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Abstract: Three schemes of immunochromatographic serodiagnosis are considered and compared
experimentally to determine the specific antibodies that act against the recombinant antigen of Brucella abortus
(superoxide dismutase). The considered schemes differ in the order of immunoreagents interacting with the
membranes and accordingly i the composition of the detected complexes. As a label, fluorescent nanocrystals
were used quantum dots which allow more sensitive detection than traditional gold nano particles. The
manufactured test systems were used to test the samples of blood sera of cows with confirmed Brucellosis. The
obtained results demonstrated that the highest signal value is achieved in the scheme when the antigen is
immobilized on the quantum dot’s surface and on the working membrane of the test system and the detected
complexes are formed due to the presence of several valencies m antibodies.
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INTRODUCTION

The methods currently used to diagnose infectious
diseases do so, mainly by revealing either the pathogen
itself and its components or the immune response of an
mnfected orgamism to the pathogen antigens (Ryan ef al.,
2004). The latter type includes methods of serodiagnosis
with the determination of specific antibodies in the blood.
In some cases, the serodiagnostic approach is preferable
to determining the components of the pathogen (Parija,
2014; Tille, 2015) because the humoral immune response
15 always accompanied by a sigmficant mcrease mn the
concentration of specific antibodies m the blood.
Therefore, the serodiagnostic approach makes blood a
universal probe for diagnosing various
diseases.

The serodiagnostic approach is most justified mn
primary mass investigations. Because the rate of
obtaining results is crucial for mass screening, combining
serodiagnosis with a simple and rapid method such as
Immuno Chromatography (IC) seems promising (Lode,
2005, Wong and Tse, 2009; Quesada-Gonzalez and

infectious

Merkoc, 2015; De Puig et af., 2017). IC 13 based on the
flow of a liquid sample along the membranes of a test
strip (connected consecutively) with preliminary applied
reagents. Contact between the sample and the test strip
initiates the reactant’s flow and the formation of a
detectable complex in the area of the test strip called the
analytical or test zone. Due to the maximal pruning in
analysis, IC can be performed by unqualified personmel in
non-laboratory conditions. As a rule, the duration of IC 1s
10-15 min. Three main analysis schemes are presently
used in the practice of immunochromatographic
serodiagnosis (Fig. 1).

During the unplementation of the classical scheme of
IC serodiagnosis in the couwrse of the analysis the
detected complexes are formed of Antigen molecules
immobilized m the analytical zone (1Ag), specific
Antibodies from the sample (Ab) and a conjugate of the
label with an immunoglobulin-binding Protein (P*).
This complex of the P*-Ab-i1Ag composition is visualized
due to the concentration of label molecules n the
analytical zone (Fig. 1, Scheme 1) (Schrier et al, 1998,
Struyf et al., 1999, Abdoel et al., 2008, Nakano et al., 2015
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Fig. 1: a-¢) The 3 schemes for the implementation of serodiagnosis n IC and the composition of the complexes formed

1n the analytical zone of the test systems

Sotnikov et al., 201 5a, b; Janwan et al., 2016). The vast
majority of both those systems described in the literature
and commercial test systems for immunochromatographic
serodiagnosis are based on the use of this analysis
scheme.

In an alternative scheme, the same Antigen is
adsorbed onto the surface of the label (Ag*) and in the
analytical zone (iAg) the detected complexes are then
formed due to the presence of several valencies of
antibodies (Ab) which leads to the formation of the
Ag*-Ab-iAg complex (Fig. 1, Scheme 2) (Sato et al., 2003,
Ho-Sheng et al, 2004, Karakus and Salih, 2013;
Vrublevskaya et al., 2017).

In the third scheme of IC serodiagnosis, the
order of formation of the detected complex is inverted
relative to the classical scheme: the label 15 conjugated
with an Antigen (Ag*) and the immunoglobulin-binding
Protein (iP) is adsorbed in the analytical zone.

Accordingly, the detected complex in this case will be
the complex with the composition Ag*-Ab-1P (Fig. 1,
Scheme 3) (Rajerison et «al., 2009, Ben-Selma et al.,
2011; Karakus and Salih 2013, Sotmikov et df.,
20158, b).

As a rule, the choice of the analysis scheme by
developers 1s empirical and the articles describe the
development and application of a single scheme. Only
recently have theoretical and experimental comparisons of
schemes 1 and 3 appeared in tuberculosis serodiagnosis
as an example. These comparisons described in which
cases one of the schemes has advantages over the
others within the limit of detection (Sotnikov et al., 201%).
The sitvation may vary significantly depending on
concentrations of reagents used and the affinity constant
of the antibodies for the antigen which follows from
the presented data. The theoretical descriptions for
scheme 2 are thus, not currently available. Tt is also
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unclear whether the used marker and other factors affect
the choice of the optimal scheme. As a result, the choice
of the scheme used is quite random in each new case.

It should be noted that in recent vears, replacing
traditional nanosized gold nanoparticles and latexes in
immunocchromatography with other labels detected at
lower concentrations has been actively studied. The most
popular labels m this regard are Quantum Dots (QDs)
composite nanocrystals with intense fluorescence
(Goldmean et ai., 2006; Bruno, 201 4; Quesada-Gonzalez and
Merkoci, 2015; Taranova et al., 2015, Wang et al., 2015;
De Puig et af., 2017). However, today QDs are used for IC
serodiagnosis extremely rarely and only in the traditional
scheme (Scheme 1) (Yang et al, 2010; Berlina et al,
2013).

The aim of our study included a comparative
description of various schemes of IC serodiagnosis with
the use of QD as a label. Accordingly, 3 variants of
QD-based IC systems, constructed according to the
above schemes were developed for the serodiagnosis of
an important infectious disease, cattle Brucellosis. This
disease causes severe disability of ammal patients and
significant damage to agricultural livestock. Therefore,
timely diagnosis of Brucellosis i1s an important task
(Minda and Gezahegne, 2016; Nardi et al., 2017).

The recombinant antigen of Brucella abortus,
Cu/Zn-dependent bacterial Superoxide Dismutase (SOD),
was used as an antigen in the developed test systems.
Periplasmic protein SOD is one of the main enzymes of the
antioxidant system of microorgamisms which 1s considered
one of the universal mechanisms of the pathogenesis of
mfectious diseases. Due to its high antiphagocytic
activity this protein is involved in the induction of a
specific immune response and is considered as one of the
most promising antigens for diagnosing Brucellosis
(Bricker et al., 1990; Stevens et al., 1994, Tabatabai and
Hennager, 1994).

MATERIALS AND METHODS

The followed reagents applied in the
research: recombmant protein G Streptococcus spp. and
peroxidase-conjugated Rabbit Antibodies against cattle
mmmuneglobulins (P-RABIss) from IMTEC (Russia),
Tween-20, Triton X-100, sodium azide and 3,3,
5,5 -Tetramethylbenzidine (TMB) from Sigma (USA);
N-(3-dimethylaminopropyl)-N’-Ethylcarbodiimide
hydrochlonde (EDC), Sulfo-N-Hydroxysuccinmimide (NHS),
and chloroauric acid from Fluka (Switzerland) and
albumin from Bovine Serum (BSA) from MP Biomedicals
(USA).

The consumables used were as follows: HisTrap
columns (Amersham, TUSA); Ni-NTA Agarose (Invitrogen

were

Corporation, USA); carboxylated QDs (Invitrogen
Corporation, USA), AmiconUltracel 30K filters (Millipore
Corporation, TJSA) and 96-well transparent microplates
type 9018 (Costar, USA).

To mamufacture immunochromatographic —test
systems an MDI easypack membrane set (Advanced
Microdevices, India) was used including working
nitrocellulose membranes CNPHO0 on a polyester
substrate, conjugate pad PT-RS5, sample membrane FR1

{(0.6) and upper adsorbing membranes AP045.

Obtaining recombinant SOD protein: Usmg the
recombinant Escherichia coli BL21 (DE3)/pET22/30D
strain, Cu/Zn-dependent Superoxide Dismutase (SOD;
molar weight 20.8 kDa) was obtained. A strain of the
producer was obtained on the basis of E. coli BL21 (DE3)
by transforming it with the original plasmid vector
pET22/50D.

The preparation and purification of the recombinant
protem was performed according to the method
described by Manat et al. (2014). E. coli BL.21 (DE3) cells
transformed with the pET22/SOD plasmid were grown on
solid LB/ampicillin plates (100 pg/ml.) at 37°C overnight.
One colony was selected for growing 5 mL of the starting
culture overnight at 37°C. The initial culture was
inoculable in 500 mL of LB/ampicillin (100 pg/mlL) and
incubated at 37°C with shaking to an optical density of 0.6
at 600 nm. Expression of recombinant SOD was induced
by adding Isopropyl ,-D-1-Thiogalactopyranoside
(IPTG) to a final concentration of 1 mM. Expression
continued for 12 h at 37°C. Cells were harvested by
centrifugation.

The suspension of bacterial cells was sonicated for
10 mins with a pulse interval of 8 sec. The sonicate
extract was centrifuged at 18,600 g for 30 min at 4°C.
The supematant and cell pellet were analyzed using
12% SDS-PAGE. The recombinant protein was purified
on a HisTrap column usmg a Ni-NTA Agarose
chromatographic system. As a result, pure preparations
of recombinant SOD of Brucella were obtamed. The
yield of the final product was 8 mg from 1 L. of induced
culture.

Conjugation of proteins with QDs: Protem G was
conjugated with QDs (core/shell CdSe/7nS with excitation
wavelength at 585 nm) in accordance with Berlina ef al.
(2013) with partial modifications. The 300 ul. protein G in
10 mM borate buffer solution (pH &8.6) with concentration
144 pg/ml. was mixed with 25 pl. QDs (8 puM
concentration) with carboxyl groups on the surface (QDs
585 ITK) at a molar ratio of 10:1. The 50 pl. each of the
freshly prepared EDC and NHS scolutions (with
concentrations of 308 and 348 pg/ml., respectively) were
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then added to the mixture of protein G and QDs. The
reaction was performed in the dark at room temperature for
a duration of 2 h while being stirred on an Intelli-Mixer
RM-2 shaker (ELMI, Latvia). After thus, the resulting
conjugate was concentrated and simultanecusly dialyzed
against 10 mM borate buffer solution with the use of
Amicon Ultracel 30 K filters at 10,000 g for 15 min to
remove excess activators and unbound protem. The
centrifugation process was repeated 3 times and the total
volume of the conjugate was decreased 10 times by the
end of the cleansing procedure. The preparation was kept
at +4°C before application

The conjugate of SOD was synthesized in a similar
way. About 16 uI. of SOD in 20 mM HEPES solution
(pH 7.4) at a concentration of 2.7 mg/ml. was diluted
i 284 pLL. HEPES and mixed with 25 pLL QDs (8 uh) ata
molar ratio of 10:1; 50 ul. each of the same activator
solutions were then added to the reaction mixture and
kept for 2 h m the dark under constant stirring. The
cleansing and concentrating steps were the same
described above except the buffer solution for washing
and storage which was 20 mM HEPES instead of 10 mM
borate buffer.

Panel of cattle blood sera: A panel of characterized serum
of cows infected with B. abortus and healthy animals was
provided by the Republican State Enterprise “National
Center for Biotechnology” under the Science Committee
of Ministry of Education and Science of the Republic of
Kazakhstan. The diagnosis of Brucellosis was estimated
on the basis of data obtained using a commercial Enzyme
Immuno Assay (ELISA) Kit manufactured by Bitsentr
(Kazakhstan).

Detection of specific antibodies to SOD B. ... in cattle
sera by ELISA: The sorption of SOD preparation in the
wells of a 96-well microplate was carried out overnight at
4°C from 100 pl. of a solution with a concentration of
1 pg/mL m 50 mM carbonate buffer, pH 9.6. The
microplate was washed 4 times with 50 mM K-phosphate
buffer, pH 7.4 with 0.1 M NaC1 and 0.05% Triton 3X-100
(PBST). After this 100 ul. of sera diluted with PBST from
1:100-1:100,000 was added mto the wells as part of step 2
and incubated for 1 h at 37°C. The microplate was then
washed again 100 pl. of peroxidase-labeled antibodies
against cattle IgG in PBST was then added at a
concentration of 160 mg/mL and incubated for 1 hat 37°C.
After washing the microplate 3 times with PBST and
once with distilled water, the peroxidase activity of the
enzyme bound to the carrier was determined. For this
purpose, 100 pul  substrate soluton of 3,37,
5,5 -Tetramethylbenzidine (TMB) 0.42 mM with 0.01%

H,0, was added to the wells and incubated for 15 min at
room temperature the optical density at 450 nm (D450) was
then measured.

Production of immunochromatographic test systems:
IsoFlow dispenser (Imagene Technology, USA) was
used to apply the reagents. Conjugates of QD with
protein G (in scheme 1) and with SOD (in schemes 2 and
3) were applied to a membrane for the conjugate at a
concentration of 34 uM with a deposition volume of
1 pL/mm of membrane. To form an analytical zone, SOD (in
schemes 1 and 2) or protein G (in Scheme 3) 0.1 pL/mm of
protein concentration 2 mg/ml was applied on a
nitrocellulose membrane CNPH90. After applying the
reagents, the membranes were dried m air at 20-22°C
for at least 20 h. A multmembrane composite was
collected and test strips 3.5 mm wide were obtained using
an Index Cutter-1 automatic guillotine cutter (A-Point
Technologies, USA). Cutting and packaging was carried
out at 20-22°C m a special room with a relative humidity of
not more than 30%. The packed test strips were stored at
20-22°C.

Immunochromatographic analysis: [C was carried out at
room temperature. One drop of blood serum was applied
to Eppendort 500 ul tube, 3 drops of 50 mM K-phosphate
buffer (pH 7.4) contaiming 0.1 M NaCl and 1% Tween-20
were added and the test strip was placed vertically into
Eppendort 500 ul. tube. After 10 min, the result of the IC
was fixed. The results of the QD-based IC were recorded
by photographing the images of test strips when they
were uradiated with UV light with a wavelength of 365 nm.
To quantify the signal intensity in the analytical zone of
the test, the obtained photographs were digitized using
the TotalLab TL120 software package (Nonlinear
Dynamics, UK).

RESULTS AND DISCUSSION

Characterization of  QD-protein  conjugates:
Water-soluble QD  preparations consisting of a
semiconductor core, a metal shell and a hydrophilic
polymer coating were used. This label can be detected on
the test working membrane at a concentration an order of
magnitude lower than the traditionally used nano-sized
gold. The sensitivity of 1C with QDs, therefore, usually
exceeds the sensitivity of tests with gold nanoparticles
(Bruno, 2014; Shen ef al., 2015; Taranova et al., 2017).
The synthesis of QD-protein conjugates was
carried out using the carbodiimide-succinimide method
including the activation of carboxyl groups of QD and the
conjugation of the protem through the amino groups.
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Fig. 2: Fluorescence spectra of QDs before and after
corjugation with SOD of B. abortus and protemn G
Streptococcus spp. The QD concentration 1s
34 uM

The ratio of protein amounts per particle QD was 10:1. The
resulting QD-S0D comjugates were purified by
centrifugation through Amicon Ultracel 30 k filters. In
solutions that passed through the pores of the filters, no
fluorescence was observed, indicating a complete
separation of the conjugated QD from the reaction
medium.

An important property of QD conjugates is the
preservation of the fluorescent properties of the label. The
formation of a proten coat on the particle surface partially
shields the light absorbed and emitted by the QD.
Therefore, after the conjugate synthesis, we checked the
degree of conservation of the quantum yield of the
fluorescence of the particles. Figure 2 shows the
fluorescence spectra of free and conjugated
nanoparticles. It can be seen that the decreases m the
peak fluorescence amplitude of the conjugate of relatively
free particles for the conjugates of SOD and protein G are
12 and 20%, respectively. In this case, the position of the
fluorescence peak of the QD conjugate at 585 nm
coincides with the peak of free QD. This indicates an
absence of the effect of the cohesive protein on the
electronic shells that determine the fluorescence of QD.
Thus, covalently bound proteins do not cause significant
changes in the fluorescent properties of the marker which
makes 1t possible to effectively use the synthesized
conjugates 1n the analysis.

Testing of sera by ELISA: A panel of bovine sera
consisting of 5 positive and 5 negative samples was
used to compare the possibilities of detecting
specific mmmunoglobuling in 3 variants of IC. Cow
serum was obtained from a livestock farm in the Republic
of Kazakhstan. The presence or absence of specific
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Fig. 3: ELISA testing of the control panel of cow blood
sera on recombinant antigen SOD of B. aborfus.
1-5: serum of cows with Brucellosis 6-10: serum of
healthy cows

As an alternative antigen was used in our research
(the SOD protein of B. abortus), the provided panel of
sera was further characterized by ELISA to determine
antibody titers against SOD and to confirm the
diagnosis. The results of the enzyme immunocassay are
shown n Fig. 3.

According to the ELISA results of all infected
animals, the diagnosis was confirmed. When testing the
blood sera of healthy animals, the ELISA signal did not
exceed the threshold level of 0.2 optical units when the
serum was diluted 500 times. Diagnostic titers of specific
antibodies in positive sera ranged from 2000-5000 with an
optical density in ELISA of D450 = 0.5. The characterized
panel of cattle blood sera was further used to compare the
effectiveness of the detection of specific antibodies in IC.

Approbation of manufactured IC test systems: As
noted m the introduction, immunochromatographic
serodiagnosis using QD is currently tested in only one of
3 possible serodiagnosis schemes. The task of our study
included a comparative assessment of the effectiveness of
the use of QD in IC serodiagnosis n 3 different schemes
for the implementation of the analysis. To achieve these
goals, 3 series of tests were manufactured according to
schemes 1-3 (Fig. 1).

The results of blood sera testing in the 3 IC schemes
are shown in Fig. 4. The value of the analytical signal
increases in the series, e.g., scheme 1-3. When testing the
sera of healthy cows, no positive response was observed,
which indicates the specificity of the interaction. As an
example, Fig. 4 shows the result of testing one of the
negative sera (No. 6). The relative color intensities of the
analytic zones are shown 1n Table 1. This demonstrates
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Serum No.

Scheme 1

Scheme 2

Scheme 3

Fig. 4:Images of the working membranes of the test
systems after carrying out IC under irradiation with
365 nm ultraviolet light

Table 1: Relative color intensities of the analytical zones of the test strips
presented in Fig. 4

Serum No. Scheme 1 Scheme 2 Scheme 3
1 18.7 71.2 31.9
2 40.2 96.6 36.3
3 299 90.4 43.9
4 21.0 79.9 21.1
5 24.0 98.0 26.7
6 0 0 0

that scheme 3, on average, gives 16% more color intensity
than scheme 1. As was shown in a number of papers
(Ben-Selma et al., 2011, Martinez-Sernandez et ai., 2011,
Sotnikov et al., 2015a, b) in some cases scheme 3 allows
for increased sensitivity. However, by Sotnikov et al.
(2018), amplification was not always achieved and
strongly depended on an uncontrolled parameter the
constant of antibody-antigen interaction.

Thus, the differences in sensitivity in schemes 1 and
3 are random, although m most cases, scheme 3 allows for
higher sensitivity. At the same time, scheme 2 gives on
average a threefold increase in the fluorescence intensity
in analytical zone compared to schemes 1 and 3.

In our opmion, the reason for thus s as follows.
Schemes 1 and 3 suggest the interaction of all
immunoglobuling  from the sample with an
immunoglobulin-binding reagent (usually an anti-species
antibody such as protein a from Staphylococcus aureus
or protein G from Streptococcus spp.). However, only a
small portion of immunoglobuling interact specifically with
the antigen which usually does not exceed 1% of the

total concentration of immunoglobuling in the blood
(Goldammer et al., 2002, Kemper et al., 2002; Turner et al.,
2013; Tuerlinckx ef al., 2014). Thus, the signal of the IC
analysis m schemes 1 and 3 depends not only on the
concentration of specific antibodies but also on the
total content of immunoglobulins in the sample which is
not a diagnostically significant parameter. Competition
between specific and common immunoglobulins for
binding to an immunoglobulin-binding protemn adversely
affects the reliability of analysis. Scheme 2 avoids this
drawbaclk as only specific antibodies are involved in the
formation of detectable complexes. In addition, scheme 2
allows for the detection of specific immunoglobuling of all
classes in serum while schemes 1 and 3 mainly detect
class G immunoglobulins as the most commonly used
immunoglobulin-binding proteins have lower affimity for
other classes of inmunoglobulins (Sidorin and Solov’eva,
2011; Boyle, 2014).

The 3 schemes for the implementation of IC
serodiagnosisas an example of determming specific
antibodies against superoxide dismutase of Brucella
abortus are discussed in this study. The approbation of
the test systems on a sample of cows with Brucellosis
showed that the scheme with the use of antibody
polyvalence (scheme 2) provided on average a
threefold increase in signal compared to scheme 1
and 3.

This 15 consistent with theoretical 1deas about the
possibilities of increasing sensitivity in different IC
schemes. The greatest enhancement demonstrated in
scheme 2 is probably due to the elimination of the
interfering mfluence of common mmmunoglobuling on
the assay results as well as the possibility of the
simultaneous detection of immunoglobulins of all classes
in this scheme.
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