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Editorial on the Research Topic
The Use of Nanoparticles in the Diagnosis and Therapy of Infectious Disease in Animals

The infectious diseases are extremely relevant to veterinary medicine since they are responsible for
most appointments in the veterinary hospitals and clinics, extensive economic losses in animal
production, along with the potential zoonotic risk of many of these etiological agents. Each
disease has different sources of infection, transmission routes, entry points and possible susceptible
animals, requiring efficient diagnosis and treatments.

It is also essential to reinforce the “One Health” concept, which aims at the inseparability of
human, animal, and environmental health. Numerous epidemics and pandemics that originate
from livestock, including the influenza virus and coronaviruses, highlight the importance of early
diagnosis, continuous monitoring, and efficient prevention of the emerging or re-emerging animal
infectious pathogens to minimize their significant impacts on the animal health, food safety and
food security, and public health (1).

Nanotechnology has revolutionized the field of infectious disease diagnosis, and the
development of therapeutics and preventatives. Their significance in biomedical application is
due to their smaller size and unique physicochemical properties which allows for the controlled
release of the drugs, targeted drug delivery, and in vivo immunomodulation. Nanotechnology
has been used in various aspects of veterinary medicine including disease diagnosis, treatment,
development of adjuvants and vaccines, drug delivery, and solving problems related to animal
nutrition and reproduction (2). Nanotechnology provides more efficient diagnostic tools and
therapies, whether in terms of sensitivity, specificity, speed, or cost. Various nanomaterials have
been used in veterinary diagnostics and therapeutics including metal nanoparticles, polymeric
nanoparticles, nanoemulsions, liposomes, and nanocrystals (2). The use of nanotechnology in
veterinary medicine will continue in the future leading to advancements in the diagnosis and
therapies of infectious diseases in animals safeguarding both animal and human health.

The aim of this Research Topic was to bring together the use of nanotechnology in the
detection of veterinary infectious pathogens (bacteria, viruses, protozoa, and fungi) and in
animal infectious disease management (therapies and vaccinations). This Research Topic includes
four articles in which three describe diagnostic approaches and one highlights application of
nanoparticles as antimicrobial agent for the veterinary diseases. These studies showed the advances
of nanotechnology in the veterinary field, mainly for the diagnosis of emerging diseases. There
is a large potential of these nanoparticles in the development of new products and processes
to detect, prevent and eliminate pathogens from animal sources. In a review, Manhas et al.
highlighted latest updates on the nanomaterials-based diagnostic tests to six emerging/re-emerging
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Editorial: Nanoparticles in the Infectious Disease

poultry and livestock diseases namely avian influenza (colloidal
particle-conjugated antibodies), post-weaning multisystemic
wasting syndrome (antibody-modified gold-platinum and
silica dioxide nanospheres), Newcastle disease (iron oxide
nanoparticles-magnetic ~ separation), anthrax (biosensor
with single-stranded modified-AuNPs probes), brucellosis
(oligonucleotide-modified AuNP-based colorimetric assay)
and aflatoxicosis (aptasensor with Au nanowires/graphene
oxide). They reported that immuno-based and molecular-based
functionalization and alterations of various nanomaterials have
improved the speed of pathogens and toxins detections with
superior sensitivity and specificity. Ge et al. developed blue silica
nanoparticles (SiNPs)-based lateral flow immunoassay (LFIA)
for rapid detection of human brucellosis with high sensitivity
and specificity. For this, Staphylococcal protein A (SPA) and
lipopolysaccharide of Brucella spp. were used in design of
SiNPs-based LFIA that could detect antibody target on serum
samples. Using brucellosis positive and negative human serum
samples, Ge et al. showed 87% and 93.9% positive and negative
predictive values to this assay which can be used for on-site
diagnosis of the pathogen.

A molecular strategy to express the capsid protein (Cap)
of Porcine Circovirus Type 4 (PCV4) based on Escherichia
coli expression system was approached in the study of Wang
et al. The PCV4 virus-like particles (VLPs) were of size
~20nm and had high antigenicity. As these nanostructures
have unique morphology and immunogenicity they can be
used for serological diagnostics and for vaccine development in
the future.

Water disinfection is very important for public health and
several diseases may come from water sources. Zhang et al.
showed that copper/carbon core/shell nanoparticles (CCCSNs)
and a commercial CCCSNE filter product were efficient against
Saprolegnia parasitica which is one of the most prevalent
oomycete diseases in aquaculture and important pathogen of
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finfish. Interestingly, these nanoparticles serve as an alternative
for formalin in water treatment, corroborating for prevention
and control of S. parasitica.

Studies included in this Research Topic demonstrated that
nanotechnology needs more exploration in the field of veterinary
medicine, mainly in production animals, because the results of
these four articles showed a great potential to generate new
products using nanoparticles for the diagnosis, treatment and
prevention of veterinary infectious diseases. It is noteworthy that
early detection or prevention of animal diseases not only protects
animal health and ensure animal welfare but also provides
food security and protects human health. Thus, nanotechnology
should be explored fully for the development of diagnostic tools,
therapeutics, and vaccines to protect animal health and hence the
public health.
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Priya K. Manhas, Irwin A. Quintela and Vivian C. H. Wu*
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Nanotechnology has gained prominence over the recent years in multiple research and
application fields, including infectious diseases in healthcare, agriculture, and veterinary
science. It remains an attractive and viable option for preventing, diagnosing, and treating
diseases in animals and humans. The apparent efficiency of nanomaterials is due to
their unique physicochemical properties and biocompatibility. With the persistence of
pathogens and toxins in the poultry and livestock industries, rapid diagnostic tools
are of utmost importance. Though there are many promising nanomaterials-based
diagnostic tests specific to animal disease-causing agents, many have not achieved
balanced sensitivity, specificity, reproducibility, and cost-effectiveness. This mini-review
explores several types of nanomaterials, which provided enhancement on the sensitivity
and specificity of recently reported diagnostic tools related to animal diseases.
Recommendations are also provided to facilitate more targeted animal populations into
the development of future diagnostic tools specifically for emerging and re-emerging
animal diseases posing zoonotic risks.

Keywords: nanomaterials, gold nanoparticles, diagnostic tools, animal diseases, zoonotic pathogens

INTRODUCTION

As the world’s population steadily increases, sustainable and safe agriculture remains very critical.
Global trade, climate change, and modified farm practices create new opportunities for the
transmission of transboundary animal diseases (1). This dynamic has resulted in foreign and
endemic infectious disease outbreaks, which negatively impacted agriculture, the economy, and
public health (2).

The combined production value of poultry and livestock industries in the United States amounts
to almost $ 91 billion (3), but poultry and livestock disease outbreaks pose a significant challenge.
A vital example of a common but fatal poultry disease is avian influenza. Highly pathogenic avian
influenza (HPAI) A (H5N1) causes high fatality rates in poultry; first detected in 1996 (China) from
geese, and then in humans in 1997 (Hong Kong) during a poultry outbreak. Since then, it has been
under surveillance in 50 countries across four continents and remained endemic in six countries.
Around 50 million birds (chickens and turkeys), which accounted for 8% of turkey meat and 12% of
table-egg laying chickens in the U.S., died and/or were destroyed between 2014 and 2015 to control
the spread of HPAI (4). In November 2020, 19,000 birds suspected of H5N8 infection were culled in
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Detection Using Nanomaterials-Based Diagnostics

Korea (5). From 2003 to 2020, 862 cases of human infection
with H5N1 were reported globally, with 455 deaths (6). The
emergence of Severe Acute Respiratory Syndrome Coronavirus
2 (SARS-CoV-2), which causes COVID-19, has infected 114
million people globally, with 2.5 million deaths as of February
2021 (7). SARS-CoV-2 and other highly genetically diversified
bat-associated coronavirus strains can infect varying mammalian
hosts, including bats, carnivores, pangolins, and primates (8). Itis
important to efficiently monitor and control these emerging and
re-emerging pathogens to prevent the occurrence of outbreaks
between humans and animals, that is, livestock populations.
Nanomaterials have gained prominence in diagnostics
due to their combined strength and ductile properties (9).
Nanoparticles such as gold nanoparticles (AuNPs) exhibit
unique properties and functions on the nanodimensional scale
(10, 11) and are readily visualized due to intense colors and
formation of stable conjugates for highly-sensitive and specific
diagnostic applications (12). This minireview aims to provide a
comprehensive assessment by discussing the six emerging/re-
emerging and prevalent diseases affecting poultry and livestock
while focusing on both the functionalization and modifications
of the integrated nanomaterials in the published diagnostic
methods, balancing an optimum sensitivity and sensitivity.

FUNCTIONALIZATION OF
NANOMATERIALS

The inert nature of nanomaterials limits their applications;
hence, it requires functionalization to allow integration into
the diagnostic platforms (13). Surface functionalization and
encapsulation may include small molecule ligands, polymers,
and biomolecules (14). The bottom-up approach wherein
nanomaterials are synthesized prior to their intended use
along with their organic binders has remained popular
(15). Functionalization of nanomaterials can be achieved in
various approaches; however, this mini-review focuses only on
those intended for immuno-based methods and molecular-
based diagnostics.

IMMUNO-BASED METHODS

Immuno-based methods utilizing nanoparticles take advantage
of the antibody-antigen relationships. These diagnostic methods
use antibodies as either capture/detection elements or the
assay’s primary targets. Antibodies conjugated into nanoparticles
have proven to be excellent biorecognition elements due to
stability, biocompatibility, and its sensitivity to the target antigens
even at lower concentrations (16). As targets, the presence of
certain antibodies in animal sera, blood, and urine can also
be strong indicators of pathogen exposure and infection (17).
Nanomaterials are functionalized with antigens to target these
antibodies at various stages of infections (18-20). The following
emerging and re-emerging veterinary infectious diseases are
often diagnosed by utilizing nanomaterials in either antigen-
detecting or antibody-detecting diagnostic assays.

Avian Influenza

Avian influenza continuously assails both avian species and
humans and has become a threat to health and the economy
(21). Diagnostic kits for avian influenza are usually based on
immunochromatography that utilizes antiviral nucleoprotein
antibodies and colloidal particle-conjugated antibodies (22).

A fluorescent immunochromatographic  test  strip
incorporated with monoclonal antibody (MAb)-modified
europium nanoparticles specific to hemagglutinin with a
detection limit of 31ng/ml was previously reported (23).
Recently, a colloidal Au-based immunochromatographic strip
test with two MAbs for H7N9 avian influenza viral antigen
detection with a detection limit of 10%> 50% tissue culture
infective dose which is equivalent to two hemagglutinin units
of H7N9 (1:32 dilution) has been reported (24). Compared
with PCR, this immunochromatographic strip test has a 71.4%
sensitivity and 98.6% specificity (24). Similarly, an antibody-
based method utilizing magnetic silica nanoparticles with a
resonance light scattering system had a sensitivity range of
0.5-50ng/ml with no cross-reactivity reaction reported (25).
And finally, an immune-based electrochemical method utilizing
silver nanoparticles (AgNPs) specific to H7N9, chitosan, and
graphene on a gold electrode coated with AuNPs/graphene had
a sensitivity of 1.6 pg/ml within 1h while remaining highly-
selective against other avian influenza strains (Figure 1A) (26).
The current USDA National Veterinary Services Laboratories
(NVSL) standard operating procedures for detecting avian
influenza from oropharyngeal/cloacal, and fecal swab samples
primarily involve real-time reverse transcriptase PCR (RT-PCR).
With the integration of nanomaterials into portable diagnostic
methods, pen-side testing has become a viable option without
comprising sensitivity and specificity.

Postweaning Multisystemic Wasting

Syndrome

Postweaning multisystemic wasting syndrome (PMWS) is a viral
infection caused by porcine circovirus type 2 (PCV2), causing
wasting and pale skin, respiratory distress, and icterus in the
nursery and growing pigs accompanied by a high mortality rate
(30). There is no known cure for PMWS, and infected pigs have
an increased rate of mortality (31). Though it is not considered as
azoonotic disease yet, PCV2 can potentially proliferate in human
cells in vitro (32). Licensed PCV2 vaccines (Suvaxyn PC2 and
Ingelvac CircoFLEX) that effectively prevent PCV2 viremia are
currently available in the U.S.

Monoclonal antibodies (MAbs)-conjugated nanomaterials for
PCV2 detection have been previously reported. A PCV2-specific
MAb-AuNPs in a chemiluminescence immunoassay has resulted
in a limit of detection (LOD) of 1.73 x 103 copies/ml, which
was further enhanced to 2.67 x 10? copies/ml by hydroxylamine
amplified AuNPs (III) (Figure 1B) (27). This assay, however, had
a moderate incidence rate of cross-reactivity around 18.8% (27).
A similar LOD (8 x 102 copies/ml) was achieved when MAb-
modified multi-branched AuNPs were used against PCV2 cap
protein in surface-enhanced Raman scattering (SERS) (33).
Conventional ELISA has also been modified with nanomaterials
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in an attempt to improve its sensitivity without increasing
its cost (17, 34, 35). The horseradish peroxidase component
of an enzyme-free “ELISA” has been replaced with antibody-
modified gold-platinum and silica dioxide nanospheres (35). The
nanospheres complex allowed a colorimetric change from red to
purple with the presence of PCV2 without cross-reactivity, which
resulted in a 200-fold improvement in sensitivity compared
as compared to the traditional ELISA. The gold standard for
the diagnosis of the disease is RT-PCR, while virus isolation,
electron microscopy, and serum virus neutralization assays are
also utilized; field testing is currently available. The development
of nanomaterials-based assays has allowed rapid detection of
PCV2 without the need for complicated and costly equipment.

Newcastle Disease

Newcastle disease (ND) is a viral disease causing respiratory
distress, lesions, cessation of egg productions, and nervous
manifestations in poultry and wild avian species (36-39).
Newcastle disease (ND) has been prevalent in Asia, Africa, North,
and South America; the onset of infection can affect a flock within
an average of 5 days post aerosol exposure. Unfortunately, ND
virulent virus carries a zoonotic risk of transitory conjunctivitis
to laboratory workers and other staff, that is, vaccination
teams; thus, safety guidelines and protocols need to be strictly
implemented and followed (40). Diagnosis often relies on viral
isolation and subsequent conventional characterization, which
can take 2-12 days post-exposure (41).

Similar to avian influenza, ND can also be detected and
diagnosed by using immunochromatographic assays. Recently,
a quantitative antigen-based Au-immunochromatographic
technique incorporated with viral protein antigens/AuNPs
(haemagglutinin-neuraminidase) was developed, which allowed
the detection of ND viral antibodies with a sensitivity of 22 titers
without any cross-reactivity (42).

Fluoroimmunoassays have been also reported for ND virus
detection. This method primarily relies on fluorescent signals
but often lacks sensitivity. However, when magnetic separation
is added as a concentration step of target analytes, sensitivity can
drastically improve. Cadmium telluride quantum dots modified
with NDV antibodies and mercaptosuccinic acid coupled with
iron oxide nanoparticles were able to detect as low as 1.5 ng/ml
of antigens without compromising specificity (43). Furthermore,
an immunosensor with tilted fiber grating (Ex-TFG) coated with
staphylococcal protein A-Au nanospheres was able to successfully
detect NDV antibodies within 25 min (28). This method had
a detection limit of 25 pg/ml, a 100-fold more sensitive than
the previously reported fluoroimmunoassay (Figure 1C) (28).
Furthermore, the addition of Au nanospheres has allowed a 5-
10 times improvement in sensitivity compared to the Ex-TFG
alone (28). Commercial ND viral diagnostic tests (i.e., IDEXX
Newcastle Disease Virus Antibody Tests) are currently available
such as ELISA systems that allow detection and quantification
of antibodies to ND viruses. Nanomaterials will continuously
improve the diagnosis and rapid testing technologies of ND
viruses for effective monitoring and mitigation steps.

MOLECULAR-BASED METHODS

Nanomaterials have been modified with synthetic nucleic
acid probes (i.e., aptamers and oligonucleotides) to serve as
recognition elements. Molecular-based recognition elements
offer significant advantages over antibodies. Antibodies have
low stability at high temperatures, high production costs and
variation with each subsequent batch, and a need for a constant
supply of mammalian cell culture (44). In contrast, aptamers are
non-immunogenic and are highly stable at various conditions
maintaining their high binding affinity with the target analytes
(45). The use of aptamers significantly lowers manufacturing
costs compared to antibody-based techniques, as aptamers do
not require complicated procedures and infrastructures such as
animal care facilities (45). The following emerging veterinary
infectious diseases can be detected by utilizing molecular-based
diagnostic methods enhanced with nanomaterials.

Anthrax

Anthrax is a serious infectious bacterial disease caused by Bacillus
anthracis, which is fatal to ruminants and humans alike, and
often spreads quickly through contaminated feed and water (46).
In a study that examined the prevalence of B. anthracis spores,
30% of sheep and 27.5% of goats were positive for the presence
of spores that were attached to the body of animals (47). These
spores can cause a zoonotic infection in humans with a 25-60%
fatality rate (48).

There are many molecular-based diagnostic techniques used
to detect B. anmthracis. One such technique used a quartz
crystal microbalance (QCM) biosensor with single-stranded
modified-AuNPs probes specific to Ba813 and pag of B.
anthracis and had a sensitivity of 3.5 x 10> CFU/ml (49). In
another study, a colorimetric assay that utilized asymmetric PCR
amplicons/AuNPs complexes was able to detect B. anthracis at
10 pg/ml detection limit with no cross-reactivity (50). Likewise,
a multi-walled carbon nanotube (MWCNTs)-based fluorescence
aptasensor was reported to detect the recombinant protective
antigen domain 4 (rPAD4) of B. anthracis within 10 min (51).
The immobilized aptamer was labeled with Gel Green, and a
sensitivity of 20 ng/ml and 62.5 ng/ml purified and unpurified
rPAD4 protein, respectively, was reported (51). When coupled
together, nanomaterials and aptamers can reduce cost as well as
the turn-around time while increasing the sensitivity of the assay
(50, 51). Current diagnostic tests include bacterial culture, PCR
as well as ELISA for antibody detection in reference laboratories.
Rapid detection using nanomaterials-based technologies will
enhance the diagnosis of anthrax and assist the livestock industry
in controlling the risks that it poses to animal health and the
human population.

Brucellosis

Brucellosis is a bacterial infectious disease caused by Brucella
spp., which is endemic to ruminants causing influenza-like
symptoms in both cattle and humans. It can spread quickly
through cattle and humans by contaminated milk and contact
with animal feces (52). Brucella spp. are identified by direct
culture from infected tissues in selective media or direct stained

Frontiers in Veterinary Science | www.frontiersin.org

June 2021 | Volume 8 | Article 673718


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Manhas et al.

Detection Using Nanomaterials-Based Diagnostics

smears. For serological assays, serum tube agglutination test
(SAT) and milk ring test (anti-brucella antibodies) are performed.

Molecular-based methods tend to leverage the specific
hybridization events between nanomaterials-based probes and
target pathogens or their nucleic acids. An oligonucleotide-
modified AuNP-based colorimetric assay was able to detect
Brucella spp within 30min by targeting the BCSP31 outer
membrane protein and achieved a LOD of 10° CFU/ml in
bovine (urine and semen samples) and 10* CFU/mL in milk
with no cross-reactivity (53). Another target gene region,
IS711, was detected using the same method with improved
sensitivity of 1.09 pg/ul using unamplified Brucella genomic
DNA (54, 55) without cross-reactivity observed. A multiple
cross displacement amplification and lateral flow assay utilizing
polymer nanoparticles modified with oligonucleotide probe
targeting the BSCP31 gene was able to improve the sensitivity to
10 fg (Figure 1D) (29).

Aflatoxicosis

Aflatoxicosis is a blanket term used to describe a wide
variety of symptoms indicative of poisoning caused by the
metabolism of aflatoxins which are potent mycotoxins that can
be present in animal feeds, grains, nuts, and animal products
(56). Produced from the Aspergillus spp., aflatoxins come in
a variety of metabolites, including aflatoxin Bj, By, Gj, and
G, (57). Aflatoxin B; (AFB;) is considered the most toxic
metabolite since it is a potent carcinogen with hepatotoxic
consequences in poultry, livestock, and human consumers of
infected animal products (58). Many countries have strict limits
of acceptable amounts of AFB; in food. Specifically, the European
Union sets 2 pg/kg of AFB; in food while in the U.S., the
maximum permitted level of AFB; combined with B,, G, and
Gy is 20 pg/kg; 0.5 pg/kg in milk; and 100-300 pg/kg range
for animal feeds (59, 60). Current detection and surveillance
methods include thin-layer chromatography, high-performance
liquid chromatography (HPLC), mass spectroscopy, and ELISA,
among others. Nanomaterials are continuously introduced
and integrated into various detection applications to improve
sensitivity and reduce cost, as it is very crucial to maintain the
level of aflatoxins within the allowed limits.

An aptasensor with Au nanowires/graphene oxide and
aptamer was developed for AFB; detection based on the
differences in differential pulse voltammetry peak current (58).
The method achieved a sensitivity of 1.4 pM or 0.62ng/ml
which was comparable to the gold standard of high-performance
liquid chromatography (HPLC) and a shorter turn-around
time of 90 min. Another study developed a molecular-based
method utilizing mesoporous silica nanoparticles modified with
a complex of amino groups, aptamers, and Rh6G through SERS
and has an improved LOD of 0.13 ng/ml (60), which was more
sensitive than other fluorescence methods.

FUTURE RECOMMENDATIONS

Nanomaterials have greatly improved the capabilities of
numerous diagnostic tools, especially those designed to detect

animal disease-causing pathogens and toxins. Many diagnostic
tools can be operated on-site for pen-side testing or in the
laboratory for initial screening of samples or rapid confirmation
of some emerging and re-emerging animal diseases posing
zoonotic risks. Though most diagnostic tools have improved
their sensitivity in the past decade, some recognition materials
are still suffering from cross-reactivity and production costs.
The current immune-based diagnostic assays often fall short
in sensitivity, specificity, and cost, but newer technologies,
such as aptamers and other molecular biology tools can offer
solutions. Nanomaterials can be functionalized in several
different ways; however, this mini review only covers immune-
based and molecular-based methods. This mini-review opens
the door to a comprehensive risk and cost analysis when
designing nanomaterials-based diagnostic tools for other
novel pathogens.

CONCLUSION

This minireview discusses the emerging and prevalent diseases
affecting poultry and livestock and puts emphasis on both
the functionalization and modifications of the integrated
nanomaterials in the published diagnostic methods to provide
researchers and the livestock industry with alternative solutions
and approaches in the diagnosis of veterinary infectious
diseases. Nanomaterials including AuNPs, AgNPs, silica
nanoparticles, iron oxide nanoparticles, europium nanoparticles,
cadmium telluride quantum dots, and polymer nanoparticles
have become valuable in the detection of pathogens and
toxins causing diseases in poultry and livestock due to
their versatility and biocompatibility. Functionalization and
modifications of the integrated nanomaterials in the published
and reported diagnostic methods have allowed rapid detection
of pathogens and toxins with superior sensitivity and specificity.
However, the chosen recognition elements significantly
contribute to achieving the ultimate range of detection limits;
therefore, it is important to consider the advantages and
disadvantages of each capture and detection element in the
diagnostic systems.
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Copper-based fungicides have a long history of usage in agriculture and aquaculture.
With the rapid development of metal-based nanoparticles, copper-based nanoparticles
have attracted attention as a potential material for prevention and control of Saprolegnia
parasitica. The present study investigated the effectiveness of copper/carbon core/shell
nanoparticles (CCCSNs) and a commercial CCCSNs filter product (COPPERWARE®)
against S. parasitica in a recirculating system. Results showed that the growth of agar
plugs with mycelium was significantly suppressed after exposure to both CCCSNs
powder and COPPERWARE® filters. Even the lowest concentration of CCCSNs used
in our study (i.e., 100 mg/mL) exhibited significant inhibitory effects on S. parasitica. The
smallest quantity of the filter product COPPERWARE® (3.75 x 3.7 x 1.2cm, 2.58 g) used
in our aquarium study also demonstrated significant inhibition compared with the control
group. However, we observed leaching of copper into the water especially when larger
quantities of COPPERWARE® were used. Water turbidity issues were also observed in
tanks with the filter material. Besides these issues, which should be further investigated if
the product is to be used on aquatic species sensitive to copper, CCCSNs has promising
potential for water disinfection.

Keywords: Saprolegnia parasitica, metal-based nanoparticles, CCCSNs, filter, water disinfection

INTRODUCTION

Saprolegniasis is one of the most prevalent oomycete diseases in aquaculture (1), and among the
Saprolegnia species, Saprolegnia parasitica is an important pathogen of finfish (2). The historical
treatment for saprolegniasis was malachite green; however, this substance is now banned for use in
food fish in many countries due to its teratogenic and mutagenic properties (3). Formalin is now
the most commonly used treatment for this pathogen (4), but it also has potential carcinogenic
and allergenic properties (5). Formalin treatments are forbidden in some countries (6) and more
jurisdictions are expected to follow (7). Several other treatments such as salt (8), bronopol (9),
and ozone (10) have been reported to be somewhat effective against Saprolegnia spp. However,
their use is limited due to either adverse impacts on the environment or the aquatic animals,
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or limited efficacy. For example, although prolonged salt
immersion is effective to inhibit S. parasitica, this treatment is
impractical in large freshwater systems (11). Bronopol is effective
against saprolegniosis (7), but tolerance to this product has been
reported (12). Powerful oxidants such as ozone and hydrogen
peroxide can reduce Saprolegnia spp., but these may also damage
the gills of fish (13, 14). More recently potential inhibitors of S.
parasitica such as triclosan and azelaic acid have been identified,
however, their practical application needs further investigation
(15). Despite numerous attempts to find safer, more effective,
and environmentally friendly alternatives to malachite green, the
solution to controlling saprolegniasis is still elusive (1, 4).

Metal-based nanoparticles with particle sizes <100 nm are
being explored as an alternative approach to control infectious
diseases caused by pathogenic bacteria (16, 17) and fungi
(18, 19). These novel materials have distinct physical and
chemical properties (20), different from their bulk counterparts
or molecular compounds, that enhance bacterial binding,
disruption of cell membranes, inhibition of enzyme activity and
DNA synthesis (21, 22). Their promising results have raised
interest in evaluating metal-based nanoparticles in the field of
aquaculture to reduce pathogens in the water (23-28).

Copper-based nanoparticles are of particular interest in
aquaculture because copper-based chemicals have long been used
to control algal growth (29, 30), parasites, and saprolegniasis
(31-33). For example, traditional copper sulfate was reported to
prevent winter kill from occurring in over 90% of the fish before
the water mold infection was visible on the fish (34). Copper-
based nanoparticles have an increase in surface area to volume
ratio, which provides them with a large biological active surface
and may improve the efficacy of copper (35). These compounds
are starting to be recognized as having a wide range of antifungal
and antibacterial properties that could be used in agriculture (36),
and in the biomedical field (37-39).

Copper-based nanoparticles have been reported to display
better inhibition of fungus relative to other nanoparticles (40).
However, the use of copper-based nanoparticles in aquaculture,
has focused on the control of aquatic bacteria (41, 42), with
limited information on their use for controlling oomycete
pathogens such as S. parasitica. Copper is cost-effective relative
to other metals such as silver, and therefore may be more
suitable for low-cost large-scale water disinfection; filters made
from these materials may be adapted relatively inexpensively
to existing filter systems to reduce fungus-like agents in
aquaculture settings.

Copper/carbon core/shell nanoparticles (CCCSNs) are a type
of copper-based nanoparticles coated with a thin protective
carbon shell (27). This coating is suppose to reduce the amount of
copper ions released into the environment. Maintaining copper
in a bound state is important in aquaculture as some species of
fish, and shrimp do not tolerate exposure to high levels of copper
(43, 44). In addition, metallic nanoparticles without a protective
coating often have a high propensity to oxidize or undergo other
chemical reactions (45). It has been speculated that the core-shell
structure of CCCSNs may prevent copper from dissolving into
the environment and protect it against chemical reactions, which
could provide an environmentally friendly and longer lasting

approach to control S. parasitica and other microorganisms
in water.

The aims of this study were to: (1) investigate the efficiency of
CCCSNs against S. parasitica; (2) evaluate a commercial CCCSNs
filter product (COPPERWARE®) in reducing S. parasitica in
a recirculating aquarium system; and (3) evaluate the effect
of the COPPERWARE® on water quality parameters (copper
concentration, turbidity, pH, and dissolved oxygen).

MATERIALS AND METHODS

Purification of Saprolegnia parasitica

A Saprolegnia parasitica isolate stored at —80°C at the State
Key Laboratory of Aquatic Animal Health at the Animal and
Plant Inspection and Quarantine Technical Centre, in Shenzhen
Customs District, General Administration of Customs, P. R.
China was streaked on solid potato dextrose agar (PDA) medium
(Land Bridge Co., Ltd., Beijing, China) for 3 days at 25°C.
Subsequently, an agar plug was cut from the PDA medium and
used in our experiments.

CCCSNs Powder on the Growth of
Mycelium

The anti-oomycete activity of CCCSNs (Suzhou Guanjie
Technology Co., Ltd., China) was examined by evaluating the
growth of S. parasitica on PDA with different concentrations of
CCCSNs (1, 5, 10, 50, 100, 500, 1,000, 1,500, 2,000 mg/L). In brief,
CCCSNs were added to PDA while it was in liquid form and
sonicated (100 W, 40 kHz) for 30 min under 60°C to increase the
dispersion of the nanoparticles (46). The mixture was poured into
petri plates. There were three replicates for each concentration
including the negative control, which had no CCCSNs. An 8 mm
diameter agar plug with mycelium growth was placed in the
center of each plate. Cultures were incubated at 25°C and the
growth of the hyphae was measured after 24, 48, 72, and 144 h.
The colony diameter of the growing mycelium was determined
by averaging two measurements taken at 90° from each other.
We compared the growth of the mycelium plugs at different
concentrations of CCCSNs over time as explained in section
Statistical Analyses.

CCCSNs s Filter (COPPERWARE?®) Filtration

Experiments

After we confirmed the minimum effective concentration of
CCCSNs on the mycelium growth of S. parasitica, a commercial
filter containing CCCSNs branded as COPPERWARE®
(Suzhou Guanjie Technology Co., Ltd., China) was included in
aquarium filters to assess the water-disinfection properties of
the filter product. We conducted two independent experiments
(experiment 1 and experiment 2) to assess the anti-oomycete
property of different quantities of COPPERWARE® as described
in Table 1. During these studies, we also measured changes in
water quality (pH, dissolved oxygen, turbidity, ammonia, nitrite,
nitrate, copper) over time. Lastly, at the end of experiment 2, we
assessed whether S. parasitica had the ability to rejuvenate when
transferred to an environment without CCCSNG.
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Experiment 1

In experiment 1, we compared two quantities of
COPPERWARE® (see Table 1 for quantities) on the growth of S.
parasitica for a duration of 72 h. In brief, nine aquariums (three

TABLE 1 | Description of the parameters used in the COPPERWARE® filtration
experiments (experiment 1 and experiment 2).

Experiment Duration Fungus Different sizes of COPPERWARE®?
size
Experiment 1 72h 8mm L-copperware: 7.5 x 3.7 x 2.4cm,
9.469g
M-copperware: 7.5 x 3.7 x 1.2cm,
4.969g
No-copperware: filter without CCCSNs
Experiment 2 144h 5mm M-copperware: 7.5 x 3.7 x 1.2cm,
4.969g
S-copperware: 3.75 x 3.7 x 1.2cm,
2.589g

No-copperware: filter without CCCSNs

aL, large; M, medium; S, small; No, no CCCSNs in the filter.

with the high quantity of COPPERWARE®, labeled with L-
copperware; three with a medium quantity of COPPERWARE®,
labeled with M-copperware; and three control tanks, labeled with
No-copperware) with a volume of 5L were filled with 4.98 mL
of deionized water. An 8 mm PDA agar plug colonized with S.
parasitica and 22mL of potato dextrose broth were added to
each aquarium. Continuous circulation through the filtration
system (SZ-230A, Jeneca, China) was administered during the
experiment. At the end of the experiment (72h), agar plugs
from each tank were removed and the colony diameters were
measured by averaging two measurements taken at 90° from
each other. We compared the growth of the agar plug between
treatments over time (refer to section Statistical Analyses).
Microscopy (AXio Imager M1, ZEISS, Germany) was used to
inspect the morphology of S. parasitica at the end of the trial.

Experiment 2

In experiment 2, we compared two different sizes of
COPPERWARE® filter material. In this experiment three
tanks were set up with a medium quantity of COPPERWARE®
labeled M-copperware and three tanks had a small quantity

- Experiment 1

Antifungal property of
COPPERWARE®

Experiment 2

Water parameters: measured every 24 h (72 h in total)

Diameter of fungus:
measured at start and end points (72 h) of the experiment

Water parameters: measured every 24 h (144 h in total)

Diameter of fungus:
measured at start and end points (144 h) of the experiment

FIGURE 1 | The flow chart of the CCCSNss filter (COPPERWARE®) filtration experiments.
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of COPPERWARE® labeled S-copperware. We also had three
tanks with the filter material, but no CCCSNs for comparison.
An 5 mm agar plug size was added to the tanks and monitored for
a duration of 144 h. The anti-oomycete efficiency of the material
was assessed in a similar manner as described in experiment 1.

Post-effect of COPPERWARE® on S.

parasitica Survival

To determine whether S. parasitica was killed or simply inhibited
by COPPERWARE®, agar plugs from tanks in experiment 2
were removed at the end of the study and transferred to a new
PDA medium without CCCSNs (Figure 1). The initial diameter
of the S. parasitica was identified as the diameter measured at the
end of experiment 2 (144 h). Agar plugs were incubated at 25°C
for 72h and measured every 24 h. The growth of the plugs post
exposure to COPPERWARE® was compared over time (refer to
section Statistical Analyses).

Water Quality

Dissolved oxygen and pH were measured in the tanks at 24h
intervals using probes (YSI ProODO, Xylnm, USA) during
the filtration experiments (experiment 1 and experiment 2).
To determine water turbidity, optical densities (ODggp) were
measured every 24 h with a spectrophotometer (Biophotometer,
Eppendorf, Germany). We assessed the levels of copper (ionized
and bound), ammonia, nitrite, and nitrate in the water at the end
of the experiments using HACH test kits (HACH Inc. Loveland,
Colorado). We compared the water quality parameters across
treatment groups over time (refer to section Statistical Analyses).

Statistical Analyses

To compare the potential effects of treatments on the growth
of the agar plugs over time (repeated measurements) we used
mixed-effects linear regression models controlling for time. Data
from each experiment were analyzed separately. The level of
significance was set at 0.05. All statistical analyses were performed
in GraphPad Prism software (Version 8.0.1, GraphPad Software,
San Diego, USA). In brief, we compared the growth of mycelium
plugs (diameter in cm) between treatment groups (10 groups
for CCCSNs powder experiment, three groups for filtration
experiment 1 and 2, and the post-effect evaluation) over time (5
time points for CCCSNs powder experiment; 2 time points for
filtration experiments 1 and 2; and 4 time points for the post-
effect evaluation). The main effects and the interaction terms
between treatments and time points were included in the models
as fixed effects, and the individual plates or tanks were included
as random effects to account for the repeated measurements
within each of the plates or tanks (depending on the experiment)
over time.

Water quality parameters were also compared between the
treatment groups in a similar manner using mixed-effects linear
regression models. Tukey’s HSD test was used following the
regression models in the case of multiple comparisons.

RESULTS

CCCSNs on the Growth of Mycelium

CCCSNs inhibited the growth of S. parasitica, and this
effect appeared to be dose-dependent (Figure2 and
Supplementary Figure 1). Compared with the control group, S.
parasitica mycelia was significantly reduced in the presence of
CCCSN at concentrations of 2,000, 1,500, and 1,000 mg/L. All
three of these concentrations of CCCSNs significantly inhibited
the growth of S. parasitica at all experimental time points (p <
0.05). The lower concentrations of CCCSNs (i.e., 500 and 100
mg/L) only significantly inhibited the growth for the first 3 days
(Figure 2).

COPPERWARED® Filtration Experiments
COPPERWARE® inhibited the growth of S. parasitica in
aquarium water regardless of the quantity of material used in
our filters (Figure 3 and Supplementary Figure 2). At the end
of the exposure, the size of agar plugs in the treatment groups
was significantly smaller than those of the control group in
experiments 1 and 2 (p < 0.001) (Figure 3).

Microscopic examination of S. parasitica following exposure
to COPPERWARE® revealed morphological changes in the

A #
I # 1
3- I # 1
T 1 EA L-copperware
o u
£ —] =3 M-copperware
L 2 —] =9 No-copperware
g =
b o
g —
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2.5 T # 1
—E~ 2.0 B3 M-copperware
o XN S-copperware
E 1.57 =3 No-copperware
“E’ 1.0
=
O 0.5+
0.0-
0h 144 h
Time (h)
FIGURE 3 | Diameter of S. parasitica after water treatment with different
quantities of COPPERWARE® filters (L-copperware: 7.5 x 3.7 x 2.4cm,
9.46 g; M-copperware: 7.5 x 3.7 x 1.2cm, 4.96 g; S-copperware: 3.75 x 3.7
x 1.2cm, 2.58 g) and commercial filter with no CCCSNs (No-copperware) in
(A) experiment 1 and (B) experiment 2. #: p < 0.001. Error bars are + SD,
n=3.
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The spore size in (F): around 20 wm.

FIGURE 4 | Microscopic observations of S. parasitica after treating tanks with different quantities of COPPERWARE® (L-copperware: 7.5 x 3.7 x 2.4cm, 9.46g;
M-copperware: 7.5 x 3.7 x 1.2cm, 4.96 g; S-copperware: 3.75 x 3.7 x 1.2cm, 2.58 g) and commercial filter with no CCCSNs (No-copperware) in experiment 1 at
72 h (A-C) and experiment 2 at 144 h (D-F). red arrow: damaged hyphae; White arrow: spores. The spore size in (D): 2-5 um; The spore size in (E): around 5 um;

hyphae (Figure 4). In experiment 1, S. parasitica treated with
COPPERWARE® in both the L-copperware and M-copperware
groups displayed some damaged hyphae compared to the non-
treated group. The size of spores in the COPPERWARE® treated
and untreated groups may have also been affected. We observed
that treated S. parasitica commonly had spores with diameters
ranging between 2 and 5pm and untreated S. parasitica had
spores ~10-fold larger in diameter at 20 wm (Figure 4).

Post-exposure Effect of COPPERWARE®

on S. parasitica Survival

Once the treatment (exposure to COPPERWARE®) was halted,
the mycelium growth remained minimal for the first 24 and 48 h
compared to the non-treated control group (p < 0.05). However,
after 72 h, the mycelium plugs appeared to increase in size. Only
one treated group (S-copperware) still had a statistically smaller
agar plug relative to the control systems by the end of the study
(Figure 5 and Supplementary Figure 3).

Water Quality

Copper was detected in the COPPERWARE® treated groups,
and the range of copper concentration based on the HACH test
was higher for tanks treated with larger quantities of the product
(Table 2). The concentration of copper in the water was as high as
the detection limit of our test kits (3 mg/L) in the treatment group
with the largest quantity of COPPERWARE® (L-copperware:

M

- B8 M-copperware

N S-copperware
=3 No-copperware

Diameter (cm)

p-48h p-72h
Time (h)

p-24h

FIGURE 5 | Post-effect of different quantities of COPPERWARE®
(M-copperware: 7.5 x 3.7 x 1.2cm, 4.96 g; S-copperware: 3.75 x 3.7 x
1.2cm, 2.58 g; No-copperware: control group with no CCCSNs in the filter) on
the development of S. parasitica. *: 0.001 < p < 0.05. p: post effect after the
removal of the COPPERWARE®. Error bars are + SD, n = 3.

7.5 x 3.7 x 2.4cm, 9.46 g). Concentrations of dissolved oxygen,
ammonia, nitrite, and nitrate were all within the normal
range for all treatment groups (Supplementary Figure 4 and
Supplementary Table 1). However, at the end of experiment 1,
the pH in the L-copperware treated group was significantly lower
than the control (p < 0.05) (Supplementary Figure 4).

The turbidity of water changed over time in the
treatment tanks. After 72h, 96h and 120h of exposure
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TABLE 2 | Copper concentration after water treatment with different sizes of
COPPERWARE® filters at the end of experiments 1 and 2.

Experiment Treatment? Copper (mg/L)

Experiment 1 (72h) L-copperware >3
M-copperware 1-3
No-copperware 0

Experiment 2 (144 h) M-copperware 1-3
S-copperware 0.5-1
No-copperware 0

a| -copperware: 7.5 x 3.7 x 2.4cm, 9.46 g; M-copperware: 7.5 x 3.7 x 1.2cm, 4.96 g;
S-copperware: 3.75 x 3.7 x 1.2cm, 2.5689; and No-copperware: commercial filter with
no CCCSNs.

Ea M-copperware

0.15 XY S-copperware
*__ B No-copperware

_ — PP
€ o.101
= -. ¥
o ] ]
o L] Pl
& L B

0.05- [ k)
(o) z 1

0.00- 2 2 .

24h 48h 72h 96h 120h 144h
Time (h)

FIGURE 6 | Turbidity of water in experiment 2 assessed via
spectrophotometer. M- copperware: 7.5 x 3.7 x 1.2cm, 4.96g;
S-copperware: 3.75 x 3.7 x 1.2cm, 2.58 g; No-copperware: control group
with no CCCSNss in the filter. *: 0.001 < p < 0.05. Error bars are + SD, n = 3.

to COPPERWARE®, ODgggp measurements water in the
treated groups were significantly higher compared to the
control (p < 0.05) (Figure 6). This increase in turbidity was
particularly obvious in tanks treated with the medium quantity
of product (i.e., M-copperware 7.5 x 3.7 X 1.2cm, 4.96g)
(Supplementary Figure 5). The ODgpp measurements of tanks
treated with M-copperware were significantly higher than
measurements in control tanks, as well as tanks treated with the
smallest quantity of COPPERWARE® (labeled S-copperware
with 3.75 x 3.7 x 1.2cm, 2.58g) (p < 0.05) (Figure 6) between
72 and 120 h. Although the water turbidity was still higher in the
treated tanks than the control tanks by 144 h post-exposure, this
difference was no longer statistically significant (Figure 6).

DISCUSSION

Based on the results of this study, it appears that CCCSNs and
its commercial filter product (COPPERWARE®) may inhibit
the growth of S. parasitica. The dose-dependent suppression
of the growth of this organism (i.e., minimal growth in the
agar plug size) in our experiments (Figures2, 3) was also
supported by morphological evidence of damage to the hyphae
and spores (Figure 4); however, the effect of CCCSNs on the

growth did not persist more than a few days once we removed
the filter material from the aquarium (Figure 5). This suggests
continuous exposure or intermittent exposure to the CCCSNs
may be required to maintain S. parasitica at a minimal level in
aquatic environments.

The dose-dependent disinfection activity of copper
nanoparticles has also been reported by others with fungal
species (47, 48). Removal of pathogenic Fusarium species
affecting plants has been demonstrated with copper nanoparticles
(36). The antifungal properties of copper nanoparticles were
reported to be better than other metal-based nanoparticles (Ag,
Zn, and Au nanoparticles), as well as the commercial fungicide
containing Cu(OH), (49).

Copper nanoparticles have a large surface-to-volume
ratio which may enhanced antimicrobial efliciency (40). The
mechanism of action of nanoparticles on microbes is not well-
established, but the disinfection properties may be through a
direct metal-microbial contact mechanism, which is enhanced by
the large surface area to the volume of the nanoparticles (50-52).
It is also possible in our study that free copper ions were released
and played a role in the inhibition of S. parasitica growth, as we
measured copper in the water after the treatment. This has been
reported to be one of the microbial killing mechanisms of metal-
based nanoparticles (53, 54). Direct contact with copper ions
causes a decline in the membrane integrity of microbes, leading
to a subsequent leakage of cell contents and eventually cell
death (51, 55). Copper ions can also penetrate the cell, leading
to lipid peroxidation, protein oxidation and DNA damage
(17, 56, 57).

We observed a dose-dependent increase in turbidity during
experiment 2 (Figure 6), which could potentially have been
related to a stress response sporulation event. Although we could
not verify this phenomenon, Kasprowicz et al. (58) reported
an increase in the release of spores from Fusarium culmorum
associated with exposure to silver nanoparticles. Spores are better
adapted to survive harsh environmental conditions with their
thick cell walls compared to the vegetative cell walls (59). Spores
are resistant to many types of environmental stresses such as
starvation (60) and heavy-metal exposure (61). It is important
to note that the quantity of S. parasitica used in this laboratory
experiment was high relative to the volume of water. It is possible
that under natural levels of the pathogen, water turbidity would
not be noticeably affected even in the event of sporulation.

Interestingly, if sporulation was the reason for the turbidity it
did not lead to better germination or mycelial growth, suggesting
that successful inhibition on S. parasitica in aquatic systems
can be achieved in the presence of CCCSNs. The precise
concentration of CCCSNs required for inhibition of S. parasitica
growth in larger aquaculture systems remains to be determined,
but this study could be used as a starting point to assess the
economic value of incorporating this material into filtration
systems. The duration of activity of CCCSNs in a system also
needs to be established, and this may be of critical importance
because once we removed the COPPERWARE® we eventually
observed renewed growth of the oomycete. The fact that S.
parasitica was able to grow once we removed the agar plugs
from the COPPERWARE®-challenged water was unfortunate,
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but not unexpected given the resilience of Saprolegnia spp. spores
to environmental insults (62). Microscopic evaluation of the
oomycete pathogens after exposure to CCCSNs showed that the
spores remained intact and within the hyphae even though they
were smaller in size than the controls (Figure 4). The persistence
of spores in hyphae may have enabled the rejuvenation
of S. parasitica when transferred from COPPERWARE®-
challenged tanks to a copper-free environment (Figure 5 and
Supplementary Figure 3). Zinc oxide nanoparticles have also
been shown to be fungistatic rather than fungicidal at certain
concentrations against F. graminearum (63).

The continuous use of COPPERWARE® in the filtration
systems at the highest concentration (L-copperware) in our
study resulted in high levels of total copper in the water (ie.,
above the test detection limit of 3 mg/L). Although the test
kit we used measured both copper ions and bound copper, it
was concerning to have this level of copper leaching from the
filter material. Fortunately, this quantity of COPPERWARE®
was not necessary for disinfecting water; we still observed
disinfection when we used lower levels of material in our aquaria.
However, even using the smallest quantity of COPPERWARE®
(S-copperware) we were able to detect low levels of total copper
(0.5-1 mg/L). This level of material was within the safe range
of drinking water (64), but could still be toxic to some aquatic
animals. For example, the 48-h LC50 values of copper sulfate
for Macrobrachium lamarrei and Macrobrachium dayanum were
0.361 and 0.988 mg/L, respectively (65), while the 48-h LC50 for
fed neonates of Daphnia magna was 18.5 png/L (66). However,
for species like tilapia (Oreochromis niloticus), and catfish
(Clarias gariepinus), the 96-h LC50 values are approximately
58.8 and 70.1 mg/L, respectively (67), which is higher than
what we detected in this study using the lowest concentration
of COPPERWARE®.

It is not possible to evaluate the toxicity of COPPERWARE®
by the measured estimated copper concentration in this study as
it may not have all been free copper ions. If materials constructed
from CCCSNss are to be explored for use in aquaculture, further
research is needed to reduce or prevent copper released from
nanoparticles to avoid copper toxicity. This advice has also been
advocated by other researchers (47). The other water quality
parameters monitored in this study were not negatively impacted
by the use of COPPERWARE®.

The potential leaching of copper from the commercial CCCSN
material tested in this study may be reduced by improving the
coating of the nanoparticles on the filtration material. Given this
issues is rectified, our study indicates that CCCSNs could be
quite effective at controlling S. parasitica and is worth further
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Porcine circovirus type 4 (PCV4), a recently reported circovirus, was first identified in
pigs with clinical signs similar to porcine dermatitis nephropathy syndrome (PDNS), in
Hunan province, China, in 2019. More knowledge regarding the assembly of capsid
protein (Cap) into virus-like particles (VLPs), their structure and antigenic properties,
are needed to provide new knowledge for diagnosis and further characterization of
PCV4. In this study, high-level expression of PCV4 Cap was achieved in Escherichia
coli with purified Cap self-assembling into VLPs (~20nm) in vitro. Furthermore, these
VLPs were internalized in vitro by PK15 and 3D4/21 cell lines. Significant structural
differences between PCV4 and PCV2 capsids were demonstrated among loops (loop
BC, CD, DE, EF, and GH), based on comparisons of 3D structures. In addition, five
potential B cell epitopes identified in silico were mostly located in surface-exposed loops
of PCV4 capsid. Cross-reaction between PCV4 and PCV2 or PCV3 conferred by humoral
immune responses was deemed unlikely on the basis of ELISA and Western blotting
for assessment of VLPs and using PCV4 or PCV2 VLPs. In conclusion, these studies
provided new knowledge regarding PCV4 capsid surface patterns. It is noteworthy that
the PCV4 VLPs prepared in our study have much potential for development of serological
diagnostics for PCV4 and to further characterize this virus.

Keywords: PCV4, Cap, VLPs, vaccine, serological diagnosis

INTRODUCTION

Porcine circoviruses (PCVs) are small, spherical, non-enveloped viruses composed of circular,
single-stranded genomic DNA within an icosahedral capsid. These viruses belong to the genus
Circovirus in the family Circoviridae. PCVs have high genetic variability, with four known
genotypes: PCV1, PCV2, PCV3, and a novel PCV4 genotype. Although PCV1 is considered non-
pathogenic, PCV2 is the causal agent of PCV2-associated diseases (PCVADs). PCV3, first identified
in 2016 by metagenomic sequencing (1), is associated with porcine dermatitis nephropathy
syndrome (PDNS), cardiac disease, reproductive failure, respiratory disease, etc. (1-3).

In 2019, a newly emerging PCV4 genotype was first identified in serum samples from pigs
with respiratory and enteric signs as well as PDNS, in Hunan, China (4). PCV4 is suspected to
be associated with these clinical signs, which also occur in pigs infected with PCV2 or PCV3 (1).
Subsequently, PCV4 infections causing clinical signs in swine were reported in Henan, Shanxi,
Jiangsu, Anhui, and Guangxi provinces, China (5-8), with PCV4-positive rates ranging from 5.1%
(13/257) to 25.4% (16/63). Recently, PCV4 has also been detected on swine farms in Korea (9). As
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distribution, epidemiology, and pathogenicity (or putative
disease association) of PCV4 have not been elucidated, there is
an urgent need to characterize this virus.

The genome of PCV4 is ~1.7 kb long and contains two major
open reading frames (ORFs). Whereas, ORF1 encodes replication
protein (Rep) involved in virus replication, ORF2 encodes the
capsid protein (Cap), the sole structural protein of this virus,
capable of inducing neutralizing antibodies and representing
a major target for vaccine design and serological diagnosis.
In the absence of an efficient method of culturing PCV4,
virus-like particles (VLPs) derived from genetic and protein
engineering are considered a powerful model to investigate
capsid assembly, tissue tropism, and pathogenesis and, in
particular, develop effective serological diagnostics for PCV4
(to clarify its incidence). In this study, structure and antigenic
properties of PCV4 Cap were analyzed, and expressed PCV4 Cap
protein self-assembled into VLPs in an Escherichia coli expression
system in vitro. These results should promote development
of effective serological diagnostics for PCV4 and increase
understanding of this virus.

METHODS

PCV4 Cap Protein Expression and

Purification

A full-length PCV4 cap gene was codon optimized and
synthesized by the GenScript Company (Nanjing, China) based
on the PCV4-AHG-2019 genome sequence (GenBank accession
number: MK986820). This gene was cloned into Ndel and
BamH]I restriction sites of the pET28a expression vector and
the recombinant plasmid confirmed by DNA sequencing. To
express recombinant protein, this plasmid was transformed
into E. coli BL21 (DE3) competent cells (Biomed, Beijing,
China) according to the instructions of the manufacturer.
Subsequently, a single colony was selected and grown in LB
medium (containing 50 pg/ml kanamycin) to an ODggo value
reaching 0.6-0.8 before a final concentration of 0.5 mM IPTG
was added to induce protein expression. After being induced,
cells were grown at 25°C for 10 h, harvested, and soluble protein
was purified by Ni-NTA affinity chromatography, as described
(10). An E. coli BL21(DE3) cell pellet was placed into lysis
buffer (100 mM NaH,PQO4-2H,0, 50 mM imidazole, 10 mM Tris-
HCI, 300mM NaCl, and 100mM KCI, pH 8.5) with 0.5 %
Triton X-100, and 5mM B-mercaptoethanol. Then, cells were
disrupted by sonication (35% amplitude for 20 min), after which
the homogenate was cleared by centrifugation (15,000 x g for
30 min). The supernatant was loaded on a prepacked HisTrap™
HP column (GE Healthcare Life Sciences, New York, NY, USA)
according to the instructions of the manufacturer. The column
was washed with wash buffer (50 mM NaH,PQO,4-2H,0, 50 mM
imidazole, and 300 mM NaCl, pH 8.0), and PCV4 Cap was eluted
with elution buffer (50 mM NaH,PO4-2H,0, 200 mM imidazole,
and 300 mM NaCl, pH 8.0). Purified proteins were analyzed
with SDS-PAGE and Western blot using mouse anti-6 x His tag
antibody (1:3,000; Solarbio, Beijing, China) or mouse anti-PCV4
Cap serum (1:1,000).

PCV4 VLPs Assembly and Transmission

Electron Microscopy

Purified PCV4 Cap was dialyzed against phosphate-buffered
saline (PBS) buffer (pH 7.4) for 48h. The PCV4 VLPs were
absorbed into carbon-coated copper grids for 10 min, stained
with 1% phosphotungstic acid for 5 min, and imaged using TEM
(CM100, Philips Electron Optics, Switzerland).

Preparation of Anti-PCV4 and PCV2 Cap

Serum

PCV2 VLPs were prepared as described (10). Female BALB/c
mice (n = 4/group, 6 weeks old) were used to prepare anti-PCV4
and PCV2 Cap sera. Each mouse was initially immunized with
20 pg of PCV4 or PCV2 VLPs mixed with Freunds complete
adjuvant (final volume, 0.2 ml). Booster immunizations using the
same amount of VLPs mixed with Freund’s incomplete adjuvant
were done twice at 2-week intervals (weeks 2 and 4). Blood
samples were collected 6 weeks after primary immunization, and
sera were collected and stored at —20°C.

Immunofluorescence Staining of PCV4

VLPs

Two porcine cell lines (PK15 and 3D4/21) were used to detect
cell entry of PCV4 VLPs. Cells cultured in 48-well plates were
incubated with 2 pg of PCV4 VLPs in each well, with DMEM,
in lieu of VLPs, added to cells as a control. After incubation for
1h, cells were washed three times with PBST (containing 0.1%
Tween 20). Subsequently, cell entry of PCV4 VLPs was detected
with an indirect immunofluorescence assay (IFA), as described
(11). Anti-PCV4 Cap mouse serum (1:1,000) was used as the
primary antibody, and immunostained slides were examined
with fluorescence microscopy (Olympus BX-51, Tokyo, Japan).

Enzyme-Linked Immunosorbent Assay

Sera of mice immunized with PCV2 and PCV4 VLPs were
assessed using our established indirect ELISA, as described
(10). Secondary antibody was horseradish peroxidase (HRP)-
labeled goat anti-mouse IgG (Thermo Fisher Scientific, Shanghai,
China). Optical densities were read at 450 nm.

Bioinformatics Analyses

All PCVs Cap sequences in the NCBI GenBank database (http://
www.ncbi.nlm.nih.gov/) were retrieved. Amino acid sequences
were aligned using the ESPript 3.0 online tool (http://espript.
ibep.fr/ESPript/ESPript/). The 3D structure homology modeling
was reconstructed based on PCV2 Cap protein structure (Protein
Data Bank (PDB) ID: 3ROR) in SWISS-MODEL (https://
swissmodel.expasy.org/) and displayed with Pymol 1.8.0.3. Linear
B cell epitopes of PCV4 Cap protein were predicted by
BepiPred 2.0 online tool (http://www.iedb.org/) with a default
threshold of 0.5. Antigenicity was evaluated with the Vaxijen
v2.0 server online tool (http://www.ddg-pharmfac.net/vaxijen/
VaxiJen/VaxiJen.html).
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FIGURE 1 | (A) Coomassie blue-stained SDS-PAGE of purified PCV4 Cap protein (lane M: protein marker; lanes E1-E8: purified PCV4 Cap protein). (B) Western blots
of PCV Cap proteins using mouse anti-6 x His tag antibody (lane M: protein marker; lane 1: PCV4 Cap; lane 2: PCV3 Cap; and lane 3: PCV2 Cap). (C) Formation of

PCV4 VLPs observed with TEM. (D) Entry of PCV4 VLPs into PK15 and 3D4/21 cell lines was confirmed by fluorescence microscopy. Green fluorescence represents
PCV4 Cap in cells, whereas cell nuclei (blue) were stained by DAPI.

RESULTS on IFA, PCV4 VLPs entered both PK15 and 3D4/21 cells

Expression and Purification of (Figure 1D).

Recombinant PCV4 Cap

TE;Z?“ length Zf thi OPti,ft“hizei “ap gene was ioiegl in;ﬁ{ @ Analysis of PCV4 Capsid Structure and
p a expressed vector with a 6 x His tag fused at the NH, . .
terminus of the PCV4 Cap protein to aid purification. The PCV4 Predicted Immune E,plt,Opes
. . The PCV Cap has a canonical jelly roll fold; however, Cap

Cap was successfully expressed in bacteria. Furthermore, the e ; ) . .
soluble Cap was purified with Ni-NTA affinity chromatography. sequence variations among various circovirus isolates have
The purified Cap. analvzed by SDS-PAGE. had an apparent minimal effect on the jelly roll structure. Similar to PCV2

P P A v ’ PP Cap structures, a viral jelly roll structure was also observed

molecular weight of ~28 kDa (Figure 1A) and was recognized | : '
by anti-His tag antibody in a Western blot (Figure 1B). 1n'the PCV4 Cap (Figure 2A), based on homology modeling

using a crystal structure of PCV2 Cap as a template. Based on

Cap sequence alignment, most variable residues between PCV2
PCV4 VLPs Self-Assembly From the Cap in and PCV4 Caps were located within the surface-exposed loops,
vitro especially the icosahedral five-fold axes composed of loops BC,
Purified PCV4 Cap protein was dialyzed against PBS buffer DE, and HI (Figures 24, 3A).C9r§pared t.o the PCV2 Cap, loops
(pH 7.4) to facilitate in vitro assembly of VLPs. Spherical BC, CD, DE, FF’ and GH were distinctly different between PCV2
morphology (diameter, ~20nm) was observed under TEM, and PCV4 (Figure 2B).

confirming formation of PCV4 VLPs (Figure 1C). Therefore, the In the PCV4 Cap, five potential linear B cell epitopes with
Cap self-assembled into VLPs in vitro. high antigenicity were predicted by BepiPred 2.0 based on

default threshold, as indicated with various colors in the three-
dimensional (3D) structure (Figure2C). Notably, these five
Entry of PCV4 VLPs Into Cells potential epitopes were all located in loops and mapped to the
Two porcine cell lines (PK15 and 3D4/21) were used to  most exposed surface regions of the PCV4 capsid (Figures 2D,
test internalization of PCV4 VLPs into cells in vitro. Based  3A). In-depth sequence analysis revealed the five B-cell epitopes
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FIGURE 2 | (A) 3D structure of PCV Caps and capsid. 3D Structure of the PCV4 Cap was simulated via homology modeling using the PCV2 Cap as a template (PDB
ID: 3ROR). Loops were labeled with various colors. (B) 3D structure alignment of PCV4 and PCV2 Cap. Prediction of immune-epitopes of the PCV4 Cap (C) and
capsid (D). The five predicted epitopes are indicated by various colors. (epitope A: yellow; epitope B: blue; epitope C: cyan; epitope D: red; and epitope E: magenta).

Epitope E  219F-225P

of the PCV4 Cap shared less residue identity with either PCV2 or
PCV3 Cap (Figure 3).

Cross-Reactions Between PCV4 and PCV2
or PCV3 Cap

PCV2 VLPs with a diameter of ~20nm were successfully
obtained (Supplementary Figure 1). Cross-reactions of anti-
PCV4 or anti-PCV2 IgG from mouse serum collected 6 weeks
after the primary immunization with PCV4 or PCV2 VLPs,
respectively, were determined by ELISA. Sera from PCV4-
immunized mice did not react with PCV2 VLP, and vice versa,
whereas sera from PCV2-immunized mice did not react with
PCV4 VLP (Figures 4A,B; Supplementary Table 1). Therefore,
PCV4 immunization induced genotype-specific antibody profiles
in mice. Anti-PCV4 IgG had limited cross-reaction with PCV2;
furthermore, antibodies elicited by the PCV2 Cap did not react
with PCV4.

Next, anti-PCV4 Cap serum was used for detecting cross-
reactions with PCV2 or PCV3 Cap by Western blot, with anti-
His tag antibody used as a positive control. The three PCV
Caps positively reacted with anti-His tag antibody (Figure 1B).
However, anti-PCV4 Cap serum recognized only the PCV4 Cap,
but neither PCV2 nor PCV3 Cap (Figure 4C). In addition, anti-
PCV2 Cap serum only reacted with PCV2 Cap, but neither PCV3

nor PCV4 Caps (Figure 4D). This lack of cross-reactions was
attributed to the low residue identity among these Caps.

DISCUSSION

PCV4, a newly emerging porcine circovirus, has been identified
in pigs with severe clinical disease, including PDNS-like clinical
signs, diarrhea, and respiratory disease (4, 8). However, there
is very limited information about its epidemiology, origin,
evolution, pathogenesis, and transmission in swine herds.
Notably, PCV4 has been detected as coinfections with PCV2,
PCV3, or both (6-8). As PCV4 may be a serious risk for
swine health, a better understanding of PCV4 pathogenesis, its
epidemiology, and serological surveys to determine its prevalence
is urgently needed.

VLPs are morphologically and immunogenically similar to
their native viruses; furthermore, because of their ability to
induce strong immune responses, they are widely used for novel
vaccine design and serological diagnosis (12). Cap is the major
structural protein of PCVs, and 60 Cap monomers self-assembled
into VLPs in vitro (13, 14). The N-terminal nuclear location
signal (NLS) domain of the Cap is abundant in arginine residues
and contains several rare codons that limit gene expression
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PCV4-Q0J43879 Y e Fl R R R TR LI R R i S AR Y RWRRKNG I F LR R YR S Tt S P TS E T B ST YYRIRKYKVEF AP e T
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PCV3a-A0087130 PIEGAWT TNTWL(SD . bl YIAE SEITIIK VMBS KK KEED RS RIS ST LAGT TSAHP[OSLFFF SRIFTP . ULNT YPIP TVOWGAMLWERY VPEKTGMTDF YGTKEV . WIRYKSVL .
PCV3b-ATG85606 [IEAWTTNTWL(SID . bl YEIE SEITIIK vMEpIS KK KEED RS UI SIS IT LAGT TSAHP(JOSLFFFSRITP . YLNTYPIP TVOWGAMLWERY VPEKTGMTDF YGTKEV . WIRYKSVL .
PCV3b-AT091456 PIGAWTTNTWL(ED . JP YEVE SETIIK VMp{S KK KEED SO RI I ST LAGT TSAHP[OSLFFFSRIFTP . . . . . WLNTYP TVOWGAMLWERY VPEKTGMTDF YGTKEV . WIRYKSVL

FIGURE 3 | Sequence alignment of PCV Caps. Comparative amino acid sequence alignments between PCV4 and PCV2 Cap (A) or PCV4 and PCV3 Cap (B). All
loops labeled with green rectangles and black lines represent predicted PCV4 potential linear B cell epitopes.
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in E. coli. In this study, a full-length PCV4 Cap protein via
codon optimization was highly expressed in an inexpensive E.
coli expression system. Purified Cap self-assembled into VLPs
(~20 nm) in vitro with high yields. To characterize entry of PCV4
VLPs into cells, two porcine cell lines were used. As expected,
PCV4 VLPs were capable of entering PK15 and 3D4/21 cells.
Furthermore, PCV4 VLP-specific mouse serum recognized the
PCV4 Cap prepared from the expression system. Therefore,
PCV4 VLPs produced in E. coli were antigenic and well suited
for future serological diagnostics and vaccine development.

We further analyzed the surface structure of PCV4 VLPs
(capsid) and made comparisons to PCV2. Sequence alignment,
together with 3D structure simulation, indicated substantial
variation between PCV2 and PCV4 capsids in surface-exposed
loop regions and surface patterns formed by various loops,
although their whole structures were similar. In particular, the
surface of the icosahedral five-fold axes constituted by loops BC,

DE, and HI differed, as residues of these loopanalyzed the surface
structures were highly divergent between PCV2 and PCV4 Caps
(Figure 3A). In the PCV2 capsid, the structure of the five-fold
axes was involved in conformational epitope formation. PCV2
neutralizing antibody bound to the residues around the surface
of the five-fold symmetry axes, and this antibody recognized
two adjacent capsid proteins as conformational epitopes (15).
Diversity of the five-fold axes provided insights into antigenic
differences between PCV2 and PCV4. Furthermore, these results
highlighted differential structural and antigenic properties of
PCV2 and PCV4 capsid proteins.

Interestingly, PCV4 Cap had high identity (70%) with the Cap
of mink circovirus (4). However, it had low identities (~45 and
25%) with PCV2 and PCV3 Caps, respectively, whereas cross-
reaction with PCV2 or PCV3 is unknown. To explore whether
PCV4 cross-reacts with PCV2 or PCV3, anti-PCV4 Cap serum in
BALB/c mice elicited by immunization with the PCV4 VLPs was
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FIGURE 4 | Cross-reaction between PCV4 and PCV2 by ELISA and Western blots. The reactivity of PCV4 VLP-immunized (A) or PCV2 VLP-immunized (B) mouse
serum (n = 4) with PCV4 or PCV2 by ELISA. Reactivity of sera from PCV4 or PCV2 VLP-immunized mice, collected 6 weeks after initial immunization. Immunized mice
(n = 2) received PBS as a control. Optical densities were read at 450 nm. ***o < 0.001. (C,D) Western blots of PCV Cap proteins using anti-PCV4 Cap serum or
anti-PCV2 Cap serum, respectively (lane M: protein marker; lane 1: PCV4 Cap; lane 2: PCV3 Cap; and lane 3: PCV2 Cap).

used to detect cross-reaction with PCV2 or PCV3 Caps. Based on
Western blot, only PCV4 Cap was recognized by anti-PCV4 Cap
serum. Apparently, only PCV4 VLPs induced genotype-specific
antibodies in mice. Moreover, the predicted PCV4 immune
epitopes had very low identity to PCV2 or PCV3 Cap, which can
further explain the absence of cross-reactions to the two Caps.
Thus, cross-reaction between these Caps is unlikely, consistent
with the result of the Western blot (Figure 4C). In parallel, anti-
PCV2 Cap serum (produced by immunization with PCV2 VLPs)
was used in Western blots to detect cross-reactions with PCV3
or PCV4 Cap; as expected, only the PCV2 Cap was specifically
recognized by the anti-PCV2 Cap serum. Furthermore, using
ELISA, we confirmed there was limited cross-reaction between
PCV4 and PCV2. Therefore, we inferred that elicited antibody
responses were unlikely to cross-protect between PCV4 and
either PCV2 or PCV3.

CONCLUSION

We successfully expressed the PCV4 Cap and confirmed it was
capable of self-assembling into VLPs in vitro with a diameter of
~20 nm. To our knowledge, this is the first report of PCV4 VLPs
prepared from an E. coli expression system. The PCV4 VLPs
produced in the present study had high antigenicity, with much
potential for future serological diagnostics. Importantly, cross-
reactions between PCV4 and either PCV2 or PCV 3 were unlikely.
Finally, these PCV4 VLPs are expected to be a valuable tool to
study PCV4.
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Lateral Flow Immunoassay for Visible
Detection of Human Brucellosis
Based on Blue Silica Nanoparticles

Lirui Ge "2, Dan Wang "2, Fengnan Lian "2, Jinbin Zhao "2, Yue Wang "2, Yuyi Zhao "2,
Lanting Zhang', Juan Wang', Xiuling Song’, Jinhua Li™ and Kun Xu"#*

" School of Public Health, Jilin University, Changchun, China, 2 Public Health Detection Engineering Research Center of Jilin
Province, Changchun, China

Brucellosis is a highly contagious zoonosis chronic infectious disease with a strong latent
capability to endanger human health and economic development via direct or indirect
ways. However, the existing methods for brucellosis diagnosis are time-consuming
and expensive as they require a tedious experimental procedure and a sophisticated
experimental device and performance. To overcome these defects, it is truly necessary
to establish a real-time, on-site, and rapid detection method for human brucellosis.
Here, a lateral flow immunoassay (LFIA) with a rapid, sensitive, and alternative diagnostic
procedure for human brucellosis with a high degree of accuracy was developed based
on blue silica nanoparticles (SiNPs), Staphylococcal protein A (SPA), and surface
Lipopolysaccharide of Brucella spp. (LPS), which can be applied for rapid and feasible
detection of human brucellosis. To our knowledge, this is the first report that uses
blue SiNPs as a signal probe of LFIA for the rapid diagnosis of human brucellosis.
The precursor of blue SINPs@SPA such as colorless SiNPs and blue SiNPs was
synthesized at first and then coupled with SPA onto the surface of blue SiNPs by
covalent bond to prepare blue SINPs@SPA as a capture signal to catch the antibody
in the brucellosis-positive serum. When SPA was combined with the antibodies in
the brucellosis-positive serum, it was captured by LPS on the test line, forming an
antigen—antibody sandwich structure, resulting in the T line turning blue. Finally, the
results showed that it is acceptable to use blue SiNPs as visible labels of LFIA, and
standard brucellosis serum (containing Brucella spp. antibody at 1,000 IU/ml) could
be detected at a dilution of 107° and the detection limit of this method was 0.01
IU/ml. Moreover, it also demonstrated good specificity and accuracy for the detection
of real human serum samples. Above all, the blue SiNPs-based LFIA that we developed
provides a rapid, highly accurate, and inexpensive on-site diagnosis of human brucellosis,
and shows great promise in clinical diagnostics for other diseases.

Keywords: blue SiNPs, LFIA, human brucellosis, antigen-antibody sandwich structure, Brucella spp.
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INTRODUCTION

A lateral flow immunoassay (LFIA) is a fast, simple, and
economic method that is widely used in the field of rapid
detection of various analytes. The labels used for LFIA include
a series of particles, such as quantum dots (1, 2), latex beads
(3), colloidal gold, and magnetic particles (4). Among the above
particles, colloidal gold was the most commonly used label for
LFIA, which was widely applied in bacteria detection and drug
testing. However, the performance of colloidal gold depends
on the amounts of molecules gathered. Thus, it is susceptible
to optical interference, which always exhibits relatively low
sensitivity and inaccurate qualitative or semi-quantitative results
(5). Meanwhile, the performance of colloidal gold is often affected
by temperature, pH, and salt concentration. Moreover, the use
of colloidal gold in multiple tests is also limited as colloidal
gold always displays a single color (6). Quantum dots and dye-
doped nanoparticles are representative fluorescent nanoparticle
probes that have attracted increasing research attention (5,
7, 8). Dye-doped nanoparticles vary in diameter from 2 to
200 nm, containing a large quantity of dye molecules embedded
in a polymer or silica matrix, which can emit more intense
fluorescence signals than organic fluorophores (5, 9). However,
the detection of fluorescent dye-doped nanoparticles requires
specific equipment for the detection of the fluorescence signal,
and the stability of the fluorescent signal still needs further
verification. Of note, silica nanoparticles (SiNPs) are widely used
in several fields, such as in disease labeling, biosensing, and
drug delivery (10). However, most previously used SiNPs are
white or colorless, which are not suitable for signal conversion
and signal amplification (11). It is known that organic dyes
possess good stability and rich color, which would not fade even
under harsh conditions. Due to their chemical reactivity, many
organic dyes are very suitable for dyeing, such as dyeing colorless
SiNPs into colored SiNPs. Besides, the surface of SiNPs is easy
to modify, which can be used in catalysis, molecular detection,
biological detection, and imaging by doping functional materials
(12, 13). Therefore, colored SiNPs not only possess a bright
color but also possess four advanced characteristics: a strong
covalent interaction between dye and SiNPs, high hydrophilicity
and good water dispersion, excellent stability, and easy surface
modification (5, 14). These high-quality characteristics indicate
that colored SiNPs are good optical nano-labels to amplify the
response signal in immunochromatographic strips (15-17).
Brucella spp. is a type of intracellular parasitic and facultative
anaerobic Gram-negative short bacilli. According to the different
susceptible hosts, Brucella spp. can be divided into six classical
types, namely, Brucella abortus, Brucella melitensis, Brucella ovis,
Brucella canis, Brucella neotomae, and Brucella suis (18). At the
beginning of the twenty-first century, several novel species were
identified, such as Brucella pinnipedialis (isolated from seals)
and Brucella ceti (isolated from dolphins and whales) (19), as
well as Brucella microti, which was isolated and identified from
wild rats for the first time. Then, a new strain of B. microti
was isolated from red foxes and soil in 2008 (20), Brucella
inopinata was isolated from a breast-transplanted patient in
2010 (21), and another new strain of Brucella was isolated from
frogs in 2012 (22). The discovery of these new Brucella spp.

reveals that the natural host range of Brucella spp. has gradually
expanded to non-human primates and amphibians. Among the
abovementioned strains, B. abortus, B. melitensis, B. neotomae,
and B. suis are human pathogenic bacteria, and B. melitensis
has the strongest pathogenicity. According to the statistics of
B. melitensis strains isolated from 29 provinces in China from
1950 to 1991, the proportion of B. melitensis strain type 1 and
type 3 was 53.8 and 33.2%, respectively. However, since 1991, the
proportion of type 3 strain has increased to 80% (23). Brucellosis,
the disease caused by Brucella spp., can be transmitted from
infected animals to humans, which brings particular threat to
the people engaged in animal husbandry in some rural areas.
The data from the World Health Organization demonstrate that
brucellosis has affected more than 170 countries or regions in
the world, and more than 400,000 new cases were reported every
year (24). The main clinical manifestations of brucellosis include
wave fever, night sweats, joint pain, abortion, infertility, and easy
recurrence. The course of brucellosis varies from 1 month to
more than a few years. Therefore, patients with brucellosis will
face great economic burden and mental problems if they cannot
be diagnosed or treated in time. On the contrary, most patients
with brucellosis will recover within 3-6 months if brucellosis can
be diagnosed in time. At present, the detection technology for
brucellosis, such as bacterial culture and PCR, usually requires
a relatively long time, high cost, expensive equipment, and
complex operating procedures. However, brucellosis commonly
occurs in farms and rural areas with poor facilities. The existing
diagnosis technologies for brucellosis require professional testing
personnel and equipment, which are not suitable for rural
areas. Therefore, it is of great significance to establish a simple,
rapid, and inexpensive diagnosis method for brucellosis for early
diagnosis and timely treatment.

As little work using blue SiNPs as a reporter of LFIA to
detect human brucellosis has been reported, here, an LFIA with a
rapid, sensitive, and alternative diagnostic procedure for human
brucellosis with a high degree of accuracy was developed based
on blue SiNPs, Staphylococcal protein A (SPA), and surface
lipopolysaccharide of Brucella spp. (LPS). At first, the precursor
of blue SiNPs such as C.I. Reactive Blue 21 and colorless SiNPs
was synthesized, and then C.I. Reactive Blue 21 was introduced
onto the surface of colorless SiNPs in a given of amount of
coupling substance to prepare blue SiNPs, followed by a layer
of silica shell, which was formed by TEOS hydrolysis that was
wrapped outside of SiNPs to avoid dye leakage. Afterwards, the
amino group, which aims to combine with SPA by covalent
bonding, was introduced to the surface of core-shell blue
SiNPs via 3-aminopropyl triethoxysilane (APTES). After that,
glutaraldehyde was used to activate the amino groups on the
surface of blue SiNPs, and then SPA was added into above
solution to obtain the blue SINPs@SPA. The blue SINPs@SPA as
capture signal to catch the antibody in the brucellosis-positive
serum. When SPA was combined with the antibodies in the
brucellosis-positive serum, it was captured by LPS on the test
line, forming an antigen-antibody sandwich structure, resulting
in the T line turning blue. On this basis, the feasibility of this
detection in human serum was also verified. We also discussed
the feasibility of this work in human serum, and the results
showed that it is acceptable to use blue SiNPs as visible labels
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of LFIA to diagnose human brucellosis in standard brucellosis
serum and real human serum samples. Above all, a fast, one-step
strategy and high-specificity method based on blue SiNPs for the
diagnosis of human brucellosis has been developed, which can be
applied in developing countries and rural areas.

MATERIALS AND METHODS

Materials and Reagents

SPA and goat anti-mouse IgG were provided by Beijing Bioss
Biotechnology Co., Ltd. and (3-Aminopropyl) triethoxysilane
(APTES) was provided by Shanghai Aladdin Bio-Chem
Technology Co., LTD. Glutaraldehyde was obtained from
Sigma-Aldrich (Shanghai, China); bovine serum albumin
(BSA) and tetraethyl orthosilicate (TEOS) were obtained from
Shanghai Macklin Biochemical Co., Ltd. Anhydrous ethanol was
obtained from Tianjin Xinbote Chemistry Co., Ltd. (Tianjin,
China). Twenty five percent ammonia was purchased from
Xilong Science Co., Ltd. Reagents used in indirect ELISA were
purchased from Shanghai Jianglai Biotechnology Co., Ltd;
phosphate buffered saline (PBS) buffers (pH 7.4) were obtained
from Sangon Biotechnology Co., Ltd. (Shanghai, China). The
glass fiber, releasing pad, nitrocellulose membrane, absorbing
pad, and polyvinyl chloride sheet were obtained from Shanghai
Jinbiao Biotechnology Co., Ltd. (Shanghai, China).

Preparation of Core-Shell Blue SiNPs
Colorless SiNPs were synthesized by the Stober method with
a slight modification. A Stober system containing 30 ml of
anhydrous ethanol, 4 ml of water, and 5 ml of ammonia water was
hydrolyzed for 30 min at 60°C. Then, 5ml of TEOS was added
slowly within 30 min, and the reaction continued for another 2 h.
The final colorless SiNPs were isolated by centrifugation (7,000
rpm, 5 min) and finally freeze-dried by a Lyophilizer.

Dye-coated SiNPs were prepared by following a previous
report with a slight modification (25). Briefly, 100 mg of colorless
SiNPs was dissolved in 15 ml of water. After that, 20 1l of APTES
and 100 1 (100 mg/ml) of C.I. Reactive Blue 21 aqueous solution
were mixed with 15 ml of water, which contained 0.1 g SiNPs and
was left to react for 2.5 h. Then, the precipitate was centrifugally
collected and washed with ethanol and water.

A Stober system that contained 10 ml of ethanol, 815 pl of
H,0, 0.2ml of TEOS, and 0.1 ml of NH3-H,O was hydrolyzed
for 20 min, and then 5ml of the above blue SiNPs was poured
into the above solution and reacted for 12 h. After the reaction,
the core-shell blue SiNPs were centrifuged and dispersed in
pure water.

Preparation of Amino-Modified Core-Shell
Blue SiNPs

One hundred milligrams of core-shell blue SiNPs was dissolved
in 20ml of ethanol under ultrasonic conditions at room
temperature for 30 min. After that, the above prepared core-shell
blue SiNPs were transferred into a three-necked flask containing
80 ml of ethanol, and 100 wl of APTES was added and refluxed
at 60°C for 7h. The resulting amino-modified blue SiNPs were
washed four times with water.

Preparation of SPA-Coated Core-Shell

Blue SiNPs

The SPA was combined with core-shell blue SiNPs through
covalent crosslinking with a slight modification (26); 2.5 ml of
glutaraldehyde and 9ml of PBS (pH 7.4) were added into the
above amino-modified core-shell blue SiNPs and then stirred for
2h at room temperature to obtain glutaraldehyde-activated blue
SiNPs. After that, 1ml (1 mg/ml) of SPA was added into the
above solution with 5ml of PBS (pH 7.4) and then stirred for
another 2 h. The resulting SPA-coated blue SiNPs were collected
by centrifugation and dispersed in 10 ml of water with 1% BSA
for 1h at room temperature to block unreacted sites.

Characterization of Synthesized SiNPs and

Core-Shell Blue SiNPs

SiNPs and core-shell blue SiNPs were characterized by a
transmission electron microscope (TEM) (200 kV) and a Fourier
infrared transform spectrometer (FT-IR). KBr was set as the
scanning background, and wavenumbers were set to 500-3,500
cm™! of FT-IR. After the dry samples were mixed with KBr, the

samples were scanned at a speed of 2 cm ™.

Fabrication of Core-Shell Blue

SiNPs-Based LFIA

The structure of the core-shell blue SiNPs-LFIA is shown in
Scheme 1. LPS (1 mg/ml) and goat anti-mouse IgG (0.6 mg/ml)
were loaded on the T line and the control line (C line) separately.
The distance between the two pipelines was 5 mm. Finally, NC
membrane, releasing pad, adsorbent pad, and sample pad were
fabricated onto the backing pad. The LFIA was stored in a dark
and dry place.

Brucellosis Serum Samples

Standard brucellosis serum (B. melitensis), brucellosis-positive
control serum (B. melitensis), and negative control serum
were purchased from Shanghai Jianglai Biotechnology Co., Ltd.
The Brucellosis Prevention and Control Base, Chinese Centers
for Disease Control and Prevention (Baicheng, Jilin, China)
donated a total of 102 human serum samples from their three
clinical groups, including 69 human brucellosis serum samples,
24 negative control serum samples from healthy individuals,
and 9 serum samples infected with other bacteria. All the
serum samples were stored in a —80°C refrigerator. The serum
agglutination test (SAT), the gold standard diagnostic method for
brucellosis, was run following the Health Industry Standards of
the People’s Republic of China: Diagnosis for brucellosis GB/T
(WS 269-2019), and each sample was run with three parallel
tests. Relevant information on the serum samples is presented in
Supplementary Table 1.

Application of LFIA in the Diagnosis of

Brucellosis

Fifty microliters of human serum sample was fully mixed with
50 il of blue SiNPs, and then the mixed solution was added
dropwise to the sample pad of the strip. After 15 min of reaction,
the visual results of the T line and C line were observed by
the naked eye. As shown in Scheme 1, when the serum was
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SCHEME 1 | The principle of the core-shell blue SiNPs-based LFIA system and the illustration of the result judgment.
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a brucellosis-positive serum, the blue SINPs@SPA bound with
the Brucella spp. antibody in the serum, and then the blue
SiNPs@SPA with antibody was captured by LPS on the T line,
so the T line turned blue; some blue SiNPs@SPA that did not
bind with the Brucella spp. antibody were captured by the
secondary antibody on the C line, making the C line appear blue.
When the serum was a brucellosis-negative serum, there was no
Brucella spp. antibody in the serum; then, the blue SINPs@SPA
was not specifically captured by LPS on the T line, making it
appear colorless, while the blue SINPs@SPA was captured by the
secondary antibody on the C line, making the C line appear blue.

To test the specificity of this method, nine non-brucellosis
serum samples infected with other bacteria were used:
Escherichia coli O157:H7 serum, Staphylococcus aureus serum,
Staphylococcus epidermidis serum, Staphylococcus saprophyticus
serum, Streptococcus salivarius serum, Streptococcus anginosus

serum, Klebsiella pneumoniae serum, Salmonella enteritidis
serum, and Ralstonia picri serum.

To test the sensitivity of this method, standard brucellosis
serum was diluted with saline in the range of 10! to 1076 TU/ml
to test the detection limit based on the methods we developed.

The Comparison Between Our Developed
LFIA and Indirect ELISA (IELISA)

In order to verify the effectiveness of the detection method
that we developed, we compared the detection results of human
serum samples between LFIA and iELISA. The SAT, the gold
standard diagnostic method for brucellosis, was run following
the Health Industry Standards of the People’s Republic of China:
Diagnosis for brucellosis GB/T (WS 269-2019), and each sample

Frontiers in Veterinary Science | www.frontiersin.org

December 2021 | Volume 8 | Article 771341


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Geetal.

LFIA Detect of Human Brucellosis

— Blue SiNPs
— Blue SiNPs-NH,
100
=y
e
] 1610.296
=1
g 50 3450.084
=
w
|
s
2
1095.387
0 -
T T T
0 1000 2000 3000
Wave numbers(cm’")
FIGURE 1 | FT-IR spectra of blue SiNPs (top) and blue SiNP-NH, (bottom).

was run with three parallel tests. iELISA was run according to the
previous protocol.

RESULTS AND DISCUSSION

FT-IR Spectra of Blue SiNPs and Blue
SiNPs-NH2

FT-IR was used to characterize whether the amino group was
modified on the surface of SiNPs. FT-IR provided direct proof
for the functionalization of amino groups on the SiNPs, because
FT-IR can detect the stretching vibration of chemical bonds on
the surface of blue SiNPs and blue SiNPs-NH,, as shown in
Figure 1. Both blue SiNPs and blue SiNPs-NH, showed strong
infrared absorption bands in the region of 800-1,180 cm™!,
corresponding to Si-O-Si on the silica surface. As shown in
the FT-IR absorption spectra of blue SiNPs-NH,, 3,450 and
1,610 cm™! were attributed to the N-H bonds of the amino
group. The above results were comparable with the blue SiNPs
being successfully wrapped with an amino-modified silica shell;
therefore, it is reasonable to believe that APTES was successfully
conjugated with blue SiNPs, and amino groups were successfully
coupled on blue SiNPs.

Characterization of Core-Shell Blue SiNPs

A TEM method was used to characterize the synthesized SiNPs.
The TEM images of the colorless SiNPs and core-shell blue
SiNPs are shown in Figures 2A,B. Under the same magnitude of
enlargement, both the SiNPs and core-shell blue SiNPs showed
good morphology, dispersion, and dispensability. According to
the TEM images (Figures 2C,D), there was a layer of silica shell
that can be seen on the surface of SiNPs (The part indicated by
the red arrow). Moreover, in the process of coating SiNPs, many
small uneven particles were formed on the surface of the silica
shell by self-hydrolysis of TEOS. According to previous literature
(17), the unsmooth surface of the particles can provide more
binding sites for protein and help to coat more SPA. Therefore,

FIGURE 2 | TEM images of colorless SiNPs (A,B), and core-shell blue SiNPs
(C,D). The red arrow means that a layer of silica shell has been successfully
wrapped on the outside of the silica nanoparticles, and the position of the shell
is marked with the red arrow.

the results of TEM showed that blue SiNPs were successfully
prepared in this work.

Also, we tested the steadiness of blue SiNPs compared with
colloidal gold nanoparticles in different pH values and different
concentrations of salt solution (Supplementary Figure 1).
The results showed that the scalar variability of pH and
concentrations of NaCl solution had little influence on the
change in blue SiNPs’ color; on the contrary, aggregated colloidal
gold nanoparticles demonstrated a different color with the
varying pH and concentration of NaCl solution, indicating that
blue SiNPs were more stable than colloidal gold nanoparticles
at different pH values and concentrations of the NaCl solution.
These results indicated that blue SiNPs were more suitable as
visible labels of LFIA than colloidal gold nanoparticles due to
their good stability.

Characterization of SPA-Conjugated

Core-Shell Blue SiNPs

LFIA was employed to identify that SPA-conjugated core-shell
blue SiNPs were successfully synthesized. The results could be
observed by the naked eye, and it was obvious that the SPA-
conjugated core-shell blue SiNPs were captured by a secondary
antibody, and it showed a strong blue color at the C line
(Supplementary Figure 2B). In contrast, the core-shell blue
SiNPs could not combine with a secondary antibody, so the
C line was colorless (Supplementary Figure 2A). This result
demonstrated that SPA was successfully combined with core-shell
blue SiNPs.

Optimization of Experiment Conditions
Optimization of the Dosage of Dye

To achieve the optimal response condition, four factors that
would affect the final results were investigated. First of all, the
amount of dye used in the synthesis of blue SiNPs was optimized.
When too much dye was used, it was dissolved in the solvent
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and made it difficult for the blue SiNPs to be coated on the shell,
which had been hydrolyzed by TEOS; however, if only a small
amount of dye was used, then the color was not bright enough.
So, it is necessary to find a suitable amount of dye that can
not only make the color of blue SiNPs bright enough, but also
prevent interferences. From Supplementary Figure 3, the results
indicated that when the additional amount of dye was 100 pl
(100 mg/ml), the color of blue SiNPs was bright enough and dye
did not leak too much. Therefore, we decided to set the final
additional amount of dye at 100 1.

Optimization of the Dosage of LPS

Secondly, the sprayed concentration of LPS on the T line was
optimized. It was obvious that the concentration of LPS affected
the binding ability of LPS with antibodies in standard brucellosis
serum. It can be seen from Supplementary Figure 4 that when
the concentration of LPS was 1 mg/ml, the binding ability of
LPS with standard brucellosis serum was better than the other
concentrations of LPS. Therefore, 1 mg/ml was chosen as the
optimum concentration of LPS.

Optimization of the Dosage of Goat Anti-mouse IgG
Next, we optimized the dosage of goat anti-mouse IgG. The
sprayed concentration of goat anti-mouse IgG on the C line of
the test strip could affect the binding ability of goat anti-mouse
IgG with SPA. The goat anti-mouse IgG was printed in different
concentrations (1, 0.8, 0.6, 0.4, and 0.2 mg/ml) on the control
line. It can be seen from Supplementary Figure 5 that when
the concentration of goat anti-mouse IgG was 0.6 mg/ml, the
color of the C line was bright enough, and the binding ability
between goat anti-mouse IgG and SPA was better. In order to
save experimental materials, 0.6 mg/ml was chosen as the best
concentration of goat anti-mouse IgG.

Optimization of the Dosage of SPA
Finally, we optimized the dosage of SPA. The concentration of
SPA that coated on the surface of blue SiNPs could also affect

the binding ability between SPA and antibodies in standard
brucellosis serum. Experimental studies on the binding ability
between SPA and LPS under different concentrations of SPA were
carried out, and it can be seen from Supplementary Figure 6 that
when the concentration of SPA was 1 mg/ml, the binding ability
was better than the other concentrations. Therefore, 1 mg/ml was
chosen as the suitable concentration of SPA.

Sensitivity of Core-Shell Blue SiNPs-Based
LFIA

After the abovementioned experiment condition optimization
procedure, the core-shell blue SiNPs-based LFIA was evaluated
by standard brucellosis serum under optimal conditions. After
the series of standard brucellosis serum (standard brucellosis
serum was diluted to 10™! to 107 IU/ml) were mixed with blue
SiNPs, the sensitivity of the core-shell blue SiNPs-based LFIA for
Brucella antibody was obtained. From Figure 3, we can see that
when the serum dilution was 107, the T line still showed a blue
color. According to the above results, we can conclude that our
LFIA could detect Brucella spp. antibody at a level of 107> (0.01
IU/ml) in serum with no false positives.

Specificity of Core-Shell Blue SiNPs-Based

LFIA

The specificity of core-shell blue SiNPs-based LFIA was evaluated
with control experiments that involved S. epidermidis serum,
S. anginosus serum, E. coli O157:H7 serum, K. pneumoniae
serum, S. aureus serum, S. saprophyticus serum, R. picri serum,
S. enteritidis serum, and S. salivarius serum. To explore the
specificity of LFIA based on blue SiNPs to diagnose human
brucellosis-positive serum, the nine abovementioned serums, as
a control group, were studied. After incubation, we saw that the
T line and C line of the strip both displayed a bright blue color
in the presence of human brucellosis-positive serum; in contrast,
we did not observe a blue color on the T line in the presence of
the other tested serums (Figure 4). These results indicated the
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TABLE 1 | The evaluation results of our developed LFIA and iELISA.

Methods Cutoff value Positive Negative PPV (%) NPV (%)
TP FN TN FP

LFIA >68.94 61 2 31 8 87.0 93.9

ELISA >0.532 59 1 32 10 85.5 96.9

SAT was used as the gold standard to distinguish the results of LFIA and iELISA. TP, true
positive; TN, true negative; FR, false positive; FN, false negative; PPV, positive predictive
value, TP/(TP+FP) x 100%, NPV, negative predictive value, TN/(TN+FN) x 100%.

excellent specificity of our testing strip based on the core-shell
blue SiNPs for the detection of human brucellosis serum.

Detection of Human Serum Samples

In order to evaluate the sensitivity and accuracy of our method,
we applied our developed method to detect human serum
samples. A total of 102 human serum samples were firstly
detected by the serum agglutination test (SAT) to determine
whether the serum could be diagnosed as positive or negative;
SAT followed the Health Industry Standards of the Peoples
Republic of China: Diagnosis for brucellosis GB/T (WS 269-
2019) to guarantee that there were no false positives, and each
sample was run with three parallel tests to ensure accuracy.
Indeed, the LFIA that we developed could detect antibodies in
serum, in the whole blood, and even in plasma. Usually in a
typical LFIA, the complex matrix can make the NC membrane
change colors, which leads to a high background, especially in
whole blood. However, due to the bright color of the blue SiNPs,
even if the NC membrane turns red, the results were also easy to
observe. In particular, the SiNPs can combine with a variety of
dyes and appear in a variety of colors; therefore, the SiNPs can be
more widely applied in the detection technology.

We applied our developed LFIA to detect 69 positive
brucellosis serum samples, 24 negative brucellosis serum
samples, and nine non-brucellosis serum samples infected with
other bacteria samples, and all the serum samples were verified by
SAT. The sensitivity, specificity, and accuracy of core-shell blue
SiNPs-based LFIA were assessed completely. From the results,
we can see that with our method, 61 positive brucellosis serum
samples were identified as “positive” correctly, eight positive
brucellosis serum samples were wrongly identified as “negative,”
2 negative serum samples were wrongly identified as positive,
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FIGURE 5 | The receiver operating characteristic curve of the lateral flow
immunoassay with the SAT method as state variable. The area under the curve
(AUC) was 0.942 (95% ClI, 0.900-0.984); the standard errors (under the
non-parametric assumption) were 0.022, p < 0.05.

and 31 of the negative samples were identified as “negative”
correctly, as described in Table 1. Also, we used SPSS software to
draw a receiver operating characteristic (ROC) curve (Figure 5)
to evaluate the feasibility of our strip for actual samples; area
under the curve (AUC) was used to present the accuracy of the
method. The AUC of our experiment was 0.942 [95% confidence
interval (CI), 0.900 to 0.984], demonstrating that the accuracy of
this method is convincing and our detection results are highly
authentic. In addition, a positive predictive value (PPV) of 87.0%
and a negative predictive value (NPV) of 93.9% of our developed
method were obtained from an optimum cutoff value of 68.94
(Youden’s index optimum). With this cutoff value, 61 of 69
brucellosis samples were screened correctly as positive, and only
two negative cases were screened incorrectly as positive.
Furthermore, we also compared our methods with iELISA
to evaluate the sensitivity and specificity. Compared with our

Frontiers in Veterinary Science | www.frontiersin.org

35

December 2021 | Volume 8 | Article 771341


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Geetal.

LFIA Detect of Human Brucellosis

ROC Curve
a 0.6 //
> i
.= //
2 A
[ /
» 0.4 /
/
7
/'/
///'
0.2
// §
A
0.0 T T T T
0.0 0.2 04 06 08 1.0
1 - Specificity

FIGURE 6 | The receiver operating characteristic curve of the indirect ELISA
with the SAT method as state variable. The area under the curve (AUC) was
0.926 (95%Cl, 0.877-0.975); the standard errors (under the non-parametric
assumption) were 0.025, p < 0.05.

developed method, iELISA was also used to detect the same
102 serum samples, and the resulting ROC curve and the
results of iELISA are shown in Figure 6 and Table 1. From
Figure 6, we can see that the AUC of the ROC curve was
0.926 (95% CI, 0.877-0.975). When the optimal cutoff value
was selected at 0.532 (Youden’s index optimum) as the standard
critical value of diagnosis, the PPV was 85.5% and the NPV
was 96.9%. With this cutoff value, 59 of 69 brucellosis samples
were screened correctly as positive, and only one negative case
was screened incorrectly as positive. Above all, there was no
significant difference in the diagnostic sensitivity and specificity
between our developed LFIA and iELISA (Table 1). Furthermore,
the sensitivity of our experiment was slightly better than iELISA.
These results indicated that the accuracy and sensitivity of our
method were reliable, and our developed method can be applied
in the diagnosis of human brucellosis in the future.

DISCUSSION AND CONCLUSION

As a new nanomaterial, SINPs have significant advantages,
namely, stability and feasibility, compared with other
nanoparticles. Based on their stability, bioavailability,
colorfulness, sensitivity, and specificity, SiNPs have shown
great promise in immunology (27), virus detection (28), cell
biology (29), and environmental monitoring (30). Blue SiNPs as
a new nanomaterial were used as a signal probe and SPA was
used as a capture probe to catch and immobilize antibodies in
the serum as well as combined with the secondary antibody on
the C line in our research. When SPA-functionalized blue SiNPs

(the capture probe) were obtained, the capture probe could catch
the antibody when the serum was brucellosis-positive, and then
the captured antibody specifically bound with LPS on the T
line, which made the T line blue. The probe we synthesized had
better stability and sensitivity compared with other traditional
capture probes. As the signal probe, the SiNPs were coated
with dye and then were wrapped with a silica shell hydrolyzed
by TEOS, demonstrating its environmentally friendly and
simplified procedure. The usage of SPA made the detection more
accurate and simple. SPA can be linked to the Fc fragment of
IgG molecules by hydrophobic interactions, resulting in the
orientation and arrangement of antibody molecule probes on the
surface of blue SiNPs. This oriented fixation is better organized
than either direct physical adsorption or covalent binding, and
it has less impact on the activity of antibodies. Thus, the entire
activity of the functionalized capture probe has been improved
(4, 31). Above all, a LFIA-based visible blue SiNPs label was
developed for the rapid screening or diagnosis of people who
have suffered from human brucellosis. As a promising probe,
blue SiNPs can be successfully applied in the detection of human
brucellosis by LFIA. Compared with the traditional diagnosis
methods, the LFIA based on blue SiNPs can not only save time
but also reduce cost simultaneously; in addition, blue SiNPs
have many advantages such as good stability, bright color, and
lower price, compared to other traditional methods. Taken
together, these results suggest that the LFIA based on the blue
SiNPs can be applied to diagnose brucellosis in remote areas
where there is a lack of testing condition and instruments.
Moreover, the minimize visual cutoff values of the antibody
titer in serum was 0.01 IU/ml, indicating the high sensitivity
of our method. Additionally, there was no cross-reaction
between different serum samples when we applied the strip to
human serum samples from different individuals infected with
various microorganisms. In summary, the blue SiNPs-based
LFIA has shown great promise for rapid and inexpensive
diagnosis of human brucellosis. Moreover, this LFIA-based
detection method may have future application for multiple
immunochromatography detection, which deserves further
development. As far as our current experiment is concerned, a
single color cannot be satisfied with multiple detection. In the
future, we will also develop various colored SiNPs for multiple
immunochromatography detection.
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Brucellosis is the most widespread and serious zoonotic disease worldwide which
affects livestock, sylvatic wildlife, marine dwellers, and humans. It is acquired
through Alphaproteobacteria which belong to the genus Brucella and is
categorized as a potential bio-threat agent. In this study, we developed a rapid
and direct differential whole cell (WC) agglutination-based assay for its on-field
detection. The recombinant outer membrane (rOmp28) protein-derived specific
mice 1gG polyclonal antibodies (pAbs) of Brucella were purified using affinity
chromatography and conjugated with functionalized gold nanoparticles (AuNPs)
for rapid agglutination. A positive blot of 32 kDa protein revealed specific immuno-
reactivity of rOmp28-pAbs using immunoblot analysis. For the synthesis of AuUNPs,
the conventional “Turkevich method” was optimized at a concentration < 1 mM of
gold precursor for obtaining 50-nm-sized particles. Also, their physico-chemical
characteristics were analyzed using UV-visible spectrophotometry, Fourier
transform infra-red spectroscopy (FT-IR), Raman spectroscopy, X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), dynamic light scattering (DLS), zeta potential ({, ZP), and fluorescence
spectroscopy. Furthermore, these AuNPs were functionalized with N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) to prepare modified carboxylated AuNPs. For
bioconjugation with  Brucella rOmp28 IgG pAbs, antibody-conjugated
functionalized AuNP constructs were prepared and characterized using FT-IR
analysis with strong N-H deformations. Subsequently, these bioconjugated
AuNPs were used to develop a direct-differential slide agglutination assay with a
detection limit of 10* CFU mL™. The sensitivity of this assay was compared with
standard double-antibody sandwich ELISA (S-ELISA) using rOmp28 IgG pAbs with
an LOD of 10°CFUmL™ and a detection range of 102-108 CFUmL™ No
intraspecies cross-reactivity was observed based on evaluation of its specificity
with a battery of closely related bacterial species. In conclusion, the increased
sensitivity and specificity of the developed agglutination assay obtained using
bioconjugated functionalized AuNPs is > 98% for the detection of Brucella.
Therefore, it can be used as an alternate rapid method of direct WC detection
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of bacteria as it is simple, robust, and cost-effective, with minimal time of reaction in
the case of early disease diagnosis.

KEYWORDS

Brucella, agglutination assay, rOmp28, gold nanoparticles, outer membrane protein,

polyclonal antibody

1 Introduction

Brucellosis is an endemic, mostly neglected but re-emerging, bacterial
zoonosis; it mostly affects the world’s low-income and low-middle
income countries (Lemos et al., 2018; Bagheri Nejad et al,, 2020). Its
infection is spread by small, aerobic, intracellular, facultative, Gram-
negative coccobacilli bacteria of the genus Brucella, and is considered one
of the most economically important public health concerns (Baki et al,
2018; Jansen et al., 2020). Brucellosis was propounded for the first time by
Sir David Bruce on military campaigns in Malta, predominantly in the
central Mediterranean region along with Sir M. Louis Hughes and
Themistocles Zammit (Sayer, 2016). Sir Zammit explored the
association of this disease with the consumption of raw milk from
naturally infected goats and discovered its route of transmission (Wyatt,
2013). This disease is prevalent worldwide, mainly occurring in Central
Asia and the Middle East; it is also widespread in South Asian countries
such as India, China, Pakistan, and Sri Lanka, with sero-positive cases of
human brucellosis mostly in agro-farmers, veterinary professionals,
slaughter houses, and dairy workers (Guan et al, 2018; Xu et al,
2020). The four main species of Brucella (Brucella abortus, Brucella
melitensis, Brucella canis, and Brucella suis) are well-known for their
sustained endemicity, wide distribution, and prolonged systemic cases of
Brucellosis in both domestic and wild hosts (Olsen and Tatum, 2016;
Olsen et al., 2018; Yagupsky et al., 2019). On infection with brucellosis,
livestock suffer from reduced milk production followed by frequent
abortions, still births, retained placental lesions, vesiculitis, orchitis,
epididymitis, and life-time sterility (El-Sayed and Awad, 2018; Khan
et al, 2020). In humans, the symptoms include high undulant fever of
unknown origin (FUO), focal complications with severe flu-like
symptoms, fatigue, myalgia, neurobrucellosis, hepatosplenomegaly, loss
of appetite, premature delivery, arthritis, septicemia, and destructive
localized spinal infections (Rubach et al, 2013; Khan and Zahoor,
2018; Ukita et al.,, 2021). Brucella infection in humans is transmitted
through consumption of unpasteurized milk, raw or undercooked meat,
and infected animal by-products (MusallamAbo-Shehada et al,, 2016;
Holt et al, 2021). Occupational hazards and environmental disease
reservoirs also propagate brucellosis infection in agriculture-based
pastoral communities (Galinska and Zagorski, 2013; Shi et al., 2021).
The transmission of bovine brucellosis is rapid, debilitating, and most
prevalent in areas dominated by animal husbandry, and, because of its
complex treatments in the absence of specific vaccines for humans,
Brucella has become a candidate agent of major bioweapons (Pappas
et al,, 2006; Boggiatto et al., 2019; Yagupsky et al,, 2019). For proper
control and prevention of increased cases of brucellosis, serological
bacteriological
detection, and alternate diagnostic methods are deliberately used in

surveillance, investigation, ~ immunoassay-based
screening acute and chronic cases (Lalsiamthara and Lee, 2017). The
improper clinical management and misidentification of Brucella also
contribute to the relapse of infection (Etemadi et al., 2019). Several tests

which are based upon serological implications and its characterization are
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routinely used to test Brucella-related infection such as serum tube
agglutination test (SAT), Rose Bengal plate test (RBPT), enzyme-
linked immunosorbent assay (ELISA), 2-B mercaptoethanol test
(2ME), complement fixation test (CFT), and Brucellin skin test
(BST) (Yohannes et al, 2012; Moreno et al, 2022). Direct slide
agglutination assays are sensitive, cost-effective, rapid, and simple in
terms of facilitating users with less expertise and require minimum time
for multiple-sample testing (Saxena, 2012; Saxena and Kaur, 2013;
Purwar et al, 2016). Such types of serological tests for the diagnosis
of brucellosis in bovines, caprines, and ovines explore common surface
antigens present in different species and strains of Brucella (Ghazy et al,,
2016; Govindasamy et al, 2021). The sensitivity of the standard
agglutination test was reported to be 95.6 %, with a specificity of 100
% at 1/320 antibody dilution using the standardized set of Brucella
antigens (Memish et al,, 2002). Also, in another study, the sensitivity and
specificity of the immunocapture agglutination assay were reported to be
90.6%, with 94.2 % of negative predictive values determining the blocking
antibodies in preliminary diagnosis of Brucella (Ozdemir et al,, 2011). A
rapid slide agglutination test using latex beads coated with four
recombinant antigens of Brucella as potential biomarkers was
reported to offer high specificity in serodiagnosis of canine brucellosis
(Watarai et al., 2007). Moreover, the Centers for Disease Control and
Prevention (CDC) has also recommended the use of Brucella-specific
agglutination methods for further advent confirmations of serologically
tested positive samples and all equivocals which are parallely screened by
enzyme immunoassay (EIA) (Centers for Disease Control and
Prevention (CDC), 2005). Therefore, a combination of available
potential along with rapid
agglutination assays can facilitate specific detection of Brucella with
no time delay in cases of early clinical emergency (Al Dahouk and
Nockler, 2011; Di Bonaventura et al., 2021; Lukambagire et al., 2021; Suo
et al, 2021). Significantly, the primary and secondary polyclonal

serological and molecular tests

antibodies (pAbs) specific to immuno-dominant cellular antigens of
Brucella can also be utilized efficiently in conjugation with various
nanoparticles and functionalized biosensors for Brucella species-level
detection in clinical samples (Baltierra-Uribe et al., 2019; Taheri et al,
2020). The active adsorption of specific IgG pAbs and monoclonal
antibodies (mAbs) onto functionalized nanoparticles enhances the rate of
agglutination reaction and antigen-antibody binding avidity due to
multivalent effects (Choktaweesak et al., 2016; Busch et al, 2019).
Recently, an immuno-chromatographic test system was developed for
rapid serodiagnosis of Brucella based on the application of gold
and quantum dots
diagnostically significant titers of specific antibodies in revealing sub-
clinical stages of brucellosis (Sotnikov et al, 2020). Another potential
colorimetric immunoassay was developed for prompt detection of

nanoparticles for detection of low but

Brucella abortus using immunosensors conjugated with pAbs on
with  I-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) as efficient detection probes
(Shams et al., 2019). pAbs were conjugated with quantum dots, and

activation,
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modified magnetic beads along with gold nanoparticle-screen printed
carbon electrodes were shown to detect Brucella at 10° and
10° CFU mL™, respectively (Wu et al,, 2013; Song et al., 2017). When
such modified approaches were applied together with a sandwich
immunoassay, successful detection of Brucella antibodies from
multiple test serum samples was achieved (Li et al, 2017). Although
the gold standard, known for early disease diagnosis, potentially relies on
the propagation of bacterial cell culture, the use of specific isolation
techniques and culture-based methods are very laborious, time-
consuming, not used routinely, not cost-effective, methodologically
complex, and requires highly skilled technical subject experts for
handling of infectious live cultures (Sagi et al, 2017; Santos et al,
2021). The new approach of developing test methods based on
specific antigen-antibody conjugation with metallic nanoparticles is
conversely more reliable, efficient, and robust for low pathogen
detection (Malaspina et al, 2017; Lin et al, 2021). Functionalized
bioconjugated AuNPs exhibit unique optical properties that not only
also the specificity of
antigen-antibody interactions for the development of rapid on-field
detection assays (Tripathi and Driskell, 2018; Okyem et al, 2021).
Moreover, the performance of commonly used ELISAs, to overcome

improve biosensing technology but

existing challenges associated with sensitivity and stability, can be
improved by exploring the unique physical and chemical properties
of metal oxide nanoparticles (Gao et al., 2020). One such modified test
method is a hybridization assay; the use of conjugated metal
nanoparticles resulted in sensitive detection of Brucella up to 10> CFU
mL™ during direct visual detection of specific DNA sequences (Pal et al,,
2017). In recent reports, the efficacy of anti-spike antibody and 4-
aminothiophenol-conjugated gold nanoparticle-based SERS was newly
demonstrated for detecting low concentrations of such microbiological
viral antigens (1,000 virus particles per mL) within 5 min (Pramanik
et al,, 2021). Recently, in the case of Brucella, reduced limits of detection
were observed with a new version of rapid vertical flow technology that
can detect 4 IU mL™ of the Brucella antibody as the experimental lower
limit, with gold nanoparticles treated with B-cyclodextrin as a reducing
agent (Fang et al,, 2022). Also, a lateral flow immunoassay (LFA) strip test
using anti-Brucella pAbs conjugated with colloidal AuNPs was reported,
which can detect 10" CFUmL™ of inactivated whole cells of Brucella
abortus S99 (Prakash et al,, 2021). In the present study, we functionalized
and conjugated AuNPs to Brucella species-specific recombinant outer
membrane protein (rOmp28)-derived mice IgG pAbs for enhancing the
specific binding of avid antigen-antibody complexes by employing a
rapid direct-differential slide agglutination assay in the predominant
whole-cell detection of Brucella. The developed assay is highly sensitive
and specific, with minimal time of reaction, and can be deployed in both
field-based and clinical applications for screening multiple sample
matrices concomitant to animal and human brucellosis.

2 Material and methods

The present study includes the preparation and functionalization of
AuNPs prior to bioconjugation with mice IgG pAbs derived from
Brucella melitensis 16M-specific recombinant outer membrane protein
(rOmp28) for developing a direct-differential slide agglutination assay
as shown in the schematic (Figure 1). Initially, the assay was optimized
for sensitivity with a detection range and limit of detection (LOD) of
10'-10°* CFU mL™" with two standard species of Brucella (Brucella
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melitensis 16M and Brucella abortus S99); there was further
screening with a total of 36 clinical isolates and nine other standard
strains of Brucella at the lowest LOD of 10* CFU mL™". The specificity of
the assay was evaluated by a cross-reactive study with 26 other bacterial
species closely related to Brucella. Validation of the experimental assay
was performed by direct-slide agglutination of spiked whole cell (WC)
Ags of Brucella in both clinical (urine and serum) and non-clinical (raw-
milk) sample matrices. Furthermore, the specific potential efficacy of
rOmp28-derived mice IgG pAbs was evaluated using earlier optimized
double-antibody sandwich ELISA (S-ELISA) for WC detection of
Brucella at an experimental LOD of 10° CFU mL™" with a detection
range of 10°~10° CFU mL™" (Hans et al., 2020).

2.1 Chemical reagents

The reagents used in thus study were chloroauric acid trihydrate
(HAuCly.3H,O, from Sigma-Aldrich, 520918), trisodium citrate
dihydrate  (Hi-media, GRM  1415), citric acid (Sigma,
251275 BCBZ1757), sodium borohydride (Sigma, 452874), Milli-Q
Water (Milli-Q Direct 8, Millipore Unit), bovine serum albumin
(BSA from Hi-media RM 105), fetal bovine serum (FBS from Hi-
media, RM10409), Brucella selective supplements (BSS from Hi-media
FD-005, 0000077461), Brucella selective broth (BSB from Hi-media,
M348), brain-heart infusion broth (BHI from Hi-media, M210),
broth (LB from Hi-media, M1245), protein-A
antibody  purification kit ~ (PROSEP-A  Montage-Millipore,
United States, LSK2ABA20 AK082402), N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC Sigma Ultra from Sigma-
Aldrich, E-1769, 037K07536), N-hydroxysuccinimide (NHS from
Sigma-Aldrich, 130672,  BCBF1078V),  O-phenylenediamine
dihydrochloride (OPD from Sigma, 030153, 012-146-008), isopropyl
(3-D-1-thiogalactopyranoside (IPTG from Sigma, 16758, 056M4040V),
iso-propanol (iso-propyl alcohol from Qualigens Fine Chemicals, 26895,
NL17386305V), kanamycin sulfate (antibiotic from Sigma, K1377,
SLBB0945V), Ni-NTA gel (Superflow from Qiagen, 30430,
154016665), polyclonal goat and rabbit anti-mice immunoglobulins/
HRP (P0447, 20083051 and P0260, 20079831 from Dako Denmark),
polyclonal ~ goat  anti-rabbit immunoglobulins/HRP  (P0448,
20083037 from Dako Denmark), sodium azide (Sigma-Aldrich,
$2002), urea (Sigma, U5378, 118K0087), methanol (Thermo-Fisher
Scientific, 32407, 1,128/3 7109-6), phosphate buffer saline (PBS,
pH 7.2, 10mML™" from Sigma, P4417, SLBS1525V), hydrochloric
acid (0.0l M HCl (Sigma, H1758), and 16-mercaptohexadecanoic
acid (99 % MHA from Sigma-Aldrich, 674435).

Luria-Bertani

2.2 Preparation of sol-colloid gold
nanoparticles

The AuNPs were synthesized through a chemical reduction method
(citrate synthesis) using gold tetrachloride trihydrate (HAuCl,.3H,O) as
a starting material. The citrate synthesis (sol preparation) of AuNPs was
performed by using the conventional and reproducible “Turkevich
method” with slight modifications as described by Turkevich et al.
(1951) and Laaksonen et al. (2006). Different concentrations of the
starting material were used and optimized to obtain particles 50 nm in
size at a constant volume of solvent (20 mL sterile Milli-Q water) and a
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FIGURE 1

A complete scheme representing the methodology applied for development of agglutination assay using modified, functional, and bioconjugated
AuNPs.

TABLE 1 Different rational concentrations of gold tetrachloride trihydrate (chloroauric acid, HAuCl, 3H,0) as a precursor material were used in the preparation of
spherical sol-colloid nano-metallic AuNPs. Wine-red colored ruby-red tinted nanosize particles were inferred at an optimized concentration of 0.073 mM
(<0.1 mM) with a particle size of 50 nm, prepared using a constant volume of solvent for 10-15 min (particle size analyzed by UV/Vis and TEM analysis).

Sample Volume H (mL) AuCl,. H (mM) HAuCl,;.3H,0 Trisodium Heating Inference
batch ID (solvent MQ  3H,O (Molarity  AuCl,. 3H,0 (in mg) citrate time (color
in mL) in mM) (in pL) dihydrate (v/v) (in min.) change)
A 20 0.990 2.71 8.67 2 mL 1% solution 10-15 Violet
B 20 0.990 2.71 8.67 Citric acid buffer A 10-15 Yellowish orange

(50 % citrate + 50 %
citric acid)

C 20 0.990 2.71 8.67 Citric acid buffer B 10-15 Dark violet

(75 % citrate + 25 %
citric acid)

D 20 0.990 5.4 15.606 2 mL 1% solution 10-15 Greyish violet
E 20 0.490 1.35 3.901 2 mL 1% solution 10-15 Dark violet
F 20 0.366 1 2.890 2 mL 1% solution 10-15 Crimson red
G 20 0.183 0.5 1.445 2 mL 1% solution 10-15 Dark red
H 20 0.073 0.2 0.578 2 mL 1% solution 10-15 Wine red

I 20 0.036 0.1 0.289 2 mL 1% solution 10-15 Orange red
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fixed time of heating (10-15 min), as mentioned in Table 1. Glassware
used in the preparation of AuNPs was first treated with aqua regia and
washed at least thrice with triple distilled water (DW). After washing,
glassware was sterilized with steam autoclaving (121°C for 15 to 20 min
at 15 Ibs pressure) using a Sanyo Labo Autoclave, MLS-3780, and hot-
air dried (at 50°C) using a Labcon, FSIM Standard Incubator. For single-
batch preparation of carboxylated AuNPs (thiol-linked AuNPs), 5 uL
HAuCl,.3H,0 (0.073 mM) prepared in 10 mL sterile milli-Q water was
added to 200 mL ethanol (50 %) solution containing 0.3 mmol MHA at
a boiling temperature of 100°C (Ellis et al., 2008; Hashemi et al., 2019).
To this boiling solution (light pale-yellow colored), 2mL freshly
prepared 1 % solution of trisodium citrate dihydrate (capping agent)
was added, and the obtained solution was allowed to cool to room
temperature (Khashayar et al, 2017). The citrate reduction of gold
resulted in the formation of AuNPs in sol-colloid form. After cooling,
the pH value of the gold sol-colloid was measured [EUTECH pH-
meter, Fisher Scientific, INDIKROM Papers (pH 1.0 to 14.0)] and was
found to be in the range 6-8 (see Supplementary Figure S1). Thereafter,
20 mL freshly prepared aqueous solution of sodium borohydride
(380 mg) was added as a strong reducing agent in order to further
reduce the gold (Jurkin et al, 2016; Karimi et al, 2019). The
aforementioned solution containing capped carboxylated AuNPs in
MHA was continuously stirred (Magnetic Stirrer Spinot, Tarsons) for
another 5h at a constant speed of 200 rpm and was then allowed to
precipitate at the bottom of the flask. These precipitated thiol-linked
nanoparticles were washed using high speed centrifugation (15,000 to
20,000 rpm for 30 min) and vacuum-dried (Jouan RC 10.22, Thermo
Fisher Scientific) for another 7-8 h for further characteristic analysis.

2.3 Characterization of synthesized AuNPs

Functionalized AuNPs were characterized by using UV-visible
(UV-2450 Shimadzu), FT-IR (Perkin Elmer, Model Spectrum Two),
and Raman spectroscopy (Renishaw Invia Raman Microscope,
Gloucestershire, United Kingdom) to determine their optical
properties and functional group. Analysis of the NPs chemical
nature, size, structure, surface morphology, and elemental
composition was performed with XRD (Rigaku, fifth Generation
Mini Flex 600 with Cu-Ka 1 radiation), SEM-EDX (HR FESEM,
ULTRA Plus Model with EDX), and TEM (JEOL 1230) along with
selected area electron diffraction (SAED). For obtaining the net surface
charge, particle size distribution, quantitative binding stoichiometry,
and bioconjugation stability of the functionalized AuNPs, apparent ZP
(€) zeta potential (Nano-ZS, MALVERN Zetasizer Nanoseries, Software
Version 7.11) and dynamic light scattering (Nano-ZS Zetasizer,
MALVERN) analyses were performed. In parallel, serial UV-vis
spectrophotometry (IMPLEN NanoPhotometer, Version
7122 V1.6.1) and fluorescence spectroscopy (PerkinElmer LS-55,
Software FL. WinLab™) for binding sensitivity and specificity were

critically monitored to determine the accuracy of NP modification.

2.4 Bacterial strains and culture growth
condition

In this study, nine standard strains of Brucella species
(Supplementary Table S1), 26 Brucella closely related intraspecies
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(Supplementary Table S2), 36 human Brucella clinical isolates from
different geographic regions of India (Supplementary Table S3), and a
rOmp28-positive clone (Escherichia coli BL-21 clone) maintained in 30%
glycerol (stored at —80°C) in the laboratory were used (Barua et al., 2016).
Bacterial cultures were grown in BSB and BHI growth media with
suitable supplements (BSS and 5 % FBS) incubated at 37°C inside a
gyrating shaker incubator (Labcon 5081U shaking incubator from
Labcon, United States) at a constant shaking speed of 180 rpm. The
Escherichia coli BL-21 positive clone was grown in LB media
sulfate (50 ug mL™)
selection. The handling of pathogenic bacteria and research work

supplemented with kanamycin antibiotic
associated with this study was performed in a high-containment
facility (HCF, DRDE-DRDO Gwalior, India) in the laboratory,
following all the standard operating procedures and regulatory methods.

2.5 Cloning, expression, and purification of
the recombinant outer membrane protein

A positive clone for the expression of the rOmp28 protein was
obtained from the established bacterial molecular cloning-amplified
clones, which was done earlier in our laboratory as described
(Thavaselvam et al., 2010). The Omp28 gene (753bp) of Brucella
melitensis 16M was PCR amplified, digested, and ligated using the
pET-28a expression system. The Escherichia coli BL-21 (DE3)
expression host was transformed with pET-28a (+) plasmid, and
a bacterial culture for the positive recombinant clone was grown
with kanamycin (50 ug mL™") antibiotic selection. The colony-PCR
confirmed positive clone was induced with 1 mM IPTG at 5 h for
recombinant protein expression. Furthermore, bacterial cells were
lysed under denaturing conditions (urea) for rOmp28 protein
purification with His-tag binding Ni-NTA gel filtration in Ni-
NTA Gel Superflow for affinity column chromatography using
different pH buffers [lysis buffer (pH 8.0), wash buffer (pH 6.3),
and elution buffer (pH 4.5)]. The purified rOmp28 protein was
dialyzed for desalting with subsequent changes in 6 M, 4 M, and 2 M
urea buffer followed by sterile 1X PBS (pH 7.2) and was further
estimated for protein analysis using the Folin-Lowry method and
first dimension SDS PAGE gel electrophoresis (Lowry et al., 1951;
Laemmli, 1970).

2.6 Animal immunization for pAb production
and IgG puirification

For generation of rOmp28 protein antigen (Ag)-derived IgG pAbs,
a total of 12 BALB/c female mice were immunized. For animal dosing,
50 pg of Ag per dose per mice was administered at an interval of 1 week
over a period of 2 months with six booster doses completed: day 0
(control bled for pre-immune sera, PIS), day 7 (priming with complete
Freund’s adjuvant, CFA), and day 14 to 49 (boosters with incomplete
Freund’s adjuvant, IFA) (Zhang et al.,, 2015). For the estimation of
antibody (Ab) titer, whole blood collected from immunized animals was
incubated at 37°C for 1 h and centrifuged at 5,000 rpm for 5 to 10 min at
4°C to obtain the hyper-immune sera (HIS) supernatant. Mice IgG
pAbs were affinity purified with Montage protein-A columns as per the
instructions of the antibody purification kit (Montage-Millipore,
United States) and further analyzed using ELISA, SDS-PAGE, and
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immunoblotting as per methods previously described (Hans et al,
2020). The antibody titer was estimated using indirect-ELISA whereby,
rOmp28 protein Ag at a concentration of 20 ug mL™" was suspended in
sodium carbonate-bicarbonate coating buffer (0.05 M, pH 9.6) and
immobilized on ELISA immuno-modules (Thermo-Nunc F8 Loose
Maxisorp Immunomodules, 469949, 127747) for overnight (O/N)
incubation at 4°C. Modules were washed with PBS/PBS-T thrice and
blocked with 2% BSA O/N at 4°C, and ELISA was performed as detailed
previously (Hans et al, 2020). The total yield of the purified IgG
antibody obtained was 6 mg mL™" and was analyzed by SDS-PAGE.
The aliquoted purified antibody was stored at —20°C until further use.

2.7 Bioconjugation with functionalized
AuNPs

Functionalized AuNPs were prepared by one-step EDC/NHS
coupling with linked AuNPs, and then, they are conjugated to
mice IgG pAbs according to the reported method with slight
modifications (Zhao et al., 2004; Hashemi et al., 2019). To 5 mL of
sterile 1X PBS (pH 7.2, 10 mML™") containing 0.25 gm EDC
(1.3 mM) and 0.25gm NHS (2.2 mM) in a 1:1 ratio, 0.1 gm of
prepared carboxylated-linked AuNPs and 0.002 gm of purified
IgG pAbs were added (Busch et al., 2019). The solution was stirred
slowly at 100 rpm for approximately 45 min at room temperature
(RT). To this buffer solution, 3% bovine serum albumin fraction-
V was added, and the solution containing bioconjugated AuNPs
was centrifuged and washed twice in 10 mM PBS. The
supernatant with unbound pAbs was removed, and conjugates
were resuspended in 10 mM PBS. For small working test batches,
0.1 mL (100 pL from 6 mgmL™"' IgG pAb suspended in 10 mM
PBS, stored with 0.3 gm of sodium azide as preservative) PBS
containing 600 pg pAbs and 30 mg modified carboxylated-linked
AuNPs were added to 1.5 mL 10 mM PBS solution containing
EDC and NHS. For development of the agglutination assay, an
optimized 50:1 ratio for active bioconjugation of AuNPs and IgG
pAbs resulted in maximum stability of the conjugated pAbs.
Increased concentration of the pAbs can hinder the orientation
on the nanoparticle surface and can resist binding of the whole-
cell antigens. For analysis of the conjugated pAb stability, FT-IR
and optical intensity of conjugation were measured. Also, toxicity
evaluation of the conjugated constructs was performed with
validation studies using spiked clinical samples without any
test analytes, for testing the performance of clinical matrices
prior to agglutination. On conjugation, the functionalized
bioconjugated material was subjected to characterization using
FT-IR analysis.

2.8 Slide agglutination of WC Brucella using
pAb-conjugated AuNPs

For development of the direct-differential slide agglutination assay,
one drop (50 puL) from each of the prepared AuNPs-conjugated IgG
pAbs and 10-fold serial dilutions of WC Ags (10° to 10' CFU mL™" in
1X PBS) of Brucella at a 1:1 ratio were applied on the test slide. During
positive reaction, visible aggregated clumps of WC particulate Ag and
Ab complexes appeared on active immuno-agglutination. Such a direct
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agglutination was considered a positive test for the applied WC Ag. The
detection range of agglutinated WCs in CFU mL™" also indicated the
experimental LOD for the developed assay.

2.9 Evaluation of assay sensitivity and
specificity using inter- and intraspecies

For sensitivity and specificity of the developed assay, WC Ags at
1 x 10° CFU mL™" of both inter- and intraspecies closely related to
Brucella were tested, and the obtained results were analyzed. WC
Ags of bacterial species for testing were mixed with AuNP-
conjugated pAbs separately on test slides in a 1:1 ratio (50 uL
each). The appearance of strong positive agglutinations during
the test result revealed sensitivity, and the corresponding negative
test result indicated specificity of the assay.

2.10 Assay validation for direct-slide
agglutination in spiked matrices

For the purpose of assay validation, WC Ag at a concentration of
1 x 10°CFUmL™ for two standard species of Brucella (Brucella
melitensis 16M and Brucella abortus S99) was spiked in different
Then, 20mL of
unpasteurized raw-midstream cow and human milk, curdled with
5mL of 10% citric acid prepared in 1X PBS, was diluted at a 1:
1 dilution ratio in PBS. Furthermore, it was centrifuged at 6,500 rpm

clinical and non-clinical sample matrices.

for 5 min, and the supernatant was used as the non-clinical sample
matrix. Similarly, FBS and human sera (1:1,000 in PBS) along with
morning midstream cow and human urine (1:1 in PBS) were used as
clinical sample matrices. The results of the validation study indicated the
AuNP-conjugated construct-related toxicity and direct potential efficacy
of the developed assay in both clinical- and field-based applications.

2.11 Comparative S-ELISA for determining
the test efficacy of rOmp28 IgG pAbs

The Sandwich-ELISA immunoassay was optimized for WC
detection of Brucella in determining the specific test efficacy of
rOmp28 protein-derived mice IgG pAbs, as described earlier by
(Hans et al, 2020). The Brucella WC-derived rabbit IgG pAb
(capture pAb at 10 uygmL™) and rOmp28-derived mice IgG pAb
(detection pAb at 100 ugmL™), as optimized earlier using checker-
board S-ELISA, were used for the developed assay (Hans et al., 2020).
The sensitivity, detection range, and LOD of rOmp28-derived mice IgG
pAbs for WC detection of Brucella using S-ELISA were determined to
evaluate its test efficacy and its potential for the developed nanoparticle-
based direct-differential slide agglutination assay in a clinical scenario.

2.12 Ethical Approval

This work was carried out at the Defence Research and
Development Establishment (DRDE-DRDO), Ministry of Defence,
Government of India, and was approved by the Institutional Animal
Ethics Committee (No: 37/GO/Rbi/S/99/CPCSEA and IAEC MB-43/
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Preparation and Optimisation of AuNPs using HAuCl.3H,0
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FIGURE 2

Batch-wise (A—I) sample preparation and optimisation of AuNPs at defined molar concentrations of gold precursor as shown in Table 1. Different
batches of sol-colloids were obtained having (A) with violet, (B) with yellowish orange, (C) with dark violet, (D) with greyish violet, (E) with dark violet, (F)
with crimson red, (G) with dark red, (H) with wine red and (I) with orange red colored nanoparticles. The batch sample ‘H" with ruby-red wine color was

standardized in bio-assay development for direct-rapid WC Ag agglutination of Brucella

57/DTS, dated: 14/06/2018 and IAEC BDTE-01/59/SP, dated: 05/
06/2020) for the purpose of control and supervision of
experimental animals. All the methods performed in this study
were carried out in accordance with proper guidelines and
regulations. The study was also approved by the Institutional
Biosafety Committee of the Defence Research and Development
Establishment (DRDE-DRDO), Ministry of  Defence,
Government of India vide protocol no. IBSC/15/MB/DTS/6.

3 Results

3.1 UV-visible spectrum analysis and
measurement of the prepared AuNPs

Nanometallic AuNPs were prepared using sodium citrate and
sodium borohydride as strong co-reducing agents (Haider et al.,
2016). On reduction, gold Au’* ions of HAuCl.3H,O were
reduced to nano gold Au’ and this was confirmed by the
formation of wine-red sol-colloid with a ruby-colored red-tint at
an optimized working concentration of 0.073 mM, which is almost <
0.1 mM of the precursor material (as shown in Figure 2). The particle
size of AuNPs was controlled by optimizing the gold-to-citrate ratio as
shown in Table 1. The synthesized naive monodispersed colloid
particles (before capping) typically had a relative change in the
particle size distribution range when analyzed by recording the
mean absorbance of the samples. As a result of the analysis,
corresponding absorbance spectra displayed a single absorption
peak (Ayax) in the visible range between 510 and 550 nm (see
Figure 3A). With the growth of particles, A\, shifted toward
longer wavelengths, and spherical-shaped nanoparticles appeared
to have lesser eccentricities. The occurrence of this peak in the
absorbance spectra was due to the effect of surface plasmon
resonance (SPR). The increase in the SPR peak with the relative
particle size of AuNPs was confirmed experimentally at an absorption
peak value of 523 nm (see Figure 3A and Supplementary Figure S2A).
The total band width of the prepared AuNPs indicated the energy
band gap estimated by using the Tauc plot (Eq. 1) in a single particle
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(concentration < 0.1 mM having particle size 50 nm)

spectrum, and was found to be 2.68 eV, attributed to the spherical
shape of AuNPs (as shown in Figure 3B).

(a-hv) = A(hv-Eg)", (1)

where a is the absorption coefficient, h is Plank’s constant, v is the
incident photon frequency, A is the optical constant, Eg is the band
gap energy related to the particular transitions of a material, and m is
the exponential factor, which depends on the nature of electron
transitions and is equal to values 1/2 or 2 for direct or indirect
transition band gaps, respectively (Makula et al., 2018).

3.2 Characterization of AuNPs with FT-IR
and Raman spectroscopy

FT-IR spectra of modified (naive, capped, and linked) and
functionalized AuNPs (bioconjugated-EDC-NHS-Ab AuNPs) were
recorded in the wave number range of 4,000 cm '-450 cm™’, and
the results obtained were analyzed for the identification of
functional groups (Figure 4A). Initially, for naive nanoparticles
collected  before reduction, absorption 3,300-3,400 cm™!
corresponds to medium N-H stretching vibrations of hydrogen

at

bonds in amines along with strong and broad bonds of the pendant
hydroxyl (-OH) group of alcohols. Another sharp broad peak at
2,500-3,300 cm ™" originated from strong O-H stretching of pendant
carboxylic acid and weak S-H stretching of thiols (Bartczak and
Kanaras, 2011; Dey et al, 2018). Also, the absorption peaks at
1,640 cm™ and 1,403 cm™ of AuNPs are ascribed to strong C=0O
stretching vibrations of amides, C=C stretching of monosubstituted
alkenes, carboxylic group, and relates to the sulfonyl chloride (Shikha
et al, 2017). After the addition of reducing agents, capping of AuNPs
occurs and medium to strong C-H stretching vibrations of the ~-CH,
group are assigned to the 2,983 cm ™" absorption peak. The shift of peaks
at relative position of 2,600-2,550 cm™ is attributed to weak S-H
stretching of the thiol group. The strong peak at 1,643 cm™
C=C stretching of monosubstituted alkenes and absorption at
1,250-1,275cm ™" is assigned to C-O stretching of the alkyl aryl
group along with corresponding O-H bending in capped AuNPs.

relates to
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UV-visible analysis with (A) absorption spectra of AuNPs showing an optical absorption peak at Ayax 523 nm and (B) total optical absorption band
width of reduced nanogold obtained using the Tauc plot showing the corresponding band gap energy at 2.68 eV, attributed to the relative size of AUNPs.
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Characterization of AUNPs with (A) FT-IR analysis indicating N—H (3,300-3,400 cm™?) stretching vibrations of amines, C=0 (1,640 and 1,403 cm™),
O-H (2,500-3,300 cm™), and S—H (2,600-2,550 cm™) stretching of amide, carboxylic, and thiol groups, C-O (1,250-1,275 cm™) stretching of alkyl aryl
group and —OH bending of alcohols along with C=C (1,643 cm™), C—H (1,382 and 2,983 cm™), N-O (1,505 cm™), and CO-O-CO (1,044-1,085 cm™)
stretching of carboxylic, alkanes and alkyl groups, nitro, alcohols and anhydride groups at different absorption peaks for naive, capped, and linked
AuNPs and characterization of naive and bioconjugated pAbs (bioconjugated-EDC-NHS-Ab); (B) FT-IR spectrum analysis of naive pAbs with strong N—H
(3,300-3,400 cm™), S—H, and S=0 (1,400-1,300 cm™) stretching vibrations of amide, thiol, sulphonyl, and convoluted O—H groups. For antibody
peptide bonds, stretching vibration peaks of C—N and C-0O (1,500-1,650 cm™) along with strong N-H bending of amide groups were analyzed. In
bioconjugated functionalized pAb, FT-IR analysis indicated enhanced stretching vibrations of S—H, N—H, and C—H bonds (3,300-3,400 cm™) for thiol
and amide groups along with N—H and C=0 (1,640 cm™), C—N, and N-H (1,230-1,330 cm™) bending vibrations, and C-O (1,080-1,150 cm™) strong
stretching vibration of amides, amines, carbonyl, aromatic amine with analyzed sharp bending vibrations of N—H deformation for functionalized pAbs.

The relative peaks with corresponding shift in absorption at 1,505 cm™,
1,382cm™, and 1,044 to 1,085cm™ are attributed to stretching
vibrations of N-O of the nitro group, C-H bending of alkanes, and
C-O stretching of alcohol along with strong bond CO-O-CO
stretching of the anhydride of NaBH, as the hydride source,
respectively (Muddapur et al, 2022). For linked AuNPs, MHA
crystallinity on modified NPs can be monitored by a sharp and
strong broad bond peak at 3,001 cm™, indicating N-H and C-H
stretching of amine and alkyl groups of EDC and NHS along with
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the aforementioned peaks (Hinterwirth et al, 2013). Also, AuNPs
generally exhibit superlative “surface enhanced Raman scattering
(SERS)” properties which were analyzed by Raman spectroscopy
(Khatoon et al., 2018). Raman spectra obtained for modified capped
and linked AuNPs with corresponding bonds stretching are shown in
Figure 5. In the presence of AuNPs, quenching of the fluorescence signal
occurred, resulting in spectra with different peaks. Due to the light-
scattering process, a change in energy (loss or gain) of the scattered
photon at varied wavelengths corresponds to particular bonds in a
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Raman spectroscopy (SERS) showing spectra of chemical bond
stretching for C-H, S-H, C-H, N=N, C-O-C, C-C, and C-S at
corresponding peaks of 2,845, 2,878, 2,556, 1,463, 1,440, 1,292, 1,114,
1,058, 921, 736, and 705 cm™ for capped AuNPs and stretching
vibrations of C-H, C=0, N=N, C-C, C-O-C, and C-S at enhanced
peaks of 2,843, 1,723, 1,425, 1,294, 1,112.94, 1,063, and 744 cm™* for
linked AuNPs, respectively.

molecule. This spectral fingerprint is unique and defines a relative
molecular structure of AuNPs based on the characteristic analysis of its
physical properties. A 785 nm excitation wavelength laser beam was
used. The bands located at 2,845, 2,878, 2,556, 1,463, 1,440, 1,292, 1,114,
1,058, 921, 736, and 705 cm™" were assigned to strong C-H, S-H,
asymmetric -CH, and -CHj3;, aromatic N=N, asymmetric C-O-C,
C-C, and C-S bonds stretching vibrations in capped AuNPs,
respectively (Gorbachevskii et al., 2018). The three transient peaks at
1,292, 1,114, and 1,050 cm™ are assigned to stretching vibrations of
strong C-S and C-C, along with peaks at 736 and 705 cm™
representing bending vibration of the C-S, indicating overlapping
intensity of AuNP samples on active reduction. The enhanced peaks
at 1,292 and 1,114 cm™ correspond to aliphatic chain stretching
vibrations of C-C and asymmetric C-O-C bonds, respectively. Due
to the oxidation of citrate ligands in citrate-capped gold nanoparticles,
amplification of SERS occurs, and in citrate-stabilized nanoparticles,
citrate can be easily exchanged with -NH and -SH functional ligands
(Piella et al., 2017). In the modified linked AuNPs, bands at 2,843, 1,723,
1,425,1,294,1,112.94, 1,063, and 744 cm™" are attributed to strong C-H,
C=0, N=N bond stretching, C-C bond aliphatic chain vibrations,
asymmetric C-O-C, and aliphatic C-S and thiol bonds, as shown in
Figure 5 (Madzharova et al., 2020; Aldosari, 2022). The bands located at
1,300 cm™ and in the range 1,060-1,150 cm™ can be associated with
aromatic C-C band stretching and C-O-C, C=S stretching, C-H
bending vibrations, respectively (Wei et al., 2019).

3.3 Powder X-ray diffraction analysis of
AuNPs

On XRD analysis of the dried AuNPs, a pure crystalline
structure of nanoscale particles was analyzed. The intense
diffraction peaks at 20 values 38.16°, 44.31°, 64.41°, and 77.50°
correspond to the reflections of (111), (200), (220), and (311) set
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of planes, respectively, of a face-centered cubic (fcc) lattice, as shown
in Figure 6 (Biao et al., 2018; Roddu et al., 2020). A peak at 56.32°
along with other two peaks at 75° and 83.5° correspond to the
orthorhombic phase of Au,0; material [56.32° = (711), 75° = (113),
and 83.5° = (333)], calculated from PCPDFWIN ICSD # 710579 (see
Figure 6A). This revealed that in addition to Au, a small fraction of
Au,05; material is also present in naive gold nanoparticles. The
defined sharpness of the peaks directly associates with the crystalline
size of AuNPs. For a smaller crystallite size, the peaks are wide and
for big crystallites, the peaks are sharper. The crystallite size was
calculated by applying the Debye Scherrer formula, as shown in Eq.
2 (Zaman et al., 2019).

_ 091
" Bcos®

)

where D is the average crystallite size, A is the wavelength of the
X-ray used, and P is the width at half maximum of the diffraction
X-ray peak. This width of the peak and crystallite size had an inverse
relation. The larger the crystallite size, the sharper the diffraction
peak. In this XRD analysis, the crystallite sizes of naive, capped, and
linked AuNPs are 10 nm, 13.5nm, and 14.5 nm, respectively (as
shown in Figures 6A-C). Therefore, the sharpness of the peaks
follows the respective order: linked > capped > naive, and 0 is
Bragg’s angle. The lattice parameter was calculated for all the three
samples using the following formula for cubic systems:

1 R+ +P
A

at

Also, the lattice parameters for naive, capped, and linked AuNPs
samples were calculated to be 4.1 A, 4.1 A, and 4.09 A, respectively, and
are very close to the reported values (Busch et al., 2019). In capped
AuNPs, aggregation of particles was prevented due to stearic hindrance
and electrostatic repulsions introduced by the capping agents,
preventing AuNP cementation which also affects the sharpness of
peaks. On the contrary, in linked AuNPs, this intensity of sharpness
is more intense and clear due to increased intensity and particle size at
minimum agglomeration. The results, however, indicated that all the
AuNPs were grown in a cubic crystal system of lattice.

3.4 Characterization of AuUNPs with SEM and
TEM-SAED imaging

SEM-EDX analysis was performed at an applied voltage of 20 keV,
and a spectrum of pure gold atoms with spherical-shaped nanoparticles
was analyzed (see Supplementary Figure S3). For TEM analysis,
copper—carbon mesh grids were coated with a drop of AuNP colloid
and mixed together with iso-propanol to reduce the surface tension.
These grids loaded with test samples were dried for 20-30 min inside
the vacuum chamber and analyzed for the results. The sizes of
nanoparticles from TEM micrographs were found to be ~50 nm,
~64nm, and 110nm for naive, capped, and linked AuNPs,
respectively (as shown in Figures 7A-C). On further analysis of the
TEM-SAED pattern for naive AuNPs, bright spots with concentric
circular rings for the (111), (200), and (220) set of planes of gold
indicated the polycrystalline nature of the gold nanoparticles
(Figure 7D). Therefore, at a lesser concentration of the gold
precursor (0.073 mM < 0.1 mM) for the synthesis of AuNPs, more
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Characterization using powder-XRD with (A—C) XRD analysis showing angular diffraction peaks at 26 values of 38.16°, 44.31°, 64.41°, and 77.50° with
interplanar spatial reflections of the fcc crystal lattice at the (111), (200), (220), and (311) set of planes for naive, capped, and linked AuNPs. Diffraction peaks
at56.32°, 75°, and 83.5° corresponding to the orthorhombic phase of Au,Os with spatial reflections of the fcc crystal lattice at the (711), (113), and (333) set
of planes for naive and capped AuNPs. The parameters of the crystal lattice were obtained at 4.1 A, 4.1 A, and 4.09 A at 10 nm, 13.5 nm, and 14.5 nm,

respectively.

uniform, relatively identical, and small-sized spherical particles are
obtained for stable bioconjugation (Ngo Thanh et al, 2016). Also,
the synthesis and dispersion of nanoparticles in alcohol solution
induced less aggregation than water and resulted in AuNPs with
pendant carboxylic and alcoholic functional groups for strong
bonding with Ab peptides.

3.5 Evaluation of NP surface charge and
stable biomolecular binding with ZP ()
and DLS

For potential bioassay development, AuNPs were modified (viz.,
naive, capped, and linked AuNPs), and their step-by-step upgradation
was critically monitored by measuring the zeta potential [at temperature
25°C with 12 ({) runs] of samples using deionized water (DI) as a
dispersant in the zeta dip cell. The two-step citrate reduction of
NPs shows a negatively charged surface at neutral pH. Also, on
characteristic chemical linking with MHA, an increased negative
surface potential was observed ({ = —10.6 + 7.25/-12.1 + 3.42/
-23.3 + 501mV for naive, capped, and linked AuNPs,
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respectively) due to covalent and site-specific thiol linking (see
Supplementary Figure S4A,B; Supplementary Figure S5A,B,C).
On functionalization of AuNPs with EDC and NHS, the relative
{-potential further changed with respect to carboxylated NPs,
and their biomolecular covalent binding during bioconjugation
with pAbs further resulted in an increase of the net negative
surface charge ({ = -21.2 £ 5.35 and -22.8 £ 5.44 mV for linked-
EDC-NHS and bioconjugated-EDC-NHS-Ab, respectively) as
shown in Supplementary Figure S4C,D and Supplementary
Figure S5D,E,F. On specific Ag-Ab interactions with
bioconjugated-EDC-NHS-Ab AuNPs, adsorption of negatively
charged rOmp28 protein Ag (depending on orientation of
binding) on bioconjugated-EDC-NHS-Ab AuNPs
positively charged protein lysine residues experienced a
positive shift in the {-potential distribution ({ = -18.1 *
497 mV from -22.8 + 5.44 mV for bioconjugated-EDC-NHS-
Ag-Ab from bioconjugated-EDC-NHS-Ab, respectively) as
shown in Supplementary Figure S4C,D. The observed relative

having

intensity (by phase, voltage, and current) of AuNP surface {-
potential qualitatively increased with the potential drop of
interaction and provided specific and sensitive affinity binding
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Characterization of AUNPs using TEM-SAED with, (A—C) TEM micrograph analysis indicating the sizes of the nanoparticles as ~50 nm, ~64 nm, and
110 nm for naive, capped, and linked AuNPs, respectively, with the relative shift in particle size on analysis by UV-vis spectroscopy, and (D) TEM-SAED
showing patterns with bright spots of concentric circular rings (center to periphery) corresponding to the (111), (200), and (220) lattice planes of

polycrystalline gold

of antigenic sites with characteristic pAbs (see Supplementary
Figure S6A-D). The specific orientation of available protein
residues during biomolecular binding also increased the
surface (-potential on NPs (Khashayar et al., 2017; Busch
et al, 2019). The increased negative potential of AuNPs
explained surface formation of pAb corona face-orientations
(compared to less charged carboxylated NPs) for sensitive and
stable Ag—Ab bioconjugations below the protein isoelectric point
(pH < 9), as shown previously in two different overlay
combinations (viz., naive, capped, and linked combination and
linked-EDC-NHS, bioconjugated-EDC-NHS-AD, and
bioconjugated-EDC-NHS-Ag-Ab combination). A key aspect
for the formation of promising nanostructures is to control
and characterize their physico-chemical parameters resulting
stable
biomolecular orientation and nanosize distribution, modified

in bioconjugates. Therefore, to determine such
AuNPs were characterized using the DLS analytical tool. Size
distribution, both by intensity and volume, were observed with
Zetasizer DLS [at a temperature 25°C with 60s-80s durations]
using DI water as the dispersant in disposable sizing cuvettes.
For every modified NP sample, a total of three DLS

measurements with three consecutive test repeats against
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with initial

equilibration of 120 s. Furthermore, 10 pLmL™' of each

each measurement were performed, an
sample was measured from each batch (before and after
bioconjugation of overlay combinations) of AuNPs in DI
water against their respective pH of suspended buffer (see
Supplementary Figure S1). DLS for mean hydrodynamic
diameter and particle size was observed for two different
overlay combinations (viz., naive, capped, linked and linked-
EDC-NHS, bioconjugated-EDC-NHS-Ab, and bioconjugated-
EDC-NHS-Ag-Ab). Also, DLS values obtained were found to be
larger due to the presence of a double-layer effect of particle
radius in solutions as compared to SEM/TEM analysis, which is
obtained for dried powdered states of samples (Supplementary
Figure S7) (Khashayar et al., 2017; Fernandez-Ponce et al,,
2018). Hence, the resulting particle size distributions by
intensity were observed to be 50.51 (d.nm) + 23.20 (intensity
83.9 %), 106.7 (d.nm) + 16.95 (94.3 %), and 112.2 (d.nm) +
15.05 (100 %) for naive, capped, and linked AuNPs, respectively
(see Supplementary Figure S7D; Supplementary Figure S8A-C).
For the bioconjugated AuNP combination, the particle size
distributions by intensity were observed to be 106.7 (d.nm) *
15.54 (94.5 %), 233.2 (d.nm) * 16.84 (100 %), and 262.5
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(d.nm) £ 15.70 (100 %) for linked EDC-NHS, bioconjugated-
EDC-NHS-Ab, and bioconjugated-EDC-NHS-Ag-Ab AuNPs,
respectively (see Supplementary Figure S7C; Supplementary
Figure S8D-F). Also, to predict the particle size distributions
by volume, DLS of naive, capped, and linked AuNPs (before
bioconjugation) were observed with Z-average = 428.2 (d.nm),
having 100 % distribution by volume and linked AuNPs at a
particle size of 108.9 (d.nm) + 18.52 (d.nm) (see Supplementary
Figure S7B).

3.6 Characteristic UV-Vis analysis and
fluorescence spectroscopy of modified
AuNPs

For the accuracy of bioconjugation and sensitive binding,
modified AuNPs were analyzed at very low concentrations of
NPs using fluorescence spectroscopy. Parallel to fluorescence,
UV-visible analysis for nanoscopic characteristics, measurement
of absorption peaks, and curve appearance were also observed.
The shift in absorption peak determined the increase in particle
size of NPs, and the absence of bands above 650 nm (wavelength
range between 200 and 800 nm at a pathlength of 10 mm)
wavelength indicated minimal aggregation of AuNPs. Likewise,
for modified AuNPs, absorption peaks were observed at 523 nm
with decreased absorbance values of 0.649, 0.461, and 0.097 for
naive, capped, and linked AuNPs, respectively (see Supplementary
Figure S2A-C). Therefore, it suggested that during two-step
and borohydride
surface hydrogen species were formed, which, on interaction with
linking MHA (carboxylic acid-terminated with thiol heads),
underwent ligand exchanges and conferred changes in the

reduction (citrate-stabilized co-reduction),

refractive index and dielectric constant to the AuNP surface
(Willey et al., 2004; Pengo et al., 2017; Ansar et al., 2018). Due
to electrostatic repulsion from surrounding negative citrate particles,
SPR showed an absorption peak at 523 nm. Sodium citrate is an
efficient capping agent; on the other hand, sodium borohydride is a
strong reducing agent. This co-reduction was done purposefully to
control the particle growth for bio-functionalization of AuNPs, since
smaller nanoparticles are difficult to modify and often lead to
bioconjugate
functionalized AuNPs with less reactivity toward clinical matrices

toxicity. Therefore, to obtain biocompatible
(such as blood, serum, plasma, lymph, and body fluids), dual
reduction of AuNPs was performed for stable agglutinations. Co-
reduction in an aqueous solution favored a fast nucleation process
and homogenous particle size growth and ripening (Piella et al.,
2016; Fernandez-Ponce et al., 2018). The hydrodynamic diameters
and particle size distributions for naive, capped, and linked AuNPs
were measured by TEM and DLS methods and the results indicated
the formation of spherical monodispersed AuNPs. In DLS, a higher
proportion of homogenous particle sizes is appreciated with
the
absorption value due to MHA-associated corona formation on

maximum size distribution. Furthermore, decreased
the surface of AuNPs showed less electrostatic repulsions
(Techane et al,, 2011; Li et al., 2019). On the other hand, for
bioconjugated AuNPs, absorption peaks were observed at a
wavelength shift of 528 nm with corresponding absorbance values

of 0.098, 0.306, and 0.291 for linked EDC-NHS, bioconjugated-
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EDC-NHS-Ab, and bioconjugated-EDC-NHS-Ag-Ab  AuNPs,
respectively (see Supplementary Figure S2D-F). This shift in the
UV-vis absorption maximum of AuNP surface plasmon to a higher
wavelength reflected an increase in the particle diameter (Suchomel
et al,, 2018). The bi-functional EDC-NHS functionalization was
attributed to the formation of carboxylated AuNPs and, during
bioconjugation with pAbs, resulted in corona face-off orientations
on AuNPs with a stable net surface charge (Totaro et al., 2016; Busch
et al,, 2019). This further corresponds to an apparent increase in the
absorption value with a relative drop after the interaction of a
specific protein antigen by quenching F(ab)2 fragments of pAbs
oriented on AuNPs. Therefore, the fluorescence of modified AuNPs
was measured with nanochromators with an excitation range of
200-800 nm (with zero order selectable) and emission at
200-650 nm (a standard photo multiplier is zero order at
800-900 nm, with an optional R928 photo multiplier). The
accuracy of the wavelength was + 1.0 nm with a reproducibility
of + 0.5 nm (filter wavelengths 290, 350, 390, 430, 525 nm; a black
shutter with 1% attenuator; and clear beam position) and the signal-
to-noise ratio was 500:1 r.m.s (Raman band of water at excitation
350 nm and bandpath 10 nm). The samples were analyzed using a
single position water thermostable holder for the quartz cuvettes.
The emitted light (perpendicular to excitation) was collected by a
spectrometer and calibration was performed by subtracting the
spectrum of a blank sample (DI water with no AuNPs) from all
the spectra of modified AuNPs (Zuber et al., 2015). In this study, a
fluorescence peak at 619 nm was observed for naive, capped, and
linked AuNPs, and a subsequent increase in the intensity of the peak
at 621 nm was measured for each modified bioconjugated sample of
AuNPs (1:15 ratio, 0.2/3 mL of DI water), as shown in Figure 8. It
was observed that the intensity of the fluorescence peak increased for
50 nm naive AuNPs and was quantitatively enhanced further with
increasing particle size at low concentrations of NPs. Similarly, it
also decreases with a decrease in the particle size at high NP
concentrations. The shift and high intensity of fluorescence peaks
modified AuNPs capped,
bioconjugation represented an increase in biomolecular binding
on the AuNP surface (Figure 8).

for (naive,

and linked) during

3.7 Expression and purification of the
Brucella recombinant rOmp28 protein

For the generation of IgG-pAbs to bioconjugate with AuNPs, the
expressed rOmp28 protein was purified utilizing different pH-
gradient buffer systems with His-tag binding Ni-NTA gel
filtration affinity column chromatography, and a 32-kDa protein
was obtained with a total yield of 3 mgmL™" on purification (see
Figure 9A). For animal immunization, 50 pgmL™" of dialyzed
rOmp28 protein was suspended in 1X PBS and administered in
animals for production of rOmp28-derived IgG pAbs.

3.8 Production of pAbs against
rOmp28 protein Ag

The antibody titer value > 64,000 was obtained with I-ELISA
using rOmp28 Ag as “immobilization Ag” on the ELISA test
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FIGURE 8

Fluorescence spectroscopy analysis of AuNPs showing the characteristic shift and an increase in the intensity of the absorption spectrum related to

the surface plasmon resonance of naive, capped, linked, and bioconjugated AuNPs (bioconjugated-EDC-NHS-Ab and bioconjugated-EDC-NHS-Ag-Ab)
with the corresponding peak shift from 619 nm to 621 nm. The increase in the intensity of the absorption maximum during step-by-step AuNP
modification indicated selective detection of particles with a particular size and shape.
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First-dimension SDS-PAGE and immunoblot analysis of rOmp28 Ag and IgG-pAbs, respectively, with (A) characterization of the expressed and

purified rOmp28 protein of Brucella melitensis 16M using SDS-PAGE showing the purified recombinant protein of 32 kDa (molecular weight) without any
impurity. PAGE analysis with un-induced (Escherichia coli, BL-21 clone) lysate (Lane 1), 1 mM IPTG induced (BL-21) clone for 5 h (Lane 2), Ni-NTA agarose
column flow through (Lane 3), purified rOmp28 protein elutes 1 to 4 (Lane 4 to 7) in 8M urea at denaturing conditions, Lane M with Fermentas
#SM1811 protein marker, and characteristic immunoblot analysis of the specific immuno-reactivity of rOmp28-derived mice IgG pAbs showing positive
immunoblot with Brucella melitensis 16M rOmp28-purified protein antigen (Lanes 1 and 2) and Lane M with Fermentas #SM1811 protein marker,
respectively. (B) SDS PAGE analysis of purified rOmp28 mice IgG pAbs developed against the rOmp28 protein antigen of Brucella melitensis 16M showing
crude mice polyclonal HIS (Lane 1), column wash and flow through (Lane 2 and 3), purified mice IgG pAbs elutes 1 to 6 (Lane 4 to 9) and Lane M with
Fermentas #SM0671 protein marker. On polyclonal IgG antibody purification, heavy (large) and light (small) chain fragments at 50 and 25 kDa molecular

size, respectively, were obtained.

plates, as shown in Supplementary Figure S9. The antibody titer
is defined as the “highest dilution that represents an absorbance
greater than or equal to 2.1 fold of the background absorbance”
(blank OD value/negative value) (Zhu et al, 2016). Also, a
polyclonal regression co-efficient value (R*) equal to 0.981 was
obtained, with linearity in the data pattern and minimum
low bias.
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3.9 SDS-PAGE and immunoblot analysis of
purified 1gG pAbs

SDS-PAGE electrophoresis was run at 12% gel composition, and
it revealed two fragments of IgG pAbs. One heavy chain fragment at
50kDa and another light chain small fragment at 25kDa were
obtained on antibody purification (see Figure 9B). A total of 5 ug
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lysed sample of IgG pAbs was applied on the SDS gel for analysis. On
immunoblot analysis, a positive blot of 32 kDa protein, was obtained
with rOmp28 IgG pAbs at 1:100 working dilution prepared in 1X
PBS, as shown in Figure 9A. The immunoblot results revealed strong
immuno-reactivity and immuno-affinity of the rOmp28 protein
toward its purified IgG pAbs of BALB/c mice.

3.10 FT-IR analysis for “bioconjugated pAbs-
AuNPs”

The FT-IR spectrum analysis of naive pAbs and its
bioconjugated entity showed initial absorption peaks at 3,300 to
3,400 cm™, 2,604 cm™, and 1,400 to 1,300 cm™' due to strong
stretching vibrations of N-H, S-H, and S=O of thiol and
sulphonyl groups along with convoluted O-H bands, respectively
(Figure 4B). The major strong peak from 1,500 to 1,650 cm™" was
related to the characteristics of the protein and appeared due to the
C-N and C=O stretching vibrations of peptide bonds in
combination with strong N-H bending of amide I and II groups,
as shown in Figure 4B. The FT-IR spectroscopy revealed a
vibrational mode of the amide I region in pAbs at 1,650 cm™
due to the carbonyl group -C=O stretching and amide II at
1,500 or 1,550 cm™ due to N-H in-plane bending vibrations
(Barth and Zscherp, 2002), since an antibody is a biological
molecule protein and contains protein peptide bonds as amide
bonds. The absorption spectra of these amides as amide I, II, and
II and their multiband IR spectrum indicate fine components
within the amides (Ji et al, 2020). In bioconjugated
functionalized AuNPs, a strong peak at 3,300 to 3,400 cm™’
represented stretching vibrations of N-H and C-H bonds of the
amide group and S-H stretching of the thiol group (Sibai et al.,
1996). Compounds with the -NH, group have two IR bands
between 3,400 and 3,300 cm™' regardless of the molecule
containing the functional group and also, some regions of the
protein contain peaks from side chains or any other prosthetic or
chemical group attached to the protein (Haris, 2013). In this case,
rOmp28 pAbs are bioconjugated and functionalized with linked-
EDC-NHS AuNPs as commonly carboxylated thiol-linked AuNPs.
The absorption peaks at 1,640 cm™ and 1,230 to 1,330 cm™
indicated bending vibrations of N-H bonds of amide and C=0,
C-N of aromatic amine, along with N-H deformation of antibody-

1

conjugated particles. The peaks at 1,080 to 1,150 cm™ were

attributed to strong stretching of C-O bonds.

3.11 Slide agglutination reaction of
bioconjugated AuNPs with Brucella WC Ag

When bioconjugated AuNPs were allowed to react with the
corresponding outer membrane surface antigen of WC Brucella
abortus S99 and Brucella melitensis 16M suspended in PBS at a
detection range of 10°-10' CFU mL"', clear visible clumps were
observed at a 1:1 (50 pL each) test ratio, as shown in Figure 10. Ata
minimum time interval of 5 to 10 min, clumping of conjugated
pAb-Ag complexes appeared on the reaction site with a lower
detection limit of 10* CFUmL™" (Figure 10). 1X PBS was used as
a test control and was allowed to react with only AuNP-conjugated
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pAbs, where no clumping was observed, and direct strong
agglutinations of the test sample was considered as “test positive”
for the applied assay.

3.12 The sensitivity and specificity assays
with inter- and intraspecies

On estimating the direct-differential agglutination assay with
WC Ag at a concentration of 1 x 10* CFU mL™" of Brucella standard
strains and a total of 36 randomly selected human clinical isolates,
strong positive agglutinations in the test results were obtained which
determined the relative efficacy of the method employed, and the
high sensitivity of the developed assay (see Figure 11 and
Supplementary Table SI; Supplementary Table S3). Similarly,
WC Ag (at an optimized test LOD) of 26 Brucella closely related
and non-related other bacterial species reacted to agglutinate for
about 5 to 10 min and for which strong negative results were
obtained (Figure 12 and Supplementary Table S2). Hence, on
that the direct-differential slide
agglutination assay is both sensitive and specific in whole-cell

analysis, it was found

detection of the genus Brucella.

3.13 Validation of the direct-agglutination
assay with spiked studies

For validation and evaluation of the direct slide agglutination
assay, differential agglutination with Brucella WC Ag spiked
clinical and non-clinical samples was performed at an
optimized detection limit of 10* CFU mL™". The clinical samples
such as cow urine, FBS, human sera, human urine and non-clinical
samples such as cow milk and human milk have shown no
background interference with Ag-Ab agglutination reactions on
using AuNP-conjugated rOmp28 mice IgG pAbs, which explained
the relatively low toxicity of conjugated constructs (see Figure 13).
In fact, a clear, rapid, and strong positive agglutination reaction
appeared when the assay was performed within 5 to 10 min. It was
clearly inferred during the agglutination reaction that the
clumping of modified nanomaterial functionalized with the IgG
antibody and its complexes with spiked Brucella WC antigens first
appeared in spiked sera samples (within 5 min), followed by milk
and urine samples after 5 min. This therefore indicated that the
developed rapid slide agglutination assay is quite efficient for on-
field application in the screening of Brucella infection directly from
a patient’s blood. Also, this assay successfully detected all the
spiked standard strains of Brucella used in spiking study at an
optimized LOD of 10* CFUmL™. The validation study also
suggested that the selection of conserved and specific targets for
rapid WC Ag detection has relatively high potential to develop
sensitive, specific, and accurate detection assays with minimum
cross-reactivity and maximum test performance for the
confirmation of positive clinical cases. Also, for futuristic
approaches, new prospects can be focused on modification of
the test antibody to monospecific monoclonal forms or
bioengineered antibody fragments to enhance species level
biodetection using the proposed direct-differential agglutination
assay.
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FIGURE 10

Rapid direct-differential slide agglutination assay determining a lower limit of detection (LOD) of 10* CFU mL™ at an experimental detection range of
108-10* CFU mL™ on positive agglutination reaction observed with two standard bacterial species of genus Brucella (Brucella abortus S99 and Brucella
melitensis 16M). No hook or prozone effect was observed during positive agglutinations.

FIGURE 11

Estimation for investigation of test sensitivity of direct-differential slide agglutination assay with WC antigen of Brucella standard strains at an
obtained experimental LOD of 10* CFU mL™" with Escherichia coli (BL-21) and 1X PBS having bioconjugated AuNPs without test antigen as a negative test
control ("Test Negative”). A rapid and strong agglutination reaction with all Brucella standard strains/biotypes was observed, and the results were inferred
as "Test Positive” for the developed assay. No agglutination was observed with the test negative Escherichia coli and PBS.

3.14 Comparative S-ELISA for Brucella
whole-cell detection using mice IgG pAbs

To determine the efficacy of the purified rOmp28 mice IgG
detection antibody used in the agglutination assay for the evaluation
of its rapid immuno-reactivity and minimum detection limits, a
comparative S-ELISA for WC Ag detection of standard strains,

Frontiers in Nanotechnology

closely related and non-related bacterial species, and human clinical
isolates was performed. The S-ELISA assay detected WC CFU at a
minimum LOD of 10°CFUmL™ with a detection range of
10>-10° CFUmL™" (Figure 14). Brucella standard strains were
detected at 10-fold serial dilution with linearity in the trend, a
logarithmic regression equation of y = —0.489 In(x) + 1.685, and R* =
0.846, as shown in Figure 14A. Also, Brucella clinical isolates
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FIGURE 12
Estimation for investigation of test specificity of direct-differential slide agglutination assay with WC antigen of Brucella and other closely related and

non-related bacterial species to evaluate the cross-reactivity at an obtained experimental LOD of 10* CFU mL™. No clumping for positive agglutination
reaction was observed, and the results were inferred as “Test Negative” for the developed assay on testing along with positive test controls (Brucella
abortus S99 and Brucella melitensis 16M) of Brucella.

randomly screened at 10-fold serial dilution using the rOmp28 mice
IgG detection antibody (at 100 pg mL™") presented an experimental
LOD of 10° CFUmL™ (see Figure 14B). The 100% detection of
Brucella clinical and standard species determined the relative
sensitivity and potential efficacy of the optimized test antibody
for the developed slide-agglutination assay. In order to determine
the comparative specificity of the agglutination assay, cross-
reactions with other closely related and non-related bacterial
species were evaluated using the rOmp28 mice IgG detection
antibody in the double-antibody S-ELISA format, and no
intraspecies cross-reactivity was observed at the obtained LOD
with similar comparative S-ELISA 14C). The
minimum LOD was obtained at an experimental cut-off value of

(see Figure

0.3 OD at 495 nm absorbance and was found to have “no detection”
as compared to the < 0.5 OD value of positive S-ELISA for WC
detection of Brucella. In comparison, S-ELISA presented an LOD of
10° CFUmL™" with a detection range of 10>-10° CFUmL™" using
double-antibody at optimized concentrations (WC rabbit IgG at
10 pygmL™" as the capture antibody and rOmp28 mice IgG at
100 ug mL™" as the detection antibody). We also utilized a labeled
anti-species enzyme-conjugated secondary antibody with an
experimental run-time of approximately 4 to 5h. In comparison,
although a 1 log;, higher LOD was obtained with the direct-
differential slide agglutination assay, it offers minimum time of
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performance, easy to operate, rapid, cost-effectiveness, sensitive,
specific, no hook or prozone effects, higher capacity for multiple
sample screening, no false positive or false negative results, and
requires minimum expertise or intensive labor. Therefore,
recombinant rOmp28 IgG pAbs of Brucella melitensis 16M has a
high potential for direct-differential WC detection of the genus

Brucella and can be deployed for early clinical diagnosis.

4 Discussion

Brucella infection is severely contagious with frequent relapse
due to its diverse disease pool, intracellular life, antibiotic resistance,
and no available vaccines. In our present study, functionalized
bioconjugated gold nanoparticles were used in direct-differential
whole-cell agglutination of Brucella as a rapid, sensitive, and specific
detection method for its potential on-field application. We observed
a strong positive agglutination reaction due to the rapid Ag-Ab
complexes formed with bioconjugated AuNPs, and this method
involves a low risk of infection. For Brucella rapid detection, many
assays have been reported using modified rapid slide agglutination
test (RSAT) over conventional RSAT to distinguish rough and
smooth strains of Brucella (Shell et al, 2012). Microplate
agglutination testing (MAT) using multiple recombinant antigen-
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Evaluation of experimental validation for rapid and direct-differential slide agglutination assay with spiked WC Ags of Brucella standard strains
(Brucella abortus S19, Brucella abortus S99, and Brucella melitensis 16M) in different clinical (cow and human urine, FBS-fetal bovine sera, and human
sera) and non-clinical (cow and human milk) matrices at an obtained experimental LOD of 10* CFU mL™. A clear, rapid, and strong positive agglutination
reaction appeared initially in spiked sera samples, followed by milk and urine samples with no relative interference of test matrices.

coated latex beads for Brucella canis identification and tube
agglutinin testing (TAT) using antigenic solutions of safranin
stained Brucella canis were reported (Kimura et al., 2008; Castillo
et al.,, 2014). Latex agglutination testing (LAT) with soluble Brucella
melitensis periplasmic proteins (SBPPs) for the detection of ovine
brucellosis offered better efficacy over the buffered plate
agglutination test (BPAT), RBT, SAT, and I-ELISA, but they are
less specific with a high rate of false-positives (Ismael et al., 2016). A
comparison between the sero-agglutination test (SAT), Coombs
anti-Brucella test, and brucellaCapt test revealed high sensitivity
with brucellaCapt, but it also lacks specificity at lower diagnostic
titers (Orduna et al., 2000). Similarly, combined confirmatory tests
such as complement fixation test (CFT) and agar gel precipitation
test (AGPT) were used together with agglutination assays employing
R-LPS antigens, but they also presented prozone effects, high cost,
long turn-around time, low sample capacitance, intensive labor, and
a high rate of false positives and negatives (Hollett, 2006). On the
other hand, our investigation indicated that the employment of
rOmp28 as a specific surface marker of Brucella is specific, sensitive,
in the
bioconjugated AuNPs. Clinical validation of our study showed

and accurate detection of whole-cell bacteria with
direct testing of sample matrices where the availability of Brucella
is significantly high. Also, AuNPs have a natural tendency to
conjugate with active biological moieties and their nanobio
interfaces involve amine and thiol group couplings during pAb
bioconjugations (Arvizo et al., 2010). We therefore explored specific
antigen-antibody-based selective immuno-reaction platforms by
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conjugating AuNPs for sensitive bacterial detection. Our findings
suggest that the drawbacks of serology-based identification can be
improved using suitable bioconjugated nanoparticles for early
disease detection, diagnosis, and therapeutics (Arruebo et al,
2009). In our study, we modified AuNPs by initial co-reduction
for MHA SAM linking, and MHA further favored bi-functional
EDC/NHS coupling to preserve the biological activity, stability, and
binding affinity of the Brucella-specific rOmp28 antibody. The
multivalent surface presentations of active functional groups by
AuNPs have enhanced covalent linking and ionic adsorptions with
the primary amines (N-end) and carboxylic acid ends (C-end) of the
antibody for surface immobilization (Fratila et al., 2014; Jazayeri
et al,, 2016). Hence, conjugation with specific IgG pAbs provided
targeted multivalent capture of whole-cell bacteria (Busch et al,
2019). Omp28 is a sensitive diagnostic marker, a non-LPS precursor
protein, and a specific immunogen of major OMPs of group-3
immunodominant Brucella antigens and has evolved as a selective
candidate for improved serological detection of conserved epitopes
among Brucella melitensis and Brucella abortus (Liang et al., 2010;
Lim et al., 2012a; Kumar et al., 2012; Ahmed et al., 2015; Manat et al.,
2016; Hisham and Ashhab, 2018; He et al., 2022). Its high sensitivity,
specificity, and accuracy were discovered in I-ELISA and LAT with
the latter showing more rapid detection of anti-Brucella antibodies
in human and bovine brucellosis and a high degree of suitability in
rapid agglutination tests for clinical serodiagnosis (Kumar et al.,
2008; Chaudhuri et al., 2010; Lim et al., 2012b; Tiwari et al., 2013;
Koyuncu et al., 2018). We therefore selected rOmp28 pAbs in our
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FIGURE 14
Comparative S-ELISA assay for Brucella intact WC detection and for evaluation of cross-reactivity with optimized bioconjugated test antibody
(rOmp28 mice polyclonal IgG detection antibody) used in the direct-differential slide agglutination assay, with (A) S-ELISA graph plot showing WC
detection of 10-fold serial diluted WC Ag of Brucella standard species at an LOD of 10° CFU mL* with a detection range of 102-10% CFU mL*along the
x-axis and absorbance at 495 nm along the y-axis. An experimental logarithmic regression coefficient value of R? = 0.8462 was obtained with the
variable model equation of y = —0.4891n(x) + 1.6859, showing linearity in the trend of Brucella WC Ag detection, (B) S-ELISA graph plot showing WC
detection of 10-fold serial diluted, randomly screened WC Ag of Brucella human clinical isolates at an LOD of 10° CFU mL™* with a detection range of
10?-10® CFU mL™along the x-axis and absorbance at 495 nm along the y-axis, and (C) S-ELISA graph plot showing WC detection of 10-fold serial diluted
(Continued)
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FIGURE 14 (Continued)
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WC Ag of Brucella closely related bacterial intraspecies (Escherichia coli, Proteus vulgaris, Staphylococcus aureus, Vibrio fischeri, and Yersinia
enterocolitica) for evaluation of cross-reactivity at a detection range of 10°-10% CFU mL™ along the x-axis and absorbance at 495 nm along the y-axis. A
cut-off OD value of < 0.5 was obtained with no detection as compared to a positive S-ELISA OD value of > 0.5 for Brucella standard species and clinical

isolates.

detection assay because bp26 gene sequencing for the immunogenic
BP26 periplasmic protein had revealed identical sequences with
minor differences in Brucella abortus S19 and Brucella melitensis
16M can be abbreviated as for Brucella genus like B. suis and B. ovis,
and because it can potentially detect species of Brucella (Seco-
Mediavilla et al., 2003). We observed that modification of the
nanometallic moiety is important in developing a sensitive
diagnostic assay. The 16-MHA long chain aliphatic linker
(n-alkanethiolate chains) has modified AuNPs for an apparent
increase in Ag-to-Ab ratios, increased thiol linkages with
rOmp28 pAbs, reduction of non-specific binding, eliminated
toxic effects, fabricated stable molecular assemblies, and high
passivation of pAbs. IgG antibodies contain an F(ab) region with
an amine group and an Fc region with N-glycan residues. A non-
specific binding to F(ab) causes inactivation of the antibody by
blocking antigen binding sites in variable regions of heavy and light
chains (Welch et al., 2017). In this study, 16-MHA acted as the
“master molecule” with thiol anchorage allowing fabrication of gold
nanoparticles to minimize F(ab) bindings, and, together with EDC/
NHS, binds to the Fc region of heavy chains by activating -COOH
groups of antibodies to form reactive N-hydroxysuccinimide esters
that further bind with amino peptide groups (Bhadra et al., 2015;
Drozd et al, 2021). Thus, toxic reactive intermediates of
carbodiimide are stabilized by these esterified sulfo-succinimides
(NHS). Moreover, in this study, we have evaluated toxic effects with
validation studies using clinical samples without the test analyte, and
no patching, hooks, or agglomeration of samples was observed. The
developed agglutination assay is highly specific and sensitive, and for
further species level detection of Brucella, we suggest the use of the
monospecific monoclonal antibody for bioconjugation. Second, the
LOD of 10* CFUmL™ for the differential assay can be minimized by
using Brucella-specific OMPs as combined fusion proteins. Lastly,
nanometallic particle integration with the antibody can be replaced
with nanoscale metal organic frameworks (MOFs) for further
modifications, since the infecting dose of Brucella is very low with
10 to 100 CFU mL™ of bacteria required in early on-set of brucellosis
infection (Yagupsky, 2022). Therefore, for early disease diagnosis and
prevention, more advert nanotechniques with selective markers of
Brucella are required. In this present study, we selectively used the
rOmp28 surface protein marker and found an excellent rate of
agglutination in positive test samples, showing no false positives or
cross-reactivity with the optimized assay. Therefore, the developed
agglutination assay can be used as a preliminary test method in direct
whole-cell detection of Brucella antigens available in the common disease
matrix. Moreover, this assay is rapid, easy to apply, cost-effective, and
requires no laboratory set-ups for its clinical application and can be
deployed for on-field testing of differential diseased cases where pathogen
identification is misleading and under-diagnosed.
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5 Conclusion

debilitative, and

widespread common zoonosis, with acute, sub-acute, and

Brucellosis is the most contagious,
chronic disease presentation worldwide, since low doses of
10 to 100 CFUmL™" of bacteria are capable of spreading its
infection. In our present study, we therefore developed a
concurrent, highly sensitive, differentially rapid, and direct
agglutination-based diagnostic assay using 16-MHA SAMs
linked functionalized metal oxide gold nanoparticles. This
assay offered maximum detection accuracy at an LOD of 1 x
10* CFU mL™" with limited test matrices, and is simple, safe, and
reliable with minimum time consumption required for
employment in on-field test environments. It is the first assay
of its kind with direct differential detection of intact whole-cell
Brucella achieved at range of
10'-10®* CFU mL™}, of the

recombinant rOmp28 surface protein marker of Brucella

an optimized detection
with  diagnostic  potential
melitensis 16M. Bioconjugated AuNPs constructs with specific
rOmp28 IgG pAbs showed good agreement with in-house
S-ELISA
validation with a related and non-related battery of test

available comparative and favorable clinical
pathogens. The sensitivity and specificity of the developed
assay is > 98 % which shows the serological potential of the
rOmp28 antigen with unique epitopes for limited homology
within genus Brucella. Moreover, this assay has detected the
whole-cell Brucella antigen with no similar cross reactions
with five closely related bacteria in the S-ELISA format at an
LOD of 10°CFUml"'. No toxicity of the functionalized
bioconjugated AuNPs was observed as no hemolysis of blood
serum was found, and we obtained 100 % true positive
agglutinations. The performance time of the assay is minimal,
and it requires only 2 to 3 drops of valuable test samples for
preliminary diagnostic examination using standard methods. It is
therefore sensitive for detecting whole-cell bacteria in low disease
burden and a true alternate method for early disease detection.
To conclude, we have developed and evaluated the performance
of a rapid and direct-differential slide agglutination assay with
The

methodology for the synthesis of biologically stable gold

reduced  non-specific  reactivity. comprehensive
nanoparticles is promising and can be utilized as a potential
ready-to-use agglutination-based differential diagnostic method
in the low-resource settings of the developing world where
this
agglutination assay can be used for primary characterization
of bacterial isolates, and after screening with this agglutination

brucellosis is highly endemic. Furthermore, direct

assay, the results can be provided by efficient medical set-ups for
management of early clinical cases.
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