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the detection of circular RNA from hepatocellular
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Circular RNA (circRNA) has the potential to be applied to disease diagnosis and therapy. However, the
currently available circRNA detection techniques are limited. This work proposes a sensitive and selective
approach for circRNA detection based on gold nanoparticle-modified screen-printed magnetic
electrodes (AuNPs-SPME). Magnetic beads (MBs) with capture probes based on specific back-splice
junction (BSJ) sites were employed to identify and selectively isolate the target circRNA, which could be
directly adsorbed onto the AuNPs-SPME. Then, the circRNA attached to the surface was detected by
changes in the methylene blue redox signal. The simple and time-saving AuNPs-SPME is highly sensitive
(LOD = 1.0 pM) to circCDYL, one of the biomarkers of hepatocellular cancer (HCC). The analytical
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Introduction

Hepatocellular carcinoma (HCC) is the most common cancer
and the fourth-leading cause of cancer-associated mortality
worldwide." Patients diagnosed with advanced or unresectable
HCC have very poor outcomes, due to limited therapeutic
options, while early detection of HCC using imaging and tumor
markers could dramatically improve patient survival rates.”
CircCDYL (chromodomain Y like) plays an important role in
several pathological processes, such as hepatocellular carci-
noma (HCC),> mantle cell lymphoma (MCL)* and bladder
cancer.® Besides, it is specifically up regulated and is an
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independent marker for detecting early stages of HCC which
makes it a potential biomarker.® Though circular RNA (circRNA)
was discovered nearly 40 years ago,” its function in physical and
pathological conditions were only characterized recently.®®
Considered as a result of proactive back-splicing events, in
which the 3’ tail of one exon is joined to the 5 head of an
upstream exon,’ due to this unique structure, circRNAs are
highly stable and highly enriched in whole blood, plasma, and
platelets,'® when compared with linear mRNAs, miRNAs, and
other RNA molecules.

Northern blotting (NB) and real-time quantitative PCR (RT-
PCR) amplification are traditional circRNA detection methods.
RNase R were used to enrich and identify circRNA in total RNA
to decrease linear RNA in traditional detection methods.
Afterward, northern blotting (NB) is applied to separate circR-
NAs in polyacrylamide gel electrophoresis (PAGE). However, low
abundance of circRNA cannot be monitored when the samples
are insufficient. RT-PCR has shown high sensitivity and speci-
ficity. But it is not negligible that detection errors caused by the
special cyclic structure of circRNA and reverse transcription
(RT) steps are not compatible with detection in the complete
blood. What's more, RNA sequencing (RNA-seq) is the most
commonly used method for genome-wide profiling of circR-
NAs,"" but its application is limited by detection efficiency, high-
cost, complicated processes and device-dependence.

Recently, electrochemical biosensors have shown potential
for addressing challenges related to the detection of nucleic
acids,"”™** because of the high sensitivity, simplicity, cost-
effectiveness and compatibility with miniaturization. Non-
coding RNA detected by electrochemical gene sensors have
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gained increasing attention, such as microRNA™"® and
IncRNA."*® Unlike linear RNAs, the back-splice junction (BSJ)
sites of circRNA are considered to be a conserved motif
(Fig. S1t). Most detection methods employ alignment-based
strategies to recognize specific BS] reads for circRNAs. Jiao
et al.® first proposed an electrochemical method for the
detection of circRNAs based on the combination of BSJ sites
recognition and duplex-specific nuclease (DSN)-assisted target
recycling signal amplification without reverse transcription.
However, nuclease was also needed in the analysis, which may
hinder the application of point-of-care detection.

Screen-printed electrodes (SPE) have been used extensively
for biosensors because of their low cost, reproducibility,
portability and ability to be mass produced.”*** On the other
hand, functionalized magnetic nanoparticles (magnetic beads,
MBs) have been widely used for the preconcentration of analytes
to achieve a small sample volume for ultra-sensitive detection,*
which offered very attractive characteristics in terms of sensi-
tivity and fast assay kinetics, due to the possibility of achieving
high loads of immobilized biomolecules since the beads are
under continuous stirring in suspension and the minimization
of the matrix effect in the development of electrochemical
biosensors.>® Hence, an electrochemical biosensor, combined
with SPE and MBs, meets the requirements of low cost and easy
operation for the circRNA detection.

Herein, we developed a PCR-free detection assay for the
analysis of circCDYL based on SPE and functional MBs. Total
RNA sequences were incubated with streptavidin-labeled
magnetic beads modified with a biotinylated synthetic capture
probe from BSJ sites. Then MBs were adsorbed directly onto the
gold nanoparticles (AuNPs) modified screen-printed magnetic
electrode (AuNPs-SPME), after which the level of circCDYL was
then analyzed by differential pulse voltammetry (DPV) in the
presence of the methylene blue redox system. We have proposed
an electrochemical biosensor with joint application of SPME and
MBs targeting the BSJ sites of circRNA so as to analyze the
circCDYL expression levels with highly sensitive and specificity for
diagnosis HCC patients. The advantages of this sensing platform
are as follows. Firstly, we applied the magnetic rubber sheet as
substrate for SPE, which provided uniform magnetism to achieve
homogeneous electrode performance for different SPME, which
will improve the consistency of SPME if printed industrially.
Secondly, total RNA could incubate directly with MBs in our
analysis, which is functionalized captured probes targeted to BS] of
circRNA and that makes it suitable to select other probes with
different sequences for distinguishable circRNA in a convenient
way. Thirdly, no RNase R treatments are needed in our system to
enrich circRNA. The detection process is more convenient and
manageable, without additional enzyme treatment.

Experimental
Chemicals and materials

DNase/RNase-free distilled water (Dalian Meilun Biotechnology
Co., Ltd, China) was used throughout the experiments. Methy-
lene blue and gold chloride (HAuCl,-4H,0) were supplied by
Sigma (St. Louis, MO, USA). Screen printing inks were
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purchased from Jujo Chemical Co., Ltd (Tokyo, Japan) and
a 0.3 mm rubber magnet sheet were purchased from Guangz-
hou Magnetic Material Co., Ltd (Guangzhou, China). Capture
probes, RNA sequences and 20x SSC buffers were purchased
from Sangon Biotechnology Inc. (Shanghai, China). The base
sequences are in Table S1.f The normal human serum was
obtained from Sir Run Run Shaw Hospital. Streptavidin-labeled
magnetic beads (XFNANO, Materials Tech Co. Ltd. China) were
1 um in diameter. All other chemicals not mentioned here were
of analytical reagent grade. AuNPs modification and electro-
chemical measurements were performed using an electro-
chemical workstation (IVIUM, CompactStat.h). For evaluation
of the morphology and structures of MBs, a field emission
scanning electron microscope (Gemini 300, Zeiss) was used
which was equipped with X-ray energy-dispersive spectrometry
(EDS) for elemental composition analysis.

Preparation of functional magnetic beads and isolation of
circRNA

10 pL of streptavidin-labeled magnetic beads (10 mg mL ") were
washed twice with 5x SSC buffer (pH 7) and then 10 pL of 10 uM
biotinylated captured probes were added. The incubation was
conducted at 4 °C to facilitate the capture of probes with magnetic
beads. Afterwards, the magnetic beads were washed three times
and resuspended in 100 pL of 5x SSC buffer (pH 7). For circRNA
capture, 5 pL of previously prepared different concentrations of
synthetic circCDYL (spanning over 1.0 pM to 100 nM) were mixed
with 7.5 uL of functional magnetic beads. The mixture was incu-
bated at 4 °C to allow the hybridization of capture probe and target
circRNA. After being washed twice and separated using a magnet,
7.5 pL of RNase-free water was used to resuspend the magneto-
bioconjugates. The released solution was then directly put onto
the working surface of an AuNPs modified SPME.

Fabrication of AuNPs-SPME

The AuNPs-SPME consisted of three printed electrodes: an
AuNPs modified working electrode (WE) and two electrodes
acting as reference electrodes (RE) and counter electrodes (CE),
which were previously reported in our group's paper.”* The
diameter of working electrode was 2.5 mm. In short, silver,
carbon and isolated oil were printed onto the rubber magnet
sheet in the sequence of several templates. After each printing
step, the film was heated for 15 min at 90 °C to eliminate the
residual solvent. The pretreated SPME was then immersed into
a 3 mM HAuCl, solution containing 0.1 M KNO;. A constant
potential of —0.48 V was applied for 200 s to deposit AuNPs onto
the working electrode. The obtained AuNPs-SPME was washed
with double distilled deionized water and dried under nitrogen.

Electrochemical measurements

All the methods used for electrochemical measurements were
conducted at room temperature. The cyclic voltammetry (CV)
measurement was conducted in 10 mM PBS (containing 2 mM
[Fe(CN)e]>/*~ and 0.5 M KCl) with a scan rate of 10 mV s~ * from
0 to 0.6 V. The differential pulse voltammetric (DPV) experi-
ments were recorded at 0 to —0.5 V with a pulse amplitude of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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50 mV and a pulse width of 50 ms in 0.1 M methylene blue
(containing 1 M KCl, 1 M Tris-HCI). For synthetic RNA samples,
a 5.0 UL solution was incubated with 7.5 pL functional magnetic
beads and washed twice. Then the mixture was applied to
a AuNPs modified SPME surface. The I,., is regarded as the
background signal without MBs and the peak current change of
methylene blue signal (Alpeax) has a corresponding relationship
with the circCDYL concentration after DNA/RNA hybridization.

Results and discussion

The schematic illustration of the circRNA biosensor is shown in
Scheme 1. It has been previously shown that the methylene blue
redox system alone can be used for the quantification of surface-
bound nucleotide on unmodified gold electrodes.”*** Methylene
blue could intercalate into the duplex DNA/RNA and interact with
DNA/RNA in three ways: electrostatic interaction, intercalation and
specific interaction with exposed guanine residues. Although the
high affinity between methylene blue and guanine residues was
greatly obstructed because of guanine residues enwrapped in
hybrid duplexes, DNA-RNA hybrid duplexes still improved the
electrostatic interaction between methylene blue and the deoxyri-
bose-phosphate backbone. Moreover, the residual sites of circRNA
could interact with methylene blue. Therefore, less methylene blue
was adsorbed on single-stranded DNA (ssDNA) than on hybrid
duplexes, resulting in a smaller peak current.

Characterization of AuNPs-SPME

Fig. 1A shows the real picture of the SPME. WE, RE, CE and the
contact part of the SPME were illustrated in Fig. 1B. The beads
can be directly adsorbed on the working electrode surface of the
SPME, which simplified and standardized the operation for
further analysis. To verify the magnetism of the SPME, magnetic
powders were dropped onto the WE surface. As shown in
Fig. 1C, even in the vertical state, powders were still fixed onto
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il
T .
A .
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Scheme 1 Gold nanoparticles (AuNPs) modified screen-printed
magnetic electrode (AuNPs-SPME) for the detection of circular RNA
from hepatocellular cancer.
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Powders

Fig. 1 (A) A photo of a screen-printed magnetic electrode (SPME); (B)
illustration of electrode; (C) powders were absorbed on the surface of
SPMEs while vertical.

the surface of the SPME, and the magnetic field of SPME was
sufficient to adsorb the MBs. In contrast with other magnetic
SPCEs,***” which capture MBs onto SPEs by using an external
magnet, we first applied magnetic substrates in our SPME to
obtain a simple and stable magnetic field suitable for industrial
production. In addition, different magnetic fields could be
achieved by controlling the thicknesses of magnetic substrates.
AuNPs were electrodeposited onto the working electrode in
a HAuCl, solution using the amperometry technique, which can
increase the effective area and facilitate electron transfer. We
have calculated the effective areas of AuNPs-SPME by the
measurement of the peak current obtained as a function of scan
rate. Surface areas of most AuNPs-SPMEs were in the range of
1.5 to 1.6 x 10 > cm” The surface morphology of modified
AuNPs and MBs loaded onto SPME were examined with a scan-
ning electron microscope (SEM). In Fig. 2A, the SEM image showed
that the distribution of AuNPs on WE of SPME was uniform and
dense, and the diameters of AuNPs were about 100 to 200 nm.
During the gold-plating process, gold nanoparticles are randomly
anchored on the surface of the electrode. Different conditions may
cause different effective areas of electrodes, which should be taken
into account. MBs were dropped closely upon the AuNPs modified
electrodes, owing to the magnetic substrate. In a magnified view of
MBs (Fig. 2B), the diameter of streptavidin-labeled magnetic beads
is about 1 pm. This shows that the quality of the modified AuNPs
and MBs loaded onto the SPME are good. Besides, the EDS of
streptavidin-labeled magnetic beads and functional magnetic
beads are also shown in Fig. S2.f Biotinylated probes can be
immobilized on magnetic beads labeled with streptavidin through
the interaction between biotin and streptavidin with high affinity.
It can be seen that the P element is increased distributed on the
magnetic beads, verifying the presence of biotin-capture probes.
Modification of the electrode surface will cause a change of
the electrochemical signal. CV technique was employed and five
consecutive cycles (0 to 0.6 V; 50 mV s~ ) were recorded in carbon-
SPME, AuNPs-SPME and MBs loaded AuNPs-SPME. As shown in
Fig. 2D, an anodic and a cathodic peak were observed at 0.18 and
0.42 V (vs. Ag|AgCl), respectively. The carbon-SPME exhibited a pair
of redox peaks and the peak difference (AE,) was 260 mV. After
AuNPs were electrodeposited onto the SPME, the peak current (Z,,)
increased and AE,, was lowered to 110 mV. Compared with bare
carbon electrode, the peak current of the AuNPs modified elec-
trode increased noticeably and the peak-to-peak potential

RSC Adv, 2021, M, 1776917774 | 17771
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(A) AuNPs-SPME undergoes 200 s electrodeposition; (B) surface morphologies of AuNPs modified and MBs loaded magnetic SPME

electrodes and (C) magnified view of streptavidin-labeled magnetic beads; (D) CV signals of carbon-SPME, AuNPs-SPME and MBs loaded AuNPs-SPME;
(E) DPV signals before and after AuNP deposition in 10 mM PBS (containing 2 mM [Fe(CN)gl>~/4~ and 0.5 M KCI) with a scan rate of 10 mV s *.

difference decreased (Fig. 2D). These results showed that the
AuNPs enlarged the surface of the electrode, leading to more
[Fe(CN)s]>~ ions on it. After MBs adsorbed on the SPME, the AE,,
decreased and the I, increased. This may be due to the oligonu-
cleotides presenting coulomb repulsion to the bulk [Fe(CN)J>~
ions. Furthermore, the DPV signal increased dramatically in
Fig. 2E. Such results illustrated that AuNPs-SPME could facilitate
the electron-transfer of signals and improve the electrochemical
performances for low concentration detection.

Optimization of experimental conditions

Firstly, the relationship between the magnetic bead amounts
and the DPV signal needed to be investigated. To explore the
optimal electrochemical performance of the electrodes, various
amounts of suspension MBs ranging from 0 to 20 pg were
explored in AuNPs-SPME surfaces (Fig. S31). An increased DPV
signal was observed with MBs on AuNPs-SPME, compared with
blank AuNPs-SPME. The highest DPV signal was observed with
10 pug MBs and the lowest was 5 and 7.5 pg MBs. This may be
explained by uneven distribution of MBs possibly as barriers for
tuning current. Under the microscope view, 7.5 pg functional
MBs display uniform distribution on the SPME. In order to
maximize DPV signal detection, 7.5 ug MBs were selected as the
optimal amounts for the assay with the lowest DPV and uniform
distribution for the background signals.

Incubation time was correlated with the number of probes on
the beads, which was related to the signal response. In order to
optimize the incubation time of streptavidin labeled magnetic
beads and biotinylated probes, various periods of time ranging
from 30-120 minutes were measured for the largest DPV signal at
4 °C. As shown in Fig. 3A, the signal increased at first, then
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decreased with incubation time. A strong signal was achieved
within 60 minutes and decrease from 90 minutes to 120 minutes.
This is mainly because the adsorption sites become occupied
towards 60 minutes and adsorption efficiency decreases with an
increase in adsorption time. Therefore, 60 minutes was the most
suitable time for this procedure.

To achieve the best performance for circRNA detection, the
incubation time required for RNA and functional MBs was
investigated next. The incubation time was related to the
amount of target RNA captured by the functional MBs. The RNA
solution and functional MBs were incubated over various
periods ranging from 60-210 min at 4 °C. As shown in Fig. 3B,
an increased signal was observed after 120 minutes of incuba-
tion time. 120 minutes adsorption time led to the highest level,
indicating a good discrimination DPV signal. However,
extended incubation times resulted in a reduced signal. The
reduction of the signal after 120 minutes could be explained by

Al B
64 ——
] T —
7 It
64 5
T
5 T 4+
Ev > 3
3 Eh

~

3'0 6'0 9'0 Iéﬂ 6'0 9‘0 150 1;0 1&0 21'0
Time (min) Time (min)
Fig. 3 Optimization of experimental conditions. (A) Incubation time of
streptavidin labeled magnetic beads and biotinylated probes for
fabrication; (B) time for RNA solution and MBs incubation. Each data
point represents the average of three separate trials (n = 3) and error
bars represent standard error within each experiment.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) DPV curves after hybridization with blank, 1 pM, 10 pM, 100

pM, 1 nM, 10 nM and 100 nM of target RNA; (B) plot of peak current vs.
log of the concentration of target RNA. Error bars: SD; n = 3.

the decomposition of oligonucleotides, which means decreased
RNA/DNA in the analysis. Accordingly, 120 min was selected as
the optimal incubation time between RNA and functional MBs
for our following experiments.

Electrochemical performance of circRNA biosensor

After experimental optimization, linear range and limit of
detection (LOD) of this method have been investigated by
analyzing peak currents in different concentrations of the
circCDYL. As displayed in Fig. 4A, the peak current of methylene
blue increases with the increased target circCDYL concentration
(from 1 pM to 100 nM). Fig. 4B shows the linearity between peak
current and the logarithm of target circCDYL concentrations
and the dynamic range is from 1 pM to 100 nM, with a low limit
of detection (LOD) of 1 pM. The linear equation with a correla-
tion coefficient (R*) of 0.997 is obtained: Al = 1.48log C
(circCDYL) + 19.69, in which AI represents the increased peak
current of the different concentrations of circCDYL.

The AuNPs-SPME biosensor for circRNA detection showed
high sensitivity and wide linear range. Also, the performance of
this biosensor was compared with duplex-specific nuclease
(DSN) assisted methods for circRNA,' which was acceptable. It
offers several practical advantages, such as a considerable time
without enzyme incubation and a much simpler working
protocol. Our analysis time required as short as less than three
hours, which is significantly shorter than the several hours
required for nucleic acid extraction, cDNA synthesis and PCR
reaction (Table S27). A shorter detection time offers the possi-
bility of POC diagnosis. Notably, this biosensor does not require
nucleic acid amplification and reverse transcription. Samples
do not need to be transferred to laboratories. The electrical
output provided by this sensor is compatible with automation
and a low-cost device for near-POC test.

Specificity, reproducibility, and real application of the
electrochemical method

Another important feature of a good biosensor is high speci-
ficity. The specificity of the biosensor was examined by
comparing the current response of the target circCDYL with
that of 3-base mutation sequences (3 MUT circCDYL), a non-
complementary RNA (miRNA-21) and blank RNA under the
same conditions. As can be seen in Fig. 5A, the peak current

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Specificity of the proposed biosensor for the detection of
target and mismatch RNA in 100 pM. Error bars: SD. n = 3; (B)
detection capability of the biosensor in complicated serum samples.
Error bars represented the results of three measurements in the same
electrode.

variation (AI) of the complementary circCDYL was much higher
than that of the 3 mutation circCDYL sequence and noncom-
plementary RNA. It is believed that the developed biosensor is
capable of fulfilling excellent specificity. Furthermore, the
reproducibility of the biosensor was also investigated. Five
different electrodes were used to measure synthesized circCDYL
of the same concentration. Relative standard deviations (RSD)
of our biosensors was 7.33%, which showed good reproduc-
ibility of the method (Fig. S47). The performance of the elec-
trodes will be kept consistent in the future by using industrial-
produced SPME and calculating the effective areas.

To evaluate the practical applications and analytical reli-
ability of the designed SPME biosensor, different concentra-
tions of synthesized circCDYL in serum were detected. Repeated
data is shown in Fig. 5B and demonstrates that the signal was
relevant to Al in human serum in the presence of circRNA.
Compared with blank RNA, an increased response was shown in
serum solutions from 1 pM to 100 pM concentration in serum
solution was shown. The recovery values ranged from 119.7% to
115.1%, and the corresponding RSDs ranged from 8.34% to
8.94% for circCDYL (Table S37), which is in good comparable
with results reported by other researchers.'® It is important to
remark that this electrochemical platform for circRNA detection
is highly satisfying and stable, even in the presence of serum.
The performance of the electrodes will be kept consistent in
clinical application. These features are consistent with the
possibility of this biosensor being adopted as a useful tool for
screening HCC at POCT.

Conclusions

In summary, we have developed a screen-printed electrode with
magnetic substrates, showing the advantages of electro-
chemical detection. Since the biosensor is magnetic, magnetic
beads with probes can be absorbed onto the working electrode
to achieve enhanced analytical performance in terms of
simplicity, selectivity and stability. In addition, the BS]
sequence of circRNA-targeted magnetic probe beads with
assistance from methylene blue can avoid the disadvantages of
enzyme-assisted translation. In less than 3 hours, the
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electrochemical SPME was able to detect circCDYL down to 1
pM with high sensitivity and was applied to serum samples with
satisfactory results. The features of this biosensor implicated
the suitability in terms of time production, sensitivity and
capability in complex matrix such as serum. In fact, there is
a possibility of translating this strategy to detect different types
of biomolecules in real samples with specific probes for future
clinical analysis.
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