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ARTICLE INFO ABSTRACT

Handling Editor: J. Wang The establishment of sensitive and facile colorimetric platform based on the CRISPR (clustered regularly inter-
spaced short palindromic repeats)-Cas (CRISPR-associated) system is of great significance for in vitro diagnosis.
Herein, we develop a dual-enzyme cascade amplification strategy based on CRISPR-Cas12a and glucose oxidase
(GOx) for instrument-free and sensitive detection of target analytes. HPV-16 DNA as the model nucleic acid
target directly initiated CRISPR-Cas12a-based signal transduction, resulting in the enzymatic cleavage of ssDNA
linker and the release of GOx from magnetic nanoparticles 1 (MNPs1). Following simple magnetic separation, the
supernatant containing GOx was taken out and used to catalyze the substrate, resulting in a visually detectable
color change. The detection limit (LOD) of HPV-16 DNA was as low as 1 pM, and the entire process could be
completed within 70 min without the need for expensive equipment. Notably, the dual-enzyme cascade
amplification strategy was successfully applied to the detection of non-nucleic acid targets, such as ATP, via a
simple signal transduction process. The visual LOD for ATP detection reaches 2.5 pM. The approach provides a
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robust, sensitive and reliable point-of-care biosensing platform for the detection of target analytes.

1. Introduction

The CRISPR (clustered regularly interspaced short palindromic
repeats)-Cas (CRISPR-associated) system is an emerging and promising
tool for molecular diagnosis [1-3]. Among the commonly used
CRISPR-Cas system for nucleic acid detection, CRISPR-Casl2a is
particularly advantageous because of its ability to specifically recognize
short DNA sequence of 20 nucleotides and to act as a single-stranded
DNase for the degradation of single-stranded DNA (ssDNA) [4-6]. This
property of CRISPR-Cas12a reduces the restriction of sequence length
and improves the selectivity for nucleic acid detection. Furthermore, the
ssDNA cleavage reaction mediated by CRISPR-Cas12a can be performed
at a constant temperature of approximately 37 °C, making it suitable for
point-of-care testing [7]. However, fluorescence signal is usually adop-
ted as the signal output for target analytes detection, which need to be

measured on sophisticated and expensive fluorescence detector [8-10].
Consequently, it is significant to develop instrument-free CRISP-
R-Casl2a-based methods for point-of-care detection of target analytes.

Colorimetric signal can be directly observed by the naked eye,
making them suitable for point-of-care analysis. Currently, gold nano-
particles (AuNPs)-based colorimetric assays and lateral flow strips are
usually adopted for endpoint signal detection of CRISPR-Casl2a-
mediated amplification reactions [11-13]. Nevertheless, the detection
sensitivity is low when CRISPR-Cas12a is employed as the single signal
amplifier [14,15]. Although the combination of CRISPR-Casl2a with
other exponential amplification methods can improve detection sensi-
tivity, the multistep process increases the operation complexity [16-18].
Therefore, there is a need to further explore a sensitive and
easy-to-operate CRISPR-Casl2a-based colorimetric approach for the
detection of target analytes.
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Herein, we propose a CRISPR-Casl2a-mediated dual-enzyme
cascade amplification strategy for facile and sensitive colorimetric
detection of target analytes. Human papillomavirus (HPV)-16 DNA was
selected as the nucleic acid target, which can directly trigger signal
transduction and enable CRISPR-Casl2a to serve as single-stranded
DNase to cleave ssDNA. When the ssDNA linker connecting magnetic
nanoparticles 1 (MNPs1) and glucose oxidase (GOx) is cleaved, MNPs1
and GOx separate. In the absence of HPV-16 DNA, the MNPs1-GOx
remained intact and could be removed by magnetic separation. The
presence of HPV-16 DNA induced the CRISPR-Casl2a-mediated enzy-
matic cleavage reaction, leading to the release of GOx into supernatant
from the surface of MNPs1, which then catalyzes the colorless substrate
to produce a visible purple color. An additional signal transduction
procedure was introduced for ATP detection. Trigger DNA (ATP
aptamer) with phosphate backbone was adsorbed on the surface of
MNPs2 via the interaction of Fe>* and phosphate backbones of DNA
[19-21]. ATP induced desorption of trigger DNA from MNPs2, leading
to the activation of CRISPR-Cas12a and the subsequent color change
(Scheme 1). The designed approach completely avoids the utilization of
expensive equipment for signal detection, and the simple operation
yields a visual limit of detection (LOD) for nucleic acid targets as low as
1 pM. The dual-enzyme cascade amplification strategy significantly
expands the CRISPR-Cas12a-based colorimetric methodology and offers
a promising point-of-care biosensing platform for disease diagnosis.

2. Experimental section
2.1. Materials, reagents and instruments

Materials, reagents and instruments are detailed in “Experimental
section” in the Supplementary Information (Page S-4).

2.2. Preparation of MNPs1

Ferric chloride anhydrous (0.65 g) and 0.2 g of trisodium citrate were
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Scheme 1. CRISPR-Casl2a-mediated dual-enzyme cascade amplification for
sensitive colorimetric detection of HPV-16 and ATP.
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dissolved in 20 mL of ethylene glycol. Afterwards, 1.2 g of sodium ac-
etate was added and the mixture was stirred at room temperature for 30
min. The above solution was introduced into a Teflon-lined stainless-
steel autoclave. The sealed autoclave was maintained for 10 h at 200 °C.
After that, the black precipitate was collected, washed with ethanol and
dried in vacuum.

2.3. Functionalization of vinyl group-terminated ligand on MNPs1

Two hundreds milligram of MNPs1 were washed with MEST (100
mM MES (2-Morpholinoethanesulfonic acid hydrate), pH 5.0, 0.05%
tween 20) twice. After that, 200 mg of 1-(3-diaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC) and 200 mg of N-hydrox-
ysuccinimide (NHS) were dissolved in 20 mL of MEST, respectively. The
dissolved EDC and NHS were added into 200 mg of MNPsl and the
mixture was shaken at room temperature for 30 min to activate the
carboxyl group on MNPsl. The activated MNPs1 was washed with
0.05% tween 20 solution twice. After that, 50 mg of allylamine hydro-
chloride was dissolved into 20 mL of 0.05% tween 20 solution and the
solution was added into the activated MNPs1. The mixture was shaken at
room temperature overnight to obtain the vinyl group-terminated ligand
functionalized MNPs1 (MNPsl-vinyl). The MNPsl-vinyl was washed
with ethanol and then dried in vacuum.

2.4. The preparation of poly(acrylic)acid-coated MNPs1 (MNPs1-PAA)

One hundred milligram of MNPs1-vinyl, 200 mg of MBA, 6 mg of
AIBN were dissolved in 80 mL of acetonitrile. Then, 100 pL of MAA was
mixed with above solution. The mixture was heated to 115 °C to trigger
polymerization reaction. After reflux for 15 min, the distillate was
collected. The reaction was stopped after 40 mL of distillate was ob-
tained. The product was collected, washed with water and dried in
vacuum.

2.5. Modification of streptavidin on MNPs1-PAA

Ten milligrams of MNPs1-PAA were washed with MEST twice. After
that, 10 mg of EDC and 10 mg of NHS were dissolved in 1 mL of MEST,
respectively. The dissolved EDC and NHS were added into 10 mg of
MNPs1-PAA and the mixture was shaken at room temperature for 30
min to activate the carboxyl group on MNPs1-PAA. The activated
MNPs1-PAA was washed with water twice. One hundred microgram of
streptavidin was dissolved into 1 mL of water. The streptavidin solution
was mixed with the activated MNPs1-PAA overnight to obtain the
streptavidin-modified MNPs1 (MNPs1-SA).

2.6. Preparation of ssDNA-modified GOx (GOx-ssDNA)

Preparation of GOx-ssDNA is detailed in "Experimental details" in the
Supplementary Information (Page S-5).

2.7. Modification of GOx on MNPs1-SA

The supernatant of 100 pL of MNPs1-SA was removed via magnetic
separation. Five microliters of GOx-ssDNA (the used ssDNA here is a
biotinylated one) solution were mixed with 95 pL of PBST (PBS, 0.05%
tween 20). The above GOx-ssDNA was mixed with MNPs1-SA for 1 h at
room temperature. The GOx-functionalized MNPs1 (MNPs1-GOx) was
washed with PBST three time and dispersed in 100 pL of PBST for further
use.

2.8. Fluorescence recovery experiment
One microliter of CRISPR RNA (crRNA) (1 pM) was first mixed with

1 pL of Casl2a (1 pM). Then, the mixture was added with 15 pL of the
reaction buffer D (20 mM Tris-HCI (pH 7.5), 100 mM KCl, 25 mM MgCl,,
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0.05% Tween 20) and 2 pL of the ssDNA reporter (10 pM). One micro-
liter of HPV-16 DNA was added into abovementioned solution. The
mixture was incubated at 37 °C for 40 min and inactivated at 80 °C for
10 min. After that, 100 pL of water was added and the fluorescence
recovery was recorded on a fluorescence spectrometer.

2.9. Preparation of colorimetric substrate

Preparation of colorimetric substrate is detailed in "Experimental
details" in the Supplementary Information (Page S-5).

2.10. Native polyacrylamide gel electrophoresis (native-PAGE)

Native-PAGE is detailed in "Experimental details" in the Supple-
mentary Information (Page S-5).

2.11. Preparation of MNPs2-DNA

Preparation of MNPs2 and MNPs2-DNA is detailed in "Experimental
details" in the Supplementary Information (Page S-6).

2.12. Detection of ATP in cell lysis buffer

Detection of ATP in cell lysis buffer is detailed in "Experimental de-
tails" in the Supplementary Information (Page S-6).

2.13. Detection of HPV-16 DNA in reaction buffer using the developed
strategy

The HPV-16 DNA solution (1 pM) was diluted with reaction buffer B
(10 mM Tris-HCl, 50 mM NaCl, 20 mM MgCl,, pH 7.9, 0.05% tween 20).
One microliter of crRNA (0.375 pM) and 1 pL of Casl2a (0.5 pM) was
firstly premixed and then added with 20 pL buffer B and 2 pL of MNPs1-
GOx (10 mg/mL). Fifty microliters of HPV-16 DNA solution with
different concentrations were added into abovementioned mixture. The
resultant mixture was shaken at 37 °C for 1 h. The unreacted MNPs1-
GOx was removed via magnetic separation. The supernatant was taken
out and added with 180 pL of chromophoric substrate. The mixture was
incubated at 37 °C for 10 min to obtain colorimetric signal. Ten mi-
croliters of HCI solution (1 M) could be added to stop the colorimetric
reaction.

2.14. Detection of HPV-16 DNA in 1% human serum using the developed
strategy

The human serum was acquired from hospital. The HPV-16 DNA was
spiked into the diluted human serum. The solution was heated at 90 °C
for 10 min and the white precipitate was removed via centrifugation to
obtain the supernatant. The supernatant was detected via above-
mentioned procedures.

2.15. Feasibility of the strategy for ATP detection

Fifty microliters of ATP solution were added with 1 pL of trigger DNA
absorbed MNPs2 (MNPs-DNA). The mixture was incubated at room
temperature for 30 min and then the supernatant was taken out. Cas12a
and crRNA was mixed. Then buffer C containing MNPs1-GOx was mixed
with CRISPR-Cas12a. The mixture was incubated with the obtained
supernatant at 37 °C for 1 h. The unreacted MNPs1-GOx was removed by
magnetic separation. The obtained solution was used to react with the
substrate for 10 min at 37 °C. Ten microliters of HCI solution (1 M) were
used to stop the reaction.
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3. Results and discussion
3.1. Synthesis of streptavidin-modified MNPs1

The MNPs1 was synthesized according to previously reported
methods [22]. As shown in Fig. 1A, the MNPs1 was successfully pre-
pared and presented spherical shape with rough surface. To improve the
dispersity of MNPs1 in solution, the surface of MNPs1 was coated with
cross-linked poly(acrylic) acid shell. To achieve the purpose, the surface
of MNPs1 was first functionalized with vinyl-terminated ligand to form
MNPs1-vinyl. Afterwards, MNPsl-vinyl served as the seeds and the
polymerization reaction was initiated to generate poly(acrylic) acid
shell on MNPs1 in the presence of N, N'-methylenebisacrylamide (MBA),
methacrylic acid (MAA) and 2, 2-azobisisobutyronitrile (AIBN). The
successful preparation of MNPs1-PAA was confirmed by transmission
electron microscopy (TEM). As displayed in Fig. 1B, clear shell layer
could be found at the edge of the MNPs1 microspheres, suggesting the
successful coating of poly(acrylic) acid shell on MNPs1. Besides, the
change of zeta potentials was also used to verify the stepwise func-
tionalization of the NPs. Fig. S1 exhibits that the zeta potential of MNPs1
was distinctly negative, which could be attributed to the abundant
carboxyl groups on the surface of MNPsl. After modification of
vinyl-terminated ligand, the carboxyl groups on MNPs1 were consumed
and vinyl groups were labelled, resulting in electric neutrality of
MNPsl-vinyl. The coating of poly(acrylic) acid shell introduced the
carboxyl groups on MNPs1 again, enabling MNPs1-PAA to be negatively
charged. After coated with poly(acrylic) acid shell, the magnetic prop-
erty of MNPs1 was still retained. MNPs1-PAA could be easily separated
via magnet (Fig. S2). Streptavidin was linked to the surface of
MNPs1-PAA through amido bond. After functionalization of streptavi-
din, MNPs1-PAA could be utilized to combine biotinylated DNA. As
shown in Fig. S3, no DNA band was observed in lane b after the bio-
tinylated DNA reacted with MNPs1-SA, which suggested the successful
modification of SA on MNPs1. To investigate the combination ability of
MNPs1-SA for biotinylated DNA, the signals of different concentrations
of DNA measured on NanoDrop One were used to establish the cali-
bration curve. The binding capacity of MNPs1-SA for biotinylated DNA
was calculated to be 0.19 nmol/mg based on the calibration curve in
Fig. S4.

3.2. Preparation for GOx-modified MNPs1

To immobilize GOx on MNPs1-PAA, GOx was first functionalized
with maleimide group to react with thiolated ssDNA, forming GOx-
ssDNA conjugate. As shown in Fig. S5, the thiolated ssDNA freely
migrated in lane a. However, the migration of ssDNA was completely
impeded in lane b, demonstrating ssDNA was successfully attached on
GOx. The prepared GOx-ssDNA conjugate was further linked to MNPs1-
SA through biotin-streptavidin affinity to obtain GOx-modified MNPs1
(MNPs1-GOx). Fig. S6 shows that the MNPs1-SA incubated with GOx-
ssDNA could efficiently react with substrate to generate visual purple
color. The colorimetric reaction of GOx has been illustrated with
chemical equations (Fig. S7). The GOx lacked of ssDNA could not be
modified on MNPs1-SA due to the absence of biotin, causing the color-
less of solution. The results demonstrated that GOx was immobilized on
MNPs1-SA with ssDNA and the formed MNPs1-GOx could be utilized for
following experiments.

3.3. Feasibility of the developed strategy

The feasibility of the CRISPR-Casl2a-based dual-enzyme cascade
amplification strategy was investigated. The single-stranded DNase
property of CRISPR-Cas12a was confirmed by native polyacrylamide gel
electrophoresis (PAGE) and fluorescence assay. As shown in Fig. 1C, the
intensity of crRNA band weakened in lane b compared with that in lane
a, suggesting the combination of Casl2a and crRNA. In the absence of
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Fig. 1. (A) The TEM image of MNPs1. (B) The TME image of MNPs1-PAA. (C) Native-PAGE image of activated CRISPR-Cas12a for ssDNA cleavage. (a) crRNA; (b)
crRNA -+ Cas12a; (c) HPV-16 DNA; (d) ssDNA; (e) ssDNA + crRNA + Cas12a; (f) HPV-16 DNA + CRISPR-Cas12a + ssDNA. (D) Color change after HPV-16 DNA was

added and detected with the developed strategy.

HPV-16 DNA, the collateral cleavage property was not initiated and the
band intensity of ssDNA substrate in lane e was not changed compared
with that in lane d. By contrast, only dispersive DNA band was remained
in lane f, which could be regarded as the cleaved ssDNA by activated
CRISPR-Cas12a. The results suggested that the addition of HPV-16 DNA
could successfully activate CRISPR-Cas12a to cut ssDNA substrate. The
activation of CRISPR-Cas12a was also verified by fluorescence assay. As
shown in Fig. S8, the fluorescence intensity was only enhanced when
HPV-16 DNA was introduced into the reaction system, demonstrating
the successful activation of CRISPR-Cas12a for degradation of ssDNA
reporter. Afterwards, the cleavage activity of CRISPR-Cas12a for ssDNA
linker on MNPs1 was studied. Once breakage of ssDNA linker, GOx was
released into supernatant and could be used to further catalyze substrate
to generate color change. Fig. 1D displays that the solution successfully
turned into purple color after added with HPV-16 DNA, confirming the
feasibility of the developed strategy for colorimetric detection of target
nucleic acid.

3.4. Optimization of the reaction conditions

Next, the parameters that influence the detection performance,
including the ratio of Cas12a and crRNA, reaction buffer, concentration
of magnesium ion (Mg2+) and incubation time, were optimized. As
displayed in Fig. S9 and Fig. 2A, the lack of crRNA leaded to almost no
color change, demonstrating the importance of crRNA for the cleavage
activity of CRISPR-Casl2a. With addition of crRNA, obvious purple
color appeared. The optimized ratio of Casl2a and crRNA was deter-
mined to be 1:0.75. Next, different reaction buffers were tested and
selected for cleavage reaction. Fig. S10 and Fig. 2B shows that the buffer
A (10 mM Tris-HCl (pH 7.9), 10 mM MgCly, 50 mM NaCl) exhibited

better performance compared with buffer C (20 mM Tris-HCl (pH 7.5),
25 mM MgCl,, 100 mM KCl). Notably, the buffer B (10 mM Tris-HCl (pH
7.9), 10 mM MgCly, 50 mM NaCl, 0.05% tween 20) and buffer D (20 mM
Tris-HCI (pH 7.5), 25 mM MgCl,, 100 mM KCl, 0.05% tween 20), which
were added with 0.05% tween20, presented deeper color change
compared with buffer A and buffer C. This could be attributed to that
tween 20 was a non-ionic surfactant and could eliminate the electro-
static interaction between MNPs1, ssDNA and GOx, thereby minimizing
the steric hindrance for CRISPR-Cas12a cleavage. Hence, buffer B was
chosen as the reaction buffer. Mg?* was another significant parameter
for CRISPR-Cas12a cleavage and thus its concentration was optimized.
As can be seen in Fig. S11 and Fig. 2C, almost no color could be seen in
the absence of Mg?". With the concentration of Mg?* increasing, the
color of solution gradually became obvious. 20 mM of Mg?" was enough
to produce distinct color change and thus the concentration was selected
for further use. The incubation time of activated CRISPR-Casl12a with
MNPs1-GOx was studied. Fig. S12 and Fig. 2D presents that the color
changes of solution gradually increased with the extension of incubation
time. When the incubation time exceeded 60 min, the color of solution
was not significantly changed. Therefore, 60 min was used as the opti-
mized incubation time for subsequent experiments.

3.5. Detection performance of the developed strategy

The detection performance was explored using the optimized reac-
tion conditions. As exhibited in Fig. 3A, the purple color gradually
became clear with the increase of HPV-16 DNA concentration. To study
the change of colorimetric signal with the concentration of HPV-16
DNA, the absorbance of solution at 556 nm was recorded. The correla-
tion equation was Y = 0.338921gX+0.01249 (Pearson’s r = 0.98917) in
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Fig. 2. (A) The UV-vis absorbance of solution using different ratio of Cas12a and crRNA for HPV-16 DNA detection. (a) 1:0; (b) 1:0.25; (c) 1:0.5; (d) 1:0.75; (e) 1:1.
(B) UV-vis absorbance of solution using different reaction buffer for HPV-16 DNA detection. (a) buffer A (10 mM Tris-HCl (pH 7.9), 10 mM MgCl,, 50 mM NacCl); (b)
buffer B (10 mM Tris-HCl (pH 7.9), 10 mM MgCl,, 50 mM NaCl, 0.05% tween 20). (c) buffer C (20 mM Tris-HCl (pH 7.5), 25 mM MgCl,, 100 mM KCl); (d) buffer D
(20 mM Tris-HCl (pH 7.5), 25 mM MgCl,, 100 mM KCl, 0.05% tween 20). (C) The UV-vis absorbance of solution using different concentrations of Mg>* for HPV-16
DNA detection. (D) The UV-vis absorbance of solution using different incubation times for HPV-16 DNA detection.

the range of 1 pM to 1 nM (Fig. 3B, Fig. S13). For colorimetric detection,
it is also crucial to explore the lowest concentration of target DNA that
could generate distinguishable color change. As shown in Fig. S14, the
colorimetric signal produced by 1 pM of HPV-16 DNA could be distin-
guished by naked eye. And the color contrast became more obvious
when the concentration of target DNA reached 5 pM. The reproductivity
of the developed strategy was also tested. As shown in Fig. S15, in the
absence of HPV-16 DNA, the solutions presented colorless. By contrast,
in the presence of 100 pM of HPV-16 DNA, distinct purple color
appeared in the solutions and the results of five parallel measurements
displayed no obvious difference. The relative standard deviation (RSD)
was calculated to be 2.70%. The results suggested that the repro-
ductivity of the developed strategy was satisfactory. The strategy was
compared with other previously reported method for HPV-16 DNA
detection. As shown in Table S1, the strategy did not require specific
instruments and could detect HPV-16 DNA with satisfactory sensitivity
in a short time..

Next, the detection selectivity of the developed strategy was inves-
tigated using HPV-18 as the interfering DNA. As exhibited in Fig. 4A and
B, no color change was found in control group (group a). And as same as
the result in group a, 1 nM of interfering HPV-18 DNA in group ¢ was
also not able to generate visible colorimetric signal. In comparison, 100
pM of HPV-16 DNA in group b produced remarkable purple color,
demonstrating the specific recognition of CRISPR-Cas12a for HPV-16
DNA. Notably, when 100 pM of HPV-16 was mixed with 1 nM of HPV-

18 (group d), the generated colorimetric signal was comparable to
that in group b. The result suggested that the presence of interfering
DNA would not affect the cleavage of CRISPR-Cas12a for ssDNA linkers
on MNPs1 and the generation of colorimetric signal.

It has been reported that HPV-16 DNA could also be found in the
serum of cervical cancer patients [23,24]. To examine the
anti-interference capacity and detection accuracy of the developed
strategy, the HPV-16 DNA was spiked in 1% human serum for detection.
As shown in Fig. 5, the UV-vis absorbance of solution increased with the
increasing concentration of spiked HPV-16 DNA. Notably, the UV-vis
absorbance of solution in 1% human serum at different concentrations of
HPV-16 DNA were almost consistent with that in reaction buffer, which
demonstrated that the good anti-interference ability of the developed
strategy for HPV-16 DNA detection in the presence of other interfering
substances. The storage stability of reagents was an important factor for
real application and thus was examined. As displayed in Fig. S16, the
color of substrate has no significant change after storage at 4 °C and at
room temperature for 1 month. When added with GOx, the substrate
could be catalyzed and generate color change. The above result
demonstrated that the developed strategy possessed potential practica-
bility for real application in resource-restrained areas.

3.6. Adenosine triphosphate detection using the developed strategy

The dual-enzyme cascade amplification strategy was also applied to
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Fig. 3. (A) Colorimetric signal change of solution with the increasing concen-
trations of HPV-16 DNA. (B) The UV-vis absorbance of solution in (A).

the detection of non-nucleic acid target. Adenosine triphosphate (ATP)
was chosen as the model target. To realize the signal transduction of
ATP, trigger DNA-absorbed magnetic nanoparticles 2 (MNPs2-DNA)
were synthesized. The incubation of ATP and MNPs2-DNA could release
the trigger DNA from MNPs2, which activated the trans-cleavage activity
of CRISPR-Casl2a and initiated the cascade amplification for colori-
metric detection. The successful preparation of MNPs2-DNA was first
characterized. As shown in Fig. S17, the spherical MNPs2 with a
diameter of approximate 300 nm were obtained. The conjugation of
trigger DNA with MNPs2 was also verified. Fig. S18 shows that the DNA
concentration in supernatant was significantly decreased after DNA was
treated with MNPs2, and the washing procedure would not release DNA
from MNPs2, demonstrating that the successful absorption of DNA on
MNPs2. The feasibility of the developed strategy for ATP detection was
investigated. ATP was first incubated with MNPs2-DNA. Then the
unreacted MNPs2-DNA were removed via magnetic separation and the
supernatant was detected by the cascade amplification strategy. As can
be seen in Fig. S19, the solution remains colorless in the absence of ATP.
In comparison, the addition of ATP leaded to obvious color change in
solution. The results suggested that the cascade amplification strategy
could be successfully be used for ATP detection.

Next, different concentrations of ATP was detected by the dual-
enzyme cascade amplification strategy. As shown in Fig. 6A, the solu-
tion color deepened with increasing concentration of ATP. Fig. 6B and
Fig. 520 shows that the absorbance of solution was linearly related to the
ATP concentration in the range of 0-50 uM (Y = 0.01952X-+0.09009,
Pearson’s r = 0.99413), and nearly reached a plateau when the con-
centration of ATP was 100 pM. And the visual LOD was determined to be
2.5 pM via naked eyes (Fig. S21). The detection sensitivity was com-
parable to many previously reported colorimetric methods for ATP
detection (Table S2).

The detection specificity of the dual-enzyme cascade amplification
strategy for ATP was studied. Metal ions (Na™*, Zn2*, Ca%*, cu®*, Mg?"),
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anions (NO3, CO%’) and nucleotides (GTP, CTP, UTP) were chosen as
the interfering substances. As shown in Fig. 7 and Fig. S22, only ATP
could induce obvious color change, demonstrating that the developed
strategy could selectively detect ATP.

The practicability of the dual-enzyme cascade amplification strategy
in more complex media was studied. It has been reported that ATP was
aberrantly expressed in cancer cells [25,26].Thus, ATP in cell lysis
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Fig. 6. (A) Colorimetric signal change of solution with the increasing concen-
tration of ATP. (B) UV-vis absorbance of solution with the increasing concen-
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Fig. 7. Detection specificity of the developed strategy for ATP and its ana-
logues. P values were calculated using the Student’s t-test (***P < 0.001, and
**P < 0.01) to compare other groups with experimental group.

buffer was detected by the developed strategy. Fig. 8 shows that more
obvious color change could be seen along with the increasing cell
numbers, suggesting that the strategy could be successfully used for ATP
detection in real samples.

4. Conclusion

In summary, we have developed a facile and sensitive colorimetric
biosensing strategy based on dual-enzyme mediated cascade signal
amplification. For nucleic acid target detection, the HPV-16 DNA could
successfully initiate the enzyme mediated cascade signal amplification,
leading to the generation of visual color change in 70 min. Our method
demonstrated excellent detection sensitivity, selectivity and anti-
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Fig. 8. UV-vis absorbance and colorimetric signal change of solution when
ATP in cell lysis buffer was detected.

interference capability for nucleic acid target detection, as well as the
detection of non-nucleic acid target ATP. The visual limit of detection
(LOD) for HPV-16 DNA was as low as 1 pM, and the colorimetric signal
generated by the target analytes could be easily distinguished with the
naked eye. Our approach completely avoids the use of costly equipment
for signal detection and provides a potential point-of-care biosensing
platform for disease diagnosis. This dual-enzyme cascade amplification
strategy expands the CRISPR-Casl2a-based colorimetric methodology
and has great potential for various biosensing applications.
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