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Graphical Abstract

An ultrasensitive electrochemical biosensing platform has been proposed for
mMiRNA-21 assay based on CRISPR/Casl3a-assisted catalytic hairpin assembly.
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Abstract: MicroRNAs (miRNAs) are related to many biologicatocesses and
regarded as biomarkers of disease. Rapid, sensaiMespecific methods for miRNA
assay are very important for early disease diagnast therapy. In the present work,
an ultrasensitive electrochemical biosensing ptatfohas been developed for
MIiRNA-21 assay by combining CRISPR-Casl3a systerd eatalytic hairpin
assembly (CHA). In the presence of miRNA-21, it Wbhybridize with the spacer
region of Cas13a/crRNA duplex to activate the chegvactivity of CRISPR-Casl13a
system, leading to the release of initiator of CH@ generate amplified
electrochemical signals. Base on the CRISPR-Casfhated cascade signal
amplification strategy, the developed electrochamimosensing platform exhibited
high sensitivity with a low detection limit of 284 (S/N = 3), indicating that the
platform has great potential for application inlgafinical diagnostic.

Keywords: Electrochemical biosensor, CRISPR-Casl3a systatglytic hairpin

assembly, cascade signal amplification, miRNA-21



1. Introduction

MicroRNA (miRNA) is a kind of non-coding small RNAnolecule (18~25
nucleotides in length), which has crucial regukatonfluences in the various
biological processes of organisms. Recent resemrchee confirmed that miRNAs
participate in the tissue differentiation, cell lfieration, and other disease state
processes [1,2]. Abnormal expression of miRNAs mayelated to the occurrence of
cancer disease, such as lung cancer, breast camcegastric cancer. Furthermore,
even low-level changes on miRNA can dramaticalfgcifthe genes expression [3].
Hence, the accurate miRNA determination is impdrtarbiomedical research, early
cancer diagnostic, prognosis and prediction. Howexaditional methods for miRNA
detection, such as oligonucleotide microarraysthaon blotting, and quantitative
RT-PCR, have some shortcomings in practical apydica including time-consuming
operation and require extremely precise equipm@ht®]. Therefore, it is still
desirable and meaningful to develop biosensindgrtat for high-sensitivity assay of
miRNA with low requirements for equipments and @penal skills.

Recently, the electrochemical biosensors are bewpripowerful detection tool
and have aroused great interest due to their gelmttsvity, sensitivity, and cheap
instruments [10, 11]. In view of these advantagés) et al. proposed a label-free
electrochemical biosensor for microRNA-21 assayngsithionine and gold
nanoparticles Co-functionalized MgShanosheet [12]. To further improve the
analytical performance, various signal amplificattechniques have been adopted in
the electrochemical biosensors for miRNA deternmamat such as rolling circle
amplification (RCA) [13], strand displacement arfipétion (SDA) [14], exponential
amplification reaction (EXPAR) [15], hybridizatiochain reaction (HCR) [16jand
catalytic hairpin assembly (CHA) [17]. Among theaseécleic acids-mediated signal
amplification technologies, CHA is often used floe tuild of sensing platform due to
its excellent signal amplification efficiency. As anzyme-free nucleic acids-mediated
signal amplification technique, CHA can providensducing and amplifying signals

for nucleic acid targets. During the CHA reaction]y in the presence of a trigger,
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two hairpins can hybridize with each other to fatouble-stranded structures, leading
to the recycle of the trigger and hundred-fold lygitaamplification [18-20]. Inspired
by the advantages of CHA, we are interested in rdipg the application scope of the
clustered regularly interspaced short palindronegeat (CRISPR)-associated (Cas)
system to miRNA detection using CHA as an amplifier

As an RNA-guided adaptive immune system, the CRISRBR system was first
found in the bacteria and archaeal [21,22]. In tGBRISPR family, the
CRISPR-Cas12/14 systems have the nonspecific-aieaaetivity (rans-cleavage) on
DNA substrates after specific recognition of targ®A, while the CRISPR-Cas13
system has thi#ans-cleavage activity on RNA substrates after specdmognition of
target RNA, thus, the CRISPR-Cas systems are exgbeot provide rapid, portable,
and sensitive diagnostic tools [23-27]. In the pdsw years, various
CRISPR-Cas-assisted analytical platforms for imbest and noninfectious diseases
have promoted the development of next-generatiagmdistic technology [28-33],
which can be applied to the determination of nuckaidsin vitro andin vivo [34,35].
As we all know, Casl13a protein can combine withNARo form a crRNA-guided
RNA-activated Cas13a/crRNA ribozyme, which can wéeald nonspecific RNAs at
physiological temperature in the presence of taRj¢A, resulting in a four orders of
magnitude signal amplification to enhance the detslity [36—40]. Therefore, it is
expected that the analytical performance will behier improved by adopting the
cascade signal amplification strategy combined GRI&as13a system and CHA.
However, as far as we know, no related studies baea reported through adopting
this cascade signal amplification strategy for tetehemical assay of miRNA.

Herein, an ultrasensitive electrochemical biosepgfatform has been built for
MIRNA-21 determination based on the combinatiorlCBSPR-Casl13a system and
CHA reaction. In this assay, as shown in Schentbel hairpin DNA 1 (H1) probes
were first assembled on the surface of gold (Aertebde through Au-S bond, and
then blocked with 6-mercapto-1-hexanol (MCH) tonfiothe biosensing electrode. In
the presence of target miRNA (mMiRNA-21 was usethasnodel), the target miRNA

would hybridize with the spacer region of the CagtfBRNA duplex to activate the
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trans-cleavage activity of CRISPR-Cas13a system, leattirije cleavage of plentiful
hairpin DNA 0 (HO, containing RNA sequence usedthastrans-cleavage site) to
release the secondary target DNA fragments (ST)s&yuently, the ST strands were
used as the initiator of CHA reaction, that is, $lestrands would first hybridize with
H1 on the surface of Au electrode, and then thenegeH1 hybridized with the
methylene blue (MB)-labeled hairpin DNA 2 (H2) telgase ST strands for the next
cycle. As a consequence, the MB tags closed t&thelectrode surface to generate
amplified electrochemical signals. By employing tRISPR-Casl3a-mediated
cascade signal amplification strategy, the eletieatcal biosensor displayed a good
linear relationship from 10 fM to 1 nM with a detiea limit of 2.6 fM (S/N = 3).
Therefore, the biosensing platform is a promisinglgical method for bioanalysis or

even clinical diagnostic.

Scheme 1. Schematic diagram of electrochemical assay for NWiRbased on

CRISPR-Cas13a system and CHA reaction.

2. Experiment section

2.1. Reagents and appar atus
All oligonucleotides (Table S1) and diethyl pyrdoamnate (DEPC) water used in

the study were obtained from Sangon Biotech (Shainghina).Casl3a protein was
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purchased from Bio-lifesci (Guangzhou, China). (Risarboxyethyl)phosphine
(TCEP), N,N,N’,N’-Tetramethylethylenediamine (TEMEDSYBR Green |, NaCl,
KCI, MgCl,, 6-mercapto-hexanol (MCH), human serum, tris base, ethanol were
supplied by Sigma-Aldrich Inc. (Shanghai, China0%4 acrylamide and bis
acrylamide solution (19:1), ammonium persulphat®$} 6x Loading buffer, and
10x TBE buffer were purchased from Sangon BioteShafghai, China). Gel
Imaging System was used for photographing (Bio-R@dlifornia, USA). An
electrochemical workstation (CHI660E, Shanghai,n@hwas adopted in the study. A
three-electrode system was used including a platinire as the counter electrode, a
planar Au electrode as the working electrode, ansht@rated calomel reference

electrode (SCE).

2.2. Preparation of the MCH/H1/Au electrode

The Au electrodevas first carefully burnished for 3 min by using @nd 0.05 pm
alumina oxide slurries, respectively, and then sssiwely sonicated the electrodes in
ultrapure water and ethanol for 3 min. Next, theuheed electrodes were immersed for
10 min in a fresh-prepared piranha solution§84:H,0, = 3:1,v/v) and completely
rinsed by using water. Subsequently, the abovereties were immersed in 0.5 M
H.SO, solution and scanned from —0.3 to 1.5 V until @bkt cyclic voltammogram
(CV) was obtained. After that, the electrodes wearsed by water and dried at room
temperature. Prior to the modification of H1 orfte Au electrode surface, H1 strands
were immersed in 20 mM TCEP solution for 0.5 hhia tark. After that, 1QL of 1
uM H1 were dropped on the Au electrode surface andhbated for 1 h at 37 °C to
obtain H1/Au electrode. Finally, the resulted aledés were immersed in 2 mM
MCH solution for 0.5 h to obtain the MCH/H1/Au elexe.
2.3. Native polyacrylamide gel electrophoresis (PAGE) analysis
First, 10% native PAGE was prepared by using 40#lamide and bisacrylamide
solution (19:1) in 1x TBE buffer containing 0.04%3 and 0.1% TEMED. After the
preparation of PAGE, added the mixture qfldsamples, LL 6% Loading buffer, and
1 uL SYBR Green | into the gel wells. Then the gel was at 130 V for 45 min, and
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then photographed by a Gel Imaging System.

2.4. Electrochemical analysis of mRNA-21

20 puL of CRISPR-Cas reaction was carried out in thectrea buffer (10 mM
Tris-HCI, 50 mM KCI, 1.5 mM MgQ)) including 1uL of 0.4 uM Cas13a protein, 1
uL of 0.4 uM crRNA, 4 uL of 5 uM HO, and 2uL various concentrations of
MIiRNA-21, and kept for 1 h at 37 °C. After thate tresult solution and oL of 2 uM
H2 were dropped on the MCH/H1/Au electrode surfaoe] kept at 37°C for 1 h.
Finally, after washing step, the differential pulsgtammetry (DPV) was performed
to measure the biosensing electrodes in 10 mM diexyremoved PBS buffer (5 mM
MgCl,, 50 mM NacCl, pH 7.4) (The hairpin structures of, H1, and H2 are displayed
in Fig. S1).

3. Resultsand discussion

3.1. Characterization of electrode modification

To confirm the modification process, the electronlmal impedance spectroscopy
(EIS) was employed to characterize the stepwiseiffnation on the Au electrode
surface by using the redox couple of 5 mM [Fe(@NYf(1:1) in 0.1 M KCL. In a
typical EIS, the high-frequency semicircle sectamresponds to the charge-transfer
limited process, and the augment of the semicol@eneter indicates the increase of
the electron-transfer resistand& [41,42]. As shown in Fig. 1A, there was a very
small semicircular domain for the bare Au electr¢clegve a). After the fabrication of
H1 on the Au electrode surface, an obvious charageobserved (curve b) because of
the repulsive interaction between [Fe(GRJ* and negative charges on H1 strands.
When the above electrode was blocked with MCH, Revalue further increased
(curve c). After the addition of CRISPR-Cas13a tieacsolution and H2 strands, the
Ret value increased significantly due to the formatafnH1-H2 duplex (curve d).
Furthermore, the cyclic voltammetry (CV) was alserfprmed to confirm the
stepwise modification process at a scan rate o¥/s1As displayed in Fig. 1B, a pair

of well-defined peaks could be observed for theebAu electrode due to its
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outstanding electric conduction (curve a). With éisesembly of H1 and MCH, and the
formation of H1-H2 duplex, the peak current decedagradually (curves b to d).
These results in Fig. 1B are consistent with thduileted in the EIS measurements
(Fig. 1A), indicating the successful assembly psscef the developed biosensing

platform.
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Fig. 1. (A) EIS and (B) CV for stepwise modification oretAu electrode surface (a)
bare Au electrode, (b) H1/Au electrode, (c) MCH/A1/ electrode, (d)
H2/MCH/H1/Au electrode. The black solid lines inS&Emeasurements are fitted

Nyquist plots.

3.2. Feasihility of the biosensing platform for miRNA-21 assay

To confirm the feasibility, DPV technique was adaptAs displayed in Fig. 2A,
compared to the reaction system without miRNA-2in{e a), the peak current
increased dramatically in the presence of 10 pMNAR1 (curve b), demonstrating
that miRNA-21 could indeed cause the increase ef dtectrochemical signal.
Subsequently, 10% PAGE analysis was employed tbduwalidate the feasibility of
the detection system. As shown in Fig. 2B, the bamidHO, H1, and H2 could be
observed in lanes 1-3, respectively. Comparedre fawithout miRNA-21, the bands
of HO, H1, and H2 almost disappeared and the newldaf cleaved HO, ST strands,
and H1-H2 duplex in lane 5, which could be becanghe presence of miRNA-21,
the activated Casl13a/crRNA system cleaved the H@merate ST strand and cleaved
HO fragment, and the ST strand initiated the sulbseigCHA reaction to produce

H1-H2 duplex. In addition, since the Casl3a/crRNipldx was blocked in the PAGE
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wells, it cannot be observed on PAGE. Hence, th&PAresults were highly
consistent with the results of the electrochemgighal, verifying the satisfactory

feasibility for miRNA-21 assay.
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Fig. 2. Feasibility of the electrochemical biosensing follach. (A) DPV curves of (a)
the reaction system without miRNA-21, (b) the reactsystem with 10 pM
MiRNA-21. (B) 10% PAGE analysis of the biosensiggtem. Lane 1: mM HO; lane
2: 5uM H1; lane 3: 5uM H2; lane 4: 5uM HO, 2uM H1, 2uM H2, 0.4uM Casl3a
protein, and 0.44M crRNA; lane 5: 5uM HO, 2 uM H1, 2 uM H2, 0.4uM Casl3a
protein, 0.4uM crRNA, and 10 pM miRNA-21.
3.3. Optimization of the biosensing platform

Prior to obtaining the best analytical performahae miRNA-21 determination,
some important experimental parameters should bmized. First, the spacer length
of crRNA was investigated from 14 to 22 nt in thhegence of 10 pM miRNA-21, the
results demonstrated that the spacer length oft 20 sufficient for the generation of
trans-cleavage activity (Fig. 3A and B). Subsequently, shown in Fig. 3C, the
complementary base number (the stem region indsbetl box) of HO is a key factor
affecting the signal-to-background ratio of thedansing system. In the absence of
mMiRNA-21, with the increase of complementary baseniper, the peak current
decreased gradually because of the decreasing foacky of the detection system,
which is attributed to the fact that the hairpirustures gradually became more stable
with the increase of complementary base number.gvew there was no great change

in the peak current at first with 10 pM miRNA-2Indathen it gradually decreased.
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This result indicated that although tttans-cleavage activity of the CRISPR-Casl13a
system was activated by miRNA-21, the stem regiodd®was very stable due to the
excessive complementary base numbers, which matificult for the release of ST
strands to trigger the following CHA reaction, dere was no distinct increase in the
peak current. Therefore, the 12-complementary bhass selected in this study
because of the maximum signal-to-background rdtle cleavage time is another
important parameter because it is related to te&lyof ST strands. As exhibited in
Fig. 3D, with the increase of cleavage time, thekpeurrent enhanced and then
reached a plateau at the time of 1 h, so 1 h wasechs the optimized cleavage time.
Subsequently, the cleavage temperature was al$oated (Fig. 3E), the peak current
enhanced with the increased temperature and ach&vaaximum value at 37 °C.
When the temperature further increased, the peakrmudecreased because the high
temperature could influence the activity of Casp8atein. Thus, 37 °C was used in
the CRISPR-Casl13a reaction system. Finally, wesassethe effect of CHA reaction
time (Fig. 3F), the peak current achieved a plagal.5 h, so 1.5 h was adopted as

the optimized CHA reaction time.
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Fig. 3. Optimization of experimental parameter with 10 pMIRNA-21. (A)
Schematic illustration of spacer length with 14+22(B) Evaluation of the influence
of the spacer length, (C) Complementary base numibt#re stem region of HO, (D)

Cleavage time, (E) Cleavage temperature, (F) CHictren time. Error bars are
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standard deviations of three parallel experiments.

3.4. Quantification of target miRNA-21

Under optimized experimental conditions, we ingeied the sensitivity of the
proposed biosensing platform with varied miRNA-2hcentrations from 0 to 10 nM.
The peak current of MB increased with the incre#smiRNA-21 concentrations (Fig.
4A). Moreover, the peak currents maintained a gbwoear relationship with the
logarithmic concentrations of miRNA-21 from 10 fi@ 1 nM, and the linear equation
was| (uA) = 0.2543 |gCiarget omy+ 0.5970 (R = 0.9966) with a detection limit of 2.6
fM (S/N = 3) (Fig. 4B), indicating much better aysik capability than most of the

previously reported analytical methods (Table S2).
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Fig. 4. (A) DPV curves of the biosensing platform respahd® various
concentrations of miRNA-21. (a—j) 0 fM, 10 fM, 5Mf 100 fM, 1 pM, 10 pM, 100
pM, 1 nM, 5 nM, and 10 nM. (B) Linear plot of peakirrentsvs. logarithm of
mMiRNA-21 concentrations from 10 fM to 1 nM. Errcairb are standard deviations of

three parallel experiments.

3.5. Sability, reproducibility, and specificity of the developed platform

First, we evaluated the stability of the develogedtform through storing the
biosensing electrodes at 4 °C for 2 weeks, as showfg. S2, three parallel tests
verified that the peak currents could maintain al®8i3% of their original values for
10 pM miRNA-21 assays. Next, we investigated th@aducibility via testing five

biosensing electrodes in the presence 10 pM miRMAaRd replicate measurements
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exhibited that the relative standard deviation veady 4.2%, indicating a good
reproducibility. In addition, the specificity wadsa evaluated by employing five
different RNA sequences, including random RNA (AM), miRNA-122 (0.1 nM),
mMiRNA-141 (0.1 nM), miRNA-199 (0.1 nM), miRNA-21@.4 nM), and miRNA-21
(10 pM). As displayed in Fig. 5, the peak currematswery high only in the presence
of 10 pM miRNA-21, verifying good specificity foriRNA-21 assay.
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Fig. 5. Specificity of the electrochemical biosensing folah for 10 pM miNRA-21
against 0.1 nM random RNA, miRNA-122, miRNA-141, RMNA-199, and

MiRNA-210. Error bars are standard deviations céetparallel experiments.

3.6. Recovery test

The recovery tests were executed to evaluate th@icapon potential and
analytical reliability of the biosensing platforrarfthe miRNA-21 determination. In
short, the real biological sample (human serum) diaged 10-fold using 10 mM
PBS, and then added different concentrations ofN&R1 (10 fM, 0.1 pM, 10 pM,
100 pM, and 1 nM). As shown in Table 1, the recmseare 98.2%, 101.0%, 97.3%,
100.9%, and 103.0%, demonstrating that the deteaifomiRNA-21 in complex

biological samples was promising.

Table 1. Recovery test of miRNA-21 detection in 10-fold ddd human serum

samples.

Samples (Nos.) Added Found Recovery

12



1 10 fM 9.82 £0.34 fM 98.2%
2 0.1 pM 0.101 £ 0.02 pM 101.0%
3 10 pM 9.73 £ 0.85 pM 97.3%
4 100 pM 100.86 + 1.57 pM 100.9%
5 1nM 1.03 +£0.06 nM 103.0%

4. Conclusions

In summary, an ultrasensitive electrochemical mesey platform has been
successfully built for cascade signal amplificatidetection of miRNA-21 by
combining CRISPR-Casl3a system and CHA reactione Téadoption of
CRISPR-Casl13a system can further improve the acalyperformance with a
detection limit of 2.6 fM, and it also displayedtistactory specificity and practical
utility in complex samples. Moreover, it is easydietect other miRNAs just through
changing the spacer sequence of crRNA, indicatirgeleent versatility of the
proposed biosensing platform. Therefore, this nubtisoexpected to be a powerful

tool for bioanalysis and clinical molecular diaghos
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Highlights
An ultrasensitive  electrochemica  biosensing platform  based on
CRISPR/Casl3a-assisted catalytic hairpin assembly has been devel oped.
The developed e ectrochemical biosensing platform provides a cascade amplified
signal for sensitive and accurate detection of miRNA-21.
The electrochemical biosensing platform shows excellent analytical performance,

such as low detection limit, high stability, and specificity.
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