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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 IgG 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 AuNPs,
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 (ζ, 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 104 CFUmL−1. The sensitivity of this assay was compared with
standard double-antibody sandwich ELISA (S-ELISA) using rOmp28 IgG pAbs with
an LOD of 103 CFUmL−1 and a detection range of 102–108 CFUmL−1. 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.
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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 (Bakri 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
surveillance, bacteriological investigation, immunoassay-based
detection, and alternate diagnostic methods are deliberately used in
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

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-β 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 serological and molecular tests 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
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
nanoparticles and quantum dots for detection of low but
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
Brucella abortus using immunosensors conjugated with pAbs on
activation, with 1-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
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modified magnetic beads along with gold nanoparticle-screen printed
carbon electrodes were shown to detect Brucella at 102 and
105 CFUmL−1, 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
improve biosensing technology but 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
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 103 CFU
mL−1 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 5min (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−1 of the Brucella antibody as the experimental lower
limit, with gold nanoparticles treated with β-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 107 CFUmL−1 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
101–108 CFUmL−1 with two standard species of Brucella (Brucella

melitensis 16M and Brucella abortus S99); there was further
screening with a total of 36 clinical isolates and nine other standard
strains ofBrucella at the lowest LODof 104 CFUmL−1. 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 ofBrucella 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 103 CFUmL−1 with a detection
range of 102–108 CFUmL−1 (Hans et al., 2020).

2.1 Chemical reagents

The reagents used in thus study were chloroauric acid trihydrate
(HAuCl4.3H2O, 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),
Luria–Bertani broth (LB from Hi-media, M1245), protein-A
antibody purification kit (PROSEP-A Montage-Millipore,
United States, LSK2ABA20 AK082402), N-(3-dimethylaminopropyl)-
Nʹ-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
β-D-1-thiogalactopyranoside (IPTG from Sigma, I6758, 056M4040V),
iso-propanol (iso-propyl alcohol fromQualigens 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,
S2002), urea (Sigma, U5378, 118K0087), methanol (Thermo-Fisher
Scientific, 32407, 1,128/3 7109–6), phosphate buffer saline (PBS,
pH 7.2, 10 mM L−1 from Sigma, P4417, SLBS1525V), hydrochloric
acid (0.01M HCl (Sigma, H1758), and 16-mercaptohexadecanoic
acid (99 % MHA from Sigma-Aldrich, 674435).

2.2 Preparation of sol–colloid gold
nanoparticles

TheAuNPswere synthesized through a chemical reductionmethod
(citrate synthesis) using gold tetrachloride trihydrate (HAuCl4.3H2O) as
a startingmaterial. 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, HAuCl4.3H2O) 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
batch ID

Volume
(solvent MQ

in mL)

H (mL) AuCl4.
3H2O (Molarity

in mM)

H (mM)
AuCl4. 3H2O

(in µL)

HAuCl4.3H2O
(in mg)

Trisodium
citrate

dihydrate (v/v)

Heating
time

(in min.)

Inference
(color
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 lbs pressure) using a Sanyo Labo Autoclave, MLS-3780, and hot-
air dried (at 50°C) using a Labcon, FSIMStandard Incubator. For single-
batch preparation of carboxylated AuNPs (thiol-linked AuNPs), 5 µL
HAuCl4.3H20 (0.073 mM) prepared in 10 mL sterile milli-Q water was
added to 200 mL ethanol (50 %) solution containing 0.3 mmolMHA at
a boiling temperature of 100°C (Ellis et al., 2008; Hashemi et al., 2019).
To this boiling solution (light pale-yellow colored), 2 mL 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 5 h 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-Kα 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
(ζ) zeta potential (Nano-ZS, MALVERNZetasizer 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 WinLabTM) 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

(Supplementary Table S2), 36 human Brucella clinical isolates from
different geographic regions of India (Supplementary Table S3), and a
rOmp28-positive clone (Escherichia coliBL-21 clone)maintained in 30%
glycerol (stored at−80°C) in the laboratorywere 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
supplemented with kanamycin sulfate (50 μg mL−1) antibiotic
selection. The handling of pathogenic bacteria and research work
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 μg mL−1) 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 purification

For generation of rOmp28 protein antigen (Ag)-derived IgG pAbs,
a total of 12 BALB/c female mice were immunized. For animal dosing,
50 µg 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 μg mL−1 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%BSAO/N at 4°C, and ELISAwas performed as detailed
previously (Hans et al., 2020). The total yield of the purified IgG
antibody obtained was 6 mgmL−1 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 mM L−1) containing 0.25 gm EDC
(1.3 mM) and 0.25 gm 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 µL from 6 mg mL−1 IgG pAb suspended in 10 mM
PBS, stored with 0.3 gm of sodium azide as preservative) PBS
containing 600 µg 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 µL) from each of the prepared AuNPs-conjugated IgG
pAbs and 10-fold serial dilutions of WC Ags (108 to 101 CFUmL−1 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

agglutination was considered a positive test for the appliedWCAg. The
detection range of agglutinated WCs in CFUmL−1 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 × 105 CFU mL−1 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 µL
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 × 105 CFUmL−1 for two standard species of Brucella (Brucella
melitensis 16M and Brucella abortus S99) was spiked in different
clinical and non-clinical sample matrices. Then, 20 mL of
unpasteurized raw-midstream cow and human milk, curdled with
5 mL 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
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 samplematrices. 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 μg mL−1) and rOmp28-derived mice IgG pAb
(detection pAb at 100 μg mL−1), 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-derivedmice 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 IAECMB-43/
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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 Au3+ ions of HAuCl4.3H2O were
reduced to nano gold Au0 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 (λmax) in the visible range between 510 and 550 nm (see
Figure 3A). With the growth of particles, λmax 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

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

α · h]( ) � A h] − Εg( )
m, (1)

where α is the absorption coefficient, һ is Plank’s constant, ν 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−1–450 cm−1, and
the results obtained were analyzed for the identification of
functional groups (Figure 4A). Initially, for naive nanoparticles
collected before reduction, absorption at 3,300–3,400 cm−1

corresponds to medium N–H stretching vibrations of hydrogen
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−1 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−1 and 1,403 cm−1 of AuNPs are ascribed to strong C=O
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 –CH2

group are assigned to the 2,983 cm−1 absorption peak. The shift of peaks
at relative position of 2,600–2,550 cm−1 is attributed to weak S–H
stretching of the thiol group. The strong peak at 1,643 cm−1 relates to
C=C stretching of monosubstituted alkenes and absorption at
1,250–1,275 cm−1 is assigned to C–O stretching of the alkyl aryl
group along with corresponding O–H bending in capped AuNPs.

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 (concentration < 0.1 mM having particle size 50 nm).
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The relative peaks with corresponding shift in absorption at 1,505 cm−1,
1,382 cm−1, and 1,044 to 1,085 cm−1 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 NaBH4 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−1, indicating N–H and C–H
stretching of amine and alkyl groups of EDC and NHS along with

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

FIGURE 3
UV-visible analysis with (A) absorption spectra of AuNPs showing an optical absorption peak at λmax 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.

FIGURE 4
Characterization of AuNPs with (A) FT-IR analysis indicating N–H (3,300–3,400 cm−1) stretching vibrations of amines, C=O (1,640 and 1,403 cm−1),
O–H (2,500–3,300 cm−1), and S–H (2,600–2,550 cm−1) stretching of amide, carboxylic, and thiol groups, C–O (1,250–1,275 cm−1) stretching of alkyl aryl
group and –OH bending of alcohols along with C=C (1,643 cm−1), C–H (1,382 and 2,983 cm−1), N–O (1,505 cm−1), and CO–O–CO (1,044–1,085 cm−1)
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−1), S–H, and S=O (1,400–1,300 cm−1) stretching vibrations of amide, thiol, sulphonyl, and convoluted O–H groups. For antibody
peptide bonds, stretching vibration peaks of C–N and C–O (1,500–1,650 cm−1) 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−1) for thiol
and amide groups along with N–H and C=O (1,640 cm−1), C–N, and N-H (1,230–1,330 cm−1) bending vibrations, and C–O (1,080–1,150 cm−1) strong
stretching vibration of amides, amines, carbonyl, aromatic amine with analyzed sharp bending vibrations of N–H deformation for functionalized pAbs.
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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−1 were assigned to strong C–H, S–H,
asymmetric –CH2 and –CH3, 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−1 are assigned to stretching vibrations of
strong C–S and C–C, along with peaks at 736 and 705 cm−1

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−1 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 themodified linked AuNPs, bands at 2,843, 1,723,
1,425, 1,294, 1,112.94, 1,063, and 744 cm−1 are attributed to strongC–H,
C=O, 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−1 and in the range 1,060–1,150 cm−1 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 2θ values 38.16°, 44.31°, 64.41°, and 77.50°

correspond to the reflections of (111), (200), (220), and (311) set

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 Au2O3 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
Au2O3 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).

D � 0.9λ
β cos θ, (2)

where D is the average crystallite size, λ is the wavelength of the
X-ray used, and β 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, 13.5 nm, 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 θ is
Bragg’s angle. The lattice parameter was calculated for all the three
samples using the following formula for cubic systems:

1
dhkl

� h2 + k2 + l2

a2
.

Also, the lattice parameters for naive, capped, and linked AuNPs
samples were calculated to be 4.1 Å, 4.1 Å, and 4.09 Å, 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 AuNPs 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,
~64 nm, and 110 nm 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

FIGURE 5
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−1 for capped AuNPs and stretching
vibrations of C–H, C=O, 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−1 for
linked AuNPs, respectively.
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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 (ζ)
and DLS

For potential bioassay development, AuNPs were modified (viz.,
naive, capped, and linked AuNPs), and their step-by-step upgradation
was criticallymonitored bymeasuring the zeta potential [at temperature
25°C with 12 (ζ) 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 (ζ = −10.6 ± 7.25/−12.1 ± 3.42/
−23.3 ± 5.01 mV for naive, capped, and linked AuNPs,

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
ζ-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 (ζ = −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 having
positively charged protein lysine residues experienced a
positive shift in the ζ-potential distribution (ζ = −18.1 ±
4.97 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
intensity (by phase, voltage, and current) of AuNP surface ζ-
potential qualitatively increased with the potential drop of
interaction and provided specific and sensitive affinity binding

FIGURE 6
Characterization using powder-XRD with (A–C) XRD analysis showing angular diffraction peaks at 2θ 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
at 56.32°, 75°, and 83.5° corresponding to the orthorhombic phase of Au2O3 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 Å, 4.1 Å, and 4.09 Å at 10 nm, 13.5 nm, and 14.5 nm,
respectively.
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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 ζ-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-Ab, 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
in stable bioconjugates. Therefore, to determine such
biomolecular orientation and nanosize distribution, modified
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

each measurement were performed, with an initial
equilibration of 120 s. Furthermore, 10 μL mL−1 of each
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

FIGURE 7
Characterization of AuNPs using TEM-SAED with, (A–C) TEMmicrograph 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.
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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
reduction (citrate-stabilized and borohydride co-reduction),
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
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 toxicity. Therefore, to obtain biocompatible
functionalized AuNPs with less reactivity toward clinical matrices
(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
maximum size distribution. Furthermore, the decreased
absorption value due to MHA-associated corona formation on
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-

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
for modified AuNPs (naive, capped, and linked) during
bioconjugation represented an increase in biomolecular binding
on the AuNP surface (Figure 8).

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 mg mL−1 on purification (see
Figure 9A). For animal immunization, 50 μg mL−1 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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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 (R2) equal to 0.981 was
obtained, with linearity in the data pattern and minimum
low bias.

3.9 SDS-PAGE and immunoblot analysis of
purified IgG pAbs

SDS-PAGE electrophoresis was run at 12% gel composition, and
it revealed two fragments of IgG pAbs. One heavy chain fragment at
50 kDa and another light chain small fragment at 25 kDa were
obtained on antibody purification (see Figure 9B). A total of 5 µg

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.

FIGURE 9
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 rOmp28mice IgG pAbs developed against the rOmp28 protein antigen of Brucellamelitensis 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.
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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−1, 2,604 cm−1, and 1,400 to 1,300 cm−1 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−1 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−1

due to the carbonyl group –C=O stretching and amide II at
1,500 or 1,550 cm−1 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
III 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−1

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 –NH2 group have two IR bands
between 3,400 and 3,300 cm−1 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−1 and 1,230 to 1,330 cm−1

indicated bending vibrations of N–H bonds of amide and C=O,
C–N of aromatic amine, along with N–H deformation of antibody-
conjugated particles. The peaks at 1,080 to 1,150 cm−1 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 108–101 CFU mL−1, clear visible clumps were
observed at a 1:1 (50 µL each) test ratio, as shown in Figure 10. At a
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 104 CFU mL−1 (Figure 10). 1X PBS was used as
a test control and was allowed to react with only AuNP-conjugated

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 × 104 CFU mL−1 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 S1; 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
analysis, it was found that the direct-differential slide
agglutination assay is both sensitive and specific in whole-cell
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 104 CFU mL−1. 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 BrucellaWC 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 104 CFU mL−1. 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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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,

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 103 CFU mL−1 with a detection range of
102–108 CFU mL−1 (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 ln(x) + 1.685, and R2 =
0.846, as shown in Figure 14A. Also, Brucella clinical isolates

FIGURE 10
Rapid direct-differential slide agglutination assay determining a lower limit of detection (LOD) of 104 CFU mL−1 at an experimental detection range of
108–101 CFU mL−1 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 104 CFU mL−1 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.
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randomly screened at 10-fold serial dilution using the rOmp28 mice
IgG detection antibody (at 100 μg mL−1) presented an experimental
LOD of 103 CFU mL−1 (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 (see Figure 14C). The
minimum LOD was obtained at an experimental cut-off value of
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
103 CFU mL−1 with a detection range of 102–108 CFU mL−1 using
double-antibody at optimized concentrations (WC rabbit IgG at
10 μg mL−1 as the capture antibody and rOmp28 mice IgG at
100 μg mL−1 as the detection antibody). We also utilized a labeled
anti-species enzyme-conjugated secondary antibody with an
experimental run-time of approximately 4 to 5 h. In comparison,
although a 1 log10 higher LOD was obtained with the direct-
differential slide agglutination assay, it offers minimum time of

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-

FIGURE 12
Estimation for investigation of test specificity of direct-differential slide agglutination assay withWC antigen of Brucella and other closely related and
non-related bacterial species to evaluate the cross-reactivity at an obtained experimental LOD of 104 CFU mL−1. 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.
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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,
and accurate in the detection of whole-cell bacteria with
bioconjugated AuNPs. Clinical validation of our study showed
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

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

FIGURE 13
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 humanmilk) matrices at an obtained experimental LOD of 104 CFU mL−1. 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.
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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 103 CFU mL−1 with a detection range of 102–108 CFU mL−1 along the
x-axis and absorbance at 495 nm along the y-axis. An experimental logarithmic regression coefficient value of R2 = 0.8462 was obtained with the
variable model equation of y = ‒0.489ln(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 103 CFU mL−1 with a detection range of
102–108 CFU mL−1 along the x-axis and absorbance at 495 nm along the y-axis, and (C) S-ELISA graph plot showingWCdetection of 10-fold serial diluted

(Continued )
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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 104 CFUmL−1 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 CFUmL−1 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.

5 Conclusion

Brucellosis is the most contagious, debilitative, and
widespread common zoonosis, with acute, sub-acute, and
chronic disease presentation worldwide, since low doses of
10 to 100 CFU mL−1 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 ×
104 CFU mL−1 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 an optimized detection range of
101–108 CFU mL−1, with diagnostic potential of the
recombinant rOmp28 surface protein marker of Brucella
melitensis 16M. Bioconjugated AuNPs constructs with specific
rOmp28 IgG pAbs showed good agreement with in-house
available comparative S-ELISA and favorable clinical
validation with a related and non-related battery of test
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 103 CFU ml−1. 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
reduced non-specific reactivity. The comprehensive
methodology for the synthesis of biologically stable gold
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
brucellosis is highly endemic. Furthermore, this direct
agglutination assay can be used for primary characterization
of bacterial isolates, and after screening with this agglutination
assay, the results can be provided by efficient medical set-ups for
management of early clinical cases.

FIGURE 14 (Continued)
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 102–108 CFU mL−1 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.
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