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ABSTRACT 27 

 Signal amplification have been centralized in developing the biosensor for analyte 28 

detection with high reliability and narrow detection window. We proposed an aptasensor 29 

to provide a highly sensitive early-stage diagnostic platform of dengue virus NS1 protein 30 

(DENV-NS1) by dual-approach – colorimetric and electrochemical detection. This work 31 

utilized two different aptamers specific to DENV-NS1: One conjugated to gold 32 

nanoparticles (AuNPs), forming AuNPs-Apt1 and its complementary sequence aptamer, 33 

forming AuNPs-Apt2. The unbound Apt1 of AuNPs-Apt1 by DENV-NS1 were to 34 

hybridize to AuNPs-Apt2 and induced a 3D-nanoassembled formation, resulting in 35 

DENV-NS1 concentration-dependent plasmonic color change. Occurrence of the 36 

hybridization of Apt1 and Apt2, the 3D-assembled hybridized aptamers of AuNPs was 37 

incubated with methylene blue (MB) solution, which intercalated a high number of MB 38 

molecules within the duplex structure of aptamers, and the complex was captured on the 39 

Apt2-conjugated disposable gold electrode (DGE). The developed aptamer-based 40 

biosensor showed high sensitivity with colorimetric response down to 1.28 pg/mL and 41 

electrochemical approach down to 30 fg/mL of DENV-NS1 with good selectivity. This 42 

work showcases an advanced utilization of aptamer and its complementary anti-sense 43 

aptamer in signal amplification and nanocarrier for biosensing. 44 

Keywords: gold nanoassembly, aptamer biosensor, colorimetric electrochemical, dengue 45 

virus NS1, redox nanocarrier  46 
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1. Introduction 47 

In the last decades, dengue virus (DENV) infection has been a significant global 48 

health issue in tropical and sub-tropical countries worldwide [1]. This mosquito-borne 49 

viral infection disease is predicted to expand and continue to threaten more lives due to 50 

global warming, urbanization, and climate change [2]. Henceforward, tropical infectious 51 

diseases should have been an anticipated threat globally [3]. Currently, the available 52 

methods used for detecting DENV rely on cell culture [4], PCR [5] and ELISA assays [6]. 53 

These conventional diagnosis methods require sophisticated medical facilities as well as 54 

trained personnel which are not likely suitable for resource-limited settings [7]. Moreover, 55 

DENV is low in particle number during its earlier infection stage, which is a bottleneck 56 

for early detection [8, 9]. As an alternative, the non-structural protein 1 (NS1) protein of 57 

DENV (DENV-NS1) can be used because it holds clinical significance in the early phase 58 

[10, 11, 12].  59 

Emerging aptamers-based biosensors (aptasensors) have attracted intensive 60 

attention in disease diagnostics, environmental monitoring, and surveillance of viral 61 

agents [13, 14, 15]. Presently, aptamers, a single-stranded oligonucleotide, have been 62 

progressively utilized in various fields due to their specific binding with their 63 

corresponding target with high affinity. Besides, aptamer possesses several advantages 64 

such as ease of chemical functionalization, high stability, and low cost with a little batch-65 

to-batch variation [16]. In terms of simplicity, colorimetric-based aptasensors have been 66 

a preferable analytical methods that have been developed using nanozyme [17], localized 67 

surface plasmon resonance shift of plasmonic nanomaterial [18], and magnetic 68 

nanoparticles [18]. On the contrary, electrochemical-based aptasensor has recently 69 

dominated due to its higher signal-transducing properties [19, 20]. Unfortunately, the 70 
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developed methods only provided a single modality assay and may suffer from a lack of 71 

signal amplification to establish a highly sensitive detection [21, 22].  72 

Several pioneering works utilized liposomal nanoencapsulation to bring 73 

multimodal sensing probes into the detection platform, combining optical and 74 

electrochemical signal molecules [23, 24]. However, the existing nanocarrier has a 75 

drawback of its encapsulation uniformity and prolonged protocol due to intermediate 76 

steps to activate the sensing probes inside the nanostructure. Conversely, in the previously 77 

reported works, utilizing the nanocarrier concept has opened a new approach in 78 

developing biosensors to overcome the urgent demand on a wide dynamic range of 79 

detection with more complementary information [15, 25]. Observing the need for more 80 

straightforward detection with higher signal enhancement from the preceding works, a 81 

feasible embodiment of intrinsic nanomaterial properties and utilization of nanocarrier 82 

are demanded to escalate the performance of the aptasensor.   83 

Gold nanoparticles (AuNPs) have been known to undergo a versatile and easy 84 

conjugation of aptamer [26]. Herein, a dual-approach aptasensor was developed to 85 

convey a more comprehensive dynamic range of individual detection platforms with a 86 

combined feature, highly sensitive detection from an electrochemical signal, and a simple 87 

readout from an improved visual change. Coupling of both concepts, nanocarrier and 88 

sense-antisense competitive hybridization, the aptasensor was designed and developed to 89 

exhibit a competitive colorimetric detection of DENV-NS1 aiming at early-diagnostic, 90 

highly sensitive detection of DENV infection. Unlike a conventional single AuNPs-Apt 91 

[27], the competitive complementary AuNPs-Apt induced a 3D-nanoassembly structure 92 

of AuNPs which demonstrated a higher plasmonic color shift. Different from the general 93 
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electrochemical aptasensor using an individual conjugated redox probe [28], this finding 94 

exploited a nanocarrier-based electrochemical detection by incorporating methylene blue 95 

(MB) in the 3D-nanoassembly structure via MB-duplex aptamer interaction. The 96 

electrochemical signal from MB proved that it could enhance the detection signal down 97 

from picogram to femtogram level. Excitingly, the developed dual-approach aptasensor 98 

provided an advanced tool for a sensitive, simple, and label-free DENV-NS1 detection 99 

which holds great potential in an early-diagnostic biosensor to target infectious viruses 100 

that are very low concentration in the early infection stage.  101 

 102 

2. Materials and methods 103 

 104 

2.1. Materials, Instruments, and Preparation of Aptamer conjugated AuNPs (Apt1- and 105 

Apt2-conjugated AuNPs) 106 

All the above methods are described in detail in SI-1 Material and Instruments of 107 

the Supplementary data.  108 

 109 

2.2. Detection of dengue virus 2 NS1 protein in buffer and spike solution 110 

2.2.1. Colorimetric detection 111 

Dengue virus type 2 NS1 protein (DENV-NS1) was diluted to a series of 112 

concentrations. A 50 µL of the DENV-NS1 was mixed into PBS buffer containing MgCl2 113 

(1:1 v/v), and 100 µL of AuNPs-Apt1 was added into the DENV-NS1 solution. The 114 
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mixture was incubated for the binding of Apt1 to the DENV-NS1. The visual color and 115 

absorbance were recorded. Next, the mixture was added with 50 µL AuNPs-Apt2 solution. 116 

The mixture was incubated to bind Apt1 of the AuNPs-Apt1 and Apt2 of AuNPs-Apt2. For 117 

the analysis, A525 and A624 were recorded as the ratio parameter of the detection plot. 118 

2.2.2. Electrochemical detection 119 

The electrochemical detection was conducted on an Apt2-modified disposable gold 120 

electrode (DGE). Apt2-modified DGE was prepared by incubating 10 µL of 1 µM thiol-121 

functionalized Apt2. To translate the aptasensor into an electrochemical detection, the 122 

AuNPs-Apt complex solution was added with 10 mM methylene blue (MB) solution (1:1 123 

v/v). After incubation, the 15 µL mixture was drop-casted on the Apt2-modified DGE. 124 

Afterward, the solution was discarded, and the DGE was washed several times with PBS 125 

buffer containing 1 mM MgCl2. The working solution for the electrochemical detection 126 

is PBS buffer with an additional 0.5 M NaCl. The differential pulse voltammetry (DPV) 127 

analysis was conducted from – 0.5 V to + 0.2 V at a step potential of 25 mV/s and 128 

modulation pulse and time of 50 mV and 50 ms, respectively. The obtained oxidation 129 

peak of the DPV was used as the electrochemical signal. 130 

 131 

3. Results and discussion 132 

 133 

3.1. Mechanism of the 3D-nanoassembled gold nanoparticles aptasensor  134 

The proposed aptasensor was designed based on the aptamer-conjugated AuNPs, 135 

forming a competitive binding of AuNPs-Apt1 to DENV-NS1 and its complementary 136 
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towards AuNPs-Apt2. The detection mechanism was designed in two approaches; 137 

colorimetric detection and electrochemical detection, as illustrated in Scheme 1. First, 138 

AuNPs-Apt1 were added into the detection sample and bound to the DENV-NS1 via 139 

aptamer-DENV-NS1 affinity (A). In the presence of DENV-NS1, AuNPs-Apt1 will bind 140 

to the target DENV-NS1, forming AuNPs-Apt1/DENV-NS1 (B). Next, the proposed 141 

aptasensor was added the complementary AuNPs-Apt2 (C) to bind to the unbound Apt1 142 

of AuNPs-Apt1, forming AuNPs-Apt1/AuNPs-Apt2 3D-nanoassembled aggregation 143 

(AuNPs-Apt complex) via Apt1-Apt2 hybridization (D). The induced aggregation 144 

demonstrated the color change depending on the degree of aggregation, which would also 145 

be dependent on the DENV-NS1 binding to the Apt1 on the AuNPs-Apt1 (AuNPs-Apt 146 

complex-based detection).  147 

<Scheme 1> 148 

 To utilize the 3D-nanoassembled AuNPs-Apt for electrochemical detection, the 149 

methylene blue (MB) was added into the AuNPs-Apt complex and bound to the duplex 150 

structure of the AuNPs-Apt complex by electrostatical intercalation [29]. Then, on the 151 

surface of the DGE, the immobilized Apt2 aptamer conjugated with the unbound Apt1 of 152 

AuNPs-Apt complex, forming the captured DGE/Apt2/AuNPs-Apt1(AuNPs-153 

Apt2)(DENV-NS1). The MB amount is corresponding to the amount of the hybridized 154 

complex of Apt1 and Apt2 within the 3D-nanoassembly, inversely proportional to the 155 

DENV-NS1 concentration in the sample solution. As the free MB was washed out, the 156 

oxidation peak in the DPV analysis indicates the amount of MB carried by the AuNPs-157 

Apt complex only.  158 

 159 
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3.2. Characterization of the AuNPs-Apt1, AuNPs-Apt2, and 3D-nanoassembled AuNPs-160 

Apt complex 161 

 Aptamers were conjugated to AuNPs by affinity binding as illustrated in Fig. 1A. 162 

AuNPs-Apt1 was prepared by conjugating biotin-functionalized Apt1 with streptavidin-163 

functionalized AuNPs and AuNPs-Apt2 was prepared by indirect method, conjugating via 164 

Au-thiol coordination between AuNP with thiolated Apt2. To confirm the conjugation of 165 

the AuNPs-Apt, both functionalized AuNPs were characterized by absorbance, as shown 166 

in Fig. 1B. After conjugation with Apt1 and Apt2, AuNPs retain their plasmonic properties 167 

with peaks at 525 nm with no visible shoulder. In contrast to the single AuNPs-Apt, the 168 

mixture demonstrated a change of the absorbance spectra with lower absorbance at 525 169 

nm and immersed the secondary broad peak near 616 nm, indicating the aggregation 170 

formation of AuNPs [30]. The image (inset of Fig. 1B) shows that AuNPs-Apt1 and 171 

AuNPs-Apt2 have red-pinkish color, but the AuNPs-Apt1/AuNPs-Apt2 have a blue color, 172 

fading in a longer incubation time.  173 

<Figure 1> 174 

 The mixture of AuNPs-Apt1 and AuNPs-Apt2 was analyzed under transmission 175 

electron microscopy (TEM) to understand the morphology of the aggregation of the 176 

AuNP. As shown in Fig 1C, at first, AuNPs-Apt1 was visibly well-dispersed with the size 177 

of 20 nm. After 5 min, the interaction of AuNPs-Apt1 and AuNPs-Apt2 was demonstrated 178 

by the initiation of the agglomeration of AuNPs. The aggregation of the AuNPs was 179 

evitable in the presence of two AuNPs-Apt. In the conjugation of AuNP-Apt, the size of 180 

two AuNPs were different; 20 nm for Apt whereas 5 nm for Apt2. Due to the difference 181 

of AuNPs' sizes, the time course TEM analysis was clearly visible in TEM images (Fig. 182 
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1D). In the initial time, single AuNPs-Apt1 with a size of 20 nm was bound to the 183 

individual of AuNPs-Apt2 with a distinct size of 5 nm. In the longer incubation period, 184 

the agglomeration of the combination of 20 nm and 5 nm of AuNPs was clearly visible. 185 

Finally, a particular agglomeration degree was observed at a prolonged time where the 186 

AuNPs-Apt1 was shown to be surrounded and bounded by the AuNPs-Apt2, bridging the 187 

AuNPs via aptamer and its anti-sense aptamer [31, 32]. It is expected that the AuNPs-188 

Apt1 and AuNPs-Apt2 should be capable to bind each other in three-directional formation, 189 

resulting the 3D-nanoassemble network of AuNPs. 190 

 191 

3.3. The colorimetric detection of DENV-NS1 using the plasmonic shift of AuNPs-192 

Apt1/AuNPs-Apt2 aptasensor 193 

The incubation time of AuNPs-Apt1 were optimized to obtain the highest signal 194 

of colorimetric change (Fig. S1). As the incubation time was increased, the binding of 195 

AuNPs-Apt1 was elevated and reached the saturation at 20 min for binding DENV-NS1 196 

(Fig. S1A) and the average of 5 min for the AuNPs-Apt2 (Fig. S1B). The colorimetric 197 

detection of the DENV-NS1 was conducted by a series of concentration of the target 198 

analyte. The detection was done starting from the binding step of AuNPs-Apt1 to DENV-199 

NS1 and continued to binding of AuNPs-Apt2 to the free Apt1 on AuNPs-Apt1. As shown 200 

in Fig. 2A, AuNPs-Apt1 shows a single peak at 525 nm. With the increasing concentration 201 

of DENV-NS1, the intensity of the shoulder peak at around 624 nm was also increasing. 202 

In addition, the slight shift of the peak maxima was also observed increasing with the 203 

DENV-NS1 concentration. Extending from the interaction of AuNPs-Apt1-DENV-NS1, 204 

AuNPs-Apt2 was introduced to the mixture and intensified the change of the absorbance 205 
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spectrum. AuNPs-Apt2 with no DENV-NS1 in the mixture (blank) has elevated shoulder 206 

spectra with the lowest absorbance peak at 525 nm (Fig. 2B). These were different in 207 

reverse to the AuNPs-Apt1 after the DENV-NS1 addition. In the addition of AuNPs-Apt2, 208 

the agglomeration of the AuNPs-Apts was promoted since both aptamers would undergo 209 

hybridization and lead the 3D-nanoassembly structure of AuNPs [33]. Opposite to the 210 

previous trend the interaction of AuNPs-Apt1 and DENV-NS1, the absorbance showed 211 

lower shoulder absorbance with the increasing concentration of DENV-NS1. The 212 

absorbance at 525 nm was higher than the control, indicating less aggregation of AuNPs 213 

in the system, indicating that the conjugation between AuNPs-Apt1 and DENV-NS1 was 214 

less after-binding to the AuNPs-Apt2. TEM analysis of the AuNPs-Apt1/DENV-NS1 and 215 

AuNPs-Apt2 was shown in Fig. S2. Compared to the 3D-nanoassembly formation, the 216 

presence of DENV-NS1 prior to the addition of AuNPs-Apt2 leads to the smaller 3D-217 

nanoassembly formation, preventing to make aggregation of AuNP.  218 

<Figure 2> 219 

The ratio of A525/A624 was plotted from the absorbance spectra as the function of 220 

DENV-NS1 concentration. As shown in Fig. 2C, it showed an opposite correlation of the 221 

absorbance change of AuNPs-Apt1 between with the presence of the DENV-NS1, 222 

showing positive function, and with the presence of both DENV-NS1 and AuNPs-Apt2, 223 

showing negative function. Based on the absorbance ratio, the direct detection of DENV-224 

NS1 using only AuNPs-Apt1 showed a detection limit (LOD) of 124.83 pg/mL, based on 225 

the 3 times standard deviation and blank signal according to the linearity of the aptasensor 226 

[34]. However, the competitive detection by AuNPs-Apt2 could demonstrate lower LOD, 227 

down to 1.28 pg/mL DENV-NS1. Moreover, comparatively to the conventional single 228 
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aptamer-based aptasensor, AuNPs-Apt complex competitive formation resulted to 229 

distinguishable color visual in the presence of the DENV-NS1 by naked eye observation 230 

(Fig. 2D). Moreover, after 3.5 weeks of storage, the color change of the AuNPs-Apt1 did 231 

not show any observable change, but AuNPs-Apt2 did undergo a minor decrease down to 232 

a 2.5% change of absorbance (Fig. S3A). The complex AuNPs-Apt was still considerably 233 

functional, with detection only down to 6.98% (Fig. S3A). The proposed aptasensor using 234 

additional AuNPs-Apt2 as the anti-sense to promote 3D-nanoassembly of the AuNPs, the 235 

advancement strategy showcases an amplified ratiometric for detecting DENV-NS1.  236 

 237 

3.4. Electrochemical characterization of 3D-nanoassembled AuNPs-Apt as MB 238 

nanocarrier 239 

 In search of a more sensitive method, DGE was used as the biosensor platform 240 

for easy and straightforward application. First, prior to the detection, the 3D-241 

nanoassembly AuNPs on the DGE was investigated whether it bound to the surface of 242 

electrode. The electrochemical impedance spectroscopy (EIS) was conducted to 243 

characterize the construction of the 3D-nanoassebled structure on the DGE. DGE showed 244 

a typical Nyquist plot of Au-printed electrode (Fig. 3A). After the immobilization of Apt2 245 

on the DGE (DGE/Apt2), the impedance of the electrode increased. Next, AuNPs-Apt1 246 

was captured on the DGE/Apt2. The layer of AuNPs covers the surface of the DGE and 247 

increases its electronic properties, indicated by lower impedance. In contrast, the 248 

assembled of AuNPs-Apt1/AuNPs-Apt2 complex on the electrode resulted in higher 249 

impedance.  250 



 12 

 The build-up network of the 3D-nanoassembly structure of AuNPs-Apt1/AuNPs-251 

Apt2 demonstrated different electronic properties than AuNPs-Apt1. These indicate that a 252 

single layer of AuNPs by AuNPs-Apt1 had different electronic properties than a 3D-253 

nanoassembled structure of AuNPs on the DGE by the aptamer hybridization. In addition, 254 

the presence of DENV-NS1 within the 3D-nanoassembled structure had a slightly higher 255 

impedance due to the presence of larger biomolecules, such as DENV-NS1. 256 

 Further, cyclic voltammetry was applied on the DGE to understand the redox 257 

behavior on the surface of the working electrode [35]. As shown in Fig. 3B, an observed 258 

peak was in the run with a potential value of around 490 mV which showed a typical 259 

reduction-oxidation profile of gold printed electrode [36]. The surface of the DGE was 260 

profiled to understand the difference in the presence of AuNPs-Apt1 and AuNPs-Apt2. It 261 

was observed that DGE/Apt2/AuNPs-Apt1 represented the single layer of AuNPs on the 262 

DGE has a similar oxidation current like DGE/Apt. However, DGE/Apt2/AuNPs-263 

Apt1/AuNPs-Apt2 resulted the 3D-nanoassembly AuNPs to isolate DGE's surface and 264 

unexpectedly lowered the electrons current on the surface of the electrode and reduced 265 

the oxidation peak in the cyclic voltammetry profile.   266 

<Figure 3> 267 

 In this mechanism, AuNPs-Apt was acted as nanocarrier for the redox probe, MB 268 

in the electrochemical detection. To investigate this, prior to the incubation of AuNPs-269 

Apt1 and AuNPs-Apt2 on the DGE/Apt2, the AuNPs-Apt was incubated in MB solution 270 

where the maximum amount of MB can be intercalated inside the aptamer. The loaded 271 

amount of the MB was determined from the current value generated in DPV analysis [37] 272 

(Fig. 3C). The standard oxidation peak of the MB was founded at –0.28 mV [38]. As 273 
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Apt2 was bound to DGE directly, MB molecules chelated and showed higher DPV current 274 

than unmodified DGE, increasing from – 3 µA to – 4.5 µA in intensity. This indicates 275 

that the Apt2 was conjugated successfully, and MB was chelated on the capture probe. 276 

This is determined here as the noise/background signal in the electrochemical detection. 277 

Further, in the presence of captured AuNPs-Apt on the surface of DGE/Apt2, the DPV 278 

analysis indicated a high signal of MB in DGE/Apt2/AuNPs-Apt1 and DGE/Apt2/AuNPs-279 

Apt1/AuNPs-Apt2 with the current intensity of – 16 µA and – 27 µA, respectively. Based 280 

on the preliminary study from the MB within the AuNPs-Apt, the signal-to-noise ratio 281 

was calculated around 3-fold for AuNPs-Apt1-based nano-assembly and 6-fold for 282 

AuNPs-Apt1/AuNPs-Apt2-based 3D-nanoassembly structure. These signals were 283 

demonstrated to be 2.4% in coefficient of variance on 10 independent DGEs, showing an 284 

appropriate signal transducer for the electrochemical aptasensor (Fig. S4). In a control 285 

experiment of AuNPs-Apt nanoassembly in absence of MB, it was observed an ignorable 286 

hump of oxidation current between potential value of – 250 mV to – 450 mV (Fig. 3D), 287 

like the bare DGE's potential value with the current around – 2.5 µA. It is clearly shown 288 

that the MB as a redox probe is the only responsible source of current in this 289 

electrochemical detection.  290 

 291 

3.5. The electrochemical detection of DENV-NS1 using the AuNPs-Apt1/AuNPs-Apt2 292 

aptasensor 293 

 The electrochemical detection of the DENV-NS1 was carried out after incubating 294 

the AuNPs-Apt complex/DENV-NS1 in MB solution. MB's oxidation peak was observed 295 

at potential around – 250 mV shown in Fig. 4A. As the concentration of the DENV-NS1 296 
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increased, the differential current, known as I delta in DPV analysis (ΔI), increased. 297 

Moreover, it was observed the dominant peak from – 250 mV was coupled to peak at 298 

potential around –320 mV which represents the MB contribution on DGE. A higher 299 

concentration of the DENV-NS1 was resulted to lower the oxidation peak in the DPV, 300 

while increasing the I delta value from negative value to less negative value. In absence 301 

of target, the conjugated aptamers-AuNPs contain maximum number of MB, resulting 302 

strong peak at –250 mV. After gradual increase of DENV-NS1, the peak of MB was 303 

decreasing gradually and shifted towards –320 mV, which is the signal of DGE, in 304 

presence of MB. In case of high concentration of target DENV-NS1, all apt1 are 305 

completely blocked and there is no space for MB loading on the electrode surface. As a 306 

result, the peak intensity in DPV is almost insignificant like the bare electrode without 307 

MB. The change of I delta (ΔI – ΔIblank) at –250 mV was plotted as the function of the 308 

concentration of DENV-NS1 (Fig. 4B). The proposed aptasensor demonstrated a linear 309 

detection of 1 pg/mL – 1 ng/mL DENV-NS1 with R2 = 0.992. However, over 1 ng/mL 310 

DENV-NS1 concentration, it showed to be saturated with a higher cluttering signal 311 

observed in a higher-level concentration, where the detection limit was calculated 30 312 

fg/mL, which is 100-times lower than the colorimetric detection. This result emphasizes 313 

the advantage of the 3D-nanoassembly structure of AuNPs-Apt as a nanocarrier in the 314 

electrochemical detection. A comparative study on previously published works were 315 

summarized in Table S1 [39–41], showing that the detection limit of the proposed 316 

aptasensor was superior in terms of detection limit and dynamic range. 317 

<Figure 4> 318 
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 The selectivity of this dual detection was assayed in 100 pg/mL different non-319 

target analytes, including norovirus-like particles (NoV-LPs), inactivated Influenza virus 320 

A/H1N1 and A/H3N2. As shown in Fig. 4C, there is a slight change of signal ranging 321 

from 98% – 102% based on the blank solution in either of the non-target analytes. 322 

However, in the presence of target analytes of 100 pg/mL DENV-NS1, the signal was 323 

changed to 80% for colorimetric detection and 40% for electrochemical detection. It 324 

showed that even in a picogram concentration of target, electrochemical detection could 325 

demonstrate a good specificity towards DENV-NS1.  Further, in the spike solution of 2% 326 

human serum, the proposed aptasensor could perform well for DENV-NS1 detection with 327 

a relative standard deviation (RSD) ranging from 6.1% to 10.2% (Table S2), which was 328 

acceptable as the detection variance. However, despite a considerably low RSD value, 329 

the developed aptasensor still showed an interfering effect in serum, probably coming 330 

from the buffer constituents and the lysate-derived proteins [42]. It was recommendable 331 

to minimize the interferences by employing up to 50-fold dilution in the biological 332 

complex matrix virus detection as for a pre-treatment and pre-dilution in the practical use. 333 

  334 

4. Conclusions 335 

 This work reported a dual-detection aptasensor utilizing aptamers-conjugated 336 

AuNPs to amplify the signal by 3D-nanoassembled formation. By introducing hybridized 337 

duplex aptamer as a bridge of plasmonic aggregation, the 3D-nanoassembled formation 338 

intensified the visual color change and provided a nanocarrier function for 339 

electrochemical detection. The DENV-NS1 was detected by the disruption of the duplex 340 

formation which would prevent the plasmonic color change and redox nanocarrier’s 341 
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moiety of the 3D-nanoassembled AuNPs. It showcased a LOD down to 1.28 pg/mL in 342 

colorimetric and 30 fg/mL in electrochemical approaches. Considering the mechanism of 343 

the signal amplification, the developed strategy aimed to deliver an elevated concept of 344 

the general approach in aptamer-based detection and establishing an early-diagnostic 345 

method in low virus concentration or low available biomarker. 346 
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 364 

Appendix A. Supplementary data  365 

Comparison of dengue virus NS1 detection with previously published works, 366 

detection of dengue virus NS1 spike samples in human serum, optimization of the 367 

aptasensor, and TEM of dengue virus NS1 conjugated to AuNPs-Apt nanoassembly. 368 

Supplementary data to this article can be found, in the online version, at doi:https://doi:      369 

 370 
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Figure Caption 506 

Scheme 1. Proposed 3D-nanoassembled gold nanoparticles-based aptasensor designed 507 

for colorimetric detection and electrochemical detection. (A) and (C) indicate AuNPs-508 

Apt1 and AuNPs-Apt2 as the detection probes; (B) shows DENV-NS1 binding to AuNPs-509 

Apt1 and (D) shows 3D-nanoassembly of AuNPs; (E) indicates electrochemical detection 510 

step and (F) shows the 3D-nanoassembled AuNPs captured on the Apt2-modified DGE.  511 

Fig. 1. Characterization of 3D-nanoasembly aggregation of AuNPs-Apt1 and AuNPs-512 

Apt2. (A) The illustration of the preparation of AuNPs-Apt1 and AuNPs-Apt2; (B) 513 

Absorbance and visual images of the AuNPs-Apt1 (1), AuNPs-Apt2 (2) and AuNPs-514 

Apt1/AuNPs-Apt2 (3); TEM images of time-dependent nanoassembled formation of (C) 515 

AuNPs-Apt1 (20)/AuNPs-Apt2 (20), and (D) AuNPs-Apt1 (20)/AuNPs-Apt2 (5). The 516 

scale bars of the images are represented on each image. 517 

Fig. 2. The colorimetric detection of DENV-NS1 using the proposed aptasensor. The 518 

absorbance spectra of the AuNPs-Apt1 after the addition of DENV-NS1 (A) and the 519 

addition of DENV-NS1 and AuNPs-Apt1 (B); (C) indicates the comparative plot of 520 

DENV-NS1 concentration vs. ratiometric of A525 and A624 (the error bars indicate the 521 

standard errors based on three measurements); (D) the visual image represents the color 522 

change in determining the concentration of DENV-NS1 by the proposed aptasensor. 523 

Fig. 3. 3D-nanoassembly AuNPs as the nanocarrier for electrochemical performance on 524 

a disposable gold electrode (DGE). (A) Electrochemical Impedance Spectroscopy (EIS) 525 

and (B) Cyclic voltammetry (CV) of the captured AuNPs-Apt1/AuNPs-Apt2 on Apt2-526 
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functionalized DGE with scan rate of 75 mV/s; Electrochemical performance of captured 527 

3D-nanoassembly AuNPs-Apt1/AuNPs-Apt2 with MB (C) and without (D). 528 

Fig. 4. The electrochemical detection of DENV-NS1 using the proposed aptasensor on 529 

Apt2-immobilized Disposable Gold Electrode (DGE). (A) DPV analysis of the aptasensor 530 

in response in the DENV-NS1 detection; (B) semi-log plot of change of differential 531 

current (ΔI) vs. concentration of DENV-NS1; (C) The selectivity test of proposed 532 

aptasensor using colorimetric detection and electrochemical detection. The error bars in 533 

B and C denote the standard errors from three measurements. 534 
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SI-1 Material and Instruments 

SI-1.1. Materials 

 Two kinds of gold nanoparticles (AuNPs) (5 nm and 20 nm) were obtained from Sigma-

Aldrich (St. Louis, MO, USA). Disposable gold electrode (DGE) was purchased from Metrohm 

Dropsens (C220-BT, Herisau, Switzerland). Streptavidin was obtained from Wako Pure Chemical 

(Tokyo, Japan). Anti-dengue type 2 NS1 protein aptamer (Apt1) (Sequence name: ATW0005-

BY5-100) and its complementary aptamer (Apt2) were purchased from Pair Biotechnologies, Inc. 

(TX, USA). Apt1 and Apt2 have a length of 32 nucleotides and 14 nucleotides, respectively. Apt2 

was custom ordered with 3 mismatches evenly spaced over the 14 base lengths. 

 Influenza virus A and its subtypes were obtained from ProSpec-Tany Technogene, Ltd. 

(East Brunswick, NJ, USA). Recombinant dengue virus 2 NS1 protein (ab181966) was purchased 

from Abcam (Cambridge, UK), and 293T whole cell lysate was obtained from Genetex (CA, USA). 

According to our previous work, norovirus-like particles (NoV-LPs) were prepared from a 

silkworm expression system [1]. All experiments were conducted using deionized (DI) and 

autoclaved water. 

SI-1.2. Instruments 

 The absorbance was measured using a clear transparent cuvette (l = 10 mm) by UV-vis 

spectrophotometer (Shimadzu, Kyoto, Japan) and by using a transparent 96-wells microplate 

reader (INFINITE 200 M Plex, TECAN, Kanagawa, Japan). Transmission electron microscopy 

(TEM) images were generated using TEM (JEM-2100F, JEOL, Ltd., Tokyo, Japan) operated at 

100 kV. The electrochemical measurement was conducted using Bio-Logic SP-200 Potentiostat 

and EC-Lab V11.02 software (Bio-Logic Sci. Instruments, Seyssinet-Pariset, France).  
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SI-1.3. Preparation of Apt1- and Apt2-conjugated AuNPs 

 The conjugation of the aptamers to AuNPs is based on the general streptavidin-biotin 

binding [2] for anti-dengue type 2 NS1 protein aptamer (Apt1) forming AuNPs-Apt1. Initially, 2 

mL of AuNPs (0.5 a.u) was mixed with 50 µL streptavidin solution (1 mg/mL) and was incubated 

for 2 h. Then, the solution containing non-conjugated streptavidin was removed. AuNPs-

streptavidin was redispersed in phosphate-buffered saline (PBS) buffer containing 1 mM MgCl2. 

Apt1 with biotin on its 5’-end was prior resuspended and refolded according to the instructed 

protocol from the provider. After refolding, 5 µM of Apt1 was added to the AuNPs-streptavidin 

and incubated for 2 h at room temperature. Afterward, the AuNPs-Apt1 solution was centrifuged 

to remove excess aptamer. The Apt1-conjugated AuNPs (AuNPs-Apt1) were redispersed in PBS 

buffer containing 1 mM MgCl2. 

 The conjugation of AuNPs-Apt2 uses a thiol-Au affinity reaction with Apt2 aptamer having 

thiol-group at its 5’-end [3]. The conjugation was simply done by mixing AuNPs (2 mL, 0.5 a.u) 

and the Apt1's complementary aptamer (Apt2) (5 µM), and was incubated for 2 h at room 

temperature. Afterward, AuNPs-Apt2 was redispersed in PBS buffer containing 1 mM MgCl2. 

According to the provider's protocol, the Apt2 was priorly resuspended, refolded, and reduced.  
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Table S1. Comparative study of the previous work related to DENV NS1 detection– 

Detection Principle Conjugate 
C

LOD 

(ng/mL) 
Linear range 

(ng/mL) 
Reference 

Immunofluorescence Antibody 15 15–500 [4] 

Electrochemical 

(EIS
1
, SPCE

2
) 

Antibody 0.3 1–200 [5] 

Electrochemical 
(Capacitive) 

Antibody 0.34 1–5000 [6] 

Electrochemical 
(EIS) 

Aptamer 0.05 0.01–1000 [7] 

Colorimetric ELISA kit
3
 1 1–100 [8] 

Colorimetric ELISA kit4 1.5×10–2 – [9] 

Colorimetric Aptamer 1.28×10–3 1 – 1000 This work 

Electrochemical 
(DPV) 

Aptamer 3.0×10–5 0.001–1 This work 

1EIS  = Electrochemical Impedance Spectroscopy 
2SPCE   = Screen-Printed Carbon Electrode 
3TANAKA Kikinzoku Kogyo (TKK) ELISA kit 
4J. Mitra & Co. Pvt. Ltd Dengue NS1 Ag Microlisa kit in dried DENV vector (mosquito) 

 

Table S2. The recovery test of the dual-approach of DENV-NS1 in human serum using 
AuNPs-Apt1/AuNPs-Apt2 based aptasensor 

Sample 
No.1 

DENV-NS1 
concentration 

(pg/mL) 

Recovery of DENV-NS1 concentration (%) 

CL.D2 RSD3 (%) EC.D4 RSD (%) 

1 2500 98.6 8.50 99.4 10.20 

2 1000 112.5 6.15 120.5 8.71 

3 500 115.4 4.12 105.1 6.70 

1DENV-NS1 were spiked in 2% human serum with three independent detections for each sample. 
2CL.D: colorimetric detection  
3EC.D: electrochemical detection.  
4RSD: relative standard deviation calculated from three samples detection. 
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Fig. S1. Optimization of AuNPs-Apt1 and AuNPs-Apt2 binding 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S2. TEM image of AuNPs/Apt1-NS1/AuNPs-Apt2 
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Fig. S3. (A) the absorbance A532 of AuNPs-Apt solution in a function of storage duration and (B) 
performance assessment of AuNPs-Apt during 24-day post-synthesis time. 
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Fig. S4. Reproducibility of the electrochemical baseline signal in 10 electrodes in DPV analysis.  
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