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Abstract: Tylosin (TYL) is a macrolide antibiotic widely used in animal husbandry. Due to associated
health risks, there is a demand for sensitive methods for mass screening of TYL in products of
animal origin. This article describes the development of lateral flow immunoassays (LFIAs) for TYL
detection using direct (anti-TYL antibodies conjugated with nanoparticles) and indirect antibody
labeling (anti-species antibodies conjugated with nanoparticles and combined with native anti-TYL
antibodies). The choice of LFIA conditions, such as concentrations of hapten—protein conjugates,
specific antibodies, and gold nanoparticle (GNP) conjugates with antibodies, as well as incubation
time of reagents and the concentration of detergent in the sample buffer, is presented. The achieved
limits of TYL detection using LFIAs with indirect labeling were 0.8 ng/mL (visual) and 0.07 ng/mL
(instrumental), compared to 4 ng/mL (visual) and 0.4 ng/mL (instrumental) for the case of direct
labeling. The sensitivity of the LFIA using the indirect format was up to seven times higher, allowing
the determination of the target analyte at low concentrations. TYL detection in ground meat using
LFIA with indirect antibody labeling ranged from 76-119%.

Keywords: lateral flow assay; immobilized antibodies; veterinary drugs; livestock; gold nanoparticles

1. Introduction

The widespread use of antibiotics in various areas of agriculture continues to raise
great concerns due to numerous negative consequences [1,2]. Animal husbandry now
consumes 73% of worldwide antibiotics sold, significantly outpacing their medical use [3].
Moreover, antibiotics are very often applied by livestock breeders as preventive measures,
not for the treatment of diagnosed diseases. Such excessive use of antibiotics, because
of their various negative effects, is harmful not only to humans as consumers of animal
products but also to the environment [4-6].

One of the main problems related to antibiotics is antibiotic resistance, which poses
a serious threat to humans [7,8]. The consumption of food products contaminated with
antibiotics leads to a number of health risks, including direct negative consequences
(e.g., allergic reactions, microflora disruption, etc.) and a decrease in the number of
antibiotics that can be effectively used to treat infectious diseases [9]. In addition, antibiotics
contaminate soil and water [10-12], which also contributes to the antibiotic resistance.

Tylosin (TYL) is one of the most commonly used antibiotics from the macrolide family;
it is applied for the treatment and prevention of infectious diseases, as well as a growth
promoter [13,14]. Although TYL is approved for use in all types of livestock animals, its
uncontrolled application leads to the growth of the problems listed above. Thus, sensitive
methods for TYL detection in livestock products to monitor manufacturing chains and
protect consumers are in high demand.

Traditional methods for TYL detection are chromatographic ones (e.g., LC-MS and
HPLC) [15,16]. These methods are characterized by high sensitivity and specificity, but their
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implementation is possible only under laboratory conditions. Among immunochemical
methods for TYL detection, enzyme-linked immunosorbent assay (ELISA) has widespread
use [17,18]. ELISA is well characterized as sensitive assay, but it takes several hours and
includes complex sample preparation.

Another perspective immunoanalytical method is the lateral flow immunoassay
(LFIA). LFIA is a simple, rapid, and reproducible technique that does not require stationary
equipment or specially trained personnel [19-21]. All this makes LFIA a promising tool for
non-laboratory mass screening of livestock products for tylosin content. To date, several
LFIAs have been developed for TYL detection in various livestock products (see [22,23] for
examples). Nevertheless, the development of new approaches to increasing the sensitivity
of LFIA for TYL continues [24,25].

In this paper, for the first time, two LFIA approaches with direct and indirect antibody
labeling (i.e., based on specific antibodies conjugated with nanoparticles or on the combina-
tion of native specific antibodies and anti-species antibodies conjugated with nanoparticles,
respectively; see Figure 1) were comparatively characterized for tylosin detection in meat
products. We studied how the parameters of LFIA, such as the concentration of reagents,
incubation time, and flow rate, affect the detection limit and intensity of coloration of the
test strips. The obtained data demonstrate the advantages and high competitive potential of
the indirect labeling approach, state the optimal conditions for its application, and provide
the possibility of more sensitive monitoring of tylosin.
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y
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Figure 1. Scheme of LFIA with direct (A) and indirect (B) antibody labeling.

2. Materials and Methods
2.1. Reagents and Materials

The following compounds were used in the study: goat anti-mouse (anti-species)
antibodies (Imtek, Moscow, Russia), chloroauric acid, TYL, Tween-20, sodium citrate,
sodium azide (Sigma-Aldrich, St. Louis, MO, USA), and bovine serum albumin (BSA)
(Boval Biosolutions, Cleburne, TX, USA). Anti-TYL monoclonal antibodies and the TYL-
BSA conjugate were from Creative Diagnostics (Shirley, NY, USA). All other salts, acids,
and alkalis used in this study were of analytical or chemical grade. Deionized water
cleansed by the Simplicity system (Millipore, Burlington, MA, USA) was used to prepare
gold nanoparticles and their conjugates.

The working nitrocellulose membrane CNPC S5-12, AP-045 adsorption membrane,
and L-P25 plastic support (all from Advanced Microdevices, Ambala Cantt, Haryana, India)
formed the set of materials for test strip preparation.
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2.2. Synthesis and Characterization of Gold Nanoparticles

Gold nanoparticles (GNPs) were synthesized according to the approach proposed by
Frens [26] and based on the reduction of chloroauric acid by citrate anions. The detailed
protocol adopted for obtaining nanoparticles with an average diameter about 25 nm was
taken from [27].

To characterize GNPs by transmission electron microscopy (TEM), a CX-100 micro-
scope (Jeol, Tokyo, Japan) was used, as described in [27], and the data were processed using
the Image Tool program, version 3.0 (UTHSCSA, San Antonio, TX, USA). Dynamic light
scattering (DLS) measurements of GNPs were implemented using the Zetasizer Nano ZSP
nanoparticle analyzer and Zetasizer software, version 7.11 (both from Malvern Instruments,
Malvern, UK).

2.3. Conjugation of GNPs with Antibodies

The GNPs were conjugated with anti-TYL antibodies or anti-species antibodies by
adsorption immobilization at pH 8.5, as described in [27]. The obtained conjugates were
separated from unbound proteins by centrifugation, redissolved in 10 mM Tris (pH 8.5)
with 1% BSA and 1% sucrose, and stored with the addition of sodium azide (0.05%) at 4 °C.

2.4. Determination of the Amount of Antibodies Conjugated with GNPs

The composition of the obtained antibody—GNP conjugates was determined using the
technique proposed in [28] and based on the registration of the fluorescence of tryptophan
residues in the antibodies. Two solutions were characterized for this purpose: (i) the
antibodies initially taken for the conjugation without adding stabilizers, and (ii) the non-
conjugated antibodies (namely, supernatants of the reaction mixture after the conjugation
process). To exclude the influence of supernatant compounds on the registered fluorescence,
the antibody solutions were mixed with antibody-free supernatants, and their fluorescence
was measured to calibrate the determination of antibody concentrations. The content
of bound antibodies was calculated based on the difference between the initially taken
and non-bound antibodies. The fluorescence spectra were recorded in Nunc MaxiSorp
white microplates (Roskilde, Denmark) using a microplate reader (Perkin Elmer En Spire
2300, Waltham, MA, USA) with excitation and emission wavelengths of 280 nm and
350 nm, respectively. The details of the measurements and calculations are given in the
Supplementary Information.

2.5. Test Strips Production

An analytical zone was formed on a working nitrocellulose membrane using an
IsoFlow automatic dispenser (Imagene Technology, Lebanon, NH, USA) by applying the
TYL-BSA solution (0.5 mg/mL, consumption 1 pL/mm) in 50 mM potassium phosphate
buffer, pH 7.4, with 0.1 M NaCl (PBS). The working membrane was then dried at room
temperature for 24 h. A multimembrane composite (including the CNPC SS-12 working
membrane, AP-045 adsorption membrane, and L-P25 plastic support) was assembled, cut
into 3.5 mm-wide strips using an Index Cutter-1 automatic guillotine cutter (A-Point Tech-
nologies, Brea, CA, USA), and stored at room temperature in sealed packages containing
silica gel.

2.6. Implementation of LFIA
2.6.1. LFIA with Direct Labeling of Antibodies

To perform the analysis, TYL at concentrations of 20-0.0013 ng/mL was mixed with the
GNP-anti-TYL antibody conjugate (ODsyg = 0.07) in 20 uL PBS with 1% Tween-20 (PBST)
in microplate wells. The test strips with immobilized TYL-BSA conjugates were introduced
into the wells in a vertical position. After 5 min, the test strips were removed, placed on a
horizontal surface, and immediately scanned with a Canon Lide 90 flatbed scanner (Canon,
Tokyo, Japan) at a resolution of 600 dpi without contrast and color correction modes.
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2.6.2. LFIA with Indirect Labeling of Antibodies

The TYL in concentrations varied from 20 to 0.0013 ng/mL (or spiked meat extract)
were mixed with the GNP-goat anti-mouse antibody conjugate (GNP-GAMI, ODsyq = 1.0)
and anti-TYL monoclonal antibodies (25 ng/mL) in 20 puL of PBST in microplate wells and
left to incubate for 5 min. After that, the introduction of test strips and the following steps
were carried out as described above.

2.6.3. LFIA with Indirect Labeling of Antibodies and Step-by-Step Addition of Reagents

The TYL concentrations varied from 20 to 0.0013 ng/mL (or spiked meat extract) were
mixed with anti-TYL monoclonal antibodies (25 ng/mL) in 20 uL of PBST. After 5 min,
the test strips were removed and placed in microplate wells with 20 pL of the GNP-GAMI
conjugate (ODspg = 1.0) in PBST. After 5 min of incubation, they were finally removed and
scanned as described above.

2.7. Meat Samples Preparation

Samples were prepared in accordance with [29]. Ground beef free from TYL was
purchased at a local grocery store. To prepare the extract, 3 g of the ground meat was
mixed with 6 mL of ethyl acetate and incubated for 5 min. The resulting mixture was then
centrifuged at 2000 g for 5 min at 4 °C, after which the supernatant (4 mL) was collected,
evaporated at 60 °C, redissolved in 1 mL of PBST, and used for the analyses.

2.8. Processing Test Strip Images and Calculating Assay Parameters

The images obtained from the scanning were analyzed using the Total Lab v2009 soft-
ware (Nonlinear Dynamics, Newcastle upon Tyne, UK), as described in [27]. The registered
concentration dependencies of the analytical zone’s coloration were approximated by a
4-parameter sigmoid function.

The instrumental limit of TYL detection was considered to be the concentration point
that corresponds to a 10% decrease in the analytical line’s coloration. The TYL concentration,
causing a visually observable disappearance of coloration of the analytical zone, was stated
as the visual detection limit.

3. Results
3.1. Characterization of GNP

GNPs were synthesized under conditions that were chosen based on recommendations
for the preferable use of GNPs with diameters in the range 20-40 nm for LFIA [30,31]. The
obtained nanoparticles and their conjugates with antibodies were characterized using three
methods: TEM, DLS, and spectrophotometry.

According to the TEM data, the average diameter of the obtained nanoparticles was
24.51 4+ 3.02 nm (n = 300, the minimum value was 12.34 nm, and the maximum value was
26.58 nm) with a degree of ellipticity of 1.13 £ 0.05 (Figure 2).

The synthesized GNP and the obtained GNP conjugates with antibodies were also
characterized by DLS. DLS allows for determining the hydrodynamic diameter of a particle
in a solution, taking into account the formation of hydrate shells around the particle.
Figure 3 shows the size distribution of the GNPs. The hydrodynamic diameter of the initial
GNPs was 30.7 & 6.8 nm. The difference in nanoparticle diameter obtained by the DLS
method compared to the TEM method was due to the contribution of the hydration shell of
the particle, which was accounted for by the DLS.
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Figure 2. Transmission electron microscopy data for GNPs. (A) Micrograph. (B) Histogram of
diameters distribution.
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Figure 3. Distributions of diameters for GNPs and their conjugates with antibodies based on
DLS measurements.

The DLS diameters of GNP-GAMI and GNP-anti-TYL antibodies were 50.8 £ 5.6 and
57.8 £ 3.9 nm, respectively. The increase in diameters (compared to 30.7 & 6.8 nm for the
initial GNPs) resulted from the adsorption of the antibodies on the GNP surface and is in
good accordance with size of immunoglobulin molecules.

The UV-vis absorption spectra of the synthesized GNP preparations are shown in
Figure 4. The absorption maximum was localized in the region of 522 nm. The position of
the maximum, the width, and the absence of additional peaks in the spectrum indicate the
homogeneity of the GNPs. A shift in the peak position of the spectra to 527 nm indicates suc-
cessful conjugation of GNPs with antibodies [32]. The local dielectric environment of GNPs
changes as a result of antibodies binding to their surface. This causes a shift in the local
plasmon resonance peak that can be registered by absorption spectrophotometry [33,34].
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Figure 4. UV-vis absorption spectra of GNPs and their conjugates with antibodies.

3.2. Determination of the Amount of Antibodies in Conjugates with GNPs

We estimated the total surface area of the GNPs and the maximal possible coverage of
this surface by immobilized antibodies (immunoglobulins G, IgG) as previously proposed
in [35] (see detailed calculations in the Supplementary Information). Based on the TEM data
about the average diameter of the GNPs, the maximal amount of antibodies for monolayer
coating of the surface of one nanoparticle was 96. We used some excess of antibodies for
the conjugation (10 pg/mL), providing an IgG:GNP ratio in the reaction mixture of 120:1.

To measure the degree of IgG coupling, we applied a technique based on specially
adopted measurements of tryptophan fluorescence for added and non-bound antibodies
(see Section 2.6). To exclude the risk of random deviations, antibodies were added to
supernatants after GNP centrifugation at three final concentrations of 10, 20, and 30 ug/mL,
and changes in the solution volumes were included in the calculations. The observed
degrees of antibody coupling (see Supplementary Information) were highly reproducible:
88-89% for anti-TYL antibodies and 80-82% for anti-species antibodies. The IgG:GMP ratio
varied between 96:1 and 107:1, which is close to the theoretical limit for monolayer binding.
Note that the DLS data also indicated a diameter increase of ~20 nm (two lengths of IgG
molecules) for IgG-GNP conjugates compared with the initial GNPs. Therefore, the chosen
conjugation conditions provided the highest monolayer coverage of GNPs without the
formation of less stable additional layers [35].

3.3. Choice of Conditions for Tylosin LFIA with Direct and Indirect Labeling of Specific Antibodies
3.3.1. LFIA with Direct Antibody Labeling

Conditions for tylosin LFIA with direct antibody labeling were optimized. First, the
concentration of the Tyl-BSA conjugate for immobilization in the analytical zone of the
working membrane of the test strip was chosen. For this purpose, the dependence of the
detection limit and the intensity of coloration of the analytical zone on the concentration
of the adsorbed conjugate was studied. According to the data obtained (Figure 5), with
varying the concentration of Tyl-BSA from 2.0 to 0.1 mg/mL, a decrease in the visual
(10020 ng/mL) and instrumental detection limits (1-0.7 ng/mL) was observed, as well
as a decrease in the intensity of coloration of the analytical zone. The use of the lowest
concentration of the conjugate (0.1 mg/mL) did not interfere with the visual assessment
of the assay results. Therefore, for further work, the use of test strips with immobilized
Tyl-BSA at a concentration of 0.1 mg/mL was chosen.

In the next stage, the concentration of the GNP-anti-TYL antibodies conjugate was
varied. According to the data obtained (Figure 6), as this concentration decreased from
ODsyp = 0.1 to ODspp = 0.05, both visual (204 ng/mL) and instrumental (0.7-0.2 ng/mL)
detection limits decreased. However, using the conjugate at the lowest concentration
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(ODspg = 0.05) made visual assessment of the analysis results difficult. Therefore, for further
work, a concentration of the conjugate corresponding to ODsyg = 0.07 was chosen.
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Figure 5. Dependencies of instrumental (A) and visual (B) detection limits, and intensity of coloration
of the analytical zone (C) on the applied concentration of the Tyl-BSA conjugate.
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Figure 6. Concentration dependences of tylosin LFIA with direct antibody labeling for various concen-
trations of GNP-anti-TYL antibody conjugates (black curve—ODsjg = 0.05; red curve—ODsy( = 0.07;
blue curve—ODsy = 0.1).

Taking into account the selected parameters, TYL detection in PBST was carried out
by varying the incubation time of the reagents (antigen and GNP-anti-TYL antibodies
conjugate) from 0 to 5 min. As can be seen from Table 1, the visual LOD was 4 ng/mL,
and the instrumental LOD varied in the range of 0.3-0.9 ng/mL. We chose to carry out the
analysis without incubating the reagents, since this option provided the lowest instrumental
LOD and quite an intense coloration of the analytical zone.

Table 1. Changes in characteristics of tylosin LFIA with direct antibody labeling using varied
incubation times of reagents.

Coloration of

Time of Reagent Visual LOD, Instrumental Total Analysis .

. . . ; the Analytical
Incubation, min ng/mL LOD, ng/mL Time, min

Zone, RU

0 4 0.37 5 11.0

1 4 0.77 6 11.8

3 4 0.94 8 11.4

5 4 0.34 10 11.1
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To analyze the changing time of reagent interaction during the liquid movement along
the test strip, we considered the detergent Tween-20 as a known compound influencing the
lateral flow processes in test strips [36]. The detergent was added to PBST at different con-
centrations. According to the results (Table 2), as the concentration of Tween-20 decreased
(2-0.2%), the total analysis time varied from 5 to 10 min. Thus, the flow rate became slower
with lower concentrations of detergent.

Table 2. Changes in characteristics of tylosin LFIA with direct antibody labeling using varied
Tween-20 concentrations in PBST.

Coloration of the

Tween-20 Visual LOD, Instrumental Total Assay Time, Analvtical Zone
Concentration, % ng/mL LOD, ng/mL min y RU !
0.2 4 1.03 10 8.9
0.5 4 0.48 7 9.1
1 4 0.37 5 11.0
2 4 0.46 5 10.9

Another LFIA characteristic, the LOD, was determined to be 4 ng/mL (visual) and
0.4-1 ng/mL (instrumental), while the intensity of the analytical zone coloration was lower
when using lower concentrations of Tween-20 (Figure 7), which also showed the impact
of the time of reagent interaction. For intense coloration of the test strips, PBST with 1%
Tween-20 was chosen. This solution provided a reliable visual assessment of the results
within the shortest analysis time compared to lower detergent concentrations (0.2% and
0.5%) but it resulted in a longer duration of analyte detection.

14+

Intensity, RU

0.01 0.1 1 10 100
[Tylosin], ng/mL

Figure 7. Concentration dependencies of tylosin LFIA with direct antibody labeling for various
concentrations of detergent Tween-20 in PBST (black curve—2%,; pink curve—1%,; red curve—0.5%;
blue curve—0.2%).

3.3.2. LFIA with Indirect Antibody Labeling

For LFIA with indirect antibody labeling, the dependencies of analytical zone col-
oration intensity on the TYL-BSA conjugate concentration, the concentration of specific
antibodies, and the concentration of the GNP-GAMI conjugate were studied. As can be
seen in Figure 7, the coloration intensity decreases with lower concentrations of TYL-BSA
(1-0.2 mg/mL) and specific antibodies (100-6.25 ng/mL). The choice of optimal parameters
for the tylosin test system was based on maintaining acceptable coloration intensity for the
visual assessment of the analysis results while lowering the detection limit.
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Intensity, RU

We chose a TYL-BSA concentration of 0.5 mg/mL and three concentrations of anti-TYL
antibodies (50, 25, and 12.5 ng/mL) (Figure 8A), which were used to study the dependence
of the coloration intensity of the analytical zone on the third parameter—the concentration
of GNP-GAMI conjugate (Figure 8B). It was determined that using a marker conjugate
at a concentration corresponding to ODsyp = 1.0 and a specific antibody concentration of
25 ng/mL would provide an acceptable visual assessment of the analysis results without
exceeding the LOD values (Figure 8B).
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Figure 8. Dependencies of color intensity of the analytical zone for tylosin LFIA with indirect antibody
labeling on TYL-BSA and anti-TYL antibody concentration (A), and the GNP-GAMI conjugate (B).

After this, we studied the dependence of the LOD and color intensity in the analytical
zone on the time of incubation and Tween-20 concentrations. As can be seen in Figure 9A
and Table 3, when varying the incubation time of the reagents (the antigen, anti-TYL
antibodies, and the GNP-GAMI conjugate) from 0 to 5 min, the visual LOD was 0.8 ng/mL,
and the instrumental LOD ranged from 0.01-0.08 ng/mL, while the color intensity increased
with longer incubation times (i.e., for more prolonged interaction of the reagents).

Incubation time

184 —a— No incubation
—s—1min
15'T —i&— 3 min

—v— 5 min

Intensity, RU

0.01 0.1 1 10 100
[Tylosin], ng/mL

(A)

Intensity, RU

Tween-20
—— 1%
—b— 2%
—a— 0.5%
—r— 0.2%

16

14
124

10 1

T T
0.01 0.1 1 10 100

[Tylosin], ng/mL
(B)

Figure 9. Concentration dependencies of tylosin LFIA with indirect antibody labeling for various
incubation times (A) and detergent concentrations (Tween-20) in PBST (B).
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Table 3. Changes in characteristics of tylosin LFIA with indirect antibody labeling for varied incuba-
tion times of reagents.

Time of Visual LOD, Instrumental Total Assay Coloratwn. of
Reagents ng/mL LOD, ng/mL Time. min the Analytical
Incubation, min ! ! Zone, RU
0 0.8 0.04 10 6.7
1 0.8 0.01 11 10.2
3 0.8 0.08 13 10.1
5 0.8 0.03 15 14.6

When varying the Tween-20 concentration in PBST to control the flow rate and
time of reagent binding, the obtained LODs were 0.8 ng/mL for visual detection and
0.03-0.07 ng/mL for instrumental detection, while the intensity of coloration in the analyti-
cal zone was lower when using lower concentrations of Tween-20 (Figure 9B, Table 4). To
provide acceptable coloration of the test strips, PBST with a Tween-20 concentration of 1%
was chosen.

Table 4. Changes in characteristics of tylosin LFIA with indirect antibody labeling for varied Tween-20
content in PBST.

Coloration of the

Tween-20 Visual LOD, Instrumental Total Assay Time, Analvtical Zone
Concentration, % ng/mL LOD, ng/mL min y RU !
0.2 0.2 0.05 15 3.6
0.5 0.8 0.03 15 52
1 0.8 0.03 15 14.6
2 0.8 0.04 15 11.7

Taking into account the selected parameters, preincubation of reagents in LFIA with
direct labeling was estimated. According to the data obtained (Figure 10), instrumental
LOD corresponded to 0.04 ng/mL and 0.03 ng/mL for analysis with preincubation and
step-by-step addition of reagents respectively, while visual LOD was 0.8 ng/mL (with
preincubation) and 4 ng/mL (with step-by-step addition).

Intensity, RU

0 LLELARRLL | LA ELALLLL | LR ELARLL | LLELARRLL |

T T
0.01 0.1 1 10 100
[Tylosin], ng/mL

Figure 10. Dependence of LOD on preincubation (red curve) and step-by-step addition of reagents
(black curve).

The intensity of coloration of the analytical zone was lower when performing the
analysis without preincubation of reagents, which may subsequently lead to incorrect
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interpretation of the analysis results. Thus, the assay protocol with preincubation was
selected for further work.

3.4. Assessment of Analytical Characteristics of LFIAs with Direct and Indirect Antibody Labeling

To select the optimal conditions for the analysis and the LFIA format that allows for
detecting the target analyte at low concentrations, a comparative analysis of the parameters
of test systems with direct and indirect antibody labeling was performed (Table 5). It was
found that the lowest detection limit (both visual and instrumental) was obtained for LFIA
with indirect antibody labeling and preincubation of reagents (5 min), and the analysis time
in all three formats varied from 5 to 15 min. Based on the obtained data, the LFIA format
with indirect antibody labeling was selected, where the reagent incubation time was 5 min,
and a 1% Tween-20 concentration in PBST was used as a working buffer. Even though
testing in this LFIA format took 15 min, which was the longest duration for the analysis,
the achieved analytical parameters provided accurate TYL detection at low concentrations.

Table 5. Characteristics of LFIA variants.

Number of Time of Reagents Tween-20 Visual LOD, Instrumental Total Assay Coloration of
Stages Incubation, min Concentration, % ng/mL LOD, ng/mL Time, min Analytical Zone, RU
LFIA with direct antibody labeling
1 0 1 4 04 5 11.0
LFIA with indirect antibody labeling
1 5 1 0.8 0.03 15 14.6
LFIA with indirect antibody labeling and step-by-step addition of reagents
2 - 1 4 0.03 10 5.7
3.5. Approbation of LFIA with Indirect Antibody Labeling in Meat Extract
The indirect LFIA for TYL, identified as the most sensitive assay format, was tested with
PBST and meat extract containing TYL at concentrations ranging from 100 to 0.001 ng/mL
(Figure 11). The obtained visual and instrumental detection limits were 0.8 ng/mL (1.6 pug/kg)
and 0.07 ng/mL (0.14 ug/kg), respectively, which were lower than the established maximum
permissible levels for TYL content in foodstuffs of animal origin (100 pg/kg) [37].
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Figure 11. Calibration curves of indirect LFIA for tylosin in PBST (A) and in meat extract (B).

To evaluate the developed LFIA for tylosin detection, meat samples were spiked with
TYL. As shown in Table 6, the recovery values of TYL from the spiked samples varied
between 76 and 119%. Thus, we can conclude that the proposed indirect LFIA corresponds
to a high accuracy of TYL detection in products of animal origin.
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Table 6. Recoveries of TYL in spiked meat samples for LFIA with indirect labeling (n = 3).

TYL Added, pg/mL TYL Detected & SD, pg/mL Recovery, %
800 640 £ 21 80
160 122 +9 76
32 38+3 119

3.6. Selectivity of Indirect LFIA for Tylosin

To test the selectivity of the developed test system, five antibiotics (tetracycline, chlo-
ramphenicol, neomycin, lincomycin, and cefapirin) were studied. After incubation (5 min),
a test strip was immersed in the sample.

In addition, the effect of non-target analytes in the sample on specific binding was
investigated. For this purpose, one of the five antibiotics mentioned above (300 ng/mL)
was added to the test sample with tylosin (100 ng/mL), specific antibodies, and the
GNP-GAMI conjugate.

According to the data obtained for non-target analytes (Figure 12A), the coloration
intensity in the analytical zone corresponded to the values obtained in the absence of TYL
(blank). At the same time, when TYL was added to the sample (100 ng/mL), there was
no coloring of the analytical zone. As shown in Figure 12B, there was no interference in
specific binding between tylosin and specific antibodies in the presence of other antibiotics
(the color intensity of the analytical zone corresponded to the levels obtained with TYL
binding, as shown in Figure 12A).
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Figure 12. Selectivity of indirect LFIA for TYL. Dependencies of color intensity of the analytical
zone on non-target analytes binding with specific antibodies (A), and tylosin binding with specific
antibodies in the presence of non-target analytes (B).

3.7. Comparison with Other Studies

To date, previously developed LFIAs for tylosin detection in various livestock products
have LODs in the range of 0.09-31.25 ng/mL and 3-50 ug/kg, which correspond to the
maximum residue limit of TYL in food of animal origin [37]. The developed LFIA with
indirect labeling allows for a reduction in the detection limit of TYL by up to seven times
with the same immunoreactants compared to LFIA with direct antibody labeling, which
proves its effectiveness in comparison to other known LFIAs for tylosin (Table 7).
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Table 7. Characteristics of developed LFIAs for tylosin.

Limits of Detection

Antibod
Label Labeli ngy ng per mL mg per kg Reference
of Liquid Samples of Solid Samples
Visual:
GNP Direct 10 ng/mL (muscle, liver, - [38]
fish and eggs)
Ni]ultl-res1d1t1e Direct Instrumental: B [39]
Jorescen rree 0.13 ng/mL (milk) :
microsphere
: Visual: /
GNP Direct 10 ng/mL (honey) - [40]
. Visual: }
GNP Direct 20 ng/mL (milk) - [41]
. Visual: Visual:
GNP Direct 8 ng/mL (milk) 15 pg/kg (pork) 421
. . Visual: Visual: )
Latex microspheres Direct 4ng/mL (milk) 8 ug/kg (pork) [42]
Time-resolved . .
. Visual: Visual:
fluorescent Direct . [42]
microsphere 2 ng/mL (milk) 4 ug/kg (pork)
Instrumental:
Amorphous carbon Direct Visual: 11.44 pg/kg (chicken muscle); 15.96 pg/kg [24]
nanoparticles ec 8 ng/mL (milk) (bovine muscle); 22.29 ug/kg (porcine muscle);
25.53 ug/kg (porcine liver)
. Instrumental:
GNP Direct 1.72 ng/mL (milk, water) ) 2]
Instrumental:
Quantum dots Direct 1.84 ng/mL (milk) - [43]
2.69 ng/mL (honey)
. Visual:
Europium-chelated .
fluorescent Direct 31%?1;?11/1;11;;&111-111() - [23]
microspheres 172 ng/mL (milk)
. Visual:
GNP Direct - 6 ug/kg (eggs) [22]
Latex microspheres Direct - 6 ug\//Ls;?:ggS) [22]
Fluorescent . Visual:
microsphere Direct 3 ug/kg (eggs) (2]
Fluorescent . Instrumental: )
microspheres Direct 0.1 ng/mL (milk) ) (441
. Instrumental: )
GNP Direct - 0.05 mg/kg (milk) [45]
Visual: Visual:
. 4 ng/mL (ground meat) 8 ug/kg (ground meat) .
GNP Direct Instrumental: Instrumental: This study
0.4 ng/mL (ground meat) 1 ng/kg (ground meat)
Visual: Visual:
GNP Indirect 0.8 ng/mL (ground meat) 1.6 ng/kg (ground meat) This stud
Instrumental: Instrumental: y
0.07 ng/mL (ground meat) 0.14 pg/kg (ground meat)

4. Conclusions

An LFIA based on direct labeling (where specific antibodies are conjugated with

nanoparticles) and indirect labeling (where nanoparticles are conjugated with anti-species
antibodies and specific antibodies are free in the solution) for the detection of tylosin in meat
production has been described. According to the assessment of the analytical characteristics
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of the two LFIA formats, we can conclude that the main assay parameters affecting the
LOD and color intensity of the analytical zone of the test strips are the concentrations of the
reagents used, such as hapten—protein conjugates, specific antibodies, and the conjugate of
GNP with antibodies. After choosing the optimal conditions to implement the analysis,
it was noted that the LFIA with indirect antibody labeling provided an LOD up to seven
times lower (visual: 1.6 pg/kg; instrumental: 0.14 ug/kg) compared to the LFIA with direct
antibody labeling (visual: 8 pug/kg; instrumental: 1 pg/kg), which proves the effectiveness
of this approach and allows for the determination of the target analyte in products of animal
origin at low concentrations.
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Figure 8A, Table S6: Images of the test strips corresponding to the experimental results shown in
Figure 8B, Table S7: Images of the test strips corresponding to the experimental results shown in
Figure 9A, Table S8: Images of the test strips corresponding to the experimental results shown in
Figure 9B, Table S9: Images of the test strips corresponding to the experimental results shown in
Figure 11.
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