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Detecting small molecules is pivotal across fields like clinical diagnostics,
environmental monitoring, and food safety. The CRISPR-Casl2a system,
known for its simplicity and sensitivity, offers a promising basis for small
molecule detection. However, current CRISPR-based detection methods face
challenges, including complex design requirements, high background noise,
and limited adaptability to different targets. In our study, we introduce the
SBS-Cas system, leveraging a split crRNA mode to induce spatial hindrance on
the scaffold strand through molecular binding. This approach prevents the
assembly with Casl2a, effectively masking its trans-cleavage activity. By
introducing small molecules that competitively bind to the macromolecule,
we eliminate this spatial hindrance, activating Cas12a. Our results demonstrate
high sensitivity, versatility, and adaptability in small molecule detection across
multiple reactions, with successful intracellular imaging and responsive fluc-
tuations in complex environments underscoring the system’s robustness. This
innovative CRISPR-Casl12a-based approach establishes a low-background,
highly sensitive platform for small molecule detection. SBS-Cas promises not
only to enhance tools for clinical, environmental, and food safety applications
but also to advance CRISPR research, providing insights and expanding pos-
sibilities in molecular detection science.

M Check for updates

Small molecules are typically defined as compounds with a molecular
weight of less than 1000 Daltons and relatively simple structures™.
Small molecules present within the human body and its interacting
environments have a profound impact on human health and envir-
onmental sustainability>*. Abnormal changes in small molecules
within the bloodstream, such as glucose, cholesterol, and hormones,
are often linked to the onset or progression of various diseases’”.
Furthermore, the spatial distribution and concentration dynamics of

drug metabolites serve as critical indicators of therapeutic efficacy®’.
In the environment, small molecules such as heavy metals in air and
soil pose substantial risks to ecological systems and public health,
causing potentially irreversible damage'®". In the realm of food
safety, residual pesticides and toxins generated from spoilage
represent serious health hazards, with the potential to lead to life-
threatening outcomes'>", Consequently, the detection and analysis
of small molecules hold significant importance across diverse fields,

Department of laboratory medicine, Tongji hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430030, China.

?Institute of Reproductive Health, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430030, China. 3School of Life Science
and Technology, Wuhan Polytechnic University, Wuhan 430023, China. “Department of Obstetrics and Gynecology, Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan 430022, China. ’Department of Biomedical Sciences and Tung Biomedical Sciences Centre, City
University of Hong Kong, Hong Kong, China. 6These authors contributed equally: Hao Hu, Songcheng Guo, Yiyuan Li. " e-mail: lilongjie@whpu.edu.cn;
xzhou74@cityu.edu.hk; Chengliming2002@163.com; xiaoxianjin@hust.edu.cn

Nature Communications | (2025)16:5035 1


http://orcid.org/0000-0001-9419-9636
http://orcid.org/0000-0001-9419-9636
http://orcid.org/0000-0001-9419-9636
http://orcid.org/0000-0001-9419-9636
http://orcid.org/0000-0001-9419-9636
http://orcid.org/0009-0003-3545-1629
http://orcid.org/0009-0003-3545-1629
http://orcid.org/0009-0003-3545-1629
http://orcid.org/0009-0003-3545-1629
http://orcid.org/0009-0003-3545-1629
http://orcid.org/0000-0003-0455-1080
http://orcid.org/0000-0003-0455-1080
http://orcid.org/0000-0003-0455-1080
http://orcid.org/0000-0003-0455-1080
http://orcid.org/0000-0003-0455-1080
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-60265-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-60265-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-60265-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-60265-8&domain=pdf
mailto:lilongjie@whpu.edu.cn
mailto:xzhou74@cityu.edu.hk
mailto:Chengliming2002@163.com
mailto:xiaoxianjin@hust.edu.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60265-8

including clinical diagnostics, environmental monitoring, and food
safety.

Traditional methods for detecting small molecules, such as
Gas Chromatography-Mass Spectrometry (GC-MS) and capillary
electrophoresis (CE), are both highly sensitive and specific**".
However, these techniques require sophisticated instrumentation
and expert handling, making them costly and less accessible™.
Additionally, they are susceptible to interference from biological
matrices, which can lead to inaccuracies in measurements.
Enzyme-Linked Immunosorbent Assay (ELISA) offers relatively
simpler operation, but its sensitivity is often limited due to a lack
of signal amplification”. Electrochemical methods provide both
sensitivity and operational simplicity, yet their electrode stability
and detection selectivity can be significantly affected by envir-
onmental factors such as temperature and pH'®. Consequently,
these methods are challenging to apply effectively for detecting
small molecules in complex samples. Fluorescence-based detec-
tion has garnered significant attention from researchers due to its
simplicity, stability, cost-effectiveness, and high sensitivity.
Fluorescent biosensors employ aptamers or other molecular
recognition elements to detect small molecules, often in combi-
nation with amplification techniques such as Loop-Mediated Iso-
thermal Amplification (LAMP), Exponential Amplification
Reaction (EXPAR), Rolling Circle Amplification (RCA), and Hybri-
dization Chain Reaction (HCR)” *%. Additionally, the integration
of enzymes like restriction endonucleases and Exonuclease Il
further enhances fluorescence signal amplification, thereby
improving detection sensitivity”>. However, the design and
synthesis of these DNA reaction networks are complex and costly,
increasing the overall system complexity and limiting broader
application. Furthermore, these reactions typically require large
amounts of primers or templates, which may lead to non-specific
amplification, causing high background signals and compromis-
ing sensitivity.

Recently, biosensors based on Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)-Casl2a system have received
significant attention. Cas12a complexes a CRISPR RNA (crRNA) to form
a ribonucleoprotein complex (RNP)*. The system utilizes crRNA to
specifically recognize target DNA, generating a fluorescent signal
through the trans-cleavage activity of Cas12a®. With the simplicity, the
flexible programmability, and the powerful signal amplification pro-
vided by trans-cleavage activity, the Casl2a system has pioneered a
revolutionary advancement in the field of molecular detection. Nota-
bly, since the Casl2a system directly responds to DNA, the transduc-
tion of recognition signals has become one of the most critical areas of
research for non-nucleic acid target detection. Currently, there are
three primary interfaces for signal transduction in CRISPR-Casl2a-
based small molecule detection: allosteric transcription factors (aTF),
antibodies, and aptamers. In aTF-mediated small molecule detection
methods, double-stranded DNA (dsDNA) containing a PAM sequence
is masked by aTF, blocking crRNA recognition. Upon binding with the
target small molecule, aTF undergoes a conformational change,
releasing dsDNA and subsequently activating Cas12a**. However, this
approach requires the construction of a fusion protein between aTF
and a cellulose-binding domain, which is then immobilized on micro-
crystalline cellulose. Zhu et al. developed a approach for small mole-
cule detection based on competitive binding between antigens and
antibodies”. In this article, the antigen is modified on the spacer
sequence, which necessitates optimization of its positioning. More-
over, the design can not fully inhibit crRNA-DNA interactions, leading
to relatively high background signals. Signal recognition and trans-
duction based on aptamers are among the most widely used
methods?®, In these schemes, the aptamer initially binds to a com-
plementary DNA segment. In the presence of a target small molecule,
the aptamer undergoes a conformational shift, exposing a sequence

that binds to crRNA. Unfortunately, due to the influence of “breathing
effect” and the higher affinity of RNA, this approach also suffers from
issues of elevated background noise™. It is especially noteworthy that
the inherent characteristics of small molecules—such as their limited
surface area, lack of structural diversity, poor immunogenicity, and
scarcity of epitopes—pose significant challenges for developing
aptamer-based transduction interfaces®. In summary, while the sim-
plicity and sensitivity of the CRISPR-Cas12a system present a feasible
foundation for constructing small molecule detection schemes, issues
including complex design, high background noise, and limited target
adaptability remain critical challenges that need to be addressed.

Herein, we introduce an ultra-sensitive and universal small mole-
cule activation and detection strategy, the spatially blocked split
CRISPR-Casl2a system (SBS-Cas). Previous studies have shown that
splitting crRNA into scaffold and spacer segments reains the functional
properties of full-length crRNA*. In our research, we observe that
modifying the 3’ end of the scaffold strand with a small molecule does
not interfere with the activation of Casl2a’s trans-cleavage activity.
However, when a macromolecule binds to the modified small mole-
cule, spatial hindrance from the macromolecule hinders the assembly
of the scaffold with Cas12a, thereby fully suppressing Casl2a activity.
Building on this, we introduce the target small molecule to competi-
tively bind with the macromolecule, thereby alleviating spatial hin-
drance and generating a detectable signal. Our interface system offers
three distinct advantages over existing approaches: 1. Simplified
design: the system requires no complex protein constructs, and the
small molecule modification is confined to the 3’ end of the scaffold,
eliminating the need for repeated optimization. 2. Low background
signal: The spatial hindrance introduced by the macromolecule
effectively blocks the assembly of the scaffold with Casl2a, funda-
mentally suppressing trans-cleavage activity and reducing background
noise. 3. Expanded target range: the approach enables the quantitative
detection of small molecules through the introduction of molecular
interactions and competitive displacement. Not only does it maintain
compatibility with certain existing transduction systems, but it also
broadens the range of target molecules significantly through various
binding reactions. We validate the feasibility and scalability of SBS-Cas
for quantitative small molecule detection across several molecular
binding modes, including antigen-antibody interactions. By optimiz-
ing the detection system and leveraging the low-background advan-
tage, we achieve an impressive detection limit for small molecules
(10 nM for biotin, 1nM for méA, 20 pM for GSH). In addition, we suc-
cessfully perform imaging of reduced glutathione within live cells,
demonstrating the capability for real-time detection of intracellular
molecule of SBS-Cas. Furthermore, we apply the Int DNA-extended
scaffold strategy to conjugate small molecules onto the extended
DNA, reducing the modification complexity while expanding the range
of detectable small molecules. In summary, by introducing the phe-
nomenon of spatial hindrance-mediated masking of Casl2a activity
within a split crRNA mode, we develop a simplified, and low-
background approach for small molecule detection. We believe this
strategy not only provides an innovative tool for clinical diagnostics,
environmental monitoring, and food safety but also enhances our
understanding of the CRISPR-Cas12a system.

Results

Principles of SBS-Cas-mediated small molecule detection
Previous studies indicate that dividing the CRISPR-Casl2a crRNA into
scaffold and spacer segments preserves its full functionality. Upon
hybridization of the spacer strand with a complementary single- or
double-stranded DNA within the system, Casl2a’s trans-cleavage
activity is activated. On the other hand, the interaction of the scaf-
fold—forming a pseudoknot structure—with the WED, RuvC, and REC2
domains of Casl2a is essential for its activity**. Building on this foun-
dation, we propose a approach: modifying the 3’ end of the scaffold
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Fig. 1| The scheme of spatially blocked split CRISPR-Cas12a system. [Created in
BioRender. Hu, H. (2025) https://BioRender.com/gzhemn8]. A Modification of
small molecules at the 3’ end of scaffold does not affect the trans-cleavage activity
of Casl2a. B Macromolecules inhibit scaffold assembly with Cas12a through

molecular binding reaction. C Competitive binding of small molecules to be tested
to Macromolecules promote scaffold and Casl2a assembly. D Macromolecule and
small molecule types of the SBS-Cas system.

with the target small molecule and introducing a macromolecule that
binds to it. The modification of small molecule does not interfere with
the activation of Casl2a’s trans-cleavage activity (Fig. 1A). This mac-
romolecule induces spatial hindrance, disrupting the scaffold’s struc-
tural alignment with Cas12a domains. As a result, the Casl2a system is
unable to assemble into the active ribonucleoprotein complex, effec-
tively masking its trans-cleavage activity and suppressing background
signal generation (Fig. 1B). Furthermore, in the presence of free target
molecules within the system, these molecules competitively bind to
the macromolecule. The competitive binding removes the masking
effect, thereby restoring the trans-cleavage activity of Casl2a, which
generates a fluorescence signal (Fig. 1C). In summary, this design
leverages molecular interactions to recognize small molecules and
subsequently transduces the small molecule signal into a fluorescent
output by releasing Casl2a inhibition through competitive binding.
Overall, the rate of fluorescence signal increase would correlate

positively with the concentration of the added small molecule, allow-
ing for the establishment of a quantitative assay based on this rela-
tionship. Notably, this design benefits from 3’ end modification, which
simplifies modification requirements and eliminates the need to
optimize the modification site. More importantly, the molecular
binding interaction is not limited to antigen-antibody interactions but
can also involve various conjugation reactions, such as click chemistry,
significantly broadening the range of detectable small molecules
(Fig. 1D). We believe that SBS-Cas offers a straightforward and sensitive
approach for the recognition and quantification of diverse small
molecules.

Validation of SBS-Cas feasibility by detection of acrylamide

To verify the feasibility of our approach, we employed SBS-Cas to
detect acrylamide, a small molecule byproduct formed during the
Maillard reaction in food, known for its neurotoxic and reproductive
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Fig. 2 | SBS-Cas detection of acrylamide based on radical addition reaction.

A Schematic representation of spatial hindrance introduced by DNA barrier-SH
strand binding to scaffold-acryl via radical addition reaction. [Created in BioR-
ender. Hu, H. (2025) https://BioRender.com/gzhemn8]. B Fluorescence curves of
the Casl2a system of scaffold in the presence and absence of DNA barrier-SH.
Fluorescence curves of the Cas12a system of scaffold-acryl, scaffold-acryl with DNA
barrier-SH, scaffold-acryl with DNA barrier-SH and acrymide. The final concentra-
tions of the system were Casl2a, 20 nM; scaffold, scaffold-acryl and spacer, 20 nM;
DNA barrier-SH, 40 nM; activator dsDNA, 60 nM; acrymide, 200 nM; ssDNA
reporter, 100 nM (labeled with FAM and BHQ-1). Cas12a: scaffold/scaffold-acryl/
spacer: DNA barrier-SH=1: 1: 2. There was no dosage relationship between the
other components. Reaction condition: 37 °C, 50 pL, 50 mM NacCl, 10 mM Tris-HClI,
14 mM MgCl,, 100 pg/ml recombinant albumin. The competitive binding incuba-
tion time was 60 min (including 5 min of ultraviolet irradiation). C Rise in fluores-
cence of SBS-Cas after addition of different concentrations of acrylamide. The final

Markers

concentrations of added acrylamide were O nM, 5nM, 10 nM, 20 nM, 50 nM, and
200 nM. The concentrations of the other components and the reaction conditions
were the same as those in B. D PAGE analysis of the feasibility of SBS-Cas. The
cleavage reaction was carried out in a 15 pL system at 37 °C. The concentrations of
each component were as follows: substrate strand, 0.5 uM; Casl2a/scaffold/ scaf-
fold-acryl/spacer, 0.2 pM; activator dsDNA, 0.6 uM; DNA barrier-SH, 0.4 pM; acry-
lamide, 2 pM. Lanes 1-11 from left to right: Lane 1: substrate strand, a 150nt-ssDNA
was used as the substrate to visualize the results; Lane 2: scaffold; Lane 3: scaffold-
acryl; Lane 4: spacer; Lane 5: DNA barrier-SH; Lane 6: activator dsDNA; Lane
7:Cas12a + scaffold + dsDNA + spacer + substrate; Lane 8: Cas12a + scaffold + dsDNA
+ spacer + substrate + DNA barrier-SH; Lane 9: Casl2a + scaffold-acryl + dsDNA +
spacer + substrate; Lane 10: Casl2a + scaffold-acryl + dsDNA + spacer + substrate +
DNA barrier-SH; Lane 11: Cas12a + scaffold-acryl + dsDNA + spacer + substrate + DNA
barrier-SH + acrylamide. The experiment was independently repeated three times
with similar results. Source data are provided as a Source Data file.

toxicity effects®. We first synthesized a 20-nt RNA sequence to serve as
the spacer and utilized a single-stranded DNA fluorescent probe
labeled with the fluorophore FAM and quencher BHQI at each end as
the reporter (Supplementary Table 1). Furthermore, we synthesized
both the scaffold strand and the scaffold-acryl strand, with the latter
modified at the 3’ end with acrylamide (Supplementary Table 1).
Additionally, we synthesized another 20-nucleotide DNA strand with
sulfhydryl groups (-SH) at its 5" end, referred to as DNA barrier-SH
(Supplementary Table 1). Under conditions with a photoinitiator and
UV light, sulfhydryl groups are capable of adding across the double
bonds of acrylamide®. The DNA barrier-SH was conjugated to scaffold-
acryl, thereby preventing its assembly with Casl12a (Fig. 2A). We first
compared the effects of scaffold and scaffold-acryl on trans-cleavage
activity with and without the addition of DNA barrier-SH. As shown in
Fig. 2B, fluorescence increased in the absence of the barrier strand,
demonstrating the validity of the split crRNA mode and confirming
that small molecule modification alone does not inhibit Cas12a activity.
Upon adding DNA barrier-SH, fluorescence in the scaffold-acryl group
showed minimal increase, while the trans-cleavage activity of the
scaffold group remained unaffected. This outcome demonstrates the
feasibility of the spatial hindrance-mediated masking strategy for
CRISPR-Cas12a. Next, we introduced free acrylamide into the system to
incubate with scaffold-acryl and the barrier strand. Results showed
that acrylamide competitively bound with the barrier strand, thereby
removing its inhibitory effect (Fig. 2B). Additionally, the rate of fluor-
escence increase was concentration-dependent (Fig. 2C), providing a
basis for the quantitative determination of small molecule con-
centrations. This part of the experiment was used to demonstrate
whether the principle is feasible and whether the reaction results
correlate with the concentration of the substance to be measured.

Conditions such as incubation time and DNA barrier-SH were not
optimised. In addition to the fluorescence experiments, we conducted
polyacrylamide gel electrophoresis (PAGE) to further validate the
feasibility of our proposed SBS-Cas (Fig. 2D). In Lane 1, a 150-nt single-
stranded DNA (ssDNA) was introduced as the substrate to visualize the
trans-cleavage activity. We believe that the primary band appearing
around 300 bp is likely due to intermolecular interactions between
long single-stranded nucleic acids, leading to the formation of higher-
order structures. Additionally, the heterogeneous nature of these
aggregated products may have contributed to the observed signs of
tailing and diffusion. As shown in lane 10, when scaffold-acryl was
bound to DNA barrier-SH, the long single-stranded substrate remained
uncleaved. However, upon the addition of acrylamide, trans-cleavage
activity was activated, resulting in substrate degradation. Notably,
since both the spacer strand and DNA barrier-SH are short single
strands lacking secondary structure (Supplementary Figs. 1 and 2),
they were not visible under nucleic acid staining (Iane 4 and lane 5). It
should be noted that we observed high-molecular-weight bands in
lanes 7, 8, 9, and 11. We hypothesize that interactions between various
DNA and RNA molecules may have led to the formation of stable
double-stranded structures that could not be cleaved by Casl2a. As for
lane 10, we believe that the scaffold-acryl and DNA barrier-SH inter-
action prevented assembly of Casl2a and scaffold strand. The com-
bined scaffold-acryl and DNA barrier-SH remained free in solution,
further intensifying the formation of double-stranded structures of
varying lengths, which likely led to the observed band shift.

Detection of biotin using biotin-streptavidin binding properties
Biotin, or vitamin B7, plays essential roles in metabolic processes,
especially in fatty acid synthesis, amino acid metabolism, and glucose
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production®. The binding interaction between biotin and streptavidin
(SA) is one of the strongest non-covalent interactions found in
nature®®. In this section, we combined the SBS-Cas design with the
biotin-SA binding mechanism to develop a quantitative detection
system for biotin (Fig. 3A). Based on this approach, we synthesized
scaffold-biotin, which features biotin attached to its 3" end. We first
evaluated the functionality of scaffold-biotin and its interaction with
SA. Scaffold-biotin was incubated with varying concentrations of SA

Fluorescence rising rate

(0%, 0.25x%, 0.5x%, 1%, 2%, and 4x). As shown in Fig. 3B, in the absence of
streptavidin binding, scaffold-biotin could assemble with Casl2a,
activating trans-cleavage activity and generating fluorescence. With
increasing SA concentrations, the fluorescence signal was progres-
sively suppressed, demonstrating that SA effectively inhibits Casl2a by
binding non-covalently to biotin on the scaffold. This inhibitory effect
reached saturation at an SA concentration of 1x (Supplementary Fig. 3).
Building on this, we introduced free biotin to competitively remove
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Fig. 3 | SBS-Cas detection of biotin based on biotin-SA binding. A Schematic
representation of spatial hindrance introduced by streptavidin binding to scaffold-
biotin via biotin-SA binding. [Created in BioRender. Hu, H. (2025) https://
BioRender.com/gzhemn8]. B Fluorescence curves after adding different con-
centrations of SA to the system. The final concentrations of the system were Casl2a,
20 nM; scaffold, scaffold-biotin and spacer, 20 nM; activator dsDNA, 60 nM; ssDNA
reporter, 100 nM. Reaction condition: 37 °C, 50 pL, 50 mM NaCl, 10 mM Tris-HCI,
14 mM MgCI2, 100 pg/ml recombinant albumin. The incubation time was 30 min. 1x
represents the concentration of 20 nM. The final concentrations of SA were 0x,
0.25x%, 0.5%, 1%, 2%, and 4x. C Schematic representation of biotin competitively
binding SA to promote Casl2a activation. [Created in BioRender. Hu, H. (2025)

https://BioRender.com/gzhemn8]. D Rise in fluorescence of the system after the
addition of free biotin. The basic reaction conditions were consistent with B, and
the final concentration of free biotin was 1 pM. E Optimization of incubation time
for competitive binding of free biotin and scaffold-biotin to SA. The incubation
times were set to 0.5h, 0.75h, 1h, and 1.5 h. The experiments were conducted in
three technical replicates and error bars represent mean = SD (n = 3). F The sen-
sitivity analysis for different concentrations of biotin. G The selectivity analysis
among GSH, acrylamide, mé6A, glycine, glucose,biotin. The final concentration of all
small molecules was 1 uM. The experiments were conducted in three technical
replicates and error bars represent mean + SD (n = 3). Source data are provided as
a Source Data file.

the inhibition (Fig. 3C). As shown in Fig. 3D, SBS-Cas successfully
detected this small molecule. To further optimize the detection pro-
tocol, we evaluated the impact of different incubation times (0.5h,
0.75h, 1h, and 1.5h) on biotin detection. Results indicated that a
competitive incubation of 1 hour provided the optimal discrimination
(Fig. 3E). Following this straightforward optimization, we assessed the
sensitivity and specificity of SBS-Cas for biotin detection. As shown in
Fig. 3F and Supplementary Fig. 4, the detection limit was determined
to be 10 nM (Supplementary Table 2). It is important to note that due
to SA’s multivalent binding nature, achieving a continuous and precise
adjustment of its concentration is inherently challenging. This char-
acteristic directly impacts the detection performance in the low-
concentration range, leading to variations in signal response and
reduced consistency in detection sensitivity. Additionally, Fig. 3B, 3D,
and 3F, even at high SA concentrations or with sufficient incubation
time, a noticeable fluorescence increase was still observed in the
absence of free biotin competition. This finding led us to further rea-
lize he potential influence of additional physicochemical properties,
such as molecular shape and electrostatic potential, on Casl2a activity
beyond molecular weight. Additionally, SBS-Cas demonstrated excel-
lent specificity, showing no response to various small-molecule inter-
ferents (Fig. 3G).

Antigen-antibody binding-based mé6A detection

Introducing spatial hindrance through antigen-antibody binding aligns
well with the principle of SBS-Cas. This approach has been reflected in
previous Casl2a-based small molecule signal transduction methods. In
these studies, an antigen was labeled on the spacer sequence, with the
antibody-antigen interaction preventing the spacer from binding to
complementary DNA. However, this design could not fully block
nucleic acid pairing, resulting in high background signals even in the
absence of target small molecules. In our approach, after the antibody
binds to the modified scaffold, spatial hindrance effectively prevents
the scaffold from accessing the nuclease site (Fig. 4A). In this section,
we employed antibodies to detect RNA methylation modification,
specifically N6-methyladenosine (m6A). m6A is the most common
internal methylation modification in mammalian mRNA, playing a
crucial role in mRNA nuclear export, splicing, and translation®. Its
aberrant expression has significant implications for cellular differ-
entiation, tumor progression, and other critical biological processes*°.
We began by modifying the second-to-last rA at the 3’ end of the
scaffold strand to méA, synthesizing the scaffold-m6Al strand. Using
two different brands of diluents, we diluted the anti-mé6A antibody to
test its ability to bind scaffold-m6Al and subsequently mask the trans-
cleavage activity of Casl2a. Results showed that scaffold-m6Al could
effectively activate Casl2a. Unfortunately, even without antibody, the
addition of different antibody diluents resulted in no fluorescence
increase (Supplementary Fig. 5). We hypothesized that certain com-
ponents within the diluents were incompatible with the CRISPR-Cas12a
system. Switching to PBS as the antibody diluent, we found that PBS
did not affect Casl2a activity, and that antibodies could effectively
suppress Casl2a in a PBS buffer system (Fig. 4B). While we anticipated
that modifying only the 3’ end of the scaffold strand would be

sufficient to achieve spatial hindrance, mé6A presents a unique case as
it represents a base alteration on RNA. Therefore, we further modified
the scaffold by replacing up to five rA residues in the 3’ end and stem-
loop structure with m6A (scaffold-m6Al through scaffold-m6AS) to
examine how different positions affect Casl2a activity and antibody
masking efficacy (Fig. 4C). Results showed that scaffold-m6Al
achieved the optimal signal-to-noise ratio, reaching 203.6 (Fig. 4D),
primarily due to its effective masking capability. Notably, scaffold-
m6A4 even enhanced the trans-cleavage activity of Casl2a in the split
mode. Based on these findings with scaffold-m6Al, we further inves-
tigated whether m6A could competitively bind the antibody and
restore enzymatic activity. Physiologically, our aim is to assess m6A
levels on RNA strands, the target mé6A is represented by an RNA strand
modified with a single mé6A site. As shown in Supplementary Fig. 6, the
addition of m6A target led to an increase in fluorescence, demon-
strating that SBS-Cas can utilize antigen-antibody interactions for
detecting. Further optimization was conducted for antibody con-
centration (0.5%, 1%, 1.5%, and 2x) and incubation time for the antibody
with scaffold-m6A1 and mé6A (0.5 h, 1h, and 2 h). Results indicated that
the optimal signal-to-noise ratio was achieved at an antibody con-
centration of 1.5xand an incubation time of 1 h, reaching 84.35 (Fig. 4E).
Under these optimized conditions, we evaluated the performance of
this method for detecting m6A. The detection limit of SBS-Cas for m6A
was determined to be 1nM (Fig. 4F and Supplementary Fig. 7 and
Supplementary Table 3). Additionally, we verified the biosensor’s
specificity and selectivity by comparing its response to m6A, A, G,C, T,
biotin, acrylamide and GSH. As shown in Fig. 4G, the biosensor
demonstrated a highly sensitive response to mé6A only, indicating
reasonable specificity.

Michael addition reaction-assisted strategy for the detection of
reduced glutathione

Reduced glutathione (GSH), composed of cysteine, glycine, and glu-
tamic acid, plays a vital role in numerous biological processes*. As a
critical antioxidant, GSH scavenges free radicals and toxins, thereby
protecting essential proteins and maintaining molecular physiological
functions*’. Changes in GSH levels are often associated with specific
diseases, such as neurodegenerative disorders, liver diseases, and
certain types of cancer**™*. Therefore, accurate and sensitive deter-
mination of GSH levels is of great importance. The thiol group on GSH
can form a stable thioether bond through a Michael addition reaction
with maleimide*. Based on the SBS-Cas principle and this reaction
mechanism, we modified the 3’ end of the scaffold with a thiol group,
synthesizing scaffold-SH. Additionally, we synthesized DNA barrier-
malei, which is modified with maleimide at the 5 end and has a
sequence identical to DNA barrier-SH. Covalent binding between
scaffold-SH and DNA barrier-malei masked Casl2a activity. In the
presence of GSH, DNA barrier-malei is competitively bound by GSH,
removing the barrier and restoring activity (Fig. 5A). As shown in
Fig. 5B, this design enables a rapid and effective response to GSH.
Subsequently, we performed experiments with DNA barrier-malei
concentrations set to 1x, 1.2x, 1.4x, 1.6x, 1.8xand 2x in order. As shown
in Fig. 5C, the highest discrimination of the system was achieved when
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Fig. 4 | SBS-Cas detection of m6A based on antigen-antibody binding.

A Schematic of SBS-Cas approach based on antigen-antibody binding. [Created in
BioRender. Hu, H. (2025) https://BioRender.com/gzhemn8]. B Structure of
scaffold-m6A1 and inhibition of Casl2a activity by anti-m6A antibody under 1x PBS
buffer conditions (pH 7.4). The concentrations of the system were Casl12a, 20 nM;
scaffold-m6A1 and spacer, 20 nM; activator dsDNA, 60 nM; antibody 20 nM, ssDNA
reporter, 100 nM. Reaction condition: 37 °C, 50 pL, 50 mM NaCl, 10 mM Tris-HCI,
14 mM MgCl2, 100 pg/ml recombinant albumin. The incubation time was 30 min.
C The m6A structure and the position of m6A in place of rA on the scaffold.

D Optimization of mé6A modification positions on scaffold. The experimental
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conditions were set as in B. The experiments were conducted in three technical
replicates and error bars represent mean + SD (n = 3). E Heatmap for optimization
of antibody concentration (1x represented 20 nM) and incubation time. The anti-
body concentration were set to 0.5x, 1x, 1.5x and 2x. The incubation times were set
to 0.5 h, 1h, and 2 h. F The sensitivity analysis for different concentrations of m6A.
G The selectivity analysis among GSH, acrylamide, biotin, A, G, C, T and m6A. The
final concentration of all small molecules was 4 uM. The experiments were con-
ducted in three technical replicates and error bars represent mean +SD (n = 3).
Source data are provided as a Source Data file.
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the concentration was 1.8x. We attribute the high signal-to-noise ratio
achieved with the excess DNA barrier-malei strands to their crucial role
in spatially hindering scaffold-SH from interacting with Casl2a,
thereby effectively preventing the premature activation of trans-
cleavage activity. If DNA barrier-malei strands were not in excess, some
scaffold-SH would remain unblocked in the absence of GSH, leading to
unintended background activation. This background suppression
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strategy by increasing the concentration of blocking agents has been
widely reported in the literature®*”*, Furthermore, DNA barrier-malei
strands may exhibit a preferential binding tendency toward GSH. Thus,
even under excess conditions, GSH can still effectively disrupt this
competitive equilibrium, thereby ensuring transition from “off” to “on”
states of the biosensor. The Michael addition reaction proceeds swiftly
under ambient conditions without the need for a catalyst. Therefore,
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Fig. 5 | SBS-Cas detection of free GSH based on Michael addition reaction.

A Schematic of SBS-Cas approach based on Michael addition reaction. [Created in
BioRender. Hu, H. (2025) https://BioRender.com/gzhemn8]. B Rise in fluorescence
of the system with and without GSH. The concentrations of the system were Casl2a,
20 nM; scaffold-SH and spacer, 20 nM; activator dsDNA, 60 nM; DNA barrier-malei,
24 nM; GSH, 500 nM; ssDNA reporter, 100 nM. Reaction condition: 37 °C, 50 pL,
50 mM NacCl, 10 mM Tris-HCI, 14 mM MgCl2, 100 pg/ml recombinant albumin. The
incubation time was 30 min. C Optimization of DNA barrier-malei concentration (1x
represented 20 nM). The concentration were set to 1.0x, 1.2x, 1.4x, 1.6x, 1.8x, 2.0x.
D Optimization of incubation time. The incubation times were set to 10 min,

20 min, 1 h, and 1.5 h. For C-D the experiments were conducted in three technical
replicates and error bars represent mean + SD (n = 3). E The sensitivity analysis for
different concentrations of GSH. F Schematic of GSH intracellular imaging using

Liposome-delivered SBS-Cas. [Created in BioRender. Hu, H. (2025) https://
BioRender.com/gzhemns8]. G Cell fluorescence photo after delivery of SBS-Cas in
NC, fer-1-treated and BSO-treated group. The experiment was independently
repeated three times with similar results. Scale bar, 50 pm. H Relative content of
GSSG in NC, fer-1-treated and BSO-treated group. The experiments were conducted
in three biological replicates and error bars represent mean +SD (n = 3). Variance
homogeneity was tested using Brown-Forsythe tests. Due to unequal variances
(Brown-Forsy p =0.0111), Welch ANOVA was used to assess differences among
group means (p = 0.0092). Multiple group comparisons were conducted using the
Games-Howell post hoc test, which showed significant differences between NC and
Fer-1, NC and BSO, and Fer-1 and BSO. Exact p-values are indicated on the figure.
Source data are provided as a Source Data file.

we analyzed the fluorescence signal rise rate in the GSH group
(GSH(+)) compared to the blank group (GSH(-)) after incubation times
of 10 minutes, 20 minutes, 1 hour, and 1.5 hours. Results indicated that
a high signal-to-noise ratio was achieved with only 20 minutes of
incubation (Fig. 5D). With these optimized conditions in place, we next
assessed the analytical performance of the SBS-Cas system for GSH
detection. By applying SBS-Cas to samples with varying GSH con-
centrations, we established a detection limit of 20 pM (Fig. 5E and
Supplementary Fig. 8), reflecting two orders of magnitude enhance-
ment in sensitivity compared to existing GSH detection methods
(Supplementary Table 4). These results strongly reaffirm that intro-
ducing spatial hindrance within the scaffold effectively suppresses
background signal, thereby enhancing sensitivity for small molecule
detection. Notably, with this approach to spatial hindrance introduc-
tion and removal, any test molecule containing a thiol group can
competitively bind to DNA barrier-malei to produce a detectable sig-
nal. Accordingly, we also investigated the system’s response to cap-
topril and dithiothreitol. Results indicated that both small molecules
successfully activated trans-cleavage activity (Supplementary Fig. 9).
Intracellular imaging of biomolecules has recently attracted sig-
nificant interest among researchers. CRISPR-Casl2a-based biosensors
have been widely utilized for intracellular imaging of various
biomolecules*=%. To demonstrate the robustness of our system, we
transfected the biosensor into Siha cells using liposomes as carriers. As
shown in Fig. 5F, in the presence of intracellular thiol-containing sub-
stances, the biosensors delivered into SiHa cells generated green
fluorescence. To verify that SBS-Cas can respond to intracellular GSH
fluctuations, we prepared three groups of Siha cells. In the first group,
we used L-Buthionine-(S,R)-sulfoximine (BSO) to inhibit intracellular y-
glutamylcysteine synthetase, effectively downregulating GSH levels
within the cells®. In the second group, we added Ferrostatin-1 (Fer-1), a
synthetic antioxidant reported to elevate intracellular GSH levels*. The
third group of cells was left untreated. We then introduced the bio-
sensor into the three groups of cells to observe and compare changes
in green fluorescence. As shown in Fig. 5G and Supplementary Fig. 10,
the Fer-1 treated group displayed a marked increase in green fluores-
cence relative to the untreated group, while the BSO-treated group
showed a reduction in green fluorescence. Notably, these results were
confirmed under consistent DAPI fluorescence intensity across all
samples (Supplementary Fig. 11). To further validate that the green
fluorescence correlates with GSH levels, we measured oxidized glu-
tathione (GSSG) content using a detection kit. Results showed an
increase in GSSG in the BSO-treated group and a decrease in the Fer-1
treated group compared to the untreated control group (Fig. SH)*. It is
important to note that the above results only indicate a consistent
trend in the upregulation or downregulation of intracellular GSH levels
as measured by both methods. However, the exact concentrations were
not further quantified. These findings demonstrate that SBS-Cas offers
low background signal and high sensitivity. Furthermore, this approach
effectively responds to changes in small molecule levels within the
complex intracellular environment, enabling intracellular imaging.

Enhancing the feasibility of small molecule detection using the
Int DNA-extended scaffold strategy

In the above design, the small molecule needs to be modified onto
RNA. Given that RNA is prone to degradation, this inevitably increases
the complexity of modification and limits its applicability. However,
DNA modifications offer greater flexibility, as a wider variety of small
molecules can be conjugated to DNA. Additionally, commercial
synthesis companies can provide pre-modified deoxyribonucleotide
monomers, which expand the range of detectable small molecules
while simplifying the method’s implementation. Based on this under-
standing, we extended the 3’ end of the scaffold strand by adding a
single deoxyribonucleotide (Fig. 6A), maintaining the fundamental
principle of the split crRNA system. We hypothesized that this mod-
ified scaffold would still be capable of triggering Casl2a trans-cleavage
activity, similar to the unmodified scaffold (Fig. 6B). To validate this,
we tested scaffolds extended with one additional nucleotide of ade-
nine (dA), guanine (dG), cytosine (dC), and thymine (dT). The results
demonstrated that scaffold+Int reached a plateau within 90 minutes
(Fig. 6C), although single-nucleotide DNA extensions of dG, dC, and dT
exhibited a slightly slower activation compared to dA. The variations in
activity caused by single deoxynucleotide extensions, along with the
results from the biotin detection section prompted us to further
investigate the potential influence of additional physicochemical
properties, such as molecular shape and electrostatic potential, on
Casl2a activity beyond molecular weight. Building upon the 1Int DNA-
extended scaffold strategy, we evaluated its feasibility for small
molecule detection. Since extending the scaffold with 1Int-A does not
affect Casl2a activity, we used scaffold+Int-A as a platform for further
modification with biotin and tested it for biotin detection. As shown in
Fig. 6D, scaffold+1nt-A-biotin effectively inhibited Cas12a activity in the
presence of SA. Upon introducing free biotin, which competitively
binds to SA, a significant fluorescence signal increase was observed.
Expanding on this approach, we further applied it to the detection of
puromycin, 5-methylcytosine (SmC), and folic acid (Fig. 6E-G). The
puromycin and 5SmC assays utilized antigen-antibody interactions to
mediate signal inhibition and competitive binding, while the folic acid
assay employed Folate Receptor Alpha (FOLR1 protein) for specific
folic acid binding. In all three cases, the method successfully activated
Casl2a trans-cleavage activity. The above results demonstrate that the
Int DNA-extended scaffold strategy is effective for detecting various
small molecules. Since small molecules can be conjugated to DNA, this
approach significantly expands the target range and reduces the
complexity of preparation.

Discussion

In this study, we leveraged the split crRNA mode to introduce spatial
hindrance on the scaffold via molecular binding reactions, thereby
preventing its assembly with Cas12a. This design led us to discover a
phenomenon in which trans-cleavage activity is effectively masked. By
introducing free small molecules to competitively bind with the mac-
romolecule, we removed the spatial hindrance, ultimately developing
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Fig. 6 | Detection of small molecules using the Int DNA-extended scaffold
strategy. A Schematic representation of the scaffold strand (RNA) extended by a
single deoxyribonucleotide (Int DNA) at the 3’ end. B Assembly of the Int DNA-
extended scaffold strand with Casl2a and subsequent activation of trans-cleavage
activity. [Created in BioRender. Hu, H. (2025) https://BioRender.com/gzhemn8].
C Fluorescence intensity curves comparing the original scaffold strand with scaf-
fold strands extended by 1nt dA, dT, dC, and dG under identical conditions. The
final concentrations in the reaction system were: Casl2a, 20 nM; various scaffold
strands and spacer, 20 nM; activator dsDNA, 60 nM; ssDNA reporter, 100 nM.
Reaction conditions: 37 °C, 50 pL reaction volume, 50 mM NaCl, 10 mM Tris-HCI,
14 mM MgCl,, and 100 pg/mL recombinant albumin. D Biotin detection. Biotin was
conjugated to the extended 1Int A on the scaffold strand, with streptavidin (SA) as
the macromolecular blocker introducing spatial hindrance. E Puromycin detection.
Puromycin was conjugated to the extended 1nt A on the scaffold strand, with anti-

- Trans- o
Cas12a | g&'ffv;f" .. 4
scaffold- °
PAM

RNP assembling & activation

@]

)

.u.

BHQ—2FAM

(=)

o
%

-scaffold
-scaffold+1nt-A
-scaffold+1nt-G
-scaffold+1nt-C
-scaffold+1nt-T

=4
=

T dsDNA
spacer

= L

o o
S 2
Peooe

o
o

Normalized fluorescence intensity (a.

0 30 60 90 120
Time (min)
F 5mC G Folic acid
~12 2
1.0 1.0 a
0.8 0.8 //

o
>
o
>

a~scaffold+nt-A
b-scaffold+1nt-A-folic acid
c-scaffold+Int-A-folic acid,
FOLR1 protein(+), folic acid(+)
d-scaffold+1nt-A-folic acid,
FOLR protein(+), folic acid(-)

a-scaffold+1nt-5mC
b-scaffold+1nt-5mC,
antibody(+), 5mC(+)
c--scaffold+1nt-5mC,
antibody(+), 5mC(-)

o

by
o
=

o
N
o
N

o
°

o
>

Normalized fluorescence intensity (a.u.)

Normalized fluorescence intensity (a.u.

d
0 30 60 90 120 0 30 60 90 120
Time (min)

Time (min)

puromycin antibody serving as the macromolecular blocker. F 5-methylcytosine
(5mC) detection. Anti-SmC antibody acting as the macromolecular blocker. 5SmC
nucleotides were incorporated at the 3’ end of the scaffold strand, and a short DNA
strand complementary to this scaffold was hybridized (Supplementary Table 1).
Under physiological conditions, the target to be revealed is the SmC level on
genomic DNA. Therefore, dsDNA modified with a single SmC site was used for
detection (Supplementary Table 1). G Folic acid was conjugated to the extended 1nt
A on the scaffold strand, with Folate Receptor Alpha (FOLRI protein) as the mac-
romolecular blocker. The Casl2a protein and nucleic acid concentrations were
identical to those in Fig. 6C. 1x corresponds to 20 nM. The concentrations of SA
were set at 1x, antibodies were set at 5%, while FOLR1 protein was set at 2x. The
concentrations of the target small molecules were set at 100x. Source data are
provided as a Source Data file.

the SBS-Cas system. We demonstrated the feasibility, sensitivity, and
target versatility of the SBS-Cas approach by achieving quantitative
detection of small molecules across several reactions: radical addition,
biotin-streptavidin binding, antigen-antibody binding, receptor-ligand
binding and Michael addition. Notably, the detection limit for GSH
reached 20 pM, making this approach among the most sensitive cur-
rently available for this molecule. Additionally, we successfully per-
formed intracellular imaging of small molecules, with the system’s
effective response to small molecule fluctuations in complex envir-
onments showcasing high robustness of SBS-Cas. Besides, we devel-
oped the Int DNA-extended scaffold strategy, demonstrating that
small molecules can be conjugated to the DNA extension at the 3’ end
of the scaffold strand for detection. This approach reduces the mod-
ification complexity while expanding the range of detectable small
molecules.

Prior to the CRISPR-Casl2a system, small molecule detection was
hindered by equipment, workflow, and system complexity. The
CRISPR-Cas12a tool, now highly refined, offers a flexible and stream-
lined approach to molecular detection. This method requires only a
fluorescent PCR instrument, making it accessible with minimal
equipment and expertise. Originally designed for nucleic acid targets,
the CRISPR-Casl2a system has since inspired various interfaces for
small molecule recognition and signal transduction. However, existing
designs—whether based on aptamer activation or antigen-antibody
binding—often face challenges with high background signals. This
issue arises primarily from the approach of blocking the crRNA spacer
sequence from binding with its complementary DNA, a strategy that
often fails to completely inhibit their interaction, allowing even mini-
mal binding events to amplify the trans-cleavage activity. Reducing the

background signal in CRISPR/Casl2a-based biosensors is a critical
challenge, and several researchers have proposed innovative designs
to address this issue. For instance, the Kong group developed an
interesting effect termed “RESET”, which reduces the number of
complementary base pairs between the crRNA and the activator
strand, while still maintaining the activator’s activation capacity. This
strategy makes it easier to block the formation of the Cas12a/crRNA/
activator strand complex, thus minimizing background signals®%,
Similarly, the Liu group replaced the traditional linear crRNA with
circular crRNA in CRISPR/Casl2a-based sensing systems, significantly
reducing background noise*’. The Lee group introduced chimeric
DNA-RNA guides, partially replacing the crRNA with DNA to enhance
the binding efficiency between crRNA and the activator, thereby
reducing non-specific activation®®. The common goal of these
approaches is to suppress the non-specific binding between crRNA and
the activator strand from different angles, thereby reducing the
background. In contrast, our approach in this work takes a different
direction by effectively blocking the assembly of the nuclease with the
scaffold, leading to enzyme activity suppression and significantly
enhancing the sensitivity of the biosensor.

Our method also has several aspects that require further
improvement. It is important to clearly state that the preparation of
this method requires the modification of the target small molecule
onto the scaffold strand. Although the 1Int DNA-extended scaffold
strategy we developed reduces modification complexity, expands the
detectable range, and enhances practical applicability, this remains a
sticky task, especially for targets lacking active functional groups.
Advances in conjugation techniques, such as click chemistry, will be
crucial for the further development of this method. In many cases,
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conjugating target small molecules to nucleic acids may require opti-
mization of the conjugation process, thereby increasing the overall
complexity of the method. The purification steps and their optimiza-
tion after conjugation are also critical factors that need to be con-
sidered, as they directly impact the background signal level.
Additionally, effective binding interactions between macromolecules
and small molecules are fundamental to the functionality of our
approach. While our study demonstrates several binding reactions,
identifying suitable macromolecules that can specifically and strongly
bind to the small molecule of interest requires effort. Given these
unresolved challenges in the field, achieving truly unlimited target
adaptability with our method still has a long way to go.

In summary, we have established an innovative CRISPR-Casl2a-
based approach that facilitates low-background, highly sensitive, and
robust detection across a diverse spectrum of small molecules. This
versatile methodology promises not only to provide an enhanced
toolset for critical applications in clinical diagnostics, environmental
monitoring, and food safety, but also to expand the frontiers of
research within CRISPR-Cas systems, offering insights and opportu-
nities for molecular detection science.

Methods

Materials

All DNA oligonucleotide strands used in the experiment were pur-
chased from Sangon Biotech (Shanghai, China). The sequence infor-
mation was demonstrated in Supplementary Table 1. The purified
LbaCasl12a, r2.1 buffer, Mg?* were purchased from New England Biolabs
(New England, USA). Acrylamide, biotin, RNase-free ddH20, L-
Buthionine-(S,R)-sulfoximine (BSO) were purchased from Sangon
Biotech (Shanghai, China). Streptavidin was purchased from Yeasen
Biotechnology (Shanghai, China). m6A antibody (68055-1-Ig) was
purchased from Proteintech Group (Wuhan, China). Adenine, thymine,
guanine, cytosine, captopril, dithiothreitol and glucose monohydrate
were purchased from Aladdin Biochemical Technology Co., Ltd
(Shanghai, China). Ferrostatin-1 was purchased from MedChemEx-
press (New Jersey, USA). Captopril and dithiothreitol was purchased
from Sangon Biotech (Shanghai, China). Puromycin was purchased
from Beyotime Biotechnology (Shanghai, China). Folic acid-PEG-
Maleimide (FA-PEG-Mal) was purchased from HWRK chemical (Beij-
ing, China). Anti-puromycin (#MABE343) was purchased from Merck
KGaA (Darmstadt, Germany). Irgacure 2959 was purchased from
Merck KGaA (Darmstadt, Germany). anti5>-mC antibody (68301-1-Ig)
was purchased from Proteintech Group (Wuhan, China). Folic acid was
purchased from Macklin Biochemical (Shanghai, China). Human FOLR1
Protein was purchased from acrobiosystems (Beijing, China).

SBS-Cas detection assay

The concentration of the oligo-nucleotides was quantified by Nano-
drop 2000 (USA). The activator dsDNA for Casl2a was constructed
under the progress of heating and annealing. Among the small mole-
cules used in this study, acrylamide, biotin, and GSH were obtained in
dry powder form, while puromycin, and folic acid were supplied as
solution stocks. Biotin was dissolved in DMSO before use. Acrylamide
and GSH were dissolved in ddH,O before use. These small molecules
were diluted to the specified concentrations for use. Casl2a, various
scaffold strands, spacer strands were diluted to 1 M. For the group
without target molecules or macromolecular blockers, the reaction
mix was prepared as follows: 3 pL Cas12a, 3 pL scaffold strand, 3 pL
spacer strand, 1.7 pL NEBuffer r2.1, and 4.3 pL ddH-O. For the group
with only macromolecular blockers binding to the modified scaffold
strand, a pre-incubation step was performed by mixing buffer, 3 uL
modified scaffold strand, and 3 pL macromolecule. The buffers used
were: 1x PBS buffer (pH 7.4) for DNA barrier-malei strands, SA. 20 mM
HEPES buffer (pH 7.4) with 50 mM NaCl, 1 mM EDTA and 0.05% (w/v)
Irgacure 2959 for DNA barrier-SH. 1x PBS buffer (pH 7.4) with 0.5% BSA

and 1mM Mg* for mé6A antibody and 5-mC antibody. 20 mM HEPES
buffer (pH 7.4) with 0.5% BSA for anti-puromycin antibody, and 50 mM
tris buffer containing 100 mM glycine (pH 7.5) for FOLR1 protein. For
the DNA barrier-SH, the irradiation conditions were set at 365 nm with
an intensity of 5mW/cm?. After incubation, the reaction mix was pre-
pared by adding 3 pL Casl2a, pre-incubated mixture, 3 puL spacer
strand, 2.7 uL NEBuffer r2.1, and 3.3 pL ddH»O. For the competitive
binding reaction, a pre-incubation step was performed by mixing
buffer, 3 pL modified scaffold strand, 3 pL macromolecule, and 3 pL
small molecule. To mimic physiological conditions, the actual targets
to be detected are m6A or SmC on nucleic acid strands. In these
detections, the targets include mé6A or SmC modifications on strands.
After incubation, the reaction mix was prepared by adding 3 L Casl2a,
pre-incubated mixture, 3 pL spacer strand, 2.7 pL NEBuffer r2.1, and
33pL ddH,0. The incubation time for the competitive binding
between the modified scaffold and small molecules with the macro-
molecule was adjusted according to the optimization experiments. For
fluorescence detection, the final system was prepared by adding 5 pL
NEBuffer r2.1, 2 uL Mg2* (100 mM), 2 pL reporter strand (2.5 uM), 2 pL
activator dsDNA, and reaction mix for different groups. Finally, RNase-
free ddH,O was added to reach a total volume of 50 pL. The pcr tube
was then placed in the fluorescent PCR instrument (Bioer Technology
Co.,Ltd, China) to measure the fluorescence change. Set the following
parameters on to measure fluorescence changes: excitation light
wavelength 470 nm, emission light wavelength 535 nm; kinetic inter-
val: 1 min; Gain: 15 (Linegene4840).

Polyacrylamide gel electrophoresis experiment

Prepare 10 mL 12% polyacrylamide gel using TBE buffer. The specific
process is as follows: In a clean beaker or tube, mix the following
reagents:4 mL of 30% acrylamide/bis-acrylamide solution, 5.9 mL of
10xTBE buffer, 0.10 mL of 10% APS solution. Mix gently, and then add
0.01 mL of TEMED to the solution. Once TEMED is added, quickly pour
the solution between the glass plates of the gel apparatus. Allow the gel
to polymerize for 30-60 minutes at room temperature. Mix 15uL of
each reaction mix with 3 uL of 6x loading buffer. The oligonucleotide
strands were then separated by running the gel at a constant voltage of
110 V for about 90 minutes in 1x TBE buffer. Soak the gel stain (GelRed,
Sangon Biotech) solution for 20 minutes after the run, and then wash
twice with deionized water. Gel images were taken by Bio-rad Chem-
Doc XRS (Bio-Rad, USA).

Cells lines and cell culture

The Siha (cervical cancer) cell lines were purchased by Zhong Qiao Xin
Zhou Biotechnology (ZQ0129) (Shanghai, China). They were cultured
in DMEM (Gibco) supplemented with 10% FBS (HyClone) at 37 °C in 5%
CO2. The culture medium was replaced every 2-3 days, and cells were
passaged when they reached 80-90% confluence.

BSO and Fer-1 treatment of Siha cells

Cells were grown in six-well plates in equal amounts per well and left
overnight. For the BSO-treated group, 2.6uM pretreatment was given
for 24 hours®. For Fer-1-treated group, 10uM pretreatment was given
to the cells for 24 hours after lysis and dilution according to the
instructions of MCE™.

Assay for GSSG detection

The GSSG level was detected using GSSG assay kit (BTK138, Bios-
wamp). Wash the cells once with PBS, then centrifuge to collect the cell
pellet. Carefully remove the supernatant and add three times the pellet
volume of protein removal reagent. Vortex thoroughly to ensure
complete mixing. After rapid freeze-thaw cycles, incubate the sample
at 4°C or on ice for 5minutes. Centrifuge at 10,000 r/min for
10 minutes at 4 °C. Supernatant was collected and incubated with GSH-
masking reagents at room temperature for 1hour. GR and 5,5-
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dithiobis (2-nitrobenzoic acid) were added in the reaction system and
kept at room temperature for 5 min, and then the chromogenic reac-
tion was started by adding NADPH. Twenty minutes later, absorbance
was analyzed using a microplate reader at 412nm (Gen5). A more
detailed experimental protocol can be accessed at the following
website: https://www.bio-swamp.com/goodsDetail/BTK138.

The intracellular imaging

The Siha cells were seeded in a 24-well plate one day before the
experiment. Before the transfection, the culture medium was replaced
with the medium without serum on the day of operation. We used the
liposome as the carrier. The experimental procedure was as follows: a
5 1M solution of scaffold-SH was prepared. For the cell treatment (24-
well plate format), 400 pL of culture medium was first added to each
well. A mixture was prepared by vortexing 5 pL of scaffold-SH, 0.8 pL
of Lipo 8000 (Beyotime, China), and 25 pL of culture medium until
fully mixed, which was then added to the wells, and cells were incu-
bated at 37 °C in a 5% CO. incubator for 6 hours. Following incubation,
the medium was replaced with fresh culture medium. The mixture
containing Casl2a (volume: 100 pL) was prepared by combining 1 pL
ddH;0, 20 pL of 25uM ssDNA Reporter, 25uL of 15puM activator
dsDNA, 4 pL of 100 mM Mg?*, 10 pL of 10x NEB r2.1 buffer, 10 pL of
45 uM DNA barrier-malei, 20 pL of 12.5 pM Casl2a protein, and 10 pL of
25 pM Spacer strand. Then, 10 pL of the prepared mixture was mixed
with 0.8 uL Lipo 8000 and 25 pL of culture medium by thorough
pipetting, added to the cells, and incubated at 37 °C for 8 hours before
imaging. After incubation washed the cells for three times with the PBS
solution. The fluorescent was observed by the microscope (Ningbo
shunyu Optical Technology Co., Ltd) under the 470 nm wavelength of
the excitation light. The wavelength of excitation light 385 nm/470 nm
was used to observe the DAPI/FAM in turn. The exposure of the photos
is consistent. For the fluorescence intensity analysis of DAPI and FAM,
we used Image ] software to analyze under the same threshold.

Preparation of scaffold+Int-A-folic acid. The scaffold+Int-A-SH
strand was purchased from Sangon Biotech (Shanghai, China). The
RNA strand was diluted to a final concentration of 10 pM using 1xPBS
buffer (pH 7.2) containing 0.5mM TCEP and incubated at 25°C for
30 minutes (50 pL total volume). FA-PEG-Mal was dissolved in a buffer
containing 0.1 M sodium phosphate (pH 7.4) and 1mM EDTA. Subse-
quently, 50 pL of 50 uM FA-PEG-Mal solution was mixed with the RNA
solution and allowed to react for 4 hours at 25°C in the dark. To
remove unreacted FA-PEG-Mal, the reaction mixture was transferred to
an ultrafiltration tube with a molecular weight cutoff of 3000 Da
(MilliporeSigma) and centrifuged at 12,000 x g. The retained fraction,
containing the conjugated scaffold+Int-A-folic acid product, was
resuspended in HEPES buffer (pH 7.4) supplemented with 1 mM EDTA.
A second round of ultrafiltration was performed under the same
conditions to further purify the conjugated product.

Statistics and reproducibility

Export the fluorescent signal data obtained on the fluorescent PCR
instrument to an Excel file, and use ORIGIN software to import the data
and draw pictures. Differences were analyzed using GraphPad Prism
version 8.0.1. The effect was considered significant if the P value was
under 0.05 with respect to the control. We normalized the fluores-
cence results using two reference points: the fluorescence intensity of
the system in the absence of activator dsDNA was set as background
while the fluorescence intensity produced by Casl2a system with full
length crRNA was set as “1” (Cas12a: 20 nM; crRNA: 20 nM; activator
dsDNA:60 nM; fluorescent probe: 100 nM). Based on this normal-
ization scale, the fluorescence intensity of each experimental group
was subtracted by the fluorescence intensity of the background, and
then divided by the fluorescence intensity of the positive control to
obtain the normalized fluorescence intensity. No statistical method

was used to predetermine sample size, no data were excluded from the
analyses, the experiments were not randomized, the Investigators
were not blinded to allocation during experiments and outcome
assessment. All data generated in this study are provided in Source
data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper.
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