of human diseases can not be accurately
identified, it is believed that more stringent screening condi-
tions can be designed to have the optimal conditions of the
reaction system. It is believed that through more stringent
screening conditions, the reaction system with optimal condi-
tions can be designed to realize the accurate recognition of
biomarkers for clinical use in the diagnosis and treatment of
diseases. (2) High dependence of detection environment.
Although the fluorescent, colorimetric and electrochemical
biosensors based on DNA nanotechnology combined with the
CRISPR/Cas system can greatly improve the detection perfor-
mance of traditional biosensors, the nucleic acid aptamer and
the CRISPR-Cas system are less adaptable to the detection
environment, and the matrix effect has a greater impact, which
leads to its reliability and reproducibility are not high in
complex practical applications, and even poor detection results.
Therefore, it is necessary to further explore the detection of
DNA-based nanotechnology combined with CRISPR/Cas system
in the practical application environment, and to screen
biocompatible and stable nanomaterials to be added into the
system to improve the detection performance of the target in
the complex environment. (3) The scope of application is
limited. Although these proposed methods have already real-
ized the detection of various biomarkers from small molecules
and proteins to bacteria, viral particles and tumor cells, it has
not yet been able to realize the instantaneous detection (POCT),
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so in the future, researchers can introduce portable devices
based on biochips and microfluidic devices into this method to
realize the instantaneous detection of biomarkers, and expand
the application of DNA nanotechnology combined with the
CRISPR/Cas system in biomedical engineering. In the future,
portable devices based on biochips and microfluidic devices
can be introduced to realize instant detection of biomarkers,
thus expanding the application of DNA nanotechnology
combined with CRISPR/Cas system in biomedical engineering.

Overall, DNA nanotechnology holds immense potential in
enhancing the delivery efficiency and specificity of CRISPR/Cas
systems, yet significant hurdles persist in refining delivery vehi-
cles, enhancing targeting specificity, and advancing their clinical
utilization. Overcoming these challenges is paramount to real-
izing the full potential of this groundbreaking technology.

Data availability

No primary research results, software or code have been
included and no new data were generated or analysed as part of
this review.

Author contributions

YH drew schematic diagram and wrote the manuscript. ZC and
HH revised the manuscript. SD provided the overall framework
design of the review. ZM provided funding. All authors read and
approved the final manuscript.

Conflicts of interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This work was supported by Chongqing Natural Science Foun-
dation (Grant No. CSTB2022NSCQ-MSX0892) and Jiulongpo
district-level technology foresight and system innovation
project (Grant No. 2023-03-006-Z).

References

1 N. C. Seeman, Nucleic acid junctions and lattices, J. Theor.
Biol., 1982, 99(2), 237-247, DOI: 10.1016/0022-5193(82)
90002-9.

2 M. Endo and H. Sugiyama, DNA Origami Nanomachines,
Molecules, 2018, 23(7), 1766, DOIL  10.3390/
molecules23071766.

3 B. R. Madhanagopal, S. Zhang, E. Demirel, H. Wady and
A. R. Chandrasekaran, DNA Nanocarriers: Programmed to
Deliver, Trends Biochem. Sci., 2018, 43(12), 997-1013, DOLI:
10.1016/j.tibs.2018.09.010.

4 F. Li, J. Li, B. Dong, F. Wang, C. Fan and X. Zuo, DNA
Nanotechnology-Empowered Nanoscopic Imaging of

6226 | RSC Adv, 2025, 15, 6208-6230

View Article Online

Review

Biomolecules, Chem. Soc. Rev., 2021, 50(9), 5650-5667,
DOI: 10.1039/DOCS01281E.

5 H. Kong, B. Sun, F. Yu, Q. Wang, K. Xia and D. Jiang,
Exploring the Potential of Three-Dimensional DNA
Crystals in Nanotechnology: Design, Optimization, and
Applications, Adv. Sci, 2023, 10(24), 2302021, DOL
10.1002/advs.202302021.

6 S. Bhatia, Pooja and S. K. Yadav, CRISPR-Cas for Genome
Editing: Classification, Mechanism, Designing and
Applications, Int. J. Biol. Macromol., 2023, 238, 124054,
DOI: 10.1016/j.ijbiomac.2023.124054.

7 J. E. Van Dongen, J. T. W. Berendsen, R. D. M. Steenbergen,
R. M. F. Wolthuis, J. C. T. Eijkel and L. I. Segerink, Point-of-
Care CRISPR/Cas Nucleic Acid Detection: Recent Advances,
Challenges and Opportunities, Biosens. Bioelectron., 2020,
166, 112445, DOI: 10.1016/j.bi0s.2020.112445.

8 N. Bharathkumar, A. Sunil, P. Meera, et al., CRISPR/Cas-
Based Modifications for Therapeutic Applications: A
Review, Mol. Biotechnol., 2022, 64(4), 355-372, DOI:
10.1007/S12033-021-00422-8.

9 K. Shi, S. Xie, R. Tian, S. Wang, Q. Lu, D. Gao, C. Lei, H. Zhu
and Z. Nie, A CRISPR-Cas Autocatalysis-Driven Feedback
Amplification = Network  for  Supersensitive = DNA
Diagnostics, Sci. Adv., 2021, 7(5), eabc7802, DOI: 10.1126/
sciadv.abc7802.

10 W. X. Yan, P. Hunnewell, L. E. Alfonse, J. M. Carte,
E. Keston-Smith, S. Sothiselvam, A. J. Garrity, S. Chong,
K. S. Makarova, E. V. Koonin, D. R. Cheng and D. A. Scott,
Functionally Diverse Type V CRISPR-Cas Systems, Science,
2019, 363(6422), 88-91, DOI: 10.1126/science.aav7271.

11 E. V. Koonin and K. S. Makarova, Origins and Evolution of
CRISPR-Cas Systems, Philos. Trans. R. Soc., B, 2019,
374(1772), 20180087, DOI: 10.1098/rstb.2018.0087.

12 A. Saber Sichani, M. Ranjbar, M. Baneshi, F. Torabi Zadeh
and J. Fallahi, A Review on Advanced CRISPR-Based
Genome-Editing Tools: Base Editing and Prime Editing,
Mol. Biotechnol., 2023, 65(6), 849-860, DOI: 10.1007/
$12033-022-00639-1.

13 Z. Weng, Z. You, ]J. Yang, N. Mohammad, M. Lin, Q. Wei,
X. Gao and Y. Zhang, CRISPR-Cas Biochemistry and
CRISPR-Based Molecular Diagnostics, Angew. Chem., Int.
Ed., 2023, 62(17), 202214987, DOIL  10.1002/
anie.202214987.

14 T. S. Zavvar, Z. Khoshbin, M. Ramezani, M. Alibolandi,
K. Abnous and S. M. Taghdisi, CRISPR/Cas-Engineered
Technology: Innovative Approach for Biosensor
Development, Biosens. Bioelectron., 2022, 214, 114501,
DOI: 10.1016/j.bios.2022.114501.

15 N. Song, Y. Chu, S. Li, Y. Dong, X. Fan, J. Tang, Y. Guo,
G. Teng, C. Yao and D. Yang, Cascade Dynamic Assembly/
Disassembly of DNA Nanoframework Enabling the
Controlled Delivery of CRISPR-Cas9 System, Sci. Adv.,
2023, 9(35), eadi3602, DOI: 10.1126/sciadv.adi3602.

16 J. Huang, Z. Liang, Y. Liu, J. Zhou and F. He, Development
of an MSPQC Nucleic Acid Sensor Based on CRISPR/Cas9
for the Detection of Mycobacterium Tuberculosis, Anal

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


https://doi.org/10.1016/0022-5193(82)90002-9
https://doi.org/10.1016/0022-5193(82)90002-9
https://doi.org/10.3390/molecules23071766
https://doi.org/10.3390/molecules23071766
https://doi.org/10.1016/j.tibs.2018.09.010
https://doi.org/10.1039/D0CS01281E
https://doi.org/10.1002/advs.202302021
https://doi.org/10.1016/j.ijbiomac.2023.124054
https://doi.org/10.1016/j.bios.2020.112445
https://doi.org/10.1007/S12033-021-00422-8
https://doi.org/10.1126/sciadv.abc7802
https://doi.org/10.1126/sciadv.abc7802
https://doi.org/10.1126/science.aav7271
https://doi.org/10.1098/rstb.2018.0087
https://doi.org/10.1007/s12033-022-00639-1
https://doi.org/10.1007/s12033-022-00639-1
https://doi.org/10.1002/anie.202214987
https://doi.org/10.1002/anie.202214987
https://doi.org/10.1016/j.bios.2022.114501
https://doi.org/10.1126/sciadv.adi3602
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra08325c

Open Access Article. Published on 25 February 2025. Downloaded on 4/9/2026 7:39:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

Chem., 2022, 94(32),
acs.analchem.2c02538.

17 X. Wang, E. Xiong, T. Tian, M. Cheng, W. Lin, H. Wang,
G. Zhang, J. Sun and X. Zhou, Clustered Regularly
Interspaced Short Palindromic Repeats/Cas9-Mediated
Lateral Flow Nucleic Acid Assay, ACS Nano, 2020, 14(2),
2497-2508, DOI: 10.1021/acsnano.0c00022.

18 Y. Liu, S. Li, L. Zhang, et al., A sensitive and specific method
for microRNA detection and in situ imaging based on
a CRISPR-Cas9 modified catalytic hairpin assembly, RSC
Adv., 2020, 10(47), 28037-28040, DOI: 10.1039/DORA03603].

19 C. Wu, R. Wu, Q. Zhang, L. Wang, Y. Wang, C. Dai, C. Zhang
and L. Xu, Harnessing Catalytic RNA Circuits for
Construction of Artificial Signaling Pathways in
Mammalian Cells, Angew. Chem., Int. Ed., 2024, 63(14),
€202319309, DOI: 10.1002/anie.202319309.

20 X. Liu, X. Zhao, Y. Yuan, Z. Cao, M. Zhu, T. Li and Z. Wu,
Accurate Detection of Lung Cancer-Related microRNA
through CRISPR/Cas9-Assisted Garland Rolling Circle
Amplification, J. Thorac. Dis., 2022, 14(11), 4427-4434,
DOI: 10.21037/jtd-22-1405.

21 R. Wang, X. Zhao, X. Chen, X. Qiu, G. Qing, H. Zhang,
L. Zhang, X. Hu, Z. He, D. Zhong, Y. Wang and Y. Luo,
Rolling Circular Amplification (RCA)-Assisted CRISPR/
Cas9 Cleavage (RACE) for Highly Specific Detection of
Multiple Extracellular Vesicle MicroRNAs, Anal. Chem.,
2020, 92(2), 2176-2185.

22 D. Zhen, S. Zhang, A. Yang, Q. Ma, Z. Deng, J. Fang, Q. Cai
and J. He, A Supersensitive Electrochemical Sensor Based
on RCA Amplification-Assisted “Silver Chain”-Linked Gold
Interdigital Electrodes and CRISPR/Cas9 for the Detection
of Staphylococcus Aureus in Food, Food Chem., 2024, 440,
138197, DOI: 10.1016/j.foodchem.2023.138197.

23 L. Wang, G. Pu, T. Liu, G. Chen, H. Li, T. O. Amuda, S. Cao,
H. Yan, H. Yin, B. Fu and X. Luo, Parasite-derived
microRNA let-7-5p detection for metacestodiasis based on
rolling circular amplification-assisted CRISPR/Cas9,
FASEB ., 2024, 38(10), €23708, DOI: 10.1096/fj.202302449R.

24 M. Huang, X. Zhou, H. Wang and D. Xing, Clustered
Regularly Interspaced Short Palindromic Repeats/Cas9
Triggered Isothermal Amplification for Site-Specific
Nucleic Acid Detection, Anal. Chem., 2018, 90(3), 2193-
2200, DOIL: 10.1021/acs.analchem.7b04542.

25 J. Song, S. Kim, H. Y. Kim, K. H. Hur, Y. Kim and H. G. Park,
A Novel Method to Detect Mutation in DNA by Utilizing
Exponential Amplification Reaction Triggered by the
CRISPR-Cas9 System, Nanoscale, 2021, 13(15), 7193-7201,
DOI: 10.1039/D1NR00438G.

26 M. Chen, D. Wu, S. Tu, C. Yang, D. Chen and Y. Xu, CRISPR/
Cas9 Cleavage Triggered ESDR for Circulating Tumor DNA
Detection Based on a 3D Graphene/AuPtPd Nanoflower
Biosensor, Biosens. Bioelectron., 2021, 173, 112821, DOI:
10.1016/j.bios.2020.112821.

27 W. Zhou, L. Hu, L. Ying, Z. Zhao, P. K. Chu and X.-F. Yu, A
CRISPR-Cas9-Triggered Strand Displacement
Amplification Method for Ultrasensitive DNA Detection,

11409-11415, DOI: 10.1021/

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

View Article Online

RSC Advances

Nat. Commun., 2018, 9(1), 5012, DOIL: 10.1038/s41467-018-
07324-5.

28 X. Sun, Y. Wang, L. Zhang, S. Liu, M. Zhang, J. Wang,
B. Ning, Y. Peng, J. He, Y. Hu and Z. Gao, CRISPR-Cas9
Triggered Two-Step Isothermal Amplification Method for
E. Coli O157:H7 Detection Based on a Metal-Organic
Framework Platform, Anal. Chem., 2020, 92(4), 3032-3041,
DOI: 10.1021/acs.analchem.9b04162.

29 H. Deng, H. Xu, Y. Wang, R. Jia, X. Ma, Y. Feng and H. Chen,
G-Quadruplex-Based CRISPR Photoswitch for
Spatiotemporal Control of Genomic Modulation, Nucleic
Acids Res., 2023, 51(8), 4064-4077, DOIL 10.1093/nar/
gkad178.

30 S. Nahar, P. Sehgal, M. Azhar, M. Rai, A. Singh,
S. Sivasubbu, D. Chakraborty and S. Maiti, A G-
Quadruplex Motif at the 3’ End of sgRNAs Improves
CRISPR-Cas9 Based Genome Editing Efficiency, Chem.
Commun., 2018, 54(19), 2377-2380, DOIL: 10.1039/
C7CCO08893K.

31 X. Wang, X. Chen, C. Chu, Y. Deng, M. Yang, D. Huo, F. Xu,
C. Hou and J. Lv, Naked-Eye Detection of Site-Specific
sSRNA and ssDNA Using PAMmer-Assisted CRISPR/Cas9
Coupling with Exponential Amplification Reaction,
Talanta, 2021, 233, 122554, DOL  10.1016/
j-talanta.2021.122554.

32 N. Song, X. Fan, X. Guo, J. Tang, H. Li, R. Tao, F. Li, J. Li,
D. Yang, C. Yao and P. Liu, A DNA/Upconversion
Nanoparticle Complex Enables Controlled Co-Delivery of
CRISPR-Cas9 and Photodynamic Agents for Synergistic
Cancer Therapy, Adv. Mater., 2024, 36(15), 2309534, DOI:
10.1002/adma.202309534.

33 F. Ding, X. Huang, X. Gao, M. Xie, G. Pan, Q. Li, J. Song,
X. Zhu and C. Zhang, A Non-Cationic Nucleic Acid
Nanogel for the Delivery of the CRISPR/Cas9 Gene Editing
Tool, Nanoscale, 2019, 11(37), 17211-17215, DOI: 10.1039/
CI9NR05233].

34 M. Cheng, C. Tan, B. Xiang, W. Lin, B. Cheng, X. Peng,
Y. Yang and Y. Lin, Chain Hybridization-based
CRISPR-lateral Flow Assay Enables Accurate Gene Visual
Detection, Anal. Chim. Acta, 2023, 1270, 341437, DOLIL:
10.1016/j.aca.2023.341437.

35 Y. Zhang, M. Chen, C. Liu, J. Chen, X. Luo, Y. Xue, Q. Liang,
L. Zhou, Y. Tao, M. Li, D. Wang, J. Zhou and J. Wang,
Sensitive and Rapid On-Site Detection of SARS-CoV-2
Using a Gold Nanoparticle-Based High-Throughput
Platform Coupled with CRISPR/Cas12-Assisted RT-LAMP,
Sens. Actuators, B, 2021, 345, 130411, DOI: 10.1016/
j.snb.2021.130411.

36 F. Deng, J. Pan, M. Chen, Z. Liu, J. Chen and C. Liu,
Integrating CRISPR-Casli2a with Catalytic Hairpin
Assembly as a Logic Gate Biosensing Platform for the
Detection of Polychlorinated Biphenyls in Water Samples,
Sci. Total Environ., 2023, 881, 163465, DOI: 10.1016/
j-scitotenv.2023.163465.

37 X. Zhu, H. Yang, M. Wang, et al., Label-Free Detection of
Transgenic Crops Using an Isothermal Amplification

RSC Adv, 2025, 15, 6208-6230 | 6227


https://doi.org/10.1021/acs.analchem.2c02538
https://doi.org/10.1021/acs.analchem.2c02538
https://doi.org/10.1021/acsnano.0c00022
https://doi.org/10.1039/D0RA03603J
https://doi.org/10.1002/anie.202319309
https://doi.org/10.21037/jtd-22-1405
https://doi.org/10.1016/j.foodchem.2023.138197
https://doi.org/10.1096/fj.202302449R
https://doi.org/10.1021/acs.analchem.7b04542
https://doi.org/10.1039/D1NR00438G
https://doi.org/10.1016/j.bios.2020.112821
https://doi.org/10.1038/s41467-018-07324-5
https://doi.org/10.1038/s41467-018-07324-5
https://doi.org/10.1021/acs.analchem.9b04162
https://doi.org/10.1093/nar/gkad178
https://doi.org/10.1093/nar/gkad178
https://doi.org/10.1039/C7CC08893K
https://doi.org/10.1039/C7CC08893K
https://doi.org/10.1016/j.talanta.2021.122554
https://doi.org/10.1016/j.talanta.2021.122554
https://doi.org/10.1002/adma.202309534
https://doi.org/10.1039/C9NR05233J
https://doi.org/10.1039/C9NR05233J
https://doi.org/10.1016/j.aca.2023.341437
https://doi.org/10.1016/j.snb.2021.130411
https://doi.org/10.1016/j.snb.2021.130411
https://doi.org/10.1016/j.scitotenv.2023.163465
https://doi.org/10.1016/j.scitotenv.2023.163465
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra08325c

Open Access Article. Published on 25 February 2025. Downloaded on 4/9/2026 7:39:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

Reporting CRISPR/Cas12 Assay, ACS Synth. Biol., 2022,
11(1), 317-324, DOI: 10.1021/acssynbio.1c00428.

38 L. Ma, L. Xie, Q. Wu, et al., Integrating CRISPR-Cas12a and
rolling circle-amplified G-quadruplex for naked-eye
fluorescent “off-on” detection of citrus Alternaria, Int. J.
Biol. Macromol., 2024, 262(Pt 2), 129983, DOIL: 10.1016/
j-ijbiomac.2024.129983.

39 X. L. He, Y. L. Song, L. Y. Ma, M. Jiang, L. Xu and X. Yu, An
ultra-sensitive fluorescence biosensor with rolling circle
amplification and CRISPR/Cas12a one-pot system for
FEN1 detection, Talanta, 2025, 283, 127159, DOI: 10.1016/
j-talanta.2024.127159.

40 Z. Xie, S. Chen, W. Zhang, S. Zhao, Z. Zhao, X. Wang,
Y. Huang and G. Yi, A novel fluorescence amplification
strategy combining cascade primer exchange reaction
with CRISPR/Cas12a system for ultrasensitive detection of
RNase H activity, Biosens. Bioelectron., 2022, 206, 114135,
DOI: 10.1016/j.bios.2022.114135.

41 Y. L. Song, X. L. He, Y. Li, M. Wang, M. Jiang, L. Xu and
X. Yu, Homogeneous detection of viral nucleic acid via
selective recognition proximity ligation and signal
amplification with T7 transcription and CRISPR/Casl2a
system, Anal. Chim. Acta, 2023, 1280, 341881, DOI:
10.1016/j.aca.2023.341881.

42 S. Zhang, M. Liu, H. Cui, M. A. Ziaee, R. Sun, L. Chen,
D. Chen, D. Garoli and J. Wang, Detection of Small-Sized
DNA Fragments in a Glassy Nanopore by Utilization of
CRISPR-Cas12a as a Converter System, Analyst, 2022,
147(5), 905-914, DOI: 10.1039/D1AN02313F.

43 H. Gao, M. Feng, F. Li, K. Zhang, T. Zhang, Z. Zhang,
C. Yang, R. Deng, J. Zhang and P. Jiang, G-Quadruplex
DNAzyme-Substrated CRISPR/Cas12 Assay for Label-Free
Detection of Single-Celled Parasitic Infection, ACS Sens.,
2022, 7(10), 2968-2977, DOI: 10.1021/acssensors.2c01104.

44 X. Xia, B. Ma, T. Zhang, Y. Lu, M. R. Khan, Y. Hu, C. Lei,
S. Deng, Q. He, G. He, K. Zhang and R. Deng, G-
Quadruplex-Probing CRISPR-Cas12 Assay for Label-Free
Analysis of Foodborne Pathogens and Their Colonization
In Vivo, ACS Sens., 2021, 6(9), 3295-3302, DOI: 10.1021/
acssensors.1¢01061.

45 Y. H. Roh, C. Y. Lee, S. Lee, H. Kim, A. Ly, C. M. Castro,
J. Cheon, J. Lee and H. Lee, CRISPR-Enhanced Hydrogel
Microparticles for Multiplexed Detection of Nucleic Acids,
Adv.  Sci, 2023, 10(10), 2206872, DOIL 10.1002/
advs.202206872.

46 L. Guan, J. Peng, T. Liu, S. Huang, Y. Yang, X. Wang and
X. Hao, Ultrasensitive miRNA Detection Based on
Magnetic Upconversion Nanoparticle Enhancement and
CRISPR/Cas13a-Driven Signal Amplification, Anal. Chem.,
2023, 95(48), 17708-17715, DOI: 10.1021/
acs.analchem.3c03554.

47 X. Zhang, Y. Tian, L. Xu, Z. Fan, Y. Cao, Y. Ma, H. Li and
F. Ren, CRISPR/Cas13-Assisted Hepatitis B Virus
Covalently Closed Circular DNA Detection, Hepatol. Int.,
2022, 16(2), 306-315, DOIL: 10.1007/s12072-022-10311-0.

48 K. Abe, H. Sugiyama and M. Endo, Construction of an
optically controllable CRISPR-Cas9 system using a DNA

6228 | RSC Adv, 2025, 15, 6208-6230

View Article Online

Review

origami nanostructure, Chem. Commun., 2021, 57(45),
5594-5596, DOI: 10.1039/D1CC00876E.

49 P. Piskunen, R. Latham, C. E. West, M. Castronovo and
V. Linko, Integrating CRISPR/Cas Systems with
Programmable DNA Nanostructures for Delivery and
Beyond, iScience, 2022, 25(6), 104389, DOI: 10.1016/
j-is€i.2022.104389.

50 S. Sun, H. Yang, Z. Wu, S. Zhang, J. Xu and P. Shi, CRISPR/
Cas Systems Combined with DNA Nanostructures for
Biomedical Applications, Chem. Commun., 2024, 60(23),
3098-3117, DOI: 10.1039/D4CC00290C.

51 Z. Sun, Y. Ren, W. Zhu, Y. Xiao and H. Wu, DNA
Nanotechnology-Based Nucleic Acid Delivery Systems for
Bioimaging and Disease Treatment, Analyst, 2024, 149(3),
599-613, DOI: 10.1039/D3AN01871G.

52 J. A. Park, C. Amri, Y. Kwon, J.-H. Lee and T. Lee, Recent
Advances in DNA Nanotechnology for Plasmonic
Biosensor Construction, Biosensors, 2022, 12(6), 418, DOI:
10.3390/bios12060418.

53 S. Nummelin, J. Kommeri, M. A. Kostiainen and V. Linko,
Evolution of Structural DNA Nanotechnology, Adv. Mater.,
2018, 30(24), 1703721, DOI: 10.1002/adma.201703721.

54 T. Tian, Y. Li and Y. Lin, Prospects and Challenges of
Dynamic DNA Nanostructures in Biomedical Applications,
Bone Res., 2022, 10(1), 40, DOI: 10.1038/s41413-022-00212-1.

55 M. Brucale, G. Zuccheri and B. Samori, Mastering the
Complexity of DNA Nanostructures, Trends Biotechnol.,
2006, 24(5), 235-243, DOI: 10.1016/j.tibtech.2006.02.009.

56 J. Liu, L. Yan, S. He and ]J. Hu, Engineering DNA
Quadruplexes in DNA Nanostructures for Biosensor
Construction, Nano Res., 2022, 15(4), 3504-3513, DOI:
10.1007/s12274-021-3869-y.

57 N. C. Seeman, Structural DNA Nanotechnology: An
Overview, in NanoBiotechnology Protocols, Humana Press,
New Jersey, 2005, vol. 303, pp. 143-166, DOI: 10.1385/1-
59259-901-X:143.

58 N. C. Seeman, An Overview of Structural DNA
Nanotechnology, Mol. Biotechnol., 2007, 37(3), 246-257,
DOI: 10.1007/s12033-007-0059-4.

59 T.-M. Li and B. Du, CRISPR-Cas system and coevolution of
bacteria and phages: CRISPR-Cas system and coevolution of
bacteria and phages, Hereditas, 2011, 33(3), 213218, DOIL:
10.3724/SP.J.1005.2011.00213.

60 D. Rath, L. Amlinger, A. Rath and M. Lundgren, The
CRISPR-Cas Immune System: Biology, Mechanisms and
Applications, Biochimie, 2015, 117, 119-128, DOI: 10.1016/
j-biochi.2015.03.025.

61 A. Szczepankowska, Role of CRISPR/Cas System in the
Development of Bacteriophage Resistance, in Advances in
Virus Research, Elsevier, 2012, vol. 82, pp. 289-338, DOL:
10.1016/B978-0-12-394621-8.00011-X.

62 M. Goren, I. Yosef, R. Edgar and U. Qimron, The Bacterial
CRISPR/Cas System as Analog of the Mammalian Adaptive
Immune System, RNA Biol, 2012, 9(5), 549-554, DOI:
10.4161/rna.20177.

63 M. Hryhorowicz, D. Lipinski and ]. Zeyland, Evolution of
CRISPR/Cas Systems for Precise Genome Editing, Int. J.

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


https://doi.org/10.1021/acssynbio.1c00428
https://doi.org/10.1016/j.ijbiomac.2024.129983
https://doi.org/10.1016/j.ijbiomac.2024.129983
https://doi.org/10.1016/j.talanta.2024.127159
https://doi.org/10.1016/j.talanta.2024.127159
https://doi.org/10.1016/j.bios.2022.114135
https://doi.org/10.1016/j.aca.2023.341881
https://doi.org/10.1039/D1AN02313F
https://doi.org/10.1021/acssensors.2c01104
https://doi.org/10.1021/acssensors.1c01061
https://doi.org/10.1021/acssensors.1c01061
https://doi.org/10.1002/advs.202206872
https://doi.org/10.1002/advs.202206872
https://doi.org/10.1021/acs.analchem.3c03554
https://doi.org/10.1021/acs.analchem.3c03554
https://doi.org/10.1007/s12072-022-10311-0
https://doi.org/10.1039/D1CC00876E
https://doi.org/10.1016/j.isci.2022.104389
https://doi.org/10.1016/j.isci.2022.104389
https://doi.org/10.1039/D4CC00290C
https://doi.org/10.1039/D3AN01871G
https://doi.org/10.3390/bios12060418
https://doi.org/10.1002/adma.201703721
https://doi.org/10.1038/s41413-022-00212-1
https://doi.org/10.1016/j.tibtech.2006.02.009
https://doi.org/10.1007/s12274-021-3869-y
https://doi.org/10.1385/1-59259-901-X:143
https://doi.org/10.1385/1-59259-901-X:143
https://doi.org/10.1007/s12033-007-0059-4
https://doi.org/10.3724/SP.J.1005.2011.00213
https://doi.org/10.1016/j.biochi.2015.03.025
https://doi.org/10.1016/j.biochi.2015.03.025
https://doi.org/10.1016/B978-0-12-394621-8.00011-X
https://doi.org/10.4161/rna.20177
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra08325c

Open Access Article. Published on 25 February 2025. Downloaded on 4/9/2026 7:39:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review
Mech.  Sci., 2023, 24(18), 14233, DOI: 10.3390/
ijms241814233.

64 N. Javaid and S. Choi, CRISPR/Cas System and Factors
Affecting Its Precision and Efficiency, Front. Cell Dev. Biol.,
2021, 9, 761709, DOI: 10.3389/fcell.2021.761709.

65 S. R. Deecker and A. W. Ensminger, Type I-F CRISPR-Cas
Distribution and Array Dynamics in Legionella
pneumophila, G3:Genes, Genomes, Genet., 2020, 10(3),
1039-1050, DOI: 10.1534/g3.119.400813.

66 R. J. Marina, K. W. Brannan, K. D. Dong, B. A. Yee and
G. W. Yeo, Evaluation of Engineered CRISPR-Cas-
Mediated Systems for Site-Specific RNA Editing, Cell Rep.,
2020, 33(5), 108350, DOI: 10.1016/j.celrep.2020.108350.

67 C. Richardson, R. N. Kelsh and R. J. Richardson, New
Advances in CRISPR/Cas-Mediated Precise Gene-Editing
Techniques, Dis. Models Mech., 2023, 16(2), dmmo049874,
DOI: 10.1242/dmm.049874.

68 P. K. Wong, N. N. Mohamad Zamberi, S. E. Syafruddin,
F. C. Cheah, N. Azmi, J. X. Law and E. W. Chua, The
Promises and Pitfalls of CRISPR-Mediated Base Editing in
Stem Cells, CRISPR J., 2023, 6(3), 196-215, DOI: 10.1089/
crispr.2023.0013.

69 M. Wang, H. Wang, K. Li, X. Li, X. Wang and Z. Wang,
Review of CRISPR/Cas Systems on Detection of Nucleotide
Sequences, Foods, 2023, 12(3), 477, DOI: 10.3390/
foods12030477.

70 L. Li, G. Shen, M. Wu, J. Jiang, Q. Xia and P. Lin, CRISPR-
Cas-Mediated Diagnostics, Trends Biotechnol., 2022,
40(11), 1326-1345, DOI: 10.1016/j.tibtech.2022.04.006.

71 L. Zhou, R. Peng, R. Zhang and ]. Li, The Applications of
CRISPR/Cas System in Molecular Detection, J. Cell. Mol.
Med., 2018, 22(12), 5807-5815.

72 M. 1. Mustafa and A. M. Makhawi, SHERLOCK and
DETECTR: CRISPR-Cas Systems as Potential Rapid
Diagnostic Tools for Emerging Infectious Diseases, J. Clin.
Microbiol., 2021, 59(3), €00745, DOI: 10.1128/JCM.00745-20.

73 P. Bhardwaj, R. Kant, S. P. Behera, G. R. Dwivedi and
R. Singh, Next-Generation Diagnostic with CRISPR/Cas:
Beyond Nucleic Acid Detection, Int. J. Mech. Sci., 2022,
23(11), 6052, DOI: 10.3390/ijms23116052.

74 R. Aman, A. Mahas and M. Mahfouz, Nucleic Acid Detection
Using CRISPR/Cas Biosensing Technologies, ACS Synth.
Biol., 2020, 9(6), 1226-1233, DOI: 10.1021/
acssynbio.9b00507.

75 W. Feng, A. M. Newbigging, J. Tao, Y. Cao, H. Peng, C. Le,
J. Wu, B. Pang, J. Li, D. L. Tyrrell, H. Zhang and X. C. Le,
CRISPR  Technology  Incorporating  Amplification
Strategies: Molecular Assays for Nucleic Acids, Proteins,
and Small Molecules, Chem. Sci., 2021, 12(13), 4683-4698,
DOI: 10.1039/D0SC06973F.

76 A.Rajan, S. Shrivastava, Janhawi, A. Kumar, A. K. Singh and
P. K. Arora, CRISPR-Cas System: From Diagnostic Tool to
Potential Antiviral Treatment, Appl. Microbiol. Biotechnol.,
2022, 106(18), 5863-5877, DOIL: 10.1007/s00253-022-12135-
2.

77 H. Li, Amplification-Free = CRISPR/Cas
Technology: Challenges, Strategies, and Perspectives,

Detection

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

View Article Online

RSC Advances

Chem. Soc. Rev., 2023, 52(1), 361-382, DOIL 10.1039/
d2¢s00594h.

78 M. Jamal, F. A. Khan, L. Da, Z. Habib, J. Dai and G. Cao,
Keeping CRISPR/Cas on-Target, Curr. Issues Mol. Biol.,
2016, 20, 1-12, DOI: 10.21775/cimb.020.001.

79 M. Zakrzewska and M. Burmistrz, Mechanisms Regulating
the CRISPR-Cas Systems, Front. Microbiol., 2023, 14,
1060337, DOIL: 10.3389/fmicb.2023.1060337.

80 H. K. Ratner, T. R. Sampson and D. S. Weiss, Overview of
CRISPR-Cas9 Biology, Cold Spring Harb. Protoc., 2016,
2016(12), pdb.top088849, DOI: 10.1101/pdb.top088849.

81 A. Mir, A. Edraki, J. Lee and E. J. Sontheimer, Type II-C
CRISPR-Cas9 Biology, Mechanism, and Application, ACS
Chem. Biol., 2018, 13(2), 357-365, DOL 10.1021/
acschembio.7b00855.

82 E. Kivrak, T. Pauzaite, N. Copeland, J. Hardy, P. Kara,
M. Firlak, A. Yardimci, S. Yilmaz, F. Palaz and M. Ozsoz,
Detection of CRISPR-Cas9-Mediated Mutations Using
a Carbon Nanotube-Modified Electrochemical
Genosensor, Biosensors, 2021, 11(1), 17, DOIL: 10.3390/
bios11010017.

83 F. Jiang and J. A. Doudna, CRISPR-Cas9 Structures and
Mechanisms, Annu. Rev. Biophys., 2017, 46(1), 505-529,
DOL: 10.1146/annurev-biophys-062215-010822.

84 F. Memi, A. Ntokou and I. Papangeli, CRISPR/Cas9 Gene-
Editing: Research Technologies, Clinical Applications and
Ethical Considerations, Semin. Perinatol., 2018, 42(8), 487-
500.

85 Y. Du, Y. Liu, J. Hu, X. Peng and Z. Liu, CRISPR/Cas9
Systems: Delivery Technologies and Biomedical
Applications, Asian J. Pharm. Sci., 2023, 18(6), 100854,
DOIL: 10.1016/j.ajps.2023.100854.

86 J. Song, Y. Song, H. Jang, ]J. Moon, H. Kang, Y.-M. Hubh,
H. Y. Son, H. W. Rho, M. Park, E.-K. Lim, J. Jung, Y. Jung,
H. G. Park, K. G. Lee, S. G. Im and T. Kang, Elution-Free
DNA Detection Using CRISPR/Cas9-Mediated Light-up
Aptamer  Transcription: Toward All-in-One DNA
Purification and Detection Tube, Biosens. Bioelectron.,
2023, 225, 115085, DOI: 10.1016/j.bios.2023.115085.

87 W. Lu, T. Chen, D. Xiao, X. Qin, Y. Chen and S. Shi,
Application and Prospects of Nucleic Acid Nanomaterials
in Tumor Therapy, RSC Adv., 2023, 13(37), 26288-26301,
DOI: 10.1039/D3RA04081].

88 A. R. Chandrasekaran, H. Wady and H. K. K. Subramanian,
Nucleic Acid Nanostructures for Chemical and Biological
Sensing, Small, 2016, 12(20), 2689-2700, DOI: 10.1002/
smll.201503854.

89 S. Liu, Y. Shang, Y. Jiao, N. Li and B. Ding, DNA-Based
Plasmonic Nanostructures and Their Optical and
Biomedical Applications, Nanotechnology, 2021, 32(40),
402002, DOI: 10.1088/1361-6528/ac0d1c.

90 J. Wang, D.-X. Wang, J.-Y. Ma, Y.-X. Wang and D.-M. Kong,
Three-Dimensional DNA Nanostructures to Improve the
Hyperbranched Hybridization Chain Reaction, Chem. Sci.,
2019, 10(42), 9758-9767, DOI: 10.1039/C9SC02281C.

91 M.-C. Huang, L.-T. Chu, Z.-F. Wang, S. Lin, T.-C. Chang and
C.-T. Chen, A G-Quadruplex Structure in the Promoter

RSC Adv, 2025, 15, 6208-6230 | 6229


https://doi.org/10.3390/ijms241814233
https://doi.org/10.3390/ijms241814233
https://doi.org/10.3389/fcell.2021.761709
https://doi.org/10.1534/g3.119.400813
https://doi.org/10.1016/j.celrep.2020.108350
https://doi.org/10.1242/dmm.049874
https://doi.org/10.1089/crispr.2023.0013
https://doi.org/10.1089/crispr.2023.0013
https://doi.org/10.3390/foods12030477
https://doi.org/10.3390/foods12030477
https://doi.org/10.1016/j.tibtech.2022.04.006
https://doi.org/10.1128/JCM.00745-20
https://doi.org/10.3390/ijms23116052
https://doi.org/10.1021/acssynbio.9b00507
https://doi.org/10.1021/acssynbio.9b00507
https://doi.org/10.1039/D0SC06973F
https://doi.org/10.1007/s00253-022-12135-2
https://doi.org/10.1007/s00253-022-12135-2
https://doi.org/10.1039/d2cs00594h
https://doi.org/10.1039/d2cs00594h
https://doi.org/10.21775/cimb.020.001
https://doi.org/10.3389/fmicb.2023.1060337
https://doi.org/10.1101/pdb.top088849
https://doi.org/10.1021/acschembio.7b00855
https://doi.org/10.1021/acschembio.7b00855
https://doi.org/10.3390/bios11010017
https://doi.org/10.3390/bios11010017
https://doi.org/10.1146/annurev-biophys-062215-010822
https://doi.org/10.1016/j.ajps.2023.100854
https://doi.org/10.1016/j.bios.2023.115085
https://doi.org/10.1039/D3RA04081J
https://doi.org/10.1002/smll.201503854
https://doi.org/10.1002/smll.201503854
https://doi.org/10.1088/1361-6528/ac0d1c
https://doi.org/10.1039/C9SC02281C
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra08325c

Open Access Article. Published on 25 February 2025. Downloaded on 4/9/2026 7:39:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

Region of CLIC4 Functions as a Regulatory Element for
Gene Expression, Int. J. Mech. Sci., 2018, 19(9), 2678, DOLI:
10.3390/ijms19092678.

92 N. Alizadeh, A. Salimi and R. Hallaj, Hemin/G-Quadruplex
Horseradish Peroxidase-Mimicking DNAzyme: Principle
and Biosensing Application, in Catalytically Active Nucleic
Acids, ed. Seitz, H., Stahl, F. and Walter, J.-G., Advances in
Biochemical Engineering/Biotechnology, Springer
International Publishing, Cham, 2017, vol. 170, pp. 85-
106, DOI: 10.1007/10_2017_37.

93 G. T. Nguyen, Y. Dhingra and D. G. Sashital, Miniature
CRISPR-Cas12 Endonucleases - Programmed DNA
Targeting in a Smaller Package, Curr. Opin. Struct. Biol.,
2022, 77, 102466, DOI: 10.1016/j.sbi.2022.102466.

94 F. Jiang and J. A. Doudna, The Structural Biology of CRISPR-
Cas Systems, Curr. Opin. Struct. Biol., 2015, 30, 100-111,
DOI: 10.1016/j.sbi.2015.02.002.

95 Y. Yang, D. Wang, P. Lii, S. Ma and K. Chen, Research
Progress on Nucleic Acid Detection and Genome Editing
of CRISPR/Cas12 System, Mol Biol. Rep., 2023, 50(4),
3723-3738, DOI: 10.1007/5s11033-023-08240-8.

96 R. K.-K. Leung, Q.-X. Cheng, Z.-L. Wu, G. Khan, Y. Liu,
H.-Y. Xia and J. Wang, CRISPR-Cas12-Based Nucleic Acids
Detection Systems, Methods, 2022, 203, 276-281, DOLI:
10.1016/j.ymeth.2021.02.018.

97 F. Teng, T. Cui, G. Feng, L. Guo, K. Xu, Q. Gao, T. Li, J. Li,
Q. Zhou and W. Li, Repurposing CRISPR-Cas12b for
Mammalian Genome Engineering, Cell Discov., 2018, 4(1),
63, DOI: 10.1038/s41421-018-0069-3.

98 M. Ming, Q. Ren, C. Pan, Y. He, Y. Zhang, S. Liu, Z. Zhong,
J. Wang, A. A. Malzahn, J. Wu, X. Zheng, Y. Zhang and Y. Qi,
CRISPR-Cas12b  Enables Efficient Plant Genome
Engineering, Nat. Plants, 2020, 6(3), 202-208, DOLI:
10.1038/s41477-020-0614-6.

99 J. G. Mann and R. J. Pitts, PrimedSherlock: A Tool for Rapid
Design of Highly Specific CRISPR-Cas12 crRNAs, BMC
Bioinf., 2022, 23(1), 428, DOI: 10.1186/512859-022-04968-5.

100 K. C. Cady, J. Bondy-Denomy, G. E. Heussler, A. R. Davidson
and G. A. O'Toole, The CRISPR/Cas Adaptive Immune
System of Pseudomonas Aeruginosa Mediates Resistance
to Naturally Occurring and Engineered Phages, J.
Bacteriol., 2012, 194(21), 5728-5738, DOI: 10.1128/
JB.01184-12.

101 V. J. Price, S. W. McBride, K. Hullahalli, A. Chatterjee,
B. A. Duerkop and K. L. Palmer, Enterococcus Faecalis
CRISPR-Cas Is a Robust Barrier to Conjugative Antibiotic
Resistance Dissemination in the Murine Intestine,
mSphere, 2019, 4, DOI: 10.1128/mSphere.00464-19.

102 L. Liu and D.-S. Pei, Insights Gained from RNA Editing
Targeted by the CRISPR-Cas13 Family, Int. J. Mech. Sci.,
2022, 23(19), 11400, DOI: 10.3390/ijms231911400.

103 C. Zhang, S. Konermann, N. J. Brideau, P. Lotfy, X. Wu,
S. J. Novick, T. Strutzenberg, P. R. Griffin, P. D. Hsu and
D. Lyumkis, Structural Basis for the RNA-Guided
Ribonuclease Activity of CRISPR-Cas13d, Cell, 2018,
175(1), 212-223, DOI: 10.1016/j.cell.2018.09.001.

6230 | RSC Adv, 2025, 15, 6208-6230

View Article Online

Review

104 O. O. Abudayyeh, J. S. Gootenberg, P. Essletzbichler, S. Han,
J. Joung, J.J. Belanto, V. Verdine, D. B. T. Cox, M. J. Kellner,
A. Regev, E. S. Lander, D. F. Voytas, A. Y. Ting and F. Zhang,
RNA Targeting with CRISPR-Cas13, Nature, 2017,
550(7675), 280-284, DOI: 10.1038/nature24049.

105 R. Nakagawa, S. Kannan, H. Altae-Tran, S. N. Takeda,
A. Tomita, H. Hirano, T. Kusakizako, T. Nishizawa,
K. Yamashita, F. Zhang, H. Nishimasu and O. Nureki,
Structure and Engineering of the Minimal Type VI
CRISPR-Cas13bt3, Mol Cell, 2022, 82(17), 3178-3192,
DOI: 10.1016/j.molcel.2022.08.001.

106 X. Deng, E. Osikpa, J. Yang, S. J. Oladeji, J. Smith, X. Gao
and Y. Gao, Structural Basis for the Activation of
a Compact CRISPR-Cas13 Nuclease, Nat. Commun., 2023,
14[1), 5845, DOI: 10.1038/s41467-023-41501-5.

107 B. Wang, T. Zhang, J. Yin, Y. Yu, W. Xu, ]J. Ding, D. J. Patel
and H. Yang, Structural Basis for Self-Cleavage Prevention
by Tag:Anti-Tag Pairing Complementarity in Type VI
Cas13 CRISPR Systems, Mol. Cell, 2021, 81(5), 1100-1115,
DOI: 10.1016/j.molcel.2020.12.033.

108 M. Kordys, R. Sen and Z. Warkocki, Applications of the
Versatile CRISPR-Cas13 RNA Targeting System, Wiley
Interdiscip. Rev. RNA, 2022, 13(3), e1694, DOIL: 10.1002/
wrna.1694.

109 F. Palaz, A. K. Kalkan, O. Can, A. N. Demir, A. Tozluyurt,
A. Ozcan and M. Ozsoz, CRISPR-Cas13 System as
a Promising and Versatile Tool for Cancer Diagnosis,
Therapy, and Research, ACS Synth. Biol, 2021, 10(6),
1245-1267, DOIL: 10.1021/acssynbio.1c00107.

110 A. K. Dubey, V. Kumar Gupta, M. Kujawska, G. Orive,
N.-Y. Kim, C. Li, Y. Kumar Mishra and A. Kaushik,
Exploring Nano-Enabled CRISPR-Cas-Powered Strategies
for Efficient Diagnostics and Treatment of Infectious
Diseases, J. Nanostruct. Chem., 2022, 12(5), 833-864, DOL:
10.1007/s40097-022-00472-7.

111 C. Angell, S. Xie, L. Zhang and Y. Chen, DNA
Nanotechnology for Precise Control over Drug Delivery
and Gene Therapy, Small, 2016, 12(9), 1117-1132, DOL:
10.1002/smll.201502167.

112 D. Ye, X. Zuo and C. Fan, DNA Nanotechnology-Enabled
Interfacial Engineering for Biosensor Development, Annu.
Rev. Anal. Chem., 2018, 11(1), 171-195.

113 V. Kumar, S. Palazzolo, S. Bayda, G. Corona, G. Toffoli and
F. Rizzolio, DNA Nanotechnology for Cancer Therapeutics,
Theranostics, 2016, 6(5), 710-725, DOI: 10.7150/thno.14203.

114 D. Yang, M. R. Hartman, T. L. Derrien, et al, DNA
Materials: Bridging Nanotechnology and Biotechnology,
Acc. Chem. Res., 2014, 47(6), 1902-1911, DOI: 10.1021/
ar5001082.

115 L. Shen, P. Wang and Y. Ke, DNA Nanotechnology-Based
Biosensors and Therapeutics, Adv. Healthcare Mater.,
2021, 10(15), 2002205, DOI: 10.1002/adhm.202002205.

116 C. Zhang, R. Quan and J. Wang, Development and
Application of CRISPR/Cas9Technologies in Genomic
Editing, Hum. Mol. Genet., 2018, 27(R2), R79-R88, DOLI:
10.1093/hmg/ddy120.

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


https://doi.org/10.3390/ijms19092678
https://doi.org/10.1007/10_2017_37
https://doi.org/10.1016/j.sbi.2022.102466
https://doi.org/10.1016/j.sbi.2015.02.002
https://doi.org/10.1007/s11033-023-08240-8
https://doi.org/10.1016/j.ymeth.2021.02.018
https://doi.org/10.1038/s41421-018-0069-3
https://doi.org/10.1038/s41477-020-0614-6
https://doi.org/10.1186/s12859-022-04968-5
https://doi.org/10.1128/JB.01184-12
https://doi.org/10.1128/JB.01184-12
https://doi.org/10.1128/mSphere.00464-19
https://doi.org/10.3390/ijms231911400
https://doi.org/10.1016/j.cell.2018.09.001
https://doi.org/10.1038/nature24049
https://doi.org/10.1016/j.molcel.2022.08.001
https://doi.org/10.1038/s41467-023-41501-5
https://doi.org/10.1016/j.molcel.2020.12.033
https://doi.org/10.1002/wrna.1694
https://doi.org/10.1002/wrna.1694
https://doi.org/10.1021/acssynbio.1c00107
https://doi.org/10.1007/s40097-022-00472-7
https://doi.org/10.1002/smll.201502167
https://doi.org/10.7150/thno.14203
https://doi.org/10.1021/ar5001082
https://doi.org/10.1021/ar5001082
https://doi.org/10.1002/adhm.202002205
https://doi.org/10.1093/hmg/ddy120
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra08325c

	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c

	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c
	Important applications of DNA nanotechnology combined with CRISPR/Cas systems in biotechnologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08325c


