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ABSTRACT

This paper considers the combination of several immunochemical interactions for
multiplex immunochromatographic analysis. It was shown that varying the composition of the gold
nanoparticles—antibodies conjugate, its concentration and concentration of the hapten—protein
conjugate changes both the maximal binding in the test zone and the range of the determined
concentrations of the target analyte. Thus, it becomes possible to compensate for differences in
the interaction times for the reagents of different specificities that arise when they are combined on
one test strip. These regularities were demonstrated for multiplex analysis of three antibiotics. The
developed assay has limits of detection of 10, 500, and 10 ng/mL for chloramphenicol, streptomycin,
and ampicillin, respectively. Its working ranges for these three analytes are 0.5-6, 16-250, and
0.4-5 ng/mL. The analysis time is 15 min the accuracy of the photometric determination of antibiotics

in the working ranges is up to 6%.
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INTRODUCTION

Currently, a highly demanded analytical task
is the identification and assessment of the content
of antibiotics for both monitoring the effectiveness of
antibiotic therapy and assessing the safety of food
products of animal origin. Having knowledge about
the transformation and removal of antibiotics from the
human body during their therapeutic use allows for
choosing an individual dosage of drugs, identifying
antibiotic resistance of pathogens, and thus promptly
adjusting the therapeutic measures'. Prevention
of the consumption of foods contaminated with

antibiotics (as a result of their illegal use in animal
husbandry) eliminates their toxic effects as well as
the selection of resistant strains?. This monitoring
requires simple and cheap analytical tools that can
be used directly at the sampling sites. To date, the
most promising means of solving this problem are
immunochromatographic test systems. In these
systems, all the reagents required for analysis are
applied to a multimembrane composite (test strip).
After the contact of the test strip with the analyzed
liquid sample initiates specific interactions are
initiates and continued during the movement of the
sample under capillary forces. contact of the test strip.
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The assay is finalized by the coloration of certain lines
of the test strip, indicating the presence or absence
of the controlled compound in the sample®.

The implementation of this principle allows
for receiving the analysis results in 10-15 min for
both qualitative (the presence or absence of staining,
based on which the antibiotic content in the sample
can be compared with a predetermined threshold
level) and quantitative (coloration intensity, reflecting
the concentration of the antibiotics).

Note that a significant variety of antibiotics
necessitates their simultaneous control in the
samples. This principle has been successfully
implemented by multiplex immunochromatographic
tests in which several binding zones with reagents
of different specificity were applied along the strip*.
However, combining reagents for analysis of several
compounds on a single test strip is not an easy
task, even if monoparametric analysis has been
successfully implemented for them. The need to
arrange the binding zones at different distances
leads to changes in the modes of interaction of the
reagents during immunochromatography, primarily
the changed time of the reaction until the liquid
reaches the binding zone.

In this article, the previously described
immunochromatographic analyses for three
antibiotics from different chemical classes—
chloramphenicol (CAP), streptomycin (STR), and
ampicillin (AMP)57 are combined into one test system
(Fig. 1). The possibilities of varying the conditions of
reagent interactions are characterized. The changing
parameters are selected to modulate both the
intensity of coloration in the binding zones and the
working ranges of analyte determination.

CZ GAMI
TZ1 CAP-STI
TZ2 STR-BSA
TZ3 PEN-BSA

Fig. 1. The layout of the binding zones on the test strip.
CZ—-control zone, TZ1,TZ2,TZ3 — test zones with immobilized
conjugates for the detection of chloramphenicol,
streptomycin, and ampicillin, respectively
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MATERIALS AND METHODS

Chemicals and reactants

Streptomycin was purchased from
AppliChem (Darmstadt, Germany). Chloramphenicol,
chloramphenicol succinate, ampicillin, chloroauric
acid, sucrose, sodium azide, sodium citrate,
bovine serum albumin (BSA), Tween-20, Triton
X-100 were purchased from Sigma-Aldrich (St.
Louis, MO, USA). N-Hydroxysuccinimide (HS),
1-cyclohexyl-3-(2-morpholino-ethyl)carbodiimide
metho-p-toluence sulphonate, trypsin inhibitor from
soybean (TIS), and N,N-dimethylformamide were
purchased from MP Biomedicals (Washington, DC,
USA). Monoclonal antibodies against CAP (clone
CAPB10) and monoclonal antibodies against STR
(clone C33B4) were purchased from the All-Russian
Research Centre of Molecular Diagnostics and
Therapy (Moscow, Russia). Monoclonal antibodies
against AMP (clone ANPH4) and penicillin-BSA
(PEN-BSA) conjugate were purchased from DCN
(Carlsbad, CA, USA). Goat anti-species (anti-mouse)
immunoglobulins (GASI) were purchased from Arista
Biologicals (Allentown, PA, USA). Analytical grade
of purity was chosen for all reagents.

The chloramphenicol succinate was
covalently attached to TIS using the succinimide
ester method as described in°. Streptomycin was
coupled to BSA according to®. The syntheses of gold
nanoparticles (GNPs) and their conjugates were
implemented using deionized water (18 MQecm at
25°C) that was obtained using the Millipore Simplicity
system (Millipore, Bedford, MA, USA).

Four kinds of membranes, namely (i)
nitrocellulose membrane CNPF (pores=10 pm), (ii)
conjugate release membrane PT-R7, (iii) separation
membrane GFB-R4, and (iv) absorption membrane
AP045 (Advanced Microdevices; Ambala Cantonment,
India) were used for test strips manufacturing.

Syntheses of GNPs and their conjugates with
antibodies

GNPs were obtained from chloroauric acid
through the technique of citrate reduction described
in®. The dimensions of the synthesized GNPs were
determined using a transmission electron microscopy.
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GNPs were conjugated with the antibodies
against CAP (CAPB10), STR (C33B4) and AMP
(AMPH4) according to earlier chosen conditions®”.
A GNPs solution (the optical density at 520 nm,
0OD,,,,=1.0, pH 9.0) was added to CAPB10,
C33B4, and AMPH4 antibodies at concentrations
of 12, 6, and 3 pg/mL for each antibody solution.
The mixtures were incubated for 30 min at room
temperature under stirring. Then a BSA was added
to its final concentration of 0.25%. Thje conjugates
were separated by centrifugation (30 min, 10,000
g), resuspended in 0.02 M of Tris-HCI buffer, pH 7.6,
with 1.0% BSA, 1% sucrose, 0.25% Tween 20, 0.1%
NaN,, and stored at 4-6°C.

Manufacturing immunochromatographic test strips

The IsoFlow dispenser (Imagene
Technology, Hanover, NH, USA) was used for
reactants applying. GASI antibodies (0.25 mg/mL)
formed a control zone (CZ). For test zones 1-3
(TZ1-TZ3), conjugates CAP-STI (0.25 mg/mL),
STR-BSA (0.25 mg/mL), and PEN-BSA (0.2 mg/
mL) were used. The all reactants were used in the
dosage 2.0 pL per cm.

GNP conjugates were taken in OD,,, = 4.0
or 5.0, mixed in equal volumes, and applied on the
PT-R7 membrane (16.0 pL per cm). The next stage
was drying at room temperature during one day.
Then, the membranes were assembled in sheets
and cut into strips 3.5 mm wide.

Immunochromatographic analysis

Assaying and processing of the obtained
images of the test strips was performed as desribed
earlier for monotests®’. The assay procedure indcuded
of sample preparation (5 min) and lateral flow stage
(10 minute).

RESULTS

GNPs, which were obtained by the Frens
method, were used as a label. Transmission electron
microscopy showed a high uniformity in size
characteristics of the nanoparticles. The average value
of the maximum axis was 37 nm and of the minimum
axis—30 nm. Thus, an average diameter was equal to

1636

34 nm, which corresponds to the recommendations
of 30-40 nm lateral flow techniques®.

To assess the antibody immobilization on
the GNPs’ surface, so-called flocculation curves
were obtained by mixing GNPs with different
concentrations of antibodies, incubating them
for 10 min, and mixing them with a 10% sodium
chloride solution (v/v = 12:1). According to the
existing concept of GNPs flocculation'®, the optical
density at 580 nm (0D, ) reflects the aggregation of
nanoparticles due to their surface without stabilizing
proteins (antibodies). Thus, the reaching of a
minimum value of OD indicates the completeness
of surface stabilization by a protein monolayer. A
typical flocculation curve obtained in our experiments
is shown in Fig. 2. For all three analytical systems
considered in the work, the point of a plateau
reaching for OD,, corresponded to a concentration
of 10 pg/mL. Based on this result and literature
recommendations'®, antibody concentrations of
12 pg/mL (the point of a plateau +20% = complete
saturation), 6 pg/mL (50% saturation), and 3 pg/
mL (25% saturation) were used when conjugating
antibodies against chloramphenicol, streptomycin,
and ampicillin, respectively, with GNPs.

OD,

580
0,4 o

©

0,0 - T T T T T T T
o 2 4 6 8 10 12 14 16 18

[C33B4], ug/mL

Fig. 2. Concentration dependence of OD,,; for GNPs after
adding the anti-STR antibody (C33B4). The point of the plateau
reached by the dependence is marked by the black arrow, and

the point of the chosen antibody concentration is marked by
the red arrow

Three parameters that reflectthe composition
and consumption of reagents in the manufacture of
the tests were used to modulate the concentration
dependences of immunochromatography, namely (i)
the antibody to GNP ratio in their conjugate, (ii) the
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amount of GNPs—antibody conjugate used on one
strip, and (iii) the amount of hapten—protein conjugate
used on one strip. Earlier, for monoparametric
immunochromatographic systems, the given
varying tools allowed us to shift the working range
of competitive immunochromatographic analyses by
an order of magnitude or more''. In the framework
of this study and using these tools, it was necessary
to compensate for losses in the detection limit and
working range that occurred when the localization
of the binding zone of specific reagents changed,
and, accordingly, the duration of the interaction of
immunoreagents in a moving fluid flow changed.

The observed effects of the influence of
these parameters on the course of the concentration
dependences of the determination of individual
compounds in a multiplex test system are
presented by the examples of chloramphenicol
and streptomycin. Fig. 3 shows that a decrease
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in antibody concentrations upon conjugation with
GNPs from 6 to 3 pg/mL for the CAPB10 antibody
and from 12 to 6 pg/mL for the C33B4 antibody
allowed the CAP and STR detection limits to
be reduced to 10 and 500 ng/mL, respectively.
However, the signal amplitudes also decreased
by 2-2.5 times. A similar effect was achieved by
decreasing the OD,,  of GNPs-antibody conjugates
from 5 to 4 optical units (Fig. 4) and by decreasing
the applied amounts of hapten—protein conjugates
(Fig. 5). With the simultaneous variation of three
parameters, the limits of detection of CAP and STR
decreased 10 (from 100 to 10 ng/mL) and 8 (from
4,000 to 500 ng/mL) times, respectively. When
OD,,, of the GNPs—CAPB10 and GNPs-C33B4
conjugates were equal to of 5 and 4 optical units,
and concentrations of CAP-STI and STR-BSA
conjugates were equal to 0.25 mg/mL, the limits
of CAP and STR detection reached 10 and
500 ng/mL, respectively.
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Fig. 3. Immunochromatographic determination of chloramphenicol (a) and streptomycin (b). Curves 1 correspond to
CAPB10 and C33B4 concentrations equal to 6 pg/mL, curves 2 correspond to CAPB10 and C33B4 concentrations equal
to 6 and 12 pg/mL, curves 3 correspond to CAPB10 and C33B4 concentrations equal to 3 and 6 pg/mL and curves 4
correspond to concentrations CAPB10 and C33B4 of 3 and 12 pg/mL
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Fig. 4. Inmunochromatographic determination of chloramphenicol (a) and streptomycin (b). OD,
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GNPs-CAPB10 and GNPs-C33B4 are 5 (curves 1) and 4 (curves 2) optical units
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Fig. 5. Comparison of CAP-STI (a) and STR-BSA (b) dosage. CAP-STI concentrations for TZ1 for curves 1-4 were 1, 0.5,
0.25, and 0.12 mg/mL, respectively (a). STR-BSA concentrations for TZ2 for curves 1-3 were 0.5, 0.25, and 0.12 mg/mL,
respectively (b) OD,,, of GNPs-antibodies conjugates were 5 (GNPs—CAPB10) and 4 (GNPs-C33B4) optical units

Similarly, the parameters of ampicillin
detection were selected. With a decrease in the
concentration of AMPH4 antibodies upon their
conjugation with GNPs from 12 to 6 pg/mL, in the
OD,,, of the solution of GNPs-antibody conjugate
from 5 to 4 optical units, and the concentration of
the PEN-BSA conjugate applied in TZ3 from 0.4 to
0.2 mg/mL, the limit of AMP detection decreased by
10 times (from 100 to 10 ng/mL).

Based on the results of choosing the
conditions for individual interactions in the multiplex
system, test strips were made and used to characterize
samples containing from one to three target antibiotics.
As can be seen in Fig. 6, the proposed test system
demonstrated comparable levels of label binding in all
three test zones in the absence of analytes and the
absence of the mutual influence of immunoreagents
with different specificities.
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Fig. 6. Immunochromatographic determination of
chloramphenicol, streptomycin, and ampicillin. The analysis
results are presented for samples without antibiotics (1)
and with added 10 ng/mL of chloramphenicol (2), 500 ng/mL
of streptomycin (3), and 10 ng/mL of ampicillin (4). CZ is a
control zone; TZ1,TZ2,TZ3 are test zones with immobilized
conjugates for the detection of chloramphenicol,
streptomycin, and ampicillin, respectively.

The presence of one of the antibiotics in
the sample is manifested as inhibition of binding
in only one specific test zone. At the same
time, the concentrations leading to the complete
disappearance of staining did not change compared
with monoparametric tests.

When the assay results are recorded
visuallyand intreprepted as the absence or presence
of coloration in the test zone, the detection limits are
10 ng/mL for chloramphenicol and ampicillin and
500 ng/mL for streptomycin. Photometric registration
provides detection of lower concentrations of
antibiotics; the working ranges of quantitative
analyses are 0.5-6 ng/mL for chloramphenicol,
0.4-5 ng/mL for ampicillin, and 16-250 ng/mL
for streptomycin. For the developed test system,
antibiotics of other chemical classes did not
demonstrated cross-reactions in concentrations up
to 10 pg/mL. Test system is characterized by strong
reproducibility; the values of the relative standard
deviation did not exceed 6%.

DISCUSSION

Based on the data obtained for tests for
individual antibiotics, a test system was proposed for
the simultaneous determination of chloramphenicol,
streptomycin, and ampicillin. It has been shown
that, as a result of changes in the composition
of immunoreagents and their concentrations, the
threshold for distinguishing negative and positive
results can be shifted, thereby adapting test
systems to changing conditions for the interaction
of immunoreagents in multiplex analysis. The varied
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parameters were the composition of the GNPs—
antibody conjugates and the amount of the applied
GNPs-antibody and hapten—protein conjugates. As
a result of the use of these tools, the working ranges
and threshold levels for determining antibiotics for the
multiplex test system are the same as for monotests.
At the same time, the multiplex format provides
increased productivity and reduced analysis costs.

The use of the proposed immunochromato-
graphic test systems for monitoring the content
of antibiotics will provide the possibility of making
operational decisions in medical diagnostics and
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control of consumer products and, thus, prevent
health risks.
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