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Abstract

Rapid and productive monitoring of pesticide residues in food is essential for effective
food safety. In this study, a lateral flow immunoassay (LFIA) was developed for the
simultaneous detection of two triazole fungicides, cyproconazole and difenoconazole,
in fruits and berries. The assay was realized using an indirect competitive format and
two types of gold nanoparticles, namely nanospheres and nanoflowers, as labels. The chosen
nanoflowers-based assay, which was chosen for its greater sensitivity, achieved visual and
instrumental limits of detection of 0.6 ng/mL and 0.01-0.02 ng/mL for cyproconazole and
4 ng/mL and 0.20-0.75 ng/mL for difenoconazole, respectively. The assay was successfully
applied to plum, cranberry, and cherry extracts, with recoveries ranging from 91% to 113%
for cyproconazole and from 92% to 119% for difenoconazole.

Keywords: lateral flow immunoassay; food control; gold nanoparticles; gold nanoflowers;
pesticides; cyproconazole; difenoconazole

1. Introduction

The quality and safety of food products are pivotal determinants of public health out-
comes and the sustainability of economic development [1,2]. Ensuring food safety mitigates
the risks of food poisoning, allergic reactions, and chronic exposure to residual toxic con-
taminants, including antibiotics, mycotoxins, heavy metals, and pesticides [3-5]. Among
systemic pesticides, triazole fungicides constitute one of the most extensively employed
groups, owing to their pronounced efficacy against a broad spectrum of phytopathogenic
fungi, prolonged protective action, and versatility across diverse agricultural crops. Within
this group, cyproconazole and difenoconazole have garnered substantial practical appli-
cation. They are included in numerous commercial formulations and are widely used to
protect cereal, fruit, vegetable, and berry crops [6]. Currently, maximum residue limits
(MRLSs) for cyproconazole and difenoconazole are established under Regulation (EC) No
396/2005 of the European Parliament and of the Council on maximum residue levels of
pesticides in or on food and feed of plant and animal origin. The established values vary
significantly depending on the type of product and can differ by more than an order of
magnitude [7]. The use of cyproconazole was banned in the European Union in 2021;

Biosensors 2026, 16, 631

https://doi.org/10.3390/bios16110631


https://crossmark.crossref.org/dialog?doi=10.3390/bios16110631&domain=pdf&date_stamp=2026-11-04
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biosensors
https://www.mdpi.com
https://orcid.org/0000-0003-0720-9395
https://orcid.org/0000-0003-3008-2839
https://orcid.org/0000-0002-5639-7102
https://orcid.org/0000-0003-4008-4918
https://doi.org/10.3390/bios16110631

Biosensors 2026, 16, 631

20f 18

however, imported commodities remain subject to regulatory oversight [8,9]. Consequently,
permissible residue concentrations for cyproconazole display marked variation depending
on the product type. Stringent requirements are imposed on berry crops, which have some
of the lowest MRLs for both difenoconazole and cyproconazole.

Chronic dietary exposure to residual quantities of these pesticides exerts deleterious
effects on human health, manifesting as hepatic and endocrine dysfunction, metabolic
perturbations, reproductive system impairment, and cumulative toxicity [10,11]. Moreover,
excessive or uncontrolled application of cyproconazole and difenoconazole leads to con-
tamination of soil and aquatic ecosystems [12]. Accordingly, determining the levels of these
pesticides in food commodities is a critical analytical task.

The compliance of raw materials and finished products with established standards
should be ensured through timely and effective quality control. Food quality control systems
require the implementation of rapid, easy-to-use, and cost-effective analytical methods to
ensure that products meet safety and quality standards [13,14]. Traditional laboratory
methods are highly accurate but time-consuming (from several hours to several days)
and labor-intensive to perform (complex sample preparation procedure, several stages of
analysis) [15,16].

During routine monitoring of several samples, there is a need for rapid and user-
friendly methods that combine high sensitivity with rapid result acquisition. Conventional
laboratory-based techniques, while characterized by high accuracy, are encumbered by
protracted analysis durations—spanning several hours to days—and labor-intensive proce-
dural demands, including complex sample preparation and multi-step analytical workflows.
Lateral flow immunoassays (LFIA) are a promising tool for screening control. LFIA com-
bines the ability to conduct analysis on-site without the need for specialized equipment
or complex sample preparation. This approach allows for testing by unskilled personnel
with rapid result acquisition (the average analysis time is 15-20 min) [17-19]. Beyond
these inherent advantages, the multiparametric configuration of LFIA test systems permits
substantial reductions in both analysis time and cost since there is no need to conduct
repetitive determination procedures for individual compounds [20-22].

The most common nanoparticle label used in LFIA systems are gold nanospheres.
However, to improve the assay performance, nanoparticles of different shapes are applied.
The utilization of gold nanoflowers GNFs compared to gold nanospheres GNSs is condi-
tioned by the increased particle sizes and developed surface, which ensure high sorption
capacity, thereby facilitating more efficient antibody immobilization and amplification of
the analytical signal [23-25]. The advantages of gold nanoflowers as labels in LFIA have
been previously demonstrated in sandwich assay format [26-28]. However, in competi-
tive LFIA configurations, the high antibody density on the surface of large nanoparticles
may compromise the efficiency of competitive interactions, consequently deteriorating the
analytical performance of the test system.

A promising strategy to overcome this limitation is the use of an indirect labeling
scheme that allows for the combination of a high level of signal intensity with effective
competition for analyte binding. The indirect labeling provides the separation of compet-
itive interactions between specific antibodies and detectable analytes in the sample and
a hapten—protein conjugate on the membrane of the test strip. The application of a label
conjugated with anti-species antibodies allows for independent variation of marker con-
centration and prolongs the duration of specific antigen—antibody interaction during the
assay. Previously, the advantages of this strategy were demonstrated predominantly in
monoparametric LFIA using spherical gold nanoparticles, whereas its applicability with
gold nanoflowers in multiplex competitive LFIA has remained virtually unexplored [29,30].
In this work, a combination of indirect labeling in LFIA based on gold nanoflowers and in-
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strumental detection of the analysis results for the quantitative simultaneous determination
of cyproconazole and difenoconazole was implemented for the first time.

The execution of this objective—developing a multiparametric test system for cypro-
conazole and difenoconazole—was based on the synthesis, comparative characterization,
and application of GNSs and GNFs as LFIA labels within an indirect antibody labeling
scheme. Under the established LFIA parameters, simultaneous detection of cyproconazole
and difenoconazole in fruits and berries was performed.

2. Materials and Methods
2.1. Chemicals and Materials

The used reactants included chloroauric acid, sodium citrate, Tween-20, hydroquinone,
cyproconazole (Sigma-Aldrich, St. Louis, MA, USA), bovine serum albumin (BSA) (Boval
Biosolutions, Cleburne, TX, USA), difenoconazole (Ano-Aic, Moscow, Russia), goat anti-
mouse (anti-species) antibodies (Imtek, Moscow, Russia). Anti-cyproconazole monoclonal
antibodies and cyproconazole-BSA were earlier obtained in Jiangnan University as described
in [31]. Anti-difenoconazole monoclonal antibodies and difenoconazole-BSA were obtained
from Invitrogen (Carlsbad, CA, USA). All other salts, acids, and alkalis used in the study
were of analytical or chemical grade (Chimmed, Moscow, Russia). Deionized water cleansed
by the Simplicity system (Millipore, Burlington, MA, USA) was applied to prepare gold
nanoparticles and their conjugates.

The working nitrocellulose membrane HF090 was from Millipore (Burlington, MA,
USA), the AP-045 adsorption membrane and L-P25 plastic support were from Advanced
Microdevices (Ambala Cantt, Haryana, India).

2.2. Synthesis of GNSs and GNFs

Gold nanospheres were synthesized according to the Frens method [32]: 100 mL of
0.01% HAuCl4 had been brought to boiling, following which 1.5 mL of 1% sodium citrate
was added to the solution with vigorous stirring. The mixture was boiled within 15 min,
then cooled and stored at 4 °C.

GNFs synthesis was carried out by gold seed-mediated growth method according
to [33]. To obtain spherical nanoparticles serving as nucleation centers, 10 mL of a
0.01% aqueous solution of HAuCl4 was heated to boiling, and then 0.3 mL of a 1% aqueous
solution of sodium citrate was added with vigorous stirring. The solution was boiled for
30 min and then cooled. Next, an aqueous solution of HAuCl4 in the final concentration of
0.12 mM, a solution of spherical nanoparticles in the concentration of 0.5% vol, 22 yL of a
1% aqueous solution of sodium citrate and 100 uL of 0.3 M hydroquinone were added to
10 mL of bidistilled water. The resulting mixture was thoroughly mixed for 30 min, then
cooled and stored at 4 °C.

2.3. Characterization GNSs and GNFs

Images of GNSs and GNFs were obtained by transmission electron microscopy (TEM)
using a CX-100 electron microscope (Jeol, Tokyo, Japan) at an acceleration voltage of 80 kV
and a magnification of 33,000. The images were scanned and analyzed by the Image Tool
3.0 software (UTHSCSA, San Antonio, TX, USA).

To determine the hydrodynamic diameters (using dynamic light scattering (DLS)
of the particles, Zetasizer Nano ZSP (Malvern Instruments, Malvern, UK) nanoparticle
analyzer was used. Measurements were conducted at 25 °C, with light scattering recorded
at an angle of 173°. The results were processed using Zetasizer software, version 7.11.
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2.4. Conjugation of GNSs and GNFs with Anti-Species Antibodies

Antibodies were bound in identical protocol to the GNSs and GNFs as described
in [34]: The solution of nanoparticles was adjusted to pH 8.5 with 0.2 M K,CO; (Chimmed,
Moscow, Russia). Anti-species antibodies, dialyzed against a 10 mM Tris—HCl (Chimmed,
Moscow, Russia) buffer, pH 8.0, were then added to GNSs or GNFs at a final concentration
of 5-20 ug/mL. After 1 h of incubation with stirring, 10% BSA was added with 40-fold
dilution, and the mixture was stirred for 15 min with Intelli-Mixer RM-2S (Elmi, Riga
Latvia) at 60 rpm. The resulting conjugate was precipitated centrifuging for 15 min at
13,400x g for GNSs and 7500x g for GNFs and 4 °C. The pellets were collected, twice
resuspended in 10 mM Tris (pH 8.5) with 1% BSA, and 1% sucrose (Reachem, Moscow,
Russia) (TBSA), and then centrifuged once more. The finished precipitate was redissolved
in TBSA containing 0.05% sodium azide (Sigma-Aldrich, St. Louis, MA, USA) and stored
at 4 °C. All stock solutions of the synthesized nanoparticles and their conjugates with
antibodies were prepared in a single batch and used in all subsequent experiments on the
development of LFIA.

2.5. Construction of the Test Strips

A millipore HF090 working nitrocellulose membrane was used to form an analytical
zone by applying cyproconazole-BSA solution in PBS (0.2; 0.25; 0.5 mg/mL; application
consumption 1 pL/mm) and difenoconazole-BSA solution (0.5; 1.0 mg/mL; application con-
sumption 1 pL/mm) using an IsoFlow automatic dispenser (Imagene Technology, Lebanon,
NH, USA). The working membrane was then dried at 20-22 °C for 24 h. A multimem-
brane composite (including working membrane and AP-045 adsorption membrane) was
assembled, cut into 3.5 mm-wide strips using an Index Cutter-1 automatic guillotine cutter
(A-Point Technologies Brea, CA, USA) and stored at room temperature in a sealed package
containing silica gel.

2.6. Performing LFIA

To provide the analysis, cyproconazole (at concentrations of 500-0.03 ng/mL and
50-0.008 ng/mL) and difenoconazole (at concentrations of 1000-0.2 ng/mL) was mixed
with conjugates of spherical GNSs (ODs,y = 0.5), or GNFs with anti-species antibodies
(ODsgy = 0.8), and with specific antibodies (250 and 400 ng/mL for cyproconazole; 100 and
500 ng/mL for difenoconazole in GNSs-based LFIA; 100 and 250 ng/mL for cyproconazole;
500 and 1000 ng/mL for difenoconazole in GNFs-based LFIA) in 30 uL PBS with 0.5%
Tween-20 (PBST), or in plum, cranberry, and cherry samples diluted with PBST (dilution
coefficient 20) in microplate wells. The optical density values (ODj5,, = 0.5 for the GNSs and
ODsgy = 0.8 for the GNFs) were used to control the dilution of each conjugate preparation
according to its individual optical characteristics. The test strips were introduced into the
wells in a vertical position for 15 min. After the analysis was completed, test strips were
removed, placed on a horizontal surface, and then immediately scanned.

2.7. Sample Preparation

Stones were removed from plums and cherries, and the pulp and skin were homoge-
nized together. Cranberries were homogenized whole. Each sample matrix was processed
separately. A 5.00 g portion of homogenate was mixed with 10 mL of methanol (Vekton,
Saint Petersburg, Russia)-water (80:20, v/v) and shaken for 15 min at room temperature.
The mixture was centrifuged at 5000x g for 10 min, and the supernatant was collected. The
residue was re-extracted with 5 mL of the same solvent mixture by shaking for 10 min, fol-
lowed by centrifugation under the same conditions. The supernatants were combined, and
the solvent was removed under reduced pressure at a temperature not exceeding 35 °C. The
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resulting residue was dissolved in methanol-water (50:50, v/v), quantitatively transferred to
a volumetric flask, and brought to a final volume of 5.00 mL with the same solvent mixture,
yielding a sample mass-to-extract volume ratio of 1.00 g/mL. When suspended particles
remained, the reconstituted extract was centrifuged again before further use. The extracts
were diluted 20-fold with the immunoassay working buffer, yielding a methanol content of
2.5% (v/v) and a sample equivalent concentration of 0.05 g/mL. Pesticide standards were
added after dilution, with the fortification volume accounted for in the final volume to
maintain the 20-fold extract dilution.

2.8. Processing Test Strip Images and Calculating Assay Parameters

After LFIA, the test strips were scanned with a Canon Lide 90 flatbed scanner (Canon,
Tokyo, Japan) at 600 dpi resolution without contrast and color correction mode and analyzed
with the Total Lab v2009 software (Nonlinear Dynamics, Newcastle upon Tyne, UK). Line
coloring intensities were presented as the same relative units for all data within the article.

The dependences of coloration intensity in the analytical zone on the antigen con-
centration in the sample (x) were approximated by the Origin 9.0 software (OriginLab,
Northampton, MA, USA) using a 4-parameter sigmoid function:

y=(a=b)/[1+ (x/c)?] +b (1)

where a = maximal signal, b = minimal signal, ¢ (or IC50) = the antigen concentration at
which the decrease of y is 50% of its range of changes, and d = the slope of the approximating
curve at point c.

The antigen concentration, corresponding to the disappearance of color in the analytical
zone, was taken as the visual detection limit. The instrumental limits of detection were
calculated from concentration dependences of immunochromatography using 3¢ criteria
for difference of the registered coloration from its value for sample without the analyte.
LOD was estimated as the concentration corresponding to the signal obtained for the blank
sample minus three times the standard deviation [35]. The blank signal was measured in
ten replicates of test strips.

3. Results
3.1. Characterization of Nanoparticles

To characterize the obtained GNSs and GNFs, transmission electron microscopy and
dynamic light scattering data were used. For spherical GNSs, the average diameter was
19.72 nm (n = 250, with a minimum value of 11.43 nm and a maximum value of 23.55 nm),
with a degree of ellipticity of 1.23 + 0.04 (Figure 1A). GNFs were synthesized using growing
gold cores with a diameter of 11.53 nm in the presence of hydroquinone and sodium citrate.
The final preparation of the highly anisotropic GNFs was characterized by an average
diameter varying from 53 to 76 nm (Figure 1B). The resulting size of synthesized GNFs is
proportional to the area-equivalent diameter of the nanoparticles.

The synthesized GNSs and GNFs were also characterized by DLS. DLS allows the
hydrodynamic diameters of particles in a solution to be determined, considering the for-
mation of hydrate shells around the particles. Figure 1: Size distribution of GNSs (C) and
GNFs (D) with hydrodynamic diameters of 22.47 and 70.4 nm, respectively. The difference
in nanoparticle diameters obtained from 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 DLS.
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Figure 1. TEM micrographs of GNSs (A) and GNFs (B). DLS characterization of GNSs (C) and

GNFs (D).

3.2. Specification of LFIA Format

All experiments in this work are based on the indirect competitive scheme of LFIA for
detecting small molecular weight analytes. In this scheme, antibodies specific to the target
analytes are added to the sample, and the hapten—protein conjugate is immobilized in the
analytical zone of the test strip. To detect immune complexes of free antibodies and antigens
formed in the sample, a conjugate of gold nanoparticles with anti-species antibodies was
used. When performing the analysis, a test strip is immersed in the reaction mixture, forming
a complex between free specific antibodies, the antigen in the sample, and the nanoparticle
conjugate with anti-species antibodies. When the liquid front reaches the analytical zone,
some unbound antibodies interact with the immobilized hapten—protein conjugate. If the
pesticide is present in the sample at a concentration above the threshold, it binds to the
specific antibodies, preventing them from forming a complex with the immobilized antigen,
and thus preventing the formation of a colored band upon interaction with the labeled

anti-species antibodies (Figure 2).
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Figure 2. Scheme of multiparametric LFIA for cyproconazole and difenoconazole detection.

3.3. Optimization of Monoparametric LFIAs with Spherical GNSs and GNFs

To perform a comparative analysis of LFIA with two types of gold nanoparticles, we
used the synthesized particles and their conjugates with anti-species antibodies. First, the
conditions for monoparametric LFIA for cyproconazole and difenoconazole detection were
established. Researchers often underestimate the challenge of combining a monoparametric
system into a multiparametric format. However, such combinations carry risks of sensi-
tivity loss compared to the monoparametric format due to possible interference between
immunoreagents and their stability under combined use. Therefore, before developing and
optimizing the multiparametric LFIA, we assessed the feasibility of incorporating our target
compounds into monoparametric formats.

To estimate the optimal conditions for the monoparametric format of the developed
LFIA, we conducted the analysis by varying the following:
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(1) concentration of the specific antibodies in the sample;
(2) concentration of anti-species antibodies in the conjugate with gold nanoparticles.

To this end, we systematically evaluated the dependence of color intensity in the
analytical zone on both the concentration of specific antibodies added to the sample and
the concentration of anti-species antibodies conjugated with gold nanoparticles. The data
demonstrate a clear positive correlation: reducing the concentration of either specific or
anti-species antibodies consistently diminishes the color intensity of the analytical zone. To
ensure sufficient color intensity for reliable visual interpretation of assay results, we selected
the following optimal parameters for LFIA employing spherical GNSs: 250 ng/mL for anti-
cyproconazole antibodies and 500 ng/mL for anti-difenoconazole antibodies (Figure 3A,B).
For the LFIA platform based on GNFs, we further optimized the concentrations of specific
and anti-species antibodies within the marker conjugate. The optimal concentration of
anti-species antibodies was determined to be 10 yg/mL, while the optimal concentrations
of anti-cyproconazole and anti-difenoconazole antibodies were established at 250 ng/mL
and 1000 ng/mL, respectively (Figure 3C,D).
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Figure 3. Optimization for monoparametric LFIAs: dependencies of color intensity in the analytical
zone on concentrations of antibodies to cyproconazole ((A)-with GNSs, (C)-with GNFs) and difeno-
conazole ((B)-with GNSs, (D)-with GNFs). Grey columns indicate concentrations of antibodies
(62.5-1000 ng/mL). Red columns indicate the chosen concentrations. All experiments were performed
in triplicate; standard deviations are given as error bars.

Considering the selected parameters, we have conducted the analysis first with spher-
ical GNSs with evaluation of the limits of detection (LoD). To run LFIA, we chose the
previously adjusted parameters, which resulted in a low color intensity of the analytical
zone for both cyproconazole and difenoconazole detection. As for the detected limits, in
the case of cyproconazole, the data for visual detection (56 ng/mL) exceeded the estab-
lished MRLs (10 ng/mL) 5.6 times. When the concentration of antibodies was increased
up to 400 ng/mL, the intensity in the analytical zone coloration grew two times, but the
visual limit of detection (18.5 ng/mL) was still bigger than the regulatory value almost two
times (Figure 4A). When running LFIA for difenoconazole with an established previously
antibody concentration, the visual limit of detection was achieved at 12 ng/mL (Figure 4C).
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Figure 4. Results of monoparametric LFIA for cyproconazole and difenoconazole detection with
spherical GNSs ((A):y = 1.21 + (16.63 — 1.21)/(1 + (x/4.88)%%*), R? = 0.97; (C): y = 0.49 + (5.92
—049)/(1 + (x/3.81)17), R? = 0.998) and GNFs ((B): y = 0.49 + (12.17 — 0.49) /(1 + (x/8.78)°76),
R% = 0.99502; (D): y = 0.54+ (6.43 — 0.54) /(1 + (x/5.54)!1%), R? = 0.78). Red boxes indicate visual
limit of detection. All experiments were performed in triplicate, standard deviations are given as
error bars.

LFIA for cyproconazole and difenoconazole based on GNFs was provided using the
following concentrations of immunoreagents: 250 and 1000 ng/mL for anti-cyproconazole
and anti-difenoconazole antibodies, respectively, and 10 pug/mL for anti-species antibodies
in conjugate with GNFs. Under these conditions, a reliable colorimetric signal in the
analytical zone was consistently achieved. The LODs were determined to be 167 ng/mL for
cyproconazole and 111 ng/mL for difenoconazole (Figure 4B,D).

3.4. Optimization of Multiparametric LFIA with GNSs and GNFs

To estimate the optimal conditions for the multiparametric LFIA format, we conducted
the analysis by varying the following parameters:

(1) concentration of specific antibodies in the sample

(2) concentration of the hapten—protein conjugate in the analytical zone;

(3) sequence of analytical zone immobilization on the working membrane of the test strip.
During the analysis of the dependence of LFIA parameters on specific antibodies in

the sample and on hapten—protein concentration in the analytical zone, the achieved limits

of detection were estimated. The experiments were carried out simultaneously with the
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determination of the order of the analytical zones on the working membranes. First, the
conditions for the LFIA system based on GNSs were optimized.

It was shown that in the LFIA scheme with high concentrations of cyproconazole
antibodies (400 and 250 ng/mL) and hapten—protein conjugate (0.5 and 0.25 mg/mL) in
the analytical zone, located in the first position (near the beginning of the flow on the
membrane), the visual limit of detection was 500 ng/mL, which is much higher than the
established MRL for cyproconazole. In the case of difenoconazole—with immobilized
hapten—protein conjugate at a concentration of 1.0 and 0.5 mg/mL in the second position
(near the adsorption membrane) and a concentration of specific antibodies in the sample of
500 and 250 ng/mL—the limit of detection was 37 ng/mL. When hapten—protein conjugates
were immobilized in the opposite direction—cyproconazole-BSA in the second position
and difenoconazole-BSA in the first position, respectively—it was noted that the LoD had
shifted toward a lower concentration range. The effect demonstrated that LFIA sensitivity
depends on the order of analytical zone location on the working membrane. Thus, for
difenoconazole, chemical equilibrium during immunoreactant interactions is reached faster
than for cyproconazole. Therefore, we immobilized the difenoconazole-BSA conjugate next
to the starting position of the working membrane [20].

To achieve characteristics of the developed test system that are reliable to the regulatory
values, we decreased the concentration of the cyproconazole-BSA conjugate in the analytical
zone to 0.15 mg/mL and chose to use a specific antibody concentration in the sample of
400 ng/mL so that the coloration of the analytical zone was intense enough to estimate the
results of the analysis. For difenoconazole, the concentration of the immobilized hapten-
protein conjugate was used the same (1 mg/mL) and for specific antibodies (100 ng/mL)
to achieve reliable LoD.

Thus, the results using LFIA based on GNSs were 167 ng/mL and 6.7 ng/mL for
visual and instrumental LoD in cyproconazole detection (IC50 16.94 ng/mL, working range
6.8-42.5 ng/mL) and 12 ng/mL and 4.7 ng/mL for visual and instrumental detection (IC50
8.91 ng/mL, working range 4.7-16.7 ng/mL), respectively, in difenoconazole detection
(Figure 5A).

For LFIA based on GNFs, we chose the order of hapten—protein conjugate immobi-
lization as described above, varying cyproconazole-BSA (1.0 and 0.5 mg/mL) and specific
antibody concentration (250, 100, and 50 ng/mL for cyproconazole; 750, 500, and 250 ng/mL
for difenoconazole). The results showed that with the lowest antibody concentration, the
characteristics of the test system were fully reliable with the established regulatory require-
ments for cyproconazole and difenoconazole detection, but the intensity of analytical zone
coloration was difficult for adequate assessment. Thus, for the final set of the test-system as-
sembly, the following parameters were chosen: specific antibody concentration—100 ng/mL
and 500 ng/mL for cyproconazole and difenoconazole, respectively; 0.2 and 0.5 mg/mL
of hapten—protein concentration for cyproconazole and difenoconazole, respectively. The
data showed the following characteristics for cyproconazole detection: 0.6 ng/mL—visual,
0.03 ng/mL—instrumental, IC50 0.21 ng/mL, working range 0.04-1.1 ng/mL; and for difeno-
conazole, 4 ng/mL—visual, 1.1 ng/mL—instrumental, IC50 2.04 ng/mL, working range
1.2-4.4 ng/mL (Figure 5B).

The obtained results on the comparison LFIA based on GNSs and GNFs reflect the
performance of the two specific assay configurations evaluated in the study. These configura-
tions differed in nanoparticle dimensions and morphology, and optimized immunoreagent
concentrations. The demonstrated results show the advantages of using GNFs as LFIA
labels for pesticide determination in the optimized conditions, which contribute to the
achievement of lower detection limits in the proposed system.
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Figure 5. Results of multiparametric LFIA for cyproconazole and difenoconazole detection with
spherical GNSs (A) and GNFs (B). Black curve—cyproconazole (for GNSs: y =1.23 + (7.08—1.23)/(1
+ (x/16.94)191), R? = 0.73; for GNFs: y = 0.32 + (6.21 — 0.32)/(1 + (x/0.21)%82), R? = 0.98); red
curve—difenoconazole (for GNSs: y = 0.34 + (10.57 — 0.34) /(1 + (x/8.91)?2!), R? = 0.73; for GNFs:
y =043 + (6.24 — 0.43) /(1 + (x/2.04)17), R? = 0.96. All experiments were performed in triplicate;
standard deviations are given as error bars.

3.5. Approbation of the Developed Multiparametric LFIA

The developed test system was used to determine the target analytes in homogenized
plum, cranberry, and cherry extracts under established conditions. Fruits and berries
contain various compounds, such as natural pigments, sugars, etc., which may affect the
performance of LFIA [36,37]. For instance, natural pigments, such as anthocyanins, may
contribute to background coloration and interfere with the visual assessment of analytical
line intensity [38]. Sugars and other soluble solids may influence the extract viscosity and,
consequently, the capillary flow through the nitrocellulose membrane [39,40].
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In this study, matrix-related effects were observed when testing diluted extracts. In
experiments with 2-, 4-, and 10-fold dilution of the extracts, the passage of the liquid front
was difficult; the particles stuck in the starting region of the working membrane, causing
full staining in red or purple. The optimal dilution of the extracts for analysis was 20-fold.
This dilution ensures minimal staining of the working membrane and the required extract
viscosity. The obtained limit of detection considering 20-fold dilution of the samples are
shown in Table 1 and Figure 6.

Table 1. Comparative characteristics of LFIA based on GNFs obtained in 20-time diluted extracts of
food samples (n = 3).

Instrumental Limit

Pesticide V‘S“*?I Limit of of Detection, Working Range, IC50 Food Sample
Detection, ng/mL ng/mL
ng/mL
0.6 0.02 0.06-1.4 0.29 Plum
Cyproconazole 0.6 0.01 0.03-0.62 0.13 Cranberry
0.6 0.01 0.04-0.76 0.16 Cherry
4 0.75 1.11-4.38 2.21 Plum
Difenoconazole 4 0.54 0.86-4.10 1.87 Cranberry
0.20 0.39-3.94 1.25 Cherry
To evaluate the developed LFIA, extracts obtained from fruit and berry were simulta-
neous spiked with cyproconazole and difenoconazole. As shown in Table 2, the recovery
values of cyproconazole from the spiked samples varied between 91 and 113%, and for
difenoconazole, the recovery values were in the range of 92 and 119%. The variability ob-
served in replicate measurements should be considered when interpreting the quantitative
results. Quantitative estimates should therefore be based on the mean of at least three inde-
pendent replicate LFIA measurements, with the corresponding standard deviation reported.
The recovery results demonstrate agreement of the mean measured concentrations with the
fortified levels but should not be interpreted as evidence of high precision for individual
measurements. Thus, the developed LFIA demonstrates the ability to simultaneous detect
pesticides in pretreated samples of fruits and berries.
Table 2. Recoveries of cyproconazole and difenoconazole in plum, cranberry and cherry (n = 3).
Cyproconazole Difenoconazole
Added, Detected * SD, Recoverv. % Added, Detected + SD, Recoverv, ¥
ng/mL ng/mL Yoo ng/mL ng/mL e
- 0.07 0.074 + 0.005 106 1.5 1.62 + 0.06 108
um
0.25 0.27 £ 0.03 108 3 3.40 +0.22 113
0.15 0.137 + 0.009 91 1.5 1.46 + 0.04 97
Cranberry
0.3 0.28 £ 0.01 93 3 2754+ 0.13 92
0.15 0.169 + 0.009 113 1.5 1.78 + 0.08 119
Cherry
0.3 0.320 + 0.012 106 3 3.30 £ 0.18 110
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Figure 6. Results of multiparametric LFIA for cyproconazole and difenoconazole detection with
GNF in plum, cranberries and cherries for cyproconazole—(A) (plum: y = 0.21 + (6.73 — 0.21) /(1
+ (x/0.28)086), R? = 0.98; cranberries: y = 0.6 + (7.55 — 0.6) /(1 + (x/0.13)%%), R? = 0.996; cherries:
y =0.15+ (6.29 — 0.15)/(1 + (x/0.16)*2!), R? = 0.97), and difenoconazole—(B) (plum: y = 0.71 +
(6.21 — 0.71) /(1 + (x/2.21) 122), R? = 0.98; cranberries: y = 0.49 + (6.16 — 0.49) /(1 + (x/1.87) 17¢),
R? = 0.995; cherries: y = 0.32 + (5.92 — 0.32) /(1 + (x/1.24)!21), R? = 0.997. All experiments were
performed in triplicate; standard deviations are given as error bars.

3.6. Selectivity Testing of the Developed Test System

To test the selectivity of the developed test system, additional pesticides of group 1
(carbendazim, diuron, bifenthrin, lambda-cyhalothrin, paraquat, and chlorpyrifos) and
group 2 (flutriafol, tebuconazole, triticonazole, propiconazole, penconazole, cyproconazole,
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and difenoconazole) were studied. Each of the above-mentioned pesticides (300 ng/mL)
was added to the sample with anti-cyproconazole or anti-difenoconazole antibodies, GNFs-
GAMI conjugate, and then incubated for 5 min. When cyproconazole or difenoconazole
(150 ng/mL in the case of selectivity determination with group 1 and 50 ng/mL in the case
of selectivity determination with group 2) was added to the sample, the reaction between
specific antibodies and target analytes prevented color formation in the analytical zone. In
the absence of cyproconazole or difenoconazole, the color intensity in the analytical zone
corresponded to the values obtained for the PBS (blank). According to the data obtained

(Figure 7), the developed test system shows specific binding only between target analytes
and their antibodies.
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Figure 7. Selectivity of multiparametric LFIA to non-target analytes. Color intensities of the analytical
zones specific to cyproconazole (A) and (C) and difenoconazole (B) and (D). All experiments were
performed in triplicate; standard deviations are given as error bars.

3.7. Comparison of the Developed and Other LFIAs

There are very few published lateral flow immunoassays for the target analytes in this
work. All of them are based on the use of spherical gold nanoparticles in different food
matrices. For difenoconazole detection, Liu et al. [41] achieved visual and instrumental
limits of detection of 5 ug/kg and 2.3-2.6 ug/kg, respectively, in cucumber and pear sam-
ples using a conventional GNP-based immunochromatographic assay. Wang et al. [42]
reported the achieved LOD of 200 ng/kg (visual) for citrus samples. In contrast, the assay
developed in this work provided visual and instrumental detection limits of 80 ug/kg and
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1642 ng/kg, respectively, while simultaneously enabling multiplex determination in fruit
and berry matrices.

For cyproconazole, the number of available LFIA methods is even more limited. The
recently reported assay by Liu et al. [31] achieved LODs of 10-50 pg/kg in rice, tomato, and
grape samples using spherical gold nanoparticles. The multiplex assay developed in the
present study achieved a visual detection limit of 12 ug/kg and an instrumental detection
limit of 0.4-2 pg/kg in plum, cranberry, and cherry samples, demonstrating high sensitivity
while extending the application of LFIA to simultaneous determination of two triazole
fungicides in a single test (Table 3). Since the analytes were added after extraction, the
LOD values expressed in pg/kg in the table were calculated from the data obtained for the
extracts (Table 1), taking into account the dilution factor, sample mass, and extract volume.

Table 3. Comparative characteristics of LFIAs for cyproconazole and difenoconazole detection.

Limit(s) of Detection

Pesticide Nanolabels Tested Samples Reference
(ng/ks)
. Cucumber, 5 (visual)
Difenoconazole GNSs pear 2.3-2.6 (instrumental) [42]
Difenoconazole GNSs Citrus 200 (visual) [43]
Cyproconazole GNSs Rice, tomato, grapes 10-50 [31]
~12 (visual) .
Cyproconazole GNFs Plum, cranberry, cherry ~0.4-2 (instrumental) This study
Difenoconazole GNFs Plum, cranberry, cherry ~80 (visual) This study

~16-42 (instrumental)

4. Conclusions

A multiparametric LFIA was developed for the rapid and simultaneous determination
of the triazole fungicides cyproconazole and difenoconazole in pretreated samples of fruits
and berries. Preliminary testing in fruit and berry matrices was performed using super-
natants fortified after sample preparation. Under the optimized conditions, the developed
LFIA based on gold nanoflowers showed visual detection limits of 0.6 ng/mL for cypro-
conazole and 4 ng/mL for difenoconazole, while instrumental detection limits reached
0.01-0.02 ng/mL and 0.20-0.75 ng/mL, respectively. These analytical characteristics for
satisfied the regulatory requirements for monitoring established maximum residue limits
(MRLs) of difenoconazole in fruit and berry products. For cyproconazole, visual assessment
enables the identification of samples with high contamination levels, whereas instrumental
readout is required for detection of cyproconazole concentrations that is exceeded the
established MRLs [43].

The findings substantiate that the integration of indirect labeling with gold nanoflow-
ers, coupled with instrumental signal registration, constitutes a promising strategy for
enhancing the analytical performance of competitive multiparametric LFIA. The proposed
approach demonstrated the potential of LFIA based on GNFs and indirect labeling for the
multiparametric determination of low-molecular-weight analytes and was a preliminary
testing. Further work on developing the proposed approach should include the real con-
taminated samples, comparison with an independent reference method, and quantitative
analysis of mixtures containing both target analytes at different concentrations and ratios.
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