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ABSTRACT: Clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas12a-based detection strategies with a fluorophore quencher-labeled
ssDNA reporter or gold nanoparticle ssDNA reporter have been widely used in
point-of-care (POC) molecular diagnostics. However, the potential of these
CRISPR/Cas12a strategies for POC molecular diagnostics is often compromised
due to the complex labeling, high cost, and low signal-to-noise ratio. Herein, we
show a pre-folded G-quadruplex (G4) structure with tunable tolerance to
CRISPR/Cas12a trans-cleavage and explore its mechanism. Two G4 structures
(i.e., Tel22-10 and G16C) sensitive or tolerant to CRISPR/Cas12a trans-cleavage
are designed and used as signal elements to fabricate a label-free visible fluorescent
strategy or “signal-on” colorimetric strategy, respectively. These two strategies
facilitate an ultrasensitive visual nucleic acid determination of Group B Streptococci
with a naked-eye limit of detection of 1 aM. The feasibility of the developed G4-
assisted CRISPR/Cas12a strategies for real-world applications is demonstrated in clinical vaginal/anal specimens and further verified
by a commercial qPCR assay. This work suggests that the proposed G4 structures with tunable tolerance can act as promising signal
reporters in the CRISPR/Cas12a system to enable ultrasensitive visible nucleic acid detection.
KEYWORDS: G-quadruplex, CRISPR/Cas12a, label-free, signal-on, visual nucleic acid diagnosis

■ INTRODUCTION
Clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas12a-based visible nucleic acid detection has
received increasing attention in the development of next-
generation point-of-care (POC) molecular diagnostics tech-
nology owing to its trans-cleavage activity.1−4 The main reason
is that the trans-cleavage activity of Cas12a can convert target
nucleic acid information into various visible signals. For
example, upon recognition of double-stranded DNA (dsDNA)
by the Cas12a-crRNA complex, Cas12 can indiscriminately
cleave a quenched-fluorescent single-stranded DNA (ssDNA)
reporter or gold nanoparticle ssDNA reporter, releasing the
fluorescence dye to yield a visible fluorescent signal or the gold
nanoparticles to yield a visible colorimetric signal.5−7 Never-
theless, the application of the conventional CRISPR/Cas12a
system for POC testing is often compromised due to the
complex labeling and high cost of double-labeled quenched-
fluorescent ssDNA and low signal-to-noise ratio of the gold
nanoparticle ssDNA reporter. Therefore, developing a signal
element with a label-free visible fluorescent reporter and a low
colorimetric background reporter for POC testing applications
of CRISPR/Cas12a-based visual nucleic acid diagnosis is
urgently needed.
Guanine quadruplexes (G4s) are the most studied non-

canonical DNA secondary structures, consisting of stacked G-

quartets via Hoogsteen hydrogen-bonding assembly.8,9 Owing
to their special advantages of easy synthesis, small size, low
cost, and great thermal stability, G4s have attracted increasing
interest in the design and development of highly sensitive
molecular diagnostic elements.10−13 Currently, G4-based visual
nucleic acid detection probes mainly involve a fluorescence
signal and a colorimetric signal. For example, upon integration
of specific ligands (Thioflavin T, ThT) by G4s, the G4
complex can produce a strong fluorescence signal and can be
used as a label-free fluorescent probe.14−17 Moreover, the G4-
based signal element can be used as a catalytic colorimetric
probe when G4 binds hemin and triggers its peroxidase-like
activity.18−21 The robust multifunctional signal output
property of G4s makes them an ideal signal readout candidate
for visual biosensors.
Combining the CRISPR/Cas12a system with G4 signal

elements is in favor of developing highly sensitive methods. Liu
et al. first proposed that G4 sequences could be cleaved by
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Cas12a,22 and then Xu et al. designed colorimetric strategies
based on the G4 sequence trans-cleaved by Cas12a.23,24

However, these colorimetric strategies are “signal-off” and
show a non-specific fold of G4 structures, which affects the

Figure 1. Design of the pre-folded G4 structure and characterization of tolerance to Cas12a. (A) Synthetic strategy of G4 structures. (B) Schematic
illustration for the comparison of tolerance of raw G4 sequence and K+ pre-folded G4 structures in the activated Cas12a system. (C−G) CD
spectra of K+ pre-folded G4 structures (5 μM) after incubation with unactivated Cas12a and activated Cas12a (250 nM). (H) PAGE of K+ pre-
folded G4 structures (5 μM) after incubation with unactivated Cas12a and activated Cas12a (250 nM). (I) Fluorescence intensity (487 nm) of
well-folded G4 structures/ThT complex after incubation with unactivated Cas12a and activated Cas12a. (J) Absorbance (414 nm) of ABTS
catalyzed by the well-folded G4 structures/hemin complex after incubation with unactivated Cas12a and activated Cas12a. Error bars obtained
from three independent experiments. An unpaired Student’s t-test was used to assess statistical significance, “ns” means no significance.
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cleavage efficiency. To eliminate the background signal and
improve the sensitivity, Wang et al. developed a new Cas12a-
assisted G4/hemin strategy by cleaving the antisense sequence
of G4 for visual Bacillus anthracis analysis with a LOD of as low
as one copy.25 However, this method depends on the high-
temperature denaturation and annealing process of G4 and
antisense G4, which limits its application in the POC
molecular diagnostics. Therefore, how to achieve a simple
“signal-on” colorimetric strategy by integrating the CRISPR/
Cas12a system with the G4 signal element to eliminate the
background signal remains huge challenges. In addition, there
is still a need for the design of a G4-based label-free visible

fluorescent strategy that can avoid self-assembly of the G4
sequence in the CRISPR/Cas12a reaction buffer.26

In this work, we first proposed pre-folded G4 structures to
fabricate multifunctional signal elements and demonstrate their
potential for developing a simple label-free visible fluorescent
strategy and a “signal-on” colorimetric strategy in the CRISPR/
Cas12a-based POC testing system. The G4 structures were
pre-prepared by employing potassium ion (K+) as a stabilizer
to form a well-folded G4 structure. Through systematically
regulating the loop length of the well-folded G4 structure, the
tolerance of the G4 structure to CRISPR/Cas12a could be
adjusted. After being integrated with the CRISPR/Cas12a

Figure 2. Investigation of the tolerance mechanism of well-folded G4 structures to CRISPR/Cas12a. (A,B) Absorbance (414 nm) of ABTS
catalyzed by the G16C/hemin and Tel22/hemin complexes after incubation with S1 nuclease and DNase I, respectively. The concentration of both
S1 nuclease and DNase I was 80 U/mL and that of G4 structures was 250 nM. (C,D) CD spectra of G16C-10 and Tel22-10 after incubation with
unactivated Cas12a and activated Cas12a (250 nM). Inset: structural diagram of G16C-10 and Tel22-10, respectively. The concentration of both
G16C-10 and Tel22-10 was 5 μM. (E) Absorbance (414 nm) of ABTS catalyzed by the G16C/hemin complex with various loop lengths of G16C
after incubation with unactivated Cas12a and activated Cas12a. (F) Fluorescence intensity (487 nm) of the Tel22/ThT complex with various loop
lengths of Tel22 after incubation with unactivated Cas12a and activated Cas12a. Ratio (%) represents the percentage of digested G4s in whole G4s.
Error bars obtained from three independent experiments.
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system, the well-folded G4 structure (i.e., Tel22-10 and G16C)
with different tolerances could be used as the label-free visible
fluorescent signal element and “signal-on” colorimetric signal
element. After optimization, the developed two strategies could
detect the Group B Streptococci (GBS)-specific DNA fragment
with a naked-eye LOD of 1 aM. Moreover, the sensitivity and
specificity of the two strategies to detect GBS in clinical
vaginal/anal samples of pregnant women achieved 100%.
Overall, this work demonstrates a designed strategy using a
well-folded G4 structure as a multifunctional signal element for
the development of ultrasensitive visual POC molecular
diagnostics technology based on CRISPR/Cas12a.

■ RESULTS AND DISCUSSION
Design of the Pre-Folded G4 Structure and Adjust-

ment of Tolerance to Cas12a. Figure 1A depicts the
synthetic strategy of G4 structures. Various G4 sequences
(Tel22, wtTel26, PS2.M, G16C, and Grich) were selected as
the model.27−30 The well-folded G4 structure stabilized by K+

was synthesized using a thermal annealing method in
accordance with a previous report.31 Circular dichroism
(CD) spectroscopy (Figure 1C−G, red line) showed that the
pre-folded Tel22, wtTel26, PS2.M, G16C, and Grich
sequences displayed the typical spectral features of hybrid-
stranded, parallel-stranded, and antiparallel-stranded confor-
mation,32 indicating that these G4 sequences were folded into
stable G4 structures when they were premixed with K+.
To examine the tolerance of these well-folded G4 structures,

activated Cas12a was added to cleave the G4 structures. The
results in Figure 1C−G (black line) showed that no obvious
spectral changes were observed in all well-folded G4 structures
compared with their original CD spectra, demonstrating that
the activated Cas12a did not cleave the well-folded G4
structures (Figure 1B). The tolerance of well-folded G4
structures was further confirmed by the polyacrylamide gel
electrophoresis (PAGE) assay. The results in Figure 1H
showed that the migration and intensity of the bands of well-
folded G4 structures were unaffected by the Cas12a cleavage
(Figure S1), indicating that the pre-folded G4 structures could
maintain the structural integrity even in the presence of the
Cas12a cleavage. Notably, Tel22, wtTel26, PS2.M, G16C, and
Grich sequences could be completely cleaved by activated
Cas12a (Figure S2). The integrity of these G4 structures was
further investigated by ligand binding assays. Considering the
significant increase of fluorescence intensity and peroxidase-
like catalytic activity after G4 structures combined with ThT
and hemin, they were selected as fluorescent and colorimetric
ligands, respectively. Figure 1I shows that the fluorescence
intensity at 487 nm of well-folded G4 structures/ThT complex
did not change after incubation with the activated Cas12a. A
similar result in absorbance at 414 nm was observed by using
the well-folded G4 structures/hemin complex to catalyze 2,2′-
azinobis-(3-ethylbenzthiazoline-6-sulfonate) (ABTS) (Figure
1J). However, remarkable reduction of fluorescence and
colorimetric signals was observed when directly the raw G4
sequences and activated Cas12a were mixed (Figure S3),
which is probably because the raw G4 sequences could be
quickly cleaved by activated Cas12a before folded stabilized
G4 structures in the reaction buffer (Figure S4). The above
results verified that the pre-folded G4 structure stabilized by
K+ could tolerate the trans-cleavage of CRISPR/Cas12a.
Considering that K+ is crucial to improve the tolerance of

G4 structures, we evaluated the effect of the K+ concentration

on the tolerance of G4 structures. Tel22 and G16C were
selected as the model because they have the highest binding
capacity to ThT and hemin (Figure 1I,J), respectively. The
results showed that the tolerance of Tel22 and G16C to
CRISPR/Cas12a trans-cleavage increased gradually with
increasing K+ concentration from 0 to 100 mM and reached
a plateau at 200 mM (Figure S5). In addition, the G4
structures (formed by Tel22 and G16C) stabilized with 100
mM K+ also remained intact after incubation with activated
Cas12a for 120 min (Figure S6). These results demonstrated
that the G4 sequences pre-folded by 100 mM K+ can form
stable G4 structures and exhibit high tolerance to the trans-
cleavage of CRISPR/Cas12a.
To specify the tolerance mechanism of well-folded G4

structures to CRISPR/Cas12a, the different endonucleases
were used to cleave the well-stabilized G4 structures. S1
nuclease33 and DNase I34 were selected as the ideal
endonucleases, and the G16C/hemin and Tel22/hemin
catalyze ABTS as the signal output. For the cleavage of the
S1 nuclease, the absorbance of the G16C/hemin system and
Tel22/hemin system decreased by 5 and 78% (Figure 2A),
respectively, indicating that the S1 nuclease could cleave Tel22
but not G16C. This is probably because G16C has one
nucleotide in its loop structure, while Tel22 has three
nucleotides, thus providing more suitable sites for the cleavage
of the S1 nuclease (cleavage of the ssDNA into a single
oligonucleotide).35 For the cleavage of DNase I, the
absorbance of the G16C/hemin system and Tel22/hemin
system changed slightly (10 and 1%) (Figure 2B), which was
consistent with the CRISPR/Cas12a system (Figure S7),
indicating that DNase I could not cleave Tel22 and G16C. The
possible reason was that Tel22 and G16C do not provide
suitable sites for the cleavage of DNase I and the CRISPR/
Cas12a system [cleavage of the ssDNA into longer
oligonucleotides (4 nt)].34,36

To confirm that the loop of G4 structures is a possible site
affecting its tolerance to the CRISPR/Cas12a system, we
further added 10 nucleotides of thymine/guanine on the
middle loop of G16C (G16C-10) and Tel22 (Tel22-10)
(Figure 2C,D), respectively. The results showed that the
typical CD spectra of G16C-10 and Tel22-10 significantly
changed, demonstrating that the activated Cas12a can cleave
the well-folded G16C-10 and Tel22-10. The cleavage of
G16C-10 and Tel22-10 by activated Cas12a was further
verified by the PAGE assay and ligand binding assays (Figures
S8−S10). These data indicated that the tolerance of G4
structures to CRISPR/Cas12a trans-cleavage was related to the
loop length of G4 structures.
To clarify the effect of different loop lengths on the cleavage

efficiency, we added 5, 10, 15, and 20 nucleotides of thymine/
guanine on the middle loop of G16C (named G16C-5 to 20;
Figure 2E) and Tel22 (named Tel22-5 to 20; Figure 2F),
respectively. First, G16C/hemin-catalyzed ABTS was used as
the signal output to verify the cleavage efficiency of G16C. The
results showed that the cleavage efficiency gradually increased
from 9 to 38% as nucleotides increased from 0 to 10 and then
decreased with the continuous increase of nucleotides (Figure
2E), demonstrating that G16C and G16C-10 had high and low
tolerance to CRISPR/Cas12a trans-cleavage, respectively.
Second, the Tel22/ThT system was used as the signal output
to verify the cleavage efficiency of Tel22. Results showed that
the cleavage efficiency gradually increased from 2 to 84% as
nucleotides increased from 0 to 10 and then decreased with the
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continuous increase of nucleotides (Figure 2F), demonstrating
that Tel22 and Tel22-10 had high tolerance and sensitivity to
CRISPR/Cas12a trans-cleavage, respectively. The reason is
that the long loop (>10 nt) sequence is far away from the G-
core region, increasing the recognition probability of Cas12a
and also increasing the difficulty of folding the G-core region,
thereby affecting the stability of the G4 structure. These results
confirmed that the well-folded Tel22/G16C could tolerate the
trans-cleavage of CRISPR/Cas12a, and this tolerance to
CRISPR/Cas12a trans-cleavage is tunable by simply increasing
the loop length. In short, the pre-folded G4 structure provides
a promising alternative to the fabrication of multifunctional
signal elements by manipulating the anti-CRISPR/Cas12a
trans-cleavage activity of G4s.
CRISPR/Cas12a Trans-Cleavage-Sensitive Tel22-10 as

a Label-Free Visible Fluorescent Signal Element. Owing
to its high sensitivity to the CRISPR/Cas12a trans-cleavage,
Tel22-10 was used as a label-free visible fluorescent signal
element in the CRISPR/Cas12a system to facilitate visual
nucleic acid diagnosis of GBS, an important indicator for the
maternal and newborn infection.37 Figure 3A depicts the
testing principle of the designed CRISPR/Cas12a-Tel22-10/
ThT system for the ultrasensitive detection of GBS DNA. The
system design relies on the combination of Tel22-10 and ThT
to produce a strong fluorescence signal. In the presence of
GBS, the target DNA was first integrated into Cas12a to form
the activated Cas12a. Activated Cas12a then rapidly cleaved
Tel22-10 and destroyed its secondary structure. Through
collateral cleavage, the fluorescence intensity decreased

dramatically. On the contrary, Cas12a could not be activated,
and the fluorescence intensity did not change.
The optimization of reaction conditions is the key to

improve the detection performance of this CRISPR/Cas12a-
Tel22-10/ThT system. Here, several important parameters,
including K+ concentration for stabilizing the Tel22-10
structure and collateral cleavage time of activated Cas12a
before readout, were evaluated. As shown in Figure 3B, the
decrease rate of fluorescence intensity first increased from 95
to 97% with the increase of K+ concentration from 0 to 25 mM
and then decreased to 31% with the continuous increase of K+

concentration, indicating that the optimal K+ concentration for
stabilizing was 25 mM. For optimizing the collateral cleavage
time, the decrease rate of fluorescence intensity gradually
increased from 51 to 97% with the increase of reaction time
from 10 to 30 min and then reached a balance upon
prolonging the reaction time further (Figure 3C). In addition,
appropriate K+ concentration in the reaction buffer is crucial to
ensure the Cas12a trans-cleavage activity. If there was no K+ in
reaction buffer, the trans-cleavage efficiency of Cas12a was
significantly decreased, which is not conducive to the decrease
of more than 90% signal intensity (Figure S11). These results
indicated that 30 min of collateral cleavage time was enough to
enable the complete destruction of the Tel22-10 structure for
obtaining the best analytical performance, which was superior
to that of the fluorophore quencher-labeled ssDNA reporter
for GBS DNA detection (Figure S12). The possible reason was
that the Tel22-10 structures increase the recognition
probability of Cas12a.

Figure 3. Analytical performance of the CRISPR/Cas12a-Tel22-10/ThT system for GBS DNA detection. (A) Schematic representation of the
label-free visible fluorescent strategy for the detection of GBS DNA. (B) Fluorescence intensity of ThT in the Tel22-10 structure stabilized by
various concentrations of K+ before and after adding GBS DNA-activated Cas12a. The GBS DNA concentration was 100 nM. (C) Fluorescence
intensity of ThT in Tel22-10 structures (stabilized by 25 mM K+) under different incubation times before and after adding GBS DNA-activated
Cas12a. (D) Calibration curve between the decreased ratio of fluorescence intensity at 487 nm and the GBS DNA concentration in a range of 102
to 105 pM. Inset: photographs of the CRISPR/Cas12a-Tel22-10/ThT system in response to different concentrations of GBS DNA. (E) Calibration
curve between the decreased ratio of fluorescence intensity at 487 nm and GBS DNA amplified RPA technology (100 to 103 aM). Inset:
photographs of the RPA-assisted CRISPR/Cas12a-Tel22-10/ThT system in response to different concentrations of GBS DNA.
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Under the developed conditions, GBS DNA solutions with
various concentrations (0−105 pM) were monitored using the
CRISPR/Cas12a-Tel22-10/ThT system. The detection results
were recorded using a fluorescence spectrophotometer and
mobile phone. The LOD was defined as the lowest
concentration of GBS DNA to produce the fluorescence signal
recorded by the reader. As shown in the inset of Figure 3D, the
fluorescence of the reaction solution gradually diminished with
increasing GBS DNA concentration, and the LOD observed by
the naked eye was 1 nM. Figure 3D shows a good correlation
between the decreased ratio of fluorescence intensity (FI) at
487 nm and the GBS DNA concentration from 0 to 105 pM,
and the corresponding regression equation was described as y
= 100.6−91.0 × exp(CGBS/15464.6) (R2 = 0.998). The LOD
obtained by the fluorescence spectrophotometer was 100 pM,
which was comparable to that of the fluorophore quencher-
labeled ssDNA reporter for GBS DNA detection (Figure S13).
To further improve the detection sensitivity, recombinase

polymerase amplification (RPA) was introduced to pre-amplify
the GBS DNA fragment for 30 min. As shown in the inset of
Figure 3E, the fluorescence of the reaction solution weakened
gradually and even disappeared with increasing GBS DNA
concentration. An apparent decrease in fluorescence could be
observed when the DNA concentration was 1 aM, indicating

that the LOD obtained by the naked eye was as low as 1 aM.
Additionally, similar results were obtained by the fluorescence
spectrophotometer, and the LOD was also 1 aM. Furthermore,
the specificity of the label-free visible fluorescent strategy was
evaluated by the detection of the GBS strain and the non-GBS
strains (Streptococcus pneumoniae, Escherichia coli, Group A
Streptococcus, Staphylococcus aureus). As indicated in Figure
S14, we can observe an evident signal response toward GBS
compared with that toward other non-GBS strains, implying
high selectivity of the proposed fluorescent strategy for
specifically distinguishing GBS against other nontargets. The
results suggested that the developed label-free visible
fluorescent signal output element based on Tel22-10/ThT
can be used as a promising alternative to the traditional
fluorophore quencher-labeled ssDNA reporter, avoiding
complex double labeling and reducing the testing cost.
CRISPR/Cas12a Trans-Cleavage-Tolerant G16C as a

“Signal-On” Colorimetric Signal Element. The “signal-on”
colorimetric strategy with low color background is crucial to
improve the detection sensitivity of the CRISPR/Cas12a-based
colorimetric system. Considering its high tolerance to
CRISPR/Cas12a trans-cleavage, G16C was used as a “signal-
on” colorimetric signal element in the CRISPR/Cas12a system
to facilitate visual nucleic acid diagnosis. To achieve a “signal-

Figure 4. Analytical performance of the CRISPR/Cas12a-G16C/hemin system for GBS DNA detection. (A) Structural diagram of DGH. (B)
Schematic representation of the “signal-on” colorimetric strategy for the detection of GBS DNA. (C) UV−vis spectra of hemin (2 μM); the mixture
of hemin (2 μM) and G16C (2 μM); DGH (1 μM); the mixture of DGH (1 μM), Cas12a-crRNA (100 nM), and GBS DNA (100 nM); and the
mixture of DGH (1 μM), G16C (2 μM), Cas12a-crRNA (100 nM), and GBS DNA (100 nM). (D) UV−vis spectra of ABTS (2 mM) catalyzed by
the mixture of Cas12a-crRNA and DGH; the mixture of Cas12a-crRNA, GBS DNA, and DGH; the mixture of Cas12a-crRNA, G16C, and DGH;
and the mixture of Cas12a-crRNA, GBS DNA, G16C, and DGH. The concentrations of Cas12a-crRNA, GBS DNA, DGH, and G16C were 50,
100, 150, and 450 nM, respectively. (E) Calibration curve between the absorbance at 414 nm and the GBS DNA concentration in a range of 0−104
pM. Inset: photographs of the CRISPR/Cas12a-G16C/hemin system in response to different concentrations of GBS DNA. (F) Calibration curve
between the absorbance at 414 nm and GBS DNA amplified RPA technology (0−103 aM). Inset: photographs of the RPA-assisted CRISPR/
Cas12a-G16C/hemin system in response to different concentrations of GBS DNA.
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on” strategy, the DNA-grafted hemin dimer (DGH) probes
were designed and introduced into the detection system
(Figure 4A). The developed DGH probes can inhibit the
catalytic activity of hemin monomers by grafting two hemin
molecules to two terminals of an oligonucleotide.38,39 Figure
4B depicts the testing principle of the designed CRISPR/
Cas12a-G16C/hemin system for the ultrasensitive detection of
GBS DNA. In the presence of GBS DNA, the target DNA was
first integrated into Cas12a to form the activated Cas12a. The
activated Cas12a then rapidly cleaved the loop sequence of
DGH and released the hemin monomers. Then, the released
hemin monomers quickly bound to the well-stabilized G16C
structures (uncleaved by activated Cas12a) to form active
G16C/hemin DNAzymes, which can catalyze ABTS to
generate a green-colored signal. On the contrary, Cas12a
could not be activated, and the color of the reaction solution
exhibited negligible change (colorless).
To verify the feasibility of the “signal-on” colorimetric

strategy, the DGH probes were first characterized by a UV−vis
spectrophotometer. As shown in Figure 4C, compared with the
free hemin monomers (black line), the absorption peak of

DGH probes (red line) shifted from 394 to 378 nm.38,40 After
adding activated Cas12a, the DGH probes (blue line) showed
a similar absorption peak to that of free hemin monomers
(black line), indicating that the designed DGH probes could
be cleaved by activated Cas12a. With the addition of the well-
folded G16C, the released hemin monomers from the DGH
probes can bind with the well-folded G16C to form the G16C/
hemin complex, which was confirmed by the absorption peak
shift from 394 to 402 nm,40 similar to the directly assembled
G16C/hemin DNAzymes. The catalytic activity of the formed
G16C/hemin DNAzymes was further evaluated. Figure 4D
shows that the absorbance significantly increased when the
DGH probes, activated Cas12a, and well-folded G16C were
mixed. The uncleaved DGH probes can also generate a
negligible background signal due to the purchased DGH probe
containing a few free hemins. These results demonstrated that
the developed system could be used as a sensor system with
low colorimetric background for visual nucleic acid diagnosis.
The catalytic activity of G16C/hemin DNAzymes was also

verified by fluorescence and chemiluminescence assays (Figure
S15). The “signal-on” colorimetric assay development and

Figure 5. Application of the label-free visible fluorescent strategy and “signal-on” colorimetric strategy in the diagnosis of GBS infection in pregnant
women. (A) Schematic diagram of two strategies for the detection of GBS in clinical vaginal/anal samples of pregnant women. (B) Photographs of
GBS in clinical vaginal/anal samples of pregnant women detected by a label-free visible fluorescent strategy. (D) Photographs of GBS in clinical
vaginal/anal samples of pregnant women detected by a “signal-on” colorimetric strategy. (C) Scatter plot of the decreased ratio of fluorescence
intensity (487 nm) of 23 vaginal/anal samples detected by a fluorescent strategy. The 10% reduction in fluorescence intensity was defined as a
positive threshold. (E) Scatter plot of the absorbance (414 nm) of 23 vaginal/anal samples detected by a colorimetric strategy. The absorbance
greater than 0.3 was defined as a positive threshold. “−” and “+” represent the negative and positive samples, respectively. “Blank” indicated the
result of using two strategies to detect the extraction solution of commercial kit. An unpaired Student’s t-test was used to assess statistical
significance of two groups; “***” means p < 0.001.

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.2c01391
ACS Sens. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c01391/suppl_file/se2c01391_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c01391/suppl_file/se2c01391_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01391?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01391?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01391?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01391?fig=fig5&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c01391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


optimization involved the stem length, loop length, and
concentration of DGH probes; the incubation time of Cas12
for the cleavage of DGH probes; the H2O2 concentration for
ABTS catalysis; and the catalytic reaction time of ABTS. The
optimal parameter combination to enable the best analytical
performance is summarized in Figures S16−S22. Under the
developed conditions, the “signal-on” colorimetric strategy was
used for ultrasensitive detection of GBS DNA. As shown in the
inset of Figure 4E, the green color gradually deepened with
increasing GBS DNA concentration from 0 to 104 pM, and the
LOD obtained by the naked eye was 10 pM. In addition, a
good correlation was achieved between the absorbance at 414
nm and the GBS DNA concentration from 101 to 104 pM. The
regression equation was expressed as y = 0.022 + 0.251lgCGBS
(R2 = 0.988) (Figure 4E). The LOD obtained by a UV−vis
spectrophotometer was 10 pM. Notably, the sensitivity of this
approach could be further improved to 1 aM by introducing
the RPA technology (Figure 4F inset), which is comparable to
the previously reported Cas12a-based colorimetric assay for
nucleic acid detection (Table S1). In addition, the specificity
experiment was verified by the comparison of the GBS strain
and the non-GBS strains (S. pneumoniae, E. coli, Group A
Streptococcus, S. aureus). As indicated in Figure S23, we can
observe an evident signal response toward GBS compared with
that toward other non-GBS strains, implying high selectivity of
the proposed colorimetric strategy for specifically distinguish-
ing GBS against other nontargets. These results suggested that
the developed “signal-on” colorimetric strategy based on
G16C/hemin can be used as a promising reporter to eliminate
the inherent background of colorimetric probes by simply
mixing the DGH probes and G4/hemin signal element.
Analysis of GBS in Clinical Samples by a Label-Free

Visible Fluorescent Strategy and a “Signal-On” Colori-
metric Strategy. Encouraged by their ultrahigh sensitivity,
the developed label-free fluorescent and “signal-on” colori-
metric strategies were further extended to detect GBS in 46
clinical vaginal/anal samples of pregnant women [confirmed
by the quantitative polymerase chain reaction (qPCR) assay]
(Figure 5A). The GBS DNA extracted from clinical samples
was pre-amplified with RPA for 30 min and then detected by
the developed fluorescent and “signal-on” colorimetric method.
The results are summarized in Figure 5B−E. For the
fluorescent strategy, green fluorescence markedly reduced
when detecting 16 positive samples, while there was no
obvious fluorescence change when detecting 7 negative
samples (Figure 5B), demonstrating that the sensitivity and
specificity of this strategy for the detection of GBS were 100%
(Table 1, Figure S24). These results were further confirmed by
recording the fluorescence intensity at 487 nm using a
fluorescence spectrophotometer (Figure 5C). All detection
results were consistent with those of the commercial qPCR

assay (Figure S25). For the “signal-on” colorimetric strategy,
an obvious green solution was observed when detecting 16
positive samples, while no color change was observed when
detecting 7 negative samples (Figure 5D), demonstrating that
the sensitivity and specificity of this strategy for the detection
of GBS were 100% (Table 1, Figure S26). These results were
further confirmed by recording the absorbance at 414 nm
using a UV−vis spectrophotometer (Figure 5E). All detection
results were also consistent with those of the commercial
qPCR assay (Figure S27). In brief, these two strategies could
correctly test all negative and positive samples without false-
positive and false-negative results, indicating that the
developed pre-folded G4-based signal elements could act as
a promising next-generation reporter in the CRISPR/Cas12a-
based POC testing system.

■ CONCLUSIONS
We have reported the pre-folded G4 structures with tunable
tolerance to CRISPR/Cas12a trans-cleavage and demonstrated
their potential as a new signal transduction element in
improving CRISPR/Cas12a-based visual nucleic acid diag-
nosis. By regulating the loop length of the well-folded G4
structure, we systematically explored the relationship between
the sensitivity of G4s to CRISPR/Cas12a trans-cleavage and its
structure and found that the tolerance was determined by the
loop length in G4s. On this basis, two G4 structures, Tel22-10
and G16C, which have high sensitivity and tolerance to
CRISPR/Cas12a trans-cleavage, respectively, were designed as
fluorescent and “signal-on” colorimetric signal transduction
elements to achieve ultrasensitive detection of GBS at the
attomolar level. The feasibility of the G4-assisted CRISPR/
Cas12a fluorescent and colorimetric strategy in actual clinical
diagnosis was well demonstrated. Given its outstanding
advantages over the conventional fluorophore quencher-
labeled ssDNA reporter and gold nanoparticle ssDNA reporter,
the pre-folded G4 structures with tunable tolerance to
CRISPR/Cas12a trans-cleavage can serve as a promising signal
transduction strategy for the development of ultrasensitive
visual POC molecular diagnostics systems.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssensors.2c01391.

Quantitative analysis of the G4 band intensity in PAGE
assay (Figure 1H) by Image J 7.0; tolerance of raw G4
sequence, G4 structures pre-folded by reaction buffer to
CRISPR/Cas12a trans-cleavage; tolerance of G16C
structure and Tel22 structure to CRISPR/Cas12a
trans-cleavage after pre-folded by different concentra-

Table 1. Comparison of the Proposed Assay with a Commercial qPCR Assay for the Detection of GBS DNA in Real Clinical
Specimens

qPCR compared with qPCR

methods positive negative total sensitivity (%) specificity (%)

fluorescent strategy positive 16 0 16 100 100
negative 0 7 7
total 16 7 23

“signal-on” colorimetric strategy positive 16 0 16 100 100
negative 0 7 7
total 16 7 23
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tions of K+ and with 100 mM K+ for different times;
tolerance of G16C-10 structure and Tel22-10 structure
to CRISPR/Cas12a trans-cleavage; comparison of the
effect of K+ concentration in the reaction buffer on the
trans-cleavage efficiency of Cas12a; comparison of the
cleavage efficiency of Cas12a on the unfolded ssDNA
sequence and Tel22-10 structure; conditions optimiza-
tion of “signal-on” colorimetric strategy; specificity
detection of the label-free visual fluorescence strategy
and “signal-on” colorimetric system; ROC analysis of
clinical samples detected by label-free visual fluorescence
strategy and “signal-on” colorimetric strategy; qPCR
results of GBS in 46 clinical vaginal/anal samples of
pregnant women detected by the label-free visual
fluorescence or “signal-on” colorimetric assays; compar-
ison between the proposed “signal-on” colorimetric
strategy and other reported colorimetric methods based
on Cas12a for nucleic acid detection; and DNA
sequences employed in this work (PDF)
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