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A label-free optical immunosensor was developed based on surface plasmon resonance (SPR)
method for rapid and selective detection of Brucella melitensis. This immunosensor was constructed
by immobilizing capture antibody on 11-mercaptoundecanoic acid modified gold disk. This
fabricated immunosensor detected B. melitensis at a concentration range from 103 to 107 cell mL!
(R?>=0.998) and a detection limit of 100 cell mL"'. Additionally, the kinetic equilibrium dissociation
constant (Kp,) for assessment of the interaction affinity was calculated as 1.1 x 10 mol L' that
can be considered as high affinity interaction. This SPR immunosensor provided advantages in
term of fast response, label free and accurate detection of B. melitensis in analytical systems.
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Introduction

Brucellosis is one of the most common infectious
diseases shared between humans and animals worldwide
which is an important factor in economic losses and human
troublesome damages.!? This disease has a worldwide
distribution due to the spread of infection in domestic and
wild animals. Many countries in the Eastern Mediterranean
region included among brucellosis endemic areas.**
According to the World Health Organization (WHO) report,
about 500000 people are infected with brucellosis annually
and it is estimated that even in developed countries, only
3-4% of cases with brucellosis infection are diagnosed.>
The causative agent is genus Brucella which belongs to the
family of o-proteobacteria and includes well-known species
such as B. abortus, B. melitensis, B. suis, B. ovis, B. canis,
B. neotomae, and newly discovered species in marine
mammals and mice.” Brucella caused Brucellosis or Malta
fever which is introduced with the features of abortion and
fertility reduction in animals, and multisystem chronic
infections with symptoms such as raging fever arthritis and
osteomyelitis in human. Considering the no specificity of
the clinical feature of disease, the most reliable diagnostic
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way of the Brucellosis is to isolate the bacteria from
blood or infected tissues. Some factors such as the type of
sample, sampling time (stage of the disease) and separation
method affect the success rate of cultivation method. Also,
equipped laboratory and skilled personnel are required
due to the low-possibility of isolating the bacteria from
blood and zoonotic nature of other species of brucellosis
in animals and the risk for personnel. So, researchers are
highly focused on serological methods by relying on the
use of lipopolysaccharide (LPS) or bacterial antigens for
the enzyme-linked immunosorbent assay (ELISA) or
agglutination using colorimetric, that unfortunately have
low sensitivity and specificity.®’

Molecular diagnostic methods are usually faster, with
low risk and more sensitivity than serological methods.'"
Polymerase chain reaction (PCR)-based techniques are
growing with the target of genes, including 16SrRNA,
besp31 and, recently, per gene. '3

Although PCR-based methods comparing to cultivation
and serological methods show many advantages, their
disadvantages are not negligible. The disadvantages like
sample preparation and DNA (deoxyribonucleic acid)
extraction difficulties make them not possible to be used
in all diagnostic laboratories.'* Hence, there is not a clearly
defined quantitative method to detect very low bacterial
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concentration or the existing methods are not suitable to
detect bacteria and count them.

In recent years, researchers paid more attention
to biosensors for clinical diagnostics. Among various
biosensors, SPR-based optical biosensor is a sensitive
method to follow the smallest changes in refractive index
or the thickness of thin films with high speed, no labeling
and real time detection. One of the advantages of this
method is to detect directly the molecular interactions." In
fact, the method is mainly used to follow two-component
interactions (e.g., interactions between ligands and receptors)
that ligand binds to a stabilized component and increases
the mass at the surface of chip then conversely, the ligand
separation decreases the mass. The changes in mass, in
turn, affect the refractive index at the surface of chip and
cause a detectable signal. Non-invasive and direct detection
is one of the inherent advantages in using SPR. However,
in the SPR biosensor the detection is based on the optical
properties. Due to the lack of light penetration into the
sample, light absorption or scattering in turbid samples such
as blood and milk does not interfere in detection and can
be safely examined. Since this technique needs no special
characteristics such as fluorescence property, spectral labels
or radio signals for studied molecules or high sample volume
and concentration, it can be used in advanced biological
science laboratories. In total, all two-component binding
reactions, which have a variety of applications in the field
of drug design (protein-ligand interactions), mechanisms
of membrane-associated proteins (protein-membrane
binding) and DNA binding proteins, can be examined by the
technique. So SPR has been used successfully in the kinetics
study of antigen-antibody interaction.

This study is aimed to design and fabricate a biosensor
based on SPR to identify Brucella. Brucella outer membrane
proteins (OMPs) have a key role in the development of
cellular immune responses. For this reason, some of the
outer membrane proteins are cloned and expressed.'®
Among outer membrane proteins of Brucella, molecules
with molecular weights of 25, 31 and 36 kDa are the main
OMPs."7 Protein Omp31 was first reported in B. melitensis,
it is a protein found in Brucella species except B. abortus
and leads to a switch in host immune response to the cellular
immunity. 31 kDa cell surface protein of Brucella is highly
protected in B. melitensis and it is immunogenic.'®!” In this
study, recombinant clone of Omp31 in Escherichia coli
was used, which was able to yield high level of protein.
Then the antigens and the antibodies against it were used
to design a diagnostic system and after examining the
affinity of produced antigens and antibodies and antibody
stabilization on disk, B. melitensis was detected by SPR
and the detection limit was examined.
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Experimental
Material

11-Mercaptoundecanoic acid (11-MUA), 1-ethyl
3-3 dimethylaminopropyl carbodiimide hydrochloride
(EDC), N-hydroxysuccinimic (NHS) and HEPES
(4-(2-hydroxyethyl)- 1-piperazineethanesulfonic acid) buffer
were purchased from Sigma-Aldrich (Steinheim, Germany).
Ethanolamine was obtained from Sigma-Aldrich (Steinheim,
Germany). Isopropyl 3-D-1-thiogalactopyranoside (IPTG),
sodium dodecyl sulfate (SDS) and HRP (horseradish
peroxidase) conjugated rabbit were purchased from Sigma.
Urea (CH,N,O) was purchased from Merck (New York,
USA) and anti histidine antibody was obtained from
QIAGENE. The solutions were prepared in deionized double
distilled water and all experiments were carried out at room
temperature.

Apparatus

A double channel SPR system (Autolab ESPRIT,
Ecochemie B.V., Netherlands) was applied for
SPR-measurements. One channel was used to perform
assay and the second one was used to act as reference
measurements. The outcome of the SPR measurement was
automatically monitored using data acquisition software
version 4.3.1 and all kinetic data were obtained using the
SPR kinetic evaluation software version 5 (Ecochemie B.V.).
Also, in order to purify the proteins Montage® antibody
purification kit (Millipore, USA) and HIS-Select Nickel
Affinity Gel from Sigma-Aldrich were used.

Antigen (Omp31) and antibody (Anti-Omp31) production

Cloning of Omp31 gene fragment had done before
in house and the expression of recombinant protein
Omp31 was performed in E. coli BL21 DE3 host cell in
optimum conditions. The Omp31 protein was purified on
a nickel affinity chromatography followed by dialysis for
elimination of urea, and the band detection was carried
out on polyacrilamide gel electrophoresis. The Omp31
protein concentration was determined by Bradford protein
assay protocol. The purified Omp31 protein (500 pg) was
injected subcutaneously and intramuscularly into healthy
New Zealand white female rabbits (2-3 kg) emulsified with
an equal volume of Freund’s complete adjuvant as the first
dose, and with incomplete adjuvant for the three booster
doses, on doses of 500, 250, 250, 250 pg, respectively,
on the first, 18 and 32 days. After 10 days of the last
injection, the rabbit blood was collected through the jugular
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artery. The blood cells were isolated by centrifuging at
2500 rpm for 20 minutes, then, antibodies were purified
with Montage® antibody purification kit (Millipore, USA)
according to standard procedures and the concentration of
purified antibody was determined. To prove the purified
IgG, SDS-PAGE was performed with reducing and
non-reducing sample buffer. Western blot analysis was
done using lysed Brucella melitensis, which was run on
SDS-PAGE, and the polyclonal antibody prepared in the
previous step to prove the protein.

Antibody immobilization on gold disc

For antibody (Anti-Omp31) immobilization, firstly, the
surface of gold disk was cleaned using piranha solution
(3:1 v/v mixture of 98% H,S0,:30% H,0,). Gold disc
was dispersed into a 11-MUA solution (0.001 mol L)
overnight in order to form self-assembled monolayer
on gold disk. Then, for immobilization of antibody on
the MUA/gold disk, the surface was washed by HBS
(hepes buffered saline). Resonance angle at this point
was recorded as the baseline. In the next step, MUA/gold
disk was activated by injecting 100 pL solution of
freshly prepared 1:1 mixture of EDC (0.4 mol L) and
NHS (0.1 mol L") in distilled water over the disk for a
period of 300 s. To optimize Anti-Omp31 concentration
for immobilization, four different concentration of anti-
Omp31 were immobilized on 11-MUA modified gold
disk. Therefore 50 pL of Anti-Omp31 was injected on each
MUA/gold disk surface (with the concentrations of 12.5,
25, 50, and 100 pg mL"!, respectively), and after 900 s it
was washed by coupling buffer (NaAc.3H,0). Following
immobilization of Anti-Omp31, it is essential to neutralize
unreacted activated ester groups on the formed 11-MUA
with 1 mol L' ethanolamine (pH = 8.5). Immobilization
of Anti-Omp31 was done in channel 1 of the device and
the channel 2 was considered as a negative control without
Anti-Omp31 as an antibody. We test 3 different coupling
buffer pH (8, 7 and 6) for comparing which coupling buffer
pH will maximize the efficiency of amine coupling.

Interaction of antigen and bacteria on the Anti-Omp31/
MUA/gold disk

In the following, the antigen (Omp31) was passed over
the Anti-Omp31/MUA/gold disk surface in the various
concentrations of 5, 0.4, 0.2, 0.1, and 0.05 ug mL! and the
sonograms in optimized pH of coupling buffer (NaAc.3H,0)
were obtained. Also, stabilization of bacteria on the Anti-
Omp31/MUA/gold disk was done in same procedure, with
the serial dilutions of bacteria from 10' to 103 cell mL"!. To
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evaluate the specificity of sensor, Escherichia coli O157:H7,
Vibrio cholerae, Salmonella typhi, Yersinia enterocolitica,
Klebsialla spp., shigella spp. and Staphylococcus aureus, as
well as B. abortus were passed with a dilution of 10* to be
compared with the 10* dilution of B. melitensis. It should
be noted that in each SPR test, a control sample without
antigen and bacteria was passed.

Results and Discussion
The preparation of Omp31 antigen and antibodies

Purified recombinant Omp31 protein with a molecular
weight of 31 kDa and the concentration of 0.5 mg mL"'
and polyclonal antibody against it with a concentration
of 1.5 mg mL"! were obtained. Western blot analysis with
Omp31 antigen, lysed bacteria and the antibodies proved
the 31 kDa surface protein of B. melitensis. Indirect ELISA
results showed the proper interaction between the purified
antigen and the antibody.

SPR characterization for immobilization of anti-Omp31

pH optimization can be a critical parameter in
determining the success of immobilization of Anti-Omp31.
Acetate buffer is used in the immobilization phase and the
buffer pH is adjusted according to the isoelectric point of
immobilized protein that should be about 0.5-0.8 less than
the isoelectric point of antibody, since the carboxyl surface
of sensor chip produce a negative charge at higher pH (3.5)
therefore, to achieve the effective preconcentration, buffer
pH should be higher than 3.5 and less than the isoelectric
point of ligand. Ligand on the surface is pre-condensed
through electrostatic attraction when the pH is between the
isoelectric point of ligand and the surface pKa. If the pH was
too lower or too high, the ligand will not be concentrated
on the surface. As a result, according to the PI (isoelectric
point) of antibody which is equal to 9, the pH of 8.3 for the
immobilizing buffer might be appropriate, but in practice,
better signals were received with immobilizing in the lower
pH. Although pH 6 is more appropriate, since EDC needs
uncharged amine groups and is more efficient at higher
pH, pH = 7 was selected. The overlay of immobilization
sensorgram at different pH is shown in Figure 1.

Affinity investigation of bacteria and antigen on Anti-Omp31/
MUA/gold disk

For evaluation of antibody affinity, initially, the
various concentration of antigen (Omp31) from 9 x 10 to
3x 107 mol L' was passed over the Anti-Omp31/MUA/gold
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Figure 1. Effect of pH in antibody immobilization (25 ug mL™") on the
immunosensor response.

disk surface. As shown in Figure 2, antibody-antigen
interaction diagram is completely obvious, thus
Anti-Omp31/MUA/gold disk has an appropriate affinity
against Omp31. In the next step, Anti-Omp31-Brucella
interaction was investigated. Overlay of interaction
diagram between the antibody and the bacteria with
concentrations of 10! to 107 cell mL"! were shown in
Figure 3. The SPR angle shift linearly increases with the
adding of bacteria concentration.

300 nmol L-!

150 nmol L-1

a0 75 nmol L-1

Response / m°
= y
3

37 nmol L-!

9 nmol L-!

100 200 300 200 500 600 700 500 500
time /s

Figure 2. Interacion of immobilized Anti-OMP31 (25 pg mL™"') with
various concentration of antigen (Omp31).
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Figure 3. Interaction of Anti-OMP31 with various concentration of
B. melitensis.

Antibody optimization
Concentration of immobilized antibody and pH of

immobilization buffer are major factors that may effect on
antibody (Anti-Omp31) and antigen (Omp31) interaction.
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The effect of antibody concentration on the immunosensor
response was also studied in the concentration range from
25-100 pug mL". According to the immobilization results,
the optimum concentration of antibody for immobilization
on the sensor chip was 25 pg mL"' (Figure 4). At highly
concentrated immobilized antibody, due to spatial
configuration created on the disk, Anti-Omp31/MUA/gold
disk immunosensor will not have an appropriate interaction
with the antigen and the resulting signals will be weak. On
the other hand, at very low concentrations of immobilized
antibody, sensitivity of immunosensor is low, as shown in
Figure 4. Maximum response was achieved at concentration
of 25 ug mL'. Thus, it was selected as the optimal
concentration for immobilization of antibody.
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Figure 4. The effect of antibody concentration on the immunosensor
response in the interaction of Anti-OMP31 with B. melitensis.

Detection of B. melitensis on Ab/11-MUA/gold discs using
SPR technique

For detection of B. melitensis, designed Anti-Omp31/
MUA/gold disc sensor chip for SPR measurement
was used. Figure 5 shows the relationship between the
increase of the angle shift and the Brucella number.
Brucella melitensis was detected at a concentration range
from 10 to 108 cell mL"! (number of Brucella per mL) with
a correlation coefficient of 0.998 and limit of detection
(LOD) was calculated according to the equation 1.
According to equation 2, LOB is equal to limit of blank.'®
Actually, there is couple of equations to reach detection
limit, however, LOD = 3SD/b is the most common one.
Since the equations are dependent on the slope of the
line, any changes in concentration unit of the sample
will modify the slope and the value of the detection. But
in this equation, since there is not such a dependence
between the slope of the line and the detection limit,
the changes of the concentration unit does not affect the
detection limit value. In this regard, the detection limits
of the blank samples were measured and by putting them
in the respected equation, the final detection limit of the
device was determined:
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LOD = LOB + 1645 (SD low concentration sample) (1)
LOB = mean blank + 1.645 (SD ,..) 2

where SD is the standard deviation of the response. Based
on equation 1, the detection limit was calculated to be as
low as 100 cell mL". This value is better than those obtained
at gold nanoparticle-modified screen-printed carbon
electrode,' as well as K, for interaction of Anti-Omp31
and Omp31 was 1.1 x 10° mol L*!. Obtained equilibrium
dissociation constant (Ky,) is in the group of high affinity
interactions which is extracted by comparing the data with
that of the other studies.”

For evaluation of kinetics involved in between
the interaction of antigen and antibody, the affinity
interactions between antigen and immobilized antibody
were calculated by the equilibrium dissociation constant
(Kp). The data were fitted using a simple 1:1 Langmuir fit
model, A + B — AB, with molecules A and B forming the
complex AB where ‘A’ is the injected analyte, ‘B’ is the
immobilized ligand and ‘AB’ is the analyte-ligand complex
formed during the interaction process. In the SPR system,
the signal response is proportional to the amount of [AB]
and the R, is proportional to the initial [B]. Hence, in
this study K, values were calculated for binding of Omp31
with immobilized antibody using the “kinetic evaluation
software version 5.4”.2!

Requilibrium / m°

Concentration / (cell mL")

Figure 5. Calibration curve of interaction of Anti-omp31 with B. melitensis
and limit of detection determination.

Selectivity of the Anti-Omp31/MUA/gold immunosensor

The selectivity of the clinical diagnostic methods
is an important factor in analyzing biological samples
that display a complex matrix. In the current study, the
selectivity of the proposed immunosensor was evaluated
in the presence of seven different Gram-negative and
Gram-positive bacteria (such as Y. enterocolitica, S. typhi,
E. coli O157:H7, Klebsialla spp., Shigella spp., V. chlerae
and S. aureus) and B. abortus. So, these bacteria were
passed with a dilution of 10* to be compared with the
10* dilution of B. melitensis. The results showed that
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they have no response to Ab/11-MUA/gold disc, as
means that designed immunosensor is selective enough
for detection of B. melitensis and as shown in Figure 6,
the signals related to the B. melitensis are higher than
other bacteria.

Response
3

B. melitensis

B. abortus

Y. enterocolitica
V. cholerae

E. coli O157-H7
S. aureus
Shigella
Klebsialla
Buffer

Figure 6. Determination of SPR specificity by passing of other bacteria.
Conclusions

The study and preparation of Brucella biosensors is
very important and required for diagnostic laboratories.
Because of Brucella detection is time consuming,
dangerous and costly, we suggested a label-free,
inexpensive, rapid and renewable B. melitensis biosensors
by SPR method. Surface plasmon resonance biosensors
give a unique chance to monitor B. melitensis-antibody
interactions in real time without labeling requirements.
The immunosensor has good linear range, low detection
limit and excellent selectivity. Surface plasmon resonance
instrument has been widely accepted by the research
community for basic research and analytical applications.
So, kinetic parameter such as K, was studied. It seems
that this system has the ability to be used as a biosensor
for other pathogens, too. Given the importance of the
diagnosis of B. melitensis and considering that the
infectious dose of this bacteria is 10>-10° CFU mL',>>*
and appropriate detection sensitivity obtained by the
immunosensor designed in this study as well as proven
specificity and the study of the absence of cross-reactivity
with the other bacteria, the immunosensor based on SPR
using the cell surface protein Omp31 is recommended as
a rapid diagnosis option with an appropriate sensitivity
and specificity.
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