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ABSTRACT

In this report, an ultrasensitive electrochemicalsensor for miR-21 detection
was designed on the basis of a padlock exponertdlbihg circle amplification
(P-ERCA) assay and Cof magnetic nanoparticles (Cofa MNPs) by
nanoelectrocatalysis without a substrate for sigmaplification. Here, to improve
catalytic efficiency, nanocatalyst (CaPa MNPs) and redox molecule (Th) were

co-immobilized onto the graphene (Gra) surface famthed Au@CoFg0,/Th-Gra

Y Corresponding author.

E-mail address: hanjing@nwu.edu.cn (J. Han), buhy@nwu.edu.cn (H. Bu



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

probe. The obtained probe exhibits high-performanbecatalysis by reducing the
interaction distance between CeBg MNPs and Tb, and importantly, the detection
sensitivity is significantly improved even in thebsgnce of substrate {8)).
Simultaneously, to further improve the sensitivityd specificity of the biosensor,
P-ERCA assay was introduced. After multiple polyizegion and nicking reactions,
plenty of P-ERCA amplification product was produ@ed circular exponential signal
amplification was achieved, giving an extreme daisi for miR-21 assay. The
as-prepared biosensor shows a wide dynamic rande f&f to 2 nM with a low
detection limit of 0.3 fM for miR-21 detection arekhibits high specificity and
sensitivity.

Keywords: CoFeO, MNPs; Nanoelectrocatalysis; P-ERCA assay; Elebtotcal

biosensor; MicroRNA.

1. Introduction

MicroRNAs (miRNAs), a series of short, endogenousl aoncoding RNAs
(about 22 nucleotides), are crucial regulatorsesfegexpression [1,2]. Recent studies
have revealed that the expression of miRNAs couttvide crucial information for
early diseases diagnosis, such as cancers, casdidaa diseases and neurological
disorders, etc. [3-5]. Thus, miRNAs have been mgdras important biomarkers in
the study of diseases diagnostic and prognosticesses. Nevertheless, there remain
major challenges in the selective and sensitiverdehation of miRNA because of its
small size, low-level expression and highly homolag sequences [3,6]. Routine

techniques, including northern blotting [7] and mexrray-based hybridization [8,9]



42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

are often encounter limitations such as low spetyfi poor reproducibility and
sophisticated instrumentations. Therefore, a detedechnique capable to measure
miRNA in a reliable manner with high specificity darsensitivity is intensely
demanded.

Electrochemical biosensors as an important resesezn of analytical chemistry
have received considerable attention as their erftemdvantages of high sensitivity,
fast response as well as good portability [10-TI@]improve the detection sensitivity,
various electrochemical biosensors based on nueeid amplification, such as
rolling circle amplification (RCA) [13,14], loop-ndéated isothermal amplification
(LAMP) [15] and strand displacement amplificatiolsDA) [16] have been
successfully fabricated. Among them, RCA is a senaghd reliable amplification
method, which has become increasingly popular iRN# detection [17-19]. Tang’s
group [20] recently developed new padlock expomnblling circle amplification
(P-ERCA) based on RCA for the fluorescent detecttdnmiRNA with higher
specificity and sensitivity down to the zmol levAks we know, to date, P-ERCA has
rarely been applied in electrochemical assays 1®NA detection.

On the other hand, to further improve the sensjtivof the biosensor,
nanomaterials as nanozyme-assisted signal ampilificatrategies were widely used
recently in biomolecular detection [21-23]. Fortarece, amount of carbon-based
materials, cerium oxide and metal oxides have beported to exhibit artificial
enzyme activity [24-26]. Among these nanozymes, meéig nanoparticles (e.g. £

MNPs, CoFeO, MNPs) are particularly interesting because thetyamy exhibit an
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intrinsic peroxidase-like activity with ¥, substrate [27-29], but also act as
nanoelectrocatalyst (e.g. thionine, methylene bloe¥ignal amplification even in the
absence of bkD, [30]. Importantly, magnetic nanoparticles benefibm the
advantages of better magnetic separation, nontgxiand easy synthesis in
comparison with conventional artificial enzymes-{&].

In this contribution, we present a highly speciind sensitive biosensor by
combining P-ERCA assay with Cofea MNPs for microRNA detection based on
nanoelectrocatalysis without a substrate. As shiovifig.1, in the presence of miR-21,
the padlock probe could specifically hybridize withthrough complementary base
pairing and further connecting to form a loop héadail with the help of T4 RNA
ligase 2. Once miR-21 and the padlock probe formoraplex, a long DNA fragment
concatenated sequence copy of the padlock probe®tasmed with the assistance of
Phi29 DNA polymerase. After multiple polymerizatiand nicking reactions, plenty
of new triggers (P-ERCA amplification product) weproduced and circular
exponential signal amplification was achieved, tlgigng an extremely sensitive
method for miR-21 assay. The electrochemical bisisgninterface was constructed
by simple immobilization of capture prob€CPI) on the electrochemically deposited
HAuCI,; modified electrode. Simultaneously, Au@ CgBgGra-Tbcomposites were
employed to the immobilization of capture prolbe (CP II) forming CP II
bioconjugate (CPII/Au@CoFeO4/Gra-Th). With the help of triggers, CP
II/Au@CoFeO4/Gra-Tb was further introduced onto the CRnodified electrode

surface through specific complementary sequencesa fesult, the detection signal
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was obtained from Cok®; MNPs to high-performance redox molecule (Tb)
catalysis. The CoFeO, MNPs-assisted signal amplification without a stdist
exhibits a remarkable sensitivity for miR-21 deimet Furthermore, the proposed
assay provides a versatile method for other miIRNAPNA detection by slightly
changing the corresponding probe sequences.

Fig. 1

2. Experimental section
2.1. Reagents and materials

T4 RNA ligase 2, Phi29 DNA polymerase and Nt.Bbw@re received from
New England Biolabs (Ipswich, USA), and dNTP migtuwas purchased from Takara
(Dalian, China). Gold chloride (HAug| polyethyleneimine (PEI), toluidine blue
(Tb), polyethylene glycol (PEG), poly (diallyldintsiammonium chloride) (PDDA,
20 wt% in water, MW: 200 000-350 000) and hexanethiol'kvere supplied by
Sigma Chemical Co. (St. Louis, USA). Ethylene glyand other chemical reagents
are analytical reagent (A.R.) grade.

The buffers involved in this work were preparedakw: Probe immobilization
buffer (1B, pH 7.4) contained 10 mM Tris-HCI, 1.0Mrethylenediaminetetraacetic
acid(EDTA), 10 mM tris(2-carboxyethyl)phosphine hydroatitle (TCEP) and 0.1 M
NaCl. DNA hybridization buffer (HB, pH 7.4) contad 10 mM Tris-HCI, 1.0 mM
EDTA and 1.0 M NaCl. HAc-NaAc (0.1 M, pH 5.5) wased as detection buffer to
investigate the performance of electrodes. Phosphaffered solution (PBS, pH 7.4)

was prepared by using 0.1 M KOy, 0.1 M NagHPO, and 0.1 M KCI. 5 mM
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[Fe(CNY]*"® solution containing 0.1 M KCI was employed as aosegrobe for
cyclic voltammetry (CV) and electrochemical impedanspectroscopy (EIS)
characterizations.

All of oligonucleotides and miRNAs were synthesizaad purified by Sangon
Biological Engineering Technology and Services Qad. (Shanghai, China). The
sequences were listed in Table 1.

Table 1
2.2. Apparatus

Square wave voltammetry (SWV) and CV measuremeet® werformed on a
CHI 660D electrochemical workstation (Shanghai CHesa Instrument, Co., China).
EIS measurements were conducted with a PARSTAT 4@@&trochemical
workstation (Princeton Applied Research, USA). dlikctrochemical measurements
were performed on a three-electrode system withifieddglassy carbon electrode
(GCE, @ = 4mm) as working electrode, a saturated calometference electrode and
a platinum wire as auxiliary electrode. Scanningcegbn microscopy (SEM, Carl
Zeiss Microscopy GmbH., Germany) and transmissiect®n microscopy (TEM,
Tecnai G2 F20 S-Twin, USA) were used for charaziegi the morphologies of
various nanomaterials. P-ERCA assay was performitd & T100 TM Thermal
Cycler (BioRad, USA).

2.3. Synthesis of CoFe,0O4 MNPs
CoFeO, MNPs were prepared by solvothermal method [34]efBr, 0.032 g

anhydrous FeGl(5 mM) and 0.019 g Co&l(2.5 mM) were dissolved in 8 mL
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ethylene glycol, and kept stirring to form a cleaange solution. Subsequently, 0.144
g NaAc and 0.04 g PEG (M = 10000) were added iht® dbove solution with
vigorous stirring for 0.5 h. Later, it was sealachutoclave with a tetrafluoroethylene
liner and heated to 200 °C to react overnight. Afaction, it was cooled naturally to
room temperature, and the black products (GOF&NPs) were rinsed with ethanol
and dried at 60 °C.

2.4. Preparation of the CP IT bioconjugate (CP II/Au@CoF e,04/Tb-Gra)

Preparation of Au@CoR®,: The obtained Cok®,; MNPs (1 mg) were firstly
dissolved in ultrapure water (1 mL) containing PDID®%6) and stirred for 4 h at
ambient condition. After centrifugation at 8000 rgar 20 min to remove surplus
reagent, the product of PDDA modified CeBg MNPs was resuspended in 1 mL
PBS. At the same time, gold nanoparticles (Au N&mut 13 nm diameter) were
prepared according to the previous protocol [33}e TPDDA modified CoF©,
MNPs solution was then added into 5 mL solutionthaf as-prepared Au NPs, and
kept stirring for 5 h to obtain Au NPs decoratedF€&®, MNPs (abbreviated as
Au@CoFgO, MNPs).

Graphene oxide (GO) was synthesized by Wang's mef86] and was further
reduced (Gra) according to our previous work [3Hen Tb (1 mg) was dispersed in
1 mg mL* of Gra solution (1 mL) with continuous stirringrf86 h to obtain Th-Gra
nanocomposites by a simpter stacking approach. After washing and centrifuggtin
three times, the resulting Th-Gra precipitate vessispended in ultrapure water (1 mL)

containing a proper amount of PEI and stirred fortd obtain abundant -NHjroups
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on the surface of Tb-Gra. Next, the as-prepared Bo&e0, was added into the
above solution and the mixture was allowed to réarcd h, obtaining the product of
Au@CoFe0,/Th-Gravia strong amino-Au affinity. After magnetic separatiche
synthesized product (Au@Cof/Th-Gra) was slowly added into the probe
immobilization buffer (IB) containing CH (1 uM) to react overnight under softly
stirring at 4 °C. The obtained AP bioconjugate (CRI/Au@CoFgO4/Th-Gra) was
collected by employing an external magnetic fietdl dinally dispersed in 1 mL of

PBS.

2.5. P-ERCA reactions

1 uL of miR-21 with different concentrations (e.g.M,f1 fM, 10 fM, 100 fM, 1
pM, 10 pM, 100 pM, 1 nM and 2 nM) andul of padlock probe (1 nM) were mixed,
then the mixture was denatured at 95 °C for 3 mmd aooled slowly to room
temperature. After annealing,uL of T4 RNA ligase 2 (10 U), AL of 10 x ligation
buffer and 15uL nuclease free water were added to the mixtura 0 ulL total
reaction volume. The solution was further incubas¢d7 °C for 2 h for ligation
reactions. Finally, the amplification reaction wasried out at 30 °C for 6 h in a 40
uL reaction solution containing 20L of ligation reaction products, gL of Phi29
DNA polymerase (10 U), 4L of 10 x polymerase reaction buffer, Qué of 100 x
BSA, 1L of Nt.BbvCl (10 U), 4uL of 10 x cut smart buffer, gL of 10 mM dNTPs
and 7.6uL of nuclease free water. The finished productssvgtored at 4 °C.
2.6. Fabrication of the electrochemical biosensor

To construct the electrochemical biosensor, thel-paished GCE was first
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immersed in 2 mL of HAuGlsolution (1%) under the potential of -0.2 V for 8@o
gain a porous AuNPs layer. Next, the DpAu/GCE wdsrerged into CPsolution (1
uM, IB) and incubated overnight at room temperatarenmobilize the CP via Au-S
affinity. After that, the CR/DpAu/GCE was rinsed with ultrapure water and bémtk
with 1% HT solution. After every step, the modifiedectrode was extensively
cleaned with ultrapure water slightly to remove fgig/sical adsorption. Finally, the
resulting biosensor was stored at 4 °C before use.

2.7. Experimental measurements

Electrochemical detection of miR-21: For targeted@ibn, the resulting electrode
were incubated with the mixture of 1Q of triggers at a certain concentration which
is associated with the concentration of miR-21, 40dL of CPII bioconjugate was
at 45 °C for 2 h. After rinsing with ultrapure watehe designed biosensor was
detected in 0.1 M HAc-NaAc (pH 5.5) to evaluate SVé¢¥ponse.

SWV characterization was carried out in 0.1 M HAaA¢ buffer (pH 5.5) with
the potential ranged from 0.1 V to -0.45 V. Thepsté the modified electrode was
characterized by CV and EIS. CV measurements vedentfrom -0.2 Vto 0.6 V at a
scan rate of 0.1 Vsin 0.1 M PBS (pH 7.4) containing 5 mM [Fe(GN}"* as redox
probe. EIS measurements were carried out in 0.1B8 pH 7.4) containing 5 mM
[Fe(CN)]*™, with the alternative voltage of 5 mV and the fregcy range of 0.01

Hz-100 KHz.

3. Results and discussion

3.1. Characterization of the different nanomaterials
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The size and morphology of different nanomateréaaks characterized by SEM
and TEM, as shown in Fig. 2. SEM image of the apared CoF£©, MNPs exhibits
an irregular structure with piling up together (Rif§). Unexpectedly, after adding
PDDA into CoFgO, solution with stirring overnight at room temper&urSEM
(Fig.2B) and TEM (Fig.2C) images clearly revealttiiae spherical particles are
formed with uniform sizes, porous structure andil@gmorphologies. TEM image of
Au@CoFe0,4/Th-Gra nanocomposites in Fig.2D verifies that amiaf Au NPs are
randomly attached onto the surface of Gakesphere, and the formed Au@ CegBg
is wrapped with a layer of thin film of Th-Gra, indting the successful preparation of
Au@CoFeO4/Th-Gra. Fig.2E shows the photographic image of ifDabsence (a)
and presence (b) of external magnetic field. It t@nobserved that the prepared
Au@CoFe0,/Th-Gra can be easily dispersed into the aquedusi@o and formed a
stable suspension (a). However, with the exterragjmetic field, the stable suspension
of (a) is aggregated together (b), demonstratingat ththe prepared
Au@CoFeO4/Th-Gra nanocomposites have a good magnetic regpons

Fig. 2
3.2. Electrochemical behaviors of the biosensor

To confirm the proposed biosensor fabrication pseceelectrochemical

characteristics of CV and EIS measurements are@m@lto investigate the interface

properties of surface-modified electrodes in 5 mR&(CN)]*"

(acting as redox
probe), and the results are presented in Fig. 3AFQ. 3B, respectively. The bare

GCE (Fig. 3A, curve a) exhibits a pair of well-defd redox peaks and the peak

10
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current response is about 204, corresponding to the typical redox property of
[Fe(CN)]*". After Au NPs are electrodeposited onto GCE, therent response
dramatically increases to 2746A (Fig. 3A, curve b), indicating that the excellent
conductivity and large surface area of Au NPs caquioimote the electron transfer
effectively. As expected, when AHs successfully immobilized onto the surface of
DpAuU/GCE, a decreased current is detected (Fig.cBAje c). Followed by blocking
with HT, a successive decline is observed (Fig. @&ye d). It is assumed that CP
and HT on the electrode would hinder the electrandfer tunnel. Finally, when the
P-ERCA amplification product with the concentratioh100 pM miR-21 and CH
bioconjugate are introduced to the resulting etetersurface, the redox peak currents
are even lower (Fig. 3A, curve e), thereby sugggstine successful construction of
the biosensor. Fig. 3B illustrates EIS characténpaof the different modified
electrodes in 5 mM [Fe(CMf"® solution within the frequency range of 1@o 1¢
Hz. In EIS measurement, the semicircle diametéti8fis equal td=e. The bare GCE
indicates a small semicircle (Fig. 3B, curve apresenting a low electron-transfer
resistance. When Au NPs are electrodeposited oiGDE, the semicircle is nearly
disappeared and the Nyquist diagram is approximatedtraight line (Fig. 3B, curve
b). Then, the successive assembling of ICBlocking with HT, and the mixture of
P-ERCA amplification product and CR bioconjugate, the semicircle diameter
increases gradually (Fig. 3B, curves c, d and speetively), which attributed to the
retardance of the diffusion ferricyanide toward thlectrode surface due to the

formation of the insulating layer. Based on the esbations above, EIS

11
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characterization is in good accordance with thd<g\b

Fig. 3
3.3. Optimization of experimental parameters

To achieve the optimal biosensing performance, mix@astal parameters

including the concentration of APhybridization reaction temperature and incubation
time are investigated. Fig. 4A displays the SWVnaigof the biosensor for
immobilizing CPI with the concentration from 0.1 tou®1. We can see that the SWV
response increases with increasing concentraticdRdf, and the maximum current
response occurs at M. Fig. 4B reveals the effect of hybridization rgao
temperature on the performance of the biosenson 86 to 48 °C. It can be noted
that the current responses increase with the teatyrer rapidly up to 45 °C, and
decrease slightly after above 45 °C. Therefore,’@5is adopted as the optimal
reaction temperature for subsequent study. Finddéyinfluence of incubation time of
the hybridization reaction is investigated by inatibg the mixture of the P-ERCA
products and CH bioconjugate on the surface of HT/GPpAu/GCE for 0.5, 1, 1.5,
2, 2.5 and 3 h, respectively. As shown in Fig. 4@ current responses increase
rapidly with the incubation time up to 2 h, and thend flat out after exceeding 2 h.
As a result, the optimal incubation time of hytration reactioms determined to be 2
h.

Fig. 4
3.4. Performance of the electrochemical biosensor

3.4.1. Comparison of different signal amplification strategies

12
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In order to evaluate the signal amplification apibf the proposed protocol, the
resulting biosensors are used for the determinationiR-21 (100 pM) with different
amplification strategies, and the results are degiin Fig. 5. After HT/CR/DpAu
modified GCE incubation with CRI/Au/Tbh-Gra without signal amplification, a
relative low SWV signal is obtained (Fig. 5, cuaj corresponding to the reversible
redox molecule of Th. It is interesting to notetthénen CPII/Au/Tb-Gra is replaced
by the proposed CPI bioconjugate (CHI/Au@CoFeO4Th-Gra), a remarkable
enhanced SWYV signal is observed (Fig. 5, curvelThg result reveals the catalytic
activity of CoFeO, MNPs towards Tb for signal amplification even lie absence of
H,O,. The high-performance of Cof& MNPs to assist non-substrate
nanoelectrocatalysis may attribute to simultangoushmobilize the catalyst
(CoFeO, MNPs) and the redox molecule (Tb) on the electrsgidace. Obviously,
the interaction distance between CgB£MNPs and Tb is reduced, thus, the catalytic
efficiency and sensitivity are significantly impext. On the other hand, to examine
the signal amplification ability of P-ERCA assayet resulting electrode was
incubated with the mixture of P-ERCA amplificatipnoduct and CRI/Au/Tb-Gra.
Compared with the above mentioned curve a, an abvamplified signal is noticed
(Fig. 5, curve c), implying the excellent amplifginperformance of P-ERCA
procedureThe amplified signal may be ascribed to the mudtipblymerization and
nicking reactions, which produce plenty of newdegs to initiate multiple reaction
cycles, thus giving a sensitive SWV response. Mospiringly, after the electrode

was incubated with P-ERCA amplification product atiie proposed CHI

13
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bioconjugate, the maximum response appeared abecaaen in Fig. 5, curve d. The
above results clearly demonstrate that the remégkabnsitivity of the proposed
biosensor can be attributed to the Caeassisted nanoelectrocatalysis and P-ERCA
signal amplification.

Fig. 5
3.4.2. SWV responses and calibration curves

To assess the quantitative range and sensitivitheimiRNA biosensor, various

concentrations of miR-21 were detected with theettped biosensor under the
optimized experimental conditions (Fig. 6). It d@seen from Fig. 6A that the SWV
response of the biosensor is enhanced graduallgeasoncentration of the miR-21
increases. In Fig. 6B, the calibration plot exlsikat good linear correlation with the
logarithm values of target concentrations in thegeaof 1 fM to 2 nM. The linear
regression equation Is(uA) = 0.936 Ig (nM) + 8.804 with a detection limit of 0.3
fM (S/N= 3) and the correlation coefficient Gf= 0.998. The high sensitivity should
be attributed to the high efficiency of P-ERCA an@€oFeO, as
nanoelectrocatalyst-assisted signal amplificatvimich increases the detection signal
remarkably. In addition, the performance compareth whe previous reports for
miRNA detection was listed in Table 2, implying tbatisfactory detection limit and
linear range of the proposed biosensor.

Fig. 6

Table 2

3.4.3. Specificity and stability of the proposed biosensor

14
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Specificity is of great importance to estimate geformance of the biosensor,
especially for miRNAs as they have small size aeduence similarity with other
mMiRNA in the RNA family. Herein, three different RINAs (miR-141, tRNA and
SRNA) as the interfering substances are employed ,tlae change of the SWMI()
response is used to evaluate the selectivity aretifsgty of the as-proposed
biosensor. HereAl are given byAl =I - 1, (The background noise is recordedl@s
while the SWV response is recorded asward different interferents). In Fig. 7A, no
apparent change is obtained in comparison with ihathe presence of miR-21.
Although the high concentration of interfering sidpees (miR-141, tRNA and sRNA)
are coexisted, the detection signal has also nanable difference. The above
results indicate the high specificity and seletyivif the proposed assay for miR-21
detection.

Stability is another important factor to evaludie performance of the biosensor.
To examine whether the prepared biosensor could theeneeds of long testing
process, the stability of the proposed biosensos stadied by using the same
resultant electrode for intermittent SWV measureisien the same condition for 15
times. As shown in Fig. 7B, the SWV responses doshow any significant changes
(RSD = 1.016%,n = 15). Furthermore, the long-term storage stabiitgs also
investigated by a batch of as-prepared electroti8$QP 1I/DpAu/GCE), P-ERCA
amplification product and CHl bioconjugate (CHI/Au@CoFeO4/Th-Gra) were
stored at 4 °C and investigated over a period oti@gs. Every 2-5 day, the above

electrodes were taken out to incubate with the uméxtof 10 uL of P-ERCA

15
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amplification product and 1L of CPII bioconjugate for 2 h, SWV responses of the
resultant biosensors were recorded. As shown in K@, it is found that no
remarkable signal change is observed during theays @&nd the response retains
98.7% of its initial current. After storing for afays, it also maintains 90.3% of the
original response. Thus, the above results cleiyonstrate that the stability of the
proposed biosensor is favorable.
Fig. 7

3.4.4. Real sample analysis

To evaluate the analytical reliability and verifiget potential application, the
designed biosensor was studied by detecting mifyabtal RNA (MCF-7, human
breast cancer cell line). The total RNA was dilutedl00 nguL™, and 1uL sample
was used for measurement. The amount of miR-21bmvea RNA sample was
estimated to be 2.97 amol (2.97 pM inull total RNA) according to the calibration
curve (Fig. 6B). To further evaluate its performame real sample analysis, different
amounts of miR-21 (10, 30 and 50 pM, respectivelgje spiked into total RNA for
the assay. It can be seen that the recoveries @ne range of 103.1-110.9% (Table 3),
which clearly demonstrates the potentiality of greposed biosensor for miRNA
detection in real samples.

Table 3

4. Conclusions
In summary, a high specificity and sensitivity étechemical biosensor has been

designed for miR-21 detection by employing P-ERGSay and CoR©®, MNPs
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371

electrocatalysis redox molecule for signal ampdifion. The redox probe of
Au@CoFeO,/Th-Gra is easily prepared and acts as nanoelettigst for
high-performance Tb catalysis, which not only rezkidhe interaction distance
between catalyst (Cok®; MNPs) and redox molecule (Tb), but also avoids the
adding of any substrate in testing solution. Ther@pared probe shows good stability,
sensitivity as well as accuracy for electrochemidaktection of miR-21. More
importantly, the present assays can be readilyndeid to other miRNAs or DNA
detection by slightly changing the correspondingbpr sequences, which holds great

potential in bioanalysis research and early clinii@agnostics.
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506 Figure captions:

507 Fig. 1. Schematic illustration of P-ERCA assay and GOgeMNPs-assisted non-substrate
508 nanoelectrocatalysis for miR-21 detection. (A) kediion of CPII/Au@CoFeO,/Th-Gra probe
509 (CPII bioconjugate) and (B) P-ERCA reaction.

510 Fig. 2 SEM images of (A) CoR®, and (B) PDDA coating with Cok®,. TEM images of (C)
511 PDDA coating with CoR®, and (D) Au@CoR®,Tb-Gra nanocomposites. (E) The
512  photographic image of (D) in absence (a) and pesdn) of external magnetic field.

513  Fig. 3. The curves of CV (A) and EIS (B) are differentdified electrodes performed in PBS (pH
514  7.4) containing 5 mM [Fe(CNJ)""* as redox probe: (a) bare GCE, (b) DpAu/GCE, (c) CP
515 I/DpAu/GCE, (d) HT/CPI/DpAu/GCE, (e) after (d) incubated with the mixtuoé P-ERCA
516 amplification product and CR bioconjugate.

517 Fig.4. Influence of the concentration of AP(A), hybridization reaction temperature (B) and
518 incubation time (C) of the biosensor for the détecof 100 pM miR-21 in HAc-NaAc buffer
519  solution (pH 5.5).

520 Fig. 5. SWV responses of the resulting electrodes for thieation of miR-21 (100 pM) with
521 different signal amplification strategies. After KPP I/DpAu modified GCE (a) only incubation
522 with CP TII/Au/Tb-Gra without signal amplification; (b) incutian with CP
523 [I/Au@CoFgO4Th-Gra (CoFgO, MNPs-assisted signal amplification strategy); if@ubation
524  with the mixture of P-ERCA amplification productca@PII/Au/Th-Gra (P-ERCA-assisted signal
525 amplification); (d) incubation with the mixture &f-ERCA amplification product and CH/
526 Au@CoFeO,/Th-Gra (CoFgD, MNPs and P-ERCA-assisted signal amplification).

527  Fig. 6. (A) SWV curves of the resulting biosensor incidratwith various P-ERCA reaction
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products with different concentrations of miR-2anfr (a) to (i): 0 fM, 1 fM, 10 fM, 100 fM, 1 pM,

10 pM, 100 pM, 1 nM, 2 nM, respectively, and theaubation with CRI/ Au@CoFgO,Th-Gra.

The SWV signals were measured in HAc-NaAc buffdutian (pH 5.5). (B) The corresponding

calibration curve of the biosensor for miR-21 assay

Fig. 7. (A) Selectivity investigation for miR-21 detecti@yainst the interference nucleic acids:

miR-141 (1 nM), tRNA (1 nM), sRNA (1 nM), miR-21 @0 pM) and mixture (containing 1 nM

miR-141, 1 nM tRNA, 1 nM sRNA, 100 pM miR-21), respively. (B) Stability of the

as-proposed biosensor incubated with 100 pM miReRintermittent SWV scanninqu(= 15). (C)

The longterm storage stability of the as-prepatedtedes (HT/CR/DpAu/GCE) incubated with

the mixture of P-ERCA amplification product and G@Fbioconjugate over a period of 20 days

(error bars, SDn = 3). All SWV signals were measured in HAc-NaAdfbusolution (pH 5.5).

Table 1 Sequences of the oligonucleotides used in thidyst

Table 2 Comparison with various electrochemical methadgHe detection of mMIRNA.

Table 3.The recoveries of the proposed meth@dspiking miRNA-21 into total RNA of MCF-7.
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Fig. 1. Schematic illustration of P-ERCA assay and GOg&INPs-assisted no substrate
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Fig. 2. SEM images of (A) CoR®, MNPs and (B) PDDA coating with Cof&, MNPs. TEM

images of (C) PDDA coating with Cof®&, MNPs and (D) Au@CoR8,/Th-Gra nanocomposites.
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Table 1 Sequences of the oligonucleotides used in thidyst

Name Sequences(5'— 3')
MIRNA-21 (miR-21) UAG CUU AUC AGA CUG AUG UUG A
Padlock probe Phosphate-CTGATAAGCTAGCTGAGGT

CAACATCAGTCTGATAAGCTAGCTGA

GGTCAACATCAGTCTGATAAGCTAGC

TGAGGTCAACATCAGT
Capture probé (CPI) SH-(CH,)e-GGTCAACATCAGTC
Capture probél (CPII) TGATAAGCTAGCTGA-(CHy)s-NH,
MiRNA-141 (miR-141) UAA CAC UGU CUG GUAAAG AUG G

Single-base mismatched miRNA-21 (sRNA) UAG CUU ABGA CCG AUG UUG A

Three-base mismatched miRNA-21 (tRNA) UAG CUAAUGA CCG AUG UAG A

The underlined base(s) in the mismatched miR-Zrdsthe different base(s) with miR-21;

the padlock probe is consist of a hybridizationusggre to miR-21 (red) and a nicking site for

nicking endonuclease (blue).
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682 Table 2. Comparison with various methods for the detectibmiRNA.

surface plasmon resonance miR-21 5 pM-100 nM 1pM 38] [
time-dependent frequency miR-203 10 pM-1 nM 1pM 93
differential pulse voltammetry miR-21 10 fM-10 nM fia [40]
differential pulse voltammetry miR-24 3 fM-1 nM (61)*] [41]
cyclic voltammetry miR-let-7a  0.05-0.9 pM 16 ftM K2
chemiluminescence miR-30b 8 pM-20 nM 4.5 pM [43]
square wave voltammetry miR-21 1 fM-2 nM 0.3 fM stiork
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
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ACCEPTED MANUSCRIPT

698 Table 3. The recoveries of the proposed methad spiking miRNA-21 into total

699 RNA of MCF-7.

total RNA (100 ng) - 2.97 0.0488 -
1 10 14.06 0.2166 110.9
2 30 33.91 0.8139 103.1
3 50 56.39 1.0085 106.8

700



* CoFe04s MNPs-assisted non-substrate nanoel ectrocatalysis was designed.
* A padlock probe-based exponential RCA assay for signal amplification was
utilized.

* The as-prepared biosensor shows high specificity and sensitivity for miR-21.



