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Abstract
Glioma is a tumor in the brain and spinal cord originating in the glial cells that
surround the nerve cells. Among several microRNAs reported, miRNA-363 is
associated with human glioma. Based on miRNA-363 levels, the development
and progression of glioma can bemonitored. The current study used an interdig-
itated electrode sensor to monitor microRNA-363 levels, which indeed reflects
the severity of glioma. The interdigitated electrode was generated using a pho-
tolithography technique followed by surface chemical modification carried out
to insert miRNA-363 complementary oligo as the probe complexed with gold
nanoparticles. The proposed sensor works based on the dipole moment between
two electrodes, and when molecular immobilization or interaction occurs, the
response by the signal output changes. The changes in the target microRNA-363
sequence were standardized to identify glioma. The limit of detection of miRNA-
363was 10 fMwith anR2 value of 0.996 on the linear coefficient regression ranges
between 1 fM and 100 pM. Furthermore, unrelated sequences failed to increase
the response of the current with the complementary probe, indicating specific
miRNA-363 detection on the interdigitated electrode. This study demonstrates
the platform to be used for determining the presence of microRNA-363 in glioma
and as the basis for other biomarker analyses.
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1 INTRODUCTION

Glioma is a type of common tumor that originates in the
brain 1 and is derived from the glial cells (gluey supportive

Abbreviations: miRNA, MicroRNA; fM, femtomolar; pM, picomolar;
MRI, Magnetic resonance imaging; BBB, Blood-brain barrier; HDAC-9,
Histone deacetylase 9; GAP-43, Growth associated protein 43; RAP-1,
Ras-related protein 1; MMP-9, Matrix metalloproteinase-9; APTES,
(3-aminopropyl)triethoxysilane); PBS, Phosphate-buffered saline; PEG,
Polyethylene glycol; aM, Attomolar; nM, Nanomolar; IDE,
Interdigitated Electrode; DNA, Deoxyribonucleic acid.
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cells) that surround the nerve cells to support neurons,
such as oligodendrocytes, astrocytes, and ependymal cells
in the brain. Glioma is also called an intra-axial tumor
because it can grow within the substance of the brain and
spread in normal brain tissue. Glioma can affect brain
function and is life-threatening depending on its growth
rate. In general, surgery, chemotherapy, radiation ther-
apy, and targeted therapy are the treatments for glioma.
Magnetic resonance imaging is an imaging method
used to diagnose glioma. However, imaging methods are
complicated, expensive, and difficult to access. Therefore,
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developing an easy identification method/strategy is
needed for glioma diagnosis. Blood-based biomarkers
have been effectively used to identify various targets in
diagnosing different diseases.2–5 The diagnosis, treat-
ment, and prognosis of glioma are partly hindered by the
presence of the blood–brain barrier (BBB). Simultane-
ously, a significant number of exosomes are released by
glioma, which can escape the BBB and become a systemic
biomarker for the progression of glioma.6,7 Exosomes
are extracellular vesicles characterized by the presence
of membrane CD9 and CD81 proteins and functional
miRNAs. Exosomes play a major role in the intercellular
communications between the tumor and normal cells.8
Identifying biological markers helps in diagnosing glioma
and its growth condition. This study focused on detecting
miRNA-363, a suitable biomarker for glioma.9
MicroRNAs (miRNAs) are phylogenetically preserved

small noncoding RNAs that typically contain 21–24 bases
and play a vital role in the posttranscriptional regula-
tion of gene expression.10–12 To date, more than 1000
miRNA targets have been identified, and several of them
are promising biomarkers for identifying and classify-
ing various diseases.13,14 The roles of miRNAs have been
demonstrated in many cancer types, including glioma.15,16
Various miRNAs are greatly involved in the progression
of gliomas; for example, overexpression of miRNA-21 in
glioma is highly associated with tumor growth through the
inhibition of apoptosis.17 In addition, deregulation ofmany
miRNAs in gliomas is associated with alterations in dif-
ferentiation, proliferation, and invasion.18,19 Among other
miRNAs, miRNA-363 was uniform and highly overex-
pressed in glioma. Predicted targets formiRNA-363 are his-
tone deacetylase 9 (HDAC-9), growth-associated protein
43 (GAP-43), and Ras-related protein 1 (RAP-1). miRNA-
363 was upregulated in all tumor cell lines and specimens,
and the expression of miRNA was highly associated with
tumor grade. The transfection of glioma cells with the
specific inhibitor of miRNA-363 increased the expression
level of the tumor suppressor GAP-43. Furthermore, trans-
fection of glioma cells with the specific anti-miRNA-363
antibody increased GAP-43 expression, suggesting that
miRNA-363 is a potential target for glioma.20 In addition,
the inhibition of miRNA-363-induced downregulation of
matrix metalloproteinase-9 (MMP-9), MMP-2, AKT, and
Bcl-2 plays a major role in the signature of malignant
glioma. Therefore, quantifying miRNA-363 helps to diag-
nose glioma and its causes. This research focused on
quantifyingmiRNA-363 by its target and a complementary
sequence on gold nanomaterial-modified interdigitated
electrodes.
Nanomaterials applications in the medical field are

becoming popular; in particular, nanomaterials in biosen-
sors help to enhance target identification and lower the

Highlights

The interdigitated electrode was generated using
a photolithography technique followed by sur-
face chemical modification carried out to insert
miRNA-363 complementary oligo as the probe.
The limit of detection of miRNA-363 was found to
be 10 fM with an R2 value of 0.9912 on the linear
coefficient regression ranges between 1 fM and 100
pM.

limit of detection.21–29 Nanomaterials enhance the surface
functionalization of biomolecules on the sensing elec-
trode and improve the stability of biomolecules, helping
to increase the interaction of the target and analyte on the
sensor surface. Gold is a popular material and is effectively
applied in various biosensing applications.30–35 In most
cases, it is used to prepare the sensing electrode and as
the linker to attach the biomolecules on the electrode.36,37
Here, thiolated complementary miRNA-36s were attached
to the electrode through Au nanoparticles, and this elec-
trode was used to detect the target miRNA-363. Upon
immobilizingAunanoparticles on the sensing surface, sur-
face physical modification will occur. Ultimately, this will
enhance the surface area to accommodatemoremolecules.
For this reason, the current study used Au nanoparticles to
immobilize a higher number of probes, which enhanced
the number of target interactions.

2 MATERIALS ANDMETHODS

2.1 Biomolecules and reagents

Au nanoparticles (15 nm), ethanol, APTES ((3-
aminopropyl)triethoxysilane), phosphate-buffered saline
(PBS; pH 7.4), and human serum were obtained from
Sigma Aldrich (USA). The following sequences were used
as the target and complement of miRNA-363 and were
commercially synthesized by the local supplier.9 Target:
5′-linker-GGTTTACAGATGGATACCGUGCAATTTTTCT
CCUATGATACTCATCAAAATTGCATCGTGATCCACCC
GACAACA-3′; complementary: 5′-UGUUGUCGGGUGG
AUCACGAUGCAAUUUUGAUGAGUAUCAUAGGAGAA
AAAUUGCACGGUAUCCAUCUGUAAACC-3’; random
sequence: 5′-GAGGUGAAAAGUUCGAUAAAAAAGGC
CCCAGCAGUCGGAAAAAGCUCCCGGCCUUCCAACG
CAAACCAGCGGGAA-3′.
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Li et al. 3

2.2 Interdigitated electrode preparation

The traditional wet-etching method was used to prepare
the interdigitated electrode surface.38,39 A silicon wafer
was used as the base, and aluminum was deposited on
the silicon wafer. First, the standard cleaning procedure
was performed on the base silicon wafer, and then the oxi-
dation process was conducted to cover the surface with
silicon dioxide. On the oxidized surface, aluminum was
coated by a thermal evaporator, and the photoresist was
further deposited by the spin coating method (1200 rpm
for 10 s, 3500 rpm for 20 s, and 500 rpm for 10 s). Then, the
pattern was transferred to the aluminum surface by ultra-
violet exposure. The unexposed regions were eliminated
by photoresisting and then heating the electrode to 100◦C
to remove the excess moisture and strengthen the adhe-
sion between aluminum and SiO2. Then, the electrode was
etched with an aluminum etchant to remove the unex-
posed area. Finally, the fabricated Interdigitated electrode
(IDE) was cleaned with acetone and distilled water.

2.3 Conjugation of Au nanoparticles
with complementary sequences

The thiol-terminated complementary sequence was con-
jugated with Au nanoparticles and then fixed on the
electrode using an amine linker. For this conjugation pro-
cess, 50 μL of as-received Au nanoparticles wasmixedwith
a 2-μM probe and kept for 1 h, and then the conjugated Au
nanoparticles were separated by centrifugation at 10,000
g for 10 min. The separated Au nanoparticle-conjugated
complementary probe (Au nanoparticle-probe) conjugate
waswashedwith distilledwater and stored in a refrigerator
(4◦C) for the surface functionalization process.

2.4 Functionalizing electrode by a
complementary probe through Au
nanoparticle

An Au nanoparticle probe was attached to the electrode
with an amine linker. The following steps were conducted
for the immobilization process: (i) The electrode was
immersed in KOH at 1% for 10 min; (ii) diluted 1% APTES
was added to the IDE, rested for 3 h, and immersed in
30% ethanol to remove the excess APTES; (iii) 5 μL of Au
nanoparticle-probe was placed and left for 1 h. (iv) PEG-
COOH was used to block the excess APTES; (v) target
miRNA-363 sequencewas added. In between each process,
the electrode was washed with PBS, and then the current
response was recorded.

2.5 Quantification of miRNA-363 target
duplex formation

miRNA-363 target was quantified on the Au nanoparticle-
probe attached electrode. For this experiment, miRNA-363
concentrations from 100 aM to 10 nM were dropped on
Au nanoparticle-probe-modified IDE and incubated for 30
min. Then, the electrode was washed with PBS, and cur-
rent changeswere recorded. The difference in current from
the blank was calculated and plotted in Excel to calculate
the miRNA-363 limit of detection.

2.6 Quantification of the miRNA-363
target in spiked human serum

miRNA-363 target spiked serum (1:100 dilution) was
quantified on the Au nanoparticle-probe attached elec-
trode surface. For this experiment, miRNA-363 concen-
trations from 100 aM to 10 nM were diluted in human
serum, dropped on the Au nanoparticle-probe attached
electrode, and incubated for 30 min. Then, the elec-
trode was washed with PBS, and current changes were
recorded.

2.7 Comparison of control and specific
experiments

Specific detection of miRNA-363 on Au nanoparticle-DNA
attached electrode was confirmed by control experiments
with unrelated miRNA sequences miRNA-21 and with
a random sequence of miRNA-363 target DNA. Control
sequences were dropped on the Au nanoparticle-probe
attached electrode and rested for 30 min. Current changes
were recorded for each concentration and compared with
the specific detection of miRNA-363 DNA.
To confirm the reproducibility of the IDE, the same

functionalization process was conducted with four differ-
ent IDE electrodes from the same batch, and the current
responses were recorded. The current response for the
bare electrode, APTES, complementary probe, PEG-
COOH, and target duplex formation were monitored and
compared to confirm the reproducibility. The measure-
ment systemwas operated by a picoammeter in the voltage
range from 0 to 2 with an interval of 0.1 V. All experimental
conditions were maintained as wet at room temperature,
and surface washings were performed between each
surface modification or interaction using 10 reaction
volumes of 10 mM PBS (pH 7.4). The sensing devices
were from the same batch of fabrication with similar
dimensions.
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4 Li et al.

F IG 1 Graphical diagram for miRNA-363 target detection on the
Au nanoparticle-probe-modified electrode. The Au nanoparticle
probe was attached to IDE using an amine linker and then allowed
to hybridize with the target with its complementary probe.

3 RESULTS AND DISCUSSION

Figure 1 shows a schematic illustration of miRNA-363 tar-
get identification on the Au nanoparticle-probe-modified
electrode. The Au nanoparticle probe was attached to
the electrode using an amine linker and then allowed
to hybridize to the target with a complementary probe.
When hybridization occurs, nucleic acids have a negative
net charge, changing the negative charge on the electrode
surface. This process changes the response of the cur-
rent before and after the hybridization of the target with
the immobilized complementary probe with the detec-
tion mechanism of miRNA-363. Differences in current
help to measure the hybridization process and quantify
the target for miRNA-363. In this detection process, com-
plementary immobilization on the electrode plays a vital
role in improving the sensing of the target. The higher
and proper immobilization improves the target identifi-
cation and lowers the detection limit of the target. The
Au nanoparticle attached probe helps to immobilize the
higher number of target sequences on the electrode sur-
face and hybridize with larger sequences, increasing the
current responses and lowering the detection limit.40 Fur-
ther Au nanoparticles increase the current flow upon
binding of biomolecules on the electrode, helping to quan-
tify the miRNA-363 target at lower levels and diagnose
glioma-associated problems. This sensor works based on
the dipole moment between two electrodes due to changes
in the ions on the sensing surface by molecular immobi-
lization or interaction. Whenmolecular immobilization or
interaction occurs, the responses are revealed by the signal
output changes.

3.1 Functionalizing electrode by the
complementary probe on IDE through Au
nanoparticle

The complementary probe was functionalized on the elec-
trode through Au nanoparticles as the linker. The current
response for the functionalization process was recorded
to confirm the attachment of the probe to the electrode
(Figure 2A). The figure shows the increment of current
responses after each process of biomolecular immobi-
lization. The current response of the bare electrode was
1.37E-09 A, which changed to 4.21 E-08 A after modify-
ing the electrode with amine by APTES. Furthermore, Au
nanoparticle-probe immobilization increases the current
responses drastically to 7.08 E-07 A. The difference in cur-
rent after adding Au nanoparticle-probe was 6.659 E-07 A;
this higher current change was recorded due to the larger
number of probe attachments on the electrode through
Au nanoparticles (Figure 2B). After probe attachment, the
excess APTES surface was inactivated using PEG-COOH.
Several studies have shown that amine surfaces easily
attract biomolecules through electrostatic interactions and
lead the electrode to give a false-positive result. Therefore,
it is mandatory to cover the amine surface before tar-
get identification. PEG-based polymers are a great source
for sensor surface functionalization and are commonly
used as linkers and blocking agents. Herein, PEG-COOH
blocks the uncovered amine surfaces and reduces the
signal-to-noise ratio. PEG mediates the proper alignment
of biomolecules for their interactions and neutralizes the
surface charges.41,42

3.2 miRNA-363 target quantification

miRNA-363 target DNA was quantified by its complemen-
tary probe on an interdigitated electrode. Targets from 1 fM
to 100 pM were dropped individually on complementary
probe-attached electrodes, and the current was recorded.
The current response was changed from 7.94 E-07 to 1.81
E-06 A after dropping 1 fM of the target (Figure 3A). The
difference in current was calculated to be 0.17 E-07 A. Fur-
thermore, when target concentrations were increased to
10 fM, 100 fM, 1 pM, 10 pM, and 100 pM, currents were
increased to 4.78 E-06, 7.01 E-06, 1.03 E-05, and 1.27 E-05 A,
respectively. A gradual increase in current was notedwhen
increasing the target concentrations (Figure 3B). The dif-
ferences in current for 10 fM, 100 fM, 1 pM, 10 pM, and 100
pM target sequences were 2.092, 4.772, 7.0, 10.2 and 12.6 E-
05 A. The differences were plotted as a linear graph in an
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Li et al. 5

F IG 2 (A) Complementary probe functionalization on IDE. The increments in current responses after each process of biomolecular
immobilization are shown. (B) Current changes for the functionalization process on IDE. Higher current changes were recorded due to the
larger number of probe attachments on the electrode through Au nanoparticles. The inset is the diagrammatic representation. The data were
averaged from three independent experiments.

F IG 3 (A) miRNA-363 target quantification. Target concentrations from 1 fM to 100 pM were placed individually on complementary
probe attached electrodes. Current changes were noted for all target concentrations. (B) Graph for responses in current with each target
concentration. Gradual increments of current were noted when increasing the target concentration. The inset is the diagrammatic
representation. The data were averaged from three independent experiments.

Excel sheet, and the limit of detection was found to be in
the range between 1 and 10 fM with an R2 value of 0.996
(Figure 4A).

3.3 Current comparison for control and
specific experiments

Specific miRNA-363 detection on the Au nanoparticle-
probe attached electrodewas comparedwith control exper-
iments performed with unrelated sequences. Instead of
the miRNA-363 target, miRNA-21 and random sequences
were added to the complementary probe-modified elec-

trode. Current changes were recorded for each experiment
and compared with the specific detection of the miRNA-
363 target. As shown in Figure 4B, the control sequences
did not increase the current responses; simultaneously, a
similar concentration of the miRNA-363 target showed a
clear increase in the current responses. This experiment
confirms the specific interaction of the miRNA-363 target
with the complementary probe on IDE.
To confirm the reproducibility of the IDE surfaces,

similar functionalization processes and target identifica-
tion were performed with four different IDE electrodes,
and the current responses were compared. The current
responses for the bare electrode, APTES, complemen-
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6 Li et al.

F IG 4 (A) Limit of detection of target sequences. The differences were plotted in a linear graph with an Excel sheet, and the limit of
detection was 10 fM with an R2 value of 0.996. (B) Specific miRNA-363 detection on the Au nanoparticle-probe attached electrode. Control
sequences against miRNA-21 did not increase the current responses; simultaneously, a similar concentration of the miRNA-363 target
displayed a clear increase in current responses. The data were averaged from three independent experiments.

F IG 5 Reproducibility of IDE. To confirm the reproducibility of
the IDE, the same functionalization process and target
identification were performed with four different IDE electrodes.
The current responses for all of the biomolecular immobilizations
were close and did not show significant differences in current
responses. The inset is the diagrammatic representation.

tary probe, PEG-COOH, and target sequence displayed
close responses and did not show much difference in
current responses (Figure 5). This result confirms the
reproducibility of target DNA identification on IDE.

4 Conclusion

Glioma is a life-threatening tumor that originates in the
brain and affects its function. Identifying and quanti-
fying glioma biomarkers helps to diagnose glioma and
its condition. This study focused on identifying the
miRNA-363 target, which was found to be a suitable
biomarker for glioma. The interdigitated electrode sensor
was modified with the Au nanoparticle-conjugated com-
plementary probe through the amine linker, and then the
hybridization of the target and complementary probe was
monitored by the current responses. The current responses

were increased after enhancing the target sequence, and
the limit of target detection was in the range between
1 and 10 fM from a linear regression graph R2 value of
0.996. Furthermore, control experiments with unknown
sequences did not increase the current, indicating specific
miRNA-363 target detection. This miRNA biosensor quan-
tifies miRNA-363 at a lower level and helps in diagnosing
glioma. The strategy with this analysis can be imple-
mented for other nucleic acid or miRNA interactions
by complementation. Furthermore, other biomolecu-
lar interactions with similar functionalization can be
performed.

ORCID
XiuhuaYang https://orcid.org/0000-0002-0199-7629
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