:' frontiers ‘ Frontiers in Bioengineering and Biotechnology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Shige Wang,

University of Shanghai for Science and
Technology, China

REVIEWED BY
Hui Liu,

Southwest University, China
Jingchao Li,

Donghua University, China

*CORRESPONDENCE
Shihua Wang,
wshyyl@sina.com

SPECIALTY SECTION
This article was submitted to
Biomaterials,

a section of the journal
Frontiers in Bioengineering and
Biotechnology

RECEIVED 17 August 2022
ACCEPTED 12 September 2022
PUBLISHED 07 October 2022

CITATION
Cai P, Wang R, Ling Sand Wang S (2022),
Rapid and sensitive detection of
tenuazonic acid in agricultural by-
products based on gold nano-flower
lateral flow.

Front. Bioeng. Biotechnol. 10:1021758.
doi: 10.3389/fbioe.2022.1021758

COPYRIGHT
© 2022 Cai, Wang, Ling and Wang. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Bioengineering and Biotechnology

TyPE Original Research
PUBLISHED 07 October 2022
Dol 10.3389/fbice.2022.1021758

Rapid and sensitive detection of
tenuazonic acid in agricultural
by-products based on gold
nano-flower lateral flow

Peiyuan Cai*?, Rongzhi Wang?, Sumei Ling* and Shihua Wang**

State Key Laboratory of Ecological Pest Control for Fujian and Taiwan Crops, Key Laboratory of
Pathogenic Fungi and Mycotoxins of Fujian Province, School of Life Sciences, Fujian Agriculture and
Forestry University, Fuzhou, China, ?College of Chemistry, Chemical Engineering and Environment,
Minnan Normal University, Zhangzhou, China

Tenuazonic acid (TA) is a highly toxic mycotoxin mainly generated by the fungi
of Alternaria genus and widely contaminates agricultural by-products. Given the
threat of TA to food-security, it is very important to develop rapid and sensitive
detection methods for TA monitoring. In this study, gold nano-particles (AuNP)
with average diameter near 17.25 nm were prepared, and the developed AuNP-
based strip has an assay time of 15 min with visual limit of detection (LOD) of
12.5 ng/ml and threshold of 100 ng/ml. To further improve sensitivity, multi-
branched gold nano-flowers (AuNF) with average diameter near 50 nm were
prepared and characterized by UV-VIS and TEM, and the established AuNF-
based strip has visual LOD of 0.78 ng/ml and threshold of 50 ng/ml within
15 min. Both assays were applied to determine TA in apple juice and tomato
ketchup, and the results were consistent with that of UHPLC-MS/MS. Thus,
these assays could be applied for rapid determination of trace TA in real
samples.

KEYWORDS

test strip, lateral flow immunochromatographic assay, colloidal gold, multi-branched
gold nano-flower particle, mycotoxin, TA

Highlights

e This AuNP strip test had visual LOD of 12.5 ng/ml and threshold of 100 ng/ml.
e This AuNF strip test had visual LOD of 0.78 ng/ml and threshold of 50 ng/ml.
e This AuNF achieved the sensitivity for 16-fold better than that of AuNP.

Introduction

The contamination of mycotoxins in foodstuff has turned into a global issue, and an
appalling reality of near twenty-five percent of worldwide contamination of the
agricultural products with mycotoxins was reported by the Food and Agriculture
Organization estimate (Eskola et al, 2020). Tenuazonic acid (TA) is a toxic
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mycotoxin which is mainly generated by the fungi of Alternaria
genus (Gross et al., 2011). TA has been confirmed to have strong
acute toxicity and chronic toxicity, potential cytotoxicity and
even oncogenicity (Asam et al., 2011). The chronic exposure to
TA could cause tissue hemorrhage, motor dysfunction,
circulatory collapse, severe dysplasia and even serious shock
and death for several animals (Yekeler et al., 2001; Ostry,
2008; Zhou 2008).
administration at the level of 10 ug/g of feed for 2 or 3 weeks,

and Qiang, During low doses
TA could result in tissue lesions of young chicken (Giambrone
et al., 1978). The half lethal dose (LDs,) of TA to chicken
embryos was 548 ug per egg (Griffin and Chu, 1983), and the
LDsj to brine shrimp larvae was 75 ug/ml (Panigrahi and Dallin,
1994). Moreover, TA has already been listed in the toxic
chemicals of the United States Food and Drug Administration
(FDA) for its high toxicity (Wang et al., 2021a). Unfortunately,
TA widely contaminates food and feed, especially vegetables,
fruits and their products, and even the positive rate of TA from
vegetables and fruits related by-products were reported achieving
one-hundred percent in some individual region (Ostry, 2008;
Gross et al., 2011; Asam and Rychlik, 2013). Therefore, it is in
urgent need to develop convenient, sensitive and rapid methods
capable of real-time and low-cost determination for TA.
Several instrumental methods for determination of TA were
established, including high performance liquid chromatography
(HPLC), liquid chromatography tandem mass spectrometry (LC-
MS/MS) and ultra-high performance liquid chromatography
tandem mass spectrometry (UHPLC-MS/MS) (Siegel et al,
2009, 2010; Lohrey et al., 2013; Hickert et al., 2015; Puntscher
et al, 2018). These instrumental methods are high-accurate,
high-sensitive and good-reproducible, however, they are not
adaptable for the large-scaly practical promotion due to the
inseparable need of professional operation and expensive
equipment (Anfossi et al, 2013; Zangheri et al., 2015).
Immunoassays are practical methods which are highly specific
and sensitive with low cost and easy operation, adaptable for
wholesale determination (Ang et al., 2015; Yan et al.,, 2018). The
enzyme-linked immuno-sorbent assay (ELISA) is the most
common immunoassay, and a recent research reported an
ELISA method for detection of TA with limit of detection
(LOD) of 1.0 ng/ml and half inhibitory concentration (ICs)
of 18.5ng/ml (Liang et al, 2020). Recently, Wang and
coworkers reported a bioluminescent enzyme immunoassay
(BEIA) method with ICsy of 6.5 ng/ml and LOD of 0.7 ng/ml
(Wang et al.,, 2021a). Our previous work demonstrated that the
ELISA method based on anti-TA monoclonal antibody (McAb)
6D5 had LOD of 0.17 ng/ml and ICsq of 2.50 ng/ml (Cai et al,,
2021). However, ELISA and BEIA protocols contain multiple
steps of washing and incubating, which leads to a longer assay
time (Ling et al., 2015). To this end, our previous work proposed
a new strategy of lateral flow immunoassay (LFIA) for TA
detection based on platinum-modified colloidal gold by
which

catalyzing precipitation-type tetramethylbenzidine,
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includes two steps of lateral flow and color developing, and
the visual LOD was 0.39 ng/ml with the assay time of 0.5-1.0 h
(Cai et al., 2021).

As representation of rapid and convenient immunoassay,
LFIA of one-step process (just including lateral flow step) still has
great advantages in the assay time of 5-15 min and the visual
detection (Wang et al., 2017; Wu et al,, 2020). LFIAs based on
colloidal gold nano-particle (AuNP) probes have been devoted to
detect different kinds of toxic substances for decades because of
their easy production and convenient conjugation with
antibodies (Ling et al., 2020; Wang et al, 2021b). Multi-
branched gold nano-flower (AuNF) particles were a kind of
shape-modified AuNP particles, which grew to a larger size
and formed flower-shape on the surface of the AuNP seeds
(Ling et al., 2020). The localized surface plasmon resonances
(LSPR) of AuNF exhibited stronger optical extinction capability
(Dondapati et al., 2010). Moreover, the AuNF particles had
complex three-dimensional (3D) structure and presented
larger specific surface benefiting for the reduction of steric
hindrance during the conjugation with antibodies (Ji et al.,
2015). Therefore, it could be used as an ideal signaling
material to promote the sensitivity of immuno-sensors (Wang
et al,, 2021b; Ling et al., 2021).

Given the high contamination rate of TA and the urgent
need in rapidly sensitive monitoring for food-security, highly
effective methods for trace TA determination were established
and improved in this study. To this end, two practical one-step
LFIAs based on AuNP and AuNF were respectively developed
for TA detection in agricultural by-products. Combining the
naked eyes, the developed LFIA strip tests could quickly
achieve the visualization for trace TA determination in real
samples, while providing the high sensitivity. In present
research, the sensitivity of AuNF-based LFIA was 16-fold to
that of the conventional AuNP-based LFIA. Our results
showed that these two kinds of LFIAs with different
properties have the great potential in highly sensitive on-
site determination of TA.

Materials and methods
Reagents and instruments

Tenuazonic acid and other common mycotoxin standards,
bovine serum albumin (BSA) and goat anti-mouse IgG antibody

(GAMA) were obtained from Sigma-Aldrich (MO,
United States). Trisodium citrate, HAuCl, 4H,O and
hydroquinone were purchased from Macklin (Shanghai,

China). Nitrocellulose (NC) membrane was provided by Jieyi
BioTech. (Shanghai, China). Anti-TA antibody reagent (anti-TA
McAb 6D5) was prepared in our laboratory according to our
previous work (Cai et al, 2021). All the other reagents were
analytical reagent grade. Ultraviolet-visible spectrum (UV-VIS)
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FIGURE 1

Preparation and identification of gold nano-particles (AuNP). (A) UV-VIS spectrum scanning of AuNP. (B) The prepared AuNP solution. (C) TEM
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was tested by spectrophotometer (PerkinElmer, Waltham, MA,
United States). Tecnai G2 F30 transmission electron microscope
(TEM) (FEI, Hillsboro, OR, United States) was used to scan the
diameter and shape of the prepared nanoparticles. The UHPLC-
MS/MS was performed by Waters ACQUITY UPLC-XEVO TQ-
S MS with ACQUITY UPLC BEH C18 (Waters, Milford, MA,
United States).

Preparation of gold nano-particles and
gold nano-particles-based probe

AuNP was prepared by trisodium citrate reducing method
(Ling et al,, 2015). Briefly, 2 ml of 1% trisodium citrate was added
into 97 ml boiling deionized water, and then 1 ml of 1% HAuCl,
was added rapidly into the above solution and mixed, keeping
heating and stirring until the color becoming stable brilliant wine
red, then cooled down to the room temperature followed by
diluting to 100 ml with deionized water. The resulted AuNP was
characterized by UV-VIS spectrum and TEM. Then the AuNP-
based probe was prepared by the previous method (Ling et al.,
2018). Briefly, 250 pl of 0.1 M K,CO3 was mixed with 10 ml
AuNP to balance pH value, then 75 ul of 1.56 mg/ml anti-TA
McAb 6D5 was slowly added and kept stirring gently for 1 h. The

Frontiers in Bioengineering and Biotechnology

03

probe was centrifuged at 12,000 r/min for 20 min, and the dark-
red flow layer was redissolved in 1 ml diluent.

Construction and characterization of gold
nano-particles-based test strip

TA antigen (TA-O-BSA) were prepared according to our previous
research (Cai et al, 2021). The AuNP-based strip was constructed
based on AuNP probe, which was composed of sample pad, conjugate
pad, nitrocellulose (NC) membrane, absorbent pad and base pad, with
4 mm width. Antigen and GAMA were respectively dispensed as test
(T) and control (C) lines, and probe was sprayed onto the conjugate
pad. Lateral flow process was set at 15 min. Different toxins were used
to assess the specificity of the AuNP-based strip (Saeed et al, 2017; Ling
et al,, 2018). To determine the sensitivity, different concentrations of
TA were tested respectively, and then the sensitivity and visual LOD
were assessed by the visual result (Kong et al., 2017; Ling et al., 2018).
To evaluate the accuracy, two kinds of spiked samples (apple juice and
tomato ketchup) with different concentrations of TA were pretreated
(Gross et al,, 2011; Cai et al,, 2021), then detected by the developed
assay. Finally, four random real samples from local supermarket
(Fujian, China) were detected and the results were confirmed by
UHPLC-MS/MS.
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Schematic diagram of the AuNP-based and AuNF-based strip tests. (A) The conventional AuNP assay and the diagram of negative result. (B) The
competition mechanism of AuNP assay and the positive result. (C) The construct of AuNF test strip and the negative result. (D) The competition

mechanism under signal enhancing and the positive result.

Preparation of gold nano-flowers particles
and gold nano-flowers-based probe

Fifty nanometers AuNF was prepared by gold seeding method
with minor modification (Zhang et al.,, 2019; Ling et al,, 2021).
Briefly, 100 ml deionized water was adjusted by 5 M NaOH to
pH7.0 and then 500 pl of the above AuNP was added as seeds.
750 ul of 1% HAuCl, and 300 pl of 1% trisodium citrate were
subsequently mixed with the above solution. Then, 1,000 ul of
30 mM fresh hydroquinone was added into the solution and
mixed vigorously for 30 min, until the color becoming stable
dark-blue. Finally, the resulted AuNF was characterized by UV-
VIS and TEM. The optimal conditions for McAb labeling were
tested by sodium chloride interference method (Chenggang et al.,
2008), and the AuNF-McAb probe was synthesized as follow:
10 ml AuNF was adjusted to the optimal pH by 0.1 M K,COs,
then an optimal amount of anti-TA McAb was added dropwise.
The mixture was stirred gently in ice bath for 1h. Then,
PEG20000 was added at the final concentration of 1% and
kept stirring for 45 min, and then BSA was added at the final
concentration of 1% for stirring another 45 min. The probe was
centrifuged at 6,500 r/min for 20 min, and then the dark-blue flow
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layer was redissolved in 1 ml of the AuNF probe diluent (basic
formula: 1% BSA +0.5% PEG20000 + 5% Trehalose +0.5%
Tween20 dissolved in 0.01 M PBS of pH7.4).

Construction and characterization of gold
nano-flowers-based test strip

The AuNF-based test strip was consisted of base pad (DB-6),
NC membrane, sample pad, conjugate pad and absorbent pad.
Conjugate pads and sample pads were blocked by the buffer
(formula: 1% BSA + 0.5% PEG20000 + 0.5% Tween dissolved in
0.01 M PBS of pH7.4) at 37°C for 60 min, then dried at 37°C for
overnight. Antigen and GAMA were respectively dispensed with
1.5 pl/cm as T line and C line, then the NC membrane was dried
at 37°C for 24 h. The AuNF-McAb probe was sprayed onto
conjugate pad and then dried in vacuum. Finally, NC membrane,
sample pad, conjugate pad and absorbent pad were successively
installed on the base pad, and then cut into 4 mm width. To
perform the AuNF-based assay, 100 pl of analyte liquid was
allowed to lateral flow through the T and C lines, and be
trapped based on the immunoreaction. The time of the lateral
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flow process was set at 15 min. Finally, the characterization and
identification of the AuNF-based strip assay were performed
according to the same protocols to the developed AuNP-based
strip test.

Tenuazonic acid analysis in sample

The samples were pretreated according to the previous
protocol with minor modification (Gross et al., 2011; Cai
et al., 2021). For the detection of lateral flow assay, the
redissolved in 0.01M PBS
containing 5% methanol. For the determination of
UHPLC-MS/MS, the pretreated samples were redissolved
in 100% methanol. Tomato ketchup and apple juice samples

pretreated samples were

without containing TA were obtained from local
supermarket, and different concentrations of TA standard
were spiked into these two samples and then pretreated for
the detection by the prepared LFIAs. Four random samples
from local supermarket (Fujian, China) were detected as real
samples by the strip tests. UHPLC-MS/MS was performed
by the gradient elution method according to our previous
work (Cai et al., 2021), and applied to verify the test results

of the strips assays.

Results

Identification of the gold nano-particles
and gold nano-particles-based probe

The AuNP were synthesized for the construction of the
AuNP-based test strip, meanwhile, they were also used as
the the
morphology and especially the quality of the AuNP
would greatly affect the AuNF. In this study, the AuNP
was produced by trisodium citrate reducing method (Ling
etal, 2015), and the results from Figure 1A showed that the
prepared AuNP had a UV-VIS peak at 519.3 nm. The result
from Figure 1B showed that the prepared colloid displayed

seeds for AuNF particles. Therefore, size,

limpid without any precipitate at the bottom or any floating
impurities on the surface. The TEM image from Figure 1C
showed that the prepared AuNP was nearly circular with
relatively uniform size and the average diameter of
17.52 nm. These results demonstrated that the prepared
AuNP was suitable for subsequent experiments. The
optimal conditions for AuNP labeling McAb (AuNP-
McADb) were tested by sodium chloride interference
method 2008). The
demonstrated that the optimized dosage of anti-TA
McAb was 1.5 pul of McAb (1.56 mg/ml) corresponding to
200 ul AuNP liquid, and the optimized pH range was 5.0 pl
of 0.1 M K,CO; corresponding 200 pl AuNP liquid. The

(Chenggang et al, result
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result from Figure 1D showed that the UV-VIS peak of
AuNP-McADb conjugate was red-shifted from 519.3 to
523.7 nm compared with that of AuNP, indicating that
the AuNP had been successfully labeled with anti-TA
McAD to construct the AuNP-based probes (Lopez-Marzo
et al., 2013; Hong et al., 2020).

Characterization of gold nano-particles-
based lateral flow immunoassay

For the construction of the AuNP-based test strip, the test
line (T-line) was coated 1/4 diluted antigen (3.20 mg/ml) with
1.25 pl/cm, while the control line (C-line) was coated 1/4 diluted
GAMA (1.00 mg/ml) with 1.25 pl/cm. The competitive AuNP-
based test strips were constructed as shown in Figures 2A,B.
While there was without TA in the analyte, many probes would
be captured by the antigen (TA-O-BSA) coated at T-line and thus
aggregated to form an intense band on T-line (Figure 2A). On the
contrary, when there was enough free TA contained in the
analyte, the probes would be captured by the free TA, which
blocked the binding of probe with TA-O-BSA coated at T-line,
therefore, there was no visible band emerged on the T-line
(Figure 2B). The signal appearance of C-line provided and
verified the validity of the strip test, otherwise invalid. The
specificity of the constructed test strip was tested, and the
result in Figure 3A displayed that the AuNP-based strip could
specifically recognize TA, and there was no visible band on the
T-line with TA spiked sample. The sensitivity was also measured,
and the result in Figure 3B showed that there was no color band
at the T-line when the concentration was above 100 ng/ml, and
the color intensities of the T-line was still lighter than that of the
C-line at the concentration of 12.5ng/ml. Therefore, the
detection threshold was 100ng/ml and visual LOD was
12.5 ng/ml.

Preparation and characterization of gold
nano-flowers particles

AuNF particles have been widely applied to enhance the
sensitivity of lateral flow immunoassay due to its multi-
branched surface, better extinction coefficient and larger
size (Ji et al,, 2015; Ling et al,, 2021). In this study, the
AuNF particles were produced by the hydroquinone
mediated seeding growth method with the 17.52 nm AuNP
(Figures 1A-C) as seeds, and the prepared AuNF was
identified by UV-VIS spectrum scanning. As shown in
Figure 4A, the obtained AuNF had a maximum absorption
wavelength near 580 nm, which belongs to the range of sizes
suitable for labeling antibody (Ji et al., 2015; Wang et al,,
2021b). The result from Figure 4B showed that the prepared
liquid displayed transparent in dark-blue color without any
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FIGURE 3

Preparation and characterization of the AuNP-based LFIA. (A) Specificity of the AuNP-based strip test with other toxins, such as aflatoxin B1
(AFB1), citrinin (CTN), ochratoxin A (OTA), ochratoxin B (OTB), penicillic acid (PA), patulin (PAT), sterigmatocystin (ST), or trichothecenes-2 (T2), while
PBS as negative. (B) The sensitivity of the AuNP-based strip test. +: positive, -: negative.

precipitate of aggregation at the bottom, and the particles were
dispersed well without any floating impurities on the surface
of the liquid. The TEM images from Figures 4C,D
demonstrated that the sizes of AuNF particles were about
50 nm of average diameter and the particles exhibited
relatively uniform size and obviously multi-branched shape
of the surface, rather than the circular structure of the
These
demonstrated that the prepared AuNF with large size and

traditional  colloidal ~gold  particles. results
three-dimensional multi-branched structure was available
and suitable for the further construction of AuNF-based

probe.

Preparation and identification of gold
nano-flowers-monoclonal antibody
probe

The pH value and the McAb dosage were crucial for the
preparation of the AuNF labeled McAb (AuNF-McAb) and
even had an important bearing on the sensitivity of the AuNF-
based LFIA (Yan etal,, 2018; Ling et al., 2020). To this end, the
sodium chloride interference method was performed with the
same protocol of AuNP. The result of optimized McAb dosage
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showed that 1.5 pl of McAb (1.56 mg/ml) was added per 200 ul
AuNF, and the result of optimized pH range showed that
1.0 ul of 0.1 M K,CO; was used per 200 pl AuNF. Then the
conjugation of AuNF-McAb was monitored by UV-VIS
spectrum and the results were showed in Figure 5A. The
UV-VIS peak of AuNF-McAb red-shifted from 580 to
600 nm compared with AuNF, demonstrating that the
AuNF had been successfully conjugated to anti-TA McAb
to prepare the AuNF-based probes (Lopez-Marzo et al., 2013;
Hong et al,, 2020; Ling et al., 2020). The activity of the
prepared probe was tested and the results were shown in
Figure 5B. When PBS sample was added, the T and C lines
both normally showed blue color which means a negative
result. When TA spiked sample was added, the T line was
disappeared, which means a positive result. These indicated
that the prepared probe was active and could be used for
subsequent experiments.

Optimization of test conditions for gold
nano-flowers-based strip

It was a crucial procedure to optimize the parameters for
the construction of the AuNF-based LFIA strip (Yan et al,,
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Preparation and characterization of AUNF nanoparticles. (A) UV-VIS spectrum scanning of AUNF. (B) The prepared AuNF solution. (C) TEM image
of the AuNF at the scale of 200 nm. (D) TEM image of the AuNF at the scale of 20 nm.

2018; Hong et al., 2020). The evaluation criterion was based
on employing lower concentration of TA target in the T-line
as possible while maintaining the effectiveness of the AuNF-
based test strip (Wang et al., 2021b; Ling et al., 2021). To
generate T-line, the antigens of TA-O-BSA (3.20 mg/ml)
were diluted with 10 mmol/ml PBS buffer according to the
doubling dilution method (1/1, 1/2, 1/4, 1/8, 1/16, and 1/32), and
then were respectively coated at the NC membranes with 1.5 pl/
cm, followed by drying at 37°C for 24 h. The tested results showed
that the dilution of 1/8 for spraying the T-line had a suitable color-
density for visual judgment, and the final concentration of TA-O-
BSA was 0.4 mg/ml. To generate the C-line, the GAMA (1.0 mg/
ml) were optimized by the above method, and the results
demonstrated that the dilution of 1/4 was the optimal dilution
for generating C-line, namely, the final concentration of GAMA
was 0.25 mg/ml. For spraying the conjugate pad, the obtained
probes were diluted according to 1/1, 4/5, 3/5, 2/5, 1/5, and 1/
10 respectively with the probe diluent, and then dried in vacuum
after spraying with 2.5 pl/cm respectively. The results showed that
the dilution of 2/5 was the optimal dilution for preparing conjugate
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pad. The formula of probe diluent was also adjusted, and the
optimal diluent formulation was 0.5% BSA + 0.5% Glycine + 5%
Trehalose + 0.5% Tween20 + 0.05% NaNj; dissolved in 0.01 M PBS
buffer of pH7.4.

Construction of gold nano-flowers-based
lateral flow immunoassay

The competitive schematic of the AuNF assay was
demonstrated in Figures 2C,D, which is similar to
conventional AuNP assay (Figures 2A,B), and the AuNF
was used for signal enhancement of the detection. Compared
with the conventional AuNP strip test (Figures 2A,B), the
dosage of antigen (TA-O-BSA) coated at T-line and the
dosage of matching probe (AuNF-McAb) on the conjugate
pad could be relatively reduced due to the improved signal of
AuNF (Figures 2C,D), therefore, the sensitivity of the
AuNF-based assay was enhanced. To assess the feasibility
of the AuNF-based strip test, the specificity was performed
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Preparation and identification of AuNF-based probe. (A) UV-VIS spectrum scanning of the AuNF-McAb conjugate. (B) The activity identification

of AuNF-McAb probe.

with a serious of common toxins, such as aflatoxin Bl
(AFB1), citrinin (CTN), ochratoxin A (OTA), ochratoxin
B (OTB), (PA), (PAT),
sterigmatocystin (ST) and trichothecenes-2 (T2), and the
result showed that the test strip was specific to TA

penicillic  acid patulin

(Figure 6A). Moreover, to evaluate the sensitivity of the
AuNF-based test strip, the TA-free standard solutions were
spiked with different concentration of TA (100, 50, 25, 12.5,
6.25, 3.12, 1.56, 0.78, and 0.39 ng/ml, respectively) and
determined by the constructed AuNF-based test strips.
The result from Figure 6B showed that the detective
threshold was 50 ng/ml, and the visual LOD was 0.78 ng/ml.

Samples analysis of the both assays

To verify the accuracy and reproducibility of the
developed LFIA in the practical detection of agricultural
by-products, both apple juice and tomato ketchup samples
spiked with known concentration of TA (100, 50, 25, 12.5,
6.25, 3.12, 1.56, 0.78, and 0.39 ng/ml) were used for
performing the both LFIA assays. As shown in Table 1,
AuNP-based LFIA assays displayed that both two kinds of
spiked samples with TA concentration among 100-12.5 ng/
ml had the same test results as that in the standard solution
(the results from Figure 3B), demonstrating that the
AuNP-based test  had
reproducibility. In addition, Table 1 proved that the
AuNF-based LFIA assay results in both kinds of spiked
samples with the of TA among
100-0.78 ng/ml were identical to that in the standard

constructed strip good

concentrations
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solution (the results from Figure 6B), while the spiked
samples with the concentration of 0.39 ng/ml were hardly
to visually judge the difference of color intensities between T
and C lines. These results indicated that the constructed
AuNF-based test had good
reproducibility.

At last, the both developed LFIA assays were performed to

strip accuracy and

determine TA in real samples, and four random real samples
(samples 1 and 2 were apple juice, while samples 3 and 4 were
tomato ketchup) from local super-market were tested. The
results of AuNP-based assays from Figure 7A showed that TA
was not detected in these four samples (the concentrations of
TA in the real sample 1-4 were 0.051 + 0.043, 0.073 + 0.041,
0.037 + 0.032 and 5.815 + 0.034 ng/ml, respectively, which
were determined by UHPLC-MS/MS), while the results of
AuNF-based assays from Figure 7B showed that TA was
detected in sample 4.

Discussion

The contamination of mycotoxins in food products has
become worldwide issue. TA was one of the strongly toxic
Alternaria mycotoxins, which can cause human and
livestock poisoning. However, there is still no available
estimate of tolerable daily TA intake, so it is impossible
to determine either the highest acceptable level in foodstuff
or the minimum sensitivity requirements of analytical
methods (Gross et al,, 2011; Kong et al.,, 2017). In this
study, the developed lateral flow assays were sufficiently
sensitive to provide threshold value for TA detection.
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A AFB1 CIN OTA OTB PA PAT ST T2 PBS TA

B TA concentration (ng/mL):
100 50 25 12.5 6.25 3.12 1.56 0.78 0.39 -+ -

FIGURE 6

Characterization of the AuNF-based LFIA. (A) Cross-reactivity of AUNF-based strip test with other toxins, including aflatoxin B1 (AFB1), citrinin
(CTN), ochratoxin A (OTA), ochratoxin B (OTB), penicillic acid (PA), patulin (PAT), sterigmatocystin (ST), or trichothecenes-2 (T2), while PBS as
negative. (B) The sensitivity of the AuNF-based strip test. +: positive, -: negative.

TABLE 1 Results of visual TA detection by the AuNP-based and AuNF-based LFIA in spiked samples.

Samples Concentration of TA AuNP results (n = 3) AuNTF results (n = 3) Verified by UHPLC-MS/MS
spiked (ng/ml) (ng/ml)

Apple juice 100 +4 4+ + +, + 99.621 + 0.027
50 b 4+ +, +, + 49.324 + 0.033
25 o o 24379 + 0.054
12,5 o o 12.462 + 0.051
6.25 B o 6.107 + 0.052
312 B o 2.998 + 0.025
1.56 B o 1432 + 0.043
0.78 B 44+ 0.743 + 0.043
039 B—_ - - - 0.364 + 0.037

Tomato ketchup 100 + 4+ + 4+ 98.946 + 0.056
50 +, +, + + +, + 49.279 £ 0.062
25 o o 24.722 + 0.039
12,5 o o 12.201 + 0.067
6.25 Ep—_— o 6.128 + 0.038
312 E—_ o 3.089 + 0.028
1.56 B—_ o 1.481 + 0.022
0.78 B o 0.729 + 0.043
039 B B— 0.356 + 0.052

“No coloration at the T line, positive result.
"The color density of the T line is lighter than that of the C line; positive result.
“The color density of the T line is as the same as that of the C line, negative result.
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FIGURE 7

Real samples analysis of the both assays. (A) The real samples
detection result by the AuNP-based strip. (B) The real samples
detection results by the AuNF-based strip test. Sample 1 and 2
were apple juice, while sample 3 and 4 were tomato

ketchup. Samples 1-4 contain 0.051 + 0.043, 0.073 + 0.041,
0.037 + 0.032 and 5.815 + 0.034 ng/ml TA, respectively (tested by
UHPLC-MS/MS). +: positive, - negative.

Compared with the existing LFIA for TA (Kong et al., 2017),
these two kinds of lateral flow assays based on AuNP and
AuNF in this study were respectively enhanced by 32 and
64 folds of threshold, and were respectively enhanced by
32 and 513 folds of visual LOD. Compared with our previous
work (platinum - modified colloidal gold lateral flow) (Cai
etal, 2021), this AuNF strip performed the simple one-step
lateral flow procedure and shortened 2-4 folds of the assay
time.

In this study, the rapid lateral flow techniques were
applied to detect trace TA, and the excellent sensitivity of
the technology was benefited by not only superior antibody
reagent but also signal-enhanced probe. The AuNF could be
used as ideal probe material to promote the sensitivity due to
the localized surface plasmon resonances of complex 3D
structure (Ji et al., 2015). The morphology of AuNF particle
was one important character of the AuNF probe. The
previous researches have shown that LFIA based on AuNF
with long tip achieved the 4-fold sensitivity to that based on
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AuNP with similar sizes (Zhang et al., 2019). The size of
AuNF particle was another important character. A recent
study showed that AuNF with sizes of 47 and 79 nm showed
the highest sensitivity among the five different sizes (33, 47,
79, 152, and 195 nm), and the AuNFs with 47 and 79 nm
exhibited approximately 2-fold sensitivity to that of AuNF
with 33 nm (Zhang et al., 2019). The AuNF with size of 75 +
5 nm was confirmed 10-fold sensitivity to that of traditional
20 nm AuNP (Jietal., 2015). Our previous works showed the
AuNF of near 85nm showed 4-fold sensitivity to AuNP
(Ling et al., 2020), and another AuNF of near 80 nm
showed 12-fold sensitivity to AuNP (Ling et al., 2021).
Therefore, the sensitivity of the AuNF-based LFIA was
closely related to the particle morphology and size of
AuNF. In this work, the size of near 50 nm AuNF was just
right in the range of 47-79 nm, consistent with the research
result of Zhang and coworkers (Zhang et al., 2019).

In conclusion, to meet the urgent need to rapidly detect TA
and ensure food safety, a qualitatively visual detection method of
lateral flow assay based on AuNP of 17.52 nm was successfully
established and used for detecting TA in agricultural by-
products. The results of the AuNP-based strip assay could be
visually judged by the naked eyes within 15min, and the
detective threshold for TA was 100 ng/ml, while the visual
LOD was 12.5ng/ml. To further improve the sensitivity for
the detection of trace TA, the AuNP was used as seeds to
produce the flower-like AuNF particle with the size near
50 nm, and another visual detection method of lateral flow
assay based on the AuNF particle was further constructed and
conducted for TA determining. Within 15 min, the detective
threshold was 50 ng/ml and the visual LOD was 0.78 ng/ml with
less matrix effect. The sensitivity of the AuNF strip was much
better than that of the reported AuNP strip (Kong et al., 2017).
Therefore, these two developed lateral flow assays could be used
for the rapid detection of trace TA in real sample, and they were
suitable for different precision requirements.
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