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ABSTRACT: Brucellosis is an infectious zoonosis caused by Brucella with clinical
symptoms of wavy fever, fatigue, and even invasion of tissues and organs in the
whole body, posing a serious threat to public health around the world. Herein, a
novel vertical flow immunoassay based on Au@Pt nanoparticles (Au@PtNPs-VFIA)
was established for detection of Brucella IgG antibody in clinical serum samples. The
testing card of Au@PtNPs-VFIA was manufactured by printing the purified Brucella
LPS and goat antimouse IgG on the nitrocellulose membrane as the test-spot or
control-spot, respectively. Au@PtNPs labeled with protein G (Au@PtNPs-prG)
were concurrently employed as detection probes presenting visible spots and
catalysts mimicking catalytic enzymes to catalyze the DAB substrate (H2O2 plus O-
phenylenediamine) for deepening color development. The testing procedure of Au@
PtNPs-VFIA takes 2−3 min, and the limit of detection (LOD) for Brucella antibody
is 0.1 IU/mL, which is faster and more sensitive than that of Au@PtNP-based lateral
flow immunoassay (Au@PtNPs-LFIA: 15 min and 1.56 IU/mL, respectively). By
comparing with vertical flow immunoassay based on classic Au nanoparticles (AuNPs-VFIA), the Au@PtNPs-VFIA is 32 times or 16
times more sensitive with or without further development of DAB substrate catalysis. Au@PtNPs-VFIA did not react with the serum
samples of Gram-negative bacterium infections but only weakly cross-reacted with diagnostic serum of Y. enterocolitica O9 infection.
In detection of clinical samples, Au@PtNPs-VFIA was validated for possessing 98.33% sensitivity, 100% specificity, and 99.17%
accuracy, which were comparable with or even better than those obtained by the Rose-Bengal plate agglutination test, serological
agglutination test, AuNPs-VFIA, and Au@PtNPs-LFIA. Therefore, this newly developed Au@PtNPs-VFIA has potential for rapid,
ultrasensitive, and on-site diagnosis of human Brucellosis in clinics.

■ INTRODUCTION
Brucellosis is a serious and often neglected zoonosis caused by
Brucella infection through contacting the contaminated animal
and its products or air dusts.1 Livestock such as cattle,2 goats,3

sheep,4 camels,5 and pigs6 is the most common intermediate
hosts of Brucellae, and humans, as the ultimate host, get sick
through direct or indirect contact with infected animals or
eating contaminated animal products.7 Around the world,
500,000 people are diagnosed with Brucella infection every
year.8 In China, a total of 44,036 people were confirmed with
brucellosis in 2019, with an incidence rate of 3.2513/100,000.9

Human brucellosis has a long process of development and
persistence and can eventually develop into chronic
granulomatous diseases, which invade the central and
peripheral nervous systems, as well as the musculoskeletal,
skin systems, urogenital system, liver and gallbladder,
cardiovascular, and gastrointestinal tract.1 Although brucellosis
is rarely fatal, it can cause patients’ disability and inability to
work. With its early fever characteristics, brucellosis cunningly
disguise itself as a common febrile disease, such as cold. The
early symptoms of patients with brucellosis are usually

nonspecific symptoms that are not easy to distinguish from
other febrile diseases and often to escape early diagnosis.
Therefore, accurate and specific laboratory detection methods
are urgently needed for differential diagnosis. Moreover, early
and accurate diagnosis of human brucellosis is not only
important for timely treatment of patients but also of great
significance for prevention and control of brucellosis.
Currently, laboratory diagnostic methods for human Brucella

infection mainly include three modalities with different
principles, including bacterium culture and identification,10,11

sero-diagnosis such as enzyme-linked immunosorbent assay
(ELISA),12 fluorescence polarization immunoassay (FPA),13

serological agglutination test (SAT),14 and Rose-bengal plate
agglutination test (RBPT),15 and molecular diagnosis.16,17 The
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Brucella isolation is the gold standard for the diagnosis of
brucellosis, but it requires strict laboratory and biosafety
conditions. FPA and ELISA have high sensitivity, but with the
drawbacks of expensive equipment, complex operation, time
consumption, and professional laboratory technicians.13,18

RBPT and SAT use the whole bacteria or the unpurified
smooth lipopolysaccharides as antigens, which have low
sensitivity and may cross-react with other Gram-negative
bacteria.19−21 In addition, SAT takes approximately 24 h.
Molecular diagnosis, such as polymerase chain reaction (PCR),
has high sensitivity and specificity for Brucella infection
diagnosis and can accurately classify Brucella strains.22,23

However, molecular diagnosis is time-consuming and requires
expensive reagents, equipment, and professional laboratory
technicians. Lateral flow immunoassay (LFIA) is widely
reported in the rapid diagnosis of brucellosis because it is
portable and easy to operate and does not need expensive
instruments and professional laboratory personnel to interpret
the results. An ultrasensitive dual-color rapid LFIA with gold
nanoparticles was established for rapid serodiagnosis of
brucellosis.24 In addition, an LFIA based on colored latex
microspheres was also developed for detection of Brucella
infections.25 In our previous study, we have established a
digital LFIA for quantitative detection of Brucella IgG antibody
based on time-resolved fluorescent microspheres.26 All those
studies strongly suggest that LFIA based on nanoparticles has
unpredictable potential in the diagnosis of brucellosis.
Vertical flow immunoassay (VFIA) is different from LFIA,

and its working principle is based on vertical filtration. In
VFIA, the nitrocellulose (NC) membrane is used as the solid
support of antigen or antibody, and the nanoparticle conjugate
is used as the detection probe, respectively, and the complete
specific immune affinity reaction is carried out with the
filterability of the NC membrane. Compared with LFIA, VFIA
has the advantages of shorter detection time and no hook
effect. However, the nanodetection probes of VFIA exist in the
solution, so that they can percolate through the NC
membrane. Currently, VFIA has been used in the detection
of food safety,27 inflammatory factors,28 and microorgan-
isms,29,30 presenting satisfactory detection performance.
However, the assay’s sensitivity needs to be improved.
Nanozymes are nanomaterials with enzyme-like activity.

Compared with natural enzymes, nanozymes have been widely
used in biomedical research due to their advantages of low
cost, simple preparation, and higher stability.31 As the earliest
nanozyme, the Fe3O4 nanozyme has been applied in tumor
therapy due to its reactive oxygen species generation ability
and tumor cell killing ability.32 Recently, a novel peptide-
templated manganese dioxide nanozyme (PNzyme/MnO2)
combined the thrombolytic activity of functional peptides with
the reactive oxygen species scavenging ability of nanozymes for
the treatment of ischemic stroke.33 In addition to medical
treatment, nanozymes have also been applied to replace natural
enzymes for the establishment of diagnostic methods.34−38

According to reports, nanozymes containing Group-VIII metal
elements (Pt > Ir > Pd > Ru > Rh) can replace catalase to
catalyze the decomposition of H2O2 to produce O2.

39 Au@
PtNPs are a kind of nanozyme composited by the combination
of Au and Pt ions, which have the function of catalytic enzymes
such as catalase.34 Based on the catalytic characteristics, Au@
PtNPs have been used for detection probes visible on test-line
as well as for further color development of catalyzing substrate
reaction in LFIA for the detection of peroxidase-containing

samples,35 HIV p24,36 Escherichia coli O157:H737 and
prostate-specific antigen.38 In our laboratory, Au@PtNPs
have been proven to be a nanozyme with stronger catalytic
activity than horseradish peroxidase (HRP) and have been
employed as a detection probe for diagnosis of SARS-CoV-2
infection.40,41 However as far as we know, Au@PtNPs have not
been applied in VFIA.
The aim of this research is to apply Au@PtNPs in a

traditional VFIA and to improve the sensitivity of VFIA based
on catalyzing the DAB substrate (H2O2 plus OPD) by Au@
PtNPs. Herein, we first develop a novel testing card of VFIA
based on Au@PtNPs (Au@PtNPs-VFIA) for rapid, ultra-
sensitive, and on-site detection of Brucella IgG antibody in
clinical serum samples. In this Au@PtNPs-VFIA, Au@PtNPs
labeled with streptococcus protein G (prG) are used as
detection probes, the purified Brucella LPS is employed as
coating antigen on the test-spot of NC membrane, and goat
anti-mouse IgG is immobilized on the control-spot as a quality
control, respectively. When the DAB substrate is added to the
detection area after the filtration reaction, the sensitivity of
Au@PtNPs-VFIA is significantly increased.

■ RESULTS AND DISCUSSION
Working Principle of Au@PtNPs-VFIA and Au@PtNPs-

LFIA. The testing card of Au@PtNPs-VFIA is assembled by
three parts of the NC filter membrane, absorbent paper, and
plastic shell (Figure 1A,B). As shown in Figure 1C, when a
serum sample containing anti-Brucella antibodies is added on
the detection area of the testing card, the anti-Brucella IgG
antibodies are captured by the precoated Brucella LPS on the

Figure 1. Schematic diagram of Au@PtNPs-VFIA. (A) Model of the
testing card. (B) Assembly of the testing card. (C) Schematic diagram
of Au@PtNPs-VFIA. (D) Before or after catalysis of Au@PtNPs-
VFIA for reading results.
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T-spot to form LPS-IgG complexes. Then, the detection
probes of Au@PtNPs-prG are dropped on the detection area,
the Au@PtNPs-prG bind to LPS-IgG complexes via a high-
affinity reaction between IgG and prG, showing a black spot on
T-spot; meanwhile, Au@PtNPs-prG bind to the precoated
goat antimouse IgG and appear to a black spot on the C-spot
of the testing card. None bound antibodies, extra Au@PtNPs-
prG conjugates, and other residues are washed through NC
membrane filtration with PBS buffer. Finally, after the DAB
substrate (H2O2 plus OPD chromogen) is loaded on the
testing card with the visible spot, Au@PtNPs-prG play a role as
catalysts instead of catalytic enzymes (for instance, peroxidase)
to catalyze H2O2 and to release hydroxyl radicals. By oxidation
between OPD and hydroxyl radicals, the precipitated
diaminoazobenzene (DAB) is generated for gradually deep-

ening the black spots on the T-spot and C-spot, which
significantly improve the sensitivity of assay (Figure 1D).
The working principle of Au@PtNPs-LFIA is as follows

(Figure S1A,B): When a serum sample containing anti-Brucella
antibody is dropped on the sample pad, the running buffer
surrounds the sample and flows forward, and the anti-Brucella
IgG antibodies are captured by the Au@PtNPs-prG spraying
on the conjugate pad to form Au@PtNPs-prG-IgG complexes.
Then, when the Au@PtNPs-prG-IgG complexes flow to the T-
line, the specific Au@PtNPs-prG-IgG complexes are captured
by the precoated Brucella LPS on the T-line to form Au@
PtNPs-prG-IgG-LPS complexes, showing a black line on the T-
line. Extra Au@PtNPs-prG complexes continue to flow
forward and bind to the precoated goat antimouse IgG on
the C-line, forming a black line as a control. When the black

Figure 2. Characterization of Au@PtNPs and Au@PtNPs-prG. (A) Synthesis procedure for Au@PtNPs. (B) Au seed colloidal solution and its
transmission electron microscopy (TEM) image. (C) Au@PtNP colloidal solution and its TEM image. (D) Ultraviolet-visible (UV−vis) spectrum
scanning of Au seeds and Au@PtNPs. (E) EDX spectroscopy of Au@PtNPs. (F) Hydrodynamic diameters of Au@PtNPs and Au@PtNPs-prG.
(G) Zeta potentials of Au@PtNPs and Au@PtNPs-prG.
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line appears on both the T-line and the C-line, it indicates a
positive result; when only a black line appears on the C-line, it
indicates a negative result (Figure S1C).
Characterization of Au@PtNPs, Au@PtNPs-prG,

PtNPs, and NC Filter Membrane. By a two-step hydro-
thermal method (Figure 2A), eight kinds of Au@PtNPs were
successfully synthesized according to various amounts of Au
seeds (Figure S2A, Table S1). Au seeds were spherical with a
diameter of about 10 nm (Figures 2B and S2B). With the
increase of chloroplatinic acid hexahydrate, the particle size of
Au@PtNPs was gradually enlarged, the spike structures on the
surface became larger, and the appearance color changed from
light red to platinum black (Figure S2A,B). The absorption
peak of Au seeds at 525 nm was gradually eliminated from
Au@PtNPs-1 to Au@PtNPs-8, while Au@PtNPs-7 happened
to have no absorption peak at 525 nm at all (Figure S2C). The
catalytic dynamic curves showed that Au@PtNPs-7 had
stronger catalytic power (Figure S3). Under the above
conditions, Au@PtNPs-7 (designated as Au@PtNPs) was
selected to prepare Au@PtNPs-prG conjugates as detection
probes.
As shown in Figure 2C, the average particle size of Au@

PtNPs is 50 nm. The color of Au seed solution is red, and its
unique characteristic is the absorption peak at 525 nm (Figure
2B,D). The significant differences between Au seeds and Au@
PtNPs are the spike structure on the Au@PtNPs surface in
morphology and the absence of an absorption peak at 525 nm
(Figure 2B−D), indicating that all particle surfaces of Au seeds
are decorated with saturated PtNPs. The energy-dispersive X-
ray (EDX) spectroscopy observations confirm that the weight
percentage and atomic percentage of Au ions are 30.65 and
9.51% in Au@PtNPs, whereas the weight percentage and
atomic percentage of Pt ions are 37.77 and 11.83%,
respectively (Figures 2E and S4). After Au@PtNPs are labeled
with prG, the hydrodynamic diameters increase significantly
from 54.70 ± 1.30 to 170.23 ± 2.91 nm (Figure 2F).
Meanwhile, Au@PtNPs-prG are stable due to the sufficiently
higher value of zeta potential (−31.93 ± 0.74 mV) by
comparing with Au@PtNPs (−17.33 ± 0.71 mV) (Figure 2G).
The PtNP solution is light platinum black with no

absorption peak at 525 nm (Figure S5A). The surface of
PtNPs is filled with spikes, resembling a sea urchin in shape
(Figure S5B). Compared with the average 50 nm particle size
of Au@PtNPs, the average particle size of PtNPs is smaller, at
30 nm (Figure S5B).
To ensure that free Au@PtNPs-prG can be easily filtered

through the NC membrane to absorbent paper, the pore size of
the NC filter membrane has been measured by SEM. The SEM
image shows that the NC filter membrane possesses

approximately 0.8 μm size pores (Figure 3), which are large
enough to enable free Au@PtNPs-prG to pass through.
Optimization of Au@PtNPs-VFIA, PtNPs-VFIA, and

AuNPs-VFIA. Six key elements for Au@PtNPs-VFIA were
optimized (Table S2), of which the optimal concentration of
tetronic 1307 was determined for 2% and gave the clean
background in the detection area of the testing card (Figure
S6). When the volume of Au@PtNPs-prG was 4 μL (Figure
S7) and the concentration of Brucella LPS was 160,000 EU/
mL (Figure S8), the Au@PtNPs-VFIA presented the highest
positive signal with no background. The C-spot reached a
plateau of color development when the concentration of goat
antimouse IgG was at 0.25 mg/mL (Figure S9). When the
concentration of H2O2 was 6% and the concentration of OPD
was 0.1 M, the T-spot reached a plateau in 2 min and the
background of the detection area was clean (Figure 4).

In parallel, PtNPs-VFIA and AuNPs-VFIA were optimized
and used as control assays. AuNPs were evenly dispersed and
had an absorption peak at nearly 528 nm, while the colloidal
solution was wine red (Figure S10A,B). The positive and
negative results of AuNPs-VFIA are shown in Figure S10C.
Performance Comparison among Au@PtNPs-VFIA,

PtNPs-VFIA, AuNPs-VFIA, and Au@PtNPs-LFIA. The
sensitivity of Au@PtNPs-VFIA was measured for detecting
different concentrations of standard brucellosis-positive serum.

Figure 3. SEM image of the NC filter membrane. (A) 5.00 kx magnification. (B) 10.00 kx magnification. (C) 50.00 kx magnification.

Figure 4. Optimization of H2O2 concentration and color-developing
time in the DAB substrate (H2O2 plus OPD).
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A series of concentrations from 200 IU/mL to 0.01 IU/mL of
standard brucellosis-positive serum were added on the
detection area of the testing card. Before catalysis of the
DAB substrate, a weak black T-spot was observed on the
detection area even when the concentration of Brucella
antibody was as low as 1.56 IU/mL (Figure 5A), which was

lower than the LOD (12.5 IU/mL) of PtNPs-VFIA before
catalysis (Figure S11A) and the LOD (3.13 IU/mL) of
AuNPs-VFIA (Figure S12). After adding the DAB substrate
(H2O2 + OPD), the black T-spots between serum samples
with 0.1 and 0.05 IU/mL became more clear (Figure 5B). The
LOD of Au@PtNPs-VFIA was 0.1 IU/mL, of which the
detection sensitivity was increased 16 times than before
substrate catalysis. By comparing with control assays, the
sensitivity of Au@PtNPs-VFIA was 16 times higher than that
of PtNPs-VFIA after catalysis (LOD: 1.56 IU/mL) (Figure
S11B) and 32 times higher than that of AuNPs-VFIA,
respectively. The LOD of Au@PtNPs-VFIA at both before
and after catalysis is much lower than that of PtNPs-VFIA,
indicating that Au@PtNPs have better than PtNPs as a
detection probe. Before catalysis, the LOD of PtNPs-VFIA
(12.5 IU/mL) is significantly higher than that of AuNPs-VFIA
(3.13 IU/mL), meaning that the performance of PtNPs is far
inferior to that of AuNPs.
Meanwhile, the detection sensitivity of Au@PtNPs-LFIA

was evaluated and compared with Au@PtNPs-VFIA. The
LOD of Au@PtNPs-LFIA was 1.56 IU/mL (Figure S13),
equal to that of Au@PtNPs-VFIA before catalysis (1.56 IU/
mL) and 16 times higher than that of Au@PtNPs-VFIA after
catalysis (0.1 IU/mL). The entire reaction time of Au@PtNPs-
LFIA was 15 min, significantly longer than that of Au@PtNPs-
VFIA (2−3 min). Therefore, after additions of sample and
reagent, Au@PtNPs-VFIA had superior ability to quickly bind
and wash reactants compared to Au@PtNPs-LFIA. In addition,
compared with Au@PtNPs-LFIA, the results of Au@PtNPs-
VFIA were not affected by the proportion of antigens and
antibodies in the samples. In Au@PtNPs-VFIA, nonspecific
antibodies were eliminated through vertical filtration in the
first step of sample addition, while only specific antibodies
were captured by LPS immobilized on the NC filter
membrane. The above results suggested that the established
Au@PtNPs-VFIA had higher sensitivity, shorter reaction time,
and no hook effect for the detection of Brucella antibodies.

To evaluate the specificity of Au@PtNP-VFIA, a panel of
clinical serum samples from Gram-negative bacterium (Serratia
marcescens, Stenotrophomonas maltophilia, Proteus mirabilis,
Pseudomonas aeruginosa, Escherichia coli, klebsiella pneumoniae,
Acinetobacter baumannii) infected patients, E. coli O157 and Y.
enterocolitica O9 diagnostic sera were tested in comparison
with 0.2 IU/mL Brucella IgG antibody control (Figure 6). No

cross-reactivity was found except for a weak black T-spot from
Y. enterocolitica O9 diagnostic serum. LPS is composed of lipid
A, core oligosaccharide, and O-antigen, of which O-antigen is
the most important antigen component.42 The structure of O-
antigens is different among Gram-negative bacteria; for
example, there are 46 main O-serogroups in Salmonella and
more than 180 recognized O-serotypes in E. coli.43−45 Brucella
LPS has been reported for having cross-reacting epitopes with
E. coli O157 and Y. enterocolitica O9 antigens.46 However, in
our previous study,26 the purified Brucella LPS has confirmed
that it only has a weak cross-reaction with the epitope of Y.
enterocolitica O9 antigen. Herein, the detection of Au@PtNPs-
VFIA was only weakly interfered by Y. enterocolitica O9
diagnostic antibodies and not interfered by other serum
samples of Gram-negative bacterium or E. coli O157 diagnostic
antibodies. The results suggested that Au@PtNPs-VFIA had
satisfactory specificity.
The intrabatch and interbatch stabilities of Au@PtNPs-

VFIA testing cards were evaluated uninterruptedly for two
weeks. Three intrabatch testing cards and two interbatch
testing cards showed satisfactory stability in Brucella antibody
(0.2 IU/mL) detection (Figure S14), suggesting that the
testing cards had stable performance for at least two weeks
stored at room temperature.
Detection of Brucella IgG Antibody in Clinical Serum

Samples. By using optimized Au@PtNPs-VFIA, 60 brucello-
sis patients’ and 60 healthy people’s serum samples were tested
in comparison with AuNPs-VFIA, RBPT, and SAT. The results
are presented in Table 1, and the details of 60 brucellosis
patients’ serum samples were provided in Table S3. Among 60
brucellosis patients’ samples, 59 (98.33%) were all detected
positive by Au@PtNPs-VFIA, AuNPs-VFIA, or AuNPs-LFIA,
while 57 (95%) were positive by RBPT and 55 (91.67%) were
positive by SAT, respectively. In terms of specificity, of 60
healthy individuals’ samples, all were detected negative by all
methods. The accuracy of Au@PtNPs-VFIA, AuNPs-VFIA,
and Au@PtNPs-LFIA was consistent with 99.17% (Kappa
value of 0.98, P < 0.05), whiles RBPT was 97.5% (Kappa value
of 0.95, P < 0.05) and SAT was 95.83% (Kappa value of 0.91,
P < 0.05), respectively. Evidently, the sensitivity, specificity,
and accuracy of Au@PtNPs-VFIA were comparable with or
even better than those obtained by control methods,
demonstrating that Au@PtNPs-VFIA was applicable to the
detection of Brucella IgG antibody in clinical serum samples.

Figure 5. Sensitivity of Au@PtNPs-VFIA before and after catalysis.
(A) Before catalysis. (B) After catalysis.

Figure 6. Cross-reactivity of Au@PtNPs-VFIA with serum samples
from other bacterium-infected patients.
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Compared with else immunoassays established in this study
and previously established flow immunoassays with Brucella
LPS as coating antigen (Table 2), Au@PtNPs-VFIA had
obvious advantages in sensitivity (LOD 0.1 IU/mL) and
detection time (2−3 min).

■ CONCLUSIONS
In this study, we developed a vertical flow immunoassay with
catalytic enzyme functional Au@PtNPs, which was successfully
applied for rapid testing of Brucella IgG antibody. Au@PtNPs-
VFIA takes only 2−3 min for testing, and its LOD is 0.1 IU/
mL, which is about 32 times or 16 times more sensitive to that
of AuNPs-VFIA or Au@PtNPs-LFIA, respectively. Au@
PtNPs-VFIA was demonstrated to possess 98.33% sensitivity,
100% specificity, and 99.17% accuracy for the detection of
Brucella IgG antibody from clinical serum samples. In principle,
Au@PtNPs-VFIA could be further applied for the diagnosis of
brucellosis in livestock. Compared with Au@PtNPs-LFIA, the
Au@PtNPs-VFIA has the advantages of higher sensitivity,
shorter detection time, and no hook effect. Meanwhile, the
testing card is small and portable, making it more suitable for
on-site diagnosis. Overall, this work showcased the potential
value of Au@PtNPs as an immune detection probe and mimic
peroxidase in immunoassays, and Au@PtNPs-VFIA could be a
novel model for rapid, ultrasensitive, and on-site diagnosis of
human Brucellosis.

■ EXPERIMENTAL SECTION
Reagents, Materials, and Apparatus. HAuCl4·3H2O,

bovine serum albumin (BSA), ascorbic acid, sodium citrate,
trehalose, sucrose, K2CO3, 30% (w/w) H2O2, and O-
phenylenediamine (OPD) were obtained from Sigma-Aldrich
(Shanghai, China). Chloroplatinic acid hexahydrate was
purchased from BBI life science (Shanghai, China). Tetronic

1307 was obtained from Shanghai Yuanye Biological
Technology Co., Ltd. (Shanghai, China). Other reagents
were purchased from Sigma-Aldrich (Shanghai, China) and all
the reagents used in this research were of analytical grade.
Streptococcus protein G (prG) was purchased from Hangzhou
Niulong Biological Technology Co., Ltd. (Hangzhou, China).
Brucella abortus 2308 lipopolysaccharide (LPS) was obtained
from the Key Laboratory of Animal Disease Prevention,
College of Animal Science and Technology, Shihezi University,
Xinjiang, China, and further purified in our laboratory.26 Goat
antimouse IgG antibody was obtained from Beijing Bersee
Technology Co., Ltd. (BeiJing, China). SAT and RBPT test
kits were provided by Qingdao Zhongchuang Huike
Biotechnology Co., Ltd. (Qingdao, China). Standard brucel-
losis-positive serum (4000 IU/mL) was obtained from the
China Institute of Veterinary Drug Control (Beijing, China).
The nitrocellulose (NC) filter membrane (CLW-0400, 0.8

μm pore size) was purchased from Advanced Microdevices
Pvt. Ltd. (India). The absorbent pad and plastic shell were
obtained from Shanghai Jieyi Biotechnology Co., Ltd.
(Shanghai, China).
Ultrapure water with 18.2 MΩ/cm resistivity was produced

by a Milli-Q Ultra-Pure System (Millipore, USA). An X-ray
energy spectrometer (XFlash 6130, Bruker, Germany), a
transmission electron microscope (TEM, Philips, Holland),
and a nanometer particle size potentiometer (Zetasizer Nano
ZS90, Malvern panalytical, England) were used for analyzing
the component, characteristic, or particle size of nanoparticles.
A scanning electron microscope (SEM, ZEISS, Germany) was
used for characterizing the NC filter membrane. Shell pressing
apparatus (Shanghai Jinbiao Biotechnology Co., Ltd., Shang-
hai, China) was used for assembling the testing card.
Clinical Samples. In total, 60 serum samples of brucellosis

patients were provided by Guangzhou Center for Disease

Table 1. Detection of Brucella Antibody in Clinical Samples from Brucellosis Patients by RBPT, SAT, Au@PtNPs-VFIA,
AuNPs-VFIA, and Au@PtNPs-LFIAa

RBPT SAT Au@PtNPs-VFIA AuNPs-VFIA Au@PtNPs-LFIA

+ − + − + − + − + −
negative group (n = 60) 0 60 0 60 0 60 0 60 0 60
positive group (n = 60) 57 3 55 5 59 1 59 1 59 1
sensitivity (%) 95 (57/60) 91.67 (55/60) 98.33 (59/60) 98.33 (59/60) 98.33 (59/60)
specificity (%) 100 (60/60) 100 (60/60) 100 (60/60) 100 (60/60) 100 (60/60)
Kappa value* 0.95 0.91 0.98 0.98 0.98
accuracy (%) 97.5 (117/120) 95.83 (115/120) 99.17 (119/120) 99.17 (119/120) 99.17 (119/120)

a*P < 0.05.

Table 2. Comparison between Au@PtNPs-VFIA and Reported Flow Immunoassays (FIA) with LPS Antigena

FIA type type of labels coating antigen limit of detection detection time references

vertical Au@PtNPs-prG LPS 0.1 IU/mL 2−3 min this study
vertical PtNPs-prG LPS 1.56 IU/mL 2−3 min this study
vertical AuNPs-prG LPS 3.13 IU/mL 2−3 min this study
lateral Au@PtNPs-prG LPS 1.56 IU/mL 15 min this study
vertical GNPs-SPA LPS 4 IU/mL 3−5 min 30
vertical flower-like GNPs-SPA LPS 2 IU/mL 2−3 min 47
vertical AuNPs-SPA LPS 4 IU/mL 5−6 min 48
lateral GNDs-SPA LPS 0.04 IU/mL 3 min 24
lateral SiNPs-SPA LPS 0.01 IU/mL 15 min 49
lateral EuNPs-prG LPS 0.3 IU/mL 15 min 26

aAbbreviations: GNPs, gold nanoparticles; GNDs, durian-like gold nanoparticles; SiNPs, silica nanoparticles; EuNPs, europium nanoparticles; SPA,
staphylococcal protein A.
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Control and Prevention. All Brucella-infected patients were
confirmed based on the Health Industry Standards of the
People’s Republic of China (WS269-2019, Diagnostic criteria
for brucellosis). Sixty serum samples of healthy people and
seven serum samples of Gram-negative bacterium-infected
patients were collected from Guangdong Second Hospital of
Traditional Chinese Medicine, China. In addition, E. coli O157
and Yersinia (Y.) enterocolitica O9 diagnostic antisera (Tianjin
Biochip Technology Co., Ltd., China) were employed to test
the cross-reactivity of established VFIA.
Preparation of Au@PtNPs-prG and PtNPs-prG. In this

experiment, Au@PtNPs were synthesized by the hydrothermal
method and optimized by adjusting the component ratio
(Table S1). Preparation and evaluation of Au@PtNPs catalytic
performance are partly available in supplementary materials.
After optimization of the component ratio, the synthesis
procedure of Au@PtNPs was as follows: First, Au nano-
particles were synthesized and used as seeds for subsequent
synthesis. Briefly, 0.01% HAuCl4·3H2O and 0.04% sodium
citrate were dissolved in 100 mL of ultrapure water and heated
to 100 °C for 30 min. Second, 8.60 mL of Au seeds and 0.60
mL of chloroplatinic acid hexahydrate (20 mM) were mixed
and heated to 95 °C for 5 min, and then 0.8 mL of ascorbic
acid (20 mM) were added drop by drop and incubated at 95
°C for 30 min. Meanwhile, following the above optimum
synthesis process, Pt nanoparticles (PtNPs) were synthesized
as a control by replacing Au seeds with ultrapure water. Finally,
the synthesized Au@PtNPs and PtNPs were characterized by a
X-ray energy spectrometer, TEM, and nanometer particle size
potentiometer, respectively.
The Au@PtNPs-prG or PtNPs-prG were prepared as follow:

1 mL of Au@PtNPs or PtNPs was adjusted to pH 5.5−6.0
using 0.2 M K2CO3, and then 20 μg of prG was added, mixed,
and incubated for 20 min. After incubation, 100 μL of 10%
BSA was added, mixed, and blocked for 20 min. The
conjugates were then centrifuged at 10,000 g for 15 min and
re-suspended in 0.1 mL of preservation solution (5% trehalose,
5% sucrose, 1% BSA, 10 mM Tris−HCl, pH 7.4), and stored at
4 °C.
Assembly of Testing Card of Au@PtNPs-VFIA and

Au@PtNPs-LFIA. The testing card of Au@PtNPs-VFIA was
composed of three parts, including the NC filter membrane,
absorbent paper, and plastic shell (Figure 1A). Two separate
detection points on NC membrane were coated with Brucella
LPS as the test-spot (T-spot) or goat anti-mouse IgG as the
control-spot (C-spot), respectively. To obtain the ideal
performance of the testing card, the following elements were
optimized for the concentration, volume, or time of surfactant,
Au@PtNPs-prG, Brucella LPS, goat anti-mouse IgG, H2O2 and
color development. Two additional testing cards of vertical
flow immunoassay based on Pt nanoparticles (PtNPs-VFIA) or
classic Au nanoparticles (AuNPs-VFIA) was prepared in the
supplementary materials and employed as control assays
respectively, sharing the same assembly processes with Au@
PtNPs-VFIA. The assembly of the Au@PtNPs-LFIA testing
card was described in the supplementary materials (Figure
S1A, S1B).
Operation and Performance of Au@PtNPs-VFIA,

PtNPs-VFIA, AuNPs-VFIA, and Au@PtNPs-LFIA. The
operation procedure of Au@PtNPs-VFIA is optimized as
following: Firstly, 10 μL of sample is mixed with 90 μL of
running buffer and added on the detection area. Then, 100 μL
of running buffer containing Au@PtNPs-prG is added to the

detection area. Immediately, 100 μL of running buffer is added
to clean the detection area. Finally, 50 μL of DAB substrate
(H2O2 plus OPD) is added, and the result is observed visually
in 2 min. The operation procedure of PtNPs-VFIA is
consistent with Au@PtNPs-VFIA, and the operation proce-
dure of AuNPs-VFIA is the same as Au@PtNPs-VFIA, but no
OPD chromogen is needed.
The operation procedure of Au@PtNPs-LFIA is as follows:

Firstly, 10 μL of sample is dropped on sample pad. Then, 80
μL of running buffer is dropped on the sample pad, and the
result is observed visually in 15 min.
Standard brucellosis-positive serum was diluted from 200

IU/mL to 0.01 IU/mL by continuous 1:2 dilution to evaluate
the sensitivities of Au@PtNPs-VFIA, PtNPs-VFIA, AuNPs-
VFIA and Au@PtNPs-LFIA. Seven Gram-negative bacterium
infected patients’ serum samples and two E. coli O157 and Y.
enterocolitica O9 diagnostic sera were employed to evaluate the
specificity of Au@PtNPs-VFIA.
Ethical Statement. Clinical samples were routinely

collected from Guangzhou Center for Disease Control and
Prevention, or Guangdong Second Hospital of Traditional
Chinese Medicine in China. All subjects in this research signed
the informed consent form for the investigation. This research
was reviewed and approved by Southern Medical University
(SMU) Medical Ethics Committee (permit numbers: NFYY-
2009-23).
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