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Abstract

A CRISPR/Cas12a-coupled multiplexed strand displacement amplification (CMSDA) for the detection of miR155 has been
developed. Non-specific amplification was avoided by designing a single-stranded DNA template with a hairpin structure.
The detection target miR155 was used as a primer to initiate a multiple-strand displacement reaction to produce abundant
ssDNA. ssDNA was recognized by the Cas12a/CrRNA binary complex, activating the trans-cleaving activity of Casl2a.
The multiple-strand displacement reaction is more efficiently detected compared with a single-strand displacement reac-
tion. The detection range is from 250 pM to 1 nM, and the limit of the detection is 6.5 pM. The proposed method showed
a good applicability in complex serum environments, indicating that the method has a broad prospect for disease detection
and clinical application. In addition, we designed a dual-cavity PCR tube, which realized one-tube detection of miRNA155

and avoided open-cap contamination.
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Introduction

MicroRNAs (miRNAs) are a class of non-coding single-
stranded RNA molecules of approximately 22 nucleotides
in length encoded by endogenous genes [1]. miRNAs are
involved in the regulation of gene expression at different
time and space in the human body and are closely related
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to the occurrence of many human diseases. The function
of miR155 is broad, as it is involved in several biological
processes such as cell development and differentiation [2],
inflammatory response [3, 4], and immune response [5], and
presents high expression in various cancer tissues or cell
lines such as liver cancer [6], pancreatic cancer [7], sali-
vary gland adenoid cystic carcinoma [8], breast cancer [9],
lymphoma, and lung cancer [10]. It has also been closely
associated with other diseases such as multiple sclerosis [11]
and leukemia [12]. With continuous research, miR155 has
emerged as a tumor marker and a target for oncogene therapy
and is considered one of the important blood biomarkers.
The impact of miR155 on human health and its impor-
tance in the field of medical detection has fostered the
rapid development of miR155 detection methods. In recent
years, miR155 detection methods have emerged, including
electrochemical sensors [13, 14], fluorescent sensors [15,
16], nanomaterial luminescence [17, 18], nanoprobes [19],
colorimetric methods [20, 21], surface-enhanced Raman
spectroscopy [22, 23], and enzyme-catalyzed molecular
reactions [24]. Among them, the fluorescence methods
have the advantage of stability, convenience, and visualiza-
tion. However, the current fluorescence detection methods
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have the defects of cumbersome steps, the introduction of
additional nanomaterials, and the prolonged detection time,
which restrict the detection effect and detection application
scenarios of miR155 greatly and make the detection pro-
cess more time-consuming and labor-intensive. Therefore, a
more convenient, concise, sensitive, and time-efficient fluo-
rescence detection method has become an urgent need for
current miR155 detection.

Nowadays, the CRISPR/Cas systems and isothermal
amplification technologies are becoming two new favorites
in molecular detection. The programmability, the formal
cleavage activity for target strands, and the trans-cleavage
activity for non-target strands of the CRISPR/Cas system
make it a convenient tool and with unlimited possibility for
gene editing and molecular detection. In particular, Cas12a,
Cas13a, and Cas14f, which possess excellent trans-cleavage
activity, have been popularly employed in molecular detec-
tion. Isothermal amplification technology has the advantages
of non-reliance on thermal cycling instruments, no need
for high-temperature resistant enzymes, and mild reaction,
and is comparable to traditional PCR methods in terms of
detection performance. Therefore, the question of how to
effectively integrate CRISPR/Cas technology and isother-
mal amplification technology to make them better applied to
molecular detection has recently attracted extensive discus-
sion and research by many researchers.

Zhou [25] fused Cas12a and rolling circling amplification
to achieve ultrasensitive detection of miR155, but its steps
were cumbersome. Huang [26] combined the advantages of
RTF-EXPAR and CRISPR-Cas12a and greatly improved
the sensitivity of SARS-CoV-2 RNA detection, but the
different reaction temperatures of the enzymes (37 °C and
60 °C) prevented them from satisfying one-tube detection.
Zhang [27] accomplished the detection of multiple miRNAs
in vivo using CRISR/Cas12a and loop-mediated isothermal
amplification (LAMP), but with a high background signal.
Xiong [28] used recombinase polymerase amplification and
Cas12a to realize one-pot detection of viral DNA, but the
CRISPR/Cas reaction system dripped onto the PCR tube lid
was less stable and not suitable for large-volume reaction
system detection. Therefore, the molecular detection system
combining CRISPR/Cas12a and isothermal amplification
technology has to be further explored in terms of stability,
specificity, simplicity, and timeliness of detection.

Based on the above needs, in this work, we coupled
multiplex strand displacement amplification (MSDA) with
the CRISPR/Cas12a system to detect miR155. We used
a DNA template to achieve multiplex signal amplifica-
tion based on strand displacement reaction and designed
a self-hairpin structure on the template to eliminate as
much as possible the non-specific amplification caused
by the complementation of other miRNAs with the DNA
template in vivo. In the process, we identified a single-base
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difference in Cas12a/CrRNA recognizing non-completely
complementary paired single-stranded DNA. We believe
that this will provide a new idea for the application of
the CRISPR/Cas12a system to single-base mutations of
single-stranded nucleic acids. The MSDA is performed at
37 °C and the reaction of MSDA requires only one step of
sample addition, which simplifies the reaction. However,
due to the process of Cas12a/CrRNA recognition of the
activation strand, the whole experiment is still divided into
two steps, and the resulting operation of opening the cap
of the tube twice is likely to cause cross-disturbance. To
solve this problem, we designed a dual-cavity PCR tube
inspired by the Chinese traditional yin-yang jug, which
successfully realized the spatial separation of the CRISPR/
Cas12a reaction from the MSDA reaction in a single tube,
which truly enables a one-tube detection while avoiding
open-cap contamination.

Material
Reagents

Klenow Fragment (3'->5' exo-), Nb.BbvC(Cl, and EnGen ®
Lba Cas12a (Cpfl) were available from New England Bio-
labs (New England, USA). Deoxynucleotide triphosphates
(dNTPs), DNA marker, DNA loading buffer (6 X), Gel Red
nucleic acid dye, Water-DEPC Treated Water, TE-buffer,
Acryl/Bis 30% Solution (29:1), and TBE Buffer (5 X) were
purchased from Sangon Biotech Inc. (Shanghai, China).
Human serum was purchased from Solarbio (Beijing,
China). The oligonucleotides used in this work were syn-
thesized by Sangon Biotech Inc. (Shanghai, China) with
HPLC purification (listed in Table 1). Fluorescence signals
and gel images were performed on a fluorescence spectro-
photometer (PerkinElmer LS-55) and an electrophoresis
instrument (YENA UV solo Imager), respectively.

Multiplexed strand displacement amplification
system

A total of 20 pl reaction system containing 2 uL tem-
plate (200 nM), 2 uL miRNA 155 in different concentra-
tions, 2 uL Klenow Fragment (1 U), 2 uL. 10 x NEBuffer
2 (500 mM NaCl,100 mM Tris—HCI, 100 mM MgCl,,
10 mM DTT (pH 7.9 @ 25 °C)), 2 uL Nb.BbvCI (1 U), 2
pL 10 X NEB rCutSmart buffer (500 mM potassium ace-
tate, 200 mM Tris—acetate, 100 mM magnesium acetate,
1000 pg/ml recombinant albumin, (pH 7.9 @ 25 “C)), and
7 uL TE buffer were reacted at 37 °C for 2 h.
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Table 1 Oligonucleotide

s Name
sequences used in this study

Sequence (5'-3")

miR155
T1

T2

CrRNA
FQ-reporter
miR15
miR16
miR21
miR141
miRLet 7f

UUA AUG CUA AUC GUG AUA GGG GU

GCCACCCCTATCACGATTACCTCAGCATTAAGGCTCCCGGAG
CCTCAGCCACCCCTATCACGATTAGCATTAA

GCCACCCCTATCACGATTACCTCAGCATTAAGGCTCCC
GGAGCCTCAGCACCCCTATCACGATTAGCATTAA

UAA UUU CUA AGU GUA GAU GCAUUAAGGCUCCCGGAGCC
FAM-rUrArUrArU-BHQ1

UAGCAGCACAUAAUGGUUUGUG
UAGCAGCACGUAAAUAUUGGCG
UAGCUUAUCAGACUGAUGUUGA

UAA CAC UGU CUG GUA AAG AUGG
UGAGGUAGUAGAUUGUAUAGUU

CRISPR/Ca12a reaction system and fluorescence
detection

Nine microliters of TE buffer, 2 pL Casl2a (1U), 2
pL 10 x NEBuffer 2.1 (100 mM Tris — HC1+ 500 mM
NaCl+ 1000 pg/mL BSA + 100 mM MgCl,, pH 7.9), 2 pL.
CrRNA (200 nM), 4 pL SDA product, and 1 pL. FQ reporter
(10 uM) reacted at 37 °C for 35 min. We added 80 pL ddH,O
to the above 20-pL solution and mixed and then recorded the
fluorescence signal by a fluorescence spectrometer (Perki-
nElmer) at 490 nm excitation wavelength.

PAGE analysis

A 10% polyacrylamide gel was used to analyze amplifica-
tion products. After electrophoresis in 1 X TBE buffer (2 mM
EDTA and 89 mM Tris-boric acid, pH 8.3) for 1 h, images
were collected by a gel electrophoresis analyzer.

Results and discussion

The principle of CMSDA for miRNA155 detection

The current strand displacement and exponential ampli-
fication templates are mostly 40—100 nt single-stranded
nucleic acids, and excessively long single-stranded tem-
plates may cause non-specific amplification of non-target
RNAs in vivo. To solve this problem and achieve specific
amplification of miR155, we designed a single-stranded
DNA T with a self-hairpin structure as the amplifica-
tion template (Scheme 1A). The end of the T is a toehold
sequence complemented by miRNA155, and the middle
sequence of T is a 20 nt CrRNA recognition sequence in
which the hairpin structure is contained. The hairpin struc-
ture consists of seven complementary base pairs (stem)
and one single base (loop), which can effectively close

the T and eliminate non-specific amplification caused by
other DNA/RNA in real serum samples. In addition, two
Nb.Bbvcl digest site sequences were designed between the
toehold sequence and the CrRNA recognition sequence.

According to the kinetic analysis, miR155 preferentially
pairs with the 3’ end of T to form an RNA/DNA hybrid
duplex (Scheme 1B). In the presence of KF, miR155 acts
as a primer to sequentially amplify the enzyme cut site
sequence, the CrRNA recognition sequence (P2), and the
DNA sequence (P1) whose sequence is the same as the
miR155 (U >T). Subsequently, Nb.Bbvcl cuts an inscribed
gap at the enzyme cut site, and then KF continues to
amplify the new sequence at the gap and displaces single-
stranded P1 and P2, forming the reaction strand H1 and
the first signal amplification.

Since the P1 sequence is identical to the miR155
sequence (U>T), P1 also serve as a primer to trigger
a second round of amplification by KF and Nb.Bbvcl.
This process forms H2 and is identical to the first round
of amplification. Since P2 is fully complementary to the
CrRNA recognition sequence (Blue), P2 likewise acts as
a primer to unlock the hairpin of T1 and initiates a third
round of strand displacement reaction under the action of
the two enzymes, a process that forms H3 and releases the
new P1. the above three cycles ensure the production of
large amounts of P1 and P2.

In addition, since the 3’ end of H3 is exposed, P1 can pair
with the 3’ end of H3 to form H2 again and start the fourth
cycle. The P2 released during the whole process would be
recognized by CrRNA to activate the trans-cleavage activ-
ity of Cas12a to perform random cleavage to the FQ probe,
releasing a strong fluorescent signal. In the absence of
miR 155, strand displacement cannot proceed, no P2 is pro-
duced, Cas12a cannot be activated, and no fluorescent signal
is generated. The whole process is divided into two steps at
37 “C: multiplexed strand displacement amplification and
Cas12a recognition.
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Scheme 1 Principle of CMSDA
for miR155 detection. A Sche-
matic diagram of hairpin strand
template eliminating non-spe-
cific amplification compared to
straight strand template. B The
process of multiplexed strand
displacement amplification and
the process of Cas12a action to
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The clear bands in lanes 1 and 2 correspond to 23 bp of
miR155 and 73 bp of template T, respectively (Fig. 1A).
Lane 3 is a blank set containing only template T and the
enzyme reaction system, so the lane of the blank set shows
only the band corresponding to T. In contrast, compared
with lane 3, lane 4 showed two additional bands in addi-
tion to the T band. They corresponded to P1 (25 bp) and
P2 (27 bP) which were displaced after KF amplification
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and Nb.BbvClI cleavage, respectively. The PAGE results
indicated that MSDA was carried out successfully. The
successful coupling of Cas12a and MSDA is the key step
to generating the signal. As shown in Fig. 1B, under UV
light irradiation, no fluorescent signal was observed in the
control group by the naked eye, while the experimental
group showed a strong fluorescent signal. Further analysis
by a fluorometer showed a fluorescence value of 128 in the
control group and that of 820 in the experimental group.
The result demonstrated that CMSDA for miR155 detec-
tion is fully feasible.
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Optimization of experimental conditions

The study showed that CrRNA with more than 7 bases pair
to the 3’ end of ssDNA may activate the activity of Casl2a,
and the mismatching effect at the near PAM site (5') end
is greater than that at the 3’ end. The self-hairpin structure
makes T 13 bases pair to CrRNA, and there is a theoretical
risk of signal leakage due to the direct activation of Cas12a/
CrRNA by template T. Therefore, the sequence of T was
first explored. We designed two templates T1 and T2 with
the same hairpin structure. The difference is that compared
to T2, an extra C base was added between the recognition
sequence of CrRNA of T1 and the P2 sequence. We simu-
lated the pairing of CrRNA with T1 and T2, respectively. As
shown in Fig. 2A, in addition to the 13 bases at the hairpin
structure, there are three bases complementary to CrRNA at
the 5’ end of T2, while for T1, only 13 bases at the hairpin
are complementary to CrRNA. The efficiency of the recogni-
tion and cleavage of Cas12ato T1 and T2 was compared by
fluorescence spectroscopy (Fig. 2B). After 30 min shearing,
the fluorescence signal of T2 was about eight times that of
T1, and almost no background signal was generated by T1.
This indicated that T2 successfully activated the trans-activ-
ity of Cas12a, while T1 did not. This result also indicated
that pairing near the 5’ end has an effect on the recognition

of single-stranded recognition sites by CrRNA. Thus, T1
was selected for subsequent experiments.

Annealing affected the pairing effect of miR155 with
the template in the system, and we further explored the
effect of annealing on the results. In Fig. 2C, the annealed
fluorescence results were less than half of the unannealed
fluorescence values (F'=the fluorescence value of miR155,
F0=the fluorescence value of the blank group). We ana-
lyzed that annealing may cause dimer formation between the
single-stranded templates themselves, which would hinder
the polymerization process of KF. The unannealed results
perfectly satisfied the assay requirements and also made the
experiment free of the dependence of the PCR instrument
so that the whole experiment could be completed at 37 °C.
Finally, the template concentration (Fig. 2D), amplification
time (Fig. 2E), and the reaction time of Casl2a (Fig. 2F)
were optimized. The optimal results were 200 nM, 2 h, and
35 min, respectively.

Sensitivity exploration

The sensitivity of the sensor was investigated under the
optimal conditions described above. Different concentra-
tions of miR155 from 250 pM to 1 nM were detected.
Figure 3A shows that the fluorescence signals of miR155

800
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5 6001 = 400
s =
Tl = —
= 4004 =
200
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Fig.2 Exploration of experimental conditions. A Base pairing of
T1 and T2 with CrRNA. B Comparison of T1 and T2 activation of
Casl2a activity. C Effect of annealing on amplification efficiency.

Amplification time (min)

cleavage time of Cas (min)

Effect of D T1 concentration, E amplification time, and F Casl2a
shearing time on the detection effect
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were all higher than those of the control group, and the
signals increased with the increase of miR155 concentra-
tion. The fluorescence signal of miRNA155 from 250 pM
to 1 nM showed a faster upward trend and the fluorescence
values from 250 pM to 1 nM were linearly fitted as shown
in Fig. 3B. The data showed a good linearity with a linear
equation of F—-F0=16.931gC+60.03 (C is the concen-
tration of miR155, and R is the correlation coefficient,
R>=0.971). The limit of detection (LOD) is 6.5 pM calcu-
lated based on 3 o/K (o is the standard deviation value of
the blank, and K is the slope of the standard curve). Com-
pared CMSDA with other methods for miR155 detection
(Table 2), CMSDA showed good advantages in the limit
of detection and the detection step [29-32].

Selectivity and repeatability

Specificity and stability are important indicators to evaluate
the sensor. We first examined 5 RNAs at 500 pM to assess
the resistance of the fluorescent sensor. Among 5 RNAs
(Fig. 4A), the fluorescent signals of miR15, miR21, miR141,
and miRLet 7f were slightly higher than those of the blank
group, whereas the signal of miR21 was the highest, only 80
higher than the blank group. The signal of miR16 was even
lower than the blank group, which was much lower than the
signal of miR155, demonstrating the excellent selectivity
of the sensor. Next, five groups of parallel samples were
tested using 500 pM miR 155 (Fig. 4B), the signals of all five
experimental groups were in the range of 590-610, the sig-
nals of all five control groups were in the range of 85-120,

Fig. 3 A Fluorescence response A
of CMSDA from 250 pM to 1200 1000
1 nM. B The corresponding 1M X
logarithmic calibration curve 1000+ 8004 i
of fluorescence intensity of :.
CMSDA with various concen- : 800 '; 6004
trations of miR55 from 250 pM o < "
. = 600 s
to 1 nM (n = 3) 2 e 400 _ o
4004 h|‘ L = 600
St = &
=] 2004 S
E 200 . o) ZU:
0 - 0 1 2.20 245 2.70 295 3.20
LgC(pM)
520 550 580 610 640 200 400 600 800 1000
Wavelength (nm) pM
Table 2 Compari§0n of the Methods Signal amplification Linear range Reaction step LOD Ref
performance of different sensors
for the detection of miR155 Fluorescence DNAzyme amplification 0.1-10 nM 3 44pM  [29]
Fluorescence CHA/DNA walking machine 10 pM—200nM 3 9.1pM  [30]
Fluorescence  DSN-based signal amplification 0.1-15 nM 3 45pM  [31]
Fluorescence  Cascade reaction/SDA 10-109 pM 1 10pM  [32]
Fluorescence =~ Multiplexed SDA 250 pM-1 nM 1 6.6 pM  This work
Fig.4 Selectivity (A) and A B
reproducibility (B) of the sen- 800 800 Blank
sors (n=3) miR155
-~ —_ F-FO
= 600 26004 I - I 1 1
< <
N’ N’
L L = . Z = T
Q Q
g 400- g 400
Q9 [}
wn »
5 5]
= =
o =}
= 200 2 200+
=) =
I - z T =
B 0 T T T T T
Blank miR15S miR16 miR21 miR141 miRLet 7f miR15§ 1 2 3 4 5
Selectivity Reproducibility

@ Springer



Microchim Acta (2024) 191:470

Page70of9 470

and the differences of F—FO0 of the five groups were stable
in the range of 490-510. The result demonstrated that the
fluorescence sensor has a good reproducibility and stability.

Real sample detection

The serum supplementation of miRNA155 at 250 pM,
400 pM, and 500 pM was performed with human serum
diluted ten times. As shown in Table 3, the detected results
for the concentrations of 250 pM, 400 pM, and 500 pM were
247.25 pM, 427.28 pM, and 519.00 pM, with recoveries of
98.90%, 106.82%, and 103.80%, respectively. The results
showed that the method had a good ability of application to
complex samples.

Table 3 The performance of the sensor platform detecting miR155 in
human serum samples

Target added Detected results ~ Recovery (%) RSD (%)
(rM) (M)
250 247.25 98.9 1.13
400 427.28 106.82 2.11
500 519.00 103.80 1.81
A B
D E

Fig.5 A Longitudinal section of dual-cavity tube and B 3D model;
performance test of dual-cavity tube separated the liquid: C upright,
D inverted, and E mixed to the side; F fluorescence spectrum of

The design of the dual-cavity tube

Despite the simplicity of the amplification step, the whole
reaction system is still divided into two processes including
MSDA and Casl2a activation. The additional step of the
Cas12a system not only adds to the tediousness, but the pos-
sible cross-contamination caused by the open-cap operation
is an issue of concern. To implement the one-step method,
the reaction order of the two systems in time should be con-
sidered first as the Cas12a system can only be introduced
after the end of MSDA. This requires that the two systems
are separated from each other spatially even in a single tube
so that they do not interfere with each other during amplifi-
cation. In order to achieve a one-tube detection to avoid con-
tamination caused by opening the cap, it is also necessary
to ensure that the two systems can finally be mixed without
opening the cap after the amplification is completed.

To achieve the above two conditions simultaneously,
thanks to the inspiration of the dual-cavity wine jug in tra-
ditional Chinese culture, we designed a dual-cavity PCR
tube, which successfully realized the one-step method and
one-tube detection of miR155. As shown in Fig. 5A, B, we
designed a 0.8-mm-thick section in the conventional PCR
tube, which can spatially divide the tube into two spaces
on the left and right. The height of the upper end of the

C
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)

u
—
=
=
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—a
—Db
800

600
400
200

0

520 544 568 592 616 640
Wavelength (nm)

Fluorescence (a.

miR155 detected by dual-cavity tube one-step method (a for sepa-
rated system, b for mixed system)
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section from the surface of the tube is 4 mm. In order to
verify the performance of the dual-cavity tube in separat-
ing the liquid, we added 20 uL of the blue staining solu-
tion to the left and right spaces of the tube for observation.
As shown in Fig. 5C, the liquid was successfully separated
when the tube was upright. Considering that the tube turning
sideways during the assay might cause premature mixing of
the two systems, we inverted the tube by 180°. The results
showed (Fig. 5D) that the liquids in the two chambers were
still separated from each other, which was due to the dense
reaction system having a viscous force with the tube wall
greater than its own gravity. This showed that the dual-cavity
tube separated the different reaction systems very well, with
excellent resistance to vibration and side-turning, which was
more advantageous compared to the method of dropping the
Cas12a system inside the PCR lid [28].

Next, we explored whether the dual-cavity tube could
achieve an effective fusion of the two reaction systems. We
manually flung the two chambers of liquid from the bottom
to the top simultaneously to mix the two well first and then
to one side for reaction. As shown in Fig. SE, the liquids in
the two chambers were successfully mixed in one chamber
after two to three flings. This proved that the dual-cavity
tube could be successfully applied for the separation and
mixing of different systems. We added the MSDA system
and Cas12a recognition system into two lumens of the dual-
cavity tube for miR155 detection, respectively. In Fig. 5F,
the two systems in a were not manually mixed, while the b
was. The Cas12a systems in the a and b lumens were aspi-
rated for detection. As shown in Fig. 5F, no fluorescence sig-
nal was generated in a, and b showed intense fluorescence.
This indicated that with the help of the dual-cavity tube, the
CMSDA truly achieved one-step and one-tube detection for
miR155. This demonstrated that dual-cavity tubes success-
fully reduced the testing steps and solved the problem of
cross-contamination, which greatly contributed to the level
of molecular testing and promoted the practical application
of clinical research.

Conclusion

In this study, we developed a multiple-strand displace-
ment amplification coupled with CRISPR/Cas12a system
for miR155 detection. The sensitivity and selectivity were
improved by the single-stranded DNA template with a hair-
pin structure. The ssSDNA released from the first strand
displacement reaction triggered multiple rounds of strand
displacement reactions and finally activated the trans-cutting
activity of Casl2a, which efficiently amplified the biologi-
cal signal. Therefore, CMSDA has a good detection perfor-
mance with a limit of detection of 6.5 pM. The dual-lumen
PCR tube allows for complete separation of the Casl2a
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system from the MSDA system in a single tube, which truly
enables one-tube detection and avoids open-cap contamina-
tion. In this process, we also discovered the effect of sin-
gle-base differences of ssDNA on the activation of Casl2a
activity, which provided a new idea for the application of the
CRISPR/Cas12a system to identify single-base mutations in
single-stranded DNA. Finally, based on the programmability
of the CRISPR/Cas12a system, the method is expected to be
used for the detection of other miRNAs.
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