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ARTICLE INFO ABSTRACT

Handling Editor: Manel del Valle Salivary miRNA-31 is a reliable diagnostic marker for early-stage oral squamous cell carcinoma (OSCC), but

accurate detection of miRNA-31 in saliva samples is a challenge because of its low level and high sequence

Keywords: homology. The CRISPR/Cas12a system has the exceptional potential to enable simple nucleic acid analysis but

MiRNA testing suffers from low speed and sensitivity. To achieve rapid and high-sensitive detection of miRNA-31 using the

;RISPR/ C}:‘,Slza CRISPR/Cas12a system, a Casl2a-based nano-harvester activated by a polymerase-driven DNA walker, named as
anomachine

dual 3D nanorobots, was developed. The target walked rapidly on the surface of DNA hairpin-modified magnetic
nanoparticles driven by DNA polymerase, generating numerous double-strand DNA (dsDNA). Then, the Cas12a
bound to the generated dsDNA for activating its trans-cleavage activity, forming 3D nano-harvester. Subse-
quently, the harvester cut and released methylene blue-labeled DNA hairpins immobilized on the sensing
interface, leading to the change in electrochemical signal. We found that the trans-cleavage activity of the
harvester was higher than the conventional CRISPR/Casl2a system. The developed dual 3D nanorobots could
enable rapid (detection time within 60 min), high-sensitive (detection limit of femtomolar), and specific analysis
of miRNA-31 in saliva samples. Thus, our established electrochemical biosensing strategy has great potential for
early diagnosis of OSCC.

Electrochemical biosensor

1. Introduction Traditional methods for miRNAs detection, including northern

blotting and quantitative reverse transcription polymerase chain reac-

Oral squamous cell carcinoma (OSCC) is one of the highly prevalent
malignancies worldwide [1], which is usually diagnosed late because of
the few and inconspicuous clinical features in the early stage. The
five-year survival rate of patients with advanced OSCC is only 20% [2].
Despite the current advances in treatment, the improvement in the
survival rate of oral squamous cell carcinoma patients is minimal [3,4].
Therefore, the development of strategies for early diagnosis of OSCC is of
great importance. Liquid biopsy has shown great clinical value in
multi-omic analysis of cancer. Compared to blood (serum and plasma),
saliva is an ideal sample for non-invasive biomarker detection [5,6]. It
has been shown that miRNA-31 in the saliva is a sensitive tumor marker
for early diagnosis of OSCC [7]. However, accurate analysis of
miRNA-31 in saliva samples is a challenge owing to its low number,
short sequence (21 nt), and high sequence homology.
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tion (QRT-PCR), expose time-consuming, cumbersome primer design,
and the need for expensive instruments and professionally trained
medical testers [8,9]. Accordingly, many researchers have started to try
to develop new strategies for miRNAs detection [10,11]. Among them,
electrochemical biosensing platforms based on DNA nanomachines
show great promise in exploring efficient signal amplification and highly
sensitive detection strategies for miRNAs [12-14]. DNA walker is one of
the DNA nanomachines, which allows to accomplish amplified signal
output due to the fact that the walking strands continuously move along
walking tracks under the action of driving forces [15,16]. Compared
with strand displacement reactions-based DNA walkers, protein enzy-
matic reactions (endonuclease and exonuclease) based-DNA walkers
have higher walking efficiency [17,18]. Among enzyme-involved
isothermal amplification reactions, “invading stacking primer”
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amplification reaction (ISAR) reveals high reaction rate, high sensitivity,
and superior selectivity for the detection of miRNAs [19,20]. The ISAR
technology is based on target-induced change in the hybridization po-
sition of primers and the primer-invaded toehold exchange and stack
hybridization reactions [21]. However, ISAR-based DNA walker has
been unexplored.

Acting as attractive diagnostic technologies, clustered regularly
interspaced short palindromic repeats (CRISPR) systems and CRISPR-
associated (Cas) enzymes, such as Casl2a and Casl3a, have presented
great advantages [22]. Particularly, the trans-cleavage activity of Cas12a
can be activated by the specific recognition of double-strand DNA
(dsDNA) or single-strand DNA (ssDNA) with a complementary guide
RNA (gRNA), which triggers cleavage and release of reporter molecules
[23,24]. The cas12a-based methods have been applied to the sensing of
various targets including pathogens, proteins, small molecules, and so
on [25-27], but long reaction times limit their detection sensitivity and
speed. To this end, various strategies have been used to enhance the
trans-cleavage efficiency of Casl2a, such as replacing linear ssDNA re-
porters with hairpin DNA probes or Au-nanobeacon (DNA
hairpin-modified Au nanoparticles) due to the improved affinity of
Casl2a to hairpin structures [28,29], using chemical enhancers for
acting on the hybridization of gRNA and target nucleic acids [30], en-
gineering crRNA by extending its 3- or 5-ends with DNA [31], and
designing multiplex crRNA to hybridize different regions of the same
dsDNA target [32]. Nevertheless, these strategies may require high
testing costs because of the use of fluorophore/quencher pair, extra
chemical reagents, chimeric DNA/RNA guide, or multiplex crRNA.
Therefore, new strategies for increasing the speed and sensitivity of
Cas12-based sensing methods are needed.

Responding to the above considerations, we developed a dual 3D
nanorobot, the combination of ISAR-based DNA walker and Casl2a-
based nano-harvester, for high-sensitive and rapid detection of sali-
vary miRNA-31. The target miRNA is captured by DNA hairpin-modified
magnetic nanoparticles (DH-MNs) and undergoes a walking process
(ISAR-based walker) to form multiple DNA duplexes which are then
combined with crRNA-Cas12a, assembling the 3D nano-harvester to cut
and release the methylene blue-labeled hairpin probes (MB-HP) from
the sensing interface, thus resulting in a significant signal change. The
Casl2a-based nano-harvester possesses enhanced trans-cleavage effi-
ciency. Detecting miRNA-31 in saliva samples shows that this developed
biosensor is a fast, high-sensitive, and highly selective sensing platform
and has good potential for early diagnosis of OSCC.

2. Experimental section
2.1. Materials and reagents

HPLC-purified DNA, RNA, crRNA sequences (Table S1), tris(2-
carboxyethy) phosphine hydrochloride (TCEP), diethyl pyrocarbonate
(DEPC), deoxynucleotide triphosphates (ANTP), and 4S Red Plus Nucleic
Acid Stain were obtained from Sangon Biotech Co, Ltd. (Shanghai,
China). Polyethylene glycol sorbitan monolaurate (Tween-20) was
purchased from Sigma-Aldrich (St. Louis, USA). Phosphate buffered
saline (PBS) buffer (RNAase and DNAase free, 0.01 M, pH = 7.2-7.5)
was purchased from SenBeiJia Biological Technology Co, Ltd (China,
Nanjing). Bst 2.0 polymerase,

(Ipswich, MA, U.K.). Strep-
tavidin magnetic nanoparticles (MNs) were purchased from Beyotime
(Shanghai, China). All chemical reagents were of analytical grade, and
all solutions were treated with 1% DEPC to prevent the effect of
ribonuclease.

2.2. Apparatus and measurements

All electrochemical experiments were performed on a CHI660D
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electrochemical workstation (Shanghai Chenhua Instruments Co, Ltd,
China) with a three-electrode system consisting of a gold electrode
(working electrode), a platinum wire electrode (counter electrode) and
an Ag/AgCl electrode (reference electrode). Malvern Particle Size
Analyzer (ZATA potential distribution, UK) was applied to characterize
the potentials of nanomaterials. Polyacrylamide gel images were char-
acterized with GelDoc XR + System (Bio-Rad, USA).

2.3. Preparation of DH-MNs

First, 20-100 pl of well-mixed MNs were placed in a centrifuge tube
and separated on a magnetic stand for 1 min to remove the supernatant.
Then add TBS solution and wash for 30 s, magnetic separation to remove
the supernatant, repeat three times, and finally wash with 0.05 M and
0.1 M NaCl (DEPC water treatment) respectively for the last time.
Resuspend the MNs with 2 times the volume of binging/washing buffer
(2X), then add excess biotin-labeled DNA hairpins and mix well, incu-
bate for 10 min at room temperature to saturate the MNs, and verify the
successful binding of biotin-labeled DNA hairpins on the MNs with UV
spectrophotometer. Subsequently, wash the beads repeatedly with
binging/washing buffer (1X) 2-3 times, and remove the supernatant.
Finally, the synthesized DH-MNs were resuspended and stored at 4 °C
for use.

2.4. Preparation of the biosensing electrode

Polishing the gold electrode with 0.3 pm and 0.05 pm alumina
powder respectively for 5 min until the electrode surface is smooth as a
mirror, then put it into anhydrous ethanol and deionized water in turn
(the electrode surface should not touch the beaker wall) for ultrasonic
cleaning, and blow dry with Ny gas. After that, the electrode was
immersed in piranha solution (HoSO4/H202 = 3:1) for 15 min to remove
organic impurities from the electrode surface, and rinsed with water at
the end. Incubate the MB-HP before placing the electrode in 0.5 M
HS04 for CV scanning. The MB-HP was dissolved in 100 mM Tris-HCl
buffer solution (containing 10 mM TCEP, 5 mM MgCly, 0.5 M NaCl,
pH 7.4). Then 10 pL of 1 pm MB-HP was added dropwise to the gold
electrode surface and incubated at 4 °C for 12 h. After the formation of
the methylene blue sequence monolayer, the modified electrode was
treated with 1 mM 6-Mercapto-1-hexanol (MCH) to close the unbound
and empty spaces to reduce non-specific adsorption. Finally, wash
thoroughly with washing buffer (10 mM PBS containing 0.05% (w/v)
Tween-20, pH 7.4).

2.5. Detection of miRNA-31 using the developed dual 3D DNA
nanorobots

To operate the ISAR-based 3D DNA walker, 10 pL of target with
different concentrations was added to 10 pL of Solution A (varying
amounts of primer and polymerase, 1 mM dNTP, and 2 pL of the DH-
MNs) and incubated for 30 min at 37 °C. Then, 10 pL of Solution B
(45 nM crRNA, 50 nM Casl2a, 10 U RNase inhibitor, and 1 x NEB
buffer) was added to the above-mentioned mixture and incubated for 5
min at 37 °C. Finally, 10 pL of the mixed solution was added dropwise to
the modified gold electrode and incubated for 30 min at 37 °C for
triggering the Casl2a-based 3D nano-harvester. The treated electrode
was washed for DPV testing, and the test solution was PBS. The DPV
parameters: Init E —0.5 V, Final E 0 V, Incr E 0.004 V, Amplitude 0.05 V.
EIS tests were performed with 5 mM Fe (CN)g’/ 4 as the electrolyte. The
parameters of EIS: biasing potential 0.204 V, amplitude 5 V, frequency
range 0.1 Hz-100 kHz.

2.6. Polyacrylamide gel electrophoresis (PAGE) electrophoresis

Preparation of 12% polyacrylamide gels to validate the process of
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Scheme 1. Electrochemical biosensor principle of Casl2a-based 3D nano-harvester activated by ISAR-based 3D DNA walker for salivary miRNA-31 detection.

Fig. 1. Feasibility study of the dual 3D nanorobots
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ISAR and the activity of Cas12a. Electrophoresis was performed in 0.5 x
TBE buffer (80 mM Tris-boric acid, pH 8.3) at a 120 V constant voltage
for 60 min before staining with SYBR II nucleic acid dye.

3. Results and discussion

3.1. Design principles of the dual 3D nanorobots

The working principle of the biosensor was described in Scheme 1. In

the presence of target miRNA, the DNA hairpin of the DH-MNs was
opened by hybridizing with the target. Then the designed primer bound
to the opened hairpin and was gradually extended to displace the target
with the cooperation of DNA polymerase, meanwhile forming a dsDNA.
Subsequently, the displaced miRNA continued to participate in the next
reaction. In this way, the target could constantly move on the surface of
MNs, which transformed a large amount of dsDNA. The ISAR-based 3D
DNA walker was more convenient and faster for the constant tempera-
ture cycling reaction, avoiding traditional thermal cycler. As the
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Fig. 2. Verification of the high tris-cleavage effi-
ciency of the Casl2a-based nano-harvester. (A)
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amplification product of ISAR, dsDNA could be recognized by the
designed crRNA. The crRNA that included a repetitive sequence and an
editable target recognition sequence, bound to Casl2a to form a crRNA-
Casl2a duplex. The duplex specifically recognized the dsDNA based on
the crRNA’s recognition sequence and the protospacer adjacent motif
(PAM) of the dsDNA, which activated the cis-cleavage and trans-cleav-
age activity of Casl2a to form the nano-harvester. Subsequently, the
Casl2a-based nano-harvester cleaved the loop structure of the MB-HP
and then released the reporter probes, thus producing a significant
DPV signal change.

3.2. Mechanism study of the ISAR-activated Cas12a method

To verify that the ISAR and Cas12a could react successfully, we took
PAGE to validate the ability of ISAR to generate dsDNA and the ability of
Cas12a to cleave non-specific ssDNA. As shown in Fig. 1A, compared to
hairpin DNA (hpDNA) in lane 2, the target and hairpin DNA (hpDNA)
could not effectively form dsDNA (lane 3). The ISAR could only occur
when the target, hpDNA, primer, and polymerase were involved
simultaneously (lane 4). In the absence of target, the dsDNA could not be
generated and the ssDNA could not be sheared (lane 6). In contrast, in
the presence of the target, the crRNA-Cas12a was activated by the ISAR-
produced dsDNA and sheared the ssDNA (lane 7). In addition, real-time
fluorescence experiments were also used for evaluating the ISAR-
activated Casl2a method (Fig. 1B). In the absence of target, Casl2a,
or 5-FAM and 3'-BHQ-labeled ssDNA (FQ-ssDNA), these systems pro-
duced ignorable fluorescence signals. However, when the target was
added to the whole system, a rapidly rising fluorescence signal was
observed, implying that the ISAR-produced dsDNA activated the trans-
cleavage activity of Casl2a for cleaving FQ-ssDNA, leading to the re-
covery of FAM fluorescence. These results demonstrated that the
cascade amplification reaction based on the ISAR and Casl2a was
feasible.

3.3. Characterization of the ISAR-based 3D DNA walker

We firstly evaluated the binding of the biotin-labeled hpDNA to the
pre-washed MNs by UV-Vis absorption spectra. As shown in Fig. 1C,

compared to the initial hpDNA solution, the absorption value at 260 nm
of the suspension via magnetic separation was greatly reduced, indi-
cating that the hpDNA was successfully bound to the MNs. Next, to
demonstrate whether the target could move on the surface of MNs, we
performed {-potential analysis. As shown in Fig. 1D, the MNs themselves
were negatively charged. After the MNs were modified with hpDNA, the
C-potential of the DH-MNs became more negative because the nucleic
acid nature of the DNAs was negatively charged. With the addition of
targets, a further decrease in the {-potential of the end-products was
observed, indicating that numerous dsDNA was produced on the MNs
(dsDNA-tethered MNs), which was because the target could move on the
surface of MNs powered by DNA polymerase. These results suggested
that the ISAR-based 3D DNA walker was successfully developed.

3.4. High tris-cleavage efficiency of the Cas12a-based nano-harvester

To highlight the high tris-cleavage efficiency of the Casl2a-based
nano-harvester, the conventional Casl2a system was compared under
identical conditions. We calculated that the combining quantity of the
synthesized dsDNA by ISAR to the MNs was about 142 pg/pL (Fig. S1),
and the same concentration of dsDNA was also added to the conven-
tional Casl2a system. In the liquid phase environment, the Casl2a-
based nano-harvester exhibited higher trans-cleavage efficiency and
released more fluorescence with a linear slope (K1) = 3355.92, while the
conventional Cas12a system exhibited relatively low cleavage efficiency
with a linear slope (K2) = 1567.36 (Fig. 2A). Then, the two systems were
applied to gold electrodes modified with the MB-HP probes to evaluate
their cleavage efficiency at the solid-liquid interface. As shown in
Fig. 2B, the change in DPV signal of the nano-harvester was bigger than
that of the conventional Casl2a system, implying that the cleavage
ability of the nano-harvester was much greater than that of the con-
ventional Casl2a system. These results demonstrated that the nano-
harvester possessed higher cutting efficiency in both homogeneous
and heterogeneous conditions.

To investigate the cleavage ability of the nano-harvester on the gold
electrode for different reporter probes, we compared the different DPV
responses of the nano-harvester to the MB-HP [33] and linear
MB-labeled ssDNA (MB-ssDNA) under the same experimental
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Fig. 3. Evaluation of the analysis performance of the developed biosensor. (A) Typical DPV curves responding to 0, 10 nM, 1 nM, 100 pM, 10 pM, 1 pM, 100 fM, and
10 fM target miRNA-31. (B) The calibration curve for the Al1% versus the logarithm of target miRNA. (C) Investigation of the specificity of the biosensor by comparing
DPV signals responding to different miRNAs. Error bars are standard deviation obtained from three independent experiments.

conditions, respectively. As shown in Fig. 2C, the peak current of the
linear MB-ssDNA decreased from 1.14 pA to 0.78 pA, producing a nearly
31.98% change in current. Then when the gold electrode was incubated
with the MB-HP, the initial background peak current was significantly
higher (1.41 pA). The reason for the higher initial current of the MB-HP
is that the MB can approach the gold electrode surface more easily, so it
is more favorable for electron transfer [34]. After performing the cut, the
peak current dropped substantially to 0.307 pA. The current change of
the MB-hpDNA probe was approximately 78.18%. Therefore, the
Casl2a-based nano-harvester exhibited higher cleavage efficiency for
MB-hpDNA.

Furthermore, the higher cleavage efficiency of the nano-harvester for
MB-hpDNA was evaluated by EIS. Fig. 2D respectively shows the EIS of
the gold electrodes modified with the MB-ssDNA and the MB-HP, in 5
mM [Fe (CN)6]3_/ 4= solution, before and after being cut by the nano-
harvester. The MB-ssDNA-modified electrode showed slightly higher
resistance than the MB-HP-modified electrode before cleavage occurred,
indicating a higher density of MB-ssDNA on the gold electrode under
incubation with two identical concentrations of probes. However, after
cleavage occurred, the MB-HP-modified electrode showed a smaller
resistance, indicating that the nano-harvester exhibited greater cleavage
efficiency for the MB-HP modified on the gold electrode surface. These
results demonstrate that the use of MB-HP-modified gold electrodes is
more effective in reducing the spatial site resistance effect, allowing the
nano-harvester to cut DNA more efficiently.

3.5. Optimization of detection conditions

To obtain the best sensing performance, we optimized some key
parameters in our experiments, which were applied in the subsequent
experiments. We chose to use 1 pM MB-HP to incubate the gold electrode
to obtain a stable and high-quality background signal. First, we dis-
cussed the optimal time and temperature for the formation of ISAR
products that could activate the nano-harvester by measuring

fluorescence intensity. As shown in Fig. S2A, the reaction of the ISAR-
based DNA walker at 37 °C for 30 min could maximally activate the
cleavage ability of the nano-harvester. Then, the effect of DNA poly-
merase concentration from 4 U to 12 U on the DPV signal was examined
separately. In Fig. S2B, DNA polymerase concentration at 8 U produced
a greater change in DPV peak current (Al), and a plateau was reached
after 8U, so we chose to use 8 U DNA polymerase for the ISAR reaction.
In addition, the trans-cleavage was strongly influenced by time on the
gold electrode surface. As shown in Fig. S2C, with increasing trans-
cleavage time, Al also gradually increased and reached a maximum at
30 min, indicating that the inverse cutting was time-dependent. After-
ward, there was a slight decrease in Al, probably because the reaction
solution on the electrode surface had evaporated to some extent, which
prevented the nano-harvester from moving sufficiently on the electrode
surface.

3.6. Sensor performance analysis

After determining the optimal experimental conditions, we set a
series of miRNA-31 concentrations to examine the biosensor sensitivity.
Fig. 3A shows that the DPV electrochemical signal becomes smaller as
the target concentration increases from 10 fM to 10 nM. The current
change of DPV (AI) correlated well with the logarithm of miRNA-31
concentration in the range of 10 fM to 10 nM. The regression equation
was Al% = 17.1 1gC+ 45.4 [R? = 0.995), and the limit of detection
(LOD) was 3.5 fM (3cb/slope) (Fig. 3B). Compared with other electro-
chemical biosensors for miRNAs detection, as shown in Table S2, the
developed biosensor has an excellent performance in terms of time,
linear range, and LOD. In addition, we tested several miRNAs similar to
the target by comparing the response signals they produced and deter-
mining whether there was cross-reactivity at the same concentration
(10 nM). These miRNAs included miRNA-31 as the positive experi-
mental group, miRNA (NC) as the negative control group, as well as
miRNA-141, miRNA-153, miRNA-21, and miRNA-10b as non-specific
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miRNAs. As can be seen in Fig. 3C, the constructed biosensor has high
selectivity for target miRNA-31, which is attributed to the high recog-
nition of target miRNAs by the specially designed hpDNA. Also, the
specific recognition of duplex by downstream Casl2a-based nano-
harvester provides a further guarantee for the high specificity of the
whole strategy.

3.7. Detection of miRNA-31 in real saliva samples

To determine whether the developed biosensor could be applied to
the detection of miRNAs in real clinical samples, we added a certain
amount of miRNA-31 to two healthy human saliva that had been
centrifuged and diluted. The final concentrations of miRNA-31 in saliva
samples were 1 nM, 10 pM, and 100 fM, respectively. Fig. 4A shows that
the sensor can sensitively detect target miRNAs with a small degree of
influence by the biological environment, both in standard buffers and in
complex real samples. We measured the specific percent recovery of
93.9%-107.8% in five samples of 10 pM target concentration. To verify
whether the biosensor can be applied to the detection of miRNA-31 in
the saliva of real oral squamous cell cancer patients, we tested saliva
samples from four patients and two healthy individuals. The results are
shown in Fig. 4B, where the four patients produced significantly higher
signals than healthy individuals. And there was good agreement by
comparison with qRT-PCR analysis, which proved the reliability of the
developed electrochemical biosensor. In addition, to verify the repro-
ducibility of the biosensor, we performed five standard replicate ex-
periments on 100 fM of target miRNA. The relative standard deviation
(RSD) values of intra- and inter-assays are as low as 3.66% and 7.39%,
indicating that the biosensor has good reproducibility (Fig. 4C).

4. Conclusion

In summary, we successfully developed a novel electrochemical
biosensor based on the ISAR-based 3D DNA walker and the Cas12-based
nano-harvester for high-sensitive and specific detection of salivary
miRNA-31. Compared to conventional CRISPR/Casl2a system, the

RSD = 3.66%

Intra-analysis
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Fig. 4. (A) Evaluation of the detection ability of the
biosensor in real samples by testing 1 nM, 10 pM,
100 fM, 0 nM target miRNA in buffer and saliva. (B)
Methodological comparison of the proposed
biosensor with qRT-PCR. 1-4 are samples from pa-
tients with oral squamous cell carcinoma, 5 and 6 are
samples from healthy individuals. (C) Evaluation of
the reproducibility of the biosensor by detecting 100
fM target. Error bars are standard deviation obtained
from three independent experiments.

RSD =7.39%

Inter-analysis

Cas12-based nano-harvester has higher trans-cleavage efficiency, which
provides new horizons for enhancing trans-cleavage activity of Casl2a.
The dual 3D nanorobots ensure considerable signal amplification effi-
ciency, which makes the whole detection platform possess excellent
sensitivity and specificity. The biosensor is able to achieve rapid, high-
sensitive, and specific detection of miRNA-31 in saliva samples,
showing great potential for early diagnosis of OSCC.
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