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Abstract: In this article, we introduced a novel electro-
chemical biosensor for the detection of microRNA-126.
The biosensor utilizes a hybridization assay combined
with multi-walled carbon nanotubes and gold nanorod-
decorated screen-printed carbon electrodes. For electrode
preparation, gold nanorods were first immobilized onto
the surface of bare and multi-walled carbon nanotube-
modified screen-printed carbon electrodes, and the thiol

tagged-capture probe was immobilized on the electrode
surface through gold and thiol group interaction. After
the immobilization, thiol tagged-capture probe hybridized
with the target sequence. Under optimum conditions, we
determined limit of detection (LOD) and limit of
quantification (LOQ) as high as 11nM and 36nM,
respectively.
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1 Introduction

MicroRNA (miRNA) is a single stranded, short (18-24
nucleotides) and non-protein encoding RNA, which
involves in numerous biological processes. They play key
regulatory roles, e.g., cell differentiation, stress response,
proliferation, and apoptosis [1]. They could be used as a
biomarker especially in liquid biopsy due to their
minimally invasive nature. They are also stable in the
blood stream and resistant to fragmentation by either
enzymatic or chemical agents [2]. However, detection of
miRNA is challenging due to the short size of oligonu-
cleotides, sequence similarities, and their low amount in
biological samples. Therefore, a sensitive, selective, rapid
and affordable method is needed for the detection of
miRNAs in clinic for diagnosis and prognosis [3]. In
literature, different platforms have been developed that
utilize expensive and time-consuming traditional techni-
ques, and require challenging sample preparation proto-
cols, e.g., northern blot [4], reverse transcription polymer-
ase chain reaction (RT-PCR) [5], microarrays, [6] and
RNA sequencing [7]. New technologies have been also
developed for the detection of miRNA, e.g., DNA
machine, synthetic molecular machinery based on pro-
grammed sequence-specific interactions of DNA strands
[8], and CRISPR/Cas13a powered portable electrochemi-
luminescence [9].

Strategies relying on biosensors such as electrochem-
ical, colorimetric, optical, mass sensitive, and electro-
chemiluminescent platforms employing nanomaterials or
enzymatic signal amplification have been offered as a
strong candidate over the traditional methods as they
could provide rapid and sensitive responses, exhibit a
non-toxic nature, and possess simple experimental steps.
Among those, electrochemical biosensors are promising
due to their advantages, e.g., simple instrumentation and
stable operation. Carbon derivate nanomaterials, e.g.,
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carbon nanotubes (CNTs), carbon nanofibers, graphene,
graphene oxide (GO) nano-sheets, and gold nanopar-
ticles, provide electro-conductivity, large effective surface
area and biocompatibility [10]. Particularly, single-
(SWCNTs) and multi-walled carbon  nanotubes
(MWCNTs) are preferred for biosensing applications as
they could provide low limit-of-detections [11]. MWCNTs
functionalized with nanomaterials could also provide new
physical or chemical modalities to biosensors [12].

As a promising nanomaterial, gold nanorods (AuNRs)
have been widely used in biosensing applications for
diagnostic, imaging and therapeutic applications. Rod-
shaped nanostructures have one-dimensional structure
that provides excellent electrocatalytic properties and
strong electron transfer platforms. They could be manu-
factured in different aspect ratios, which could alter their
optical properties [13]. Moreover, they have high stability
and could be prepared with self-assembly techniques
[13a].

Among gold-based morphologies, e.g., cage or sphere,
AuNRs have the highest surface cross-section with higher
efficiency of cell adhering [14]. Furthermore, they ensure
low agglomeration at the immobilization surface due to
their shape, and are compatible for biomolecule immobi-
lization. More importantly, AuNRs have an easy-to-adjust
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nature using thiol-ended molecules. Recently, gold nano-
particles combined with CNTs have been used to create
nano-hybrid materials exhibiting new properties, which
could be critical for wide range of applications, e.g.,
sensors [15], biosensors [16], and drug delivery [17].
Moreover, MWCNTs could provide reliable support to
stabilize nanometer-sized gold particles, which yields
ultra-sensitive detection of biological molecules.

mir-126, a member of miRNA family, has critical roles
in cellular biology, e.g., cancer biology, inflammation,
vascular development, and angiogenesis. It plays an
important role in atherosclerosis, coronary artery disease,
stroke, and diabetic vasculopathy, and is used as a
biomarker for cardiovascular diseases [18]. Downregula-
tion of mir-126 expression generally occurs in vascular
diseases [19]. Moreover, mir-126 has also an important
function in diseases related to brain and retina. As an
important biomarker candidate and a therapeutic target
for vascular diseases and cancer, detection of mir-126 is
very critical.

In literature, there are numerous miRNA detection
strategies, e.g., Au nanoparticle decorated-reduced gra-
phene oxide (GO) nanocomposites via streptavidin-alka-
line-phosphatase catalyzed assay [20], thiolated probe-
functionalized gold nanorods and GO oxide for miRNA-
155 via an intercalating label Oracet Blue [21],, an
impidimetric method using biotinylated polythiophene
film coated gold SPE for miR-221 [22], and SWCNT-
grafted dendritic Au nanostructure on fluorine-doped tin
oxide electrode for miR-21 [23]. Furthermore, electro-
chemical biosensors are available that employ either
MWCNTs or AuNRs, while their combination has not
been investigated for the detection of mir-126.

To our knowledge, combination of AuNRs and
MWCNTs with SPEs has not been reported for the
detection of mir-126 yet. In this article we, for the first
time, developed a label-free electrochemical biosensor for
mir-126 detection via hybridization with the use of
AuNRs/MWCNTs modified screen-printed carbon elec-
trodes (SPEs). We investigated the electrochemical
behavior of AuNRs/MWCNTs modified SPEs (AuNRs/
MWCNTSs/SPEs) through differential pulse voltammetry
(DPV), cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS), and explored their func-
tionality by comparing their electrochemical properties
with those of bare SPEs and MWCNTs modified SPEs
(MWCNT/SPEs). We evaluated probe-target hybridiza-
tion by monitoring changes within the guanine oxidation
current, where the decrease in this current was used as an
indicator for mir-126 hybridization. Synergistic effect of
AuNRs and MWCNTs showed an excellent electro-
catalytic activity and a convenient surface for mir-126
hybridization. Voltammetry and impedance-based elec-
trochemical methods were, for the first time, used to
realize sequence-specific detection of mir-126. Specificity
of the mir-126 biosensor was evaluated with the use of
non-complementary sequences. Under optimum condi-
tions, the platform yields a limit of detection (LOD) and
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limit of quantification (LOQ), 11 nM and 36 nM, respec-
tively. Our biosensor supports excellent stability over 8
weeks, longer than the stability data in literature, which is
an important asset for commercial applications requiring
long storage period.

2 Experimental
2.1 Chemicals, Oligonucleotides, and Electrodes

Gold Nanorods: CTAB capped bare gold nanorods (A12-
10-750-CTAB-25) with 10-nm-diameter and 35-nm-length
(Nanopartz, USA) were purified in DI-water with trace
CTAB, and used in the experiments without any mod-
ification. To prevent aggregation of AuNRs, stock
solutions were sonicated for 10 s before each experiment.
Oligonucleotides: Synthetic oligonucleotides in HPLC
purified-lyophilized powder format (Eurofins Genomics,
Germany) were used without purification. Stock solutions
of oligonucleotides were prepared with water for injec-
tion. Diluted solutions of probe were prepared in 0.5 M
Acetate Buffer (pH: 4.8, ACB), while those of target and
non-complementary sequences were prepared in 0.05 M
Phosphate Buffer (pH 7.4, PBS). In this article, specific
mir-126 RNA sequences were labelled as target. Sequen-
ces complementary to target (antimir-126) were labelled
as probe, which functions as bio-recognition element.
Non-complementary oligonucleotides (mir-21), possessing
different sequences compared to target, were used as
control to determine the specificity of our biosensor.
Synthetic oligonucleotide sequences are shown below:

Probe

Probe antimir-126: 5’-CGC ATT ATT ACT CAC GGT
ACG A-3

—SH tagged Probe antimir-126: 5’-SH CGC ATT ATT
ACT CAC GGT ACG A-¥

—NH, tagged Probe antimir-126: 5-NH, CGC ATT
ATT ACT CAC GGT ACG A-3

Target

mir-126 (RNA): 5-UCG UAC CGU GAG UAA UAA
UGCG-¥

Non-Complementary (Control)

NC-1 (mir-21 (DNA)): 5-TAG CTIT ATC AGA CTG
ATG TTG A-3

NC-2 (mir-21 (RNA)): 5°- UAG CUU AUC AGA
CUG AUG UUG A-3

Electrodes: SPEs (ref. DRP-110) and MWCNT/SPEs
(ref. DRP-110CNT) were received from DropSens,
Metrohm (Spain).
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2.2 Method
2.2.1 Characterization of AuNRs

The morphology of AuNRs was investigated with a
scanning electron microscope (SEM, Hitachi S-4800,
Japan). AuNRs were characterized with a UV-Vis spec-
trophotometer (Shimadzu UV-3600, Japan), where its
absorbance spectra were recorded between 400 to
1000 nm.

2.2.2 Label-Free Electrochemical Detection of mir-126
2.2.2.1 Activation of Bare SPEs and MWCNT/SPEs

SPEs were first rinsed with 50 % ethanol and DI-water to
eliminate impurities. In order to obtain steady voltammo-
grams, bare SPEs and MWCNT/SPEs were electrochemi-
cally activated through 10 potential cycles between
+0.5V and +1.8 V with a scan rate of 100 mV/s in PBS
[24].

Bare SPE

AuNRs/SPE

3F
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2.2.2.2 Preparation and Immobilization of AuNRs onto
Bare SPEs and MWCNT/SPEs

AuNRs were diluted by a factor of 20 with PBS. For the
modification of AuNRs at the surface of bare SPEs and
MWCNT/SPEs, 50 uL. AuNRs solution was dropped onto
the activated bare SPEs and MWCNT/SPEs, where it was
incubated for 2 h, and rinsed with PBS afterwards.

2.2.2.3 Detection of mir-126 via Hybridization

The steps for the detection of mir-126 are shown in
Figure 1.

Antimir-126 Probe Immobilization: Dilute solutions
of —SH tagged antimir-126 probe (—SH Probe) was daily
prepared with PBS. 50 uL —SH Probe solution with 5 ug/
mL concentration was immobilized onto AuNRs/
MWCNT/SPEs for 1 h, which forms a gold-thiol (Au—SH)
bond. Probe coated electrodes were rinsed with PBS to
remove unbound —SH Probe from the surface. Following
this step, 50 pL 6-mercapto-1-hexanol (6-MCH) with
1 mM concentration prepared in PBS was immobilized for
1 h. 6-MCH was used for efficient hybridization by block-

MWCNT/SPE

AuNRs/MWCNT/SPE
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Fig. 1. Schematic illustration for the electrochemical detection of mir-126.

www.electroanalysis.wiley-vch.de

© 2021 Wiley-VCH GmbH

Electroanalysis 2021,33,1-10 3
These are not the final page numbers! 17


www.electroanalysis.wiley-vch.de

Research Article

ing unreacted gold surface, and eliminating non-specific
adsorption. In the last step, electrodes were rinsed with
PBS.

Solid-Phase Hybridization with mir-126: Dilute sol-
utions of mir-126 were daily prepared with PBS. Probe-
target hybridization was realized through 1 h immobiliza-
tion of 50 pL mir-126 target solution. Target solutions
were prepared by dissolving different concentrations of
target in the hybridization solution. In the last step,
electrodes were rinsed with PBS. To determine the
specificity of our biosensor, non-complementary sequen-
ces, e.g., mir-21 DNA and mir-21 RNA, were used as
control evaluated under the same hybridization condi-
tions.

2.2.2.4 Electrochemical Measurement

DPV, CV, and EIS were carried out with a Potentiostat/
Galvanostat/Impedance Analyzer (Metrohm, AUTOLAB
204.FRA32 M model with NOVA 2.1 software). All DPV
measurements were performed in ACB from +0.4V to
+1.4V at 100 mV/s scan rate with 0.5 s interval time. CV
and EIS measurements were performed in 10 mM K;(Fe-
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Fig. 2. UV-Vis absorption spectrum and SEM image (inset) of
AuNRs.
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(CN)¢(/K,(Fe(CN), solution. CV scan rate was between
20-200 mV/s.

3 Results and Discussion
3.1 Characterization of AuNRs

We investigated the morphological properties of AuNRs
via UV-Vis spectrometry and scanning electron micro-
scopy. Figure 2 shows the UV-Vis absorption spectrum
and the SEM image (inset) of AuNRs. For UV measure-
ments, 100 uL. AuNRs solution was filled into a cuvette,
and the absorption spectrum was measured at a 0.5 nm
sampling interval with single scan mode. As shown in
Figure 2, the absorption peak of AuNRs was obtained at
~750 nm, which is associated with the localized surface
plasmon excitations. SEM image shows that nanorods are
not aggregated, and have uniform shapes. The diameter
of AuNRs is ~35 nm.

3.2 Activation Effect of Bare SPEs and MWCNT/SPEs

Electrochemical [25] or mechanical [26] activation of
SPEs enhances voltammetric responses, and increases
sensitivity. Activation step is also crucial for the stability
of electrochemical biosensors, e.g., due to insufficient
activation, nanomaterials or biological molecules could
detach from the surface, which results in instability of the
biosensors. Mechanical activation is realized by polishing
SPEs with either commonly available alumina slurry or
diamond spray. In general, electrochemical activation is
more preferred than mechanic activation. Activation is
critical as SPEs are electrochemically less active due to
their polymeric material restricting electron transfer
reaction at the -electrode-electrolyte interface, which
decreases electron transfer. Thus, SPEs are electrochemi-
cally activated to improve edge planes [24]. In electro-
chemical activation, repetitive voltammetric cycles are
applied at a certain potential.

In Figure 3, we compared electrochemical response of
activated and non-activated bare SPEs and MWCNT/
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Fig. 3. (A) CV and (B) EIS spectra of activated and non-activated bare SPEs (blue, green) and MWCNT/SPEs (red, black) in 10 mM

K;(Fe(CN)¢/K,(Fe(CN)g solution. Figures are color-coded.
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SPEs through CV and EIS (blue/green: activated/non-
activated bare SPEs, red/black: activated/non-activated
MWCNT/SPEs). In experiments, bare SPEs and
MWCNT/SPEs were electrochemically activated in PBS
with CV, e.g., between +0.5V and +1.8 V for 10 cycles
at a scan rate of 100mV/s. Their -electrochemical
responses were evaluated with CV and EIS in 10 mM
K;(Fe(CN)y/K4(Fe(CN)g solution. In Figure 3A, CV spec-
trum has different electrochemical behaviors for activated
and non-activated bare SPEs and MWCNT/SPEs. For
both  MWCNT/SPEs and SPEs, current dramatically
increased after the activation, while higher currents were
obtained for MWCNT/SPEs compared to bare SPEs due
to MWCNTS’ ability to increase electrode active surface
area. For both SPEs, activation dramatically increased the
peak currents, which is attributed to the acceleration of
electron transfer.

We performed EIS experiments to confirm CV results.
As shown in Figure 3B, non-activated SPEs showed a
large semicircle, which suggests a very high electron
transfer resistance compared to other electrodes. Acti-
vated SPEs exhibit smaller charge transfer resistance (R
compared to non-activated SPEs. A significant decrease
in R, was observed for MWCNT/SPEs unlike bare SPEs,
which implies MWCNTSs’ good electrical conductivity that
could accelerate electron transfer of the electrochemical
probe.

3.3 Comparison of SPEs, MWCNT/SPEs and
AuNRs/MWCNT/SPEs

Carbon nanotubes have negatively charged surfaces due
to functional oxide surface groups, e.g., carboxylic and
hydroxyl groups, which are widely used as electrode
material in electroanalytical chemistry. Combination of
MWCNTs with gold particles provides unique properties,
e.g., strong activity, higher electrocatalytic activity and
stability. In our work, SPEs and MWCNT/SPEs were
commercially supplied, and electrochemically activated.
In order to demonstrate the function of AuNRs in our
biosensor system, we deposited AuNRs onto bare SPEs
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and MWCNT/SPEs via passive adsorption. AuNRs could
easily enter inside the network, and locate stably on the
electrode surface due to the porous structure of the
carbon membrane [27].

Figure 4A shows the CV spectrum of bare SPEs
(blue), MWCNT/SPEs (red), and AuNRs/MWCNT/SPEs
(orange) in a 10 mM K;(Fe(CN)y/K,(Fe(CN)s solution,
showing that AuNRs/MWCNT/SPEs yield the highest
catalytic activity. For example, AuNRs/MWCNT/SPEs
shows higher redox peak currents compared to bare SPEs
and MWCNTs/SPEs. The electrochemically active surface
area of the modified electrode was calculated with
Randles-Sevcik Equation 1.

Ip =2.72.10° n*> A D2 C v'? (1)

In Equation 1, I, is the peak current, n is the number
of electrons involved in the redox reaction, v is the scan
rate (Vs™), A is the electrochemical active area (cm?), D
is the diffusion coefficient (cm?s™'), and C is the
concentration of [Fe(CN)y]** (molcm™). According to
Equation 1, active surface areas were calculated as 0.9+
0.04, 1.6+0.08, and 9.0+£0.1 mm*® for bare SPEs,
MWCNT/SPEs, and AuNRs/MWCNT/SPEs, respectively.
Electroactive surface area of AuNRs/MWCNT/SPEs
increased ~10 fold compared to bare SPES, demonstrat-
ing its better conductivity desired for sensing applications.
To our knowledge, our biosensor has more active surface
area compared to the earlier study reported in literature
[28].

Nanoparticle-modified working electrodes have three
unique advantages over their unmodified counterparts,
e.g., enhancement of mass transport, catalysis, and high
effective surface area [29]. Nanoparticles enable higher
rate of mass transport to the electrode surface such that
the peak current determined for the nanoparticle-modi-
fied and -unmodified electrodes could be differentiated.
On the other hand, catalytic properties of nanoparticles
could cause a decrease in the overpotential, and allow
higher peak-to-peak separation (AE,). As shown in Fig-
ure 4A, AE, is lower for AuNRs/MWCNT/SPEs com-
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Fig. 4. (A) CV and (B) EIS spectrum of bare SPEs, (blue) MWCNT/SPEs (red), and AuNRs/MWCNT/SPEs (orange) in 10 mM

K;(Fe(CN)¢/K,(Fe(CN)g solution. Figures are color-coded.
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pared to MWCNT/SPEs and bare SPEs, which indicates
the rapid electron transfer on the modified electrodes,
e.g., AuNRs/MWCNT/SPEs > MWCNT/SPEs > bare
SPEs.

Figure 4B shows the Nyquist plots determined by EIS.
After the modification of AuNRs on MWCNT/SPEs, R,
dramatically decreased, e.g., by 72 %, compared to bare
SPEs and MWCNT/SPEs. Therefore, AuNRs-modified
SPEs is more sensitive to variations in the electrons on
the surface compared to bare SPEs and MWCNT/SPEs.
Here, we determined the R, values as 4354+8 (), 123+
5Q, and 65+4Q for bare SPEs, MWCNT/SPEs and
AuNRs/MWCNT/SPEs, respectively. In the Nyquist plot,
AuNRs/MWCNT/SPEs shows a small diameter, which
suggests a fast electron-transfer rate and low R. This is
due to the strong conductivity of MWCNTs and AuNRs
that arises from their synergistic effect. Here, both bare
SPEs and MWCNT/SPEs become more conductive to
improve the electron transfer between electrolytic sol-
ution and the electrode in the presence of AuNRs [27].
AuNRs have good electrical properties, and could
improve active surface and electron transfer rate, i.e.,
they could be integrated to biosensor systems.

3.4 Detection of mir-126

In the previous section, we determined the optimum
parameters for the highest sensing signal related to
AuNRs/MWCNT/SPEs. In this section, we determined
the proper probe for effective immobilization. Accord-
ingly, we immobilized different types of probes onto the
electrode surface, and performed CV and EIS tests. CV
measurements were performed to investigate probe effect
on redox signal (Figure SA). Here, the peak current
determined for bare AuNRs/MWCNT/SPEs (orange) is
highest compared to probe coated electrodes. Peak
current decreased after modification for all probe types,
which suggests that non-conductive probe binding on the
electrode surface could act as a barrier making interfacial
charge transfer inaccessible. Coating electrodes with
probe could also hinder electron transfer on the electrode
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surface. The highest decrease in current was obtained with
—SH Probe (purple) due to the specific and strong
interaction between Au—SH group of the probe. Redox
currents of Probe (black) and -NH, Probe (gray) coated
electrodes are very close to bare electrodes which
demonstrates that there is no effective interaction be-
tween Au and these probes.

Figure 5B shows the Nyquist plots for bare AuNRs/
MWCNT/SPEs (orange), Probe (black), -NH, Probe
(gray), and —SH Probe (purple) coated AuNRs/MWCNT/
SPEs in 10 mM Kj;(Fe(CN)y/K,(Fe(CN), solution. Com-
pared to bare electrodes, R, values increased with Probe,
—SH Probe, and -NH, Probe coated AuNRs/MWCNT/
SPEs. The highest resistance was determined for —SH
Probe coated AuNRs/MWCNT/SPEs due to the electron
transfer blocking in K;(Fe(CN)y/K,(Fe(CN)s. This could
be attributed to the decline in the electron transfer ability
for K;(Fe(CN)y/K,(Fe(CN), as a result of the probe
oligonucleotide deposition. After the interaction between
AuNRs and —SH Probe, R, value increased by ~2.2 fold
compared to bare AuNRs/MWCNT/SPEs, which indicates
their strong interaction.

This increase in R, could be attributed to the
insulation effect of the phage layers onto the surface of
the electrodes. As Au possess a strong interaction with
—SH groups, more biomolecules, (e.g., thiol terminated
capture probe) immobilized at the electrode surface.
Consistency between CV and EIS characterization in-
dicates that probe immobilization ensures effective hy-
bridization.

One important step for a successful hybridization is
the immobilization efficiency of the capture probe. There-
fore, we explored the effect of probe concentration and
immobilization time on the analytical performance of our
biosensor via DPV (Figure 6). Electro-activity of guanine
bases could be used for direct measurement of nucleic
acids in label-free assays [30]. We investigated the effect
of probe concentration on biosensor performance by
monitoring guanine oxidation current in Figure 6A. To
find the optimum probe concentration, —SH Probe in the
range between 1 and 20 pg/mL was immobilized onto
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Fig. 5. (A) CV and (B) EIS spectrum of bare AuNRs/MWCNT/SPEs (orange), Probe (black), -NH, Probe (gray), and —SH Probe
(purple) coated AuNRs/MWCNT/SPEs in 10 mM K;(Fe(CN)/K,(Fe(CN), solution. Figures are color-coded.
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Fig. 6. Histograms of guanine oxidation signals for (A) probe concentration and (B) probe immobilization time. Error bars denote

standard deviation of five independent experiments.

AuNRs/MWCNT/SPEs. After probe immobilization, elec-
trodes were rinsed with PBS to remove unbound probe
followed by the voltammetric measurements. In the
voltammetric measurements, we observed a gradual
increase in current with probe concentration until 5 pg/
mL, which is the saturation level, e.g., chosen as the
optimum probe concentration. As shown in the next
section, surface of AuNRs/MWCNT/SPEs was saturated
via —SH Probe, which eliminates non-specific binding of
target mir-126 to provide the best hybridization efficiency.
Figure 6B shows the histogram of guanine oxidation
current as a function of probe immobilization time from 5
to 120 min. Here, we observed that guanine oxidation
current increased with time and remained almost un-
changed after 60 min. Therefore, for the hybridization
studies, probe immobilization time was chosen as 60 min.

Hybridization between complementary sequences,
e.g., probe and target, is the most preferred bio-
recognition scheme compared to enzymes or antibodies
due to their strong stability and short assay time. In order
to find the optimum target concentration, we formed
various hybrids between antimir-126 and mir-126 while
changing the target concentration at a fixed probe
concentration. In DPV analyses, guanine oxidation cur-
rents were evaluated before and after hybridization.
Figure 7A shows that, amplitude of the guanine oxidation
current for hybrid significantly decreases with target
concentration until 5 pg/mL (blue: probe, red: target).
Figure 7B shows the calibration curve determined from
ACurrent (Al=Iprope—liysrip) VS. logarithm of miRNA-
126 concentration. Linear regression equation was found
as Al=276.59xlog(Target Concentration) +117.64,
where R?=0.9941. For mir-126 detection, we used the
formulation as, e.g., limit of detection, LOD=(3xSD)/
(Slope of Calibration Curve), and limit of quantification,
LOQ=(10xSD)/(Slope of Calibration Curve), where SD
is the standard deviation calculated by regression analysis
for S/N=3. Under optimum conditions, LOD and LOQ
were calculated as 11 nM and 36 nM, respectively.

We investigated the ability of our platform to form
solid-phase hybridization via DPV, where guanine oxida-
tion currents were measured before and after hybrid-
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ization. As shown in Figure 7C, guanine oxidation current
of probe (blue) is higher than those of hybrid (red) since
oxidation is more difficult in a hybrid structure compared
to probe. The reason is that the electron transfer from the
inside of the hybrid RNA to the electrode surface is more
challenging compared to flexible probe RNA, which leads
to higher peak currents in the probe. Our results
demonstrated that a complementary target could pair
with the probe, which leads a significant decrease in the
guanine oxidation current due to hybridization. We
performed control experiments to evaluate the selectivity
of the biosensor, where two non-complementary sequen-
ces for mir-126 (NC1: orange, NC2: green) were used as
target. We observed no change in the guanine oxidation
current for NC1 and NC2, which proves our biosensor’s
selectivity to target mir-126. Finally, we performed EIS
measurements to evaluate hybridization, where Nyquist
plots were determined for probe (blue), hybrid (red),
NC1 (orange), and NC2 (green) immobilized on AuNRs/
MWCNT/SPEs. Figure 7D shows that R calculated for
probe increased upon the immobilization of target, NC1,
and NC2. Increase in R, for hybrid is the result of the
accumulation of negatively charged phosphate backbone
of mir-126 on the probe coated electrodes. However, R,
values for NC1 and NC2 were not as resistive as hybrid,
which proves the absence of hybridization between probe
and non-complementary sequences.

3.5 Stability of mir-126 Biosensor

In order to evaluate the stability of our biosensor, —SH
Probe coated electrodes were stored at +4°C for different
storage durations in weeks. The electrodes were then
hybridized with target mir-126, and analyzed with the
protocol explained in Section 2.2.2.4. As shown in Table 1,
we observed no significant change in the peak current
until week 8, which demonstrates our biosensor’s strong
stability. This stability duration is longer than previously
reported data in literature for miRNA detection [31].
Providing long shelf life, our cost-effective and disposable
biosensor could be a good candidate for commercial use
for mir-126 detection.
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constant probe concentration, 5 pg/mL. (C) DPV and (D) EIS of probe, hybrid, NC-1, and NC-2.

Table 1. Stability of mir-126 biosensor for different storage durations

at +4°C (n=5).

Storage Duration Average response RSD Value
at +4°C of the mir-126 (%)
(weeks)

0 100 2.4
1 98.4 21
2 96.5 4.8
3 94.2 6.5
4 93.7 5.8
8 85.6 8.8
12 74.3 125
16 60.2 13.3

4 Conclusion

miRNA detection often requires amplification, labeling,
or radioactive probes. The detection could be achieved in
either spiked human serum, cell lines, or tissues. The
disadvantage of a tissue-based detection is the need for
invasive procedures, e.g., biopsy. In our study, we
successfully detected mir-126, and selectively discrimi-
nated it from control sequences in synesthetic samples. In
this article, we developed a sensitive, selective, and robust
electrochemical RNA biosensor platform with the use of
AuNRs/MWCNT/SPEs for the detection of mir-126.
Electrostatic interaction between negatively charged
MWCNTs surface and positively charged AuNRs surface
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stabilized the electrode material, and provided a function-
alized surface for a sensitive detection. AuNRs/MWCNT/
SPEs displayed stronger catalytic activity and lower redox
potentials compared to bare electrodes. We used CV and
EIS analyses to investigate electrochemical properties of
modified SPEs. We showed that electroactive surface area
of MWCNT/AuNRs/SPEs increased by ~10 folds com-
pared to bare SPEs. We determined LOD and LOQ of
the biosensor as 11 nM and 36 nM, respectively with a
signal-to-noise ratio of 3. In our biosensor platform, such
a high sensitivity was achieved by combining an excellent
electrical conductivity of multi-walled carbon nanotubes
and gold nanorods. Providing rapid, sensitive and selec-
tive sensing data, our electrochemical platform is promis-
ing for point-of-care detection of mir-126. Moving from
the proof-of-concept detection of synthetic mir-126 se-
quences, we will test our detection assay with real patient
samples prepared from serum in the future.
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