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ABSTRACT: CRISPR/Casl2a-powered biosensors with guanine (G)-rich Nocleacid k>
sequence reporters (e.g, G-quadruplex and G-triplex) are widely used in target ‘\ - %
detection applications due to their simplicity and sensitivity. However, when these Atamer ———
; G § P Cas12a/hRNA
biosensors are employed for molecular detection in complex samples, they may
Active SCas12a

encounter difficulties such as high background signal and susceptibility to Nop-pucle acid

interference because of the “turn-off” signal output. Herein, we explore, for the target

first time, a set of phosphorothioate (ps)-modified G-quadruplex (G4) and G- Fluorescence-on psHG3 @
triplex (G3) sequences that can bind with thioflavin T (ThT) in an active split P P N
CRISPR/Cas12a system (SCas12a) to generate a “turn-on” fluorescent signal. To f i ‘

apply this new phenomenon, we develop a universal SCas12a-powered biosensor G ' ThT  psG3

psG3/ThT

for “turn-on” fluorescent detection of nucleic acid (miRNA-21) and non-nucleic |
acid (kanamycin) targets by using ps-modified hairpin G3 as a reporter \
(SCas12a/psHG3). Target recognition activates SCas12a’s trans-cleavage activity,

leading to cleavage at the loop region of the psHG3 reporter. The released prelocked psG3 DNA binds ThT to produce a strong
fluorescence signal. WiHioUEPreampliicaHONNEISSHAtegyIcand crecmmIRNA I N deecHonImIBOANO0MND Morcover, the

SCasl2a/psHG3 system was further utilized for
kanamycinjaticoncentrationsiasilowsaspiO0pIvi. This work is the first to develop a “turn-on” SCas12a/psHG3 system, showcasing its

improved performance and wide range of applications in synthetic biology-based sensing technology.

The molecular detection of nucleic acids and non-nucleic acids research on gene function, treatment of genetic diseases, and

is vital for diagnosing diseases, monitoring the environment,
and ensuring food safety.'”* However, due to the low
abundance, easy degradation, and susceptibility to interference
from the detection environment of the target molecules in the
test sample, it is difficult to effectively detect and quantify
them.”™” This aforementioned challenge has hindered the
development of simple, sensitive, and specific detection
methods that have the potential to revolutionize molecular
detection. Currently, the polymerase chain reaction (PCR) is
the gold standard method for detecting nucleic acid targets,
while methods for detecting non-nucleic acid targets (such as
metal ions, viruses, and small molecules) include enzyme-
linked immunosorbent assay (ELISA), high-performance liquid
chromatography (HPLC), and mass spectrometry (MS),
among others.~"® Unfortunately, these methods are costly
to detect, are time-consuming, and require strict experimental
conditions, making them difficult to apply in resource-limited
scenarios. There is a pressing need for a straightforward,
affordable, and resilient biological sensing platform that can
handle complex environmental disruptions.

CRISPR/Cas technology is an innovative gene-editing tool
that enables precise modification of genome sequences for
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other related applications.'»'> CRISPR/Cas has been modified
for biosensing applications since 2017, demonstrating its
impressive ability to recognize and cleave nucleic acids."®
Among the CRISPR/Cas family, CRISPR/Casl2a is widely
used due to its ability to recognize specific single-stranded
DNA (ssDNA) or double-stranded DNA (dsDNA) by guide
RNA (gRNA) and subsequently activate its trans-cleavage
activity.'® Utilizing gRNA-programmed trans-cleavage activ-
ity is common in developing novel biosensors for detecting
nucleic acid and non-nucleic acid targets.'”~>' In comparison
to the direct detection of DNA, RNA targets need to undergo
reverse transcription to be converted into DNA before they
can be detected by Cas12a. Detecting miRNA, a short RNA of
about 19—23 nucleotides, presents additional challenges in
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obtaining high-quality DNA through reverse transcription.
Recently, Qiao and Xiong have reported that §plitGiigIgRINA

>*% This allows for the
replacement of sRNA with target RNA to achieve direct
detection of RNA. Compared to the traditional Cas12a system,
the SCas12a system is capable of detecting nucleic acid targets
at the femtomolar level without preamplification. However, the
application of the SCasl2a system to the detection of non-
nucleic acid targets remains to be explored. Additionally, the
signal output of the developed biosensors uses active Casl2a
or SCasl2a to cleave the reporter probe, which is an ssDNA
molecule functionalized with a signal fragment. The reporter
splitting causes the signal molecules to separate, leading to
diverse signal outputs, including fluorescence, electrochemical,
colorimetric, etc.**%¢ Among these methods, fluorescence is
not only convenient but also effective, sensitive, and accurate,
making it a promising option for detecting target biomarkers.
However, the traditional fluorescence reporter for Casl2a or
SCasl2a commonly involves ssDNA labeled with a fluo-
rophore (F) and a quencher (Q), thereby increasing the
detection cost.””**

Guanine-rich (G-rich) DNA sequences (e.g., G-quadruplex
and G-triplex) can fold into four- and three-stranded
noncanonical secondary structures (termed G4 and G3,
respectively) through Hoogsteen-like hydrogen bonds. Re-
search has reported that G4 and G3 can bind thioflavin T
(ThT) to exhibit strong fluorescence.””*” Based on this, G4
and G3 have been widely used as fluorescence reporters in the
CRISPR/Casl2a system. For example, Zou et al. developed a
CRISPR/Cas12a-powered fluorescent biosensor for Hg**
detection by using the G4-ThT complex as a reporter.”" Liu
et al. have reported that active Casl2a can rapidly cut G3 and
have developed a novel biosensor by coupling Cas12a with G3
as a fluorescent reporter.”” This tool is valuable in various
fields, such as biomedical research and diagnostics, due to its
ability to detect nucleic acids and non-nucleic acids with high
sensitivity and specificity. However, due to the effective
cleavage of G3 or G4 by active Casl2a, these “turn-off”
output biosensors are prone to environmental interference and
high background signals during detection.”>™** Recently, our
group has reported that phosphorothioate (ps)-modified G4
sequences can serve as a “turn-on” colorimetric/photothermal
reporter for the CRISPR/Cas12a system.’® Further research is
needed to determine the effectiveness of psG-rich sequences as
fluorescent signal reporters for the SCasl2a system.

In this work, ps-modified G4 or G3 sequences have been
systematically explored and found to be both tolerant to
CRISPR/Casl12a’s DNase activity and capable of binding to
ThT in this system, resulting in fluorescence signals. Based on
these interesting discoveries, we, for the first time, designed a
novel “turn-on” fluorescent probe by using the psG3 hairpin
structure (psHG3) and developed a universal SCas12a/psHG3
system for nucleic acid and non-nucleic acid target detection.
To demonstrate its capabilities, miRNA-21 and kanamycin
were used as models to assess the platform’s detection
performance. Unlike traditional FQ-labeled or G-rich reporters
incorporated in CRISPR/Casl2a biosensing, the SCasl2a/
psHG3 system is cost-effective and “turn-on” based, utilizing
the psHG3 probe, which is introduced here for the first time.
This research is expected to expand the use of Cas12a-powered

technologies and could potentially transform the way
biomolecular markers are detected by using fluorescence.

B EXPERIMENTAL SECTION

Reagents and Materials. Tetracycline, kanamycin, oxy-
tetracycline, ciprofloxacin, ofloxacin, and sulfamerazine were
purchased from Aladdin (Shanghai, China). Both Cas12a and
NEBuffer 2.1 were purchased from New England Biolabs Ltd.
(Beijing, China). SYBR Green I was obtained from Solarbio
(Beijing, China). All the oligonucleotides (Table S1) were
synthesized by Sangon Biotech (Shanghai, China).

Preparation of the psHG3 Reporter Probe. The
synthesized psHG3 sequence was dissolved at a concentration
of 100 uM in 20 mM Tris-HCl buffer (pH 7.4, 100 mM
NaCl). The dissolved psHG3 sequence was heated at 95 °C
for S min and then cooled to 25 °C to obtain the psHG3
reporter probe.

miRNA-21 Detection. For the miRNA-21 assay, 10 uL of
various concentrations of miRNA-21 were mixed with 40 uL of
a solution containing 125 nM Cas12a, 125 nM hRNA, 125 nM
ssDNA activator, 1.25x NEBuffer 2.1, 2.5 yM ThT, and 2.5
#M psHG3 probe at 37 °C for 30 min. To test the selectivity
of the SCas12a/psHG3 system, 20 pM miRNA-21 and 200 pM
of other interfering miRNAs (miRNA-17, miRNA-1SS,
miRNA-141, and miRNA-10b) were employed, respectively.
To explore the applicability of the SCas12a/psHG3 system in
serum samples, three different concentrations of miRNA-21 (5,
15, and 20 pM) were mixed into 10-fold-diluted human serum
for testing according to the standard spiking method. The
spiked human serum samples were directly analyzed without
any further sample preparation.

Detection of Kanamycin. First, various concentrations of
kanamycin were added to the aptamer (AP)/CP complex (100
nM) at 37 °C for 30 min to release the CP sequence. Then, 10
uL of the above reaction solution was added to 40 uL of the
mixture solution containing 125 nM Casl2a, 125 nM hRNA,
125 nM sRNA, 1.25X NEBuffer 2.1, 2.5 uM ThT, and 2.5 uM
psHG3 probe. Finally, incubation at 37 °C for 30 min was
performed to activate the trans-cleavage activity of SCasl2a,
followed by the formation of the psHG3/ThT complex to
obtain the fluorescence signal. To evaluate the selectivity of the
SCas12a/psHG3 system, 30 nM kanamycin and 3 yM of other
nontarget antibiotics were used as replacements . To explore
the applicability of the SCasl2a/psHG3 system in environ-
mental water samples, three different concentrations of
kanamycin (S, 18, and 30 nM) were incubated with laboratory
tap water and river water (Leshan, China), respectively. Filter
papers were employed to filter out insoluble impurities from
the river samples. The aforementioned procedures were
executed in a manner identical to those detailed previously.

Fluorescence Measurement and Melting Curve
Procedures. The fluorescence of the sample solution was
measured from 450 to 600 nm by using a Lengguang F98
fluorescence spectrophotometer (Shanghai Lengguang Tech-
nology Co., Ltd., China), with the excitation fixed at 430 nm.
The fluorescence intensity was measured at a wavelength of
490 nm.

The Tm values of the hairpin psHG3 reporter probe
incubated with or without activated SCas12a were evaluated by
conducting melting curve experiments. The 20 uL reaction
mixture contained 1X NEBuffer 2.1, 100 nM psHG3 reporter,
and 10X SYBR Green. All reaction mixtures were placed in a
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real-time fluorescence quantitative PCR instrument (7500,
ThermoFisher) for testing.

B RESULTS AND DISCUSSION

The psG-Rich/ThT Complexes Show a Fluorescent
Signal in the Active SCas12a System. To examine whether
the ps-modified G4/ThT complex could induce fluorescence
in the active SCasl2a system, parallel (ps-pw17), antiparallel
(ps-ps2.m), and mixed parallel/antiparallel (ps-h-telo) G4
sequences were first tested. As shown in Figure 1B, all of the
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Figure 1. Fluorescence signal emitted by the psG-rich/ThT
complexes in the active SCasl2a system, which can be blocked by
complementary DNA. (A) Schematic diagram of the binding of
psG4/G3 to ThT, resulting in fluorescence emission in the active
SCasl2a solution, and inhibition of fluorescence output by
complementary DNA. (B) Fluorescence spectra of ps-h-telo/ThT
(a), ps-pwl7/ThT (b), ps-ps2.m/ThT (c), and blank (d). (C)
Inhibition of the fluorescence intensity of psG4/ThT by comple-
mentary DNA. ps-h-telo/ThT (a), ps-pwl7/ThT (b), ps-ps2.m/ThT
(c), ps-h-telo/cDNA/ThT (d), ps-pw17/cDNA/ThT (e), ps-ps2.m/
cDNA/ThT (f), and blank (g). (D) Fluorescence spectra of psG3/
ThT (a), psG31/ThT (b), psTBA-G3/ThT (c), and blank (d). (E)
Inhibition of the fluorescence intensity of psG3/ThT by comple-
mentary DNA. ps-G3/ThT (a), ps-G31/ThT (b), ps-TBA1-G3/ThT
(c), ps-G3/cDNA/ThT (d), ps-G31/cDNA/ThT (e), ps-TBA-G3/
cDNA/ThT (f), and blank (g). Error bars: SD, n = 3.

ps-modified G4/ThT complexes generated a significantly
higher fluorescence signal compared to the ps-modified G4-
free sample. Notably, the ps-h-telo sequence produced the
strongest fluorescence signal in comparison to the ps-pw17 and
ps-ps2.m sequences. Once these ps-modified G4 sequences
hybridized with their corresponding fully complementary
DNA, the solution of active SCasl2a and ThT displayed
negligible fluorescence signals (Figure 1C). Next, to explore
whether the ps-modified G3/ThT complex could induce
fluorescence in the active SCas12a system, we mixed ThT with
three types of topologies in ps-modified G3, e.g., ps-G3, ps-
G31, and ps-TBA-G3, respectively. As shown in Figure 1D, the
strongest fluorescence signal was obtained by ps-G3 when

compared with ps-G31 and ps-TBA-G3. Similarly, the solution
of active SCasl2a and ThT displayed significant fluorescence
signals after the above ps-G3 sequences hybridized with their
corresponding fully complementary DNA (Figure 1E).
Together, the above-mentioned results demonstrate that ps-
G3 has the potential to serve as a “turn-on” fluorescence signal
probe in the active SCas12a system.

Construction of the psHG3 Reporter Probe. Con-
structing the psG3/SCasl2a system hinges on the develop-
ment of an effective presilenced psG3 probe that could act as a
versatile “turn-on” reporter probe for SCas12a’s trans-cleavage
activity. The effective silencing of psG3 before trans-cleavage
to minimize background and the effective release of psG3 after
trans-cleavage were two key points in the design of the reporter
probe. Inspired by the previously reported G3-based hairpin
reporter probe, we hypothesized that incorporating the psG3
sequence into a hairpin probe (psHG3) could serve as an
effective “turn-on” reporter for the SCasl2a system. The
designed psHG3 reporter probe consists of two fragments: a
loop region designed to be cut by active SCas12a and a ps-
modified G3-forming sequence locked in the hairpin stem
(Figure 2A). Figure 2B shows that the designed psHG3

-~~~ Fluorescence-off -- -~ Fluorescence-on .
A : ST LR
: + i i ) : H
i O_‘T T S ¢ o
! ! D ! N~
1 psHGa  ThT | Active SCas12a | psG3/ThT
B
1200 Markr 1 2
5
&
o 800
2 60 bp
o
2 40 bp
£ 400
=2
= 200p [N R O—.—r
0 T A . .
a b c
D E
80 1200
61.8 5
60 =
—~ g 800
O =
OE 40 31.6 8
5 400
= o2 g
=
oLEA 7
0
a b a b c d

Figure 2. Design of a “turn-on” reporter probe using the psG3
sequence in the active Scasl2a system. (A) The designed psHG3
functions as a fluorescence “turn-on” reporter for a SCasl2a-powered
biosensor. (B) Fluorescence intensity of psG3/ThT and psHG3/
ThT. (a) ps-G3, (b) psHG3, and (c) blank. (C) PAGE analysis of the
cleavage of psHG3 probe by active SCasl2a. (D) Temperature
melting values of psHG3 probe after incubation with inactive SCas12a
(a) and active SCas12a (b). (E) Fluorescence intensity of the released
psG3 from psHG3 probe. (a) Blank, (b) psHG3, (c) psHG3 + active
SCas12a, and (d) psG3. Error bars: SD, n = 3.

reporter probe not only maintained stability but also caused a
low background signal (column b). The results suggest that the
psG3 sequence in the designed psHG3 reporter probe was
successfully silenced. Figure 2C (lane 2) shows that the ps-
modified G3-forming sequence could be released from the
psHG3 probe after trans-cleavage by active SCasl2a. We
explored the Tm values of the psHG3 probe before and after
being cut by active SCas12a. As shown in Figure 2D (column
a) and Figure S1, the psHG3 probe remained stable at the
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reaction temperature (61.8 °C > 37 °C) in the absence of
active SCas12a. As shown in Figure 2D (column b) and Figure
S2, when the psHG3 probe was cleaved by active SCas12a, it
caused a significant decrease in the Tm value (31.6 °C < 37
°C), explaining the release of the psG3 sequence from the
psHG3 probe. Following that, we assessed the function of the
released psG3 sequence from the psHG3 probe to produce a
fluorescence signal. A sharp increase in the fluorescence signal
was obtained, indicating that the released psG3 sequence could
bind with ThT to form a psG3/ThT complex (Figure 2E).
Together, the above-mentioned results demonstrate that the
SCasl12a/psG3 system has been successfully constructed by
using the designed psHG3 as a “turn-on” reporter probe in the
SCasl2a strategy.

Subsequently, several experimental conditions in the
SCasl2a/psHG3 system were investigated, including the
length of the loop and stem in the psHG3 reporter, the
concentrations of the psHG3 reporter and Casl2a, and the
trans-cleavage time of SCasl2a. From Figures S3-S7, the
optimal detection conditions for the SCasl2a/psHG3 system
were determined to be 2 M psHG3 reporter with a 15-nt loop
and a 9-nt stem, 100 nM Cas12a protein, and 30 min for the
trans-cleavage of SCasl2a.

Sensing Performance of the SCas12a/psHG3 System
for miRNA-21. To demonstrate the detection performance of
the SCasl2a/psHG3 system under optimum conditions,
miRNA-21, known for its expression dysregulation closely
related to various cancers, was chosen as a model nucleic acid
target.”’ " Accurate detection of miRNA-21 is of great
significance in the clinical diagnosis and treatment of related
cancers. To achieve direct detection of the target miRNA-21,
we designed miRNA-21 as a spacer RNA in the SCasl2a
system (Figure 3A). Upon the addition of miRNA-21, it
complemented the ssDNA activator and activated SCasl2a.
The active SCasl2a cleaved the hairpin DNA loop of the
psHG3 reporter DNA, releasing the ps-G3 forming sequence,
which then bound with ThT and provided a fluorescent signal.
However, SCasl2a was not activated, and psHG3 remained
stable when no miRNA-21 was added, thus exhibiting low
fluorescence intensity. Figure 3B shows that the signal
response activated by miRNA-21 was notably higher than
that of the blank control, demonstrating the feasibility of the
SCasl12a/psHG3 system. The sensitivity of the SCasl2a/
psHG3 system was evaluated over a range of miRNA-21
concentrations, including 0, 0.2, S, 9, 12, 15, 18, and 20 pM.
Figure 3C shows that the fluorescence signal augmented
significantly with the increase in miRNA-21. The correlation
equation is F = 56.90C + 239.78 in the range from 0.2 to 20
nM (Figure 3D, R* = 0.995). The limit of detection (LOD)
was estimated to be 100 M, calculated by employing the 36/K
method (where K represents the slope of the calibration curve
and ¢ is the standard deviation of the 11 target-free tests). The
selectivity of the SCasl2a/psHG3 system was verified by
employing highly homologous multiple miRNAs (miRNA-17,
miRNA-155, miRNA-141, and miRNA-10b). Figure 3E shows
that the SCas12a/psHG3 system was insensitive to interfering
miRNAs but strongly responded to miRNA-21, demonstrating
that this strategy possessed preeminent selectivity. To evaluate
the practical application value of the SCas12a/psHG3 system,
three different concentrations of miRNA-21 (S, 1S, and 20
pM) were added to diluted human serum (10%) for the
recovery experiment. Results, as shown in Table S2, indicated
that the recoveries ranged between 99.0% and 102.2%, with an
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Figure 3. The SCas12a/psHG3 system used for detecting miRNA-21.
(A) Schematic diagram of the SCas12a/psHG3 system for miRNA-21
detection. (B) Fluorescence intensity at 495 nm of the psG3 strategy
in the presence of 20 pM miRNA-21. (a) psHG3 + ThT, (b) psHG3
+ Casl2a + miRNA-21 + ssDNA + ThT, (c) psHG3 + Casl2a +
hRNA + ssDNA + ThT, and (d) psHG + Casl2a + hRNA + ssDNA
+ miRNA-21 + ThT. (C) Fluorescence spectra of the SCasl2a/
psHG3 system for detection of 0, 0.2, S, 9, 12, 15, 18, and 20 pM
miRNA-21. (D) The linear plot of fluorescence intensity versus the
concentration of miRNA-21 from 0.2 to 20 pM. (E) Selectivity of the
SCas12a/psHG3 system for miRNA detection. (a) Blank, (b)
miRNA-17, (c) miRNA-15S, (d) miRNA-141, (e) miRNA-10b, (f)
miRNA-21, and (g) mixture. Error bars: SD, n = 3.

RSD of less than 3.7%. Together, the results verified that the
SCas12a/psHG3 system possesses the potential for clinical
applications.

Sensing Performance of the SCas12a/psHG3 System
for Kanamycin. Although the SCas12a/psHG3 system has
achieved great success in nucleic acid detection, its application
in non-nucleic acid detection still needs to be explored.
Kanamycin is an aminoglycoside antibiotic derived from
Streptomyces kanamyceticus, which is widely used in modern
healthcare and food.""** However, the misuse of kanamycin
can cause excessive accumulation in the human body, causing
antibiotic resistance and renal toxicity. Thus, the accurate
detection of kanamycin is crucial for maintaining food safety
and human health. Here, we chose kanamycin as the model
target to evaluate the effectiveness of the SCasl2a/psHG3
system for detecting non-nucleic acid targets. When kanamycin
was added, it bonded to the AP sequence in the AP/CP
complex and then released the CP sequence. Subsequently, the
released CP sequence hybridized with the sSRNA to activate the
trans-cleavage activity of Casl2a, thereby initiating our signal-
on fluorescence detection system (Figure 4A). As shown in
Figure 4B, the SCasl2a/psHG3 system was proven to be
triggered only in the presence of kanamycin (30 nM) through
the obtained fluorescence value, demonstrating its feasibility.
By incubating the SCasl2a/psHG3 system with increasing
concentrations of kanamycin (0.3 to 30 nM), a corresponding
increase in fluorescence values was observed (Figure 4C).
Figure 4D shows that the fluorescence value was linearly
correlated with the kanamycin concentration within the
detection range of 0.3—30 nM, and the estimated LOD was
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Figure 4. The SCas12a/psHG3 system used for kanamycin detection.
(A) Schematic diagram of the SCas12a/psHG3 system for kanamycin
detection. (B) Fluorescence intensity at 495 nm of the SCasl2a/
psHG3 system in the presence of 30 nM kanamycin. (a) psHG3 +
ThT, (b) psHG3 + Casl2a + kanamycin + sRNA + AP/CP + ThT,
(c) psHG3 + Casl2a + sRNA + hRNA + AP/CP + ThT, and (d)
psHG3 + Casl2a + kanamycin + sRNA + hRNA + AP/CP + ThT.
(C) Fluorescence spectra of the SCasl2a/psHG3 system for
detection of 0, 0.3, S, 12, 18, 23, 26, and 30 nM kanamycin. (D)
The linear plot of the fluorescence intensity versus the concentration
of kanamycin from 0.3 to 30 nM. (E) Selectivity of the SCasl2a/
psHG3 system for kanamycin detection. (a) Blank, (b) tetracycline,
(c) oxytetracycline, (d) ciprofloxacin, (e) ofloxacin, (f) sulfamerazine,
(g) kanamycin, and (h) mixture. Error bars: SD, n = 3.

100 pM (30/K). The practical application value of detection
methods relies not only on their sensitivity, but selectivity is
also crucial. To explore the selectivity of the SCas12a/psHG3
system, six nontarget antibiotics, such as tetracycline, oxy-
tetracycline, ciprofloxacin, ofloxacin, and sulfamerazine, were
employed. Figure 4E shows that the SCasl2a/psHG3 system
achieved excellent selectivity for kanamycin detection since the
blank control and other interfering antibiotics exhibited
negligible fluorescence values. To verify that the psHG3/
CRISPR strategy can be applied to aqueous solution samples,
S, 18, and 30 nM of kanamycin were added to tap water and
river samples for analysis. Table S3 showed that satisfactory
recoveries of 98.0% to 105.0% were obtained, and the RSD was
below 5%. These results strongly suggest that the SCasl2a/
psHG3 system has potential in real sample applications.

B CONCLUSIONS

In this study, we have systematically explored ps-modified G4
or G3 sequences that are not only tolerant to the trans-cleavage
activity of CRISPR/Cas12a but also capable of binding to ThT
in this system to produce fluorescence signals. By using
reasonable sequence design, we have first reported a universal
CRISPR/Casl2a-based “turn-on” fluorescent biosensor that
utilizes the hairpin G3 as a reporter, known as SCasl2a/
psHG3. Using the SCasl12a/psHG3 system, the nucleic acid
and non-nucleic acid detection capabilities were demonstrated
by modeling miRNA-21 and kanamycin targets, respectively.
Under optimized conditions, the LOD values of miRNA-21
and kanamycin without preamplification were determined to

be 100 fM and 100 pM, respectively. Furthermore, the
SCas12a/psHG3 system has achieved sensitive, selective, and
robust detection of miRNA-21 and kanamycin in human serum
and environmental water samples. Nevertheless, the SCas12a/
psHG3 system is limited to detecting a single target. Our
future efforts will focus on improving the SCasl2a/psHG3
system to enable the detection of multiple targets simulta-
neously in human serum and environmental water samples.
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