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� Aptamer biosensor based on the
duplex formation as linker of 3D-
nanoassembled AuNPs on disposable
screen-printed electrode.

� Promoting 3D-nanoassembled AuNPs
enabling a clear plasmonic shift and
molecular carrier function.

� Dual-detectable visually naked-eye
readout and sensitive electro-
chemical readout for low concentra-
tion of analyte.

� Detectable Dengue virus NS1 down
to 30 fg/mL equivalent to 1000 times
higher sensitivity compared to avail-
able biosensor.
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Signal amplification have been centralized in developing the highly reliable biosensor for analyte detection
with a narrow detection window. We proposed an aptasensor to provide a highly sensitive early-stage
diagnostic platform of dengue virus NS1 protein (DENV-NS1) by dual-approach e colorimetric and elec-
trochemical detection. This work utilized two different aptamers specific to DENV-NS1: One conjugated to
gold nanoparticles (AuNPs), forming AuNPs-Apt1 and its complementary sequence aptamer, forming
AuNPs-Apt2. The unbound Apt1 of AuNPs-Apt1 by DENV-NS1 were to hybridize to AuNPs-Apt2 and induced
a 3D-nanoassembled formation, resulting in DENV-NS1 concentration-dependent plasmonic color change.
Occurrence of the hybridization of Apt1 and Apt2, the 3D-assembled hybridized aptamers of AuNPs was
incubated with methylene blue (MB) solution, which intercalated a high number of MB molecules within
the duplex structure of aptamers, and the complex was captured on the Apt2-conjugated disposable gold
electrode (DGE). The developed aptamer-based biosensor showed high sensitivity with colorimetric
response down to 1.28 pg/mL and electrochemical approach down to 30 fg/mL of DENV-NS1 with good
selectivity. This work showcases an advanced utilization of aptamer and its complementary anti-sense
aptamer in signal amplification and nanocarrier for biosensing.
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1. Introduction

In the last decades, dengue virus (DENV) infection has been a
significant global health issue in tropical and sub-tropical countries
worldwide [1]. This mosquito-borne viral infection disease is pre-
dicted to expand and continue to threaten more lives due to global
warming, urbanization, and climate change [2]. Henceforward,
tropical infectious diseases should have been an anticipated threat
globally [3]. Currently, the available methods used for detecting
DENV rely on cell culture [4], PCR [5] and ELISA assays [6]. These
conventional diagnosis methods require sophisticated medical fa-
cilities as well as trained personnel which are not likely suitable for
resource-limited settings [7]. Moreover, DENV is low in particle
number during its earlier infection stage, which is a bottleneck for
early detection [8,9]. As an alternative, the non-structural protein 1
(NS1) protein of DENV (DENV-NS1) can be used because it holds
clinical significance in the early phase [10e12].

Emerging aptamers-based biosensors (aptasensors) have
attracted intensive attention in disease diagnostics, environmental
monitoring, and surveillance of viral agents [13e15]. Presently,
aptamers, a single-stranded oligonucleotide, have been progres-
sively utilized in various fields due to their specific binding with
their corresponding target with high affinity. Besides, aptamer
possesses several advantages such as ease of chemical functional-
ization, high stability, and low cost with a little batch-to-batch
variation [16]. In terms of simplicity, colorimetric-based apta-
sensors have been a preferable analytical methods that have been
developed using nanozyme [17], localized surface plasmon reso-
nance shift of plasmonic nanomaterial [18], and magnetic nano-
particles [18]. On the contrary, electrochemical-based aptasensor
has recently dominated due to its higher signal-transducing prop-
erties [19,20]. Unfortunately, the developed methods only provided
a single modality assay and may suffer from a lack of signal
amplification to establish a highly sensitive detection [21,22].

Several pioneering works utilized liposomal nanoencapsulation
to bring multimodal sensing probes into the detection platform,
combining optical and electrochemical signal molecules [23,24].
However, the existing nanocarrier has a drawback of its encapsu-
lation uniformity and prolonged protocol due to intermediate steps
to activate the sensing probes inside the nanostructure. Conversely,
in the previously reported works, utilizing the nanocarrier concept
has opened a new approach in developing biosensors to overcome
the urgent demand on a wide dynamic range of detection with
more complementary information [15,25]. Observing the need for
more straightforward detection with higher signal enhancement
from the preceding works, a feasible embodiment of intrinsic
nanomaterial properties and utilization of nanocarrier are
demanded to escalate the performance of the aptasensor.

Gold nanoparticles (AuNPs) have been known to undergo a
versatile and easy conjugation of aptamer [26]. Herein, a dual-
approach aptasensor was developed to convey a more compre-
hensive dynamic range of individual detection platforms with a
combined feature, highly sensitive detection from an electro-
chemical signal, and a simple readout from an improved visual
change. Coupling of both concepts, nanocarrier and sense-
antisense competitive hybridization, the aptasensor was designed
and developed to exhibit a competitive colorimetric detection of
DENV-NS1 aiming at early-diagnostic, highly sensitive detection of
DENV infection. Unlike a conventional single AuNPs-Apt [27], the
competitive complementary AuNPs-Apt induced a 3D-nano-
assembly structure of AuNPs which demonstrated a higher plas-
monic color shift. Different from the general electrochemical
aptasensor using an individual conjugated redox probe [28], this
finding exploited a nanocarrier-based electrochemical detection by
incorporating methylene blue (MB) in the 3D-nanoassembly
2

structure via MB-duplex aptamer interaction. The electrochemical
signal from MB proved that it could enhance the detection signal
down from picogram to femtogram level. Excitingly, the developed
dual-approach aptasensor provided an advanced tool for a sensi-
tive, simple, and label-free DENV-NS1 detection which holds great
potential in an early-diagnostic biosensor to target infectious vi-
ruses that are very low concentration in the early infection stage.

2. Materials and methods

2.1. Materials, instruments, and preparation of Aptamer conjugated
AuNPs (Apt1-and Apt2-conjugated AuNPs)

All the above methods are described in detail in SI-1 Material
and Instruments of the Supplementary data.

2.2. Detection of dengue virus 2 NS1 protein in buffer and spike
solution

2.2.1. Colorimetric detection
Dengue virus type 2 NS1 protein (DENV-NS1) was diluted to a

series of concentrations. A 50 mL of the DENV-NS1 was mixed into
PBS buffer containing MgCl2 (1:1 v/v), and 100 mL of AuNPs-Apt1
was added into the DENV-NS1 solution. The mixturewas incubated
for the binding of Apt1 to the DENV-NS1. The visual color and
absorbance were recorded. Next, the mixture was added with 50 mL
AuNPs-Apt2 solution. The mixture was incubated to bind Apt1 of
the AuNPs-Apt1 and Apt2 of AuNPs-Apt2. For the analysis, A525 and
A624 were recorded as the ratio parameter of the detection plot.

2.2.2. Electrochemical detection
The electrochemical detection was conducted on an Apt2-

modified disposable gold electrode (DGE). Apt2-modified DGE was
prepared by incubating 10 mL of 1 mM thiol-functionalized Apt2. To
translate the aptasensor into an electrochemical detection, the
AuNPs-Apt complex solution was added with 10 mM methylene
blue (MB) solution (1:1 v/v). After incubation, the 15 mL mixture
was drop-casted on the Apt2-modified DGE. Afterward, the solution
was discarded, and the DGE was washed several times with PBS
buffer containing 1 mM MgCl2. The working solution for the elec-
trochemical detection is PBS buffer with an additional 0.5 M NaCl.
The differential pulse voltammetry (DPV) analysis was conducted
from e 0.5 V to þ 0.2 V at a step potential of 25 mV/s and modu-
lation pulse and time of 50 mV and 50 ms, respectively. The ob-
tained oxidation peak of the DPV was used as the electrochemical
signal.

3. Results and discussion

3.1. Mechanism of the 3D-nanoassembled gold nanoparticles
aptasensor

The proposed aptasensor was designed based on the aptamer-
conjugated AuNPs, forming a competitive binding of AuNPs-Apt1
to DENV-NS1 and its complementary towards AuNPs-Apt2. The
detection mechanism was designed in two approaches; colori-
metric detection and electrochemical detection, as illustrated in
Scheme 1. First, AuNPs-Apt1 were added into the detection sample
and bound to the DENV-NS1 via aptamer-DENV-NS1 affinity (A). In
the presence of DENV-NS1, AuNPs-Apt1 will bind to the target
DENV-NS1, forming AuNPs-Apt1/DENV-NS1 (B). Next, the proposed
aptasensor was added the complementary AuNPs-Apt2 (C) to bind
to the unbound Apt1 of AuNPs-Apt1, forming AuNPs-Apt1/AuNPs-
Apt2 3D-nanoassembled aggregation (AuNPs-Apt complex) via
Apt1-Apt2 hybridization (D). The induced aggregation
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demonstrated the color change depending on the degree of ag-
gregation, which would also be dependent on the DENV-NS1
binding to the Apt1 on the AuNPs-Apt1 (AuNPs-Apt complex-
based detection).

To utilize the 3D-nanoassembled AuNPs-Apt for electrochemical
detection, the methylene blue (MB) was added into the AuNPs-Apt
complex (E) and bound to the duplex structure of the AuNPs-Apt
complex by electrostatical intercalation [29]. Then, on the surface
of the DGE, the immobilized Apt2 aptamer conjugated with the
unbound Apt1 of AuNPs-Apt complex, forming the captured DGE/
Apt2/AuNPs-Apt1(AuNPs-Apt2) (DENV-NS1) (F). The MB amount is
corresponding to the amount of the hybridized complex of Apt1 and
Apt2 within the 3D-nanoassembly, inversely proportional to the
DENV-NS1 concentration in the sample solution. As the free MB
was washed out, the oxidation peak in the DPV analysis indicates
the amount of MB carried by the AuNPs-Apt complex only.
3.2. Characterization of the AuNPs-Apt1, AuNPs-Apt2, and 3D-
nanoassembled AuNPs-Apt complex

Aptamers were conjugated to AuNPs by affinity binding as
illustrated in Fig. 1A. AuNPs-Apt1 was prepared by conjugating
biotin-functionalized Apt1 with streptavidin-functionalized AuNPs
and AuNPs-Apt2 was prepared by indirect method, conjugating via
Au-thiol coordination between AuNP with thiolated Apt2. To
confirm the conjugation of the AuNPs-Apt, both functionalized
AuNPs were characterized by absorbance, as shown in Fig. 1B. After
conjugation with Apt1 and Apt2, AuNPs retain their plasmonic
properties with peaks at 525 nm with no visible shoulder. In
contrast to the single AuNPs-Apt, the mixture demonstrated a
change of the absorbance spectra with lower absorbance at 525 nm
and immersed the secondary broad peak near 616 nm, indicating
the aggregation formation of AuNPs [30]. The image (inset of
Fig. 1B) shows that AuNPs-Apt1 and AuNPs-Apt2 have red-pinkish
Scheme 1. Proposed 3D-nanoassembled gold nanoparticles-based aptasensor designed for
and AuNPs-Apt2 as the detection probes; (B) shows DENV-NS1 binding to AuNPs-Apt1 and (
(F) shows the 3D-nanoassembled AuNPs captured on the Apt2-modified DGE.
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color, but the AuNPs-Apt1/AuNPs-Apt2 have a blue color, fading in
a longer incubation time.

Themixture of AuNPs-Apt1 and AuNPs-Apt2 was analyzed under
transmission electron microscopy (TEM) to understand the
morphology of the aggregation of the AuNP. As shown in Fig. 1C, at
first, AuNPs-Apt1 was visibly well-dispersed with the size of 20 nm.
After 5 min, the interaction of AuNPs-Apt1 and AuNPs-Apt2 was
demonstrated by the initiation of the agglomeration of AuNPs. The
aggregation of the AuNPs was evitable in the presence of two
AuNPs-Apt. In the conjugation of AuNP-Apt, the size of two AuNPs
were different; 20 nm for Apt whereas 5 nm for Apt2. Due to the
difference of AuNPs' sizes, the time course TEM analysis was clearly
visible in TEM images (Fig. 1D). In the initial time, single AuNPs-
Apt1 with a size of 20 nm was bound to the individual of AuNPs-
Apt2 with a distinct size of 5 nm. In the longer incubation period,
the agglomeration of the combination of 20 nm and 5 nm of AuNPs
was clearly visible. Finally, a particular agglomeration degree was
observed at a prolonged time where the AuNPs-Apt1 was shown to
be surrounded and bounded by the AuNPs-Apt2, bridging the
AuNPs via aptamer and its anti-sense aptamer [31,32]. It is expected
that the AuNPs-Apt1 and AuNPs-Apt2 should be capable to bind
each other in three-directional formation, resulting the 3D-nano-
assemble network of AuNPs.
3.3. The colorimetric detection of DENV-NS1 using the plasmonic
shift of AuNPs-Apt1/AuNPs-Apt2 aptasensor

The incubation time of AuNPs-Apt1 were optimized to obtain
the highest signal of colorimetric change (Fig. S1). As the incubation
time was increased, the binding of AuNPs-Apt1 was elevated and
reached the saturation at 20 min for binding DENV-NS1 (Fig. S1A)
and the average of 5 min for the AuNPs-Apt2 (Fig. S1B). The color-
imetric detection of the DENV-NS1 was conducted by a series of
concentration of the target analyte. The detectionwas done starting
colorimetric detection and electrochemical detection. (A) and (C) indicate AuNPs-Apt1
D) shows 3D-nanoassembly of AuNPs; (E) indicates electrochemical detection step and



Fig. 1. Characterization of 3D-nanoassembly aggregation of AuNPs-Apt1 and AuNPs-Apt2. (A) The illustration of the preparation of AuNPs-Apt1 and AuNPs-Apt2; (B) Absorbance and
visual images of the AuNPs-Apt1 (1), AuNPs-Apt2 (2) and AuNPs-Apt1/AuNPs-Apt2 (3); TEM images of time-dependent nanoassembled formation of (C) AuNPs-Apt1 (20)/AuNPs-Apt2
(20), and (D) AuNPs-Apt1 (20)/AuNPs-Apt2 (5). The scale bars of the images are represented on each image.
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from the binding step of AuNPs-Apt1 to DENV-NS1 and continued
to binding of AuNPs-Apt2 to the free Apt1 on AuNPs-Apt1. As shown
in Fig. 2A, AuNPs-Apt1 shows a single peak at 525 nm. With the
increasing concentration of DENV-NS1, the intensity of the shoul-
der peak at around 624 nm was also increasing. In addition, the
slight shift of the peak maxima was also observed increasing with
the DENV-NS1 concentration. Extending from the interaction of
AuNPs-Apt1-DENV-NS1, AuNPs-Apt2 was introduced to themixture
and intensified the change of the absorbance spectrum. AuNPs-
Apt2 with no DENV-NS1 in the mixture (blank) has elevated
shoulder spectra with the lowest absorbance peak at 525 nm
(Fig. 2B). These were different in reverse to the AuNPs-Apt1 after
the DENV-NS1 addition. In the addition of AuNPs-Apt2, the
agglomeration of the AuNPs-Apts was promoted since both
aptamers would undergo hybridization and lead the 3D-nano-
assembly structure of AuNPs [33]. Opposite to the previous trend
the interaction of AuNPs-Apt1 and DENV-NS1, the absorbance
showed lower shoulder absorbance with the increasing concen-
tration of DENV-NS1. The absorbance at 525 nm was higher than
the control, indicating less aggregation of AuNPs in the system,
indicating that the conjugation between AuNPs-Apt1 and DENV-
NS1 was less after-binding to the AuNPs-Apt2. TEM analysis of the
AuNPs-Apt1/DENV-NS1 and AuNPs-Apt2 was shown in Fig. S2.
Compared to the 3D-nanoassembly formation, the presence of
DENV-NS1 prior to the addition of AuNPs-Apt2 leads to the smaller
3D-nanoassembly formation, preventing to make aggregation of
AuNP.

The ratio of A525/A624 was plotted from the absorbance spectra
as the function of DENV-NS1 concentration. As shown in Fig. 2C, it
showed an opposite correlation of the absorbance change of
AuNPs-Apt1 between with the presence of the DENV-NS1, showing
positive function, and with the presence of both DENV-NS1 and
AuNPs-Apt2, showing negative function. Based on the absorbance
ratio, the direct detection of DENV-NS1 using only AuNPs-Apt1
showed a detection limit (LOD) of 124.83 pg/mL, based on the 3
times standard deviation and blank signal according to the linearity
4

of the aptasensor [34]. However, the competitive detection by
AuNPs-Apt2 could demonstrate lower LOD, down to 1.28 pg/mL
DENV-NS1. Moreover, comparatively to the conventional single
aptamer-based aptasensor, AuNPs-Apt complex competitive for-
mation resulted to distinguishable color visual in the presence of
the DENV-NS1 by naked eye observation (Fig. 2D). Moreover, after
3.5 weeks of storage, the color change of the AuNPs-Apt1 did not
show any observable change, but AuNPs-Apt2 did undergo a minor
decrease down to a 2.5% change of absorbance (Fig. S3A). The
complex AuNPs-Apt was still considerably functional, with detec-
tion only down to 6.98% (Fig. S3A). The proposed aptasensor using
additional AuNPs-Apt2 as the anti-sense to promote 3D-nano-
assembly of the AuNPs, the advancement strategy showcases an
amplified ratiometric for detecting DENV-NS1.

3.4. Electrochemical characterization of 3D-nanoassembled AuNPs-
Apt as MB nanocarrier

In search of a more sensitive method, DGE was used as the
biosensor platform for easy and straightforward application. First,
prior to the detection, the 3D-nanoassembly AuNPs on the DGEwas
investigated whether it bound to the surface of electrode. The
electrochemical impedance spectroscopy (EIS) was conducted to
characterize the construction of the 3D-nanoassembled structure
on the DGE. DGE showed a typical Nyquist plot of Au-printed
electrode (Fig. 3A). After the immobilization of Apt2 on the DGE
(DGE/Apt2), the impedance of the electrode increased. Next,
AuNPs-Apt1 was captured on the DGE/Apt2. The layer of AuNPs
covers the surface of the DGE and increases its electronic proper-
ties, indicated by lower impedance. In contrast, the assembled of
AuNPs-Apt1/AuNPs-Apt2 complex on the electrode resulted in
higher impedance.

The build-up network of the 3D-nanoassembly structure of
AuNPs-Apt1/AuNPs-Apt2 demonstrated different electronic prop-
erties than AuNPs-Apt1. These indicate that a single layer of AuNPs
by AuNPs-Apt1 had different electronic properties than a 3D-



Fig. 2. The colorimetric detection of DENV-NS1 using the proposed aptasensor. The absorbance spectra of the AuNPs-Apt1 after the addition of DENV-NS1 (A) and the addition of
DENV-NS1 and AuNPs-Apt1 (B); (C) indicates the comparative plot of DENV-NS1 concentration vs. ratiometric of A525 and A624 (the error bars indicate the standard errors based on
three measurements); (D) the visual image represents the color change in determining the concentration of DENV-NS1 by the proposed aptasensor. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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nanoassembled structure of AuNPs on the DGE by the aptamer
hybridization. In addition, the presence of DENV-NS1 within the
3D-nanoassembled structure had a slightly higher impedance due
to the presence of larger biomolecules, such as DENV-NS1.

Further, cyclic voltammetry was applied on the DGE to under-
stand the redox behavior on the surface of the working electrode
[35]. As shown in Fig. 3B, an observed peak was in the run with a
potential value of around 490 mV which showed a typical
reduction-oxidation profile of gold printed electrode [36]. The
surface of the DGE was profiled to understand the difference in the
presence of AuNPs-Apt1 and AuNPs-Apt2. It was observed that DGE/
Apt2/AuNPs-Apt1 represented the single layer of AuNPs on the DGE
has a similar oxidation current like DGE/Apt. However, DGE/Apt2/
AuNPs-Apt1/AuNPs-Apt2 resulted the 3D-nanoassembly AuNPs to
isolate DGE's surface and unexpectedly lowered the electrons cur-
rent on the surface of the electrode and reduced the oxidation peak
in the cyclic voltammetry profile.

In this mechanism, AuNPs-Apt was acted as nanocarrier for the
redox probe, MB in the electrochemical detection. To investigate
this, prior to the incubation of AuNPs-Apt1 and AuNPs-Apt2 on the
DGE/Apt2, the AuNPs-Apt was incubated in MB solution where the
maximum amount of MB can be intercalated inside the aptamer.
The loaded amount of the MB was determined from the current
value generated in DPV analysis [37] (Fig. 3C). The standard
oxidation peak of the MB was founded at �0.28 mV [38]. As Apt2
was bound to DGE directly, MB molecules chelated and showed
higher DPV current than unmodified DGE, increasing from e 3 mA
to e 4.5 mA in intensity. This indicates that the Apt2 was conjugated
successfully, and MB was chelated on the capture probe. This is
determined here as the noise/background signal in the electro-
chemical detection. Further, in the presence of captured AuNPs-Apt
on the surface of DGE/Apt2, the DPV analysis indicated a high signal
of MB in DGE/Apt2/AuNPs-Apt1 and DGE/Apt2/AuNPs-Apt1/AuNPs-
Apt2 with the current intensity ofe 16 mA ande 27 mA, respectively.
Based on the preliminary study from the MBwithin the AuNPs-Apt,
5

the signal-to-noise ratio was calculated around 3-fold for AuNPs-
Apt1-based nano-assembly and 6-fold for AuNPs-Apt1/AuNPs-Apt2-
based 3D-nanoassembly structure. These signals were demon-
strated to be 2.4% in coefficient of variance on 10 independent
DGEs, showing an appropriate signal transducer for the electro-
chemical aptasensor (Fig. S4). In a control experiment of AuNPs-Apt
nanoassembly in absence of MB, it was observed an ignorable
hump of oxidation current between potential value of e 250 mV to
e 450 mV (Fig. 3D), like the bare DGE's potential value with the
current around e 2.5 mA. It is clearly shown that the MB as a redox
probe is the only responsible source of current in this electro-
chemical detection.
3.5. The electrochemical detection of DENV-NS1 using the AuNPs-
Apt1/AuNPs-Apt2 aptasensor

The electrochemical detection of the DENV-NS1 was carried out
after incubating the AuNPs-Apt complex/DENV-NS1 inMB solution.
MB's oxidation peak was observed at potential around e 250 mV
shown in Fig. 4A. As the concentration of the DENV-NS1 increased,
the differential current, known as I delta in DPV analysis (DI),
increased. Moreover, it was observed the dominant peak from e

250 mV was coupled to peak at potential around �320 mV which
represents the MB contribution on DGE. A higher concentration of
the DENV-NS1 was resulted to lower the oxidation peak in the DPV,
while increasing the I delta value from negative value to less
negative value. In absence of target, the conjugated aptamers-
AuNPs contain maximum number of MB, resulting strong peak
at �250 mV. After gradual increase of DENV-NS1, the peak of MB
was decreasing gradually and shifted towards �320 mV, which is
the signal of DGE, in presence of MB. In case of high concentration
of target DENV-NS1, all apt1 are completely blocked and there is no
space for MB loading on the electrode surface. As a result, the peak
intensity in DPV is almost insignificant like the bare electrode
without MB. The change of I delta (DI e DIblank) at �250 mV was



Fig. 3. 3D-nanoassembly AuNPs as the nanocarrier for electrochemical performance on a disposable gold electrode (DGE). (A) Electrochemical Impedance Spectroscopy (EIS) and
(B) Cyclic voltammetry (CV) of the captured AuNPs-Apt1/AuNPs-Apt2 on Apt2-functionalized DGE with scan rate of 75 mV/s; Electrochemical performance of captured 3D-
nanoassembly AuNPs-Apt1/AuNPs-Apt2 with MB (C) and without (D). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 4. The electrochemical detection of DENV-NS1 using the proposed aptasensor on Apt2-immobilized Disposable Gold Electrode (DGE). (A) DPV analysis of the aptasensor in
response in the DENV-NS1 detection; (B) semi-log plot of change of differential current (DI) vs. concentration of DENV-NS1; (C) The selectivity test of proposed aptasensor using
colorimetric detection and electrochemical detection. The error bars in B and C denote the standard errors from three measurements. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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plotted as the function of the concentration of DENV-NS1 (Fig. 4B).
The proposed aptasensor demonstrated a linear detection of 1 pg/
mL e 1 ng/mL DENV-NS1 with R2 ¼ 0.992. However, over 1 ng/mL
DENV-NS1 concentration, it showed to be saturated with a higher
cluttering signal observed in a higher-level concentration, where
the detection limit was calculated 30 fg/mL, which is 100-times
lower than the colorimetric detection. This result emphasizes the
advantage of the 3D-nanoassembly structure of AuNPs-Apt as a
nanocarrier in the electrochemical detection. A comparative study
on previously published works were summarized in Table S1
[39e41], showing that the detection limit of the proposed apta-
sensor was superior in terms of detection limit and dynamic range.

The selectivity of this dual detection was assayed in 100 pg/mL
different non-target analytes, including norovirus-like particles
(NoV-LPs), inactivated Influenza virus A/H1N1 and A/H3N2. As
shown in Fig. 4C, there is a slight change of signal ranging from
98%e102% based on the blank solution in either of the non-target
analytes. However, in the presence of target analytes of 100 pg/
mL DENV-NS1, the signal was changed to 80% for colorimetric
detection and 40% for electrochemical detection. It showed that
even in a picogram concentration of target, electrochemical
detection could demonstrate a good specificity towards DENV-NS1.
Further, in the spike solution of 2% human serum, the proposed
aptasensor could perform well for DENV-NS1 detection with a
relative standard deviation (RSD) ranging from 6.1% to 10.2%
(Table S2), which was acceptable as the detection variance. How-
ever, despite a considerably low RSD value, the developed apta-
sensor still showed an interfering effect in serum, probably coming
from the buffer constituents and the lysate-derived proteins [42]. It
was recommendable to minimize the interferences by employing
up to 50-fold dilution in the biological complex matrix virus
detection as for a pre-treatment and pre-dilution in the practical
use.

4. Conclusions

This work reported a dual-detection aptasensor utilizing
aptamers-conjugated AuNPs to amplify the signal by 3D-nano-
assembled formation. By introducing hybridized duplex aptamer as
a bridge of plasmonic aggregation, the 3D-nanoassembled forma-
tion intensified the visual color change and provided a nanocarrier
function for electrochemical detection. The DENV-NS1 was detec-
ted by the disruption of the duplex formationwhich would prevent
the plasmonic color change and redox nanocarrier's moiety of the
3D-nanoassembled AuNPs. It showcased a LOD down to 1.28 pg/mL
in colorimetric and 30 fg/mL in electrochemical approaches.
Considering the mechanism of the signal amplification, the devel-
oped strategy aimed to deliver an elevated concept of the general
approach in aptamer-based detection and establishing an early-
diagnostic method in low virus concentration or low available
biomarker.
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