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ABSTRACT

In this work, a novel DNA circle capture probe withultiple target recognition
domains was designed to develop an electrocherbicslensor for ultrasensitive
detection of microRNA-21 (miRNA-21) and miRNA-156mailtaneously. The DNA
circle capture probe was anchored at the top oftetrahedron DNA nanostructure
(TDN) to simultaneously recognize miRNA-21 and miRi55 through multiple
target recognition domains under the assistantteffer strands, which could trigger
mimetic proximity ligation assay (mPLA) for captug the beacons ferrocene
(Fc)-Al and methylene blue (MB)-A2 to achieve npld#i miRNAs detection. In this
way, the local reaction concentration could be aenbd and avoid the interference of
various capture probes compared with the traditionaltiplexed electrochemical
biosensor with the use of different capture probesulting in the significantly
improvement of detection sensitivity. As a restitis proposed biosensor showed

wide linearity ranging from 0.1 fM to 10 nM with @etion limits of miRNA-21 and
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MiRNA-155 as 18.9 aM and 39.6 aM respectively, Whatso could be applied in the
simultaneously detection of mMiIRNA-21 and miRNA-15&m cancer cell lysates. The
present strategy paved a new path in the desigapfire probes for achieving more
efficient and sensitive multiple biomarkers detees and possessed the potential

applications in clinical diagnostic of diseases.

Keywords: tetrahedron DNA nanostructure; DNA circle captymmbe; mimetic
proximity ligation assay; multiple microRNAs detect; electrochemical biosensor
1. Introduction

MicroRNAs (miRNAs) was regard as tumor suppresaosoncogenes in cancers
which was a kind of small noncoding RNAs (Anastdsiaet al., 2018.). Therefore,
MIiRNA expression profiles could be used as effectivomarkers in early cancer
diagnostic and prognostic process (Yu et al., 2@Ei6rzega et al., 2017; Gao et al.,
2018). In recent years, due to the convenient,ihamseasy miniaturization, low cost
of electrochemical biosensor, it was widely appli@iRNAs detection (Tavallaie et
al., 2018; Guo et al., 2018; Liu et al., 2018). &l the developed electrochemical
biosensor was designed to detect single miRNA, evdvlidences proved that a kind
of disease may be closely associated with the samebus change of various
mMiRNAs (Lu et al.,, 2005; El-Khazragy et al., 2018y et al., 2018). Thus, the
realization of multiplemiRNAs simultaneous detection has a powerful ptaaic
value in early diagnosis and prognosis of candgesently, some of electrochemical
biosensors were constructed to achieve simultandetection of multiple targets
miRNAs by employing different single-stranded DNASDNA) or hairpin as
one-dimensional (1D) capture probes on the eleesoavhich could obtain more
accurate and detailed cancer information (Wegmaal.e2010; Yang et al., 2014;

Wang et al.,, 2017). However, on account of the hsginface disturbance and
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uncontrollable density of conventional 1D captun®bes on the electrode, the
accessibility of the molecules to capture probesabsed, suppressing the efficiency
and sensitivity of multiple targets detection (\Weral., 2011; Zhang et al., 2018;et
al., 2018). In order to conquer the above mentiopestiicaments of 1D capture
probes, researchers have reported a tetrahedron D&tostructure (TDN) as
three-dimensional (3D) nanostructure DNA capturebpr for detecting miRNAs,
which possessed well-controlled orientation, naalescdistance and minimal
nonspecific adsorption, significantly increasing tapture efficiency (Lin et al., 2015;
He et al., 2018; Ma et al., 2019; Huang et al.,80But it was difficult to achieve
multiple miRNAs detection due to the TDN only cantag one vertex as capture
probe which just have one target recognition donbaidetect single miRNAs. Thus,
it is urgently demando innovate a novel DNA capture probes with mudtiphrget
recognition domains combing with TDN to achieve witaneous detection of

multiple targets in one structure.

In recent years, DNA nanostructure plays a key iolenanoscience area on
account of its flexibly programmable propertiesghiprecision, and ease of
preparation, which was extensively applied in tieédfof electrochemical biosensor
(Wan et al., 2019Yang et al., 2016; Lv et al., 2015). Thereinto, DN#cle has
gathered great attentions owing to the inherergrmit@l in less intertwine, switchable
properties, favorable rigidity (Zhou et al., 20X%entola et al., 2017). Recently, Hu
and his coworkers depicted catalytic catenane Inygusvo-circle interlocked DNA,
which achieved the switch between two distinct DiMies through different ionic
enzyme recognition region (Hu et al., 2015). Howeitewas incapable for catalytic

catenane to synchronously realize two DNAzyatalytic cleavage functions in one
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DNA structure. Thus, it is indispensable to desagnovel DNA circle structure with
multiple functions to achieve the simultaneous ciéte of multiple targets in one
DNA structure. Here, a DNA circle capture probehwihultiple target recognition
domains was developed and applied in electrochérhiogensors for simultaneous
multiple miRNAs detection, in which the capture Ipeocould increase the local
reaction concentration and improve the hybridizatdficiency compared with those
capture probes in traditional multiple targets detes. Furthermore, the TDN was
used as a scaffold to immobilize the “bottom-up” MKircle capture probe, further
enhancing the uniformity of capture probe distributon the electrodes to greatly
enhance the detection sensitivity ( Chen et all926eng et al., 2017; Ge et al., 2014,
Li et al., 2015; Lin et al., 2015).

In present work, with the use of a novel multifuortl DNA circle capture probe,
an electrochemical biosensor was constructed ahiesed highly sensitive and
accurate miRNA-21 and miRNA-155 detection simultarsty. The working principle
was illustrated in Scheme 1. First, the TDN was obitized on the depAu/GCE
surface through Au-N bond (Zhang et al., 2011; Zhen al., 2016; Zhong et al.,
2019). Then, the single strand chain at the toplafl hybridized with the DNA circle
capture probe which consisted of R and R1. OngetamiRNA-21 and miRNA-155
were introduced, the DNA circle capture probe wittultiple target recognition
domains could respectively capture miRNA-21 and RARL55 via the assistance of
Heleprl and Helper2 to trigger mimetic proximitgdiion assay (mPLA), further

capturing the Fc-labeled A1 and MB-labeled A2 tmeagate two electrical signal



responses, realizing the fast multiple miRNAs d&decdn one DNA structure. And it
was worth mentioning that this developed electratbal biosensor was applied in
the detection of miRNA-155 and miRNA-21 from cancell lysates. In addition, this
proposed strategy also provided a unique avenwesggn multifunctional capture

probes for simultaneous multiple biomarkers detecti
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Scheme 1. Schematic illustration of the proposed biosensar $imultaneous detection of

mMiRNA-21 and miRNA-155 via one novel DNA circle ¢ape probe.



2. Experiment section

2.1 Self-Assembly of Tetrahedron DNA Nanostructure (TDN).

15 uL each strand, T1, T2, T3, and T4 (M) were well-mixed with 4L TM
buffer together. Then, heated the mixture aboutml® at 95 °C and subsequently
cooled to 4 °C over 30 s. The final 100 TDN was successfully fabricated.

2.2 The Fabrication of the Biosensor.

Firstly, 0.3 and 0.05 mm alumina slurry were usedooblish the bare glassy
carbon electrode (GCE) sequentially, and then theasonic with ethanol and
ultrapure water were utilized to gain mirror-liker&ace. Afterwards, in order to get a
layer of gold nanoparticles (depAu), the electra@de put into HAuC) (1%) solution
to electrodeposit at -0.2 V for 30 s. Straight afttD uL of the abovementioned
self-assembled TDN was dropped onto the depAu/GG#& iateracted at room
temperature for 16 h. At last, 1@ mixture of 2.0uM R and R1 was also dropwise
added to the electrode surface (TDN/depAu/GCE) Zoh at 37 °C. When the
modified electrode (R-R1/TDN/depAu/GCE) was cleamgth PBS buffer, a novel
multifunctional capture probe was established ss&fcdly.

2.3 Multiplexed Detection of MicroRNAS.

For the detection of the multiple targets, a migtwontaining Helperl and
Helper2 of 2.0uM, miRNA-21 and miRNA-155 of various concentrationgre
added onto the electrode (R-R1-TDN-depAu-GCE) &xtrat 37 °C for 1 h. Since the
electrode was washed with PBS buffer, DNA chains(A0 uM) and A2 (2.0uM)

were mixed together and then dropped onto therelbetsurface for incubating 2 h at



37 °C. Finally, the signal responses were monitte®WYV in 0.1 M PBS.
2.4 Polyacrylamide-Gel Electrophoresis (PAGE).

First of all, DNA strands and DNA-loading buffer rgemixed by volume ratio
5:1. Then, the samples were loaded onto the preem&do polyacrylamide gel in

1xTBE buffer (pH 8.0) for 120 min at 120 V.



3. Results and discussion

3.1 Polyacrylamide Gel Electrophoresis (PAGE) and Atomic Force Microscopy
(AFM) Analysis.

PAGE was employed to characterize the prepared TA3NFigure 1A showed,
the bright bands of lane 1, lane 2, lane 3, lamespectively corresponded to DNA
strands T1, T2, T3, T4 (@) and the highest band of TDN (@) could be noticed
(lane 5) with slowest migration for its large malér weight. The positions of DNA
strands in PAGE images were in accordance with DiNarker, suggesting the
successful fabrication of TND. We also charactetitee structure of TDN by AFM.
As shown in Figure 1B, the typically TDN morphologguld be observed, which

demonstrated the successful fabrication of TDN ak. w
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Figure 1. (A) PAGE characterization analysis: lane 1, T1; lan€2 Jane 3, T3lane 4, T4; lane 5,

TDN; (B) AFM images othe structure of TDN.

3.2 Electrochemical Characterization of the Biosensor.
CV and EIS were tested in 5 [Fe(GNY* solution to characterize the

immobilization procedure of this biosensor respatyi As shown in Figure 2A,

3-/4-

firstly, a couple of well-demarcated redox peakgF#(CN)]”"" appeared distinctly

for the bare GCE (curve a). After depAu was ela#posited to the GCE, a marked
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increase of redox signal was obtained on accourth@fexcellent conductivity of
depAu (curve b). Subsequently, after the TDN waassful fixed on the electrode,
the redox current dramatically reduced (curve @canse the DNA phosphate

3-l4-  Afterwards, the

backbone with negative charge wouldpulse [Fe(CN]
subsequent addition of R-R1 caused an obviousipiindn of redox currents (curve d)
attributing that the repulsion of [Fe(Cd§’* and DNA was increased. Similarly,
when Helperl and Helper2 mixture was dropped oh® electrode, the redox
currents also acquired a successive decrease (€urve

We also used EIS to investigate the propertieb®proposed electrode since the
value of electron transfer resistand&) value would change with the hinder of
modified procedure on the electrode surface. Asifei@B displayed, the bare GCE
with a small semicircle domain and a long tail skdva relatively lowRg and better
conductivity (curve a). After depAu electrodepaogitento the electrode, a sharply
decreased semicircle diameter (curve b) was oldtaidee to the excellent
conductivity of depAu. Subsequentl®; enhanced successively for TDN, R-R1,
Helperl and Helper2 incubated onto electrode stgwicurve c-e), which attributed
to the increased repulsion from DNAs as well. TH8 Eesults werén accordance

with CV results which further demonstrated the brar was constructed with

Success.
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Figure2. (A) CV and (B) EIS responses of: (a) bare GCEd@PAU/GCE; (c) TDN/depAu/GCE;

(d) R-R1/TDN/depAu/GCE; (e) Helperl+Helper2/R-R1NfdepAu/GCE.

3.3 Multiplex Capability of the Biosensor.

The multiplex capability of this electrochemicabdensor was first investigated
for miRNA-21 and miRNA-155 detection with the intwction of Helperl and
Helper2 simultaneously. The experiments were opdratunder optimized
experimental conditions. No significant electrocleahresponse signal was observed
for the blank test in Figure 3A. In contrast, FiguB exhibited a sharp current
response at +0.46 V on account of the Fc labelsehMagrochemical oxidized in the
existence of mMiRNA-21 (100 pM), while the peak emtrrelating to MB at -0.31 V
remained no change (Figure 38 A). Likewise, once miRNA-155 (100 pM) added,
a remarkable electrochemical response signal wesreed at -0.31 V, while the peak
current at +0.46 V was not influenced as showniguie 3C (Figure 3@s. A). These
results suggested that the detection of only orgetayenerated hardly impact on the
detection of another target and further indicatedliiosensor was capable of applying
to the detection of either miRNA-21 or miRNA-153iably. Furthermore, once we
applied a sample mixture of 100 pM miRNA-21 and MMR155 onto the electrode

surface, as expected, two distinctly increasedectinresponses at +0.46 V and -0.31
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V were obtained, which corresponded to Fc and Mipeetively (Figure 3D), turning

out the well feasibility of our biosensor for mpleé miRNAs detection.
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Figure 3. SWV responses of the biosensors: (A) in the alesenaniRNA-21 and miRNA-155;
(B) in the presence of miRNA-21 and in the abseoteniRNA-155; (C) in the absence of
mMiRNA-21 and in the presence of miRNA-155; (D) ihetpresence of miRNA-21 and

mMiRNA-155.

3.4 Analytical Performance of the Biosensor.

MIiRNA-21 and miRNA-155 of different concentratiomgere tested to inspect
the analytical performance of this multiplexed &iechemical biosensor in the
optimal experiment conditions. As Figure 4A disgdy these pronounced current
responses were observed with different concentratiof miRNAs. It generally
revealed that the peak current responses which vedséed to the amounts of the

redox tags would be significantly enlarged with thddition of the progressively
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increased concentrations of miRNAs. As displayeé#igure 4B and C, the resulting
calibration current plots manifested the linearatiehships of the peak current
response and the logarithm of miRNA-21 and miRNA-TBncentrations. With the
increased concentrations of miRNAs (0.1 fM - 10 nhkie expression of regression
equation wad = 0.3255 Igmirna 21 + 6.3906 and = 0.1894IgCmirna.155 + 3.6441
with the correlation-coefficient value fRwas 0.9953 and 0.9984 respectively. The
detection limits were calculated to be 18.9 aM 8Adb aM respectively (Hua et al.,
2019; Long et al., 1983). As shown in Table S2as mentioning that this proposed
biosensor possessed ralatively wider linear range and lower detectiamits
compared with other conventional biosensors, whithbuted to the improved local

reaction concentration and sensitivity of miRNAsed#on.
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Figure4. (A) SWV responses for miRNA-21 and miRNA-155 simukous detection at: (a) 0.1
fM and 0.1 fM; (b) 1 fM and 1 fM; (c) 10 fM and I¥; (d) 100 fM and 100 fM; (e) 1 pM and 1
pM; (f) 10 pM and 10 pM; (g) 100 pM and 100 pM; (hM and 1 nM; (i) 10 nM and 10 nM. (B
and C) corresponding to the calibration plotsl ok. IgChirna-21 @Nd IEmirna-155 respectively.

Error bars, SD, n=3.

3.5 Selectivity and Application of the biosensor.

In order to inspect the interference of the mudtygld electrochemical biosensor
against other challenging molecules, we selectedNAr141, miRNA-let-7a and
MiRNA-182-5p as interfering molecules. As Figure %Xhibited, there were
negligible signal variations of mMIRNA-141, miRNAHéa and miRNA-182-5p
compared to the blank even the concentration @irfieting miRNAs as high as 10

nM. However,once a little amount ahiRNA-21 and miRNA-155 (100 pM) were
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mixed with these interference miRNASs, the curresgponse value rapidly increased
and was immensely higher in contrast to the absehtargets, which implied a high
selectivity of this multiplexed electrochemical #emsor toward miRNAs detection.
Moreover, we tested the application of the deveadop@sensor in real samples,
MiRNA-21 from cervical cancer cells (Hela) and miRdI55 from human breast
cancer cells (MCF-7) were put into practice. Asur@5B (b, c, d) displayed, in the
monitor of samples containing lysates from Heldscelverexpressed miRNA-155)
and MCF-7 cells overexpressed miRNA-21 and miRNA;1the current responses
magnified with the cell numbers increased. Thesellte were consistent with the
former study, testifying that this multiplexed dhlechemical biosensor achieved a

good potential to monitor miRNAs from various cancells in early diagnostic.

A B [
3.0f EEMB 3.0 FaMB
Il Fe B Fc
L 2.0F
2.0 ﬁ.
< -
= ~
~ 1.0 1.0+
0.0 I-I

ank a Sk e i P
bl 2 RjN A-L o et & P”‘%l “\-\.,_\\l a b C
! AR
o

Figure 5. (A) Specificity of the biosensor for miRNA-21 andiRNA-155 against other
interfering MiRNAs (10 nM); (B) The detection of RNA-21 and miRNA-155 from Hela and

MCF-7: (a) blank; (b) 2®cancer cells; (c) faancer cells; (d) faancer cells.
4. Conclusion

In conclusion, by designing a novel DNA circle aaptprobe which was anchored at
the top of TDN, an electrochemical biosensor wasstiacted for ultrasensitive

detecting of miRNA-21 and miRNA-155 simultaneousiyne DNA circle capture
14



probe utilized TDN as a scaffold possessed coatst@dl orientation, nanoscale
distance andhigher stability, which enhanced the sensitivityd adecreased the
detection limit of multiple miRNAs detection. Monesr, the novel DNA circle
capture probe possessed multiple target recogniimmains to capture multiple
MiRNAs just in one DNA structure for increasing tloeal reaction concentration,
resulting in the improvement of detection speed eifidiency. Overall, this strategy
exploits a novel avenue in the design of multifimcal capture probe for multiplexed
electrochemical biosensor and also has the poteapilications in early cancer

diagnostic.
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Highlights:

1. The detection efficiency was improved due to different miRNAs could be
monitored in one DNA circle capture probe.

2. TDN was employed to enhance the uniformity of capture probe distribution on the
electrode, further improving the sensitivity of miRNAs detection.

3. The electrochemical biosensor showed superior selectivity, well stability and low

detection limit of 18.9 aM and 39.6 aM for miRNA-21 and miRNA-155 respectively.
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