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Abstract

As promising noninvasive biomarkers, nucleic acids provide great potential to innovate cancer early detection
methods and promote subsequent diagnosis to improve the survival rates of patient. Accurate, straightforward and
sensitive detection of such nucleic acid-based cancer biomarkers in complex biological samples holds significant
clinical importance. However, the low abundance creates huge challenges for their routine detection. As the next-
generation diagnostic tool, Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated
protein (Cas) with their high programmability, sensitivity, fidelity, single-base resolution, and precise nucleic acid
positioning capabilities are extremely attractive for trace nucleic acid-based cancer biomarkers (NABCBs), permitting
rapid, ultra-sensitive and specific detection. More importantly, by combing with nanotechnology, it can solve the
long-lasting problems of poor sensitivity, accuracy and simplicity, as well as to achieve integrated miniaturization
and portable point-of-care testing (POCT) detection. However, existing literature lacks specific emphasis on this
topic. Thus, we intend to propose a timely one for the readers. This review will bridge this gap by providing insights
for CRISPR/Cas-based nano-biosensing development and highlighting the current state-of-art, challenges, and
prospects. We expect that it can provide better understanding and valuable insights for trace NABCBs detection,
thereby facilitating advancements in early cancer screening/detection/diagnostics and win practical applications in
the foreseeable future.
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Introduction

Cancer is the leading cause of death worldwide. The
World Health Organization (WHO) reports that can-
cer is responsible for nearly 10 million deaths annually,
making up one-sixth of all deaths [1]. It is reported that
most cancers are asymptomatic in the early stages, and
50% of them still only detected at an advanced stage [2],
which seriously endanger human life and health. Thus,
it is imperative to achieve their early detection [3]. As
shown in Fig. 1, traditional protein biomarkers have been
employed for early clinical cancer detection, typically
through antigen-antibody interaction such as enzyme-
linked immunosorbent assay (ELISA). Despite their
advantages of non-invasion and portability, they are still
not early enough, with low sensitivity and specificity.
The emergence of nucleic acid-based cancer biomarkers
(NABCBs) with advancements in molecular biology has
introduced a promising new era in the realm of earlier

detection. The methods based on NABCBs, at the gene
level, enables a more precise and comprehensive guide-
lines for cancer earlier diagnosis/genotyping, individual-
ized treatment, and postoperative monitoring to improve
the survival rates of patients. Markedly, the low abun-
dance and similar homology create huge challenge for
PCR [4], next-generation sequencing [5], microarray [6]
and other traditional methods in sensitivity, rapid, accu-
rate of routine and portable point-of-care testing (POCT)
detection. Thus, it is urgent to develop novel technologies
to achieve more efficient detection of trace NABCBs in
complex biological body fluids.

Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) was a natural immune defense system
discovered in E. coli in 1987 and was first named in 2002.
Since 2012, the CRISPR/Cas9 system and gene editing
technology have been revealed. As a promising nucleic
acid detection tool, it has the significant advantages of
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nucleic acid targeting ability, programmability, sequence
specificity, high fidelity/sensitivity, and high single-base
resolution [7]. It means that CRISPR-based detection
systems can be programmed to target specific genetic
sequences, making it possible to customize detection
for different cancer types or patient-specific mutations.
Furthermore, CRISPR technology has emerged as a
groundbreaking tool for nucleic acid analysis in molecu-
lar diagnostics, owing to the exceptional attributes like
high sensitivity, specificity, rapidity, fast deployability
and cost-effectiveness. In fact, it had been successfully
applied to the detection of NABCBs several years ago.
During 2015-2018, the advancements in the Cas9-based
tumor models and the discovery of trams-cleavage of
Cas12/13 have facilitated the direct detection of cancer-
associated RNA and DNA biomarkers. By approximately
2020, the utilization of CRISPR technology was expected
to expand to the detection of blood circulating cancer
DNA (ctDNA), exosome RNA and other cancer biomark-
ers, demonstrating significant promise in the field of can-
cer liquid biopsy. At present, CRISPR-based technology
has also been organically combined with fluorescence,
colorimetry, electrochemistry, microfluidic and others
methods to achieve early diagnosis, postoperative evalu-
ation, genetic profiling/genotyping and monitoring of
trace NABCBs that are challenging to detect.
Nanotechnology has undergone significant advance-
ments since its inception in 1974. The introduction
of the scanning tunneling microscope (STM) in 1981
marked a significant advancement in the analysis of
microstructures, subsequently catalyzing the swift
progression of nanotechnology. Then, the success-
fully preparation of pure carbon nanotubes, graphene
opened a new stage of nano-material research. All
these discoveries marked the promising beginning of
an extensive experimental investigation in the realm of
cancer diagnosis. Currently, nanomaterials have been
widely explored for nanotechnology-based in vitro
diagnostics, and several key aspects, such as signal
generation, amplification, conversion, and collection
are involved in the establishment of detection, which
could be a versatile and effective paradigm for bio-
chemical analyses. It has also shown great advantages in
trace NABCBs detection, which promote technological
innovation and improve the sensitivity, specificity and
speed of detection. Specifically, due to its unique quan-
tum size effect, nanomaterials are convenient for sur-
face modification and signal amplification. In addition,
nanomaterials can also be functionalized and modified
by aptamers or oligonucleotides, which can achieve
direct capture of specific DNA or RNA sequences [8].
More importantly, the small size of nanomaterials
enables them to be integrated into microfluidic chips
and handheld detection devices, which promotes the
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development of POCT detection and greatly shortens
the detection time. These nano-biosensing can leverage
CRISPR/Cas system for specific nucleic acid sequences
identification with the concentrated NABCBs, enabling
more precise targeting and ultra-sensitive detection
(Fig. 1).

It can be witnessed that the CRISPR/Cas-based nano-
biosensing holds significant potential for simple, accu-
rate, and noninvasive detection of trace NABCBs,
offering wide-ranging applications in cancer earlier
detection and monitoring to complete cancer localiza-
tion and individualized treatment. This approach offers
advantages such as low risk, high survival rates, and
noninvasiveness. In this paper, we are committed to pre-
senting an overview of the icebreaking in trace NABCBs
biosensing based on nanotechnology-leveraged CRISPR/
Cas systems: from vital nucleic acid biomarkers, CRISPR/
Cas toolbox, abundant nanomaterials, combined bio-
sensing, advances to challenges and beyond. Specifically,
the classification and pathogenesis of vital NABCBs are
comprehensively reviewed, followed by the evolution of
cancer detection methodologies. Next, the distinct oper-
ational principles of CRISPR/Cas toolbox and specialized
function of nanotechnology were discussed by category,
delineating their respective characteristics. Then, the lat-
est practical implementation biosensing and their recent
advances for NABCBs detection were emphatically sum-
marized, with a particular emphasis on amplification-free
techniques, isothermal amplification and nano-assisted
methods. Finally, the existing challenges, potential coun-
termeasures, and future prospects are presented. We
expect that this review can provide valuable insights and
further enhance the CRISPR-based nano-biosensing,
facilitate its more effective utilization in early clinical
diagnosis, and thus contributing to mitigate cancer mor-
tality and safeguard human beings.

Cancer-related nucleic acids biomarkers

Traditional cancer biomarkers mainly exist in blood
and tissues [9], such as proteins (cell surface antigens,
enzymes and cytoplasmic proteins) or cells [10], and rely
heavily on antibody-based immunoassays for detection.
However, these methods are labor-intensive, low sensi-
tivity/specificity, and may yield inconsistent outcomes.
The urgent demand for accurate cancer earlier detection
has prompted the discovery of NABCBs in blood, urine,
saliva and other easily extractable body fluids. Compared
with the traditional diagnosis technology, it provides an
efficient, specific and noninvasive method, which can
effectively reduce the potential health risks while improv-
ing the rate of earlier detection. Currently, the main types
of NABCBs mainly include RNA, DNA and single nucle-
otide mutations (Fig. 2A). The following mainly focuses
on the development process, different types, pathogenic
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Fig. 1 The characteristics of related biomarkers in different stages of cancer development and the application history of CRISPR/ nanotechnology-based
biosensing in early detection of NABCBs. As the emerging gene biomarkers, NABCBs enable a more precise and comprehensive guidelines for cancer
earlier diagnosis/genotyping compared with traditional protein biomarkers. The combined CRISPR-based nano-biosensing offers a promising strategy to

the current dilemma of trace NABCBs detection

mechanisms, specific characteristics and commercial
products/clinical applications of NABCBs.

The discovery of cancer-related nucleic acids biomarkers

Cancer is mainly caused by cell damage or gene muta-
tions, and is influenced by environmental (radiation,
smoking, drinking, toxic substances) or genetic (hered-
ity, variation) factors. Among various cancers (such as
lung cancer, breast cancer, gastric cancer, liver cancer,
etc.), the internal changes are the dominant factors. They
can lead to the occurrence and progress of cancer by the

imbalance expression of suppressor/metastatic genes
or pathogenic mechanisms of NABCBs. Furthermore,
there is an observed up or down-regulation of NABCBs
during the initial stages of tumor formation. As for the
potential noninvasive biomarkers, NABCBs can be eas-
ily obtained from little saliva, blood, urine and other
body fluids (Fig. 2B). It is well known that the NABCBs
has experienced a long development process. The free
nucleic acid in plasma was first discovered in 1948, and
then the cancer-related genes (Rb1, mtsl and nm23) were
identified in 1980. After that, microRNA (miRNA), single
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Fig. 2 (A) A concise overview of the historical development and discovery of NABCBs. (B) Cancer-causing factors, samples collection and pathogenic
mechanisms of NABCBs. Carcinogenic factors can be divided into external and internal factors, both of which contribute to the development of various
types of cancers. Further, dysregulation of NABCBs can be observed during the initiation and progression of cancer, thereby facilitating the oncogenic

process

nucleotide polymorphism (SNP) and ctDNA/circulat-
ing free DNA (cfDNA) were gradually discovered and
applied in the following 1930, 1996 and 2010 years. As
shown in the following Table 1, we systematically sum-
marized the characteristics of different NABCBs.

Cancer-related RNA biomarkers

RNA plays a crucial role in gene expression, whether
by regulating protein-encoded RNA or non-encoded
RNA during transcription. Among them, miRNA and
long-chain noncoding RNA (IncRNA) are extensively
researched in the context of cancer and cancers.

miRNAs are non-coding single-stranded RNA mol-
ecules, typically 15-25 nucleotides in length, encoded by
endogenous genes and are relatively conserved through-
out evolution [27]. These molecules mediate post-tran-
scriptional gene regulation by RNA-induced silencing
complex (RISC) degrades mRNA or hinders its transla-
tion [28], playing a negative regulatory role by binding
to the mRNA 3’-untranslated region. In 1993, the group
of Ambros made the initial discovery of miRNAs dur-
ing their investigation into the developmental processes
of Caenorhabditis elegans [29]. Since this milestone
over two decades ago, miRNA has been identified as a
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Table 1 Characteristics and classification of common NABCBs

NABCBs Biomarkers Expression Samples Can- Ref.
cer
types

RNA MIiRNA-21 Upregulated - BC nn

miR-1307 Upregulated - oC
mMiRNA-155 Downregu- - PC [13]
lated
INcRNA HOTAIR -~ Upregulated - GC/  [14]
DC
INCRNA Upregulated - HNCs  [15]
LOC284454
IncRNA Upregulated - LiC [16]
BACETAS
DNA ctDNA Plasma; PLC (171
Tissue
ctDNA - Blood LC [18]
cfDNA Serum CTCL  [19]
cfDNA - Plasma; GC [20]
Cancer
cell

DNA ZNF331 - Tissue; CRC  [21]

methyla- Cancer

tion Cell

SEPTY/ - Stool CRC  [22]

SDC2 specimens

SCARAS5 Tissue; Cell NSCLC [23]
SNP/SNV Myeloperoxi- - - LC [24]

dase MPO

N-acetyltrans- - - BC [25]

ferasel, NAT1

CYP3A4 - - PC [26]

key regulator of complex biological processes associated
with normal physiology and the pathogenesis of diseases,
including cancers, muscle disorders and neurodegenera-
tion diseases [30, 31]. Alterations in miRNA expression
levels within serum and tissues can be used for the diag-
nosis, prognosis and curative effect evaluation of cancer.
For instance, miRNA-21 is implicated in the initiation,
progression, invasion, metastasis, and unfavorable prog-
noses of lung, breast, pancreatic, and colorectal cancers
[32]. Studies have indicated that miRNA-155 is involved
in the regulation of cancer progression in hematologi-
cal cancers and solid cancers, such as breast cancer, gas-
tric cancer and lung cancer [33]. The downregulation of
let-7 family miRNAs in numerous cancer types is asso-
ciated with cancer inhibition function, including lung
cancer, pancreatic cancer, and colon cancer [34]. In addi-
tion, miR-17-92 cluster, miR-200 family, miR-34 family,
miR-145 and various other miRNAs are also involved in
diverse cancer pathophysiological processes.

IncRNA refers to non-coding RNA exceeding 200
nucleotides in length, which is involved in regulating
gene expression, chromatin modification, transcription
and splicing [35]. As the important cancer biomarker,
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IncRNA can play a role as oncogene or cancer suppressor
in cervical cancer (CC). For example, the high expression
of IncRNA HOXC13-AS is related to the poor progno-
sis of CC patients. Moreover, IncRNA has the capability
to engage with miRNA in a manner akin to a “sponge’,
thereby modulating the expression of miRNA target
genes through binding and suppressing the activity of
miRNA. This “competitive endogenous RNA” (Cernan)
mechanism is particularly important in cervical can-
cer, which can regulate multiple cancer-related signaling
pathways [36]. An example of this is the up-regulation
of CTBP1-AS2 expression, where this IncRNA can be
used as a decoy for miR-3163, leading to the subsequent
occurrence and development of CC [37].

Cancer-related DNA biomarkers
Currently, within the realm of clinical medical testing,
cancer-related DNA biomarkers predominantly encom-
pass cfDNA and ctDNA. These biomarkers exist in cells,
bodily fluids, or tissues, and alterations in their levels
reflect the genetic characteristics and biological dynam-
ics of cancers.

cfDNA was first described in plasma by Paul Mandel
in 1958. It refers to endogenous double-stranded DNA
(dsDNA) that is partially degraded in circulating blood,
existing freely and extracellularly [38]. ¢fDNA covers a
broader range, encompassing cancer-derived tuna, which
means that the cellular DNA of cancer cells falls off or
is released into the circulatory system after apoptosis.
ctDNA is a noninvasive robust biomarker associated with
cancer, characterized by a dsDNA containing specific
mutations in the cancer-specific sequence. These muta-
tions can be detected in blood cells [39] and various other
bodily fluids such as serum, plasma, urine, cerebrospinal,
saliva, semen, and exocrine secretions [40]. Notably, the
remarkable features of cancer patients include the rapid
proliferation and increased apoptosis of cancer cells,
leading to a large amount of influx ctDNA into the blood-
stream. This influx reflects the genomic characteristics of
cancers, including point mutation, gene rearrangement
and copy number variation. The existence and quantita-
tive changes of ctDNA are closely related to cancer bur-
den, invasiveness and therapeutic effect, rendering them
frequently used as important biomarkers for early diag-
nosis, surveillance and prognosis evaluation of cancers.

Cancer-related single nucleotide mutation biomarkers
DNA methylation or single base mutation is crucial for
identifying of NABCBs. These alterations can reflect the
biological characteristics of cancers, aiding in the moni-
toring of cancer progression, diagnosis of cancer status,
prediction of disease advancement, and assessment of
therapeutic efficacy.



Peng et al. Molecular Cancer (2025) 24:78

DNA methylation

DNA methylation is a form of chemical modification
of DNA that has a huge impact on mammalian epi-
genetics, typically occurring at the C-5 position of CpG
dinucleotide in vertebrate genomes [41, 42]. This pro-
cess involves the addition of a methyl group to produce
5-methylcytosine (5mc), which can also be found in N-6
position of adenine and G-7 position of guanine [43]. At
present, 5-hydroxymethylcytosine (5hmc), 5-formylcy-
tosine (5fc) and 5-carboxycytosine (5cac) have also been
identified. Numerous studies have demonstrated that
abnormal DNA methylation at certain sites can silence
cancer suppressor genes, thereby increasing the risk of
cancer mutations. Specifically, in cancerigenesis, abnor-
mal DNA methylation patterns, like hypermethylation
in cancer suppressor gene promoters, can cause gene
silencing, while demethylation in certain regions may
activate proto-oncogenes. These methylation changes
directly impact gene expression and contribute to cancer
development. Therefore, DNA methylation is a crucial
biomarker for early cancer diagnosis, and measuring its
levels is vital for prognosis and diagnosis [44].

Point mutation

Single nucleotide mutation (SNV) and SNP both involve
changes of single nucleotide in DNA sequence, such as
substitution, insertion, or deletion [45]. The difference
is that SNP usually refers to the single nucleotide varia-
tion with relatively high frequency (generally considered
to be more than 1%) in the population, while the single
nucleotide variation below 1% and association with indi-
vidual rare diseases are usually called SNV. Both SNV
and SNP are important biomarkers in genetic pathology,
pharmacology and genetic diagnosis [46]. In addition,
the presence of single-base mutations plays a crucial role
in the onset and progression of significant human ail-
ments, such as malignant cancers and autoimmune dis-
eases. It can participate in disease progress by changing

Table 2 Commercialized products of NABCBs on the market
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gene expression, affecting signal transduction pathway
and interfering with DNA repair mechanism. This is cou-
pled with the fact that conventional test is often difficult
to achieve accurate detection due to the complexity and
high cost of the process. Consequently, how to identify
SNP/SNV efficiently and accurately through cost-effec-
tive and straightforward procedure has become a promi-
nent research area and a notable challenge in recent years
[47].

Commercial products and clinical application of NABCBs

In recent years, cancer biomarkers are increasingly
employed in the diagnosis, treatment, and monitoring of
cancer, leading to the rapid expansion of the market. By
2023, the early cancer screening sector has officially tran-
sitioned into the commercialization phase, but the mar-
ket has not been well integrated, and the overall business
model is still in the exploratory stage. Companies in the
cancer gene detection industry, such as Ji Yinga, Maijing
Gene, Youzhiyou, New Horizon Health, GNRGENE etc.,
are all committed to developing commercial products
for cancer early detection. Currently, there are various
NABCBs-related commercial products, which are based
on different mainstream technical platforms (q-PCR and
NGS) and detection indexes (miRNA, ctDNA, cfDNA
and DNA methylation), providing strong support for
early screening/detection of cancers (Table 2).

Among them, DNA methylation detection kits are
mature and have been widely used in the clinical diag-
nosis. For example, the Coloquard product approved by
FDA, which is a colorectal cancer early screening prod-
uct based on the combined testing of KRAS single base
mutation and NDRG4/BMP3 methylation. In addition,
Fei Changqing® product can achieve accurate screening
of early non-small cell lung cancer (NSCLC) based on
methylation detection with only 2 mL blood samples. As
for cfDNA or ctDNA products, most of the detection kits
(such as Glycoconjugate Clear™, HCCscreen™, Vaganin®,

Biomarkers Company Products Year Cancers Methods Sensitivity
miRNA MicroMedMark Yian™ 2016 PC g-PCR 76%
Mirxes GASTRO Clear™ 2019 GC g-PCR 87.5%
DunWiILL MiRNA7 ™ 2024 CRC g-PCR 76.48%
ctDNA New Horizon Health Glycoconjugate Clear™ 2021 LC NGS 97.9%
cfDNA Huada Gene Vaganin® 2023 LC g-PCR 76%
GENETRON HCCscreen™ 2021 LC CTImaging 92%
Zhushi Biomedicine Gan Xiaoning™ 2023 LC NEEM-seq 94.4%
Herui Gene Technology Lai Sining® 2020 LC NGS 95.7%
DNA methylation Nanjing Tengchen Fei Changqing® 2020 GC NGS 72.32%
Guangzhou Jizhun Medicine Fei Changan® 2023 NSCLC CT Imaging -Al 98.1%
GNRGENE Gananjian 2020 LC g-PCR 92.6%
Beijing Eickelen Aiweining 2024 GC g-PCR 92.07%
SNP Exact Science Coloquard 2019 CRC Immunochemistry 94%
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etc.) focus on liver cancer early detection. In fact, Mirxes
developed GASTRO Clear™ product for early gastric can-
cer diagnosis based on miRNA in 2019, and obtained
clinical recognition. Furthermore, there are several
generic miRNA detection kits have been successfully
introduced to the market. It can be witnessed that there
is a noticeable shift in commercial products from imita-
tion to technological innovation, with certain products
being utilized in clinical and at-home testing. Overall,
cfDNA, ctDNA and methylation have been recognized
in clinical settings, whereas miRNA has not yet gained
widespread adoption.

CRISPR/Cas toolbox

CRISPR/Cas system

CRISPR is a natural immune defense system present in
bacteria and archaea, which was first discovered in E.
coli by Japanese scientist Ishino et al. in 1987 [48]. Then
it was officially named CRISPR by Mojica and Jansen
officially in 2002 [49]. It forms a set of “molecular mem-
ory” by recording the genetic information fragments of
viruses or plasmids that previously infected them, which
can accurately identify and destroy these foreign genetic
materials when encountering the same invaders again
[50]. In short, the CRISPR/Cas system comprises two
primary components: the genes responsible for encod-
ing Cas proteins and the CRISPR array, which consists of
repeat and spacer sequences. The mechanism of CRISPR/
Cas action can be divided into three main parts: foreign
DNA capture, crRNA synthesis, and targeted interfer-
ence (Fig. 3A) [51].

There are two mainly types of CRISPR/Cas systems.
Class 1 (types I, III, IV) utilizes multiple Cas effecting
proteins, and Class 2 (types 11, V, VI) relys on a single Cas
effecting protein. While, the most well-known and widely
used ones in biotechnology and research are the toolkits
Cas9, Casl2, Casl3, and Casl4, which all belong to the
Class 2. Although they differ slightly in structural compo-
sition and working mechanism, they all play an important
role in gene editing and molecular diagnosis (Table 3).

CRISPR/Cas molecular diagnosis technology

CRISPR technology offers significant advantages in
molecular diagnosis. Cas9, a V-type CRISPR effector, was
first discovered by Bolotin’s team in Streptococcus ther-
mophilus in 2007 [52]. This RNA-directed endonucle-
ase comprises two domains, HNH and RuvC. The target
strand of protospacer adjacent motif (PAM) sequence
containing 5-NGG-3 is guided by sgRNA (tracRNA and
crRNA) to bind to Cas9 for cis-cleavage, which com-
monly used in gene editing and molecular diagnosis. The
nucleic acid sequence-based amplification CRISPR/Cas 9
(NASBACC) technology has been developed to molecu-
lar diagnosis [53-56].

Page 8 of 28

Casl2a, belongs to class 2 type V endonuclease in
CRISPR/Cas system, typically ranges from 18 to 25 nucle-
otides in length. Cas13 in the type VI system, can degrade
target RNA with the guidance of crRNA. The typical
PAM sequence for Casl2a is TTTYV, and in addition four
of the preferred C’s sequences are TTTA, TCTA, TCCA
and CCCA. But the PAM of Casl3a is preferred to non-
G, and its length is from 22 to 30 nt. Different from Cas9,
the trans-cleavage activity of Casl2a or Casl3 can be
activated to achieve non-specific cleavage of surround-
ing single-stranded DNA (ssDNA). Combined with iso-
thermal nucleic acid amplification methods, Cas12/13
have been developed for molecular diagnosis based on
DETECTR, SHERLOCK and SHERLOCKv2 nucleic acid
detection techniques (Fig. 3B) [57-60].

Casl4, a protein weighing only 40-70 KDa and consist-
ing of 22—-40 nucleotides [61], can even distinguish SNP
with the elimination of PAM restriction [62—-64]. How-
ever, there are few reports on the application of Casl4 in
NABCBs detection at present, but with milder reaction
conditions and higher specificity, it may have the poten-
tial of wider application in the future [65, 66].

Nanomaterial-integrated biosensing

The rising prominence of nanotechnology has led to the
integration of nanomaterials in biosensing analysis. In
particular, these nanomaterials play a crucial role in sim-
plifying sample extraction/separation, improving signal
generation/transduction, accelerating molecular rec-
ognition/reaction, thereby enhancing overall detection
performance. Specifically, these nanomaterials exhibit
unique functions and advantages in trace NABCBs detec-
tion by acting as signal generators/visualizers, enhanc-
ers, converters and extraction/reaction vessels (Fig. 4)
(Table 4).

Nanomaterials as a signal generator

As effective signal generator, nanomaterials can provide
fluorescence, colorimetric, magnetic, photothermal and
other signals in the process of nucleic acid detection. Flu-
orescent nanoparticles like quantum dots (QDs) [81], up-
conversion nanoparticles (UCNPs) [82], long persistent
nanomaterials and metal nanoclusters exhibit significant
advantages over organic dyes and fluorescent proteins
in terms of signal brightness [83, 84], photostability, and
low background noise. As a result, they have been inves-
tigated for fluorescence sources in nucleic acid detection
with enhanced precision and sensitivity. Moreover, gold
nanoparticles (AuNPs), magnetic nanoparticles (Fe;O,),
and photonic crystals can produce colorimetric signals
through volume changes or aggregation in response to
external stimuli, commonly utilized as visual detection
signals in nucleic acid POCT detection. Based on the
ability of magnetic relaxation switches, Fe;O, can also
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Table 3 Classification of different effectors within the CRISPR/

Cas system

Cas protein Cas9 Casl12a Cas13a Casl4a
Type Il \Y VI \
Guide RNA SgRNA crRNA crRNA crRNA
Target dsDNA ds/ssDNA ssDNA ssDNA
cis-cleavage dsDNA ds/ssDNA ssRNA ssDNA
Trans-cleavage No sSDNA SSRNA sSDNA
PAM/PES NGG (MTTN Non-G No
Components RuvC, HNH RuvC Two HEPN RuvC

directly serve as a signal visualizer for nucleic acid detec-
tion. In addition, AuNPs, gold nanorods (AuNRs), plati-
num nanoparticles (PtNPs), prussian blue nanoparticles
(PBs) and carbon nanotubes can generate thermal signals
[85] under near-infrared laser irradiation, enabling their
application in vitro diagnostic scenarios when combined
with thermal imaging technology [86, 87].

Nanomaterials as a signal enhancer

Nanomaterials have the capability to significantly aug-
ment and greatly amplify the faint signal of trace detec-
tion biomarkers. Due to their substantial specific surface
area, nanomaterials facilitate the simultaneous labeling of
active substances or signal molecules, such as enzymes
and fluorescent materials, thereby enhancing the signal
produced by a single biomarker. Among them, the utili-
zation of AuNPs [88, 90], silica nanoparticles (SiO,NPs)
[91, 92], polystyrene microspheres (PS), Fe;O, [93, 94]
and other nanoprobes, as composite carriers of enzymes
and nucleic acids represents an effective method for weak
signal enhancement detection. In addition, the sensitiv-
ity can be further enhanced by leveraging surface Raman
enhancement, electrochemical enhancement, localized
surface plasmon resonance (LSPR), and refractive index
signals of photonic crystals. LSRP of inorganic metal
nanomaterials can enhance the Raman signal for nucleic
acid analysis [95]. AuNPs or carbon nanotubes can mod-
ulate the impedance of electrode materials to improve
the sensitivity of electrochemical nucleic acid detection
[96]. Photonic crystals possess excellent properties such
as a stable reflection peak and a large specific surface area
ratio (SVR) [97]. Suspension array technology based on
photonic crystals is widely used in the detection of NAB-
CBs [98].

Nanomaterials as a signal converter

Nanomaterials can also achieve signal conversion with
unique properties, such as nanozyme catalysis (color
change, chemiluminescence, kinetic energy) and fluores-
cence resonance energy transfer (FRET) [99]. Nanozymes
refer to the enzyme mimics with catalytic activity of per-
oxidase or oxidase. Some metallic nanomaterials (PtNPs,
Fe;O, PBs) and metal-organic frameworks (Fe-MOF,
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Cu-MOF) can catalyze TMB and ABTS substrates to pro-
duce color changes [100]. In some cases, MOFs can also
be used as signal converters to convert adsorbed molecu-
lar signals into detection signals. AuNPs, ZnO and other
nanozyme can also catalyze luminol chemiluminescence
to achieve the conversion of chemiluminescence sig-
nals. In addition, PtNPs can also be used as a nanomo-
tor to achieve kinetic energy and distance conversion for
motion-based detection platforms. Another more classi-
cal signal converter-FRET system, which uses nanomate-
rials with fluorescence properties (such as UCNPs/QDs/
Go, etc.) as energy donors, transfer their energy to recep-
tors or quenchers, and achieve the detection of various
biomarkers [101, 102]. Furthermore, metal structures
such as nanorods and nanowires with surface plasmon
resonance effect can convert the absorbed optical sig-
nals into fluorescent signals with specific frequencies to
enhance signal conversion.

Nanomaterials as sample extraction or reaction vessels

Nanomaterials have the potential to enhance sample
extraction and separation processes by offering rapid
and efficient methods. For instance, Fe;O, can be used
as a reaction container through modifying their surfaces,
enabling rapid separation and enrichment of nucleic acid
ability, which can be applied to nucleic acid extraction
and enrichment process. Magnetic solid phase extraction
(MSPE) represents a well-established technology for sep-
aration and extraction based on electrostatic adsorption,
affinity, hydrogen bonding or ion exchange [103, 104]. In
addition, specially functionalized nanoparticles (SFNPs)
can selectively and rapidly capture targets (within 30 s)
in automatic fine tuning (AFT) microfluidic systems
through an acoustic vortex strategy. This SENPS-assisted
AFT approach has demonstrated the ability to increase
target concentrations by nearly 200 times and has been
successfully used for trace cancer biomarker detection.
Some hollow (silica, metal, metal oxides, and MOFs)
and metallic nanomaterials (nanorod, nanosphere, nano-
film, and nano bipyramid) can also be used as ideal reac-
tion vessels. Due to the high catalytic performance and
unique photothermal effect, it can significantly improve
enzyme activity and catalytic efficiency, which is condu-
cive to realizing ultra-high sensitivity detection of nucleic
acid at the single-molecule level. For example, silica
nanowires, with their high specific surface area and cus-
tomizable surface chemistry, can act as reaction contain-
ers for immobilizing nucleic acid molecules and creating
suitable reaction environments. AuNPs have excellent
biocompatibility and surface plasmon resonance effect,
which can be used to fix nucleic acid probes as reaction
containers for nucleic acid detection. Furthermore, due
to the ongoing advancements in nucleic acid nanotech-
nology, DNA nanoparticles, such as nanoflower (DNF),
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3D nanoframes and others have emerged as crucial reac-  photothermal effect of plasma nanomaterials lead to
tion carriers in cancer in vitro detection. In addition, the efficient conversion of light into heat, making them
nanopore reactors, which are user-friendly, have emerged  advantageous vessels for nanoscale heating [106].

as versatile tools for nucleic acid molecule detection,

with third-generation nanopore sequencing technology = CRISPR-based biosensing for NABCBs detection

showing potential to become a cost-effective sequenc- NABCBs play a crucial role in cancer by affecting the
ing method in the future [105]. Moreover, the unique expression of proto-oncogenes and oncogenes, and thus
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Table 4 A summary of NABCBs detection based on
nanomaterial-integrated biosensing

Nanomaterials Property  Function Targets LOD  Ref.
ANCs/ Nanotubes Reaction INcRNA 428 [67]
MWCNT-NH, vessel M
AuNPs Nanorods  Optical cfDNA  10fM  [68]
probe
QDs-DNA Hydrogel  Signal miR-17 182 [69]
generator M
Si0,@bQD Fluorescent Fluores- miR- 03fM [70]
micro- cence 133a
spheres quencher
MoS, nanosheets  Nanosheets Reaction miR-499 381.78 [71]
vessel M
TC nanosheets Nanosheets Reaction miR-21  0.21 [72]
vessel M
S-BN/CN Nanosheets Reaction miR-21  3.98 [73]
nanosheets vessel M
[Ru(pl’\eh)depz]Z+ Metal Optical sig-  miR-17  1fM [74]
nanomate- nal switch
rials
Fe;0,@PtPd/ Magnetic-  Signal miR-145 0.41 [75]
Ru(bpy),** nano-lu- converter M
minescent
material
Pt@Au Bimetallic  Catalyst miR- - [76]
nano 233/
enzyme INcRNA
rGO/GCE Graphene  Conduct miR-21  0.83 [771
oxide electricity M
MB/Fe;0,@COF/ Nanocom-  Sample ctDNA 333 [78]
PD-AU posite extraction aM
Graphene mi- Graphene  Sample cfDNA - [79]
croneedle patch  crystal extraction
gFET array Graphene  Reaction SNP TaM  [80]
crystal vessel

contributing to epigenetic inheritance [107, 108]. How-
ever, due to the instability, dynamic expression changes
and low abundance of most nucleic acids, it is difficult
to achieve quickly, sensitively and specifically detec-
tion [109]. Based on the highly specific and sensitive of
CRISPR-based diagnosis (CRISPR-Dx), the efficient
enrichment, signal amplification and cancer identifica-
tion of NABCBs can be realized, which can effectively
enhance the early noninvasive tissue biopsy and precise
therapy [110]. This process mainly involves extracting
and sampling body fluids like blood, urine, cerebrospinal
fluid, and saliva from patients. By incorporating CRISPR
and nanotechnology, a dual signal amplification can be
achieved, enabling sensitivity and precise detection of
trace NABCBs in cancer early stage. Subsequently, the
results of NABCBs can be used for identify cancer types
and localize malignant tissues, guiding the medical com-
mittee to accomplish better clinical protocol and therapy
(Fig. 5). The latest advancements have been made in the
application of CRISPR-based biosensing in NABCBs
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detection, as shown in the following and summarized in
Table 5.

Amplification-free CRISPR for NABCBs detection

NASBACC, DETECTR and SHERLOCK are typical
molecular diagnostic technologies based on CRISPR/
Cas system, which can realize highly sensitive detection
of specific nucleic acids based on their specific targeting
and efficient cleavage activity. The CRISPR-based ampli-
fication-free methods do not require amplification and
offer advantages such as shortened detection time, sim-
plified operation, and reduced costs compared to tradi-
tional amplification-based detection methods.

Amplification-free CRISPR for RNA NABCBs detection
While obstacles persist in identifying non-coding RNA
fragments especially short sequence, the integration of
CRISPR technology offers enhanced prospects for the
specific, efficient and sensitive detection of miRNAs and
IncRNAs. CRISPR/Casl3a enables direct amplification-
free detection of RNAs. For example, Tian et al. designed
a tandem CRISPR/Casl3a/Casl2a direct biosensor by
“locked RNA/DNA” probes, and achieved miRNA-21
detection via lateral flow assays (LFA) without ampli-
fication (Fig. 6A) [111]. Liu et al. proposed an amplifi-
cation-free, ultrasensitive IncRNA H19 detection and
quantification technique based on CRISPR/Cas13a com-
bined with plasma enhanced fluorescence immunoas-
say (Fig. 6B) [112]. It is worth noting that short miRNAs
can also be directly detected by Cas13, without requir-
ing polymerase and ligase to convert them into dsDNA
or ssDNA forms. For example, Bruch et al. achieved
simultaneous detection of eight miRNAs by designing
electrochemical microfluidic biosensing with four dif-
ferent chips, which take advantage of the trans-cleavage
capability of CRISPR/Cas13a (Fig. 6C) [113]. Moreover,
Tian et al. reported a supraliminal CRISPR/Casl3a-
based amplification-free microfluidic platform for effi-
cient and sensitive detection of miRNAs with the ability
to absolutely and directly quantify them. In addition, this
method exhibited a sensitivity that exceeds that of the
single-Cas13 assay by over 10,000-fold (Fig. 6D) [114].
On this basis, Bruch et al. designed a low-cost, easy-to-
operate microfluidic device based on CRISPR/Casl3a,
which could be used to detect miRNA-19b in serum sam-
ples from pediatric brain cancer children without nucleic
acid amplification. This innovative method greatly short-
ened the reading time to just 9 min, with the detection
limit as low as 10 pM.

Amplification-free CRISPR for DNA NABCBs detection

CRISPR-based amplification-free DNA NABCBs detec-
tion technologies typically involve designing CRISPR/
Cas complexes to recognize specific cancer-associated
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DNA sequences without pre-amplification of the target
sequences. This approach does not require amplifica-
tion commonly, but involves capturing, enriching, and
identifying DNA, ultimately generating detectable sig-
nal outputs through cleavage or other biochemical reac-
tions. Recently, Shu’s team developed a Cas12a-mediated
unamplified digital DNA assay for cfDNA detection
extracted from plasma, offering a useful diagnostic tool
for patients with nasopharyngeal carcinoma (NPC).
In this platform, double crRNA recognition was intro-
duced to improve the detection accuracy. Notably, the
assay demonstrated a reduced detection time of 60 min,
as opposed to the approximately 90 min required by
traditional qPCR and 120 min by droplet digital PCR
(ddPCR). Furthermore, the method with absolute quan-
titative capabilities has been applied to clinical experi-
ments, and achieving favorable results (Fig. 6E) [115].

Amplification-free CRISPR for Point mutation NABCBs
detection

Amplification-free CRISPR technologies are also been
widely used for the detection of point mutations, such
as through methods like CRISPR-SNP microarrays or
CRISPR-Chip, which typically involve the direct test of
DNA or RNA samples. Chen et al. constructed a system

that by introducing specific nucleotide mismatches as
well as inserting PAM sequences, it was possible to
increase the sensitivity and specificity of the reaction
within 20 min. This system utilized a fluorescence bio-
sensing that combined the kinetic rate of CRISPR/Cas12a
targeting with the base and position characteristics of
SNP associated with cancer variants [116]. Consequently,
it could distinguish wide-type (WT) from mutants
(Fig. 6F) [117].

Conventional CRISPR-assisted biosensing was not
applicable for diagnosing methylation at individual
CpG sites. Dongen et al. designed an in vitro diagnostic
method based on CRISPR/Cas12a. By using methylation-
sensitive restriction endonucleases (MSREs), the diges-
tion of unmethylated fragments was facilitated, which
had an impact on the formation of R-loops between the
crRNA and target strand. Research findings indicated
that factors such as fragment size, fragmentation position
and number of fragments could influence the subsequent
collateral trans-cleavage activity towards single-stranded
DNA (ssDNA), enabling deducting the methylation posi-
tion from the cleavage activity. Based on this, single CpG
site methylation levels of a cancer gene were successfully
determined [118].
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Table 5 A summary of research conducted in the realm of different NABCBs based on CRISPR/Cas biosensing

NABCBs Cancer Amplification Readout Sample Time LOD Ref.
let-7a BC CHA Fluorescence Cell 120min ~ 81.96 fM [132]
miR-21 BC - Fluorescence Serum 55 min 10 fM [68]
miR-17 BC TMSD Fluorescence Serum 1h 182 aM [69]
miR-31 0scC ISAR Colorimetry/Fluorescence  Salivary 90 min 384 aM [133]
miR-17/miR-155/ miR-210  NSCLC - Electrochemistry Serum 36 min 50 aM [125]
miR-27a/ let-7a/miR-141 BC EXPAR Fluorescence Cell lysates/ Serum 60 min 90 aM [121]
miR-21/miR-17/miR-155 cC HCR Fluorescence Cell 60 min 1ftM [157]
miR-17 BC/LC - Electrochemistry Cell extracts/ 70 min 1 fM [74]
Lysates
miR-21 BC RCA Fluorescence Exosomes /Serum 35h 34.7 fM [122]
miR-221 BC/CC LCR Fluorescence Cell 183min 04 aM [124]
miR-141 - - Electrochemistry - 3h 0331 fM [137]
miR-10b NSCLC/LC RCA Fluorescence/Colorimetry  Serum/Cell 120min =~ 1fM [126]
cfDNA-CTNNB1-S37F NPC/ Sepsis - Electrochemistry Interstitial fluid 75 min 1.2 fM [79]
cfDNA-BRCA-1 BC - Fluorescence/Colorimetry ~ Serum 30 min 0.34 fM [145]
cfDNA-BRCA-1 - - Glass nanopore - 1h 1 pM [146]
ctDNA-EGFR L858R NSCLC HCR Electrochemistry Blood/ Serum - 33aM [78]
CctDNA - ESDR Electrochemistry Serum - 0.13 pM [25]
CtDNA-PIK3CA BC - - Blood 40 0.65nM [157]
ctDNA-BRAF V600E THCA - Fluorescence Serum 70 min 037 fM [137]
CtDNA-EGFR T790M NSCLC HCR FRET - - 316 fM [135]
SNP/SNV - - Fluorescence Blood 20 min - [116]
DNA methylation - - Electrochemistry - - 2x107°U/mL - [138]
DNA methylation - RPA - - - 20 fM [139]
SNP/SNV - - Electrochemistry - 25 min 15.7 aM [141]
SNP/SNV - - Colorimetry Serum - 0.01% [158]
SNP/SNV - - Electrochemistry - - 1aM [80]

Isothermal amplification integrated CRISPR for NABCBs
detection

Isothermal amplification technology refers to a nucleic
acid amplification method accomplished at a constant
temperature, thereby simplifying equipment require-
ments and reducing operational complexity. Common
isothermal amplification techniques mainly include
loop-mediated isothermal amplification (LAMP), rolling
circle amplification (RCA), strand displacement ampli-
fication (SDA), recombinase polymerase amplification
(RPA), catalytic hairpin assembly (CHA), hybridization
chain reaction (HCR), exponential amplification reac-
tion (EXPAR) and others (Fig. 7). To further enhance
the detection sensitivity and accuracy, CRISPR has been
combined with isothermal amplification to enhance sig-
nals detection and achieve dual-layer signal amplifica-
tion [119-124]. This integration significantly enhanced
the detection of very low abundance nucleic acid targets,
offering increased specificity and diverse signal outputs
such as fluorescence and colorimetry.

Isothermal amplification integrated CRISPR for RNA
NABCBs detection

The present methods of RNA detection involve the uti-
lization of CRISPR-based biosensing. These methods

primarily entail the direct identification of target RNA
with Cas13a, and subsequently converting the RNA tar-
get into the corresponding ssDNA or dsDNA sequences
through the corresponding amplification or substitution
reactions, which activate the trams-cleavage activity of
the Cas in conjunction with the different signal output
modes to detect the NABCBs.

Although the direct activation of CRISPR/Cas sys-
tem activity by miRNA is still in the innovative research
stage, combined with isothermal amplification technol-
ogy, miRNA signal transduction methods can detect
NABCBs more sensitively and efficiently. Sheng et al.
designed a catalytic hairpin DNA circuit (CHDC) com-
bined with Casl3a to detect six types of RNA related to
NSCLC. miRNA directly activates Cas13a, and then the
intermediate product produced by displacement reaction
is combined with surface thioDNA to form thioDNA/C-
12 complex, thus enhancing the electrochemical cur-
rent between the electrode and redox reporter genes.
This biosensing could reach the detection limit of 60 aM
within 60 min, and exhibit high specificity (95.2%) and
sensitivity (90%) (Fig. 8A) [125]. Zhou et al. developed
a colorimetric biosensing detection system for directly
activating Casl3a from miRNA-10b in serum and cell
extracts. In this process, the cross-cutting substrate was
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Fig. 6 Amplification-free CRISPR methods for NABCBs detection. (A) Tandem CRISPR/Cas13a/Cas12a (tanCRISPR) combined with LFA for miRNA detec-
tion. Reprinted with permission from Ref [111]. Copyright (2022). (B) CRISPR/Cas13a combined with plasma-enhanced fluorescence immunoassay for
ultrasensitive INcRNA H19 detection. Reprinted with permission from Ref [112]. Copyright (2021). (C) Electrochemical microfluidic chips combined with
CRISPR/Cas13a for miRNAs detection. Reprinted with permission from Ref [113]. Copyright (2021). (D) A supraliminal CRISPR/Cas13a-based amplification-
free microfluidic platform for miRNA detection. Reprinted with permission from Ref [114]. Copyright (2021). (E) Micro-droplet digital assay with CRISPR/
Cas12a for ctDNA detection. Reprinted with permission from Ref [115]. Copyright (2023). (F) CRISPR-based biosensing for SNP detection. Reprinted with

permission from Ref [117]. Copyright (2022)

used as the amplification primer to form a G tetrahedron
for color response (Fig. 8B) [126].

In addition, CRISPR combined with isothermal
amplification for RNA NABCBs detection is mostly
accomplished by designing DNA circuits and using sin-
gle-stranded RNA targets as triggers to generate dsSDNA
to complete the amplification cycle process. There are
fewer reports on IncRNA detection. Recently, Chen et
al. proposed a miniature crRNA-mediated CRISPR/
Casl2a system, which realized the specific detection of
IncRNA pacer by designing modular components such as
CHA and HCR (Fig. 8C) [127]. However, there are more
reports on CRISPR combined with isothermal ampli-
fication for miRNA detection. For instance, Long et al.
designed an HCR-based circuit system to initiate Cas12a
and realize signal amplification for sensitive and specific
detection of miRNA-21. The detection range was from 1
fM to 100 nM, and the calculated detection limit was 75.4
aM. This method avoided the high cost of conventional
HCR and has the advantages of easy operation at room
temperature [128]. In addition, other NABCBs detec-
tion platforms combined with isothermal amplification
and CRISPR system are under constant investigation.
For example, RCA is widely used because it requires only
a small amount of cyclic DNA template to synthesize
ultra-long DNA strands with efficient and stable synthe-
sis efficiency. Qiu et al. used Cas9 and RCA for the first
detection of circulating let-7a in non-small cell lung can-
cer patients by colorimetric signal output, and achieve
effective detection of target miRNAs in clinical serum
samples (Fig. 8D) [129]. Huang et al. proposed a fluo-
rescent biosensing based on RCA-amplified Casl3a for
detection of miR-17 in cancer cell extracts, achieving an
ultra-low LOD of 200 aM (Fig. 8E) [130].

In addition, Peng et al. established a lock-Cas12a-based
biosensing and combined it with SDA to detect target
miRNA-21 in breast cancer cells, with a limit of 28.8 aM
[131]. Yang et al. combined the isothermal EXPAR com-
bined with Cas12a to realize the ultra-sensitive detection
of miRNA-27a within 60 min with the double-layer sig-
nal amplification [121]. Chen et al. simplified the detec-
tion process and avoided the risk of cross-contamination
by designing a crRNA-conjugated CHA circuit reaction
and Cas-based end-point assay for one-step detection of
multiple miRNAs under isothermal conditions (Fig. 8F)
[132]. Other multiplexed analysis techniques for miRNA
detection in combination with CRISPR technology are

continuously being discovered and applied. For exam-
ple, Chen et al. reported a sensitive detection of miRNA
31-5p (miR-31) associated with oral squamous cell car-
cinoma (OSCC) based on Casl2a-coupled IS primer
amplification reaction (ISAR), which produced fluores-
cence/colorimetry signals for dual-mode paper-based
strip detection [133].

Isothermal amplification integrated CRISPR for DNA
NABCBs detection

Combining the CRISPR system with isothermal amplifi-
cation technology to detect DNA in cancer samples typi-
cally entails Cas-guided crRNA specifically recognizing
PAM sequences or PFS sequences in dsDNA. The rapid
amplification of specific DNA sequences by temperature
cycling can generate millions copies of target DNA, thus
significantly improving the detection sensitivity.

Usually, Casl2a-based fluorescent biosensing can
detect trace ctDNA fragments due to its high sensitivity
and selectivity. Li et al. developed a dual-signal sensing
strategy combined with HCR. This strategy played an
important role in the clinical diagnosis of cancer with the
detection limit of 5.43 fM (Fig. 9A) [134]. Wu et al. also
designed another fluorescent signaling system (HCR-
FRET assay) with HCR and FRET for the diagnosis of
T790M mutations in ctDNA in NSCLC (Fig. 9B) [135].
The main cause of papillary thyroid carcinoma (PTC) was
the BRAF V600E mutation that leads to instability of the
kinase encoded by this gene, which in turn promotes can-
cerigenesis through the mitogen-activated protein kinase
(MAPK) pathway [136]. Zhang et al. further reported an
amplification strategy combining 3D DNA Walker and
Cas12a for rapid detection of BRAF V600E [137].

Isothermal amplification integrated-CRISPR for point
mutation NABCBs detection

In recent years, advancements have been made in the
field of DNA methylation research, particularly in the
development of fluorescent probes that offer high sensi-
tivity, real-time monitoring, and dynamic tracking capa-
bilities, demonstrating promising applications. On this
basis, Sun et al. reported a fluorescent biosensing that
combining EXPAR and Cas12a (EIC) capable of detecting
DNA methyltransferase as low as 2x10~* U/mL, which
characterized the process of DNA methylation on CpG
islands (Fig. 9C) [138].
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(G) HCR

Moreover, paper-based biosensing has become a new
type of biosensing in cancer diagnosis platform due to its
dry storage characteristics and portability in DNA meth-
ylation detection. Zhou et al. reported a sensitive method
to detect DNA methylation by lateral flow assays (LFA),
and 20 fM methylated DNA could be identified by naked
eyes. In this system, Lambda processing assisted RPA
amplification, and then combined with Casl2a, thus it
could minimize the background signal and realize rapid
large-scale detection [139]. Wang et al. developed a dual
methylation sensitive restriction endonuclease coupled
with an RPA-assisted Casl3a system and integrated it
into a lateral flow biosensing (LFB) for bedside detec-
tion of DNA methylation [140]. In addition, Huang et al.
introduced Cas9 to generate a large number of DNA frag-
ments as primers for EXPAR reaction. This fluorescence

monitoring system exhibited high specificity for sin-
gle base mismatch detection with the LOD of 0.82 aM
[123]. Wu et al. designed a proportional chip biosensing
based on Casl2a, which could detect multiple heteroge-
neous SNPs in mitochondrial DNA simultaneously after
RPA amplification, and it could detect 8 samples within
25 min with the LOD as low as 15.7 aM (Fig. 9D) [141].
Recently, Zhu et al. further proposed a PAM-free Cas12a
biosensing based on toe-dsDNA and improved RPA for
SNP discrimination [142].

Nanomaterials-assisted CRISPR for NABCBs detection

Nanomaterials have demonstrated significant ben-
efits in biomolecular diagnosis applications owing to
their unique physicochemical properties. High specific
surface area and exceptional characteristics of these



Peng et al. Molecular Cancer (2025) 24:78

Page 18 of 28

Isothermal amplification CRISPR for RNA NABCBs detection

A (i) off-chip signal amplification (ii) on-chip RNA measurement (iii) SWV readout

Target RNA N ,/
CRISPR/ICas s \‘ g
system A0 | / i
) CHDC -
\ S -] -
Q xS . )f-Thio-DNA/C-12

=0 \ ]
= 18 ,Thlo-DNei‘J jr
o

Redox reponer/s

RS S
PDMS . ' _”

Incubator - —
SPE — i\
. -0~ =z
s SN P
B & g ~ 'V
s G » 2’, 3'-cycle phosphate
- Activation Pre-primer
miRNA Cas13a/crRNA (37,40 min)
Phosphorylation
PNK
Prlmer
— ~—
9 U’ =oH
/‘\\ Polymarization QOH Hybridization S
(60°C,60 min)  Padlock
(37°C,10 min)
H,0; ABTS ! i
. o ®0000
Hemin (c-w-ﬁz \‘\ (';' \&é . ) J :
st BN TS 00
)% \ / . ) J
b ABTS> |
2

Tandem HRP mimicking DNAzyme miRNA concentration

Precursor of
crRNA 3
o =
v 9_% anwﬁrL-u
Target2 CHA-H1/2" CHA-H1 1
DNAactivalor s—y arget

Target 1 £ ™

D

split-HRP-N  gpjit-HRP-C

.
miRNA
— — — 1
dCas9 H
Dumb-bell
probe Colorimetric
Readout
: E O Liciati Primer 1
L =IAVaN 9 ()mr ()
: —_—> EE—
: . I =Y R RS
miRNA Hybridization
Strand
: extension
: ssRNA -
HEVANIN T7 transcription _\q\_» Primer 2
A B E— T —

o—

Inactive Cas13a * %mr .
= E—
Recognition
Reporter probe

Active Cas13a Collateral cleavage

SplintR ligase

Padlock probe Primer 1 Primer 2 Reporter probe
* R_

T7 RNA polymerase Bst DNA polymerase LbuCas13a crRNA
F ( o o o s 4 TN
. o .
: trans-cleavage «
: ! & Activator
: X i
E a b - ‘\
: M e

Processed by,
Reporter Y !

Wavelenth (nm)

without target RNA ga

v 5 3
(g j RNA 9‘ ——— [HCR) 8
» e HCR-H1/2/3/4 / .

< a .,,{;IJQ/ .
b =

a* b
n

a

¢ d
. miRNA /4
o AT Ef A~ lio | \ a &
i THEHHHHHE £l ne-step \ b o b
withtarget RNA | - i B \ New mmmm,  Castza
g & avalaniti (nm) detection I o

Fig. 8 Isothermal amplification CRISPR biosensing for RNA NABCBs detection. (A) A catalytic hairpin DNA circuit (CHDC) combined with Cas13a for six
types of NSCLC related RNA detection. Reprinted with permission from Ref [125]. Copyright (2021). (B) A homogeneous Cas13a-based visual detection
system (termed vCas) for specific and sensitive miRNA detection. Reprinted with permission from Ref [126]. Copyright (2021). (C) A miniature crRNA-
mediated Cas12a system by designing CHA and HCR to specifically recognition IncRNA. Reprinted with permission from Ref [127]. Copyright (2024). (D)
A hyper-branching rolling circle amplified Cas13a biosensing for miRNAs detection. Reprinted with permission from Ref [129]. Copyright (2018). (E) A
fluorescent biosensing based on RCA-amplified Cas13a for miR-17 detection. Reprinted with permission from Ref [130]. Copyright (2020). (F) A crRNA-
conjugated CHA circuit was designed for one-step detection of multiple miRNAs. Reprinted with permission from Ref [132]. Copyright (2022)

multifunctional nanomaterials have the potential to sig-
nificantly improve the detection performance of CRISPR/
Cas-based molecular biosensing.

multi-walled carbon nanotubes (AuNCs/MWCNT-NH,)
to detect IncRNA MALAT1 in NSCLC [67]. The unique
structural features of this electrode, including internal
hollow and porous walls, a large surface area, superior

Nanomaterials-assisted CRISPR for RNA NABCBs detection electrical conductivity, and excellent biocompatibility,

Although there are limited reports on the application of
CRISPR-assisted nanotechnology for IncRNA detection,
Chen et al. utilized a screen-printed carbon electrode
(SPCE) decorated with gold nanocages and amidated

made it an innovative material in the realm of biosens-
ing. Additionally, Broto et al. demonstrated that catalytic
metal nanoparticles could detect IncRNA from acute
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myocardial infarction patients with Casl3a-mediated
biosensing [76].

Presently, the AuNPg-based nanobeacon combined the
advantages of magnetic beads (MBs) and the excellent
performance of AuNPs in efficient fluorescence quench-
ing. It could significantly shorten the detection time to
5 min and was able to detect target miRNAs as low as 10
fM (Fig. 10A) [68]. In this, Jay et al. utilized magnetic-gold
nanoparticle (MGNPs) composite as signal probe for dark
field imaging, which could observe miRNAs of five kinds
of BC cells within 30 min [143]. Similarly, Yang et al. also
developed a novel detection system using toehold-medi-
ated strand displacement (TMSD) and quantum dots-
DNA (QDs-DNA) hydrogel combined with Casl3a for
the detection of miRNA in different cell systems. In this
platform, the self-assembled QDs-DNA hydrogel has effi-
cient and controllable optical properties, which could be
used as a highly sensitive signal amplification element to

effectively quench QDs (Fig. 10B) [69]. Zhao et al. devel-
oped a sensitive POCT miRNA detection method based
on QDs fluorescent microspheres LFA, which utilized the
high fluorescence signal of SiO,@DQD (Fig. 10C) [71].
In addition, nanosheets as reaction vessels or signal gen-
erators can greatly improve the catalytic efficiency of the
reaction and enhance the sensitivity of the detection. For
example, Peng et al. used MoS, nanosheets as a signifi-
cant fluorescence quenching agent to construct reporter,
and it was coupled with Casl2a to detect miRNA-499
(Fig. 10D) [70]. Miao et al. combined TC nanosheets with
Zn,;Cd, S (ZCS) and Casl3a to construct a dual-mode
biosensing platform to detect miRNA-21 [72]. Wang et
al. prepared a new photoelectrochemical (PEC) biosens-
ing for miRNA-21 detection. The heterojunction S-BN/
CN nanosheets were prepared by compounding 2D
g-C;N,, and it could provide binding sites for methylene
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blue (MB)-labeled hairpin DNA (MB-HP) signal probes
and AuNPs [73].

Currently, metal nanomaterials have excellent electro-
chemical properties and have been widely used for elec-
trochemical signal amplification and catalysts. Based on
this, Zhou et al. adopted [Ru(phen)2dppz]** as an optical
signaling switch to detect miRNA-17 based on Casl3a-
powered electrogenerated chemiluminescence chip
(PECL-CRSPR), with a detection limit as low as 1 fM
(74]. Li et al. synthesized Fe;O,@PtPd/Ru(bpy);*" mag-
netic nano-luminescent materials and combined them
with Casl3a and Zn**-dependent DNAzyme to design
a novel magnetic ECL biosensing miRNA-21 detection,
and the detection limit was reduced to 0.41 fM (Fig. 10E)
[75]. Broto et al. used the bimetallic nanoenzyme (Pt@
Au) composed of platinum and gold with high catalytic
activity as the signal catalyst for RNA reporter cleavage.
This experiment allowed quantitative and colorimetric
detection of Casl13 mediated miRNA-223 and IncRNA-
LIPCAR by through catalytic metal nanoparticles at
room temperature [76]. Similarly, Luo et al. adopted Pt@
Au as signal reporter for visual and colorimetric detec-
tion of Hepatocellular carcinoma (HCC)-related miRNAs
[144]. Besides, the high specific surface area and adjust-
able electrical properties of graphene oxide make it an
ideal material for constructing high-performance bio-
sensing. Qing et al. designed a reduced graphene oxide-
modified electrode (rGO/GCE)-based biosensing that
combined RCA with Casl2a, providing a powerful tool
for clinical diagnosis of cancers (Fig. 10F) [77].

Nanomaterials-assisted CRISPR for DNA NABCBs detection

Currently, the predominant techniques for cfDNA detec-
tion utilizing CRISPR primarily rely on fluorescence
readouts, and the nanomaterials have been explored
to enhance the fluorescence signals in these assays. For
instance, Choi et al. designed a Casl2a-based metal-
enhanced fluorescence (MEF) nucleic acid amplification
biosensing for gene 1 (BRCF-1) detection in cfDNA from
breast cancer patients, and the fluorescence color emitted
by Cas12a upon cleaving FITC-AuNP-conjugated ssDNA
shifted from violet to reddish purple (Fig. 11A) [145]. In
addition, electrochemical biosensing based on nanoma-
terials played an increasingly important role in cfDNA
detection. Yang et al. proposed a Cas9-based micronee-
dle patch for trace cfDNA real-time detection. The elec-
trochemical properties of graphene generated a stable
and efficient electrical signal output, enabling diagnosis
of Epstein-Barr virus (EBV), sepsis, and cfDNA in kidney
transplantation (Fig. 11B) [79]. Furthermore, Wang et al.
also developed a lead ion utilizing glass nanopores with
Casl12a-bound DNA double-stranded blocks to complete
the electrical signal output [146].
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In recent years, some breakthroughs have also been
made in the detection of ctDNA by electrochemical bio-
sensing, and the nanomaterials have been extensively
employed due to their exceptional electrocatalytic activ-
ity and stable chemical properties [147, 148]. Metal nano-
materials such as gold (Au), silver (Ag), platinum (Pt),
silica, graphene, etc., have found wide applications in this
regard [149]. Chen et al. innovatively designed a three-
dimensional GR/Au Pt Pd nanoscale low biosensing
platform for the detection of ctDNA. This method com-
bined the advantages of site-specific cleavage of Cas9/
sgRNA and the rapid amplification kinetics of entropy-
driven strand displacement reaction (ESDR) (Fig. 11C)
[67]. Similarly, Liu et al. designed a novel MB/Fe;0,@
COEF/PD-AU nanocomposite incorporating Casl2a for
the detection of ctDNA epidermal growth factor recep-
tor L858R mutation in non-small cell lung cancer. The
nanomaterials were made of covalent organic skeletons
(COFs) with a porous structure, which could produce
high chemical stability through covalent bonding [150]
and identify mutant targets using MB (Fig. 11D) [78].
Zhang et al. used CuCo-ONSs@AuNPs as an ultra-sen-
sitive electrochemical signal and created a bimodal bio-
sensing for EGFR L858R mutation in NSCLC patients
[151]. In addition, Uygun et al. used inactivated Cas9
(dCas9) and sgRNA-modified graphene oxide screen-
printed electrodes (GPHOXE) for label-free detection of
ctDNA and cancer-associated mutations (PIK3CA exon 9
mutations) [152]. Moreover, other nanomaterials as car-
riers of electrical signal conversion, such as UiO-66-NH,
[153], gold nanosphere-like covalent organic frame-
work (COFs-AuNPs) [154], complexes of gold and iron
nanoparticles (AuNPs and FeNPs) were also used to diag-
nose ctDNA [155].

Nanomaterials-assisted CRISPR for Point mutation NABCBs
detection

In the realm of SNP detection, nanomaterials like gra-
phene are frequently employed due to its notable char-
acteristics such as high specific surface area and excellent
electrical conductivity. Balderston et al. reported a
biosensing using graphene monolayer effector transis-
tors, which could discriminate target genes with single
nucleotide differences between wild-type and homozy-
gous mutant types within 1 h by rapidly screening com-
plexes of sgRNA and Cas9 [156]. In addition, Weng et
al. reported an electrochemical biosensing based on a
Casl2a-mediated graphene field effect transistor (gFET)
array to detect SNPs in DNA without amplification,
which has ultra-high sensitivity with the LOD of 1 aM
(Fig. 11E) [80].
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Fig. 11 Nanoparticle-assisted CRISPR for DNA/point mutation NABCBs detection. (A) Cas12a-based metal-enhanced fluorescence (MEF) nucleic acid
amplification biosensing for cfDNA detection. Reprinted with permission from Ref [145]. Copyright (2021). (B) Cas9-based microneedle patch for cfDNA
real-time detection. Reprinted with permission from Ref [79]. Copyright (2022). (C) A novel 3D GR/Au Pt Pd nanoflower biosensing based on Cas9-trig-
gered entropy-driven strand displacement reaction (ESDR) for ctDNA detection. Reprinted with permission from Ref [150]. Copyright (2021). (D) A novel
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Challenges and prospects

The ongoing advancements in genomics have led to the
identification of an increasing number of potential NAB-
CBs, offering cancer patients a wider array of choices
for early detection and tailored treatment. Known for
the efficiency of CRISPR in molecular diagnosis and the
unique advantages of nanotechnology in sample extrac-
tion/separation/detection, the CRISPR-based nano-bio-
sensing has been increasingly utilized for trace NABCBs
testing. These systems leverage the specific recognition

and efficient signal amplification and by developing a
series of innovative diagnostic tools to achieve integrated
miniaturization and POCT detection. Although these
technologies show great potential in early screening and
monitoring of cancer, they still encounter some signifi-
cant obstacles: (1) The intricate nature of multi-target
detection and body fluid samples. How to effectively
remove background interference, accurately capture
trace NABCBs and ensure experimental specificity is a
technical problem. (2) There is still a lack of standardized
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Fig. 12 Challenges and prospects of NABCBs detection based on CRISPR-based nano-biosensing

detection methods for NABCBs. In addition, in practical
clinical application, there is also a lack of relevant guide-
lines for some NABCBs. (3) It is necessary to achieve the
breakthrough of commercial products and realize the
demand for timely diagnosis and continuous monitoring.
It involves the interdisciplinary challenge of designing a
more sensitive, portable, user-friendly and integrated
biosensing. (4) Currently, some nanomaterials also
exhibit some shortcomings, such as low activity/stability,
poor dispersion/uniformity and potential environmental
toxicity.

Based on the above existing challenges, we aim to pro-
vide some recommendations to solve the above prob-
lems: (1) Exploring more emerging biosensing based on
novel programmable nuclease, nanoplatforms to enhance
the multi-detection capability. Optimizing sample pre-
treatment steps, such as employing specific enrichment
technology or high throughput screening methods to
remove background interference. Developing a more
designed algorithm of specific CRISPR guide RNA
(gRNA) to reduce nonspecific binding. (2) Developing a
more personalized detection plan by integrating genet-
ics, epigenetics, and other omics data to achieve precise
medical diagnostics. With the continuous development
of molecular diagnostic technology, it is expected to
establish cancer biomarker identification standards and
improve relevant guidelines in the future. (3) Integrating

immunological biosensing, biochip or nanopore sequenc-
ing and artificial intelligence-assisted image analysis into
portable devices. This integration aims to promote con-
tinuous and real-time detection, simplify the detection
process, create portable and cost-effective equipment,
thus transforming molecules diagnosis and promoting
commercialization. (4) Enhancing dispersion, biocompat-
ibility and other properties by various physicochemical
methods, such as coating additional surfaces layers, dop-
ing element lattices, changing electrical/optical/magnetic
properties, or modulating mechanical strength/perme-
ability/catalytic activity. In addition, adopting microbial/
plant and more green synthesis methods to reduce the
potential toxicity of nanomaterials (Fig. 12).

Conclusion

In this paper, a comprehensive overview of the devel-
opmental process, various types, vital carcinogenic
mechanisms and commercialized products of NABCBs
are described in details. It delves into the specific func-
tions of CRISPR/Cas toolbox and properties of diverse
nanomaterials. Furthermore, the application of different
NABCBs biosensing based on CRISPR and nanotech-
nology is further investigated. CRISPR-based platforms
combined with isothermal amplification and nanomate-
rials exhibit high sensitivity and selectivity, rendering it
extensively used in various domains such as biological
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analysis and disease diagnosis. There are still some per-
sisting challenges in NABCBs detection, including the
cross-interference/high background signal of multiplex
detection, the lack of standardized methods/relevant
guidelines of NABCBs, the urgent breakthrough of com-
mercial products, and the long-standing drawbacks of
nanomaterials. But we expect that these dilemmas can
be addressed by exploring emerging biosensing, opti-
mizing sample pretreatment steps, developing person-
alized strategies, integrating portable devices, adopting
physicochemical modification/green synthesis methods.
Looking ahead, with the ongoing promotion and optimi-
zation of CRISPR-based nano-biosensing, more potent
programmable nuclease, ideal nanomaterials, cost-effec-
tive/portable devices, clinical products and non-nucleic
acid targets detection platforms will be developed [159].
We firmly believe that this undoubtedly will provide a
brighter future for cancer diagnosis, early diseases detec-
tion, and human life and health.
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