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Abstract

A surface-enhanced Raman scattering (SERS) immunochromatographic assay (ICA) has been developed for rapid, ultrasensi-
tive, and quantitative detection of rotavirus in feces using double Raman molecule-labeled Au-core Ag-shell nanoparticles. The
Raman signals are generated by 5,5'-dithiobis-(2-nitrobenzoic acid) and the intensity of the characteristic peak at 1334~ cm was
detected as the analytical signal. The Raman signals were enhanced by the SERS-enhanced effect of both Au and Ag, the large
amount of Raman molecules, and the hot-spot effect in the narrow gap between the Au core and Ag shell. The SERS ICA can
quantitatively detect rotavirus in a concentration range of 8- 40,000 pg/mL, with detection limits of 80 pg/mL and 8 pg/mL based
on naked eye observation and SERS signal detection, respectively. No cross-reaction was observed from other common path-
ogens. The standard deviation of the intra- and inter-batch repetitive tests is less than 10%, and the coincidence between SERS
ICA and RT-qPCR as well as commercial colloidal gold ICA is 100%. The results indicated that this SERS ICA is able to
quantitatively detect rotavirus in feces in 20 min with high sensitivity, selectivity, reproducibility, and accuracy and might be a

promising method for the early detection of rotavirus in clinical analysis.
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Introduction

Rotavirus diarrhea is considered one of the four common dis-
eases in infants and young children, accounting for more than
450,000 children death per year according to the estimation of
the World Health Organization (WHO) [1]. Nowadays, rota-
virus is still responsible for 37.5% of gastroenteritis cases and
145,000 deaths in developing countries in Asia every year [2,
3]. Rotavirus diarrhea exhibits similar clinical symptoms to
infectious gastroenteritis, epidemic diarrhea, Salmonella diar-
rhea, and Escherichia coli (E. coli) diarrhea; thus, early diag-
nosis of the etiology can provide guidance for the timely
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treatment of acute diarrhea [4]. Available methods for rotavi-
rus detection included morphologic observation, immunolog-
ical methods detecting rotavirus-specific immunoglobulins or
antigen, and molecular biological methods directly detecting
antigen [5]. Electron microscopic observation is a classical
method for rotavirus detection, but it requires very expensive
equipment [6]. Reverse transcription polymerase chain reac-
tion (RT-PCR), quantitative real-time PCR (qPCR), gene-chip
technology, and DNA sequencing, targeting the conserved
nucleotide sequence of rotavirus, have been widely used in
pathogen detection which have high selectivity and sensitivity
[7]. However, their wide applications in primary medical in-
stitutions and field tests are limited by the requirement of
expensive equipment (RT-qPCR and DNA sequencing), ex-
pensive reagent (DNA sequencing), or highly skilled per-
formers (PCR) [8]. Serological analysis is a high-throughput
method that is easy to perform, but the common false negative
result may delay the disease treatment due to the lag in anti-
body production [9]. Immunological methods directly
targeting the antigen of rotavirus, such as enzyme-linked im-
munosorbent assays (ELISA), have been used in rotavirus
detection, but their use was limited by its low sensitivity and
requirement of specific machines [10].
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Owing to its advantages of simplicity, fastness, and low
cost, immunochromatography assay (ICA) has been consid-
ered the most successful point-of-care technique [11].
Currently, ICA has been widely used for the rapid detection
of virus, bacteria, disease markers, drug residues, and environ-
mental pollutants [12]. However, the low signal intensity of
the color formation reaction based on the accumulation of
small-sized Au nanoparticles (NPs) limits the applications of
conventional ICA [13]. In addition, most conventional ICAs
can only perform qualitative or semi-quantitative detection,
which cannot meet the quantitative analysis in certain situa-
tions [11, 14]. In recent years, efforts are focusing on increas-
ing the detection sensitivity of ICA and realizing quantitative
analysis using new types of labels, such as fluorescence dyes,
quantum dots, and magnetic beads [15].

Surface-enhanced Raman scattering (SERS), a phenome-
non that Raman signals can be amplified by 10°~10'* orders
of magnitude when Raman reporters are placed on the surface
of colloidal particles or rough surfaces of Au, Ag, Cu, and
other metals, provides a new technique for the detection of
target molecules in extremely low concentrations [16, 17].
SERS-encoded particles (or SERS tags), prepared by conju-
gating Raman reporter molecules to the plasmonic metal
nanoparticles, have been considered a new class of labeling
agents. In recent years, SERS is introduced into the ICA sys-
tem to develop the new detection system of SERS ICA [18,
19]. Au nanoparticles (AuNP) [20], hollow AuNP [21],
Au@Ag core-shell NPs [22], Au nanostar@Raman
reporter@silica sandwich nanoparticles [23], and other kinds
of nanoparticles have been used as a signal generation element
in SERS ICA. Compared to the traditional gold colloidal ICA,
two to three orders of improvements at the limit of detection
have been reported from these new ICA systems. In addition
to the available numerous affordable handheld Raman spec-
trometers in the market today, SERS ICA is a promising
POCT technique with the advantages of ultra-sensitivity,
time-saving, and qualitative detection and has been applied
in the selectivity and sensitive detection of viral nuclei acid,
cancer markers, bacteria, heavy metal chromium, etc. [24].

Herein, we developed a SERS ICA for the rapid, sensitive,
and quantitative detection of rotavirus in feces for the first
time. To develop this SERS ICA, rotavirus-specific SERS
tags were prepared by immobilizing mouse anti-rotavirus
monoclonal antibody to the double-layer Raman molecule-
labeled Au-core Ag-shell nanoparticle. After ICA procedures,
the color and specific Raman scattering intensity at 1334 cm ™'
of Raman molecule on the test line were observed and mea-
sured for the qualitative and quantitative detection of rotavi-
rus. The analytical results on clinical sample detection were
compared with an established real-time quantitative PCR (RT-
gPCR) and commercial colloidal gold ICA. The proposed
SERS ICA displayed the properties of high sensitivity, selec-
tivity, accuracy, and precision for rotavirus detection.
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Experimental section
Materials

Nitrocellulose (NC) membrane, conjugate pad, sample pad,
absorbent pad, and polyvinyl chloride (PVC) bottom plate
were purchased from Shanghai Jieyi Biotechnology, China.
Tetrachloroauric acid (HAuCly), silver nitrate (AgNOs), sodi-
um citrate, 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), and bovine serum al-
bumin (BSA) were bought from Sigma, USA. Polyvinyl pyr-
rolidone (PVP), sucrose, and Tween-20 were obtained from
Sinopharm Chemical Reagent Co., Ltd., China. Mouse anti-
rotavirus monoclonal antibodies (Ab; and Ab,) were bought
from US-China Xinxin Biotechnology Co., Ltd., China. The
rotavirus reference materials for [CA were purchased from the
China Institute of Food and Drug Control. Colloidal gold ICA
test strips were purchased from Guangzhou Wanfu
Biotechnology Co., Ltd.

Instruments

A Hitachi H-9000 transmission electron microscopy (TEM)
and a Tecnai G2 F20 TEM (FET, USA) were used for the
morphological characterization of NPs. A Genesis
Energy Spectrometer was employed for the element
analysis of the nanoparticles (EDAX, USA). UV-Vis
spectra were acquired by scanning between the wave-
lengths of 190 and approximately 800 nm on a
Shimadzu 2600 spectrometer. Raman spectra were re-
corded on an i-Raman Plus B WS465-785H spectrome-
ter (B&W TeK, USA) coupling with a BX51 optical
microscope (Olympus, Japan). The excitation laser is
785 nm and then focused to a 2-mm-diameter spot via
a x5 objective during Raman signal detection. For
Raman signal detection, the acquisition time was set
as 5 s and the excitation power was set as 5%. The
signal intensities were normalized according to the sili-

con wafer at 520 cm .

Synthesis and characterization of Au/DTNB@Ag/DTNB
nanoparticles

Double-layer DTNB-labeled Au-core Ag-shell nanopar-
ticles (Au/DNTB@Ag/DTNB NPs) were synthesized ac-
cording to a previous report and the detailed procedure
can be found in the supporting information [25]. The
morphologies of Au nanoparticles (Au NPs), Au/
DTNB NPs, and Au/DNTB@Ag/DTNB NPs were ob-
served with TEM. The UV spectra and Raman spectra
were recorded to evaluate their optical characteristics.
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Fabrication of rotavirus-specific SERS tags

A total of 20 mL Au/DTNB@Ag/DTNB NP solution was
centrifuged at 8000 rcf for 15 min. The supernatant was care-
fully removed and the precipitate was resuspended in 1 mL
deionized water. The carboxyl groups of DTNB were activat-
ed by 50 uM EDC and NHS at RT for 15 min on an
oscillometer. Excess EDC and NHS were removed by
centrifuging at 7000 rcf for 7 min and the precipitate was
resuspended in 500 puL borate buffer (BB, 2 mM, pH 8.0).
Mouse anti-rotavirus monoclonal antibody 1 (Anti-RV
mAbl1, 25 ug) was conjugated to Au/DTNB@Ag/DTNB
NPs by shaking at RT for 2 h. The remaining active sites were
blocked with BSA (10%, w/v, 100 uL) for another 1 h. The
mixture was then centrifuged at 7000 rcf for 7 min and the
precipitate was washed with BB (2 mM, pH 8.0) 4 times. The
obtained product, denoted as rotavirus-specific SERS tags,
was finally resuspended with 500 pL preservation solution
and stored at 4 °C for further use. The preservation solution
is Tris—HCI buffer (50 mM, pH 8.0) containing 1% BSA
(w/v), 0.1% PVP (w/v), 10% sucrose (w/v), and 0.5%
Tween-20 (v/v).

Assembling of SERS ICA strips

Mouse anti-rotavirus monoclonal antibody 2 (Anti-RV
mADb2, 0.5 mg/mL) and goat anti-mouse IgG (0.5 mg/mL)
were sprayed on the NC membrane using a Biodot xyz5050
to prepare the test line (T line) and control line (C line), re-
spectively. The membrane was dried at 37 °C for 3 h to allow
the antibodies to firmly fix on the NC membrane. Rotavirus-
specific SERS tags were sprayed on the conjugate pad and
dried at 37 °C for 3 h. The sample pad, prepared conjugate
pad, coated NC membrane, and absorbent pad were then
affixed on a PVC bottom plate in sequence and cut into strips
with 3 mm width. The prepared SERS ICA strips were kept at
dry and dark conditions for further use.

Detection of rotavirus using SERS ICA strips

To detect rotavirus, rotavirus standard samples were diluted
with phosphoric buffer saline (PBS, 10 mM, pH 7.4) supple-
mented with 0.05% Tween-20 (PBST) and 60 uL was
dropped on the sample pad of prepared SERS ICA strips.
The visualization results were observed and imaged after
keeping at RT for 10 min, while the Raman spectra at the T
line area were recorded on a Raman spectrometer in 20 min. A
total of ten points were randomly selected from left to right at
distance of 50 um at the T line area of each strip. The average
Raman intensity at 1334 cm™ ' was calculated for each strip.

The sensitivity of SERS ICA strips

To analyze the sensitivity of the SERS ICA strips, positive
rotavirus standard samples with an original concentration of
4000 ng/mL (purchased from the China Institute of Food and
Drug Control) were series diluted with PBST to final concen-
trations of 40,000 pg/mL, 8000 pg/mL, 4000 pg/mL, 800 pg/
mL, 400 pg/mL, 80 pg/mL, 40 pg/mL, 8 pg/mL, and 4 pg/mL.
The detection limit based on visual observation was deter-
mined as the lowest concentration with observable T lines
using the naked eyes. The limit of detection (LOD) based on
the Raman signal was determined as the concentration corre-
sponding to the average Raman intensity at 1334 cm ' of three
negative samples plus 3 times of its standard deviation
(Raman intensity of LOD = average Raman intensity of neg-
ative samples + 38;,cgaiives Where 8 is the standard deviation of
the Raman intensity of three negative samples). A fitting curve
between the Raman intensity of T line and the concentration
of rotavirus was also plotted using the Origin 8.0 for the quan-
titative detection of rotavirus.

The selectivity of SERS ICA strips

The selectivity of the SERS ICA strips was analyzed using 5
rotavirus-positive standard samples and 9 other pathogen-
positive standard samples obtained from the China Institute
of Food and Drug Control. The rotavirus-positive standard
samples include G2 subtype rotavirus-positive standard (P1),
G3 subtype rotavirus-positive standard (P2), G4 subtype
rotavirus-positive standard (P3), G8 subtype rotavirus-
positive standard (P4), and G9 subtype rotavirus-positive stan-
dard (P5). Other pathogen-positive standard samples include
Coxsackievirus type A16 (N1), enteric adenovirus type 71
(N2), norovirus (N3), adenovirus (N4), Escherichia coli
(NS), Salmonella paratyphoid A (N6), Salmonella paratyphi
B (N7), Salmonella paratyphi C (N8), Yersinia enterocolitica
(N9), and Staphylococcus aureus (N10).

Repeatability analysis of SERS ICA strips

Ten strips randomly selected from the same batches of rotavi-
rus SERS ICA strips and another 8 strips selected from 8
different batches were used to detect the same diluted rotavi-
rus standard samples for the determination of its in-run repeat-
ability and between-run repeatability, respectively. Raman
signal intensity of the main peak at 1334 cm ' was used to
calculate the coefficient of variation according to the formula
of CV = standard deviation (SD)/mean x 100%.

Detection of clinical samples

In order to verify the validity of the SERS ICA strips, 95
clinical feces samples preserved by the Beijing Institute of
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Radiation Medicine were tested by SERS ICA, RT-qPCR,
and colloidal gold ICA. Results obtained from these methods
were compared to determine the validity of the SERS ICA
strips. The primers and probes for the RT-qPCR are shown
in Table 1.

To detect clinical samples, a sterile tube was used to collect
the feces samples. Two grams of the solid stool specimens or
100 pL of liquid sample was homogenized in 1 mL of PBST.
After standing for 10 min at room temperature, 60 pL of the
supernatant was dropped on the sample pad of prepared SERS
ICA strips and results were determined as in the section
“Detection of rotavirus using SERS ICA strips.”

Results and discussion
Principle of SERS ICA

The principle of rotavirus detection based on SERS ICA is
similar to that of a previous work finished in our lab and
shown in Fig. 1 [25]. Firstly, a double-layer Raman molecule
(DTNB)-labeled Au-core Ag-shell NP (Au/DTNB@Ag/
DTNB NP) is synthesized and conjugated with anti-RV
mAbl to prepare rotavirus-specific SERS tags (Fig. 1a). The
SERS ICA strip is composed of sample pad, conjugate pad,
NC membrane, and absorbent pad (Fig. 1b). The prepared
rotavirus-specific SERS tags are sprayed on the conjugate
pad, while the NC membrane is coated with anti-RV mAb2
and goat anti-mouse IgG as T and C lines, respectively. When
a positive sample is dropped on the sample pad, the solution
flows through the conjugate pad and NC membrane under the
capillary action. The SERS tags on the conjugate pad specif-
ically recognize rotavirus in the sample and form rotavirus-
SERS tag complexes. The complexes are captured by anti-RV
mAb2 coated on the NC membrane to form the antibody-
rotavirus-SERS tag complexes when they pass through the T
line. As the complexes accumulate, a red line is visualized at
the T line area, which also give out Raman signals when they
are detected by a Raman spectrometer. The remaining
rotavirus-SERS tag complexes and free SERS tags are cap-
tured by the goat anti-mouse IgG when they pass through the
C line area to present another visualized red line with Raman

signals. When there is no rotavirus in the sample, the SERS
tags directly pass through the T line and are captured by the
antibody coated on the C line area, showing only one red line.
The SERS signal of the T line is used to calculate the concen-
tration of rotavirus based on the standard curve to realize
quantitative detection of rotavirus.

Preparation and characterization of SERS tags

In this study, double-layer Raman molecule-labeled Au-core
Ag-shell NPs (Au/DTNB@Ag/DTNB NPs) were prepared as
the SERS NPs. From Fig. 2, the colloidal Au NPs obtained by
citrate reduction method exhibit a sphere shape with a diam-
eter of ~25 nm, and their size increased to ~40 nm after
covering with the Ag shell. From the HR-TEM (inset in Fig.
2b), the thickness of the Ag shell is around 5 nm. The EDS
results show that, except common elements of C, N, and O,
only Au element is present on the Au NP samples (Fig. 2c).
After the coating of the Ag layer, both Ag and Au are detected
from the sample of AWDTNB@Ag/DTNB NPs (Fig. 2d). The
S element detected from the Au/DTNB@Ag/DTNB sample
might be contributed by the double-layer DTNB molecules
which have double —SH groups in their molecular structure.

The color of the colloidal Au NP changed from red violet to
orange, indicating the formation of Ag shell on the surface of
Au NPs (Fig. 3a). From Fig. 3b, Au NPs, Au/DTNB NPs, Au/
DTNB@Ag NPs, and Au/DTNB@Ag/DTNB NPs showed
similar shapes in their UV spectra, but the coating of Au core
with Ag shell induced a blue shift of 18 nm on the main
absorption peaks at ~ 525 nm. In addition, the peak width of
NPs with Ag shell covering is narrower than that of Au NP
and Au/DTNB NP, suggesting that the synthesis of Ag shell
on the Au NP makes the NPs more uniform. Characteristic
signals were obtained from the DTNB molecules on the sur-
face of Au NP. From Fig. 3c, no characteristic Raman peaks
were observed from the Raman spectrum of Au NP before
coating with DTNB, while 8 characteristic Raman peaks be-
longing to the Raman molecule of DTNB were clearly ob-
served. SERS signal was further enhanced by covering the
Au core with a layer of Ag shell and loading with double
layers of DTNB molecules.

Table 1 Primer and probe

sequence for RT-qPCR Primer/probe

Sequence

F1
R1

5-GGCTTTAAAAGCGAGAATTTCCG-3'
5-AGAATTGTGGTATATTCAATACCATACAT-3'
FAM-AAAGGAGCTAACCGTAGCCAGACGG-BHQ!I
5-ACCATCTWCACRTRCCCTC-3'
5-GGTCACATAACGCCCCTATA-3'
FAM-ATGAGACAATAGT/iBHQIdT/AAAAGCTAACACTGTCAA-P

@ Springer
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Fig. 1 Schematic of SERS ICA based on double-layer Raman molecule-labeled Au-core Ag-shell (Au/DTNB@ Ag/DTNB) nanoparticles. a Schematic
of the preparation of AuwDTNB@Ag/DTNB SERS tags. b Schematic of SERS ICA strip for rotavirus detection

To increase the sensitivity of the SERS ICA, it will be
desirable to use NPs with strong Raman signals to label the
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SERS-enhanced capability of Ag is much stronger, and
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Fig. 2 Surface and element characterization of SERS NPs. a TEM images of Au NPs. b TEM images of Au/DTNB NPs and AwDTNB@Ag/DTNB
NPs, inset is the high-resolution TEM images of Au/DTNB@ Ag/DTNB NPs. ¢, d EDS result of Au NPs and AwDTNB@Ag/DTNB NPs
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Fig.3 Optical characterization of SERS NPs. a Photos of Au NP solution
and Au/DTNB@Ag/DTNB NPs. b The UV spectra of Au NPs, Au/
DTNB NPs, AuDTNB@Ag NPs, and AwDTNB@Ag/DTNB NPs. ¢

10~100 times stronger SERS-enhanced performance has been
reported from Ag NPs compared with that from Au NPs [26].
However, it is difficult to prepare Ag NPs with high biocom-
patibility, narrow size distribution, and good stability.
Favoring the advantages of easy preparation, homogeneity,
and biocompatibility with biomolecules, Au NPs were used
as the core for the synthesis of SERS substrate in this study. In
this study, the synthesis of Ag shell on the Au core signifi-
cantly enhances the Raman signals, especially the main peak
at 1334 cm ™', The coating of the second layer DTNB mole-
cules on the surface of the Ag shell further increased the
Raman signal, and the Raman intensity of the main peak is
almost 10 times higher than that of Au/DTNB NP. It has been
reported that the coupling effect of the two surfaces on Au
core and Ag shell contributes to the strong SERS signals of the
Raman molecules standing in the interior gap between Au
core and Ag shell [27]. In this study, the second layer of
DTNB molecules provides a larger number of Raman mole-
cules on each NP, which further enhances the SERS signal

SERS spectra of Au NPs, Au/DTNB NPs, AuDTNB@Ag NPs, and
Auw/DTNB@Ag/DTNB NPs

under the same target concentration. In sum, there might be
three reasons accounting for the strong Raman signals ob-
served on Au/DTNB@Ag/DTNB, including the SERS-
enhanced effect of both Au and Ag NP, a large amount of
DTNB molecules, and the hot-spot effect in the narrow gap
between the Au core and Ag shell.

Sensitivity of SERS ICA strips

Series diluted rotavirus-positive standard samples were detect-
ed to evaluate the sensitivity of the rotavirus SERS ICA strips.
From Fig. 4a, the color of T line became lighter as the decrease
of rotavirus concentration, and the lowest detectable concen-
tration is 80 pg/mL based on naked eye observation. The
Raman signal intensity increased as the rotavirus concentra-
tion increases, especially the peak at 1334 cm ' which is still
visible when the concentration of rotavirus is as low as 8 pg/
mL (Fig. 4b). Based on the Raman intensity, the minimum
detection limit of the SERS ICA strip is 8 pg/mL which is 10
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Fig. 4 Detection of series diluted rotavirus-positive standard samples
using the SERS ICA strips. a Images of SERS ICA strips loaded with
series diluted rotavirus standard samples. b SERS spectra of the T line
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Fig. 5 Determination of the selectivity of rotavirus SERS ICA strips. a
Images of SERS ICA strips detecting 5 samples positive in different
subtypes of rotavirus and 10 samples negative in rotavirus but positive
in Coxsackievirus type A16 (N1), enteric adenovirus type 71 (N2),
norovirus (N3), adenovirus (N4), Escherichia coli (N5), Salmonella

times lower than that based on naked eye observation. A good
linear relationship between the SERS signal at 1334 cm ™' and
the concentration of rotavirus was obtained with a linear equa-
tion of y=428.02 + 73, 075.24/[1 + (x/121.24)° 7] (R* =
0.99), based on which the quantatative detection of rotavirus
can be realized (Fig. 4c).

Selectivity of SERS ICA strips

Five different subtypes of rotavirus standard samples and 10
other kinds of pathogen standards were detected by the SERS

r v r T {
800 1000 1200 1400 1600 1800
Raman shift (cm™')

- postive group
- negative group

P3 P4 PS5 NI N2 N3 N4 N5 N6 N7 N8 N9 NI0

paratyphoid A (N6), Salmonella paratyphi B (N7), Salmonella
paratyphi C (N8), Yersinia enterocolitica (N9), and Staphylococcus
aureus (N10). b SERS intensity at 1334 cm ' of the T line region of
the corresponding SERS ICA strips (1 = 6)

ICA strips to determine its selectivity. Figure 5a shows that
obvious T line was observed from the SERS ICA strips load-
ing with G2 subtype rotavirus-positive standard (P1), G3 sub-
type rotavirus-positive standard (P2), G4 subtype rotavirus-
positive standard (P3), G8 subtype rotavirus-positive standard
(P4), and G9 subtype rotavirus-positive standard (P5). Strong
SERS signal (>40,000 a.u.) was recorded from the T line
region of these SERS ICA strips. However, when
Coxsackievirus type A16 (N1), enteric adenovirus type 71
(N2), norovirus (N3), adenovirus (N4), Escherichia coli
(NS), Salmonella paratyphoid A (N6), Salmonella paratyphi

/“
w k
'

T T T T 1
800 1000 1200 1400 1600 1800
)

Raman shift (cm”

Fig. 6 Raman spectra for the repeatability test using SERS ICA strips. a Intra-assay repeatability test using 10 different test strips in the same batch of
SERS ICA strips. b Inter-assay repeatability test using 8 test strips randomly selected from 8 different batches of SERS ICA strips
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Fig. 7 Determination of the validity of the SERS ICA strips using 95 clinical samples. a Images of SERS ICA strips detecting rotavirus-positive and
rotavirus-negative clinical samples. b SERS intensity at 1334 cm ' of the T region of the corresponding SERS ICA strips

B (N7), Salmonella paratyphi C (N8), Yersinia enterocolitica
(N9), and Staphylococcus aureus (N10) positive but rotavirus
negative samples were detected by the SERS ICA strips, only
C line was observed from the strips and almost no SERS
signals were recorded from the T line region, indicating that
the SERS strip is highly specific to rotavirus.

Repeatability of SERS ICA strips

Figure 6a is the SERS spectrum of the T line region of 10
different test strips in the same batch detecting rotavirus stan-
dard samples with the same concentration. A good uniformity
on the Raman spectra was observed from the T line region of
these 10 strips and the relative standard deviation calculated
from the SERS intensity of the main peak at 1334 cm ™ is less
than 9%, exhibiting good reproducibility within the batch.
Similar SERS spectra were also obtained from the T line re-
gion of 8 different batches of SERS ICA strips when detecting
rotavirus standard samples with the same concentration
(Fig. 6b). The relative standard deviation of the signal inten-
sity of the main peak record from the T line region of these
strips is 9.5%, exhibiting high repeatability between batches.

Table 2 Comparison of SERS ICA detection results from clinical
samples with those of RT-qPCR and colloidal gold ICA
SERS ICA RT-qPCR Colloidal gold ICA

+ - Sum + - Sum
+ 85 0 85 85 0 85
- 0 10 10 0 10 10
Sum 85 10 95 85 10 95

@ Springer

Clinical sample detection

The presence of rotavirus in 95 clinical samples was detected
by SERS ICA assay, RT-qPCR, and colloidal gold ICA to
determine the validity of the established technique. From
Fig. 7a, obvious red T line and C line were observed from
all SERS ICA strips loading with rotavirus-positive samples,
while only red C line was observed from those loading with
rotavirus-negative samples. The SERS signal at 1334 cm ' of
the T region of strips detecting rotavirus-positive samples is
higher than 50,000 a.u., while the SERS signal is lower than
the detection limit when negative sample was detected (Fig.
7b). Based on the SERS signal intensity of the main peak, a
coincidence rate of 100% between SERS ICA assay and RT-
gPCR as well as colloidal gold ICA was obtained (Table 2).

Comparison with other assays for diarrhea virus
detection

A variety of methods have been developed for the detection of
rotavirus, and their performance is shown in Table 3. The
reported LOD for Au ICA and ELISA is 1 x 10° TCIDsq/
0.1 mL and 1 x 10 TCIDso/mL, respectively [28, 29]. Due
to the difference in the unit used, it is not suitable to compare
them with developed SERS ICA. The weight of a rotavirus is
approximately 10 fg; thus, the LOD for the SERS ICA can be
approximated as 800 cfu/mL, which is much lower than that
of LSPR, SERS, and PCBT [30-34]. In addition, the time
consumed for the SERS ICA is much less than that of the
other methods, except Au ICA.

However, it should be mentioned that the fabrication pro-
cess and the detection procedure of the proposed method are
complicated, which might limit their applications in high-
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Table 3 Comparison of detection

performance with other methods Strategy Samples LOD Time consumed Reference
AuICA Fecal samples 1 x 10* TCIDs/0.1 mL 10 min [28]
ELISA Fecal samples 1 x 10** TCIDso/mL 4h [29]
LSPR Culture virus 1 x 10°> PFU/mL 14 h [30]
SERS Culture virus 1 x 10* PFU/mL 30 min [31]
PCBT Culture virus 0.18 x 10* PFU/mL 20 h [32]
RT-PCR Fecal samples 1x10* copies/mL 2h [33]
PCR Culture virus 1.95x 107* pg/uL RNA 2h [34]
SERS ICA Fecal samples 8 pg/mL 30 min This work

throughput examination. Besides, the stability of the SERS tag
is lower than the conventional Au colloidal solutions. In the
future, the stability of SERS tags can be increased by using
more uniform Au cores prepared by other methods.

Conclusions

In conclusion, a SERS ICA-based double-layer Raman
molecule-labeled Au-core Ag-shell NP was successfully de-
veloped for the rapid, sensitive, and quantitative detection of
rotavirus in the feces. The enhanced Raman signals obtained
from the plasmonic effect of Au and Ag, double-layer Raman
molecules, and the hot-spot effect between the Au core and
Ag shell enable the ultra-sensitive and quantitative detection
in less than 30 min. Favoring the rapid development and easy
availability of handheld Raman spectrometers, the SERS ICA
can be applied to the direct measurement of rotavirus in feces
samples without complicated pretreatments.
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