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RESUMO

LEMOS, Hanna Barbosa. Descontaminacao de aflatoxinas em torta de castanha-da-amazonia
como estratégia para aumentar a seguranca na formulac¢ao de produtos. 2026. n° 55. Dissertagao
de Mestrado em Ciéncia e Tecnologia de Alimentos - Instituto de Tecnologia, Universidade Federal
Rural do Rio de Janeiro, Seropédica, 2026.

A torta de castanha-da-amazonia, subproduto do processamento da améndoa, apresenta
elevado valor nutricional e potencial de utilizagdo em formulagdes alimentares humanas e
animais. Contudo, a contaminagdo por aflatoxinas (AFs), especialmente a aflatoxina
Bi(AFB1), representa um risco significativo para a seguranga alimentar e para a
comercializacdo destes produtos. Este trabalho teve como objetivo avaliar estratégias de
descontamina¢do de AFs na torta de castanha-da-amazonia, de forma a aumentar a seguranga
da sua utilizacdo em diferentes formulagdes. O Capitulo 1 consistiu numa revisdo abrangente
sobre métodos de descontaminacao aplicados a tree nuts, destacando avancgos e limitagdes das
tecnologias em investigacdo nos ultimos 20 anos. O Capitulo 2 apresentou os ensaios
realizados com plasma frio (CP) de descarga de barreira dielétrica (DBD) e radiagdo UV-C,
comparando a sua eficicia na degradacdo das AFs. Os resultados demonstraram que o plasma
frio DBD foi o método mais eficiente, promovendo uma reducdo aproximadamente de 66%
para AFT e 75% AFBi, apos 10 minutos de exposicdo, enquanto o tratamento com UV-C
evidenciou limitagdes analiticas, reforcando a necessidade de técnicas complementares, como
LC-MS/MS e RMN, para confirmar os produtos de degradagdo e avaliar a sua toxicidade
residual. Este estudo reforca a importancia da inovagdo tecnologica como estratégia para a

seguranga alimentar e para a valorizacao da cadeia produtiva amazonica.

Palavras-chave: micotoxinas, tecnologias ndo térmicas, torta da castanha, residuos.



ABSTRACT

LEMOS, Hanna Barbosa. Decontamination of aflatoxins in Brazil nut cake as a strategy to
increase the safety of product formulation. 2026. No. 54. Master’s Dissertation in Food Science and

Technology — Institute of Technology, Federal Rural University of Rio de Janeiro, Seropédica, 2026.

Brazil nut cake, a by-product of almond processing, has high nutritional value and potential
for use in human and animal food formulations. However, contamination by aflatoxins (Afs),
especially aflatoxin B; (AFBi), poses a significant risk to food safety and the
commercialization of these products. This study aimed to evaluate aflatoxin decontamination
strategies in Brazil nut cake to increase the safety of its use in various formulations. Chapter 1
consisted of a scoping review of decontamination methods applied to tree nuts, highlighting
advances and limitations of technologies reported in the last 20 years. Chapter 2 presented
experiments using dielectric barrier discharge (DBD) cold plasma (CP) and UV-C radiation,
comparing their effectiveness in aflatoxin degradation. The results showed that DBD cold
plasma was the most efficient method, achieving a reduction of approximately 66% for AFT
and 75% for AFBI, after 10 minutes of exposure, while UV-C treatment revealed analytical
limitations, reinforcing the need for complementary techniques such as LC-MS/MS and NMR
to confirm degradation products and assess their residual toxicity. This study emphasizes the
importance of technological innovation as a strategy for food safety and for adding value to

the Amazon production chain.

Keywords: mycotoxins; non-thermal technologies; Brazil nut cake; agro-industrial by-

products.
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1 INTRODUCAO

A castanha-da-amazonia ¢ amplamente apreciada pelo sabor caracteristico e pelas qualidades
nutricionais relevantes. Sua composicdo apresenta de 60 a 70% de lipidios,
predominantemente acidos graxos poli-insaturados, e de 15 a 20% de proteinas de elevada
qualidade bioldgica. Além disso, ¢ reconhecida como fonte de selénio, calcio, fosforo,
magnésio e vitaminas do complexo B. O consumo regular da castanha-da-amaz6nia tem sido
associado a reducao do risco de doengas cronicas, efeito atribuido aos altos teores de acidos
oleico e linoleico, compostos fenodlicos, y-tocoferol e selénio, fitoquimicos capazes de
modular os sistemas antioxidante e anti-inflamatorio (Ferrari, 2020).

O residuo obtido apds a extragdo do dleo por prensagem da améndoa ¢ denominado torta.
Estudos comparativos entre a composi¢do centesimal da améndoa e da torta de castanha-da-
amazonia demonstram que a torta apresenta maior concentracdo de selénio, além de teores
mais elevados de proteinas, fibras e cinzas (Tonetto et al., 2025). Esses atributos refor¢am seu
potencial como ingrediente funcional em formulagdes alimenticias.

Entretanto, a seguranca alimentar da castanha e de seus derivados ainda enfrenta desafios
significativos. A contaminacao por aflatoxinas (AFs), micotoxinas produzidas por fungos em
condigdes tropicais, compromete a qualidade e a comercializagdo desses produtos. A presenca
de fungos toxigénicos e de micotoxinas em alimentos ¢ uma preocupacdo mundial e um
desafio para a industria de alimentos, devido aos riscos potenciais a saide, uma vez que
algumas micotoxinas apresentam efeitos mutagénicos, teratogénicos e carcinogénicos (Nan;
Xue; Bi, 2022). Durante o processamento ¢ armazenamento, condi¢des inadequadas de
umidade e temperatura favorecem a proliferacdo de fungos filamentosos toxigénicos,
resultando na produgdo de micotoxinas (Galvan et al., 2022).

Embora o tratamento térmico seja utilizado ha mais de dois séculos e ainda represente uma
das tecnologias mais aplicadas na industria de alimentos, sua utilizacdo pode ocasionar efeitos
negativos, como alteragdes de cor, textura e perda de nutrientes. Esses impactos tém
impulsionado pesquisas voltadas para alternativas ndo térmicas de processamento
(Harikrishna et al., 2023). Nesse sentido, tecnologias ndo convencionais vém ganhando
destaque como alternativas promissoras, entre elas o plasma frio atmosférico ¢ a radiagao

ultravioleta (UV) (Jadhav; Choudhary, 2024).

Sendo a radiagdo UV uma tecnologia ndo térmica, os beneficios da sua utiliza¢ao sdo varios: a
menor perda de nutrientes e qualidade sensorial dos alimentos, auséncia de residuos toxicos e

baixo consumo energético em comparacdo com outros tratamentos térmicos normalmente
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aplicados para a descontaminacao de alimentos. Este ultimo ¢ o principal objetivo desta
técnica devido a sua eficacia na inativagdo de microrganismos patogénicos e deteriorantes
(Deng et al., 2020; Zeraatpisheh et al., 2023). O plasma atmosférico tem atraido interesse
como uma nova ferramenta de processamento fisico com efeitos antimicrobianos de amplo
espectro e altamente eficazes. Em alimentos, tem sido usado em diversas aplicacdes, desde a
remocao de micotoxinas (Liu et al., 2024) e inativagdo de microrganismos patogénicos, como
Staphylococcus aureus e L. monocytogenes (Gok et al., 2019) até na inativagdo de enzimas,
remocao de toxinas, modificacdes de embalagens de alimentos e no tratamento de pesticidas
residuais (Aguiar et al., 2021).

Diante desse contexto, a presente dissertacdo foi organizada em dois capitulos
complementares. O primeiro, “Aflatoxin Decontamination in Tree Nuts: A Scoping Review of
Physical, Chemical, and Biological Advances”, apresenta uma revisdo de escopo sobre os
principais avangos cientificos relacionados a descontaminagdo de aflatoxinas em nozes de
arvores, destacando tecnologias fisicas, quimicas e bioldgicas, suas limitagdes e perspectivas
futuras. O segundo capitulo, “Eficacia da descontaminagdo de aflatoxina por plasma frio DBD
e UV-C em torta de castanha-da-amazodnia”, aborda de forma experimental a aplicagcdo de
tecnologias nao térmicas emergentes em torta de castanha-da-amazonia, avaliando a eficacia
da descontaminacdo e os impactos nos pardmetros cromaticos. Assim, este trabalho busca
contribuir para o avango do conhecimento cientifico sobre descontaminacao de AFs e para o

fortalecimento da cadeia produtiva da castanha-da-amazonia.
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CAPITULO I: Aflatoxin decontamination in tree nuts: a scoping review of physical,
chemical, and biological advances

ABSTRACT

This scoping review examined recent scientific advances in aflatoxin decontamination
methods for tree nuts. The study followed the JBI Manual for Evidence Synthesis and was
reported according to PRISMA-ScR guidelines, guided by the question: “What are the most
effective methods and techniques for aflatoxin decontamination in tree nuts?” After the
selection process, 40 eligible studies were included. Physical approaches, such as atmospheric
cold plasma, demonstrated a high capacity to degrade the most toxic forms while often
preserving the sensory and technological characteristics of the food. Among chemical
methods, ozonation and the use of organic acids achieved detoxification rates close to 100%,
while inorganic selenium emerged as a promising alternative by combining efficacy with
quality preservation. Biological methods showed significant sustainable potential, with
relevant results using microorganisms such as Bacillus spp., Bifidobacterium lactis, and
Lactobacillus kefiri. Although various strategies have demonstrated significant efficacy,
further technical advances, practical applicability studies, and industrial-scale validation are
still needed to establish these approaches as part of integrated aflatoxin management systems

in tree nuts.

Keywords: aflatoxins; reduction; nuts.
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1 Introduction

Nuts and tree nuts are susceptible to infection by Aspergillus fungi, particularly 4. flavus and
A. parasiticus, during harvesting, storage, and processing (Ma et al. 2021). Aspergilli can
survive in agricultural soils and infect many types of crops, producing aflatoxins that
contaminate agricultural products and water (He et al. 2023). AFs are toxic and carcinogenic
metabolites with strong chemical stability. AFs form deoxyribonucleic acid (DNA) adducts
with guanine, inducing the development of cancerous cells (Wang et al. 2023). More than 20
types of AFs have been identified, with AFBi, AFB,, AFGi, and AFG; being the most
common; among them, AFB1 is the most toxic (He et al. 2025). AFs are food and
environmental contaminants that pose health risks, as they can cause acute and chronic
poisoning, including carcinogenic, teratogenic, genotoxic, hepatotoxic, and immunotoxic
effects in humans and other animals (He et al. 2023)

Mycotoxin contamination can cause economic losses in several ways, including reduced
agricultural production, disposal and destruction of contaminated products, losses in animal
production, increased healthcare costs, and higher expenses for analytical research (Leite et al.
2023). Plant-based products contaminated with mycotoxins generate more notifications in the
European Rapid Alert System for Food and Feed (RASFF) than other hazards. AFs, the main
fungal toxins, are most frequently associated with notifications concerning tree nuts and their
products (Kowalska and Manning, 2021). RASFF notifications between 2011 and 2021 for
“Nuts, Nut Products and Seeds” reported 52% (n = 1,545) for peanuts, 27% (n = 795) for
pistachios, 10% (n = 311) for hazelnuts, 5% (n = 149) for almonds, 0.7% (n = 22) for Brazil
nuts, 0.1% (n = 4) for walnuts, and 0.03% (n = 1) for pine nuts (Owolabi et al. 2023).

AFs are molecules that, once formed, are difficult to eliminate because they are heat-stable
and decompose only at temperatures around 220 °C (Bashir et al., 2022). Strong oxidizing
agents, such as chlorine and ozone, can destroy them. Due to the presence of the lactone ring,
they are susceptible to bases. They have low molecular weight, are highly soluble in
moderately polar solvents such as chloroform, methanol, and dimethyl sulfoxide, and are
poorly soluble in water. They are particularly sensitive to ultraviolet light, especially when
dissolved in polar solutions, and can be destroyed by autoclaving in the presence of ammonia
or by treatment with hypochlorite (Freitas-Silva, Morales-Valle, Venancio, 2013).

To reduce or eliminate AFs contamination and ensure food safety, decontamination methods
may be physical, chemical, or biological. Their effectiveness depends on factors such as the

chemical stability of mycotoxins, the nature of the process, the type and interaction with the
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food matrix, and interactions with multiple mycotoxins (Rushing; Selim, 2019). It must be
taken into account that these methods should inactivate, destroy, or remove the toxin; not
produce or leave toxic residues; preserve the nutritional value of the food; not alter its
acceptability or technological properties; and, if possible, destroy fungal spores to prevent
proliferation and the production of new mycotoxins (MATEUS et al., 2021).

Therefore, to track and compile the methods used for Afs decontamination in tree nuts over
the past 20 years (2005-2025), this scoping review was conducted to identify and discuss the

existing literature on the subject.

2. Materials and Methods

2.1 Protocol

This scoping review was conducted in accordance with the JBI Manual for Evidence
Synthesis and reported following the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses extension for Scoping Reviews (PRISMA-ScR). The review was guided by
the main research question: “What are the most effective methods and techniques for

decontaminating aflatoxins in tree nuts?”

2.2 Eligibility criteria

Articles investigating methods for decontamination or reduction of aflatoxins in nuts were
included if published between 2005 and 2025. Studies conducted in any geographical context
were eligible for inclusion. Non-original works, such as commentaries, reviews, letters to the
editor, case reports, theses, abstracts, and review articles, were excluded. Studies conducted
exclusively on other food matrices, involving different mycotoxins, in vitro studies, and those
that did not perform a before-and-after comparison of the applied methodology were also

excluded.

2.3 Search strategy
A search for original articles was conducted using the following electronic bibliographic

databases: PubMed, Web of Science, Scopus, and ScienceDirect. Keywords were selected
from the Descriptors in Health Sciences (DeHS), using the search strategy: aflatoxins AND
(decontamination OR reduction) AND (nuts OR “tree nuts”), with a publication date filter
from 2005 to 2025. The search was performed in article titles, keywords, and abstracts.

The search strategy was not restricted by language. The last search was conducted on

February 2, 2026.
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2.4 Study selection
The authors conducted study selection in three phases: title screening, abstract review, and

full-text reading and comprehension. Divergent decisions were resolved by consensus when
necessary. Duplicate articles across different databases were identified and excluded using
Rayyan QCRY® Software, and the peer review process was conducted within the same

software, ensuring independent evaluation by the authors.

2.5 Data extraction

From the eligible studies, the reviewers extracted relevant information by reading the full
articles and creating an extraction table based on criteria established by the researchers: (i)
first author’s name and year of publication; (ii) tree nuts; (iii) type of method; (iv) specific
method applied; (v) type of aflatoxin; and (vi) reduction rate or efficiency. The extracted

information is presented in Tables 1, 2, and 3.

2.6 Data analysis
The data extracted from the selected studies were summarized in Tables 1, 2, and 3 and

categorized by decontamination method. The studies were organized chronologically by year

of publication, beginning with the earliest identified study.

3. Results and discussion

3.1 Study selection
A total of 207 records were identified through database searches (PubMed, ScienceDirect,

Scopus, and Web of Science). After 83 duplicates were removed, 124 unique records
remained. After abstract screening, 43 records were retained. Full-text assessment resulted in
the inclusion of 40 studies that met all eligibility criteria for this scoping review. Reasons for

exclusion of the remaining studies are detailed in Figure 1.
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
flow diagram. Number of records identified at each stage of retrieval, screening, and data

extraction.

3.2 Description of the included studies

The studies included in this scoping review examined various methods for decontaminating or
reducing aflatoxins in tree nuts, with most publications appearing between 2005 and 2025,
reflecting growing scientific interest in food safety and mycotoxin control. The most
frequently assessed food matrices were almonds, pistachios, Brazil nuts, hazelnuts, and
walnuts, although some studies included other varieties. The decontamination methods
analyzed included physical treatments such as radiation, heat, and pressure; chemical methods
using oxidizing agents and adsorbents; and biological approaches involving microorganisms
or enzymes. Most studies focused on AFBi, recognized as the most toxic and prevalent
aflatoxin, although some research included other variants such as AFB>, AFGi, and AFGa.
Reduction rates varied widely, ranging from modest outcomes to efficiencies exceeding 80%,

with effectiveness influenced by both the applied method and the specific characteristics of
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the tree nuts. The data extracted from the studies are summarized in Tables 1, 2, and 3,

organized by decontamination method and year of publication.

Table 1 — Summary of the included studies applying physical methods on aflatoxins

degradation.
Physical method
References Tree nuts Applied technique Aflatoxin Efficiency/Reduction
Thermal
Yazdanpanah et al. 2005  Pistachio Industrial roasting AFBi/AFB2 95%
Garcia-Cela et al. 2013 Pistachio Industrial roasting AFT 86.74%
Costa et al. 2017 Brazil nut Natural convection drying AFT 86%
Rastegar et al. 2017 Pistachio Roasting + citric acid/lemon AFB; 93,10%
Siciliano et al. 2017 Hazelnut Roasting (hot air + infrared) AFT 85-95%
Mabhoney et al. 2020 Almonds Blanching AFT 76%
Morshedi et al. 2020 Pistachio Roasting + infrared AFT 90-95%
Valente et al. 2020 Hazelnut Drying + storage AFT 100%
Non-Thermal

Basaran et al. 2008 Pistachio/Hazelnut  Cold plasma LPCP AFT 50%
Basaran et al. 2009 Hazelnut UV-C AFT 25%
Jubeen et al. 2012 Pistachio UVC irradiation AFT 92%
Siciliano et al. 2016 Hazelnut Cold plasma DBD AFT 70%

Gamma irradiation + MCNP 95%
Hassanpour et al. 2021 Pistachio simulation AFB1
Makari et al. 2021 Pistachio Gamma irradiation (Co-60) AFB; 86.36%
Makari et al. 2021 Pistachio Cold plasma DBD AFB 32.42%
Esmaeili et al. 2023 Pistachio Cold plasma DBD AFT 65%
Zeraatpisheh et al. 2023 Pistachio UV-C + cold plasma AFT 85%
Ding et al. 2025 Mixed nuts Atmospheric Pressure Cold Plasma AFT 72.6%

Combined methods

Sadeghi et al. 2023 Pistachio Gamma irradiation/microwave AFT Confirmed reduction
Rastegar et al. 2017 Pistachio Roasting + citric acid/lemon AFBI 93,10%

AFT:Total aflatoxin; AFB1:Aflatoxin B;;AFB2:Aflatoxin B,

3.3 Physical methods
Physical methods are interventions that modify physical variables of the environment or food,

such as temperature, humidity, radiation, pressure, or atmospheric composition, to affect the

stability of mycotoxins. These methods do not involve directly adding chemical substances to

the food, although they may trigger secondary chemical reactions, such as thermal or

oxidative degradation of the toxins. These treatments primarily work by removing or limiting

factors essential to fungal metabolism, such as available water and oxygen, or by exposing the

food to lethal or inhibitory conditions, such as heat or anoxic atmospheres. Physical methods

are notable for their applicability in post-harvest stages, as they do not leave chemical
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residues and, in many cases, preserve the sensory and nutritional quality of treated foods.
Detailing each method analyzed in this study (n = 19), roasting is considered an essential
technological process because, in addition to improving sensory characteristics, it also reduces
the risks associated with mycotoxins. This treatment not only promotes partial degradation of
toxins but also decreases the moisture content of the kernels, which limits fungal growth and
mycotoxin production during storage. Despite its effectiveness, different studies report
variable results influenced by factors such as temperature, exposure time, initial moisture, and
contamination level. In this context, roasting applied for 30, 60, and 90 minutes at
temperatures of 90, 120, and 150 °C showed distinct effects: the mildest treatment (90 °C for
30 minutes) resulted in lower degradation, whereas the most intense treatment led to a
reduction greater than 95% of AFBj, but with a burnt appearance of pistachios. Meanwhile,
roasting at 150 °C for 30 minutes promoted a significant reduction of AFB; and AFB; without
perceptible changes in the sample’s flavor (Garcia-Cela et al. 2013; Yazdanpanah et al. 2005).
Combined methods have also been reported, such as roasting with infrared heating. Studies
indicate that applying either static hot air or infrared at 140 °C for 40 minutes to hazelnuts
significantly reduces AFs levels, with infrared showing superior performance. Furthermore,
the process does not compromise the nutritional profile of hazelnuts, preserving unsaturated
fatty acids. Another important finding is that a large portion of the toxins concentrates in the
perisperm after roasting, suggesting that removing the skin may further enhance product
safety. Similar results were obtained in Iranian pistachios subjected to infrared roasting,
where significant reductions in both AFs levels and microbial load were observed. Optimized
conditions of 70 V for round-type pistachios and 90 V for long-type pistachios, at 10 cm from
the heat source, achieved reductions close to 90-95%. These findings across different food
matrices reinforce infrared roasting as a versatile and highly effective technology for
decontamination, ensuring compliance with food safety standards without compromising
nutritional quality (Siciliano et al. 2017; Morshedi and Razavi 2020).

A variation demonstrated that combining roasting with the application of organic acids, such
as lemon juice and citric acid, significantly degrades AFB: in naturally contaminated
pistachios. The mechanism involves synergy between heat and medium acidification: roasting
at 120 °C for 60 minutes induces structural changes in the AFB; molecule, while organic
acids facilitate chemical reactions such as lactone ring opening and modification of the 8,9
double bonds in the furan ring, both critical regions for toxin toxicity. This combination
resulted in reductions of up to 93.1% of AFB;, proving more effective than using heat or acids

alone. Citric acid was more efficient than lemon juice due to its higher concentration and
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greater ability to promote degradation reactions. Thus, thermal treatment combined with
organic acids represents a promising approach for reducing AFs in nuts, with potential for
industrial-scale application, provided the sensory quality of the food is preserved (Rastegar et
al. 2017).

Cold plasma (CP) is an emerging technology for food decontamination, particularly for nuts
and seeds that are susceptible to colonization by mycotoxin-producing fungi. Plasma,
considered the fourth state of matter, consists of ions, electrons, and highly reactive neutral
species that can break covalent bonds and initiate chemical reactions to inactivate
microorganisms. Cold atmospheric pressure plasma generates highly reactive species without
significantly increasing the temperature of the food matrix. This plasma is produced by
ionizing gases such as pure nitrogen or nitrogen/oxygen mixtures, and its effectiveness
depends on gas composition, applied power, and exposure time. The mechanism of action
involves the production of reactive oxygen species (ROS) and reactive nitrogen species
(RNS), including hydroxyl radicals (OH), ozone (Os), hydrogen peroxide (H20:), and oxygen
ions, which directly attack the chemical structures of aflatoxins. In particular, the presence of
the C8—C9 double bond in AFB1 and AFGI makes these molecules more susceptible to
oxidation, promoting furan ring opening and lactone modification, thus reducing their
toxicity. Therefore, cold atmospheric plasma is effective in both fungal inactivation and
chemical degradation of mycotoxins, providing a non-thermal alternative for decontaminating
heat-sensitive foods such as hazelnuts. Application at 1150 W for 12 minutes reduced AFB;
and total aflatoxins by about 70%, while treatment at 1000 W for 12 minutes left only 25.8%
residual toxins. Additionally, the temperature increase was limited (maximum +28.9 °C),
preserving the organoleptic characteristics of hazelnuts. This study demonstrated that cold
atmospheric plasma is a promising technique for hazelnut decontamination, showing greater
efficacy against the most toxic forms (AFB; and AFG) while maintaining sensory quality
(Siciliano et al. 2016).

The application of cold plasma to pistachios using ambient air as the working gas, operating
at 130 W power, 20 kHz frequency, and 15 kV voltage, with exposure times between 15 and
180 seconds, resulted in a maximum reduction of 52.42% in AFB;, highlighting the
technique’s potential for detoxification. In terms of pistachio quality, a decrease in pigments
(chlorophylls and carotenoids) was observed, causing the nuts to become darker, along with a
reduction in soluble proteins and an increase in malondialdehyde (MDA), indicating greater
lipid oxidation. However, total phenolics remained stable and antioxidant activity showed a

slight increase, suggesting that cold plasma may be a promising alternative for
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decontamination, balancing antimicrobial efficiency and detoxification with moderate impacts
on nutritional and sensory quality. In another study, the use of a cold atmospheric plasma jet
generated by dielectric barrier discharge (DBD), with a mixture of air and argon under
optimized conditions (15 minutes, 20 kV, and about 62% argon), achieved a maximum
reduction of 5.14 log in Aspergillus flavus population and reductions of 83.7% for AFBI,
74.36% for AFB,, 41.39% for AFGi, and 50.74% for AFG,. Importantly, this treatment did
not alter quality parameters such as color, flavor, odor, moisture, free fatty acids, peroxides,
or polyphenols, reinforcing the potential of cold plasma as an innovative and sustainable
technology to ensure food safety in pistachios without compromising their sensory and
nutritional characteristics (Makari et al. 2021; Esmaeili et al. 2022).

The simultaneous application of ultraviolet radiation (UV-C) and cold plasma in pistachios is
a highly effective strategy for reducing AFs. UV-C radiation, emitted at approximately 254
nm, acts through direct photodegradation by breaking chemical bonds in aflatoxin molecules
and damaging the DNA and RNA of microorganisms, thereby inhibiting their multiplication.
When combined, these techniques have a synergistic effect, with UV-C photolysis and cold
plasma oxidation working complementarily, resulting in reductions greater than 90% for
AFB1 and over 85% for other AFs, without compromising the sensory or nutritional quality
of pistachios. This demonstrates the potential of this integrated approach as an innovative and
sustainable alternative to ensure food safety in tree nuts (Zeraatpisheh et al. 2023).

Studies evaluating the effectiveness of UV-C radiation in reducing fungi and degrading AFs
in contaminated nuts have shown promising, though variable, results. In contaminated
hazelnuts, the application of UV-C (254 nm) at doses up to 9.99 J/cm? for 6 hours reduced
Aspergillus parasiticus spore counts on the surface by up to 2 log. For AFs, a single 6-hour
exposure resulted in approximately a 25% reduction in AFB; and AFG; levels, with no
significant effect on AFB> and AFG;. The mechanism of UV-C radiation against fungi
involves alterations in cell wall permeability and rupture of spore membranes, causing loss of
intracellular components essential for viability and reproduction, as well as direct microbial
DNA damage, which compromises genetic integrity and the ability to synthesize toxins
(Basaran 2009; Jubeen et al. 2012).

The application of UV-C radiation at 265 nm for up to 45 minutes to naturally contaminated
pistachios, almonds, walnuts, and peanuts showed first-order degradation kinetics, with
reductions of up to 91.4% for AFB1, 99.1% for AFB2, and 100% for AFG2 in pistachios.
Effectiveness was greater in samples with lower moisture content (10 £ 3%), and pistachios

were more sensitive to decontamination than peanuts but less sensitive than walnuts. The
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mechanism of UV-C action on AFs involves absorption of radiation by the chromophore
groups of the toxins, especially in AFB;, which has absorption peaks at 222, 265, and 362 nm.
This absorption leads to the breakdown of the terminal furan ring, eliminating the active
binding site of the toxin and promoting its degradation. Additionally, UV-C exposure induces
the formation of reactive oxygen species (ROS), which contribute to the oxidation and
fragmentation of aflatoxin molecules. The formation of up to 12 degradation products of
AFB; has also been suggested, indicating significant structural modifications. These results
reinforce the potential of UV-C radiation as an effective non-thermal physical technology for
fungal control and aflatoxin reduction, particularly in pistachios, although its efficacy may
vary depending on matrix type, exposure time, and moisture content (Jubeen et al. 2012).
Studies evaluating the effectiveness of gamma irradiation in pistachios have also been
conducted. Using a cobalt-60 source, the method involved applying increasing doses of
radiation under controlled temperature and humidity conditions, demonstrating a dose-
dependent effect on both microbial inactivation and toxin degradation. At higher doses of 4
and 6 kGy, reductions of approximately 5 log in A. flavus populations and degradation of
73.27% and 86.36% of AFB1, respectively, were observed. The mechanism of action involves
the emission of high-energy photons that cause direct DNA damage in microorganisms and
generate free radicals through water radiolysis, which oxidize and break aflatoxin molecules.
Importantly, despite changes in parameters such as pigments and antioxidant activity at higher
doses, the treatment did not significantly compromise the nutritional or sensory quality of
pistachios, reinforcing gamma irradiation as an effective and safe non-thermal technology to
reduce risks associated with aflatoxin contamination (Makari et al. 2021).

The application of combined microwave irradiation to pistachios was more effective, resulting
in the lowest residual levels of AFB; and total AFs. Additionally, samples treated with this
combined method did not show significant differences in sensory characteristics compared to
control samples, indicating that pistachio quality was preserved (Sadeghi et al. 2022).

Drying is a post-harvest method used for fungal control and the prevention of aflatoxin
contamination in tree nuts. Its effectiveness is directly related to the reduction of moisture
content and water activity (Aw), which are essential factors for the growth of toxigenic fungi
such as Aspergillus flavus and the biosynthesis of AFs. By limiting water availability in the
substrate, drying creates a hostile environment for microbial proliferation and mycotoxin
production. Additionally, depending on the temperature and duration applied, the process may
also affect spore viability and, in some cases, promote partial degradation of toxins already

present. Studies by Costa et al. (2017) and Valente et al. (2020) show that different drying
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techniques vary in their ability to reduce fungal load and aflatoxin levels, making the choice
of method and operational conditions critical for ensuring product safety and quality.

The effects of blanching on aflatoxin contamination in almonds have also been studied,
focusing on both toxin reduction in contaminated almonds and the risk of cross-
contamination. Blanching, performed by immersing almonds in hot water to facilitate skin
removal, was effective in partially reducing aflatoxin levels, with reductions ranging from
13% to 76% in naturally contaminated almonds, depending on batch quality and process
conditions. The main mechanism involves the partitioning of AFs from the almond into the
blanching water and the skin, which retains a significant portion of the toxin. Additionally,
some AFB; becomes unrecoverable after blanching, possibly due to binding with soluble
almond components such as denatured proteins or partial degradation of the toxin in the
heated aqueous medium. Blanching can therefore be a useful step in AFs control in almonds if
measures are taken to prevent secondary contamination through reuse of the water (Mahoney
et al. 2020).

Although the effectiveness of physical methods varies depending on the type of treatment,
exposure time, temperature, humidity, and the food matrix, the studies analyzed indicate that
these approaches, whether applied individually or in combination, show great potential for
safe and efficient application in the tree nut production chain. However, it is essential to
ensure that the processes used do not result in the formation of more toxic by-products during
Afs degradation, requiring additional evaluations regarding the safety of the compounds
generated. Another relevant aspect is that many of these methods preserve the sensory and
nutritional properties of foods, which enhances their feasibility for industrial use. Thus,
physical methods are established as promising, non-chemical, and sustainable alternatives for
mycotoxin control, contributing to food safety and the commercial value of products.

Table 2 — Summary of the included studies using chemical methods on aflatoxin degradation.

Chemical method

References Tree nuts Applied technique Aflatoxin Efficiency/Reduction
Akbas and Ozdemir,2006  Pistachio Ozonization AFT 24%

Scussel et al. 2011 Brazil nut O3 reducing atmosphere ~ AFT 100%

Jubeen et al. 2020 Mixed tree nuts Organic acids AFT 9%

Ribeiro et al. 2020 Brazil nut Hypochlorite / peracetic =~ AFT Not effective
Atakan and Caner,2021 Hazelnut Ozonization AFT 31.35%
Gammoh et al. 2023 Walnuts/Pistachio ~ Selenium treatment AFB1/AFGi 100% in walnuts
Kaminiaris et al. 2025 Pistachio Fungicides AFT 100%

AFT:Total aflatoxin; AFB;:Aflatoxin B;;AFB2:Aflatoxin B,
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3.4 Chemical methods

Chemical methods (n = 7) have been studied as alternatives for AFs decontamination in
foods, particularly in high-value products such as tree nuts. These methods use agents that can
reduce or inactivate the toxins, thereby improving food safety. Although they show promising
results, their use requires caution because they may cause undesirable changes in the
nutritional and sensory quality of foods. This section discusses the main studies that
investigated chemical methods for reducing aflatoxins, highlighting the efficiency achieved
and the impacts observed on the quality of treated products.

Ozonation has been studied as a chemical method for reducing AFs in tree nuts and is
recognized for its effectiveness and non-residual nature. Research indicates that ozone
application can reduce AFT by approximately 24% in pistachios and about 31% in hazelnuts.
The mechanism of action is linked to the strong oxidizing capacity of ozone, which reacts
with the double bonds in the aflatoxin structure, particularly the Cs—Co bond of the furan ring
in AFB; and AFGy, resulting in derivatives with lower molecular weight and reduced toxicity.
In whole pistachios, no significant changes were observed in quality parameters such as pH,
moisture, color, fatty acid composition, or sensory acceptability, although sensory
modifications were reported in ground pistachios. In hazelnuts, the treatment caused only a
slight increase in peroxide values and a reduction of up to 29% in a-tocopherol content,
without compromising color or texture (Akbas and Ozdemir 2006; Atakan and Caner 2021).
Additionally, research has evaluated the use of oxygen-reducing modified atmospheres for
storing shelled Brazil nuts, showing that ozone treatment was the only method capable of
completely degrading AFs. In addition to degrading toxins, ozone also reduced the surface
moisture of the nuts and fully eliminated fungi and yeasts through its oxidative action on cell
wall components and microbial membranes. The use of ozone, particularly in combination
with vacuum, appears to be a promising strategy for aflatoxin decontamination and fungal
control in tree nuts, effectively degrading toxins while preserving product quality and sensory
attributes (Scussel et al. 2011).

Organic acids have been shown to promote detoxification in pistachios and other nuts, with
citric acid being particularly effective, achieving reductions of up to 99% for AFB; and 97%
for total AFs in walnuts. The proposed mechanism involves acid hydrolysis of the lactone ring
in AFBj, resulting in the formation of less toxic compounds, whose toxicity is reported to be
up to 450 times lower than that of the original molecule. Partial conversion of AFB; into the
less toxic AFB> has also been observed, especially after treatment with lactic acid. Additional

evidence shows that citric acid is highly effective in reducing AFs in pistachios, achieving a
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degradation rate of 93.1% for AFB; when applied at 6 g for 1 hour at 120 °C. These findings
indicate that the use of organic acids is a promising, safe, and effective chemical strategy for
aflatoxin detoxification in nuts. In most cases, final aflatoxin levels remained below
maximum permissible limits. However, ultimate safety depends on confirming that the
degradation by-products are non-toxic and that the nutritional and sensory quality of the food
is preserved. These factors were favorably observed in these studies but require case-by-case
evaluation for industrial-scale applications (Jubeen et al. 2020; Rastegar et al. 2017).

Among chemical approaches, recent studies have highlighted innovative strategies capable of
achieving complete aflatoxin reduction in tree nuts. The use of commercial fungicides in
pistachios demonstrated remarkable efficacy, with compounds such as cyprodinil, fludioxonil,
pyrimethanil, and flusilazole reducing Aspergillus flavus growth and eliminating aflatoxin
production by up to 100% in laboratory assays; these results were later confirmed in two-year
field trials. Additionally, the application of aqueous selenate solutions followed by drying at
50 °C proved equally promising, eliminating AFB; and reducing other mycotoxins such as
AFG and zearalenone by up to 89%, without compromising sensory quality. Together, these
findings emphasize the innovative potential of chemical methods for aflatoxin
decontamination, combining high efficacy with preservation of product quality. However,
their practical application still requires thorough regulatory validation and toxicological
assessment to ensure safety and sustainability in commercial production systems (Kaminiaris
et al., 2025; Gammoh et al., 2023).

Despite promising advances in chemical methods for aflatoxin decontamination in tree nuts,
several challenges remain before these methods can be applied at an industrial scale. Key
obstacles include validating the toxicological safety of by-products formed during mycotoxin
degradation and ensuring that the sensory and nutritional qualities of foods are not
compromised. It is also essential to establish standardized, economically viable protocols that
meet international regulatory requirements and can be integrated into production chains
without health risks. The lack of data on the stability of residual compounds, variability
among different food matrices, and consumer acceptance of chemical agents presents
significant barriers. Therefore, future efforts should focus on multidisciplinary studies to

establish these methods as safe and effective alternatives for aflatoxin control.
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Table 3 — Summary of the included studies applying biological methods on aflatoxin
degradation.

Biological method

References Tree nuts Applied technique Aflatoxin Efficiency/Reduction
Rahaie et al. 2010 Pistachio Immobilized Saccharomyces cerevisiae AFBi 73%
Afsah-Hejri et al. 2013 Pistachio  Saprophytic yeasts AFB; 89.10%
Gorran et al. 2013 Pistachio  Medicinal plants (Lamiaceac) AFBi 9%
Doster et al. 2014 Pistachio  Atoxigenic strain AF36 AFB; 45%
Ansari et al. 2015 Pistachio  Kefir grains (RSM) AFG; 96.80%
Hontanaya et al. 2015 Pistachio Mustard flours AFT 87%
Ansari et al. 2016 Pistachio  Kefir grains AFB; 96%
Farzaneh et al. 2016 Pistachio  Bacillus subtilis UTBSP1 (fengycin/surfactin) AFB; 100%
Siahmoshteh et al. 2017 Pistachio  Bacillus subtilis / B. amyloliquefaciens AFT 84%
Abdolshahi et al. 2018 Pistachio  Saccharomyces mannoprotein AFB; 84.40%
Ben Taheur et al. 2019 Almonds Lactic acid bacteria AFB1/AFB2 82.27°%/83.94%
Moradi et al. 2020 Pistachio  Native yeasts AFB) 98.30%
Pakizeh et al. 2022 Pistachio  Bifidobacterium lactis AFB) 59.40%
99%

Karami-Osboo et al. 2023 Pistachio  Encapsulated essential oil (Zataria multiflora) AFT

AFT:Total aflatoxin; AFB1:Aflatoxin Bi1;AFB2: Aflatoxin B2;AFGi: Aflatoxin Gi

3.5 Biological methods
Biological methods (n = 14) for aflatoxin decontamination have emerged as sustainable and

safe alternatives to the chemical and physical approaches traditionally used. These methods
rely on microorganisms, enzymes, and natural compounds, utilizing mechanisms such as
degradation, adsorption, or inhibition of toxin synthesis by the producing fungi. In addition to
reducing the risks associated with the formation of toxic by-products, they are compatible
with more natural and environmentally friendly processing practices. In the context of tree
nuts, the use of lactic acid bacteria, yeasts, and oxidative enzymes has shown significant
potential to mitigate contamination, reinforcing the importance of biological strategies as part
of an integrated food safety system.

Studies highlight the potential of microorganisms as biological agents for controlling AFs in
pistachios. Bacillus subtilis and B. amyloliquefaciens significantly reduced the incidence of
Aspergillus parasiticus, achieving reductions of up to 72% for AFB1, 64% for AFB», and
nearly complete elimination of AFG; and AFG: (approximately 99.8%), resulting in an
overall decrease of 84% in total AFs in pistachios (Siahmoshteh et al. 2017). Additionally, B.
subtilis UTBSP1, which produces the lipopeptides surfactin and fengycin, reduced A. flavus
spores by 94.1% and eliminated AFB; in pistachios treated with 107 CFU/mL, confirming the
synergistic role of these compounds in fungal membrane destruction (Farzaneh et al. 2016).

The mechanism of action was attributed to the combined production of surfactin and
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fengycin, which destabilize the cell membrane by forming pores and altering permeability,
leading to spore death and reduced toxin levels.

More recently, the use of Bifidobacterium lactis in pistachio paste has been reported,
achieving reductions of 59.4% in AFB; under optimal conditions and up to 73% in specific
treatments. The mechanism of action primarily involved adsorption and possible
biodegradation of the toxin, along with additional benefits such as nutritional and sensory
enrichment of the product (Pakizeh et al. 2022). Together, these studies reinforce that both
Bacillus spp. and probiotics such as B. lactis are effective and safe alternatives for mitigating
aflatoxin contamination in pistachios, particularly in the post-harvest period and in derivatives
such as pistachio paste.

The use of lactic acid bacteria (LAB) has also proven to be a promising biological strategy for
reducing contamination by toxigenic fungi and their mycotoxins in tree nuts. Research has
shown that strains such as Lactobacillus kefiri FR7 can significantly inhibit the growth of A.
flavus and A. carbonarius, while markedly reducing the production of AFs and ochratoxin A.
In artificially contaminated almonds, treatment achieved reductions of 85.27% for AFB; and
83.94% for AFB; after seven days of incubation. The mechanisms involved include the
production of organic acids, hydrogen peroxide, and bacteriocins, as well as the ability of
bacterial cells to adsorb or partially biodegrade the toxins (Ben Taheur et al. 2019).

Kefir grains, consisting of a symbiotic association of LAB and yeasts embedded in a
polysaccharide matrix, have also been evaluated as biological agents. Research has shown
that the microorganisms in kefir grains can adsorb and reduce AFG; and AFB; in pistachios
by binding to cell walls, thereby decreasing their bioavailability without altering the chemical
structure of the toxins. The application of preheated kefir grains at 70 °C and 110 °C to
pistachios contaminated with AFG; resulted in a maximum predicted reduction of 96.8%
under optimal conditions: an initial toxin concentration of 20 ng/g, 10% kefir grains, 6 hours
of contact, and incubation at 30 °C. In pistachios contaminated with AFBi, the maximum
reduction was 96%, achieved with an initial concentration of 20 ng/g, 20% kefir grains, 6
hours of contact, and incubation at 30 °C (Ansari et al.2015).

Studies with yeasts in pistachios demonstrate various biocontrol mechanisms against 4. flavus
and the production of AFB;. Rahaie et al. (2010) showed that immobilized Saccharomyces
cerevisiae reduced AFBi by 40-70%, with efficiency increasing to 60-73% after acid
treatment of the cell wall, acting mainly through physical adsorption of the toxin to B-glucans
and mannans. Afsah-Hejri (2013) isolated saprophytic yeasts from pistachio fruits and leaves,

such as Pseudozyma fusiformata and Cryptococcus albidus, which reduced 4. flavus
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sporulation by up to 84.6% and AFB; production by up to 89.1%, through competition for
nutrients and space and the production of exopolysaccharides that limit fungal colonization.
More recently, Moradi et al. (2020) identified native yeasts such as Pichia kudriavzevii and
Lachancea thermotolerans, which can reduce 4. flavus growth by up to 60% and AFB;
production by 90.6-98.3%, as well as decrease fungal density in soil, leaves, and pistachio
shells by up to 99.7%. These effects occur through the production of volatile and non-volatile
compounds that interfere with spore germination and the gene expression involved in
aflatoxin biosynthesis. These findings indicate that various groups of industrial, saprophytic,
and native yeasts provide complementary and effective strategies to reduce aflatoxin
contamination in pistachios, with mechanisms including stable adsorption, ecological
competition, and metabolic inhibition.

Doster et al. (2014) evaluated the atoxigenic strain AF36 in pistachio orchards. The product,
composed of sterilized wheat seeds colonized by AF36, was applied to the soil at 11.2 kg/ha.
Application significantly increased the frequency of the vegetative compatibility group YV36,
reaching up to 93% of A. flavus isolates in treated orchards, without increasing fruit rot
incidence. In commercial orchards, reductions in samples contaminated with AFB; ranged
from 20% to 45%, depending on the year. The mechanism of action was attributed to
ecological competition and competitive exclusion, in which the atoxigenic isolate replaces
toxigenic strains of A. flavus and A. parasiticus, thereby reducing aflatoxin production.
Medicinal plants employ various natural strategies to reduce aflatoxin contamination in
pistachios. Research has shown that essential oils and extracts from Thymus daenensis,
Satureja khozistanica, and Satureja macrosiphonia can be highly effective. Essential oils of 7.
daenensis and S. khozistanica at 375 mg/L completely inhibited the growth of 4. flavus and
the biosynthesis of AFB|, while an aqueous extract of 7. daenensis directly degraded 97% of
AFB; at 2000 mg/L, converting the toxin into a non-fluorescent compound (Gorran et al.
2013).

Mustard flour, both oriental and yellow, have also been used as sources of glucosinolates,
which release isothiocyanates (ITCs) after enzymatic hydrolysis by myrosinase. In pistachios
contaminated with A. parasiticus, oriental mustard flour reduced up to 100% of AFT with
average reductions of 88—89% under simulated storage conditions, through the volatile action
of allyl isothiocyanate (AITC), which binds to thiol and amino groups of fungal proteins and
inhibits essential enzymes (Hontanaya et al. 2015). More recently, encapsulation of Zataria
multiflora essential oil in chitosan nanoparticles (CS-ZEO) produced particles of 293 + 17 nm

with an encapsulation efficiency of 87.4%. In contaminated pistachios, free ZEO reduced
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AFBI by 90.5%, while CS-ZEO achieved a 99.0% reduction, practically eliminating the toxin
due to the antifungal action of phenolic compounds (thymol acetate, carvacrol acetate)
combined with the controlled and prolonged release of the oil by the chitosan matrix (Karami-
Osboo et al. 2023).

Together, these studies demonstrate that plant extracts and essential oils, whether applied
directly, through volatile compound release, or via encapsulation, offer complementary
mechanisms for inhibiting biosynthesis, promoting chemical degradation, and blocking the
metabolism of AFs in pistachios.

Biological methods for controlling AFs in tree nuts still face significant challenges for
industrial-scale application. Effectiveness demonstrated under laboratory conditions may
decrease in real environments due to variability in factors such as temperature, humidity, food
matrix composition, and initial fungal load. Additionally, the stability and viability of
microorganisms during storage and application in dry products remain limited. The
mechanisms of action, including adsorption, production of antifungal metabolites, and partial
biodegradation, require further molecular and toxicological clarification, especially regarding
the safety of generated by-products. The lack of standardized protocols and the need for
validation across different tree nut matrices also impede commercial adoption. Therefore,
although these methods represent safe and sustainable alternatives, biological approaches still
require technical, regulatory, and economic advancements to become established components

of integrated aflatoxin management strategies.

4.Conclusion
Analysis of studies shows that there is no single universal method for aflatoxin

decontamination in tree nuts. Instead, different physical, chemical, and biological approaches
offer varying degrees of effectiveness and applicability. Among physical methods,
atmospheric cold plasma and UV-C radiation stand out, both demonstrating a high capacity to
degrade the most toxic forms of aflatoxins (AFB; and AFG)), often while preserving the
sensory characteristics of the products. In chemical methods, ozonation and the use of organic
acids excel due to their high detoxification rates, achieving reductions close to 100% under
certain conditions, although validation of the safety of the resulting by-products is still
required. Selenate also appears to be a promising alternative, combining efficacy with
preservation of sensory quality. Biological methods offer significant sustainable potential,
with notable results achieved by microorganisms such as Bacillus spp., Bifidobacterium

lactis, and Lactobacillus kefiri, which act through adsorption, ecological competition, and
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production of antifungal metabolites. The use of medicinal plants has also shown antifungal
and detoxifying activity, especially when combined with encapsulation technologies. Among
the matrices studied, pistachios are the predominant experimental model, followed by
hazelnuts and almonds. This preference is due to the high susceptibility of pistachios to
contamination by Aspergillus flavus and the economic importance of the product in the
international market. The future of aflatoxin decontamination in tree nuts involves integrating
multiple strategies that combine efficiency, toxicological safety, and economic feasibility. It
also be essential to validate these techniques on an industrial scale, assess consumer
acceptance, and meet international regulatory requirements to ensure safe and sustainable

application in global production chains.
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CAPITULO II: Influéncia do plasma frio DBD e da radiacio UV-C na descontaminacio

de aflatoxina em torta de castanha-da-amazonia

RESUMO

A castanha-da-amazonia ¢ um dos principais produtos da regido amazonica, amplamente
valorizada pelo seu elevado teor nutricional e potencial econdmico. Durante o processamento,
gera-se a torta de castanha, subproduto que pode ser aproveitado na alimentacao humana e
animal. No entanto, a presenga de micotoxinas, especialmente a AFB1, representa um risco
para a seguranca alimentar e para a comercializagdo destes produtos. Este estudo avaliou a
eficacia de tecnologias nao térmicas na degradacao de AFs presentes na torta de castanha-da-
amazonia. Foram comparados os tratamentos com plasma frio DBD (Descarga de Barreira
Dielétrica) e radiacdo UV-C, utilizando analises por HPLC-FLD para monitorizar os niveis de
AFT. Os resultados demonstraram que o plasma frio DBD promoveu uma reducio de 66%
para AFT e 75% AFBji, apds 10 minutos de exposicdo,confirmando o seu potencial como
método eficiente de descontaminagdo. Em contraste, o tratamento com UV-C apresentou
limitac¢des, evidenciando a necessidade de métodos analiticos complementares, como LC-
MS/MS e RMN, para confirmar os produtos de degradagdo e avaliar a sua toxicidade residual.
Este trabalho refor¢a a importancia da inovagao tecnologica como estratégia para a seguranca
alimentar e valorizacdo da cadeia produtiva amazodnica, além de abrir perspectivas para

aplicacdo em escala industrial e em diferentes matrizes alimentares.

Palavras-chave: Bertholletia excelsa, aflatoxinas, mitigacao, processos nao-térmicos.
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1.Introducao

A castanha-da-amazonia (Bertholletia excelsa) ¢ um dos produtos mais importantes do
agroextrativismo brasileiro, ocupando posi¢do de destaque entre os alimentos de origem
florestal. O setor envolve mais de 60 mil familias de povos e comunidades tradicionais e cerca
de 100 organizacdes comunitarias, incluindo cooperativas, associagdes ¢ agroindustrias. Nos
ultimos anos, sua demanda apresentou crescimento expressivo, movimentando entre US$ 300
e US$ 400 milhdes anuais no mercado mundial, principalmente com a castanha descascada e
beneficiada (Wadt et al., 2023).

Além do impacto econdmico, a castanha-da-amazonia possui elevado valor nutricional, sendo
fonte de selénio e rica em proteinas, minerais e vitaminas. Por isso, tem sido cada vez mais
valorizada pelas industrias alimenticia, nutracéutica e cosmética, movimentando um mercado
global estimado em US$ 450 milhdes por ano (BRASIL, 2020). Os principais importadores
sdo os Estados Unidos, Reino Unido, Alemanha, Holanda, Canadé e Austrdlia, com expansdo
recente para Russia e Coreia do Sul (FAOSTAT, 2022).

Os produtos resultantes da prensagem da améndoa tém diferentes aplicacdes: o Oleo ¢
amplamente utilizado na industria cosmética (Barbosa Abrantes et al., 2024), enquanto a torta
pode ser transformada em farinha para paes, biscoitos, gelados e outros produtos, ou utilizada
como fonte proteica em ragdes para animais (Wadt et al., 2023). Este subproduto apresenta
um elevado teor proteico, rico em aminoacidos essenciais, especialmente sulfurados como a
metionina e a cisteina (Vasquez-Rojas et al., 2021), o que reforca o seu potencial como
ingrediente funcional. A bebida vegetal de castanha-da-amazonia ¢ outro derivado de
destaque, produzida a partir da torta, sendo uma alternativa ao leite de origem animal para
pessoas com intolerancia a lactose, adeptos de dietas vegetarianas ou preocupados com a
saude e o bem-estar (Mcclements, 2020).

Apesar de nutritiva, a améndoa da castanha-da- amazonia tem sido frequentemente associada
a contaminagdo por micotoxinas, principalmente aflatoxinas (AFs), metabdlitos flingicos com
reconhecida atividade mutagénica, teratogénica e carcinogénica (Kluczkovski et al., 2022). A
producdo destas toxinas depende de condigdes favoraveis ao crescimento dos fungos, como
atividade de agua, teor de umidade, temperatura, pH e composi¢do quimica do alimento —
fatores amplamente presentes em regides tropicais, onde a castanha ¢ recolhida (Kluczkovski
et al., 2023). Este cenario refor¢a a necessidade de atencdo quanto a seguranga dos seus
derivados, avaliando se estdo dentro dos limites seguros de consumo de AFs. No Brasil, a
Resolugdo n.° 722, de 1 de julho de 2022, da ANVISA, estabeleceu limites maximos de

aflatoxinas totais (AFT) em castanha-da- amazdnia sem casca de até 10 pg-kg™' para consumo
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direto e 15 pg-kg™' para processamento, além de 20 pg-kg™' para castanha com casca
(BRASIL, 2022). Contudo, a legislacdo vigente ainda ndo contempla limites especificos para
a torta de castanha-da- amazonia, restringindo-se apenas a améndoa.

Diversas abordagens fisicas, quimicas e bioldgicas tém sido propostas para prevenir o
crescimento fingico e reduzir as micotoxinas. Os métodos fisicos tradicionais, embora
eficazes em alguns casos, sdo geralmente demorados, exigem elevado consumo energético e
podem afetar negativamente a qualidade dos alimentos (FOLIGNI et al., 2022; MAKARI et
al., 2021). Por estas razdes, cresce o interesse da industria alimentar por tecnologias
emergentes ndo térmicas, como a irradiacdo ultravioleta (UV), luz pulsada e plasma frio.
Estas técnicas promovem a degradagdo das micotoxinas através da alteracdo da sua estrutura
quimica, com vantagens como menor perda de nutrientes, preservacao da qualidade sensorial,
auséncia de residuos toxicos e baixo consumo energético (DENG et al., 2020;
ZERAATPISHEH et al., 2023).

Entre estas alternativas, o plasma frio tem demonstrado superar muitas limitagdes dos
métodos convencionais, apresentando elevada eficiéncia na descontaminacdo com impacto
minimo na qualidade dos alimentos (FOLIGNI et al., 2022). Embora estudos anteriores
tenham apresentado resultados promissores na degradagdo de micotoxinas em diferentes
matrizes alimentares, até ao momento nao existem trabalhos publicados sobre os efeitos da
aplicacdo de radiagdo UV-C e plasma frio especificamente em torta de castanha-da-amazonia.
Neste contexto, o presente estudo teve como objetivo avaliar a eficicia da descontaminagao
de AFs por plasma frio DBD e radiagdo UV-C em torta de castanha-da-amazdnia, analisando

a taxa de reducdo das AFs e os parametros cromaticos.

2.Material e métodos

2.1 Produtos quimicos e reagentes
As aflatoxinas padrdo (AFB1, AFB;, AFG; e AFQG;) foram adquiridas da Restek lote: 031323

(St. Louis, MO, EUA). Os reagentes KCl da marca Proquimicos, NaCl da marca Dindmica,
KH;PO4 da Vetec e NapHPOs4da marca Nuclear. O 4cido trifluoroacético para HPLC da
Tedia (Sao Paulo, Brasil). Os solventes organicos hexano, cloroférmio, acetonitrila e metanol
de grau HPLC foram da Merck (Sao Paulo,Brasil); A dgua ultrapura foi obtida usando um
sistema de purificacdo Rios/Milli-Q (Millipore, Danvers, MA, EUA). Papéis de filtro
quantitavos foram adquiridos da JProlab (Sdo José dos Pinhais,PR) e os filtros de

polipropileno HPLC de 13 mm com membrana de PVDF de 0,45 pm Durapore (Millipore,
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Danvers, MA, EUA) foram adquiridos da Merck (Sao Paulo, Brasil).

2.2 Amostragem

A castanha-da- amazoOnia, naturalmente contaminada, foi obtida numa industria localizada em
Manaus, Amazonas. O lote tinha sido descartado pela empresa por apresentar niveis de AFT
acima do limite maximo permitido pela legislagdo em vigor. As améndoas foram
posteriormente prensadas numa prensa automatica da marca Ecirtec (Bauru, SP), modelo
MPE-40 AC, para obtencdo da torta, procedimento realizado no Laboratorio NECTA da

Faculdade de Ciéncias Farmacéuticas da Universidade Federal do Amazonas.

2.3 Tratamento com plasma frio DBD
Os padrdes do equipamento seguiram Esmaeli et al.,2023, com adaptagdo. O equipamento de

plasma frio do tipo DBD foi desenvolvido no Laboratoério de Plasma Aplicado do Centro
Brasileiro de Pesquisas Fisicas (CBPF). O procedimento experimental consistiu em posicionar
a torta de castanha-da-amazonia preenchendo uma camada uniforme de 0,5 cm no fundo de
um recipiente de vidro hermeticamente fechado, no qual inicialmente foi realizado véacuo e
em seguida se introduziu uma pequena quantidade de gas argonio (aproximadamente 5% em
pressao) chegando a uma pressao de trabalho da ordem de 6,0 mbar. Em seguida, o plasma foi
gerado no interior do recipiente por meio de uma fonte alternada de alta tensdo com
acoplamento capacitivo (descarga tipo DBD), utilizando aproximadamente uma voltagem de
15 kV, uma poténcia de 200 W e frequéncia de 20 kHz. O tratamento das amostras foi
conduzido em diferentes tempos de exposi¢cdo ao plasma, variando entre 5, 7, 10 e 15

minutos.

2.4 Tratamento UV-C
Os tratamentos com UV-C foram realizados de acordo com Hassan et al., 2020, com pequenas

modificagdes. As tortas foram acondicionadas em bandejas e colocadas numa camara
equipada com uma lampada UV-C. As tortas foram expostas as doses de UV-C durante 5, 7,
10 e 15 minutos. Durante os tratamentos, as tortas foram colocadas a uma distancia de 20 cm

da fonte de UV-C com poténcia de 570W, modelo UVC-0314 da marca UV Hortifruti.

2.5 Espectroscopia ATR-FTIR
A espectroscopia de infravermelho com transformada de Fourier (FT-IR), Bruker Vertex 70

(Billerica, MA, EUA), foi realizada no Laboratério de Interfaces do CBPF, em uma amostra
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de controle sem tratamento € em amostras tratadas com plasma frio DBD durante 7 e 15
minutos, com o objetivo de identificar os grupos funcionais presentes antes e apds o
tratamento com plasma frio. Para a aquisicdo dos espectros, utilizou-se um acessorio de
Reflexdo Total Atenuada (ATR) equipado com cristal de ZnSe, adequado para analise de
solidos. As tortas foram posicionadas diretamente sobre a superficie do cristal, garantindo
contato adequado para adquirir o espectro da radiagdo refletida. O detector MIR registrou os
espectros na faixa de 4004000 cm™, intervalo habitualmente utilizado para caracterizagao de
compostos organicos. Os espectros obtidos permitiram identificar ligacdes moleculares
relevantes, fornecendo informacdes sobre grupos funcionais associados a composi¢do quimica

da amostra e potenciais alteragdes relacionadas com a redugao da toxicidade da AFB..

2.6 Quantificacido de aflatoxinas

A analise foi realizada segundo o método de Castro et al., 2013 e Ribeiro et al., 2020, com
adaptacdes. Foram pesados aproximadamente 25 g das tortas de castanha-da-Amazonia e
transferidos para o recipiente de vidro do dispersor de alta velocidade Omni Mixer®. Em
seguida, adicionaram-se 5 g de cloreto de s6dio, 150 mL de metanol a 80% e 50 mL de
hexano (ambos de grau HPLC). A mistura foi agitada durante 3 minutos a 800 rpm e filtrada
em papel de filtro rapido, sendo posteriormente filtrada em membrana de PTFE utilizando
sistema de vacuo. Um volume de 10 mL do filtrado foi transferido para um frasco, ao qual
foram adicionados 60 mL de tampao PBS. A solu¢do foi passada por uma coluna de
imunoadsor¢do AFLAPREP P07 da R-Biopharm, instalada num manifold, com fluxo de 2
mL/min. A coluna foi lavada com 15 mL de 4gua deionizada e seca com ar. As AFs foram
eluidas com a adicao de 2 mL de metanol, utilizando o sistema de vacuo. O eluato contendo

as AFs foi evaporado sob fluxo de nitrogénio em banho-maria a 40 °C.

2.6.1 Pré-derivatizaciao por TFA
Sob capela, dissolveu-se o residuo seco em 600 mL de acetonitrila e agitou-se no vortex

durante 30 s. Filtrou-se com membrana para o vidro de derivatiza¢ao e acrescentaram-se 1,2
mL de derivatizante (10 mL de acido trifluoroacético + 5 mL de acido acético + 35 mL de
agua Milli-Q), agitando novamente no vortex por 30 s. Colocou-se em banho-maria a 65 °C

durante 8 minutos e 30 segundos e transferiu-se 1 mL para o vial.

2.6.2 Parametros cromatograficos
Curva padrao — A partir de uma solugdo padrao certificada contendo as quatro aflatoxinas
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(AFs), prepararam-se solu¢cdes com diferentes concentracdes para sete pontos da curva. As
concentragdes da curva analitica variaram entre 2,104 e 25,250 pg/mL. As analises foram
realizadas num sistema cromatografico LC-20A (Shimadzu), acoplado ao sistema
HPLC/DFL.

Coluna cromatografica X-Bridge® RP18 (Waters Technologies), 5 pum (4,6 x 150 mm). Fase
moével composta por acetonitrila/metanol/agua ultrapura na propor¢ao 175:175:650 (v/v), com
fluxo de 0,8 mL/min em modo isocratico. Detector de fluorescéncia: excitagdo a 360 nm ¢

emissao a 440 nm. Volume de injecao: 10 pL.

2.6.3 Validacao do método
O método analitico utilizado neste estudo foi validado por Castro et al., 2013, com os valores

de LD e LQ, respetivamente: 0,04 ¢ 0,13 ng/kg (AFB1), 0,02 ¢ 0,08 pg/kg (AFB>), 0,03 ¢ 0,10
ug/kg (AFGi) e 0,03 ¢ 0,11 pg/kg (AFG»).

2.7 Determinacio de cor instrumental

A cor das amostras foi determinada antes e apds os tratamentos, utilizando um colorimetro
digital modelo Chroma Meter (Konica Minolta; CR-400). Utilizou-se a escala CIELab para
determinar os parametros: L1*, que indica a luminosidade da amostra; L2*, luminosidade
inicial da amostra-padrao; al*, pardmetro de cor vermelho/verde da amostra; a2*, parametro
inicial de cor vermelho/verde da amostra-padrao; b1*, pardmetro da cor azul/amarelo da
amostra; b2*, parametro inicial da cor azul/amarelo da amostra-padrao.

Além disso, a diferenca total de cor entre as amostras antes e apds o tratamento foi

determinada pelo indice AE*, segundo a equagdo:

[AE" = (L} — L3)? + (a} — a3)? + (b} — b3)?]

Estes parametros permitiram avaliar alteragdes na aparéncia das amostras em funcdo dos

diferentes tratamentos aplicados.

2.8 Analise estatistica

A reducdo dos niveis de AFs foi avaliada por analise de variancia (ANOVA), considerando
como fatores independentes o tipo de tratamento (UV-C e plasma frio) e o tempo de
exposicao (5, 7, 10 e 15 minutos). As possiveis interagdes entre estes fatores também foram
analisadas para identificar efeitos combinados. Paralelamente, os pardmetros cromaticos (L*,

a*, b*, C* e h°) foram submetidos a ANOVA, com o objetivo de verificar diferengas
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significativas entre os tratamentos e tempos de exposi¢ao.
As analises estatisticas foram realizadas com os softwares RStudio ¢ Excel. Quando foram
identificadas diferencas significativas, aplicou-se o teste de Tukey para comparacdes

multiplas, adotando-se um nivel de significancia de p < 0,05.

3.Resultados e discussao

3.1 Quantificacido de aflatoxinas

A andlise de variancia revelou diferengas significativas entre os tratamentos, confirmadas pelo
teste de Tukey (Tabela 1). O tratamento CP10 (cold Plasma 10 min) apresentou as menores
médias para AFG1, AFB: e o AFT, sugerindo maior eficacia na redu¢do, embora ndo tenha
diferido estatisticamente da amostra controle. Em contraste, os tratamentos UV (UV5, UV7 e
UV15) apresentaram as maiores médias, significativamente superiores, indicando menor
eficiéncia. Para AFG; e AFB> ndo foram observadas diferencas significativas, reforcando que

os efeitos dos tratamentos se concentram em AFG| e AFB;.

Tabela 1-Efeito do Plasma Frio (CP) e UV- C na redugdo de aflatoxinas em torta de castanha-

da amazodnia

Tratamentos AFG;(pg/kg) AFBi(ng/kg)  AFGo(ug/kg)  AFBo(pg/kg)  AFT(pg/kg)
controle 2,38+0,51 @ 3,11 +£0,76 & 0,14+0,02* 0,30+ 0,10? 5,94 + 1,382b¢
CP5 2,48+ 0,35 3,48 £0,31% 0,13+0,01* 0,310,032 6,40 + 0,70
uvs 3,67+ 1,03° 4,88+ 0,71 ¢ 0,17+ 0,09? 0,51£0,16% 9,23+ 2,00 ¢
CP7 1,61+ 0,322 1,23+ 0,02 ® 0,05+ 0,012 0,110,032 2,99+ 0,44 ®
uv7 3,74+ 1,24 ° 481+ 1,17°¢ 0,18+0,05* 0,52+0,03? 9,24+ 2,49 ©
CP10 1,10 £ 0,032 0,79+ 0,09 # 0,04+ 0,052 0,08+ 0,01° 2,01+ 0,182
Uvi1o 2,34+0,51% 3,72+ 1,03 b 0,10+ 0,01* 0,38+ 0,06? 6,54 + 1,61
CP15 3,12+ 0,46 3,49+ 0,19 0,23+ 0,112 0,62+ 0,41° 7,46+ 1,17%
UVvI15s 3,13+ 0,07 4,10+ 0,05 ¢ 0,14+0,01* 041+0,01°? 7,79+ 0,04 b

Médias (£ desvio-padrao) dos niveis de aflatoxinas (AFGi, AFBi, AFG,, AFB, e AFT)
quantificados por HPLC-FLD.

A andlise dos resultados revelou redugdes expressivas nos niveis de AFT e de AFB; nos
tratamentos CP10 e CP7 em comparagcdo com o controle. Para a AFT, o tratamento CP10
promoveu uma redu¢do aproximada de 66%; estas reducdes também podem ser observadas
nos cromatogramas (Figura 1), enquanto o CP7 reduziu cerca de 50%. Estes valores indicam
que ambos os tratamentos foram eficazes, com destaque para o CP10, que apresentou a maior

taxa de reducdo. No caso da AFBj, o tratamento CP10 reduziu aproximadamente 75% em



47

relagdo ao controle, enquanto o CP7 apresentou uma reducdo de cerca de 60%. Estes
resultados estdo de acordo com os observados por Esmaeili et al., 2022, que investigaram o
uso de plasma frio em pistacio e observaram redugdes maximas de 83,7% para AFB1, 74,4%
para AFB,, 41,4% para AFG; e 50,7% para AFG; em tratamento durante 15 minutos
(Esmaeili et al., 2022).
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Figura 1 — A: Cromatograma da amostra sem tratamento; B: Cromatograma da amostra apds

tratamento com plasma frio DBD durante 10 minutos.

A AFB; ¢ considerada a micotoxina mais toxica e carcinogénica. A sua estrutura quimica
apresenta grupos funcionais criticos, como carbonilas, lactona e sistemas aromaticos
conjugados, que explicam os padrdes caracteristicos observados nos espectros de FTIR. Estes
espectros exibem picos marcantes em regides especificas: 2850-3100 cm™ (estiramento
aromatico —C-H e CH:), 1670-1820 cm™ (carbonila C=0), 1400-1600 cm™* (C=C
aromatico), além de bandas em 1364—1369 cm™' (—CHs proximo do anel epoxi) e 1040—-1050

cm ' (C—O-C da lactona). Estes comprimentos de onda permitem confirmar a presenga de
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AFBI1 em alimentos, embora possam ser percebidas diferencas subtis na intensidade ou
posicao dos picos, refletindo variagdes da matriz ou das condigdes de andlise (Sein et al.,
2024; Salisu; Almajir, 2020).

Com a realizagdo do ATR-FTIR nas amostras tratadas com plasma frio durante 7 e 15
minutos (Figura 2), observou-se uma reducdo progressiva das bandas em 1587 cm™ (C=C
aromatico), 1393 cm™ (—CHs proximo ao anel epdxi) e 1038 cm™ (C—O—-C da lactona),
caracteristicas da AFB;. A andlise do espectro evidencia que a acao do plasma frio promove a
hidrolise da lactona, pela redug¢ao da banda em ~1038 cm™, oxidacao do anel aromatico (1587
cm™') e desalquilag@o de grupos metilo/metileno (1393 cm™), mecanismos que desestabilizam

a estrutura conjugada da molécula (Honjnik et al.,2021).
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Figura 2 — Espectrograma das amostras ap6s tratamento durante 7 e 15 minutos.

Estudos de Wielogorska et al. e Hojnik et al. relatam que o mecanismo de acao do plasma de
barreira dielétrica (DBD) sobre a AFB; baseia-se na geracdo de uma ampla gama de espécies
reativas de oxigénio e nitrogénio (RONS), como radicais hidroxilo (OH), hidroperoxido

(HO:2), ozbénio (Os), peroxido de hidrogénio (H20:), 6xido nitrico (NO) e dioxido de
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nitrogénio (NO:). Estas espécies, altamente oxidantes, interagem com a molécula da
aflatoxina principalmente na dupla ligacdo Cs=Co do anel furano terminal, considerada o
ponto mais critico para a sua toxicidade. A ruptura dessa ligacdo compromete a capacidade da
toxina de formar adutos com o DNA, reduzindo drasticamente o seu potencial carcinogénico
(Hojnik et al., 2021). Como resultado destas reacdes, sdo gerados varios subprodutos de
degradagao (C17H1507, C16H1106, C15H1307, C14H1006) (Figura 3), identificados por
Hojnik et al. (2021) através de espectrometria de massas e RMN, que apresentam toxicidade

significativamente reduzida (Wielogorska et al., 2019)

Figura 3-Produtos da degradagdao da AFB; ap6s aplicacao do plasma frio.
Fonte: Honjnik et al.,2021

Em contraste, os tratamentos com radiagdo UV (UV5, UV7, UV15) apresentaram valores
significativamente superior na analise por HPLC-FLD, sugerindo menor eficiéncia e at¢ um
aparente aumento nos niveis de AFs. Este resultado pode ser explicado por estudos prévios
que apontam limitagdes da radiacdo UV na degradagdo de micotoxinas, devido a formagao de
subprodutos e a possibilidade de interferéncia em métodos baseados em imunoafinidade. No
estudo de Zou et al., a aplicacio de UV em AFB;, AFB; e AFG; resultou em taxas de
degradagdo superiores a 80% em apenas 10 minutos, com identificacdo de multiplos produtos
de degradacdo por UPLC-Q/TOF-MS. Os principais fragmentos observados incluiram
derivados de hidroxilacdo, oxidagdo, abertura do anel lactonico e perda de grupos metoxi ou
carbonila. Apesar da reducdo significativa da toxicidade, os autores destacaram que estes
produtos preservam parte do nicleo aromatico das AFs, o que pode levar a interferéncia em
analises convencionais (Zou et al.,2024). Complementarmente, Zhang et al. investigaram a
degradagcdo da AFB; em o6leos vegetais ¢ confirmaram vias semelhantes de modificagao
estrutural (Figura 4), incluindo desmetilagdo, oxidacao, hidrélise e perda de CO. Ao aplicar
analises de ESP, os autores demonstraram que todos esses produtos apresentam perfis

eletronicos distintos da AFBi, resultando em baixa reatividade cruzada com os anticorpos
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seletivos desenvolvidos no proprio estudo. Esta evidéncia reforga que o aumento aparente de
aflatoxina observado por HPLC-FLD apoés tratamento com UV pode ndo corresponder a
molécula original de AFB1, mas sim a fluorescéncia de derivados capturados durante a etapa

de imunoafinidade. (Zhang et al.,2026)

-CO + H,O
Chemical Formula: C;¢H,,05 Chemical Formula: C;;H;,0 Chemical Formula: Cy;H,,0,
Exact Mass: 284.07 Exact Mass: 312.06 Exact Mass: 330.07
Demethylation
v
P3 0 0 P4 0 o
0 0 ] 0
Oxidation = I
O O
Y OH Y OH
Chemical Formula: C¢H,40, Chemical Formula: CgH 904
Exact Mass: 314.04 Exact Mass: 298.05

Figura 4- Produtos da degradagdao de AFB; apds tratamento por UV-C
Fonte: adaptado de Zhang et al.,2026

A possibilidade de interferéncia destes derivados ndo se restringe as analises com radiagdo
UV. Nos tratamentos com plasma frio (CP5 e CP15), também se observou aumento nos niveis
de AFs por HPLC-FLD. Contudo, ao analisar o espectro de FTIR do tempo CP15, verificou-
se uma redugdo clara dos sinais caracteristicos das estruturas de AFBi, evidenciando que a
molécula foi efetivamente degradada. Este resultado comprova que a hipotese ¢ valida: o
aumento aparente dos niveis de AFs em HPLC-FLD resulta da interferéncia de produtos de
degradacdo fluorescentes, e ndo da presenca da toxina intacta.

Estes resultados destacam a necessidade de desenvolver métodos analiticos capazes de
caracterizar os produtos de degradagdo da aflatoxina e reduzir interferéncias que podem
originar resultados falso-positivos. O uso de técnicas confirmatorias, como a espectrometria
de massas (LC-MS/MS) e a espectroscopia de infravermelho (FTIR), constitui alternativas
robustas para a andlise estrutural desses derivados e para garantir maior confiabilidade nos

processos de monitorizacao da detoxificagao.
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3.2 Analise de cor
A andlise estatistica dos parametros cromaticos, realizada pelo teste de Tukey (Tabela 2),

evidenciou que os tratamentos com UV-C e plasma frio tiveram efeitos distintos sobre a cor
da torta de castanha-da-amazonia. Em relacao a luminosidade (L*), os tratamentos UV 10,
UV15, CP7, CP10 e CP15 apresentaram valores significativamente superiores ao controle,
indicando um clareamento perceptivel das amostras. Este resultado pode ser atribuido a
degradacao parcial de pigmentos ¢ a oxidacdo de compostos fenolicos, que aumentam a
reflexdo da luz. A retengdo destes compostos fenolicos na torta contribui para alguma
estabilidade cromatica, uma vez que atuam como antioxidantes naturais, retardando a

oxidacao dos pigmentos (Mexis et al., 2009; Vasquez-Rojas et al., 2021)

Tabela 2- Parametros de cor da torta de castanha-da-amazonia apds os tratamentos por plasma

frio DBD e a UV-C.

L* a* b* Cc* h° AE*

Controle 67,36+1,19° 2,98+0,37° 19,31+0,99° 19,54+0,95* 81,19+1,31°

UV5 68,99+0,39% 2,16+0,35% 19,41+0,35¢ 22,86+5,45* 84,65+0,31* 1,82613
uv7 68,96+0,62%° 227+0,31® 19,91+1,19%  20,04+1,20° 83,50+0,84*  1,85653
UvV10  71,16£1,03*  2,02+0,24® 19,64+0,48>  19,97+0,84* 84,15+0,57°  3,93494
UV15  70,23+0,55* 1,96+0,50* 20,50+0,22%¢  20,60+0,24* 84,55+1,37*  3,27583
CP5 69,40+0,63% 231+0,30® 20,59+0,83°  20,72+0,85* 83,60+0,67* 2,49598
CP7 69,970,882  2,46+0,63® 21,90+0,65% 22,05+0,70*  83,62+1,49% 371139
CP10 70,18+0,17¢  2,25+0,09% 21,64+0,24%>  21,76+0,23* 84,06+0,29*  3,73096
CP15 69,92+1,16*  2,4+0,3% 21,7+1,0% 21,8+1,0° 83,7+1,1% 3,52057

No pardmetro a*, apenas o tratamento UV 15 apresentou redugdo significativa da tonalidade
avermelhada, sugerindo degradacdo pontual de fendlicos ligados a carboidratos que
contribuem para coloragdes mais escuras. Ja o parametro b* apresentou aumento significativo
nos tempos de plasma frio (7, 10 e 15 minutos), evidenciando intensificacdo da tonalidade
amarelada. Este comportamento pode ser explicado pela elevada presenca de lipidios
insaturados, como oleico e linoleico, e de minerais como ferro e cobre na torta, que favorecem
reagOes oxidativas quando submetidos ao plasma frio. Além disso, o alto teor proteico e de
carboidratos presente na torta também desempenha um papel relevante nas alteragdes
cromaticas, pois a sua degradagdo liberta fendis e modifica o equilibrio de cor, especialmente
nos tratamentos mais longos, intensificando o amarelo. Por outro lado, o pardmetro C* nao
apresentou alteracdo significativa, indicando que a saturacdo da cor foi preservada

independentemente do tratamento aplicado (Sharani et al., 2020; Vasquez-Rojas et al., 2021).
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O angulo de matiz (h°®) também foi alterado por UV7, UV10, UV15 e CP10, reforgando que a
UV-C modificou de forma mais ampla o equilibrio cromético, deslocando o matiz para tons
mais amarelados. Estudos prévios em améndoas e outros frutos secos, nos quais a radiacao e o
plasma frio foram associados a degradacdo de fendlicos e carotenoides, resultaram num
aumento da tonalidade amarela e numa maior saturagao da cor (Prasetyo et al., 2008; Hertwig
et al.,, 2017). A classificagdo de AE* proposta por Atalar et al. (2019) também auxilia na
interpretagdo dos resultados: valores superiores a 3 indicam diferengas perceptiveis ao olho
humano. Na tabela, os tratamentos UV10, CP7, CP10 e CP15 apresentam AE* acima desse
limiar, indicando que os tratamentos com plasma frio e UV-C em tempos mais longos
modificaram de forma relevante a percepcao visual da cor da torta de castanha-da-amazonia
(Millena et al., 2025). Assim, conclui-se que, enquanto o UV-C promoveu alteragcdes mais
evidentes no matiz, o plasma frio exerceu maior impacto sobre a percepcao global da cor,
especialmente em tempos superiores a 7 minutos, possivelmente devido a oxidacdo de

pigmentos naturais e a maior disponibilidade de substratos para reagdes oxidativas.

4.Conclusao

Os resultados demonstraram que o tratamento com plasma frio DBD foi o mais eficaz na
degrada¢do da AFB; na torta de castanha-da-amazonia, especialmente apds 10 minutos de
exposi¢do, quando se observou uma redugdo de 66% para AFT e 75% para AFB:1 na analise
por HPLC-FLD. Em contraste, o tratamento com UV-C evidenciou limitagdes do método de
quantifica¢do, reforcando a necessidade de empregar métodos analiticos acoplados, como LC-
MS/MS e RMN, para confirmar as moléculas e avaliar a toxicidade residual dos produtos de
degradacao. Estas técnicas garantem maior confiabilidade na interpretacdo dos resultados.
Assim, este projeto evidencia o potencial do plasma frio como alternativa inovadora para
reduzir a contaminacdo por AFs em alimentos e destaca a importancia da padronizagdo dos

métodos em diferentes matrizes, visando uma aplicagdo segura e eficaz em escala industrial.
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CONCLUSOES GERAIS
Este trabalho refor¢a a importancia da inovagao tecnologica como ferramenta estratégica para

a seguranga alimentar e para a valorizagdo da cadeia produtiva amazonica. Os resultados
obtidos demonstram o potencial do plasma frio como método eficiente de descontaminagao,
ao mesmo tempo em que revelam as restrigdes do uso isolado da radiagao UV-C, ampliando o
conhecimento cientifico sobre diferentes abordagens ndo térmicas. Além disso, abrem
perspectivas para futuras pesquisas voltadas a otimizacao das condigdes de aplicacdo, a
avaliacdo em escala industrial e a exploracao dos efeitos em diferentes matrizes alimentares.
Dessa forma, a dissertagdo contribui para consolidar a castanha-da-amazonia como um
produto seguro para comercializagdo, reduzindo riscos de embargos na exportacdo e

ampliando o potencial de utilizagao de seus residuos de forma segura para o consumo.

PERSPECTIVAS FUTURAS
Com base nos resultados obtidos, futuras investigagdes poderdo aprofundar a caracterizagao

estrutural dos produtos de degradagdo da AFB; gerados por tratamentos fisicos, como UV-C e
plasma frio, aplicados a torta de castanha-da-amazonia. Para tal, técnicas de alta resolucao,
como LC-HRMS e RMN, serdo fundamentais para a identificagdo precisa dos derivados
formados, permitindo avaliar a sua toxicidade residual, estabilidade quimica e eventuais
implicagdes regulatorias. Para além da caracterizagdo molecular, serd relevante investigar o
impacto destes tratamentos na composicao centesimal da matriz, incluindo lipidios, proteinas
e umidade, bem como realizar analises de minerais e sensorial para verificar a preservagao das
propriedades do produto. Por fim, a validagdo dos protocolos de descontaminacdo em escala
industrial serd essencial para viabilizar a aplicacdo pratica destas tecnologias na cadeia
produtiva, contribuindo para a seguranca alimentar e o aproveitamento sustentavel de

subprodutos amazonicos.



