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ARTICLE INFO ABSTRACT

Keywords: Norovirus (NoV) is a leading cause of acute gastroenteritis. The low infectious dose and environmental stability
Colorimetric bioassay of NoV facilitate its effective transmission through a variety of modes such as food, water and person-to-person.
Norovirus

The available enzyme-linked immunosorbent assay (ELISA) for NoV detection has low sensitivity due to the low
catalytic activity of the peroxidase used, and thus, a reliable ultrasensitive bioassay is needed. In this study, we
apply the enhanced peroxidase-like activity of silver ion-incorporated gold nanoparticles (Au/Ag NPs) in a
colorimetric bioassay for NoV detection. NoV was captured by anti-NoV genogroup II antibodies, which were
immobilized on the surface of a 96-well microtiter plate and formed a sandwich structure among anti-NoV Ab,
NoV and Ab-Au NP. Then, Ag ion-containing hydroquinone was added to form Au/Ag core/shell NPs. When
H,0,/3,3,5,5"-tetramethylbenzidine (TMB) solution was added to the wells, Ag ions were liberated from the
surface of Au/Ag NPs and enhanced the oxidation of TMB. These reactions enhanced the oxidation of TMB and
developed an intense blue color. The Au/Ag NPs were shown to exhibit higher affinity and catalytic efficiency for
H,0, and higher catalytic velocity based on the k.4, of up to 7-fold compared with Au NPs. The bioassay was then
optimized to detect clinically isolated NoV using NoV-like particles (NoV-LPs). NoV-LPs were detected with a
limit of detection of 10.8 pg/mL, corresponding to 1000- and 100-fold higher sensitivity compared to the gold-
immunoassay and horseradish peroxidase-based ELISA, respectively. Clinically isolated NoV GII.4 and NoV GIIL.3
were detected in the range of 10>-10° copies of viral RNA/mL fecal solution with a detection limit of 13.2
copies/mL fecal solution for NoV GII.4, equivalent to 132 copies of viral RNA/g feces and indicating significantly
higher sensitivity compared to commercial immunoassay kits. This bioassay represents a workable detection
assay for low concentrations of NoV that is applicable for early-stage diagnosis for public hygiene.

Norovirus-like particles
Peroxidase-like activity
Gold/silver nanohybrid

et al., 2017). Populated countries, such as China and India, as well as
developing countries with remote settings and limited resources have
driven biosensor research to produce simple, easy-to-perform and low-
cost sensing platforms (Vashist et al., 2015).

1. Introduction

Public awareness of health and well-being is increasing dramatically
due to the increase in life expectancy (Caliendo et al., 2013; Mays and

Smith, 2011; Neethirajan et al., 2017). To satisfy public needs and the
desire for health, rapid and highly sensitive biosensing systems are
required to detect infectious viruses and prevent the spread of virus-
derived infectious diseases (Caygill et al., 2010; Hao et al., 2017; Zhou

In several countries, including Japan, England, the US, China,
Australia and Russia, norovirus (NoV) infection occurs in the food in-
dustry during the winter season (de Graaf et al., 2015), and NoV is
considered a serious risk to public hygiene. This disease is the main
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pathogenic virus responsible for nonbacterial acute gastroenteritis
(Patel et al., 2009). Based on the Infectious Agents Surveillance Report
for February 2017, cases of gastroenteritis by NoV re-emerged in Japan
in 2015 and 2016. NoV infection occurs in the epithelium of the human
small intestine. Although usually moderate, clinical symptoms in-
cluding diarrhea and vomiting; occasionally, fever, headaches and ab-
dominal pain can be severe and last longer in young children and the
elderly (Hall et al., 2011). NoV can infect at a low infectious dose of
approximately 100 virus particles/mL (Yakes et al., 2013) and is spread
easily through food and water, as well as by the vomit and stool of
infected persons (Hwang et al., 2017).

Several well-known NoV detection methods are based on poly-
merase chain reaction (PCR) and ELISA. PCR-based RNA detection has
been used to identify NoV and is considered the gold standard.
However, this method requires expensive equipment and a well-trained
technician to operate it. ELISA kits are available but are not appropriate
for early-stage diagnosis due to low sensitivity. Horseradish peroxidase
(HRP) has been used in ELISA Kkits to catalyze the reduction of a
chromogenic (colorimetric) agent by hydrogen peroxide (Aydin, 2015).
HRP shows a loss of activity at high peroxide concentration such as
those found in phenol, hydrogen peroxide and nitrites, and also in harsh
physicochemical environment (Baynton et al., 1994; Samuni et al.,
2017). This leads to a limit on the degree of signal amplification for
application and requires the development of alternative enzyme-like
materials.

Recently, several nanomaterials have been developed as potential
candidates with enzyme-like activity, such as ferromagnetic nano-
particles that exhibit peroxidase-mimic activity (Gao et al., 2007). In
other studies, various nanomaterials have been investigated, such as
metals and their derivatives, including metal oxides or sulfides (Dai
et al.,, 2009), metal coenzyme nanostructures (Lee et al., 2018), and
carbon-based nanostructures (Ahmed et al., 2016b; Zheng et al., 2013),
as well as hybrid nanomaterials such as graphene-gold hybrids (Ahmed
et al., 2017) that have intrinsic catalytic activity. Gold nanoparticles
(Au NPs) shows high catalytic activity and have good compatibility
with most biomolecules covalently or noncovalently. However, bio-
molecule-modified Au NPs exhibit low catalytic activity and sensitivity
due to the hindrance of the biomolecules on the surface of the Au NPs
(Wang et al., 2016).

To overcome this bottleneck and achieve a highly sensitive nano-
zyme-based immunoassay for NoV detection, in this study, a new de-
tection strategy was investigated with gold and silver nanohybrid na-
noparticles. Silver has been used in various applications with Au NPs,
such as surface-enhanced Raman scattering detection (Xu et al., 2004),
mass spectrometry (Liu et al., 2011) and opacity densitometry (Gupta
et al., 2007). In our study, to obtain highly enhanced peroxidase-like
activity for excellent detection performance, a silver-coated Au NP
core/shell nanohybrid structure was prepared via in-situ growth in
virus-sensing chamber. In addition, a capture-sandwich immunoassay
for virus detection was demonstrated with hydrogen peroxide and
3,3’,5,5’-tetramethylbenzidine (TMB) as the substrate and chromogenic
agent, respectively. Based on our results, the sensing mechanism and
the amplified color intensity via enhanced catalytic activity of Au/Ag
NPs were investigated. Furthermore, the selectivity of this sensing
system was confirmed, and the enhanced colorimetric immunoassay for
NoV detection was demonstrated using a low-cost technique with a
promising mechanism for catalytic activity using in-situ growth of Au/
Ag NPs.

2. Materials and methods
2.1. Materials
Gold (III) chloride trihydrate (HAuCly43H,0), bovine serum albumin

(BSA), silver nitrate (AgNO3) and cysteamine were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Influenza virus A/Hongkong/
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HON2 was obtained from ProSpec-Tany Technogene, Ltd. (East
Brunswick, NJ, USA). 3,3’,5,5-Tetramethylbenzidine (TMB) was ob-
tained from Dojindo (Osaka, Japan). Dimethyl sulfoxide (DMSO),
tween-20, hydrogen peroxide (H,0,), skimmed milk powder, hydro-
quinone (HQ), sodium acetate and sodium borohydride (NaBH,4) were
purchased from Wako Pure Chem., Inc. (Osaka, Japan). A 10X phos-
phate-buffered saline (PBS) solution was prepared in 1 L by mixing 80 g
of sodium chloride, 2 g of potassium chloride, 11.5g of sodium hy-
drogen phosphate, and 2 g of potassium dihydrogen phosphate in which
all the reagents were purchased from Wako Pure Chem., Inc. (Osaka,
Japan). All experiments were conducted using deionized (DI) water.

2.2. Biological materials and fecal sample preparation

An anti-NoV antibody broadly reactive to genogroup II (NS14 Ab)
was used in this work (Kitamoto et al., 2002; Kou et al., 2015). Nor-
ovirus-like particles (NoV-LPs) were prepared according to the standard
method of virus-like particle preparation (Ahmed et al., 2017). Clini-
cally isolated NoVs were collected from fecal samples of patients with
infectious gastroenteritis, including foodborne illness, as determined by
inspections based on laws and ordinances. A 0.1-g quantity of fecal
sample was suspended in 900 pL of PBS (pH 7.4); after separation of the
solids, the supernatant was used as the detection sample. NoV sampling
was performed according to guidelines after obtaining approval from
the Ethics Committee of the Environment and Hygiene Institute in
Shizuoka Prefecture (September 14, 2016). The clinically isolated NoVs
were assayed using a commercial NoV detection kit (NV-AD III, Denka
Seiken Co., Ltd. Tokyo, Japan) for comparison.

2.3. Preparation of Au NPs and NS14 antibody-conjugation

Au NPs were synthesized by the citrate reduction method (Liu et al.,
2011). Briefly, 40 mL of 0.5 mM HAuCl,3H,O was boiled and stirred
for 30 min, and then 1 mL of 2% (w/v) trisodium citrate trihydrate was
added to the Au ion solution. The color of the solution changed from
pale yellow to colorless and gradually to red-wine color. After the color
change, the solution was stirred for an additional 10 min. The solution
was then cooled to room temperature and stored at 4 °C. The con-
centration was determined based on localized surface plasmon re-
sonance from the UV-vis absorbance spectrum (Haiss et al., 2007).
Silver nanoparticles (Ag NPs) were synthesized using a similar method
with silver nitrate (25 mM) as the precursor. Five mM of trisodium ci-
trate trihydrate and 0.025 mM of tannic acid were used as the reducing
agents (Bastts et al., 2014).

To conjugate the surface of Au NPs with NS14 Ab, 10 uL of NS14 Ab
(0.3 ng/mL) was added to 1 mL of Au NPs (0.76 nM) in DI water. The
solution was stirred gently for 1 h, and 400 pL of 10% BSA solution was
added to block the remaining surface of the Au NPs to ensure minimum
nonspecific binding. The solution was stirred for 1 h. Then, the solution
was centrifuged at 10,000 g for 10 min at 4 °C. The suspension of NS14
Ab-conjugated Au NPs (NS14 Ab-Au NPs) was redispersed in 0.5 x PBS
solution (containing 0.5% BSA, pH7.4) and stored at 4 °C.

2.4. In-situ synthesis of Au/Ag NPs

Au/Ag nanohybrid NPs were synthesized by the in-situ growth
method of silver deposition on the surface of Au NPs (0.76 nM) in DI
water. Briefly, 1 mL of AuNPs was mixed with 1 mL of AgNO3 (1 mM)
and HQ (1 mM) (1:1 v/v) and incubated for 10 min at room tempera-
ture. After reaction, a color change from wine red to reddish orange was
clearly observed. The resulting mixture was then purified by cen-
trifugation at 9000g for 10 min at 4 °C.

2.5. Physicochemical analysis of Au/Ag NPs

The physiochemical properties of Au/Ag NPs and Au NPs were
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Scheme 1. Proposed silver-enhanced nanozyme-based immunoassay.

investigated. The absorbance was measured using a clear transparent
cuvette (Il =10mm) in a UV-vis spectrophotometer (UV-1800,
Shimadzu, Kyoto, Japan). The zeta potential and hydrodynamic size
distribution (DLS) were measured in DI water using a clear, disposable
zeta cell (DTS1061) using a Malvern Zetasizer (Nano-ZS, Malvern, UK).
Fourier transform infrared (FT-IR) spectroscopy analysis was conducted
with an FT-IR 6300 (JASCO, Tokyo, Japan). Morphology of nano-
particles was generated using a transmission electron microscope
(TEM) (JEM-2100F, JEOL, Ltd., Tokyo, Japan) operated at 100kV for
AuNP, and HR-TEM images were generated using a JEM-2100F (JEOL,
Ltd., Tokyo, Japan) operated at 200 kV for Au/Ag NPs. XRD analysis
was performed using powder X-ray diffraction (PXRD) (RINT ULTIMA,
Rigaku, Corp., Tokyo, Japan).

2.6. Catalytic activity assay

Steady-state kinetic measurements were performed by monitoring
the change in absorbance of the charge transfer complex of TMB at
655nm. In addition, the catalytic activity of Au/Ag NPs was de-
termined from the time-dependent absorbance at 655 nm with various
initial concentrations of H,O, and TMB. The measured absorbance
versus time plots were obtained at a fixed concentration of one sub-
strate versus varying concentrations of the other substrate. The con-
centration ranges of H,O, and TMB were 0.1-5.0 M in DI water and
0.1-5.0mM in DMSO, respectively. The Michaelis-Menten constant
(Km) was calculated using Lineweaver-Burk plots of the double re-
ciprocal of the Michaelis —Menten equation (Eq. (1)), where v is the
initial velocity, vy, is the maximal reaction velocity, [S] is the con-
centration of substrate. k., was calculated by Eq. (2).

1 K1 1
—_ = — 4 =
v v \[S]  Kn
—_— vm
[nanozyme]

@

kcat (2)

The catalytic activity of the Au NPs and Au/Ag NPs was studied
using dilution series of concentration. The initial concentration of the
nanomaterials was 0.76 nM to 6 pM in a twofold dilution series:[H>05]
and [TMB] were 5.7 M and 2.67 mM, respectively. The reaction time
was less than 1 min, and the reaction was stopped with the addition of
10% H3SO4. The absorbance was measured using a microplate reader at
450 nm with a reference wavelength of 655 nm.

2.7. Enhanced colorimetric detection of NoV

The Au/Ag nanohybrid-based virus-sensing system was demon-
strated via interaction between captured Ab and NoV-LPs as a model of
NoV. First, 100 pL of NS14 Ab (100 ng/mL) in PBS was immobilized in
the wells of the microtiter plate overnight. The wells were washed three
times with 250 pL of 1 X PBS with 0.1% Tween-20 (PBS-T) three times
after each step. After immobilization of Ab, the remaining parts of the
wells were blocked with 5% skimmed milk in PBS for 2 h. Subsequently,
various concentrations of NoV-LPs in PBS were introduced for 1 h, and
then 100 pL of NS14 Ab-Au NPs was added and incubated for 1 h.
During this stage, the captured NoV-LPs were bound to the NS14 Ab-Au
NPs, and the sandwich structure was formed.

Then, 100 pL of a mixture of AgNO3 (1 mM) and HQ (1 mM) (1:1 v/
v) in DI water was added to the solution containing the NS14 Ab/NoV-
LP/NS14 Ab-Au NPs sandwich structure to develop the Ag shell on the
Au NPs. The Ag ions were reduced on the surface of the Au NPs via the
reduction potential of HQ and the galvanic potential between the Ag
ions and Au. As a result, the Ag shell was coated on the surface of Au
NPs by in-situ growth within 15 min. After intense washing using 1 x
PBS-T followed by DI water, 100 uL containing 9 M H,0, and 40 mM
TMB solution (9:1 v/v) was added to the solution containing the Au/Ag-
NS14 Ab-(NoV-LP)-NS14 Ab sandwich structure. Blue color quickly
developed. After a reaction time of 1 min, 10% H,SO,4 solution was
added to the wells to stop the reaction, and the blue color turned to
yellow. Finally, the color intensity was measured using a microplate
reader (Model 680, Bio-Rad, Hercules, CA) at 450 nm. This Au/Ag
nanohybrid-based virus-sensing system was optimized using NoV-LPs
and applied to detect NoV according to the optimized protocol.

3. Results and discussion
3.1. Detection mechanism of the sensing platform

This Au/Ag-based colorimetric sensing platform was established
under two concepts: the first was to capture the target virus using gold
probes; the second was to enhance the catalytic activity using silver
ions. The mechanism of virus detection is illustrated in Scheme 1. First,
the NS14 Ab was immobilized in the wells of the plate via physical
adsorption. Then, the target virus was introduced in the sensing
chamber (I). Subsequently, NS14 Ab-Au NPs were added to the mixture
to form the sandwich structure (II). Next, Ag ions and HQ were added to
produce the in-situ Ag-coated Au NP structure to obtain enhanced
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Fig. 1. Characteristic and physiochemical properties of Au/Ag NPs. (A) TEM image of Au NPs, (B) HR-TEM image of Au/Ag NPs. Red and yellow arrows indicate the
Au core and Ag shell, respectively. (C) UV-vis spectra of Au NPs (black) and Au/Ag NPs (red). (D) Zeta potential (red) and hydrodynamic size (blue) of Au/Ag NPs

based on the concentration of AgNOs;. (E) XRD analysis.

catalytic activity (III). The Au NPs functioned as a seed, and the Ag shell
was automatically grown on the surface of the Au NPs by the in-situ
growth method. After removing excess silver solution by washing
thoroughly with DI water, H,O,/TMB solution was introduced to the
wells, and an intense blue color was developed due to the synergic
effect of the peroxidase-like activity of Au/Ag nanohybrid (IV). After 1
min, 10% H,SO, was added to stop the reaction, and a proportional
yellow color was developed (V). Finally, the absorbance at 450 nm was
measured to determine the sensitivity and selectivity of this detection
system.

3.2. Characteristics of Au NPs and Au/Ag nanohybrid NPs

The morphology and size of the Au/Ag nanohybrid NPs were ob-
served by using TEM. Before the core/shell reaction, the size of the Au
NPs seed was approximately 12 nm (Fig. 1A). However, after silver
deposition by adding Ag* /HQ solution, double-layered particles with a
size of 27 nm were clearly observed by high-resolution TEM imaging
(Fig. 1B). The boundary was noticeable (Fig. 1B) due to the difference
in electron density between the darker part corresponding to Au NPs
(14 nm) (red arrow) and the lighter part corresponding to the deposited
silver around the Au NPs (yellow arrow). The particles showed an Au/
Ag core/shell structure with homogeneous growth judging from the
images in Fig. 1B. In addition to TEM images, as shown in Fig. S1, EDS
spectra of the Au/Ag nanohybrid corresponding to Au (M) and Ag (L)
supported the presence of the elements in the nanohybrid.

The optical properties of the Au/Ag nanohybrid NPs were char-
acterized by using UV/Vis spectroscopy. The Au NP seeds showed one
plasmonic absorbance (black curve) near 525 nm. However, after the
core/shell reaction, a new plasmonic band (red curve) appeared at
approximately 398 nm (Fig. 1C), indicating that the Ag shell was suc-
cessfully deposited on the surface of the Au NPs. Interestingly, the Au
plasmonic band was blueshifted to approximately 490 nm in the Au/Ag
nanohybrid formation (Banerjee et al., 2011). Moreover, the zeta

428

potential and hydrodynamic size were measured to silver shell forma-
tion. The influence of the concentration of Ag ions in the silver shell
precursor was assessed at a constant concentration of Au NPs by
monitoring the changes in the zeta potential and hydrodynamic size in
a 15-min reaction. Initially, the Au NPs had a surface charge, with a
zeta potential of approximately —38 mV, and a hydrodynamic size of
18 nm (Fig. 1D). As the concentration of Ag ions increased, the zeta
potential of the Au NPs became less negative and relatively constant at
—10 mV; simultaneously, the hydrodynamic size increased from 18 nm
to 30 nm. Moreover, the addition of silver nitrate reached saturation of
silver shell formation as indicated by the near-constant increase in size
measured by DLS analysis. lattice parameter and structural analyses of
Au and Au/Ag were conducted by using XRD (Fig. 1E). The diffraction
pattern of (111) was obtained at approximately 37 degrees for both Au
NPs and the Au/Ag nanohybrid. However, the pattern of (200) was
measured at different angle: 44 degrees for Au NPs and 46 degrees for
the Au/Ag nanohybrid. In addition, the other diffraction patterns of the
Au NPs disappeared after the core/shell reaction, indicating that the Au
was completely covered by the Ag layer. Consequently, the pattern of
the Ag-oriented crystal structure was measured in the Au/Ag nanohy-
brid structure by XRD.

3.3. Kinetic parameters of the catalytic activity of Au/Ag NPs and Au NPs

The steady-state kinetic approximation was introduced to in-
vestigate the enhanced peroxidase-like activity of Au/Ag NPs, and the
kinetic parameters and catalytic efficiency were evaluated in terms of
kcat/Km. The kinetic parameters v,, and K, were determined by using
various concentrations of the substrates, H,O, and TMB. To calculate
the initial velocity of the nanomaterials for each substrate, H,O, and
TMB, the time-based absorbances of both nanomaterials were collected.
The initial velocity was plotted on the y-axis, and the concentration of
substrate was plotted on the x-axis (Michelin-Menten relationship). The
kinetic parameters were determined by analyzing the double-reciprocal
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Table 1
Kinetic parameters of Au NPs and Au/Ag NPs.

TMB Km (mM) Vi, (X10° mM keat 71 keat/Km (mM ™1
s h s™h

Au NPs 10.020 282.0 367.82 36.71

Au/Ag NPs  0.155 4.1 5.38 34.67

H,0, Ky (mM)  Vp, (x10° mM keat 571 Keat/Km (mM ™"
s hH s H

Au NPs 3.456 72.0 94.70 27.40

Au/Ag NPs  0.092 2.9 3.81 41.35

The concentration of nanomaterials used was 7.68 x 10~ 1° M.

form (Lineweaver-Burk plot) (Fig. S2) with 1/[S] as the x-axis and 1/[v]
as the y-axis. k., was determined by dividing the calculated v,, by
[nanozyme]. The concentration of Au/Ag NPs was based on the initial
concentration of Au NPs. These assumptions were used to show the role
of the silver shell in enhancing the activity of the Au core, and the
actual concentration of the Au/Ag NPs will not exceed the initial con-
centration of Au NPs in terms of Au itself. As shown in Table 1, the K,
values of Au/Ag NPs for TMB and H,0, were significantly lower than
those of Au NPs, with differences of 10 times and 40 times, respectively.
These results show the high affinity of the Au/Ag NPs toward both
substrates. Moreover, the comparison of enzyme efficiency (kcat/Km)
revealed interesting comparison of both nanomaterials toward the
substrate. Both Au/Ag NPs and Au NPs had similar efficiency values for
TMB due to their negative charge, which confers high binding affinity
with the diamine group of TMB (Wang et al., 2012). By contrast, for
H,0,, Au/Ag NPs showed 2 times higher catalytic efficiency compared
to Au NPs. Further comparing the enzymatic efficiency between the
substrates showed that the Au NPs had a lower activity preference for
H,0, than for TMB. By contrast, the Au/Ag NPs exhibited an activity
preference to H,O, compared with TMB due to the phenomenon of
enhancement by the silver shell on the surface of the Au NPs. Based on
the kinetic parameters of the nanomaterials toward the substrates H,O,
and TMB, Au/Ag NPs exhibit more efficient catalytic activity and
higher substrate affinity than Au NPs.

Furthermore, the maximal reaction velocity (v,) was compared
between Au/Ag NPs and Au NPs. The Au/Ag NPs and Au NPs were
diluted in series and introduced to H,O»/TMB in microplate wells (250
uL), and the absorbance was measured after a defined reaction time (t
= 1 min) to compare the catalytic activity and enzymatic behavior.
Because the substrate concentrations were sufficiently high compared
to Ky, at a low concentration of nanozyme, the reaction velocity (v) can
be assumed to equal v,,,. (Berg et al., 2002). The catalytic activity assay
of the nanomaterials was plotted as [nanozyme] vs maximal reaction
rate of oxidized TMB (Fig. 2A). Based on the Beer-Lambert law, the
slope of the linear line can be defined as k., within the linear range of
the plot. The values of k. for Au NPs and Au/Ag NPs were 5.58 x 10*
s~ and 4.67 x 10°s™!, respectively (the molar coefficient of TMB, is
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6 x 10* M~! cm ™). The comparison of the k., values indicates that
the turnover of Au/Ag NPs is 7-fold higher than that of Au NPs.

3.4. Interfering effect of protein on the surface of NPs on catalytic activity

Although the incorporation of silver on the Au NPs was shown to
increase catalytic activity and affinity for H,O,, a drawback is that the
active sites of Au NPs can be blocked with protein, because of covering
active site of NPs by BSA which is commonly used to reduce the non-
specific binding of NPs (Byzova et al., 2017). Centrifuged Au NPs and
Au/Ag NPs were incubated with various concentration of BSA to form
protein-blocked Au NPs (Au/protein NPs) and Au/Ag NPs (Au/Ag/
protein NPs), respectively. The effect of blocking on the catalytic ac-
tivity of each of the NPs was assayed (Fig. S3). NPs were incubated at a
defined BSA concentration and centrifuged to separate the uncoated
BSA. Peroxidase-like activity was then measured. Both Au/protein NPs
and Au/Ag/protein NPs showed a greater than 60% interfering effect of
protein on the surface of the NPs. Au/Ag NPs were prepared in situ as
follow. The BSA-coated Au NPs were applied to Ag*/HQ (1/1 mM)
solution to form the silver shell on the surface of the Au NPs. The in-
terfering effect of protein on the catalytic activity of the in-situ Au/Ag
NPs was less than 40% (Fig. S3). This result clearly demonstrated that
the peroxidase active of Au/protein/Ag NPs were less influenced by the
physically absorbed protein compared to those of Au/Ag/protein NPs
and Au/protein NPs. The protein-coated Au NPs and Au/Ag NPs lose
active sites on the metal surfaces due to the coverage of the physically
adsorbed protein, resulting in reduced catalytic activity (Fig. 2B).
However, in situ silver-deposition on the protein-coated Au NPs (Au/
protein/Ag NPs) showed higher activity than Au/Ag NPs and Au NPs in
the presence of protein. This Ag shell provides new active catalytic
sites, resulting in significant enhancement of the catalytic activity even
in the presence of protein (Fig. 2B), which was applied to enhance the
colorimetric immunoassay.

3.5. Silver ion-enhanced peroxidase-like activity of Au/Ag NPs

The catalytic activity of Au/Ag NPs is a key factor for the TMB- and
H>0,-based colorimetric biosensing assay because the interaction be-
tween TMB and H,0,, which is the basis of the color change, is cata-
lyzed by Au/Ag NPs which function as a nanozyme. Based on the ki-
netic parameter results, silver deposition increases the affinity of the
nanomaterials for H,O,. The reactivity of the nanohybrid was further
investigated in H,O5 solution without TMB by simply using a UV-vis
spectrophotometer. In a short time, a distinguishable change in the
absorbance spectrum of the Au/Ag NPs was observed, as shown in Fig.
S4A. Time-based measurements were performed and revealed gradually
increasing absorbance at 399 nm and a blueshift of the absorbance at
520 nm, indicating stepwise silver deposition on the surface of Au
seeds. The blueshift was induced by plasmonic interaction between Au

Fig. 2. Comparison of the peroxidase-like ac-

tivity of the nanomaterials (A) and protein-
coated nanomaterials (B). The maximal reac-
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Gold/Silver nanohybrid

OH + OH-

Enhanced peroxidase-like activity

HZOZ
Ag° ) Agt

. Gold nanoparticle (Au NPs) 9 Silver ion (Ag")

Fig. 3. Proposed silver-enhanced peroxidase-like activity of in-situ Au/Ag NPs. (A) Formation of in-situ Au/Ag core/shell NPs and (B) Release of Ag* of Au/Ag NPs in
H,0,/TMB and catalytic oxidation of TMB.

and Ag in the Au/Ag nanohybrid. Fig. 3A illustrates the process of
formation of the Au core/Ag shell structure. The nanohybrid was then
exposed to H,O solution, and the rapid decomposition of the Ag shell
was monitored based on the change in the absorbance spectrum at 390
nm and the redshift of the peak from 499 nm to 520 nm (Fig. S4B). The
color returned to red-wine from reddish orange. The rapid Ag-shell
dissociation into Ag ions (Fig. 3B) was evident by the enhancement of
the peroxidase-like activity, which requires the generation of radical
species and silver ions.

The Ag reaction with peroxides involves an autocatalytic reaction of
Ag/Ag™ and H,0, (Bhagat et al., 2018; He et al., 2012a, 2012b; Hou
et al., 2018; Jones et al., 2011; Ni et al., 2015; Parnklang et al., 2015).
The entire reaction, including activation of H,0O,, radical generation
and TMB oxidation, is summarized in Table S1. The Ag ions were re-
leased from the Au/Ag hybrid structure via H,O, (Reaction 1 in Table
S1), and because of the galvanic potential difference between Au and
Ag, the dissociation of Ag ions was enhanced (Alissawi et al., 2013).
Hence, silver was oxidized to silver ions with hydroxyl ions and hy-
droxyl radical, and the hydroxyl ion further reacted with H,O, in an
acid-base Lewis reaction to form hydroperoxyl ion (HOO?). In this
redox system, TMB was oxidized by 3 factors: first, the OH™ radical from
the reaction between Ag and H,0, (Reaction 1 in Table S1); second, the
OH™ radical from H,0, catalyzed by Au NPs; third, the reduction po-
tential from Ag™ ions (Reactions 2 and 3 in Table S1). Thus, the color
development via oxidation of TMB was accelerated by multiple effects
of the Au/Ag NPs. As the potential oxidants of TMB present in the re-
action increased, the colorimetric sensing platform was enhanced. Only
Ag NPs was also assayed in the H>O,/TMB system. As shown in Fig.
S5A, TMB was rapidly oxidized in presence of Ag NPs and Au/Ag NPs,
and slower if only AuNPs were presence. This showed the major point
in this enhancement system came from the reaction of Ag shell with
H,0,/TMB, not Au core. In addition, Ag NPs alone were assayed to
show the catalytic activity over time at several concentrations. Inter-
estingly, the charge complex of TMB (measured in Agss) were not
sustained, and consequently the color that developed was not stable,
compared to color developed by Au/Ag NPs (Fig. S5B). After all Ag NPs
was decomposed to Ag™ and reacted to TMB, the oxidation was
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stopped, however, it is not the case in Au/Ag NPs. These results showed
interesting catalytic activity of TMB oxidation using Au/Ag NPs than Ag
NPs for colorimetric system.

3.6. In-situ growth of the Au/Ag nanohybrid in the gold nanozyme-based
immunoassay

To demonstrate the enhanced colorimetric immunoassay via in-situ
Au/Ag NPs, Ag ion solution containing HQ was added to the well
containing the sandwich form, i.e., NS14 Ab/NoV-LP/NS14 Ab-Au NPs.
Chromogenic solution including H,O,/TMB was added to the nanohy-
brid system. Immediately, a blue color developed due to the catalytic
activity of the nanohybrid, and after a few minutes, the reaction was
stopped by the addition of H,SO,4 stop solution, which resulted in a
change in color from blue to yellow. The concentration of silver ion
(AgNO3) and hydroquinone, was optimized to ensure minimum in-
dependent growth or nonspecific deposition of silver nanoparticles in
the wells. A sufficiently high concentration of the silver ions as a pre-
cursor of the silver shell and hydroquinone as a reducing agent for the
deposition of silver in the well could lead to Ag NP formation without
the presence of Au seeds. As shown in Fig. S6, a background signal was
observed in the wells without Au NPs. The background signal increased
at concentrations higher than 1 mM. Although the response of the
catalytic activity from the in-situ formed Au/Ag nanohybrid increased
(gray bars of Fig. S6), the error bars also increased, indicating in-
stability of the assay at higher amounts of silver precursor. The higher
background and error bar showed that 1 mM was a reasonable and
optimized concentration of silver enhancement solution (Ag™ and HQ).
In this work, washing step is required, especially between before and
after the addition of Ag*/HQ solution. The effect of the washing so-
lution on the silver enhancement in the assay was assessed. Due to the
high ionic strength of the washing buffer, in this case PBS-T, the Ag ion
formed AgCl and finally precipitated (Fig. S7). In addition, high back-
ground was unavoidable. As a result, the washing before the Ag en-
hancement step was performed with additional DI water only. To obtain
better assay results, the washing step was conducted by three times
PBS-T and two additional DI water to rinse remaining free ions (Gupta
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Fig. 4. Detection of NoV-LPs. (A) Selectivity
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3.7. Enhanced colorimetric immunoassay of NoV

Based on the results of the catalytic activity of the in-situ Au/Ag
NPs, the colorimetric immunoassay of NoV-LPs as a model of NoV was
carried out. First, NS14 Ab conjugation on Au NPs was confirmed using
a conventional ELISA system with IgG-HRP (Fig. S8). The selectivity of
this sensing system was assessed with several biological agents such as
influenza virus and BSA. As shown in Fig. 4A, only the wells containing
NoV-LPs showed an intense yellow color. This result demonstrated that
the NS14 Ab-Au NPs did not bind to other viruses or proteins due to the
specificity of the antibodies and blocking process. The sensitivity of this
sensing system was evaluated by monitoring the color change as a
function of the concentration of NoV-LPs. A linear response was ob-
tained as a function of the concentration of NoV-LPs with a correlation
coefficient (R%) of 0.965 (Fig. 4B). In addition, the calculated limit of
detection (LOD) (Ahmed et al., 2016a) was approximately 10.8 pg/mL.
However, the visibility of the color developed by Au NPs without the
addition of Ag™/HQ solution was 1000-fold lower due to the blocking
process on the Au NPs (Wang et al., 2016). Moreover, HRP-based ELISA
showed a higher response than the Au NPs system, but the system was
only usable for high concentrations of NoV-LPs due to its up to 100-fold
poorer sensitivity compared to the proposed Au/Ag nanozyme. Inter-
estingly, as shown in Fig. S9, the concentration of NoV-LPs could be
assayed by distinguishing yellow color development by the naked eye,
indicating that this proposed method is a promising enhanced im-
munoassay that is superior to HRP-based ELISA.

Furthermore, to show its practical application, the proposed assay
was used to detect clinically isolated NoVs obtained from human feces.
As shown in Fig. 5, the absorbance response increased based on the NoV

color intensity with increasing NoV concentration. Compared with the
commercial NoV detection kit, the response was significantly enhanced.
The proposed assay was used to detect NoV GIL.4 (Fig. 5A) and NoV
GIL.3 (Fig. 5B), and the detection results were compared with those of
the commercial NoV detection kit. Both showed increasing color change
as a response to increasing NoV concentration. The proposed assays
showed a color change at 102 and 10 copies of viral RNA/mL of fecal
sample for NoV GII.4 and GII.3, respectively, whereas the commercial
NoV detection kit detected 10° copies of viral RNA/mL. The silver en-
hanced immunoassay showed a limit of detection of 16.3 copies of viral
RNA/mL (163 copies of viral RNA/g feces) for NoV GIIL.4 and 13.2
copies of viral RNA/mL (132 copies of viral RNA/g feces) for NoV GII.3.

4. Conclusion

Au/Ag NPs significantly enhanced peroxidase-like activity as a na-
nozyme. Silver deposition on the gold surface increased the affinity of
the nanohybrid for H,O, and simultaneously enhanced the reaction
with TMB due to the increase in more available reactive species. This
immunoassay showed high sensitivity and selectivity for NoV detection.
The detection limits of the developed assay for NoV-LPs and NoV were
10.8 pg/mL in the range of 1 pg/mL-100 ng/mL and 13.2 copies of
viral RNA/mL (132 copies/g feces) in the range of 10>~10° copies of
viral RNA/mL, respectively, and a positive reaction was detectable by
the naked eye. Due to the greater visible color intensity for detection,
this enhancement method could be used with other antibodies in the
nanozyme to create colorimetric assays for excellent monitoring sys-
tems to promote public hygiene.

(A) (B) Fig. 5. Detection of (A) NoV GIL4 and (B) NoV
0.4 0.4 GII.3. The red circles and open squares denote
the enhanced colorimetric immunoassay and
* commercial NoV detection Kkit, respectively.
034 0.3 é The upper and lower inset images in A and B
show the developed color in the enhanced
° o colorimetric immunoassay and commercial
<9 < . . . .
= é £ 0.24 NoV detection Kkit, respectively. (+) in the
Zo2dg 0210 o X A i
'5 Blank (+) 10! 10 10° 10* 195 (copies/ml) O 2 (+) Blank 10" 102 10° 10* 105 106 (copies/ml) inset images in A and B 1ndlcate the posmve
2 2 N control for the commercial NoV detection Kkit.
< 0.1 o The error bars indicate the standard deviation
0.14 : (SD) of the experiment (n = 3).
(e}
o o© o o o o
0.0 ey - - r . - - 0.0 ey - - r - - -
Blank o1 10° 10° 10° 10° 10° Blank 10’ 10° 10° 10° 10° 10°
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