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RESUMO

Os objetivos foram extrair e determinar a composic¢do quimica dos 6leos essenciais (OEs) de
Alpinia speciosa, Cymbopogon flexuosus, Ocimum basilicum L e Ocimum gratissimum L.;
produzir através de fiacdo por sopro em solucdo (SBS) nanofibras de poli (acido latico) (PLA)
incorporadas com os OEs e caracteriza-las fisico-quimicamente, bem como avaliar os testes in
vitro antifingicos e antiocratoxigénicos sobre Aspergillus carbonarius, Aspergillus niger,
Aspergillus ochraceus e Aspergillus westerdjikiae. Também foram estudados os efeitos
antifangicos in vivo (uva) das nanofibras sobre Aspergillus carbonarius e Aspergillus niger
como potencial embalagem ativa a ser aplicada no controle da degradacédo de uvas de mesa. Os
OEs foram extraidos por hidrodestilacdo e caracterizados por cromatografia gasosa (CG/EM e
CG/DIC). As nanofibras foram produzidas pela técnica de SBS e caracterizadas por
microscopia eletrénica de varredura (MEV), calorimetria exploratéria diferencial (DSC),
espectroscopia de infravermelho (FTIR), angulo de contato e por analise termogravimétrica
(TGA). As propriedades antifungicas e antiocratoxigénica foram avaliadas pelo método de
fumigacéo. O teste in vivo foi realizado usando uma embalagem de politereftalato de etileno
para uvas contendo as nanofibras, avaliando os parametros fisico-quimicos da uva e a
proliferacdo fungica apds 10 e 20 dias de incubagdo. Terpinen-4-ol (20,23%), sabineno
(20,18%), 1,8-cineol (16,69%), y-terpineno (11,03%); e citral (97,67%) foram os compostos
majoritarios presentes nos OEs de A. speciosa e C. flexuosus, respectivamente. Os principais
constituintes de O. basilicum foram linalol (26,89%), 1,8-cineol (23,62%) e canfora (15,69%),
ao passo que no de O. gratissimum o eugenol (79,04%) foi encontrado majoritariamente. As
eletromicrografias mostraram que a adi¢cdo dos OEs ocasionou um aumento do didmetro das
nanofibras. A eficiéncia da encapsulacdo dos OEs nas nanofibras foi evidenciada e comprovada
pelos resultados de FTIR. As curvas de DSC também indicaram a existéncia de interacdes entre
os OEs e as macromoléculas poliméricas através de sua acdo plastificante, resultando em
reducdo da cristalinidade do PLA. O carater hidrofobico das nanofibras foi revelado pela técnica
de angulo de contato. A técnica de TGA conseguiu mostrar a eficiéncia da nanofibra de PLA
em controlar a liberacdo dos OEs, prolongando o efeito antifungico. As nanofibras
proporcionaram um efeito antifangico significativo, diminuindo o crescimento micelial de A
carbonarius (17,86% a 100%), A. niger (10,25% a 100%), A. ochraceus (2,78 a 100%) e A.
westerdijkiae (3,64 a 100%). A sintese da ocratoxina A dos fungos A carbonarius (12,09% a
100%), A. niger (8,93% a 100%), A. ochraceus (25,94 a 100%) e A. westerdijkiae (56,26 a
100%) foi inibida com a presenca das nanofibras. As embalagens ativas conseguiram reduzir o
indice da proliferagdo fungica de A. carbonarius e A. niger nas uvas, bem como controlar a
perda de peso, amolecimento e as mudancas de cor, manter os parametros de acidez, °Brix e
preservar a textura das uvas. Os resultados indicaram que as nanofibras em estudo podem ser
promissoras e aplicadas como embalagens ativas em alimentos no controle de fungos
toxigénicos e da ocratoxina A, conseguindo manter os parametros fisico-quimicos das uvas,
preservando a qualidade e contribuindo com a seguranca alimentar, bem como aumentando a
vida util das frutas.

Palavras-chave: Produtos naturais. Ocratoxina. Alfavaca. Capim-indiano. Colbnia.
Manjericdo



ABSTRACT

The essential oils (EOs) from Alpinia speciosa, Cymbopogon flexuosus, Ocimum basilicum L
and Ocimum gratissimum L. were extracted and the chemical compositions were determined.
The nanofibers incorporated with EOs were produced through the solution blow spinning (SBS)
of poly (lactic acid) (PLA), they were characterized physicochemically, and the in vitro
antifungal and antiocratoxigenic tests against Aspergillus carbonarius, Aspergillus niger,
Aspergillus ochraceus and Aspergillus westerdjikiae were performed. The in vivo antifungal
effect (grape) of EOs encapsulated in PLA nanofibers against Aspergillus carbonarius and
Aspergillus niger as potential active packaging to be applied to control the degradation of table
grapes was also studied. The EOs were extracted using the hydrodistillation and characterized
by gas chromatography (GC/MS and GC/FID). The nanofibers were produced by the SBS
technique and characterized by scanning electron microscopy (SEM), differential scanning
calorimetry (DSC), Fourier transform infrared spectroscopy (FTIR), contact angle and
thermogravimetric analysis (TGA). The antifungal and antiocratoxigenic properties were
evaluated by the fumigation method. The in vivo test was achieved using a polyethylene
terephthalate package for grapes containing the nanofibers, evaluating the physicochemical
parameters of the grapes and fungal proliferation after 10 and 20 days of incubation. Terpinen-
4-ol (20.23%), sabinene (20.18%), 1,8-cineole (16.69%), y-terpinene (11.03%); and citral
(97.67%) were the principal compounds present in the EOs from A. speciosa and C. flexuosus,
respectively. The main constituents from O. basilicum were linalool (26.89%), 1,8-cineol
(23.62%) and camphor (15.69%), whereas eugenol (79.04%) was the principal component from
O. gratissimum. Electromicrographs showed that the addition of EOs caused an increase in the
diameter of the nanofibers. The encapsulation efficiency of essential oils in PLA nanofibers
was proven by FTIR results. The DSC curves also indicated the existence of interactions
between EOs and polymeric macromolecules through their plasticizing action, resulting in
reduced crystallinity of PLA. The hydrophobic character of nanofibers was revealed by the
contact angle technique. The efficiency of the PLA nanofiber in controlling the release of
essential oils and prolonging the antifungal effect was demonstrated by the TGA technique.
The nanofibers provided a significant antifungal effect, decreasing the mycelial growth of A
carbonarius (17.86% to 100%), A. niger (10.25% to 100%), A. ochraceus (2.78 to 100%) and
A. westerdjikiae (3.64 to 100%). The synthesis of ochratoxin A from A carbonarius (12.09%
to 100%), A. niger (8.93% to 100%), A. ochraceus (25.94 to 100%) and A. westerdijkiae (56.26
to 100%) was inhibited in the presence of nanofibers. The fungal proliferation index of A.
carbonarius and A. niger in the grapes decreased in the active packages, weight loss, softening
and color change were controlled, maintaining the acidity and °Brix parameters, as well as
preserving the texture of the grapes. The results indicate that the nanofibers under study can be
promising, and they can be applied as active packaging in food for the control of toxigenic fungi
and the synthesis of ochratoxin A. They can help to maintain the physicochemical parameters
of the grapes, preserve quality, contribute to food safety, and increase the shelf life of the fruits.

Keywords: Natural products. Ochratoxin. Alfavaca. Capim indiano. Colénia. Basil
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1 INTRODUCAO

A seguranca alimentar € um dos assuntos de maior relevancia, uma vez que os alimentos
sdo suscetiveis a deterioracao e contaminagdo microbioldgica (bactérias patogénicas, parasitas,
virus e fungos toxigénicos) e as industrias de alimentos e agricola séo desafiadas continuamente
a evitar a propagacao desses patdgenos ao longo da cadeia alimentar, visto que a elevacao da
atividade metabolica desses microrganismos faz com que o alimento deteriore, proporcionando
uma enorme perda econdmica, desperdicios de matéria-prima, alteracdo na qualidade e
seguranca do produto.

A contaminag&o fungica impacta tanto em parametros fisico-quimicos das frutas como
peso, textura, cor, sélidos sollveis totais e acidez total, quanto na formacdo de metabdlicos
secundarios, como as micotoxinas que sdo prejudiciais a saide humana. A ocratoxina A € o
principal metabolito secundario produzido pelos fungos do género Aspergillus, como A.
carbonarius, A. niger, A. ochraceus e A. westerdjikiae. Essa micotoxina é classificada pela
Agéncia Internacional do Cancer como um carcinégeno do grupo 2B, aléem de apresentar
propriedades imunotdxicas, teratogénicas, nefrotdxicas e genotoxicas para humanos.

Os fungos A. carbonarius e A. niger sdo 0s principais em contaminar uvas, induzindo a
infeccbes ndo controladas que permitem o desenvolvimento de micélio aéreo, que se espalha
rapidamente pelas frutas. A contaminacao fungica leva a perdas de qualidade e alta ocorréncia
de deterioracdo durante o armazenamento prolongado das uvas de mesa. A uva de mesa,
Niagara Rosada (Vitis labrusca), considerada a mais atraente ao consumidor brasileiro,
especialmente no caso do consumo in natura, devido a sua coloracdo e ao seu sabor
caracteristico. Porém, é uma fruta ndo climatérica e com grandes desafios na manutencédo de
sua qualidade pods-colheita, devido a contaminagdes flangicas durante seu manuseio,
armazenamento e comercializacao.

O controle do crescimento fungico em alimentos € convencionalmente feito por
processamentos térmicos ou por fungicidas sintéticos. Entretanto, ha uma demanda crescente
dos consumidores por alimentos mais naturais e com garantia da seguranca alimentar, pois
pesquisas demonstram que o uso desses produtos sintéticos esta relacionado com residuos de
sabor desagradavel, toxicidade e danos a saude humana e ao meio ambiente. Além disso, 0 uso
incorreto e continuo desses produtos esta selecionando microrganismos resistentes, sendo
necessario o aumento da dose a cada aplicacdo. Nesse sentido, varios estudos se atentam em
métodos alternativos de controle natural com produtos que sejam menos agressivos e

ecologicamente seguros. Dentre 0s recursos naturais, os 0leos essenciais extraidos de plantas,
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compostos por uma mistura de substancias volateis, liquidas e odoriferas, sdo particularmente
promissores e um importante produto a ser explorado por empresas de varios ramos, como a
alimenticia e tém despertado interesse por apresentarem diversas propriedades biologicas. Os
0Oleos essenciais sdo reconhecidos como seguros (GRAS) pela Food and Drug Administration
(FDA). Entretanto, para acentuar o uso desses compostos e diminuir algumas limitagdes do seu
uso direto nos alimentos, torna-se necessaria a incorporacao dos 6leos essenciais em matriz
polimérica na forma de nanofibras para a melhoria do seu uso e 0 aumento da eficiéncia.

As nanofibras apresentam varias caracteristicas que proporcionam diversas aplicacdes
e vantagens em relagdo a outras estruturas nanoméricas. Dentre essas caracteristicas, destacam-
se a biocompatibilidade com a incorporacdo de substancias ativas; biodegradabilidade
aceitavel; area de superficie maior; alta porosidade com tamanho de poros pequenos e a
possibilidade de controlar a liberacdo de principios ativos. Devido ao potencial tecnolégico das
nanofibras e a possibilidade de agregar principios ativos em suas estruturas por meio da
incorporacgdo de dleos essenciais, a producdo de nanofibras seria considerada adequada para
aplicacdes, como embalagens e conservantes de alimentos, evitando possiveis contaminagdes.
Dentro dessa abordagem, torna-se de grande importancia o desenvolvimento de embalagens
ativas nas quais empregam produtos naturais antifngicos, como os 6leos essenciais, capazes
de estender a vida de prateleira de frutas, como a uva de mesa.

Diante do exposto, objetivou-se neste trabalho extrair e caracterizar os constituintes
quimicos dos 6leos essenciais de Alpinia speciosa, Cymbopogon flexuosus, Ocimum basilicum
L e Ocimum gratissimum L.; produzir través de fiacdo por sopro em solucdo (SBS) nanofibras
incorporadas com 0leos essenciais e caracteriza-las fisico-quimicamente, bem como avaliar 0s
testes in vitro antiflngicos e antiocratoxigénico sobre Aspergillus carbonarius, Aspergillus
niger, Aspergillus ochraceus e Aspergillus westerdjikiae, de forma a agregar técnicas
inovadoras aos tratamentos de fungos toxigénicos; e estudar o efeito antifingico in vivo (uva)
dos oleos essenciais encapsulados em nanofibras de poli (acido latico) sobre Aspergillus
carbonarius e Aspergillus niger, como potencial embalagem ativa a ser aplicada no controle da

degradacéo de uvas de mesa Niagara rosada.
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2 REFERENCIAL TEORICO

2.1 Histdrico, importancia e uso de plantas medicinais

O uso de plantas pela populacdo, a exploracdo de suas propriedades medicinais e 0 uso
alternativo em terapias, tém sido praticas comuns desde relatos arqueoldgicos antes de Cristo.
Em busca de alivio ou até mesmo cura de doencas, as civiliza¢Ges antigas utilizavam folhas,
sementes e raizes das ervas por meio da ingestdo de chas ou através de compressa, sendo essas
consideradas as primeiras formas de utilizagdo desses produtos (VIEGAS JR; BOLZANI,
BARREIRO, 2006). O homem primitivo buscava descobrir solugdes para as necessidades
béasicas de sobrevivéncia e por meio de experiéncias e observacdes resultaram em descobertas
importantes no tratamento de feridas ou doencas através de plantas, especiarias e ervas
(PEREIRA; CARDOSO, 2012).

A utilizacdo de recursos naturais na alimentacdo, na cura de doengas, e também na
agricultura procede desde o desenvolvimento das civilizacdes Oriental e Ocidental, merecendo
destaque as culturas Egipcias, Greco-romana e Chinesa. A populacéo egipcia, grega e romana
usava o aroma das plantas como incenso para fins religiosos e também descobriram que alguns
sabores apresentavam efeitos revigorantes e refrescantes, enquanto outros proporcionavam
efeitos sedativos. Além disso, muitas especiarias eram utilizadas para condimentar os alimentos
de reis e nobres, como também eram usadas como itens valiosos de troca e comeércio, como
uma renda monetaria. Em varias regides da China a Roma Antiga, foram relatados o uso das
plantas medicinais como perfumes, cosméticos, incensos, conservantes de embalsamento e para
fins medicinal e terapéutico (NASCIMENTO et al., 2020; VIEGAS JR; BOLZANI;
BARREIRO, 2006).

Alguns registros importantes do uso de plantas medicinas, que séo utilizadas até hoje
devido ao seu potencial biolégico, tém um marco importante na histéria. O uso, por exemplo,
na China (2.735 a.C.) de genciana-amarela (Gentia lutea), ginseng (Panax ginseng), canela
(Cinnamomum sp.) e efedra (Ephedra sinica Stapf.). No Antigo Egito, descrito por mais de
4000 anos foi o uso da papoula (Papaver somnniferum L.), maconha (Cannabis sativa L.), mirra
(Commiphora myrrha (T. Nees) Engl.), sena (Sena alexandrina Mill.) e babosa (Aloe vera (L.)
Burm. f) (DUTRA et al., 2016; ROCHA et al., 2015; SEWELL; RAFIEIAN-KOPAEI, 2014).

Na América, plantas como ipecacuanha (Cephaelis ipecacuanha (Brot.) Tussac), quina
(Chincona sp.) e coca (Erythroxylum coca Lam.), dentre outras, eram utilizadas em tratamentos

de doencas em diversas culturas Pré-Colombianas. Os indios, no Brasil, usavam especiarias e
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ervas, como pimenta-preta e canela, na alimentacdo, no tratamento de doencas e para fins
cosmeéticos (NASCIMENTO et al., 2020; ROCHA et al., 2015).

Com o desenvolvimento da medicina tradicional chinesa, muitas espécies vegetais
consideradas plantas medicinais sdo estudadas pela busca do entendimento do seu mecanismo
de acdo e no isolamento dos principios ativos (VIEGAS JR; BOLZANI; BARREIRO, 2006).
Nesse cenario, no século XIX, com os avancos cientificos, desencadeou-se a concepg¢do da
primeira droga com caracteristicas conhecidas atualmente, que levou a uma busca continua por
outros medicamentos derivados de plantas. O pioneiro foi Friedrich Serturner (1806), isolando
a morfina, um alcaloide da papoula. Em 1824 e 1848, foram isolados da mesma planta os
alcaloides codeina (agente antitussigeno) e a papaverina (agente antiespasmadico). Outras
substancias ativas importantes isoladas de plantas medicinais foram atropina (antagosnista
muscarinico, 1831), cafeina (1820), digoxina (digitalis, 1869) e curare (relaxante muscular,
1943). Entretanto, 0 marco historico na indudstria farmacéutica foi em 1832, com a descoberta
da salicina isolada de Salix alba (salgueiro) por Rafaele Piria, um composto com propriedades
analgeésica e antipirética. Em 1839, a salicina foi modificada em &cido salicilico para ser usado
em tratamentos de artrites reumaticas e, posteriormente, em 1897, a aspirina foi sintetizada a
partir do acido salicilico, periodo durante o qual inaugurou a Bayer na Alemanha, bem com a
primeira patente na &rea de medicamentos da industria farmacéutica (DUTRA et al., 2016).

O uso atualmente de diferentes plantas medicinais em infusdes, pomadas, compressas e
locBes esta enraizado no patriménio cultural, sendo as informacgdes do efeito medicinal ou
terapéutico passadas de geracdo em geracdo. Em 1978, a Organizacdo Mundial de Saude (OMS)
reconheceu os beneficios das plantas medicinais e definiu como a melhor e maior fonte de
medicamentos para a humanidade. Posteriormente, em 2004, o Brasil comegou a avaliar os
medicamentos fitoterapicos seguindo os mesmos padr@es de seguranca e qualidade dos
medicamentos convencionais. Assim, o Ministério da Salde do Brasil implementou a Politica
Nacional de Plantas Medicinais e Fitoterapicas (NETO et al., 2020). Com 0 progresso na area
farmacéutica e quimica, os estudos das plantas medicinais tém gerado descobertas e
desenvolvimento de compostos bioativos desses produtos naturais, com base em seu uso
tradicional, desempenhando papel importante no desenvolvimento da evidéncia cientifica de

suas propriedades e aplicacdes farmacéuticas, cosméticas e alimenticias.
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2.2 Espécies vegetais e uso na medicina popular

A grande extensdo territorial e as condi¢des climaticas muito diversas fazem com que a
flora brasileira possua iniUmeras espécies vegetais, muitas consideradas importantes matérias-
primas, outras ja incorporadas ao habito alimentar dos brasileiros e algumas pouco conhecidas
e, potencialmente, benéficas. Além disso, o reino vegetal constitui uma reserva de varios

constituintes bioativos e de uma grande importancia econémica a serem descobertos.
2.2.1 Alpinia speciosa (Colbnia)

A espécie Alpinia speciosa (sinonimia cientifica, Alpinia zerumbet) pertencente a
familia Zingiberaceae é uma planta aromatica, herbacea, perene, atingindo de 1 a 2 metros de
altura, conhecida popularmente no Brasil como coldnia (Figura 1). E originaria da Asia
Oriental, mas naturalizou-se na América do Sul, Asia e na Oceania, nas regides tropicais e
subtropicais. A espécie esta distribuida pela Asia tropical e ocidental, China, Polinésia,
Indonésia, Malasia, Filipinas e Brasil, sendo bastante cultivada no sudeste asiatico (BRASIL,
2014; GRANDI, 2014; XUAN et al., 2019).

Figura 1 — Aspecto geral da espécie Alpinia speciosa.
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Fonte: Do autor (2021).
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Geralmente, as partes mais utilizadas dessa planta séo as folhas, rizomas e sementes nas
formas de infusdo, decocto e tinturas. A espécie &€ comumente utilizada na medicina popular
como um agente hipotensivo, diurético, tdnico, estomaquico, carminativo, excitante, vermifugo
e também usado contra amenorreia e diversas doencas da pele (GRANDI, 2014; SANTOS et
al., 2011). Estudos de Pereira et al. (2018), Victorio (2011) e Xuan et al. (2019) revelaram que
as espécies do género Alpinia fazem parte da dieta humana, sendo utilizadas no preparo de
alimentos, como as folhas de A. speciosa empregadas para enrolar bolinhos de arroz, embrulhar
peixes para assar e 0s rizomas no preparo de alimentos como temperos e bebidas. De modo
geral, a planta é utilizada como especiarias, alimentos, medicamentos, chés, doces, sorvete,
perfume, cosméticos, sabdo, produtos desodorizantes e para fins ornamentais, por ter flores em
tons de rosa e vermelho (XUAN et al., 2019). No Brasil, essa espécie é frequentemente utilizada
na medicina popular. Em algumas regides, 0 seu uso € no tratamento de reumatismo e doencas
do coragdo, além do seu cha feito das folhas ser utilizado como anti-hipertensivo, diurético e
no tratamento da ansiedade (CRUZ et al., 2020; VICTORIO, 2011).

As partes da planta mais utilizadas para obtencdo dos Gleos essenciais, extratos e
também constituintes isolados sao as folhas, seguidas pelos rizomas, inflorescéncia, semesntes,
raizes, pseudocolmos e pedunculo (BRASIL, 2014). O 6leo essencial das folhas frescas de A.
speciosa apresenta como principais constituintes quimicos o 1,8-cineol, terpinen-4-ol,
sabineno, p-cimeno, a-tujeno, a-terpieno, PB-terpineno. As atividades testadas in vitro
comprovaram que a espécie apresenta propriedades antioxidante, antimicrobiana,
antibacteriana, atifungica, antitumoral, larvicida, antiviral, entre outras (BRASIL, 2014,
CASTRO et al., 2016).

2.2.2 Cymbopogon flexuosus (Capim limé&o)

O género Cymbopogon representa cerca de 140 espécies, das quais algumas delas séo
cultivadas para a producdo de 6leo essencial, sendo Cymbopogon flexuosus a que representa
uma das principais espécies amplamente cultivadas em diferentes regiées do mundo pelo alto
conteddo de citral (70-80%) em seu 6leo essencial (HAQUE; REMADEVI; NAEBE, 2018;
VERMA et al., 2019). Apresenta grande variabilidade em relacdo a morfologia e quimiotipo.
A espécie C. flexuosus, pertencente a familia Poaceae, conhecida popularmente como capim-
lim4o-indiano, é uma graminea perene, com folhas estreitas e longas, nativa da india (Figura 2)

(VERMA et al., 2019). Crescem e florescem praticamente em todos os paises tropicais e
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subtropicais. No Brasil, a producdo dessa espécie ocorre principalmente nas Regides Sul e
Sudeste (GOMES; NEGRELLE, 2015; SARMA et al., 2011).

Fonte: Do autor (2021).

As folhas frescas, secas ou em p6 de C. flexuosus sdo utilizadas na culinaria como ervas
e traz um leve sabor citrico. Essa planta é utilizada geralmente como chés verdes, em sopas, em
carnes de frango, carneiro, peixes, boi e frutos do mar (UPADHYAY et al.,2019). As folhas
também sdo utilizadas na medicina popular por meio de infusdo, por apresentarem propriedades
febrifugas, sudorificas, analgésicas, antiespasmddica, sedativa, calmantes, antidepressivas,
diuréticas, antipirética, anti-inflamatéria e expectorantes (HAQUE; REMADEVI; NAEBE,
2018; GOMES; NEGRELLE, 2015; SARMA et al., 2011).

Essa espécie tem um papel importante nas industrias farmacéutica, cosmética e de
perfumes, em fungdo do seu Oleo essencial apresentar um aroma agradavel e atividades
bioldgica, como anticancerigena, analgésica, repelente a insetos, antimicrobiana e antifungica.
Os constituintes quimicos presentes no 6leo essencial sdo citral, geraniol, metileugenol,
mirceno, citronelal. Geralmente, o constituinte majoritario é o citral, formado por dois
isdbmeros, neral e geranial, que conferem o aroma de liméo e as propriedades medicinais da
planta (AZEVEDO et al., 2016; DESAI; PARIKH, 2012).

2.2.3 Ocimum basilicum L. (Manjericéo)

A espécie Ocimum basilicum L., pertencente a familia Lamiaceae, é uma planta
herbacea, anual ou perene, bastante ramificada, aromatica e perfumada. Conhecida vulgarmente
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como manjericao, essa espécie atinge uma altura de 0,5 a 1 metro. Possui haste reta com muitas
folhas carnosas, ovaladas, sem pelos e de cor verde-brilhante; suas flores sdo brancas ou
avermelhadas (Figura 3) (FAVORITO et al., 2011; GRANDI, 2014).

Figura 3 — Aspecto geral da especie Ocimum basilicum.
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Fonte: Do autor (2021).

O manjerico é originario da india, chegando & Europa e passando pelo Oriente Médio.
E subespontaneo em todo o Brasil. Na medicina popular, é utilizado na cura de feridas;
tuberculose pulmonar; gripe, tosse e resfriado; infecces de boca e garganta; espasmos e queda
de cabelo nas formas de cataplasma, xarope, banho, decoccdo e infusdo, respectivamente.
Indicado também na forma de cha para tratamentos de dor de cabeca, disenteria, nausea,
flatuléncia, anticonvulsivante e anti-inflamatério. E considerado poderoso antisséptico,
carminativo, digestivo, inseticida e analgésico (BAE et al., 2020; MILITAO; FURLAN, 2014;
NASCIMENTO et al., 2020).

No comércio, na inddstria alimenticia e farmacoldgica, 0 manjericdo é utilizado no
preparo de fitoterapicos, em condimentos, molhos, sopas, queijos, vinagre, éleos e temperos,
fornecendo aromas nos pratos culinarios do dia a dia, além de ser usado na aromaterapia e
indUstrias de perfumaria. Em combinagao com outras especiarias, pode ser usado no preparo de
condimentos, alimentos de panificacdo, sorvetes, entre outros (FAVORITO et al.,, 2011;
MILITAO; FURLAN, 2014; NASCIMENTO et al., 2020).

O oleo essencial da espécie Ocimum basilicum L. pode ser extraido de folhas e apices
que possuem inflorescéncias, sendo os principais constituintes eugenol, estragol, linalol, lineol,
alcanfor, cineol, pineno, carvacrol e timol. O 6leo apresenta propriedades antioxidantes,



24

antimicrobianas, inseticidas e repelentes (FAVORITO et al., 2011; MILITAO; FURLAN,
2014).

2.2.4 Ocimum gratissimum L. (Alfavaca)

A espécie Ocimum gratissimum L., pertencente a familia Lamiaceae, € conhecida
popularmente como alfavaca. Originaria da Asia e comumente encontrada em regides tropicais
e quentes, na Africa, India, Europa, América Central e Sul, é subespontaneo em todo o Brasil,
principalmente na Regido Nordeste (BRASIL, 2015). Morfologicamente, a alfavaca € um
subarbusto aroméatico com até 2 metros de altura, folhas ovais lanceoladas, flores pequenas
lilases ou brancas (Figura 4) (GRANDI, 2014).

/

Figura 4 — Aspecto geral da espécie Ocimum gratissimum.
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Fonte: Do auor (2021).

Na medicina popular, a planta é utilizada na forma de infusdo, decocto, xarope,
macera¢do ou emplasto contra gripes, resfriados e febres. O suco das folhas é usado para aliviar
sintomas de dores de cabeca, tontura e tosse. Indicada também como emoliente, expectorante,
sudorifero, antisseptico bucal, doencas oftalmicas, infeccbes de ouvido, contra frieiras e
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doencas de pele, entre outros. Essa espécie tem potencial germicida e é bastante usada em
cremes dentais e pomadas de uso tépico, bem como gargarejo para dores de garganta e
amigdalite. O extrato da planta é usado contra parasitas gastrointestinais e sua propriedade
carminativa apresenta um bom aliado para dores de estdmago. Além das propriedades
farmacoldgicas, a alfavaca é utilizada na culinaria como tempero e considerada um excelente
condimento (BHAVANI et al., 2019; GRANDI, 2014; KUMAR et al., 2019; OLIVEIRA et al.,
2016).

Esta planta é considerada como importante fonte de &leos essenciais usados
principalmente nas industrias para a producdo de farmacos, perfumes e cosméticos,
consequéncia do seu cheiro forte e aromatico. Os principais constituintes do dleo essencial da
alfavaca sao eugenol, 1,8-cineol, timol, estragol, metil-chavecol, linalol e canfora, conferindo
propriedades antioxidante, antifingica, antibacteriana, antiparasitaria, antiproliferativa
(BRASIL, 2015; OLIVEIRA et al., 2016). O eugenol é considerado como 0 composto
majoritario e € empregado na indUstria farmacéutica em produtos dentérios por ser antisséptico
local e analgésico, em formulacdo de xaropes para tratar bronquite e tosse, sendo utilizado
também como aromatizantes em creme dentais (CRUZ; BEZERRA, 2017).

2.3 Metabadlitos secundarios

As plantas medicinais sdo bastante importantes para a quimica e a medicina moderna,
devido as substancias ativas presentes nessas plantas, que foram isoladas e identificadas com o
decorrer dos avancos cientificos, permitindo o desenvolvimento de produtos que foram
introduzidos na medicina terapéutica, permanecendo até hoje como medicamentos. Essas
substancias sdo derivadas do metabolismo primario ou secundario das plantas (PEREIRA,;
CARDOSO, 2012).

O metabolismo € o conjunto de reagdes que ocorrem nas células vivas e envolve sintese,
quebra ou transformac6es de moléculas organicas catalisadas por enzimas. O metabolismo
primario é responsavel pela formacéo de proteinas, lipideos, carboidratos, &cidos nucleicos e
outras substancias importantes na realizagdo das funcGes vitais dos seres vivos (PEREIRA,;
CARDOSO, 2012). Ja o metabolismo secundario é responsavel por sintetizar substancias que
aparentemente ndo estdo envolvidos com a geracdo de energia ou desenvolvimento do
organismo; entretanto, atuam em funcdes indispensaveis para as interacdes ecologicas entre as
espécies vegetais e 0 meio ambiente (PEREIRA; CARDOSO, 2012; SIMOES et al., 2017).
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Os metabdlitos secundarios apresentam-se em baixas concentrac@es e em determinados
grupos de plantas, geralmente sdo de estrutura complexa, baixo peso molecular e responsavel
por apresentarem diversas atividades biologicas. A quantidade e a qualidade dos metabdlitos
secundarios estdo relacionadas com a genética da planta e também sao afetados pelas condicdes
ambientais e edafoclimaticas (DEHSHEIKH et al., 2020). Nutrientes no solo, como por
exemplo, nitrogénio e fosforo, sdo essenciais para o desenvolvimento e crescimento de plantas
aromaticas, bem como a formacéo de metabdlitos secundarios para defesa contra estresse. Esses
nutrientes participam na estrutura precursora dos metabolitos secundarios, assim como nas
enzimas e estruturas de moléculas transportadoras de energia (ATP e NADPH) necessérias para
as reagdes bioquimicas (DEHSHEIKH et al., 2020). Os metabdlitos podem ser sintetizados nas
plantas em estagios especificos de crescimento ou em periodos de estresse provocados por
algum agente externo, como exposicao a radiacdo UV-B, irrigacdo deficiente ou por ataque de
herbivoros e microrganismos, desempenhando assim um papel protetor contra esses agentes.
Esses constituintes despertam grande interesse pelas funcgdes exercidas nas plantas em resposta
ao meio em que vivem, como defesa contra predadores, atrativos volateis ou agentes corantes
para atrair polinizadores ou animais dispersores de sementes, bem como a participacdo em
alelopatia e também pela imensa acdo na area farmacol6gica, alimenticia, agrondmica,
cosmética e perfumaria (SIMOES et al., 2017).

O teor e acomposicao dos metabdlitos secundarios sao influenciados pela época em que
a planta é coletada, sendo um dos fatores de maior importancia, visto que a quantidade e a
natureza dos constituintes ativos ndo sdo constantes durante todo o periodo do ano. Dentre
alguns fatores que também influenciam o contetido e o teor desses constituintes, destacam-se a
sazonalidade, clima, idade da planta, temperatura, disponibilidade hidrica, radiacdo ultravioleta,
nutrientes do solo, altitude, polui¢do atmosférica, bem como a inducéo de estimulos mecénicos
e ataque de patogenos (Figura 5) (GOBBONETO; LOPES, 2007).
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Figura 5 — Principais fatores que podem influenciar o teor de metabdlitos secundarios.
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Fonte: Gobbo-Neto e Lopes (2007).

Entre os metabdlitos secundarios, citam-se os alcaloides, flavonoides, cumarinas,

taninos, quinonas e Oleos essenciais. Eles podem ser divididos em trés grupos: terpenos,

compostos fendlicos e compostos nitrogenados, sendo todos eles originados do metabolismo da

glicose, a partir de dois intermediarios principais: o &cido chiquimico e o acetil-coA, conforme

apresentado na Figura 6.

Figura 6 — Biossintese dos metabolitos secundarios.

GLICOSE

v Polissacarideos
v" Heterosideos

Acido chiquimico

Triptofano gepilalanina/ Acido galico

tirosina

Alcaloides, Taninos Antraquinonas,
yer S . flavonoides ¢
mdohco_s € hidrolisaveis tani
quinolinicos aninos

| | condensados
Protoalcaloides,  Acido cinamico
alcaloides, |
isoquinolinicos . .
e Fenilpropanoides
benzilisoquinolinico
Lignanas, ligninas
€ cumarinas
Fonte:

Acetil - CoA

Via Condensagio
mevalonato |

\ Acidos

| graxos e
acetogeninas
Omitina e \
lisina )
| Isoprenoides
Alcaloides,
pirrolidinicos, Terpenoides
tropanicos, ¢
pirrolizidinicos, esterdis
piperidinicos ¢
quinolizidinicos

Simoes et al. (2017).



28

O precursor basico dos metabdlitos secundarios € a glicose. O catabolismo da glicose
pela rota do &cido chiquimico é responsavel pela formagdo de compostos que apresentam em
sua estrutura um anel aromatico, como os taninos hidrolisaveis, cumarinas, alcaloides derivados
de aminoacidos aromaticos e fenilpropanoides. Pela via do acetato (acetil-coenzima A, acetil-
CoA), serdao formados os terpenos, esterois, &cidos graxos, triglicerideos, aminoacidos alifaticos
e os alcaloides derivados deles. Alguns metabodlitos secundarios derivam de ambos o0s
intermediarios, como € o caso das antraquinonas, flavonoides e taninos condensados, 0s quais
resultam da combinacdo de uma unidade de &cido chiquimico e uma ou mais unidades de
acetato ou derivados (PEREIRA; CARDOSO, 2012; SIMOES et al., 2017).

2.4 Oleos essenciais

Os Oleos essenciais fazem parte de um grupo de metabdlitos secundarios bastante
importante, formados por uma mistura complexa de substancias que podem ser chamados de
oleos volateis, etéreos ou esséncias. Essas denominacdes provém das caracteristicas fisico-
guimicas, como a de serem geralmente liquidos de aparéncia oleosa, volatil, aroma agradavel e
intenso na maioria dos 6leos e sdo solUveis em solventes organicos. Além dessas caracteristicas,
apresentam um sabor geralmente acido e picante; incolores ou ligeiramente amarelados; pouco
estaveis na presenca de luz, calor, umidade e metais; a maioria possui indice de refracdo e sdo
opticamente ativos (SIMOES et al., 2017). A ISO (International Standard Organization) define
6leo essencial como “produto obtido de matéria-prima de origem vegetal através da destilacdo
a vapor, processos mecanicos de epicarpos de frutos citricos ou destilacdo a seco, ap0s
separacdo da fase aquosa, se houver, por processos fisicos. A destilacdo a vapor pode ser com
adi¢do de dgua ao destilador (hidrodestilagao) ou sem adi¢ao de agua (diretamente por vapor)”
(INTERNATIONAL STANDARD ORGANIZATION, 2013).

A estrutura quimica dos constituintes dos 6leos essenciais € formada basicamente por
carbono, oxigénio e hidrogénio, variando em relacéo a funcdo organica, como hidrocarbonetos
terpénicos, alcoois simples e terpénicos, aldeidos, cetonas, fendis, ésteres, éteres, 6xidos, entre
outros. Os Oleos essenciais podem conter aproximadamente entre 20-60 componentes em
diferentes concentracGes, sendo geralmente caracterizados por um, dois ou trés com
concentracdes elevadas (compostos majoritarios), outros em propor¢des menores (Compostos
minoritérios) e alguns em concentragcdes minimas (tracos). Podem ser sintetizados por todos o0s
Orgdos das plantas, entre eles, botdes florais, flores, folhas, caule, galhos finos, sementes, frutos,

raizes e cascas, e sdo estocados em células secretoras, cavidades, canais, células epidérmicas
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ou tricomas glandulares (BAKKALI et al., 2008; SIMOES et al., 2017). Atualmente, os 6leos
essenciais podem ser extraidos por diferentes técnicas (enfloracéo, arraste por vapor d’agua,
prensagem ou espressao, hidrodestilagdo e extracdo por CO2 supercritico), de acordo com a
parte da planta que sera utilizada e a finalidade de aplicacdo do 6leo. Os métodos de
hidrodestilacdo e destilacdo por arraste a vapor sdo 0s mais empregados, pois 0s 6leos essenciais
obtidos apresentam maior pureza por ndo terem contato com nenhum solvente, apenas com
agua. Nesse sentido, essas técnicas permitem que os 6leos essenciais obtidos sejam aplicados

em alimentos, na elaboracéo de fitoterapicos, cosméticos ou perfumes (SIMOES et al., 2017).
2.4.1 Biossintese dos 6leos essenciais

Os oleos essenciais sdo constituidos de diversos compostos derivados de
fenilpropanoides e de terpenos, sendo esses Ultimos predominantes na forma de monoterpenos
e sequiterpenos (SIMOES et al., 2017).

Os fenilpropanoides sdo compostos derivados da glicose, oriundo da via do &cido
chiguimico. Séo substancias naturais amplamente encontradas nos vegetais e apresentam em
sua estrutura um anel aromatico unido a uma cadeia lateral de trés atomos de carbonos, com
uma dupla ligacdo, podendo apresentar uma hidroxila na posi¢cdo para (Figura 7). Os
fenilpropanoides também podem conter em suas estruturas outros grupos funcionais
oxigenados, como aldeido, cetona ou alcoois (BUCHANAN; GRUISSEM; JONES, 2015).

Figura 7 — Estrutura quimica de um fenilpropanoide.
N CH,4
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O acido chiquimico é formado pela condensacgéo alddlica de dois metabolitos da glicose,
o fosfoenolpiruvato (via glicolitica) e a eritrose-4-fosfato (via das pentoses). Por meio da reacédo
do &cido chiquimico e de uma molécula de fosfoenolpiruvato catalisada pela enzima acido 3-
fosfato-3-enolpiruvilchiquimico sintase (EPSP) ocorre a formagdo do &cido corismico. Esse
acido é responsavel por gerar aminoacidos aromaticos, como a fenilalanina e a tirosina que, por
sua vez, com a acao da enzima fenilalanina amonialiase (FAL), perde uma molécula de aménia,
resultando na formacéo dos acidos cindmicos e p-cumarico (Figura 8). Por meio de reducéo

enzimatica, os acidos cinamicos e p-cumarico formam propenilbenzenos e/ou alilbenzenos, que
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por meio de reagOes de oxidacdo com degradacéo das cadeias laterais e ciclizagcdo, geram
diversos compostos presentes nos dleos essenciais, entre eles os fenilpropanoides (SIMOES et
al., 2017).

Figura 8 — Biossintese de fenilpropanoides.
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Fonte: Adaptado de Dewick (2009) e Simdes et al. (2017).

Os terpenos séo constituidos de carbono e hidrogénio a partir de unidades de isopreno
(2-metilbuta-1,3-dieno) (Figura 9), podendo apresentar também oxigénio na cadeia carbonica

(chamados de terpenoides), como alcoois, aldeidos, cetonas, fendis, éteres e ésteres. Os
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compostos terpénicos ocorrem em uma grande variedade de espécies vegetais e compreendem
uma classe de metabélitos secundarios com uma grande variedade estrutural (SIMOES et al.,
2017). Os terpenos sdo formados a partir de combinacfes de duas ou mais moléculas de
isopreno e sdo classificados pelo numero de unidade isoprénica que possuem. Nessa classe,
incluem-se os monoterpenos (10 atomos de carbono), sesquiterpenos (15 atomos de carbono),
diterpenos (20 atomos de carbono), sesterpenos (25 atomos de carbonos), triterpenos (30
atomos de carbonos), tetraterpenos (40 atomos de carbonos) e polisoprenoides. Os
monoterpenos e sesquiterpenos sao 0s compostos encontrados com maior frequéncia nos éleos
essenciais e as unidades de isopreno podem ser ligadas de forma a originar cadeias lineares ou
moléculas ciclicas (SIMOES et al., 2017).

Figura 9 — Estrutura quimica do isopreno (unidade bésica)
CH,

/K/CH
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A biossintese dos terpenos ocorre a partir da glicose. Por meio de uma série de reacdes
do metabolismo primario, a glicose é catabolizada em acetil-coenzima A (acetil-CoA), um tio-
éster, que dara origem aos terpenoides a partir de duas vias, a via do mevalonato, sendo ativa
no citosol e no reticulo endoplasméatico, e a via 1-deoxi-D-xilulose-5-fosfato (DXPS),
ocorrendo nos plastidios (SIMOES et al., 2017). A biossintese dos terpenoides pode ser dividida
em 4 etapas: sintese do precursor fundamental, ou isopreno ativo, isopentenil difosfato (IPP);
adicdes repetitivas do IPP para formacdo de uma série de homdlogos prenil difosfato; acdo de
enzimas especificas na producdo dos esqueletos terpénicos; modificacdes enzimaticas
secundarias dos esqueletos para originar funcionalidade e uma grande diversidade de
compostos (DEWICK, 2009).

A rota do &cido mevaldnico (Figura 10) envolve a condensagdo de trés moléculas de
acetil-CoA em dois passos, acetil-CoA catalisada por tiolase e hidroximetilglutaril-CoA sintase,
resultando no 3-hidroxi-3-metilglutaril-CoA (HMG-CoA), que é subsequentemente reduzido
por HMG-CoA redutase em duas reacOes acopladas, obtendo o &cido mevaldnico. Duas
fosforilagdes sequenciais do acido mevalbénico dependem de ATP e uma subsequente
fosforilacdo/descarboxilacdo seguida por eliminagdo, obtém-se entdo o IPP (BUCHANAN;
GRUISSEM; JONES, 2015).



Figura 10 — Via do mevalonato para a formacéo do isopentenil pirofosfato.
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Na rota biossintética para a formacdo do IPP pela via 1-deoxi-D-xilulose-5-fosfato
(DXPS) (Figura 11), o piruvato que sofreu descarboxilagdo reage com tiamina pirofosfato
(TPP), dando origem a um fragmento de dois carbonos, hidroxietil-TPP, que se condensa com
gliceraldeido 3- fosfato por transferéncias C2 da TPP catalisada pela transcetolase. TPP é
liberado para formar um composto de cinco atomos de carbono intermediario, 1-deoxi-D-
xilulose-5-fosfato, o qual é rearranjado e reduzido para formar 2-C-metil-D-eritritol-4-fosfato
e, subsequentemente, transformado para se obter o IPP (BUCHANAN; GRUISSEM; JONES,
2015).
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Figura 11 — Via DXPS para a formacéo do isopentenil pirofosfato.
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As diferentes classes de terpenos sdo formadas por adi¢bes repetitivas do isopentenil
pirofosfato (Figura 12). O IPP sofre agdo de uma isomerase estereoespecifica,
interconvertendo-se em dimetilalil pirofosfato (DMAPP), isdmero favorecido no equilibrio
(DEWICK, 2009; SIMOES et al., 2017). O isopentenil pirofosfato e seu isémero sdo as
unidades penta carbonadas ativas na biossintese dos terpenos que se unem para formar
moléculas maiores. Primeiro o IPP e 0o DMAPP combinam-se em reagdes do tipo condensacéo
cabeca-cauda, para formar os terpenos a partir dos intermediarios trans-geranildifosfato (GPP),
uma molécula que possui 10 carbonos, na qual sdo formados os monoterpenos. Esse tipo de
condensacdo se inicia com a perda do grupo difosfato ligado a molécula de DMAPP (cauda),
formando um carbocation primario, que se adiciona & molécula de IPP (cabega) por uma reacdo
enzimatica de adicéo eletrofilica na dupla ligacdo (SIMOES et al., 2017). O GPP pode se ligar

a outra molécula de IPP, formando um composto de 15 carbonos, farnesil pirofosfato (FPP),
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precursor da maioria dos sesquiterpenos. A adi¢do de outra molécula de IPP forma o geranil
geranil pirofosfato (GGPP), composto que contém 20 carbonos precursores dos diterpenos.
Assim, as moléculas de FPP e GGPP podem dimerizar para formar triterpenos (C30) e
tetraterpenos (C40), respectivamente (BUCHANAN; GRUISSEM; JONES, 2015).

Figura 12 — Biossintese dos terpenoides
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2.4.2 Oleos essenciais e seu potencial biologico

Os 0leos essenciais obtidos a partir de plantas aromaticas vém sendo usados como
agentes terapéuticos devido ao potencial bioldgico que seus constituintes apresentam e por
serem geralmente considerados agentes GRAS (geralmente reconhecidos como seguro),
produtos biodegradaveis e com baixo risco na selecéo de resisténcia (PRAKASH et al., 2015).
A descoberta e o desenvolvimento de compostos bioativos desses produtos naturais, com base
em seus usos tradicionais e no papel importante no sistema de defesa quimico das plantas
devido as interagcbes com predadores na natureza, desempenham um papel fundamental no
desenvolvimento de evidéncias cientificas de suas a¢Oes para aplicacbes em varios ramos
industriais (NASCIMENTO et al., 2020). Nesse sentido, destacam-se as industrias
agroguimica, (na elaboracdo de novos repelentes, pesticidas e herbicidas); alimenticia (na
utilizacdo para conservacao devido as propriedades antioxidantes e antimicrobianas, além de
conferir aroma e sabor aos alimentos); farmacéutica (devido as suas propriedades
farmacoldgicas); de cosmeéticos (atuando como matéria-prima para sabonetes, cremes e
perfumes); de perfumaria (utilizados para fixacdo e producdo de fragrancias dentre outras
aplicacGes); e na aromaterapia, em massagens como misturas com 6leo vegetal ou em banhos,
sendo descritos como produtos com grande potencial terapéutico e farmacolégico (BAKKALI
et al.,, 2008; CARVALHO; ESTEVINHO; SANTOS, 2016; EL ASBAHANI et al., 2015;
MACHADO; FERNANDES JUNIOR, 2011; PAVELA; BENELLLI, 2016).

Os constituintes dos 06leos essenciais tém sido uma fonte alternativa para o
desenvolvimento e descoberta de novos compostos bioativos com ampla aplicacdo devido as
suas propriedades anti-inflamatoria, antibacteriana, antiflngica, repelente, inseticida,
antioxidante, alelopética, neuroprotetora, antisséptica, analgésica, sedativa, espasmolitica e
citotoxica contra linhagens de células cancerigenas. Além disso, 0s éleos essenciais vém sendo
pesquisado como um aditivo alternativo na industria de alimentos em contraste com
antioxidantes e fungicidas sintéticos, que podem exibir efeitos deletérios e indesejaveis a saude
humana (BAKKALI et al., 2008; NASCIMENTO et al., 2020).

Algumas espécies de plantas que contém compostos bioativos tém se tornado cada vez
mais objeto de estudo, pois essas substancias, como, por exemplo, 0s 6leos essenciais, possuem
alta propriedade biologica e valor terapéutico. As espécies de Alpinia sdo utilizadas como
plantas ornamentais e aromatizantes, além de apresentar propriedades terapéuticas e serem
utilizadas em medicamentos tradicionais (KERDUDO et al., 2017). Estudando o 6leo essencial

de A. zerumbet, os pesquisadores observaram que ele apresentou atividades antioxidante,
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antimicrobiana, antibacteriana, antifingica, inseticida e herbicida, além de ser considerado
promissor para o desenvolvimento de pesticidas ecoldgicos (KERDUDO et al., 2017; XUAN
etal., 2019). Pereira et al. (2018), pesquisando o 6leo essencial de A. speciosa, observaram que
ele foi bastante eficaz contra os parasitas Trypanosoma cruzi e Leishmania brasiliensis,
apresentando valores com relevancia clinica e baixa toxicidade.

O género Cymbopogon compreende vérias espécies de gramineas, sendo algumas
espécies aromaticas importantes comercialmente cultivadas para extracdo de 6leos essenciais,
utilizando-se principalmente de suas partes aéreas (VERMA et al., 2019). Estudando o 6leo
essencial de C. flexuosus, Gaonkar et al. (2018) observaram que ele suprime significativamente
a expressao do gene HSP90, que é responsavel pelo dobramento adequado das proteinas do
cancer. Efeitos antifungicos, repelentes, inseticidas, antimicrobianos, anticancerigeno e
antibacteriano também sdo atribuidos aos constituintes presentes no 6leo essencial de C.
flexuosus (BHATT; KALE, 2019; DEVI et al., 2020; GUNDEL et al., 2020; ROSSI et al.,
2017).

As espécies do género Ocimum foram descritas por apresentarem propriedades
larvicida, inseticida, repelente, nematicida, antimicrobiana, antibacteriana, antifingica,
antioxidante, anti-inflamatéria, antinociceptiva, antipirética, antitlcera, analgésica e anti-
helmintica, bem como citotoxicidade contra linhagens de células cancerigenas (ATIF et al.,
2020; BALASUBRAMANI et al., 2018; COUTO et al.,, 2021; MELO et al., 2019;
NASCIMENTO etal., 2020; PANDEY; SINGH; TRIPATHI, 2014; SOUSA et al., 2021). Entre
as espécies desse género, a aplicabilidade do éleo essencial de O. basilicum esta relacionada
com a atividade larvicida sobre mosquitos com relevancia médica (Aedes albopictus e
Anopheles subpictus), sendo os constituintes linalol e cinamato de metila responsaveis pelas
atividades repelente, larvicida e inseticida (NASCIMENTO et al., 2020). Balasubramani et al.
(2018), estudando as folhas de O. basilicum, relataram que seu 6leo essencial foi eficaz no
controle de larvas de mosquito, sendo considerado um larvicida ecoldgico verde contra a febre
da malaria. Carrasco et al. (2012), pesquisando o 6leo essencial de O. gratissimum, encontraram
como um dos compostos majoritarios o eugenol, atribuindo a esse constituinte atividade
antifangica sobre diferentes linhagens fangicas. Os pesquisadores sugeriram que a atividade do
oleo essencial esta relacionada com a biossintese de ergosterol, interferindo na integridade da
membrana celular (CARRASCO et al., 2012). Posteriormente, Brandao et al. (2020) e Brandéo
et al. (2021) observaram que os Gleos essenciais de candeia e alecrim-d’angola aplicados em
fungos do género Aspergillus sdo eficientes na reducdo significativa da biossintese de

ergosterol, indicando um possivel mecanismo de acdo dos 6leos essenciais. Os pesquisadores
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relataram que, por meio de eletromicrografias de varredura, foi possivel visualizar alteragdes
morfolégicas e danos a integridade da membrana celular do fungo, resultando em perda da

integridade e ndo formac&o dos conidios, apds tratamento com os Gleos essenciais.

2.5 Contaminacéo alimentar

A contaminacéo e/ou deterioracdo de alimentos pode ser causada por diversos fatores,
como quimicos (metais pesados, pesticidas, detergentes, toxinas de plantas e de animais e
antibioticos); fisicos (particulas metalicas, fragmentos de insetos, pedagos de vidro, poeira e
outros particulados sujos) e biologicos (bactérias patogénicas, parasitas, virus e fungos
toxigénicos), além de reacdes quimicas (oxidacdo) e mudangas fisicas, sendo essa Ultima classe
considerada a mais preocupante, pois € a principal fonte de contaminacdo a salde publica
(FRANCO; LANDGRAF, 2008; MOGOSANU et al., 2017). Os alimentos sdo facilmente
contaminados pelos microrganismos, durante a manipulagdo e o processamento. Quando
contaminados, os alimentos servem como meio de cultura ideal para o crescimento dos
microrganismos, uma vez que sdo fontes de substancias nutritivas. Assim, a preservacdo é um
processo importante na tecnologia de alimentos para manter a qualidade, estabilidade fisico-
quimica, prazo de validade e prevencdo da deterioracdo dos alimentos. Nesse sentido, a
conservacao dos produtos pode ser classificada em conservantes antimicrobianos, agindo contra
microrganismos, na prevencao e limitacdo do crescimento e acdo microbiana; conservantes
antioxidantes, para desacelerar a oxidacdo dos lipidios (gorduras); e inibitorios, que blogueiam
0 amadurecimento, escurecimento ap6s a colheita de frutas ou vegetais (MOGOSANU et al.,
2017).

2.5.1 Contaminacao de alimentos por fungos

Os fungos s@o microrganismos eucarioticos, heteretroficos, pertencentes ao Reino
Fungi. Possuem parede celular constituida por glicoproteinas e polissacarideos, principalmente
glucano e quitina, além de uma membrana celular, cujo principal componente é o ergosterol.
Os fungos unicelulares séo considerados leveduras e os multicelulares s&o fungos filamentosos
e formam micelios. Os fungos podem apresentar morfologias diferentes de acordo com as
condigdes de sobrevivéncia, entre elas, temperatura e nutrientes (BOWMAN, FREE, 2006).

Esses microrganismos podem apresentar grande importancia biotecnoldgica, pois

podem ser empregados nas industrias farmacéuticas, na producdo de alimentos e de grande
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importancia agricola e ecoldgica na manutencdo do equilibrio do ambiente. Determinados
fungos sdo substratos altamente desejados e favoraveis na produgdo de queijos ou no processo
de fermentacdo das cervejas e vinhos, enquanto outros sdo usados na obtencdo de antibioticos,
como a penicilina. Em contrapartida, muitos fungos podem causar transformacoes indesejaveis,
tanto na composi¢do quimica quanto na estrutura e aparéncia, produzindo sabores e odores
desagradaveis, causados por diferentes graus de deterioracdo (ABREU; ROVIDA,
PAMPHILE, 2015). Dessa forma, os produtos alimenticios passam a ser rejeitados pelos
consumidores, representando perdas econdmicas e/ ou desperdicios de matéria-prima. Outro
problema grave associado a contaminacdo de alimentos por fungos é a capacidade que esses
microrganismos tém em produzir toxinas que representam sérios riscos para a saude humana e
animal, podendo provocar doencas que, em casos mais graves, levam ao obito.

Os fungos sdo largamente distribuidos no meio ambiente, incluindo agua, ar e solo.
Assim, os alimentos podem ser contaminados com uma ampla variedade fungica originarias de
fontes ambientais, e que sob condicbes favoraveis, podem multiplicar-se nos alimentos,
provocando sua deterioracdo. Os fungos conseguem proliferar em substratos e em condicdes
gue outros microrganismos ndo se desenvolvem, como o crescimento em condicBes de
atividade de agua (aw) reduzida dentro do limite de 0,65 até 0,99; pH reduzido; em uma ampla
faixa de temperatura, variando de 0 a 40 °C; capacidade de esporulacdo e disseminagdo em
diferentes condicOes. Esses atributos tornam os fungos capazes de causar deterioracdo em
alimentos com diferentes niveis de umidade e de condicGes climaticas (MEDINA et al., 2005).

Entre os varios fungos contaminadores de alimentos e considerados toxigénicos, as
espécies pertencentes ao género Aspergillus sdo consideradas uma das principais, capazes em
produzir micotoxinas. Sao microrganismos que, geralmente, contaminam os produtos agricolas
no campo, antes da colheita, pés-colheita ou durante o processamento, transporte e no
armazenamento. As micotoxinas produzidas pelas espécies do género Aspergillus, quando
ingeridas por meio de alimento contaminado, sdo responsaveis por doencas crénicas e agudas
em animais e humanos (ANDRADE; LANCAS, 2015; MILICEVIC; SKRINJAR; BALTIC,
2010).

2.5.2 Aspergillus

Os fungos do género Aspergillus pertencem a familia Trichocomaceae, ao Reino Fungi,
divisdo Ascomycota, ordem Eurotiales e existem mais de 300 espécies, mas cerca de 20 tém

sido encontrados como causadores de doengas. As coldnias apresentam uma superficie de cor
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branca, na fase inicial de crescimento e sua cor vai evoluindo para verde, amarelo, castanho ou

preto, de acordo com as espécies.

2.5.2.1 Aspergillus carbonarius

A espécie Aspergillus carbonarius pertencente ao género Aspergillus, secdo Nigri, é
caracterizada em sua morfologia por apresentar conideos pretos e/ou marrom-escuros, paredes
rugosas, estipes longas e largas. A germinacao dessa espécie € muito rapida e ocorre em um
periodo de 24 horas a uma temperatura entre 10 - 37 °C. A temperatura 6tima para o crescimento
é de 32 - 35 °C, com temperatura minima de 10 °C e méaxima de 42 °C. A atividade de &gua
minima e 6tima para o crescimento do fungo é de 0,85 e 0,96 - 0,98, respectivamente e a
atividade minima para a producdo de micotoxina é de 0,92 aw (IAMANAKA; OLIVEIRA,;
TANIWAKI, 2010; IOANNIDS et al., 2015). A espécie Aspergillus carbonarius pode ser
encontrada em diversos produtos vegetais, como 0s cereais, café, cacau, especiarias, frutos
secos, amendoim e uva. A principal micotoxina relacionada as cepas pertencentes a essa espécie
é a ocratoxina A (OTA), produzida na maioria das vezes em altas concentracdes. Esse fungo
vem sendo considerado a principal fonte de contaminacdo de OTA em uvas e vinhos
(OLIVEIRA; OLIVEIRA; MENEGHELLDO, 2013).

2.5.2.2 Aspergillus niger

A espécie Aspergillus niger, pertencente ao género Aspergillus, secdo Nigri, apresenta
como caracteristica conideos de marrom-escuro a preto. E considerado um fungo xerofilico e
cresce a uma temperatura que varia entre 6 a 47 °C, com uma temperatura 6tima relativamente
alta, entre 35 e 37 °C. Esse fungo é capaz de crescer em uma faixa de pH extremamente ampla
entre 1,4 a 9,8. E encontrado principalmente em frutos, como as uvas, alguns vegetais, graos,
cereais e especiarias (JAY, 2005; SCHUSTER et al., 2002). Essa espécie € considerada também

principal fonte de OTA em vinhos provenientes de uvas infectadas pelo microrganismo.
2.5.2.3 Aspergillus ochraceus
A espécie Aspergillus ochraceus, pertencente ao género Aspergillus, se¢do Circumdati,

apresenta como caracteristica conideos castanho-claros. Esse fungo cresce a uma temperatura

entre 8 a 37 °C, sendo sua temperatura 6tima de crescimento de 31 °C. E encontrado em varios
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alimentos, entre eles, arroz, trigo, aveia, cevada, vinho, cereais, café e bebida (HASHIMOTO
etal., 2012; REZENDE et al., 2013). A principal micotoxina relacionada as cepas pertencentes
a essa espécie € a OTA. Esse fungo é considerado a principal fonte de contaminacdo de OTA
em café. A atividade de agua minima e 6tima para o crescimento do fungo é de 0,79 e 0,95 -
0,99, respectivamente e para a producéo de micotoxina, a atividade de agua minima € de 0,83
e a 6tima entre 0,98 a 0,99 (IAMANAKA; OLIVEIRA; TANIWAKI, 2010).

2.5.2.4 Aspergillus westerdijkiae

A espécie Aspergillus westerdijkiae, pertencente ao género Aspergillus, secdo
Circumdati, apresenta como caracteristica conideos amarelo a ocre e sendo considerada a
espécie mais produtora de OTA em sua se¢do. (SAMSON; HONG; FRISVAD, 2006). Esse
fungo cresce em uma temperatura de 15 a 30 °C, sendo 0 seu crescimento 6timo a temperatura
de 30 °C e atividade de agua 6tima entre 0,93 a 0,97 (VIPOTNIK; RODRIGUEZ;
RODRIGUES, 2017). Essa espécie contamina principalmente alimentos de origem vegetal,
como cereais, café, frutos secos e bebidas. Podendo também ser encontrados em produtos
carneos curados. O fungo A. westerdijkiae é considerado uma das principais espécies
responsaveis pela presenca de OTA no café. As condic¢des 6timas de producdo da OTA para A.
westerdijkiae é de 0,94 - 0,97 aw e temperatura entre 20 - 25 °C (VIPOTNIK; RODRIGUEZ;
RODRIGUES, 2017).

2.5.3 Micotoxinas

Micotoxinas sdo metabolitos secundarios, aparentemente sem fungdo no metabolismo
do fungo e ndo sdo essenciais para seu crescimento e sobrevivéncia. Elas sdo produzidas quando
os fungos atingem a maturidade, sendo consideradas toxicas ao homem e animais. Os fungos
gue normalmente produzem toxinas sdo 0s pertencentes aos géneros Aspergillus, Penicilium e
Fusarium (ROCHA et al., 2014; RUYCK et al., 2015).

A producdo de micotoxinas depende do crescimento fangico, portanto pode aparecer
em qualquer momento no campo antes da colheita, na colheita, durante manuseio pds-colheita,
no armazenamento do alimento e em produtos processados. Contudo, o crescimento do fungo
ndo implica que ha micotoxina, porque nem todos os fungos sdo produtores de toxinas. Por
outro lado, as micotoxinas podem permanecer no alimento mesmo apds a eliminacao dos fungos

que as produziram. Isso é explicado pela estabilidade térmica que as micotoxinas apresentam,
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resistindo aos tratamentos térmicos ou processos de desidratacdo que sdo suficientes para
destruir o micélio dos fungos que as produziram (ABD-ELSALAM, et al., 2017; IAMANAKA,;
OLIVEIRA; TANIWAKI, 2010).

A contaminacdo de alimentos por micotoxinas geram perdas econémicas, dentre elas,
perdas diretas de produtos agricolas e no rendimento da colheita; perdas de animais
acompanhadas de diversas taxas de morte; doengas em animais e em humanas e diminuigéo da
produtividade; diminuicdo da velocidade de crescimento em animais; custos indiretos dos
sistemas de controle existentes para algumas micotoxinas; custos para a desintoxicacdo na
recuperacdo de um produto aceitavel e rejeicdo de produtos pelo mercado importador. A ndo
aceitacdo de mercadorias por paises importadores sdo prejudiciais & economia do pais,
principalmente para o Brasil, que exporta grande quantidade de produtos alimenticios, que sao
altamente susceptiveis a contaminacdo por micotoxinas. Estima-se que 25 a 50% dos produtos
agricolas, principalmente os alimentos basicos do mundo estejam contaminados por
micotoxinas (ABD-ELSALAM, et al., 2017; FREIRE et al., 2017; IAMANAKA,; OLIVEIRA,;
TANIWAKI, 2010).

As micotoxinas podem entrar na cadeia alimentar humana pela contaminacao direta ou
indireta. A contaminacdo direta ocorre quando ha o consumo de alimento infectado por um
fungo toxigénico, com a subsequente formagdo das micotoxinas, como o0 consumo de cereais,
oleaginosas e derivados contaminados. Os animais se alimentam com ragdes previamente
contaminadas, podendo excretar micotoxinas no leite e seus derivados, carne e ovoSs e,
consequentemente, considerados como fonte de contaminagdo indireta para 0s humanos
(ROCHA et al., 2014).

A ingestdo de alimentos que contém micotoxinas pode causar graves efeitos, conhecidos
como micotoxicose. A gravidade depende da toxicidade da micotoxina, concentracdo e do grau
de exposicéo, bem como a idade, satde e estado nutricional do individuo exposto. Como todas
as sindromes toxicoldgicas, as micotoxicoses podem ser classificadas como agudas ou crénicas.
A toxicidade aguda geralmente tem um inicio rapido e uma resposta toxica 6bvia, ao passo que
a toxicidade cronica é caracterizada por exposicao a baixas doses durante um longo periodo de

tempo, resultando em canceres e outros efeitos geralmente irreversiveis (RUYCK et al., 2015).

2.5.3.1 Ocratoxina A

A ocratoxina A (OTA) (Figura 13) é uma micotoxina que contamina os produtos
alimenticios. Foi descoberta em 1965 como um metabdlito secundario da espécie Aspergillus
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ochraceus, por um estudo que visava a identificacdo de novas moléculas de micotoxinas
(MERWE et al., 1965). E classificada pela Agéncia Internacional para Pesquisa em Cancer
(International Agency for Research on Cancer — IARC) como possivel carcinégeno humano do
Grupo 2B, causando o desenvolvimento de doencas nos rins, que é considerado um fator
contribuinte para uma doenca crénica, em que os rins sao diminuidos de tamanho e peso, com
difusa fibrose e tumores no trato urinario (IARC, 1993).

A OTA esta relacionada a propriedades nefrotoxicas em todos os animais estudados até
o0 momento. Além disso, ela comporta-se como hepatdxica, imunussupressora, teratogénica e
cancerigena. Kruger et al. (2015) indicaram que essa toxina causa cancer no figado, rins,
glandulas mamarias e testiculos em animais, e pode apresentar uma variacdo no grau de
intoxicacdo (aguda a crénica), dependendo da concentracdo e duracdo da exposicao a toxina e

da idade e estado nutricional do animal.

Figura 13 — Estrutura quimica da Ocratoxina A.
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Essa micotoxina pode ser encontrada em aveia, cevada, centeio, trigo, graos de café,
nozes, amendoim seco, feijao, temperos e frutas secas. Ha& também a preocupacdo de
contaminacéo de vinhos por OTA, provenientes de uvas contaminadas por A. carbonarius e A.
niger.

A Agéncia Nacional de Vigilancia Sanitaria (Anvisa) atribui limites maximos a serem
tolerados para micotoxinas em alimentos. Esse regulamento aplica-se as empresas que
importam, produzam, distribuam e comercializam bebidas, alimentos e matéria-prima. Entre
elas, citam-se amendoim e seus derivados; alimentos a base de cereais para alimentagdo infantil;
café torrado (moido ou em grdo) e sollvel; cereais e produtos de cereais; especiarias; frutas
secas e desidratadas; nozes e castanhas; améndoas de cacau e seus derivados; suco de maca e
polpa de macd; suco de uva e polpa de uva; vinho e seus derivados; formulas infantis para
lactentes e formulas infantis de seguimento para lactentes e criancas de primeira infancia; leite
e produtos lacteos; leguminosas e seus derivados. Os niveis de OTA em alimentos determinados

pela Resolucdo RDC n° 7, de 18 de fevereiro de 2011, sendo alguns itens modificados pela
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Resolucdo RDC n° 138, de 8 de fevereiro de 2017, estdo descritos no Quadro 1 (BRASIL, 2011

e 2017).

Quadro 1 — Limites maximos (ug Kg*) de Ocratoxina A em alguns alimentos estabelecidos no

Brasil.
Micotoxina Alimento LMT (ug Kg?)
Cereais e produtos de cereais, incluindo cevada 20
malteada
Feijao 10
Café torrado (moido ou em gréo) e café soltvel 10
Vinho e seus derivados 2
Suco de uva e polpa de uva 2
_ Especiarias: Capsicum spp. (o fruto seco, inteiro ou 30
Ocratoxina triturado, incluindo pimentas, pimenta em po,
A pimenta-de-caiena e pimentdo-doce) Piper spp. (0
fruto, incluindo a pimenta-branca e a pimenta-preta)
Myristica fragrans (noz-moscada) Zingiber
officinale (gengibre) Curcuma longa (curcuma)
Misturas de especiarias que contenham uma ou
mais das especiarias acima indicadas
Alimentos a base de cereais para alimentagédo 2
infantil (lactentes e criancas de primeira infancia)

Produtos de cacau e chocolate 5
Améndoa de cacau 10
Frutas secas e desidratadas 10

Legenda: LMT — limites maximos tolerantes. Fonte: Brasil (2011 e 2017).

2.6 Uva de mesa (Vitis labrusca "Niagara Rosada")

A videira € considerada economicamente uma espécie produtora de frutos mais

importante no mundo, com diferentes utilidades, desde a producéo de vinho, uva de mesa, uvas

secas até diversos compostos orgénicos. No Brasil, a produgdo de uvas de mesa é bastante

diversificada devido as condigdes climaticas das regides de producdo e a matriz heterogénea de

cultivares, que inclui uvas americanas e as finas e hibridas com e sem sementes. Entretanto, a

preferéncia do consumidor brasileiro é pela uva Niagara Rosada. A Niagara Rosada substituiu

em grande parte Niagara Branca, em virtude de sua coloragdo rosada mais atraente ao

consumidor brasileiro, especialmente no caso do consumo in natura (MAIA; RITSCHEL,;

LAZZAROTTO, 2018). Alem da coloracdo, o sabor caracteristico € muito apreciado pelo

consumidor e sua polpa desprende-se facilmente da pelicula, quando a baga € pressionada
(DETONI et al., 2005).
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As uvas de mesa sdo predominantemente produzidas nos estados de Pernambuco,
Bahia, Sdo Paulo e Minas Gerais. O Brasil encontra-se entre 0s paises que se destacam no
crescimento em relacdo a producédo, exportacdo e ao consumo de uvas de mesa. Metade da
producdo no Brasil esta voltada para atender a demanda de consumo in natura (MAIA,
RITSCHEL; LAZZAROTTO, 2018). O estado de Séo Paulo destac-se como maior produtor
nacional de uva de mesa e as cultivares de uva comum séo representadas pela Niagara Rosada.
Essa cultivar € considerada de alta qualidade para consumo in natura, apresenta excelente
aceitacdo pelo mercado consumidor, bem como baixo custo de producdo do que a uva fina de
mesa (CAMARGO; COSTA, 2017; CIA et al., 2010).

O mercado de uvas de mesa vem crescendo nesse aspecto, 0 manuseio, armazenamento
e comercializacdo da fruta requerem alternativas que concentram em manter a aparéncia fresca
sem alterar o seu sabor. Entretanto, as uvas sdo suscetiveis a infec¢do por patégenos devido ao
seu pericarpo fino e polpa suculenta. A decomposi¢do flngica ocorre pos-colheita, durante o
armazenamento e comercializagdo, levando a uma enorme perda econdmica na industria da uva
(ABDOLAHI et al., 2010; AN et al., 2019; Ll et al., 2017). O periodo entre colheita e a venda
da Niagara Rosada precisa ser 0 mais curto possivel, em razdo de problemas como
esbagoamento e incidéncia de podriddes (CIA et I., 2010). Nesse sentido, é importante medidas
de controle de podridGes na pos-colheita e desenvolvimento de tecnologias para melhor
conservacao dos frutos que sejam eficientes na reducéo de perdas decorrentes desses problemas.
Atualmente, pesquisadores vém realizando trabalhos para o desenvolvimento de técnicas
alternativas no controle de podriddes, como uso de tratamentos naturais no controle da
qualidade e protecdo dos frutos em pos-colheita, que garantam seguranca do alimento e ndo
cologue em risco a satde humana. Entre os produtos naturais que podem ser empregados para
0 aumento da conservagdo dos frutos e controle de podridao pos-colheita de uva, destacam-se
os Oleos essenciais. Esses compostos bioativos podem ser encapsulados em nanofibras
poliméricas e ser usadas como embalagens bioativas no controle de microrganismos que
causam a podriddo e reducdo de perdas decorrentes a desses problemas e consequentemente

reducdo de antifungicos sintéticos.
2.6.1 Contaminacao de uva
As uvas sdo contaminadas por fungos do género Aspergillus da secdo Nigri,

principalmente por Aspergillus carbonarius e Aspergillus niger. Esses microrganismos

parecem ser considerados invasores secundarios das uvas, ou seja, contaminam depois de as
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uvas terem sido danificadas pelas chuvas durante o periodo de maturacdo, por outros fungos,
insetos, impactos mecanicos ou mesmo outros fatores (LEONG et al., 2006; MONDANI et al.,
2020). O fungo A. niger é considerado a principal espécie que contamina as uvas em todas as
fases de desenvolvimento, enquanto A. carbonarius apresenta uma incidéncia menor;
entretanto, sua frequéncia aumenta durante a maturacao até a colheita das uvas. Mondani et al
(2020) e Welke, Hoeltz e Noll (2009) relataram que A. carbonarius é considerada uma espécie
mais invasiva, capaz de penetrar nos bagos mesmo sem danos na pelicula, sendo susceptiveis a
infeccdo pelo fungo desde os estagios iniciais da maturacao.

Esses fungos causam na uva o bolor negro, a principal causa da podriddo pds-colheita e
doenca destrutiva das uvas de mesa, levando subsequentemente a perda das uvas de mesa € a
um grande obstaculo para o armazenamento, tornando-as secas e com aspecto enrugado (AN et
al., 2019; LAPPA et al., 2018; LI et al., 2017). Essa doenca manifesta-se geralmente na fase
avancada de maturagdo, na qual ocorre o aumento do teor de agucar em frutos com existéncia
de feridas e em periodos de stress hidrico com outros de abundéncia de dgua. Outros aspectos
que sdo atribuidos a doenca caracterizam-se por alteragdes tipicas e facilmente reconhecidas,
observadas pela desagregacdo da polpa, alteracdo nos tecidos devido a oxidacdo, adquirindo
uma coloracdo variavel em funcdo do estado de evolucdo da podriddo e da casta em questao.
As uvas brancas adquirem uma tonalidade castanha, enquanto as uvas tintas uma coloragéo
castanha-violacea ou avermelhada (LEONG et al., 2006; MONDANI et al., 2020).

Jiang, Shi e Zhu (2013) descreveram que podriddo provoca estragos, prejuizos e
alteracdo das uvas e, concomitantemente, perda de qualidade, aromas desagradaveis e producéo
de enzimas que dificultam ou impedem o processo de vinificacdo. Caracteriza-se também em
alteracOes visiveis nos frutos e afetam as caracteristicas organolépticas das uvas. Além das
alteraces visiveis provocadas pelos fungos, algumas espécies de fungo do género Aspergillus
podem produzir micotoxinas. Dentre as espécies, A. carbonarius e A. niger sdo as produtoras
de ocratoxina A, frequentemente detectadas nas uvas. Nesse sentido, os alimentos podem estar
contaminados com micotoxinas sem apresentar alteragdes visiveis de contaminagdo fungica.
Os fungos podem proliferar produtos alimenticios sem formar estruturas reprodutoras, ou
micélio visivel a olho nu, e também as caracteristicas organolépticas das uvas podem ndo ser
afetadas de modo perceptivel. Assim, cachos sem visivel proliferacdo de fungos também podem
conter ocratoxina A, mas bagas com mofo-preto normalmente mostram niveis mais altos de
contaminagéo por essa micotoxina (WELKE; HOELTZ; NOLL, 2009).
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2.7 Antifungicos sintéticos e resisténcia fungica

O controle fangico pode ser feito por processos fisicos e quimicos; entre as técnicas
adotadas destacam; tratamento com agua quente, tratamento térmico, fungicidas quimicos e
fumigacdo com didxido de enxofre (SONKER et al., 2014; SONKER; PANDEY; SINGH,
2015). Além do controle fangico, é preciso ficar atento a remoc¢do da ocratoxina A, que é um
problema na cadeia alimentar. Nesse sentido, varias abordagens tém sido utilizadas para
prevencdo de fungos produtores de OTA, como também inibicao da producdo dessa micotoxina
(WANG et al., 2018). Fungicidas quimicos, como &cidos organicos de baixo peso molecular,
hidrocarbonetos aromaticos, benzimidazol e inibidores da biossintese de esterol, sdo geralmente
utilizados no controle dos fungos que produzem essas micotoxinas que contaminam 0s
alimentos (WANG et al., 2018).

Os antifungicos quimicos utilizados séo classificados em az6is (imidazol, miconazol,
oxiconazol, econazol, cetoconazol, tioconazol e clotrimazol), polienos (anfotericina B (AmpB),
natamicina e nistatina), analogos de piridina (5-fluorocitosina (5-FC) e 5-fluorouracil (5-FU)),
alilamina, tiocarbamatos e morfolinas, equinocandinas (caspofungina, micafungina e
anidulafungina). Os azois fungistaticos atuam principalmente na biossintese do ergosterol,
visando a enzima 14'-lanesterol desmetilase (ERG11), resultando na inibigcdo da converséo do
lanosterol dependente do citocromo P450 em ergosterol. Polienos ligam-se ao ergosterol das
membranas das células flngicas, levando a formacdo de poros na membrana, resultando na
perda de equilibrio ibnico, integridade da membrana e morte. Os anadlogos da piridina
incorporam no DNA e no RNA nos quais inibem o funcionamento celular, bloqueando sintese
de proteinas ou inibicdo da replicacdo do DNA. Alilaminas e tiocarbamatos inibem o gene
ERG1 da biossintese de ergosterol, enquanto morfolinas inibem os genes ERG24 e ERG2 da
biossintese do ergosterol. As equinocandinas inibem a enzima B-1,3-glucano sintase, necessaria
para a sintese de B-glucano (PRASAD; SHAH; RAWAL, 2016; VAHEDI-SHAHANDASHTI;
LASS-FLORL, 2020). Embora o uso de fungicidas sintéticos sejam os meios mais baratos e
eficazes para controlar as perdas, sua aplicacdo continua e, muitas vezes, impropria no controle
do crescimento fangico, pode favorecer a sele¢éo de fungos produtores de OTA, resistentes aos
fungicidas. Além disso, o uso indiscriminado desses produtos pode provocar a indugédo
indesejada da biossintese da OTA (SCHMIDT-HEYDT; STOLL; GEISEN, 2013; ZHANG et
al., 2016).

Diversos fatores justificam a necessidade de novos agentes antifingicos. Entre eles,

citam-se altas taxas de resisténcia; os produtos sintéticos utilizados no tratamento convencional,
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que estdo associados a danos a saude humana e ao meio ambiente devido ao risco de residuos
toxicos e também sua aplica¢do requer um controle rigoroso dos métodos de tratamento por
razdes de seguranca alimentar (SONKER et al., 2015). Nesse sentido, surge a necessidade da
substituicdo por produtos naturais que sejam menos agressivos, ecologicamente seguros e
geralmente reconhecidos como seguros (GRAS). GRAS é uma designac¢do da Food and Drug
Administration (FDA) para produtos quimicos ou substancias adicionadas aos alimentos que
sdo considerados seguros para agricultores, consumidores e para o ecossistema, com baixissimo
efeito fitotoxico (ABD-ELSALAM, et al., 2017). Produtos naturais geralmente apresentam
estruturas quimicas complexas importantes para as interacdes especificas e reconhecimento por
alvos macromoleculares em fungos, além de revelar atividades antimicrobianas que variam
mecanicamente, dificultando o desenvolvimento de mecanismos de resisténcia dos
microrganismos (ABD-ELSALAM, et al., 2017). Dentre os produtos naturais, destacam-se 0s

6leos essenciais como fonte de moléculas bioativas, incluindo antifingicos potentes.

2.8 Efeito antifungico dos 6leos essenciais

Os O6leos essenciais apresentam uma composicdo complexa, incluindo compostos
fendlicos, aldeidos, cetonas, alcoois, ésteres ou hidrocarbonetos. Essas classes de compostos
apresentam notavel propriedade antiflngica, podendo ser testados separadamente, ou em
conjunto, resultando em varias interacbes, e podendo ter diversos alvos que dificultam o
surgimento de resisténcia fungica. Devido a complexa composi¢do e interacdo entre 0s
constituintes, o 6leo essencial apresenta quatro tipos possiveis de efeitos; indiferente, aditivo,
antagonista ou sinergico. A auséncia de interagdo entre os constituintes é denominada efeito
indiferente. O efeito aditivo é quando os efeitos combinados entre os constituintes sdo iguais a
soma dos efeitos individuais. Quando um efeito de um ou ambos compostos € menor em relacdo
quando aplicados juntos ou individualmente € chamado de efeito antagonista. O efeito sinérgico
é quando o efeito combinado das substancias é maior que a soma dos efeitos individuais
(TARIQ et al., 2019).

Os 6leos essenciais extraidos de plantas aromaticas, como manjericdo, frutas citricas,
erva-doce, capim-liméo, orégano, alho, cravo, alecrim, canela e tomilho, tém proporcionado
efeitos antifungicos significativos (ARORA; KAUR, 1999; FU et al., 2007; JUGLAL;
GOVINDEN; ODHAYV, 2002). Ultee e Smid (2001) relataram que alguns 6leos essenciais que
apresentam em sua composicao carvacrol e timol como compostos majoritarios proporcionam

um rompimento da membrana celular fingica. Os autores sugerem que 0s constituintes podem
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ser adicionados a produtos alimenticios em doses abaixo da concentracdo minima inibitoria
contra a reducéo do risco de producéo de toxina por Bacillus cereus, aumentando a seguranca
dos produtos. Tariq et al (2019), estudando o 6leo essencial de cravo, observaram que 0
constituinte principal do 6leo essencial, o eugenol, pode causar danos permanentes em fungos,
sendo considerado um antifungico viavel economicamente.

Os oleos essenciais atuam sobre os fungos por meio de varios mecanismos de acao:
penetracdo e rompimento da parede celular e da membrana do protoplasma por meio de um
processo de permealizacdo, inibindo a funcdo da cadeia de transporte de elétrons mitocondrial,
resultando na desintegracdo das membranas mitocondriais; inibi¢cdo das bombas de prétons da
cadeia respiratdria, interrompendo a formacdo de ATP, levando a danos na parede celular.
Citam-se também a interferéncia no fluxo de elétrons dentro da via de transporte de elétrons;
inibicdo da sintese de RNA, DNA, proteinas e polissacarideos; rompimento da membrana
celular pela inibicdo da biossintese de ergosterol (esterol que desempenha um papel
fundamental na integridade e funcdo da membrana celular do fungo); inibicdo da formagéo da
parede celular através do bloqueio da formacéo de beta-glucanos; inibicdo da bomba de efluxo
reduzindo a resisténcia aos ativos, visto que essa bomba de efluxo, presente em todas as células
vivas, remove as substancias toxicas das células (BRANDAO et al., 2020; BRANDAO et al.,
2021; FREIESLEBEN; JAGER, 2014; TARIQ et al., 2019). Wang et al. (2018) mostraram que
0 constituinte de Oleo essencial, cinamaldeido, provocou alteraces morfoldgicas e
ultraestruturais irreversiveis, como dobramento da célula, perda de integridade da parede
celular, rompimento da membrana plasmatica, destruicdo da mitocondria e auséncia de
organelas intracelulares. Esses efeitos podem ser atribuidos a capacidade do composto em inibir
reacOes enzimaticas que regulam a sintese da parede celular e consequentemente perturbam a
morfogénese e o crescimento do fungo.

Além do controle fangico, € muito importante o bloqueio da producdo de micotoxinas
como a ocratoxina A em alimentos, pois sdo substancias bastante toxicas. Nesse sentido, 0s
oOleos essenciais vém sendo estudados e alguns mecanismos sdo sugeridos no controle dessa
toxina. Varias enzimas, como a policetideo sintase (PKS), peptideo sintase nao ribossémica
(NRPS), citocromo p450 monoxigenase e halogenase, estdo envolvidas nas etapas principais
da biossintese de OTA (WANG et al., 2015; WANG et al., 2018). E também genes que
codificam as proteinas reguladoras (VelB, VeA e LaeA) séo responsaveis pela transcri¢do que
podem coordenar o desenvolvimento fungico e o metabolismo secundario, podendo ativar a
producdo de OTA (CRESPO-SEMPERE et al., 2013). Estudos mostraram que constituintes de

oleos essenciais conseguem regular, negativamente, os niveis transcricionais dos genes
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biossintéticos e reguladores da OTA, além da inibicéo do crescimento fangico (WANG et al.,
2018).

Karpinski (2020) relatou que os compostos quimicos mais comumente encontrados nos
Oleos essenciais das plantas pertencentes a familia Lamiaceae sdo p-cariofileno (41 plantas),
linalol (27 plantas), limoneno (26), B-pineno (25), 1,8-cineol (22), carvacrol (21), a-pineno
(21), p-cimeno (20), y-terpineno (20) e timol (20). O sesquiterpeno B-cariofileno e 0s
monoterpenos fendlicos (carvacrol, p-cimeno, timol) apresentam grandes atividades
antifangicas e sdo componentes antifangicos particularmente importante na familia Lamiaceae.
Além dessas substancias quimicas, os monoterpenos como linalol, 1,8-cineol, limoneno,
pinenos e terpinenos sao também considerados antifungicos importantes. O autor descreveu que
0 modo de acdo desses 6leos essenciais € multidirecional, levando a ruptura da parede celular
e da membrana celular por meio de um processo de permeabilizacdo. Os compostos lipofilicos
dos Oleos essenciais podem atravessar a parede celular e provocar danos aos polissacarideos,
acidos graxos e fosfolipidios, eventualmente tornando-os permeaveis A mudanca da
permeabilidade para os cations H* e K* afeta o pH celular e o dano as organelas celulares,
desintegrando a membrana mitocondrial. Também demostrou que o 6leo essencial de Thymus
vulgaris inibe a sintese de aflatoxinas por Aspergillus flavus e proporciona a redugdo da
producdo de ergosterol.

Nguefack et al. (2009) estudaram os 6leos essenciais de trés plantas aromaticas
(Cymbopogon citratus, Ocimum gratissimum e Thymus vulgaris) e suas fracBes contra cepas
micotoxigénicas de Aspergillus ochraceus, Penicillium expansum e P. verrucosum e
observaram que esses produtos naturais exibiram uma forte atividade antiflngica, sendo
considerados um potencial conservante de alimentos. Os autores avaliaram a concentragéo dos
6leos essenciais testados como potencial antimicotico e identificaram as fragdes ativas para a
preservacao de um alimento a base de peixe contra 0 mofo e sua influéncia nas caracteristicas
sensoriais dos alimentos. Além disso, relataram que a alta atividade antifingica de Oleos
essenciais e fragdes indicaram sua aplicacdo em agroindustrias como conservantes naturais de
alimentos.

Devido as caracteristicas que 0s 6leos essenciais apresentam, como propriedades
biologicas, biocompatibilidade, biodegradabilidade e baixa toxicidade, esses compostos vém
sendo estudados para serem usados na preservacdo das qualidades organolépticas (cor, cheiro,
sabor e frescor) dos alimentos, prevencdo da degradacdo rapida e armazenamento para uma
vida atil mais longa dos produtos (MOGOSANU et al., 2017). Entretanto, a incorporacéo direta

nos alimentos pode ser um pouco limitada, devido a sua alta volatilidade e apresentar aroma e
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sabor, podendo causar alteracdo indesejavel no perfil organoléptico dos produtos alimenticios
(DEEPIKA et al., 2020). Porém, essas limitacGes podem ser superadas, encapsulando os 6leos
essenciais em matriz polimérica na forma de nanofibras para uma liberacdo sustentada e
controlada, e consequentemente melhorar 0 uso desses produtos naturais e prolongar sua
eficiéncia. Como as nanofibras permitem uma autorregulacdo dos compostos bioativos, a
utilizacdo da nanotecnologia com dleos essenciais torna-se extremamente vantajosa, pois além
do controle ecoldgico correto e inteligente de sistemas de nano distribuicdo, essa técnica tem
como foco a reducdo de uso de fungicidas por meio do desenvolvimento de uma gama de
aplicacBes nanotecnoldgicas de baixo custo para a liberacéo lenta e mais eficiente de compostos
bioativos (ABD-ELSALAM, et al., 2017).

2.9 Nanotecnologia

Os avancos da nanotecnologia tém se mostrado de grande interesse para inumeras
aplicacdes em diversas areas, como na agricultura, energia, preservacdo do meio ambiente,
salde publica, na industria de alimentos, entre outros (DIMER et al., 2013; L1 et al., 2011). A
nanotecnologia pode ser uma ferramenta fundamental para solucionar um conjunto de desafios
cientificos e tecnol6gicos para melhorar a seguranga da cadeia alimentar. Essa técnica esta
relacionada com a caracterizacao, fabricagdo e/ou manipulacdo de estruturas com pelo menos
uma dimensdo na escala nanométrica. Propriedades fisicas, quimicas e bioldgicas das estruturas
e dos sistemas nanométricos sdo significativamente diferentes da micro ou macroescala,
oferecendo assim melhor desempenho, caracteristicas Unicas e novas aplica¢es funcionais em
alimentos e agricultura (BRANDELLI; LOPES; BOELTER, 2017). Nos ultimos anos, a
nanociéncia e a nanotecnologia abriram novas perspectiva para a inddstria de alimentos, e as
embalagens derivadas da nanotecnologia vém sendo consideradas benéficas e eficazes. Assim,
ha um grande interesse no desenvolvimento de novos materiais de embalagem nanométricas
com funcédo antimicrobiana capazes de evitar a contaminagdo microbiana para estender a vida
util e garantir a seguranca alimentar. Para atingir a atividade antimicrobiana de embalagens de
alimentos, substancias biologicas com potencial antimicrobiano podem ser incorporadas
diretamente no material de embalagem (DENG; NIKIFOROV; LEYS, 2017).

Na industria alimenticia, a nanotecnologia é utilizada para o desenvolvimento de novos
materiais funcionais; processamento em nanoescala; desenvolvimento de produto; e métodos
para a melhoria na seguranca alimentar e biosseguranca. Em relacéo a seguranca alimentar, o

desenvolvimento na area de embalagens para alimentos derivados da nanotecnologia inclui
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embalagens ativas de nanoparticulas com propriedades antimicrobianas e antioxidantes;
embalagens inteligentes de alimentos, incorporando nanosensores para monitorar e relatar as
condicdes dos alimentos capazes de detectar produtos quimicos, agentes patogénicos e toxinas
em alimentos (ALMEIDA et al., 2015; PEREZ et al., 2012).

A nanotecnologia é uma grande promessa para o desenvolvimento de novos produtos
em nanoescala, como nanofibras, emulsdes, capsulas e lipossomas. Os sistemas nanométricos
foram desenvolvidos como transportadores eficazes para substancias bioativas, distribuicao e
liberacdo controlada, como as nanofibras poliméricas. Nanofungicidas ecoldgicos de produtos
naturais, incluindo os Oleos essenciais (GRAS), sdo uma boa alternativa aos fungicidas
sintéticos como um procedimento para diminuir os efeitos nocivos a salde humana, animal e
ambiental, além de serem considerados eficazes (ABD-ELSALAM, et al., 2017).

2.9.1 Nanofibra

Entre os diferentes materiais, as nanofibras estdo entre os de maior interesse cientifico
e tecnologico, sendo produzidos e estudados em relacdo as suas caracteristicas que atribuem
diferentes aplicacdes e vantagens (COSTA et al., 2012). Dentre essas caracteristicas, destacam-
se pela biocompatibilidade com substancias ativas incorporadas; biodegradabilidade aceitavel,
excelente propriedade mecanica, possuindo uma area de superficie maior; alta porosidade com
tamanho de poros pequenos e a possibilidade de controlar a liberacdo de substancias ativas.
Além disso, as formulagdes de nanofibras possuem estrutura de poros abertos e interconectados,
que permitem interacdo 6tima com moléculas bioativas (MORIE et al., 2014).

Na area de alimentos, as nanofibras podem ser utilizadas como um material de
embalagem, considerado um composto verde (ambientalmente amigavel) pela sua caracteristica
biodegradavel. Além disso, podem ser empregadas como conservantes de alimentos quando
incorporados em sua estrutura compostos bioativos com propriedades antibacterianas,
antifingicas e antioxidantes, entre outros (WEISS; TAKHISTOV; MCCLEMENTS, 2006).
Desse modo, a nanofibra tem enorme potencial para a melhoria da seguranca alimentar, como
uma ferramenta fundamental para a distribuicdo e liberacdo controlada de antimicrobianos
naturais, como os 0leos essenciais (BRANDELLI; LOPES; BOELTER, 2017).

As nanofibras vém sendo estudadas na utilizagdo como carreadores de compostos
antimicrobianos, antibacterianos ou antifungicos contra diversos microrganismos para poderem
ser aplicadas como embalagens e conservantes de alimentos, garantindo a qualidade e

preservacdo dos produtos e evitando possiveis contaminacfes (LEIDY; XIMENA, 2019).
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Compostos bioativos podem ser facilmente incorporados nas estruturas de nanofibras. Assim,
0s conservantes quimicos que sdo considerados toxicos e prejudiciais vém sendo substituidos
pelos produtos naturais que apresentam diversas propriedades biolégicas. Em geral, com a
crescente busca dos consumidores por alimentos mais saudaveis, a utilizacdo de produtos
naturais ganhou ampla aceitacdo para serem usados em dispositivos de liberacdo controlada
como as nanofibras. Entre esses produtos naturais, destacam-se 0s 6leos essenciais.

Bonan et al. (2017), encapsulando o éleo essencial de copaiba em nanofibras obtidas
através de blenda de PVP/PLA pela técnica de SBS, conseguiram observar que elas
apresentaram efeito antimicrobiano sobre Staphylococcus aureus. Os autores relataram que a
combinacdo dos dois polimeros permitiu a producdo de um material fibroso versatil, com a
possibilidade de adequar a liberacdo do farmaco incorporado apresentando propriedades de
barreira antimicrobiana no controle de infeccdes preexistentes e prevenir a penetracdo de
patdgenos.

Miranda et al. (2019) estudaram nanofibras de poliestireno (PS) fiado em solucéo
usando tolueno (solvente industrial) e 6leo de laranja (solvente verde) e observaram que o 6leo
de laranja foi usado com sucesso como um solvente verde alternativo para substituir o tolueno
para produzir fibras de SBS de PS. Além disso, essas fibras contendo dleo de laranja residual
tinham propriedades antimicrobianas que inibiram o crescimento de Staphylococcus aureus,
Escherichia coli e Alternaria alternata. Os autores sugerem que os resultados encontrados
mostram que as esteiras de nanofibras ecoldgicas fiadas a partir de 6leo de laranja/PS podem
ser usadas em aplicacdes como cicatrizacdo de feridas e embalagem ativa para alimentos.

As nanofibras poliméricas sdo bastante estudadas, porém para aplicacdo direta em
alimentos ndo ha relatos na literatura e nem estudos de interacdo direta ou indireta na extensao
da vida util do produto como embalagens alimenticias. Dessa forma, esta pesquisa visa a

promover o leque de aplicacdo das nanofibras poliméricas no setor alimenticio.

2.9.1.1 Producéo de nanofibras

Uma das técnicas utilizadas para produzir as nanofibras poliméricas é a fiagdo por sopro
de solucédo (Solution Blow Spinning) (SBS) (Figura 14). Essa técnica comecou a ser utilizada
na década de 1950, com Van A. Wente, o qual obteve fibras na faixa de 300 nm. Van utilizou
uma extrusora que promovia o estiramento do polimero fundido que depositava na superficie
de um coletor por meio do auxilio de um ar quente em alta velocidade, originando uma manta

ndo tecida capaz de coletar particulas radioativas (ELLISON et al., 2007). Paralelo a técnica de



54

SBS e com o intuito de contribuir com o desenvolvimento da mesma, nos anos 90, a técnica de
eletrofiagdo (electrospinning) comecou a ser estudada e surgiu interesse por parte dos
pesquisadores devido a obtencdo de materiais micro e nanometricos.

A técnica de eletrofiacdo forma fibras por meio da modificacdo da superficie do fluido
(tensdo superficial) submetida a um campo elétrico (DOSHI; RENEKER, 1995). A tenséao
superficial na solucdo polimérica é superada por uma forca elétrica repulsiva associada ao cone
de Taylor (cone formado por finos jatos ou goticulas através de fluidos viscosos condutores
guando submetidos a forca elétrica e diferenca de potencial) e a trajetoria das fibras formadas
a partir da solucdo polimérica carregada € direcionada e controlada pelo campo elétrico
(CASASOLA; THOMAS; GEORGIADOU, 2016; DOSHI; RENEKER, 1995; TAYLOR,
1969). O solvente é evaporado no percurso entre a distancia de trabalho aplicada do inicio da
ejecdo da solucdo e o coletor metalico/condutor, no qual as fibras sdo obtidas (EFKERE et al.,
2018; THOMPSON et al., 2007). Embora seja considerada uma técnica convencional e bastante
utilizada, ela apresenta desvantagens devido ao elevado custo (obtencdo e manutencéo) e alto
risco associado, pois ha o uso de alta voltagem (quilovolts).

A técnica de SBS forma fibras utilizando bicos concéntricos por meio dos quais uma
solucdo de polimero e um gas pressurizado sdo simultaneamente injetados. Diferenca de
pressao e cisalhamento na interface gas/solucdo ajuda a formar multiplos filamentos de solucéo
de polimero em direcdo a um coletor. Durante o voo, os solventes dos filamentos evaporam
rapidamente, formando uma teia de micro e/ou nanofibras (MEDEIROS et al., 2009;
NEPOMUCENO et al., 2018). De acordo com Daristotle et al. (2016), Medeiros et al. (2009) e
Oliveira et al. (2011), a obtencdo das fibras pela técnica de SBS sdo controladas,
principalmente, pelos seguintes parametros: pressao de arraste (pressao do gas pressurizado);
pardmetro reoldgico da solugdo polimérica (por exemplo, viscosidade/concentracdo); vazao da
solucéo polimérica e distancia de trabalho (influencia na maxima ou completa evaporagdo do
solvente). Esses parametros influenciam diretamente na formagéo das fibras poliméricas, na
morfologia das fibras (por exemplo, didmetro médio) como também na uniformidade e nos
aspectos lisos ou ndo das fibras. Paralelo a esses parametros, a massa molecular do polimero €,
tambeém, considerada um importante fator que influencia o processo de obtencéo das fibras.

Dentre esses parametros, o fator reoldgico da solugéo polimérica é considerado o mais
importante e de maior influéncia na alteracdo morfologica das fibras. Alteracao na viscosidade
pode contrapor a conducdo da forca de fluxo de ar e dificultar o estiramento do jato da solucdo
polimérica, aumentando a produtividade e espessura das fibras. Quando a viscosidade € baixa,

hé& formacdo de poucas fibras, fibras mais finas ¢ muitos “beads” (OLIVEIRA et al., 2011;



55

PARIZE et al., 2016b). Os “beads” sdo alteracbes na morfologia linear e uniforme das fibras,
com modificagbes fusiformes em formato de contas, promovendo heterogeneidade nos
diametros das fibras (SILVA; OLIVEIRA; MEDEIRQS, 2015). A vazao da solucgéo polimérica
(taxa de ejecdo da solugdo ou taxa de alimentacdo) é outro fator que influencia na morfologia
das fibras, visto que esse parametro sofre alteracdes de acordo com o tipo de interagdo polimero-
solvente durante o preparo das solugdes (OLIVEIRA et al., 2011).

A técnica de SBS é considerada simples, segura, barata mostrando-se bastante
promissora na producao de micro e nanofibra de uma ampla variedade de polimeros com
aplicacBes potenciais no sistema de liberacéo controlado de substéncias bioativas. Essa técnica
oferece vantagens, como: producdo em maior escala, taxas de fiacdo mais altas, custos
reduzidos, eliminacdo do uso de alta tensdo e uma gama mais ampla de coletores que podem
ser usados com materiais diferentes em comparacdo com as técnicas tradicionais, como a
eletrofiagéo (BILBAO-SAINZ et al., 2014; BONAN et al., 2017).

Figura 14 — Esquema da fiacdo por sopro de solucdo (SBS)
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Fonte: Adaptado de Nepomuceno et al. (2018).

2.9.2 Polimeros

Os materiais utilizados para formula¢fes nanotecnoldgicas sao selecionados de acordo
com suas caracteristicas de biodegradabilidade, biocompatibilidade, capacidade para
funcionamento em superficie, conjugagdo, complexacdo e encapsulamento (DIMER et al.,
2013). Os sistemas de liberacdo de drogas poliméricas sdo capazes de melhorar a eficacia

terapéutica, reduzir a toxicidade e serem projetados para atingir a localizacdo especifica,
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controlar e prolongar a liberagcdo do composto ativo. Isso pode acontecer por meio da
manipulacéo da interagdo entre polimeros e substancias ativas nas nanofibras. Assim, é possivel
modificar a cinética de liberacdo do principio ativo por um determinado periodo de tempo
usando misturas imisciveis de polimeros hidrofilicos e hidrofobicos (FATHI-AZARBAYJAN,;
CHAN, 2010).

Alguns polimeros utilizados para produzir as nanofibras pertencem a classe de poli
(ésteres), considerados biodegradaveis e biocompativeis. Dentre os poli (ésteres) tem-se os poli
(&cido latico) (PLA), poli (&cido glicolico) (PGA) e seus copolimeros, poli (&cido L-latico)
(PLLA), poli (&cidoD-latico) (PDLA) e poli (acido coglicélico) (PLGA), poli (caprolactona)
(PCL) e o poli (etilenoglicol) (PEG) também referido como poli (6xido de etileno) (PEO)
(UHRICH et al., 1999). Dentre os polimeros mais utilizados para a preparacdo de nanofibras
para o transporte de principios ativos, destacam-se os poliésteres alifaticos. Entre eles 0 PLA,
PGA, PLGA e PCL. Juntos formam um grupo de polimeros sintéticos ndo tdxicos e
biodegradaveis que, em ambiente aquoso, sofrem degradacdo (BONAN et al., 2017;
NEPOMUCENO et al., 2018).

2.9.2.1 Poli (4cido léatico)

O poli (4cido latico) (PLA) (Figura 15) pertencente a familia dos poliésteres alifaticos
sdo geralmente formados de a-hidroxiacidos e acido latico, envolvendo o processamento e a
polimerizacdo do monémero de &cido latico. O acido € uma molécula quiral simples que existe
como dois enantidmeros, L e D-acido latico, diferindo em seu efeito na luz polarizada.
Produzido por fermentacdo bacteriana de agucares a partir de fontes renovaveis (trigo, amido,
milho, cana-de-agucar ou beterraba) ou por processo quimico envolvendo matérias-primas
petroquimicas por meio da polimerizacao de condensacao do acido lactico (COSTA etal., 2016;
MORI et al., 2015; PARIZE te al., 2016a; PAN; INOUE, 2009).

Atualmente, a fermentacéo € a mais utilizada na obtencéo do &cido latico para formacao
do PLA, na qual o amido de milho é convertido em &cido latico por fermentagdo bacteriana
utilizando-se cepas de Lactobacillus. Como todo &cido latico bioldgico, o acido latico
produzido pela fermentagéo é exclusivamente (> 99,5%) o isdbmero L, favorecendo a producéo
por meio de fontes renovaveis em vez da petroquimica (GUPTA; REVAGADE; HILBORN,
2007).

O PLA é um dos polimeros biodegradaveis mais promissores devido as suas

caracteristicas mecanicas, processabilidade termopléastica e propriedades bioldgicas, além de
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biocompatibilidade, biodegradabilidade, ndo toxicidade e fécil decomposi¢do térmica por
hidrélise da ligagdo éster, ndo requerendo a presenca de enzimas para catalisar essa hidrdlise.
A taxa de degradacdo depende do tamanho, da proporcdo do isbmero e da temperatura de
hidrdlise (GARLOTTA, 2001; GUPTA; REVAGADE; HILBORN, 2007). Além disso, por
estar disponivel a partir de recursos agricolas renovaveis, ele ajuda a melhorar a economia
agricola. Quando comparado com os plasticos convencionais a base de petrdleo, o PLA
promove a reducdo nas emissdes de dioxido de carbono, pois ajuda na fixacdo de quantidades
significativas de dioxido de carbono. A habilidade mais importante do PLA é que se pode
ajustar suas propriedades fisicas por modificacbes materiais (GUPTA; REVAGADE;
HILBORN, 2007).

Por ser um termoplastico de alta resisténcia e de alto modulo produzido de recursos
renovaveis anualmente, o PLA tem sido aplicado na producéo de plasticos basicos, embalagens
industriais, dispositivos biocompativeis/bioabsorviveis, produtos agricolas, materiais
descartaveis, bem como materiais médicos e liberacdo de drogas (CHEN; TSAI; YANG, 2011,
GARLOTTA, 2001). E um material de facil processamento para producio de pecas moldadas,
filme e fibras. Sua estrutura estereoquimica pode ser modificada pela polimerizacdo de uma
mistura controlada dos isdmeros L ou D para producdo de polimeros amorfos ou cristalinos de
alto peso molecular que podem ser usados para materiais de embalagem, filmes, fibras téxteis
e produtos farmacéuticos (GARLOTTA, 2001). A Food and Drug Administration (FDA) dos
Estados Unidos e as autoridades regulatdrias europeias aprovaram o uso de PLA para todas as

aplicacdes de alimentos e algumas aplicacdes cirurgicas, como sistemas de liberacdo de drogas.

Figura 15 — Estrutura quimica do poli (acido latico).
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Significance and impact of the study: The fungi Aspergillus ochraceus and Aspergillus
westerdjkiae contaminate food products with Ochratoxin A and cause deterioration because of
their high metabolic activity, causing concerns about human health, food safety and economic
losses. The induction of the biosynthesis of this toxic substance and the selection of fungi
resistant to synthetic fungicides led to the need to search for new substances with inhibitory
efficacy. The ability of the essential oils from Alpina speciosa and Cymbopogon flexuosus
encapsulated in polymeric nanofibers to inhibit fungal proliferation and OTA production

indicated that they have an antifungal potential to be explored against toxigenic fungi.

Abstract

Essential oils encapsulated in a polymeric matrix can be used as an alternative method to control
fungi and mycotoxins. The essential oils were extracted by hydrodistillation and characterized
by gas chromatography. The nanofibers were produced from poly (acid lactic) (PLA)
containing essential oils by the Solution Blow Spinning method. The antifungal and
antimicotoxygenic properties were evaluated against Aspergillus ochraceus and Aspergillus
westerdijkiae by the fumigation method. Terpinen-4-ol (20.23%), sabinene (20.18%), 1.8-
cineole (16.69%), and vy-terpinene (11.03%) were the principal compounds present in the
essential oil from Alpinia speciosa, whereas citral (97.67%) was dominant from Cymbopogon
flexuosus. Microscopy images showed that the addition of essential oils caused an increase in
the diameter of the nanofibers. The infrared spectroscopy results indicated the presence of
essential oils in the PLA nanofibers. Differential scanning calorimetry curves also indicated the
existence of interactions between the essential oils and polymeric macromolecules through their
plasticizing action. The hydrophobic character of nanofibers was revealed by the contact angle
technigue. An antifungal effect was observed, the mycelial growths (3.25-100%) and the
synthesis of ochratoxin A (25.94-100%) were inhibited by the presence of the nanofibers. The
results suggest that bioactive nanofibers hold promise for application to control toxigenic fungi.

Keywords: Solution blow spinning; Aspergillus ochraceus; Aspergillus westerdijkiae;

ochratoxin A; Capim indiano; Coldnia
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Introduction

Ochratoxin A (OTA) is a secondary metabolite produced by some species of Aspergillus
and Penicilium; the Aspergillus genus is considered to be the most important species
responsible for contaminating food, beverages and animal feed with this mycotoxin (Zhang et
al. 2016). In addition, the increase in the metabolic activity of these species causes the food to
deteriorate, resulting in an enormous economic loss (Hua et al. 2014). OTA is classified by the
International Cancer Agency as a group 2B carcinogen, in addition to having immunotoxic,
teratogenic, nephrotoxic and genotoxic properties for humans (larc 1993; Zhang et al. 2016).
The control of contamination is usually achieved with synthetic fungicides that inhibit the
growth of OTA-producing fungi and reduce the production of this mycotoxin (Farbo et al.
2018). However, the continuous and improper use can favor the selection of resistant OTA-
producing fungi and result in the induction of the biosynthesis of this toxic substance (Schmidt-
Heydt et al. 2013; Zhang et al. 2016).

Several studies focus on alternative methods of natural control that can reduce
contamination and the production of mycotoxins by different fungal strains, both in the field
and throughout the entire post-harvest process. Among the natural resources, essential oils
extracted from plants are particularly promising, and they represent an important product to be
explored by various companies. Essential oils consist of monoterpenes, sesquiterpenes and
phenylpropanoids that are synthesized by different parts of the plant through its secondary
metabolism (Tariq et al. 2019).

Essential oils possess several proven biological properties such as antifungal activity
(Nazzaro et al. 2017; Tariq et al. 2019). However, their direct incorporation in food tends to be
limited because they are volatile and lipophilic, and they can alter the organoleptic profile of
food products because of their aroma and flavor (Deepika et al. 2020). However, these
limitations can be overcome by encapsulating essential oils in polymeric matrices in the form
of nanofibers to reduce their volatility and their direct contact with food.

Polymeric nanofibers can be produced using the solution blow spinning technique
(SBS). This technology has several advantages such as the ease of scheduling the process, high
spinning rates, reduced costs and the possibility of depositing the nanofibers on different
surfaces (Bilbao-Sainz et al. 2014; Bonan et al. 2017). Among the various polymers that can be
used for the production of nanofibers, lactic polyacid (PLA) is of great interest because it is
biodegradable and it can be obtained from renewable sources (Garlotta 2011; Bonan et al.

2017). Therefore, the aim of the present study was to investigate the effect of nanoencapsulation
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on the antifungal and antiocratoxigenic action of the essential oils from Alpinia speciosa and
Cymbopogon flexuosus against the Aspergillus ochraceus and Aspergillus westerdijkiae fungi.

Results and Discussion

Chemical composition of the essential oils

The yield of the essential oils from A. speciosa and C. flexuosus were 0.73% and 2% (w/w,
DWB), respectively. The variability in yield can be explained by the genetic determination of
each plant in producing secondary metabolites. In addition, gene expression can change with
biochemical, physiological, evolutionary processes and with the ecological conditions where
the plants were grown. These factors significantly affect the quantity and composition of
essential oils (Gobbo-Neto and Lopes 2007).

The total number of constituents identified in the essential oils from A. speciosa and C.
flexuosus were 19 and 3, respectively (Table 1). The principal constituents of the essential oil
from A. speciosa were terpinen-4-ol (20.23%), sabinene (20.18%), 1.8-cineole (16.69) and y-
terpinene (11.03%). In the study by Rezende et al. (2011) it was found that the most abundant
constituents in the essential oil were 1,8-cineole, sabinene and terpinen-4-ol. Their data
corroborate those of the present study, but with different percentages. Differences in the
chemical compositions of essential oils of the same species that are grown in different places
are already common in the literature because edaphoclimatic factors influence the synthesis of
secondary metabolites (Gobbo-Neto and Lopes 2007).

Three constituents classified as oxygenated monoterpenes comprise the essential oil
from C. flexuosus, of which neral (36.10%) and geranial (61.57%) were the most abundant
components (Table 1). C. flexuosus is a natural source of citral because more than 90% of its
essential oil is composed of this oxygenated monoterpene. Citral is responsible for a strong,
pleasant and lemon-like fragrance, and it has several biological properties, which increase the
economic value of the plant and its essential oil (Fagodia et al. 2017; Devi et al. 2020). Similar
results with a high concentration of citral (81.7 to 86.2%) were also reported by Upadhyay et
al. (2019), who assessed the quality of essential oil production with respect to harvest
management practices. The authors suggested that the plant material should be distilled fresh
and on the same day of harvest to furnish higher yields and an essential oil of better quality
(Upadhyay et al. 2019).
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A. speciosa and C. flexuosus are of great importance for obtaining essential oils, and they
can be used in the food, perfumery, cosmetic and pharmaceutical industries. A. speciosa is an
ornamental plant that belongs to the Zingiberaceae family. It is used as a flavoring agent, with
therapeutic properties, and its essential oil has significant antifungal activity (Kerdudo et al.,
2017). C. flexuosus is a perennial, aromatic, medicinal herb, native to India, and it belongs to
the Poaceae family. Studies report that the compounds present in the essential oil of this plant,
mainly citral, have antifungal properties and a wide range of inhibitions of fungal growth
(Pandey et al., 2003; Kumar et al., 2009; Sahal et al., 2020).

Characterization of nanofibers

The addition of the essential oils resulted in a greaterr average diameter of PLA nanofibers,
producing fibers that were thicker. This increase was statistically significant (p <0.05) (Table
2). In the SBS process, several factors can contribute to the morphology of the nanofibers
obtained. The most important are the rheological profile of polymeric solutions and the gas
pressure (Oliveira et al. 2011; Oliveira et al. 2014). The incorporation of essential oils can also
significantly alter the morphology of polymeric nanofibers (Bonan et al. 2015; Souza et al.
2015). Studies by Liu et al. (2018) showed that the viscosity of polymeric solutions increases
proportionally with the addition of essential oils. The authors suggest that the change in
viscoelastic forces could counteract the force of the air flow and make it difficult to stretch the
jet of the polymeric solution. Consequently, it would result in the formation of nanofibers with
a larger diameter.

The electromicrographs obtained by SEM are shown in Figure 1A. All the nanofiber
samples had a homogeneous morphology with a smooth surface. Smooth, uniform, continuous
fibers were formed without the presence of granules, beads and films. The formation of
homogeneous fibers is the result of adequate control of solution, process and environmental
parameters (Oliveira et al. 2013ab).

FTIR analysis is very useful for characterizing intermolecular interactions and verifying
whether the substances have been encapsulated (Figure 1B). Important bands at 2997 and 2943
cm! that are attributed to the C-H stretching vibration; and the 1452 cm™ band that corresponds
to CHs characterized by a 1360 cm™ band are presented in the PLA spectrum (Figure 1B). The
most intense band was observed at 1751 cm™, corresponding to the stretching vibration of the
carbonyl groups (C = O) of the ester function. The peaks observed at 1184, 1130 and 1086 cm”

! represent the C-O-C group, where the absorption at 1184 cm™ is characteristic of the
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asymmetric vibrations and that at 1086 cm™ corresponds to the symmetrical vibrations. The
1045 and 872 cm™ bands correspond to C-CH3 and C-COO stretching vibrations, respectively
(Bilbao-Sainz et al. 2014; Bonan et al. 2017; Altan et al. 2018; Nepomuceno et al. 2018).
Peaks characteristic of PLA can also be seen in the spectra of the nanofibers incorporated
with the essential oils. However, absorption peaks attributed to volatile constituents also
appeared, such as the intense peak at 1672 cm™ corresponding to the essential oil from C.
flexuosus. In addition, slight changes have occurred in the spectrum of the PLA nanofiber
containing the essential oil from A. speciosa. These changes in the intensity ratio and the
formation of new peaks in the spectrum of PLA containing essential oils compared to the
spectrum of nanofibers of PLA confirm the encapsulation of the essential oil. The charged
particles overlapped the vibrational frequency of the pure polymer and the essential oil,
exposing only hints of these particles, which suggests the presence of molecular interactions

between PLA and the encapsulated compounds.
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Figure 1 — Electromicrographs (A), FTIR-ATR spectra (B) and DSC curves (C) of nanofiber mats of
pure PLA and PLA incorporated with essential oils from A. speciosa and C. flexuosus.
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Differential scanning calorimetry (DSC) analyses were performed to evaluate the effect
of essential oils on the thermal properties of PLA nanofibers. The thermal parameters for the
first and second temperature cycles are shown in Figure 1C, and the calculated values are shown
in Table 2.

As shown in Table 2, the incorporation of essential oils lead to a decrease in the cold
crystallization temperature of PLA (T¢); however, the glass transition temperature (Tg) and
melting temperature (Tm) did not undergo significant changes. These results are similar to those
found in the literature (Mori et al. 2015; Souza et al. 2015; Nepomuceno et al 2018). The
decrease in Tc with the incorporation of essential oils indicates that the essential oils acted as
nucleating agents and reduced the energy required for the transformation of amorphous regions
into crystalline regions in polymeric nanofibers (Bonan et al. 2017; Miranda et al. 2019). In
addition, studies report that molecules of low molar mass as constituents of essential oils can
act as lubricants to decrease intermolecular interactions and facilitate the formation of
crystalline structures (Martinez-Sanz et al. 2015; Bonan et al. 2017). The nucleating effect of
the essential oils is also related to a greater macromolecular orientations caused by the SBS
process that favors the crystallization. This effect can be explained by the unidirectional force
arrangement that is subjected to the jet of the polymer solution (Martinez-Sanz et al. 2015;
Bonan et al. 2017; Cam et al. 2019).

The hydrophobic nature of the nanofibers were assessed by measuring the contact angle
(Table 2). There was a significant difference in the contact angles between the nanofibers
containing essential oil and that of pure PLA.

All the nanofibers studied were hydrophobic, that is, their contact angles were greater
than 90° (Table 2). However, the addition of essential oils resulted in a slight reduction in the
contact angle when compared to the pure PLA nanofiber. This decrease in the contact angle can
be attributed to the small polar fraction of oxygenated monoterpenes and sesquiterpenes present
in essential oils that are exposed on the fiber surface and provide a slight interaction with water
(Wen et al. 2016). However, this interaction was not sufficient to make the nanofibers
hydrophilic because the carbon chain protrudes and prevents water molecules from approaching
and interacting by hydrogen bonding. This fact is justified by the hydrophobic nature of PLA
and the essential oils that make up the nanofiber, and it is in line with previous studies (Bonan
et al. 2015; Rahmani et al. 2020).
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Antifungal properties

The growth of the two species of toxigenic fungi of the Aspergillus genus was inhibited
by nanofibers containing the essential oils in the fumigation test (Figure 2). Although both
essential oils have antifungal properties against A. ochraceus and A. westerdijkiae, the essential
oil from C. flexuosus inhibited mycelial growth more strongly. A complete inhibition of the
growth rate of the fungi was detected in the presence of 20% of essential oil from C. flexuosus
encapsulated in the nanofibers. However, none of the concentrations tested with the essential
oil from A. speciosa completely suppressed the growth of the fungi (Table 3).

Terpenoids and phenylpropanoids, constituents of essential oils, are responsible for
antifungal activity because their lipophilic nature has great affinity for the lipid portion of the
fungus plasma membrane. This interaction causes damage to biological membranes and,
consequently, ion leakage (Lyu et al. 2019). In addition, the presence of chemical functions
with hydrophilic characteristics is important for the effectiveness of the biological activity of
the constituents of essential oils because they play a fundamental role in the mechanisms of
interaction with vital metabolites such as proteins, carbohydrates and nucleic acids (Saad et al.
2013; Lyu et al. 2019). Thus, antifungal activity decreases according to the type of functional
groups: phenolic compounds, aldehydes, ketones, alcohols, ethers and hydrocarbons. This
relationship explains the greatest activity observed for the essential oil from C. flexuosus, which
is composed of 97.67% citral, an aldehyde with an unsaturated chain. It also explains the low
antifungal activity of the essential oil from A. speciosa because it is principally composed of

compounds with alcohol and hydrocarbon functions.
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Figure 2 — Antifungal effects of different concentrations of essential oils from A. speciosa and C.
flexuosus incorporated in PLA nanofiber mats on the growth rate of A. ochraceus and A. westerdijikiae.
Images of antifungal action on colonies in Petri dish with culture medium after 10 days of incubation
(A) and inhibition of colonies (cm) (B). The different lowercase and uppercase letters indicate
significant differences between the concentrations tested in the treatments and between the two fungi,
respectively, according to the Tukey test (p <0.05).

Essential oils have several mechanisms of action because the rich and varied chemical
compositions can act on several cellular targets, making it difficult to select resistant pathogens.
According to Tang et al. (2018), the citral constituent can alter the permeability of the fungal
membrane, induce the intracellular accumulation of reactive oxygen species that are capable of
exerting oxidative stress and damage to the fungal cell structures and, consequently, induce
apoptosis. In addition, the authors observed that this aldehyde interferes with genes related to
growth and the formation of secondary metabolites by the fungus (Tang et al., 2018). Some
terpenoids with an alcohol function, such as terpinen-4-ol and linalool, are responsible for
causing deleterious effects to cyto-membrane permeability, morphological damage and to the

metabolic pathways (An et al., 2019).
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Antiocratoxigenic properties

The production of OTA significantly decreased and antiocratoxigenic effects were
observed in a dose-dependent manner in the presence of both essential oils (Table 3). In general,
the percentage of inhibition of the growth rate of fungi by essential oils was low; however, all
the treatments resulted in a large reduction in OTA production by the isolates under study,
mainly in the mycotoxin synthesized by the fungus A. westerdjikiae. An inhibition of 70.71 to
100% was obsered. This fact shows that, even with a limited inhibition of the growth of the
fungus, the nanofiber mats containing the essential oils were efficient in controlling the
production of OTA.

Several studies report the potential of essential oils to control the production of
mycotoxins, but few show the mode of action. Hua et al. (2014) suggested that the inhibition
of OTA production is related to the decrease in fungal biomass. Some studies propose that the
regulation of gene expression that interferes with the production of OTA may indicate a possible
mode of action of the essential oils (Lappa et al. 2016). In addition, the reduction in the
expression of genes regulating secondary metabolism and genes encoding the lipase and
metallopropase enzymes might be related to the significant inhibition of mycotoxin production.
These enzymes are important in the lipid and protein metabolism of fungi (Oliveira et al. 2020).

The PLA nanofibers incorporated with essential oils might be suitable for use in dry
food packaging applications, where the nanofiber will not have direct contact with the food.
However, the bioactive compounds will be released in a controlled way into the packaging
space. The essential oils incorporated into the PLA nanofiber mat will control the fungi and
toxins produced by these microorganisms that contaminate the food through the fumigation
process. In addition, as nanofibers release bioactive compounds in a controlled manner, they
can increase the duration of the control of these microorganisms and increase the shelf life of

products to ensure food safety.

Material and Methods

Extraction of essential oils

The leaves of Alpinia speciosa and Cymbopogon flexuosus (250 g) were added to a round

bottom flask containing of distilled water and subjected to the hydrodistillation process for a

period of 2 hours using a modified Clevenger apparatus (Anvisa, 2010). The hydrolate was
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centrifuged for 15 minutes, and the essential oil was separated and stored in amber bottles at 4
°C. The essential oil yield was determined by refluxing of plant material with cyclohexane in a
round-bottom flask connected to a Dean-Stark graduated collector for 2 hours. The yield was
expressed as weight of oil per unit weight of plant material on a dry-weight basis (% w/w DWB)
(Pimentel et al. 2006).

Chemical characterization

The chemical constituents of the essential oils were characterized on a gas
chromatograph coupled to a mass spectrometer (GC-MS, Shimadzu Corporation, model
QP2010 Plus, Kyoto, Japan) according to the method of Adams (2017). The following
experimental conditions were used: fused silica capillary column containing a DB5 bound phase
(30 m x 0.25 mm id, film thickness 0.25 um); He 5.0 (White Martins, Rio de Janeiro, Brazil)
was the carrier gas, and the flow rate was 1 mL min™. The injector temperature was 220 °C,
and the detector temperature was 240 °C. The volume of the sample diluted in hexane (1%)
injected was 0.5 uL using a split ratio of 1:100. The temperature was programmed from 60 °C,
increasing to 240 °C at a rate of 3 °C min™* and from 240 °C to 300 ° C at 10 °C min™*. The final
temperature was held for 7 min. The operational parameters of the MS were the following:
ionization potential (70 eV), ion source temperature (200 °C), scan speed of 1000 Da sec™?, scan
interval of 0.50 fragments sec™®. The analyses were performed in the full scan mode, ranging
from 45 to 500 Da. The data regarding the chemical constituents were acquired using
LabSolutions LC/GC Workstation 2.72. Van den Dool and Kratz's (1963) equation was used to
calculate the retention index. The standards used were the homologous series of n-alkanes (nC8-
nC18). The identification of the compounds was based on the comparison of the retention
indices with those of the literature (Adams, 2017), and the mass spectra of the essential oil
constituents with a similarity greater than 95% were compared with those of the FFNSC 1.2,
NIST 107 and NIST 21 libraries of mass spectra. The essential oil constituents were quantified
by gas chromatography using a flame ionization detector (FID) (Shimadzu GC-2010, Kyoto,
Japan). The experimental parameters were the same as those used in the GC-MS analysis, with
the exception of the detector temperature, which was 300 °C. The percentages of compounds

were calculated using the area normalization method.
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Production of nanofibers by SBS

The poly (lactic acid) nanofibers were produced by SBS at room temperature (28 — 30
°C) and with a relative humidity of 30 - 42% according to the methodologies of Bonan et al.
(2017) and Nepomuceno et al. (2018), with modifications The SBS wiring system consisted of
a concentric nozzle with a 4 mm protrusion, polymer injection pump (NE-300; New Era Pump
Systems, Syringe Pump, New York, EUA), a source of compressed air at 140 kPa (Chiaperini
MC 12 BPV 150 L 2HP, Brazil) and a collector. The polymeric solutions were prepared by
solubilizing the poly (lactic acid) (PLA, My — 66,000 g mol?; Nature Works, 3251D,
Minneapolis, USA) (12% p/v) in chloroform. The essential oils were added to the PLA solution
in proportions of 5, 10 and 20% (v/m) relative to the total polymer weight. The polymer
solutions were injected at a rate of 6 mL h™* and the fibers formed were deposited in a rotary

collector covered with aluminum foil positioned at a distance of 20 cm.

Scanning Electron Microscopy (SEM)

The nanofibers were collected on aluminum foil, cut and glued on stubs using a
double-sided carbon adhesive and sprayed with gold using a gold coater (Bal-tec SCD 050,
Balzers AG, Liechtenstein). The samples were examined using a scanning electron microscope
(SEM, JSM-6510, Jeol) and diameter of the fibers was evaluated using the Image J software
(National Institutes of Health, Bethesda, MD, USA). The average values and the standard
deviation of the nanofiber diameters were obtained through the analysis of 100 randomly
selected fibers (Miranda et al. 2019).

Fourier Transformed Medium Infrared Spectrometer (FTIR)

The medium-range infrared (IR) spectra of the nanofibers were obtained using the
Fourier transform medium infrared spectrometer (FTIR, Vertex 70, Bruker, Germany). Infrared
analyses were performed using the attenuated reflectance (ATR) technique. The spectra were
recorded in a spectral range from 4000 to 400 cmt, performing 32 scans with a resolution of 4
cm (Miranda et al. 2019).
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Differential Scanning Calorimetry (DSC)

The analyses were performed in a differential scanning calorimeter (DSC-60,
Shimadzu, Japan). The samples (4.08 + 0.02 mg) were placed in sealed pans, and the
measurements were performed under a nitrogen atmosphere at a flow rate of 50 mL min and
heated from 25 to 180 °C at a heating rate of 10 °C min™. All the samples were subjected to
two temperature cycles. The values of glass transition (Tg), crystallization (T¢), melting
temperature (Tm), heat of fusion (AHm) and degree of crystallinity (%) were determined. The
degree of crystallinity (Xc) was measured according to the following equation of Parize et al.
(2016).

Angle of contact

The wettability of the nanofibers was investigated with the aid of a goniometer (Kruss
Drop Shape Analyzer, DSA25, Hamburg, Germany) equipped with a microchamber. In each
measurement, a drop of 10 pL of deionized water was pipetted onto the surface of the nanofibers
and images of the drop were immediately collected. The contact angle of the water was
measured in digital images using the Advance software (Kruss, Hamburg, Germany) at different
locations on the mat surface. At least ten measurements were recorded from each sample and

in triplicate. The experiments were performed at room temperature (Lago et al. 2020).

Fungus isolates and preparation of spore suspension

Aspergillus  ochraceus (CCDCA10506) and  Aspergillus  westerdijkiae
(CCDCA11469) were supplied by the Collection of Microorganism Cultures of the Laboratory
of Mycotoxins and Food Mycology of the Federal University of Lavras. The fungi were grown
in Petri dishes containing Agar Malt Extract culture medium (MEA, HiMedia Laboratories Pvt.
Ltd., Mumbai, India) and incubated in a BOD for 7 days at 25 °C. After the incubation time,
the spores were scraped from the mycelium with a sterile glass rod, and the suspension of each
isolate was prepared using a 1% aqueous solution of Tween 80 (Synth, Diadema, SP, Brazil).
The spore suspensions were assessed using a Neubauer Chamber (Sigma, Sao Paulo, Brazil),

and the concentrations were adjusted to 10° spores mL™ (Brandio et al. 2020).
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Antifungal activity

The antifungal activities against A. ochraceus and A. westerdijkiae of nanofibers
containing 5, 10 and 20% of the essential oils were evaluated using the fumigation method
described by Guimaré&es et al. (2011) and Hua et al. (2014), with modifications. Ten-pL aliquots
of the spore suspension (10° spores mL™) were added to the Petri dish (9 cm in diameter)
containing 20 mL of Yeast Extract Sucrose Agar (YES, HiMedia Laboratories Pvt. Ltd.,
Mumbai, India) culture medium. Disks (4 cm in diameter) of nanofiber mats were attached to
the top of the Petri dish. Nanofiber mats without the addition of essential oil were used as a
negative control. The fungal control was prepared with only the spore suspension of the isolate.
The plates were incubated for 10 days at 25 °C. The tests were performed in triplicate. After
incubation, the diameter of the fungal colony was measured in two perpendicular directions to
evaluate the growth of the fungus, and the percentage of inhibition was calculated using the
equation of Brandé&o et al. (2020).

Antiocratoxigenic activity

The effect of nanofibers containing the essential oils on the production of OTA was
investigated under the same culture conditions described in the previous section (2.7). OTA
extraction was performed with three plugs from the center, middle and edge of the colony and
placing them in a test tube containing 1 mL of HPLC grade methanol after 10 days of incubation
(Passamani et al., 2014). The tubes were vigorously homogenized for 5 seconds and maintained
at 25 °C for 60 minutes. The extracts were filtered through polytetrafluoroethylene membranes
(PTFE; 0.22 um, Millipore) and then analyzed by HPLC (Shimatzu, Kyoto, Japan) with two
high-pressure pumps (model SPD-M20A), a DGU 20A3 degasser, a CBM-20A interface, a
SIL-10AF automatic injector and a RF-10 AXL fluorescence detector. The column used for the
separation was the Agilent-Zorbax Eclipse XDB-C18 (4.6 x 250 mm, 5 um) connected to an
Agilent-Zorbax Eclipse XDB-C18 4-Pack (4.6 x 12, 5 mm, 5 um) precolumn. The excitation
wavelength employed was 332 nm, and the emission wavelength was 476 nm. The flow rate
used during the analysis was 0.8 mL min, and the injected volume of the samples and the
standard was 20 pL. The elution was performed in an isocratic system of
methanol:acetronitrile:water:acetic acid (5:35:29:1). The external standardization method was
used to quantify OTA after the construction of an analytical curve obtained by linear regression

using the commercial standard (Passamani et al., 2014). All the sample and standard OTA
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solutions were analyzed in triplicate. The calculation of the percentage of inhibition of OTA
production by treatments relative to the fungal control was performed using the equation of
Brandé&o et al (2020).

Statistical analysis

The statistical analysis was performed using the Sisvar program (Ferreira 2011) and a
completely randomized design (DIC) was adopted. The results were subjected to analysis of

variance, and the averages were compared by the Tukey test at the level of 5% probability.
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Table 1 — Chemical composition of the essential oils from Alpinia speciosa and Cymbopogon

flexuosus.
. Area (%)
Peak Compound RT (min) Rlref Rlcal A. speciosa_C. flexuosus
1 a-Tujene 5.577 924 926 253 -
2 a-Pinene 5.794 932 934 157 -
3 Camphene 6.250 946 950 0.22 -
4 Sabinene 6.875 969 973 20.18 -
5 B-Pinene 7.043 974 979 5.03 -
6 Mircene 7.361 988 991 0.78 -
7 a-Terpinene 8.281 1014 1018 1.80 -
8 p-Cymene 8.550 1020 1026 4.32 -
9 Limonene 8.718 1024 1030 1.30 -
10 1.8-cyneol 8.799 1026 1032 16.69 -
11 y-Terpinene 9.741 1054 1058 11.03 -
12 cis-Sabinene hydrate 10.234 1065 1071 2.03 -
13 Terpinolene 10.818 1086 1087 0.92 -
14 Linalool 11.348 1095 1102 - 1.44
15 trans-Sabinene hydrate  11.435 1090 1104 3.30 -
16 trans-p-Menth-2-en-1-ol  12.406 1136 1127 0.83 -
17 Terpinen-4-ol 14.717 1174 1182 20.23 -
18 a-Terpineol 15.397 1186 1198 0.95 -
19 Neral 17.184 1235 1240 - 36.10
20 Geranial 18.491 1264 1270 - 61.57
21 (E)-p-Caryophylene 24.806 1417 1418 251 -
22 Caryophylene oxide 31.350 1582 1581 3.11 -
Composition
Monoterpene hydrocarbons 49.67 -
Oxygen-bearing monterpenes 44.03 99.11
Sesquiterpene hydrocarbons 2.51 -
Oxygen-bearing sesquiterpenes 3.11 -
Total identified 99.32 99.11

RT: Retention time; Rl.r: Reference retention index (Adams 2017); Rlca: Calculated retention index.
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Table 2 — Average diameter of nanofibers, contact angle, wetting rate and thermal properties of pure PLA and PLA nanofiber mats incorporated
with essential oils from A. speciosa and C. flexuosus.

Sample Mean Mean Mean wetting Tqy Tc Tm AHc AHm  Xc
Diameter contact rate (°/s) °C) (°C) (°C) (BghH (@ghH) )
(nm) angle (°)

PLA nanofibers 136+47°¢ 115.30+0.75* 0.0089+0.0022* 59 89 165 2 49 50
(PLA + 5 wt% A. speciosa oil) nanofibers ~ 171+49®  112.95+0.62° 0.0041+0.0027¢ 57 79 163 3 46 47
(PLA + 10 wt% A. speciosa oil) nanofibers 211468  105.18+0.37¢ 0.0117+0.0025% 57 78 163 2 45 46
(PLA + 20 wt% A. speciosa oil) nanofibers ~ 240+93? 109.45+0.29° 0.0063+0.0020* 56 72 164 2 42 42
(PLA + 5 wt% C. flexuosus oil) nanofibers ~ 186+62° 108.67+0.36° 0.0086+0.0036* 57 77 161 4 45 44
(PLA + 10 wt% C. flexuosus oil) nanofibers 204+75"  113.04+0.46° 0.0076+0.0020° 57 73 161 4 42 41
(PLA + 20 wt% C. flexuosus oil) nanofibers 230+92? 108.79+0.62° 0.0037+0.0010* 56 68 163 3 41 40

Identical letters indicate no significant difference between samples in the same column by the Tukey test (p <0.05). Glass transition temperature (Tg);
Crystallization temperature (T¢); Melting temperature (Trm); Crystallization enthalpy (AHc); Melting enthalpy (AHn); Degree of crystallinity (Xc).
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Table 3 — Effects of nanofiber mats with essential oils on the growth of fungal species and on the production of ochratoxin A by fungi of the
Aspergillus genus.

Inhibition of the production of ocratoxina A

Inhibition of growth (%)

Treatment (%) (H9 o)
A. ochraceus A'.. . A. ochraceus A'.. . A. A'.. .
' westerdijkiae ) westerdijkiae ochraceus westerdijkiae
Controle fungico 0.00+0.00% 0.00+0.00%A 0.00+0.00%*  0.00+0.00"  0.012 4.35

(PLA + 5 wt% A. speciosa oil) nanofibers ~ 0.00+0.00% 0.00+0.00%4 25.94+0.63™®  79.43+0.63%  0.0089 0.90
(PLA + 10 wt% A. speciosa oil) nanofibers ~ 0.00+0.00%® 4.11+0.509A 36.03+0.25°®  90.04+0.84°  0.0077 0.43
(PLA + 20 wt% A. speciosa oil) nanofibers ~ 11.53+0.53"8 14.44+0.00°A 49.28+0.66°®  96.80+0.95°" 0.0061 0.14

(PLA + 5 wt% C. flexuosus oil) nanofibers  0.00+0.00% 3.64+0.58% 40.92+0.66®  56.26+0.40°4 0.0071 1.90
(PLA + 10 wt% C. flexuosus oil) nanofibers 3.25+0.47°® 12.50+0.44°A  53.42+0.92°8  89.39+0.72°4 0.0056 0.46
(PLA + 20 wt% C. flexuosus oil) nanofibers 100+0.00% 100+0.00%4 100+0.00**  100+0.00** 0 0

Identical lowercase letters in the column do not differ statistically by the Tukey test at the 5% probability level; identical capital letters in the row do not differ
statistically by the Tukey test at the 5% probability level.
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Significance and impact of the study: The continuous and improper application of synthetic
fungicides can favor the selection of resistant OTA-producing fungi, and it can result in the
induction of the biosynthesis of this toxic substance. In addition, it can cause adverse health
effects for consumers. Essential oils are chemically safe and acceptable to consumers. The
essential oils from Ocimum basilicum and Ocimum gratissimum encapsulated in lactic polyacid
nanofibers hold promise for the control of fungal contamination and the inhibition of the
production of ochratoxin A (OTA).

Abstract

Poly(lactic acid) (PLA) nanofibers containing different proportions of the essential oils from
Ocimum basilicum L. and Ocimum gratissimum L. were prepared by the solution blow spinning
method. The essential oils were extracted by hydrodistillation and characterized by gas
chromatography. MEV, contact angle, DSC, and FTIR were used to characterize the nanofibers.
The effect of bioative nanofibers on the growth of the fungus and on the production of
ochratoxin A were evaluated using the fumigation test. Linalool, 1.8-cineole and camphor were
the principal components of the essential oil from O. basilicum, and eugenol was the principal
constituent in the oil from O. gratissimum. An increase in the average diameter of the nanofibers
was observed with the addition of the essential oils. The essential oils acted as a plasticizer,
resulting in a reduction in the crystallinity of the PLA. The encapsulation of essential oils in
PLA nanofibers was verified by FTIR. An effective antifungal and antimicotoxygenic activity
against Aspergillus ochraceus and Aspergillus westerdjikiae was observed for the bioative
nanofibers. These results confirm the potential of PLA nanofibers containing the essential oils
for the control of toxigenic fungi that cause the deterioration of food and are harmful to human
health.

Keywords: Ocimum basilicum; Ocimum gratissimum ochratoxin A; solution blow spinning,

Aspergillus ochraceus, Aspergillus westerdijkiae.
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Introduction

The growth of toxigenic filamentous fungi is favored in countries with hot and humid
climates, such as the countries of South America. These microorganisms, in addition to
contaminating and deteriorating food in the field and during storage, can also produce
mycotoxins that represent a great risk to consumers' health (EI Khoury and Atoui 2010;
Vipotnik et al. 2017). Ochratoxin A (OTA) is an important mycotoxin produced by the
secondary metabolism of several filamentous species of the genus Aspergillus and Penicillium,
and it is considered by the International Cancer Agency to exert a possible carcinogenic activity
in humans (larc 1993; El Khoury and Atoui 2010). In addition, studies have reported that this
substance can cause nephrotoxic, hepatotoxic, neurotoxic, teratogenic, immunotoxic and
carcinogenic effects, and it can cause kidney and liver tumors in mice and rats (EI Khoury and
Atoui 2010; Parussolo et al. 2019). OTA is a common contaminant in food and feed, including
cereals, grains, coffee, grapes, beverages, wine, cheese, spices, nuts and olives (Bacha et al.
2009; Wang et al. 2018). OTA was first isolated in 1965 from a culture of Aspergillus ochraceus
(Van Der Merwe et al. 1965), and this organism is considered to be the main producer of this
mycotoxin in the Circumdati section. However, Frisvad et al. (2004) described another
important OTA-producing species named Aspergillus westerdijkiae, which belongs to the same
section. A. westerdijkiae generally produces OTA in greater quantty and with more consistency
than A. ochraceus (Samson et al. 2006).

The usual strategy for controlling toxigenic filamentous fungi and mycotoxins in food
is to use synthetic fungicides. However, these fungicides are toxic, and they are not
biodegradable. In addition, they can favor the selection of resistant fungi if used incorrectly
(Abd-Elsalam et al. 2017). Therefore, techniques that use natural products have been studied as
alternative strategies to reduce food contamination (Paranagama et al. 2003; Thipe et al. 2020).
Medicinal and aromatic plants are sources of essential oils, complex mixtures of compounds
derived from phenylpropanoids and terpenes, which have biological potentials (Bakkali et al.
2008). The antifungal mechanism of essential oils is related to the disruption of the cellular
organization of the plasma membrane and to the inhibition of some enzymes involved in the
metabolic pathway of carbohydrates and mycotoxins (Hu et al. 2017). The bioactive compounds
present in essential oils are generally considered to be GRAS agents (generally recognized as
safe). They are biodegradable products with a low risk for the selection of resistant
microorganisms (Prakash et al. 2015). However, the use of essential oils in food has some

limitations because of their high volatilites. Thus, the encapsulation of these bioactive
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compounds in polymeric matrices is a route that can reduce the loss of essential oils and prolong
their efficiency against toxigenic filamentous fungi. Polymeric nanofibers are nanostructures
with a wide variety of applications. They are used as vehicles for the controlled release of
bioactive compounds. They have a high porosity with small pores and a high surface area, and
their structures can possibly be controlled (Abd-Elsalam et al. 2017; Nepomuceno et al. 2018).
Solution Blow Spinning (SBS) is a technique for producing micro- and nanofibers with several
applications for the controlled release of bioactive compounds (Bonan et al. 2015; Nepomuceno
et al. 2018). Therefore, the focus of this work was to evaluate the effect of different
concentrations of the essential oils from O. basilicum and O. gratissimum on the
physicochemical, antifungal and antimicotoxygenic properties of poly(lactic acid) nanofibers

against the fungi Aspergillus ochraceus and Aspergillus westerdjikiae.

Results and Discussion

Characterization of essential oils

The yield of the essential oil from O. basilicum was 2.27%, and that from O.
gratissimum was 3.42% on a dry-weight basis. According to the chromatographic analyses, a
total of 23 and six constituents were identified in the essential oils from O. basilicum and O.
gratissimum, respectively (Table 1).

The essential oil from O. gratissimum contained eugenol (79.04%), (Z-p-ocimene
(14.60%) and germancrene D (5.04%) as the principal constituents. The principal components
of the essential oil from O. basilicum were linalool (26.89%), 1.8-cineole (23.62%) and
camphor (15.69%). Kumar et al. (2019) studied several varieties of O. gratissimum from India
and also observed that the essential oil was dominated by the phenylpropanoid eugenol (38.6 -
79.2%), followed by (Z)-p-ocimene (10 - 29.6%) and germanene D (1.6 - 8.1%). Miranda et al.
(2015) studied the essential oil from O. basilicum and obtained the same principal constituents
as were found in this work, but with different percentages (1.8-cineol, 20.86%; linalool,
16.58%; camphor, 14.72%). Mota et al. (2020) observed that the main compounds in the
essential oil from O. basilicum were eugenol and linalool, and their concentrations varied from
7.1 to 50.85% and 17 to 54.7%, respectively, in all the samples tested. The authors observed
that the amount of eugenol increases significantly in the vegetative phase when plants were
grown under water stress. The flowering phase is considered to be the ideal stage for obtaining
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linalool and 1,8-cineole in a higher percentage, regardless of the growth condition. This fact
justifies the results found in this study. The plant was collected in the flowering phase.

Even though the two plants under study belong to the genus Ocimum, they were
obtained in different yields and their compositions differed. The chemical constitution of the
essential oil from O. basilicum was more complex, being formed by all classes of compounds.
However, oxygenated monoterpenes predominated. The class of phenylpropanoids
predominated in the essential oil from O. gratissimum. Studies have reported that the genetic
composition of each plant and the biotic and abiotic factors can affect the proportions of
chemical constituents differently and result in different profiles for the essential oils (Gobbo-
Neto and Lopes 2007; Mota et al. 2020).

Characterization of nanofibers

All the nanofibers obtained had regular, smooth, uniform and continuous
morphologies (Figure 1A). However, the average diameter of the nanofibers increased
significantly (p <0.05) with the increase in the content of essential oil incorporated into the
poly(lactic acid) (PLA) solutions (Figure 1B). Mori et al. (2015) showed that the addition of
essential oil from candeia to the polymeric solution resulted in an increase in the average
diameter of the nanofibers obtained; this fact corroborates the results obtained in this study.
Studies suggest that the viscosity and surface tension of the solution are key parameters during
the formation of the nanofibers, and the increase in the viscosity of the solutions is the result of
the increase in the diameter of the nanofibers (Silva et al. 2015; Liu et al. 2018b). Previous
reports have shown that the viscosity of the polymeric solution increases as a result of the
incorporation of the constituents of the essential oil, and the fiber diameter is affected (Liu et
al. 2018ab), similarly to what was reported in this work.

The hydrophobic nature of the PLA nanofibers was maintained in all the samples
because the contact angles were greater than 90° (Figure 1C). The addition of essential oils
resulted in a slight increase in the hydrophilicity of the nanofibers, as can be seen by the
reduction in the contact angle of the nanofibers containing the essential oil from O. gratissimum.
On the other hand, there was a slight tendency for the contact angle to increase (Figure 1C) in
the PLA nanofibers containing the essential oil from O. basilicum. This change in the contact
angle can be related to the reorientation of the molecular structure of the nanofibers after the
addition of essential oils because the constituents of the essential oils have polar portions in

their structures. Thus, the hydrophobic interaction within the PLA system can increase, and the
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polar groups are projected onto the surface of the nanofiber mat to provide a slight interaction
with water and, consequently, decrease the contact angle (Munhuweyi et al. 2017). Eugenol,
the constituent of the essential oil from O. gratissimum, has two oxygens in its molecular
structure. When undergoing reorientation, it can interact more strongly with water than the
principal constituents of O. basilicum (linalool, 1,8-cineol and camphor), which have only one
oxygen, and the greater interaction with water causes a slight reduction in the contact angle of

the nanofibers.
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Figure 1 — Electromicrographs (A), medium diameter (B) and contact angle (C) of nanofibers of pure
PLA and PLA with essential oils from O. basilicum and O. gratissimum. Treatments that do not share
similar letters differ significantly (p < 0.05).
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In addition, studies indicate that the hydrophobicity of nanofibers also depends on the
surface morphology (diameter and pore size), and the interaction between water and material is
related to its surface area. That is, there is a tendency for an increase in the hydrophobicity to
occur with the increase in the surface area of PLA nanofibers (Chen et al. 2011; Toncheva et
al. 2011; Miranda et al. 2019).

The infrared spectra of essential oils, PLA nanofibers and PLA nanofibers containing
the essential oils from O. basilicum and O. gratissimum are shown in Figure 2A. Bands from
3518 to 3444 cm™in the infrared spectra (Figure 2A) of the essential oils from O. basilicum
and O. gratissimum represent the OH stretching vibration of phenolic compounds and alcohols;
bands at 3076, 3081 and 3004 cm™ are indicative of stretches of =C-H in aromatic compounds
and alkenes; and the bands from 2964 to 2840 cm refer to the symmetrical and asymmetric
stretching of C-H bonds (aromatic and aliphatic). Bands from 1639 to 1512 cm™ are
characteristic of the C=C stretching vibration (aromatics and alkenes) (Pereira and Maia 2007,
Mahapatra et al. 2009; Sutaphanit and Chitprasert 2014; Ahmed et al. 2017).

Characteristic absorption bands at 2997 and 2943 cm™ in the spectrum of the pure
PLA nanofibers refer to the stretching vibrations of CHs and C-H, respectively. The intense
vibrational peak at 1751 cm™ is characteristic of the carbonyl group (C=0) of the ester function;
the symmetrical and asymmetric stretching vibration at 1360 and 1452 cm™ corresponds to
CHa. Bands corresponding to the symmetrical and asymmetrical elongation of C-O can be seen
at 1184 and 1086 cm™, and elongation of C-CH3 and C-COO bonds are observable at 1045 and
872 cmt, respectively (Cam et al. 2019; Rahmani et al. 2020). Changes in the spectral regions
that represent the OH, C-H and C=C groups of pure PLA nanofibers were observed when the
essential oils were incorporated. In addition, the presence of the essential oil from O.
gratissimum in PLA nanofibers can be attributed to the intense peak at 1512 cm-1 characteristic
of the volatile constituents of the oil.

The results observed after the addition of essential oils, such as changes in the intensity
of the spectra and the presence of peaks characteristic of the spectrum of essential oils in the
spectra of nanofibers of PLA containing the essential oils, indicate a successful formulation.
The active compounds were encapsulated, and the existence of interactions between chemical

constituents and the PLA nanofiber could be seen (Munhuweyi et al. 2017).



98

®

> -

= =

= <
S| A

@ @

= <

= =

< <
E b=

£ =

@ @

= =

= =

= -
= =

Ocintum basilicum 130 Ocimum gratissimum
2000 1800 1600 1400 1200 1000 2000 1800 1600 1400 1200 1000
Wavenumber (cm™) Wavenumber (ecm™)
T Exo T Exo

z 3

£ g

- -

z E

= =

= =2

- =

] ]

[+ 9

= ==

Ocimum basilicum Ocimum gratissimum
40 60 80 100 120 140 160 180 40 60 80 100 120 140 160 180
Temperature (°C) Temperature ("C)

Figure 2 — Fourier Transform Medium Infrared spectra (A) and DSC curves (B) of pure PLA nanofibers
and PLA containing essential oils from O. basilicum and O. gratissimum. PLA nanofibers: (-), (PLA +
5 wt% essential oil); nanofibers: (=), (PLA + 10 wt% essential oil); nanofibers: (=), (PLA + 20 wt%
essential oil); nanofibers: (-), essential oil: (-).

The calculated values of the thermal parameters and the differential scanning
calorimetry (DSC) curves, respectively, referring to the PLA nanofiber mats and the nanofibers
loaded with essential oils are presented in Table 2 and Figure 2B. A slight decrease of
approximately 6 °C in the glass transition temperature (T4) of the PLA nanofibers containing
the essential oil from O. gratissimum and no significant change in the T4 of the nanofibers
containing O. basilicum oil were observed. A decrease of up to 10 °C in the temperature of cold
crystallization (T¢) of the PLA nanofibers containing essential oils from O. basilicum and O.
gratissimum was observed. The melting temperature (Tm), on the other hand, did not change
significantly as a result of the presence of essential oils, and the degree of crystallinity (Xc) of
PLA nanofibers containing essential oils was similar to that of pure PLA nanofiber. Thus, a
slight decrease was observed for Tm, whereas the values of Tg, Tc and Xc were more notable
(Table 2).

The decrease in PLA crystallinity and T4 values can be related to the interaction of
essential oil constituents with the PLA ester groups and also to the fact that these compounds
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have a low molar mass. This characteristic can allow the constituents of the essential oil of O.
gratissimum to behave as a chain spacer, making macromolecules more flexible (decrease in
Tg). According to Moradkhannejhad et al. (2020), compounds of lower molar mass have a
greater plasticizing effect because compounds of lower molar mass provide greater mobility to

the functional groups that are at the end of the chain in free rotation.

Antifungal and antiocratoxygenic effect

The growth of A. ochraceus and A. westerdjikiae and the production of OTA were
inhibited by the fumigation test in which the essential oils incorporated in nanofibers had an
effect on the fungi under study (Figure 3). Essential oils generally have a short period of
antifungal action because they are quite volatile. The incorporation of these active compounds
into polymeric nanofibers can be an alternative that permits a controlled release over longer

periods to increase the effectiveness against fungi.
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Figure 3 — Antifungal and anti-cratoxigenic activity of PLA nanofibers containing the essential oils from
O. basilicum and O. gratissimum in different proportions. Images of the fungal control in Petri dishes
with culture medium after 10 days of incubation (A) and percentage inhibition of mycelial growth and
production of ochratoxin A by A. ochraceus (B) and A. westerdjikiae (C). Treatments for each test that
do not share similar letters differ significantly (p < 0.05). Mycelial growth: (m), Ochratoxin A: (O).

Even though the inhibition of the fungal growth was weak, the essential oils

encapsulated in nanofibers had an impact on the production of OTA by the fungi under study
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(Figure 3). The concentration of this mycotoxin decreased significantly in the presence of
bioactive compounds because a dose-dependent correlation between the inhibition of OTA
production and the concentration of essential oils from O. basilicum and O. gratissimum was
observed. These results are very good because OTA is a troublesome factor in the food industry
because it is considered to be a carcinogenic substance. Pure PLA nanofibers acted as a negative
control because, without the incorporation of essential oils, they had no effect on filamentous
fungi and were unable to inhibit the growth and production of OTA.

The essential oil from O. gratissimum was the most effective, both in inhibiting the
growth of the fungi under study and in inhibiting the production of OTA (Figures 3B and 3C).
This oil completely inhibited the proliferation of fungi at a concentration of 20%. This activity
can be explained by the greater proportion of the phenylpropanoid eugenol in the oil. These
phenolic compounds interact with plasma membrane proteins and enzymes to cause structural
and functional deformation, in addition to increasing the transport of ATP and potassium out
of cells (Munhuweyi et al. 2017). The small amount of this compound in the essential oil from
O. basilicum could explain its relatively small antifungal effect compared to that of the essential
oil from O. gratissimum. Although the nanofiber containing the essential oil from O. basilicum
provided a lower percentage of inhibition of fungal growth, it significantly inhibited the
production of OTA by A. ochraceus (42.37% - 60.86%) and A. westerdjikiae (70.71% -
95.93%), making it also a good antifungal agent in the control of toxigenic fungi. The biggest
problem of these fungi is their ability to produce OTA, contaminate food with this mycotoxin
and be a risk to human health. The antifungal activity of essential oils is related to the lipophilic
character of their components, where the principal constituents help to penetrate the cell and
mitochondrial membrane. However, because of the synergistic interaction of the principal and
secondary compounds and the composition as a whole, the functional groups present add up to
a collective and are responsible for the inhibitory efficacy of essential oils (Munhuweyi et al.
2017).

The antifungal activity against toxigenic fungi that cause deterioration in food and risks
to human health and the inhibition of the production of OTA by nanofibers incorporated with
essential oils can provide parameters for finding alternative and safe packaging of food
products. PLA nanofibers with the essential oils can have potential applications as matrices for
bioactive compounds to be used in dry food packaging. Such packaging can inhibit the growth
of toxigenic fungi, where the release of bioactive compounds to the medium in which the food
is found is controlled to increase the useful life of the product.
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Material and Methods

Plant material, extraction and chemical characterization of essential oils

The plants Ocimum basilicum L. and Ocimum gratissimum L. were obtained from the
Garden of Medicinal Plants of the Universidade Federal de Lavras (UFLA), Lavras, Minas
Gerais, Brazil. The plant material was collected in the morning on a mild day without
precipitation. Approximately 250 g of the previously selected and chopped healthy leaves was
placed in a round-bottom flask with water. The essential oil was extracted by the
hydrodistillation method for a period of 2 hours using a modified Clevenger apparatus (Anvisa
2010). The hydrolate was centrifuged (Fanem Baby | Model 206 BL, S&o Paulo, Brazil) at
965.36g for 15 minutes, and the separated essential oil was stored in amber glass containers
under refrigeration. The oil yield was determined according to the method described by
Pimentel et al. (2006), and the yield was expressed on a dry-weight basis relative to the weight
of plant material (% w/w DWB).

The identification of the constituents present in the essential oil was achieved in a gas
chromatograph (Shimadzu Corporation, model QP2010 Plus, Kyoto, Japan) coupled to a mass
spectrometer (GC-MS) (Adams 2017). The chromatograph was equipped with a fused silica
capillary column containing a DB5 bound phase (30 m X 0.25 mm i.d., film thickness 0.25
um); the carrier gas was He 5.0 (White Martins, Rio de Janeiro, Brazil) with a flow rate of 1 ml
mint. The injector and detector temperatures were 220 °C and 240 °C, respectively. The
temperature program initiated at 60 °C and increased to 240 °C at a rate of 3 °C min, followed
by an increase at 10 °C min™t to 300 °C, where it was maintained for 7 min. The sample was
diluted in 1% hexane (Sigma-Aldrich®, St. Louis, MO, USA); the volume injected into the
chromatograph was 0.5 ul; The split ratio was 1:100. The MS was operated with an ionization
potential of 70 eV; the ion source temperature was 200 °C; the scanning speed was 1000 Da
sec? and the scanning interval was 0.50 fragments sec™. The analyses were performed in the
full scan mode, ranging from 45 to 500 Da. A LabSolutions LC/GC Workstation was used to
obtain the information regarding the constituents of the essential oil. Retention indices were
calculated by the equation of Van den Dool and Kratz (1963) using the standards of the
homologous series of n-alkanes (nC9-nC18) and compared with those in the literature (Adams
2017) for the identification of the compounds. Mass spectra libraries FFNSC 1.2, NIST 107
and NIST 21 were also used to compare the spectral data of the essential oil constituents

(similarity greater than 95%).
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Quantitative analysis was performed on a gas chromatograph (Shimadzu - 2010,
Kyoto, Japan) equipped with a flame ionization detector (GC-FID). The operating conditions
were the same as those used in the qualitative analysis, except for the detector temperature (300
°C). The percentage of essential oil constituents was calculated using the area normalization

method.

Solution Blow Spinning (SBS)

The Solution Blow Spinning system was used for the production of nanofiber mats
according to the methods of Bonan et al. (2017) and Nepomuceno et al. (2018), with some
modifications. The following experimental conditions were adopted: compressed air source
(Chiaperini MC 12 BPV 150 L 2HP, Brazil), glass syringe (FLURAN F-5500-A; Ismatec,
Wertheim, Germany) coupled to a polymer injection pump (NE -300; New Era Pump Systems,
Syringe Pump, New York, USA), a device with a concentric nozzle with a 4 mm protrusion and
arotating collector. The polymeric solution was injected at a rate of 6 ml h, and the compressed
air pressure was adjusted to 140 kPa. The rotating collector was covered with aluminum foil,

and the fibers were collected at a working distance of 20 cm.

Characterization of nanofibers

The morphology of the nanofibers was evaluated by scanning electron microscopy
(SEM, JSM-6510, Jeol) and electromicrographs were obtained. Before the analysis, the samples
were glued to metal stubs with double-sided carbon adhesive tape and coated with gold (Bal-
tec SCD 050, Balzers AG, Liechtenstein). The samples (100 fibers) were analyzed by image
software (Image J, National Institutes of Health, Bethesda, MD, USA) to determine the average
fiber diameter (Miranda et al. 2019).

The infrared spectra of the nanofibers were obtained with a Fourier transform medium
infrared spectrometer (FTIR, Vertex 70, Bruker, Germany). The samples were analyzed using
the attenuated reflectance (ATR) technique. For each spectrum, 32 consecutive assays were
recorded at a resolution of 4 cm™ in the spectral range of 4000 to 400 cm™ (Miranda et al. 2019).

The effect of the essential oils on the thermal properties of PLA nanofibers was
investigated with a differential exploratory calorimeter (DSC-60, Shimadzu, Japan). The
analyses were performed under a nitrogen atmosphere at a flow rate of 50 ml min* using 4.07

+ 0.02 mg of sample. The samples were heated from 25 to 180 °C at a rate of 10 °C min™*, and
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they were subjected to two temperature cycles. The degree of crystallinity (Xc) was measured
according to the equation of Auras et al. (2010).

The hydrophobic nature of the nanofibers was evaluated by measuring the contact
angle of water using the sessile drop technique at room temperature. A goniometer (Kruss Drop
Shape Analyzer, DSA25, Hamburg, Germany) equipped with a microcamera was used for the
analysis, and the contact angle was obtained using the Advance software (Kruss, Hamburg,
Germany). The nanofibers were cut and placed in a support, where a drop (10 ul) of deionized
water was deposited in different places on the surface of each sample. Ten images of the drop

were recorded immediately in triplicate (Lago et al. 2020).

Fungal cultures

The fungus species Aspergillus ochraceus (CCDCA10506) and Aspergillus
westerdijkiae (CCDCA11469) were provided by the Collection of Microorganisms from the
Mycotoxins and Food Mycology Laboratory of the Food Science Department at UFLA. These
isolates were grown in Agar Malt Extract (MEA, HiMedia Laboratories Pvt. Ltd., Mumbai,
India) and incubated in BOD for 7 days at 25 °C. A 1% solution of Tween 80 (Synth, Diadema,
SP, Brazil) in distilled water was added to the Petri dish of each fungal colony to obtain the
spore solution. Spores were counted using a Neubauer Chamber (Sigma, S&o Paulo, Brazil, and
the final concentration of the spore solution was adjusted to 10° spores ml™* (Brandio et al.
2020).

Antifungal effect

The antifungal effect of nanofiber mats containing the essential oils was evaluated
using the fumigation method (Guimarées et al. 2011; Hua et al. 2014). The experiment was
accomplished using pure PLA nanofibers (negative control) and fibers incorporated with5, 10
and 20% of the essential oils from O. basilicum and O. gratissimum (treatments). All the
analyses were performed in triplicate. The fumigation method was used to evaluate the growth
of the fungus by adding 10 pl of the spore solution (108 spores ml1) to the scepter on the surface
of the Yeast Extract-Sucrose-Agar culture medium (YES, HiMedia Laboratories Pvt. Ltd.,
Mumbai, India). Disks of nanofiber mats (4 cm in diameter) were glued to the Petri dish lid.
The fungal control was prepared using only the spore solution of the fungal species under study.
The plates were incubated in BOD at 25 °C for 10 days, and the diameter of the colony was
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measured perpendicularly. The percentage of inhibition was calculated using the equation
proposed by Brandao et al. (2020).

Antimicotoxygen effect

The antimicotoxygenic analysis of the nanofiber mats containing the essential oils was
performed according to the method proposed by Passamani et al. (2014). The culture conditions
were prepared in the same manner as that described by the fumigation method. After 10 days
of incubation, three plugs were removed from the center, middle and edge of the colony and
placed in a test tube containing 1 ml of HPLC grade methanol (Merck, Darmstadt, Germany)
for the extraction of OTA. The extracts were homogenized on a vortex stirrer for 5 seconds,
kept at rest for 60 minutes at room temperature and then filtered through
polytetrafluoroethylene (PTFE; 0.22 um, Millipore) membranes. After being filtered, they were
analyzed by HPLC (Shimatzu, Kyoto, Japan). The conditions for the analysis of OTA were the
following: two high pressure pumps (model SPD-M20A); degasser (DGU 20A3); interface
(CBM-20A); automatic injector (SIL-10AF); fluorescence detector (RF-10 AXL); Agilent-
Zorbax Eclipse XDB-C18 column (4.6 x 250 mm, 5 um); Agilent-Zorbax Eclipse XDB-C18 4-
Pack pre-column (4.6 x 12, 5 mm, 5 um); excitation (332 nm) and emission (476 nm)
wavelengths; flow rate of 0.8 ml min, injection volumes of the samples and the standard were
20 pl; and elution was performed in an isocratic system of methanol:acetronitrile:water:acetic
acid (5:35:29:1). Quantification of OTA was performed according to the procedure described
by Passamani et al. (2014) using the external standardization method from the construction of
an analytical curve. The analyses were performed in triplicate. The percentage of inhibition was

calculated using the equation of Brandé&o et al. (2020).
Statistical analysis
The data were subjected to analysis of variance and the means were compared

significantly according to the Tukey test (p <0.05). A completely randomized design (DIC) was
employed for statistical analysis using the Sisvar program (Ferreira, 2011).
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Table 1 — Composition of volatile compounds in essential oils from O. basilicum and O.

gratissimum.

Area (%)

Peak Compound RT “Rlref Rlca  Ocimum Ocimum
(min) . .
basilicum  gratissimum
1 a-Tujene 5.577 924 926 - 0.27
2 a-Pinene 5.794 932 934 1.03 -
3 Camphene 6.250 946 950 0.79 -
4 Sabinene 6.875 969 973 0.99 0.20
5 B-Pinene 7.043 974 979 1.96 -
6 Myrcene 7.361 988 991 149 -
7 Limonene 8.718 1024 1030 1.50 -
8 1.8-cineole 8.799 1026 1032 23.62 -
9 (2) -p-Ocimene 8.883 1032 1035 - 14.60
10 (E) -p-Ocimene 9.332 1044 1047 - 0.54
11 cis-Sabinene hydrate 10.234 1065 1071 0.22 -
12 Terpinolene 10.818 1086 1087 0.59 -
13 Fenchone 10.915 1083 1090 1.72 -
14 Linalool 11.348 1095 1102 26.89 -
15 Camphor 13.270 1141 1147 15.69 -
16 Terpinen-4-ol 14.717 1174 1182 0.65 -
17 a-Terpineol 15.397 1186 1198 2.89 -
18 Eugenol 22.188 1356 1356 4.38 79.04
19 a-Copaene 22.990 1374 1374 0.16 -
20 [-Borbonene 23.319 1387 1381 0.14 -
21 (E) -B-Caryophylene 24.806 1417 1418 1.58 -
22 trans-a-Bergamotene 25.375 1432 1432 114 -
23 a-Humulene 26.285 1452 1454 0.52 -
24 Germacrene D 27.338 1484 1480 4.75 5.04
25 Bicyclogermacrene 27.937 1500 1495 0.54 -
26 a-Murulol 33.687 1640 1642 4.80 -
Composition

Monoterpene hydrocarbons 8.35 15.60
Oxygenated monoterpenes 71.69 -
Sesquiterpene hydrocarbons 8.82 5.05
Oxygenated sesquiterpenes 4.80 -
Phenylpropanoids 4.38 79.04
Total identified 98.04 99.69

RT: retention time; RI: retention index. *Mass spectrum retention index library (Adams, 2017)
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Table 2 —Thermal properties of pure PLA and PLA with essential oils from O. basilicum and O. gratissimum.

Sample Tq(°C) Tc(°C) Tm(°C) AHc J gl) AHm (J gl) Xc (%0)
PLA nonofibers 59 89 165 2 49 50
(PLA + 5wt% O. basilicum oil) nanofibers 58 80 164 5 44 42
(PLA + 10wt% O. basilicum oil) nanofibers 58 76 164 3 41 41
(PLA + 20wt% O. basilicum oil) nanofibers 57 72 164 1 39 40
(PLA + 5wt% O. gratissimum oil) nanofibers 57 82 161 4 53 53
(PLA + 10wt% O. gratissimum oil) nanofibers 53 80 161 4 44 43
(PLA + 20wt% O. gratissimum oil) nanofibers 53 74 163 3 40 40

Glass transition temperature (Tg), crystallization temperature (T.), melting temperature (Tm), crystallization enthalpy (AHc), melting enthalpy (AHm) and degree
of crystallinity (Xc).
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ABSTRACT

The table grape is a climacteric fruit that is very susceptible to fungal contamination, in addition
to exhibiting an accelerated loss of quality during storage. The in vitro and in vivo antifungal
and antiocratoxigenic effects of the essential oils from Alpinia speciosa and Cymbopogon
flexuosus against Aspergillus carbonarius and Aspergillus niger were studied. The oils were
encapsulated in poly(lactic acid) (PLA) nanofibers as a potential active packaging to be applied
to control the degradation of grapes stored during the post-harvest period. The essential oils
were extracted by hydrodistillation and characterized by GC-MS and GC-FID. The nanofibers
were produced by the Solution Blow Spinning method from PLA containing the essential oils
and characterized by scanning electron microscopy and thermogravimetric analysis. The in
vitro antifungal and antimycotoxigenic properties were evaluated by the fumigation method. In
the in vivo test, an active nanofiber package was created with the addition of essential oils to
preserve the quality and safety of the table grape. Fungal proliferation and ochratoxin A
synthesis decreased in the presence of the essential oils encapsulated in nanofibers. In addition,
weight loss and color changes were controlled and the parameters of acidity, °Brix, softening
and the texture of the grape were maintained. A very small mass loss by the nanofibers
containing the essential oils was observed by thermogravimetric analysis, showing that the
nanofiber was efficient in enabling the controlled release of volatile compounds present in
essential oils. The quality and safety of table grapes were maintained for longer periods of
storage in the presence of active packaging, so the incorporation of these oils in nanofibers can

be a promising way to increase the shelf life of fruits.

Keywords: Alpinia speciosa. Cymbopogon flexuosus. solution blow spinning. ochratoxin A.

Aspergillus carbonarius. Aspergillus niger.
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1 INTRODUCTION

Active packaging made from biodegradable polymeric nanofibers has attracted
considerable attention in recent years because of its versatility and low production cost
(NAZARI et al., 2019). Polymeric nanofibers incorporated with natural products with
recognized antimicrobial action are gaining importance as a potential alternative to extend the
shelf life of different food products such as cheese, meat and fruits and to reduce the risk of
pathogens (LIAKOS et al., 2014). Synthetic fungicides are used to solve the problems caused
by fungi. However, the adverse effects of these chemicals on human health, potential residues
and toxicity, in addition to the development of resistant strains, has stimulated the search for
natural antimicrobial agents as an alternative (TEJESWINI et al., 2014). Essential oils are
gaining importance as a sustainable strategy for the post-harvest preservation of fruits, they can
show good efficacy and little or no toxicity, they produce small amounts of residues, and they
are recognized as GRAS (generally recognized as safe) by the Food and Drug Administration.
In addition, they have antibacterial (CAMARGO et al., 2020; NOGUEIRA et al., 2021),
antifungal (BRANDAO et al., 2020; BRANDAO et al., 2021) and antioxidant (FERREIRA et
al., 2019) properties, which indicates that they can be used in the food industry. In this sense,
the nanofibers produced by the Solution Blow Spinning (SBS) process have a larger contact
area between the active packaging and the food, and the volatilities of the oils are greatly
reduced (BONAN et al., 2017).

The Niagara Rosada grape (Vitis labrusca) is a non-climacteric fruit (SONKER et al.,
2014; MAIA; RITSCHEL; LAZZAROTTO, 2018) with major challenges in maintaining its
postharvest quality because of microbiological contamination during its handling, storage and
marketing (AN et al., 2019). Microbial contamination leads to quality losses and a frequent
occurrence of spoilage during prolonged storage of table grapes.

The microbiological contamination of table grapes can be caused by different
microorganisms such as bacteria (Gluconobacter spp. and Acetobacter spp.) and fungi
(Aspergillus carbonarius and Aspergillus niger). The latter induce uncontrolled infections that
lead to the development of aerial mycelium that spreads quickly throughout the fruits.

Fungal contamination impacts both physicochemical parameters of fruits such as
weight, texture and color and the formation of secondary metabolites such as mycotoxins that
are harmful to human health (FREIRE et al., 2017). Ochratoxin A is the main secondary
metabolite produced by these fungi that contaminate grapes and wines. This mycotoxin has
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been shown to be neurotoxic, genotoxic, carcinogenic, mutagenic, teratogenic and
immunosuppressive (FREIRE et al., 2017; FREIRE et al., 2018).

The use of synthetic fungicides is associated with the development of resistant strains
and the population's concern with environmental pollution and human health. On the other
hand, the development of active packaging using natural antifungal products capable of
extending the shelf life of table grapes is of great importance.

Therefore, the aim of the present study was to investigate antifungal and
antiocratoxigenic effect in vitro and in vivo (grape) of the essential oils from Alpinia speciosa
and Cymbopogon flexuosus encapsulated in poly(lactic acid) nanofibers against Aspergillus
carbonarius and Aspergillus niger, as potential active packaging to be applied in the control of

degradation of Niagara Rosada table grapes.

2 MATERIAL AND METHODS

2.1 Extraction and chemical characterization of the essential oils

The essential oils from A. speciosa and C. flexuosus were extracted by the
hydrodistillation process during 2 hours using a modified Clevenger apparatus according to the
Anvisa method (2010). Plant material (leaves) was collected at the Medicinal Plants Garden of
the Federal University of Lavras, Lavras, Minas Gerais, Brazil (21°13'S, 44°58'W).

The chemical characterization of the essential oils was performed by gas
chromatography coupled to a mass spectrometer (CG-MS, Shimadzu Corporation, model
QP2010 Plus, Kyoto, Japan) according to the method of Adams (2017). The analysis was
performed under the following conditions: fused silica capillary column phase bonded to DB5
(30 m X 0.25 mm i.d., 0.25 pum film thickness); He 5.0 (White Martins, Rio de Janeiro, Brazil)
as the carrier gas with a flow rate of 1 mL/min. The oven temperature program began at 60 °C
for 1 min, increasing to 240 °C at a rate of 3 °C/min, followed by a temperature gradient from
240 °C to 300 °C at 10 °C min™™. The final temperature was held for 7 min. Injector and detector
temperatures were 220 °C and 240 °C, respectively. The sample was diluted in hexane (1%)
(Sigma-Aldrich®, St. Louis, MO, USA), and the injected volume was 0.5 uL with a split ratio
of 1:100. The conditions of the mass spectrometer were as follows: ionization potential, 70 eV;
ion source temperature, 200 °C; scan speed, 1000 Da/sec; scan interval 0.50 fragments/sec; and
fragments were detected in the range of 45 to 500 Da. Data for chemical constituents were
acquired using LabSolutions LC/GC Workstation 2.72. The equation of Van den Dool & Kratz
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(1963) was used to calculate the retention index (Rl = 100n + 100 [(tR (i) - tR (n))/(tR (n +
1)n), where tR (i), tR (n) and tR (n + 1) correspond to the retention times of the tested
compounds and standards, respectively. The standards used were the homologous series of n-
alkanes (nC8-nC18). The compounds were identified. by comparing the retention indices with
those in the literature (ADAMS, 2017), and the mass spectra of the essential oil constituents
with similarity greater than 95% were compared with those of the FFNSC 1.2, NIST 107 and
NIST 21 mass spectral libraries. The quantification of the essential oil constituents was
calculated by the method of normalization of areas (%) after separation on a gas chromatograph
with a flame ionization detector (DIC) (Shimadzu GC - 2010, Kyoto, Japan). The conditions
used were the same as those used for GC-MS, with the exception of the detector temperature,
which was 300 °C.

2.2 Rotating Fiber Method

The nanofiber mats were produced according to the method of Bonan et al. (2017) and
Nepomuceno et al. (2018) with some modifications. The polylactic acid solution (PLA, Mw —
66,000 g/mol; Nature Works, Minneapolis, MN, USA) (12% wi/v) was prepared in chloroform
(Synth, Diadema, SP, Brazil). The essential oils from A. speciosa and C. flexuosus were added
to the PLA solution in proportions of 5, 10 and 20% (v/w) relative to the total weight of polymer
in solution. The nanofiber mats were obtained using a solution blow spinning apparatus (SBS)
consisting of a compressed air source (Chiaperini MC 12 BPV 150 L 2HP, Brazil) at 140 kPa,
an injection pump (NE-300; New Era Pump Systems, Syringe Pump, New York, USA)
equipped with a glass syringe (FLURAN F-5500-A; Ismatec, Wertheim, Germany) injected the
polymer solution at a rate of 6 mL/h through a concentric nozzle with a protrusion length of 4
mm. The fibers were collected 20 cm apart in a rotating collector lined with aluminum foil at
room temperature (28 — 30 °C) and at a relative humidity of 30 — 42%. Fibers were produced

without the addition of essential oil (negative control).

2.3 Characterization of nanofibers

2.3.1 Morphological study

The micrographs of the nanofibers were obtained with a scanning electron microscope
(MEV, JSM-6510, Jeol). The samples were overlaid with gold using a metallizer (Bal-tec SCD



116

050, Balzers AG, Liechtenstein). Fiber diameters were measured using image analysis software
(Image J, National Institutes of Health, Bethesda, MD, USA). The mean values and standard
deviations of the diameters were obtained from at least 100 randomly selected fibers
(MIRANDA et al., 2019).

2.3.2 Volatility of the essential oils

The rate of release of pure essential oils and incorporated into nanofibers was measured
by thermogravimetric analysis (TGA) using a thermogravimetric analyzer (TGA-Q500, TA
instruments, New Castle, TE). Approximately 5-10 mg of the samples were kept at 25 °C in a
nitrogen atmosphere at a flow rate of 50 mL/min for a period of 180 minutes. The weight loss
of each sample was evaluated at a constant temperature and as a function of time (MIRANDA
etal., 2019).

2.4 Fungal strains and spore suspension

The toxigenic filamentous fungi Aspergillus carbonarius (CCDCA10507) and
Aspergillus niger (CCDCA10443) were obtained from the Microorganisms Culture Collection
of the Laboratory of Mycotoxins and Food Mycology of the Federal University of Lavras. The
isolate of each fungus was activated in a Petri dish containing Agar Malt Extract culture
medium (MEA, HiMedia Laboratories Pvt. Ltd., Mumbai, India) and incubated for 7 days at
25 °C. After the incubation, a spore solution was prepared in sterile distilled water with 1%
Tween 80 (Synth, Diadema, SP, Brazil). Spores were counted using a Neubauer Chamber
(Sigma, S&o Paulo, Brazil), and the concentration of the suspension was adjusted to 108
spores/mL (BRANDAO et al., 2020).

2.5 In vitro antifungal activity
2.5.1 Fungus growth rate

The antifungal property of nanofiber mats containing 5, 10 and 20% essential oils was
tested on the growth of A. carbonarius and A. niger fungi by the fumigation method

(GUIMARAES et al., 2011; HUA et al., 2014). Circular nanofiber mats (4 cm in diameter) were

attached to the upper part of the Petri dish (9 cm in diameter). A negative control was prepared
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with nanofiber mats without the addition of essential oil, and a culture control was prepared
with the inoculum alone. Ten microliters of the spore suspension (10° spores/mL) was added to
the center of the plate containing 20 mL of Czapeck Yeast Agar culture medium (CYA,
HiMedia Laboratories Pvt. Ltd., Mumbai, India). Tests were performed in triplicate. Plates were
incubated for 10 days at 25 °C, and fungus growth was evaluated by measuring two
perpendicular diameters (in centimeters) of the colony.

2.5.2 Ochratoxin A production

The antimycotoxigenic activity of nanofiber mats containing essential oil against A.
carbonarius and A. niger was evaluated at concentrations of 5, 10 and 20% for each treatment
under which there was growth of the fungus on the tenth day of incubation. Culture conditions
were prepared as described in the previous section (2.5.1). OTA extraction was performed with
1 mL of HPLC grade methanol (Merck, Darmstadt, Germany) in test tubes containing three
plugs removed from the inner area, the middle and the edge of the colony, according to the
method of Passsamani et al. (2014). The extract was stirred for 5 seconds and kept at room
temperature for 60 minutes. The extracts were filtered through polytetrafluoroethylene
membranes (PTFE; 0.22 um, Millipore). The quantification of OTA was performed according
to the method of Passamani et al. (2014). Twenty microliters of the filtered extract were injected
into an HPLC (Shimatzu, Kyoto, Japan) equipped with two SPD-M20A high-pressure pumps,
a DGU 20A3 degasser, model CBM-20A interface, a SIL-10AF automatic injetor and a RF-10
AXL fluorescence detector. The column used for the separation was the Agilent-Zorbax Eclipse
XDB-C18 column (4.6 x 250 mm, 5 um) connected to an Agilent-Zorbax Eclipse XDB-C18 4-
Pack pre-column (4.6 x 125 mm, 5 pm). Elution was achieved in an isocratic
methanol:acetronitrile:water:acetic acid (5:35:29:1) system. OTA was monitored by the
excitation at 332 nm and emission at 476 nm at a flow rate of 0.8 mL/min. The external
standardization method was used to quantify OTA through the construction of an analytical
curve obtained by linear regression using the commercial standard (Sigma-Aldrich®, Sao
Paulo, Brazil). The coefficient of determination (R?) was 0.9999, and the limits of detection
(LD) and quantification (LQ) were 0.0004 and 0.0016 pg/g, respectively. All the OTA samples

and standard solutions were analyzed in triplicate.
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2.6 In vivo tests

2.6.1 Preparing the grapes

The bunches of grapes (Vitis labrusca Niagara) were purchased in the Lavras, Minas
Gerais commerce and taken to the Laboratory of Mycotoxins and Food Mycology at the Federal
University of Lavras. The grapes were uniform in size and color and had no physical injuries
or infections. The grapes were treated with 70% alcohol for 1 minute, 1% sodium hypochlorite

for 30 seconds and three washes with sterile distilled water.

2.6.2 Packaging preparation and antifungal activity

The packages were prepared according to the parameters of the previous section (2.2),
where the nanofibers were spun directly on the inside of the lid of polyethylene terephthalate
packages for grapes. Packages were prepared containing the treatments (PLA nanofibers with
20% essential oils from C. flexuosus and A. speciosa (v/w) relative to the total polymer weight),
negative control packaging (pure PLA nanofibers) and fungal control packaging (containing
only inoculum). The bunches of grapes were placed in the packages after disinfection and
contaminated with 1000 pL of spore solution (10° spores/mL) of A. carbonarius and A. niger
using a spray bottle. Packages were incubated at 25 °C for 10 days and 20 days. The analyses
were performed in triplicate, and the results were expressed as percentage of fruits infected by
filamentous fungi and calculated by the following equation: percent incidence of fungus =
(number of contaminated fruits/total fruits) x 100.

2.6.3 Percentage of weight loss, size and firmness

Weight loss was determined by weighing the bunches of grapes before and after the
incubation period and calculated by the equation: Weight loss (%) = (Initial weight — Final
weight)/Initial weight x 100. The diameters of 20 grapes were measured in two orthogonal
directions with a digital caliper (Electronic Digital Caliper). Fruit firmness was determined in
the equatorial region of 20 berries using a texture analyzer (TA.XT Plus Texture Analyzer) with
a penetration distance of 6 mm, a probe of 3 mm in diameter, pre-test speed of 1 .5 mm/s, test
speed of 2 mm/s and post-test speed of 1 mm/s. The firmness in Newtons is defined as the
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maximum force required the probe to penetrate the fruit. Analyses were performed before and
after the incubation period (FREIRE et al., 2017; JAHANI; PIRA; AMINIFARD, 2020).

2.6.4 pH, total soluble solids (TSS), total titratable acidity (TTA) and maturity index

The pH was determined in the crushed fruits using a digital potentiometer (Quimis —
Q400MT). The total soluble solids content (TSS) was measured in the crushed fruits with a
digital refractometer (Atago PAL-1) and expressed in °Brix. The total titratable acidity (TTA)
was determined in 5 g of crushed fruits transferred to a 100 mL volumetric flask and completed
with distilled water. This solution was titrated with 0.1 mol/L NaOH, and the TTA was
expressed in g of tartaric acid per 100 g of grapes. The fruit maturity index was calculated using
the ratio of total soluble solids divided by titratable acidity (TSS/TTA). Analyses were
performed before and after the incubation period (ZENEBON; PASCUET; PAULO, 2008).

2.6.5 Color

Color parameters (L*, a*, b*, Chroma and Hue) were recorded on a colorimeter
(Konica Minolta, CR 10, Osaka, Japan) and determined in 20 berries per repetition (n=60).
Analyses of color parameters were performed before and after the incubation period.
2.7 Statistical analysis

Statistical analyses were performed using a completely randomized design (CRD)
employing the Sisvar program (FERREIRA, 2011). The results were subjected to analysis of
variance, and the means were compared by the Tukey test (p<0.05).
3 RESULTS AND DISCUSSION
3.1 Chemical characterization of essential oils and nanofibers

The results of the GC-MS analysis of the essential oils from A. speciosa and C.
flexuosus are shown in Figure 1A.

The essential oils from Cymbopogon species contain neral, geranial, geraniol,

citronellol, citronellal and geranyl acetate as the most abundant constituents (BHATNAGAR,
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2018; DEVI et al., 2020). In this study, the essential oil from C. flexuosus contained a larger
amount of oxygenated monoterpenes (99.11%). Among the three constituents obtained, citral
was the main component, being formed by the two isomers, neral (36.10%) and geranial
(61.57%). These results are in agreement with previous data such as those of Bhatnagar (2018)
and Haque, Remadevi and Naebe (2018). Oladeji et al. (2019) and Haque, Remadevi and Naebe
(2018), studying the chemical composition of various oils of the Cymbopogon genus, observed
that it varied according to the plant species and also with the geographical location, culture and
agricultural treatment, but the citral constituent is usually predominant and of great importance
in providing a pleasant lemon fragrance and plant flavor.

Victdrio (2011) and Xuan et al. (2019) studied the essential oils from species of the
genus Alpinia and observed the predominance of monoterpenes, highlighting the constituents
y-terpinene, limonene, 1,8-cineol, camphene, sabinene, terpinen-4-ol, a-pinene, (Z)-p-ocimene
and o-terpineol. In the present work, 99.32% of the constituents of the essential oil from A.
speciosa were identified, corresponding to 19 compounds, among which, terpinen-4-ol
(20.23%), sabinene (20.18%), 1,8-cineole (16.69) and y-terpinene (11.03%) predominated.
These results corroborate the studies by Victério (2011) and Xuan et al. (2019).

The morphology represented by the electromicrographs and the distribution of
diameters of the nanofibers from pure PLA and PLA solution containing different essential oils
in different proportions are shown in Figure 1B.

It can be seen from the morphology that the nanofibers presented regularity even with
the addition of essential oils. Continuous, smooth, uniform and homogeneous nanofibers were
formed in all the tested polymeric compositions. Furthermore, there was no presence of beads
and films, indicating that the conditions of the rotation method for formation of nanofibers were
adequate. The concentration of the polymer solution and the spinning variables (injection rate
and spinning pressure) used were efficient for the spinning process and the formation of
nanofibers (OLIVEIRA et al., 2011).

The mean diameter of the nanofibers containing essential oils was greater than that of
the pure PLA nanofibers. According to studies by Medeiros et al. (2009) and Parize et al.
(2016ab), the formation of fibers in the SBS process can be affected by viscosity and surface
tension, as in the case of diameters that underwent changes in the presence of essential oil.
Increasing the viscosity of a polymer solution could lead to a smaller elongation of the injected
jet, reducing its path and, consequently producing a greater variability in the diameter of
nanofibers and larger fibers (ALTAN; AYTAC; UYAR, 2018; OLIVEIRA et al., 2013ab).
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The release rate of essential oils obtained by thermogravimetric analysis at 25 °C for a
period of 180 minutes is shown in Figure 1C.

The evaporation rate of the essential oil from A. speciosa was the highest at 25 °C. On
the other hand, the mass loss from C. flexuosus was lower. These results can be explained by
the composition of the essential oils and by the intermolecular interactions that the molecules
have with each other. The oil from A. speciosa is made up of more than 50% constituents
belonging to the hydrocarbon class, and these nonpolar molecules interact by relatively weak
forces of attraction called VVan der Waals forces. Consequently, this interaction is more easily
ruptured, which explains the higher evaporation rate for the essential oil from A. speciosa. The
essential oil from C. flexuosus is mostly composed of citral (neral and geranial), compounds of
the aldehyde class that possess dipole-dipole interactions. Such interactions are stronger than
those of Van der Waals, which explains the lower rate of evaporation in relation to the essential
oil from A. speciosa.

When essential oils were encapsulated in nanofibers, a very small loss of mass occurred,
which demonstrated the efficiency of the nanofiber in enabling the controlled release of
bioactive compounds such as essential oils. The encapsulation of essential oils in PLA
nanofibers can control and prolong the release of active substances and increase the time of
action of these bioactive compounds. When pure essential oil is used, it can degrade more easily
in the environment and quickly lose its biological effect.

3.2 Effect on fungus growth rate and antiocratoxigenic activity in vitro

The antifungal effect of in vitro treatments with nanofiber mats containing essential oils
from C. flexuosus and A. speciosa on the growth of A. carbonarius and A. niger fungi is shown
in Figures 2A and 2B. A significant dose-dependent inhibitory activity on the mycelial growth
of fungi was observed for the two oils. The antifungal action of the essential oils can be related
to the synergism between the constituents because of the complex chemical composition and
also to the presence of some organic functions in the compounds. The lipophilic character of
the hydrocarbon skeleton and the hydrophilic character of the functional groups are of great
importance for the antifungal activity of essential oils.

In general, the essential oil from C. flexuosus was the most efficient in inhibiting the
growth of the fungi under study, completely inhibiting the growth of A. carbonarius at the
concentrations of 10 and 20% and the growth of A. niger at the 20% concentration. The greater

effect can be related to the composition of the oil, because 95% of its composition corresponds
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to citral. The presence of a carbonyl function in its chemical structure seems to increase the
antifungal property of this terpenoid. The electronegative nature of the aldehyde moiety
conjugated to a double bond explains its biological activity, suggesting that greater
electronegativity results in an increase in the activity (DORMAN; DEANS, 2004; SAAD;
MULLER; LOBSTEIN, 2013).

Functional groups present in essential oils constituents can interfere with biological
processes that involve electron transfer and react with vital secondary metabolites such as
proteins and nucleic acids. Consequently, this action causes inhibition of the growth of
microorganisms (DORMAN; DEANS, 2000). Essential oils can attenuate microbial growth
through specific mechanisms such as those mentioned by Nazzaro et al. (2017), who reported
the action of therapeutic targets on the main structural elements for the construction of the
fungal cell wall, such as glucan and chitin. Later, Brandao et al. (2020) revealed the ability of
essential oils to damage fungal membranes and cause deleterious effects on the morphology of
fungi of the genus Aspergillus. The authors observed changes in the uniformity of hyphae, loss
of integrity and no formation of conidia after treatment with essential oil, concluding that
essential oils are capable of acting in the ergosterol biosynthetic pathway, leading to a decrease
in the quantity of this sterol present in the fungal cell membrane. The reduction of ergosterol in
fungal membranes can lead to the osmotic and metabolic instability of the biological cell,
compromising fungus development (NAZZARO et al., 2017). In addition to the nhibition of
ergosterol synthesis, studies by Hu et al. (2017) suggested that antifungal activity is also related
to mitochondrial disruption, inhibition of mitochondrial ATPase, malate dehydrogenase and
succinate dehydrogenase enzymes, which disrupts the normal metabolic process and,
consequently, inhibits its development.
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Figure 2 — Effect of nanofiber mats containing different concentrations of the essential oils from A.
speciosa and C. flexuosus on the growth and production of ochratoxin A by the fungi A. carbonarius
and A. niger. Representative images of the antifungal effect in culture medium after 10 days (A), fungal
growth inhibition (cm) (B) and ochratoxin A production inhibition (C). Different lowercase and
uppercase letters indicate significant differences between the treatments and the two fungi, respectively,
according to the Tukey test (p<0.05).

The production of ochratoxin A by A. carbonarius and A. niger treated with nanofiber
mats containing the essential oils was significantly (p<0.05) lower than that of the fungal
control (Figure 2C). The amount of ochratoxin A produced by A. carbonarius decreased by
12.09 to 100% and by 24.44 to 64.78% for treatments with different concentrations of essential
oils from C. flexuosus and A. speciosa, respectively. The ochratoxin A index in A. niger
decreased in a proportion of 55.65 to 100% and from 8.93 to 61.86% in the treatments with the
tested concentrations of essential oils from C. flexuosus and A. speciosa, respectively.
Generally, A. carbonarius produces a greater quantity of ochratoxin A than A. niger, as was
observed in this study.

Santiago et al. (2018) explained that the greater production of ochratoxin A by A.
carbonarius is due to the behavior of each isolate. The authors evaluated the essential oils from
Melaleuca alternifolia, Melaleuca quinguenervia and Backousia citriodora and obtained
terpinen-4-ol, a-pinene and citral as the principal constituents. They observed that the synthesis
of ochratoxin A decreased in a proportion that varied from 38.66 to 75.93% and from 17.94 to
71.79% for the fungi A. carbonarius and A. niger, respectively, in the presence of the essential

oils. These results partially corroborate those obtained in this work because the majority
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composition is similar to that found for the essential oils in the present study. Studies by
Dammak et al. (2019) suggested that the principal terpenoids and phenylpropanoids or even the
synergism of all the constituents present in essential oils can be considered responsible for the
antiocratoxigenic activity by inhibiting the production of toxins by fungi. The authors reported
that the decrease in the production of this mycotoxin is related to the inhibition of fungal growth
and spore germination.

Some studies highlight hypotheses regarding the mode of action of essential oil
constituents in suppressing the proliferation of toxins, such as the research by Lappa et al.
(2017) and Wang et al. (2018). The authors suggested that the mechanism of action of essential
oils on mycotoxin production is related to changes in the transcriptional level and changes in

genes that regulate the biosynthesis of ochratoxin A.
3.3 In vivo tests
3.3.1 Antifungal activity
A remarkable efficacy against A. carbonarius and A. niger was observed for the
essential oils from C. flexuosus and A. speciosa encapsulated in PLA nanofibers as a packaging

for grapes (Figure 3). Among the packages tested, the one that contained the essential oil from

C. flexuosus exhibited a better inhibitory potency than that of the essential oil from A. speciosa.
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Figure 3 — Control of the incidence of A. carbonarius and A. niger fungi in grapes by packaging
containing PLA nanofibers with essential oils from A. speciosa and C. flexuosus for periods of 10 and
20 days.

The incidence of contamination by A. carbonarius decreased to 45 and 65% and that
of A. niger decreased to 43 and 61%, respectively, relative to the control after 20 days of
incubation in the presence of PLA nanofibers containing the essential oils from C. flexuosus
and A. speciosa. The control grape clusters, on the other hand, contained rot and apparent
myecelial biomass in all the fruits. The inhibition of mycelial flora growth in the grapes treated
with the active packaging demonstrated the antifungal activity through the fumigation process
of the PLA nanofiber packaging containing the bioactive compounds under study.

Sonker et al. (2014) studied essential oils that contain compounds of the aldol class and
reported that they possessed strong antifungal activity, as was seen in this study, where the
essential oil from C. flexuosus had the greatest effect. This antifungal action can be attributed
to the high percentage of citral in its composition. For Bang et al. (2000) and Sonker et al.
(2014), the hydrophobic portions of these constituents interact with the cytoplasmic membrane
through the lipid acyl chains, causing disintegration of the outer membrane and increasing the
permeability of the cytoplasmic membrane to adenosine triphosphate of fungal cells,

consequently, leading to their death.



3.3.2 Percentage of weight loss, size and firmness

The essential oils encapsulated in PLA nanofibers and their contributions to weight loss, size and firmness of grapes infected with A.

carbonarius and A. niger were significant at the 5% probability level (Table 1).

Table 1 — Effect of packaging containing PLA nanofibers with essential oils on weight loss, size and firmness in grapes contaminated with A.

carbonarius and A. niger fungi.

Fungus Incubation time Treatment Loss (();)v;/elght D'(anr]nni;er '(ZILLTV?;S]‘;’
(PLA + 20wt% A. speciosa oil) nanofibers
0 days (PLA + 20wt% C. flexuosus oil) nanofibers 0.00+0.00? 17.78+0.272 4.00+0.212
Fungus control
Aspergillus (PLA +20wt% A. speciosa oil) nanofibers 6.14+0.51" 16.94+0.32b¢ 2.80+0.78"
carbonarius 10 days (PLA + 20wt% C. flexuosus oil) nanofibers 4.00+0.16" 17.43+0.20% 3.18+0.19%°
Fungus control 7.23+0.81% 14.77+0.29" 1.80+0.24%
(PLA + 20wt% A. speciosa oil) nanofibers 10.84+0.41°f 16.01+0.24% 2.5620.310%
20 days (PLA + 20wt% C. flexuosus oil) nanofibers 8.84+0.17% 16.25+0.09% 3.07+0.13%°
Fungus control 14.00+0.19" 10.58+0.329 1.20+0.13
(PLA + 20wt% A. speciosa oil) nanofibers
0 days (PLA + 20wt% C. flexuosus oil) nanofibers 0.00+0.00? 17.78+0.272 4.00+0.212
Fungus control
Aspergillus (PLA +20wt% A. speciosa oil) nanofibers 5.57+0.93" 17.07+0.28%¢ 3.60+0.513
niger 10 days (PLA + 20wt% C. flexuosus oil) nanofibers 5.17+0.33" 17.29+0.15% 3.710.19%
Fungus control 10.38+0.41°f 14.71+0.39f 1.71+0.58%"
(PLA + 20wt% A. speciosa oil) nanofibers 13.25+0.78%" 14.75+0.18" 2.45+0.16%
20 days (PLA + 20wt% C. flexuosus oil) nanofibers 11.20+0.47" 15.20+0.20°f 3.03+0.15%°
Fungus control 25.83+1.51' 10.75+0.13¢ 0.56+0.05f

In each column, different letters indicate a significant difference between treatments at 5% probability levels.



128

Weight loss relative to the fungal control was controlled in the treatments with essential
oils even after 20 days of incubation. The greatest weight loss of the grapes was observed in
the fungal control (7.23 and 14.00% with A. carbonarius and 10.38 and 25.83% with A. niger)
after 10 and 20 days of incubation, respectively. The lowest weight loss of the fruits was
observed in the treatment with the essential oil from C. flexuosus (4.00 and 8.84% with A.
carbonarius and 5.17% and 11.20% with A. niger) after 10 and 20 days of incubation. In
general, the weight loss in fruits treated with the essential oils from C. flexuosus and A. speciosa
was considerably lower than that of the fungal control fruits. Research by Jahani, Pira and
Aminifard (2020) and by Valverde et al. (2005) indicated that weight loss is one of the essential
physiological parameters for assessing the shelf life of grapes, and it is related to the
susceptibility of the fruit to fungal decomposition. The authors, using different essential oils,
also revealed the benefits of these natural antifungal agents in decreasing the dehydration
process and the resulting weight loss in grapes and pomegranates. Parallel to weight loss, there
IS a decrease in the size of the fruit due to dehydration of the grapes. In the present work, the
reduction in size was observed in the fungal control, especially after 20 days of incubation.
However, treatments with essential oils encapsulated in PLA nanofibers minimized this
problem, keeping the size of the grapes close to that of time zero, that is, before incubation with
A. carbonarius and A. niger.

The grape softening process was greatly accelerated in the presence of A. carbonarius
and A. niger as storage increased, with values of 1.20+0.13 and 0.56+0.05, respectively, after
20 days of incubation. However, the addition of essential oils from C. flexuosus and A. speciosa
in PLA nanofibers significantly delayed the loss of firmness of the grapes. Texture is another
important attribute that is demanded by consumers and influences the sale of fresh fruit
(JAHANI; PIRA; AMINIFARD, 2020; SUN et al., 2014). The softening of grapes is usually
related to dehydration and starch and cell wall degradation in the post-harvest period (SOUZA;
LIMA; VIEITEIS, 2010).

Even though the grape is a non-climacteric fruit, fungi were able to significantly reduce
firmness during storage, resulting in loss of quality, shorter shelf life and lower market value.
Aspergillus species are recognized as producers of the pectinase enzyme, which confirms the
ability of these filamentous fungi to degrade pectin and cause softening of the fruit (FREIRE et
al., 2017). However, the loss of firmness of the berries was significantly lower in the samples
with active PLA nanofiber packaging, benefiting and retaining the firmness of the grapes.
Deterioration of fruits and, consequently, the loss of texture can be reduced in the post-harvest

treatment with essential oils encapsulated in PLA nanofibrs because these compounds have
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positive effects on the control of toxigenic fungi. According to Sun et al. (2014), active
packaging with essential oils probably prevents the loss of water from the fruit because of the
lipophilic property of the constituents of the essential oils, in addition to controlling the
proliferation of fungi in the fruit, thereby reducing the pectin degradation caused by the

microorganism.

3.3.3 pH, total soluble solids (TSS), total titratable acidity (TTA) and maturity index

Other important parameters that determine the quality of table grapes are pH, SST,
TTA and the maturity index, factors that affect the fruit's flavor and, consequently, consumer
acceptance (SONEGO et al., 2002; VALVERDE et al., 2005). The fungi A. carbonarius and A.
niger significantly changed these parameters after incubation when compared to time zero,
when the grapes were fresh. On the other hand, there was a significant difference (p<0.05) in
the values of pH, total soluble solids (TSS), total titratable acidity (TTA) and maturity index
for the grapes in the presence of the essential oils encapsulated in PLA nanofibers when they
were incubated with A. carbonarius and A. niger (Table 2). The values of these variables
remained somewhat close to those at time zero, that is, these treatments had the effect of
maintaining the pH, SST, TTA and maturity index close to those observed in the berries before
incubation with the fungi. We can say that active packaging managed to preserve the

characteristics and, consequently, the quality of the fruits.



Table 2 — Effect of packaging containing PLA nanofibers with essential oils on pH, total soluble solids (TSS), total titratable acidity (TTA) and

maturity index in grapes contaminated with A. carbonarius and A. niger fungi.
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Fungus Inc;tr)r;sl(etlon Treatment SST (°Brix) TTA? pH Mi?]tclljg)'(ty
(PLA + 20wt% A. speciosa oil) nanofibers
0 days (PLA + 20wt% C. flexuosus oil) nanofibers  14.83+0.62*  0.69+0.02% 3.56+0.112 21.64+0.612
Fungus control
Aspergillus (PLA +20wt% A. speciosa oil) nanofibers 13.57+0.49%¢  0.75+0.05° 3.51+0.15% 18.11+1.11°
carbonarius  10days  (PLA+20wt% C. flexuosus oil) nanofibers 14.05+0.50*  0.78+0.00% 3.49+0.072 18.07+0.62°
Fungus control 12.25+0.37%  0.87+0.05" 3.24+0.0320c 14.09+1.14¢
(PLA + 20wt% A. speciosa oil) nanofibers ~ 13.07+0.38%  1.26+0.19° 2.95+0.12° 10.66+1.77°f
20days  (PLA + 20wt% C. flexuosus oil) nanofibers  13.03+0.56°  1.04+0.12 3.04+0.05%% 12.80+1.66%
Fungus control 10.87+0.42%  1.84+0.01¢ 2.25+0.02f 5.92+0.219
(PLA + 20wt% A. speciosa oil) nanofibers
0 days (PLA + 20wt% C. flexuosus oil) nanofibers  14.83+0.62%  0.69+0.02? 3.56+0.112 21.64+0.612
Fungus control
Aspergillus (PLA +20wt% A. speciosa oil) nanofibers 12.8740.49°  0.77+0.028  3.38+0.0430cde 16.63+0.39"
niger 10days  (PLA + 20wt% C. flexuosus oil) nanofibers 13.13+0.44%¢  0.71+0.01% 3.43+0.10% 18.38+0.66"
Fungus control 10.904+0.27%  0.91+0.04° 3.11+0.05800 12.01+0.824¢f
(PLA + 20wt% A. speciosa oil) nanofibers ~ 11.93+0.18°  1.25+0.03° 3.03+0.06% 9.53+0.37"
20 days  (PLA +20wt% C. flexuosus oil) nanofibers  12.10+0.47%  1.1620.03° 3.10+0.01bcc 10.44+0.64°
Fungus control 9.1740.91°  1.82+0.03° 2.41+0.40 5.05+0.579

3grams of tartaric acid per 100 g of grape. In each column, different letters indicate a significant difference between treatments at 5% probability levels.

3.3.4 Color

The color attributes of the fungal control were drastically affected in the presence of A. carbonarius and A. niger. The atributes increased
after 10 and 20 days of storage, corresponding to a pink to white color, which indicated that the berries were rotting (Table 3). However, these
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parameters did not chenge significantly with the treatments; that is, the color parameters of the grapes that had been treated with active packages
containing essential oils remained close to the values for the berries before incubation with the fungi (healthy grapes).

Table 3 — Effect of packaging containing PLA nanofibers with essential oils on color parameters in grapes contaminated with A. carbonarius and
A. niger fungi.

Fungus Incztr);;l(atlon Treatment L* a* b* Chroma Hue
(PLA + 20wt% A. speciosa oil) nanofibers
0 days (PLA + 20wt% C. flexuosus oil) nanofibers  29.86+£0.29  5.84+0.53 5.66+0.18 23+0.51 43.83+1.69
Fungus control
Aspergillus (PLA + 20wt% A. speciosa oi_I) nanofi_bers 30.79+2.54  7.99+2.46 7.91+0.05 11.75+1.89  46.5916.62
carbonarius 10 days (PLA + 20wt% C. flexuosus oil) nanofibers ~ 27.42+1.72  5.19+0.23 7.85+0.18 9.69+0.17  52.28+2.98
Fungus control 34.44+0.18 10.22+0.22 12.18+0.20  16.424+0.25 50.03+0.66
(PLA + 20wt% A. speciosa oil) nanofibers ~ 26.68+1.77  7.49+2.18  10.49+0.60 13.33+0.56  55.75+8.18
20 days (PLA + 20wt% C. flexuosus oil) nanofibers ~ 26.35+0.22  6.71+0.62  10.20£0.76  12.35+0.96  56.82+1.13
Fungus control 38.87+0.92 18.28+0.15 17.24+0.23  25.404+0.19  43.93+0.30
(PLA + 20wt% A. speciosa oil) nanofibers
0 days (PLA + 20wt% C. flexuosus oil) nanofibers  29.86+0.29  5.84+0.53 5.66+0.18 8.23+0.51 43.83+1.69
Fungus control
Aspergillus (PLA + 20wt% A. speciosa oi_I) nanofi.bers 29.56+0.11  6.02+0.34  8.04+0.41  11.17+10.25 53.78+1.85
niger 10 days (PLA + 20wt% C. flexuosus oil) nanofibers  29.46+£0.65  7.57+0.53 7.951£0.41 11.05+0.65  46.16%0.77
Fungus control 34.5240.36 10.55+0.93 12.58+0.29  16.88+0.76  51.07+2.12
(PLA + 20wt% A. speciosa oil) nanofibers ~ 30.80+0.49  10.97+0.19  11.93+029  16.46+0.33  47.97+0.21
20 days (PLA + 20wt% C. flexuosus oil) nanofibers  28.01+2.66  7.43+0.80 11.14+0.76  13.66+0.31  55.47%4.03
Fungus control 41.11+41.19 19.05+2.09 18.21+0.66  26.66+2.05 44.32+2.57

L*: degree of brightness; a*: degree of variation between red and green; b*: degree of variation between blue and yellow.
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Valverde et al. (2005) mentioned that color is also a very important attribute required
by the consumer, and it is often one of the main parameters for acceptance because it is visible
to the naked eye and conveys the sensation of healthy fruit with a beautiful appearance.
Although the grape is a climacteric fruit, there was an acceleration of the color change in the
present work after incubation with fungi (fungal control). However, there was a delay in the
rate of color change in the treatments with nanofibers incorporated with essential oils from C.
flexuosus and A. speciosa, and the grapes maintained a healthy appearance. According to
Valverde et al. (2005), the retention of color might be related to the control of weight loss of
the berries, which corroborates the results obtained in this work where the treatments controlled
both the weight loss and the change in color.

Consumers choose products that do not utilize chemical fungicides as a means of
preservation, and they increasingly demand safe food, but the incidence of pathogens and
diseases transmitted by them are higher (VALVERDE et al., 2005). In addition, post-harvest
losses of agricultural products are caused by fungi and other microorganisms that cause
spoilage. In this scenario, several studies have concentrated on the improvement of processing,
preservation, distribution and marketing in order to provide consumers with high quality and
safe fresh fruit.

No research has reported the control of the growth of A. carbonarius and A. niger in
food using essential oils encapsulated in PLA nanofibers as packaging for grapes with the use
of in vivo tests. In the present study, strong inhibitory effects on the incidence of fungi in
postharvest grapes, a positive effect on storage time, a decrease in the incidence of decay,
maintainance of the physicochemical profiles and quality parameters were observed with the
use of active packaging. In addition, the use of the fumigation process is considered ideal for
the control of the food deterioration caused by fungi because it does not leave residues of
essential oils, as mentioned by Wang et al (2015). Therefore, the use of these active packages

in the fumigation process during post-harvest food storage is very promising.

4 CONCLUSION

In both in vitro and in vivo tests, PLA nanofiber packaging containing essential oils from
C. flexuosus and A. speciosa was efficient in protecting the fruits from contamination by the
fungi A. carbonarius and A. niger during storage, as well as in reducing ochratoxin A, a
potential carcinogen. The active packaging maintained the quality properties of the grape longer

than the fungal control, controlling weight loss, delaying softening and maintaining texture. It
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also kept the pH, SST, TTA, maturity index and color parameters close to those of fresh grapes
(zero incubation time); that is, the treatments showed benefits in relation to the parameters by
not showing many changes when compared with fresh grapes and preserving the
physicochemical properties and quality of the grapes. Consequently, these packaging materials
can be potential substitutes for synthetic fungicides in the preservation of bunches of table
grapes during storage. They can increase shelf life and preserve fruit quality for a longer period
of time through the controlled release of bioactive compounds, in addition to contributing to

consumer safety.
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ABSTRACT

Apergillus carbonarius and Aspergillus niger are the principal fungi that attack table grapes,
and they are responsible for producing and contaminating these fruits with ochratoxin A. Active
packages of essential oils from Ocimum gratissimum L. and Ocimum basilicum L. encapsulated
in poly(lactic acid) (PLA) nanofibers were produced, the antifungal and antiocratoxigenic
activities against A. carbonarius and A. niger were evaluated in vitro and in vivo, and the effect
of these packages on the quality of table grapes was determined. Essential oils were extracted
by hydrodistillation, identified and quantified by GC-MS and GC-FID. The Solution Blow
Spinning technique was used to produce PLA nanofibers containing the essential oils. The
nanofibers were characterized by Scanning Electron Microscopy and Thermogravimetric
Analysis. The fumigation method was used to evaluate the in vitro antifungal and
antiochratogenic action. An in vivo test was performed to evaluate the effect of active
packaging containing the nanofibers on the physicochemical parameters of the grape and on the
control of fungal proliferation. Fungal contamination and ochratoxin A production were
significantly controlled by PLA nanofibers containing the essential oils. In the in vivo test, the
active packaging effectively inhibited the growth of A. carbonarius and A. niger, and the
physicochemical parameters of the grapes were preserved. The active PLA nanofiber
packaging containing the essential oils from Ocimum basilicum and Ocimum gratissimum
controlled the proliferation of fungi, as well as maintaining the physicochemical characteristics

of the grapes, preserving the quality and the shelf life of the fruit.

Keywords: Ocimum basilicum. Ocimum gratissimum. ochratoxin A. antifungal activity.

antiocratoxigenic activity.
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1 INTRODUCTION

One of the food products of great nutritional value and economic importance is the table
grape. However, 30-40% of this fruit results in economic losses for the food industry every year
as it is very susceptible to fungal contamination as a result of inadequate post-harvest handling
and the lack of adequate methods to prevent deterioration and senescence (JIANG et al., 2014,
LAPPA et al., 2018). Grapes are hostage to fungal diseases from the Nigri section, which lead
to fruit loss and are a major obstacle to storage. The main species responsible for contaminating
table grapes are Apergillus carbonarius and Aspergillus niger (FREIRE et al., 2018ab). These
species cause a loss in the quality of fresh grapes because they cause weight loss, fading of the
color, acceleration of the softening and reduction of the shelf life of the fruit (KONG et al.,
2019). In addition to spoilage, Aspergillus species pose a danger by producing a mycotoxin
called ochratoxin A (OTA) (FREIRE et al., 2018ab). Exposure to OTA through food
consumption poses a risk to human health, as this mycotoxin has been classified as a possible
human carcinogen (group 2B) by the International Cancer Agency (IARC, 1993). Therefore,
research for safe, effective and economical agents to control the growth of A. carbonarius and
A. niger in postharvest grapes and the production of OTA are needed.

Traditional methods for controlling fungal contamination utilize physical preservation
and the use of chemical fungicides. However, there are problems with these treatments because
they can harm the grape berries, leave residues with an unpleasant taste and toxicity, present
undesirable biological effects on human health, in addition to contributing to the development
of fungi resistant to fungicides. Research by Li et al. (2017) focused on alternative means to
control post-harvest degradation of table grapes as well as other agricultural commodities to
reduce the use of chemical fungicides because of growing consumer concern with
environmental and health issues.

Essential oils are considered to be effective antimicrobial agents against different
spoilage fungi. They have a broad-spectrum fungitoxicity, they are biodegradable, agreeable to
humans and the environment, and recognized as safe (GRAS) by the Food and Drug
Administration (FDA) (AN et al., 2019; ZHANG et al., 2019). Some constituents of essential
oils, such as linalool, thymol, eugenol, carvone, cinnamaldehyde, carvacrol, citral and
limonene, are accepted by the European Commission as food flavorings. Thus, they are
considered to be alternative agents for inhibiting fungal growth, for use as food preservatives
and for the control of post-harvest degradation of agricultural products stored for long periods
of time (AN et al., 2019; MOGOSANU et al., 2017). The encapsulation of essential oils in
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biodegradable and biocompatible polymer nanofibers are great alternatives for bioactive
packaging in the control of mycotoxin-producing fungi, as well as being a practical approach
to increase stability and achieve controlled and sustained release of essential oils.

The Solution Blow Spinning (SBS) technique produces nanofibers loaded with active
components at room temperature. Because of their advantages of large surface area, high
encapsulation efficiency, large scale production, higher spinning rates, reduced costs and
uniform morphology, SBS nanofibers have received substantial attention as food packaging
materials (BILBAO-SAINZ et al., 2014; BONAN et al., 2017). Poly(lactic acid) (PLA) is one
of the most promising biodegradable polymers because of its mechanical characteristics,
thermoplastic processability and biological properties, in addition to its biocompatibility,
biodegradability, non-toxicity and facile thermal decomposition by hydrolysis of the ester bond.
It does not require enzymes to catalyze this hydrolysis. It can be used to encapsulate
hydrophobic compounds, and it has a great potential for the improvement of the effectiveness
of controlled distribution of active compounds in food systems (CHEN; TSAI; YANG, 2011,
GARLOTTA, 2001; GUPTA; REVAGADE; HILBORN, 2007). In this work, the antifungal
and antiocratoxigenic activity of essential oils from Ocimum gratissimum L. and Ocimum
basilicum L. encapsulated in PLA nanofibers against Aspergillus carbonarius and Aspergillus
niger were evaluated in vitro and in vivo, and the effect of this bioactive packaging on the
quality of table grapes was determined.

2 MATERIAL AND METHODS

2.1 Plant material and essential oil extraction

The essential oils from Ocimum gratissimum L. and Ocimum basilicum L. were extracted
from fresh leaves collected in the Medicinal Plants Garden of the Federal University of Lavras
(21°13'S, 44°58'W) on a mild day and without precipitation. The essential oil was obtained by
hydrodistillation using a modified Clevenger apparatus for a period of 2 hours (ANVISA,
2010). The hydrolate was centrifuged (Fanem Baby | Model 206 BL, S&o Paulo, Brazil) at
965.369 for 15 minutes, and the essential oil was collected with a Pasteur micropipette and

stored in amber bottles under refrigeration.
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2.2 Analysis of GC-MS and GC-FID

GC-MS analysis of essential oils was performed on a Shimadzu Corporation model
QP2010 Plus gas chromatograph (Kyoto, Japan) equipped with a fused silica capillary column
with a DB5 bound phase (30 m X 0.25 mm id; film thickness, 0.25 um) coupled to a mass
detector. The sample was diluted in hexane (1%) (Sigma-Aldrich®, St. Louis, MO, USA) and
0.5 uL was injected in 1:100 split mode. Helio 5.0 (White Martins, Rio de Janeiro, Brazil) was
used as the carrier gas at a flow rate of 1 mL min™. The oven temperature was programmed at
60 °C for 1 min, and the temperature was raised to 240 °C at a rate of 3 °C mint. followed by
a temperature gradient from 240 °C to 300 °C at 10 °C mint, where it was held for 7 min. The
injector and detector temperatures were 220 °C and 240 °C, respectively. The temperature of
the ion source was 200 °C, and the ionization potential was 70 eV. The scan speed was 1000
Da sec+ with a range of 0.50 fragments sec, and fragments were detected in the range of 45
to 500 Da. GC-FID analysis (Shimadzu GC - 2010, Kyoto, Japan) was performed under the
same conditions as GC-MS, but the detector temperature was 300 °C (ADAMS, 2017). Data
processing was performed using LabSolutions LC/GC Workstation 2.72 software. The
retention indices of the compounds were determined using the Van den Dool and Kratz equation
(1963) and the homologous series of n-alkanes (nC8-nC18) as standards. The retention indices
were compared with those of the literature (ADAMS, 2017), and the mass spectra of essential
oil constituents with a similarity greater than 95% were compared with those of the FFNSC 1.2,
NIST 107 and NIST 21 mass spectra libraries. The constituents were quantified using the area

normalization method (%) based on automatically integrated peak areas of the GC-FID signal.

2.3 Polymer solution preparation and nanofiber fabrication

Polylactic acid (PLA, MW 66,000 g mol?; Nature Works, Cargill Dow LLC,
Minneapolis, USA) was dissolved in chloroform (Synth, Diadema, SP, Brazil) at a
concentration of 12% (w/v) at room temperature. After the PLA was fully dissolved, the
essential oils were added in proportions of 5, 10 and 20% (v/w) relative to the total polymer
weight.

The nanofiber fabrication procedure was performed using the Solution Blow Spinning
(SBS) technique. The experimental conditions consisted of a needle connected to a concentric
nozzle with a protrusion of 4 mm, a source of compressed air (Chiaperini MC 12 BPV 150 L

2HP, Brazil) at 140 kPa, an injection pump (NE-300; New Era Pump Systems, Syringe Pump,
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New York, USA) with a glass syringe (FLURAN F-5500-A; Ismatec, Wertheim, Germany)
containing the polymer solution. A flow rate of 6 mL h* was used. The working distance
between the tip of the needle and the rotating collector covered with aluminum foil was adjusted
to 20 cm. Fibers were also produced without the addition of essential oil (negative control)
(BONAN et al., 2017; NEPOMUCENO et al., 2018).

2.4 Scanning electron microscopy

The diameter and morphology of the nanofibers were investigated using a scanning
electron microscope (MEV, JSM-6510, Jeol). The surface of the samples was coated with gold
using a sprayer (Bal-tec SCD 050, Balzers AG, Liechtenstein). The average fiber diameter was
determined using imaging software (Image J, National Institutes of Health, Bethesda, MD,
USA). One hundred nanofibers were used to obtain the mean value and the standard deviation
(MIRANDA et al., 2020).

2.5 Release rate of essential oils

A thermogravimetric analyzer (TGA-Q500, TA instruments, New Castle, TE) was used
to evaluate the evaporation rate of pure essential oils incorporated into PLA nanofibers.
Approximately 5-10 mg of sample was used under the following experimental conditions:
constant temperature of 25 °C for a period of 180 minutes, and the nitrogen flow rate was 50
mL min (MIRANDA et al., 2019).

2.6 In vitro antifungal activity

The in vitro antifungal test against A. carbonarius (CCDCA10507) and A. niger
(CCDCA10443) using nanofibers containing 5, 10 and 20% of essential oils from O. basilicum
L. and O. gratissimum L. was accomplished by the fumigation method according to the methods
of Guimarées et al. (2011) and Hua et al. (2014), with some modifications. The cultures were
provided by the Microorganisms Culture Collection of the Mycotoxins and Food Mycology
Laboratory at the Federal University of Lavras. Nanofibers without the addition of essential oil
were used as a negative control, and a positive control was prepared with the inoculum alone.
Nanofibers (4 cm in diameter) and ten microliters of the spore suspension (10° spores mL™)

prepared according to the method of Brandao et al. (2020) were added to the center of the plate
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containing 20 mL of Czapeck Yeast Agar culture medium (CYA, HiMedia Laboratories Pvt.
Ltd., Mumbai, India). Plates were incubated for 10 days at 25 °C, the fungus growth was
evaluated, and the percentage of inhibition was calculated according to the method of Brand&o

et al. (2020). Tests were performed in triplicate.

2.7 In vitro ochratoxin A test

The in vitro ochratoxin A (OTA) test was performed against A. carbonarius and A.
niger with nanofiber mats containing the essential oils in proportions of 5, 10 and 20%. Culture
conditions were prepared as described in the previous section (2.6). On the tenth day of
incubation, the antiocratoxigenic effect of the nanofibers was evaluated, and the OTA was
extracted with 1 mL of HPLC grade methanol (Merck, Darmstadt, Germany) in test tubes
containing three plugs, according to the method of Passsamani et al. (2014). The solution was
stirred for 5 seconds and kept at room temperature for 60 minutes. The extracts were filtered
through polytetrafluoroethylene membranes (PTFE; 0.22 um, Millipore). OTA was quantified
in an HPLC (Shimatzu, Kyoto, Japan). The analysis was performed under the following
conditions: Agilent-Zorbax Eclipse XDB-C18 column (4.6 x 250 mm, 5 um) connected to an
Agilent-Zorbax Eclipse XDB-C18 4-Pack (4.6 x 12) pre-column, 5 mm, 5 pum); two model
SPD-M20A high pressure pumps; a DGU 20A3 degasser; a CBM-20A model interface; a SIL-
10AF automatic injector and an RF-10 AXL fluorescence detector. Twenty microliters of the
filtered sample injected into the chromatographic system was eluted in an isocratic
methanol:acetronitrile:water:acetic acid (5:35:29:1) system with a flow rate of 0.8 mL min™.
OTA was monitored from the excitation at 332 nm and emission at 476 nm. The external
standardization method was used to quantify OTA, and an analytical curve obtained by linear
regression was constructed using the commercial standard (Sigma-Aldrich®, S&o Paulo,
Brazil). The coefficient of determination (R?) was 0.9999, and the Limits of detection (LD) and
quantification (LQ) were 0.0004 and 0.0016 ug g™, respectively. All OTA samples and standard
solutions were analyzed in triplicate. The percentage of OTA inhibition was calculated

according to the method of Brandao et al. (2020).

2.8 Niagara Grape Samples

The grapes (Vitis labrusca 'Niagara’) were collected in the Lavras commerce and

transported to the Laboratory of Mycotoxins and Food Mycology of the Federal University of
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Lavras. The grapes were uniform in size and color, being free from physical injuries or
infections. The bunches of grapes underwent a disinfection process using 70% alcohol for 1
minute and 1% sodium hypochlorite for 30 seconds. They were rinsed three times with sterile

distilled water to remove any alcohol and hypochlorite residues.

2.9 Preparation of packages

The nanofibers were spun by the Solution Blow Spinning (SBS) process according to
section 2.3 directly onto the lid of the polyethylene terephthalate grape package. PLA
nanofibers containing essential oils from Ocimum gratissimum L. and O. basilicum L. were
used in the proportion of 20% (v/w) relative to the total weight of the polymer. Packages were

prepared containing only pure PLA nanofibers as a negative control.

2.10 In vivo antifungal activity

The bunches of grapes were placed in the packages, and 1000 ul of the spore
suspension (10° spores mL™) of A. carbonarius and A. niger was sprayed onto them. A fungal
control package containing only the contaminated grape, and a control package containing
uncontaminated grapes were prepared. Packages were incubated in BOD at 25 °C. The
experiment was performed in triplicate. After 10 and 20 days of incubation, berries infected by
filamentous fungi were expressed as the percentage of contamination according to the equation:
% fungal infection = (number of contaminated grapes/total grapes) x 100 and classified by the
following score: (0) bunch without rot; (1) 1-5% contaminated berries; (2) 6-10%
contaminated berries; (3) 11-25% contaminated berries; (4) 26-50% contaminated berries; (5)
51-75% contaminated berries; (6) greater than 75% contaminated berries (ABDOLAHI et al.,
2010).

2.10.1 Physicochemical analyses of grapes before and after incubation

The weight loss, size and firmness were determined according to the methods of Freire
et al. (2017) and Jahani et al. (2020) with some modifications. The bunches of grapes were
weighed on an analytical balance (Mars AY220), and the weight loss was calculated by the
equation: Weight loss (%) = (Initial weight — Final weight)/Initial weight x 100. Size was

measured in two perpendicular directions with a digital caliper (Electronic Digital Caliper). The
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texture analyzer (TA.XT Plus Texture Analyzer) was used to evaluate the grape firmness with
the following parameters: penetration distance of 6 mm; 3-mm diameter probe; pre-test, test
and post-test speeds were 1.5 mm s, 2 mm st and 1 mm s, respectively. Firmness was
determined in the equatorial region of the grape, and the value obtained in Newtons was defined
as the maximum force required for a portion of the probe to penetrate the fruit. Diameter and
firmness were evaluated on 20 berries.
The total soluble solids (TSS) was measured with a digital refractometer (Atago PAL-

1) and expressed in °Brix; the titratable acidity (TA) was expressed in grams of tartaric acid per
100 g of grapes; the maturity index and the pH measured with a digital potentiometer (Quimis—
197 Q400MT) were evaluated according to the method recommended by the Instituto Adolfo
Lutz (2008).

A colorimeter (Konica Minolta, CR 10, Osaka, Japan) was used to determine the color
of the grapes, analyzing 20 berries per repetition. The parameters L*, a*, b*, Chroma and the
Hue angle were obtained.

2.11 Statistical analysis

Data were treated by a completely randomized design (DIC) using the SISVAR program,
where values were subjected to analysis of variance and means were compared by the Tukey
test (p<0.005) (FERREIRA, 2011). The data for the physicochemical parameters of the grape
samples (fresh grapes, grapes contaminated with the A. carbonarius and A. niger fungi and
grapes treated with PLA nanofibers containing the essential oils from O. gratissimum L. and O.
basilicum L.) were submitted to Principal Component Analysis (PCA). Data were automatically
normalized, and the PCA was performed using CHEMOFACE (NUNES et al., 2012).

3 RESULTS AND DISCUSSION

3.1 Chemical composition of essential oils

The chromatograms showing the chemical compositions of essential oils from O.

basilicum L. and O. gratissimum L. are presented in Figure 1.
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Figure 1 — Chromatograms of essential oils from O. basilicum L. (A) and O. gratissimum L (B).
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Six constituents were identified in the essential oil from O. gratissimum, which included
99.69% of the total chemical composition, with eugenol (79.04%) being the principal
compound, followed by (Z)-p-ocimene (14.60%) and germancrene D (5.04%) (Figure 1A).
These data partially corroborate those found by Lisboa et al. (2020) and Melo et al. (2019), who
found eugenol to be the most abundant compound; however, they found other constituents with
a lower abundance, such as 1,8-cineole, y-murolene, and (Z)-caryophyllene. In the essential oil
from O. basilicum L., a total of 23 compounds (98.04%) were identified. The principal
constituents found were linalool (26.89%), 1,8-cineol (23.62%) and camphor (15.69%) (Figure
1B). The chemical composition of the essential oil from O. basilicum L. exhibits generalized
chemical polymorphism. This species has genetically distinct chemotypes (linalol, eugenol,
methyleugenol, methyl cinnamate, methylchavicol) that can be distinguished by the dominant
terpene (COSTA et al., 2020; DEHSHEIKH et al., 2020; KIFERLE et al., 2019; STANOJEVIC
et al., 2017). Thus, the essential oil from O. basilicum L. used in this study contained linalool
as the chemotype. Lisbon et al. (2020) and Monfort et al. (2018) suggest that the genotype,
nutrients, plant development stage, light intensity, soil, atmospheric CO2 concentration,
temperature, relative humidity and growing region, in parallel with certain precautions, can

favor the production of one or another constituent in medicinal plants.

3.2 Morphological characterization of nanofibers

The morphology and diameters of pure PLA and PLA nanofibers containing the essential

oils from O. gratissimum L. and O. basilicum L. are presented in Figure 2.
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Figure 2 — (A) SEM images of pure PLA and PLA nanofibers containing essential oils from O. basilicum
L. and O. gratissimum L. at concentrations of 5, 10 and 20%. (B) Effect of 5, 10 and 20% proportions
of the essential oils on the average diameter of PLA fibers.

The PLA/essential oils solutions that were submitted to the SBS process yielded
homogeneous, regular and smooth nanofibers without the formation of granules or fused
junctions between the fibers. However, the use of increasing concentrations of the essential oils
from O. gratissimum L. and O. basilicum L. resulted in significantly thicker fibers, with mean
diameters of 136 nm for pure PLA nanofibers. The diameters of the PLA nanofibers containing
5, 10 and 20% of the essential oil from O. gratissimum L. were 201, 212 and 235 mm. The
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respective diameters for the nanofibers containing the essential oil from O. basilicum L. were
197, 209 and 257 nm.

Oliveira et al. (2013ab) mentioned that the characteristics that play a fundamental role
in obtaining homogeneous nanofibers without granules by the SBS process with a constant
injection rate and spinning pressure are the concentrations and mixing ratios of the polymer
solution. The parameters used in this study were adequate and efficient in the process of forming
the nanofibers, as can be seen in Figure 2. In addition, the viscosity of the polymer solution
effects a change in the thickening of the diameter of the fibers. Thus, the increase in the
concentration of essential oils under study might have led to an increase in the viscosity of the
polymeric solution and, consequently, to a smaller elongation of the injected jet and the
production of fibers with greater diameters and variability, which corroborates the data found
by Liu et al. (2018ab).

3.3 Release rate of essential oils

The release curves at 25 °C for the essential oils from O. gratissimum L. and O. basilicum
L. are shown in Figure 3. The evaporation rate (Te) was calculated from the mass loss curve,
which revealed significant differences when the pure essential oils and the oils encapsulated in
PLA nanofibers were compared (Figure 3).
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Figure 3 — Release profile of pure O. basilicum L. and O. gratissimum L. essential oils in PLA
nanofibers.

The Te of essential oils encapsulated in PLA nanofibers is lower than that found for pure
essential oils (Figure 3), which is probably the result of interactions between the polymer and
the oils (MIRANDA et al., 2019). The results were very good. PLA nanofibers are efficient
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and provide a controlled release of bioactive compounds, prolong the release of active
substances and increase the time for action of the essential oils.

The essential oil from O. basilicum L. had a higher release rate than that of O.
gratissimum L., probably because of the composition of the essential oil. Eugenol is mostly
present in the composition of the essential oil from O. gratissimum L., and this compound
interacts by hydrogen bonding, which is a strong intermolecular interaction and explains the
lower loss in mass. The predominance of oxygenated monoterpenes in the essential oil from O.
basilicum L. explains why its evaporation rate is greater than that of O. gratissimum L. because
these terpenes contain non-polar portions (hydrocarbons) and polar groups. Three types of
interaction should exist; however, the prevailing force is weak (Van der Waals forces).

3.4 In vitro antifungal and antiocratoxigenic activity

The antifungal and antiocratoxigenic activities of the essential oils from O. gratissimum
L. and O. basilicum L. encapsulated in PLA nanofibers against A. carbonarius and A. niger
represented by the percentage inhibition of mycelial growth and ochratoxin A production are
shown in Figure 4. The effects of essential oils encapsulated in nanofibers against A.
carbonarius and A. niger increased significantly with increasing concentration of the oils. The
comparison of the antifungal and antiocratoxigenic effects of the essential oils showed that the
essential oil from O. gratissimum L. was more efficient. A 100% inhibition of mycelial growth

was observed after 10 days of incubation for both fungi.
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Figure 4 — Inhibitory effects of the essential oils from O. basilicum L. and O. gratissimum L.
encapsulated in PLA nanofibers on the growth and on the production of ochratoxin A by of A.
carbonarius and A. niger after 10 days of incubation. Diameters of fungal growth (A) and percentage of
inhibition on the growth (B) and production of ochratoxin A (C) under treatment with the essential oils.

An et al. (2019) and Kong et al. (2019) reported that the fungal cell membrane is a key
component for fungal survival. Changes in cytoplasmic membrane permeability result in loss
of cell ions and, consequently, loss of function. The antifungal activity of essential oils is
attributed to their constituents, which are able to interact with the membrane and have an effect
on fungal growth. They cause morphological changes and deformations in hyphae and spores.
Other possible mechanisms of action of essential oils can be related to alterations in the



152

synthesis of the cell wall, cytomembrane, cytoplasm and organelles, which affect the growth
and morphology of fungi and spores.

In general, the lower concentrations of essential oils used were sufficient to inhibit the
production of ochratoxin A, whereas they were less effective for inhibition of growth. This fact
corroborates the data described in the studies by Schlosser and Prange (2019) and Tian et al.
(2012). Those authors mention that lower doses are sufficient to inhibit the production of
ochratoxin A because of the interference in carbohydrate metabolism. They act on the active
sites of specific enzymes responsible for the production of mycotoxins.

The biological activity of essential oils can be related to synergism between constituents,
or itt can be attributed to the principal compounds. Phenolic compounds are considered to be
highly active because the hydrogen present in the hydroxyl group linked to the aromatic ring
can form hydrogen bonds or act as an acid. This fact might explain its strong activity. These
constituents can be lethal, or they can just inhibit the growth of microorganisms, depending on
the concentration used (MARCHESE et al., 2017; MISHRA et al., 2013; SAAD et al., 2013).
Thus, the greater activity of the essential oil from O. gratissimum L. compared to that from O.
basilicum L. in inhibiting the proliferation of fungi and the synthesis of ochratoxin A by A.
carbonarius and A. niger might be due to the fact that it is made up of almost 80% eugenol, a
phenylpropanoid. Ahmad et al. (2010) and Mishra et al. (2013) showed that the lipophilic nature
of eugenol damages the membrane integrity of toxigenic strains of A. carbonarius and A. flavus
and inhibits the H*ATPase system by causing intracellular acidification and, consequently,
death of the fungus.

Mishra et al. (2013) studied 1,8-cineol and linalool and reported that the antifungal and
antimycotoxigenic activity of these constituents is moderate because they are aliphatic, cyclic
hydrocarbons with an absence of hydroxyl groups. This fact explains the lower efficiency of
the essential oil from O. basilicum L. compared to that of O. gratissimum L., as these

constituents are the principal constituents of the oil from O. basilicum L.

3.5 In vivo antifungal activity

Functional nanofibers containing essential oils from O. gratissimum L. and O. basilicum
L., used for the application of active packaging, are shown in Figure 5. The deterioration of the
grapes was minimized with the treatments, contrasting with the control, in which the grapes
were spoiled, rotten and with a very clear fungal growth. After incubation, the percentage of

incidence of fungus was significantly smaller (p<0.05) with the essential oils encapsulated in



153

PLA nanofibers than in the control. The active packages provided a protective effect against
the mycelial growth of A. carbonarius and A. niger fungi in grapes.
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Figure 5 — Control of the incidence of A. carbonarius and A. niger fungi in grapes by packaging
containing the essential oils from O. gratissimum L. and O. basilicum L. encapsulated in PLA nanofibers
during incubation periods of 10 and 20 days.

Softening, rotting and fungal mycelium growth were observed on the control grapes after
being inoculated with A. carbonarius and A. niger. These symptoms were less prominent in the
packaging containing essential oils from O. gratissimum L. and O. basilicum L. encapsulated
in PLA nanofibers. Active packaging had a positive effect on the storage time of the grapes, the
incidence of the fungus and, consequently, the loss of fruit through contamination and rotting.

Several studies such as those developed by Kong et al. (2019) and Sonker et al. (2015)
focused on the application of pure essential oils for the preservation of grapes; however, there
are no studies using essential oils encapsulated in nanofibers as packaging for the preservation

of grapes by the fumigation process as reported in this study. PLA nanofibers prolonged the
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effects of essential oils, releasing them in a controlled manner, as can be seen in Figure 3.
Furthermore, according to Wang et al. (2015), the fumigation process does not leave residual
essential oils in fruits. Therefore, the use of these active packages through the fumigation
process during the storage of grapes or even for other post-harvest foods is considered to be

very promising.

2.5.1 Physicochemical characteristics of grapes before and after incubation

The PC1xPC2 biplot of scores and weights of physicochemical parameters (disease
severity, weight loss, diameter, firmness, total soluble solids (TSS), total acidity (TA), maturity
index, pH, color parameters) in samples of fresh grapes contaminated by A. carbonarius and A.
niger and treated with nanofibers containing essential oils from O. gratissimum L. and O.
basilicum L. after 10 and 20 days of incubation are shown in Figures 6A and 6B, respectively.
The PCA showed that it was possible to describe 99.68% (Figure 6A) and 99.32% (Figure 6B)
of the data variability with the first two principal components, of which 97.95% (Figure 6A)
and 94.60% (Figure 6B) were explained by the first principal component. The grapes treated
with nanofibers containing the essential oils possessed similar physicochemical parameters and
were similar to the fresh grapes after incubation. Grapes contaminated with A. carbonarius and
A. niger that did not receive treatments were similar to each other; however, their parameters
differed from those of fresh grapes and grapes that received treatments. As is demonstrated by
the PCA, the results obtained were satisfactory because the parameters of quality characteristic
of fresh grapes were maintained in the grapes treated with nanofibers containing the essential
oils from O. gratissimum L. and O. basilicum L. after incubation with the fungi.
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Figure 6 — PC1xPC2 biplot of weights and scores of grape samples treated with the essential oils from

O. gratissimum L. and O. basilicum L. encapsulated in PLA nanofibers after 10 (A) and 20 (B) days of

incubation with A. carbonarius and A. niger.

Weight loss and firmness are essential quality parameters for perishable foods in post-
harvest storage systems. These attributes are related to the susceptibility of fruits to fungal
decomposition (SONKER et al., 2015; VALVERDE et al., 2005). In this study, weight loss and
the severity of the disease were lower in the grapes that received the treatments than in the
fungal controls for A. carbonarius e A. niger, for which weight losses of 14.00 and 25.83%,
disease incidences of 100 and 100% and a severity index of 6 and 6, respectively, were

observed after 20 days of incubation. Parallel to the weight loss, an accelerated softening and a
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decrease in berry size in the fungal controls were observed during storage. However, the
diameters and firmness of the grapes stored in the bioactive packaging after incubation with the
fungi were similar to that of the fresh grapes. That is, the treatment with PLA nanofibers
containing essential oils had a good effect on preserving the firmness and size of the fruit. These
results can be attributed to the lipophilic characteristic of essential oils and the biological
potential of their constituents, which control the proliferation of fungi, reduce fruit respiration,
and, concomitantly, control decomposition and weight loss so that less softening of the grapes
occurs (HASSANI et al., 2012; SONKER et al., 2014). Valero et al. (2006) reported that the
lack of weight loss caused by essential oil constituents is related to the role of these compounds
in reducing the dehydration of fruits. In addition, postharvest softening can also be caused by
the loss of moisture from the fruit as a result of reduced turgor and greater change in the cell
wall caused by the hydrolysis of starch to sugar and the degradation of pectin by fungi, which
has also been reported to be related to a change in firmness (SUN et al., 2014). The PLA
nanofiber packaging containing essential oils from O. gratissimum L. and O. basilicum L.
maintained the firmness and avoided weight loss of the grapes by maintaining turbidity,
controlling water loss and decreasing the degradation of pectin by reducing fungal
contamination. These results are in agreement with previous works that showed that different
essential oils, as well as their constituents, had the potential to control decomposition caused
by fungi, as well as reducing weight loss and texture loss, parameters considered to be the main
contributing factors in fruit quality (ABDOLAH]I et al., 2010; GUILLEN et al., 2007; SONKER
etal., 2014; SONKER et al., 2015).

Other important quality factors that determine the acceptability of the grape by
consumers are the soluble solids content (SST), the total titratable acidity (TTA), maturity index
(SST/TA) and the color of the fruit. Studies have reported that consumers prefer sweet grapes
with a touch of acidity (VALERO et al., 2006). After incubation with A. carbonarius and A.
niger, a significant decrease in the total soluble solids content was observed in untreated grapes
(fungal control). This decrease can be explained by the fact that Aspergillus fungi consume
sugars as reported by Freire et al. (2017). These mycotoxigenic fungi have the ability to produce
an enzyme complex and degrade specific substrates, in addition to producing secondary
metabolites (FREIRE et al., 2017). In addition, pH values, total titratable acidity, maturity index
and color of untreated grapes underwent significant changes in the presence of A. carbonarius
and A. niger when compared to fresh grapes before storage. The total acidity increased in the
presence of these microorganisms because Aspergillus causes oxidation of glucose to producing

gluconic acid. However, the total soluble solids, total acidity content, pH, maturity index and
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color in the grapes that received the treatments with PLA nanofibers containing essential oils
from O. gratissimum L. and O. basilicum L. continued to be similar to those found in fresh and
healthy grapes before incubation. That is, the physicochemical characteristics were preserved
and the degradation of the grapes was delayed in the grapes that were stored in the bioactive

packaging.

4 CONCLUSION

Loss of quality, due to weight loss; decrease in size; accelerated softening; changes in
skin color; changes in pH, total soluble solids, total titratable acidity and maturity index after
storage was observed in the fungal control. These changes were also accompanied by a high
proliferation of A. carbonarius and A. niger fungi. All these changes were significantly delayed
and controlled in grapes packed with nanofibers containing the essential oils from O.
gratissimum L. and O. basilicum L. Both oils significantly protected the fruits from
contamination by A. carbonarius and A. niger fungi during storage, as well as reducing the
production of ochratoxin A, a potential carcinogen, in in vitro and in vivo tests with PLA
nanofiber packaging containing the essential oils. For the first time, essential oils encapsulated
in PLA nanofibers as active packaging were used to preserve the overall quality (organoleptic,
sensory, nutritious and functional) of the fruit. The essential oils in PLA nanofibers were
released in a controlled manner; thus, the shelf life of fruits was extended with active packaging,

resulting in greater safety for perishable foods.
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3 CONSIDERACOES FINAIS

Os oleos essenciais encapsulados em nanofibras de poli(acido latico) (PLA) sao bastante
promissores para serem usados na forma de embalagens ativas para frutas, visto que a matriz
polimérica consegue liberar os ativos de maneira controlada prolongando o efeito bioldgico dos
6leos essenciais sobre a matriz alimentar. As embalagens ativas do estudo proporcionaram um
forte efeito inibitorio sobre a incidéncia dos fungos in vitro e in vivo, e controlaram a producgéo
da ocratoxina A. Dessa forma, exibiram uma acdo positiva no tempo de armazenamento em
uvas de mesa, reduzindo a incidéncia de apodrecimento e deterioracdo, além de preservar 0s
pardmetros fisico-quimicos das frutas.

O uso de tratamentos pela técnica de fumigacdo pode ser considerado ideal no controle
de processos de deterioracdo de alimentos causados por fungos, pois ndo deixa residuos de
6leos essenciais nas frutas; portanto, usar embalagens ativas com a técnica de fumigacdo pode
ser um ponto positivo a seguranca alimentar, melhorando a qualidade e estendendo a vida Util

das frutas.



