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preparation of non-amplified and
amplified genomic dengue gene samples for
electrochemical DNA biosensing applications
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and Rafidah Hanim Shomiad @ Shuebc

The application of electrochemical DNA biosensors in real genomic sample detection is challenging

due to the existence of complex structures and low genomic concentrations, resulting in

inconsistent and low current signals. This work highlights strategies for the treatment of non-

amplified and amplified genomic dengue virus gene samples based on real samples before they can

be used directly in our DNA electrochemical sensing system, using methylene blue (MB) as a redox

indicator. The main steps in this study for preparing non-amplified cDNA were cDNA conversion,

heat denaturation, and sonication. To prepare amplified cDNA dengue virus genomic samples using

an RT-PCR approach, we optimized a few parameters, such as the annealing temperature, sonication

time, and reverse to forward (R/F) primer concentration ratio. We discovered that the generated

methylene blue (MB) signals during the electrochemical sensing of non-amplified and amplified

samples differ due to the different MB binding affinities based on the sequence length and base

composition. The findings show that our developed electrochemical DNA biosensor successfully

discriminates MB current signals in the presence and absence of the target genomic dengue virus,

indicating that both samples were successfully treated. This work also provides interesting

information about the critical factors in the preparation of genomic gene samples for developing

miniaturized PCR-based electrochemical sensing applications in the future. We also discuss the

limitations and provide suggestions related to using redox-indicator-based electrochemical

biosensors to detect real genomic nucleic acid genes.
1. Introduction

Dengue rapid diagnostic tests (RDTs) are becoming highly
attractive as they offer the fast diagnosis of the dengue virus due
to their ease of use and inexpensiveness. While various
commercial dengue RDTs based on the detection of IgM, IgG, or
dengue virus non-structural protein 1 (NS1) are available on the
market, some drawbacks associated with sensitivity and selec-
tivity mean that laboratory-based RT-PCR procedures are still
required for conrmatory testing. As reported by Rashid et al.,1

it has been stated that some commercial RDTs exhibit poor
sensitivity during NS1 and IgM detection, ranging from 37% to
68% and from 20.5% to 77.8%, respectively. Although some
commercial IgG/IgM and NSI-based dengue RDTs can show
entre for Defence Foundation Studies,
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enhanced sensitivity, they need multistep sample preparation
processes. Furthermore, the RDT results are interpreted based
on the presence of two individual test lines that can only be
used to provide a yes/no answer and do not determine the
severity or stage of a dengue virus infection.

Due to all these circumstances, researchers have recently
focused on the development of point-of-care quantitative
biosensors for dengue virus diagnosis with high selectivity and
specicity, portability, and ease of use.2–5 In terms of sensor
biorecognition elements, nucleic acid or DNA biosensors are
preferred over enzyme-, antibody-, or microorganism-based
biosensors due to their specic binding through DNA
hybridization events, high stability, ease of synthesis, minimal
batch-to-batch variation, and biocompatibility.6 The under-
lying principle behind the mechanism of a DNA biosensor is
based on the detection of a DNA hybridization event, which is
the process of joining two single-stranded DNA (ssDNA)
strands between immobilized ssDNA probes with the forma-
tion of target double-stranded complementary DNA (dsDNA).
The changes in properties of ssDNA and dsDNA before and
aer DNA hybridization are detectable using different trans-
ducer platforms, such as electrochemical, optical,7 or
RSC Adv., 2022, 12, 1–10 | 1
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Fig. 1 (a) An uninfected monolayer of C6/36 cells after achieving
confluence (at 10� magnification). (b) A dengue-infected monolayer
of C6/36 cells six days after inoculation with dengue virus stock
solution (at 10� magnification).
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piezoelectric8 platforms. Electrochemical detection has shown
great potential for use with DNA biosensors in point-of-care
(POC) dengue devices because of the portability, ease of
operation, cost-effectiveness, quantitative analysis, and
possibility of miniaturization.9

In the past few years, our group has focused on electrode
modication using nanomaterials such as silicon nanowires
(SiNWs) and gold nanoparticles (AuNPs) to create novel DNA
immobilization matrices for electrochemical DNA sensing.10,11

Because of the limitations of label-free electrochemical
detection in terms of sensitivity,12 we have employed a redox
DNA hybridization indicator to monitor the current signals
from DNA hybridization events. Various redox DNA indicators
that are available include ethidium bromide13 (EtBr), Hoechst
33258,14 methylene blue, acridine orange,15 RuHex3+,16 ferro-
cene,17 daunomycin,18 Meldola blue,19 and Co(phen)3

3+,20 and
others have also been documented. Erdem and colleagues21

reported the rst work on the high discrimination potential of
MB binding properties, and they found out that MB demon-
strated higher affinity toward guanine bases in ssDNA (before
DNA hybridization) compared to dsDNA (aer DNA hybrid-
ization). Furthermore, methylene blue (MB) is easy to synthe-
size, inexpensive, requires a low potential (0.1–0.4 V), and is
less carcinogenic; therefore, it has gained our interest. In our
previous work, our developed electrochemical DNA biosensor
was able to distinguish signicantly between the MB reduction
current signals from non-complementary and complementary
targets related to DNA sequences of dengue virus. However,
most earlier MB research focused on synthetic DNA sequences
or puried samples, and the use of MB for electrochemical
detection based on large DNA sequences from real samples is
currently still limited.

Most recent works related to electrochemical DNA biosen-
sors have focused on studying miniaturized electrochemical
sensor devices,22 amplication signals,23,24 biorecognition
probes with new detection mechanisms,25 and the optimiza-
tion of immobilization and hybridization conditions.26

However, far too little attention has been focused on the
preparation of genomic DNA samples for electrochemical
detection. This is due to constraints, as relying on the isolation
and amplication of genomic genes via PCR-based laboratory
procedures could restrict the application of electrochemical
DNA biosensors in point-of-care testing. Much effort has been
aimed towards obtaining miniaturized PCR-based detection
devices for the fast, highly accurate, sensitive, and on-site
detection of bacterial pathogens, viruses, parasites, and
disease-causing agents. Several commercially available mini-
aturized PCR devices have been successfully utilized and
documented in previous work. For example, miniPCR
(www.minipcr.com), a portable PCR thermocycler, was
successfully used by González-González et al.27 for the on-site
amplication of SARS CoV-2 DNA sequences before detection
using a commercial 96-well plate reader. Nguyen et al.28 re-
ported using a handheld quantitative PCR machine from
Biomeme Inc. (PA, USA) (www.biomeme.com), producing
results comparable to traditional PCR-based laboratory assays
for amplied gene sequences of Flavobacterium psychrophio.
2 | RSC Adv., 2022, 12, 1–10
The successful use of the Biomeme PCR machine as portable
PCR apparatus for the rapid testing of COVID-19 was also
documented in the work of Zowawi et al.29 Other previous
works have shown the successful design and development of
portable PCR techniques, such as RT-PCR-assisted lab-on-
a chip-based optical detection,30 portable rotary real-time
uorescent PCR,31 a miniaturized PCR-based portable bio-
aerosol,32 and others. These breakthroughs pave a path for the
future development of miniaturized PCR-based electro-
chemical biosensors, which have the potential to revolutionize
healthcare, particularly in dengue diagnostics. To the best of
our knowledge, there has been little research focusing on
genomic DNA sample preparation for electrochemical sensing
applications, and this may be an interesting topic to investi-
gate. In this paper, we demonstrate two strategies for the
preparation of non-amplied and amplied genomic dengue
gene samples and their application in detection based on an
electrochemical DNA biosensor.
2. Experimental
2.1. Dengue virus culturing and isolation

Dengue virus type 2 (New Guinea C, (NGC) M29095) and an
Aedes albopictus mosquito cloned cell line (C6/36) (CRL-1660,
ATCC) were kindly provided by Dr Radah Hanim Syueb from
the Department of Medical Microbiology and Parasitology,
School of Medical, Universiti Sains Malaysia (USM), Malaysia.
C6/36 cell lines were grown in Leibowitz L-15 medium (Life
Technologies, France) supplemented with 5% fetal bovine
serum (FBS) (PAA, Laboratories) at 28 �C for 96 h in a T75 ask
(Sigma-Aldrich, USA). When the C6/36 cells reached conu-
ence of 70–80%, the used medium was discarded, and the
cells were rinsed with phosphate-buffered saline (PBS)
(Sigma-Aldrich, USA), with the outcome shown in Fig. 1a.
Then, the mosquito C6/36 cell lines were inoculated with 300
mL of dengue virus stock solution diluted in 3 mL of L-15
medium and incubated for 90 min at 28 �C. Aer that, the
used medium was replaced with fresh L-15 medium with 1%
FBS and propagated for six days. Aer six days, the uninfected
C6/36 cell line (control) was compared with the infected C6/36
cell line. The infected C6/36 cell line showed the cytopathic
effect (CPE) of dengue virus, and it can be characterized based
© 2022 The Author(s). Published by the Royal Society of Chemistry
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on the formation of syncytia and multinucleated cells
(Fig. 1b).
2.2. The extraction of dengue virus genomic RNA from cell
cultures

Genomic RNA was extracted from the dengue virus stock solu-
tion and dengue-virus-spiked human serum (ratio of culture
stock to human serum, 1 : 5 (v/v)) using an Analytical innuPREP
virus RNA extraction kit (Analytik Jena BioSolutions, Jena,
Germany). Briey, 150 mL of dengue virus stock solution was
mixed vigorously with 450 mL of RL lysis solution in a 1.5 mL
reaction tube for 10 s and incubated at room temperature (15
min). The lysed sample was mixed with 600 mL of RBS binding
solution and vortexed for 10 s. A 650 mL lysed sample was
pipetted out and added into a spin lter located in a 2.0 mL
receiver tube. The cap of the spin lter was closed and centri-
fuged at 12 000 rpm for 1 min. The receiver tube was discarded,
and the spin lter (containing the RNA sample) was put into
a new 2.0 mL receiver tube. The cap of the spin lter was opened
and 650 mL of HS washing solution was added, this was then
centrifuged at 12 000 rpm for 1 min. The obtained dengue virus
genomic RNA was further used for the subsequent analysis, as
shown in Scheme 1.
2.3. The preparation of non-amplied dengue virus genomic
RNA for electrochemical sensing

According to the manufacturer instructions, the extracted
dengue virus genomic RNA was then reverse transcribed to
cDNA using a Tetro cDNA synthesis kit (Bioline Pty Ltd, NSW,
Australia). The components, including 10 mL of total RNA (up to
5 mg), 1 mL of specic primer dengue virus, 4 mL of 10 mM dNTP
mix, 1 mL of 5� reverse transcribed buffer, 1 mL of Ribosafe
Scheme 1 Non-amplified and amplified genomic dengue gene prepara

© 2022 The Author(s). Published by the Royal Society of Chemistry
RNase inhibitor, 2 mL of Tetro reverse transcriptase (200 U
mL�1), and 2 mL of DEPC-treated water, were mixed gently by
pipetting in a 100 mL RNase-free reaction tube. The mixture was
incubated at 60 �C for 30 min. Then, the reaction was termi-
nated via incubating the mixture at 85 �C for 5 min followed by
rapid cooling in an ice bath. The quantity of cDNA was esti-
mated as 17 ng mL�1 via measuring OD260 using a UV-
biophotometer (Eppendorf, Hamburg, Germany). The A260/
280 OD ratio was between 1.8 and 2.2, verifying the quality of
the cDNA samples. The cDNA samples were stored at �20 �C
before directly detecting the non-amplied dengue virus
genomic RNA using our developed biosensor.
2.4. The preparation of amplied genomic dengue virus
gene samples using a reverse transcribed-polymerase chain
reaction (RT-PCR) protocol and its optimization

The RT-PCR protocol was performed with a slight modication
from the suggested MyTaq™ one-step RT-PCR kit (Bioline Pty
Ltd. NSW, Australia) protocol. The components, including 25 mL
of myTaq one-step mix, 2 mL of forward primer (GGC GYT CTG
TGC CTG GAW TGA TG) (10 mM), 2 mL of reverse primer (AAG
GAC TAG AGG TTA KAG GAG ACC C) (10 mM), 0.5 mL of reverse
transcriptase, 1.0 mL of RiboSafe RNase inhibitor (10 U mL�1),
9.5 mL of DEPC water, and 10 mL of RNA extract, were mixed
gently by pipetting in a 100 mL RNase-free reaction tube. The RT-
PCR reaction was performed over 35 cycles using a PTC-200
Thermal Cycler machine (MJ Research Inc., Watertown, MA)
with the following program: 1 cycle at 50 �C for 20 min (reverse
transcription process), one cycle at 95 �C for 1 min (polymerase
activation process), 35 cycles at 95 �C for 10 s (denaturation),
60 �C for 10 s (annealing), and 72 �C for 1 min (extension). The
RT-PCR product (amplied cDNA) concentration was estimated
tion for electrochemical sensing applications.

RSC Adv., 2022, 12, 1–10 | 3
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as 420 ng mL�1 based on measuring OD260 using a UV-
biophotometer (Eppendorf, Hamburg, Germany). The ampli-
cation of cDNA was analyzed via agarose gel electrophoresis.
The gel bands were visualized using a UV transilluminator
(Cole-Parmer, USA) and quantied using Image J soware,
version 1.49t (http://imagej.nih.gov/ij). For optimization
studies, several parameters were studied, such as the annealing
temperature of the RT-PCR protocol, the sonication time, and
the reverse/forward (R/F) primer ratio concentration to optimize
the RT-PCR products before they were used. Different annealing
temperatures in the RT-PCR protocol (55 �C, 56 �C, 57 �C, 58 �C,
59 �C, 60 �C, 61 �C, 62 �C, 63 �C, 64 �C, 65 �C, 66 �C, 67 �C, 68 �C,
and 69 �C) were used and examined via gel electrophoresis to
determine the optimum conditions for amplied cDNA
production. The nal amplied cDNA samples were treated
with different sonication times (5 s, 10 s, 25 s, 50 s, 100 s, and
200 s) for genomic DNA fragmentation. In addition, the opti-
mization of asymmetric RT-PCR was performed as described
above with slight modication, where the reverse primer
concentration was adjusted to 0.1 mM, 0.2 mM, 0.4 mM, 1 mM, 2
mM, and 4 mM, while the forward primer concentration was xed
at 10 mM. The nal asymmetric RT-PCR products were subjected
to sonication (frequency: 24 kHz).
2.5. The detection of non-amplied and amplied dengue
virus genomic samples using the developed DNA biosensor

The prepared non-amplied and amplied genomic dengue
virus gene samples were treated before being further employed
Hybridization efficiency ð%Þ ¼ MB current before hybridization �MB peak current after hybridization

MB current before hybridization
� 100 (1)
in our electrochemical DNA sensing set-up. The non-amplied
genomic dengue virus gene samples were denatured into
single-stranded DNA form via heating to 80 �C for 10 min fol-
lowed by rapid cooling at 4 �C for 10 min. The non-amplied
genomic dengue virus gene and amplied genomic dengue
virus gene samples were subjected to sonication (24 kHz
frequency) for 5 min. The treated non-amplied and amplied
genomic dengue samples were then ready to be employed in our
developed biosensor system.

The fabrication and mechanism of our developed DNA
biosensor have been described in our previous work.11 Firstly,
a gold working electrode (GWE) based on a disposable screen-
printed gold electrode (SPGE) (DropSens, Spain) was polished
carefully using 3 mm alumina powder and subsequently cleaned
with distilled water and dried with nitrogen gas (N2). The GWE
surface was then treated with a solution made up of H2O,
NH4OH (30%), and H2O2 (30%) (5 : 1 : 1) for two minutes before
being functionalized with silicon nanowires (SiNWs). 6 mL of
silicon nanowire (SiNW) suspension (1 � 106 wires per mL) in
0.5% APTES was cast onto the GWE surface and this was incu-
bated for three hours at room temperature before being washed
4 | RSC Adv., 2022, 12, 1–10
with ethyl-ethanol and cured at 100 �C for 30 min. The SiNW-
functionalized SPGE was decorated with prepared gold nano-
particles as described in previous work. This fabricated elec-
trode was drop-cast with 10 mL of a thiolated single-stranded
DNA (ssDNA) probe (50 SH-(CH2)6-AAC AGC ATA TTG ACG
CTG GGA GAG ACC-30) at a concentration of 3 mM and incu-
bated for 24 h at room temperature. This was followed by
washing unbound thiolated DNA with Tris–EDTA (TE) (20 mM
Tris–HCl, 1 mM EDTA) three times. For DNA hybridization
events, 10 mL of treated genomic dengue virus gene solution
(non-amplied or amplied) was drop-cast onto the fabricated
electrode surface, allowing for DNA hybridization events with
the immobilized DNA probe on the fabricated electrode surface.

These DNA hybridization events were measured via soaking
the fabricated electrode in 50mMTris–HCl at pH 7.6 containing
50 mM MB without applying any potential for 20 min at room
temperature, followed by washing with Tris–HCl buffer to
remove any excess unbound MB, and drying with N2 gas. Then,
the fabricated electrode was connected to a potentiostat to carry
out differential pulse voltammetry (DPV) in blank buffer (50mM
Tris–HCl at pH 7.6) in the potential range of �0.5 V-0 V, with
a potential step-size of 0.005 V, amodulation amplitude of 0.5 V,
and an interval time of 0.64 s, at room temperature. The change
in the MB reduction current before and aer the introduction of
the genomic dengue virus gene sample was used for measuring
the hybridization efficiency. The hybridization efficiency is
calculated as follows:
3. Results and discussion
3.1. The direct detection of non-amplied genomic dengue
virus gene samples from cell cultures

It is worth emphasizing that there are specic issues related to
the direct detection of non-amplied genomic dengue virus
gene-based hybridization events via a DNA biosensor approach.
In this case, we highlight the main issues. Firstly, the
complexity of the genomic dengue virus gene, consisting of
�11 000 base pairs (bps) as reported by Lindenbach and Rice,33

creates challenges when samples have to hybridize with
a specic biorecognition or immobilized 27-mers-DNA probe on
the fabricated electrode. This is because the higher the molec-
ular weight size of a genomic or nucleic acid sample, the higher
the levels of steric hindrance and electrostatic repulsion
between negative phosphate groups, which can reduce and
hinder hybridization events on the fabricated electrode. In
contrast to the DNA structure, the genomic dengue virus gene is
in single-stranded RNA (ssRNA) form, which is not a stable state
due to the lack of sugar hydroxyl groups, making it highly
susceptible to alkaline hydrolysis and chemical and cellular
© 2022 The Author(s). Published by the Royal Society of Chemistry
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RNase degradation.34 This issue is frequently a major concern
when hybridizing with specic immobilized DNA probes in
DNA biosensor systems due to instability when exposed to
harsh environments, whether the genomic RNA is in good
condition or not before being applied. This can lead to incon-
sistent results and false positives. Furthermore, the low amount
of genomic nucleic acid material present in real samples is
difficult to detect using DNA biosensors, which also becomes
a major barrier to real samples detection.35

In this work, we anticipate overcoming all these mentioned
issues via focusing on sample treatment steps, such as cDNA
conversion, heat denaturation, and sonication steps, before
further employing our developed biosensor system. Due to RNA
stability issues, the ssRNA genomic dengue virus gene sample is
converted to complementary DNA (cDNA) using a reverse tran-
scriptase enzyme. The dengue virus cDNA was subjected to
sonication treatment for 5 min and heat-denaturing treatment
(boiling at 80 �C for 10 min followed by rapid cooling in an ice
bath for 1 minute) to ensure that double-stranded dengue virus
genome material in cDNA is denatured before allowing it to
hybridize with the DNA probe for hybridization detection. Our
ndings demonstrate that our developed DNA biosensor (n ¼
10) generated a higher MB current aer the introduction of
treated genomic dengue virus gene samples (17 ng mL�1), where
it increased from 0.92 mA to 1.20 � 0.09 mA (RSD: 6.94%, n¼ 10)
(Table 1).

In this study, we noticed that the MB current behaviour
based on our electrochemical sensor differs from our previous
work, in which a lower signal was generated aer introducing
dengue virus oligonucleotide DNA (hybridization events).10

These differences can be explained due to the different binding
affinities of MB toward short oligonucleotides and genomic
dengue virus gene bases. It is known that MB bound to dsDNA
(hybridized) results in a decreased MB current compared to
ssDNA (before hybridization) due to the inaccessibility of
guanine bases to MB.36–41 However, these previous studies
demonstrated fabricated DNA sensors for the hybridization
Table 1 The MB currents from the developed DNA biosensor upon
the direct detection of non-amplified genomic dengue virus gene
samples

MB current signals from the developed DNA biosensor

MB current signal in the
absence
of non-amplied genomic
dengue virus (mA)

MB current signals aer the
introduction of non-amplied genomic
dengue virus (mA)

0.92 � 0.034 1.22
1.25
1.28
1.23
1.15
1.13
1.10
1.29
1.32
1.04
Average (n ¼ 10) 1.20 � 0.09

© 2022 The Author(s). Published by the Royal Society of Chemistry
detection of short DNA sequences or oligonucleotide targets
(less than 30 bps) with the same length as the immobilized DNA
probes.

In this study, our developed DNA biosensor was employed to
detect genomic dengue virus gene samples in which the length
of the genomic sequence (�11 000 bps) is much longer than our
immobilized DNA probe sequence (�27 bps). The hybridization
events between the immobilized DNA probe and the longer
genomic dengue virus gene would expose more guanine bases
(unhybridized bases) in the target genomic sequence. As
a result, MB would bind more to unhybridized guanine bases,
leading to high MB accumulation that needs to be reduced,
producing a high MB current signal aer hybridization.
Furthermore, the increased accumulation of MB is also driven
by a greater number of negatively charged phosphate groups in
the larger genomic dengue virus sample, which may increase
electrostatic attraction toward positively chargedMB.42 Thus, an
increase in the MB current signal aer incubation with longer
genomic dengue virus gene sequences is anticipated. Our
ndings were comparable with the previous work of Solanki
et al.,43 who successfully fabricated a DNA electrochemical
sensor based on nanostructured zirconium oxide (NanoZrO2)
modied ITO to detect genomic Escherichia coli using MB as
a redox indicator. The authors noticed a signicant reduction in
the MB current when incubating with a short complementary E.
coli oligonucleotide sequence.

Interestingly, the MB current increased tremendously aer
hybridization between genomic E. coli and ssDNA/NanoZrO2/
ITO. Singh et al.44 reported that the MB current was found to be
higher in the presence of fragmented genomic DNA Salmonella
typhi from a blood sample when utilizing a gold nanoparticle
aggregate/ITO electrode. In contrast, some previous works also
exhibited MB current reduction aer incubating an immobi-
lized ssDNA-modied electrode with genomic DNA sequences
from real samples.44–47 This could be explained based on the fact
that their target genomic sequences were rst fragmented into
short genomic DNA sequences via a sonication approach.
Although our ndings and other previous work demonstrate
that the use of a fabricated DNA biosensor can directly recog-
nize non-amplied genomic sequences without the need for
a PCR approach, there are some issues. Due to the larger
genomic dengue virus gene introduced in our developed DNA
sensing approach, false positive results are possible due to non-
specic sequence hybridization between our immobilized DNA
probe and non-specic fragments of genomic dengue virus. As
a result, it is unclear whether the increase in the MB redox
current results from specic or non-specic hybridization,
unless the specic sequences of interest to be hybridized with
DNA probe sequences are successfully identied.
3.2. The amplication of genomic dengue virus gene
samples using a reverse transcriptase polymerase chain
reaction (RT-PCR) technique for DNA electrochemical
detection

The coupling of the reverse transcriptase-polymerase chain
reaction (RT-PCR) technique with our developed DNA sensor
RSC Adv., 2022, 12, 1–10 | 5
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was employed in this work. Using the RT-PCR amplication
approach for amplied genomic sample preparation before
detection with our developed DNA biosensor could overcome
the previous issues. Several parameters were investigated,
including the RT-PCR annealing temperature, amplied
genomic dengue virus gene sonication time, and use of asym-
metric PCR, to enhance the detection of genomic dengue virus.
3.3. The effect of annealing temperature during RT-PCR
amplication

The success of RT-PCR amplication relies on the specicity of
the primer toward its specic target gene when annealing.
According to Hwang et al.,48 varying the annealing temperature
(Ta) can inuence the specicity of the annealing primer via
altering the base pairing between the primer and specic gene
regions. Therefore, Ta was optimized to achieve high efficiency
and specicity in the amplied genomic dengue virus gene.
This is because below the optimum Ta value, non-specic
primer binding may occur, thus leading to unwanted or non-
specic genomic gene amplication.49–51 Meanwhile, if Ta is
too high, this could lead to low yield of genomic gene ampli-
cation products due to the low efficiency of annealing primer to
the specic DNA gene region target.52–55 The optimization of Ta
for dengue virus amplication using gradient PCR was per-
formed with a range of Ta values from 55 �C to 69 �C. As shown
via gel electrophoresis analysis, all tested Ta values give ampli-
cation of the products of interest relating to dengue virus (115
kb and 195 kb) (Fig. 2). However, the amplication of genomic
dengue was poor at a Ta value between 55 �C and 58 �C (lanes 1–
4) due to the appearance of multiple bands resulting from non-
specic genomic amplication. Image J soware was employed
to show the band intensities for each Ta value to observe gel
electrophoresis clearly (inset of Fig. 2). It was shown that high-
efficiency genomic dengue virus gene amplication was ob-
tained at a Ta value of 60 �C (lane 6), which give the highest band
intensities from gel electrophoresis. Further increasing Ta
above 65 �C also reduced the yield of PCR products, where the
intensities of bands were dramatically decreased from 60 �C to
65� due to poor primer annealing. Some previous researchers
have argued that Ta is not a critical factor in genomic gene
Fig. 2 The effects of various annealing temperatures (T4) on the RT-
PCR-based amplified genomic dengue virus gene approach.

6 | RSC Adv., 2022, 12, 1–10
amplication since no signicant changes were observed in
their desired band intensities.55–57 Due to obvious changes of
band intensities generated here, it could be considered that Ta
plays an important role in genomic dengue gene amplication
for our developed DNA sensor application. Hence, a Ta value of
60 �C was identied as optimal for genomic dengue gene
amplication in subsequent experiments.
3.4. The effects of sonication time on amplied genomic
dengue virus gene samples

Genomic fragmentation treatment via a sonication method was
employed to improve the accessibility of the amplied genomic
dengue sample via generating short genomic fragments to
hybridize with our immobilized DNA probe on the fabricated
electrode surface. This sonication treatment has been applied
in genomic gene detection using various types of DNA biosen-
sors, such as in optical,58,59 acoustic,60 surface plasmon reso-
nance (SPR),61 electrochemical,46 and electrical62 approaches.
The generation of an acoustic shear force for genomic DNA
fragmentation is widely used due to the ease of operation and
rapidity.63–66 The inuence of sonication time on amplied
genomic dengue virus gene (420 ng mL�1) preparation, ranging
from 5 s to 200 s (24 kHz frequency), is shown in Fig. 3.

The hybridization efficiency was improved upon increasing
the sonication time of amplied genomic dengue virus gene
samples from 5 s to 50 s. This could probably be attributed to
the sonication approach successfully breaking the amplied
genomic dengue virus gene samples into smaller fragments,
resulting in an improved DNA hybridization efficiency signals
being obtained with our developed DNA sensor. This nding is
in agreement with Liu et al.,62 who showed that the gel elec-
trophoresis patterns of genomic DNA fragments were reduced
in size from 2000 bp to 200 bp aer 5 minutes of sonication
treatment. Their group noticed an improvement in the DNA
hybridization signal aer sonication treatment in the case of
Bacillus cereus gDNA detection. Generally, a shorter amplied
genomic dengue virus gene length was generated when a longer
Fig. 3 The effects of sonication time on the hybridization efficiencies
of amplified genomic dengue virus gene samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sonication time was used to treat an amplied genomic dengue
virus gene sample.

In contrast, amplied dengue virus detection without soni-
cation treatment exhibited a low DNA hybridization efficiency of
25%. Fig. 3 depicts that 50 s was the optimum sonication time,
achieving an optimum hybridization efficiency of 57% (RSD:
8.65%) and above 50 s of sonication, the hybridization efficiency
begins to decrease. This result revealed that sonication treat-
ment plays an important role in sample preparation for DNA
electrochemical sensing, enhancing DNA hybridization and
thus improving the current signal during real sample detection.
Fig. 4 (a) 1% agarose gel electrophoresis analysis at different R/F
primer concentration ratios for the amplification of the PCR product.
Lane 1: 1000 base pair ladder; lane 2: conventional PCR (1 : 1); lane 3:
negative control; lane 4: 1000 base pair ladder; lane 5: 1 : 100; lane 6:
1 : 50; lane 7: 1 : 25; lane 8: 1 : 10; lane 9: 1 : 5; lane 10: 1 : 2.5. (b) The
band intensities of the asymmetric RT-PCR products with varying R/F
primer concentration ratios. (c) The effects of the R/F primer
concentration ratio on the hybridization efficiency of the developed
sensor.
3.5. The effects of the reverse to forward (R/F) primer
concentration ratio in asymmetric PCR for the amplication
of single-stranded DNA (ssDNA) amplied genomic dengue
virus gene samples

Previous research has shown that our developed DNA sensor
coupled with RT-PCR amplication can successfully detect
genomic dengue virus from cell cultures. However, the RT-PCR-
amplied genomic dengue virus gene products are usually in
double-stranded DNA (dsDNA) form, requiring additional steps
to separate dsDNA (heat-denaturing) into ssDNA sequences
before allowing hybridization to occur. It is possible for this
separated ssDNA to re-anneal with each other instead of
hybridizing with the immobilized DNA probe, resulting in
a decrease in sensitivity and poor reproducibility.67,68 Modied
RT-PCR amplication, known as asymmetric PCR, coupled with
a DNA sensor has been extensively used due to its higher
sensitivity, as it generates an excess amount of the ssDNA target
for direct hybridization with an immobilized-DNA-probe-
modied electrode.69–74 The reverse-to-forward (R/F) concentra-
tion ratio is an important part of the asymmetric PCR protocol
for creating excess ssDNA production.75 This is because in
asymmetric PCR, the primer with a lower concentration is
involved in the production of dsDNA, whereas the primer with
a higher concentration (which does not bind to any template) is
responsible for the production of ssDNA.76

The conventional RT-PCR amplication protocol applied
used same amounts of reverse and forward primer (1 : 1) for
obtaining the amplied PCR product in dsDNA form. Hence,
the optimization of asymmetric PCR was carried out via
adjusting the concentration of reverse primer from 0.1 to 4 mM
while forward primer concentration was xed at 10 mM. Fig. 4a
and b show gel electrophoresis analysis of the conventional PCR
product (lane 2) and asymmetric PCR products (lanes 5–10)
from dengue virus gene samples. The band intensities of the
conventional PCR product (lane 1) are higher and thicker than
the asymmetric PCR products (lanes 5–10) (Fig. 4b). This is due
to the large amount of dsDNA generated by conventional PCR
compared with asymmetric PCR.74 Similarly, as reported in ref.
77, it has been observed that the band intensities of asymmetric
PCR products can be reduced by half in comparison with
conventional PCR due to excess ssDNA instead of dsDNA
production.

For ssDNA production via an asymmetric PCR approach, the
band intensities became stronger with an increase in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
reverse primer concentration when the forward primer
concentration was xed (Fig. 4a and b). The R/F concentration
ratios of 1 : 2.5 (lane 10) and 1 : 5 (lane 9) exhibit high band
intensities from asymmetric PCR products. However, this
nding does not reect the optimal production of a ssDNA
dengue gene sample for DNA sensor applications. This can
probably be attributed to asymmetric PCR products containing
different proportions of ssDNA and dsDNA, as reported by Avci-
Adali et al.,78 which could probably affect the band intensities
during gel electrophoresis. Therefore, the best R/F primer ratio
concentration for optimal amplication during ssDNA dengue
gene production was evaluated based on the hybridization
efficiency using our developed DNA sensor. Fig. 4c demon-
strates the effects of the R/F primer concentration ratio on the
DNA hybridization efficiency. In this work, all the asymmetric
PCR ssDNA dengue gene products were sonicated rst and
direct used for electrochemical detection using our developed
DNA sensor without a heat-denaturing treatment step. It is
assumed that if a high amount of amplied ssDNA dengue gene
target is available, this would improve the DNA hybridization
efficiency signal. Thus, this could reect the effectiveness of the
asymmetric PCR approach for preparing an excess amount of
ssDNA dengue gene target for DNA sensor applications.

In contrast to gel electrophoresis, the R/F primer concen-
tration ratios of 1 : 5 and 1 : 2.5 resulted in low DNA hybrid-
ization efficiencies, suggesting that the ssDNA production yield
was lower at these ratios. Meanwhile, the direct detection of
conventional PCR products using an R/F primer concentration
RSC Adv., 2022, 12, 1–10 | 7
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of 1 : 1 results in no signal from DNA hybridization due to the
high background of the MB signal. This observation is because
the conventional PCR product was in the form of a dsDNA
dengue gene sample, which is inaccessible for interactions with
the DNA probe, requiring heat-denaturing treatment before
DNA hybridization detection. Hence, it was concluded that
a high R/F ratio of 1 : 25 was enough to amplify the ssDNA
dengue gene target using the asymmetric PCR approach for the
direct electrochemical detection of the hybridization reaction
using our developed DNA sensor. With this asymmetric PCR
approach, we could directly prepare genomic ssDNA dengue
gene samples in a single reaction without a denaturation step,
minimizing the time and operation cost.
3.6. The analytical performance of the developed sensor
during real sample detection

Aer the successful preparation of amplied ssDNA dengue
virus samples using an asymmetric PCR protocol, the
immobilized-DNA-probe-functionalized fabricated electrode
was hybridized with different kinds of genomic DNA from
a negative sample, a serum sample spiked with dengue virus
type 1, a serum sample spiked with dengue virus type 2, and
a dengue virus culture isolate sample, as presented in Fig. 5.
The DPV response of a bare modied electrode displayed
a small peak current, thus revealing the absence of MB accu-
mulation on the electrode surface (curve f in Fig. 5). However,
aer the DNA probe was immobilized on the surface of the
fabricated electrode, the MB redox current was enhanced (curve
a in Fig. 5). This result proved that MB has high affinity for the
DNA sequence on the surface, resulting in a high MB redox
current. The immobilized-DNA-probe-functionalized fabricated
electrode does not show a noticeable current change aer
treatment with a negative sample. This negative sample
contains human serum that is free from dengue virus. As
a result, the asymmetric PCR product does not contain specic
complementary dengue virus gene material that can hybridize
with our DNA probe. Thus, a high MB redox current close to the
Fig. 5 The MB current responses of the developed DNA biosensor
coupled with the optimized asymmetric PCR approach for the
detection of different kinds of genomic dengue virus gene samples.

8 | RSC Adv., 2022, 12, 1–10
DNA probe current is anticipated, indicating that no hybrid-
ization occurred (curve b in Fig. 5). Similar observations during
the detection of amplied PCR products have been reported in
the previous literature.79–81

Meanwhile, a signicant decrease in the MB redox current is
obtained upon incubating with amplied genomic ssDNA
targets from human serum samples spiked with dengue virus
type 1 and 2, and a dengue virus cell culture sample (curves c, d,
e, respectively, in Fig. 5). The MB redox current was reduced
during hybridization due to a lack of MB bound to the guanine
bases, as described above. It was observed that our developed
DNA sensor did not discriminate between the MB redox
currents obtained from amplied ssDNA samples of dengue
virus types 1 and 2, showing good potential for detecting these
serotypes. It is expected that the MB redox current of the dengue
virus cell culture sample (curve e, Fig. 5) is lower than the
currents from the human serum samples spiked with dengue
virus (curves c and d, Fig. 5) most probably because the dengue
virus cell culture could provide a high amount of the ssDNA
target. In general, these ndings demonstrate that our devel-
oped DNA sensor shows good selectivity and is sufficient for
detecting dengue virus, being capable of discriminating
between the MB redox current signals of negative and positive
samples.

4. Conclusions

Further work on utilizing newly synthesized redox indicators for
the electrochemical detection of DNA hybridization events is
required. A new redox indicator based on intercalation binding
is suggested due to it being highly specic to dsDNA (aer
hybridization) through intercalation between G-C or A-T base
pairs. A novel redox indicator of this type could overcome the
limitations of MB seen in this work, as MB is affected by the
length and base composition of the DNA sequences. Due to
rapid advancements in the eld of nanotechnology, new
electroactive-indicator-functionalized nanomaterials can be
further explored to improve the electrochemical signals from
low-concentration samples and specicity towards analytes. In
this study, we successfully demonstrated and highlighted the
critical parameters relating to an RT-PCR approach for the
preparation of amplied genomic dengue virus gene samples
coupled with our developed electrochemical DNA sensor.

Despite all the process steps and materials used, the system
is good and stands out in this area. Despite the fact that
a genomic preparation technique based on PCR is still required
to use our developed sensor, in this study we were able to
directly prepare genomic ssDNA dengue virus gene samples in
a single reaction without a denaturation step, which is an
improvement over traditional PCR methods. The optimized
genomic dengue virus gene preparation approach based on
asymmetric PCR, when coupled with our DNA biosensor, can
successfully distinguish between the current signals obtained
from different kinds of genomic dengue virus gene samples.
The combination of this sample preparation approach with our
developed electrochemical biosensor offers an alternative
system to traditional methods based on gel electrophoresis
© 2022 The Author(s). Published by the Royal Society of Chemistry
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visualization techniques and ELISA assays that are used in
practical settings (hospitals, laboratories, etc.), showing greater
specicity and sensitivity, a rapid response, and ease of opera-
tion. Thanks to the burgeoning miniaturized PCR technology
eld, miniaturized PCR-based biosensors for the fast diagnosis
of dengue virus could be realized in the future.
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27 E. González-González, G. Trujillo-de Santiago, I. M. Lara-
Mayorga, S. O. Mart́ınez-Chapa and M. M. Alvarez, PLoS
One, 2020, 15, e0237418.

28 P. L. Nguyen, P. S. Sudheesh, A. C. Thomas, M. Sinnesael,
K. Haman and K. D. Cain, J. Aquat. Anim. Health, 2018, 30,
302–311.

29 H. M. Zowawi, T. H. Alenazi, W. S. AlOmaim, A. Wazzan,
A. Alsufayan, R. A. Hasanain, O. S. Aldibasi, S. Althawadi,
S. A. Altamimi and M. Mutabagani, J. Clin. Microbiol.,
2021, 59, e03004–03020.

30 S. H. Lee, S.-W. Kim, J. Y. Kang and C. H. Ahn, Lab Chip,
2008, 8, 2121–2127.

31 L. He, B. Sang and W. Wu, Biosensors, 2020, 10, 49.
32 I. Agranovski, E. Usachev, E. Agranovski and O. Usacheva, J.

Appl. Microbiol., 2017, 122, 129–138.
33 B. D. Lindenbach and C. M. Rice, Fields Virology, 2001, 1,

991–1041.
34 S. A. Wood, L. Biessy, J. L. Latchford, A. Zaiko, U. von

Ammon, F. Audrezet, M. E. Cristescu and X. Pochon, Sci.
Total Environ., 2020, 704, 135314.

35 M. A. Tuan and N. Hai, presented in part at the Journal of
Physics: Conference Series, APCTP-ASEAN Workshop on
Advanced Materials Science and Nanotechnology, AMSN08,
2009.

36 A. Erdem, K. Kerman, B. Meric, U. S. Akarca and M. Ozsoz,
Anal. Chim. Acta, 2000, 422, 139–149.

37 H. F. Teh, H. Gong, X.-D. Dong, X. Zeng, A. Lai Kuan Tan,
X. Yang and S. N. Tan, Anal. Chim. Acta, 2005, 551, 23–29.

38 S.-H. Zuo, L.-F. Zhang, H.-H. Yuan, M.-B. Lan, G. A. Lawrance
and G. Wei, Bioelectrochemistry, 2009, 74, 223–226.

39 L. D. Tran, B. H. Nguyen, N. Van Hieu, H. V. Tran,
H. L. Nguyen and P. X. Nguyen, Mater. Sci. Eng., C, 2011,
31, 477–485.

40 G. A. Nascimento, E. V. M. Souza, D. S. Campos-Ferreira,
M. S. Arruda, C. H. M. Castelletti, M. S. O. Wanderley,
RSC Adv., 2022, 12, 1–10 | 9

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra06753b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

3:
02

:3
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
M. H. F. Ekert, D. Bruneska and J. L. Lima-Filho, Biosens.
Bioelectron., 2012, 38, 61–66.

41 A. D. Chowdhury, R. Gangopadhyay and A. De, Sens.
Actuators, B, 2014, 190, 348–356.

42 E. Farjami, L. Clima, K. V. Gothelf and E. E. Ferapontova,
Analyst, 2010, 135, 1443–1448.

43 P. R. Solanki, A. Kaushik, P. Chavhan, S. Maheshwari and
B. Malhotra, Electrochem. Commun., 2009, 11, 2272–2277.

44 K. Arora, N. Prabhakar, S. Chand and B. Malhotra, Anal.
Chem., 2007, 79, 6152–6158.

45 R. Singh, R. Prasad, G. Sumana, K. Arora, S. Sood,
R. K. Gupta and B. Malhotra, Biosens. Bioelectron., 2009,
24, 2232–2238.

46 R. Singh, G. Sumana, R. Verma, S. Sood, M. Pandey,
R. K. Gupta and B. Malhotra, J. Biotechnol., 2010, 150, 357–
365.

47 C. M. Pandey, R. Singh, G. Sumana, M. Pandey and
B. Malhotra, Sens. Actuators, B, 2011, 151, 333–340.

48 I.-T. Hwang, Y.-J. Kim, S.-H. Kim, C.-I. Kwak, Y.-Y. Gu and
J.-Y. Chun, Biotechniques, 2003, 35, 1180–1191.

49 K. Malhotra, L. Foltz, W. C. Mahoney and P. A. Schueler,
Nucleic Acids Res., 1998, 26, 854–856.

50 P. Kainz, A. Schmiedlechner and H. B. Strack, Biotechniques,
2000, 28, 278–282.

51 L. Shen, Y. Guo, X. Chen, S. Ahmed and J. Issa, Biotechniques,
2007, 42, 48.

52 W. Rychlik, W. Spencer and R. Rhoads, Nucleic Acids Res.,
1990, 18, 6409–6412.

53 F. De Pablo, C. G. Scanes and B. D. Weintraub, Handbook of
endocrine research techniques, Academic Press, 1993.

54 R. Y. Tsien and G. Zlokarnik, Measuring gene experession,
WO96/30540, 1998.

55 M. Tabarzad, B. Kazemi, H. Vahidi, R. Aboofazeli,
S. Shahhosseini and N. Nassi-Varcheh, Iran. J. Pharm.
Res., 2014, 13, 133.

56 J. G. Bruno and J. L. Kiel, Biosens. Bioelectron., 1999, 14, 457–
464.

57 C. Marimuthu, T.-H. Tang, J. Tominaga, S.-C. Tan and
S. C. Gopinath, Analyst, 2012, 137, 1307–1315.

58 P. Bakthavathsalam, V. K. Rajendran and
J. A. B. Mohammed, J. Nanobiotechnol., 2012, 10, 1–10.

59 D. Brouard, O. Ratelle, A. G. Bracamonte, M. St-Louis and
D. Boudreau, Anal. Methods, 2013, 5, 6896–6899.

60 B. A. Cavic and M. Thompson, Anal. Chim. Acta, 2002, 469,
101–113.
10 | RSC Adv., 2022, 12, 1–10
61 N. Prabhakar, K. Arora, S. K. Arya, P. R. Solanki, M. Iwamoto,
H. Singh and B. Malhotra, Analyst, 2008, 133, 1587–1592.

62 Y. Liu, Electric DNA chips for determination of pathogenic
microorganisms, Doctoral dissertation, KTH, 2008.

63 J. Sambrook and D. W. Russell, Cold Spring Harbor Protocols,
2006, 2006, pdb. prot4538.

64 S. Martins, D. Prazeres, L. Fonseca and G. Monteiro,
Biotechnol. Lett., 2010, 32, 229–234.

65 R. D'Agata, R. Corradini, C. Ferretti, L. Zanoli, M. Gatti,
R. Marchelli and G. Spoto, Biosens. Bioelectron., 2010, 25,
2095–2100.

66 E. Knierim, B. Lucke, J. M. Schwarz, M. Schuelke and
D. Seelow, PLoS One, 2011, 6, e28240.

67 S. Poddar, Mol. Cell. Probes, 2000, 14, 25–32.
68 L. L. Li, H. Cai, T. M. H. Lee, J. Barford and I. Hsing,

Electroanalysis, 2004, 16, 81–87.
69 R. Y. Lai, E. T. Lagally, S.-H. Lee, H. Soh, K. W. Plaxco and

A. J. Heeger, Proc. Natl. Acad. Sci. U. S. A., 2006, 103, 4017–
4021.

70 Z. Liang, R. Lao, J. Wang, Y. Liu, L. Wang, Q. Huang, S. Song,
G. Li and C. Fan, Int. J. Mol. Sci., 2007, 8, 705–713.
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