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Ratiometric fluorescent probe: a sensitive and
reliable reporter for the CRISPR/Casl2a-based
biosensing platform+

’ '.) Check for updates ‘

Cite this: Analyst, 2022, 147, 2567

Qiang Liu,® Mei Liu, @ ° Yan Jin @2 and Baoxin Li ©*?

Due to the excellent activity of trans-cleavage and target recognition, the recently discovered CRISPR/
Casl2a systems provide a promising opportunity for designing fluorescence biosensing. In the reported
CRISPR/Casl2a-based biosensing platform, TagMan probe is widely used as the reporter. However, the
TagMan probe provides single-wavelength fluorescence changes, which is easily influenced by various
analyte-independent confounding factors to produce false-positive signals. In this study, a ratiometric flu-
orescent probe was designed to act as the reporter of a CRISPR/Casl2a-based system. As a proof-of-
concept, fluorescein (FAM) and tetramethylrhodamine (TAMRA) were chosen as the two fluorescence
dyes to label one short ssDNA at 5 and 3’ ends, respectively, which was designed as one ratiometric fluor-
escent probe. When the ratiometric probe excites at 480 nm, duo to FRET effect, the probe emitted the
580 nm-fluorescence of TAMRA. The activated Casl2a can cleave the dual-labeled ssDNA, resulting in a

Received 8th April 2022, decrease in the TAMRA's fluorescence and an increase in the FAM's fluorescence. This dual-response flu-
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orescent probe can act as the reporter of the CRISPR/Casl12a-based biosensing platform. Compared with
the classic TagMan, CRISPR/Cas12a-based biosensing with the ratiometric probe as the reporter not only
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Introduction

The CRISPR/Cas systems provide RNA-guided adaptive immu-
nity to degrade the nucleic acids of intruding bacteria," and
these systems have been used as gene-editing tools.>” Owing
to the strict complementary-dependent cleavage principle, the
CRISPR/Cas systems have very high accuracy in target nucleic
acid recognition. The sequence-specific recognition capability
of the CRISPR/Cas systems has been proved to be versatile to
develop biosensors for the detection of nucleic acid*® and
non-nucleic acid targets.””® The CRISPR/Cas12a exhibits non-
specific ssDNase (single-stranded deoxyribonuclease) activity.’
Based on this principle, many biological recognizing events
have been converted to DNA to activate the trans-cleavage
activity of the CRISPR-Cas12a system. In most of the CRISPR/
Casl2a-based fluorescence biosensors, TagMan probe is uti-
lized as the substrate of Cas12a.>®*'> As one short single-
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exhibited higher sensitivity but also could distinguish and avoid false positive signals.

stranded DNA (ssDNA) (ca. 5 nt), the classic TagMan probes
are labeled with one quencher and one fluorophore in the 3’
and 5’ terminals, respectively. In a classic TagMan probe, the
fluorophore is close to the quencher. Due to the fluorescence
resonance energy transfer (FRET) between the quencher and
the fluorophore, the fluorescence emission of the fluorophore
is “turn-off”. After being activated, Cas12a performs a high
trans-cleavage on ssDNA.> Upon binding to the activated
Cas12a, the TagMan probe is cut, and the system emits strong
fluorescence. Based on the “turn-on” fluorescence character-
isticc, TagMan probe is widely used as a reporter to
construct numerous homogenous CRISPR/Cas12a-based
biosensors.>®*™®  The CRISPR/Casl12a-based fluorescence
sensing strategy with the TagMan probe as the reporter is
simple and rapid without any washing-steps and has been
used to detect various targets, including DNA,>'>"" RNA,'*>"?
small molecules®® and enzyme activity."'> However, the
classic TagMan probe always provides single-wavelength fluo-
rescence changes, and the absolute-intensity-dependent signal
is easily influenced by various analyte-independent confound-
ing factors, which seriously disturb the accuracy of target
quantitation."® Therefore, it is necessary to explore new repor-
ters for the CRISPR/Cas12a-based biosensors.

In recent years, the ratiometric fluorescence method has
attracted increasing attention because of its accuracy in detect-
ing the target concentration."”>" Compared with the conven-
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tional fluorescence method with single-signal output, the
ratiometric fluorescence method can eliminate the negative
influence of complex environment through the ratio of fluo-
rescence intensities of two wavelengths.'®>' Thus, the ratio-
metric fluorescence methods can effectively overcome the
false-positive signal and provide more accurate detection
results."® ! There are two strategies for achieving ratiometric
detection: one is the introduction of a target-insensitive fluo-
rescence signal as the reference.”*** Another is to use two
target-insensitive signals. In the fluorescence ratiometry with
two target-insensitive signals, the addition of the target often
leads to specifically decrease one fluorescence signal and
increase the other, which makes the ratio of the two fluo-
rescence signals change greatly. Therefore, the ratiometry strat-
egy with two signal changes also possesses a higher sensitivity
compared with the other fluorescence method."®>**
Enlightened by the aforementioned points, we herein intro-
duced one ratiometric fluorescence probe into the CRISPR/
Casl12a-based biosensing. As a proof-of-concept, fluorescein
(FAM) and tetramethylrhodamine (TAMRA) were chosen as the
two fluorescence dyes to label one short ssDNA at 5 and 3’
ends, respectively, to construct one ratiometric fluorescence
probe. Due to the FRET effect, the probe emitted the 580 nm-
fluorescence of TAMRA. The activated Casl2a can cleave the
dual-labeled ssDNA, resulting in the decrease of the TAMRA’s
fluorescence and increase of the FAM’s fluorescence. This dual-
response fluorescence probe can act as the reporter of the
CRISPR/Cas12a-based biosensing platform. Compared with the
classic TagMan probe, this probe can provide ratio signal for
the CRISPR/Casl12a-based biosensing system. This ratiometric
CRISPR/Cas12a-based biosensing system exhibited lower detec-
tion limit for DNA target than that with the classic TagMan
reporter. In addition, this ratiometric CRISPR/Cas12a-based bio-
sensing system could distinguish and avoid false positive
signals, improving the accuracy of the results. Furthermore, we
combined this ratiometric CRISPR/Casl2a-based biosensing
system with enzyme-mediated strand-displacement amplifica-
tion (ESDA) to improve the detection sensitivity. Overall, this
ratiometric reporter opens a new pattern for signal output of
the CRISPR/Cas12a-based biosensing strategy and holds a great
potential to expand to other CRISPR/Cas-assisted biosensing.

Experimental

Reagents and materials

The HPLC-purified DNA and RNA were synthesized by Sangon
Biotechnology Co., Ltd (Shanghai, China). The DNA and RNA
sequences are listed in Table S1.7 Before use, oligonucleotide
solutions were diluted to the desired concentrations with
10 mM Tris-HCI buffer (50 mM NaCl and 10 mM MgCl,, pH
7.4). Nicking endonuclease (Nt-BstNBI), Vent (exo-) DNA poly-
merase and Cas12a were obtained from New England Biolabs,
Inc. (Ipswich, US). Millipore Milli-Q water (ca. 18 MQ cm)
was used in the whole experiments. Other chemicals were of
analytical grade.
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Procedure of the CRISPR/Cas12a-based biosensing of target DNA

First, Cas12a protein (50 nM) was incubated with the gRNA
(50 nM) in 1 x 2.1 buffer for 10 min at room temperature (ca.
20 °C). Second, 25 pL Rnase-free water, 5 pL 10 x 2.1 buffer
and 5 pL ratiometric probe (1 pM) were added successively into
the Cas12a-gRNA mixture. Then, 5 pL target DNA with
different concentrations was added. The resulting mixture was
incubated for 50 min at 37 °C. Lastly, the solution was added
into 50 pL Tris-HCIl buffer for fluorescence test. The fluo-
rescence emission spectrum of the resultant reaction solution
was collected on an FS5 Fluorimeter (Edinburgh, UK). The
fluorescence spectra were recorded in the 508-650 nm range
with an excitation wavelength (Ex) of 480 nm. The ratio of the
fluorescent intensity at 520 nm (Fsy) to the fluorescent inten-
sity at 580 nm (Fsg,) was used to quantify the concentration of
target DNA.

Procedure of ESDA with the CRISPR/Cas12a-based biosensing
for DNA detection

10 pL target DNA with different concentrations and 1 pL tem-
plate DNA (0.1 nM) were added into 39 pL Nt-BstNBI nicking
endonuclease buffer (pH 7.9 Tris-HCI (25 mM), containing
1.25 mM dithiothreitol, 125 mM NacCl, and 12.5 mM MgCl,).
Then, the above mixture was heated at 90 °C for 5 min, and
was naturally cooled to room temperature (ca. 20 °C).
Subsequently, 39 pL ThermoPol buffer, 1 pL dNTP (25 mM),
5 uL Nt-BstNBI (1 U puL™") and 5 uL vent (exo-) polymerase
(1 U pL™") were added into the above mixture. After reaction
for 1.5 h at 55 °C, 30 pL ESDA product was mixed with 5 pL
10x Neb buffer 2.1, 5 pL ratiometric probe (1 pM), 5 pL gRNA
(50 nM) and 5 pL Cas12a protein (50 nM) were added into the
mentioned solution. Then, the solution was incubated at 37 °C
for 50 min. The fluorescence spectra of the reaction solution
were recorded. The ratio of Fs,, to Fsgo was used to quantify
the target DNA concentration.

Results and discussion

Principle of ratiometric CRISPR/Cas12a-based biosensing
strategy for target DNA detection

The principle of this ratiometric CRISPR/Cas12a-based biosen-
sing is illustrated in Scheme 1. The guide RNA (gRNA) con-
sisted of a 20 nt-long repeated sequence (black color) and a
programmable target-recognizing sequence (green color),
where the repeated sequence generally promotes gRNA to form
the hairpin structure. The gRNA can interact with Cas12a
protein to form a Cas12a/gRNA complex via sequence- and
shape-specific interactions.”® The Cas12a/gRNA complex can
specific bind target DNA (ssDNA) to produce gRNA-DNA het-
eroduplex, and then Cas12a is activated to show the ssDNase
activity. The activated Cas12a can effectively cleave the ratio-
metric probe (reporter). The ratiometric probe is dual-labeled
ssDNA with FAM and TAMRA as the fluorescence donor and
acceptor, respectively. The maximum excitation wavelength
(Ex) of FAM is 480 nm, and the maximum emission wave-
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Scheme 1 Principle of ratiometric probe or TagMan probe as reporter in CRISPR/Cas12a-mediated biosensing platform.

length (Em) of FAM is 520 nm. The Em of TAMRA is 580 nm.
When the ratiometric probe excites at 480 nm, the TAMRA’s
fluorescence at 580 (Fsg) is observed due to FRET. After the
cleavage of the ratiometric probe, FRET is eliminated, result-
ing in appearance of a FAM’s fluorescence at 520 nm (Fsy().
Thus, the change of two fluorescence intensities can be moni-
tored, and the ratio of Fs,, to Fsgo can used to quantify the
amount of target DNA. When the classic TagMan probe is
acted as the reporter of the CRISPR/Cas12a system, only one
signal (Fs,0) appears in the biosensing system.

In order to verify the feasibility of the ratiometric reporter,
we added 0.5 nM target DNA to the CRISPR/Cas12a-based bio-
sensing system. The fluorescence emission spectra of the
system were recorded in the absence and presence of the
target DNA. As illustrated in Fig. 1A, without the target DNA,
FAM emission (Fs,) was rather weak (ca. 228), whereas TAMRA
fluorescence (Fsgo) was very strong (ca. 1870), indicating that
FRET is quite efficient for the FAM-TAMRA pair. With target
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DNA, Fs,, intensity increased from 228 to 2330, whereas the
Fsgo intensity decreased from 1870 to 1470. Therefore, the
signal-to-noise ratio of the ratiometric reporter was estimated
to be ca. 13. In addition, we measured the fluorescence
response of the biosensing system with the classic TagMan as
the reporter under the same experimental conditions. As
shown in Fig. 1B, the presence of target DNA resulted in the
increase of Fs,, from 127 to 1290. The signal-to-noise ratio of
the TaqMan reporter was ca. 10. So, the sensitivity of the ratio-
metric probe was higher than that of the TagMan probe.

Optimization of experimental conditions

In order to improve the performance of the CRISPR/Cas12a-
based biosensing, the experimental conditions were opti-
mized. First, we explored the effects of the length of the ratio-
metric probe on the response. The three DNA probes with
different bases numbers (5, 8 and 11) were designed to act as
the reporter of the CRISPR/Casl2a-based biosensor. The
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Fig. 1 Fluorescence emission spectra of the CRISPR/Cas12a-based biosensing system in the absence and presence of target DNA with the ratio-
metric probe (A) or TagMan probe (B). Experimental conditions: 5 pL 50 nM gRNA, 5 uL 50 nM Cas12a, 5 pL 1 pM probe, 5 pL 0.5 nM target DNA, and

50 min reaction time.
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results (Fig. S1t) showed that the 8-nt probe had the highest
signal-to-noise, and was used as the ratiometric probe. We also
optimized the other conditions of the CRISPR/Cas12a system,
including incubation time, ratiometric probe concentration,
Cas12a concentration and gRNA concentration (Fig. S21). The
optimized experimental conditions were 50 min of incubation
time, 1 pM of ratiometric probe, 50 nM of gRNA, and 50 nM of
Casl2a.

Performance of the CRISPR/Cas12a-based biosensing for
target DNA

Under the optimal experiment condition, the fluorescence
emission spectra of the CRISPR/Cas12a system with the ratio-
metric probe were obtained in the presence of target DNA with
different concentrations. As shown in (Fig. 2A), with increasing
target DNA concentration, Fs,, gradually increased, whereas
Fsgo steadily decreased. The ratio (Fs,o/530) increases linearly
with target concentration in 0.01-0.75 nM range (Fig. 2B). The
limit of detection (LOD) was calculated to be 3 pM (30). For a
comparison, we investigated the fluorescence response of the
CRISPR/Cas12a-based biosensing with the TagMan probe as
the reporter under the same conditions (Fig. S3At). The fluo-
rescence intensity was linearly dependent on the target DNA
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concentration in the range of 0.025 nM-0.25 nM (Fig. S3B¥).
The LOD of the TagMan probe was estimated to be 10 pM (30),
which was above threefold higher than that of the ratiometric
probe. We also checked the precision of the two reporters.
Fig. 3 shows the results of 11 parallel measurements of the
CRISPR/Cas12a-based biosensing at three different concen-
tration levels (0.025 nM, 0.1 nM, and 0.25 nM). The relative
standard deviation (RSD) of the ratiometric probe was esti-
mated to be 2.1%, 2.4% and 1.7%, respectively (Fig. 3A). The
RSD of the TagMan probe was 4.8%, 4.2%, and 4.1%, respect-
ively (Fig. 3B). It is obvious that the precision of the ratiometric
probe is better than that of the classic TagMan probe. The
ratiometric probe is more resistant to fluctuations caused by
the experimental environment.

Compared to the conventional single-signal probe, the
ratiometric probe is expected to possess the capability of dis-
tinguish false positive signals.’®>° As illustrated in Fig. 2A, the
addition of the target DNA could lead to the increase of Fs,,
accompanying the decrease of Fsg. If the increase of Fs,q and
decrease of Fsg, in this biosensing system do not occur simul-
taneously, the signal will be false-positive. To prove this, we
took bovine serum albumin (BSA) as an example to study the
effects of some proteins on the response of the reporter. As
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Fig. 2 (A) Fluorescence emission spectra of the CRISPR-Casl2a biosensing system in the presence of target DNA with increased concentrations,
and (B) linear relationship between the fluorescence intensity ratio (Fso/Fsgo) and target DNA concentration. Experimental conditions: 5 pL 50 nM
gRNA, 5 pL 50 nM Casl12a, 5 puL 1 pM probe, 5 plL different concentrations of target DNA.
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Fig. 3 11 parallel measurements of the CRISPR/Casl2a-based biosensing system in the presence of target DNA with different concentrations
(0.025, 0.1, 0.25 nM from down to top) using the ratiometric probe (A) and TagMan probe (B) as the reporter.
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Fig. 4 Fluorescence spectra of the ratiometric probe (A) and TagMan probe (B) in the presence of different concentrations of BSA.

shown in Fig. 4A, by increasing the BSA amount from 0 to
25%, the Fs,, intensity of the ratiometric probe increased evi-
dently, whereas the Fsg, intensity did not almost change. From
the response of this ratiometric probe, it is easy to judge that
the BSA-induced change is a false positive signal. However, for
classic TagMan probe, a gradually increasing false-positive
signal was observed (Fig. 4B), which is undistinguishable from
a true target response. In addition, the similar result was
observed when Ca®>" was added into the reporter probe. Ca**
could decrease the intensities of Fs,, and Fsg, in this ratio-
metric probe response (Fig. S41). This may be attributed to
that Ca** can bind to the phosphate backbone of the ratio-
metric DNA fluorescent probe,*® reducing the solubility of the
DNA probe. However, as shown in Fig. 5A, the ratio of Fs;, to
Fsgo remained unchanged when increasing Ca®>" from 0 to
10 mM. This is to say, the ratiometric probe can effectively
avoid the false positive signal from Ca®". Ca** also decreased
the fluorescence of the classic TagMan probe (Fig. 5B), but the
classic TagMan probe cannot distinguish whether the decrease
of the fluorescence signal is due to the change of the Ca®>" con-
centration or the change of target concentration. Therefore,
the ratiometric probe as a reporter of the CRISPR/Casl2a-
based biosensing can distinguish and even avoid false positive
signals. The ratiometric probe is suitable for an in vivo assay.
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Currently, there is a lack of an appropriate carrier to deliver
the CRISPR/Cas12a system into living cells.”” Therefore, we did
not apply the CRISPR/Cas12a ratiometric fluorescent probe in
practical applications.

Combining enzyme mediated strand-displacement
amplification with CRISPR/Cas12a-based biosensing

Enzyme mediated strand-displacement amplification (ESDA) is
an efficient tool for amplified assay.**>° To further enhance
the sensitivity of the ratiometric CRISPR/Cas12a-based biosen-
sing, we combined ESDA with this CRISPR/Cas12a-based bio-
sensing. As shown in Fig. 6A, the ESDA template contained
three domains: binding region of the target DNA (red), nicking
site (purple) and region for generating activator (green). The
hybridization of the target DNA and the template triggers the
ESDA process. In the presence of dNTPs and DNA polymerase,
the partial duplex (template/target) is extended along the tem-
plate to form a complete dsDNA with one nicking site. Nicking
endonuclease cleaves the extended DNA strand to release the
activator, and simultaneously the cleavage reaction can trigger
a new extension—cleavage—release cycle. As a result, the
ESDA reaction continuously occurs, and many activators can
be produced. The binding of the activator onto gRNA activates
the trans-cleavage activity of Cas12a to cleave the ratiometric
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Fig. 5 Effect of Ca®* concentration on the fluorescence response of the ratiometric probe (A) and TagMan probe (B) in 20 mM Tris—HCl (pH 7.4)

buffer.
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template; lane 3: target + template; lane 4: target + template + vent (exo-) polymerase + dNTPs; lane 5: target + template + Vent (exo-) polymerase

+ dNTPs + nickase; lane 6: activator.

probe, generating an obvious fluorescence response. As shown
in Fig. 6B, when template, polymerase, nicking endonuclease
and dNTP co-existed in the reaction system, the addition of
50 pM target DNA resulted in the signal change (Fs,, increase
and Fsg, decrease). However, when any of four components
(dNTPs, template, nicking endonuclease and polymerase) was
absent, target DNA did not induce a significant change of fluo-
rescence. To certify whether the signal amplification would
work as designed, we performed the gel electrophoresis experi-

ments. As shown in Fig. 6C, the clear band on lane 1, 2 and 6
corresponded to target (22 nt), template (51 nt) and activator
(20 nt). When the target was mixed with the template, a new
upper band appeared in lane 3, which indicated the formation
of a partial duplex between the target and the template. Once
polymerase and dNTP were added into the system, a dark
band in lane 4 emerged (51 bp), suggesting that the partial
duplex was extended along the template DNA to produce the
complete duplex. When nickase was unceasingly added into
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Fig. 7 Fluorescence spectra (A) and calibration curve (B) of the ESDA-CRISPR/Cas12a sensing system in the presence of increasing target DNA con-
centrations using the ratiometric probe as the signal reporter. Experimental conditions: 30 pL ESDA product was mixed with 5 pL 10x NEB buffer 2.1,

5 plL ratiometric probe (1 pM), 5 pL gRNA (50 nM) and 5 pL Cas12a protein
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the system, the band at 51 bp became weak (lane 5), and in the
meantime a dark band appeared at the same position as the
activator (lanes 5 and 6). The gel electrophoresis results
showed that a small number of targets were transformed into
a large number of activators through ESDA, thereby enhancing
the sensitivity of the CRISPR/Cas12a-based method.

Under the optimized experiment condition (Fig. S5), we
investigated the fluorescent response of the ESDA-CRISPR/
Cas12a-based biosensing system to different concentrations of
the target DNA in the 1-100 pM range. As shown in Fig. 7A, by
increasing the target DNA concentration, Fs,, gradually
increased, whereas Fsg, steadily decreased. The ratio (Fso/Fsso)
increases linearly with target DNA concentration in the range
from 1 pM to 75 pM (Fig. 7B). According to the 3¢, the LOD was
estimated to be 0.3 pM, which was about 10-fold lower than that
of the ratiometric CRISPR/Cas12a sensing system without ESDA.
For comparison, we also investigated the fluorescence response
of this biosensing system using the TagMan probe as the repor-
ter under the same conditions (Fig. S61), and the LOD was calcu-
lated to be 2 pM, which was much higher than that of the ratio-
metric probe. These results further suggested that the ratiometric
probe had higher sensitivity than the classic TagMan probe.

Conclusions

In summary, we used two fluorophores as the donor and
acceptor to design a ratiometric probe for expanding the
output pattern of a single signal readout. The ratiometric
probe was used as the reporter of the CRISPR/Cas12a-based
biosensing system. Compared with the classic TagMan as the
reporter, the CRISPR/Cas12a-based biosensing with the ratio-
metric probe as the reporter not only exhibited higher sensi-
tivity but also could distinguish and avoid false-positive signal.
This study shows that the ratiometric fluorescence probe is an
effective reporter for the CRISPR/Casl2a-based biosensor
system, which will promote the development of the ratio fluo-
rescence method. Furthermore, the ratiometric fluorescence
probe may provide great potential for other CRISPR/Cas
enzyme-assisted biosensors.
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