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Establishment of a Raman microsphere-based
immunochromatographic method for the
combined detection of influenza A and B viruses
and SARS-CoV-2 antigen on a single T-line¥
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A simple and rapid method based on Raman microsphere immunochromatography was developed in this
study for the simultaneous detection of influenza A and B viruses and SARS-CoV-2 on a single test T-line.
Three types of Raman microspheres with different Raman characteristics were used as the signal sources
and were labelled with monoclonal antibodies against FluA, FluB and SARS-CoV-2, respectively. A
mixture of antibodies containing anti-FlUA monoclonal antibody, anti-FluB monoclonal antibody and
anti-SARS-CoV-2 was sprayed on the detection line (T), and goat polyclonal antibody to chicken (IgY)
encapsulated on the quality control line (C), for qualitative detection of these three viruses by the double
antibody sandwich method. The results demonstrated that the LOD values were 0.5 ng mL™* for FIUA,
0.25 ng mL™ for FluB, and 0.5 ng mL™ for SARS-CoV-2. The method showed good repeatability for the
respiratory viral antigens, with CV values below 15%. Oxymetazoline and commonly used oral
medications did not interfere with the test results; the strips did not cross-react with common
respiratory virus antigens, demonstrating good specificity. This method does not require any
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which improves the detection efficiency. The Respiratory Pathogen Multiplex provides a scientific basis
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1. Introduction

With the gradual metamorphosis of Severe Acute Respiratory
Syndrome Coronavirus-2 (SARS-CoV-2) from a pandemic strain
to a common epidemic virus, common seasonal respiratory
viruses that have been in hiding for the last three years are re-
emerging as large-scale epidemics, raising concerns among
the public and public health authorities worldwide and gaining
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epidemiological trends and the spread of pathogens.

increased attention of policymakers.! Common seasonal respi-
ratory viruses mainly include influenza viruses, Respiratory
Syncytial Virus (RSV), Adenoviruses (ADV) and the common
coronavirus. Among them, influenza viruses are classified on
the basis of their nucleoprotein (NP) and membrane protein
(MP) into four types, namely A, B, C and D.” Influenza A viruses
can be transmitted from host to host, mainly through genetic
recombination, adaptive mutation, and antigenic variations.
The lack of sustained human immunity to influenza A viruses
has resulted in several pandemics worldwide as this subtype
poses the greatest threat to humans. Influenza B viruses tend to
spread in small environments,® and unlike influenza A viruses,
they affect only certain populations, such as children, but are
often associated with complications and can be even more
harmful to society than influenza A viruses.* Coronaviruses can
adapt to new hosts across species barriers® and can be trans-
mitted from animals to humans,® causing a range of predomi-
nantly respiratory viral diseases in humans; the symptoms can
range from mild fever to severe dyspnea and progress to
pneumonia and death. Studies have reported that in some
respiratory infections, SARS-CoV-2 is mixed with other respira-
tory viruses (e.g. influenza A, influenza B and RSV, etc.), which

© 2024 The Author(s). Published by the Royal Society of Chemistry
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prolongs the duration of the infection” and further worsens the
patient’'s health condition, leading to a mental and financial
burden. Rapid and accurate identification of respiratory viruses
not only aids in the precise clinical use of drugs and timely
intervention but also provides a solid basis for epidemiological
investigation and devising prevention and control measures as
respiratory viruses share similar clinical symptoms and trans-
mission and cross-infection routes.

Methods currently available for the diagnosis of respiratory
viruses include virus isolation and culture methods, serological
diagnosis, molecular diagnosis and modern immunological
diagnosis.*** Traditional virus isolation is the gold diagnostic
standard for respiratory viruses,'” while nucleic acid testing and
Enzyme-Linked Immunosorbent Assay (ELISA) are the most
widely used techniques for detecting viral antigens and anti-
bodies. These diagnostic methods have absolute advantages in
accuracy and authority but are relatively complicated and time-
consuming.”™ Nucleic acid testing requires advanced instru-
mentation and trained personnel and incurs a high cost but
does not meet the demand for immediate detection.’* ELISA
experiments involve repeated plate-washing operations, and the
steps are laborious.” The majority of currently employed diag-
nostic techniques are unable to satisfy the increasing demand
for rapid and large-scale field testing of respiratory viruses.

Lateral flow immunoassay (LFIA) test strips have gained
considerable traction as a popular point-of-care testing (POCT)
tool largely due to their simplicity, cost-effectiveness, and short
detection time.'* Conventional LFIA utilizes colloidal gold as
the labeling agent and is based on color visualization. However,
this method is prone to subjectivity as the results are observed
through the naked eye, and it presents relatively limited sensi-
tivity and hence is restricted to qualitative or semi-quantitative
detection.' In recent years, surface-enhanced Raman scattering
(SERS) as an optical detection technology has garnered
increased interest due to the numerous advantages it offers,
including narrow spectral peaks, low optical drift, strong mul-
tiplexing ability, high sensitivity, simple operation, fingerprint
spectra and the ability to identify a vast number of substances in
a single analysis. SERS has found widespread use in protein,
bacterial, pathogen and small molecule analyses.'®*® SERS is
capable of providing accurate fingerprints even for complex
samples at very low concentrations. Some authors have
combined SERS with the flow measurement immunoassay
(LFIA) technique. In this approach, functional SERS-encoded
nanoparticles (SERS tags) are used as signal reporters instead
of colloidal gold, thereby combining high sensitivity and
quantitative analysis to significantly enhance the detection
limits of immunochromatography.”® Notably, the detection
capability of SERS-based LFIA is contingent on the efficacy of
SERS labelling. A number of studies have demonstrated that
SERS signals are largely derived from molecules situated in
small ‘hot spots’. These hot spots can be defined as localized
areas where the electric field is significantly enhanced. The
interaction of a laser beam with the nanoscale noble-metal
structures generates hotspot excitation, which amplifies the
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Raman signal of the substance undergoing detection.” A
number of high-performance SERS substrates have been iden-
tified by researchers, including gold nanorods (Au NRs), hollow
gold nanospheres, and Au@Ag NPs.>>** These substrates enable
single-molecule detection through SERS technology. Jia et al
used Au@Ag core-shell nanoparticles modified with a bilayer of
Raman reporter molecules as SERS substrates for the quanti-
tative detection of Mycoplasma pneumoniae antibodies with
a detection limit of 0.1 ng mL ".>* Russo et al. used gold and
silver nano shells as substrates for Raman signal enhancement
in the detection of mycovirus protein A and reported a detection
limit of 51.8 ng mL*.%°

Recent studies have demonstrated the successful application
of SERS-LFA technology to sensitive and quantitative analysis of
a diverse range of targets, including viral, inflammatory, and
cardiac biomarkers.>**®* The conjugation of Maria's serially
encoded gold nanostars with two disease-specific antibodies
could reduce the limit of detection in immunoassays by 15-fold
for Zika NS1 and by 7-fold for dengue NS1 for a single line of
detection on test strips.”® Zhang et al. developed a new lateral
flow analysis (LFA) based on Raman dyes (RDs) encoding core-
shell surface-enhanced Raman scattering (SERS) nanolabels,
which could rapidly quantify three cardiac biomarkers on
a single test (T) line, proving valuable in the early diagnosis of
acute myocardial infarction (AMI).** The multiplexing capability
of a color-coded assay was demonstrated by Di et al. based on
the concurrent detection of aflatoxin B1 (AFB1) and fumonisins
type B (FBs) in wheat and wheat-derived food products on
a single line of detection utilizing red and blue gold nano-
particles conjugated with antibodies directed towards the two
distinct analytes.** Mao et al. devised a novel CHA-based SERS-
LFA apparatus, which enabled the simultaneous detection of
miR-21 and miR-196a-5p on a single line, thereby greatly
improving the detection efficiency and facilitating the quanti-
tative detection of both miRNAs.**

The technologies used to achieve SERS-LFIA multiplexing
have become more sophisticated over time. However, there is
no published work on the possibility of detecting three respi-
ratory pathogens simultaneously on a single test line. Accord-
ingly, the objective of this study was to simultaneously detect
three respiratory viruses—influenza A, influenza B, and SARS-
CoV-2—on a single T-line by SERS-LFA to reduce reagent
consumption and cost, shorten the preparation time, and
reduce manual operation. The complexity of the assay and the
cost of custom Raman instruments can be significantly reduced
with a single T-line. Additionally, the multiplicity of a single T-
line can be enhanced by utilizing multiple color-coded SERS
nanotags. The qualitative test was selected for subsequent ease
of use in the clinic. Using the triple test reagent card, only the
cutoff value (Yblank + 3SD, Y is the Raman signal value) of each
batch of the product can be measured, and a result higher than
the cutoff value is considered positive, while a result lower than
the cutoff value is considered negative. This allows the direct
determination of whether a patient is sick or not. Therefore, this
study provides guidance for clinicians to identify patients for
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treatment and avoid blind drug use and mixed infections,
offering a reference for clinical diagnosis.

2. Experimental methods

2.1. Instrumentation and materials

The CT14RD tabletop high-speed freezing centrifuge was ob-
tained from Shanghai Tianmei Biochemical Instrument and
Equipment Engineering Co., Ltd. The BSM-220.4 electronic
balance was obtained from Shanghai Zhuojing Electronic Tech-
nology Co., Ltd. The T-DOA desktop dotting and spraying
machine was obtained from Hangzhou Han Sense Technology
Co., Ltd. UV-vis adsorption spectra were collected on a spec-
trometer (L6S, Shanghai Yidian Scientific Instrument Co., Ltd).
Transmission electron microscopy (TEM) images of the SERS
nanotags were captured by TEM (JEOL JEM-F200, Japan). The
diameter and zeta potential values of the nanoparticles were
measured on a ZetaSizer Nano ZS90 (Malvern, UK). The Raman
spectra of the SERS nanorods and the detection T-line were ob-
tained on a portable Raman spectrometer (Shanghai Lidong
Optoelectronic Technology Co., Ltd). For spectral processing,
Flavor software, version 1.3.7-R20210805 which accompanies the
BLADE-785B-OEM handheld Raman spectrometer was used. The
software allows the direct deduction of background baseline and
fluorescence signals from the acquired SERS signals and presents
them in real time. The algorithm and logic of this process are
provided in the ESI (S1).t The excitation wavelength of the laser
was 785 nanometres (nm), with a spot diameter of 100 micro-
metres (um). The laser power was 100 milliwatts (mW) for each
measurement, with an acquisition time of 250 milliseconds (ms).

Disodium hydrogen phosphate, sodium dihydrogen phos-
phate, sodium chloride, aminomethane (Tris), Tween 20, Triton
X-100, and sodium chloride (Analytically Pure) were purchased
from Sinopharm Chemical Reagent Co., Ltd. PVC base plates
and sample pads were purchased from Shanghai Gold Standard
Biotechnology Co., Ltd. The Fusion 5 sample pads were
purchased from Whatman. The water absorbent pads were
purchased from Shanghai Jining Biotechnology Co., Ltd. Bovine
serum albumin (BSA) was purchased from Genview. Proclin 300
was purchased from Merck Sigma. Casein was purchased from
Tokyo Kasei Kogyo Co., Ltd. The influenza A virus antibody
(including the tracer antibody 006 and the capture antibody
009) and the influenza B virus capture antibody 012 were
purchased from Fipon Biological Co., Ltd. The influenza A virus
antigen was purchased from Suzhou Nearshore Protein Tech-
nology Co., Ltd. Sheep anti-chicken antibody was purchased
from Chongqing Tansheng Technology Co., Ltd. The influenza
B virus antigen and respiratory syncytial antigen were
purchased from Shenzhen Heavy Chain Biotechnology Co., Ltd.
The SARS-CoV-2 antigen was purchased from Xiamen Wanbo
Bio-Technology Co., Ltd. The SARS-CoV-2 antibodies (including
tracer antibody 415-1 and capture antibody 415-2) were
purchased from Guangzhou Wanfu Bio-technology Co., Ltd.
The adenovirus antigen was purchased from Sea Peptide
Biotechnology (Shanghai) Co., Ltd. The Mycoplasma pneumoniae
antigen was purchased from Shenzhen Heavy Chain Biotech-
nology Co., Ltd. The Parainfluenza Virus Antibody was
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purchased from Suzhou East Antibody Co., Ltd. R-Sphere®®, R-
Sphere®"® and R-Sphere®”® were obtained from Shanghai Simp
Diagnostic Biotechnology Co., Ltd. The experimental water was
ultra-pure water obtained from a CJ-A06 system (18.2 MQ cm ™).

2.2. Synthesis of antibody-conjugated SERS nanotags

To prepare antibody-functionalized SERS nanolabels, FluA
monoclonal antibody 006, FluB monoclonal antibody 9C3 and
SARS-CoV-2 monoclonal antibody 154 were electrostatically
adsorbed onto the surface of R-Sphere®'?, R-Sphere®®® and R-
Sphere?®, respectively, to form antibody-coupled SERS nano-
labels. Briefly, to 1 mL each of the prepared R-Sphere®®®, R-
Sphere®"® and R-Sphere®*® solutions, 7.5 ug of influenza B virus
9C3 tracer antibody, influenza A virus 006 tracer antibody and
SARS-CoV-2 415-1 tracer antibody were added, respectively; the
samples were mixed well to react for 15 min, and then 10 pL of
10% BSA was added to close the active end of the unreacted
antibodies. After final mixing and reaction for 10 min, the
samples were centrifuged (4 °C, 8000 rpm) for 10 min, and the
supernatant was discarded. To each of the samples, 100 pL of
ultra-pure water was added to redissolve the precipitate to
obtain the R-Sphere’*®-mAb™"®, R-Sphere’’*-mAb™* and R-
Sphere®?®-mAbSA*S “°V2 golutions, which were evenly spread on
a 2.5 x 5 cm binding pad and dried for 2 h.

2.3. Preparation of a series of standard antigenic solutions

The PBS solution with 19, Triton was used as the lysate to
prepare specific concentrations of influenza A and B viruses and
SARS-CoV-2 antigens. A series of standard solutions were
prepared by mixing them to achieve respective concentrations
(Table 1).

2.4. Preparation of test strips

Test strips were prepared as described in the literature.*® The
NC membrane (length: 25 mm) was attached to the middle of
the PVC backing (length: 80 mm), and a 1: 1 equimolar mixture
of 0.8 mg mL ™" sheep anti-chicken antibody IgY and three
capture antibodies (0.4 mg per mL FluA 009 capture antibody,
0.4 mg per mL FluB 012 capture antibody and 0.4 mg per mL
SARS-CoV-2 172 capture antibody) was applied to the NC
membrane at a rate of 0.8 uL cm™*, followed by a two-hour
drying period. Two lines were then produced, with one desig-
nated as the control (C) line and the other as the T line. The two
lines were separated by a distance of 5 mm. The sample pad
(length: 17 mm), coupling pad (length: 4 mm) and absorbent
pad (length: 18 mm) were attached to both ends of the NC film
in sequence, with each pad overlapping the preceding one by

Table 1 Standard solutions of influenza A and B viruses and SARS-
CoV-2 antigens

Sample number 12 3 4 5 6 7 8

FluA (ng mL™Y) 0 0.25 0.50 2.00 5.00 10.00 25.00 50.00
FluB (ng mL™) 0 0.25 0.50 2.00 5.00 10.00 25.00 50.00
SARS-CoV-2 (ng mL™") 0 0.25 0.50 2.00 5.00 10.00 25.00 50.00

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic overview of the assay for the simultaneous detection of influenza viruses A and B and SARS-CoV-2.

1.0 mm. Subsequently, using a strip cutter, the pads were cut to
a width of 3.4 mm and sealed with a desiccant for storage.

3. Results and discussion

3.1. Principle of the immunoassay

Fig. 1 illustrates the basic principles of Raman microsphere-
based immunochromatography for the simultaneous identifi-
cation of influenza A, B virus and SARS-CoV-2 antigens. A
mixture of the capture antibodies and the structural proteins of
the three pathogens, namely influenza A and B viruses and
SARS-CoV-2, is immobilized on the T-line of a nitrocellulose
membrane, and the tracer antibodies against the structural
proteins of the three pathogens are loaded on the surfaces of the
Raman microspheres with their respective characteristic
spectra, namely R-Sphere”®, R-Sphere®®® and R-Sphere®®,
which are mixed and dried on the binding pads. The antigen
solution is added dropwise to the sample pad. The sample is
chromatographed forward, and the antibodies on the Raman
microspheres are re-dissolved. If the sample is positive for one
or more viruses in this pathogen group, a specific antigen—
antibody reaction takes place at the T-line during chromatog-
raphy, resulting in the formation of a three-sandwich complex
containing the pathogen, which appears grey-black with
a certain intensity. The other Raman microsphere antibodies
follow the antigen solution and move towards the absorbent
pad and are captured by the C-line. If the sample is negative for
this group of pathogens, the T-line will not reveal a specific
antigen-antibody reaction and will not be stained and will be

© 2024 The Author(s). Published by the Royal Society of Chemistry

captured by the C-line as the antigen solution will move towards
the absorbent pad. To ensure the validity of the reagent strip,
the C-line will show color regardless of whether the result is
positive or not. The test strips can be detected for Raman
signals at the T-line with a handheld Raman spectrometer, and
the spectrograms are analyzed to determine the presence or
absence of each pathogen based on the intensity and shifts of

the Raman signals at 1618, 2071 and 720 cm ™.

3.2. Nanomaterial characterization

This study involved a typical SERS-based LFIA; silver-shelled
nano microspheres with a plasma gold core and molecularly
labelled with the Raman reporter (SERS tags) that could be
coupled to antibodies and bind to specific target proteins were
employed on the T-line. The TEM images (Fig. 2A-C) demon-
strated that the R-Sphere®™®, R-Sphere®®® and R-Sphere®*®
particles exhibited a spherical morphology with uniform
particle size and monodisperse distribution. The dark central
region observed in the images represents the gold nanocore,
while the outer layer is the light silver shell, which demonstrates
the successful synthesis of the nano microspheres. To ascertain
the configuration of the synthesized nano microspheres, we
conducted an elemental mapping analysis of the individual
core-shell nano microspheres. The distributions of Au and Ag
are indicated in red and green (Fig. 2II and III), respectively, and
the energy spectroscopy (EDS) analysis substantiated the
simultaneous presence of Au and Ag in the R-Spheres (Fig. 21V),
indicating that the weight proportions of Au and Ag were

RSC Adv, 2024, 14, 37498-37511 | 37501
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Fig.2 TEM of (A) R-Sphere®®®, (B) R-Sphere®®® and (C) R-Sphere®25; (I-1V) elemental mapping images of the R-Spheres; (a—c) size distribution;
(D) UV-vis images of Au@Ag NPs, R-Sphere®®3, R-Sphere®® and R-Sphere®2®; (E) UV-vis plots of antibody-coupled nanomicrospheres; (F) zeta
potentials of the as-obtained samples during different stages; (G) SERS spectra of the nanomicrospheres and antibody-coupled nanomicro-
spheres under the same test conditions; (H) relationship between the Raman intensity of nanomicrospheres coupled with antibodies at
1618 cm™%, 2071 cm™! and 720 cm™! with and storage time. Error bars indicate the standard deviations measured from three separate

experiments.
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16.79% and 83.21%, respectively. Moreover, the diameter of R-
Sphere®"® obtained by nanoparticle size analysis was about
24.51 4 5.23 nm, while that of R-Sphere®®® was approximately
21.28 + 5.23 nm, and that of R-Sphere®*® was approximately
18.16 + 3.86 nm (Fig. 2a—c).

The UV-visible absorption spectra of the Au NPs, R-
Sphere013, R-Sphere006 and R-Sphere026 in the wavelength
range of 350-750 nm are presented in Fig. 2D. The maximum
absorption peak of Au was at 520 nm. The maximum absorption
peaks of R-Sphere”’®, R-Sphere®® and R-Sphere®*® marked in
black, blue and green were observed at the wavelengths of
450 nm, 430 nm and 410 nm, respectively. These corresponded
with the characteristic absorption peak of Ag when Ag was
encapsulated on the surface of the Au NPs, thus indicating the
successful synthesis of the Au@Ag core-shell structure. The UV-
visible absorption spectra of the SERS nanotags coupled with
the respective antibodies exhibited no change in wavelength,
indicating that the labelled antibodies did not affect the Raman
microspheres (Fig. 2E). Furthermore, the successful coupling of
the antibodies with the SERS nanotags was also indicated by the
zeta potential (Fig. 2F). The values were —14.7 £+ 5.5 for R-

A
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Sphere®*?, —25.2 + 6.2 for R-Sphere® and —11.1 + 5.3 for R-
Sphere?®. Notably, the zeta potential values changed to —4.1 +
3.2 for R-Sphere’@mAb™* —16.1 + 5.6 for R-Spher-
e*°@mAb™E, —0.8 + 6.9 for R-Sphere®?°*@mAb3ARSCoV2 which
are higher than those of the unmodified microspheres, indi-
cating electrostatic adsorption of the antibodies on the nano-
microspheres. This change in zeta potential proved that the
antibody had been successfully modified these
nanomicrospheres.

The Raman signal intensity was elevated as a consequence of
the intensified electric field in the gap resulting from the exci-
tation of the gold nuclei by light interaction.** The Raman shifts
observed for R-Sphere®®®, R-Sphere®"® and R-Sphere®®® were at
720 cm™ ', 1618 cm™" and 2071 cm ™', respectively. Fig. 3G
illustrates that the Raman peaks of R-Sphere®*®, R-Sphere®’®
and R-Sphere®*® did not interfere with each other. Despite the
reduction in the Raman signal, the shifts remained unaltered
after antibody coupling. This indicates that the antibody
modification exerted a negligible effect on the Raman intensi-
ties of the SERS nanotags. This finding establishes the feasi-
bility of simultaneous detection of the three viral antigens. In

on
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Fig. 3 Optimization of the sample pad treatment solution: (A) photo of the test strips; (B) SERS signals at 720, 1618 and 2071 cm™* of the

corresponding T-lines; (C) signal-to-noise ratio.
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addition, the Raman microspheres were stored at 4 °C after
antibody coupling, and their Raman intensities decreased to
some extent with the extension of storage time. After 60 days of
storage, their Raman intensities were over 70% of the Raman
intensities of the freshly prepared antibody-coupled nano-
microspheres (Fig. 3H), indicating that the SERS nanomicro-
spheres have good stability after antibody coupling.

3.3. Optimization of the combined influenza A, B virus and
SARS-CoV-2 detection system

3.3.1. Screening of the sample pad treatment solution. In
this study, the sample pad treatment solution was optimized
and four treatment solutions were selected, including ®: 0.1%
Casein + 0.6% Tris + 0.5% Tween; @: 0.1% Casein + 0.6% Tris +
1% BSA; ®: 0.1% Casein + 0.6% Tris + 0.5% Tween + 1% BSA +
0.1% Proclin 300 and ®: Fusion 5 (a single material glass fiber)
treated with S17, sucrose and NaCl. After transferring the ana-
lytes from the immunoassay into the sample pad, the darkest
and most uniformly colored bands with the widest T-line widths
were selected as the SERS-LFA bands. Fig. 3A depicts the images
of test strips chromatographed with negative and 50 ng mL™*
mixed sample solutions of FluA, FluB and SARS-CoV-2. The T-
line colors were visible, and the negative strips at numbers @,
®, ® and @ did not show a T-line. Furthermore, the color of
the positive T-lines became deeper when 1% BSA was included
in the treatment solution. The color of both control line C and
test line T was significantly deeper when both 0.5% Tween and
1% BSA were present. Treatment solution @ was incompletely
released from the sample pad during chromatography, result-
ing in weaker C and T line colors than those of the first three
groups. Fig. 3B illustrates the SERS signal intensities at 720,
1618 and 2071 cm™ ' on the T-line for each test strip depicted in
Fig. 3A. The positive SERS signal intensities correlate with the
color of the bands on the T-line of the test strips. By analyzing
the SNR values detected for the different treatment solutions, it
was determined that the optimal detection effect was achieved
when the treatment solution contained both 0.5% Tween and
1% BSA (Fig. 3C). Consequently, the sample pad treatment
solution no. ® was selected for subsequent experiments.

3.3.2. Determination of optimal capture antibody concen-
trations. Next, the concentration of the capturing antibodies on
the T-line was optimized, and the Raman signal increased with
the concentration of capturing antibodies on the T-line. Four
concentrations of the detecting antibody (0.4, 0.8, 1.0 and
1.2 mg mL™") were tested on the T-line for influenza A (Fig. 4A
and B) using 25 ng mL ™" of the influenza A antigen; the negative
T-lines were consistent with the expectations, and the color of
the bands of the T-lines of the positive test strips remained
relatively stable. The SERS signal of the T-lines indicated that
both the negative and positive Raman signals increased in
proportion to the concentration. The SNR value was determined
to be the highest when 1.0 mg mL " of influenza A antibody was
applied to the T-line. Therefore, 1.0 mg mL " was selected as
the T-line capture concentration of the influenza A antibody in
this study. Similarly, test strips with different capture antibody
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concentrations were subjected to chromatographic analysis
using 50 ng mL " of the influenza B antigen (Fig. 4C and D), and
the SNR values were subsequently calculated. It was observed
that the SNR values remained equivalent at T-line concentra-
tions of 1.0 mg mL "' and 1.2 mg mL'. Consequently, the
optimal FluB capture antibody concentration of 1.0 mg mL™*
was selected based on economic considerations. Similarly, the
T-line capture antibody concentration of the novel crown
antigen was evaluated using a concentration of 50 ng mL " of
the novel crown antigen, and 1.0 mg mL ™" was identified as the
optimal capture antibody concentration for the novel crown
antigen based on the SNR values (Fig. 4E and F).

3.4. Performance of the triple test strips

3.4.1. Sensitivity testing. The sensitivity of the SERS-LFA
test strips was evaluated by testing antigen solutions contain-
ing the FluA, FluB and the SARS-CoV-2 antigens at varying
concentrations. The limit of detection (LOD) of the test strip in
this experimental procedure was defined as the lowest
concentration of FluA, FluB and SARS-CoV-2 that resulted in
a total Raman intensity value exceeding the cutoff value. The
cutoff value was calculated as Yblank + 3SD, where Yblank is the
average SERS signal of the blank control and 3SD is three times
the standard deviation of the blank control.*® Fig. 5A illustrates
the images of test strips of 10 blank controls. The negative T
lines did not diverge from the norm, and the T line Raman
signals were detected using a portable Raman spectrometer.
The peaks marked by red hue in figure a correspond to the
negative Raman signatures of SARS-CoV-2, FluA and FluB. The
cutoff value for SARS-CoV-2 was determined to be 569, while the
cutoff values for FluA and FluB were 1810 and 706, respectively.

Subsequently, 100 pL of FluA, FluB and SARS-CoV-2 solu-
tions at varying concentrations (0, 0.25, 0.5, 2, 5, 10, 25 and 50
ng mL~ ") were added to the sample pad. As the concentration of
the FluA, FluB and SARS-CoV-2 antigens on the sample pad
increased, the color of the test line also became darker. The
visual limit of detection (VLOD) for qualitative evaluation was
defined as the concentration of FluA, FluB and SARS-CoV-2
corresponding to the lightest color of the test line discernible
to the naked eye. As illustrated in Fig. 5B-D, the images of the
test strips with varying concentrations of FluA, FluB and SARS-
CoV-2 antigen solutions were captured by loading 2, 5 and 5 ng
mL~! for the detection lines of FluA, FluB and SARS-CoV-2,
respectively. It was observed that as the antigen concentration
increased, the corresponding Raman signals of the detection
line also increased (Fig. 5b-d). The Raman intensity value of
FluA exceeded 1810 when the concentration was 0.5 ng mL ™",
569 when the concentration of SARS-CoV-2 was 0.5 ng mL ",
and 706 when the concentration of FluB was 0.25 ng mL ™.
These results indicate that the respective LODs for FluA, FluB
and SARS-CoV-2 were 0.5 ng mL ™', 0.25 ng mL "' and 0.5 ng
mL ™", respectively. Therefore, the sensitivity of the portable
Raman spectrometer was approximately four times, twenty
times and ten times higher than that of naked-eye visualization.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The established triple detection immunochromatographic
system was used for the sensitive detection of mixed solutions
of two viruses (influenza A and B/influenza B and SARS-CoV-2/
influenza A and SARS-CoV-2) and all three viruses concur-
rently. This allows for a comparison between the absence of
avirus and the identification of a particular virus, in accordance
with the previously calculated cutoff values. Fig. 5E illustrates
the images of the test strips containing varying concentrations

© 2024 The Author(s). Published by the Royal Society of Chemistry

of FluA and FluB antigens combined. The T-line SERS signal
(Fig. 5€) indicated an LOD of 0.25 ng mL ™" for FluA and 0.25 ng
mL~" for FluB. Fig. 5F illustrates the images of the test strips
with varying concentrations of FluB and SARS-CoV-2 antigens
combined. The T-line SERS signal (Fig. 5f) revealed an LOD of
0.25 ng mL ™" for FluB and 0.5 ng mL " for SARS-CoV-2. Fig. 5G
illustrates the images of the test strips with varying concentra-
tions of FluA and SARS-CoV-2 antigens combined. The T-line
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SERS signal (Fig. 5g) indicated an LOD of 0.25 ng mL " for FluA
and 0.5 ng mL~" for SARS-CoV-2. When the three samples were
mixed, the colour of the T-line turned darker as the concen-
tration increased (Fig. 5H), and the SERS signal was also posi-
tively proportional to the concentration (Fig. 5h), yielding an
LOD of 0.5 ng mL~" for FluA (1618 cm '), 0.25 ng mL ™" for FluB
(2071 ecm ™), and 0.5 ng mL ™" for SARS-CoV-2 (720 cm ™). These
results also match well with the results shown in Fig. S2a-h
(ESI).T The LOD values obtained for the mixture of the three
viral samples are identical to the LOD results obtained with the
individual viruses, indicating that the number of viral sample
types present in the solution did not affect the qualitative
detection of FluA, FluB, and SARS-CoV-2 on a single T-line.
Accordingly, the simultaneous detection of the three viruses
on a single T-line is approximately three times more rapid than
SERS LFA on three T-lines, which is conducive to rapid
detection.

Influenza A, influenza B and SARS-CoV-2 were detected by
colloidal gold immunochromatography, as shown in Fig. 5I-1I1,
with visual detection limits of 5.00 ng mL~" for influenza A and
2.00 ng mL " for influenza B and SARS-CoV-2. Compared with
colloidal gold chromatography, the Raman immunochromato-
graphic technique for triple testing established in this experi-
ment presents increased sensitivity to influenza A, influenza B
and SARS-CoV-2 by 10, 8 and 8 times, respectively. This indi-
cates that the triple test strips prepared in this work have high
sensitivity.

3.4.2. Drug interference experiment. 10 pL nasal spray
(oxymetazoline), 10 uL amoxicillin (62.5 mg mL™"), 10 uL lor-
atadine (5 mg mL ") and 10 uL cefradine (125 mg mL™") were
added to 100 pL of the blank solution. After the addition of
these drugs, the T-line showed no visual colors (Fig. 6A). The
SERS signals at the T-line were measured with a portable Raman
spectrometer, and the Raman signals for the SARS-CoV-2
(720 em™"), FluA (1618 cm™ ') and FluB (2071 cm™ ') were
below the lowest detection limit. The one-way ANOVA test was
employed to analyze the data pertaining to SARS-CoV-2 (Fig. 6a),
FluA (Fig. 6b) and FluB (Fig. 6¢), respectively. The negative
control group and the group with the added drugs were
analyzed with respect to the blank, and P values > 0.05 were
obtained, which means that there was no significant difference
after the addition of the drugs, suggesting that these drugs do
not interfere with the triple test strips.

3.4.3. Crossover experiment. To the prepared triple-test
immunochromatographic strips, 500 ng mL™ ' solutions of
other common respiratory viral antigens (Respiratory Syncytial
Virus, Adenovirus and Mycoplasma pneumoniae antigens) were
added to validate the specificity of this assay in the presence of
non-target test antigens. In addition, to further validate the
specificity of this reagent strip, the Raman microspheres were
labelled with non-target detection antibodies, including Myco-
plasma pneumoniae antibodies on R-Sphere®®, Parainfluenza

SARS-CoV-2; (H and h) mixture of all three antigens FluA, FluB and
SARS-CoV-2; (I-1ll) photo of colloidal gold test strips used to detect
FIUA, FluB and SARS-CoV-2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The drug interference test: (A) picture of the test strips; (a—c) data analysis charts.

Virus Antibodies on R-Sphere®*® and Respiratory Syncytial Virus
antibodies on R-Sphere®*® and chromatographed with a mixture
of FluA, FluB and SARS-CoV-2 antigens. The antibodies and
antigens could bind specifically to the target and the T-line
appeared as a distinct black line (Fig. 7A). When non-target
antigens and non-target antibodies were used, no color
appeared in the T-line visualization. However, regardless of
crossover, when chromatography was performed with indi-
vidual FluA, FluB and SARS-CoV-2 antigens, the Raman signals
corresponding to FluA, FluB and ARS-CoV-2 appeared very
strong. The corresponding T-line Raman signal values obtained
with the non-target antigens RSV-Ag, ADV-Ag and MP-Ag and
the non-target antibodies MP-Ab, PIV-Ab and RSV-Ab were all

© 2024 The Author(s). Published by the Royal Society of Chemistry

below the determined lowest detection limits of the system.
Fig. 7a-c present plots of the data analyzed after chromatog-
raphy of the target antigens, non-target antigens and the non-
target antibodies at 720 cm™ ' for SARS-CoV-2, 1618 cm™ ' for
FluA and 2071 cm™ " for FluB. One-way ANOVA of negative and
FluA antigens, negative and FluB antigens, and negative and
SARS-CoV-2 antigens yielded P values < 0.05, indicating that the
chromatography results with specific target antigens were
statistically significant. A pairwise analysis between negative
and non-target antigens, as well as non-target antibodies, yiel-
ded P values > 0.05, which is considered not significant. The
above results indicate the excellent specificity of the triple test
strips prepared in this work.

RSC Adv, 2024, 14, 37498-37511 | 37507
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Fig. 7 Results of the crossover studies: (A) photo of the test strips; (a) SARS-CoV-2 signal data analysis; (b) FIUA signal data analysis; (c) FluB signal

data analysis.

3.4.4. Repeatability experiments. The low-concentration
(0.50 ng mL ™" for influenza A, 0.25 ng mL ' for influenza B
and 0.50 ng mL ™" for SARS-CoV-2), medium-concentration (the
final concentration of the three viral antigens was 10 ng mL ™)
and high-concentration (the final concentration of the three
viral antigens was 25 ng mL ") test strips were taken from the
influenza A and B virus and SARS-CoV-2 triple test mixtures.
Five test strips of each of the above combinations were chro-
matographed, and the means and standard deviations were
calculated to derive the CV values. Fig. 8A-C illustrate the
photographs of the test strips at varying concentrations of the
three antigens. The images demonstrate consistent coloration

37508 | RSC Adv,, 2024, 14, 37498-375T1

across the T-line bands. The T-line SERS signals were recorded
independently in order to facilitate the acquisition of Raman
signals for each virus. Fig. 8a depicts the SERS repeatability
plots for low, medium and high influenza A concentrations. The
coefficient of variation was determined to be 6.39% for low
concentrations of influenza A, 7.79% for medium concentra-
tions and 8.42% for high concentrations. Fig. 8b illustrates the
SERS reproducibility plots for low, medium, and high concen-
trations of the influenza B antigen. The coefficient of variation
(CV) was calculated to be 11.06% for the low concentration of
influenza B, 7.83% for the medium concentration, and 5.51%
for the high concentration. Fig. 8c illustrates the SERS

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reproducibility plots for low, medium, and high concentrations
of the SARS-CoV-2 antigen, with a calculated CV of 12.85% for
the low concentration, 6.11% for the medium concentration,
and 3.49% for the high concentration. The results demon-
strated that all CVs were below 15%, indicating good repro-
ducibility of the prepared triple test strips.

© 2024 The Author(s). Published by the Royal Society of Chemistry

4. Conclusion

Based on Raman microsphere immunochromatography, we
developed a platform for the rapid, qualitative and simulta-
neous detection of influenza A, influenza B virus and SARS-CoV-
2 on a single T-line. Three kinds of Raman nanoparticles (RNPs)
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with different characteristic Raman spectral peak shifts were
used to label the three respiratory viruses for simultaneous
detection, and the T-line was scanned using a portable Raman
spectrometer. The LOD values obtained were 0.5 ng mL " for
influenza A, 0.25 ng mL™" for influenza B, and 0.5 ng mL™" for
SARS-CoV-2, which were 10, 8, and 8 times more sensitive than
colloidal gold immunochromatography, respectively. In
comparison with three T-line SERS LFA, the quantity and cost
associated with the requisite reagents are reduced, the prepa-
ration time is shorter, and the experimental operation is
streamlined, taking only 15 minutes from the start of the test to
reading the results, which is conducive to rapid screening of
pathogens with similar clinical symptoms. This assay can
provide preliminary test results at a reduced cost. In conclusion,
Raman microsphere-based immunochromatographic test strips
demonstrate a promising future in the detection of respiratory
pathogens.
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