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The enzyme-linked immunosorbent assay (ELISA) is a powerful and high-throughput method for detecting
aflatoxin By (AFB;) in food. However, the susceptibility of native enzymes to environmental factors limits their
potential applications. This study introduces the combined use of precious metal nanozymes as alternative
catalysts to improve the performance of traditional ELISA. Au@Pt can be linked to antibodies to construct
recognition probes, onto which platinum nanoparticles (PtNPs) are ingeniously deposited in situ to amplify the

detection signal, thereby increasing the sensitivity. The proposed PtNP-enhanced Au@Pt-ELISA exhibited
excellent resistance against matrix interference for AFB; detection in lotus seed powder and achieved a detection
limit of 1.6 pg/mL (0.32 pg/kg), which was approximately six times lower than that of traditional ELISA.
Furthermore, the results of the proposed approach were strongly correlated with LC-MS/MS analysis results for
real samples (r = 0.9888, n = 13). This study offers a new strategy for AFB; monitoring in a complex matrix.

1. Introduction

Nelumbo nucifera Gaertn., which is commonly referred to as lotus, is
an ancient plant from the Nelumbonaceae family. This plant has been
used as a food in Asia for over 7000 years (Arooj et al., 2021). The
cultivation of the lotus revolves primarily around the use of its rhizomes,
flowers, leaves, and seeds. Lotus seeds, in particular, are renowned for
their nutritional value, containing 61-62 % carbohydrates, 16-21 %
protein, 2.40-3 % crude fat, and 5-9 % moisture content (Dunno et al.,
2022). Moreover, in addition to these vital nutrients, lotus seeds are rich
in bioactive compounds such as flavonoids, glycosides, phenolic com-
pounds, and alkaloids (Arooj et al., 2021), contributing to their phar-
macological properties that are beneficial for human health. These
properties mainly include antioxidant (Yu et al., 2021), antiobesity (Cao
et al., 2018), and lipid-lowering effects (Zeng et al., 2023).

The high levels of proteins and polysaccharides present in lotus seeds
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render them susceptible to contamination by toxigenic fungi, particu-
larly Aspergillus spp., which is a frequent contaminant (Elamin et al.,
2024). Aflatoxins (AFs), which are produced principally by Aspergillus
flavus and Aspergillus parasiticus, are a group of harmful secondary me-
tabolites, with over 20 varieties of AFs and their derivatives identified
thus far (Magdalena Pisoschi et al., 2023). Notably, aflatoxin B; (AFB;)
is the most toxic type and was classified as a group I carcinogen by the
International Agency for Research on Cancer (IARC) in 1993. Further,
when ingested by mammals through AFB;-contaminated feed, AFB; is
metabolized into aflatoxin M; (a group 1 carcinogen according to the
2002 IARC report), which is later excreted into milk. This process can
lead to the secondary contamination of milk consumers (Xiong et al.,
2022).

Reports have revealed the incidence of aflatoxin contamination in
lotus seeds. In accordance with our previous findings, the occurrence
rate of AFB; in lotus seeds was reported to be 32 % (Qin et al., 2020).
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Moreover, lotus seeds can become contaminated with A. flavus and AFs
before harvest (Elamin et al., 2024). Given the vulnerability of lotus
seeds to aflatoxin contamination, devising an effective detection method
has become a research priority. However, AFB; detection methods have
been designed primarily to detect AFB; in raw lotus seed materials.
There is still a research gap concerning the detection of AFB; in pro-
cessed lotus seed products that needs to be addressed.

In the early stages, high-performance liquid chromatography (HPLC)
and liquid chromatography-tandem mass spectrometry (LC-MS/MS)
were employed as analytical techniques for assessing aflatoxin levels in
lotus seeds (Liu et al., 2013). Several rapid detection methods have
subsequently emerged in recent years to supplement these instrumental
analysis approaches. These methods include the enzyme-linked immu-
nosorbent assay (ELISA) (Chu et al., 2015), immunochromatographic
test strips utilizing gold nanoparticles (AuNPs) or fluorescent nano-
particles (Jia et al., 2021), and electrochemical immunosensors (Deng
et al.,, 2024). Among these methods, ELISA is well-suited for efficient
high-throughput screening. However, one notable downside of ELISA is
that native enzymes such as horseradish peroxidase (HRP), which is
commonly used in the process, are susceptible to environmental factors
such as variations in pH and temperature (Saud Al-Bagmi et al., 2019).
This susceptibility could lead to hindrances such as the potential inhi-
bition of catalytic activity.

Nanozymes, which are composed of either inorganic or organic
nanomaterials with distinct nanostructures (Zhang & Liu, 2020), offer
several advantages over native enzymes. These include cost-
effectiveness, sturdiness under harsh conditions, and ease of produc-
tion. Their unique physicochemical properties are derived from their
elemental compositions which can include precious metal materials,
carbon-based materials, or metal oxides, among other materials
(Villalba-Rodriguez et al., 2023). Among these types of nanozymes,
precious metal nanozymes have garnered considerable interest in
diverse research and practical domains owing to their facile fabrication
and biofunctionalization attributes. For example, positively charged
AuNPs have been utilized as peroxidase mimics to enable the colori-
metric detection of hydrogen peroxide and glucose (Jv et al., 2010). In
an innovative approach, Deng and colleagues utilized target-induced
shielding to inhibit the peroxidase-like catalytic activity of AuNPs for
colorimetric detection and sensing of sulfide (Deng et al., 2014). Their
research indicates that unlabeled AuNPs exhibit favorable enzyme
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mimetic properties. However, when biomolecules such as DNA or anti-
bodies are absorbed onto AuNPs to create an immunogold probe, they
can hinder the substrate binding necessary for the peroxidase-like re-
action (Lou et al., 2018; Park et al., 2011). Consequently, there has been
a consistent effort to develop and apply nanozymes with enhanced
activity.

Compared with their monometallic counterparts, bimetallic nano-
zymes exhibit superior mimetic enzyme activity, which is due primarily
to the interactions between metal ions. In recent studies, emphasis has
been placed on bimetallic Au@Pt core-shell nanostructures owing to
their synergistic properties and easy surface functionalization
(Hendrickson et al., 2023; Wei et al., 2020; Zhang et al., 2018; Zhang
et al., 2022). In this work, we synthesized popcorn-like Au@Pt core—
shell structures (Zheng et al., 2014) to serve as a peroxidase mimics for
developing peroxidase-labeled antibody probes. However, a decrease in
mimetic activity similar to that of AuNP nanozymes was observed after
the conjugation of antibodies. This alteration results in an increased
dosage of antibodies being required, consequently reducing the detec-
tion sensitivity and increasing the testing costs. Considering the excel-
lent peroxidase-like activity of platinum nanomaterials (PtNPs) (Gao
et al., 2013; Li et al., 2015), we focused on enhancing the catalytic ac-
tivity of immunoprobes by incorporating PtNPs into antibody-
conjugated Au@Pt. We propose a design that utilizes Au@Pt nano-
zymes as carriers to construct nano enzymatic probes and to amplify
detection signals via in suit deposition of PtNPs (Scheme 1). This inno-
vative strategy aims to establish a straightforward, fast, and highly
sensitive direct competition immunoassay for the high-throughput
screening of AFB; in lotus seed powder, which is a commonly
consumed processed product of lotus seeds, with limited attention given
to AFB; contamination.

2. Materials and methods
2.1. Materials

Anti-AFB; monoclonal antibody and AFB;-bovine serum albumin
(BSA) antigen were purchased from Shenzhen Anti Biological Technol-
ogy Co., Ltd. Horseradish peroxidase-labeled goat anti-mouse secondary

antibody (IgG-HRP) was purchased from Nanning Blue Light Biotech-
nology Co., Ltd. Standard solutions of AFB;, AFB,, AFGy, and AFG, were
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Scheme 1. Schematic illustration of PtNP-enhanced Au@Pt-ELISA for AFB;.
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purchased from Pribolab (Singapore). The isotope internal standard
[13C17]—AFB1 was purchased from Romer Labs (Tulln, Austria). Potas-
sium chloroplatinate, chloroauric acid (HAuCly-3H,0), chloroplatinic
acid (HoPtClg-6H,0), BSA, and 3,3,5,5-tetramethylbenzidine (TMB)
were purchased from Aladdin (China). Gelatin was purchased from
Nanjing Dulai Biotechnology Co., Ltd. Hydrogen peroxide (30 % H302)
was purchased from Shanghai Wokai Biotechnology Co., Ltd. Citric acid
(CeHgOy), ascorbic acid (C¢HgOg) and Tween 20 were purchased from
Xilong Scientific Co., Ltd.

The buffers employed in this work consisted of 50 mM carbonate/
bicarbonate buffer at pH 9.6 as the coating buffer, 10 mM phosphate-
buffered saline (PBS) containing 137 mM NacCl, 2.7 mM KCl, 10 mM
NayHPOy, and 1.8 mM KH,PO4, and washing buffer (PBST) composed of
a solution containing 0.1 % Tween 20 in PBS buffer with a pH of 7.4.

2.2. Synthesis of AuNPs

AuNPs were prepared following our previously reported method
(Huang et al., 2023). A sodium citrate solution (2.2 mM, 150 mL) was
heated to 70 °C, and then a potassium carbonate solution (150 mM, 1
mL) and tannic acid solution (2.5 mM, 0.1 mL) were added under con-
stant stirring. Subsequently, rapid injection of HAuCls (25 mM, 1 mL)
initiated a 5-min reaction to form AuNP seeds (LO). A portion of the
obtained AuNP seed (LO) solution (55 mL) was removed and replenished
with sodium citrate (2.2 mM, 55 mL) before being heated to 70 °C. The
addition of HAuCly (25 mM, 0.5 mL) led to a 10-min reaction, and
additional HAuCl, (25 mM, 0.5 mL) was injected to continue the 10-min
reaction, resulting in the production of AuNPs (L1). This growing step
including sample dilution and two injections of HAuCl4 was repeated
until the L4 generation.

2.3. Synthesis of Au@Pt Nanozymes

Au@Pt nanozymes with a core/shell structure were synthesized
following the protocol described by Zhang et al. (2022), with slight
modifications. In a three-necked flask, 2 mL of AuNPs (L4) were intro-
duced and heated to 80 °C. Subsequently, 2 mL of potassium tetra-
chloroplatinate (1 mM) was swiftly added, followed by the gradual
addition of 1 mL of ascorbic acid (10 mM). The reaction proceeded for
30 min to yield the Au@Pt solution, which was then stored at 4 °C for
future use.

2.4. Immobilization of the anti-AFB; monoclonal antibody on Au@Pt

The previously prepared Au@Pt solution (250 pL) was transferred
into an Eppendorf tube, and the pH was adjusted to 8.0 with a potassium
carbonate solution. Subsequently, 15 pL of AFB; antibody (0.1 mg/mL)
was added to the mixture, which was gently oscillated for 15 min.
Subsequently, equal volume (25 pL) of 10 % BSA and 1 % polyethylene
glycol (PEG) solution were added sequentially, with an additional 15
min of oscillation. The mixture underwent centrifugation at 4 °C and
12,000 rpm for 20 min, after which the supernatant was removed. The
residue was dissolved again in a solution consisting of equal parts of 1 %
BSA and 0.1 % PEG.

2.5. Synthesis of PtNPs

PtNPs were prepared as described in the literature (Li et al., 2018). In
a typical synthesis, 10 pL of HyPtClg solution (100 mM) was combined
with 900 pL of distilled water and heated at 80 °C for 20 min. Subse-
quently, 100 pL of a 400 mM ascorbic acid solution was swiftly added
and thoroughly mixed, and the mixture was then incubated at 80 °C for
30 min. The obtained PtNPs were then centrifuged at 4 °C and 12,000
rpm for 20 min. The supernatant was discarded, and the precipitate was
resuspended in distilled water.
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2.6. Au@Pt based Nanozyme immunoassay enhanced by PtNPs

The AFB;-BSA antigen was diluted with a coating buffer and added to
a 96-well plate (100 pL per well). The plate was incubated overnight at
4 °C, followed by three washes with PBST. Then, various concentrations
of AFB; standard or sample solution were added. An equal amount of
Au@Pt-anti-AFB; antibody conjugate (abbreviated as the Au@Pt
probe), which had been diluted 15 times with 0.1 % gelatin, was added
to each well, and the mixture was incubated at 37 °C for 1 h before being
washed four times with PBST. A dilution of the PtNPs was then prepared
and added to each plate well (100 pL per well), followed by an
enhancement step at 20 °C for 2 min and five subsequent washes with
distilled water. Each well was subsequently treated with a mixed TMB-
H0> solution (100 pL) and allowed to react for 15 min. The reaction
was terminated by the addition of 50 pL of 1 M hydrochloric acid per
well, and the optical density (OD) value of the reaction product was
measured at 450 nm with a Spark microplate photometer (Tecan,
Switzerland).

2.7. Traditional indirect competition enzyme immunoassay

The plate underwent a series of steps, including coating, washing,
blocking, and a second washing cycle, as detailed in Section 2.6. The
AFB; standard solution (50.0 pL) and an equal volume of an anti-AFB;
monoclonal antibody solution (50.0 pL) were introduced into the wells,
and the plate was incubated at 37 °C for 1 h. After incubation, the plate
was washed three times with PBST, after which IgG-HRP solution was
added to the wells, followed by another incubation period of 1 h and
four subsequent washes with PBST. A mixed TMB-H205 solution (100
pL/well) was then dispensed into the wells for a color reaction. After 15
min, the reaction was stopped by the addition of 50.0 pL of 1 M hy-
drochloric acid to each well. The OD value of the resulting yellow
product was determined at 450 nm.

2.8. Kinetic analysis

The catalytic activities of unmodified Au@Pt, the Au@Pt probe, the
PtNP-enhanced Au@Pt probe, and HRP were assessed through the
determination of the apparent steady-state kinetic parameters for the
TMB-H50, chromogenic reaction. Experimental data were gathered by
altering the concentration of TMB at a constant H,O5 concentration and
vice versa. The reactions were conducted at 30 °C using 0.49 nM un-
modified Au@Pt or 50.0 nM HRP for comparison in a 0.05 M NayHPOy4-
citric acid buffer at pH 5.0. Furthermore, for the Au@Pt probe and PtNP-
enhanced Au@Pt probe, the mimetic activity was analyzed in situ
following an immunological reaction in the microplate. Typical
Michaelis-Menten curves were generated for unmodified Au@Pt, the
Au@Pt probe, the PtNP-enhanced Au@Pt probe, and HRP using TMB
and Hy03 as substrates over a specified range of concentrations. The
Michaelis-Menten constant (Kp,), which is indicative of the enzy-
me-substrate affinity, was determined through a Lineweaver-Burk plot
(Feng et al., 2017):

1 K, 1 1

— — +

v Vinax [S] Vinax

where v is the initial velocity, Vi« is the maximal reaction velocity, and
[S] is the substrate concentration.

2.9. Real application of the PtNP-enhanced Au@Pt-based immunoassay
for AFB; detection

Eighteen batches of lotus seed powder samples were randomly pur-
chased from the Chinese market, and the sample information is pre-
sented in Table S1. Each sample (1.0 g) was transferred into a 10 mL
centrifuge tube, after which 5 mL of an acetonitrile-water mixture
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(90:10, v/v) was added. The contents were vigorously vortexed for 3
min, followed by centrifugation at room temperature for 5 min at a
speed of 10,000 rpm. The resulting supernatant was transferred and
diluted 40-fold with a PBS solution containing 0.01 % Tween 20 to
prepare the test solution for immunoassay. The positive samples were
subsequently confirmed through stable isotope dilution and LC-MS/MS
analysis, with the experimental parameters detailed in the Supplemen-
tary Materials.

3. Results and discussion
3.1. Sensing mechanism of the colorimetric immunoassay

The experimental procedure illustrated in Scheme 1 involved the
initial coating of microtiter wells with BSA-AFB; as the antigen. A
sample or AFB; standard solution combined with the Au@Pt probe was
subsequently added to the coated wells. This facilitated a competitive
binding process between the coated antigen and AFB; to the antibodies.
Before colorimetric assessment, PtNPs were introduced and allowed to
selectively deposit onto Au@Pt at a specific pH, thereby amplifying the
peroxidase-like activity of the Au@Pt probe. Consequently, the con-
centration of AFB; could be determined by evaluating the catalytic
performance of PtNP-enhanced Au@Pt in catalyzing TMB oxidation
with HyO, as an electron acceptor.

3.2. Characteristics of the Au@Pt nanoparticles

Various synthesis methods have been developed for the preparation
of Au@Pt (Feng et al., 2017; He et al., 2011; Wei et al., 2020). In this
study, we selected a relatively straightforward and time-efficient syn-
thesis method to ensure the reproducibility of the synthesis process. The
obtained Au@Pt nanoparticles were characterized via UV — vis ab-
sorption spectroscopy and transmission electron microscopy (TEM). As
shown in Fig. 1(A), AuNPs with an average diameter of 11.5 nm
exhibited an orange-red color, and a prominent UV-visible absorption
peak was observed at 516.5 nm. Upon introduction of a platinum (Pt)
shell, the solution turned black, with the disappearance of the UV-vi-
sible absorption peak at 516.5 nm. The TEM images in Fig. 1(B) revealed
a morphological transformation of the nanoparticles from spherical to
“popcorn” shaped, indicating the successful deposition of the Pt shells.
These findings align with those from a previous study (Wang et al.,
2018).

3.3. Optimization of the preparation of the Au@Pt-antibody conjugates

3.3.1. pH of the coupling solution
Biomolecules can adhere to the surface of Au@Pt through
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electrostatic adsorption, forming a dense electronic layer on the sub-
strate (Zeng et al., 2019). Adjusting the pH can impact the electronic
properties of the Au@Pt surface, which in turn affects the binding effi-
ciency of biomolecules. In this study, the pH of the coupling solution was
adjusted to 6, 7, 8, 9, or 10 using 150 mM K,COj3 before the antibody was
introduced for coupling. The optimal pH was determined on the basis of
the By value (the OD value in the absence of AFB;) and the inhibition
rate (B/By, which represents the ratio of the OD values with and without
0.0625 ng/mL AFBj). The results revealed a decrease and then an in-
crease in the inhibition rate between pH values of 6 and 9, reaching a
minimum at pH 7, as shown in Fig. S1(A). Conversely, the By value
increased but then decreased from pH 6 to 10, peaking at pH 8. While
the inhibition rate was modestly greater at pH 8 than at pH 7, the By
value increased significantly. Considering both factors, a pH of 8 was
determined to be the optimal condition in this study.

3.3.2. Amount of antibody used for conjugate construction

The anti-AFB; monoclonal antibody binds specifically to the antigen,
and the amount of antibody attached to the Au@Pt surface significantly
impacts the OD value and sensitivity of the assay. To determine the
optimal amount of antibody, varying volumes of AFB; monoclonal
antibody (0.1 mg/mL), specifically 2.5, 5, 7.5, 10, 12.5, 15, and 17.5 pL,
were individually added to the Au@Pt solution for coupling. The eval-
uation was based on criteria that included the measured By value and
inhibition rate, similar to pH optimization. According to Fig. S1(B), the
By value initially increased but then decreased, reaching a peak at 15 pL
within the range of 2.5-17.5 pL. Simultaneously, the B/By value
decreased, followed by an increase, with its minimum at 15 pL. Conse-
quently, the optimal antibody amount was determined to be 15 pL (0.1
mg/mL).

3.4. Optimization of enhancement conditions for PtNPs

On the basis of prior studies (Lee et al., 2010; Taron et al., 2020),
AuNPs clearly exhibit considerable inhibition of their enzyme-like ac-
tivity upon adsorption by biomolecules. Our research revealed a similar
issue with Au@Pt. Typical Michaelis-Menten curves were generated
within a specific range of HyO, or TMB concentrations, as illustrated in
Fig. S2. Ky, was calculated via the Lineweaver-Burk equation. The re-
sults (Table 1) indicated a lower K, value of Au@Pt than that of HRP
toward TMB, whereas conversely, the Ky, value of Au@Pt was higher
than that of HRP toward H2O,. This observation is in line with previous
research (Mora-Sanz et al., 2020). Furthermore, upon antibody modifi-
cation, the K, values of Au@Pt toward both TMB and H,0, increased,
indicating a reduced affinity of antibody-labeled Au@Pt for TMB and
H505 (Wei et al., 2020).

Recently, an in situ enhancement method has been employed to
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Table 1 adsorption onto the antibody or BSA protein surface and self-assembly

Km and Vinax value of HRP, Au@Pt, Au@Pt probe, PtNP-enhanced Au@Pt probe onto the Au@Pt surface to form nanoclusters. Both of these mecha-

to TMB and H305. nisms are related to the pH of the reaction system (Yuan et al., 2022).

Concentration ~ TMB H,0, Hence, we performed a comparative analysis of various pH values

(nM) . Vo K. Vo ranging from 5 to 10. As shown in Fig. 2(A), pH 6 was optimal on the

mM) (1077 (mM) (10°® basis of assessments of By values and inhibition rates. Additionally, the

Ms™) Ms™) findings depicted in Fig. 2(B) supported the signal amplification attri-

HRP 50.0 0.942 928 0.215  10.7 bute of the PtNPs. This observation indicates that the development of a

Au@Pt 0.49 0.600 6.81 187  6.13 yellow color occurs within the system incorporating the Au@Pt probe

Au@Pt probe 0.774  4.33 30.7 8.84 alongside HoO5 and TMB. Furthermore, following treatment with the

PtNP-enhanced 0.879 541 13.3 7.31 PtNP enhancing solution, the yellow color markedly increased in
Au@Pt probe intensity.

Notably, a comparison between the immunoassays with and without
the Au@Pt probe (Fig. S3) revealed substantial nonspecific adsorption at
relatively lower pH values, such as pH 5, and higher pH values, such as
pH 10. However, lower nonspecific adsorption was observed at pH 6 and
pH 7. This observation suggests that by regulating the pH, we can
selectively deposit PtNPs on the Au@Pt probe. Nevertheless, we were
unable to confirm whether the PtNPs were bound to the antibodies
through electrostatic adsorption or to Au@Pt by self-assembly at this
time.

amplify the detection signal of AuNP-based ELISA. To illustrate, a gold
or platinum shell has been formed onto the antibody-coated AuNP
probes by reducing gold or platinum-enhancing solution, thereby initi-
ating the catalytic activity of these probes (Li et al., 2018; Taron et al.,
2020). These methods exhibit a common feature in that the enhance-
ment process occurs after the specific recognition between the antibody
probe and target molecule, thus circumventing the need for catalysts to
be modified with detection antibodies and preventing the diminished
catalytic activity resulting from the obstruction of catalytic active sites.
PtNPs are recognized for their exceptional catalytic properties, which
catalyze the decomposition of HO5 to generate Oy (Zhu et al., 2015).
Therefore, we prepared PtNPs and modified them onto the Au@Pt probe
via an in situ deposition method. This resulted in the generation of
synergistic composites that merged the superior characteristics of both
materials (Li et al., 2024), which harnessed the benefits of the easy
surface modification of Au@Pt alongside the considerable catalytic
effectiveness of PtNPs.

3.4.2. Enhancement time, concentration of PtNPs, and enhancement
temperature

To further improve the sensitivity of the proposed immunoassay,
parameters such as the incubation time, PtNP solution concentration,
and incubation temperature during the enhancement process were
evaluated. As shown in Fig. 2(C-E), both the By value and the inhibition
rate were influenced by these factors. The optimal conditions were
determined to be an enhancement time of 2 min, using a 500-fold
dilution of PtNP solution, at an enhancement temperature of 20 °C.
These conditions were found to provide a suitable sensitivity and

3.4.1. pH of PtNP enhancing solution detection range.

We hypothesized two potential mechanisms for the deposition of
PtNPs onto the Au@Pt probe: electrostatic interactions leading to
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3.5. Optimization of the TMB and H»0; concentration in the chromogenic
solution

The rate of the redox reaction catalyzed by the PtNP-enhanced
Au@Pt probe is influenced by the concentrations of TMB and H30,.
Fig. S4(A) shows the effect of varying the TMB concentrations on the
catalytic reaction. The By value increased and eventually stabilized.
Conversely, the inhibition rate initially decreased and then slightly
increased, and it seemed to reach its minimal value at a concentration of
2.5 mM. With these factors in mind, a TMB concentration of 2.5 mM was
selected for subsequent experiments. Additionally, the effect of the HoO5
concentration on the By value and inhibition rate was further assessed
within a range of 0.5 to 1.5 M. The results, illustrated in Fig. S4(B),
demonstrated a consistent increase in the By value. Moreover, the B/Bg
value first decreased and then increased, reaching a minimum at a
concentration of 0.9 M. Consequently, a HoOy concentration of 0.9 M
was utilized for the experiment.

3.6. Characteristics of PtNP-enhanced Au@Pt Nanozymes

The HRTEM, HAADF-STEM, and EDS mapping images revealed no
significant difference in shape between the Au@Pt probe and the PtNP-
enhanced Au@Pt probe (Fig. 3). This could have been related to the
lower deposition of PtNPs, as indicated by the ICP-OES results (Fig. S5).
Compared with the pre-enhancement state, the proportion of Pt ele-
ments only increased by only approximately 1 %. Furthermore, we
conducted TEM characterization of the PtNPs. Despite the suboptimal
dispersion of PtNPs in the images (Fig. S6), it was still possible to
observe that the size of each nanoparticle was similar to that of the
surface platinum of Au@Pt. This result can also explain the lack of any
noticeable difference in appearance in the TEM images before and after
enhancement.

In Section 3.4.1, we concluded that by regulating the pH, PtNPs
could be selectively deposited on the Au@Pt probe. However, the exact
mechanisms underlying this process have not yet been clarified. The
results shown in Fig. 3 enable us to hypothesize that PtNPs are more
prone to self-assembly on Au@Pt, rather than binding themselves to
antibodies or BSA proteins on the surface of Au@Pt. If protein binding
indeed occurred, we would probably have seen gaps between the PtNPs
(used for signal enhancement) and the surface platinum of Au@Pt in the
TEM images, due to the inherent volume of the protein. However, no
such gaps were observed.
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A comparative analysis of the catalytic efficiency between of PtNP-
enhanced Au@Pt probe, the Au@Pt probe, and unmodified Au@Pt
was subsequently conducted. The results presented in Table 1 revealed
that the Ky, value for HyO3 of the PtNP-enhanced Au@Pt probe was 13.3
mM, which was 17.4 mM lower than that of the Au@Pt probe.
Conversely, the K, value for the TMB of the PtNP-enhanced Au@Pt
probe was calculated to be 0.879 mM, which was slightly greater than
that of the Au@Pt probe. Ky,,, which is a critical parameter, signifies the
affinity between an enzyme and its substrate. Hence, we consider that
the signal enhancement primarily stems from the increased affinity of
H»0; for the PtNP-enhanced Au@Pt probe. Furthermore, our observa-
tions indicate that the adsorption capability of H,O2 was notably higher
in the PtNP-enhanced system than in the unmodified Au@Pt system.
This highlights the effectiveness of PtNP enhancement as a strategy for
signal amplification.

3.7. Optimization of the concentration of of the antigen and antibody-
modified Nanozyme probes

This study determined the optimal detection sensitivity through a
checkerboard titration of the antigen and the Au@Pt probe concentra-
tion. The data analysis presented in Table S2 revealed that the optimal
OD value, which is generally accepted as suitable in the absence of AFB;,
was achieved when the antigen coating concentration was 0.25 pg/mL
and the Au@Pt probe was diluted 15-fold, or when the antigen coating
concentration was 0.125 pg/mL and the Au@Pt probe dilution factor
was 10. Then, inhibition curves (Fig. S7) were generated using various
concentrations of AFB; standard solution under the specified experi-
mental parameters described above. Evaluation of the ICs values from
the two established inhibition curves revealed that the most favorable
conditions for the immunoassay involved an antigen concentration of
0.25 pg/mL and a dilution factor of 15 for the Au@Pt probe.

3.8. Comparison of the sensitivity of PtNP-enhanced Au@Pt-ELISA with
that of traditional ELISA

Owing to the commercialization of enzyme-labeled secondary anti-
bodies, traditional indirect competitive ELISA (ic-ELISA) has become a
commonly used method for high-throughput screening of mycotoxins.
However, its practical applicability is somewhat limited because of its
relatively low sensitivity and long detection time limit. Comparative
analysis revealed that our newly established method has a detection

Fig. 3. HRTEM characterization of (A) Au@Pt probe and (F) PtNP-enhanced Au@Pt probe; HAADF-STEM and EDS mapping of Au@Pt probe (B-E) and PtNP-

enhanced Au@Pt probe (G-J).
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limit (LOD) that is approximately six times lower than that of conven-
tional ic-ELISA (Fig. S8). Furthermore, our method adopts a direct
competitive mode, eliminating the need for secondary antibodies,
thereby reducing the detection time by approximately 1 h compared
with that of ic-ELISA.

3.9. Sample analysis

3.9.1. Optimization of sample pretreatment methods for lotus seed powder
The primary chemical constituents in lotus seeds are flavonoids,
organic acids, sterols, terpenoids, lipids, proteins, and carbohydrates
(Arooj et al., 2021). These substances may be coextracted with AFB;,
consequently disturbing antigen-antibody recognition and causing
inaccurate results, such as false-positives or false-negatives. Thus,
developing an efficient sample pretreatment method to minimize matrix
interference is vital for ensuring assay accuracy. In accordance with the
findings of our prior investigation (Guan et al., 2022), we initially
optimized the extraction solvent by evaluating the ratio of By values
between the matrix blank and the solvent blank and the ratio of inhi-
bition rates between the matrix-spiked solution and the solvent-spiked
solution with identical AFB; concentration. When the extraction sol-
vent was 90 % acetonitrile, these two ratios were close to 1.0 (Table S3),
indicating minimal matrix interference. Similarly, optimization of the
dilution solvent revealed that the use of PBS containing 0.01 % Tween
20 resulted in the least matrix interference (Table S4). Therefore, we
selected 90 % acetonitrile as the extraction solvent and PBS containing
0.01 % Tween 20 as the dilution solvent for subsequent experiments.

3.9.2. Method validation

To validate the accuracy of the PtNP-enhanced Au@Pt-ELISA, a lotus
seed powder sample, which was previously confirmed to be negative by
LC-MS/MS, was spiked with AFB; at various concentrations (2.5, 5, and
10 pg/kg). The recoveries of the fortified lotus seed powder samples
were determined via PtNP-enhanced Au@Pt-ELISA, and the results are
shown in Table S5. The recoveries ranged from 87.90 % to 92.45 %, with
arelative standard deviation (RSD) of less than 14 %. These results meet
the accuracy and precision requirements specified by COMMISSION
REGULATION (EC) No 401/2006. On the basis of the definitions in the
supplementary materials (Section S2), the LOD and limit of quantitation
(LOQ) were determined to be 1.6 and 4.3 pg/mL, respectively, which are
equivalent to 0.32 and 0.86 pg/kg in the initial solid samples. Notably,
the LOD and LOQ of the nano-ELISA developed in this study satisfy the
maximum limits (MLs) defined by COMMISSION REGULATION (EC) No
1881/2006. This regulation sets the limit for AFB; at 2 pg/kg in cereals
and products derived from cereals. Moreover, they also meet the 5 pg/kg
limit for lotus seeds specified in the Chinese Pharmacopoeia 2020 edi-
tion. The detection range was from 0.0043 to 0.131 ng/mL (with an
inhibitory concentration range of 20-80 %), corresponding to
0.86-26.2 pg/kg in the initial solid samples.

Moreover, the specificity of the proposed immunoassay for AFB,;
detection was evaluated through the analysis of the cross-reactivity of
three structural analogs of AFB; (AFB,, AFGy, and AFGy,), which are the
analogs most likely to coexist with AFB;. The cross-reaction rates of
AFBy, AFGy, and AFG, were 39.93 %, 0.74 %, and 0.72 %, respectively
(Fig. 4). These findings confirm the high specificity of the developed
nanozyme-based ELISA method.

Finally, matrix effect assessment was conducted, which involved
comparing the calibration curve slope derived from standard solutions
with that derived from matrix-matched standard solutions. The slope
ratio, which was obtained from the matrix-matched standard and the
solvent standard curve, was found to be 0.97. This suggests that the
sample's matrix effect was within acceptable levels. Thus, the matrix-
matched curve could be replaced by a solvent curve in the analysis of
real samples.
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Fig. 4. Cross-reaction curves of AFB;, AFB,, AFG;, and AFGa.

3.10. Real samples detection

The established method was used to detect 18 batches of randomly
purchased lotus seed powder samples. Among these samples, 13 batches
were positive, with contamination levels between 3.23 and 249.95 pg/
kg. The positive samples were also tested via the confirmatory LC-MS/
MS method, and representative chromatograms are shown in Fig. S9. A
correlation analysis was performed between the Au@Pt-ELISA results
and the confirmatory LC-MS/MS data, which revealed a correlation
coefficient of r = 0.9888, indicating the method's accuracy and reli-
ability. This is depicted in Fig. S10. Lotus seed powder is obtained by
grinding the seeds, which makes it difficult to judge its quality based on
appearance. Our detection results revealed that the contamination rate
of lotus seed powder is much higher than that of the raw lotus seed
materials reported previously (Qin et al., 2020). Current research fo-
cuses predominantly on aflatoxin contamination in raw lotus seed ma-
terials, with limited data available regarding aflatoxins contamination
in related lotus seed products, such as lotus seed powder. Given our
findings, it is imperative to intensify research in this area to ensure food
safety.

3.11. Comparison of the proposed Au@Pt-based ELISA with other
reported immunoassays

In the development of nanomaterial-based immunoassays, the
preparation of nanomaterial-antibody conjugate is a crucial step that
significantly influences the performance of the detection method. To
increase the reproducibility of the probe labeling process, this study
employed a relatively simple electrostatic adsorption method, which,
compared with covalent modification, presents distinct advantages in
reducing the preparation time (as outlined in Table S6) and simplifying
the operational steps. Furthermore, the data in Table S6 reveal that the
detection sensitivity of the method developed in this research is higher
than that of the previously reported AFB; rapid detection method for
lotus seeds. Despite the detection time per assay being longer than those
of some detection modes, such as immunochromatographic test strips,
the advantage of this method is its ability to analyze nearly 25 samples
simultaneously on a single microplate. This significantly increases the
efficiency of high-throughput sample screening.

4. Conclusions

In summary, this research introduces a highly sensitive and conve-
nient method for AFB; screening in lotus seed powder via PtNP-
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enhanced Au@Pt-ELISA. The peroxidase-like activity of the Au@Pt
probe, previously inhibited by attached antibodies, was significantly
enhanced by the in situ deposition of PtNPs. This improvement allows
for PtNP-enhanced Au@Pt as a signal amplification system instead of the
conventional HRP system in ELISA, resulting in increased sensitivity.
The LOD achieved was 1.6 pg/mL (0.32 pg/kg), approximately 6-fold
lower than that of conventional ELISA. Furthermore, the direct
competitive model of the proposed method simplified the operational
steps, reducing the detection time by about an hour compared to
traditional ic-ELISA. We also optimized the sample preparation pro-
cedure to minimize matrix interference and ensure assay accuracy. The
obtained spiked recoveries ranged between 87.90 % and 92.45 %, with
an RSD of less than 14 %, demonstrating good accuracy and precision.
Lastly, a quantitative analysis of AFB; in 18 batches of lotus seed powder
samples was conducted, and the results were strongly correlated with
the LC-MS/MS results. While numerous analytical techniques have been
devised for the rapid detection of small-molecule compounds via the
catalytic activity of nanozymes, to the best of our knowledge, this study
represents the first report of increasing the catalytic efficacy of nano-
zymes by employing in situ deposition of PtNPs. This straightforward
and efficient signal amplification approach may serve as a reference for
developing other analytical methods utilizing nanozymes as recognition
elements and signal markers.
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