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A one-tube dual-readout biosensor for detection
of nucleic acids and non-nucleic acids using
CRISPR-ALP tandem assay+
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Clustered regularly interspaced short palindromic repeats (CRISPR)-based diagnostics have been con-
sidered a next-generation molecular diagnosis tool. Single-readout mode has been extensively employed
in massive CRISPR/Casl2a-based biosensors. In this work, we propose a one-tube dual-readout bio-
sensor (CRISAT) for the first time for the detection of ultrasensitive nucleic acids and non-nucleic acids
developed by harnessing CRISPR-ALP tandem assay. In the presence of a target, Casl2a is activated to
randomly cut the single-stranded hyDNA sequence of MB@hyDNA-cALP, thus releasing abundant alkaline
phosphatase (ALP) in the supernatant solution. By using 4-aminophenol phosphate as the substrate of
ALP, p-aminophenol is produced, which then reacts with N-[3-(trimethoxysilyl)propyllethylenediamine or
diethylenetriamine to generate silicon-containing polymer carbon dots (Si PCDs) or polymer carbon dots
(PCDs) in situ, which can be observed by the naked eye or detected using a fluorescent device in the
same solution. Using this strategy, a fluorescence and colorimetry dual-readout nanoplatform for
CRISPR-based biosensors can be rationally developed. We ascertain the applicability of CRISAT by detect-
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ing the SARS-CoV-2 pseudovirus, achieving superior sensitivity and specificity. With simple modification
of crRNAs, the CRISAT platform can also be employed to detect monkeypox virus (MPXV) and non-
nucleic acids of adenosine triphosphate (ATP). This work shows great potential for the detection of

rsc.li/analyst nucleic acids and non-nucleic acids.

unique trait, CRISPR/Cas12a has been widely harnessed as a
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Introduction

The clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas system has garnered increased scientific interest
for its application in gene editing."” Also, CRISPR/Cas techno-
logy is regarded as the most recent and ongoing diagnostic
tool owing to its unique nuclease activity under the direction
of a guide ribonucleic acid (crRNA) to target nucleic acids.*™®
When a double-stranded DNA (dsDNA) or single-stranded DNA
(ssDNA) activator is recognized, the representative CRISPR/
Cas12a presents strong “trans-cleavage” activity and indiscrimi-
nately cuts any unrelated ssDNA. By taking advantage of this
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promising biosensor by cleaving the functionalized reporter
DNA.> ™ In this regard, various CRISPR-based diagnostic plat-
forms, including colorimetry, electrochemistry, electrochemi-
luminescence, and chemiluminescence, have been
proposed.’>' Although the aforementioned biosensors can
provide highly sensitive, selective, fast, and convenient testing,
they are only available in a single-readout mode that is not
conducive to the accuracy of detection due to the influence of
environmental and instrumental factors. There is an urgent
demand for extending and building a novel CRISPR/Cas12a-
based multiple-readout biosensor.

Dual-mode methods have recently gained research atten-
tion because they can perform cross-validating detection,
reduce false negative/positive probabilities, and exhibit convin-
cing results.”” In this manner, several CRISPR/Cas-triggered
dual-mode detection strategies have been reported. For
example, by separately using two different nanomaterials as
signal generators, Wang’s group developed a CRISPR/Cas12a-
based fluorescent/colorimetric dual-signal biosensor for the
sensitive detection of estradiol and prostate-specific antigen.*
Pu’s group proposed a single-base resolution analysis bio-
sensor with dual-mode signal output of electrochemistry and
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fluorescence based on the CRISPR/Casl2a-triggered cleavage
of various ssDNA-labeled reporters in separate reactors. Multi-
mode detection can also be achieved by treating the same frag-
ment solution using different strategies.”* Ma’ group estab-
lished a colorimetric and photothermal dual-signal CRISPR/
Cas12a-powered biosensor based on DNA-labeled gold nano-
particles by recording the color change after centrifugation
and measuring the temperature change of the supernatant
after laser irradiation.>® Additionally, a dual-mode electro-
chemical (fast scan voltammetric and electrochemilumine-
scence) biosensor for the detection of genetically modified
soybean SHZD32-1 was proposed.”® In particular, the signal
output of the aforementioned dual-mode detection strategies
needs to provide independent probes or beacons and cannot
be achieved synchronously, which may result in complicated
operation steps and high costs. It is still desirable to find a
simpler and more cost-effective dual-mode detection strategy
for CRISPR-based biosensors.

Fluorescence and colorimetric dual-mode signals that are
strictly generated from identical precursors in one tube can
make detection easier and economical. Recently, by using
p-aminophenol (AP) as a raw material, nanomaterial-based
dual-mode alkaline phosphatase (ALP) assays with greatly
improved detection performances have been reported, benefit-
ing from the easy and convenient synthesis and superior fluo-
rescence and colorimetric properties of the in situ generated
nanomaterials.>>?” The ALP-catalyzed signal mode implied
that it could be used to establish a CRISPR-based dual-readout
platform by using the collateral cleavage ability of Cas12a on
ssDNA, which could indirectly or directly cut sSSDNA combined
with the ALP native enzyme. To the best of our knowledge, the
proposed biosensor has not yet been reported.

Inspired by ALP-involved dual-signal detection, we have
developed a unique CRISPR/Cas12a-ALP tandem platform
(denoted as CRISAT), which utilizes the catalytic properties of
ALP to generate AP and the synthesis of carbon dots (CDs)
in situ, to realize one-tube dual-readout for the detection of
target nucleic acids or non-nucleic acids. As demonstrated in
Scheme 1, one terminus of hybridization DNA (hyDNA) is
immobilized on the magnetic beads (MB), and the other end
is capable of coupling abundant ALP with the aid of tyramide
amplification (TSA) technology. After target recognition, the
hyDNA on the surface of MB@hyDNA-cascade ALP
(MB@hyDNA-cALP) was cleaved by the activated Cas12a, thus
releasing abundant ALP in the supernatant. The free ALP
further catalyzes the hydrolysis of 4-aminophenyl phosphate
(APP) to generate AP, which then reacts with N-[3-(trimethoxy-
silyl)propyl]ethylenediamine (DAMO) or diethylenetriamine
(DETA) precursors to generate silicon-containing polymer
carbon dots (Si PCDs) or PCDs. In contrast to present dual-
mode methods, this process simultaneously provides both
fluorescence and absorbance signals in one tube that can be
observed by the naked eye or detected using a fluorescent
device. This dual-readout nanoplatform based on CRISPR/
Cas12a can be applied to detect both nucleic acid and non-
nucleic acid analytes. Due to its high sensitivity, visualization
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or use of a fluorescence tool, and simple workflow, this plat-
form is suitable for facile point-of-care (POC) detection.

Materials and methods

Materials and apparatus

LbCasi2a was bought from Guangzhou Magigen
BiotechnologymeonmitdmStreptavidin-ALP, streptavidin-HRP,
and BeyoMag™ Streptavidin Magnetic Beads (MB) were
obtained from Beyotime Biotechnology (Shanghai, China).
Biotin-tyramine was obtained from APEXBIO Technology LLC
(Houston, USA). 4-Aminophenol (AP), diethanolamine (DEA),
N-[3-(trimethoxysilyl )propyl Jethylenediamine (DAMO) and di-
ethylenetriamine (DETA) were bought from Macklin
Biochemical Co., Ltd (Shanghai, China). 4-Aminophenyl phos-
phate monosodium salt hydrate (APP) was obtained from
Aladdin Corporation (Shanghai, China). Adenosine 5'-tripho-
sphate disodium salt hydrate (ATP-2Na) was bought from
Sigma-Aldrich (USA). Cytidine 5'-triphosphate (CTP), 5'-tripho-
sphate (UTP), and guanosine 5'-triphosphate (GTP) were
bought from Sangon Biotech (Shanghai, China).
Oligonucleotides were ordered from General Biol (Anhui) Co.,
Ltd (Chuzhou, China), and the detailed sequences are shown
in Table S1.1 Pseudoviruses corresponding to SARS-CoV-2 and
the monkeypox virus F3L gene were purchased from Yeasen
Biotechnology (Shanghai, China). The RaPure virus RNA/DNA
kit was bought from Magen (Guangzhou, China). RT-RPA and
RPA kits were purchased from Jiangsu Qitian Gene
Biotechnology Co., Ltd (Wuxi, China).

The transmission electron microscopy images of Si PCDs or
PCDs were obtained using a Jeol JEM-1400 (80 kV, Japan). The
absorbance and fluorescence data were recorded using a
microplate reader (Tecan Spark GmbH, Austria).

Preparation of MB@hyDNA-ALP and MB@hyDNA-cALP

The pre-prepared MB@hyDNA and streptavidin-ALP (100 pL,
1 pg mL™") were co-incubated for 30 min to obtain
MB@hyDNA-ALP. To prepare MB@hyDNA-cALP, MB@hyDNA
was incubated with streptavidin-HRP (0.3 ug mL™") for 15 min.
Afterwards, PBS buffer was used to wash the beads five times.
After removing the supernatant, 10 pL of tyramine-ALP and
2 pL of 10 mM H,0, were incubated with the beads for 10 min
to form MB@hyDNA-cALP. To evaluate the effect of the TSA
strategy employed in the study, MB@hyDNA-ALP and
MB@hyDNA-cALP were washed using Tris-HCI buffer (20 mM,
pH 8.0) five times, and 100 pL of the AMPPD substrate was
incubated with beads for 90 s.

Measurement of CRISAT

The as-prepared MB@hyDNA-cALP was washed with Tris-HCl
buffer (50 mM, pH 8.0, 10 mM MgCl,, 150 mM NacCl) five
times. After that, the supernatant was removed and 20 pL of
the mixture solution containing 200 nM LbCas12a-crRNA and
target nucleic acids or ATP solution was incubated with the
beads for 15 min at 37 °C. The supernatant was collected by

This journal is © The Royal Society of Chemistry 2023
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separating the beads with the help of a magnetic rack.
Subsequently, 2 uL of APP (3 mM), 5 pL of 1 mM MgCl,, 50 pL
of 50 mM Tris-HCI buffer (pH 9.8) and 145 pL of ultrapure
water were added to the supernatant and incubated for 40 min
at 37 °C. Finally, 75 pM DAMO or 200 pM DETA was introduced
and the whole reaction solution was incubated for 20 min or
30 min at 70 °C, respectively. The absorbance and fluorescence
data were recorded.

Results and discussion

In situ synthesis and characterization of Si PCDs and PCDs
triggered by MB@hyDNA-cALP and trans-cleavage of hyDNA

In this work, we sought to use hyDNA as a bridge to couple
ALP coated onto MB. We first investigated whether Cas12a is
capable of cutting the single-stranded sequences of hyDNA.
The sense and anti-sense strands were labeled with FAM fluo-
rescence molecules (sequences are listed in Table S1,} Fig. 1A),
and the dual-terminus labeled hyDNA was formed by 11 bases
between the two single strands (Fig. 1A). A synthetic DNA
(stDNA) sequence (listed in Table S17) corresponding to the N
gene of SARS-CoV-2 was used as a model target. PAGE experi-
ments were carried out to validate the performance of the acti-
vated Cas12a, which is known to preferentially cleave A- or
T-rich sequences.*®** As shown in Fig. 1A, lanes 1 and 2 show

This journal is © The Royal Society of Chemistry 2023

the FAM-labeled sense strand of hyDNA and the FAM-anti-
sense strand of hyDNA, respectively. Compared to lane 3
without a target, we observed that the prepared hyDNA could
be digested into short products in lane 4, which simul-
taneously contains Cas12a-crRNA and the stDNA target. This
result demonstrated that the dual-terminus poly A sequences
of hyDNA were effectively cut by Cas12a.

Thereafter, we turned our attention to exploring the per-
formances of the as-obtained MB@hyDNA-cALP. At the begin-
ning, only streptavidin-ALP was initially fixed onto
MB@hyDNA to form MB@hyDNA-ALP. To further increase the
detection sensitivity, MB@hyDNA-cALP was formed after the
addition of streptavidin-HRP, tyramine-ALP, and H,0,, which
allows the production of abundant HRP-tyramine-ALP using
the classical TSA strategy; the structural difference between
MB@hyDNA-cALP and MB@hyDNA-ALP is shown in Fig. S1.}
Upon the addition of the AMPPD substrate of ALP, a chemilu-
minescence (CL) signal intensity was observed in the
MB@hyDNA-ALP and MB@hyDNA-cALP groups. As expected,
the CL intensity in the MB@hyDNA-cALP group was nearly
three-fold higher than that in the MB@hyDNA-ALP group
(Fig. 1B), indicating that the introduction of the TSA strategy
improved the ability of the beads to load more ALP. Hence, we
used MB@hyDNA-cALP for further experiments.

Subsequently, we studied the feasibility of the in situ for-
mation of Si PCDs or PCDs induced by the MB@hyDNA-cALP.
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Fig. 1 (A) Native PAGE analysis of the Casl2a collateral cleavage of 400 nM hyDNA. Lane 1: Antisense strand of hyDNA, lane 2: sense strand of
hyDNA, lane 3: hyDNA, and lane 4: cleaved products. (B) CL intensity of the control, MB@hyDNA-HRP, MB@hyDNA-ALP and MB@hyDNA-cALP
groups. (C) Schematic representation of fluorescence and colorimetric reactions according to the in situ generation of Si PCDs and PCDs induced by
MB@hyDNA-cALP. (D) Absorption spectrum (the black line and black arrow corresponding to the Y-line), fluorescence excitation spectrum (the red
line and red arrow corresponding to the X-line), fluorescence emission spectrum (the blue line and blue arrow corresponding to the X-line) and the
TEM image of Si PCDs (right panel). (E) Absorption spectrum (the black line and black arrow corresponding to the Y-line), fluorescence excitation
spectrum (the red line and red arrow corresponding to the X-line), fluorescence emission spectrum (the blue line and blue arrow corresponding to
the X-line) and the TEM image of PCDs (E, right panel). The insets (D and E) show the resultant solutions under white and 365 nm UV light,

respectively.

The sensing principle is displayed in Fig. 1C. The
MB@hyDNA-cALP catalyzes the hydrolysis of APP to produce
AP, which then reacts with DAMO or DETA to generate Si PCDs
or PCDs, turning orange-red or yellow under white light,
respectively. While being exposed to UV light (365 nm), the
solutions emit intense yellow-green and light green fluo-
rescence, respectively (Fig. 1D and E, left inset). As shown in
the transmission electron microscopy image (Fig. 1D and E,
right inset; Fig. S2t), the average sizes of the generated Si
PCDs and PCDs were identified to be 3.6 + 0.03 nm and 3.28 =+
0.04 nm, respectively. Moreover, the generated Si PCDs and
PCDs reveal typical absorption peaks at 483 and 480 nm,
respectively (Fig. 1D and E, left inset). The fluorescence
spectra of Si PCDs displayed the excitation and emission peaks
at 376 nm and 524 nm, respectively, and those of PCDs were
observed at 400 nm and 510 nm, respectively (Fig. 1D and E,
left inset). Taken together, these results explicitly suggested
that Si PCDs and PCDs in situ generated by MB@hyDNA-cALP
possess both colorimetric and fluorescence properties.

Development of the CRISAT platform

To test the feasibility and effectiveness of the proposed plat-
form, Casl2a’s collateral cleavage activity was initially trig-
gered after the addition of the stDNA target and Casl2a-
crRNA. Thereafter, the entire mixture was incubated with
MB@hyDNA-cALP, and thus the hyDNA could be cleaved indis-
criminately. The obtained supernatant containing abundant
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ALP sequentially reacted with APP and DAMO solutions. As
depicted in Fig. 2A and B, the MB@hyDNA-cALP with the
stDNA group displayed intense fluorescence and colorimetric
values, accompanied by yellow-green and orange-red fluo-
rescence under UV and white light, respectively (inset pic-
tures). In sharp contrast, the solutions of the control and
MB@hyDNA-cALP were unable to emit discernible fluo-
rescence and generate distinctive absorption peaks of Si PCDs.
As for the addition of DETA, the color of the final solution was
light green and yellow under UV and white light, respectively
(Fig. S3A and S3B,f inset pictures). These results indicated
that the proposed platform has potential for one-tube mul-
tiple-readout detection of nucleic acids.

We next optimized the experimental conditions to enhance
the detection efficiency of the platform. Initially, we investi-
gated the roles of the volume of MB and concentrations of
hyDNA and streptavidin-HRP toward maximizing bead loading
efficiency. The results indicated that the fluorescence signals
reached their plateau levels when using 4 pL MB, 0.4 pM
hyDNA and 0.3 pg mL™' streptavidin-HRP (Fig. S4A-Cft).
Subsequently, we turned our attention to the Cas12a reaction
conditions. As displayed in Fig. 2C and D, the optimum con-
centration and cleavage time of Casl2a were 200 nM and
15 min, respectively. We further explored the analytical per-
formance for ALP activity. On the basis of the results illus-
trated in Fig. 2E and Fig. S4D,f 40 min of APP reaction time
and 30 pM APP were adopted because a further increase in the

This journal is © The Royal Society of Chemistry 2023
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APP concentration and the reaction time did not enhance the
fluorescence intensity. Additionally, a DAMO concentration of
75 pM (Fig. S5AT) and a reaction time of 20 min (Fig. 2F), as
well as a DETA concentration of 200 pM (Fig. S5BT) and a reac-
tion time of 30 min (Fig. S5C7) were chosen for the subsequent
assay.

Analytical performance of the CRISAT platform

The sensing performance of the CRISAT platform was evalu-
ated under optimal conditions. With an elevated concentration
of stDNA, gradual increases in the fluorescence intensity and
absorbance were observed (Fig. 3A and B) because of the
increased concentrations of ALP caused by the gradual activity
of Cas12a. Meanwhile, visible color changes were also easily
discernible with the naked eye (insets in Fig. 3A and B). More
to the point, Fig. 3A indicates that the fluorescence intensity
exhibited a satisfactory linear correlation with the stDNA con-
centrations ranging from 0.1 nM to 3 nM. The regression
equation can be expressed as Fs,4 = 2480 Cypna (NM) + 219, R
= 0.998 (Fig. 3B). Compared with the fluorescent channel, the
colorimetric intensity exhibited a narrower linear range (0.1
nM-2 nM), and the regression equation between the absor-
bance and stDNA concentration can be expressed as Agy =
0.0179 Cypna (NM) + 0.076, R* = 0.992 (Fig. 3B). The limits of
detection (LODs) of fluorometric and colorimetric modes were
estimated to be 12 pM and 42 pM (30/S), respectively.
Similarly, both the fluorescence and colorimetric signals for
PCD readout depicted a stDNA-dependent enhancement be-
havior (Fig. S61), and the detection limits were also deter-
mined (23 pM for fluorescence and 48 pM for colorimetry).
The detection limits of the CRISAT assay were comparable with
or superior to those of most reported CRISPR-based single-
readout biosensor assays (Table S27).

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A) Fluorescence intensity as a function of stDNA concentrations
(0, 0.1, 0.25, 05, 1,15, 2, 3, 4, and 6 nM) based on Si PCDs (top inset:
visual photo changes with the increase of stDNA concentration under
365 nm UV light; right inset: calibration curve over the range of 0.1-3
nM). (B) Absorbance intensity as a function of stDNA concentrations (O,
0.1,0.25,0.5,1, 15, 2, 3, 4, and 6 nM) based on Si PCDs (top inset: visual
photo changes with the increase of stDNA concentration under natural
light; right inset: a calibration curve over the range of 0.1-2 nM). (C)
Specificity of the CRISAT platform for SARS-CoV-2 by comparison with
FLU and respiratory syncytial virus (RSV). (D) Evaluation of the stability of
the CRISAT platform.

The specificity of the platform was verified by using stDNAs
corresponding to influenza B (FLU), respiratory syncytial virus
(RSV) and SARS-CoV-2. As shown in Fig. 3C, the fluorescence
intensities of the FLU and RSV groups were similar to that of
the control group. In striking contrast, the fluorescence inten-
sity for SARS-CoV-2 and the mixed groups markedly increased,
suggesting that the designed crRNA was specific for
SARS-CoV-2 and demonstrating the higher specificity of the
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CRISAT platform. To investigate the stability of the platform,
we focused on the preservation conditions of the as-prepared
MB@hyDNA-cALP for 18 consecutive days. Derived from
Fig. 3D, the values of fluorescence intensity were nearly steady
with a relative standard deviation (RSD) of 3.09%, indicating
the high stability of the CRISAT platform for nucleic acid
detection.

Validation with pseudovirus samples

To test the analytical performance using real samples, the
working principle of the platform is summarized in Fig. 4A.
RT-RPA was employed to quickly amplify the nucleic acids of
the sample, and the amplified products were mixed with
Cas12a-ctRNA and MB@hyDNA-cALP in a tube. After the
CRISPR reaction, a supernatant containing abundant ALP was
obtained. The supernatant was reacted with APP and further
reacted with DAMO or DETA, which can be directly recognized
by the naked eye under white light or UV light, realizing mul-
tiple-readout results. The applicability of the platform was
investigated using a SARS-CoV-2 pseudovirus. The primers
designed for RT-RPA are shown in Fig. 4B and the amplified
products of the extracted RNA were verified by agarose gel elec-
trophoresis (Fig. S7f). With the aid of the RT-RPA kit, the
CRISAT platform could detect as few as two copies per reaction
for Si PCD readout (Fig. 4C and D). The results suggested that
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the platform may provide a new method for the multiple-
readout sensing of nucleic acids. To make the CRISAT platform
more user-friendly and convenient, the
assembled into four tubes; this procedure paved the way for
the development of a nucleic acid detection kit (Fig. 4E).

reagents were

Programmable applications of the CRISAT platform

The global spread of the monkeypox virus (MPXV) has created
a global public health challenge.®® As with COVID-19, the
current assay for MPXV detection is based on the polymerase
chain reaction (PCR), which requires laboratory-based testing
instruments and trained experts, limiting its application in
POC testing and resource-limited areas.*! It is very simple and
convenient to construct an MPXV diagnostic assay based on
the CRISAT platform, by slightly changing the crRNA
sequence. The MPXV-related crRNA and RPA primers were
designed (Fig. 5A, sequences are listed in Table S1}) based on
the F3L genome, where the performance of primers has been
evaluated by agarose gel electrophoresis of amplification
bands (Fig. S7t). As shown in Fig. 5B and C, using Si PCD
readout as an example, we found that the CRISAT platform
could detect as few as two copies per reaction in the MPXV
pseudotype virus sample with the help of the RPA kit, high-
lighting its significant practicability for MPXV diagnosis.
Additionally, the method is simple, has no need for expensive
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Fig. 4 (A) Workflow of the CRISAT platform for pseudovirus sample

detection. (B) Schematic of the SARS-CoV-2-N gene and the targeted

sequences used to design RPA primers. (C) Fluorescence channel evaluation of the sensitivity detection of SARS-CoV-2 by combining the RPA kit.
(D) Colorimetry channel evaluation of the sensitivity detection of SARS-CoV-2 by combining the RPA kit. (E) Main laboratory equipment and

assembled reagents needed for the CRISAT assay.
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Fig. 5 (A) Schematic of the monkeypox virus-F3L gene and targeted sequences used to design RPA primers. (B) and (C) Sensitivity detection of the

monkeypox virus-F3L gene by combining the RPA kit. (D) Workflow of CRISAT for detecting non-nucleic acid molecules (e.g., ATP). (E) Specificity
evaluation of CRISAT for detecting ATP using its analogues. (F) Sensitivity evaluation of the CRISAT platform for ATP.

equipment, and is time-efficient in comparison with the stan-
dard qPCR method.

Finally, we further extended the application of the CRISAT
platform for detecting target non-nucleic acids by integrating
LbCas12a-crRNA with an aptamer as the recognition element.
The adenosine triphosphate (ATP) aptamer, which is one of
the most widely utilized aptamers, has been thoroughly exam-
ined for its sequence, structure, and functionality. Moreover,
the level of ATP can be employed as an indicator for cell viabi-

This journal is © The Royal Society of Chemistry 2023

lity and environmental analysis.*> Here, the target activator is
locked by two ATP aptamer DNA molecules denoted as “probe
1” and “probe 2” (Fig. 5D), and the detailed sequences and
structures are shown in Fig. S8.1 In the absence of ATP, the
DNA/DNA hybridization of probe 1 and probe 2 with an activa-
tor shows higher thermodynamic stability than the DNA/RNA
hybridization between crRNA and the single-stranded activa-
tor, preventing it from binding to the Cas12a-crRNA complex.
In the presence of ATP, probe 1 and probe 2 would bind ATP
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due to their stronger binding affinity than base complementar-
ity, producing a free activator. As a consequence, the trans-clea-
vage activity of LbCas12a can be activated, ensuring that the
CRISAT platform is feasible for ATP detection with multiple
readouts. As shown in Fig. 5E, this strategy exhibited outstand-
ing selectivity for ATP analytes since the control, CTP, GTP,
and TTP groups failed to provide any response signals.
Furthermore, the fluorescence intensity gradually increased
with the rising ATP concentrations (Fig. 5F), and the CRISAT
platform was capable of detecting as few as 10 pM of ATP. The
developed platform displayed better performance than pre-
viously described biosensors using the same aptamer
(Table S27).

Conclusions

In short, a tandem CRISPR/Cas12a-ALP triggered one-tube
dual-readout biosensor was developed for the first time. The
combination of target-induced Cas12a activation and the sub-
sequent release of ample ALP enabled the successful construc-
tion of dual-readout in the same tube, achieving an ultra-
sensitive detection of nucleic acid and non-nucleic acid
targets. More significantly, the proposed CRISAT platform
shows superior specificity for SARS-CoV-2 and MPXV pseudo-
viruses and may provide an efficient detection tool for virus
induced pandemics globally. We further expanded the scope
by slight modification of crRNAs and the design of appropriate
aptamers and the corresponding blocking strands for the
detection of ATP, and the LOD was as low as 10 pM. Although
the CRISAT platform currently has limitations such as a rela-
tively long detection time and a lack of full integration into a
one-step detection process, as a proof-of-concept, this platform
may pave the way to further broaden the POC applications that
exhibit good potential, particularly, in the aspect of naked-eye
and low-cost detection. Taken together, we deem that the
CRISAT platform is expected to be applied for universal on-site
analysis of nucleic acids and non-nucleic acids and encourage
the development of future generations of CRISPR/Cas-based
multi-readout biosensors.
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