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ABSTRACT

Early detection of Parkinson’s disease (PD), as a dangerous neurodegenerative disease, is a key factor in
the therapy or prevention of further development of this disease. We developed an electrochemical
nanobiosensor for early detection of PD based on the quantification of circulating biomarker, miR-195.
Exfoliated graphene oxide (EGO) and gold nanowires (GNWs) were used to modify the surface of
screen-printed carbon electrode. A single-strand thiolated probe was designed for specific hybridization
with target miRNA (miR-195), and doxorubicin was used as an electrochemical indicator for differential
pulse voltammetry measurements. The results of scanning electron microscope imaging and cyclic vol-
tammetry experiments confirmed the accuracy of the working electrode modification steps. The results
of analytical performance nanobiosensor showed a high sensitivity of the biosensing with 2.9 femtomo-
lar detection limit and dynamic range of 10.0-900.0 femtomolar. In addition, good selectivity for target
miRNA over non-specific oligonucleotides (one and three base replacement in target miRNA, and non-
complementary) was achieved. The results of real human serum analysis did not show any interference
in the function of the biosensor. Based on the results, the miR-195 electrochemical nanobiosensor could
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be suggested for clinicians in the medical diagnosis of PD.

Introduction

Parkinson’s disease (PD) is known as one of the most com-
mon neurodegenerative disease in the world [1-3]. By some
estimations, PD frequency ranges from 1 to 2% in persons
over 60 years of age causing serious clinical problems which
might affect quality of life of the patients [4,5]. Besides, the
growing number of incidence, limitation of current thera-
peutic agents, and also importance of inhibition of PD pro-
gression made the early detection of PD even more
important [6,7]. Among several biomarkers discovered for
early detection of PD, which are mostly proteins, the most
recent ones are the circulating miRNAs [8-11]. Aberrant
expression of miR-195 in the serum of patients with PD has
been proved in several publications so far, and it can be used
as a reliable biomarker. As it is a blood-based biomarker, its
sampling would be non-invasive and easy [12,13]; therefore,
quantification of miR-195 in human serum was used in this
research for early detection of PD.

Nanotechnology has been used for both diagnosis and
therapeutics of the PD in advance medical studies worldwide
[14-16]. For PD diagnosis, several nanobiosensors have been
developed so far based on the quantification of different bio-
markers of PD such as dopamine [17,18], alpha-synuclein pro-
tein [19], homovanilic acid [20] and even PD-related genetic

mutation [21]. Nanobiosensors comprise the advantages of
using nanomaterials and nanostructures in biosensors, espe-
cially electrochemical nanobiosensors. There are many
reports regarding the positive effect of the application of
nanotechnology for enhancing the sensitivity of electro-
chemical nanobiosensors [22-25]. For the electrochemical
nanobiosensor of PD detection, scientists have used differ-
ent nanoparticles or nanostructures, such as single-walled
carbon nanotubes [18], multi-walled carbon nanotubes [26],
gold nanoparticles [27], graphene [17], graphene oxide
nanoribbons [28], electrochemically reduced fullerene-gra-
phene oxide [20], etc.

Quantification of miRNAs using nanobiosensors is one of
the main challenges in analytical biochemistry and has
attracted a lot of attention in the past decade [23,29]. Due
to their advantages over the conventional methods of
medical diagnosis, the electrochemical nanobiosensors are
the most important and most attended types of miRNA
detection in scientific publications [23,24,30]. These miRNA
electrochemical nanobiosensors can be implied for the
quantification of different miRNAs for detection of different
diseases, such as lung cancer [31], breast cancer [24], gas-
tric cancer [32], glioma [33], Alzheimer [34], etc. But,
beside the electrochemical methods, there are other types
of high-performance nanobiosensors such as fluorescent

CONTACT Navid Nasirizadeh @ nasirizadeh@iauyazd.ac.ir @ Department of Textile and Polymer Engineering, Yazd Branch, Islamic Azad University, PO Box

89195-155, Yazd, Iran
© 2017 Informa UK Limited, trading as Taylor & Francis Group


http://crossmark.crossref.org/dialog/?doi=10.1080/21691401.2017.1411930&domain=pdf
http://www.tandfonline.com

Downloaded by [University of Florida] at 22:33 19 December 2017

2 (&) Z AGHILI ET AL

methods which can be applied for miRNA quantification
and responded very well [35-38].

Despite development of several miRNA biomarkers for dis-
ease like PD, there is no study regarding miRNA nanobiosen-
sors for early detection of PD. Based on our literature review,
this work is the first in this case. Herein, we developed an
electrochemical nanobiosensor for quantification of miR-195
for early detection of PD based on a screen-printed carbon
electrode (SPCE), which was modified with nanomaterials like
exfoliated graphene oxide (EGO) and gold nanowires (GNWs)
and also ssDNA-specific probes for hybridization with the
miR-195 and Doxorubicin (Dox) as an electrochemical
indicator.

Graphene is an attractive nanomaterial used in electro-
chemical nanobiosensor due to its larger surface area, higher
electrical conductivity and better mechanical performance.
The EGO as a reduced-graphene oxide has been used before
in electrochemical nanobiosensors for increasing the surface
of the working electrode [39-43]. Dox is an intercalating mol-
ecule, which is a good choice for DNA-hybridization-based
biosensors. Due to the intercalating nature of DOX, it can dif-
ferentaite a single-strand oligo from a double-strand oligo. In
addition, the Dox molecule has been reported as a strong
electroactive molecule [44-48].

Experimental
Materials

All  the materials were purchased from Sigma-Aldrich
Company (St. Louis, MO, USA) and were of analytical grade,
including Gold nanowires (GNWs) (716944 ALDRICH, disper-
sion in water and contains CTAB as stabilizer). The
Doxorubicin Hydrochloride (2.0 mg/ml) were obtained from
Ebewe (Austria). The EGO were synthesized based on a previ-
ous protocol [49]. In addition, protocols of solution prepar-
ation were taken from our previous studies [24,50].

Oligonucleotides were purchased from the TAG
Copenhagen Company (Copenhagen, Denmark), including
miR-195 (5'-TAGCAGCACAGAAATATTGGC-3'); specific thiolated
single-strand probe for miR-195 (5-GCCAATATTTCTGT
GCTGCTA-3'); one-base mismatch oligonucleotide from miR-
195 (5'-TAGCAGCACATAAATATTGGC-3'); three-base mismatch
oligonucleotide from miR-195 (5'-TAGCCGCACAAAAATA
GTGGC-3') and non-complementary oligonucleotide from
miR-195 (5'-GCATGATGTCACGCACGATTA-3').

Electrochemical system

The electrochemical system of this research involved an
Autolab  potentiostat/galvanostat model PGSTAT 101
(EcoChemic, Utrecht, The Netherlands) connected to a com-
puter with the NOVA software (version 2.0) and a SPCE
(Model DRP-C110) (Dropsens Co., Llanera, Spain) with the
working electrode of carbon; platinum as counter electrode
and silver as reference electrode. In addition, the cyclic vol-
tammetry (CV) and the differential pulse voltammetry (DPV)
methods were used for the assessment of fabrication process
and final quantification of the miRNA, respectively.

Nanobiosensor fabrication and characterization

To fabricate the nanobiosensor, the working area of the SPE
was washed thoroughly with 50% ethanol and consequently
with double-distilled sterilized water. Next, a drop of EGO
solution (final concentration of 8.0mgL™") was placed on the
cleaned SPE and alowed to dry in the room. Afterwards, a
drop of GNWs (final concentration of 25.0ugmL™") was
placed on the EGO-modified SPE and the electrode was kept
in the sealed and humid container to be slowly dried. These
steps of fabrication were checked and confirmed via field
emission scanning electron microscope (FESEM) imaging
(Zeiss Sigma model 500 VP FESEM) of the SPE surface.

After modification of the working electrode with the EGO
and GNWs, a 3.0l of 220.0nM solution of thiolated SSDNA
probes was placed on the electrode and kept in the humid
container for 90 min to be attached on the surface of GNWs.
After a mild double-distilled water wash, the modified elec-
trode was immersed in the solution of MCH and was washed
again [51]. The prepared nanobiosensor was used for quanti-
fication of the target miRNA in the solution for the required
concentration. For this purpose, a 3.0 ul drop of the required
concentration of target miRNA was dropped on the surface
of the modified electrode and was kept isolated for 90 min
and washed with the washing solution [51]. The hybridized
nanobiosensor was immersed in the 0.095mM solution of
Dox for 11 min to allow the Dox molecule being intercalated
in the double-strand structure. Finally, the modified electrode
was washed gently with the double-distilled water and the
DPV (amplitude of 25mV, a modulation time of 0.05s, step
potential of 50 mV) was performed in the 0.1 M PBS solution
pH=7.0.

After every modification step of the electrode, the CV
experiments were performed in 1.0mM K3[Fe(CN)6] in PBS
solution within the potential range of 0.025-0.33V and sweep
rate of 0.02V s~'. The resulted CV curves were compared for
observing the changes made on the surface of the modified
electrode.

In addition, the developed nanobiosensor was assessed by
testing the solution of different oligonucleotides as well as
the target miRNA. For this, a specific concentration of target
miRNA was prepared and tested by hybridization with the
prepared nanobiosensor and the DPV curve was saved. Next,
a solution of one-base mismatched oligonucleotide (an oligo
with one nucleotide difference with the target miRNA) was
prepared and tested similar to the target miRNA. The same
experiments were repeated for three-base mismatched oligo-
nucleotide, non-complementary oligonucleotide and the bio-
sensor without any hybridization (just ssProbe). Finally, all the
DPVs were compared to assess the selectivity of the devel-
oped system.

Furthermore, the real sample study was performed for the
developed electrochemical nanobiosensor. An isolated human
serum was used as a medium for making a solution of target
miRNA as a simulated sample of a patient with PD. Three
concentrations of miR-195 (30, 100 and 400fM of miR-195)
spiked in the collected human serum for four replications
were tested by the developed nanobiosensor. The resulted
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Figure 1. A Schematic for representation of miR-195 nanobiosensor for early detection of Parkinson’s disease.

percentage of recovery and also percentage of relative stand-
ard deviation (RSD) of four replications were calculated.

Results and discussion

The electrochemical nanobiosensor for miR-195 quantification
was fabricated based on the protocol explained in the
“Experimental” section, which is explained schematically in
Figure 1. The name, concentrations and incubation time of
every applied material is mentioned in this figure.

Assessment of nanobiosensor preparation phases

Fabrication of the nanobiosensor was checked and confirmed
sequentially using two reliable and recognized methods: CV
and FESEM. In addition, characterization of the synthesized
EGO was done by TEM imaging.

After synthesis of EGO using the aforementioned protocol,
the TEM imaging was performed using a Zeiss-EM10C-80 KV
transmission electron microscope (Germany) for characteriza-
tion. Acording to the TEM image (Figure 2(A)), the shape and
layer form of EGO sheets were approved to be of accurate
form and shape of the EGO sheets for application in modifi-
cation of electrode. In addition, the TEM imaging of the pur-
chased GNWs is depicted in Figure 2(B), which confirmed the
size and shape of the gold nanowires.

The FESEM imaging is known to be one of the main char-
acterization methods for modification of the electrode by
nanomaterials. Therefore, the FESEM images of the electrode
after modification by EGO layer (Figure 2(C)) and also after
the addition of GNWs to the EGO-modified electrode (EGO/
GNWSs modified electrode) (Figure 2(D)) are shown here. In
addition, the energy-dispersive X-ray spectroscopy (EDS) ana-
lysis was done for the EGO/GNWs modified electrode and the

resulted spectrum is represented in Figure 2(E). The spectrum
confirmed the presence of the elements like carbon and gold
on the modified electrode surface, which is a confirmation for
modifications with EGO and GNWs.

The CV measurement in [Fe(CN)6]>"* buffer is known as a
reliable method for assessing the modifications on the elec-
trode surface, which was used in this research after every
modification phase of the nanobiosensor fabrication and the
resulted curves were compared based on changes in both
current and potential of oxidation/reduction peaks. As
depicted in Figure 3, the peak current increased after the
addition of EGO layer (curve SPE-EGO) on the bare SPE elec-
trode and consequently after the addition of GNWs
(SPE-EGO 4+ GNWs). The reasonable explanation is the high
electrical conductivity of both nanomaterials, such as EGO
and GNWs. But, after adding the ssDNA probes on the surface
of the electrode and self-assembling on the GNWs (SPE-
EGO + GNWSs-Probe), the current decreased dramatically due
to the blocking and repulsion of the electron towards the
surface of the electrode by DNA probes which poses negative
charges. Application of MCH for adjusting the orientation of
the DNA probes made the electrode surface more reachable
for the [Fe(CN)6]*”* ions, therefore the peak currect
increased  (SPE-EGO + GNWSs-Probe + MCH).  Finally, after
hybridization of the target miRNAs with the self-assembled
DNA probes (SPE-EGO + GNWs-Probe + miRNA), the peak cur-
rent dramatically decreased because of increase in the vol-
ume of oligonucleotides with negative charges and also
increase in the rate of spatial blockage of [Fe(CN)6]>* ions.
Similarly, positive shift occurred in the anodic peak potential,
and also a negative shift in the cathodic peak potential from
curve (SPE-EGO + GNWs-Probe) to curve (SPE-EGO + GNWs-
Probe + miRNA). These potential shifts can also be seen in
some other comparisons among CV curves.
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Figure 2. Results of characterization studies. TEM images of (A) EGO, and (B) GNWs. SEM images of the electrode surface modified with (C) EGO, and (D) GNWs
decorated on EGO layer. And (E) EDS spectrum of the electrode surface modified with EGO and GNWs.

Determining best values for parameters of nanobiosensor, the optimization experiment was carried out
nanobiosensor preparation sequentially for concentrations of GNWs, concentration and
incubation time for ssDNA Probe, and concentration and
incubation time for Dox. The rest of the parameters were
applied based on the previous publications [50,52]. Value of

In order to achieve the best value for parameters which are
important in the final results of the electrochemical
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Figure 3. Results of CV experiments for different stages of electrode surface
modification during nanobiosensor fabrication. (CVs performed in 1.0mM
K3[Fe(CN)6] solution (pH =7.0)).
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Figure 4. Results of experiments for determining optimum value of fabrication
parameters; concentrations of GNWs.

the DPV currents of intercalated Dox in double-strand hybri-
dized miRNA-ssProbes were assumed as a final indicator for
better evaluation of effect of parameters.

First, the concentration of GNWs decorated on the surface
of EGO layer was assessed to achieve the best value for max-
imum peak current of the final DPV. For this, the concentra-
tions between 1.0 to 35.0ug/mL of GNWs was used and
compared and the best value was 25.0 ug/mL of GNWs which
was selected to be included in the fabrication protocol of the
nanobiosensor (Figure 4(A)) and the resulted DPVs are also
represented in Figure 4(B).

The optimize value of the ssProbe concentration and incu-
bation time was also achieved by testing and comparing dif-
ferent levels (Figure 5). The peak current of DPVs for different
ssProbe concentrations, from 20.0 to 240.0 nM, are compared
in Figure 5(A) and their respected DPV curves are shown in
Figure 5(B); as it can be seen, the best result was achieved
for the concentration of 220.0 nM. For the incubation time of
the ssProbe, the comparison of the different time periods
(10-120 min) showed that 90 min was the best (Figure 5(C)),
which can be seen in the resulted DPVs (Figure 5(D)).

In addition, maximum peak current of DPVs for determin-
ing the best applied Dox concentration was for 0.095 M of
Dox (tested from 0.02 to 0.15mM) (from as it can be seen
in Figure 6(A), from the resulted DPVs (Figure 6(B)).
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Figure 5. Results of experiments for determining optimum value of fabrication
parameters; concentrations of ssDNA Probes (A) and their DPV curves (B),
incubation time of ssDNA Probes (C) and their DPV curves (D).

Afterwards, the incubation time period of the Dox was
assessed and 11min time period (was tested from 1 to
14 min) was selected to be used in the final fabrication proto-
col of the nanobiosensor (Figure 6(C,D)).

Specificity evaluation

Selectivity of the DNA and/or miRNA biosensors is one of the
most important specifications of the hybridization-based bio-
sensors. Selectivity of the fabricated nanobiosensor was eval-
uated by testing in the solution of different oligonucleotides
as well as the target miRNA, one-base mismatched oligo-
nucleotide, three-base mismatched oligonucleotide, non-com-
plementary oligonucleotide and the biosensor without any
hybridization. The resulted DPV curves are shown in Figure 7,
along the DPV curve of bare SPCE electrode for comparison.

As presented in Figure 7, current of the DPV curve of tar-
get miRNA is much higher and distinctive than the other
non-specific oligos (one-base mismatch, three-base mismatch
and non-complementary), non-hybridized ssDNA probes on
the electrode and the bare SPCE electrode. Based on this
result, it can be concluded that the specificity and selectivity
of the fabricated electrochemical nanobiosensor poses a
good selectivity for determining the target miR-195 over the
non-specific oligos even with only one nucleotide difference.
Such an opportunity could be helpful in the application of
nanobiosensor in medical diagnosis without sample manipu-
lation and preconcentrating the target miRNA.
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Figure 6. Results of experiments for determining optimum value of fabrication
parameters; (A) concentrations of Dox (A) and their DPV curves (B); and incuba-
tion time of Dox (C) and their DPV curves (D).
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Figure 7. Results of DPV experiments for evaluation of nanobiosensor selectivity
for target miRNA over non-specific oligonucleotides. (DPVs performed in 0.1 M
phosphate buffer solution (pH 7.0)).

Dynamic range and limit of detection

After optimization of the fabrication process, the electro-
chemical nanobiosensor was fabricated several times and
tested in different concentrations of the target miR-195 in
PBS solution pH=7.0. The plot of concentration and DPV
peak current showed that the linear correlation (R*=0.9933)
between these two parameters was achieved for the nano-
biosensor in miR-195 concentration between 10.0 and
900.0 fM, which is a relatively wide dynamic range for miRNA
quantification. In addition, the calculation for the limit of

100
- . /"_
10 fM 960 =
¥ = 0.7479x + 203.25 i
=250 - \ [ T R:=0.9931 o
-« P
= T “/""‘
—_— ’/,/'.
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Figure 8. DPV curves for linear range of target miRNA concentrations. Inset fig-
ure shows the linear correlation of DPV currents and regarding target miRNA
concentrations (DPVs performed in 0.1 M phosphate buffer solution (pH 7.0)).

detection based on previously reported method [50] showed
the sensitivity of the fabricated nanobiosensor was down to
2.9fM. The analytical performance of the electrochemical
nanobiosensor is comparable and somehow relatively better
compared to previous publications regarding electrochemical
biosensing and nanobiosensing of miRNAs [23,32,53].

The repeatability of the fabrication procedure was also
evaluated by making the nanobiosensor for five replications
in 80.0fM concentration of the target miRNA. The mean DPV
peak current for five replications was 270 nA £10 with RSD of
3.7%. The low RSD percentage of five replications represent-
ing the high repeatability of the fabrication process is one of
the main advantages of the developed biosensing mechan-
ism (Figure 8).

Real sample assay

Real human samples are a complicated mixture of molecules,
ions and many other different types of moieties which can be
a thread to function and also selectivity of every biosensing
strategies. Evaluation of every new developed system for clin-
ical detection in real sample environment is basically
unavoidable. After spiking three different quantity of the tar-
get miRNA in a human serum, the resulted percentage of
recovery and also percentage of RSD of replications were cal-
culated, which is reported in Table 1.

The recovery percentages of the real sample studies for
every used concentration of miR-195 were close to 100%,
with an acceptable distance (Table 1). This is a good perform-
ance and reveals the acceptable function of the nanobiosen-
sor in human serum environment. In addition, the low RSD
percentages of the four replications for every tested concen-
tration could be another valuable characteristic of the nano-
biosensor in human serum environment. Such results for real
sample study of the nanobiosensor make it a good candidate
for application in assessment of human serum samples in
clinics and diagnosis of PD.

Table 2 shows the comparision of the features of previ-
ously published electrochemical nanobiosensors of miRNA
with the developed nanobiosensor of miR-195.

It can be concluded from Table 2 that the developed elec-
trochemical nanobiosensor with 10.0-900.0 fM dynamic range
and detection limit of 2.9fM is an acceptable sensitivity and
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Table 1. Results of performance of the sensing method in real sample.

Added quantity of miR-195

Detected quantity of miR-195

Recovery percentage Percentage of RSD

30.0 fM 29.59 fM
100.0 fM 102.34 fM
400.0 fM 396.87 ftM

98.65% 3.21%
102.34% 2.96%
99.22% 3.90%

Table 2. Comparison of the different published electrochemical nanobiosensors of miRNAs.

Disease miRNA Nanomaterial Linear range Detection limit Ref
Colorectal cancer miR-103 AuNPs 100 fM-5nM 100 fM [54]
Alzheimer miR-34a Graphene oxide 5-35 pug/mL 7.52 pg/mL [34]
- miR-21 AuNPs 5fM-1pM 1.6fM [55]
Breast cancer miR-21 - 0.1-500 pM 84.3fM [56]
- miR-21 Silver nanoparticles 0.1fM-2 pM 20 aM [57]
Pancreatic carcinoma miR-210 DNA tetrahedral nanostructure 10fM-1nM 10fM [58]
- miR-155 Pd nanoparticles 5.6-5.6 x 10° pM 1.87 pM [59]
- miR-27b Quantum dots 50fM-30 pM 12fM [60]
- miR-24 Multi-walled carbon nanotubes 1pM-1nM 1pM [61]
Hepatocarcinoma miR-21 Graphene/AuNPs 0.1 -70pM 0.06 pM [62]
Parkinson’s disease miR-195 Exfoliated Graphene Oxide/Gold nanowires 10-900 fM 29fM This work

wide linear range. In addition, the easy and cost-effective pro-
duction of the nanobiosensor, and also its good response in
the simulated real sample environment, make it a good
potential method to be used in future clinical applications.

Conclusions

Nowadays, biosensors have attracted a lot of attention, espe-
cially those with the applied nanomaterials which led to the
enhanced sensitivity. Herein, an SPCE electrode was modified
with EGO and then decorated with the GNWs for increasing
the effective surface area of electrode. An approved interca-
lated electrochemical label was also used to enhance the sen-
sitivity and selectivity of the nanobiosensor. The resulted low
detection limit (2.9fM) and also a broad linear range
(10.0-900.0 fM), as well as good selectivity and performance in
real sample environment, make the fabricated electrochemical
nanobiosensor a good candidate for quantification of the miR-
195 for early detection of PD. The results were better than a
vast number of the presented biosensors developed for
miRNA quantification. In addition, a simple and cost-effective
fabrication process is also the superiority of the designed bio-
sensing mechanism. Therefore, it can be suggested to the lab-
oratories and clinicians for actual usage in early detection of
PD and hopefully help them embrace development of the dis-
ease and even cure it at the proper time.
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