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ABSTRACT: A novel biosensing system based on graphene-
mediated surface-enhanced Raman scattering (G-SERS) using
plasmonic/magnetic molybdenum trioxide nanocubes (mag-MoO,
NCs) has been designed to detect norovirus (NoV) via a dual
SERS nanotag/substrate platform. A novel magnetic derivative of
MoO; NCs served as the SERS nanotag and the immunomagnetic
separation material of the biosensor. Single-layer graphene oxide
(SLGO) was adopted as the 2D SERS substrate/capture platform
and acted as the signal reporter, with the ability to accommodate
an additional Raman molecule as a coreporter. The developed
SERS-based immunoassay achieved a signal amplification of up to
~10°fold resulting from the combined electromagnetic and
chemical mechanisms of the dual SERS nanotag/substrate system.
The developed biosensor was employed for the detection of NoV in human fecal samples collected from infected patients by
capturing the virus with the aid of NoV-specific antibody-functionalized magnetic MoO; NCs. This approach enabled rapid signal
amplification for NoV detection with this biosensing technology. The biosensor was tested and optimized using NoV-like particles
within a broad linear range from 10 fg/mL to 100 ng/mL and a limit of detection (LOD) of ~S.2 fg/mL. The practical applicability
of the developed biosensor to detect clinical NoV subtypes in human fecal samples was demonstrated by effective detection with an
LOD of ~60 RNA copies/mL, which is ~10°-fold lower than that of a commercial enzyme-linked immunosorbent assay kit for NoV.
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1. INTRODUCTION

Norovirus (NoV), the leading cause of gastritis and colitis
(acute gastroenteritis),"” is typically detected using a real-time
reverse transcription-polymerase chain reaction (RT-qPCR)
technique as the current gold standard.” However, enzyme-
linked immunosorbent assay (ELISA) and immunochromatog-
raphy are also used because of their convenience.”* NoV
detection in clinical fecal samples remains a challenge using
these techniques. Therefore, immunomagnetic separation
protocols combined with highly sensitive detection platforms
such as surface-enhanced Raman scattering (SERS) spectros-
copy have emerged as potential biosensing platforms.” The
reason is that the SERS technique greatly benefits from
advances in nanofabrication, as demonstrated by the use of
various nanostructures and design strategies for SERS-based
detection of pathogenic agents. For instance, SERS nanotags
consisting of Fe;O,@Ag hybrid nanoparticles (NPs) were used
for the simultaneous detection of influenza A/HINI virus and
human adenovirus.” A SERS-based magnetic multimodal
imaging and detection system for the cancer biomarker
CD,o(+) B lymphoblast was reported using hollow gold—
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silver nanospheres.” A plasmonic Au—Ag-coated GaN
substrate was reportedly employed for hepatitis B virus antigen
detection from human blood via a microfluidic SERS system.®
Ag nanoislands and nanoflowers on chitin nanopillars have
been used to generate SERS “hotspots” for animal virus
detection.” Thus, SERS-based detection technology is
constantly evolving to develop high-level immunoassays for
clinical diagnostics.

Generally, SERS-based sandwich or competitive immuno-
assays invariably entail the use of single-component SERS
nanotags on bare glass slides as capture platforms.'”'" Sample
pretreatment or isolation of antigens from sample matrices is
vital in immunoassays. The tendency of clinical samples to
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present high-complexity matrices, thereby necessitating
decreased detection sensitivities, makes this issue more
difficult.® In another scenario, SERS nanotags can easily
exhibit unstable signals due to aggregation and/or desorption
of Raman reporters conjugated on the surface of metal
nanostructures.'”"> The analytical sensitivity, reproducibility,
and overall reliability of such biosensors can be seriously
undermined by these issues. Thus, nanotags have been
embedded in protective shells such as silica or polymers to
preserve their integrity, reduce aggregation, and guarantee
stability even in high ionic strength solutions.'”"*~"° For cell
imaging and immunoassays, this strategy also provides
biocompatibility.'> However, the broad dimensions and
vulnerabilities of encapsulating shells and the possibility of
signal interference limit their convenient use.'”"”"®

To address these problems, in this work, emerging SERS
“hotspot” engineering concepts'’ were adopted using a novel
dual nanotag/substrate system for the developed SERS-based
immunoassay technology. New plasmonic-/magnetic-derivat-
ized MoO; nanocubes (mag-MoO; NCs) and a single-layer
graphene oxide (SLGO)-based solid capture platform were
used as the dual SERS nanotag and substrate, respectively. This
technology has been proposed for a number of reasons. First,
SERS signal amplification can be achieved by synergizing the
Raman signal enhancement properties of plasmonic MoO;
NCs via an electromagnetic mechanism. This feature can be
coupled with the excellent chemical mechanism-based SERS
enhancement properties of the large nanosheets of SLGO to
attain engineered wide-area “hotspots” in a sensitive graphene-
mediated SERS (G-SERS) immunoassay.'”~>* Second, the
combination of the dual SERS nanotag/substrate herein offers
several all-in-one advantages. For example, the magneto-
plasmonic MoO; NCs can simultaneously deliver plasmonic
SERS enhancement and immunomagnetic separation of the
target virus, which is best suited for the assay of real/clinical
samples containing high-solid matrices.”> Moreover, the SLGO
platform was adapted because of its dual functionality as a
Raman reporter/SERS enhancement substrate. Consequently,
this biosensor does not necessarily need an additional Raman
molecule as a signal reporter. SLGO is an indispensable
additive and building block for the developed SERS-based
immunoassay platform on a flat surface, enabling the
immunoassay to be performed on a solid platform with
considerable simplicity. In addition, the presence of rich
functional groups and high electron mobility on the surface of
the large planar nanosheets of SLGO® enable the easy
conjugation of the capture antibodies and a classical Raman
reporter as an additional signal reporter (not necessary but
used to probe the extent of the analytical sensitivity limit of the
developed biosensor). Lastly, SLGO may also quench the
background fluorescence resulting from residual sample
matrices or reporter molecules,”””" an additional benefit for
its use as a SERS substrate.

Therefore, in this research, the SERS and optical features of
the dual SERS nanotag/substrate were combined to design a
highly scalable platform for ultrasensitive and selective
detection of NoV via SERS signal amplification. NoV in
human fecal samples was captured using mag-MoO; NCs and
magnetically separated from the sample matrices. The formed
NoV/mag-MoO; NC immunocomplex was deposited on the
SLGO capture substrate under magnetic influence for the
SERS immunoassay. The target NoV-like particles (NoV-
LPs)/NoV was tethered between the antibody-mag-MoO,

NCs and the SLGO-antibody (or SLGO-4MBA-antibody)
capture platforms to form a sandwich-type immunocomplex
loop. NoV-LPs were assayed in human serum as a detection
medium, and a remarkable limit of detection (LOD) of 9.5 fg/
mL was obtained. The clinical application of the developed
biosensor was further tested with human fecal samples, and an
excellent LOD of ~60 copies/mL was achieved with minimal
inhibitory matrix effects. Overall, it is envisaged that the
developed SERS-based immunoassay system can be adopted
for point-of-care (POC) testing in clinical and diagnostic
practice.

2. EXPERIMENTAL SECTION

2.1. Materials. Ammonium molybdate tetrahydrate, polyvinylpyr-
rolidone (PVP), and hydrogen peroxide (30%) were supplied by
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).
Glutaraldehyde, iron(III)chloride, bovine serum albumin (BSA), N-
hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N’-ethyl-
carbodiimide hydrochloride (EDC), and human serum (from
human male AB plasma, USA origin, sterile-filtered) were purchased
from Sigma-Aldrich (St. Louis, Missouri, USA). 4-Mercaptobenzoic
acid (4-MBA) and N-(2-aminoethyl)maleimide hydrochloride were
supplied by Tokyo Chemical Industries (Tokyo, Japan). SLGO flakes
were obtained from ACS Material, LLC (Pasadena, California, USA).
All experiments and solution preparations were carried out using
ultrapure doubly distilled deionized (DI) water (>18 MQ-cm) except
where otherwise specified.

2.2. Instrumentation. SERS measurements/confocal Raman
spectroscopy were performed on an NRS-7100 on-board microscopic
laser Raman spectrophotometer (JASCO, Tokyo, Japan) using a 785
nm laser. The Raman peak of a silicon reference standard at 520 cm™"
was used for calibration. The measurements were performed using a
100X objective lens at 1% laser power and 2 s integration time. The
acquired SERS spectra baselines were removed using f500 spectro-
graph software (JASCO). The individual SERS spectrum acquired
and shown in the data figures is an average of 10 replicated
measurements, except where otherwise specified. Multipoint analysis
was performed by the high-speed mapping function from a 50 ym X
S0 pm area with a step size of 2 um and an exposure time of 2 s. The
laser power was 1%, and the time of acquisition was set to 1 s at each
pixel.

X-ray photoelectron spectroscopy (XPS) was performed on an
ESCA1600 system (ULVAC-PHI Inc., Tokyo, Japan) with an Al Ka
X-ray source (1486.6 eV) and a hemispherical electron analyzer.
Ground-state electronic absorption (UV/vis) spectra were recorded
on a filter-based multimode microplate reader (Infinite F200 M;
Tecan, Ltd, Mannedorf, Switzerland). Field emission-scanning
transmission electron microscopy (FE-STEM) with energy-dispersive
X-ray spectroscopy (EDS) analysis was performed using a JEM-2100F
field emission scanning electron microscope (JEOL, Ltd., Tokyo,
Japan) operating at 200 kV. TEM images were obtained using a JEM-
2100F system (JEOL, Ltd., Tokyo, Japan) operating at 100 kV.
Dynamic light scattering (DLS) analysis was performed using a
Malvern Zetasizer Nano series Nano-ZS90 system (Malvern Instru-
ments Ltd., Malvern, UK). Powder X-ray diffraction (PXRD) analysis
was performed using a RINT ULTIMA XRD system (Rigaku Co.,
Tokyo, Japan) with a Ni filter and a Cu Ka source. Data were
collected over 260 = 10—90° at a scan rate of 0.01°/step and 10 s/
point. Fourier-transform infrared (FTIR) spectroscopy was performed
using an FT/IR-6300 spectrometer with an ATR PRO610P-S
(JASCO).

2.3. Biological Materials. Monoclonal antibodies (NS14,
isotype-IgG acquired from the spleen cells of orally immunized
mice), which are specific and broadly reactive to genogroup II of
NoV,”* were used in this work for the sandwich-type immunoassay.
Following the standard protocol for virus-like particle preparation,”
GIL4 NoV-LPs were expressed in Trichoplusia ni BTL-Tn SB1-4
(TnS) by transfection of recombinant baculovirus TCN-VP1

https://dx.doi.org/10.1021/acsami.0c14729
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c14729?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(Invitrogen, San Diego, CA, USA), which is purified, quantified, and
used to test, optimize, and implement the immunoassay platform for
detection. Clinical fecal samples of gastroenteritis-infected patients
were collected, as defined by the statutory and regulatory protocol. To
do so, ~1.0 mg of the solid fecal sample was added to a minimum of 9
uL of phosphate-buffered saline (PBS, pH 7.4); the obtained
supernatant separated from the solid portion was used as the
detection sample. The NoV sampling protocol was carried out
according to the guidelines of the Ethics Committee of the
Environment and Hygiene Institute in Shizuoka Prefecture (Sep-
tember 14, 2016). Influenza virus A/New Caledonia (20/99/IVR/
116) (HIN1) was purchased from ProSpec-Tany TechnoGene Ltd.
(Rehovot, Israel). Clinically isolated influenza virus A/Yokohama/
110/2009 (H3N2) was kindly provided by Dr. C. Kawakami of
Yokohama City Institute of Health, Japan. Goat antirabbit IgG-HRP
was purchased from Santa Cruz Biotechnology (Dallas, Texas, USA).
Zika virus was kindly provided by Prof. K. Morita of the Institute of
Tropical Medicine, Nagasaki University. HEV-LPs were prepared as
previously reported.’® Dengue virus cDNA was synthesized by
Integrated DNA Technologies (Coralville, Iowa, USA). In this study,
the sensitivity of the developed biosensor for NoV detection was
compared with that of two rapid test kits based on ELISA and paper-
based lateral flow techniques. The commercial ELISA kit for NoV
detection—NV EIA “Seiken”—was supplied by Denka Co., Ltd,
Tokyo, Japan. The paper-based lateral flow NoV antigen kit for rapid
testing was supplied by Sekisui Medical Co., Ltd., Japan.

2.4. Synthesis of Mag-MoO; NCs and Antibody Conjuga-
tion. A mixture of 8.0 mL of 30% H,O, and 5.0 mL of deionized
water was added to 100 mg (0.08 mmol) of ammonium molybdate
tetrahydrate and stirred for 1 h. Then, 2.0 mL of 0.1 M NaOH was
added to the resulting mixture, and the excess H,O, was expelled by
heating at 70 °C for 30 min until the bubbling stopped. To 5.0 mL of
the resulting mixture were added 0.01 mg of PVP and 2.5 mg (0.015
mmol) of FeCl;-6H,0 in S mL of ammonia solution. The product
was sonicated for 2 h, transferred to a Teflon-lined stainless-steel
autoclave, and heated at 200 °C for 18 h. Afterward, the product was
washed three times with a mixture of ethanol/acetone by
centrifugation to remove excess PVP, further purified using an
external magnetic separation approach and dried under vacuum at 60
°C. Furthermore, the mag-MoO; NCs were surface-functionalized
with carboxylic groups for antibody conjugation by incubating with
2.0 mL of glutaraldehyde in ethanol and mechanically stirred for 12 h
at room temperature. The product was purified by magnetic
separation and centrifugation.

To further conjugate the anti-NoV antibody (NS14) to the mag-
MoO; NCs, EDC (100 uL, 0.1 M) was stirred with S mL of mag-
MoO; NCs for 30 min to activate its carboxylic group. Then, 100 uL
(0.1 M) of NHS was added to the mixture, followed by the addition
of 10.1 pug/mL anti-NoV antibody (NS14) in PBS (pH 7.6) and
mechanically stirred at 7 °C overnight. The obtained Ab-conjugated
mag-MoO; NCs were washed and magnetically separated to remove
unbound antibodies, followed by incubation with 5% BSA to
minimize nonspecific interactions. Then, the excess BSA was removed
by centrifugation (3000g, S min), and the conjugate was redissolved
in ultrapure DI water for further use or stock in a refrigerator when
not used immediately. The conjugation of the anti-NoV antibody to
mag-MoO; NCs was confirmed by ELISA using a microplate reader
(model 680; Bio-Rad, Hercules, California, USA). The amount of
NoV antibodies bound to the mag-MoO; NCs was estimated by a
ninhydrin-based protein assay. Details are given in the Supporting
Information.

2.5. Capture Platform/Substrate Preparation. 2.5.1. SLGO-
Antibody Substrate. The SLGO solid platform substrate was
prepared by drop-casting and immobilization of SLGO on prepared
glass slides.”” Briefly, u-quartz glass slides (3 mm thick, 8-well square
cavity) were soaked in 10 mL of acid piranha solution (H,SO,/H,0,
[30%] at the ratio of 3:1), followed by rinsing with copious amounts
of deionized water and then ethanol. Each cavity of the glass slide was
blown to dryness using a stream of N, gas, and then, each slide was
placed in a vacuum oven for 4 h at 70 °C. After this time, an aqueous

solution of SLGO was deposited on the oven-dried quartz slides,
which were further placed in a vacuum oven at 70 °C for 8 h to obtain
the SLGO coating, followed by conjugation of the anti-NoV antibody
using EDC/NHS chemistry. The carboxylic acid groups on the SLGO
were activated by immersing the SLGO-coated glass slide in a mixture
of EDC (100 L, 0.1 M) and NHS (100 xL, 0.1 M) with continuous
stirring for 4 h in PBS (pH 7.6). Then, 250 pg/mL anti-NoV antibody
(NS14) was added to the SLGO-coated glass slide-submerged
mixture and incubated for 8 h at 7 °C. Finally, the antibody-
functionalized SLGO (SLGO-antibody) capture substrate was
thoroughly rinsed with DI water and PBS (pH 7.6) several times to
remove attached/excess molecules and antibodies. To block the
nonspecific binding sites on the substrate, the glass slides were
incubated in 5% BSA in PBS for 1 h. The prepared capture substrates
were stored at 4 °C before SERS measurements.

2.5.2. SLGO-4MBA-Antibody Substrate (Dual Reporter System).
The preparation steps for the SLGO-4MBA-antibody capture
substrate (dual reporter system) are shown in Figure S1 of the
Supporting Information. The covalent conjugation of 4-MBA to the
SLGO substrate was achieved via a two-step process using a
maleimide linker (N-(2-aminoethyl)maleimide) with terminal amine
(NH,) and maleimide moieties. Detailed procedures for SLGO-
4MBA capture substrate preparation and anti-NoV antibody
conjugation are provided in S1 and Figure S1 of the Supporting
Information.

2.6. Immunoassay Protocol. 2.6.1. Immunoassay of NoV-LPs
in PBS/Human Serum. The immunoassay of NoV-LPs was carried
out separately in PBS (pH 7.6) and human serum media. In PBS
medium, different concentrations of NoV-LPs (1.0—10 fg/mL) were
sequentially added to the SLGO-antibody or SLGO-4MBA-antibody
capture substrates and allowed to incubate for 1S min. Then, under
the influence of an exterior magnet, 200 yL (2 mg/mL) of the
antibody-mag-MoO; NCs was added to the NoV-LP-captured SLGO-
based substrates, allowing another 15 min for sandwich immuno-
complex formation. The resultant immunocomplex formed on the
substrates was washed with ultrapure DI water and PBS to remove the
unbound virus and other matrices.

To detect NoV-LPs in human serum, the above-described
procedure was changed slightly. Direct capture on the SLGO-
antibody capture substrates was replaced by initially capturing NoV-
LPs and magnetically separating/enriching them from the human
serum medium using antibody-mag-MoO; NCs. To do so, NoV-LPs
(1.0 to 107 fg/mL in 50% human serum) were separately incubated
for 15 min with 200 xL (2 mg/mL) of the antibody-mag-MoO; NCs
in microcentrifuge tubes. The mixture was centrifuged and magneti-
cally separated to collect the NoV-LP-enriched immunocomplex. The
immunocomplex was further redissolved in PBS (pH 7.6) and then
deposited on the SLGO-based capture platform. Finally, the
substrates were air-dried, and the SERS measurements were recorded
under a magnetic field. The capture platform/mag-MoO; NCs
without the anti-NoV antibodies were used as controls. BSA binding
on the antibody-conjugated capture substrate/mag-MoO; NCs
instead of the NoV-LPs was used as the negative control. The
noncoated and SGLO-coated zones on the glass slides were also used
as controls for SERS multipoint mapping. All the controls were
treated under similar conditions with the developed immunoassay
protocol. The details are provided in the Supporting Information, SS.

2.6.2. Immunoassay of NoV in Human Fecal Clinical Samples.
The clinical samples were analyzed by deploying an immunomagnetic
separation protocol. Real-time RT-PCR determined the NoV
concentration of fecal samples (GIL2: 6.2 X 10’ RNA copies/mL,
GIL3: 7.2 X 10® RNA copies/mL, and GIL4: 5.7 X 10" RNA copies/
mL). In this case, the detection performance was evaluated, ranging
from 100 RNA copies/mL to 10’ RNA copies/mL NoV. Thus, NoV
(10 to 10° RNA copies/mL) was separately incubated with 200 yL (2
mg/mL) of the antibody-mag-MoO; NCs in a microcentrifuge tube
for 1S min for the immunoreaction between antibody-mag-MoO,
NCs and NoV. The immunocomplex containing NoV/antibody-mag-
MoO; NCs was washed with PBS repeatedly and collected separately
using a magnet. The resulting NoV-captured antibody-mag-MoO;
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NC complex was further redispersed in PBS (pH 7.6) and deposited
on the SLGO-based capture platforms to obtain the sandwich
immunocomplex between the virus and the antibody for SERS
measurements. Following our proposed system, the clinical NoV was
also tested and compared using a commercial ELISA kit (NV-EIA)
and a paper-based lateral flow rapid test kit for NoV detection.

3. RESULTS AND DISCUSSION

3.1. Design/Working Principle. New analytical SERS
systems are emerging based on “hotspot” engineering
principles."” The concept is to synergize the traditional
metal-based SERS system with functional materials, including
graphene nanostructures, semiconductor materials (TiO,), and
piezoelectric polymers, to provide improved electromagnetic
and chemical properties in hybrid SERS platforms.'” Through
engineered “hotspots,” SERS sensitivities have been greatly
increased to thresholds that could not be attained by
plasmonic nanostructures alone, such as single-molecule
detection using G-SERS.'”*° Accordingly, SERS-based bio-
sensors have been designed using plasmonic nanostructures
(0D/1D) and multidimensional (2D/3D) platforms to exploit
the electromagnetic and chemical mechanisms of Raman signal
enhancements of neighboring molecules.'”*® In addition,
SERS-based immunoassays are usually focused on complex
immunoreactions between target antigens and complementary
SERS nanotags and/or substrates.”

The concepts mentioned above have been used to develop a
sensitive SERS-based biosensor for NoV as a target virus in this
work. Synergistic coupling interactions between plasmonic
mag-MoO; NCs and chemically active graphene-based
substrates (SLGO) are used to induce NoV-LP/NoV-
regulated SERS enhancements in this work. The biosensor
comprises novel magnetic-derivatized MoO; NCs (SERS
nanotag), SLGO (SERS capture substrate/reporter), anti-
NoV antibody (NS14), and 4-MBA (external reporter used to
probe the sensitivity limit of the biosensor).”” The detection
principle involves SERS signal amplification implemented by
the dual SERS nanotag/substrate (antibody-mag-MoO; NCs/
SLGO-antibody) system as a result of target NoV-LPs/NoV
capture in a sandwich immunocomplex. During this process,
either the antibody-mag-MoO; NCs alone or the NoV-
captured antibody-mag-MoO; NCs (which have been magneti-
cally separated from sample matrices) were deposited on the
surface of the SLGO-antibody (or SLGO-4MBA-antibody)
solid capture platforms to induce enhanced Raman signals of
SLGO (or SLGO-4MBA). The developed biosensor benefits
from both electromagnetic and chemical-induced coupling
interactions around the surface of the dual SERS nanotag/
substrate (mag-MoO; NCs and SLGO system). For real-
sample analysis, the magnetic feature of mag-MoO; NCs was
used to isolate/enrich target NoV from human feces with
complex matrices.’””" Therefore, the biosensor did not require
additional magnetic components, thereby simplifying the
biosensor’s material components. Another advantage of using
mag-MoO; NCs was that the detection system further
demonstrated that the SERS measurements under magnetic
actuation produced stable and reproducible SERS signal
amplification, similar to previous reports.””>* The mechanism
for this process is not clearly understood. We suspect, however,
that the mag-MoO; NCs may be well-ordered/aligned by the
applied magnetic force to create a strong local electric field that
can promote the Raman activity of SLGO or SLGO-4MBA to
improve the SERS performance of the biosensor.”*>

On the other hand, SLGO worked primarily to promote
SERS enhancement via a chemical mechanism as a substrate/
capture platform.”””" SLGO exhibits the characteristic Raman
peaks known as the D- and G-bands, which can be used for
SERS monitoring without the need for an external Raman
reporter molecule.”” The further advantage of using SLGO as a
capture substrate was to ensure that autofluorescence from
residual sample matrices was removed.”” The use of SLGO
increased the signal-to-noise ratio of generated SERS signals
for the ultrasensitive immunoassay of NoV-LPs or NoV in
clinical samples.

3.2. Dual SERS Nanotag/Substrate “Hotspot” Engi-
neering. For this particular study, the direct conjugation of 4-
MBA, as an additional Raman reporter, to the planar surface of
SLGO instead of to the mag-MoO; NCs was a “hotspot”
engineering strategy that requires some discussion. Following
experimental observations, it was deduced that the conjugation
of 4-MBA to SLGO performed better than conjugation to
mag-MoO; NCs for some obvious reasons. First, unlike the
strong thiol selfassembly monolayer usually formed between 4-
MBA and Au or Ag NPs,** 4-MBA binds weakly to the surface
of the mag-MoO; NCs, generating very weak SERS signals
(Figure S3A). This observation was similar to the one
observed when 4-MBA was attached to the surface of SiO,-
coated Au NPs, producing weak and unclear SERS signals,
which then required a layer of Ag NPs to achieve stable and
strong SERS signals.35 In our case, the weak interaction
between mag-MoO; NCs and 4-MBA may be due to the
potential electrostatic repulsion between the oxygen-rich
surface of the mag-MoO; NCs and the carboxylic moiety of
4-MBA and/or the desorption of 4-MBA from the surface of
the mag-MoO; NCs. The propensity of Raman reporters to
desorb or leach from plasmonic NP surfaces is known to be a
major drawback in SERS detection technology.'”***” To
address this issue, SERS nanotags are often coated with outer
protective layers to avoid leaching of reporter molecules to
maintain stable and reproducible SERS signals.lz’13 Therefore,
the need to encapsulate mag-MoO; NCs conjugated with 4-
MBA in a protective coating was avoided by conjugating 4-
MBA to SLGO instead. This idea was initially thought to be a
compromise/trade-off between achieving either more sensi-
tivity or stable and reproducible SERS immunoassays.
However, this concern was mitigated by the fact that SLGO,
like graphene, is a functional SERS-active 2D nanostructure
that enhances the Raman signal of molecules via a chemical
mechanism.”® Hence, the G-SERS approach herein can result
in SERS enhancement via m—n stacking interactions and
charge transfer between the SLGO and aromatic 4-MBA
molecules.”*” In addition, graphene nanostructures are
known to be excellent electron transporters, with remarkable
electronic conductivity.”>*” It is then plausible to expect a
significant boost in the SERS signals of the SLGO-4MBA
system in the presence of plasmonic mag-MoO; NCs, probably
because of a synergistic effect resulting from the interaction
between the SLGO-4MBA platform and plasmonic mag-MoO;
NCs. An electronic flow process from the oxygen vacancy-
associated electronic states of plasmonic mag-MoQO; NCs***!
to the 4-MBA chemisorbed on the SLGO, as the bridge, can
drive the SERS enhancements of 4-MBA.">* This effect is
similar to that in previous reports, where the Raman signals of
4-MBA-conjugated graphene oxide were significantly enhanced
in the presence of the plasmonic semiconductor TiO,."* In
another instance, the chemical properties of TiO, were
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employed to mediate the charge transfer between plasmonic
Au or Ag and 4-MBA adsorbed onto TiO,.** The rhodamine
6G/graphene platform has also been reported to encounter
similar G-SERS enhancement in the presence of Au NPs.”> A
similar phenomenon might have occurred between 4-MBA
adsorbed onto SLGO and the plasmonic mag-MoO; NCs in
our biosensing system. A detailed understanding of the actual
mechanism occurring herein is beyond the scope of the present
work, and it is of interest in the future. Moreover, the large
planar surface of SLGO means that many 4-MBA molecules
can be accommodated, thereby increasing the chances of
interaction with the plasmonic mag-MoO; NCs. Additionally,
the strong covalent bonding and the possibility of 7— stacking
interactions between the aromatic rings of 4-MBA and SLGO
can allay concerns regarding the leaching of 4-MBA from the
SLGO substrate, unlike mag-MoO; NCs. Thus, this approach
produced stable and reproducible SERS signals required for a
robust biosensor. Detailed discussion on the choice of
materials used in this work and the evaluation of their SERS
properties and various control studies adopted in this work are
provided in the Supporting Information (S2—S6; Figures S3—
S7, and Table S1).

3.3. Characterization of Mag-MoO; NCs and SLGO-
Capture Substrate. A nanocomposite of magnetic-based
MoO; NCs was prepared for the first time by in situ grafting of
magnetic NPs (MNPs) on the surface of MoO; NCs.
Chemical and/or electrostatic adhesion of the MNPs to the
surface of the MoO; NCs was achieved under hydrothermal
conditions (Scheme 1). By controlling the synthetic con-

Scheme 1. Synthesis of mag-MoO; NCs; (A) Oxidation of
the Mo Precursor Using H,0,; (B) Hydrothermal
Treatment of Oxidized Mo and FeCl, in the Presence of
PVP; (C) Carboxylic Acid Functionalization of the
Prepared mag-MoO; NCs Using Glutaraldehyde; and (D)
NoV Antibody Conjugation via EDC/NHS Chemistry

QOA - "'-
o*ﬁfﬁ

(NH,)6Mo,0,, Oxidized Mo

ditions, cube-shaped mag-MoO; NCs with good uniformity
and excellent optoelectrical/chemical properties were pre-
pared. The shape and size of the mag-MoO; NCs, as well as
the MNP functionalization, were dictated by the hydrothermal
temperature and the use of PVP to direct cubic shape
formation as a stabilizing agent for the growth of the MoO,
NCs and the reducing agent for MNP formation. A
hydrothermal temperature of 200 °C was used to synthesize
the composite nanocubes. At temperatures below 200 °C, the
composite appeared to be quasispherical in shape (even in the
presence of PVP) (Figure S8 in the Supporting Information).
This result implies that the synthesis temperature was a critical
factor in the achievement of cube-shaped MoO; NPs. This
finding could also mean that the reactivity of PVP and the
magnetic precursor changed at 200 °C, with the reduction rate

being presumably faster due to higher thermal energy leading
to the orderly growth of the magnetic MoO; NCs.

XPS analysis was used to probe the surface chemical and
structural compositions of the prepared mag-MoO; composite
nanocubes and their electronic states. The XPS survey
spectrum of the nanocubes, with distinct peaks at 235.8 eV
(Mo 3d), 285.85 eV (C 1s), 402.5 and 418.3 eV (Mo 3p),
532.4 eV (O 1s), and 710.2 and 718.6 eV (Fe 2p), confirmed
the presence of Mo, O, C, and Fe as the principal atoms, as
shown in Figure la. The high-resolution XPS spectra of the
Mo 3d peak (Figure 1b) displayed characteristic deconvoluted
strong peaks at 235.42 and 238.57 eV attributed to Mo®", and
the peaks at 233.25 eV and 237.05 eV are attributed to the
Mo®* state of the MoO, NCs.*""*® The deconvoluted O 1s XPS
peak (Figure 1c) shows evidence of two species of oxygen-rich
moieties on the surface of the mag-MoO; NCs, likely resulting
from Mo and Fe oxides. The grafting of MNPs onto the
nanocubes was confirmed by the high-resolution curve-fitted
XPS spectrum of Fe 2p, as shown in Figure 1d. The Fe 2p,/,
peak at 711.1 eV and the Fe 2p;,, peak at 724.8 eV correspond
to the magnetic component of the cubic nanostructure.

The morphology and size of the prepared mag-MoO; NCs
were adequately examined by TEM (Figure 2a). The mag-
MoO; NCs displayed a well-defined cubic shape with a narrow
diameter distribution and edge length/dimension typically
within 90—100 nm. Further morphological characterization by
FE-STEM revealed the surface grafting of MoO; NCs with
MNPs. Figure 2b presents a typical FE-STEM micrograph of
the mag-MoO; NCs at atomic resolution showing the surface
adhesion of MNPs on the cubic-shaped MoO; NCs (average
size of ~100 nm), with a core-satellite feature, indicating the
positive formation of mag-MoO; NCs. A follow-up DLS/zeta
potential measurement was used to assess the hydrodynamic
particle size, overall surface charge, and stability of the mag-
MoO; NCs. These experiments probed the size distribution
and evaluated the monodispersity/aggregation states of the
nanocubes in solution. The average hydrodynamic size
diameter of ~92 + 3.3 nm and the zeta potential of —42.5
mV (Figure S9 in the Supporting Information) were obtained.
The particles were not agglomerated in solution based on the
obtained zeta potential value and the average size, which is in
close agreement with the TEM results. In addition, the
elemental compositional analysis (Figure 3a) and explicit
elemental mappings of the prepared nanocubes clearly
displayed the presence of Mo as the core component and Fe
as the magnetic component (Figure 3b,c). The merged
elemental mapping spectra in Figure 3d revealed that the
MoO; NCs have some MNPs scattered around their surface.
However, some MNPs can still be visualized as grafted onto
the MoO; NCs. The optical properties of the mag-MoO; NCs
were analyzed by UV—vis spectroscopy to reveal absorption
spectra, displaying a deep and strong localized surface
plasmonic resonance (LSPR) absorption in the visible region
at 738 nm (Figure 4), which is similar to that of other Mo-
based nanostructures with tunable optical properties.*"**’
This property was utilized for the optical and chemical
applications of the prepared mag-MoO; NCs. To further gain
insight into the microstructure of the prepared mag-MoOj;
NCs, XRD and Raman measurements were carried out. The
XRD pattern depicted in Figure SI0A shows diffraction peaks,
which indicated the orthorhombic crystal structure of the
MoO; NCs, with well-defined diffraction peaks clearly
established according to the (020), (040), (010), and (810)
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Figure 1. XPS characterization data of newly synthesized mag-MoO; NCs. (a) Wide-scan XPS survey spectra. (b) High-resolution deconvoluted
Mo 3d spectra. (c) High-resolution deconvoluted O 1s spectra. (d) High-resolution deconvoluted Fe 2p spectra.
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Figure 2. Electron microscopy data of mag-MoO; NCs: (a) TEM
image and (b) FE-STEM micrograph.

faces of crystalline Mo."**’ The magnetic constituents exhibit
marked indices at (311), (400), and (440).*” Moreover, the
Raman spectra of mag-MoO; NCs shown in Figure S10B
displayed typical Mo;—O and Mo,—O vibrations at 776 and
820 cm™', respectively, which can be attributed to the Mo
component of the NCs."'

On the other hand, a uniformly SLGO-coated glass substrate
was characterized by measuring the Raman absorption of the
SLGO before and after conjugation of the anti-NoV antibody
(NS14) and the Raman reporter (4-MBA). Figure Sa(i) shows
the Raman spectra of the SLGO-coated glass substrate with the
characteristic D- and G-bands of the graphene sheet appearing
at 1346 and 1597 cm™!, respectively. This observation
confirms the successful coating of SLGO on the glass substrate
(a detailed discussion of the uniformity of the SLGO substrate
and its impact on the immunoassay is provided in S3 and
Figure S2 in the Supporting Information). Furthermore, the
SLGO-4MBA substrate was characterized, and the Raman
spectra shown in Figure Sa(iii) revealed distinctly marked
absorption peaks with significantly enhanced intensity
compared to that with 4-MBA alone on a bare glass substrate
(Figure Sa(ii)). Graphene nanostructures (SLGO) are known

to display surface plasmons in the terahertz range.””*" Hence,

the observed Raman intensity increase in 4-MBA-conjugated
SLGO indicates the SERS enhancement properties of SLGO
alone without mag-MoO; NCs. The peak of 4-MBA at 1096
cm™' was enhanced by 10°-fold (Table S1 in the Supporting
Information). Similarly, the desired signal-monitoring peak of
the reporter at 1596 cm™' displayed 10°-fold enhancement
coupled with significant broadening of the absorption peak due
to the close/combined absorption of the G-band of SLGO and
4-MBA and not necessarily due to background signals.

Moreover, the D-band of the SLGO shifted slightly because
of the conjugation of the 4-MBA/antibody to the SLGO.*"**
This conjugation may also be responsible for the new
absorption peak appearing at ~1452 cm™' (Figure Sa(iii)),
as this peak is absent in the Raman spectrum of the 4-MBA
molecule alone (Figure Sa(ii)). These results confirm the
successful fabrication of the various graphene-based SLGO
capture/substrate platforms and demonstrate their SERS
activities by significant enhancement of the Raman signal of
4-MBA.

3.4. Immunospecificity and Sandwich Complex
Characterization. The biological specificity and binding
ability of the anti-NoV antibody to the NoV antigen/NoV-
VLPs and the ability to form sandwich immunocomplexes have
been previously studied using ELISA (S8 and Figure S11 in the
Supporting Information).””* Accordingly, the prepared anti-
body-mag-MoO; NCs have been proven to exhibit biological
specificity and high activity toward NoV/NoV-LPs (S9 in the
Supporting Information). The antibody-mag-MoO; NC
conjugate demonstrated specific binding affinity for the target
NoV-LPs based on the marked difference in absorption
compared to that of other viruses and virus-like particles
(Figure S12 in the Supporting Information). Ideally, to achieve
sensitive detection, the minimum amount of antibody
conjugation to mag-MoO; NCs is needed for an effective
immunoreaction with NoV-LPs/NoV. As a result, the amount
of anti-NoV antibodies bound to the mag-MoO; NCs
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Figure 3. (a) Elemental X-ray dispersive spectra of mag-MoO; NCs and mapping spectra of (b) Mo, (c) Fe, and (d) merged (overlay).
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Figure 4. UV—vis absorption spectrum of mag-MoO; NCs showing
the LSPR peak at ~738 nm.

estimated by the indirect approach was found to be ~5 X 10?
ug/mag-MoO; NCs, corresponding to ~12% of the mag-
MoO; NC surface coverage (S10, Supporting Information).
The immobilization efficiency achieved can be considered
adequate as a higher percentage binding of the antibodies can
potentially reduce the antigen recognition efficiency of
antibody-mag-MoO; NCs and make them less accessible to
NoV/NoV-LPs because of the steric hindrance between
nearby antibodies.”® Details on the sandwich immunocom-
plex/binding avidity of the monoclonal antibody (NS14) are
discussed in the Supporting Information, S11.

Furthermore, the changes in the hydrodynamic size of the
antibody-conjugated mag-MoO; NCs were evaluated. It was
found that the hydrodynamic size of the mag-MoO; NCs
increased to ~105 nm upon antibody conjugation, compared
to ~95 nm for the mag-MoO; NCs alone (Figure S9A,
Supporting Information). The sandwich immunocomplex
formed between the SLGO-4MBA-antibody and antibody-
mag-MoO; NCs in the presence of NoV-LPs was visualized
under a transmission electron microscope (Figure Sb). The
TEM image is not clear enough to indicate the sandwich
nanocomplex formation because it was performed in solution
without adequate staining. However, the nonspecific position-
ing of mag-MoO; NCs on the SLGO sheet may be seen, and
the NoV appears less visible, probably due to inadequate
staining or their smaller size (~30 nm) than that of the cubic
nanocrystals or SLGO nanosheets.

3.5. SERS Signal-Amplified Immunoassay. NoV-LPs
were thus separately detected in water (PBS, 7.6) and human
serum media. A sandwich-based immunoassay model similar to
ELISA was implemented but with SLGO and/or 4-MBA
Raman signals used for monitoring. The immunoassay
sandwich protocol was performed in two separate procedures.
The first approach was the direct capture of the target NoV-
LPs on SLGO-based capture platforms (SLGO-antibody or
SLGO-4MBA-antibody), followed by the addition of the
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Figure S. (a) Raman spectra of the (i) SLGO capture substrate, (ii) 4-MBA on a bare glass slide, and (iii) SLGO-4MBA substrate. (b) TEM image
of the sandwich-type immunocomplex of mag-MoO;/NoV-LPs/4-MBA-antibody-SLGO.

antibody-mag-MoO; NCs for sandwich immunocomplex
formation. The second approach was a more favorable
approach for the immunoassay of the target NoV/NoV-LPs
in samples with complex matrices (human serum and feces).
This process involved the initial capture and enrichment of the
target NoV/NoV-LPs by an immunomagnetic separation
protocol using the magnetic functionality of the mag-MoOj;
NCs, as shown in Scheme 2. Then, the magnetically enriched

Scheme 2. Graphical Hlustration of the NoV Detection
Protocol in Human Feces Showing the Immunomagnetic
Capture and Separation of NoV by Antibody-mag-MoOj;
NCs and Incubation of the NoV-Captured Antibody-mag-
MoO; NCs for a Sandwich Construct on the SLGO-4MBA-
Antibody Capture Substrate for SERS Immunoassay

AN Mg

= \‘ \W

” mag-MoO; nanocube
“ Norovirus
(NoV)
Single-layer GO
(capture/SERS substrate/reporter)

S
o
s‘&ss

%‘ 4-MBA (co-reporter)

'
5,4 Antibodies specific to NoV

NoV-LP-antibody-mag-MoO; NC immunocomplexes were
incubated on the SLGO-based platform for immunoreaction
to form sandwich immunocomplexes. The first approach is
quite simple and straightforward but is not ideal for clinical
sample immunoassays, such as the human feces assay in this
study. Hence, for NoV detection in fecal samples collected
from infected patients, the second detection protocol was
largely adopted.

First, the detection protocol (sandwich immunoassay) was
validated using NoV-LPs prepared in DI water (PBS, pH 7.6)
as the detection medium. The dynamic linear detection range
and the sensitivity of the immunoassay were investigated using
various concentrations of the target NoV-LPs. To do so,
aliquots of the NoV-LPs were incubated on the SLGO-
antibody (or SLGO-4MBA-antibody) capture substrates with-
in the concentration range of 10 fg/mL to 1 ng/mL with an
optimized detection protocol. Then, antibody-mag-MoO; NCs
were incubated with the NoV-LP-captured SLGO-antibody (or

SLGO-4MBA-antibody) substrates to form sandwich immu-
nocomplexes. The formed immunocomplexes were rinsed
twice with PBS (pH 7.6) under an external magnetic field
before SERS measurements. Subsequently, the Raman spectra
of the SLGO or SLGO-4MBA substrates were collected in the
presence of different concentrations of the NoV-LPs. The
results obtained show that by increasing the concentration of
NoV-LPs (10 fg/mL to 100 ng/mL), the Raman intensities
gradually increased for the SLGO (Figure 6a) and SLGO-
4MBA substrates (4-MBA is an additional reporter) (Figure
6b). The background signals (black line spectra in Figure 6a,b)
represent the signals of the reporters (SLGO or SLGO-MBA)
alone without the plasmonic MoO; NCs or NoV-LPs. Then,
the SERS enhancement/resonance due to the presence of
NoV-LPs showed that more sandwich immunocomplexes were
likely formed due to the increased capture of additional SERS-
active antibody-mag-MoQO; NCs arising from the sequential
increase in the NoV-LPs concentration.

Interestingly, the SLGO-based capture substrate presents a
large surface area on which the antibody-mag-MoO; NCs can
be accommodated very close to the surface of the SLGO-
antibody (SLGO-4MBA-antibody) platform to enhance the
Raman signal of the SLGO or 4-MBA via an electromagnetic
mechanism. In addition, SLGO can further boost the si§nals of
covalently bound 4-MBA via a chemical mechanism.”””"*” As
a quantitative measure of the levels of the target NoV-LPs, the
calibration plot for NoV-LPs detection was constructed using
the enhanced SERS signals of SLGO. The calibration plots
constructed using the characteristic D- and G-bands of SLGO
at 1348 and 1597 cm™, respectively, are shown in Figure 6c.
Calibration plots were also generated for the SLGO-4MBA
capture platform as a function of the SERS intensity versus
NoV-LP concentration (Figure 6d). The Raman intensities for
ten replicate measurements were averaged for each concen-
tration, and the error bars display the default variances of the
replicate measurements (n 10). Using log—log trans-
formation,””® linear plots were obtained, which show strong
linear dynamic responses in the range of 10 pg/mL to 100 ng/
mL for the SLGO-antibody capture/substrate platform.
Exhibiting a higher sensitivity, the SLGO-4MBA-antibody
platform showed linear responses within 10 fg/mL to 1 ng/
mL. The LODs for the NoV-LPs were calculated to be ~2.5
pg/mL and S.2 fg/mL in PBS (pH 7.6) for the SLGO and
SLGO-4MBA reporter systems, respectively. The LOD was
calculated using (LOD = 36/K),”” where & represents the
standard deviation (n = 10) and K represents the value of the
slopes of the linear calibration plot. Further discussion and
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(b) Comparison of the detection performance of the developed biosensor (red line) with that of a commercial ELISA kit, NV-EIA (black line). (c)
Specific detection of NoV in the presence of other viruses and virus-like particles.

calibration plots for NoV-LPs detection in human serum are
provided in S12 and Figure S13 in the Supporting Information.

Comparing the results obtained using the SLGO and SLGO-
4MBA reporter systems; the SLGO-4MBA system presents a
higher sensitivity for NoV-LPs quantitation. According to a
previous report, the number of particles of NoV-LPs was
measured to be approximately 4.3 X 10° particles/mL in ~10
pg/mL NoV-LPs. Therefore, the obtained LODs of 2.5 pg/mL
(SLGO-antibody system) and 5.2 fg/mL (SLGO-4MBA-
antibody system) in this work correspond to the detectability
of ~10% and 10° particles/mL NoV-LPs, respectively. The

plausible reason for the different detection sensitivities may be
due to the synergistic SERS enhancement mechanisms from
the plasmonic mag-MoO; NCs coupled with the chemical
enhancement mechanism contributed by SLGO to the 4-MBA
molecule. The results also show that the bare SLGO platform
provides competitive flexibility and sensitivity compared with
the use of an external classical Raman reporter. Hence, the
SLGO capture platform can be solely adopted without the
need for 4-MBA.

3.6. Clinical NoV Detection in Human Feces. To
eliminate or reduce interferences usually encountered in real
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Figure 8. SERS mapping image results: (a) randomly selected S0 spots on the substrate and (b) overlapped SERS spectra of 4-MBA induced by 1
ng/mL NoV collected at over 50 random spots on the substrate. The inset shows the spot-to-spot SERS intensity variation for the 4-MBA peak at
1096 cm™". (c) Displayed collective SERS spectra of 4-MBA for all randomly distributed spots.

sample immunoassays, an immunomagnetic separation proto-
col for the capture/enrichment of NoV in human feces was
adopted.””*” Here, the magnetic functionality of the mag-
MoO; NCs proved useful by the initial immunocomplex of
different concentrations of NoV with antibody-mag-MoO;
NCs and their subsequent magnetic separation before
deposition on the capture substrate. Several clinical NoV
subtypes (GIL.2, GIL3, and GIL4) from the human feces of
infected patients were tested using this system to prove the
practical application of the developed SERS-based immuno-
assay. For all the RNA subtypes assayed, positive SERS
responses were obtained within 10> to 10° RNA copies/mL
(using the SLGO-4MBA antibody), as shown in Figure 7a.
The results obtained for NoV detection show that GIL2 and
GIL3, with LODs of 60 RNA copies/mL and 96 RNA copies/
mL, respectively, were the most sensitively detected. By
comparison, G11.4 was the least sensitively detected, with an
LOD of 180 RNA copies/mL.

Furthermore, comparing the performance of the developed
biosensor with that of a commercial ELISA kit for NoV
detection, the proposed biosensor detected the NoV subtypes
in fecal samples with an LOD of ~60 RNA copies/mL within a
linear dynamic range of 10 to 10° copies/mL, compared to
10* to 10° copies/mL NoV viral RNA detectable by the ELISA
kit (Figure 7b) (LOD = 1.65 X 10*) and >10° copies/mL
detectable by the lateral flow kit (LOD = 3.5 X 10°). This
result shows that our developed biosensor has significantly
higher sensitivity (on the order of ~10®> and >10°) than the
commercial ELISA kit and the lateral flow kit, respectively. In
comparison to previous detection systems (Table S2 in the
Supporting Information), this system holds promising
prospects for significant improvements in the detection of
NoV in clinical samples.

3.7. Specificity and Selectivity. The selectivity of the
developed biosensor for NoV was probed separately in the
presence of influenza viruses A/HIN1 and A/H3N2, Zika

virus, hepatitis E virus (HEV-LPs), and dengue DNA. As
shown in Figure 7c, insignificant changes in SERS signals
occurred at 10 ng/mL of the tested viruses and virus-like
particles. This observation can be attributed to the specific
affinity of NoV to jointly bind to the antibody-functionalized
SERS substrates. It is also pertinent to state here that this
detection system, which is based on antibody-mag-MoO; NCs
and SLGO-antibody (or SLGO-4MBA-antibody) capture
substrates, might present a flexible target virus detection
approach. It is possible to detect target viruses by selecting a
suitable antigen—antibody pair for sandwich-type immuno-
reactions. The study of the stable immunocomplex formation
of the biosensor is presented in S13 and Figure S14
(Supporting Information). In addition, the effects of the
magnetic field on the SERS of the biosensor are discussed in
S14 and Figure S15 (Supporting Information).

3.8. Reproducibility of the Dual SERS Nanotag/
Substrate. The reproducibility of the developed NoV
biosensor was studied as a parameter necessary for perform-
ance evaluation and robustness. The ability of the SLGO
substrates to produce reproducible Raman signals was
demonstrated, as discussed in S3 and Figure S2 in the
Supporting Information. Hence, the reproducibility of the
SERS signals of the biosensor was tested using 1 ng/mL NoV-
LPs to collate the mean intensity of generated SERS signals
from S0 spots randomly mapped onto the substrate (Figure
8a,c). These values were obtained using the 4-MBA Raman
peak at 1096 cm™'. The results showed that in all the spots
tested, each spot can generate a good SERS signal, albeit with
some differences in signal intensities, which is quite expected.
To further estimate the uniformity and reproducibility of the
SERS signals, the relative standard deviation (RSD) of the
signals from the mean intensity was calculated. The calculated
RSD for the SERS signals using the peak at 1096 cm™ (4-
MBA) was ~7.95% (Figure 8b). The RSD at 1598 cm™ was
~8.67%. The RSDs at these measurements being less than or
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slightly more than 8% are an indication of the excellent spot-
to-spot reproducibility’” of the SLGO-4MBA substrate.
Furthermore, the number of “hotspots” was estimated using
the statistical ratio of the mapped large area (S0 ym X S0 ym)
on the substrate at 1096 cm™" (Figure SISA in the Supporting
Information). The data obtained from the multipoint scans
were used to estimate the coverage of the active SERS regions
on the capture platform using the least-squares (LS)
algorithm.®”®" In Figure 9, the relative number of “hotspots”
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Figure 9. Statistical estimation of the number of “hotspots” as a
function of the amount of NoV-induced sandwiched constructs. Each
box represents the approximate area of the mapped region and is
placed according to the percentage of SERS intensities measured and
their estimated distribution (upper, median, and lower limits).

on the SERS capture platform is shown, and the effective
distribution of the “hotspots” is skewed to higher intensity
values depending on the target NoV-LP concentration (10 fg/
mL to 1 ng/mL).

4. CONCLUSIONS

As a major research stimulus, G-SERS-based diagnostic
technologies have facilitated high-level ultrasensitive single-
molecule detection via “hotspot” engineering. In this study, a
novel dual SERS nanotag/substrate immunoassay was
developed based on the cooperative effects of the optical
properties of new magnetic-functionalized MoO; NCs on an
SLGO capture/substrate platform for NoV detection. Owing
to the magnetic separation protocol adopted, NoV was
enriched and separated from human fecal clinical samples
and detected within a linear dynamic detection range of 10* to
10° RNA copies/mL. The critical determinant of the
developed biosensor’s performance is the accuracy of the
antigen—antibody interactions to form a sandwich immuno-
complex. Nonetheless, the carefully engineered uniformity of
the SLGO substrate and application of a magnetic force are
also determining factors in the sensitivity of the assay. Overall,
this study demonstrates that advances in nanofabrication and
“hotspot” engineering technology can help implement new
diagnostic technologies needed to improve sensitive SERS-
based immunoassays of infectious diseases. For this particular
study, by integrating a portable/handheld Raman spectrom-
eter, the prospects of engineering a POC biosensor for NoV
using this system may be accomplished.
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