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ABSTRACT

MicroRNAs (miRNAS) appear as a novel reliable cdati in biomarkers for early
diagnosis of cancer. Due to their roles in varityyes of cancer, their potential as
a diagnostic biomarker is getting more attentioerd;l a novel electrochemical
biosensor for detection of miR-21 was demonstratedpugh combining the
advantages of electrochemical methods and nanaadat&rith the selectivity of
oligonucleotides, based on thiolated receptor pfabetionalized dendritic gold
nanostructures (den-Au) via the self-assembly nmayesl (SAM) process which
grafted on the single-wall carbon nanotubes (SWQMIaform on the surface of
the fluorine-doped tin oxide (FTO) electrode. Caagimiions (Cd") were used as
signal units and also signal amplification substambich labeled before on miR-
21 target. The oxidation signal of €as a signal unit was measured by differential
pulse voltammetry (DPV) technique that had a vergewinear relationship with
the concentration of miR-21 target (0.01 fmof lto 1 pmol L) and low
experimental detection limit of 0.01 fmol'L Furthermore, fabricated biosensor
showed acceptable performance in human serum sammptealso good selectivity
indiscriminate between theomplementarytarget and non-complementary one, so
this nano-genosensor can clinically be used fostatecancer diagnosis through

the detection of miR-21 in human serum samples.

Keywords: MiRNA-21; Electrochemical nano-genosensor; Oligdeatide;

Dendritic gold nanostructures; Single wall carbanatubes; Prostate cancer



1. Introduction

Worldwide cancer is known as one of the main causes of hunmatality [1, 2].
Prostate cancer (PCa) is the most common non-skin canceMdwmle also
diagnosed male malignancy and is the second leadinge of male cancer-related
death worldwide [3, 4]. Diagnosis of prostate canseroutinely done by using
prostate-specific antigen (PSA) test for early dibva [5, 6], however, this test has
its own limitations including specificity and amhity on the optimal threshold for
biopsy [7]. Additionally, high levels of PSA are tnnecessarily related to the
cancerous state of prostated may fluctuate due to the infections, inflamorati
or benign prostatic hyperplasia (BPH) thus resgltim misdiagnosis and
overtreatment of indolent PCa [8, 9]. Consequentlys crucial to utilize more
effective biomarkers to improve PCa prognosis aagrbsis.

MiRNAs are short, endogenous and non-coding RNA22( nucleotides)
found in the diverse organisms and generally plaxial roles in all biological
pathways including cell proliferation, differeni@t, and apoptosis [10, 11]. They
also have the potential of being excellent biomexrkeandidate for cancer
diagnosis, prognosis, and therapy, as they casdb&ted and detected from a wide
range of biological samples [12], including bloodine, saliva, plasma and serum
[13]. Studies have indicated a strong correlatietwieen the expression patterns of
MiRNAs with various types of diseases, includinga=x [12, 14], diabetes [15],
neurological disorders [16], rheumatic disease$, [Ai@d cardiovascular disorders
[18]. Among numerous types of miRNAs, miR-21 hasrbaentified as the only
one to be over-expressed in 11 types of cancenmm®rs including stomach,
prostate, head and neck, pancreas, lung, coloreetaphagus, glioblastoma, and
neuroblastoma [19, 20]. Even though, miRNA'’s, imdhg miR-21 molecules,
show a very strong correlation with various cancargd are considered to be a
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strong contender as a potential prognostic andamgndstic biomarker, there are
some challenges associated with their detectiomeSof the limitations include
low levels of expression, highly homologous seqeesmall size, and presence of
wide range of variants [21, 22]. Many conventiomethods currently employed in
detection of these molecules are labor intensivee tconsuming, low on
sensitivity and involves multistep complicated pauls and procedures [23-26].
Considering above mentioned limitations, it is imgive to develop some new
highly sensitive and selective assay for detectow quantification of these
MiRNAs. Some of the most recent methods inventedsémsitive detection of
MiRNAs involve quantification methods are based fthumorescence [27],
colorimetry [28], electrochemistry [29], biolumireEshce [30], chemiluminescence
[31], electrochemiluminescence [32], surface plasm@sonance [33], and
capillary electrophoresis assays [34]. Among thesethods, electrochemical
biosensors have attracted a lot of attention dukstoapid, sensitive, selective, and
cost-effective properties [35]. Electrochemical dainsors based on signal
amplification have been investigated to detect nAMRNor enhanced sensitivity,
selectivity, and low detection limit [36]. Differentypes of labels ranging from
gold nanoparticles [37], OsOanoparticles [38], carbon nanotube [39], graphene
[40], enzyme [41], triple signal amplification poabl [42], to quantum dots [43]
have been used for signal amplification. Many latheelectrochemical miRNA
bisensors have been developed to achieve lowesttdet limit. Several of these
developed miRNA biosensors include use of taggexhtyum dots, Cd-modified
Tip nanoparticles, RuOnanoparticles, OsOnanoparticles, Ru(PBEJI,Os, and
Os(dmpy)}(IN)CI™ in conjunction with various electrochemical teacjugs ranging
from anodic strip voltammetry to square wave vohaetry (SWV). With the

deployment of these novel quantifying techniquesgtigators were able to detect
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presence of miRNA ranging anywhere from 0.32 anibkd 2.0 fmol L'*[38, 44-
48]. All of these detection methods showed highs#geity, selectivity and
improved efficiency of electrochemical biosensoesdrl on signal amplification
strategy.

Herein, we describe a selective and sensitive Fased biosensor for the
detection of miRNA which has been modified with ¢tinnalized SWCNTs and
dendritic gold nanostructures (den-Au) to attaighhiconductivity, increased
surface area [49, 50]. Furthermore, the functiaeali surface provides an
exceptional platform for the immobilization of thr@ceptor probes [51, 52] .

DPV is a very sensitive electrochemical technigeeduto assess selectivity
and efficiency of an electrochemical biosensor. ¢Weose DPV as a tool to
evaluate performance of our fabricated biosensortie detection of miR-21
amplicons. Our results indicate that “®Cdas a signal amplification unit,
significantly improves the detection signal and smmuently enhanced low
detection limit with a very wide dynamic range ftre high sensitivity and

selectivity of proposed nano-genosensor.

2. Experimental

2.1. Materials and oligonucleotides

All chemicals including sulfuric acid @A$0O,, 98%), hydrochloric acid (HCI, 37%),
ethanol (GHsOH, 99%), sodium hydroxide (NaOH), nitric acid (HRNG55%),
potassium ferrocyanide ¢Ke(CN)), potassium ferricyanide @ggke(CN)),
phosphoric acid (KEPQu, 85%), and cadmium chloride (CdiClwere purchased
from Merck & Co (USA). L-Cysteine, 11-mercapto-telecanol (MU), SWCNTs
(> 95%), gold (1) chloride trihydrate (HAuG:BH,O, > 99.9%), and phosphate

buffered saline (PBS) were brought from Sigma-Aldr{USA). All the procured
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materials were analytical gradend used without any further purification. To
minimize nuclease activity, all glassware and sanybes firstly treated with pure
ethanol and rinsed with by ultra-pure DNase/RNawse fwater followed by
autoclaving. All solutions prepared in RNase/DN&se water. All experiments
were done at room temperature except experimerttede to temperature
optimization tests and cadmium labelling. All olilgaleotides were purchased
from Panagene Company (Daejeon, Korea). Both tieidlaomplementary peptide
nucleic acid (PNA) of miR-21 as a receptor probéhwhe sequence of-SH-
(CH2)-(Lys)s-TCAACATCAGTCTGATAAGCTA-3, and miR-21 with the
sequences of  &AJAGCUUAUCAGACUGAUGUUGA-3 was used as a target.
Also, the selectivity of biosensor was evaluatedusyng a non-complimentary

mMiRNA with the sequence of-5SUAAGGCAUCUGACCGAAGGCA-3.

2.2. Apparatus and el ectrochemical measurements

All electrochemical measurements were carried ath wutolab PGSTAT 204N

(Potentiostat/Galvanostat; Echo chemie, B. V.) goed with Nova 1.11 software.
The three-electrode model system comprised of anpla rod as the auxiliary
electrode (AE), Ag/AgCl, 3 mol t KCI as the reference electrode (RE), and a
modified FTO electrode as the working electrode §WEhe electrochemical
response of Cd oxidation was measured by DPV technique with tbeemtial

window of -1.5 V to 0 V and the sweep rate of 100 s in PBS (pH 7.4). The

electrochemical impedance spectroscopy (EIS) wadgonmeed within the

frequency range of 10 mHz 100 kHz, with the potential amplitude of 14 mV
around the open circuit potentid(y). The crystalline structure and morphology

were characterized by XRD (Bruker D8 ADVANCE, Cu Kadiation,A = 1.5406

nm), field emission scanning electron microscodeSEM) images and elemental
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mapping analysis were taken by Carl Zeiss instrummadel MIRA3 and scanning
electron microscope (SEM) images with Carl Zeissleho&/EGA2, both of them

from TESCAN Company.

2.3. Preparation of the nanocomposite
To minimize any contaminations that could affe& #tectrochemical process, the
FTO electrodes (& resistance and 0.5x0.5 €murface area) were washed with
acetone and 70% ethanol to eliminate any orgamtaconants. The whole system
was rinsed with deionized (DI) water and dried bging nitrogen gas.
Functionalized CNTs have been shown to have muate molubility in aqueous
solvents due to the reduction of van der Waalgacteons between CNTs due to
the incorporation of functionalized groups [53]. netionalization of 10mg of
SWCNTs to incorporate carboxy groups was done égtitment with a mixture of
concentrated FSO/HNO3 (3:1) with sonication at 70C for 4 h. The left over
black solid was filtered and rinsed several timg<lb water to remove the extra
acid and achieve a neutral pH. The functionalizdC8ITs were thenlried in the
vacuum oven at 70 °C for 8 h [54]. The obtainedlpob was dispersed in DI water
(0.5 mg mLY) and sonicated for 1 h to achieve the homogenedMECNTs
suspension. FTO electrodes were then cast coatdd 3@ uL. of SWCNTs
suspension.

In the second stage, den-Au nanostructures werthesined on top of the
SWCNTs substrate by chronoamperometry (CA) tecleniguhe aqueous solution
containing of 1.0 mmol £ HAuCIl,; and 0.5 mol [ H,SQO, in the presence of 0.1

mmol L! L-Cysteine at the constant potential of -0.8 VI&00 s [55, 56].

2.4. Biosensor fabrication



There are different ways to immobilize oligonucldes onto the surface of the
modified electrode, including adsorption [57], clard binding [58], self-
assembled monolayer (SAM) process [59], and imnastiibn based on
electrochemical oxidation of guanine and adeniraigs of those molecules [60].
To fabricate the biosensor and to immobilize the-reiceptor, 3QuL of the PNA
probe was cast coated onto the modified electra€STs/den-Au surface. The
complementary probe was attached to the electrodace by formation of Au-S
bond between the thiol functional group at 5-eridth® probe with den-Au
nanostructures, through the SAM process at roonpéeature overnight [61]. The
resulted biosensor was rinsed with 0.02 mdbldf PBS to remove any non-specific
probes. Furthermore, to eliminate any nonspecifinding, the prepared
nanocomposite was immersed in 1 mmadlMU for 30 min [52].

2.5. Direct labeling of miR-21

Cd®* was used as a label and signal unit for deteatibmiR-21 through the
electrostatic binding between the positive charj€df* and negative charge of
mMiR-21 phosphate backbone. The direct labeling dR-81 was performed by
incubating of C&" with miR-21 in PCR tubes (100fQlL). Various gradient
concentrations of miR-21 and CdGis the source of Etion was incubated at 37

°C for 60 min and stored at -®8 till further use.

2.6. Hybridization of labeled miR-21 with receptor probe

Finally to hybridize labeled miR-21 with the PNAobe, 30uL of the labeled
target was cast coated on the surface of the fatledcsensor (SWCNT/den-
Au/Probe/MU) and incubated at 3 for a certain time at 85% humidity. The
fabricated biosensor was then rinsed by PBS to venamy unlabeled targets

which didn’t conjugate properly onto bio-receptoolpes.
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2.7. Serum sampl e preparation

Blood samples were collected from a healthy peesggd between 25 and 30 years
old from thePasteur Institute of Iran. Serum, from about 10 afilblood was
obtained by deproteinization method involving cdagyation of blood samples at
2000 rpm for 10 min at 4 °C. About 4 mL of serumsvextracted from 10 mL of
the blood and was stored at -20 °C. The frozennsewas thawed at room

temperature before use.

3. Reaults and discussions

mMiR-21 has been considered to be one of the eak@mitcogenic factor that is
found to be overexpressed in variety of cancernsidiieg PCa [62, 63]. The aim of
this study was to design an electrochemical bagesktbsor capable of quantifying
mMiR-21 and to evaluate its potential to be a bik®marfor PCa.Figure. 1,
represents step by step fabrication process of-ganosensor for detection of
miR-21 as the biomarker of PCa.

Pleaseinsert Fig. 1 here.

3.1. Evaluation of the synthesized nanocomposite

Carbon nanotubes are excellent materials for bsgsgnapplication because of
their unique structural, mechanical, chemical proge along with exceptional
electrical, metallic conductivity, and thermal kstdty [49, 50]. Furthermore,
nanotubes are also shown to provide an ideal phatfior immobilization of
different types of biomolecules. These unique prtge put carbon nanotubes in a

distinct class of materials thus bridging chemisind biology together for better
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understanding biochemical systems [64]. Inclusibrtarbon nanotubes onto the
biosensing surfaces imparts vital features whiah \&@ry crucial for biosensing
application. The FESEM image of SWCNT king. 2A elucidates how SWCNT
contributes towards an increase in surface area saamfhce roughness for
adsorption of the den-Au nanostructures onto th® ElectrodeFigure 2B and
Figure 2C are the FESEM images for the second layer of ramposite
composed of den-Au nanostructure.

Inclusion of den-Au nanostructures has shown taigedhigh chemical stability,
high conductivity, increase in the effective suegaarea [65], and augmented
immobilization of thiolated complementary probegsoothese nanostructures [52].
To gain a better understanding of mechanisms imeblwn synthesis of den-Au
nanostructures, we investigated correlations betwbksn-Au morphology and L-
Cysteine molecules present in the solution. Attfilsy applying a constant
potential through the CA technique acting as adieghpporce, an electron transfer
reaction was made to reduce the®Aibns to Au nucleus form. L-Cysteine
molecules which existed in the solution, acted l&kgold blocker because this
molecule has thiol group for adsorbing the Au nuslend also has the amine
group to create an amide linkage with the carboxygroups which existed
previously on the surface of functionalized SWCNTshodified electrode. During
the time, the thiol groups of L-Cysteine adsorbdezllarge quantities of Au nucleus
and by aggregation of these nucleus gold nanopesticreated. After that, by
sticking the large quantities of gold nanoparticlegth each other, an initial growth
core was created on the thiol group of L-Cysteinglecules, immobilized on
SWCNTs surface through an amide linkage. Also,pitessence of these molecules
induced an isotropic kinetically aggregation for Idlgonanoparticles that

simultaneously formed wire and dendritic nanostrres. Also, about the hydrogen

10



bubbles which evolved during the electrodepositmocess, they acted as a
dynamic template to assist the orientation growtthose den-Au nanostructures.
The use of den-Au nanostructures is crucial foctebele modification because it
provides a suitable platform to stabilize oligoraatides and facilitates charge
transfer between these molecules with electrodaeir due to their high surface
area and excellent conductivity. Moreover, the @etal mapping analysig=iQ.
2D) and EDS analysid=(g. 2E) revealed different elements and their dispergion
the nanocomposite. Further confirmation of the faiion of the den-Au
nanostructures, was confirmed by XRD analysi: 2F. The XRD pattern of the
FTO/SWCNT/den-AuNS electrode surfa¢ed. 2F) exhibits four main diffraction
peaks at  angels of 39.4, 45.6, 65.8, and 78.8 ° which #rédoated to the (111),
(200), (220) and (311) planes of dendrites Au algswwith a symmetric face-
centered cubic (fcc) structure, respectively. Aldas diffraction data are in good
agreement with the 04-0784 JCPDS card [56, 66].

Pleaseinsert Fig. 2 here.

3.2. Electrochemical investigation of the nanocomposite applying EIS and
voltammetry techniques

A stepwise fabrication process for the biosensshmwvn inFig. 3. The fabricated
biosensor was characterized by EIS and DPV teclsiddlS measurement was an
effective and sensitive method to characterizectimrge transfer resistancec{R

The semicircle diameter at higher frequenciesliated toRy of [Fe(CN)]*"* as a

redox probe [67]. Comparing the Nyquist plots betwde¢he bare FTO (curve a)
and composite (curve b) showed that, the minimusistance of electron transfer
is related to the composite because the presendersfu in the nanostructures

leads to prepare a high surface area and easieyectransfer for redox probe ions.
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When the capture probe was loaded on the surfatieeohanocomposite, tHe;
increased due to the insulating properties of PN#bes (curve c) which showed
the existence of an additional layer, and demotesirthat capture probe had been
successfully immobilized on the modified electrotle.the next step, by adding
MU to block blank spaces of the nanocompog$®esignificantly increased (curve
d) due to the insulating and non-electroactivitygarties of MU. Ultimately
(curve e), hybridization of miR-21 with the recapfmrobe that was previously
labeled with Cd' ions, resulted in decreas®, compared to the previous step
because of the presence of’Cds the signal unit which improved the electrostati
interaction with [Fe(CNJ>"* ions and accelerated electron transfer as a comduct
metal. EIS and DPV results approve each other, mgdahat by changing thB;
the current density changes in the opposite doectand the fabrication process of
this biosensor is successful.

Pleaseinsert Fig. 3 here.

3.3. Optimization of the experimental conditions
After characterization and electrochemical analysisdifferent layers of the
fabricated biosensor, several experimental conditiwere optimized to improve
sensitivity and the performance of the biosenstwer@& were several parameters
that directly affected biosensor performance iniclgd receptor probe
concentration, hybridization time, temperature, [@bel interaction time, and label
concentration.

To optimize the hybridization reaction between ptoe probe and its
complementary probe, hybridization reactions wesggnmed with a gradient of
receptor probe concentrations at'3,010%°, 2x10'°, 10° and 1@ mol L and

miR-21 (10° mol L) previously labeled with Gdlions (0.1 mmol [}). As shown
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in Fig. 4A, by increasing the concentration of the receptobe the difference in
current density 4Xj) increased up to 10mol L, and hence no significant change
was observed because of saturating the electratiecelby enough concentration
of probe molecules and more quantities of probemataimmobilize on the
surface, therefore in high concentrations the cureensity does not change
considerably.

Hybridization time was the second parameter to Iptinwzed. This
parameter has an important effect on the bioseafmiency because the high
hybridization can improve the sensitivity of th@$®nsor. During standardization,
reactions were subjected to various hybridizatiaretincluding 15, 30, 60, 120,
and 220 min, respectively. According kog. 4B, the optimal time for complete
hybridization between receptor probe and labeled-g1i was 30 min and in this
time the highest current density was achieved, itiditates complete interaction
between these two biological molecules. In thip,stee same concentration (10
mol LY of miR-21, with the constant concentration offO@.1 mmol L) were
used.

The pH of supporting electrolyte plays an importeslie in the biosensor
activity and strongly influences on the sensingiaiglit has been shown that the
pH can affect both the structure and the sequeoicetigonucleotides. In a high
acidic state, oligonucleotides decompose to thempmomnents including sugar,
phosphate, and bases and weakly acidic media leadisruption of their
sequences. Bases media breakdown the structucdig@fucleotide with affecting
the hydrogen bonds between the pair of primes [68F biosensor was tested
against various pH values of 2, 5, 7.4, 9, andFLd. 4C). The best media for high
performance of biosensor was biological pH (7.4)atidic state and basic media,

the current density significantly decreases becaotethe breakdown of
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oligonucleotides structure and release of theif'@uto the solution. In pH = 5,
many labeled miR-21s are destroyed and releaseGd€iions into the electrolyte
and the received signal is only related to theterisions on the surface of miR-
21s. But in pH 2, the acidic state of supporting electrolyte wasynintense, and
this condition destroyed all oligonucleotides irthg PNA probes and miR-21. In
pH = 2, the current density significantly increased emparison with other pH
states due to destroying all of the oligonuclectideead even the MU molecules
which had insulated the electrode surface and madaped an excellent surface
with high conductivity and enough active surfaceaamof nanocomposite for
oxidation of existing cadmium ion&iQ. 4D).

To investigate the optimal temperature, the biosemsas tested at various
temperatures (28, 35, 45, 55, and°63 and the signal of Gions was measured.
As shown inFig. 4E, the optimum temperature was 28 because at higher
temperatures denaturing the oligonucleotides strastmay occur [69].

The effect of incubation/interaction time betweabhdl and miR-21 is highly
important and can effect on sensitivity of the bimsor. To optimize this
parameter, various incubation times (45, 60, 750 & min) were tested.
According to the reported diagram iRig. 4F, the optimum time for better
interaction between cadmium ions and miR-21 waaipnbd as 60 min. Due to the
negative charge of oligonucleotides phosphate b@awklp70] and also the ability of
cadmium ions for binding covalently to (N7) atonfsgoanine bases which exist
on oligonucleotides structure [71, 72], cadmiumsia@an bind on miR-21 through
the two kinds of bond including electrostatic ammyalently. At first, by passing
the time, current density increased until 60 mid after that decreased because at
first, Cd* ions had an electrostatic bond with negativelyrgbéd of miR-21, and

by during the time they made a covalent bond withatbms of guanine bases on
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mMiR-21, which lead to decrease the current denSligce the covalent bond is
stronger than the electrostatic bond and cadmiums iuld not release to be
oxidized on the electrode surface, after passingné® due to the increase of
covalent bonds, the current density decreasedfsigmnily. Moreover, because of
the neutral charge of PNA probes, cadmium ions avdye connected to miR-21
and received signals only related to the labele@-g1 on the biosensor surface.
This parameter was optimized using®l®ol L labeled miR-21 by 0.1 mmolL
of Cd*. The label concentration was the last parametéchmivas optimized. For
this reason, the function of the biosensor wastesat these concentrations; 0.1,
0.5, and 1 mmol tt of Cdf* which were incubated on miR-21 (i@nol L") for 60
min under humidity at 37 °C. As shown king. 4G the lowest concentration of
Cd®* for detecting of miR-21 was 0.1 mmol'LAt the concentrations lower than
0.1 mmol ! of Cd*, the oxidation signal of G#8 could not be received, and
consequently, the lowest concentration of label uwsed in all experiments. All of
the experiments were performed three times on thleetrodes and each of the
electrodes was repeated three times.

Pleaseinsert Fig. 4 here.

3.4. Investigation of the performance and sensitivity of the biosensor

To evaluate the biosensors performance in the teteof miR-21, different
concentrations of the labeled targets, were tdsyeal sensitive DPV technique. In
this study, DPV analysis indicated variation incélechemical response of €d
ions in response to the capture probe elucidatimgyect relation to the miR-21
concentration.Fig. 5 indicates the calibration curve for detection aRR21 with
R? = 0.9947, n = 3 repetition, and also RSB %. The very wide linear range

(0.01 fmol L't —1 pmol L™ and low experimental detection limit of 0.01 fmot
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indicated that this biosensor is comparable witeptlectrochemical biosensing
strategies for miRNAs detection as shownTable 1. Also, the relative standard
deviation of the fabricated biosensor, for the samlectrode with five
measurements and for five different electrodes wes® and< 10%, respectively.

Therefore, the proposed biosensor showed goodtedpkty and reproducibility.

Pleaseinsert Fig. 5 here.
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Table 1. Comparison of different biosensors for the detagtion of miRNAs.

Target Electrode/Electroc _ S
Method of signal amplification Linear range Detection limit References

MiRNA hemical method
miR-21 MoS,/AUNPS/SA-ALP GCE/DPV 0.1 fmol L* -0.1 pmol L 0.086 fmol L* [73]
miR-21 Au@CoFeO,/ ThGrd/rolling circle GCE/SWV 1fmol L™ -2nmol L* 0.3 fmol L* [74]

. AuNPs/capture 75
miR-21 P AUE/DPV 1 fmol L™ -100 pmol [* 0.36 fmol L* [75]

probe/redox cycling
miR-21 AUNPs/SA-ALP/redo cycling AuE/Amp 10 fmol L* -5 pmol L* 3 fmol L [42]
miR-21 Hairpin capture probe/targetrecycling/MB AUE/DPV 0.5 pmol L* -2000 pmol [* 56 fmol L* [76]
miR-16 CdSeTe/CdS QULNA-MB® GCE/ASV 10.0 amol [* - 10.0 pmol I 0.32 amol [* [44]
miR-21 TiP-Cd capture probe GCE/SWV 1.0 amol [* -10.0 pmol *  0.76 amol [* [45]
miR-21 den-AuNS/ capture probe/ &d FTO/DPV 0.01 fmol L* - 1 umol ! 0. 01 fmol L** This work
3SA-ALP: Streptavidin-conjugated alkaline phosphatd$sb-Gra: Redox molecule (Tb) on graphefdB: Methyl blue;

‘QODs: Quantum dots®LNA-MB: Locked nucleic acid- Molecular beacorllRCA: Rolling circle

17
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3.5. Evaluation of the selectivity, stability and real sample tests
The selectivity of the biosensor is an importantapzeter. To evaluate the
selectivity of biosensor, 10mol L' of the non-complementary target was used
which comparing to the main target, had a diffesefuence. As shown Fig.
6A, fabricated biosensor has comparable selectiotytiie miR-21. Also, the
stability of biosensor is another important feattivat effects the performance of
the biosensor. To evaluate the effects of timehenperformance of the biosensor,
a thirty-day period was considered, and the biaseperformance was measured
in ten days intervals. According téig. 6B, over time and after 30 days 80%
recovery with RSD< 8% was obtained which indicates an acceptablepadnce
and stability.

Pleaseinsert Fig. 6 here.

To examine the efficiency of the fabricated biosenserum real samples
prepared by standard dilution method, three diffeo®ncentrations (10 nmolli.
0.01 nmol [}, and 10 fmol [}) of labeled miR-21 was spiked into the human
serum samples and then cast coated on the biossudace for evaluating the
biosensor performance. As shownHig. 7, all recoveries were between 97% and
107% with RSD< 3% for three individual measurements. This indisathat
fabricated biosensor has excellent performance evboman serum as a complex
matrix.

Pleaseinsert Fig. 7 here.

4. Conclusions

In summary, a novel electrochemical nano-genosdms®ibeen developed for the
detection of miR-21 amplicon as an aid for theyed#dtection of prostate cancer.

The biosensor comprises a cost effective FTO @dethas shown an excellent
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potential to be a commercial product. Surface moahions of FTO were achieved
via fabrication of SWCNTs and den-Au nanostructuréehese surface
functionalization techniques led to enhanced cotndtic and an increase in
effective the electrochemical surface area. Fumloee, the thiolated captured
probes immobilized onto the den-Au nanostructutesugh the SAM process
proved to be a suitable platform for immobilizingjgonucleotides during our
investigation. Final studies done with labeled r@iR-and C@" ions with
concentrations ranging from 0.@fol L™ to 1 pmol L indicated an excellent
reproducibility and repeatability. In conclusiongwropose that the fabricated
biosensor could potentially be used in clinicalgesses as a point-of-care device
for early diagnosis of PCa. Furthermore, our ingasion also points out its

potential vital role as a monitoring tool for thatients undergoing PCa treatment.
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Figures Captions

Fig. 1. The schematic of various steps of nanocomposieiction: (1) Cast
coating of functionalized SWCNTson the surface of FTO electrode; (2)
Electrodeposition of den-Au on the SWCNTs substré@g Adsorption of PNA
probe through the SAM process on nanocompositeaceirf(4) Adding MU for
blocking all the blanked spaces and orienting theded miR-21 receptor probes;
(5) Biological capturing labeled miR-21 through exeptors; (6) Electrochemical

sensing process for detection of miR-21 by emplpyrV.

Fig. 2. The FESEM micrographs of (A) the SWCNT, (B) thendAu
nanostructures, (C) the SEM micrograph of den-Anos#&ructures, and (D) the
mapping analysis of the SWCNT/den-Au nanostructUyiesthe EDS spectrum of

SWCNT/den-Au nanostructures, and (F) XRD patterR 0®/SWCNT/den-AuNS.

Fig. 3. Electrochemical characterization tests; (A) Ngtiylots, and (B) DPV
curves for (a) bare FTO, (b) nanocomposite, (c) omamposite/probe, (d)
nanocomposite/ probe/MU, and (e) nanocompositefghdt/Cd™" labeled miR-21
as different stages of the electrode fabricationaétect of miR-21 in 0.02 M of

PBS containing 2.5 mmoltKsFe(CN) + 2.5 mmol [* K4;Fe(CN.

Fig. 4. Optimization experimental conditions of modifietbdsensor; (A) Probe
concentration; (B) Hybridization time; (C) pH; ()H voltammograms; (E)
Temperature; (F) Interaction time between label amé-21; and (G) Label

concentration (n=3).

Fig. 5. The electrochemical DPV response for oxidation0Odf mmol L Cd™
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labeled miR-21 based SWCNTs/den-Au modified elasroinset: Calibration

curve for different concentrations of miR-21.

Fig. 6. (A) The selectivity of the fabricated biosensor foe miR-21 target; (B)

The biosensor stability (n = 3).

Fig. 7. Comparison of the biosensor performance for detation of miR-21 in

the human serum sample and PBS sample (n=3).
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Highlights

* A new nano-genesensor was introduced for early diagnosis of prostate cancer.
e miR-21 as abiomarker of prostate cancer was measured.
e The nano-genosensor shows high recovery and very wide linear range.

e The biosensor was successfully applied in human serum sample.
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