Journal Pre-proof

ANALYTICA
CHIMICA ACTA

An integrated fluorescence biosensor for microRNA detection based on exponential
amplification reaction-triggered three-dimensional bipedal DNA walkers

Liu Yang, Jie Fang, Junjie Li, Xinying Ou, Li Zhang, Yufeng Wang, Zhi Weng,
Guoming Xie

PII: S0003-2670(20)31173-9
DOI: https://doi.org/10.1016/j.aca.2020.11.043
Reference: ACA 238111

To appearin:  Analytica Chimica Acta

Received Date: 1 October 2020
Revised Date: 23 November 2020
Accepted Date: 27 November 2020

Please cite this article as: L. Yang, J. Fang, J. Li, X. Ou, L. Zhang, Y. Wang, Z. Weng, G. Xie, An
integrated fluorescence biosensor for microRNA detection based on exponential amplification reaction-
triggered three-dimensional bipedal DNA walkers, Analytica Chimica Acta, https://doi.org/10.1016/
j-aca.2020.11.043.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.aca.2020.11.043
https://doi.org/10.1016/j.aca.2020.11.043
https://doi.org/10.1016/j.aca.2020.11.043

Credit Author Statement

The contribution of each author to thiswork asfollowing:

Liu Yang: Design of this work, performing the experiments and writing.

Jie Fang: Design of thiswork.

Junjie Li: Design of this work and reviewing.

Xinying Ou: Reviewing and editing.

Li Zhang: Drawing.

Yufeng Wang: Data collection.

Zhi Weng: Data collection.

Guoming Xie: Reviewing and editing, supervision and funding acquisition.



Graphical abstract

------------------------------------------------------

Y
i% ......  ~
-~

£
| ﬁ Binding DNA Track
o Autonomous /
Walking
«— S Sm— «—

™ With target
Zoi\ éﬁ?z) : 1 g
- 0 wd L Kl
A \@
e

% ﬁ (nm)
éé? v Wavelength(nm

FL Intensity(a.u.)

A4

EXPAR-BDW strategy based on exponential amplification reaction-triggered

three-dimensional bipedal DNA walkers.
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Abstract

Sensitive and specific miRNA detection is essenf@ the early cancer
diagnosis. In this work, we design a fluorescentroRNA biosensor based on
exponential amplification reaction (EXPAR) and nigk endonuclease-powered
three-dimensional (3-D) bipedal DNA walkers (BDWarget microRNA initiates
EXPAR with the help of polymerase and nicking endidease to generate the large
number of BDW in solution. The newly generated BDMn be continuously
assembled onto polystyrene microsphere track cofieddvith fluorescence-labelled
DNA strand. Thus, in the presence of nicking endtease, the walking machine is
activated to produce enhanced fluorescent signahénsupernatant. Besides, we
prove that BDW holds the faster walking speed tkamgle-legged DNA walker
(SDW) based on comparative study. Under optimalditmms, the proposed
amplification method owns a wide linear range frbhfM to 5 nM with a detection
limit down to 5.2 fM. The reaction time of the agstakes about 70 min. The
combination of enzyme-assisted EXPAR in solutiod anzyme-powered BDW on
particle significantly increases the signal amgéfion efficiency and improves the
detection sensitivity. Therefore, our method hasrmous potential for the application

of BDW-related biosensors.

Keywords. Exponential amplification reaction; DNA walker; Bmzatic

amplification; Fluorescence biosensor; Nucleic algtection
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1. Introduction

DNA walker, as one of DNA nanomachines, has aroussdendous attention
due to its exceptional properties of automaticitgd @ontrollability [1].For example,
Tan et al presented a photon-fueled DNA walker bbgpaf regulating autonomous
movement along a nucleic acid track [2]. Tinnefelgioup proposed a DNA walker
that strode on a DNA origami track based on fluceese signal amplifier [3].
Nevertheless, both one-dimensional (1-D) footpatth ®vo-dimensional (2-D) DNA
origami have very limited processivity and confirtealvel spacewhich constrain the
executive ability of such DNA walking nanomachif2st]. To settle above problems,
researchers recently established 3-D tracks on stiiéace of microspheres or
nanoparticles [5-8]Because of the increased localextive concentrationghus
perform enhanced walking steps and high procegstaipared to the 1-D and 2-D
tracks. In the meantime, much efforts have also lse/oted to exploring multiple
styles of drive motor of DNA walkerd.he driving forces for most are provided by
toehold—mediated strand displacement and DNAzyndefaiclease/exonuclease—
mediated hydrolysis [9-13]. Among them, the adaptid highly active nucleic acid
tool enzymegpresents superior ability due to accelerated wglkipeed [14]. This is
on one hand attributed to the enzyme's natural baghlytic capacity. On the other
hand, owing to intraparticle interactions and ilased local substrate concentrations,
biocatalysis on particles can accelerate enzynratictions [15]. For instance, Li's

group introduced a nicking endonuclease-powerecdhasiic 3-D DNA walker that
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moves rapidly on a 20 nm gold nanoparti@eich 3-D DNA walker demonstrated
remarkably high processivity and fast mass trar{dfé}. More importantly, this type
of DNA walker has been widely used recently [17], 18

It is worth noting that the DNA walkers mentiondobgae hold one swing arm
assembled on the surface of nanoparticles, whistrictes the movement scope and
efficiency of DNA walking machines. In addition,etftonstruction of two different
probes on the same microsphere or nanoparticlacirhay not only diminish the
local concentration of track DNAs a consequence of the occupation of the swing
arm but also increase tlgficulty of fabricating multiple DNA probes witdifferent
concentration ratios [19]. To address this issuewabipedal DNA walker strategies
were proposed to improve walking efficiency [20].2@ne of the examples is Li's
group, who developed a bottom-up approach to adsembipedal DNA walker
capable of probing and controlling dynamic intei@ts at bio-nano interfaces on
AuNPs. This method has successfully provided the@raved understanding to
rationalize the design of enzyme-powered bipedaADWlker for nucleic acids and
proteins biosensors [22].

Apart from on-particle biocatalysis, the constraoti of a powerful
biorecognition component is of equal importanced@-D DNA walker.lt has been
reported that in-solution biorecognition may betdretabricated, predicted, controlled
and performed comparing to on-particle biorecognitjil5]. On the other hand, the
routine analysis of a target molecujgelds only one DNA walker, thus limiting the

total number of DNA walkers and their walking eiffiocy [23]. Therefore, a method
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that integrates biorecognition and amplification solution is desirable. Recently,
isothermal amplification strategies have emergegaagerful tools for the analysis of
nucleic acids,proteins and other molecules [24-26] . Among themxponential
amplification reaction (EXPAR), on account of thetsianding advantages of high
amplification efficiency (1610°) and simple operation, has gained attention in the
design of sensitive sensors [27-31]. Induceghblymerase and nicking endonuclease,
EXPAR amplifies a large amount of single-strandetiAD (ssDNA) with the
activation of specific primers in a short time (<3@in) [32]. Therefore,
enzyme-powered bipedal 3-D DNA walker coupled vétizyme-assisteBXPAR in
analysis of low-abundance biomolecules is significa

In this work, a new 3-D DNA walker sensor was camnded integrated EXPAR
in solution with enzymatic cleavage reaction onroparticle for highly sensitive and
selective detection of microRNA. MicroRNA 21 is dsas a model target because it
plays a crucial role in a plethora of biologicainétions and diseases including
development, cancer, cardiovascular diseases dammation [33]. Our system
includes two reactiogircuits in series. EXPAR as the first reactionriggered upon
introduction of the target microRNA together wittetreleasement of massive ssDNA
strands. An ssDNA strand functions as a BDW ana tkecontinuously assembled
onto DNA-modified polystyrene microsphere surfadée second reaction is an
enzyme-powered 3-D DNA walker which is activated rigking endonuclease to
perform roboticized and stepwise movements arotmedDNA tracks, causing the

persistent fluorescence signals output. The twocti@a circuits ensure high
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sensitivity of the developed method, providing deptial platform for microRNA

analysis and a powerful tool for nucleic acid datec

2. Experimental part
2.1 Materials and reagents

All the DNA and RNA sequences used in this studyensynthesized by Sangon
Biotech Inc. (Shanghai, China) with HPLC purificati and their detail base
sequences were listed in Table S1 respectivelynddefragment polymerase (KF,
3’— 5’ exo-), Nt.BsmAIl NEase, Nb.BbvQllEase, 10 x CutSmart buffer (20 mM
Tris-acetate, 50 mM potassium acetate, 10 mM magmeacetate and 100 pg/ml
BSA, pH 7.9) and 10 x NEBuffer 0 mM NacCl ,10 mM Tris—HCI, 10 mM MgCl2,
and 1 mM dithiothreitol, pH 7.9) were purchasedrfrblew England Biolabs (USA).
Streptavidin-coated polystyrene microspheres wbtaioed from Spherotech (GER).
20 bp DNA Ladder, 6 x DNA loading buffer and GeldReucleic acid dye were
provided by TaKaRa BiotechDalian, China). Ammonium persulfate (APS),
N,N,N’,N’-tetramethylethylenediamine (TEMED), 30% acrylaniiie solution ,
deoxynucleotide triphosphat¢dNTPs), diethylpyrocarbonate (DEPC)-treated water
and TE buffer (10 mmol/L Tris-HCI,1 mmol/L EDTA, pl8) were ordered from
Sangon Biotech Inc. (Shanghai, China). Binding é&rue0 mM Tris-HCI, 1 M NacCl,
1 mM EDTA, 0.0005% Triton X-100pH 7.5)was prepared in our laboratorll
other chemicals were of reagent grade and useawtitmy further purification.

2.2 Apparatus
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Fluorescence signals were measured on a Cary Eclipsiorescence
Spectrophotometer (Agilent, California), using ada fluorescence cuvette with an
optical path length of 1.0 cm. The excitation wawgjth was set at 480 nm with
emission spectra range of 500-600 nm. The exaitaitd emission slit widths were
made at 5 nm and 10 nm, respectively. EXPAR was itored by CFX96
Real-Time PCR detection system (Bio-Rad, USA). Thm®n-denaturing
polyacrylamide gel electrophoresis (PAGE) was edrriout on DYY-6C
electrophoresis (DYY6C, LiuYi, China) and the gehswvimaged on a Bio-Rad
ChemDoc XRS (Bio-Rad, USA).

2.3 I sothermal exponential amplification reaction (EXPAR)

First of all, 100 nM templatejarious concentrations of target microRNA, 1 pL
10xCutSmart buffer and 1 pL XINEBuffer 2 were mixed and heated to 95 °C for 5
min in the water bath, followed by slowly decregsio room temperature. Then, 0.2
U of KF polymerase, 1U of Nt.BsmAl, 250 uM dNTP aD&PC-treated water were
added to the mixture in a final volume of 10 pL.eTamplification reaction was
conducted at 37 °C for 30 min. Finaltize reaction system was terminated by enzyme
inactivation treatment at 80C for 20 min. The solution was stored at 4 °C fotler

use. The experiments above were repeated thres toreduce experimental error.
2.4 Preparation of the DNA walker probes

The 50 pL of streptavidin-coated microspheres wesshed twice with 50 pL
binding buffer by centrifuging themicrospheres at 12000 rpm for 3 min and

discarding the supernatant. After resuspending @@L binding buffers pL of 20
7
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uM track strands were added into the microspherbs.tifack strands were modified
with biotin at 5’ terminus and labeled with fluocesit dye carboxyfluorescein (FAM)
at 3’ terminus. The mixture was incubated for 20 rat 37 °C. Theabove solution
was then subjected to centrifugation at 12000 rpm3f min. After removing the
supernatant, the remaining solution was washec ttilmes with 50 pL TE buffer.
Finally, the microsphere complex was suspended 5@th L TE buffer.
2.5 Fluor escence measur ement of microRNA

For a typical walker operation, the reaction solutwas performed at 37 °C for
20 min in a 100 pL reaction volumegcluding 10 uL EXPAR product$, pL prepared
microsphere complex10 U Nb.BbvCl NEase in 1x CutSmart buffer.After
centrifugation of the reaction solution at 1200énrfor 3 min,the supernatant was
collected to measure fluorescence signals. In #producibility experiments, the
volume was the same as that used in the detectimcegure. We only added the
number of independent experiments to five.
2.6 Real-Time PCR detection system to monitor EXPAR

The reaction solutions for EXPAR were prepared amnbefore being placed in
the Real-Time PCR detection system. The EXPAR waased out in a volume of 10
puL containing 100 nM template, various concentraiof target microRNA, 1 pL

10xCutSmart buffer, 1 uL 10xNEBuffer 250 uM dNTP,0.2 U of KF polymerase,

1U of Nt.BsmAl, 1xSYBR-Green and DEPC-treated water. The mixture was

incubated at 37 °C and the real-time fluorescentansity was monitored at intervals

of 30s.
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2.7 Fluor escence microscope for imaging the walker reaction on microsphere
surface

Images of the fluorescent microspheres were aafjubg a fluorescence
microscope (Nikon 80i, Japan) with 20®bjective lens. The prepared microsphere
complex that reacted with and without the targes wecubated at 37 °C for 20 min
followed by washing with TE-Mg buffer. 5uL of the prepared microsphere complex
and above resulting microspheres were firstly spr@aa slide (25 mmx75 mm) and
another coverslip (24 mxd0 mm) was put onto the first one. A thin layer of
immersion oil was placed between the slip and tbgadive lens. All of the
fluorescence images were collected with 100 ms seo time by using the
NIS-Viewer software.

2.8 Gel electrophoresis

PAGE was carried out on DYY-6C electrophoresis ya®al with 12% native
polyacrylamide gel in 056IBE buffer (90 mM Tris-HCI, 90 mM boric acid, 2 mM
EDTA, pH 7.9) at 100 \¢tonstant voltages for 60 miRor a typical sample analysis, 1
ML of reaction products was mixed with 5 pL 6 xdwey buffer and then loaded into
the gel. After that, the gel was stained with GetlRit room temperature for 20 min

and imaged.
2.9LOD calculation

The limit of detection (LOD) is the lowest contation of an analyte that an

analytical process can reliably detect. LOD in aark was defined as LOD=f3s,
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where o was the standard deviation of the blank (conteshgles) and s was the

analytical sensitivity, which could be estimatedfas slope of calibration plot.

3. Result and discussion

3.1 Principle of the proposed method

The working principle of the assay for microRNA @lgtton based oEXPAR
triggered 3-D BDW strategy is illustrated in SchetheThe EXPAR template is
designed as X'N'X’N’Y’. X' is target microRNA recognition site. Y’ is
complementary to the sequence of BDW @idccontains a complementary site for
Nt.BsmAl nicking. In the presence of target, the template can combitie it and
initiate a polymerization reaction along the michR 3’-end with the help oKF
polymerase and dNTPs. Thus, a double-stranded Di#&®ONA) containing two
recognition sites (5’-GTCTC-3’) for the nicking grae Nt.BsmAl isproduced Such
nicking enzyme cleaves one strand of dsDNA at thet hase downstream of the
recognition site to obtain amounts of XN and Y m&pdly. At the same time, the
newly synthesized XN oligomer which contains thegea sequence will hybridize
with the template and trigger another cycle reactim consequence, the whole
reaction brings about an isothermal exponential lficgtion, producing massive Y
strands (BDW). The BDW is designed to have 7 ntmlementary nicking cleavage
sequence of nicking endonuclease Nb.BbvCl at badimd 3’ terminus. The substrate
track strand is designed to have a 7 nt recogngmguence foNb.BbvCl nicking
whose 5 end is modified with a biotin to tether d@he streptavidin-coated

microsphere surface and 3’end is labelith FAM. Thus, BDW can attach to the
10
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track strand on the microsphere surfadéth the assistance of Nb.BbvCBDW
catalyzes the cleavage of track strand at recagngite, resulting in the release of
BDW and fluorescence signal. Then, the released BDW hyie&liwith another
adjacenttrack strand on the same microsphdree newly formed DNA duplex can
trigger a recycle cleavage process until all tratlands are exhausted. Eventually,
countless short DNA fragments labeled with FAM wdisperse into the solution.
After centrifugation and separation, fluorescerigea in the supernatant is recorded
by the fluorescence spectrophotometer and the Isigibensity is related to the

concentration of target microRNA.

<Scheme 1.>

3.2 Feasibility of the EXPAR-BDW reaction

We first clarified EXPAR process using Real-TimeRP@etection systenThe
time-dependent increase in the fluorescence irtieasdifferent target concentrations
in the mixture was monitored for 40 miRig. 1A). Notably, a significant increase in
fluorescence signal was observed for all mixtureshe presence of target (10 fM,
100 fM, 10 pM, 500 pM and 5 nM). In sharp contraststure without target showed
a negligible increase in the fluorescence intendihese findings strongly indicated
that the reaction of EXPAR was successful. Furtioeenmthe EXPAR products were
characterized by native polyacrylamide gel eledtopsis (PAGE) to verify the

performance of EXPAR. The results were shown iufeds1.

Then, to confirm the feasibility of enzymatic clege reaction of BDW, we
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measured the fluorescence signal using 5 nM of BBDWie presence of Nb.BbvCI. A
control experiment without BDW was also conductkslillustrated in Fig. 1B, curve
b was the fluorescence response when BDW was msteexe. It was seen obviously
that weak fluorescence signal was found. Whiles#irdit fluorescence signal increase
can be observed in the presence of BDW in curvé&he results manifested the
enzymatic cleavage reaction of BDW took place oe thicrosphere surface.
Furthermore, we evaluated the walking behavior vb types of DNA walkers.
Single-legged DNA walker (SDW) and BDW with sam&centration of track strand
were prepared (Fig. 1C). The fluorescence signalSBW and BDW (5 nM,
respectively) at different assay times were shown FHg. 1D. Notably, the
fluorescence intensity of SDW increased at a nettislow rate until 35 min with a
plateau. In comparison, the fluorescence intersitBDW almost reached a plateau
in 20 min. According to the experiment results @f. D, the initial rate of BDW was
calculated to be 16.63 mirbut the initial rate of SDW was only 9.45 iinThe
initial rate of BDW was 1.76-fold higher than thaf SDW. However, as the
incubation time prolonged, they reached the sanheewvaf fluorescence signal. This
obviously demonstrated that for SDW and BDW, thees almost no difference in

the final response but the walking speed of BDW faater than SDW.
<Fig. 1.>

To further validate the feasibility of 3-D DNA walk integrated with EXPAR
strategy, we tested the fluorescence signals wtitferent conditions. As seen in Fig.

2A, curve a and curve b were the fluorescence resggsowithout KF polymerase or

12
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Nt.BsmAl, respectively. It was clear that almostflhumrescence signal was observed
because EXPAR reaction could not be initiated ie #ibsence of polymerase or
nicking endonuclease. Curve ¢ was the fluoresceasponse without Nb.BbvCl.
Similarly, still no fluorescent signal was detectédthough EXPAR was initiated,
3-D DNA walker could not be activated in the absenof Nb.BbvCl.
Correspondingly, there was almost no fluorescengaat When target was not
added, weak background signal was observed (CujveHdwever, a strong
fluorescence signal was detected when all readlements were added (Curve e).
These results demonstrated that each enzyme péayedsential role in amplification
process, confirming the successful design of twactien circuits for microRNA

detection.

Moreover, to visually confirm that the walker sena@s activated by the target,
a fluorescence microscope was also used to valittetefeasibility of the walker
sensorAs expected, since fluorescence-labelled DNA tistcinds were successfully
modified on microsphere surface, a large numbeareén fluorescence microspheres
were randomly distributed in the field of sightdF2B). For Fig. 2C, the same green
fluorescence was observed when no target was itediia the reaction system.
However, after walker was activated by adding taipdA, few greenfluorescence
was observed (Fig. 2Dindicating that the EXPAR-triggered DNA walker senwas

completely feasible.

<Fig. 2.>

13
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3.3 Optimization of experimental conditions

To obtain the most efficiency analytical performaraf the proposed assay, the
EXPAR reaction time, the Nb.BbvCl mediated DNA wealkreaction time,the
concentration of KF polymerase and the concentraifd\b.BbvCl were optimized.

The exponential nature of the EXPAR renders it praio nonspecific
amplification. These spurious amplifications are/als observed with a short delay
after the target-triggered reaction [34]. As shawiig. 3A, the fluorescence signal
intensity increased significantly with the EXPAR reaction ¢éinand the signal to
background signal ratio (S/B) did not reach a plaiédut reached its maximal value
at 30 min. While its value instead dropped aftem88, since the background signal
was also enhanced significantly with the extenddtion time. Hence, the optimum
reaction time of EXPAR in this experiment is 30 m8ubsequently, we optimized
Nb.BbvCl mediated DNA walker reaction tim&s shown in Fig. 3B, it was found
that S/B ratio reached maximum in 20 min, suggesting émeymatic BDW has a
rapid walking speedn addition, enzyme dosage directly affect thecedficy of the
reaction and signal outpuhe concentration of KF polymerase and Nb.BbvClewer
optimized to achieve the best analysis results. Fgpresented fluorescence intensity
at different KF polymerase concentrations. It wasfd 0.20 U/10 pL was the optimal
concentrationAs Nb.BbvCl was another critical element of the kealsensor, we
varied concentration of Nb.BbvCl from 1 U/100 uL20 U/100 uL. As displayed in
Fig. 3D, the fluorescence signal of the walker sensose markedly as the

concentration of the nicking endonuclease increasechibiting the highest

14
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fluorescence intensity at 10 U/100 pL. Howevelthé# concentration of Nb. BbvCl
was larger than 10 U/100 pL, the fluorescence sitgrwould drop slightly. So, the

optimal concentration of Nb. BbvCl was adopted @$J1100 pL.
<Fig. 3.>
3.4 Analytical performance of the biosensor

Under optimized conditions, we further used differeconcentrations of
microRNA to investigate the sensitivity of the pasplatform. As illustrated in Fig.
4A, the fluorescence signal increased with increpghe concentration of target
microRNA from 10 fM to 5 nM. Furthermore, accorditayFig. 4B, the fluorescence
intensity exhibited a good linear relationship wiltle logarithm of target microRNA
concentration. The linear regression equation isl2F231+32.543IgC with a
correlation coefficient Rof 0.983, where F is the fluorescence intensity @nis the
concentration of microRNA 21 (pM). The detectiomili is calculated to be 5.2 fM
based on thedrule, which is comparable with other reported rodth[28, 35, 36].
Strand displacement amplification (SDA) is anotheothermal amplification
technique with similar principle relying on polynase and nicking endonuclease
[37]. We compared the detection performance of thethod with SDA-triggered
DNA walker in Figure S4. The detection limit of SBEBAggered DNA walker is only
6.8 pM, which demonstrates that EXPAR-triggered DiN&lker possesses a higher
detection sensitivity. This superior performancewsti be attributed to the competing
amplification efficiency of EXPAR. Besides, the posed method was compared with

other current methods, indicating a good assayopagnce of this approach. (Table
15
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Ss3).

<Fig. 4>

3.5 Selectivity and reproducibility assay

To evaluate the selectivity of our method, foufatént control targets with high
sequence homology were tested as interferenceasudess, including microRNA 141,
microRNA 155 microRNA 199a and let 7a. (Fo)F Fowas compared under identical
experimental conditions, where F is the fluoreseenntensity for different
microRNAs and Fis the blank signal. As displayed in Fig. 5A, therere significant
differences between target microRNA and other faterg microRNAs. The presence
of target microRNA 21 showed a relatively high (Fg)/ Fo value compared with
other analogs. These results indicated that tlmpgsed method has a good selectivity
for distinguishingmicroRNA 21 from homologues. To assess the repiibditg of
the proposed fluorescence biosensor, unequal ctratiens of microRNA 21 at 0.01
pM, 10 pM and 500 pM were carried out five times. ghown in Fig. 5B, the relative
standard deviations (RSD) were 4.89%, 4.35% an@®8,0espectively. These results
showed that our amplification strategy has satisfgcstability and reliability.

<Fig. 5>

3.6 Real-sample analysis

The serum is a realistically complex matrix contagna variety of proteins and
other contaminants. In order to assess the apjiligatf the developed biosensor in
complex biological samples, we spiked differentcantrations of microRNA 21 (0.1

pM, 10 pM and 100 pM) into 10-fold diluted humarmsa samples (DEPC-treated

16
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water) to mimic the identical environment with reaimples, since the capability of
this assay to directly detect miRNA in serum wid mhibited by highly complex

serum matrix [38, 39]. As seen in Figure 6, respensbtained at 480 nm from the
diluted serum practically showed no change compavild buffer. These results

indicated that serum does not interfere with theepial analysis capability of our
proposed walker sensor.

<Fig. 6.>

4. Conclusions

In summary, we have successfully constructed attinmensional bipedal DNA
walker through target-triggered EXPAR reactmmd applied it to detect microRNA.
The dual reaction circuits are achieved via polyaserand endonuclease mediated
EXPAR reaction as well as enzyme-driven 3-D DNA keal on polystyrene
microspheres. As-proposed dual-amplification of fluorescence aigrrealizes
relatively high sensitivity towards down to 5.2 fidrget microRNA. The reaction
time of the entire process takes about 70 min, kiscfaster than most reported
multilayer amplification systems. Besides, we eatdd the walking behavior of
SDW and BDW. Compared with SDW, the BDW owns adastalking speed and the
initial rate of BDW is 1.76-fold higher than that 8DW. Notably, the whole system
only needs to prepare two different nucleic acidrals, one template strand and
another substrate strand. Compared with currenérotbothermal amplification

approaches, such as catalytic hairpin self-asser®®iA) [40], entropy driven
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reaction (EDC) [24] and hybridization chain reacfldCR) [41] , the EXAPR
strategy in combination with 3-D DNA walker we atiegh in this work avoids
complicated nucleic acid design and the possibitifysignal leakage owing to
multiple nucleic acid strands [42]. Although theatvement of multiple enzymes in
the reaction system may make the walker vulnertblaterference in the external
circumstances, the proposed method would still idewvnew strategy for the

development o$ensitive, simple and rapid fluorescence biosensor.
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Scheme 1. Schematic illustration of EXPAR-BDW strategy basad exponential

amplification reaction-triggered three-dimensiobigledal DNA walkers.
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Fig. 1. (A) The time-dependent increase in fluorescenceadsgof EXPAR at different
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20, 25, 30, 35 and 40 min). Error bars were obthifrem triplex independent

experiments.
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intensity related to various concentrations of Kélymerase. (D) Fluorescence
intensity related to various concentrations of Nlw8l. Error bars were obtained

from triplex independent experiments. S/B represesignal to background signal

10

11

12

13

14

15

16

17

18

19

20

21

22

ratio.

A 250
200
150 1

1004/,

wn
=]
L

Fluorescence Intensity (a.u.)

0 T T
500 520 540
Wavelength (nm)

Fig. 4. Analytical performance of the biosensor. (A) Flism@nce emission spectrum
at different target concentrations. (B) Linear etation between the fluorescence

intensity and target concentrations from 10 fM tmM. Error bars were obtained

from triplex independent experiments.

560 580 600

29

250

[

>

=]
!

150+

100

wn
=
L

Fluorescence Intensity (a.u.)

=]

2 940 F127.2315325431eC
& R=0.983

=
Z 200

80

Fluorescence Intens
=

40
001 01 ] 10 100 1000
Concentration of target (pM)

1000 2000 3000 4000 5000
Concentration of target (pM)




10

11

12

13

14

15

16

17

18

19

20

21

22

A s B
= 200
5 2
g
[
44 ':n; 150
=
= 2
—_— (]
a3 Z 100
&= g
o Z
%
14 3
-
NS 7" Vil
S A oy
m-\c(o“ﬁ“\.\c‘o"“ﬂm.\cw“ﬁl\ \eﬂ‘:“-‘c R

Fig. 5. (A) The selectivity of the biosensor towards difiet microRNAs. The
concentrations of microRNAs were 5 nM. Error barsrevobtained from triplex

independent experiments. (B) Reproducibility of theosensor at different

concentrations for five independent experiments.

30



10

11

12

13

14

15

16

17

18

19

1 I Serum
I Buffer

o
=
(=]

150

100

n
=]
1

Fluorescence Intensity(a.u.)

0.1

Fig. 6. Comparative data on the fluorescence signal

10 100
Concentration of target (pM)

oldaibg different

concentrations of microRNA 21 (0.1, 10, 100 pM) boffer and diluted serum

samples. Error bars were obtained from triplex jpahelent experiments.

31



~
X'NX'NY’ Target NtBsmAI % % % .
———— \—

l Y
A~ Q_
«~_ A Y
Exponential Amplification Reaction !
& N N SR ER SR BN SE SN BN BR BN BD GE SN SR BN BN SN BN SR SR Sm Bm Em =m - r ___________________ - ’
AT
z?z o ~ e
NL P <
Binding DNA Track

|

¥
Autonomous W
Walking 7%
<« D S—
Nb.BbvCI

N With target
Z?R M«g <:?} / 5
0, =
CONE WY 2
> =
# B —  ifw
= N
A 7
{:é P <pv} Wavelength(nm)



Fluorescence Intensity (a.u.)

Fluorescence Intensity (a.u.)

20 30 40 50 60
Time (min)

240 1

200

160 -

120

0
=

0.65 0.I10 0.115 0.l20 0.l25
Concentration of KF (U/10 uL)

300

Fluorescence Intensity (a.u.)

o ek [\ N
S n S wn
< =} =} <
1 1 1 1

n
<
1

- Target

<
!
<

Fluorescence Intensity (a.u.)

280
260
240
220
200
180 -
160 -

10 20 30 40
Time (min)

0 5 10 1I5 20
Concentration of Nb.BbvClI (U/100 pL)



o)

>
>
(o)
TFlu

> 0 0
wn =3 N

—, —
orescence nsnoﬁw.—ér?ﬁy

=)

<

T

w

- o ~
0q/(°a-4)




| -
0

S
)
® L 0T
®
n
)
g £
wn =
N
1Y)
=
=
-mav..
-
o
F e
w
=
T T T T 0
o = = =) o0
S wn S wn
(o\] - -

A.
<

=

*8) AJISUIU] DUIISAI0N] ]

o)
O



A 5000 ——— B 3%
< 500 pM < a
40001 * 10 pM ~ 250 —b
A 100 fM Z
e 10fM 7]
30004 v Blank g 200
= -
s = 150
> _
~ 2 100-
2
=)
2 50+
=
T T T T T T T T T 0 T T T T
0 5 10 15 20 25 30 35 40 500 520 540 560 580 600
Time (min) Wavelength (nm)
350
C  spw BDW D -
= 300{—=—spW
A <§J\(, g —e—BDW
¥t %
5
\ ol
8 1501
=
5]
2 100 -
)
St
£ 50-
=
0 T T

0 5 10 15 20 25 30 35 40
Time (min)



Fluorescence Intensity (a.u.)

250

[

[—3

<
1

0
500

520

540 560
Wavelength (nm)

580

600

B/.\

Fluorescence Intensity (a.u

250 X
| |
200 5
’:?240 | Fo121231432.5431C
150 ™ 5200_ R=0.983
2 :"2 160
100+ g
S 120
LI I
50 =
L] 40 -+ T T T T T
0.01 0.1 1 10 100 1000
Concentration of target (pM)
0 T T T T T T
0 1000 2000 3000 4000 5000

Concentration of target (pM)




S0 1

Fluorescence Intensity(a.u.)

- Buffer

—
]

- Serum

0.1 10 100
Concentration of target (pM)




Highlights

1. A strategy for detection microRNA was constructed based on exponential

amplification reaction and three-dimensional bipedal DNA walkers.

2. The proposed assay shows high sensitivity towards target microRNA 21 with a

detection limit of 5.2 fM.

3. Thismethod is simplein nucleic acid design and can be completed in short

measurement time.
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