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Abstract: Mycotoxins are toxic compounds produced as secondary metabolites by certain types of
filamentous fungi under specific conditions. The contamination of nuts and nut-related products
with mycotoxins is a significant global concern due to their severe consequences on human health,
including carcinogenicity and immunosuppression. Aflatoxins, with a particular emphasis on afla-
toxin B1, are the most common and toxic mycotoxins found in human food. Aflatoxin B1 (AFB1)
is known to be highly toxic and carcinogenic. Consequently, global food regulatory organizations
have established permissible levels for mycotoxins in nuts. Numerous methodologies have been
developed for the detection of mycotoxins in nuts. However, high-performance liquid chromatog-
raphy (HPLC) and ultra-high-performance liquid chromatography coupled with triple quadrupole
mass spectrometry (UHPLC-QqQ-MS/MS) have shown clear benefits in terms of effectiveness and
sensitivity. This review aims to provide a comprehensive overview of the major mycotoxins found
in nuts, their physiological effects, and their worldwide prevalence. Additionally, the review will
focus on nut sample pretreatment methods, analytical techniques employed for mycotoxin detection
in nuts, and recent advancements in materials and solvents used for this purpose. Significant gaps
exist in mycotoxin detection in nuts, including methodological variability and insufficient data from
certain nut-producing countries that need further exploration in the future.

Keywords: nuts; mycotoxins; quantification; prevalence; pretreatment processes

1. Introduction

Mycotoxins, a group of secondary metabolites produced by filamentous fungi, have
attracted significant attention due to their various effects on human and animal health [1,2].
The term “mycotoxin” was used for the first time in the 1960s in the UK to characterize a
toxin found in peanuts used for animal feed. It was linked to the sudden death of turkeys
after consuming contaminated peanuts (Turkey-X disease) [1,3]. Mycotoxins are small
molecules (molecular weight < 700) mainly produced by fungal genera such as Aspergillus,
Fusarium, and Penicillium [2,4].

Over 400 mycotoxins have been identified, but only a few species pose food safety
concerns as they have been reported to contaminate food, including nuts [2,5]. These
include aflatoxin B1 (AFB1), aflatoxin B2 (AFB2), aflatoxin G1 (AFG1), aflatoxin G2 (AFG2),
aflatoxin M1 (AFM1), aflatoxin M2 (AFM2)), ochratoxin A (OTA), patulin, zearalenone
(ZEA), fumonisins (including fumonisin 1 (FB1) and fumonisin B2 (FB2)), citrinin (CIT),
fusarenon-X (FUS-X), diacetoxyscirpenol (DAS), trichothecenes (including T-2 toxin (T-2),
HT-2 toxin (HT-2), nivalenol (NIV), and deoxynivalenol (DON) [2,5]. They can contaminate
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a variety of nuts [1,5]. Contamination can occur pre- or post-harvest, and many condi-
tions enhance the production of mycotoxins by fungi, such as water activity, moisture,
temperature, and storage conditions. Mycotoxins are usually thermostable, even at high
temperatures (80-121 °C) during nut processing (roasting, drying) [6]. Approximately
25% of the world’s food crops, including nuts, are contaminated annually, resulting in
significant agricultural and industrial losses [7,8].

Different species of fungi can coexist in the same nut product and produce various
mycotoxins. These mycotoxins can act synergistically or have cumulative effects, making
the overall toxicity more complex and posing additional risks to human and animal health.
Additionally, nut products may contain masked mycotoxins. These modified derivatives are
produced during the metabolism of mycotoxins by plants and animals through enzymatic
processes and chemical reactions. They are referred to as “masked” because they cannot be
detected by the analytical methods typically used for mycotoxin detection. However, they
can be released into toxic-free forms during digestion and nut processing methods, which
increases the risk to human and animal health [1,9].

Nuts are frequently consumed in the Mediterranean region due to their numerous
benefits. They are rich in healthy fats (monounsaturated and polyunsaturated fats), proteins,
fibers, vitamins (such as vitamin E and vitamin K), and minerals (like magnesium and
potassium) [10]. The term “nut” is used to describe all types of nuts consumed by humans.
Nuts are categorized into two main classes: tree nuts, which are one-seeded fruits growing
on trees (including pistachios, hazelnuts, almonds, and cashew nuts), and groundnuts,
which grow underground and belong to the Leguminosae family, such as peanuts [11,12].

The widespread presence of mycotoxins in nuts and their high toxicity has become a
worldwide concern. Several national and international organizations, such as the US Food
and Drug Administration (FDA), the World Health Organization (WHO), the Food and
Agriculture Organization (FAO), and the European Food Safety Authority (EFSA), have
addressed the problem of mycotoxins through various regulations, recommendations, and
regulatory guidelines for major mycotoxins found in food and feedstuffs [1,2]. For instance,
the EU limits the sum of aflatoxins (AFB1, AFB2, AFG1, AFG2) in pistachios, and almonds
are set at 15 pug/kg, while the FDA sets the limits for total aflatoxins at 20 pg/kg [7]. The
EU sets the maximum limits for OTA (Ochratoxin A) in nuts at 10 g/kg for dried nuts, and
the maximum levels for fumonisins are 200-500 g/kg in foods, including nuts [7,13].

Although numerous studies have been published on the presence of mycotoxins in
food and feed, however, to the best of our knowledge, a detailed overview of the occurrence
of mycotoxins in nuts and the main developments in mycotoxin investigation in nuts has
not fully been explored. The first section of the paper explores the presence of mycotoxins
in nuts and their toxic effects, as well as the global prevalence of mycotoxins. It highlights
the key mycotoxins commonly found, such as AFs, FBs, and OTA. The subsequent section
examines common pretreatment methods, including solid-phase extraction (SPE)-based
approaches, dispersive liquid-liquid microextraction (DLLME), and QuEChERS (Quick,
easy, cheap, effective, rugged, and safe). It discusses their advantages and limitations,
providing an update on pretreatment methods. Finally, a summary of the conventional
techniques used for mycotoxin detection in nuts is presented. The detection techniques
are divided into indirect techniques, such as high-performance liquid chromatography
(HPLC), and direct techniques, such as enzyme-linked immunosorbent assay ELISA. The
recent advances in these techniques are discussed, and the efficiency and sensitivity of each
technique in the tested samples are compared.

2. Classification and Toxicity of Major Mycotoxins in Nuts

Numerous food crops, including nuts, are contaminated with various mycotoxins,
which has raised global concerns about the effects of these mycotoxins when consumed
by humans. The ingestion of mycotoxins can lead to the development of acute or chronic
diseases resulting from long-term exposure to low doses of mycotoxins. These diseases
include various types of cancer, hepatic diseases, as well as immunological and neurological
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disorders. Table 1 provides a list of the major mycotoxins found in nuts and their toxic
effects on the health of mammals, including humans and different animals.

The International Agency for Research on Cancer (IARC) has classified mycotoxins into
three groups based on their carcinogenicity to humans since 1987 [7,14,15]. Group 1 contains
aflatoxins AFB1, AFB2, AFG1, AFG2, and AFM1, with AFB1 being the most toxic and potent
carcinogen [3,5,14]. AFM1 was reclassified from Group 2B to Group 1 due to recent evidence
of its carcinogenic potential [15]. Group 2B includes fumonisins and ochratoxin A, with FB1
being the most potent fumonisin. Group 3 comprises mycotoxins like trichothecenes, ZEA,
and patulin, for which there is currently no evidence of carcinogenicity in humans [3,15].

Table 1. Major mycotoxins contaminating the nuts and their impact on mammalian health.

Mycotoxins Genus Major Effects References
TA Alternaria High acute toxicity, precancerous changes in the [16]
mucosa of mice esophagus
. e Nephrotoxic, carcinogenic, teratogenic, neurotoxic,
. . . 1,2,7
OTA Aspergillus, Penicillium embryotoxic, inhibition of DNA and RNA synthesis [1,2/7]
Human gastrointestinal illness, autoimmune disease,
DON Fusarium stimulates inflammation, inhibition of translation [6,7]
and protein synthesis, nausea, vomiting, diarrhea
FBs Fusarium Carcinogenic, hepatotoxic, nephrotoxic, liver cancer [1,7,17]
Aspergillus flavus Immunosuppression, reduction of children growth,
Aflatoxins per: .Y reduction of reproductivity, acute hepatitis, [1,7,8,17]
Aspergillus parasiticus . . . . .
carcinogenic, hepatotox1c, mutagenic, teratogenic
T-2 toxin Fusarium Inhibition of protein .synthes1s ar.1d mitochondrial [2,9,18]
function, cytotoxic
ZEA Fusarium Estrogenic effects (fertility problems, breast [1,7.17]

augmentation)

3. Contamination of Nuts

Nuts, including peanuts, almonds, cashew nuts, and pistachios, are exposed to contam-
ination by mycotoxins due to their high fat content and various factors that can influence
their contamination. These factors include pre- and post-harvest conditions, storage con-
ditions, geographical location (warm and humid climates are favorable for mycotoxin
production), and season (tropical and subtropical climates are more susceptible to con-
tamination). Common mycotoxins found in nuts include Afs and OTA. Mycotoxins have
become a leading concern, correlating with an increasing frequency of notifications in
the “Rapid Alert System for Food and Feed” (RASFF). Mycotoxin contamination poses
a significant challenge in the export of tree nuts and peanuts from the United States to
European Union (E.U.) countries, leading to frequent rejections due to aflatoxin (AF) levels
exceeding established limits. Almost 99% of U.S. mycotoxin notifications reported to the
Rapid Alert System for Food and Feed (RASFF) from 2010 to 2019 were linked to AF
contamination, notably affecting almonds, pistachios, and peanuts. A substantial majority
of these notifications (57.9%) surpassed the FDA action level for food (>20 ng g_l) [19].
The EU-RASFF recorded 4752 mycotoxin notifications for food products between 2011 and
2021, with 63% related to “Nuts, Nut products, and Seeds”. Groundnuts, highly suscep-
tible to aflatoxins, accounted for the majority of incidents. The notifications for nuts and
nut products increased from 8% in 2012 to a peak of 16% in 2018, reflecting an ongoing
concern and emphasizing the need for enhanced control measures [20]. Table 2 provides
information on mycotoxin levels in different nuts and countries, as well as the analytical
techniques used for their detection.
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Table 2. Mycotoxin contamination in nuts: an international investigation on prevalence and levels

across different countries.

Number of

Detection

Country Nuts Samples Mycotoxin Types Mean Methods References
. . Total AFs: 6.70 & 3.40 ug/kg
Pistachios 8 AFB1: 445 + 2.64 ug/kg
Roasted 3 Total AFs: 1.33 £ 0.88 ug/kg
hazelnuts AFB1: 1.33 £ 0.88 ug/kg
Aleeri Shelled 8 Total AFs: 2.12 &+ 1.56 ug/kg
Shelled 3 Total AFs: 7.10 & 3.80 ug/kg
peanuts AFB1: 6.30 £ 3.64 ug/kg
Unshelled 3 Total AFs: 4.90 £ 2.44 pug/kg
walnuts AFB1: 3.42 £+ 1.35 ug/kg
CPA: 493-4300 pg/kg
) Peanuts 50 CPA/AFB1/AFG1 AFB1: 435-625 ug/kg
Argentina AFG1: 83-625 ug/kg TLC-UV [21]
Peanuts 38 CPA CPA: 1-10 ug/kg
Peanuts 22 Total AFs: 27.5 &+ 44.7 ug/kg
Brazil Total AFs ILC + [22]
Cashew nuts 12 Total AFs: 3.3 & 2.3 ug/kg HPLC
Almond 25 Total AFs: 1.16 & 0.03 ug/kg
Chestnut 33 Total AFs: 20.03 + 0.64 k - -
China et Total AFs oo He/kg omed el
Hazelnut 20 Total AFs: 2.10 £ 0.17ug/kg
Walnut 35 Total AFs: 1.16 & 0.01 ug/kg
Total AFs: 0.03-28.39 ug/kg
AFB1: 0.15-22.39 pg/kg
Peﬁectls 65 AFB2: 0.03-6.00 ug/kg
peant AFG1: 0.42-11.73 ug/kg
AFG2: 0.12-2.36 ug/kg
Total AFs: 0.02-1.20 pug/kg
AFB1: 0.14-0.32 ug/kg
China Walnuts 18 ol ‘:1;5/ AIE}/ AFB2: 0.02-0.70 ug/kg HPLC [24]
2/ AFG1/AFG2 AFGI: 0.36-0.83 pg/kg
AFG2; 0.07-0.12 pg/kg
Total AFs: 0.19-0.25 ug/kg
AFB1: 0.19-0.23 ug/kg
Pine nuts 12 AFB2: 0.02 pug/kg
AFGI1: nd
AFG2: nd
Total AFs: 2.5 pug/kg
AFB1: 1.0 ug/kg
AFB2: 0.7 ug/kg
Fresh peanuts 35 AFGI: 0.2 ug/kg
AFG2: 0.6 ug/kg
Total AFs/ AFM1: nd
China AFB1/AFB2/ AFM2: nd UHPLC- [25]
AFG1/AFG2/ Total AFs: 323.3 pg/kg MS/MS
AFM1/AFM2 AFB1: 2451 pg/kg
AFB2: 635 ug/kg
Musty )
peanuts 5 AFG1: 0.03 ug/kg

AFG2: 0.4 ug/kg
AFM1: 13.6 ug/kg
AFM2: 0.7 pg/kg
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Table 2. Cont.

Number of . Detection
Country Nuts Samples Mycotoxin Types Mean Methods References
Congo Peanuts 60 AFB1 AFBI: 229.07 ug/kg TLC [26]
Total AFs:
Chilgoza pine Total AFs N i8€i2785 e/ke
India nuts o8 OTA 0.002253 = 0.000487 g /kg HPLC [27]
Patulin PAT
PAT:
0.004556 + 0.002219 ug/kg
TLC-UV
India Walnuts 62 AFB1 AFBI: 140-1220 ug/kg spectro- [28]
photometer
HPLC
. . Total AFs: 0.0073 ug/kg TLC-
Iran Pistachios 10,068 Total AFs/AFB1 AFBL: 0.0059 pg/kg coupled to [29]
scanner
e Almonds: Total AFs:
Almonds, 34.6 ug/kg
apricot AFB1: 30.9 ug/kg
kernels, ;
e  Apricot kernels: Total
chestnuts,
Italy hazelnuts, 124 Total AFs/AFB1 AFs: 9.9 ug/kg HPLC [30]
peanuts, AFB1: 8.9 ug/kg
pistachios, e  Pistachios: Total
walputs, AFs: 339 ug/kg
Brazil nuts AFB1: 31.9 pg /kg
Raw Total AFs: 17.8-711 ug/kg
groundnut 14 AFBI: 15.5-618 ug/kg
shelled AFB2: 2.31-92.8 ug/kg
Total AFs: 17.2 ug/kg
Walnut 3 AFBI: 13.5 nug/kg
AFB2: 3.63 pg/kg
Roasted Total AFs/ Total AFs: 29.7-179 g /k i
Malaysia oasde AFB1/ N . p hg/kg ELISA kit + [31]
groundnut 10 AFBI: 25.3-126 ug/kg HPLC
in shell AFB2 AFB2: 4.46-33.0 ug/kg
Roasted Total AFs: 40.1-46.0 ug/kg
groundnut 20 AFBI: 32.9-37.9 ug/kg
shelled AFB2: 7.20-8.77 ug/kg
Coated Total AFs: 113-514 pg/kg
nut 20 AFB1: 97.8-453 pg/kg
products AFB2: 15.3-61.7 ug/kg
s AT 130 1 e
i 1 ug/kg LC coupled
Total AFs: 730 & 9.5 ug/kg to fluores-
M Total AFs/AFB1 32
orocco Walnuts 20 otal AFs/ AFB1: 360 + 7.6 yg/kg cence =
detector
Pistachio 20 Total AFs: 163 £+ 5.4 ug/kg

AFB1: 158 + 6.3 ug/kg
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Table 2. Cont.

Number of . Detection
Country Nuts Samples Mycotoxin Types Mean Methods References
Raw 15 Total AFs:
groundnuts 0.029-0.03378 ng/kg
Nigeria ELISA 33
g 12;):1}?2?;1 - Total AFs Total AFs: S (33]
nuts 0.0001-0.0068 ng/kg
Almonds 15 Total AFs: 6.20 & 0.76 ug/kg
without shell AFB1: 490 £+ 1.20 ug/kg
Almonds 14 Total AFs: 4.50 & 1.40 ug/kg
with shell AFB1: 3.20 £ 0.50 ug/kg
Peanuts with 14 Total AFs: 6.10 & 1.30 ug/kg
shell AFB1: 5.50 £ 1.30 ug/kg
Peanuts 1 Total AFs: 7.30 & 1.80 ug/kg
without shell AFB1: 590 + 1.10 ug/k
Pakistan Total AFs/ i HPLC [34]
Cashew nuts 18 AFB1 Total AFs: 4.30 £ 0.78 ug/kg
with shell AFB1: 3.90 £ 0.85 ug/kg
Pistachios 15 Total AFs: 4.90 & 0.90 ug/kg
with shell AFB1: 4.20 £ 0.75 ug/kg
Pistachios 16 Total AFs: 7.10 & 0.85 ug/kg
without shell AFB1: 5.80 £ 0.60 ug/kg
Cashew nuts 12 Total AFs: 5.90+ 0.68 ug/kg
without shell AFB1: 4.50 £ 0.95 ug/kg
Total AFs: 0.20 & 0.14 pg/kg
Raw peanuts AFB1: 0.20 & 0.14 ug/kg
AFB2/AFG1/AFG2: nd
Total AFs: 10.7 & 12.30 ug/kg
AFB1: 8.0+ 7.75 ug/kg
Roarsltetd | AFB2: 0.77 + 1.25 ug/kg
South peanuts 85 Total AFs/AFB1/ AFG1L: 1.04 + 2.02 pg/kg ELISA + [35]
Korea AFB2/AFG1/AFG2 AFG2: 0.87 = 1.75 ug/kg HPLC
Total AFs: 3.41 &+ 0.17 pg/kg
Pistachios AFB1: 3.36 £ 0.14 ug/kg
AFB2/AFG1/AFG2: nd
Total AFs: 7.89 &+ 0.73 ug/kg
AFB1: 6.68 £ 0.60 ug/kg
Assorted nuts AFB2: 1.21 = 0.18 ug/kg
AFG1/AFG2: nd
Total AFs: 1-54 ug/kg
AFBL1: 15.4-35.1 ug/kg
Walnut 26 AFB2: 4-8.1 ug/kg
AFGI1: 1.4-8.2 pg/kg
Tabriz Hazelnut 13 Total AFs/AFB1/ Total AFs: 1-13 pg/kg ELISA + [36]
AFB2/AFGl Total AFs: 1-54 ng/kg HPLC
Pistachio 32 AFB1: 9.5-43.8 ug/kg
AFB2: 0.9-9.4 ng/kg
Total AFs: 11-20 pug/kg
Cj‘i‘tiw 14 AFBI: 18.3 ug/kg

AFB2: 2.7 ug/kg
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Table 2. Cont.

Country Nuts

Number of . Detection
Samples Mycotoxin Types Mean Methods References

Groundnuts

Total AFs: 0.16-60.9 ug/kg
AFB1: 0.16-49.9 ug/kg
151 AFB2: 0.11-11.0 ug/kg
AFG1: 0.59 pg/kg

Total AFs/AFB1/ AFG2: nd

Turkey

Pistachios

HPLC-FLD 37
AFB2/AFG1/AFG2 Total AFs: 0.26-385 ug/kg 1571

AFBI: 0.26-368 ug/kg
151 AFB2: 0.11-11.67 ug/kg
AFG1: 0.79-8.72 ug/kg

AFG2: 0.42 ug/kg

Roasted
almonds

Total AFs: 0.118-0.508 ng/kg
AFB1: 0.118-0.508 ug/kg
50 AFB2: nd
AFG1: nd

Total AFs/AFB1/ AFG2: nd

Turkey

Raw almonds

HPLC-FLD 38
AFB2/AFG1/AFG2  Total AFs: 0.305-0.436 ug/kg [38]

AFBL: 0.165-0.436 ug/kg
50 AFB2: 0.057 ug/kg
AFG1: 0.078 ug/kg
AFG2: 0.071 ug/kg

Zambia Peanuts

Total AFs: 0.43 & 9.77 ug/kg
Total AFs AFB1: 0.45 £ 9.41 ug/kg
92 AFB1/AFB2/ AFB2: 0.15 + 7.87 ug/kg HPLC [39]
AFG1/AFG2 AFG1: 0.04 £ 3.76 ug/kg
AFG2: 0.012 + 2.34 ug/kg

nd: (not detected).

4. Sampling of Nuts

The collection of nut samples for mycotoxin analysis plays a significant role in ensuring
accurate and representative results. Therefore, it is important to establish approaches and
standards to minimize sampling errors. These standards include the collection of samples
from different locations and thorough mixing to ensure the creation of a homogeneous
composite sample [4]. Another approach is to increase the number of samples to be
analyzed in order to minimize analysis errors. To improve the accuracy of mycotoxin
analysis and employ appropriate sampling, the FAO developed an online, free-access
mycotoxin sampling tool in 2013 [14]. This tool enables a better assessment of mycotoxin
contamination in nuts and different foodstuffs.

5. Sample Pretreatment Methods

The pretreatment of nut samples is considered an important and necessary step for
mycotoxin detection in nuts to obtain accurate and reliable results. However, it is time-
consuming and includes many steps, such as sample collection, sample homogenization,
extraction, and clean-up [1]. Depending on the food matrix of the treated samples, clean-up
and extraction steps could be combined into a single step or separated, as is the case
with nut sample analysis [40]. The extraction step, followed by a clean-up step, helps
to reduce the matrix effect that may occur in mycotoxin analysis, which increases the
selectivity and accuracy [41,42]. The matrix effect refers to the influence of components
other than mycotoxins on the analysis. This effect alters the detection of mycotoxins in nuts
by causing a reduction in sensitivity, loss, or enhancement in response, ultimately leading
to underestimated or overestimated results [43]. Figure 1 shows the common methods used
for sample pretreatment in nuts.
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Blending the sample
D Fiber coated
Headspace Adsorption
= _
.. E Immersion Adsorption
= —_— —_—--
= A  Analytes
\V/

Figure 1. Procedure of different pretreatment methods of nut samples ((A): SPE, (B): MSPD,

(C) DLLME, (D) SPME).

In the following section, an overview of the sample pretreatment methods used for
mycotoxin analysis in nuts over the years will be discussed. Table 3 shows examples of
diverse pretreatment methods employed in global mycotoxin analysis of nuts.
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Table 3. Pretreatment methods used in mycotoxin analysis in nuts worldwide.

Detection Pretreatment Extraction
Sample My-cotoxins Method Method Solution/ Stationary Phase Mobile Phase Recovery LOD/LOQ References
Cartridge
Methanol/
Four mycotoxins i\g :’f(})\r?ir’tlc')ill/e Acquity BEH Water (5 mM LOD: Nd
Almonds (AFB1, AFB2, LC-MS/MS QuEChERS MeSO NaC,:l C18 (100 mm X ammonium 82-107% LOQ: 0.3 4_'0 5 o /k [44]
AFG1, AFG2) SRpuct 2.1 mm, 1.7 pm) and 0.1 % FUSUO HEKE
(60:40, v/v) L
formic acid)
Almonds, Six mycotoxins Acetonitrile/
hazelnuts, (AFB1, AFB2, UHPLC-QqQ- water, Na,SOy, Zorbax Plus C18 Methanol/ . LOD: Nd
peanuts, AFG1. AFG2 MS/MS QuEChERS NaCl (100 mm x Water (5 mM 70-120% LOQ: 0.5-1.0 g /k [45]
pistachios, oc—ZOI: 7E A)’ (80:20, v/v) 2.1 mm, 1.8 um) ammonium formate) :0.5-1.0 ug/kg
walnuts ’ -
Almonds, Sixteen ace‘?c/:ietl;i/le /
hazelnuts, mycotoxins (DON, . .
peanuts 3-AcDON acetic acid (94:5:1,
walnuts, 15-AcDON, NEO, Water/Acetonitrile  Kinetex C18 (150 amZ;x/Sr/fl)l/n? ;rcﬂe\fate LOD: 0.3-3.5 ug /k
pine FUS-X, HT-2, DAS, LC-MS/MS QuEChERS (5% formic acid), mm x 4.6 mm, Acetonitrile/ 70-93% L00: 125.5 HE /kg [46]
nuts, T-2, AFB1, AFB2, MgS0,, NaCl 2.6 pm) vater/ FLEITOHE/KE
cashews, AFG1, AFG2, ’ a.g ©072:1
Brazil nuts, OTA, ZEA, FBI, acs /15 /a;)l S
pecan nuts FB2) S
ammonium acetate
Brazil nuts,
peanuts, 4m .
ycotoxins XTerra MS C18 .
hazelnuts, (AFB1, AFB2, HPLC SPE Florisil column (50 mm x 4.8 mm, Water/methanol 79.2-87.5% LOD:Nd [47]
pistachios, AFG1, AFG2) 2.5 um) (63:37,v/v) LOQ: Nd
almonds, . :
walnuts
GC capillar Inertsil ODS-3 Amm r? mn1:4 acetate/
Cashew nuts OTA + OTB LC-MS SPME capriary column (50 mm x oniun acetate 88.8-94.6% LOD: 0.089-0.092 ug/kg [48]
column 2.1 mm, 4 ym) acetonitrile (63:35, v/v)
Four mycotoxins IL-coated ZnO Agilent TC-C18 Acetonitrile/ LOD: 0.01-0.07 ue/k
Groundnuts (AFB1, AFB2, HPLC-FLD SPME nanorods column (250 mm X methanol/water 88.6-99.8% LOQ: 0'12_0'73 s /kg [49]
AFG1, AFG2) adsorbent 4.6 mm, 5 pum) (8:27:65, v/v/v) FUAETUIO HEKE
Tonic .
- Agilent TC-C18 L
liquid-based Acetonitrile o LOD: Nd
Peanuts AFB1 HPLC SPE silica column (250 mm x 4.6 mm, Jwater (40:60, v/v) 80-103.3% LOQ: Nd [50]

(Sil@HIm-Im)

3 um)
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Detection Pretreatment Extraction
Sample My-cotoxins Solution/ Stationary Phase Mobile Phase Recovery LOD/LOQ References
Method Method .
Cartridge
. . Water/
Four mycotoxins Supelcosil LC-18 o . g
Peanuts (AFB1, AFB2, LC-FLD SPE IA column (150 mm x 4.6 mm, acetonitrile/ 90-97% LOD: 0.03-0.08 g/kg [51]
methanol (potassium LOQ: Nd
AFG1, AFG2) 5 pum . N
bromide + nitric acid)
Four mycotoxins C18-bonded Kromasil SC-18 Water/ .
Peanuts AFBI, AFB2, LC-FLD MSPD silicacolumn (150 mm x 4.6 mm, acetonitrile 78-86% LL%%%O@‘_OZ'? Mg //lfg
AFG1, AFG2 (MSPD sorbent) 5 um) (25:75, /) PUASTEO RS
Four mycotoxins .
(AFBI, AFB2, LC-ESI-MS o b0 5 [52]
AFGI1, AFG2) RO KBRS
fOUR mycotoxins TBAC- Inertsil ODS-SP .
Peanuts (AFB1, AFB2, HPLC-FLD DES-MSPD ~ hexylalcohol ~ column (250 mm x Me(g;;‘;ﬂé e BE7-BO% o0 010035 8/ K8 (53]
AFGI1, AFG2) DES 4.6 mm, 5 um o VTS0 HEIKE
L[]
QUEChERS: for Acetonitrile/
Peanuts, Fourteen mycotoxins water (108, 0/0), 7,10y Eclipse Plus Methanol/ LOD: 0.17-45.1 ug/kg
almonds, mycotoxins UHPLC-MS/MS other than MgSOy, NaCl: RHHD C18 Water (0.3% formic 60.7-104.3% LOQ: 0.57-150 g /kg 541
walnuts, (AFB1, AFB2, aflatoxins for mycotoxins (50 mm x 2.1 mm, acid and
pistachios, AFGI1, AFG2, other than 1.8 um) 5 mM ammonium
hazelnuts, OTA, FB1, FB2, aflatoxins formate)
pine nuts, T-2, HT-2, STE, .
macadamia nuts CIT, E-X, DON, itri
7D QUECHERS: Acetonitrile/
+DLLME: for water (10:8, v/v),
aflatoxins MgSOy, NaCl +
DLLME: for
aflatoxins
. Methanol/
Four mycotoxins . o LOD: 0.0002—
Pistachios (AFB1, AFB2, HPLC-DAD SPE z‘l’j}‘zd Ei‘t‘rtigls Axggir(‘f 281(025 Icnr;l Wategﬁ;;ff;‘mﬂe 77-121% 0.003 pg/kg [55]
AFG1, AFG2) cartridge Ao cm, HU K yliyi LOQ: Nd
. t-BME/ LOD: 0.0001-0.0002
Four mycotoxins methanol / /k
Pistachios (AFBi, AFB2, TLC SPE IA column Silica gel TLC-plates . 81-87% HE/ <5 [56]
AFG1, AFG2)

480:15:5,v/v/v

LOQ: 0.0002-0.0003
ng/kg
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Table 3. Cont.
Detection Pretreatment Extraction
Sample My-cotoxins Solution/ Stationary Phase Mobile Phase Recovery LOD/LOQ References
Method Method .
Cartridge
Four mycotoxins HPLC- Water/ v (}:lI:g];i)g o4
Pistachios (AFB1, AFB2, FLD/ SPE IA column 3168 Ifg? g‘mmf Ace toﬁiﬁﬂiré’i/ 2917 61.8-97.8% LOD (TLC): [29]
AFG1, AFG2) TLC ’ S 0/0/2) e 0.2-1 ug/kg
LOQ: Nd
Water/
Four mycotoxins Fe304 magnetic ~ Nova-pak C18 (150 Methanol/ LOD: 0.06-0.35 ug/kg
Pistachios (AFB1, AFB2, HPLC-FLD MSPE nanoparticles mm X 3.9 mm, Acetonitrile (6:4:1, 76.0-112.7% LOQ: 0.2-1.0 [57]
AFG1, AFG2) (MNPs) 4 pum) v/v/v) + KBrand 4 M ug/kg
HNO;
Sixteen
mycotoxins (AFB1, -

Walnuts, AFB2, AFGI, Water /acetonitrile Acetomtrllf /

chestnuts, AFG2, ENA UPLC-QqQ- (10 mMol /L. BEH Water (0.5% LOD: Nd

s, s GRS laidan, S emieeed Loa:Na =

pine e BEA, T-2, ZEA, MgSO;, NaCl : s i

AOH, AME, TEN,
OTA, OTB)

Nd: (not described).
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5.1. Liquid-Liquid Extraction (LLE)-Based Methods
5.1.1. Liquid-Liquid Extraction (LLE)

Liquid-liquid extraction (LLE) procedure is a common method used to separate
mycotoxins in food samples, relying on the differences in solubilities between the liquid
phase (usually aqueous) and an organic phase (such as hexane or cyclohexane, which are
immiscible with water) [1]. However, this method is time-consuming and necessitates
large volumes of solvents [14,58]. Moreover, its efficacy depends on the food matrix. As a
result, several other environmentally friendly methods have been developed for mycotoxin
analysis in nuts, such as dispersive liquid-liquid microextraction (DLLME) [14].

5.1.2. Dispersive Liquid-Liquid Microextraction (DLLME)

Dispersive liquid-liquid microextraction (DLLME) is a method for mycotoxin extrac-
tion in nuts using small volumes of organic solvents [14]. It involves injecting a solvent
mixture into the aqueous sample to form a cloudy emulsion. After reaching equilib-
rium, centrifugation separates the extraction phase containing mycotoxins for quantifica-
tion [14,58].

Only a few studies have utilized the DLLME method for detecting mycotoxins in
nuts [14]. For example, in a study conducted by Arroyo-Manzanare et al. [54], the DLLME
method was developed as an additional step for the determination of four types of aflatoxins
in different nut samples using ultra-high-performance liquid chromatography-tandem
mass spectrometry (UHPLC-MS/MS). The recoveries of the developed method ranged
between 60.7% and 104.3%. The limit of detection (LOD) values for the four aflatoxins were
in the range of 0.18 and 0.29 pg/kg.

5.2. Solid-Phase Extraction (SPE)-Based Methods
5.2.1. Solid-Phase Extraction (SPE)

Solid-phase extraction (SPE) is a widely used method for pretreating nut samples
to analyze mycotoxins [42]. It was introduced in the 1970s [2] and relies on chromato-
graphic principles, utilizing a sorbent material to retain mycotoxins during sample load-
ing [41]. The process involves washing to remove interfering substances, followed by
elution of the analytes using a solvent for further analysis [59]. SPE method relies on
various sorbents with different bonding phases for analyte retention [42]. These include
Cys and Cg for nonpolar compounds, florisil for polar compounds, ion-exchange car-
tridges like propyl sulfonic acid (PRS), and additional adsorbents like immunoaffinity
columns (IACs) and Oasis HLB [1,41,42]. In many studies, C;g cartridge was used for
nut extraction prior to mycotoxin analysis using techniques such as high-performance
liquid chromatography (HPLC) [35,50,55,60,61]. Immunoaffinity chromatography (IAC)
uses antigen—antibody interaction to separate and purify mycotoxins from complex sam-
ples, including nuts [41,42]. It has been applied as a pretreatment method for mycotoxin
analysis in nuts [51,62]. To address nut samples with multiple mycotoxins, researchers
have developed multi-functional IACs with specific antibodies for each mycotoxin. In a
study conducted by Vaclavikova et al. [63], a sensitive and fast method was developed for
the simultaneous analysis of 12 mycotoxins in peanuts. The strategy combined a multi-
functional IAC containing specific antibodies for the 12 mycotoxins with UHPLC-MS/MS.
The developed method was optimized by optimizing the extraction and IAC clean-up
processes. The recoveries for the mycotoxins in peanut samples ranged between 71% and
103%, and each sample run took only about 10 min.

5.2.2. Magnetic Solid-Phase Extraction (MSPE)

Magnetic solid-phase extraction (MSPE) merges SPE with magnetic separation using
materials like Fe304 magnetic nanoparticles, graphene oxide, and metal-organic frame-
works coated with a sorbent material, allowing an easy separation through an external
magnetic field [42,64]. Karapinar et al. [64] established a simple MSPE method using
Fe;04@5i0,@TiO, magnetic nanoparticles with APTMS-CP as an adsorbent, coupled with
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HPLC-FLD for detecting four aflatoxins (AFB1, AFB2, AFG1, and AFG2) in nut samples.
The optimized extraction method involved adjustments in nanoparticle amount, pH, vortex
time, and desorption conditions. The nut samples showed good aflatoxin recoveries (87.7%
to 97.5%), and the LOD values ranged from 0.05 to 0.15 ng/kg.

5.2.3. Solid-Phase Microextraction (SPME)

SPME is a rapid extraction method using a fiber coated with a polymeric material
like polydimethylsiloxane (PDMS) for the adsorption of analytes [42]. It can be applied
by direct immersion in the liquid or headspace exposure of the food sample [59]. After
exposure, the fiber is analyzed in an instrument, transporting desorbed analytes for further
analysis. Initially used for volatile compounds with GC, SPME now includes semi- and
non-volatile compounds, utilizing LC as well [14]. Although the SPME method is limited in
its use for mycotoxin analysis [14], many researchers have employed SPME for the analysis
of mycotoxins in nuts. Tsai et al. [65] developed an optimized SPME-CFI-MS method using
a 2B pencil as the fiber, pH 8, and acetonitrile/ethanol/deionized water with butylamine
for elution. The method was successfully applied to detect traces of AFB1 in peanut
extract samples. Amde et al. [49] synthesized ZnO-NRs coupled to [HMIM][PF;] as an
adsorbent, followed by HPLC for the analysis of four aflatoxins in groundnut samples. The
optimized method included 10 mg of [HMIM][PF;] adsorbent, pH 7, and ultrasonication
with acetonitrile for desorption. The recoveries of blank groundnut samples for the four
aflatoxins ranged between 88.6% and 99.8%. The detection levels of AFB1 and AFB2 in
groundnut samples were 1.08-8.71 ug/kg and 0.17-2.95 ug/kg, respectively. Saito et al. [48]
utilized SPME-LC/MS to detect ochratoxins A and B in nuts, optimizing the method with
Carboxen-1006 PLOT as the SPME capillary column and 20 draw/eject cycles of 40 mL at
pH 3. The method achieved recoveries above 88% and detected ochratoxin levels between
0.7 ng/g and 8.8 ng/g in the nut samples analyzed.

5.2.4. Dispersive Micro-Solid-Phase Extraction (D-pu-SPE)

Dispersive micro-solid-phase extraction (D-pu-SPE) is a variation of SPE that uses
smaller sorbent particles (micro- or nano-particles), enhancing extraction efficiency and
improving recoveries due to their larger surface area. The method involves dispersing
a solid sorbent material into the sample matrix [42,66]. Zhu et al. [67] developed a D-p-
SPE technique using (HMIM)(PF;) coupled to ZnO nanoflowers, followed by HPLC for
detecting aflatoxins in peanuts. Optimal conditions included using 10 mg of (HMIM)(PF)
adsorbent, resulting in high recoveries of aflatoxins in peanuts (93.8-105.1%). The LOD
values for the four aflatoxin types ranged from 0.024 to 0.067 ug/kg. Recently, a two-step
extraction technique combining D-p-SPE and DLLME has been widely used by researchers
to improve mycotoxin recoveries from food samples while minimizing the use of toxic
reagents [66]. Taherimaslak et al. [68] applied this approach to detect total aflatoxins
in pistachio samples using surfactant-enhanced spectrofluorimetry. Optimal conditions
were determined, utilizing 1-heptanol as the extracting solvent, 60 mg of Fe304 magnetic
adsorbent, and 2 mL of acetonitrile as the desorbing solvent. The study achieved high
recoveries for total aflatoxins in pistachio samples, ranging from 91.6% to 99.6%, with total
aflatoxin levels in pistachio nuts between 1.98 and 3.55 pg/kg.

5.2.5. Nanoparticles-Based SPE

Various nanoparticles have emerged as promising adsorbents in the SPE technique due
to their small size, large surface area, and effective interaction with mycotoxins, leading to
increased adsorption capacity, enhanced extraction efficiency, and improved result quality.
Various nanomaterials, including activated carbon-based nanomaterials and MNPs, have
been studied for their application in SPE [69]. Activated carbon’s extensive surface area
enables it to adsorb various compounds, but its selectivity is limited. To enhance selectivity,
boron doping is an effective, low-cost, and non-toxic method, resulting in the activated
carbon-boron (AC-B)-SPE technique. This method offers several advantages, including
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environmental friendliness, simplicity, rapidity, sensitivity, and ease of use [42]. Karapinar
et al. [69] established an AC-B nanocomposite-based method followed by HPLC-FLD for
the analysis of four aflatoxins in nuts. After optimizing the extraction conditions (5 mg
AC-B sorbent, 3 min vortex time, pH 5) and the desorption conditions (3 mL acetonitrile,
3 min), it was applied to the analysis of aflatoxins in nut samples, yielding good recov-
eries (89.5-96.5%). Recent studies have shown that magnetic nanoparticles, especially
Fe30y4, are a promising alternative sorbent for solid-phase extraction (SPE) due to their
large surface area, high selectivity, and enhanced adsorption potential. They have been
widely utilized in magnetic solid-phase extraction (MSPE) for analyzing mycotoxins in
nut samples [57,64]. This extraction method will be further discussed later in the paper. A
new nanocomposite-based sorbent for magnetic dispersive solid-phase extraction (MDSPE)
was created by Karami-Osboo et al. [70] using magnetic nanoparticles from Spirulina algae
with polydopamine surface modification. The adsorbent was characterized using Fourier
transform infrared (FT-IR), X-ray Diffraction (XRD), and field emission scanning electron
microscope (FE-SEM) methods and then applied with HPLC-FLD to analyze four aflatoxins
in pistachio samples, achieving acceptable recoveries (72-95%).

5.3. Matrix Solid-Phase Dispersion (MSPD)

The matrix solid-phase dispersion (MSPD), known also as dispersive solid-phase
extraction (DSPE), is considered as an expansion of the SPE. In MSPD, the nut sample is
first prepared to obtain a homogeneous sample. Then, it is combined with a dispersing
material such as Cjg or silica. The resulting mixture is transferred into a cartridge or
column, and the analytes are eluted from the solid matrix using extraction solvents. Finally,
the eluate, which contains the mycotoxins, is collected for further analysis [14,42]. Bacaloni
etal. [60] employed MSPD extraction with LC-MS/MS to analyze four aflatoxins in hazelnut
samples. Using two sorbents (Carbograph-4 and Oasis HLB) spiked at 1 pug/kg, recoveries
ranged from 70% to 83%, and at various concentration levels, recoveries ranged from 99%
to 116%.

5.4. QUECHERS

The QuUEChERS extraction method (quick, easy, cheap, effective, rugged, and safe) has
recently become commonly used for the extraction of mycotoxins in food, including nuts,
due to the excellent results it provides [41,42,54]. It was first used in a study by Anastas-
siades et al. [71] for the detection of pesticides in fruits and vegetables, and since then, it
has been applied by many researchers for the detection of mycotoxins in foodstuffs [42,72].
An extraction method consists of two steps: liquid-liquid distribution and dispersive
solid-phase extraction (d-SPE). In the first step, analytes (mycotoxins) are extracted from
the sample matrix using an organic solvent like acetonitrile or ethyl acetate, with the aid of
extraction salts (e.g., MgSOy4, NaCl, NaOAc) to remove water and stabilize pH. The second
step involves dispersive solid-phase extraction using sorbents like PSA or C;g to eliminate
impurities like fatty acids and sugars. After centrifugation, the supernatant is collected for
further analysis with different techniques [41,42,54,72,73].

In several studies, researchers have used the QuUEChERS extraction method for the
detection and analysis of different mycotoxins in nut samples, where satisfactory recov-
eries and results were obtained [23,44—46]. A modified QUEChERS technique has been
developed to address challenges in analyzing high-lipid matrices like nuts. Traditional
adsorbents like PSA and C;g face difficulties in mycotoxin extraction due to lipid inter-
ference, reducing efficiency. To overcome this, researchers introduced enhanced matrix
removal-lipid (EMR-lipid) or Z-Sep sorbents, aiming to minimize matrix effects, enhance
recoveries, and improve extraction efficiency by removing fats. Mateus et al. [73] used
a modified QuEChERS method followed by UHPLC-ToF-MS to analyze mycotoxins in
pistachio samples. They compared new sorbents (EMR-lipid and Z-Sep) with traditional
ones (PSA and Cjg) in the d-SPE method. Z-Sep demonstrated superior efficiency with
excellent recoveries (79-120%), while EMR-lipid showed better performance for fumonisin
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analysis. Z-Sep was preferred for its faster and easier performance, and both sorbents were
used for specific mycotoxin analyses in pistachios. Alcantara-Duran et al. [74] developed a
modified QuEChERS method using EMR-lipid as a sorbent for mycotoxin analysis in vari-
ous nut samples. Compared to traditional sorbents like PSA and C;5, EMR-lipid exhibited
enhanced recoveries (75-98%), higher sensitivity, and significantly reduced matrix effects.

5.5. Green Solvents Extraction
5.5.1. Deep Eutectic Solvent (DES)

Researchers are searching for greener alternatives to toxic organic solvents to minimize
environmental impact. Promising options include ionic liquids (ILs), switchable polarity
solvents (SPSs), supramolecular solvents, and deep eutectic solvents (DESs) [53]. DESs have
gained popularity due to their favorable properties, lower toxicity, cost-effectiveness, non-
volatility, and biodegradability. DESs are created by combining a hydrogen bond acceptor
(HBA), like choline chloride or tetrabutylammonium chloride, with a hydrogen bond donor
(HBD), such as urea, amines, amides, or organic acids [75]. Deep eutectic solvent-MSPD
(DES-MSPD) extraction combines MSPD principles with DES as the solvent for aflatoxin
detection in nuts. Wu et al. [53] used this method, optimizing it with TBAC-hexyl alcohol
as the DES solvent, diatomite as the dispersant, and a 1:1 sample-dispersant ratio. The
method exhibited good linearity (R? > 0.994) with low LOD values (0.03-0.10 ug/kg) for
four aflatoxins in peanut samples.

5.5.2. Ionic Liquids (ILs)

Ionic liquids (ILs) are a new type of room-temperature liquid salts. They are formed
from organic positively charged ions (cations) and organic or inorganic negatively charged
ions (anions). They are being used as alternative solvents to organic toxic solvents because
they are considered environmentally friendly. They offer several advantages: high thermal
stability, non-flammability, high solubility, and low vapor pressure. lonic liquids are
currently being used in many extraction techniques (SPE, D-uSPE, SPME) for the detection
of various mycotoxins in nut samples [42,76]. Fang et al. [50] developed an SPE method
using a new IL-based silica, Sil@HIm-Im, for extracting AFB1 in peanut samples. Compared
to another IL-based silica, Sil@BIm-Im, Sil@HIm-Im demonstrated the highest adsorption
efficiency and was chosen as the sorbent. After optimizing the SPE method, HPLC analysis
revealed a concentration of 0.023 ng/kg of AFB1 in the peanut samples.

Recently, the combination of ILs and nanomaterials has been widely explored in the
extraction method for detecting mycotoxins in nuts. Their synergistic effect, when present
together, enhances the extraction efficiency. Moreover, this combination also reduces
the toxicity and environmental impact of the extraction process [49,67]. Zhu et al. [67]
developed a D-puSPE method using an ionic liquid (HMIM)(PFs) and zinc oxide (ZnO)
nanorods for aflatoxin analysis in peanuts. Excellent recoveries (93.8-105.1%) were achieved
for the four aflatoxins. In another study, Amde et al. [49] utilized an SPME method with
the same ionic liquid and ZnO-NRs as adsorbents, achieving recoveries ranging from 88.6%
to 99.8% for the four aflatoxins in groundnuts when coupled with HPLC analysis.

5.6. Combination of Different Pretreatment Methods

The combination of different pretreatment methods when analyzing the sample can be
an efficient approach for reducing matrix effects and enhancing recoveries and sensitivity.
Many researchers have combined various pretreatment methods for the analysis of myco-
toxins in nuts. Arroyo-Manzanares et al. [54] developed a method based on QUEChERS
combined with DLLME, followed by UHPLC-MS/MS, for the determination of four aflatox-
ins in different nut samples. Good recoveries ranging from 60.7% to 104.3% were obtained.
Another study conducted by Rezaee et al. [66] utilized SPE-DLLME, followed by HPLC-
FLD, for the analysis of four aflatoxins in pistachios, and excellent recoveries (85-93%)
were achieved. In a separate study by Taherimaslak et al. [68], DLLME extraction and
d-SPE were combined for the determination of total aflatoxins using surfactant-enhanced
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spectrofluorimetry, with recoveries ranging from 91.6% to 99.6%. The advantages and
disadvantages of different pretreatment methods are summarized in Table 4.

Table 4. The advantages and disadvantages of different pretreatment methods.

Prle\z/t[ze;;t::;;nt Advantages Disadvantages References
e  Reduction of the amount of
solvents used compared to SPE
(95% less solvent) . Low recoveries compared to other
Matrix solid—phase o ngh sample throughput Clean-up procedures [14 77 78]
dispersion (MSPD) e  Combination of extraction and e  High cost of dispersants o
clean-up step
e  Rapid when compared to SPE
(90% less time)
. e  Cartridge could be affected by
e  Less solvents required compared many conditions (pH,
to traditional clean-up method solvent)/Column blocking
Solid-phase extraction o gif%e automated e  Environmentally unfriendly
(SPE) «  High recoveries (+95%) (requires too many solvents [1,41,42,59,79]
Higher selectivity compared to fr(l):tlﬁ) Oa;z;:l to other extraction
LLME and SPME e Requires multi-step equilibrium of
analytes (mycotoxins)
e Less time-consuming than SPE
(no phase separation steps)
e  Environmentally friendly (less
Magnetic solvents use§1) ' . Difﬁcglty .of preparing r.nfagnetic
solid-phaseextraction ¢  Easyand quick sep aration of materials in large quantities [64,76,80,81]
(MSPE) analytes (mycotox1n§) . e  Instability of materials used
No problems of cartridge blocking
Low cost
Simple process (no need for
centrifugation and filtration steps)
e  Excellent recoveries (due to the e  High cost (one-time use
use of monoclonal and polyclonal ~®  for each column)
Immuno- antibodies) . Time-consuming
affinitycolmns e High selectivity (due to the e  Short life of columns [1,41,59]
(IACs) specific antigen—antibody e  Extensive use of toxic solvents
interactions) e  Matrix interferences
e  Cross-reactivity
e One single-step equilibrium of
mycotoxins . L .
Solid- e Simple operation (compared to e  Fiber cloat%ng is tlme—(.:onsummg
phasemicroextraction SPE that requires multiple steps) ® Shgrt l.lfetlme of .the fiber [14,42,59,79,80]
(SPME) e  Lower cost than SPE *  Stripping of coatings
e  No filler blockage

Can be automated
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Table 4. Cont.

Pl’;’iﬁ;ton(‘i‘;nt Advantages Disadvantages References
. Quick
e  Easy
e Cheap
e  Effective o
¢ Rugged e Difficult to be automated
e Safe e  Sample matrices-dependent
QUECHERS e High sensitivity and high (modification is a must insome 47 47 54,73 73 81]
accuracy (detection at very low cases) . .
ppb levels) e An enrichment factor is needed
e  Multi-analyte determination
e  High throughput

Less solvents used compared to
other extraction methods

6. Analytical Quantification of Mycotoxins in Nuts

The detection and quantification of mycotoxins in nut samples are critical to ensure
food safety and prevent health hazards. Analytical techniques play an important role in
identifying and quantifying mycotoxin levels in nuts. These techniques can be categorized
into direct techniques like ELISA and TLC, as well as indirect techniques like HPLC and
LC-MS/MS.

6.1. Indirect Techniques
6.1.1. High-Performance Liquid Chromatography (HPLC)

HPLC is widely used for mycotoxin detection in nuts due to its accuracy and sensi-
tivity. It separates mycotoxins by passing samples through a chromatographic column
using a high-pressure pump, utilizing the differences in their properties. Coupled with
a UV or fluorescence detector, HPLC can be automated, offering increased throughput,
precision, and accuracy compared to other methods like ELISA and TLC [1,41]. Moreover,
it enables automation. However, it suffers from several drawbacks, including the high cost
of equipment, the need for specialized expertise, and the requirement of derivatization
for some mycotoxins [82,83]. Numerous researchers have extensively utilized HPLC to
measure various mycotoxins found in nuts [17,24,27,30,34,38,47,49,50,53,57].

6.1.2. LC-MS

Since 1980, liquid chromatography—mass spectrometry (LC-MS) has become a widely
used technique for mycotoxin analysis due to its many advantages [40]. It involves separat-
ing mycotoxins with reversed-phase LC, followed by ionization and mass analysis [40,84].
While thermospray (MS) was initially common for mycotoxin analysis, electrospray ion-
ization (ESI) has largely replaced it due to higher sensitivity and selectivity, enabling
the detection of lower analyte levels in complex matrices like nuts [40,85]. LC-MS is a
highly sensitive method for mycotoxin detection in nuts, and it has the ability to detect
multi-analytes simultaneously [25,40,86-88]. It can be used to analyze and quantify my-
cotoxins without the need for derivatization [4,25]. However, LC-MS is time-consuming
with variable signal suppression/enhancement due to multiple steps involved [25,40].
Additionally, LS-MS instruments are usually expensive [40]. “Matrix effects” are a major
challenge in mycotoxin analysis, impacting accuracy and precision. These effects arise
from the co-elution of matrix components and their influence on analyte ionization effi-
ciency, resulting in signal suppression/enhancement, particularly in complex matrices
with diverse chemical properties [40,43,89]. Matrix effects appear especially when complex
matrices are analyzed due to the presence of many interferences having different chemical
properties [90]. LC-MS/MS has become a popular technique in mycotoxin analysis in nuts
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in recent years. Almost 80% of all published LC-MS studies on mycotoxins since 2012 have
used LC-MS/MS [89].

Several methods aim to reduce matrix effects in mycotoxin analysis of nuts by LC-MS,
with “dilute-and-shoot” being suitable if highly sensitive LC-MS is present. However,
as many LC-MS instruments cannot detect aflatoxins below EU limits, a clean-up step
might be necessary. The most effective solution could be using stable isotope dilution assay
(SIDA) with a commercial C-aflatoxins internal standard for accurate quantification in food,
including nuts [40,89].

Several assays were developed to increase the sensitivity of the LC-MS/MS technique
and to reduce the matrix effects on mycotoxin analysis in nuts.

SIDA was used for the first time for the detection of aflatoxins in nuts by Cervino
et al. [91], who utilized LC-MS/MS stable isotope dilution assay (SIDA) to detect aflatoxins
in nuts. Deuterated aflatoxins B2 and G2 were synthesized using palladium nanoparticles
and used for quantification. This technique effectively reduced matrix effects, yielding high
recoveries (94-105%) for aflatoxins in almonds. SIDA proved to be a sensitive method for
analyzing aflatoxins in various nuts, even below EU regulatory limits. Xavier et al. [92]
developed an LC-MS technique for aflatoxins analysis in Brazil nuts using the”dilute-
and-shoot” method and atmospheric pressure chemical ionization (APCI). Nut samples
were diluted and injected into the LC-MS instrument after extraction. The technique
demonstrated high sensitivity with low LOD (0.04-0.060 ug/kg) and LOQ (0.08-0.12 pg/kg)
values, achieving accurate quantification of aflatoxins (recoveries: 92-100%). Despite the
need for an expensive instrument and regular maintenance, the technique provided quick
results (total run time was less than 5 min), increased confidence in the findings, and
removed the necessity for a clean-up step. Huang et al. [25] developed a dilute-and-
shoot method using an ultra-high-performance liquid chromatography—-tandem mass
spectrometry (UHPLC-MS/MS) to simultaneously detect six types of aflatoxins (B1, B2, G1,
G2, M1, and M2) in peanuts and their derivative products. Peanut samples were extracted
with 84% acetonitrile, diluted with an acetonitrile/water mixture (10:90, v/v), and then
analyzed using the UHPLC-MS/MS instrument. The developed method demonstrated
good recovery (74.7-86.8%) and excellent precision (RSD < 10.9%).

The sensitivity and selectivity of LC-MS/MS can be influenced by many factors, such
as the choice of columns and the mobile phase. Huang et al. [25] improved LC-MS/MS
sensitivity by using a UHPLC-MS/MS technique with a 1.8 pm column and a water /formic
acid—acetonitrile/methanol mobile phase. Aflatoxin analysis in peanuts showed over 74.7%
recovery, indicating accuracy. Their technique detected six types of aflatoxins in 75 peanut
samples, including AFM1 and AFM2, for the first time.

6.1.3. LC Techniques—QqQ-MS/MS

Co-contamination of aflatoxins and other mycotoxins in nuts is common, leading to
increased toxicity and amplified effects [93]. Monitoring and controlling their presence
in food and feed is crucial due to potential synergistic or additive effects [94,95]. Liquid
chromatography (LC) and gas chromatography—mass spectrometry (GC-MS) are widely
used to detect the co-occurrence of mycotoxins [96]. LC-MS/MS, specifically using a
triple quadrupole mass spectrometer (usually abbreviated as QqQ), allows simultaneous
detection and quantitation of multiple mycotoxins, providing high specificity and sen-
sitivity [40,84]. Multiple reaction monitoring (MRM) scans enable efficient analysis of
complex mixtures, making it a powerful technique for mycotoxin analysis in nuts [97,98].
The development of LC-QqQ-MS-based multi-mycotoxin techniques in many studies has
increased the ability to detect multiple mycotoxins in a single analysis, and they have
seen significant advancements in terms of sensitivity and capability for quantitative anal-
ysis [40]. Cunha et al. [46] developed an effective LC-MS/MS technique for determining
16 mycotoxins in nuts using a modified QUEChERS procedure. The method showed good
recovery (70-93%), repeatability (RSD < 13%), and low LOQ values (1.5-5 pg/kg). The
co-contamination was observed in 35% of the nut samples. Oyedele et al. [94] employed
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LC-QqQ-MS/MS to screen 84 groundnut samples from different agro-ecological zones
in Nigeria, detecting 58 microbial metabolites (54 fungal, four bacterial) and quantifying
10 major mycotoxins. A similar LC-MS/MS multi-technique was developed by Spanjer
et al. [99], in which 33 mycotoxins were analyzed in peanut and pistachio samples in a sin-
gle 30-minute run time. The recoveries ranged between 80% and 110%, and the LOD values
in peanuts were 0.15-10 pg/kg, while in pistachios, they were 0.5-200 pg/kg. Furthermore,
a study conducted by Warth et al. [100] showed the power of the LC-MS/MS multi-toxin
technique to detect 27 metabolites in groundnut samples. The LOD values ranged between
0.05 ng/kg and 250 pg/kg, and good recoveries were obtained (38-1155). In another study,
Liao et al. [101] developed a similar LC-ESI-MS/MS technique for mycotoxin analysis in
several nut samples (almonds, peanuts, pistachios). This innovative approach enabled the
simultaneous detection of an impressive array of 26 mycotoxins. The results were good,
with almond samples exhibiting a remarkable 87 & 12% recovery rate, peanuts displaying
an even more impressive 104 £ 16% recovery rate, and pistachios showing a 92 £ 18%
recovery rate. Moreover, the technique had excellent sensitivity, as evidenced by the low
LOQ values ranging from 0.2 to 12.4 ug/kg for almonds, 0.3 to 12.1 pg/kg for peanuts, and
0.3 to 12.8 pg/kg for pistachios.

Additionally, ultra-high-performance liquid chromatography (UHPLC) is a highly
efficient and accurate technique for mycotoxin analysis in food. Its advantages include high
resolution and retention-time reproducibility, as well as a high peak capacity when used
with MS, enabling the separation of numerous components in a single run [61]. UHPLC’s
use of submicron columns (<2.0 pm) allows for rapid detection of mycotoxins at extremely
low levels [40]. Moreover, it enables fast and efficient analysis of multiple samples due to
its high throughput [61]. UHPLC-MS also minimizes sample-matrix effects, making it a
popular choice for multiclass mycotoxin analysis [61,102]. UHPLC-MS/MS has become a
popular analytical technique for the multiclass analysis of mycotoxins in nuts because of its
several advantages [54]. Therefore, in many studies, the UHPLC-QqQ-MS/MS technique
allows for the simultaneous determination of several mycotoxins in nut samples.

Arroyo-Manzanares et al. [54] developed a sensitive UHPLC-MS/MS technique to
detect 14 mycotoxins in nuts using QUEChERS and DLLME extraction. This technique
showed low LOD values (0.17-45.1 pg/kg) and low LOQ values (0.57-150 pg/kg) with
high recoveries (60.7-104.3%), indicating reliability in nut sample analysis. Furthermore, a
UPLC-QqQ-MS/MS technique for the simultaneous determination of several mycotoxins
in nut samples (peanuts, pistachios, almonds) was described by Kafouris et al. [103]. The
technique was rapid, sensitive, and validated for 11 mycotoxins. LOD values ranged from
0.15 to 7.5 ug/Kg for pistachios, 0.15 to 15.3 ng/kg for almonds, and 0.08 to 15 pg/kg for
peanuts. It showed mean recoveries of 74.4% to 131.7% in spiked samples. In the case of
Hidalgo-Ruiz et al. [45], a UHPLC-QqQ-MS/MS technique was developed and validated
for detecting six mycotoxins in nuts. Peanuts were chosen as the representative matrix after
evaluating different types. The LOQ ranged from 0.5 to 1 pg/kg. Recoveries were 80-120%,
with precision values < 20% for intra- and inter-day. Another multi-target UHPLC-QqQ-
MS/MS technique was developed by Varga et al. [104] for mycotoxin analysis in nuts. It
utilized sub-2-um particle columns, enhancing resolution and accuracy. It successfully
analyzed 191 fungal metabolites in 53 nut samples, quantifying 65 mycotoxins and semi-
quantifying 126 others. Good recoveries were obtained and ranged from 80 to 120%.

6.2. Direct Techniques
6.2.1. Thin-Layer Chromatography (TLC)

TLC was used for aflatoxin analysis, with a significant impact on purification and iden-
tification in 1960 [42,43]. High-performance thin-layer chromatography (HPTLC) extended
TLC, providing enhanced separation ability, higher resolution, and sensitivity and improv-
ing compound analysis like aflatoxins, was replaced by HPLC [42]. It employed different
stationary phases like silica gel, F254 fluorescent silica gel, or organic acid-impregnated
silica gel, with silica gel being the most common [1]. Visualization is achieved through
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fluoro densitometry or visual procedures (using UV-Vis spectroscopy) [1,105]. While TLC
is simple, cost-effective, and high-throughput [1,43,106], it has a poor separation of closely
related compounds, a low accuracy in determining the amounts of each component, and
it is less sensitive for detection of small amounts of a substance [43,80]. Proper sample
preparation varies depending on mycotoxin properties and type [1,43]. TLC is still a widely
applied method for both quantitative and semi-quantitative measurements of mycotoxins
in nut samples [1]. The TLC technique was used by many researchers for the first screening
of mycotoxin presence in nut samples [21,22,56,107].

6.2.2. Enzyme-Linked Immunosorbent Assay ELISA

ELISA is widely used for detecting and quantifying mycotoxins [7,108]. This immuno-
logical technique relies on specific interactions between the mycotoxin and its correspond-
ing antibodies coated onto a solid surface. If the mycotoxin is present in the nut sample, it
binds to the antibodies. A secondary antibody, linked to an enzyme, is added, producing
a signal upon reacting with a substrate [11,41]. ELISA can be qualitative or quantitative;
visual color intensity provides semi-quantitative results, while quantitative results require
careful calibration and are more time-consuming [14,108,109]. Direct competitive ELISA
is a common technique to detect and quantify mycotoxins in nuts, relying on labeled and
unlabeled antigens competing for binding to specific antibodies. The signal intensity is
inversely proportional to the mycotoxin concentration [7,108-110]. This sensitive, inexpen-
sive, and rapid technique serves as a primary screening tool for detecting contaminated nut
samples [7,25,109-112]. However, ELISA has limitations like cross-reactivity and matrix
effects, causing false results. Validated mycotoxin ELISA kits exist, but they are specific to
certain mycotoxins, contamination levels, and food matrices, limiting their universal appli-
cability. Additionally, ELISA lacks the ability to detect multiple mycotoxins simultaneously
in nut samples, requiring separate tests, which can be time-consuming, and ELISA kits are
usually one-time use [7,25,109,110,113]. Commercial ELISA kits are available for various
mycotoxins, including aflatoxins AFs, ZEA, OTA, DON, T2/HT2, and FBs [1,41]. ELISA kit
has become an indispensable tool for researchers studying the prevalence of mycotoxins in
nuts [31,33,35,36].

Efforts to develop cost-effective monoclonal antibodies against aflatoxins for accessible
immunochemical analysis were made. Therefore, several monoclonal antibodies were re-
ported by Lietal. [112,114] and Oplatowska-Stachowiak et al. [115] and used for an accurate
detection of aflatoxins in nut samples. Common steps included selecting the target antigen,
immunizing mice, screening hybridomas, and purifying antibodies. The best monoclonal
antibody was chosen based on sensitivity and cross-reactivity for ELISA development. The
validated class-specific monoclonal antibody-based ELISA successfully detected specific
aflatoxins in contaminated nut samples. Oplatowska-Stachowiak et al. [115] produced
seven unique monoclonal antibodies with high sensitivity and cross-reactivity for aflatoxin
detection. Among them, two antibodies (1 NP-D and 1 NP-C) exhibited impressive ICs
values for aflatoxin B1l. The developed ELISA test demonstrated low LOD values for
AFB1 and total AFs (0.4 and 0.3 ug/kg, respectively), and acceptable recoveries were high
(97.1-107.5%). Researchers attempted to develop monoclonal antibodies with improved
cross-reactivity for G-group aflatoxins. Li et al. [114] created three promising antibod-
ies (2G6, 3A4, and 4G4) with good cross-reactivity to AFG1 and AFG2. Among them,
2G6 showed the highest sensitivity and specificity (ICso of 17.18 ng/mL, 100% CR with
AFG1, and 87% CR with AFG2). They utilized 2G6 to design a competitive indirect ELISA
(CI-ELISA) with optimized parameters, achieving a LOD of 0.06 ng/mL and demonstrat-
ing high accuracy in detecting G-group aflatoxins in peanut samples, with recoveries of
94-103%. Li et al. [112] conducted a study using three class-specific monoclonal antibodies
(8E11, 8F6, and 10C9) to detect aflatoxins. Among them, 10C9 displayed the most similar
sensitivity for five aflatoxins and the highest cross-reactivity (CR = 65.2) to AFG2. With
the 10C9 antibody, they developed an ELISA for peanut samples, achieving recoveries
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of 85.5% to 102%. The developed ELISA method also demonstrated low LOD values
(0.06-0.09 ng/mL).

6.2.3. Lateral Flow Device (LFD)

Lateral flow tests are widely used for the rapid detection of mycotoxin prevalence
in nut samples. These tests contain specific antibodies and mycotoxin—carrier protein
conjugates to identify target mycotoxins [14,77,116]. The procedure involves applying a
liquid sample to the test area. If the mycotoxin is present, a red color appears solely on the
control line, indicating a positive result. In the absence of mycotoxins, both the test line and
the control line turn red, showing a negative result. Lateral flow tests are rapid and simple
techniques for mycotoxin screening in nut samples, providing visual results for the presence
or absence of the target mycotoxin [14,116]. They are semi-quantitative, but accuracy can
be improved with a lateral flow reader to measure color intensity [14]. Gold nanoparticles
(AuNPs) can enhance sensing applications through metal enlargement, increasing optical
or electrochemical signals by depositing silver or gold on their surface [117]. Colloidal
gold, referring to suspended AuNPs, is widely used in mycotoxin detection due to its ease
of preparation and visible signal production. Commonly, 40 nm particles are utilized in
immunochromatographic strip tests for mycotoxin detection in nut samples [14,77,116,117].

Several studies have used the LFD that contains gold nanoparticles for the simultane-
ous detection of multiple mycotoxins in nuts. Li et al. [118] developed a multi-component
immunochromatographic assay (ICA) for the simultaneous detection of three mycotoxins
(AFB1, OTA, ZEA) in peanut samples. The assay utilized competitive immunoreactions
between specific antibody—colloidal gold nanoparticle conjugate probes and mycotoxins
or mycotoxin antigens. The ICA strip conditions were optimized, and visible results were
obtained in 20 min. The visual detection limits of the ICA for AFB1, OTA, and ZEA were
0.25ng/mL, 0.5 ng/mL, and 1 ng/mL, respectively. The prevalence of multiple mycotoxins
in peanut samples was investigated using the developed ICA. In a study conducted by
Chen et al. [119], a multiplex lateral flow immunoassay (LFA) was capable of detecting
AFB1, ZEA, and OTA mycotoxins in peanut samples within 15 min. The optimized LFA
employed 32 nm AuNPs, specific antibody amounts, and pH levels, resulting in visual
detection limits of 10 ug/kg for AFB1, 50 pg/kg for ZEA, and 15 ug/kg for OTA in spiked
samples. The quantitative analysis of peanut samples revealed LOD values of 0.13 pug/kg
for AFB1, 0.46 pg/kg for ZEA, and 0.24 pg/kg for OTA, with good recovery rates ranging
from 86.2 to 114.5%. In another study conducted by Zhang et al. [120], they developed an
ultrasensitive immunochromatographic (IC) assay for detecting total aflatoxins in peanuts.
They employed a competitive format using a monoclonal antibody (1C11) labeled with
nanogold particles to enhance sensitivity. The optimized conditions resulted in lower visual
detection limits (VDLs) compared to other studies: 0.03, 0.06, 0.12, and 0.25 ng/mL for
AFB1, AFB2, AFG1, and AFG2, respectively. The validated IC assay was then used to
analyze several peanut samples for aflatoxin detection.

While gold nanoparticle labels have been widely used in immunochromatographic
assays due to their unique optical properties, they can be susceptible to interference from
complex sample matrices, such as those found in food, which may lead to false positives
or false negatives [121]. To address this issue, researchers have developed fluorescent
lateral flow immunoassays based on lanthanide Eu3+ chelate labeling, which offers several
advantages over gold nanoparticle labels. Wang et al. [121] developed fluorescent lateral
flow immunoassays using lanthanide Eu3+ chelate labeling to overcome the limitations
of gold nanoparticle labels in complex sample matrices, such as nuts. The optimized
technique allowed simultaneous and quantitative detection of AFB1, ZEA, and CTN in
peanut samples within 15 min. The limit of detection (LOD) for AFB1 and ZEA in peanut
samples was 0.18 pug/kg and 0.57 pg/kg, respectively, with good recoveries (91.60-95.87%
for AFB1 and 85.72-91.67% for ZEA).
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6.3. Combination of Direct and Indirect Techniques

To achieve a comprehensive mycotoxin analysis in nuts, researchers and analysts often
employ a hybrid approach that combines both direct and indirect methods. Initially, they
use rapid screening techniques, like ELISA or TLC, to identify the presence or absence of
specific mycotoxins. If contamination is detected during the screening, further confirmation
and quantification can be performed using HPLC or LC-MS/MS to obtain more detailed
information about the mycotoxin levels in the sample.

In TLC, the comparison of the migration distance ratio (Rf values) between nut sam-
ples and standards can provide preliminary or presumptive evidence of the presence of
mycotoxins. However, this evidence is not conclusive, and further confirmation tests are
necessary [40]. In many studies, TLC has been used for the detection of initial positive
results. Subsequently, HPLC was employed for further confirmation and quantification of
mycotoxins in nut samples. In a study conducted by Kujbida et al. [22], they investigated
the aflatoxin occurrence in peanuts and cashew nuts using two chromatographic techniques
(TLC and HPLC). TLC screening detected the contaminated samples, while HPLC was
used for the quantification of four aflatoxins in positive samples. In many studies, TLC
has been reported for assessing mycotoxigenic fungi in nuts, while HPLC was used for
further confirmation and quantification of mycotoxins. A study by Amar et al. [17] aimed
to detect aflatoxigenic fungi and aflatoxins in various nut samples (almonds, pistachios,
hazelnuts, peanuts, walnuts) from the Algerian market. TLC was used for rapid screening
of positive isolated fungi, and HPLC was employed for aflatoxin quantification in the nut
samples, leading to good recoveries (72.6-91.8%). A similar approach has been reported in
a study conducted by Ait Mimoune et al. [122] for mycotoxin analysis (Aflatoxins, CPA,
OTA) in nut samples from various markets. TLC was used for qualitative analysis to detect
aflatoxigenic strains in positive samples, followed by HPLC for quantification of mycotoxin
levels. In a study conducted by Ozay et al. [107] in Turkey, hazelnut samples were analyzed
for aflatoxin detection. The detection of aflatoxin-producing fungi involved qualitative tests
using TLC plates, while quantitative analysis was conducted through HPLC. In another
study in India conducted by Sharma et al. [27], TLC and HPLC were used to determine the
presence and levels of AFs, OTA, and PAT in Chilgoza pine nuts. TLC was employed for
the qualitative estimation of mycotoxins, while HPLC was used for their quantification.
Overall, TLC is considered as a qualitative or semi-quantitative technique where positive
results can be assessed visually without an accurate quantification of mycotoxin levels in
nut samples.

The possibility of obtaining false-positive results in ELISA tests exists due to the cross-
reactivity of antibodies. To address this issue, it is recommended to confirm the results
using a suitable chromatographic technique, such as HPLC [7,77,113]. Therefore, several
studies have used the ELISA test for rapid screening of mycotoxins in nut samples, and
the results were then confirmed by chromatographic techniques such as HPLC and LC-MS.
Chun et al. [35] conducted a study analyzing 85 nuts and nut products for aflatoxins,
utilizing both ELISA and HPLC techniques. After ELISA screening, 31 samples were
identified as positive for aflatoxins. Subsequently, HPLC quantification of total aflatoxins
in these thirty-one samples revealed that nine of them were contaminated, and the results
obtained were further confirmed by LC-MS. Two similar studies were reported by Shadbad
et al. [36] and Leong et al. [31], in which nuts and nut products were first screened by
ELISA to detect the contaminated samples. Subsequently, HPLC was employed for further
confirmation and quantification of aflatoxins in the identified positive samples. Asis
et al. [123] compared ELISA and HPLC techniques for AFB1 determination in peanut
samples. The ELISA test demonstrated high sensitivity with an LOD of 0.5 pg/kg and
107% average recovery for peanut samples contaminated with only AFB1 due to its two-
antibody system and lack of cross-reactivity with the peanut matrix. The results showed a
strong correlation between the two techniques, with a correlation coefficient (r) of 0.977
and a p-value less than 0.0001 (p < 0.0001). In another study, Razzazi-Fazeli et al. [124]
validated positive ELISA samples of peanut products using HPLC. The study confirmed
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thirty contaminated peanut samples detected by ELISA, then confirmed through HPLC.
Comparing ELISA and HPLC, a stronger correlation was observed at lower levels of total
aflatoxins (0-120 pg/kg) and AFB1 (0-80 pg/kg), with correlation coefficients (r) of 0.9244
and 0.8805, respectively. However, this correlation was not observed at higher levels of
total aflatoxins or AFB1. In addition, researchers developing a class-specific monoclonal
antibody ELISA for mycotoxin analysis in nuts aimed to validate its accuracy against
more precise techniques like HPLC and UHPLC-MS/MS. Li et al. [112] compared the
recoveries of the developed ELISA, using AFG2 as a competitor, with those of HPLC. The
results indicated the suitability of the developed ELISA for nuts analysis, with recoveries
ranging from 87.5% to 102% for ELISA and 87.7% to 97.6% for HPLC. A similar approach
was observed by Li et al. [114], where they focused on an ELISA specific for AFG1 and
AFG2 detection in peanuts, showing recoveries comparable to HPLC and demonstrating a
good correlation between the two techniques. Furthermore, Oplatowska-Stachowiak [115]
compared the levels of four aflatoxins in peanuts detected by a developed monoclonal
antibody-based ELISA for AFB1 with those obtained using UHPLC-MS/MS.

The results obtained by lateral flow tests (LFTs) may not be as accurate or reliable
as more conventional techniques. Therefore, it is generally recommended to confirm the
results obtained from a lateral flow assay with a more accurate and quantitative technique,
such as HPLC [77]. In a study conducted by Li et al. [118], the levels of mycotoxins (OTA,
AFB1, ZEA) in peanut samples were compared using a multi-component immunoaffinity
chromatography (ICA) and ELISA as the reference technique. In another study conducted
by Wang et al. [121], the levels of mycotoxins (ZEA, AFB1) in contaminated peanut samples
were verified using a developed lateral flow immunoassay (IA) and confirmed through
HPLC-MS/MS, showing a strong correlation between the two techniques (R? > 0.88).
Zhang et al. [120] developed a nanogold-probe-based immunoassay for the detection of
four aflatoxins in peanuts. The obtained results were then compared with HPLC results,
revealing a good agreement between the two techniques. The advantages and limitations
of each analytical technique are presented in Table 5.

Table 5. Advantages and limitations of analytical techniques used in mycotoxin detection in nuts.

Analytical Techniques Advantages Limitations

Accuracy, high sensitivity, high Expensive, specialized

HPL ’ tise, derivatizati
C throughput, automation expertise, derivatization
requirement
- . Time- ing, high ,
Sensitivity, multi-analyte 1m;actor T)fz?el?t% silg aTOSt
LC-MS detection, no need for » S1gN

suppression (enhancement),

derivatization
many steps

Multi-analyte detection, high
accuracy, high resolution,
minimization of sample matrix

UHPLC-QqQ-MS/MS Time-consuming, high cost

effects

TLC Simple, inexpensive, high Poor separation, low accuracy,

throughput less sensitivity

. e . Cross-reactivity, false
ELISA High .SenSItIVIt.y’ rapid, positives, false negatives,
inexpensive .
one-time use
Ly . Semi-quantitative, low

LFD Rapid, simple, easy to handle

accuracy
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7. Conclusions

The prevalence of mycotoxins in nuts is an unavoidable and persistent worldwide
problem, posing significant risks to human and animal health. To minimize human and
animal exposure to mycotoxins, many sensitive and accurate analytical techniques have
been developed, and they are classified as indirect techniques like HPLC, direct techniques
such as ELISA, or a combination of direct and indirect techniques. Various pretreatment
sample methods have also been employed, with IAC and QuEChERS being the most
commonly used techniques. Recently, researchers have developed new materials and
techniques to increase extraction efficiency, improve analytical methods’ efficiency, and
reduce toxicity and processing time. Novel materials and solvents, such as nanomaterials
used as sorbents in solid-phase extraction (SPE), ionic liquids (ILs), and deep eutectic
solvents (DESs), have been explored in nut sample preparations. On the other hand, due to
the increasing toxicology information regarding the co-contamination of mycotoxins in nuts,
researchers have developed HPLC-QqQ-MS/MS for the simultaneous detection of multiple
mycotoxins in nut samples. Many researchers have recently proposed new instrumental
parameters and optimized the conditions of this technique to save time and cost. Other
approaches gaining popularity include the use of stable isotope dilution analysis (SIDA) in
HPLC-MS/MS to reduce matrix effects and improve result accuracy. Recent advances have
also explored the development of monoclonal antibodies in ELISA to enhance specificity.
The need for future research in mycotoxin detection emphasizes a global approach that
combines sensitivity, accuracy, affordability, and efficiency. Future research should prioritize
the development of analytical methods for detecting masked mycotoxins in nuts, which is
crucial for ensuring food safety. It is highly important to conduct additional studies to create
reliable and user-friendly detection methods. Collaborative efforts among researchers,
the nut industry, and international organizations are recommended to establish a global
surveillance and monitoring system for nut consumption, thereby enhancing quality control
and the management of mycotoxins to safeguard public health on a worldwide scale.
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Abbreviations

AC-B Activated carbon-boron

AFs Aflatoxins

AFB1 Aflatoxin Bl

AFB2 Aflatoxin B2

AFG1 Aflatoxin G1

AFG2 Aflatoxin G2

AFM1 Aflatoxin M1

AFM2 Aflatoxin M2

AFPA Aspergillus flavus and parasiticus agar
AME Alternariol monomethyl ether

AOH Alternariol

APCI Atmospheric pressure chemical ionization
AuNPs Gold nanoparticles

BEAU Beauvericin

BSA Bovine serum albumin

CIT Citrinin
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CPA
CTN
DAS
DESs
DES-MSPD
D-u-SPE
DLLME
DMRM
DON
DSPE
ELISA
EMR-lipid
ENNs
ENA
ENA1
ENB
ENB1
ESI

FBs

FB1

FB2
FE-SEM
FT-IR
FUS-X
GC
HBA
HBD
(HMIM)(PFg)
HPLC
HPLC-FLD
HPTLC
HT-2
IACs
ICA

ICS

ILs

LC
LC-MS
LC-MS/MS
LFA
LFD
LFTs
LLE
LOD
LOQ
Mab
MOFs
MON
MRM
MSPE
MSPD
NEO
NIV
NMs
OTA
OTB
OVA

Cyclopiazonic acid

Chlorothalonil

Diacetoxyscirpenol

Deep eutectic solvents

Deep eutectic solvent-MSPD

Dispersive micro-solid-phase extraction
Dispersive liquid-liquid microextraction
Dynamic MRM

Deoxynivalenol

Dispersive solid-phase extraction
Enzyme-linked immunosorbent assay
Enhanced matrix removal-lipid

Enniatins

Enniatin A

Enniatin Al

Enniatin B

Enniatin B1

Electrospray ionization

Fumonisins B

Fumonisin-B1

Fumonisin-B2

Field emission scanning electron microscope
Fourier transform infrared

Fusarenon-X

Gas chromatography

Hydrogen bond acceptor

Hydrogen bond donor
1-hexAyl-3-methylimidazolium hexafluorophosphate
High-performance liquid chromatography
High-performance liquid chromatography with fluorescence detection
High-performance thin-layer chromatography
HT-2 toxin

Immunoaffinity columns
Immunochromatographic assay
Immunochromatographic strip

Ionic liquids

Liquid chromatography

Liquid chromatography-mass spectrometry
Liquid chromatography-tandem mass spectrometry
Lateral flow immunoassay

Lateral flow device

Lateral flow tests

Liquid-liquid extraction

Limit of detection

Limit of quantification

Monoclonal antibody

Metal-organic frameworks

Moniliformin

Multiple reaction monitoring

Magnetic solid-phase extraction

Matrix solid-phase dispersion

Neosolaniol

Nivalenol

Nanoparticles materials

Ochratoxin A

Ochratoxin B

Ovalbumin
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PAT Patulin

PDMS Polydimethylsiloxane

PRS Propyl sulfonic acid

PSA Primary secondary amine

QqQ Triple quadrupole mass spectrometer
QuEChERS Quick, easy, cheap, effective, rugged, and safe
RPLC Reversed-phase LC

RSD Relative standard deviation

SIDA Stable isotope dilution assay

SPE Solid-phase extraction

SPME Solid-phase microextraction

SPSs Switchable polarity solvents

STE Sterigmatocystin

T-2 T-2 toxin

TA Tenuazonic acid

TCT Trichothecenes

TLC Thin-layer chromatography

UHPLC Ultra-high-performance liquid chromatography
UHPLC-MS/MS  Ultra-high-performance liquid chromatography—-tandem mass spectrometry
VDLs Visual detection limits

XRD X-Ray diffraction

ZEA Zearalenone

ZnO-NRs Zinc oxide nanorods

«-ZOL «-Zearalenol

3-AcDON 3-acetyldeoxynivalenol

15-AcDON 15-acetyldeoxynivalenol
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