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ARTICLE INFO ABSTRACT

Keywords: Casl2a shows great promise in DNA sensing applications due to its target-triggered collateral trans-cleavage
CRISPR/Cas12a activity. But the cleavage effect towards probes modified on nanomaterials is less understood. In this work, an
FRET analogy analysis is performed to explore the cleavage properties of Casl2a system on the surface of nano-
E:S;ﬁ;f::;s materials by using gold nanoparticles (AuNPs) and graphene oxide (GO). The fluorescence of FAM-tagged probes

is quenched by nanomaterials due to fluorescence resonance energy transfer (FRET). The trans-cleavage activity
of Casl2a was activated to promiscuously digest the single-stranded part of probes, thereby modulating FRET
effect between FAM labels and nanomaterials. The results showed that GO had better quenching ability and
Casl2a-induced fluorescence recovery than AuNPs, and the double-stranded DNA probe with staggered end can
lead preferable trans-cleavage efficiency, proving low steric hindrance of nanomaterials and appropriate orien-
tation of probes play critical roles in Cas12a-modulated FRET with nanomaterials. Then, by integrating Cas12a
system and GO-based post-quenching strategy, a DNA biosensor was developed with extremely high fluorescence
response and low initial background. It is expected that this work will be of particularly useful for investigation
of the interaction between CRISPR/Cas proteins and nanomaterials, as well as developing CRISPR-based point-of-
care (POC) diagnostic platforms.

DNA sensing

1. Introduction fluorescence recovery.

With ultrahigh quenching ability, a variety of nanomaterials, such as

Development of rapid, cost-effective, and easy-to-use biosensing
platforms for nucleic acid tests is vital in molecular diagnostics, food
inspection, environmental monitoring, and etc [1-3]. Among numerous
DNA assays, the fluorescence resonance energy transfer (FRET) based
strategy is dominant owing to its inherent advantages of ease of oper-
ation, rapid response, low cost, high selectivity and sensitivity [4-6].
FRET is a process in which energy is transferred from an excited state
donor fluorophore to a ground state acceptor or quencher, resulting in
enhanced acceptor fluorescence or quenching of donor fluorophore [6].
In classic FRET-based DNA biosensing strategy, A hairpin DNA probe
containing a fluorophore and a quencher is usually engineered to form
FRET pair [7,8]. The binding of probe and its target changes the dis-
tances between the fluorophore and the quencher, resulting in

graphene oxide (GO) [9], gold nanoparticles (AuNPs) [10], carbon
nanotubes (SWNTs) [11] and metal-organic frameworks (MOFs) [12]
have been harnessed as efficient quenchers in FRET-based biosensors.
Although enhanced signal-to-noise (S/N) ratio and thermal stability
have been realized by DNA-nanomaterial assembly, the ratio of target
recognizing/binding and signal output keeps on 1:1 resulting in unfa-
vorable sensitivity. To further increase the fluorescence signal gain,
various isothermal amplification strategies, including exonuclease
III-assisted target recycling [13], catalyzed hairpin assembly (CHA) [9]
and hybridization chain reaction (HCR) [14] have been exploited to
achieve signal amplification. However, these strategies still suffer from
some major drawbacks, such as time-consuming, complicated probe
design, and high nonspecific background. For example, Exo III catalyzes
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the gradual digest nucleotides from the 3’ termini of DNA probe after
hybridization of the probe and target DNA to form a double-strand
structure, thereby releasing of the target for DNA circuits [13]. This
hydrolysis mechanism relies on DNA hybridization process, resulting in
low cleavage efficiency and long turnover period. Therefore, an inte-
grated biomolecular system that allows specific target DNA recognition
and efficient signal amplification is still highly desired in development
of FRET-based DNA sensing platforms.

Recently, RNA-mediated CRISPR-associated (Cas) systems as prom-
ising signal transduction and amplification elements have been proven
useful in sequence-specific DNA/RNA targeting and detection applica-
tions [15]. Within the CRISPR/Cas family, the Casl2a protein, pro-
grammed with a single CRISPR RNA (crRNA), can recognize and cleave
double-strands DNA (dsDNA) targets with single-base resolution
through protospacer-adjacent motif (PAM) identification and
Watson-Crick base pairing [16]. Remarkably, the specific binding of
Cas12a-cRNA duplex and its DNA target results in a conformational
change that unleashes promiscuous single-stranded DNA (ssDNA)
degradation (at a rate of about 1200 cuts per second) [17]. This
multi-turnover trans-cleavage effect dramatically increases the signal
response of DNA detection technologies. Moreover, due to relatively
easier design and synthesis of crRNA, Casl2a protein is now being
promisingly exploited as a powerful tool in universal molecular diag-
nostic area [18-20]. In our previous work, we have investigated the
trans-cleavage efficiency of Cas12a towards hairpin DNA and linear DNA
on electrode interface detailedly [21]. However, the trans-cleavage
property towards DNA probes modified on the surface of nanomaterials
is less understood.

In this work, a comparative experiment is performed by using two
typical nanomaterials functionalized with different DNA probes to study
the nanoquenching properties and nanosurface cleavage capacity of
Casl2a. Zero-dimensional AuNPs are chosen as the representative of
spherical nanomaterials and two-dimensional GO as nanosheets due to
their advantages of good water solubility, easiness for modification,
high surface area and outstanding quenching ability for fluorophore [22,
23]. The fluorescence of FAM-tagged DNA probes is quenched by AuNPs
or GO due to the distance-dependent FRET effect when there was no
target exist [24,25]. The trans-cleavage activity of Casl2a can be trig-
gered to cleave the DNA probes while presence of target, modulating
FRET effect between FAM labels and nanomaterials and releasing fluo-
rescence signal. The results showed that GO had better quenching ability
and signal recovery than AuNPs, and the dsDNA probe with staggered
end can lead higher trans-cleavage efficiency than single-strand and
hairpin DNA probes owing to appropriate orientation of probes and
accessibility of Cas12a. Finally, taking advantage of the multi-turnover
trans-cleavage activity of Casl2a and the superior quenching effi-
ciency of GO, a DNA assay by using Cas12a-modulated FRET with GO is
obtained with the advantages of rapidity, low-cost and high sensitivity,
which can offer robust yet flexible approaches for DNA detection in
resource-limited settings. We expect that this work will contribute to the
investigation of the interaction between CRISPR/Cas proteins and
nanomaterials, as well as the design of the next-generation of
CRISPR-based diagnostic systems.

2. Experimental section
2.1. Materials and reagents

EnGen Lba Casl2a and NEBuffer 2.1 were acquired from New En-
gland Biolabs (Ipswich, MA UK). GO was obtained from Sigma-Aldrich
(St Louis, USA). HAuCl, was acquired from Sinopharm Chem Co., Ltd
(Shanghai, China). RNase inhibitor and crRNA were received from
TaKara Bio Inc. (Dalian, China). The DNA oligonucleotides were pur-
chased by Sangon Biotechnology Co., Ltd. (Shanghai, China). All the
nucleotide sequences were shown in Table S1. TS and NTS were
annealed in 10 x NEBuffer 2.1 at 37 °C for 30 min to form target dsDNA.
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2.2. Apparatus

UV-2550 UV-vis spectrophotometer (Shimadzu, Japan) was used to
record the UV-vis absorption spectra. Cary Eclipse Fluorescence Spec-
trophotometer (Agilent Technologies, USA) was utilized to obtain the
fluorescence spectra. PYX-DHS-BS-II constant temperature incubator
(Hengwell, China) was introduced to incubate all reactions. Bio-Rad
electrophoresis analyzer (Bio-Rad, USA) and on Bio-Rad ChemDoc
XRS (Bio-Rad, USA) were used for electrophoresis analysis.

2.3. Preparation and DNA-functionalization of AuNPs

AuNPs and its DNA functionalization were prepared according to the
previously published work [26]. In briefly, sodium citrate (10.1 mL,
34 mM) was rapidly added to the boiling solution of HAuCl4 (88.2 mL,
1 mM), and the color of the mixed solution changed from pale yellow to
deep red in 1 min. Then cooled the resulting AuNP solution to room
temperature (RT) with uninterrupted stirring for another 20 min and
stored at 4 °C for further use.

The DNA-modified AuNPs were acquired by incubating a mixture
consisting of 49 pL of 100 pM thiol-functionalized DNA, 5 pL of 500 mM
acetate buffer (pH 5.2) and 1.5 pL of 10 mM TCEP at RT for 1 h. Then
1.6 mL of the AuNP solution was added into the mixture, and the
resulting solution was stored in a drawer at RT for at least 16 h. Then,
20 pL of 400 mM Tris-acetate buffer (pH 8.2) was added to the mixture
drop by drop, and 160 pL of 1 M NaCl was added to the mixture drop-
wise. Subsequently, the resulting solution was stored in a drawer for at
least 12 h. Finally, the mixture was centrifuged (15000 rpm, 20 min) to
remove the excess reagents. Equal p-DNA was added into c-DNA(SH)-
functionalized AuNPs in hybridization buffer (100 mM NaCl, 100 mM
KCl, 50 mM Tris-HCl, pH 7.4) and further incubated at RT for 1 day.
Then, the excess DNA was removed after centrifugation (15000 rpm,
20 min). Finally, the red solution was stored at 4 °C in dark for further
use.

2.4. Fluorescent analysis

For GO-based FRET assay, 50 pL of solution 1 was obtained by
mixing up 2 pL of 20 uM probes, 16 pL of 1 mg/mL GO and 5 pL
10xNEBuffer 2.1 for 10 min at RT. 5 pL of 200 nM Casl2a, 5 pL of
200 nM crRNA and 5 pL of 20 U/pL RNase Inhibitor were applied for
assembling Cas-crRNA complex at RT for 10 min. After that, 50 pL so-
lution 2 was acquired by adding 20 pL target dsDNA to pre-assembled
Cas-crRNA complex for 10 min at RT. Finally, solution 1 and solution
2 were mixed for brief vortex and further incubated at 37 °C for 1 h,
followed by fluorescent measurements.

For AuNPs-based FRET assay, 50 pL. of DNA probes/AuNPs were
centrifuged (12000 rpm, 20 min) to remove the supernatant and re-
suspended with 1xNEBuffer 2.1. Solution 2 was assembled as above
mention. The two solutions were mixed and for brief vortex, and the
result solution was further incubated in 37 °C for 1 h, followed by
fluorescent measurements.

All the fluorescence spectra were recorded from 500 nm to 600 nm
with the excitation wavelength of 492 nm and the voltage of 600 V. Both
the silt widths of excitation and emission were 5 nm.

2.5. Native polyacrylamide gel electrophoresis

To confirm the trans-cleavage ability of Casl2a, the products and
components of Casl2a were studied with 12 % native polyacrylamide
gel electrophoresis (PAGE) in 1 x TBE running buffer (89 mM Tris-boric
acid, 2 mM EDTA, pH 8.3) at 120 V constant voltage for 40 min. the gels
were imaged using gel image system after Gold view (GV) staining for
20 min. The total volume of every lane is 20 pL and the final concen-
tration of each components are as follows: 0.5 U/uL RNase inhibitor,
250 nM Casl2a, 500 nM crRNA, 1xNEBuffer 2.1, 500 nM Target,
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Fig. 1. (A) Schematic illustration of the cis- and trans-cleavage activities of Cas12a. (B) 12 % PAGE analysis of the Casl2a-mediated substrate cleavage. (C) Fluo-
rescence spectra of Casl2a-mediated FQ probe cleavage (Aex 492 nm, Aem 520 nm).
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Fig. 2. (A) TEM image of AuNPs used in this work. (B) UV-vis spectra of AuNPs (black) and DNA-modified AuNPs (red). (C) TEM image of GO used in this work. (D)
Fluorescence spectra of FAM-modified probe before (red) and after (black) the addition of GO (Aex492 nm, Aem 520 nm).

500 nM ssDNA probe(A 20). 3. Results and discussion
3.1. Characterization of Casl2a-mediated trans-cleavage activity

Recent studies have showed that Cas12a system has both precise cis-
cleavage activity and nonspecific trans-cleavage activity related to the
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Fig. 3. Schematic illustration of Cas12a-modulated FRET based on AuNPs and three types of DNA probes (A, C and E) and fluorescence spectra of Casl2a acting on

the three probes (B, D and F) (Aex 492 nm, Aem 520 nm).

catalytic domain of RuvC [27,28]. As illustrated in Fig. 1A, Cas12a can
bind with crRNA to form a Casl2a-crRNA complex. Subsequently, the
Casl2a-crRNA complex recognizes a short T-rich protospacer- adjacent
motif (PAM) in dsDNA target and unwinds the target to form a
DNA/RNA heteroduplex, leading the conformation rearrangement to
expose RuvC pocket. The cis-cleavage activity is triggered to break
dsDNA with staggered ends. Then the PAM-distal digestion products are
released from the RuvC pocket, enabling nonspecific ssDNA substrates
access and cleavage. To verify the trans-cleavage activity of Cas12a, a
nonspecific ssDNA was employed as the degradation substrate. The 12%
PAGE analysis was carried out to characterize the cleavage products. As
shown in Fig. 1B, the Cas12a-crRNA duplex could specifically recognize
and cleave target dsDNA (lane 4). After the cis-cleavage ability of Cas12a
was activated, the nonspecific ssDNA substrates were completely
cleaved (lane 5), presenting that the trans-cleavage activity of Casl2a
was highly activated. The fluorophore quencher (FQ)-labeled probes
were further introduced into the Casl2a-mediated ssDNA degradation
process. The results indicated that the FQ probes could be efficiently
digested and release significant fluorescence (Fig. 1C). Above consistent
results confirmed that Cas12a can be successfully introduced into fluo-
rescent DNA assay as a powerful biorecognition and transduction
element.

3.2. Characterization and functionalization of nanomaterials

Transmission electron microscopy (TEM) was employed to charac-
terize the size and morphology of AuNPs and GO. The AuNPs presented
good dispersion status and relatively uniform sphericity structure, and
the average size of the nanoparticles was measured to be ~14 nm
(Fig. 2A). Although different size had diverse fluorescence quenching

efficiency, this most common used size was just adopted as the model of
particle nanomaterials [29]. Meanwhile, the DNA functional AuNPs
were further studied by UV-vis spectra. It is observed that the unmod-
ified AuNPs had a sharp peak at 520 nm. The characteristic peak of
AuNPs was slightly red shifted after DNA modification and nucleic peak
appeared at the 260 nm, indicating that DNA probe was successfully
modified on AuNPs surface (Fig. 2B). As displayed in Fig. 2C, the GO
used in this work had large size more than several micrometers with
sheet structure. The quenching ability of GO was characterized by
fluorescence spectroscopy. The results exhibited that the fluorescence of
probes could be completely quenched by GO, indicating that GO had
affinity towards ssDNA and could be used as a super nanoquencher
(Fig. 2D).

3.3. Cleaving DNA probes on AuNPs

To investigate the quenching ability of AuNPs and cleavage effi-
ciency of Casl12a on AuNPs surface, a comparative study is performed by
using three types of DNA probes (ssDNA, dsDNA with staggered end, and
hairpin DNA probes) with 5’ -FAM and 3’ -thiol labeled (Fig. 3A, C and
E). For the dsDNA with staggered end group, the around 8 nm of dis-
tance between FAM and surface of AuNPs was chosen as an optimized
distance to obtain a strong quenching efficiency referring to Chhabra ’s
research [29]. The three probes were modified to AuNPs surface through
S-Au bonding and the ratio of probes to AuNPs was studied to achieve
the optimized packing density (Fig. S2). As shown in Fig. 3B, D and F,
the fluorescence of the three probes was highly quenched by AuNPs in
the absence of the target DNA, resulting in similar low fluorescence
intensity (FL intensity). When the trans-cleavage of Casl2a was trig-
gered by target DNA, fluorescence was restored owing to the
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Fig. 4. Schematic illustration of Casl2a-mudulated FRET based on GO and three types of DNA probes (A, C, E and G) and fluorescence spectra of Casl2a acting on

the three probes (B, D, F and H) (Aex 492 nm, Aem 520 nm).

degradation of the ssDNA part of the probes, proving the feasibility of
Cas12a modulating FRET effect on AuNPs surface. It should be observed
that dsDNA probe had better fluorescence signal recovery, while ssDNA
and hairpin DNA probe had relatively low fluorescence signal. The low
fluorescence recovery rate of ssDNA probes might be attributed to the
formation of high-density DNA monolayer on AuNPs through strong
ssDNA-AuNPs interaction. The previous report had already noted the
hairpin DNA formed DNA-AuNPs composite had a similar hydrody-
namic diameter with ssDNA-AuNPs composite [30], suggesting that the
hairpin probe might lay on the surface of AuNPs like ssDNA probe
instead of standing up. Therefore, for ssDNA and hairpin DNA probes,
the relatively high DNA density on AuNPs surface resulted in high steric
hindrance effect and poor accessibility of Casl2a towards probes. The
dsDNA modified AuNPs showed a bigger hydrodynamic diameter
because of the rigid double helical conformation of dsDNA [30],
providing incompact morphological structure and appropriate orienta-
tion. Furthermore, since the 5’ flap of dsDNA probe was a single stranded
overhang, this flap structure was distinctively utilized as cleavage site
for activated-Cas12a (Fig. 3B). Further, dsDNA group with best signal
response is chosen as model to further modulate the surface probe
density by using short thiol modified “helper” strand [31]. As Fig. S2

illustrated, different probe density could indeed influence the trans--
cleavage of Cas12a.When the ratio of “helper” strand to dsDNA probe is
2:1, the fluorescence response was higher than the completely dsDNA
probe group.

3.4. Cleaving DNA probes on GO

A 20-base polyadenine (Ayy) was used to replace thiol group of the
above three probes, which could attach these probes to the surface of GO
due to 7-n stacking between adenine and GO (Fig. 4A, C, E and G) [12,
32]. As shown in Fig. 4B and F, the fluorescence of ssDNA and hairpin
DNA probes were nearly totally quenched by GO, indicating that the
quenching ability of GO is higher than that of AuNPs, which coincided
with previous report [33]. In contrast, the quenching ability of GO for
dsDNA probe is slightly lower than that of ssDNA and hairpin DNA
probes, which could be due to the longer distance between GO surface
and the FAM labels of rigid dsDNA (Fig. 4D) [34]. It should be noted that
only the dsDNA probe restored fluorescence after the cleavage of
activated-Cas12a. For ssDNA probe, Cas12a could not cleave it due to
the probe completely adhered on the surface of GO through n-n stacking
(Fig. 4A and B). The structure of dsDNA with tail was used to make probe
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tained in three parallel experiments.

absorbed on the surface of GO and fluorescein away from the surface of
GO to make probe be easily cleaved by Cas12a [5]. Subsequently target
trigged-Cas12a could cleave the 5’ flap of dsDNA probe to unleash the
fluorescence (Fig. 4C and D). Varying the structure of probe to hairpin,
in which FAM was closer to the surface of GO than dsDNA probe, could
meet the purpose of lower background signal. However, the fluores-
cence spectrum showed that hairpin DNA probe had almost no signal
recovery (Fig. 4E and F), which could be attributed to the strong affinity
between GO and ssDNA (the loop portion and the Ay tail) pulling the
hairpin probe lay on the GO surface like ssDNA probe [35]. These results
further demonstrated that dSDNA modified on the GO surface was more
susceptible to be cleaved by Casl2a. Comparing with AuNPs group,
much higher fluorescence signal was obtained because of the excellent
nucleic acid load due to remarkable surface area of GO.

In addition, to avoid the influence of steric hindrance effect on the
trans-cleavage efficiency of Cas12a, a post-quenching strategy was per-
formed by changing the adding order of ssDNA probe and GO (Fig. 4G).
As it can be clearly seen in Fig. 4H, an extremely high fluorescence signal
and low initial background were obtained, making S/B ratio signifi-
cantly higher than that of the above pre-quenching strategies. It was
worthy to mention that the fluorescence signal of this post-quenching
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strategy was still a bit lower than the FQ probe due to steric hindrance
and modification efficiency (Fig. S4). These results of AuNPs and GO
indicated that steric hindrance effect of nanomaterials and appropriate
orientation of DNA probes significantly influenced the trans-cleavage
efficiency of Casl2a at interface, thereby affects the analytical perfor-
mance of the designed technologies. Thus, the post-quenching strategy
was chosen for developing Cas12a-Modulated FRET with GO.

3.5. Optimization of experimental conditions

Several important experimental conditions were further optimized to
improve the analytical performance for DNA detection with post-
quenching strategy of GO. Firstly, the influence of GO concentration
on fluorescence quenching efficiency was investigated. As shown in
Fig. 5A, the FL intensity for the positive sample decreased with the
increasing of the concentration of GO. The S/B ratio reached a maximum
value at 80 pg/mL, which was then chosen as the optimal concentration.
The trans-cleavage process of Casl2a could be affected by the concen-
tration of Cas12a-crRNA complex and the reaction time. As depicted in
Fig. 5B, the FL intensity increased until the concentration of Casl2a-
crRNA complex exceeded 5nM in the present of the target. In
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(=
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Fig. 6. (A) Typical fluorescence spectra curves responding to 108,107, 108, 10°, 10*, 10%, 500, and 0 fM of target DNA (from a to h). (B) The calibration curve for the
FL intensity versus the logarithm of target DNA. Error bars represent standard derivation obtained in three parallel experiments.
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Table 1
Comparison between the Casl2a-Modulated GO FRET strategy and other re-
ported FRET-based methods for nucleic acids detection.

Target Donor/ Amplification Line range LOD (nM) Refs.
accepter Method* (nM)
RNA FAM/GO - - 24 [35]
DNA Cy3/GO - 5-75 1 [36]
DNA AIE/GO - 0-100 2.5 [371
DNA AgNCs/ HCR 10-100 1.18 [38]
GO
miRNA  QDs/GO EDC 1% 10731 1x107° [39]
RNA FAM/GO ETR 0-30 2 x 1072 [40]
miRNA  FAM/GO ETR 0.5-1 1.6 x 1074 [41]
miRNA  FAM/GO RCA 1x107° 4x10°* [42]
5x 102
DNA FAM/GO Casl2a 5x 107 1.34 x 107*  This
100 work

" HCR: hybridization chain reaction. EDC: enzyme-free DNA circuits. ETR:
enzyme-aided target recycling. RCA: rolling circle amplification.

contrast, there was no obvious change for the FL intensity of the blank
sample. So, 5 nM was selected for the subsequent experiments. Then, the
cleavage period was evaluated from 30 to 150 min (Fig. 5C). The FL
intensity increased slowly after 60 min, so 60 min was chosen as the
appropriate reaction time. In addition, the length of the ssDNA probe is
another important factor. Fig. S3 showed the fluorescence of ssDNA
probe was quenched quickly after adding GO and reached equilibrium in
5 min, indicating that time of 5 min was sufficient for the incubation of
GO. In addition, the length of the ssDNA probe was also investigated. As
can be seen from Fig. 5D, for a long ssDNA probe (31 nt), they gave a
relatively low background signal, but the FL intensity of the positive
sample increased significantly, indicating that long ssDNA might have
stronger adsorption with GO [34], and Cas12a might be more accessible
to long ssDNA.

3.6. Analytical performance

Under optimized experimental conditions, the analytical perfor-
mance of the Cas12a-Modulated GO FRET biosensor was evaluated. As
displayed in Fig. 6A, the FL intensity gradually increased with the
increasing of target DNA concentrations. Fig. 6B showed the FL intensity
and the logarithm of target DNA concentration existed a good linear
correlation in the range from 500 fM to 100 nM. The regression equation
was F (a.u.) = 32.463 1g ¢ — 31.268 with a correlation coefficient (R?) of
0.996, where F was the FL intensity and ¢ was the concentration of target
DNA. The limit of the detection (LOD) was calculated to be 134 fM ac-
cording to the 3 ¢ rule, which was superior to those of reported GO-
based FRET biosensors for nucleic acids detection (Table 1). The high
sensitivity and wide linear range of the Casl2a-Modulated GO FRET
strategy was attributed to the superior quenching efficiency of GO and
the multi-turnover trans-cleavage activity of Cas12a.

A B
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3.7. Interference assay

To further investigate the applicability and specificity of the method
for detecting target DNA in complicated DNA extracts, Fluorescence
signal was evaluated by spiking target DNA with different concentration
in 0.1 pg/mL total DNA extracted from vaginal/anal swabs of healthy
women volunteers. As Fig.7 A depicted, the fluorescence signals
decreased a little in total DNA extracts due to the interference of the
sample matrix during the target triggered cleavage reaction. However,
the FL intensity of target in DNA extracts group possessed a good target
concentration-dependent decrease. Fig. 7B displayed the comparison of
the peak F-Fj intensity of target DNA with different concentration in
water and total DNA extracts under the same experimental condition. It
could be seen that even 1 pM of target DNA in 0.1 pg/mL total DNA
extracts was still obviously detected. The results indicated the applica-
bility of the established system for target DNA detection in complicated
real sample.

4. Conclusion

In this work, an analogy analysis is performed by using GO/AuNPs
with different structural DNA probes to explore the nanoquenching
abilities and the cleavage properties of Cas12a on nanomaterials. It was
approved that GO had better quenching ability and fluorescence re-
covery than AuNPs, and the double-stranded DNA probe with staggered
end can lead preferable trans-cleavage efficiency due to incompact
morphological structure and appropriate orientation. In addition, the
post-quenching strategy could avoid the influence of steric hindrance,
thus obtaining a higher S/B ratio. Consequently, the Cas12a-Modulated
GO FRET biosensor is developed by combining Cas12a system and GO-
based post-quenching strategy for DNA detection. More importantly, the
programmability of crRNA provides a versatile analytical platform as
the proposed assay can be applied to detect any target DNA. On the
premise of rapidity, cost-effectiveness, and high sensitivity, the Cas12a-
Modulated GO FRET biosensor can offer robust yet flexible approaches
for POC testing applications. Compared to FQ probes, the sensitivity of
Casl2a-based cleavage towards probes modified on nanomaterials
really need to be improved due to steric hindrance and modification
efficiency. However, the proposed strategy can also be combined with
other isothermal amplification methods to construct higher sensitive
biosensor in the future. We expect that this work will provide guidance
for the study of the interactions between CRISPR and nanomaterials, as
well as for the design of new CRISPR-based diagnostic systems.
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