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Abstracts. Rapid and efficient detection of tumor marker ag¢ th
early stages is one of the crucial challenges mee&adiagnostics and
therapy. In this study, an ultrasensitive electesoltal biosensor
was fabricated by dual-amplified strategy for thetedtion of
ultra-trace  microRNA-141 (miRNA-141). Firstly, twosplit
sequences contained G-quadruplex were connected cliok
chemistry-mediated nucleic acid strands self-asenaimd the
obtained complete G-quadruplex was complementaryth wi
MiRNA-141 to formed DNA-RNA hybrid duplexes. Subseqtly,
the formed DNA-RNA hybrid duplexes were specifigakcognized
by duplex-specific nuclease (DSN), and the DNA paftthe
duplexes were cleaved and the miRNA-141 were retb&s trigger
next cycle, which acquired a primal signal ampdifion by
enzyme-assisted target recycling (EATR). Moreoaetino and thiol
group multi-labeled functionalized fullerene nandigées (FC60)
with a larger surface active sites and better bigzatibility, were
designed rationally to modify the Au electrodes,ialhproduced
multiply-enhanced amplified signalThis dual-amplified sensing
system exhibited a remarkable analytical perforradnc the detection of
MIiRNA-141 in concentrations ranging frobnl pM to 100 nMand
the detection limit of 7.78 fM was obtaineGompared with the

biosensor with single amplification strategguch as EATR this
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electrochemical biosensor baseddural-amplified strateggxhibited an
excellent discrimination capability and higher amtiabl performance
Therefore, this electrochemical biosensor mightlteogreat potential for
further applications in biomedical research andlyedinical diagnosis.

Keywards. Enzyme-assisted target recycling; DNA nanotechmglo
Copper (l)-catalyzed azide-alkyne cycloaddition; pI2x-specific

nuclease; Functionalized fullerene nanopartidiésroRNA-141

1. Introduction

Cancer is one of main factors to cause death al ove world
(Mirzaei et al. 2016a; Mirzaei et al. 2016b). Tharlydiagnosis for
cancer plays an essential role in reducing the mitytand mortality, and
avoiding long-term ineffective treatments and sffects (Jackson and
Bartek 2009; Wilson and Hay 2011). Therefore, fmgdhighly selective
biomarkers which can provide much accurate infolonaand efficiency
for monitoring the occurrence and development aficea is urgent
(Hashemi Goradel et al. 2018). Notably, microRNAIRNAS) are a
class of small-sequence and endogenous noncodidg(fgpically 19-22
nucleotides), which can regulate the expressiorspwEcific genes at
post-transcriptional level (Shabaninejad et al.200avakolizadeh et al.
2018; Yates et al. 2013). Thus, the expression BINAs and their

guantitative expression profiles may be used agthential biomarkers
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to predict disease occurrence and progression (@Beet al. 2013;

Whatley et al. 2013). For this regard, a variety noéthods for the
detection of miRNAs were developed, i.e. northdotting (Valdczi et al.

2004), real-time polymerase chain reaction (RT-PQ¥®rdoy et al.

2012), microarrays (Li and Ruan 2009) and miRNAst{generation

sequencing (Volinia et al. 2012).lt remains an atu challenge to
Improve the technical for the ultrasensitive detecand specific analysis
of circulating miRNAs due to their small size, l@bundance as well as
the sequence similarity among their family memb@iavallaie et al.

2018).

Compared with the traditional analysis strategtbs, development
of biosensors attracted more attention in the hsgectivity, high
sensitivity, low-cost and easy operation (AbduldiRResl 2015; Yang et al.
2016). The DNA nanotechnology combined the advasagf
nanotechnology and nucleic acids to provide a negategy of signal
amplification for the biosensors in early diagnoéfan 2004). In this
technology, DNA can not only use as rigid chain c¢onstruct
highly-ordered structure at the nanoscale progrdoendout also utilize
the controllable and predesigned manner to bindh wiarious
nanomaterials, such as carbon nanomaterials, Aopaaiicles (AUNPS)
and quantum dots (QDs), to produce stable and &etpBignal (Seeman

2003; Wang et al. 2018). In DNA nanotechnology, #ugonomous
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synthesis of the double helix is based on stritdsrof base pairing that
allow portions of the strand to be predictably cected based on their
sequence. This 'selective stickiness' is a keyradga in the construction
of DNA machinery. However, this biologic conjugatiprocess needs
strict reaction condition to boycott the non-spiety combination. For
instance, the ion-bridged complexes formed betvbeese pairs, T-HG-T
or C-Ag'-C bridges (Miyake et al. 2006). To address thssifficiency,
various attempts have been made to chemically egitd new
oligonucleotide conjugates with diverse functiomed. Among this
reaction, the copper (I)-catalyzed azide-alkynelaaadition (CUAAC)
reaction is an outstanding representative of tlok ckactions, which are
characterized by high yield, mild reaction conditi@and extremely high
compatibility with functional groups (Rostovtsev at. 2002). The
CUuAAC reaction has previously been widely utilized nucleic acid
labeling, conjugation and detection (Gramlich et28108). To achieve
ultra-trace miRNAs detection, many amplificatiomagtgies have been
developed via the amplification of targets, proleessignals, such as
catalytic hairpin assembly amplification (Li et 2015), target-recycled
enzyme-free amplification (Loo et al. 2016), expuied amplification
reaction (Fan et al. 2018) and enzymatic amplifica{Xu et al. 2012).
Other effective amplification method is the nanosnals-based sensors,

such as carbon nanomaterials, because of its reo¢ddxttronic properties
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and the possibility to perform precise chemical ification, which
prompt have potential applications valuable in aasi physical, chemical
and biomedical fields (Chen and Dai 2013).

Inspired by above findings, we developed dual-afepli strategy
for the detection of low quantity miRNA-141 by igtating click
chemistry-mediated enzyme-assisted target recy¢iAJ R) with amino
and thiol groups multi-functionalized fullerene ogarticles(FC60). Two
breaches nucleic acid chains contained G-quadruPlEA sequences
were connected by click chemistry and the obtainBiNA
hairpin loop was complementary with the target sege to hybrid
formed DNA-RNA duplexes. Herein, the forming DNA-RNluplexes
were cleaved by duplex-specific nuclease (DSN). DN showed a
satisfactory ability to discriminate between webdched and
mis-matched duplex DNA (least single-base mis-njatsth the DNA in
the DNA-RNA duplexes were cleaved and the free nARMre released
to trigger another cycle and achieve the exponkeatiglification of the
signal (Hao et al. 2015; Zhao et al. 2007). Morepwee rationally
designed FC60, which were used to modify the Actedees and further
amplified the detection signal. The experimentauls indicated that,
compared with the biosensor with single amplificatistrategy, this
electrochemical biosensor based on EATR and FCd@ibiéed an

excellent discrimination capability and higher atiahl performance,
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which might hold a great potential for further apations in biomedical

research and early clinical diagnosis.

2. Experimental
2.1. Chemicals and materials

All  HPLC-purified DNA oligonucleotides sequences rere
synthesized by Sangon Biotechnology Inc. (Shangh@hina).
MIRNA-141, miRNA-21, miRNA-200a, miRNA-200b and {&a were
obtained from TaKaRa Biotechnology Co., Ltd. (D@jiaChina). The
nucleic acid sequences were listed in Table S1.1£2iG,0, [Copper (I1)
chloride dihydrate], sodium ascorbate, hemin, abd@BHO, (hydrogen
peroxide) were purchased from Sigma-Aldrich (Stuisp MO, USA).
Tris  (hydroxymethyl)  aminomethane-hydrochloride i¢IHCI),
6-mercapto-1-hexanol (MCH, 97 % purity), toluengH§CH,), 3, 4, 9,
10-perylenete-tracarboxylic dianhydride,{ds0s, PTCDA), anhydrous
ethylenediamine, N-(3-dimethylaminopropyl)-N -ethylcarbodiimide
hydrochloride (EDC), N-hydroxy succinimide ester H8) and
L-cysteine (Cys) were supplied from Aladdin ChemyisCo., Ltd.
(Shanghai, China). Fullerene (C60) with purity >®@t % was obtained
in Nanjing Xianfeng Nano Co. (Nanjing, China). Dewplspecific
nuclease (DSN) was purchased from Evrogen JointkSompany

(Russia). All reagents were of analytical grade aséed without further
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purification. All solutions were prepared usingrafiure waterX 18.2

MQ cm, Milli-Q, Millipore System Inc).

2.2. Apparatus
All electrochemical measurements, including diffgi@ pulse

voltammograms (DPV), cyclic voltammetry (CV) andceatochemical
iImpedance spectroscopy (EIS) were performed withiCHl 660E

electrochemical workstation (Shanghai Chenhua ungnt, China). A
conventional three-compartment electrochemical welé employed for
all electrochemical measurements, which includingmadified Au

electrode (3 mm in diameter) as working electrodeKCl-saturated
Ag/AgCI electrode as reference electrode and anpliatt wire as auxiliary
electrode. A NanoDrop 1000 UV-visible spectrophatten (Thermo,
USA) was used to analysis the properties of C60 EBQbH0. The
morphologies of nanocomposites were obtained bgsingssion electron
microscopy (TEM) (ZEISS LIBRA 200, Carl Ziess, Gmb8ermany).
X-ray photoelectron spectroscopy (XPS) was intreduto analyze the
nanoparticle surface composition using Thermo Sifiercscalab 250Xi

(Rockford, IL, America)

2.3. Preparation of C60 aqueous solution and FC60

The C60 aqueous suspension was prepared by saxenénge
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method according to previous literature with minaodifications (Brant
et al. 2005; Hilburn et al. 2012) (Fig. S4). FystC60 powder (3 mg) was
added into 3 mL of toluene, with the reaction pesges gradually
generated purple C60 toluene solution. Then, 3 miltcapure water was
mixed into the purple solution and the mixture vebbkecome stratified.
Next, the two-phase liquid-liquid mixture was teshby ultrasonic waves
for several hours, until made toluene adequatellatdiaed and C60
transferred to aqueous phase from toluene phase.ti#e brown C60
aqueous solution was obtained. The synthesis oD@ performed in
the following approach according to reported (Haale2013). Firstly, 10
mg of PTCDA was dissolved in 2 mL of ethanol witirsg, and then 20
mL of anhydrous ethylenediamine was gradually pour@o above
solution under 4 °C. After stirring for 2 h, theopreant PTC-NkK was
centrifuged and washed extensively with acetoneetanol, and finally
kept in a vacuum at room temperature for dryingemlhl mg of
PTC-NH, was added into 1 mL of the prepared C60 suspensitn
ultrasonic dispersion for 2-3 h to obtain the amggoup functionalized
C60 (PTC-NH-C60). The obtained product was washed adequatiéhy w
ultrapure water and collected by centrifugatiomafy, the Cys solution
was activated by EDC and NHS to increase activeuggo of
PTC-NH-C60, and then PTC-NHC60 was added, the mixture was

reacted overnight under violently stirring to geaterthe amino and thiol
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groups functionalized C60. The resultant producs eentrifugation at
12,000 rpm for 15 min to remove surplus Cys sofuytiben resuspended

the FC60 sediment in ultrapure water and stordd°&t for further use.

2.4. Preparation of click chemistry-mediated EATR

Azide-modified DNA strand (azide-strand) and alkynedified
DNA strand (alkyne-strand) were dissolved in 1xT&fdr (10 mM
Tris-HCI, 1 mM EDTA, pH 7.5). 8QuL of azide-strand and 2(L of
alkyne-strand (4:1 v/v) were mixture in micro-céfmuge tube (0.5 mL),
the final concentration of DNA strand wasull (Fig. S1 and Fig. S2).
Then added 1.AL of 10 mM CuC}+2H,0 solution and 0.8L of 10 mM
sodium ascorbate solution, shocked for 2 h at reemperature (RT, 25 *
2 °C). After the reaction, we got the complete G-quadrp@NA
sequences by CuAAC catalyzing. Different conceiungt of
MiRNA-141 were mixed with CuAAC reaction mixture daheated at
95 °C water bath for 5 min. Following by slowly d¢otb room
temperature two hours before the experiment to watety hybridized
between the alkyne-strand and target, and to foupled structure
(DNA-RNA duplex). Finally, 0.5 U DSN was added irabove solution

and incubated in 60 °C for 30 min.

2.5. Electrochemical biosensor construction
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The method of pretreatment Au electrode was foltbwee previous
works of our team (Wang et al. 2016). After theadiag procedure, 10
uL homogeneous suspension of FC60 was dropped oprétesated Au
electrode surface making it fully dispersed andvedld to dry in air. The
FC60 was immobilized on the Au electrode surfa@ethie Au-S bonds
between the Au surface and the thiol groups of Fd&@n, the modified
Au electrodes were thoroughly cleaned with phosphmatffer (pH 7.0,
0.01 M) and ultrapure water respectively. Next, BATR reaction
product (10uL) was dropped on the modified Au electrodes safand
then incubated for overnight at 4 °C. Finally, intiized the generated
horseradish peroxidase (HRP)-mimicking DNAzyme (@dyuplex
sequence) through condensation reaction betweecatihexyl groups of

nucleic acids and the amino groups of FC60.

3. Resultsand discussion
3.1. Principle of proposed biosensor for miRNA-141 detection

The working principle of this dual-amplified strgie biosensor
platform for ultrasensitive detection of miRNAs w@epicted in Scheme
1. To verify the feasibility of this dual-amplifiextrategy, the miRNA-141
was selected as the model target to test whethemobrour design
functions as intended. The miRNA-141 can be used gmtentially

diagnostic biomarker of prostate cancer (PC), whias been found to be
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up-regulated in PC specimens (Gonzales et al. 2@&lkyne-strand was
first incubated in 95 °C bath for 5min to form hpar structure for
blocking the split G-quadruplex sequence included and reducing the
background signal. Azide-strand and hairpin alkgtrand were linked by
CUuAAC reaction to constitute the cDNA capture protentained a
complete G-quadruplex sequence. Herein, the DNA-RRNybrid
duplexes were formed by a self-assemble processclMiNA to capture
target miRNA. When incubated with hybrid duplexesd a&DSN, the
EATR reaction was triggered with the special bigdiof DNA and
MiRNAs, and the DNA part in the DNA-RNA well-matahéhybrid
duplexes were cleaved selectively by DSN and the miRNA-141 was
released to trigger another cycle due to the D&idtine towards ssRNA
(Li et al. 2016). After the EATR reaction, producddge extremely
abundant complete G-quadruplex, this sequence faith horseradish
peroxidase (HRP)-mimicking DNAzyme in the preseathemin and K
The FC60 immobilized on the surface of Au electsodas hybridized
with theG-quadruplex sequence to produce an enhancedosleetnical
signal. Remarkable, there was no target miRNAs atkgne-strand was
remained the hairpin structure and closed a partGefuadruplex
sequence, the FC60 hybridized with CUAAC reactioodpction would
not show an electrochemical signal.

<Scheme 1>
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3.2. PAGE characterization of the EATR

Native polyacrylamide gel electrophoresis (PAGE}Wiast used to
verify this dual-amplified detection strategy. ABown in Fig. 1, the
mixture of azide-strand and alkyne-strand exhibédedear band (lane 3)
at the position of above only azide-strand (lanarid alkyne-strand (lane
2), indicating the successfully conjugated betwesande-strand and
alkyne-strand mediated by CuAAC reaction. Remarkahl lane 1 was
not observed obvious nucleic acid bands, the reasmy be due to the
length of azide-strand was too short (9 nt) and mwer the
electrophoretic gel when electrophoresis. The iatioh of target strand
with the mixture of CUAAC produce resulted in thgpaarance of a band
(lane 4) above the lane 3, indicating the hybritlirabetween the target
and the loop part of alkyne-strand. When DSN wadeddinto the
mixture solution containing the azide-strand, adegtrand and target
strand, a band with reduced mobility was observade(5) due to the
cleaving action of DSN to DNA in the DNA-RNA duplex

<Fig. 1>

3.3. Characterization of the C60 and FC60
The characterization of the carbon nanomaterialsluding

morphologies, size and the preparation were shownSupporting
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Information. The zeta potential increased fromlatreely large negative
value (=29 = 0.5 mV) to -25.4 = 0.5 mV upon amima a&hiol groups
functionalized (Fig. S6). Additionally, the typicalEM image
demonstrated that C60 exhibited a well-defined shapb spheres
structures with a diameter of 80 =+ 20 nm (Fig. S7#yicating the
successfully preparation of C60 nanoparticles. moephology of FC60
(Fig. S7B) is somewhat irregularly shaped with themogeneous
distribution and the size of FC60 is become abwatttmes for C60. This
results demonstrated above indicate that the F@80blkeen synthesized
as expected.

XPS characterization was also employed for elenhetalysis in
order to further investigate the successful symshafsFC60. As shown in
Fig. 2, the XPS survey spectrum for C60 and FC&)eRpected, FC60
contains C, N, S and O elements. The regional Qistsim can
be differentiated into three peaks with binding rgres at 284.1, 285.3
and 288.8 eV, respectively (Fig. 2 c and d). Thenn@ds peak located at
284.1 eV is assigned to adventitious carbon anccapgi#n from the C60.
The peak located at 285.3 eV is attributed to defentaining sp2 carbon
(Liu and Zeng 2008; Wang and Zhang 2012). In aoldjtithere is a
relatively weak peak located at 288.8 eV, corredpan to carboxyl
carbon (O=C-0) (Chen et al. 2012). The peak attadb@ eV (shown in

Fig. 2b) is ascribable to C-NH(Cong et al. 2013). The Ols XPS
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spectrum illustrated in Fig. 2e can be differeetlbas following peaks,
the peak at 531.8 eV is ascribable to C=0 and O-€p#€ties, and the
peaks at 532.5 eV are ascribable to Ols (Matteal.€2009). The peak
located at 163.3 eV (Fig. 2f) is attributed to defeontaining S2p sulfur
(Zhao et al. 2015). The results of XPS further detle the successful
synthesis of FC60.

<Fig. 2>

3.4. Electrochemical characterization of this biosensor

The stepwise fabrication of this sensing platformswerified by
cyclic voltammetry (CV) and electrochemical impedarspectroscopy
(E1S). CV measurements were employed to charaetéhie changes in
electrochemical properties during the modificatmocess. As exhibited
in Fig. 3A, a well-defined redox pair was observetpwing a fast
electron-transfer kinetics of [Fe-(Cj§* on the bare Au electrode
(curve a). After the immobilization of FC60 on tAe electrode surface, a
significantly reduced current signal was obtainedn{e b), resulted by
the electrostatic repulsion between the negatiwatigrged FC60 and
[Fe-(CNX]*™. The current response further decreased and faeat®n
degree of two peaks was enlarged after the sedfratseng process of
DNA molecules (curve c), caused by the electrastapulsion between

the negatively charged deoxyribose-phosphate baekbof DNA
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molecules and [Fe-(CN)}"*, indicating the successful immobilization of
DNA molecules. To eliminate the non-adsorbed DNAeuoles and hold
a good orientation of DNA, MCH was assembled oh®oDNA modified
Au electrode, and large decrease in peak currentd enlarged
peak-to-peak separation could be observed (curveTlkis could be
related to the blocking effect of MCH to the perti@a of redox species
to the surface of the electrode. All the CV datawab indicated the
successful fabrication of the electrochemical lnsse.

Electrochemical impedance spectroscopy (EIS) tdolgyovas also
used to monitor properties of the stepwise modi#edelectrode. The
curves of EIS presented as the Nyquist plot coesief two portions: the
diameter of semicircle at higher frequencies regresd the
electron-transfer resistance (Ret), the linear partower frequencies
corresponding to the diffusion-limited process hieldgolution. The EIS
data were fitted according to a Randles equivaéattrical circuit based
on ZSimpWin software (ChiSq=8.1x10(inset, Fig. 3B). The equivalent
electrical circuit consisted of an active electtelyesistance (RsS) in a
series with a constant phase element (CPE) andlexircetransfer
resistance (Ret) in parallel with Warburg impeda(@/). As shown in
Fig. 3B, a significant difference in the Ret ob&infrom each surface
modification step. Bare Au electrode exhibited akmemicircle portion

(curve a) due to the feasible access of the elediive species
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[Fe-(CNX]*™ to the electrode surface. Increase in the RetHerFC60
immobilized electrode (curve b) revealed that FGlered the electron
transport from the solution to the electrode swfasuggesting the
successful assemblage of FC60. Further incremeReinvalue can be
obtained after nucleic acid has been immobilizedtlom FC60, was
attributed to the deoxyribose-phosphate backbotte alnundant negative
charges, resulting in the electrostatic repulsiemwien [Fe-(CNJ*"*
and electrolytic solution which inhibit electroramisport flow (curve c).
After the immobilization of MCH, a large increase Ret was observed
(curve d), due to the blocking of MCH with non-coetive properties
prevented the electron transfer. The variation I8 ®ere in agreement
with those in the CV method, which further demaosistd the success of

each modification step.

<Fig. 3>

3.5. Electrochemical responses of the biosensor toward miRNA-141

To evaluate the dependence of current intensity nugbe
concentration of miRNA-141, the developed biosensas incubated
with different concentrations of miRNA-141 and thdatected in the
working buffer (PBS, pH 7.0 containing 1.05 mM@4). As shown in
Fig. 4, the current signal increased with the imsee of target

concentrations. According to the calibration plofscurrent intensity to



376 logarithm G in Fig. 4A and 4B, when the biosensor was not fiedlthe
377 FC60, a linear regression equation WagpA) = —1.091 logCr — 4.296
378 with a coefficient of determination fRof 0.9903, wherdl stands for the
379 current variation and { stands for the concentration of target
380 MIRNA-141 (n = 3). The detection limit was estinthed 0.122 pM (S/N
381 = 3). In order to elucidate the FC60 effect on afgaltion efficiency, the
382 DPV assays were performed using the carboxyl-medlifizide-strand
383 instead of thiol-modified azide-strand under the66COmodified Au
384 electrode. As a result, the linear ranges from @M. to 100 nM was
385 achieved for miRNA-141 with detection limit of 7.78 (Fig. 4C and 4D)
386 corresponding to three times the average standanatn of the blank
387 response, which provided an effective evidence tloe sensitivity
388 improvement of proposed dual-amplified strategyud,hthis biosensor
389 could be applied to quantification of nucleic acidgh a wide linear
390 range and low detection concentration.

391 <Fig. 4>

392 The specificity of the proposed electrochemical seenwas
393 evaluated by detecting five different kinds of gcohtmiRNAs sequences,
394 including complementary target (miRNA-141), miRNAdA,
395  MIRNA-200b, miRNA-21 and let-7a at the same conditiAs shown in
396 Fig. 5A, the DPV currents for 1 nM of miRNA-200a, iM of

397  MIRNA-200b, 1 nM of miIRNA-21 and 1 nM of let-7a weeall similar to
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that of the blank. However, in the presence of mMARM1 at the

concentration of only 0.1 nM, there was a remarkahtrease in the
DPV current, which was about 4 times as that of NAR0Oa and

MIRNA-200b and 9 times as that of miRNA-21 and7at{Fig. 5A). In

addition, the reproducibility of prepared biosenswras further

investigated by measuring the target miRNA from10oM to 100 nM

with three replicates, respectively (Fig. 5B). Hnccalculate that the
relative standard deviation (RSD) was about 2.9%erd&fore, the
designed electrochemical sensor was able to efdgtdetect the target
nucleic acids with high specificity and good reproibility by the

dual-amplified strategy and had great potentiakcfmical analysis.

<Fig. 5>

4. Conclusions

In summary, a novel sensing system was successfalygned to
construct a label-free and highly sensitive elaxttemical biosensor for
nucleic acids detection based on click chemistrgiated EATR and
FC60 dual-amplified strategy. In order to redudsdaositive results, the
unnecessary ion bridge connection of the nucleid acas avoided
effectively by using the CuAAC reaction. The impeovent of analytical
properties was ascribed to specificity of hairpikyae-strand, CUAAC

and DSN, and good amplification of both EATR andbBCMoreover, the
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proposed electrochemical biosensor can also beecoemntly applied for
other nucleic acids analysis simply by altering tdoeresponding DNA
sequences of alkyne-strand. The CuAAC reaction usdtlis strategy
has the potential to analyze Cun body fluid. Therefore, the easy
operation, high sensitivity, high selectivity andtter universal of this
proposed biosensor platform has a great potemtidufther applications
in early clinical diagnosis, biomedical researclood safety, and

environmental monitoring.
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Caption
Scheme 1 The schematic diagram of the EATR and FC60 dualkéiegh

strategy electrochemical biosensor.

Fig. 1 PAGE analysis of different solution. Lane M: 20 BNA marker;
lane 1: azide-strand (2M); lane 2: alkyne-strand (2M); lane 3:
azide-strand (2:M) and alkyne-strand (2M); lane 4: azide-strand (2
uM), alkyne-strand (2aM) and miRNA-141 (10 nM); lane 5: azide-strand

(2 uM), alkyne-strand (24M), miRNA-141 (10 nM) and DSN (0.2 U).



517  The mixtures were incubated at room temperature.

518

519 Fig. 2 XPS analysis for (a) C60; (b) the full region dPX for FC60; (c)
520 C60-C; (d) FC60-C; (e) FC60-0; (f) FC60-S.

521

522 Fig. 3 Characterization of the stepwise modified of theedectrode. (A)
523 CVs of: (a) bare Au electrode; (b) immobilizatioh EC60 on the Au
524 electrode; (c) DNA molecules self-assembling on GF@Bodified Au
525 electrode; (d) MCH assembled onto the DNA moditedelectrode. (B)
526 EIS of (a) bare Au electrode; (b) immobilization BC60; (c) DNA
527 molecules self-assembling on FC60 modified Au ebets; (d) MCH
s28 assembled onto the DNA modified Au electrode.

529

530 Fig. 4 The standards DPV responses (A) and the corresmpnd
531 calibration curve (B) to 0.001 nM, 0.01 nM, 0.1 nMnM, 10 nM and
532 100 nM of target miRNA without FC60 modified theobensor; DPV
533  responses (C) and the corresponding calibrationec(D) to 0.0001 nM,
53¢ 0.001 nM, 0.01 nM, 0.1 nM, 1 nM, 10 nM, 20 nM, 3®I,N50 nM and
535 100 nM of target miRNA using FC60 modified the l@nsor.

536

537 Fig. 5 (A) The specificity of the proposed electrochemibasensor

538 detection of various miRNAs (miRNA-141, miRNA-200aiRNA-200b,



539  MIRNA-21 and Let-7a); (Each sample was repeatedctkd three time)
s40 (B) The DPV signal stability of the biosensor taigas concentrations of

541 MIRNA-141
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Click chemistry was used to high efficiency conjugation of nucleic acid strand.
Rational application of DSN enzyme to achieve enzyme-assisted target recycling
(EATR).

Multi-functionalized fullerene nanoparticles were used to further amplify the
detection signal.

The established electrochemical biosensor displayed high sensitivity, specificity

and universality.
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