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Abstract 29 

Rapid increasing outbreak of Hepatitis E virus (HEV) shows an urgent need of HEV detection. 30 

Instead of time consuming and expensive RT-qPCR, an efficient and quick monitoring system 31 

is in utmost demand which can be comparable with the RT-qPCR in term of reliability and 32 

detection limit. An advanced platform for immunoassay has been constructed in this study by 33 

a nanozyme that constitutes anti-HEV IgG antibody-conjugated gold nanoparticles (Ab-34 

AuNPs) as core and in situ silver deposition on the surface of Ab-AuNPs as outer shell. The 35 

virus has been entrapped on the nanocomposites while the silver-shell has decomposed back 36 

to the silver ions (Ag+) by adding a tetramethylbenzidine (TMBZ) and hydrogen peroxide 37 

(H2O2) which indirectly quantifies the target virus concentration. Counterpart to only applying 38 

nanozyme, by incorporation of the enhanced effect of Ag shell on the AuNP-based nanozyme, 39 

the advance deposition has been confirmed to prove the signal amplification mechanism in the 40 

proposed immunoassay. Most importantly, the sensor performances have examined in 41 

clinically isolated HEV from HEV-infected monkey over a period of 45 days which 42 

successfully correlated with their standard RT-qPCR data, showing the applicability of this 43 

immunoassay as a real-time monitoring on the HEV infection. The in situ formation of 44 

AuNPs@Ag as nanozyme in this capture immunoassay leads to a promising advancement over 45 

the conventional methods and nanozyme-based immunoassay in real application which can be 46 

a good substitute of RT-qPCR in near future.  47 

 48 

Keywords: Colorimetric detection, Gold nanoparticle, Hepatitis E virus, Immunoassay, 49 

Nanozyme, Virus sensing 50 

  51 
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1. Introduction 52 

HEV infection has become a serious health concern due to the increasing outbreak of 53 

Hepatitis E in developing as well as developed countries, which are mostly contributed via 54 

waterborne and zootomic-transmitted pathway [1]. Hepatitis E is associated to liver failure and 55 

acute liver disease, with higher fatality during pregnancy [2, 3]. Recently, major development 56 

in HEV detection platform is targeting on the RNA-targeting RT-PCR and antibodies (IgG, 57 

IgM and IgA) that were produced after the infection of HEV [4, 5]. Due to the limited available 58 

diagnostic assay on HEV, a reliable antigen-targeting immunoassay is required to outstand the 59 

emerging outbreak by early detection of the disease agent. Instead of RT-qPCR, enzyme-linked 60 

immunosorbent assay (ELISA) has been well-known for its simplicity with step-by-step 61 

procedure to determine the presence of the target analyte [6, 7]. Commonly, a colorimetric-62 

based ELISA utilized peroxidase as the enzyme which catalyzes the oxidation of chromogen 63 

substrate by hydrogen peroxide. However, its low sensitivity has been addressed as a strong 64 

limitation in detecting HEV type of viral agents, where very low concentration of virus can 65 

make the fatality [6]. This issue can be addressed by the signal amplification used in the 66 

platform [8, 9]. An upgraded ELISA-based biosensor with comparable reliability of RT-qPCR 67 

has been in necessity to restrict the outbreak of HEV. 68 

Since the first discovery of Fe3O4 nanoparticles (NPs) exhibiting peroxidase-like activity, 69 

known as nanozyme, more application with various kind of nanozymes has been discovered, 70 

especially in biosensing technology [9-11]. Various applications such as enzymatic activity 71 

[12], nanozymes has been shown to either enhance the activity of the coupled enzymes or 72 

exhibiting robust enzymatic-like activity [13, 14]. Nanomaterials, especially noble metals, such 73 

as gold (Au)[15], silver (Ag)[16] and platinum (Pt)[17], have been employed to substitute the 74 

current enzyme used in the immunoassay due to their intrinsic peroxidase-like activity, good 75 

stability and biocompatibility [18-21]. Interestingly, hybrid nanomaterial, such as 76 
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graphene/gold nanohybrid [22], gold-decorated organic framework [23], and bimetallic [24-77 

27] to trimetallic [28, 29] nanostructure, demonstrated unique morphology and increasing 78 

catalytic activity significantly [30]. To achieve the desired specificity, proper bioconjugation 79 

has to be applied successfully. However, in contrast, to maintain the specificity of the 80 

nanozyme, bioconjugation can reduce its catalytical activity to some extent [20, 31]. To make 81 

an optimized condition for modified immunoassays, noble metals have been emerging as a 82 

potential platform for easy bioconjugation step with compromising their activity. In this case, 83 

Au can be an automatic choice for its less toxicity and cost effectiveness than Pt, and higher 84 

plasmonic characteristic compared to Ag in addition with its easy functionalized and control-85 

synthesized properties [32]. 86 

In order to develop a highly sensitive nanozyme-based immunoassay for HEV detection, 87 

in this study, a signal amplification strategy has been introduced by utilizing silver deposition 88 

on Au nanozyme. In our previous study, a proposed immunoassay was demonstrated for 89 

norovirus detection and enhanced colorimetric signal in low concentration [20]. Therefore, in 90 

this study, more reliable approach was applied to on-site detection and the results were 91 

compared to conventional RT-qPCR. However, similar with most of the colorimetric assays, 92 

the bare gold nanoparticles (AuNPs) could not be able to perform well in the desired 93 

concentration range for real sample analysis. To enhance the performance and stability in real 94 

sample medium, in this work, we have proposed a core shell nanocomposite with silver. Silver 95 

deposition on gold nanoparticles, was already previously reported for its application in surface-96 

enhanced Raman scattering detection [33],  mass spectrometry [34], and opacity densitometry 97 

[35], however its applicability is not well explored in the field of catalytic enhancement, 98 

especially for virus detection. According to our hypothesis, the AuNPs core with Ag shell 99 

structure (AuNPs@Ag) has been introduced for the enhanced catalytic activity of the Ag 100 

towards TMB-based color development. The homogeneous distributed AuNPs@Ag with 101 
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higher stability have been successfully combined to make an upgraded platform for virus 102 

detection, especially for real sample analysis. To establish the mechanism, the AuNPs@Ag 103 

nanocomposite was synthesized separately and optimized to get the best suited condition for 104 

the detection. Then the system was applied in situ deposition during virus-sensing process in 105 

the antigen-antibody interaction. A capture immunoassay was demonstrated for HEV detection 106 

by using HEV-like particles (HEV-LPs) as the model. By conjugating the Au nanozyme with 107 

anti-HEV IgG antibody, the proposed immunoassay demonstrated an amplified signal for low 108 

concentration of HEV-LPs. In the presence of silver deposition solution containing silver ions 109 

(Ag+) and hydroquinone (HQ) and chromogen solution containing hydrogen peroxide (H2O2) 110 

and 3,3’,5,5’-tetramethylbenzidine (TMBZ), the color as a detection signal was significantly 111 

amplified compared to the bare AuNP system. In the final step, the nanozyme-based capture 112 

immunoassay was challenged to detect the viral HEV containing in fecal samples collected 113 

from HEV-infected monkey and showed a comparable trend with RT-qPCR, representing its 114 

promising application towards the detection of HEV.  115 

 116 

2. Materials and methods 117 

2.1 Materials and Instruments 118 

Gold (III) chloride trihydrate (HAuCl4ꞏ3H2O), bovine serum albumin (BSA), and silver 119 

nitrate (AgNO3) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 120 

Tetramethylbenzidine (TMBZ) was purchased from Dojindo (Osaka, Japan). Hydrogen 121 

peroxide (H2O2), dimethyl sulfoxide (DMSO), hydroquinone (HQ), sulfuric acid (H2SO4), 122 

detergent tween-20, and sodium acetate (NaAc) were purchased from Wako Pure Chem., Inc. 123 

(Osaka, Japan). Anti-IgG rabbit pAb-conjugated to horseradish peroxidase (HRP) antibody 124 

was purchased from Santa Cruz Biotechnology (CA, USA). All experiments were conducted 125 

using deionized (DI) water.  126 



  6

Morphology of AuNPs and high-resolution images for AuNPs@Ag were conducted by 127 

using transmission electron microscope (TEM) (JEM-2100F, JEOL, Ltd., Tokyo, Japan) with 128 

voltage at 100 kV and at 200 kV, respectively. Hydrodynamic particle size and zeta potential 129 

measurement were carried out using a Malvern Zetasizer (Nano-ZS, Malvern, UK) in a 130 

disposable zeta cell (DTS1061).  131 

 132 

2.2 Preparation of HEV-LPs, Anti-HEV IgG antibody and HEV 133 

The G3 HEV-LPs were produced by a recombinant baculovirus expression system as 134 

described previously [36, 37]. The anti-G3 HEV-LPs IgG antibody obtained from a rabbit 135 

which were immunized with purified G3 HEV-LPs, and purified by protein G column [36]. A 136 

series of 14 fecal specimens were collected from 4 to 43 day postinfection (dpi) from a G7 137 

HEV-infected cynomolgus monkey. The fecal specimens were diluted with 10 mM in PBS to 138 

prepare a 10% (w/v) suspension. Then the suspension was shaken at 4°C for 1 h, clarified by 139 

centrifugation at 10,000 × g for 30 min, passed through a 0.45 µm membrane filter (Millipore, 140 

Bedford, MA), and stored at –80°C until use. All of the HEV samples were inactivated by 141 

incubation at 70°C for 20 min before using this study. 142 

 For selectivity test, zika virus (PRVABC-59) and fecal norovirus (NoV) were kindly 143 

provided by Professor K. Morita of Institute of Tropical Medicine, Nagasaki University and 144 

Dr. Fuyuki Abe of Department of Microbiology, Shizuoka Institute of Environment and 145 

Hygiene, respectively. Fecal NoV were prepared according to the previous protocol [20]. 146 

Influenza virus A/Netherland/H7N7 were purchased from ProSpec-Tany Technogene, Ltd 147 

(East Brusnwick, NJ, USA). 148 

 149 

2.3 Preparation of Buffer, Silver deposition and Chromogen Solutions  150 
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10 × Phosphate-buffered saline (PBS) solution was prepared in following composition; 80 151 

g sodium chloride, 2 g potassium chloride, 11.5 g sodium hydrogen phosphate, and 2 g 152 

potassium dihydrogen phosphate in 1 L (pH 7.4). Washing buffer was prepared by mixing 100 153 

mL 1 × PBS (1 M) solution with 0.5 mL 20% Tween-20. Silver deposition solution was 154 

prepared by diluting 100 mM AgNO3 and 100 mM hydroquinone (HQ) up to final 155 

concentration of 1 mM Ag+. Chromogen solution in proposed immunoassay was prepared by 156 

adding 10 mg/mL TMBZ in DMSO to 30% H2O2 in 1:9 v/v. Acetate buffer was prepared by 157 

adding 20.4 g sodium acetate trihydrate and 5.7 mL acetic acid, mess up to 50 mL with DI 158 

water (pH 5.2). Chromogen solution was prepared by adding 20 L 10 mg/mL TMBZ in 159 

DMSO to 0.2 L H2O2 in 1 mL acetate buffer (pH 5.2). BSA (5%) was used as blocking agent 160 

by dissolving it in 1 × PBS. Stop solution was prepared by dilution of H2SO4 up to 10%  161 

 162 

2.4 Synthesis of Citrate-capped AuNPs and AuNPs@Ag 163 

AuNPs were synthesized by the citrate reduction method [34]. Briefly, 40 mL of 0.5 mM 164 

HAuCl4ꞏ3H2O was heated to boiling condition and stirred for 30 min, and then 1 mL of 2% 165 

(w/v) trisodium citrate trihydrate was added into the boiling solution. In a short time, the color 166 

of the solution changed from pale yellow to colorless, then dark color and gradually to red-167 

wine color. The solution was stirred continuously for an additional 10 min without any heating. 168 

The solution was then cooled to room temperature and stored at 4°C. To prepare the 169 

AuNPs@Ag, the as-synthesized AuNPs was reacted to AgNO3 (1 mM) and HQ (1 mM) (1:1 170 

v/v) and the solution was mixed and incubated for 15 min with no heating involved. The color 171 

change was observable from reddish wine to reddish orange. The resulting mixture was then 172 

centrifuged at 8,500 g for 15 min at 7°C. The nanomaterials were stored in 4oC and showed no 173 

color change up to several weeks. 174 

 175 



  8

2.5 Bioconjugation of Antibody to AuNPs and ELISA  176 

To conjugate via physical adsorption of the surface of AuNPs with anti-HEV IgG antibody 177 

(Ab), final concentration of 10 µg/mL anti-HEV IgG Ab was added to 2 mL of diluted AuNPs 178 

(pH 9.2). The solution was stirred gently for 1 h, and 10% BSA solution was added at the ratio 179 

1:1 to saturate the surface of the AuNPs for minimizing the nonspecific binding. The solution 180 

was stirred for 1 h and then, was centrifuged at 13,500 g for 15 min at 4°C. The suspension of 181 

anti-HEV IgG Ab-conjugated AuNPs (Ab-AuNPs) was re-dispersed in 1 × PBS solution 182 

(containing 2% BSA) and stored at 4°C.   183 

The conjugation of anti-HEV Ab and AuNPs was confirmed by direct ELISA with anti-184 

rabbit IgG HRP antibody. Briefly, 100 μL of Ab-AuNPs was immobilized in the wells of a 185 

microtiter plate and incubated at 4°C overnight. As comparison, 2% BSA and AuNPs were 186 

used as negative controls. After the immobilization of analytes, the wells were rinsed with 200 187 

μL washing buffer twice. Anti-rabbit IgG HRP was diluted in 2% BSA (1:5000) and 100 µL 188 

was added to the well, then incubated for 1 h. After rinsing process, 100 μL/well chromogenic 189 

solution in acetate buffer was introduced to each well, and a blue color was developed as a 190 

confirmation of binding affinity of anti-IgG to anti-HEV Ab-conjugated to AuNPs. After a 191 

reaction time of 5–10 min, 100 µL stop solution was added to the well to stop the reaction, 192 

immediately the yellow color substituted the previously blue color. Eventually, the developed 193 

color was measured using a microplate reader (Infinite 200 M Plex, TECAN) at 450 nm with 194 

reference wavelength of 655 nm.  195 

 196 

2.6 Blocking of Ab-AuNPs and AuNPs@Ag using BSA  197 

BSA (3%) was used to saturate the surface of AuNPs after the bioconjugation of Ab-198 

AuNPs. After the bioconjugation step, Ab-AuNPs were re-dispersed in 1 × PBS solution. Then, 199 

the Ab-AuNPs in PBS were blocked by addition of 3% BSA (BSA/Ab-AuNPs), following by 200 
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re-dispersed in solution. Afterwards, BSA/Ab-AuNPs and Ab-AuNPs were applied for capture 201 

immunoassay. The blank sample was used to show the background signal and 100 ng/mL 202 

HEV-LPs was used as the positive sample containing target analytes. BSA/Ab-AuNPs were 203 

demonstrated in the capture immunoassay without applying silver deposition solution to 204 

highlight the signal amplification concept of the AuNPs@Ag capture immunoassay.  205 

The catalytic activity of the corresponding Ab-AuNPs with and without BSA blocking 206 

process and after the silver shell deposition was investigated. After 1 min of reaction, the stop 207 

solution was added, and the absorbance was measured at 450 nm/655 nm using a microplate 208 

reader (Infinite 200 M Plex, TECAN, Kanagawa, Japan). 209 

 210 

2.7 Signal-amplified Colorimetric Detection of HEV-LPs and HEVs  211 

The proposed silver-deposited AuNPs (AuNPs@Ag) immunoassay was applied to HEV-212 

LPs detection. Initially, the platform was prepared by immobilizing 100 μL of capturing anti-213 

HEV IgG Ab with final concentration of 1 μg/mL in PBS solution in the wells of the microtiter 214 

plate overnight at 4°C. Afterward, the wells were rinsed twice with washing buffer after each 215 

step, except if it is mentioned otherwise. To prevent any unspecific binding to the well matrix, 216 

the wells were blocked with 5% BSA in PBS solution for 2 h. Subsequently, series dilution of 217 

HEV-LPs in PBS solution was introduced, shaken and incubated for 1 h. Then, 100 μL of Ab-218 

AuNPs was added and further incubated for 1 h. The captured HEV-LPs were bound to the 219 

Ab-AuNPs, and the immuno-sandwich structure of Ab/HEV-LPs/Ab-AuNPs was formed.  220 

Prior to the addition of silver deposition solution, the well was rinsed with washing buffer 221 

and followed by DI water to remove chloride ions from the system. For signal amplification, 222 

100 μL of silver deposition solution was added to the immuno-sandwich structure, allowing 223 

the reduction of silver ions on the surface of the AuNPs. The Ag+ ions were attracted by the 224 

negatively charged surface of AuNPs and reduced by the given reactant HQ on the surface of 225 
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AuNPs. Thus, in situ AuNPs@Ag had been formed within 15 min. After four times washing 226 

step with DI water, 100 μL chromogen solution was introduced to the well containing the 227 

Ab/HEV-LPs/Ab-AuNPs@Ag immuno-sandwich structure. Blue color was developed rapidly. 228 

After 1-min reaction time, 100 µL stop solution was added to the well to stop the reaction while 229 

an immediate the yellow color substituted the previous blue color. Eventually, the developed 230 

color was measured using a microplate reader (Infinite 200 M Plex, TECAN) at 450 nm with 231 

reference wavelength of 655 nm.  232 

HEV detection in fecal specimen was also carried out using AuNPs@Ag capture 233 

immunoassay, followed by the same procedures in HEV-LPs detection. The samples were 234 

collected from 4 to 43 dpi and were diluted 30 times in PBS buffer before evaluation. For 235 

capture ELISA, the protocol was the same as the HEV-LPs detection with the sample 236 

containing HEV in PBS buffer.  237 

 238 

3. Result and Discussion 239 

3.1 Principle of Silver-shell Deposition on Gold-core Nanozyme 240 

The proposed immunoassay is a modified procedure of capture ELISA assay applying the 241 

AuNPs@Ag nanozyme, instead of standard HRP to achieve high sensitivity in rapid process. 242 

The process of this proposed immunoassay can be divided in three parts which are 243 

schematically presented in Fig. 1 for easy understanding. Initially, the target virus was 244 

introduced to the reaction chamber and formed immuno-sandwich structure between 245 

immobilized antibodies on the well and Ab-AuNPs via antibody-antigen interaction, following 246 

the standard protocol of immunoassay. In Fig. S1, the antibodies were assayed to show its 247 

binding capability to recognize the HEV-LPs. Unbound Ab-AuNPs were removed by washing 248 

process (Fig. 1A). Then, the surface of AuNPs were treated with silver solution and formed 249 

AuNPs@Ag (Fig. 1B) by HQ reduction. Generally, HQ would tend cannot reduce the Ag+ ions 250 
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due to its low redox potential (–0.3 V) which had to overcome the high negative redox potential 251 

of isolated silver (–1.8 V). However, in presence of existing core of AuNPs, having positive 252 

redox value of +0.799, it can smoothly reduce the Ag+ to Ag nanoparticle on the surface of 253 

AuNP [38]. To demonstrate this statement in this work, the silver deposition was demonstrated 254 

to AuNPs in the format of Signal-to-Noise ratio referencing the blank solution with no AuNPs. 255 

Based on the function of time, the silver deposition was occurred increasing to certain maximal 256 

deposition, but the silver deposition was not taking place without the presence of AuNPs which 257 

could act as the seed of this deposition. (Fig. S2). Further, after the maximal incubation time, 258 

the signal-to-noise ratio decreased because the increasing thickness of the silver shell which 259 

was proportional to the incubation time (as presented in Fig. S2) could affect the 260 

immunocomplex formation, lowering the sensitivity in the virus detection. 261 

After that, the unreacted the Ag+ ions and HQ had been removed and the reaction well had 262 

been introduced with chromogen solution, consisting of TMB and H2O2. Originally, Au 263 

nanozyme played the catalytic effect on the oxidation of TMB, forming visible blue colour, by 264 

H2O2 (Fig. 1C). The oxidation of TMB was enhanced drastically in presence of Ag+ ions, 265 

generating from the decomposition of silver shell of AuNPs@Ag by H2O2. As a metal 266 

precursor, Ag+ ions have strong negative reducing potential toward the TMB solution [39]. The 267 

colouration indicates the presence of the HEV-LPs whereas the intensity of the colour 268 

represents the concentration of HEV-LPs in the solution. By this means, in this study, the 269 

colorimetric immunoassay for HEV-LPs has been replaced from catalytic activity of HRP to 270 

peroxidase-like activity with AuNPs@Ag nanozyme where the enhanced sensitivity has been 271 

achieved due to the decomposition of silver-shell on the surface of AuNPs.  272 

 273 

<< Fig. 1>> 274 

 275 
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3.2 Physiochemical Characterization 276 

According to our hypothesis, the synthesized AuNPs@Ag formation plays the key role for 277 

the enhanced sensitivity of the in situ virus detection process. To prove the formation of the 278 

AuNPs@Ag core shell structure, initially, the system was characterised without addition of 279 

any virus. AuNPs were synthesized by reducing gold ions by trisodium citrate. Trisodium 280 

citrate acts as reductant and coating agent for synthesized AuNPs. The reddish colour AuNPs 281 

was characterized by UV-Vis spectrophotometry, showing the surface resonance peak at 508 282 

nm (Fig. S3) [40]. As shown in the TEM image of Fig. 2A, the dark spherical structure 283 

indicates the homogeneous distribution of AuNPs with the size of around 14 nm. To confirm 284 

the silver deposition process, the silver solution with HQ were applied to the as synthesized 285 

AuNPs. In Fig. 2B, the high resolution (HR)-TEM image shows around 26 nm-size 286 

nanoparticles with two-different layers; darker side on the inside as the Au core and brighter 287 

side surrounding it due to the less dense electron shell of Ag compared to Au. The AuNP size 288 

was not changed significantly inside the core, showing the silver deposition occurred mainly 289 

on the surface of AuNPs with the shell thickness around 6 to 7 nm. The hydrodynamic size of 290 

AuNPs were found 13.66 ± 3.66 nm with polydispersity index of 0.273 which increased to 24.4 291 

nm after the Ag deposition, measured by DLS (Fig. 2C) which is perfectly corroborated with 292 

their TEM calculation. The negatively charged of AuNPs was showed the zeta potential of –293 

30 mV which decreased to –15 mV after the silver shell was deposited (Fig. 2D). From the 294 

above results, it can be concluded that the AuNPs were successfully coated with Ag to form 295 

the core-shell in presence of the Ag+ ions and HQ. The aim of this present work is to apply this 296 

finding for the in situ detection of HEV in fecal sample.  297 

 298 

 << Fig. 2>> 299 

 300 
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3.3 Bioconjugation of Anti-HEV IgG Ab to AuNPs  301 

The anti-HEV IgG antibody and AuNPs were bound via physical adsorption which was 302 

confirmed by the anti-IgG rabbit ELISA technique. Compared to bare AuNPs, Ab-AuNPs 303 

showed obvious higher absorbance in ELISA which indicates the successful binding of 304 

antibodies on the AuNPs (Fig. S4). The binding was also confirmed by the UV-Visible 305 

plasmonic peak shift of AuNPs (Fig. S3) due to the adsorption of the protein on the surface of 306 

AuNPs. The 6 nm shift was observed from 512 nm to 518 nm without any significant change 307 

in intensity throughout the absorbance spectrum. The small decrease of intensity was noticed 308 

due to some loss of AuNPs in the centrifugation process. The physical adsorption method in 309 

antibody and nanoparticles has been favourable in term of simplicity due to spontaneous and 310 

readily adsorption of protein on the surface of AuNPs [41, 42].  311 

 312 

3.4 Role of BSA as Blocking Agent 313 

The blocking process by BSA is an important step to saturate the surface of AuNPs which 314 

can prevent the non-specific binding with AuNPs and hence lowering the detection limit. As 315 

shown in Fig. 3, the Ab-AuNPs@Ag showed much higher background signal compared to its 316 

BSA-blocked condition (BSA/Ab-AuNPs@Ag). Without silver deposition (BSA/Ab-AuNPs), 317 

the signal was as low as the control, showing insufficient signal generator for the detection of 318 

HEV-LPs. In case of silver enhanced condition, the observed signal in the presence of HEV-319 

LPs showed higher intensity by BSA/Ab-AuNPs@Ag compared to Ab-AuNPs@Ag. It means 320 

that the BSA blocking not only reduce the background noise but also enhance the generating 321 

signal of the immunoassay. This may be due to the fact that the antibody of the BSA/Ab-322 

AuNPs@Ag can only bind to the captured HEV-LPs without any non-specific binding in the 323 

well due to the covered surface of BSA. Therefore, during the washing step, the possibility of 324 

losing immuno-sandwich structure, attached by the non-specific interaction, becomes 325 
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ignorable. Similar observation of lower background signal in the BSA blocking on AuNPs 326 

compared to non-BSA blocking was also noticed in case of fecal HEV also as shown in Fig. 327 

S5. Besides the BSA blocking effect, it was necessary to highlight the occurrence of the signal 328 

amplification by the silver deposition in the fecal matrix. Without the addition of the silver 329 

deposition, only AuNPs-based immunoassay can generate low detection signal to the HEV, 330 

however, after the addition of silver deposition, the increasement signal was noticeable. The 331 

above observation showed that the amplification technique using the silver deposition could be 332 

applied in matrix complex condition but there is a need to saturate the surface of AuNPs with 333 

BSA to generate consistent signal with lower background noise which can significantly 334 

enhance the detection limit of the proposed sensor.  335 

 336 

<< Fig. 3>> 337 

  338 

3.5 HEV-LPs Detection using Proposed Immunoassay  339 

Detection of HEV by AuNPs@Ag capture immunoassay is the final goal of this current 340 

work. To confirm its applicability, we have carried out the analysis in step by step optimization 341 

process. To confirm the specificity, the proposed immunoassay was first applied with 10 ng/mL 342 

of different viruses of influenza virus A, NoV, zika virus and BSA as a negative control along 343 

with the target HEV-LPs (Fig. 4). Intense colour change was observed in case of HEV-LPs 344 

whereas all other viruses did not show any significant coloration as expected (inset of Fig. 4). 345 

As the specificity of this proposed immunoassay is solely dependent on the antigen-antibody 346 

interaction, it is quite expected to get the desired selectivity. Therefore, the intensity of the 347 

HEV-LP was found almost 6-fold higher compared to all others, confirming that any other part 348 

of the immunoassays is not taking part for any non-specific interaction with the viruses.  349 

 350 
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<< Fig. 4>> 351 

As the platform was already verified to generate selective signal towards HEV-LPs, a 352 

series of diluted HEV-LPs solution was assayed with the proposed immunoassay. The 353 

absorbance of the developed from the TMB catalytic oxidation was measured and plotted in 354 

log scale to show better linearity fit to the change of the HEV-LPs concentration. Based on the 355 

increasing concentration of HEV-LPs in the sample, the gradual enhancement of intensity of 356 

the immunoassays with its colour was developed. The generated signal was compared to 357 

indirect conventional ELISA using HRP-conjugated to anti-IgG/anti-HEV immunoassay. As 358 

shown in the Fig. 5, in HRP-based ELISA, HEV-LPs lower than 27 pg/mL could not be 359 

detected whereas, in the present work, the AuNPs@Ag capture immunoassay could generate 360 

distinct detection signal with dynamic range from the lowest concentration used of 10 pg/mL 361 

to 10 ng/mL HEV-LPs with correlation coefficient of 0.988. The LOD was calculated around 362 

4.32 pg/mL based on the slope of the calibration line, the intercept of the linear function and 363 

the 3.3 times of the SDblank of the blank (control) [20]. In addition, the stability of this 364 

immunoassay was tested up to 4 weeks. Up to second week, the detection signal was relatively 365 

around 98%. At the third week, the signal detection decreased around 20%, showing the 366 

relative activity up to 70% in fourth week. This indicated the proposed immunoassay could be 367 

optimally used for up to two weeks (Fig. S6). Major factor could attribute to the stability of the 368 

antibody and the conjugation of the Ab-AuNPs.   369 

 370 

<< Fig. 5>> 371 

3.6 Detection of HEV by AuNPs@Ag Capture Immunoassay.  372 

To screen performances of our proposed method, we have provided the comparative 373 

performances with the standard indirect ELISA where proposed sensor shows satisfactory good 374 

performance in term of sensitivity and detection range. However, the real challenge has been 375 
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arisen in case of fecal samples where matrix has severe interfering reagents. In that case, the 376 

gold standard in determining any viral infection is based on the RNA measurement by RT-377 

PCR. To evaluate the applicability in patients or animals’ sample, the developed immunoassay 378 

was further applied for the detection of HEV in fecal specimens from a G7 HEV-infected 379 

monkey. In Fig. 6, RNA copy numbers measured by RT-qPCR were double-blindly compared 380 

with the obtained data from this proposed immunoassay. The signal from the proposed 381 

immunoassay was measured in change of absorbance (ΔAbs) with the preference to the blank 382 

sample (PBS). The infection peak was shown within first week to second week and then 383 

gradually decreased to undetectable amount.  384 

According to the RT-qPCR, the positive results were observed up to 18 dpi whereas the 385 

later values were undetectable which consider negative. Based on the infection cycle of HEV 386 

and the result on the RT-qPCR, the undetectable HEV RNAs (open blue square) demonstrated 387 

that the monkey did not carry HEV in that state (non-infected monkey). Those fecal specimens 388 

were determined as the negative controls in the monitoring assay. On the basis on those 389 

negative samples and the blank signal, the cut-off value was determined for our proposed 390 

immunoassay (mean of the blank × 2) and the cut-off line was designated at 0.1 ΔAbs for this 391 

work. As depicted in the Fig. 6, the trend of the obtained result from the AuNPs@Ag capture 392 

immunoassay was similar with the RT-qPCR results in quite satisfactory manner, confirming 393 

the applicability of this method for real samples. However, in Fig. S7, the linear correlation of 394 

the signal generated from the proposed immunoassay was not satisfactory with R2 of 0.952, 395 

although the residual plot showed randomize distribution (Fig. S7). This could occur due to 396 

different biomolecules as the target, in which the proposed immunoassay and RT-qPCR 397 

targeted and quantified proteins and RNA respectively or due to the matrix effect in the 398 

performance. Nevertheless, the signal correlation plot showed linear trend despite its low 399 

coefficient.  400 
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Compared to the recent progress of the virus biosensor (Table 1), although the sensitivity 401 

of this method was lower than the electrochemical sensor, this naked-eye monitoring purpose 402 

capture immunoassay had higher sensitivity to the fluorometric system up to picogram level 403 

detection with simple protocol and easy determination of presence of virus. This can highlight 404 

the advantage of this AuNPs@Ag capture immunoassay in biological sample, showing an 405 

enhanced nanozyme-based immunoassay for direct detection of HEV.  406 

 407 

<< Fig. 6>> 408 

4. Conclusion 409 

The proposed immunoassay utilizing Ag deposition on AuNPs enhanced the 410 

peroxidase-like activity significantly as a nanozyme. Silver deposition on the gold showed a 411 

significantly amplified signal in the detection of HEV-LPs and HEV compared to conventional 412 

HRP-based ELISA as well as the bare AuNP based immunoassays. This proposed 413 

immunoassay showed highly sensitive and selective toward the HEV compared to various viral 414 

agents even can be observable in naked eyes. The performed assay for HEV-LPs in buffer was 415 

found to be able to detect as low as 10 pg/mL in a linear concentration range of 10 pg/mL to 416 

10 ng/mL. It was also successfully applied for the detection of fecal samples from HEV-417 

infected monkey over a period of 45 days of infection and found comparable with the data 418 

obtained from RT-qPCR. As the AuNPs@Ag capture immunoassay showed improved 419 

sensitivity towards specific infectious disease agent, we hope that this proposed method can be 420 

served as an excellent monitoring system for virus detection. 421 

 422 
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Legend for figures 592 

Fig. 1. Schematic principle of the silver deposited-gold (AuNPs@Ag) nanozyme-based capture 593 

immunoassay. (A) Binding of Ab-AuNPs on the captured HEV-LPs, (B) Ag-shell deposition 594 

on the surface of AuNPs and (C) Colour development by the catalytic oxidation of TMB by 595 

Ag+ and H2O2. 596 

Fig. 2. Physiochemical properties of AuNPs. (A) TEM image of AuNPs, (B) HR-TEM image 597 

of AuNPs@Ag, (C) Hydrodynamic size distribution and (D) Zeta potential of AuNPs (black) 598 

and AuNPs@Ag (green). 599 

Fig. 3. Influence of BSA (blocking agents) on the surface of AuNPs in the capture 600 

immunoassay with silver deposition solution (error bars represent the standard deviation of 601 

triple measurements).  602 

Fig. 4. Specificity test of AuNPs@Ag capture immunoassay for the detection of HEV-LPs 603 

compared with 2% BSA, Zika virus (ZV), Influenza virus (IV) and norovirus (NoV). The 604 

concentration of HEV-LPs was 10 ng/mL and 1.3 µg/mL for IV, 107 copies/mL for NoV, and 605 

107 RNA copies/mL for ZV. The inset image showed the colour formation of the 606 

immunoassays after virus addition. (error bars represent the standard deviation of triple 607 

measurements).  608 

Fig. 5. Concentration-dependent detection of HEV-LPs using AuNPs@Ag capture 609 

immunoassay. HRP-based indirect ELISA was also carried out to compare the performance of 610 

this proposed immunoassay. Error bars represent the relative standard deviation of triple 611 

measurements. ΔAbs was defined as the change of absorbance to the blank. 612 

Fig. 6. Comparison of the HEV detection sensitivity between the proposed AuNPs@Ag 613 

capture immunoassay (close circles) and RT-qPCR (closed squares) in fecal specimens (error 614 

bars represents the standard deviation of triple measurements). Open squares represent the viral 615 

RNAs which are undetectable in RT-qPCR.   616 

 617 
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Table 1.  618 

Comparison of recent virus detection 619 

Target Virus Linear range Detection limit References

Influenza virus 
(Fluorometric) 

1–10 × 10−11 g mL−1 3 × 10−10 g mL−1 [43] 

HBV (Fluorometric) >264 × 10−9 g mL−1 8.3 × 10–9 g mL−1 [44] 

HBV (Fluorometric) 0.01–1 IU mL−1 0.4 IU mL−1 [45] 

Influenza A virus 
(Colorimetric) 

5 × 10−15 – 5 × 10−6 g mL−1 44.2 × 10−15 g mL−1 [46] 

Dengue RNA 
(Fluorometric) 

5–500 × 10−9 g mL−1 5.2 × 10–9 g mL−1 [47] 

HEV RNA (RT-qPCR) 103–106 IU mL−1 2.1 × 104 IU mL−1 [48] 

HEV RNA (RT-qPCR) 
8.75 × 103– 

8.75 × 104 copies mL−1 
8.75 × 103 copies mL−1 [49] 

HEV RNA (RT-qPCR) 10–109 copies mL−1 10 copies mL−1 [50] 

HEV-LP 
(Electrochemical) 

10−12–10−15 g mL−1 8 × 10−14 g mL−1 [51] 

HEV-LPs 8.75 × 10-8– 10−11 g mL−1 4.3 × 10−12 g mL−1 This work

 620 
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Fig. S1. ELISA for recognition of anti-HEV Ab to HEV-LPs. The error bars represent the 

standard deviation of triple measurements. 

 

 

 

Fig. S2. The silver deposition was tested in the function of time. The concentration of the 

mixture is 1 mM. The error bars represent the standard deviation of triple measurement.  
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Fig. S3. Absorbance spectrum of AuNPs and Ab-AuNPs. 

 

 

 

 

 

 

 

 

Fig. S4. ELISA for bioconjugation confirmation of anti-HEV Ab/AuNPs. The error bars 

represent the standard deviation of triple measurements.  
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Fig. S5. Influence of BSA-blocking on Au nanoprobes in the matrix sample. The error bars 

represent the standard deviation of triple measurements, 

 

Fig. S6. Stability test of the proposed capture immunoassay. The stability test was done for 4 

weeks to detect 10 ng/ml HEV-LPs in buffer. Ab-AuNPs was stored in 4oC throughout the test. 

The error bars represent the standard deviation of triple measurement.  
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Fig. S7. The signal correlation of proposed capture immunoassay (in absorbance) and RT-qPCR 

for the monitoring purpose of fecal HEV from stool sample of monkey. The error bars represent 

the standard deviation of triple measurements. (inset graph showed the residual plot on the linear 

fit function). 


